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F O R E W O R D 

A D V A N C E S IN C H E M I S T R Y SERIES was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d co l 
lections of data i n special areas of top i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
the ir papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are refereed c r i t i ca l l y accord ing to A C S 
ed i to r ia l standards a n d receive the care ful attent ion a n d proc 
essing characterist ic of A C S publ i cat ions . Papers p u b l i s h e d 
i n A D V A N C E S IN C H E M I S T R Y SERIES are o r i g i n a l contr ibut ions 

not p u b l i s h e d elsewhere i n who le or major part a n d inc lude 
reports of research as w e l l as reviews since symposia m a y 
embrace bo th types of presentation. 
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P R E F A C E 

A l t h o u g h the t e rm "b io inorganic chemistry" is re lat ive ly new, this area 
of research c a n be traced back at least as far as the late 1800's to 

the discovery of i ron - conta in ing compounds i n b lood . H o w e v e r , the n e w 
name has come out of r enewed interest a n d ac t iv i ty i n the field that i n 
t u r n has deve loped f r om an accumulated body of in format ion about the 
m a n y a n d v a r i e d b i o chemica l roles p l a y e d b y meta l - conta in ing b iomole -
cules. O f t e n this role p l a y e d b y the meta l is the l ead ing one, w i t h the 
r e m a i n i n g parts of w h a t may be a large pro te in molecule ac t ing as sup
p o r t i n g cast. E x a m p l e s are cobalt i n v i t a m i n B i 2 , i r on i n m y o g l o b i n a n d 
hemog lob in , the i r o n - s u l f u r cluster i n the bacter ia l ferr idoxins , a n d so on. 
T h e confluence of the n e w coord inat ion chemistry of the last two decades, 
the b i o chemica l character izat ion of m a n y meta l - conta in ing systems, a n d 
the app l i ca t i on of n e w a n d p o w e r f u l p h y s i c a l tools has made the research 
area descr ibed as "b i o inorgan i c " one of the fastest m o v i n g i n chemistry . 
Since the papers g iven at the C e n t e n n i a l M e e t i n g of the A m e r i c a n 
C h e m i c a l Society were to be representative of the v a n g u a r d of c h e m i c a l 
research i n 1976, the organizers chose to inc lude a sympos ium on b i o i n 
organic chemistry . 

F o r this sympos ium, I took as m y charter the presentation of a t ime ly , 
representative account of the state of research i n this field. I t was 
impossib le , w i t h i n the t ime constraints of the sympos ium, to describe 
a l l of the problems w h i c h are n o w be ing pursued most act ively , a n d 
other recent symposia have presented progress reports for several of these 
problems. F o r b o t h of these reasons, I chose to present only three areas 
w h i c h I th ink are important , w h i c h h a d not been covered extensively b y 
earl ier symposia , a n d w h i c h seem to represent the research i n the general 
area : b i o l og i ca l transport of i r o n , b i o l og i ca l electron transport a n d copper-
conta in ing biomolecules , a n d m o l y b d e n u m - c o n t a i n i n g biomolecules . T h i s 
vo lume is also organized into these three divis ions . 

It was also hoped that this sympos ium w o u l d st imulate exchanges of 
ideas, in format ion , a n d v iewpoints b y b r i n g i n g together investigators 
w i t h very diverse backgrounds , but w h o are w o r k i n g o n closely re lated 
problems. T h u s chemists, biochemists , p lant physiologists , a n d m e d i c a l 
researchers were among the speakers i n the program. T h e presentations 
i n c l u d e d rev iew a n d background mater ia l as w e l l as reports of o r i g ina l 
research. I t is h o p e d that this balance a n d the diverse backgrounds of 

v i i 
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the authors w i l l make this co l lect ion instruct ive as w e l l as in format ive 
for students a n d research workers i n the field. 

F i n a n c i a l support i n the f o r m of a grant f r o m the P e t r o l e u m Research 
F u n d of the A m e r i c a n C h e m i c a l Soc iety p r o v i d e d t rave l funds w h i c h 
m a d e i t possible for several speakers f r o m E u r o p e to par t i c ipate i n the 
conference. I also owe thanks to a great m a n y peop le w h o h e l p e d i n 
various ways either w i t h the sympos ium itself or the p u b l i c a t i o n of the 
manuscr ipts . F i r s t of a l l , I must thank the authors, w h o were so p r o m p t 
i n meet ing deadl ines a n d so tolerant of m y correspondence w h e n the 
deadl ines neared. I w o u l d also l ike to thank Jer ry Z u c k e r m a n , D i c k H o l m , 
a n d the others w h o were ins trumenta l i n ar rang ing the sympos ium. T h e 
ed i to r ia l assistance of m a n y of the authors, m y research colleagues, a n d 
June S m i t h was inva luab le i n the latter stages of p r e p a r i n g the m a n u 
scripts for p u b l i c a t i o n . 

Chemistry Department KENNETH N. RAYMOND 
University of California 
Berkeley, Calif. 94720 
August 1976 
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1 

Siderophores: Biochemical Ecology and 

Mechanism of Iron Transport in 

Enterobacteria 

J. B. NEILANDS 

Department of Biochemistry, University of California, Berkeley, CA 94720 

Siderophores protect Escherichia coli and Salmonella typhi
murium from certain phages, bacteriocins, and antibiotics 
by two mechanisms. The first is adsorption competition for 
outer membrane receptors. Thus ferrichrome competes 
with T1, T5, Φ80, colicin M, and albomycin for a common 
site (tonA) in Escherichia coli and with phage ES18 and 
albomycin in Salmonella. Ferric enterobactin similarly 
antagonizes colicin B. In the second mechanism sidero
phores nonspecifically protect against the Β group colicins 
in an event requiring use of siderophore iron. Ferric entero
bactin and cognate membrane receptors are overproduced 
at low levels of iron. Experiments with 5 5Fe and tritiated 
ligand and with the isostructural chromic analog show that 
ferrichrome rapidly delivers its iron while the ligand more 
slowly, although again as the iron complex, penetrates the 
cell. 

TTnt i l recently the problem of iron assimilation in microbial species 
^ could be likened to a quiet, pastoral scene with a few "low powered" 
microbiologists and biochemists patiently tending their crop. Just in the 
past two years, however, this scene has been changed radically by the 
sudden shift of emphasis from structural chemistry and fungi to mem
brane physiology and enteric bacteria. Things happen fast in enteric 
bacteria, and we conclude that progress is directly proportional to the 
generation time of the species. It was the finding of a common locus for 
attachment of microbial iron transport compounds (siderophores), 
phages, and colicins at the outer membrane of Escherichia coli, first re-
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4 BIOINORGANIC CHEMISTRY II 

p o r t e d i n 1974 (1), that changed the tempo f r om subsistence f a r m i n g to 
agribusiness. 

A c c o r d i n g l y , this chapter deals m a i n l y w i t h some of the very recent 
advances i n k n o w l e d g e of i r o n transport systems i n enteric bacter ia . I 
r ev i ew cr i t i ca l l y a n d place i n histor ic perspect ive current unders tand ing 
of the compet i t i on phenomenon between phages, co l ic ins , a n d sidero
phores for outer membrane receptors, the resistance to certa in co l ic ins 
i m p a r t e d b y i r o n , a n d , finally, the mechan i sm of s iderophore-mediated 
i r o n uptake . 

T h e general properties of siderophores have been descr ibed exten
s ively (2), a n d up-to-date lists of the i n d i v i d u a l compounds , the ir sources 
f r o m aerobic a n d facultat ive aerobic species, a n d their properties have 
been p u b l i s h e d (3,4,5). ( P o r p h y r i n Products , P . O . B o x 31, L o g a n , U T 
84321, sel l a l i m i t e d n u m b e r of siderophores. ) T h e earl ier l i terature o n 
i r o n ass imilat ion b y microbes , i n c l u d i n g enteric species, m a y be f o u n d 
elsewhere (6,7). F o r in format ion on the c h e m i c a l const i tut ion a n d 
phys io log i ca l role of the outer m e m b r a n e of enteric bacter ia , the reader 
is re ferred to N a k a e a n d N i k a i d o (8). 

Roles of Iron in Microbial Physiology and Processes for Its Assimilation 

It is w e l l to re ca l l that the theoret ica l basis for this research resides 
i n the omnipresent role of i r o n i n m i c r o b i a l phys io logy ( 9 ) . I r o n c o m 
pounds , f r om the ferredoxins to cytochrome oxidase, transfer electrons 
over a redox potent ia l spanning the better part of one volt . T h e ferre
doxins thus s u p p l y the l o w potent ia l electrons r e q u i r e d for reduc t i on of 
n i t rogen a n d carbon d iox ide i n n i t rogen fixation a n d photosynthesis , 
respect ively , w h i l e the cytochromes enable respirat ion a n d concomitant 
conservation of c h e m i c a l energy. T h e signif icance of i r o n storage a n d 
oxygen transport proteins i n microbes is large ly u n k n o w n , a l though one 
m o l d species contains f e r r i t in , a n d hemog lob in - l ike compounds occur 
i n yeast. T h e i ron - conta in ing oxygenases a n d hydroperoxidases p l a y 
essential roles i n oxygen a n d h y d r o g e n peroxide metabo l i sm. O n e f o r m 
of superoxide dismutase contains i r o n (10). T h e b i o l o g i c a l r educ t i on of 
n i t rogen requires , i n a d d i t i o n to ferredoxin , an i r o n pro te in a n d a n i r o n -
m o l y b d e n u m prote in . F i n a l l y , i n E. coli a n d i n a l l other microbes not 
u t i l i z i n g the funct iona l ly equiva lent v i t a m i n B i 2 system, i r o n is a c o m 
ponent of r ibo t ide reductase. T h u s i r o n has a key role i n the synthesis 
of the D N A of microorganisms, i n c l u d i n g the enteric species. 

I n v i e w of the m a n y c r u c i a l b io funct ions of i r o n , i t m i g h t be ex
pected that microbes w o u l d be e q u i p p e d w i t h diverse systems for a c q u i r 
i n g the meta l . These can be designated l o w affinity (nonspeci f ic ) or 
h i g h affinity ( spec i f i c ) . T h e former can be b l o c k e d b y use of a chelator 
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1. NEILANDS Iron Transport in Enterobacteria 5 

that is not ass imi lated, e.g., c i trate i n the case of Salmonella typhimurium. 
T h e h i g h affinity system involves specific carr ier molecules (s iderophores) 
a n d a cognate m e m b r a n e receptor transport system. T h e t w o components 
of the h i g h affinity system can be al tered b y m u t a t i o n , a n d they are 
hence accessible to the exper imenta l methods of b i o c h e m i c a l genetics. 
T h i s chapter w i l l be restr icted to the h i g h affinity system, the m a i n c o n 
tours of w h i c h are dep i c ted i n F i g u r e 1. 

External <^V-^ 

• 
• c 

• E 

Ferric ion [ J £ Ferrou 
• *v , C 

ι D E 

<S> ^Siderophore 

Iron enzyme and protein 

Repressor Operator ( Gene. , Geneb , Genec,, etc. 
gene ! gene : • 

DNA 

mRNA 

Protein (s) 

v ^ - x iron 

• 
Enzymea Enzyme b Enzymec e t c 

ro 
stress 

ο I 
• o ο 

Siderophore 

Figure 1. Schematic of the two iron transport systems of microorganisms. 
The high affinity system is comprised of specific carriers of ferric ion (siderophores) 
and their cognate membrane bound receptors. Both components of the system are 
regulated by iron repression through a mechanism which is still poorly understood. 
The high affinity system is invoked only when the available iron supply is limiting; 
otherwise iron enters the cell via a nonspecific, low affinity uptake system. Ferri
chrome apparently delivers its iron by simple reduction. In contrast, the tricatechol 
siderophore enterobactin may require both reduction and ligand hydrolysis for release 

of the iron. 

Siderophores 

P r a c t i c a l l y a l l aerobic a n d facultat ive aerobic m i c r o b i a l species c r i t i 
ca l ly examined for the ir presence excrete siderophores. T h e latter have 
also been ca l l ed i r o n transport compounds a n d siderochromes, b u t s idero
phore , first proposed b y L a n k f o r d ( 6 ) , is pre ferred , since i t suggests the 
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6 BIOINORGANIC CHEMISTRY II 

R 

Figure 2. Crystal and solution structure of 
the ferrichrome siderophores as determined by 
x-ray diffraction (11) and high resolution Ν MR 
(12). The ferrichrome peptides differ in the 
nature of the acyl substituent at the metal 
hydroxamate (R) and in the side chains of the 
three small, neutral, spacer amino acids (R1, 
R2, and R3). Ferrichrome: M = Fe; R — CHS; 
R' — R2 = R3 — H (see also Figure 6 and Refs. 

3 and A). 

func t i on a n d is consonant w i t h the termino logy used for the a l k a l i m e t a l 
cat ion complex ing agents, the ionophores. I n contrast to the latter, h o w 
ever, the natura l role of the siderophores i n p r o d u c i n g strains has been 
establ ished b y the r igorous methodo logy of b i o c h e m i c a l genetics. T h e 
carr ier -mediated flux of monovalent ions across membranes , w h i l e ex
p l a i n i n g the u n c o u p l i n g a n d ant ib iot i c properties of ionophores, does 
not solve the p r o b l e m of the n a t u r a l mechan ism for a l k a l i m e t a l i o n 
transport . 

I n siderophores the l i g a n d i n g atoms are oxygen, except i n m y c o -
bac t in , where a s ingle heterocyc l i c n i t rogen part ic ipates i n b o n d i n g to 
the i ron . M o s t of the compounds character ized to date are h y d r o x a m i c 
acids, w i t h ferr i chrome ( F i g u r e 2) as the prototype. T h e hydroxamate -
type siderophores are abundant i n molds a n d f u n g i a n d are less c o m m o n , 
apparent ly , i n prokaryotes . Sch izok inen has been isolated f r o m Ana-
baena sp., a b lue-green a lga (13). Aerobacter aerogenes forms aerobac-
t i n , a hydroxamate- type s iderophore. Otherwise , on ly catechol -type 
members of the series have been descr ibed thus far f r o m enteric orga 
nisms. T h e s iderophore c o m m o n to a l l of these species is enterobact in 
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1. N E i L A N D S Iron Transport in Enterohacteria 7 

( F i g u r e 3 ). W i t h ferr ic i on these l igands f o rm thermodynamica l l y stable, 
h i g h sp in , exchangeable complexes w h i c h are v i r t u a l l y specific for F e m . 

I n systematic surveys of aerobic m i c r o b i a l species for s iderophores, 
i t has usua l ly been reported that some do not f o rm these compounds . 
T h e reason for this is unclear , but several rat ional izat ions can be a d 
vanced . It is possible that the assay has been too insensit ive or otherwise 
defective. If the substance l a c k e d charge transfer bands, i t w o u l d not 
be detected b y the co lor imetr i c tests. A m o n g the exceedingly sensitive 
bacter ia l tests, S. typhimurium enb-7 is to be pre ferred over Arihrobacter 
J G - 9 , since citrate can be used to suppress l o w affinity i r on transport i n 
the former and , i n add i t i on , the latter does not respond to phenolate type 
siderophores (15 ) . Organisms b e i n g tested for siderophore p r o d u c t i o n 
are usual ly g r o w n i n glucose-salts m e d i a , a n d the poss ib ly tenuous 
assumpt ion is made that adventit ious i r on concentrat ion is l o w enough 
to derepress s iderophore synthesis but h i g h enough to a l l o w that l eve l 
of g r o w t h w h i c h w i l l m a x i m i z e product y i e l d . F i n a l l y , the i r o n b i n d i n g 
act iv i ty m a y r e m a i n associated w i t h the ce l l envelope even under c o n d i 
tions of l o w i r on stress. 

Journal of the American Chemical Society 

Figure 3. Ferric enterobactin, the ferric complex of 
cyclotri-2,3-dihydroxy-N-benzoyls-serine (14) 
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8 BIOINORGANIC CHEMISTRY II 

Class I Mutants 

I 
I 

"OH 
C = 0 
I 

NH 
I Γ II I "l 

[ - C - C - C H 2 - O -

CHORISMIC ACID DHBA ENTEROBACTIN 
Journal of Bacteriology 

Figure 4. Biosynthetic pathway from chorismate to enterobactin showing 
nature of the class I and class II mutations in Salmonella typhimurium LT-2 

(25) 

Advantages of Enteric Bacteria for Studies 
of Microbial Iron Assimilation 

E n t e r i c bac ter ia cannot achieve the c e l l m a s s / u n i t v o l u m e of cu l ture 
f l u i d seen w i t h either more str ict ly aerobic prokaryotes or w i t h yeasts. 
Nonetheless the former have a n u m b e r of features w h i c h render t h e m 
attract ive for the experiments descr ibed here, the most important of 
w h i c h is the substant ia l l eve l of unders tand ing of the ir genetics. T h i s 
faci l itates the co l lect ion, m a p p i n g , a n d interpretat ion of the b iochemistry 
of mutants . T h e y grow r a p i d l y a n d are attacked b y a var iety of phages 
a n d b y antibiot ics of bo th l ower a n d h igher mo lecu lar weight , the latter 
proteinaceous i n character a n d co l lect ive ly des ignated bacter ioc ins . 
These tools make the enteric bacter ia the organisms of choice for invest i 
gat ing the mechan i sm of bacter ia l i r on ass imilat ion. 

T h u s , a m u t a t i o n i n the aromatic p a t h w a y between chorismate a n d 
enterobact in w i l l i m p a i r the ab i l i t y of the organism to scavenge i r o n 
w h e n this element is i n l i m i t i n g concentrat ion i n the environment . S u c h 
enb mutants of S. typhimurium f a i l to grow i n citrate m i n i m a l m e d i a 
w i t h o u t a d d e d siderophore. E. coli, i n contrast, possesses an i n d u c i b l e 
transport system for ferr ic citrate. H o w e v e r , ent mutants of this organism 
grow poor ly o n l o w i r o n glucose salts m e d i a a n d f a i l to grow w h e n suc
c inate is used as energy source. A l l of these mutants thr ive on nutr ient 
bro th or agar or on m i n i m a l m e d i a conta in ing reasonable levels of a v a i l 
able inorganic i r on . M u t a n t s defective i n the transport of ferr ic entero
b a c t i n w i l l be interna l ly i r o n deficient on these spec ia l m e d i a a n d w i l l 
g ive cu l ture fluids w i t h a deep w i n e color, p r o v i d e d some i r on is present. 
These observations neat ly i l lustrate the side-by-s ide existence of h i g h a n d 
l o w affinity i r o n transport systems a n d afford s imple means of a c q u i r i n g 
mutants i n w h i c h to probe the mechanism of the former system. 
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1. N E i L A N D S Iron Transport in Enterobacteria 9 

Siderophore—Phage—Colicin Interaction 

T h e recent history of h i g h affinity i r o n transport i n enteric bacter ia 
can be traced to the detection, i n 1961, of 2 ,3 -d ihydroxybenzoic a c i d as 
a product of t ryp tophan metabo l i sm b y ce l l suspensions of A. aerogenes 
(16). T h e g lyc ine conjugate of this pheno l i c a c i d h a d earl ier been iso
la ted f rom l o w i r o n cultures of Bacillus subtilis (17). B r o t et a l . (18) 
character ized 2 ,3 -d ihydroxy-N-benzoy lser ine as an extracel lular metabo 
l i te of a m e t h i o n i n e - v i t a m i n B12 auxotroph of E. coli, a n d i n the same 
year C o r w i n et a l . (19), w o r k i n g w i t h S. typhimurium, showed that sensi
t i v i ty to chromic i o n is l i n k e d to the trp operon a n d s h o u l d m a p close to 
the tonB ( "T-one") mutat i on i n E. coli K - 1 2 . W a n g a n d N e w t o n (20, 
21,22) then demonstrated that delet ion t h r o u g h the tonB-trp reg ion of 
E. coli i m p a r t e d C r m sensit ivity a n d a h i g h i r o n requirement . ( C r m is 
be l i eved to copo lymer ize w i t h i r o n a n d to m a k e i t unava i lab le for g r o w t h 
of the microbes . ) W a n g a n d N e w t o n def ined two types of mutants , 
namely , a class l a c k i n g the tonB funct ion a n d unable to grow even i n 
the presence of ferr ic c i t r a t e — a n d hence transport de f e c t i ve—and a 
second class, b l o c k e d i n 2 ,3 -d ihydroxybenzoy l serine synthesis, w h i c h 
c o u l d u t i l i z e f err i c citrate. D i h y d r o x y b e n z o y l serine was iso lated f r o m 
E. coli a n d A. aerogenes b y O ' B r i e n et a l . (23), w h o also obta ined the 
substance b y synthesis, a n d f r om S. typhimurium b y W i l k i n s a n d L a n k -
f o r d (24). 

A n important contr ibut i on was made b y Β. N . A m e s i n the course 
of his w o r k on the m a p p i n g of the chromosome of S. typhimurium. U s i n g 

HO-

Biochemistry 

Figure 5. Structure of enterobactin, as deduced 
by PMR and 13C NMR (27) 
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10 BIOINORGANIC CHEMISTRY II 

a g r o w t h m e d i u m w h i c h h a p p e n e d to conta in h i g h levels of citrate 
( V o g e l - B o n n e r m e d i u m ) , he isolated a series of mutants w h i c h w o u l d 
on ly g row i n the presence of salts of inorganic i r o n . P o l l a c k et a l . (25) 
showed these i r o n mutants to be b l o c k e d before (class I I ) a n d after 
(class I ) d i h y d r o x y b e n z o y l serine ( F i g u r e 4 ) . Class I , b u t not class I I , 
mutants excreted catechols, a n d b o t h f a i l e d to grow o n m e d i u m Ε w i t h 
out a d d i t i o n of a chelator sufficiently p o w e r f u l to remove i r o n f r o m 
ferr i c c itrate. T h e w i l d type produced , at the terminus of the b i o s y n -
thet ic pa thway , an ether-soluble catechol character ized as the cyc l i c 
t r imer of 2 ,3 -d ihydroxy -N-benzoy l -L - ser ine , n a m e d enterobact in (26) 
( F i g u r e 5 ) . 

W o r k i n g independent ly , O ' B r i e n a n d G i b s o n (28) i so lated the i d e n 
t i c a l c o m p o u n d f rom E. coli a n d n a m e d it enterochel in. T h e A u s t r a l i a n 

Ferrichrome : R = R'= R"= H ; R m = C H 3 -

Albomycin S 2 : R = Acyl-N=< N - S 0 2 - 0 - C H 2 - ; 

R'= R"= H 0 C H 2 - ; RH ,= C H 3 -

Figure 6. Structures of ferrichrome and albomycin. The 
nature of the spacer tripeptide in albomycin has not been 
resolved. According to Maeher and Pitcher (29) albo
mycin can have only one serine residue, and hence a 
revision of the structure proposed by Turkova et ai. (30) 

may be required. 
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1. N E i L A N D S Iron Transport in Enterobacteria 11 

8 HOURS 24 HOURS 

Inorganic Biochemistry 

Figure 7. Antagonism between ferrichrome and albomycin for membrane 
receptor in Salmonella typhimurium and the appearance of mutants resistant 
to the antibiotic (2). Several of these mutants owe their resistance to a 
defect in ferrichrome transport. The nature of this effect as competition for 

a surface site was elucidated by Zimmerman and Knusel (32). 

workers objected to the term enterobact in on the grounds that the suffix 
" b a c t i n " shou ld be reserved for dihydroxamates , such as mycobac t in . 
H o w e v e r , since the names of a n u m b e r of other d ihydroxamates were 
a lready i n the l i terature , e.g., rhodotoru l i c a c id , sch izokinen , a n d m y c e l i -
anamide , a n d since i t has become important to speci fy the m i c r o b i a l 
o r i g i n of this substance, w e adhere to the o r i g i n a l designation, namely , 
enterobact in . 

There is no p u b l i s h e d evidence that S. typhimurium L T - 2 or E. coli 
K - 1 2 f o rm any h i g h affinity i r o n carrier other than enterobact in. I n s tudy
i n g the nutr i t i ona l requirements of the enb mutants of Salmonella, P o l l a c k 
et a l . (25) made the remarkable observation that the mutants responded 
even better to ferr ichrome than to their nat ive s iderophore, enterobact in 
( m i n i m u m o p t i m a l concentrat ion 0.1 a n d 0.5μΜ for 50 -min generation 
t ime , respect ively ). T h e existence of a u n i q u e ant ib iot i c , a l b o m y c i n ( F i g 
ure 6) w h i c h is a close structural analog of ferr ichrome, suggested the 
i n t r i g u i n g poss ib i l i ty of us ing the former ant imetabol i te as a probe for 
the transport of the latter s iderophore, a n d i t was q u i c k l y shown that 
albomycin-resistant mutants (sid) were unable to transport radioact ive 
ferr i chrome (31) ( F i g u r e 7 ) . L u c k e y et a l . (33) extended this w o r k 
a n d showed that most albomycin-resistant mutants m a p p e d near panC. 
H o w e v e r , a l l attempts to demonstrate defective inner membranes i n the 
sid mutants fa i l ed . 

A t this po int the recently p u b l i s h e d w o r k (34) on the v i t a m i n B i 2 -
c o l i c i n Ε receptor focused our attention on the outer membrane of E. coli. 
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12 BIOINORGANIC CHEMISTRY II 

Table I. Phage, Colicin, and Antibiotic Resistance in 
ton Mutants of Escherichia coli K-12 

Resistance 

Strain Phage Colicin Antibiotic 

tonA T l 
T 5 
Φ80 
Φ80η 
T l 
Φ80 

M a l b o m y c i n 

tonB M 
Β 
V 
I 

a l b o m y c i n 

T h e tonB muta t i on , w h i c h h a d already been connected to i r on transport 
(see above ) , also affected the outer membrane . Inspect ion of the reg ion 
of the E. coli l inkage m a p analogous to the sid locus i n S. typhimurium 
revealed that tonA, the structura l gene for the T 5 outer membrane re 
ceptor, maps near pan. These considerations raised the poss ib i l i ty that 
the tonA p roduc t c o u l d be re lated to ferr i chrome a n d a sid func t i on i n 
E. coli. T h e characteristics of the ton mutations k n o w n at that t ime , w i t h 
the exception of a l b o m y c i n resistance, are recorded i n T a b l e I . 

Competition at the Outer Membrane. F E R R I C H R O M E R E C E P T O R . 

Escherichia coli. It was easily demonstrated that tonA a n d tonB mutants 
were also resistant to a l b o m y c i n (1, 35). T h e first experiments to test 
compet i t i on were per formed b y s imply a d d i n g ferr i chrome to w i l d type 
cells p lus phage i n a plate assay. L a t e r an adsorpt ion assay was used to 

Figure 8. Protection of Escherichia coli K-12 from Φ80 vir by ferrichrome. 
(Left) no ferrichrome; (right) 50-nmol ferrichrome added during preadsorption 

of phage to cells prior to plating on a lavon of E . coli (35) 

Journal of Bacteriology 
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1. N E i L A N D S Iron Transport in Enterobacteria 13 

quantitate the results further . Phage Φ80 was chosen since the tonA a n d 
tonB mutations inact ivate its receptor, a n d , i n add i t i on , i t is more easily 
h a n d l e d than agents w i t h an ident i ca l host range, such as phage T l a n d 
co l i c in M . F i g u r e 8 shows the effect of a d d i n g 50 n m o l of ferr ichrome to 
E. coli K - 1 2 C G S C 8 5 6 plus Φ80 v i r at the preadsorpt ion stage pr i o r to 
p la t ing . T h i s concentrat ion of ferr ichrome substantial ly d i m i n i s h e d b o t h 
the number a n d the size of the plaques. 

C o n t r o l experiments showed that exposure of Φ80 to ferr ichrome for 
u p to 15 hr h a d no effect on the v i a b i l i t y of the phage, i n d i c a t i n g the 
siderophore does not i rrevers ib ly inact ivate the latter. W e next examined 
a n u m b e r of phage strains. A s seen i n T a b l e I I , λ a n d a Λ-Φ80 h y b r i d 
w i t h the host range of the former were unaffected b y ferr i chrome. H o w 
ever, a λ-Φ801ι h y b r i d w i t h Φ80 host range was p o w e r f u l l y antagonized 

Table II. Eifect of Ferrichrome 0 on Plaque 
Formation by Phage Strains ( 3 5 ) 

Strain Inhibitionh (%) 

Φ8ΟΙ1 100 
A c l < 5 

h+A att80 i m m80 < 5 
h + 8 0 a t t 8 0 i m m A 100 

a Ferr ichrome added during preadsorption to give 0.1 /xmol/30 m l plate. 
b Average of three determinations. 

Journal of Bacteriology 

b y ferr ichrome. Phage Φ8ΟΙ1, a host range mutant of Φ80 f o r m i n g plaques 
on tonB, but not on tonA, strains of E. coli was i n h i b i t e d i n p laque p r o 
duc t i on b y ~ 60% at 1 n m o l a d d e d ferr i chrome per plate ! T h e adsorp
t i on assay was used to test the chromic a n d a l u m i n u m analog of f e r r i 
chrome, chromichrome, a n d a lumichrome , respectively, b o t h of w h i c h 
were shown capable of some compet i t ion w i t h Φ80. T h i s p r o v e d that i r o n 
per se was not necessary for the effect since the chromic analog of f e r r i 
chrome, o w i n g to its h i g h crystal field s tab i l i zat ion energy, is k ine t i ca l l y 
inert a n d does not exchange w i t h env ironmenta l i r on . F e r r i c h r o m e A , rho -
dotorul i c a c i d ( w h i c h is active i n the plate assay) , a n u m b e r of sidero
phores s tructural ly dist inct f r om ferr ichrome, a n d synthetic ferr ic c o m -
plex ing agents such as E D T A d i d not influence adsorpt ion of Φ80. T h e 
act iv i ty of rhodotoru l i c a c id i n the plate assay m a y possibly be ascr ibed to 
a receptor-repression phenomenon tr iggered b y i ron supp ly to the cells. 
T h e sum of these experiments ind i ca ted , as expected, that w i t h i n the 
siderophore series, the receptor can only accommodate molecules closely 
re lated to ferr ichrome, e.g., a l b o m y c i n a n d the meta l i o n analogs. F e r r i 
chrome protect ion against c o l i c in M was veri f ied . A s seen i n F i g u r e 9, 
compet i t ion of Φ80 adsorpt ion b y ferr ichrome y i e l d e d an S-shaped curve , 
i n d i c a t i n g that more than one molecule of ferr ichrome m a y enter the re -
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14 BIOINORGANIC C H E M I S T R Y II 

100 

I 4 6 7 8 10 

[Ferrichrome] nM 

Journal of Bacteriology 

Figure 9. Quantitative effect of ferrichrome 
in preventing adsorption of Φ80 to Esche

richia coli K-12 (35) 

ceptor complex. These data l ead to the scheme dep i c ted i n F i g u r e 10, 
where phage, ferr ichrome or a l b o m y c i n , a n d co l i c in M a l l compete for a 
c o m m o n site on the outer membrane of E. coli. T h i s interpretat ion of the 
b i o c h e m i c a l func t i on of the tonA pro te in d r e w support f r om the exper i 
ments of H a n t k e a n d B r a u n (36), w h o detected lack of ferr i chrome-
s t imulated 5 5 F e transport i n tonA mutants . 

Since the isolated T 5 receptor b inds the v irus , i t was of interest to 
test for ferr ichrome compet i t i on i n v i tro (37). L o g phase cells of E . coli 
JC6724 g r o w n i n L b r o t h a n d M 9 m i n i m a l m e d i a showed ^ 3 0 % di f 
ference i n their p laque - f o rming abi l i t ies . T h e recent w o r k of M c i n t o s h 
a n d E a r h a r t ( 38 ) suggests that the latter m e d i u m can be further d e p r i v e d 
of i r o n i n order to boost synthesis of certa in siderophore receptors. These 
workers have since demonstrated loss of outer membrane proteins i n 
strains defective i n siderophore transport (39) ( W o r k e r s i n J a p a n were 
apparent ly the first to note the appearance of bands of large po lypept ides 
i n outer membrane S D S ge l profiles f r o m Escherichica coli g r o w n i n l o w 
i r o n m e d i a (40)). F e r r i c h r o m e was unab le to inact ivate the par t ia l l y 
pur i f i ed receptor b y exposure for periods of u p to 22 days at 4 ° C . W i t h 
the cell- free receptor preparat ion , ferr i chrome was again h i g h l y potent 
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1. N E i L A N D S Iron Transport in Enterobacteria 15 

i n compet ing for it w i t h T 5 , a n d neither deferr ioxamine Β nor rhodo -
toru l i c a c i d were active. C h r o m i c h r o m e , a lumichrome , ferr i croc in , a n d 
the t r i - a n d d i m e t h y l esters of ferr ichrome A were s imi lar ly effective, b u t 
the m o n o m e t h y l ester was on ly w e a k l y active. At tempts to measure 
b i n d i n g of radioact ive ferr ichrome, even qui te h i g h specific ac t iv i ty 
mater ia l , to this receptor have not been successful, i n d i c a t i n g the complex 
is qui te h i g h l y disassociated. 

T h u s the f o l l o w i n g p i c ture of ferr ichrome protect ion mechan ism 
against phages T l , T 5 , Φ80, a n d co l i c in M emerges. T h e phenomenon 
occurs at the outer membrane or at the Bayer adhesion zones (41). I r o n 
is not r e q u i r e d for the event since among the isostructural meta l i o n 
analogs of ferr ichrome, bo th k ine t i ca l l y lab i le ( A l 3 + ) a n d stable ( C r 3 + ) 
ions w i l l substitute for F e 3 + . F e r r i c h r o m e A is inact ive , but progressive 
remova l of the negative charge b y esterification imparts act iv i ty . W i t h i n 
the cyc lohexapept ide moiety of ferr ichrome, serine-for-glycine subst i tu
tions (e.g., f err i croc in ) are to lerated, but siderophores of substantial ly 
different structure, even rhodotoru l i c a c id , do not accommodate to the 
contours of the receptor. 

Salmonella typhimurium. T h i s organism is sensitive to a l b o m y c i n 
and , l ike E. coli, shou ld possess a ferr ichrome receptor. T h e observation 
b y Stocker ( 42 ) that a correlat ion exists between sensit ivity to a l b o m y c i n 
a n d phage E S 18 p r o v i d e d the h int that the outer membrane b i n d i n g site 
for the latter m a y be the ferr i chrome receptor i n S. typhimurium L T - 2 . 
Phage E S18 attacks smooth a n d rough strains not lysogenic for Fels2; 
E S 1 8 . h l , a host range mutant , w i l l propagate on strains car ry ing Fels2 
(43). U s i n g S. typhimurium enb7, f err ichrome at jumolar concentrations 
prevented the adsorpt ion of phages E S 1 8 a n d E S 1 8 . h l (44). Three sid 
mutants , resistant to E S 1 8 . h l , adsorbed the phage poor ly . A l l three 
resistant sid mutants co- transduced w i t h h i g h frequency at panC. 

Figure 10. Diagrammatic sketch of 
the competition between phage coli
cin and siderophore for the outer 
membrane receptor in the enteric 
bacteria. (A) Escherichia coli K-12. 
(1) Ferrichrome receptor: phage = 
Τ Ι , T 5 , Φ80; colicin —M; sidero
phore = ferrichrome. (2) Ferric en
terobactin receptor: phage = P; coli
cin = B ; siderophore = ferric entero
bactin. (B) Salmonella typhimurium 
LT-2. (1) Ferrichrome receptor: 
phage = ES18; hacteriocin = ? ; sid
erophore — ferrichrome. (2) Ferric 
enterobactin receptor: phage = ?; 
hacteriocin = ?; siderophore = ferric 

enterobactin. 
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16 BIOINORGANIC CHEMISTRY II 

T h u s , S. typhimurium appears to have a c o m m o n surface receptor 
for ferr ichrome, a l b o m y c i n , a n d E S 18 phages w h i c h is the genetic e q u i v a 
lent of the f e r r i c h r o m e - T l , T 5 , <ï>80-colicin M receptor i n E. coli. 

F E R R I C E N T E R O B A C T I N R E C E P T O R . Escherichia coli. G u t e r m a n (45, 
46,47) demonstrated that enterobact in c ou ld protect E. coli against 
c o l i c in Β but d i d not define the mechanism of the interact ion . H o w e v e r , 
since enterobact in prevented adsorpt ion of co l i c in B , i t seemed most 
probab le that there is a c o m m o n membrane receptor for ferr ic entero
b a c t i n a n d co l i c in B . U s i n g a ferr ic enterobact in u t i l i za t i on mutant 
A N 2 7 2 (fes~), i t was possible to show that this s iderophore specif ical ly 
protects against co l i c in Β (48) i n the absence of i r on supply f r om the 
complex. These data support the previous proposal (35) that c o l i c in Β 
a n d ferr ic enterobact in compete for a c o m m o n receptor i n v o l v e d i n the 
uptake of the latter s iderophore. T h e s i tuat ion is as dep i c ted schemat i 
ca l ly i n F i g u r e 10 except that a phage has not yet been detected i n this 
system. T h e re lat ion of this receptor to the fep ( ferr ic enterobact in per 
mease) mutat i on needs to be established, i n i t i a l l y at least b y accurate 
genetic m a p p i n g . T h e fep~ strain A N 2 7 0 is f u l l y sensive to co l i c in Β (49). 
C o l i c i n B-resistant strain R W B 1 8 lacks the outer membrane component 
designated 95p ( 5 0 ) , i.e., the ferric enterobact in receptor. 

Salmonella typhimurium. N o w o r k has been reported on the ferr ic 
enterobact in receptor i n S. typhimurium. T h e system presently lacks the 
convenient phage a n d co l i c in probes, a l though an agent such as co l i c in Β 
m i g h t b i n d to S. typhimurium. T h u s G u t e r m a n et a l . (51) showed that 
r o u g h strains of S. typhimurium were sensitive to co l iphage B F 2 3 a n d 
adsorbed the Ε col ic ins ; this is the putat ive v i t a m i n B12 receptor (see 
"D i s cuss i on , " be l ow ). 

Nonspecific Siderophore Protection against the " B " Group Colicins. 
F r o m the preced ing it is clear that the funct ion of the tonA gene is for 
biosynthesis of the outer membrane receptor for ferr ichrome recognit ion . 
T h e facts that tonB mutants are tolerant to col ic ins Β, V , a n d l a , as w e l l 
as resistant to Φ80 a n d defective i n ut i l i za t i on of i r on compounds , 
p r o m p t e d us to test the effect of siderophores on the act iv i ty of the 
B-group col ic ins (48). F o r this purpose the f o l l o w i n g assay system was 
devised. A filter paper disc conta in ing 20-100 n m o l of the test sub
stance was a p p l i e d to the surface of a co l i c in -nutr ient agar plate , a n d 
the radius of exh ib i t i on of g r o w t h of the seeded tester strain was re
corded . It is apparent f r o m the results shown i n T a b l e I I I that s idero
phores i n genera l—even ferr ic c i t rate—protect the tonA+ enterobact in" 
strain of E. coli R W 1 9 3 f r o m the col ic ins Β, V , a n d l a whereas only f e r r i 
chrome or its chromic analog protect against c o l i c in M . N o n e of the 
siderophores tested i n h i b i t e d col ic ins Κ or E l . Synthet ic che lat ing agents 
were active, b u t on ly as the i r on complexes. T h e tonA' s train of A N 1 9 3 , 
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1. N E i L A N D S Iron Transport in Enterobacteria 17 

Table III. Siderophore Nutrition and Protection 
of E. coli K-12 Strain RW193 (48) 

Protective Potencya 

Colicin Colicin Colicin Colicin Nutri
Siderophore M Β V la tion'' 

F e r r i c enterobactin 0 ++ ++ ++ + + Ferr i chrome + + ++ ++ ++ + + F e r r i c schizokinen 0 ++ ++ ++ ++ F e r r i c rhodotorulate 0 + + + + 
+ 

I ron ( I I I ) c i trate 0 + + + + 
+ C h r o m i u m ( I I I ) - + + + 

deferri ferrichrome + 0 0 0 
° T h e symbols indicate growth relative to growth of cells in the absence of sidero

phore. + + indicates an ~ 10-20-mm radius zone of growth about the disc ; + i n d i 
cates an ~ 1 -9 -mm zone ; 0 indicates no growth. 

b " N u t r i t i o n " refers to siderophore-dependent growth in the absence of col icin , 
observed on N B - a p o f e r r i c h r o m e A plates. 

Journal of Bacteriology 

as expected, was not protected against col ic ins Β, V , a n d l a b y f e r r i 
chrome. A SidA mutant w h i c h was unable to use hydroxamates on M 9 
m i n i m a l plates was not protected. I n a fes~ mutant , l a c k i n g ferr ic entero
b a c t i n esterase, enterobact in protected against co l i c in Β but not against 
col ic ins l a or V . 

T h e Β group col ic ins are be l i eved to act b y b l o c k i n g the energy 
metabo l i sm of the ce l l . A c c o r d i n g l y , the siderophores were tested for 
ab i l i t y to b lock the act ion of the poisons azide , 2 ,4-dinitrophenol , or 
C C C P ; no protect ion was found . 

A t r ip le layer plate technique (52) capable of d i s t ingu ish ing receptor 
a n d tolerant mutants , the latter insensitive to co l i c in b u t re ta in ing surface 
receptor, was a p p l i e d i n order to ascertain w h i c h co l i c in receptors were 
i n v o l v e d i n the transport or ut i l i za t i on of specific siderophores (53). 
T h i s study conf irmed the earl ier (35, 48) postulates that c o l i c in Β a n d 
ferr ic enterobact in share a c o m m o n surface receptor i n E. coli R W 1 9 3 . 
O t h e r receptors exist for col ic ins V a n d l a . T h e mechanism of protect ion 
b y enterobact in against c o l i c in Β is thus analogous to that observed for 
the c o l i c in M - f e r r i c h r o m e pa i r ( F i g u r e 10) . These a n d other s idero
phores, as w e l l as a var iety of i ron compounds , protect against other B -
group col ic ins, bu t b y a noncompet i t ive , nonspecif ic mechanism w h i c h 
m a y be ascr ibed to either repression of the membrane receptors or inter 
d i c t i on of the act ion of the col ic ins at a stage f o l l o w i n g their b i n d i n g 
to the membrane . I n any event, the siderophores do not d i rec t ly i n a c t i 
vate the col ic ins since a series of mutants were obta ined w h i c h were not 
protected b y the siderophores. 

G u t e r m a n a n d D a n n (47) obta ined E. coli mutants , m a p p i n g at 
about 57 m i n on the chromosome, w h i c h were co l i c in Β resistant b y 
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18 BIOINORGANIC C H E M I S T R Y II 

v i r tue of excretion of enterobact in (exbB f u n c t i o n ) . W e conf irmed this 
effect b y use of enterobact in" strain, R W 1 9 3 , a n d its exbB' der ivat ive . 
T h e latter strain was fu l l y sensitive to c o l i c in Β i n the absence of the 
enterobact in precursor , 2 ,3 -d ihydroxybenzoic a c i d (54). H a n t k e a n d 
B r a u n (55) def ined a second locus at 65 m i n on the E. coli genetic m a p , 
designated feu ( f err i c enterobact in u p t a k e ) , w h i c h is be l i eved to be 
i n v o l v e d i n ferr ic enterobact in u t i l i za t i on a n d the act ion of col ic ins Β, V , 
a n d I . H o w e v e r , it is not k n o w n if the feu m u t a t i o n affects the co l i c in 
receptors or the c o l i c in targets, nor is it k n o w n h o w m a n y membrane 
proteins are altered b y this mutat ion . T h e funct ion of this gene is unc lear 
since other mutants l a c k i n g the co l i c in I a n d V receptors grow n o r m a l l y 
on enterobact in, a n d on ly co l i c in Β appears to interact speci f ical ly w i t h 
the s iderophore i n compet i t ion for a sur face -b ind ing site (53). Fros t a n d 
Rosenberg ( 56 ) have proposed that tonB' strains lack a membrane c o m 
ponent r e q u i r e d for Φ80 adsorpt ion a n d ferr ic enterobact in transport 
since the strains are defective i n b o t h of these functions. H o w e v e r , 
enterobact in does not b l o ck adsorpt ion of Φ80. A s i n d i c a t e d above, a 
component of the Φ80 attachment site is the ferr ichrome receptor. T h e 
tonB mutat i on invokes a n u m b e r of changes i n membrane proteins a n d 
blocks u t i l i za t i on of a host of s t ructura l ly unre lated siderophores. A d d i 
t i ona l ly , certain mutants i n the tonB reg ion are unab le to u t i l i ze entero
b a c t i n b u t r e m a i n sensitive to Φ80 ( 5 5 ) . A c c o r d i n g l y , the b i o c h e m i c a l 
funct ion of the tonB gene product remains undef ined. 

Mechanisms . of Siderophore-Mediated Iron Uptake 

T h e k inet i c l a b i l i t y of ferr ic siderophores requires that transport 
experiments be per f o rmed w i t h molecules bear ing separate radioact ive 
labels i n the meta l a n d l i g a n d moieties. A s coord inat ion compounds the 
siderophores are thermodynamica l l y stable a n d k ine t i ca l l y lab i le . T h e 
format ion constants are t y p i c a l l y 10 3 0 . I n the case of f err i chrome the 
exchange hal f t ime at p H 6.3 a n d 37° is about 10 m i n (57). P u b l i s h e d 
w o r k ( 58, 59 ) w i t h d o u b l y labe led ferr ic s ch izok inen i n Bacillus mega-
terium a n d ferr ic aerobact in i n A. aerogenes as w e l l as a study of ferr ic 
enterobact in i n E. coli (60) i n each instance suggests a synchronous 
uptake mechanism for i r on a n d l i g a n d . 

F e r r i c h r o m e i r o n transport i n the enteric bacter ia affords an exper i 
menta l l y feasible m o d e l for mechanist i c studies. T h e l i g a n d is r u g g e d 
a n d can be labe led to h i g h specific ac t iv i ty b y m i c r o w a v e discharge a c t i 
va t i on of t r i t i u m gas. T h e lab i le ferr ic i o n can be rep laced w i t h chro 
m i u m to y i e l d the k ine t i ca l l y stable isostructural chromic complex , 
chromichrome (61). A s s u m i n g this analog has the transport propert ies 
of the i r on complex, its 3 H counts w o u l d be an index of the behavior of 
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1. N E i L A N D S Iron Transport in Enterobacteria 19 

the intact coord inat ion c o m p o u n d . B o t h E. coli K - 1 2 a n d S. typhimurium 
L T - 2 have potent systems for u t i l i z a t i o n of ferr i chrome i r o n , there is no 
evidence that they synthesize any h i g h affinity carrier other than entero
b a c t i n , mutants defective i n the synthesis of the latter s iderophore are 
read i ly obta ined , and , finally nonspecif ic i r o n transport can be suppressed 
w i t h N T A or citrate, respect ively . 

JE. coli. F E R R I C H R O M E . T h e uptake rates of 5 5 F e - f e r r i c h r o m e , 3 H -
ferr i chrome, a n d A - c i s - 3 H - c h r o m i c h r o m e , a l l i n separate cultures of 
R W 1 9 3 , are shown i n F i g u r e 11 (62). T h e essentially i dent i ca l rates for 
uptake of the 5 5 F e a n d 3 H of the chromichrome suggests r a p i d transport 
of the intact coord inat ion c o m p o u n d w i t h concomitant reject ion of the 
l i g a n d . T h e latter does s l owly penetrate the ce l l v i a a second mechanism, 
apparent ly aga in as the i r on complex since a d d i t i o n of excess i r o n to the 

M I N U T E S 

Journal of Bacteriology 

Figure 11. Uptake of the radioactive label of 55Fe-ferri-
chrome (O), a cis-chromic 3H-deferriferrichrome (Ώ), 3 Η-fer
richrome (A), and 3Η-ferrichrome with excess ferric NTA (A) 
in Escherichia coli RW193. Cell optical density at 650 nm 

was 1.2, and siderophore concentration was 0.5 μΜ (62). 
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2 0 BIOINORGANIC C H E M I S T R Y II 

system does not enhance s igni f icantly the rate of 3 H uptake . T h e exceed
ing ly fast rate of i r on remova l indicates that the mechanism is v i a reduc 
t i o n , a n d i t is obvious that the Λ -cis coord inat ion isomer is act ive a n d 
that i somer izat ion of dissoc iat ion of the l i g a n d cannot occur d u r i n g 
transport . 

E N T E R O B A C T I N . L a n g m a n et a l . (63) s tud ied i r o n uptake b y n o n -
enterobact in synthes iz ing strains of E. coli K - 1 2 w h i c h conta ined a d d i 
t i ona l mutat ions . I n the presence of a d d e d enterobact in , mutants l a c k i n g 
the ferr ic enterobact in permease (fep) t ransported very l i t t le i r o n , a n d 
modest amounts were taken u p b y a mutant l a c k i n g the ferr i c entero
b a c t i n esterase (fes) w h i l e the parent strain v igorous ly transported i r o n . 
T h e r e is excellent genetic ev idence that the fes gene produc t is r e q u i r e d 
for u t i l i z a t i o n of enterobact in i r o n a l though this esterase has not been 
s tud ied i n any d e p t h as a b i o c h e m i c a l ent i ty . T h e A u s t r a l i a n workers 
c l a i m that the pre ferred substrate is ferr ic enterobact in , bu t B r u c e a n d 
B r o t (64) f o u n d on ly the free l i g a n d to be h y d r o l y z e d . Fros t a n d Rosen 
b e r g (60) s tud ied the behav ior of 5 5 F e - a n d 1 4 C - l a b e l e d enterobact in i n 
E. coli K - 1 2 mutants not synthes iz ing endogenous enterobact in a n d con 
t a i n i n g fes a n d fep mutat ions . I n the former they showed that i r on a n d 
l i g a n d ac cumula ted w i t h i n the cells at approx imate ly e q u a l rates whereas 
i n the parent s tra in , rad ioac t iv i ty was l eaked to the m e d i u m . T h e fep 
mutat ions are re lat ive ly ( 4 0 % ) c losely l i n k e d to the six or seven ent 
genes o n the E. coli chromosome. 

Recent ly Fros t a n d Rosenberg (56) demonstrated that strains of 
K - 1 2 b l o cked i n aromatic biosynthesis a n d also tonB' c o u l d fabr icate 
enterobact in f r o m precursors such as 2 ,3 -d ihydroxybenzoic ac id . T h e 
s iderophore synthes ized endogenously f r om 2 ,3 -d ihydroxybenzoic a c i d 
was p i c t u r e d as c a r r y i n g i r o n f r o m the per ip lasmic space across the cyto
p lasmic membrane . E v i d e n t l y ferr i c enterobact in c o u l d not traverse the 
outer membrane i n these strains. 

Salmonella typhimurium. F E R R I C H R O M E . F e r r i c h r o m e i r on trans
port i n enb7 proceeds b y two concurrent mechanisms ( F i g u r e 12) (62). 
I n one, the i r o n is snatched out r a p i d l y w i t h effective a c cumula t i on of 
the free l i g a n d i n solut ion. W i t h a d d e d i r o n , the latter enters the ce l l at 
a rate ident i ca l to that of chromichrome. A g a i n the Λ -c is isomer is act ive 
w i t h o u t dissociat ion, a n d reduct ive release is v i r t u a l l y certain . 

F E R R I O X A M I N E . E x p e r i m e n t s i n enb7 w i t h 3 H - a n d 5 5 F e - l a b e l e d f e r r i -
oxamine Β revea led that the i r o n of this s iderophore, as i n the case of 
ferr i chrome, is r a p i d l y r e m o v e d b y the cells (62). T h e l i g a n d penetrates 
the organism at a substant ia l ly s lower rate, once more as the i r o n chelate. 
Interest ingly , there was zero transport of either the cis or trans isomers 
of chromioxamine B , the C r m ana log of ferr ioxamine B . 
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1. N E i L A N D S Iron Transport in Enterobacteria 21 

MINUTES 

Journal of Bacteriology 

Figure 12. Uptake of the radioactive label of 
55Fe-ferrichrome (O), A-cis-chromic-3H-deferrifer-
richrome (Π), 3Η-ferrichrome (A), and 3Η-ferri
chrome with excess ferric citrate (A) in Salmonella 
typhimurium LT-2. Cell optical density at 650 nm 
was 1.2, and siderophore concentration was 0.5 μΜ 

(62). 

Discussion 

T h e specific s iderophore c o m m o n to a large n u m b e r of enteric bac 
ter ia , enterobact in , feeds i ron to E. coli a n d also protects the latter against 
the Β group col ic ins . F e r r i c h r o m e , a s iderophore e laborated b y h igher 
microorganisms such as species of Ustifogo, Neurospora, Aspergilli, a n d 
Penicillia (4), is efficiently u t i l i z e d b y enteric bacter ia . T h e latter orga
nisms use this s iderophore as a source of i r o n a n d to compete w i t h a n d / o r 
protect against a series of phages, co l ic ins , a n d the ant ib iot i c , a l b o m y c i n . 

C l e a r l y , protect ion of enteric bacter ia against phages a n d col ic ins 
occurs b y two d ist inct processes—one i n v o l v i n g specific d irect adsorpt ion 
compet i t i on for c o m m o n outer membrane receptors a n d a second, n o n 
specific, noncompet i t ive m e c h a n i s m i n v o l v i n g a ce l l -mediated event i n 
v o k e d b y i ron . 
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2 2 BIOINORGANIC CHEMISTRY II 

T h e existence of ferr ichrome a n d ferr ic enterobact in receptors i n the 
outer membrane of enteric bacter ia confirms the discovery, first reported 
for v i t a m i n B12 (34), for a genuine transport role for this segment of the 
ce l l envelope. T h e properties of the four analogous systems k n o w n at the 
present t ime are shown i n T a b l e I V . 

E . coli does not synthesize v i t a m i n B i 2 a n d grows w e l l w i thout this 
nutr ient . H o w e v e r , i n certain circumstances there is a m a r g i n a l benefit 
to the ce l l to be able to manufacture meth ion ine b y a p a t h w a y i n v o l v i n g 
the v i t a m i n . F o r this purpose the r e q u i r e d apoprote in is synthesized, a n d 
the receptor prote in is inserted i n the membrane i n ant i c ipat ion of finding 
B12 i n the environment (70). Phages B F 2 3 a n d the Ε col ic ins have some
h o w managed to adapt to the B12 receptor (71). Besides the surface 
receptor, a second prote in component i n the per ip lasmic space m a y be 
necessary for further transport of the v i t a m i n . 

A s imi lar ly rat ional argument can be made for the evolut ionary re
tent ion of the ferr ichrome receptor. T h e earth is 4.5-4.6 b i l l i o n years o ld . 
D u r i n g the preb io t i c era, i r o n was i n the reduced f o r m a n d reasonably 
soluble . S imi lar condit ions preva i l ed d u r i n g the development of the 
anaerobic , prokaryot i c cells. H o w e v e r , w i t h the appearance of b lue-green 
bacter ia some 3 b i l l i o n years ago, true photosynthesis began, oxygen was 
p l a c e d i n the atmosphere, a n d the i ron p r o m p t l y went out of so lut ion as 
F e ( O H ) 3 ( K s o i = < 1 0 " 3 8 M ) . I n response to this crisis, cells synthesized 
siderophores. H o w e v e r , i t appears that the mo lecu lar weights of these 
substances m a y have exceeded the free di f fusion l i m i t of the outer m e m 
brane , w h i c h m a y be i n the range of 700 daltons (8). T h i s outer m e m 
brane is freely permeable to amino acids, monosaccharides, a n d mono -

Table IV. Outer Membrane 

Receptor 

Locus Mol Wt 
Nutnlite Mol Wt Gene ( min ) (SDS) 

Escherichia coli K - 1 2 
V i t a m i n B i 2 1357 btuB 8 8 d 60,000 e 

(bfe) 
F e r r i c h r o m e a 740 tonA 3 85,000 1 

F e r r i c enterobact in" 7 8 8 b feuB" 72.5 ca. 95,000' 
M a l t o s e and maltodextr ins 3 4 2 + lam Β 90 — 

Salmonella typhimurium L T - 2 
Ferr i chrome 740 sid 9 — 

" T h e s e siderophores also protect E. coli against the B - g r o u p colicins, but b y a 
mechanism i n v o l v i n g cel l -mediated uti l izat ion of their ferric ion rather than b y an 
adsorption compet i t ion for a cell surface receptor. 

b T r i s o d i u m salt. 
0 {65, 66). 
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1. N E i L A N D S Iron Transport in Enterobacteria 23 

mers i n general , b u t not to siderophores. T h i s i n t u r n r e q u i r e d the 
e laborat ion of a c e l l surface receptor to fac i l i tate uptake of such larger 
molecules . F i n a l l y , microbes discovered h o w to make ant ib io t i c analogs, 
e.g., a l b o m y c i n , of the nutr ient l igands, a n d i n the final stage of m o l e c u 
lar paras i t ism, the receptors were taken over b y phages a n d col ic ins. 
P r e s u m a b l y the pervasively important role of i r o n i n m i c r o b i a l phys io logy 
has p r o m p t e d the retention of the s iderophore receptors i n spite of the 
fact that they have become the port of entry to phages a n d antibiot ics 
b o t h large ( col ic ins ) a n d smal l ( a l b o m y c i n , f e r r i m y c i n ). 

T h e maltose molecule is too smal l to be fitted convenient ly into the 
molecu lar barr ier hypothesis , but the receptor for this substance func 
tions w e l l w i t h maltodextr ins w h i c h do have h igher mo lecu lar weights . 
T h e receptor is i n d u c e d w i t h maltose, a substrate w h i c h is doubtless 
c ommonly encountered i n the diet of enteric bacter ia . B i o l o g i c a l l y the 
receptor serves for transport of maltose a n d for chemotaxis to this sub
strate ( 7 2 ) . T h e data presented i n T a b l e I V , especial ly that per ta in ing 
to the ferr i chrome receptor, demonstrate conv inc ing ly that phage re 
ceptors were designed for nutr i t ious substances. 

T h e sto ichiometry a n d mechan ism of l i g a n d b i n d i n g to any of the 
four receptors l i s ted i n T a b l e I V , f o l l o w i n g their iso lat ion f r om the outer 
membrane , has yet to be demonstrated. C o m p e t i t i o n w i t h phage p r o 
ceeds w e l l w i t h the T 5 receptor i n v i tro even though the complexes have 
rather h i g h dissociat ion constants. It is not necessary that the l igands , 
phages, a n d col ic ins have s tructura l s imilarit ies since each m a y b i n d to 
a different locus of the receptor. 

Receptors in Enteric Bacteria 

Noxious Agents 

Phage (s) Antibiotic Colicin 

Escherichia coli K - 1 2 
B F 2 3 E 1 , E 3 

ΤΊ,Τ5,Φ80 a l b o m y c i n M 
Β 

λ 

Salmonella typhimurium L T - 2 
E S 1 8 a l b o m y c i n 

d L o c i are f r o m the recalibrated linkage map of Escherichia coli K - 1 2 (67). 
e (84). 
T (68). 

9 (69). 
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24 BIOINORGANIC CHEMISTRY II 

T h e extreme potency of siderophores i n counteract ing the B - g r o u p 
colcins suggests a n important b i o l og i ca l role for such molecules i n a 
m e c h a n i s m w h i c h resembles, b u t w h i c h is fundamenta l ly different i n 
nature f rom, the outer m e m b r a n e compet i t ion phenomenon. 

F i g u r e 13 summarizes the present state of knowledge regard ing inter 
actions of siderophores, phages, a n d col ic ins w i t h m e m b r a n e systems i n 
the enteric bacter ia . O v e r the eons of evolut ionary t ime, noxious agents 
have a c q u i r e d the capaci ty to exploit these receptors as a means of 
penetrat ing the ce l l envlope. It w o u l d be important to ascertain i f this 
analogy extends to plant a n d a n i m a l v irus receptors. 

Ferrichrome 
Albomycin 

T5 Τ Ι . Φ 8 0 
colicin M 

Other siderophores 
Iron compounds 

Ferric 
enterobactin 

colicin Β 

OUTER 
MEMBRANE 

3 PEPTIDOGLYCAN 

INNER 
MEMBRANE 

Figure 13. Schematic of the organization and properties of 
siderophore receptors in Escherichia coli K-12. 

As seen in Table I, colicins V and la require the tonB gene, but the 
receptors for these agents have not been correlated with any specific 
siderophore or other nutrient substance. The binding of ferric 
enterobactin has been defined as the biochemical function of the coli
cin Β receptor (53). Iron supply to the cell interferes with adsorption 
of colicin la, thus suggesting this receptor is designed for a sidero

phore, the specific nature of which is still unkown (73). 

T h e molecu lar events associated w i t h the noncompet i t ive protect ion 
mechan ism r e m a i n to be e luc idated . T h a t the two mechanisms b y w h i c h 
siderophores protect against phages a n d col ic ins are re lated can be seen 
i n the response of E. coli to siderophores such as rhodotoru l i c a c id . T h i s 
substance is act ive i n protec t ing against Φ80 i n the p late assay b u t is 
unab le to prevent adsorpt ion of the v i rus , a n d i t is tota l ly inact ive i n 
compet ing for T 5 receptor i n v i t ro (35, 37). These data w o u l d be con 
sistent w i t h repression of the tonA receptor or some component speci f ied 
b y tonB, p romoted b y i r o n n u t r i t i o n , i n m u c h the same w a y that s idero
phores nonspeci f ical ly protect against the B-group col ic ins . B i n d i n g 
experiments b y M i z u s h i m a et a l . (74) a n d H o l l i f i e l d et a l . (75) as 
w e l l as w o r k w i t h a co l i c in Β resistant strain R W B 1 8 b y M c i n t o s h a n d 
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1. N E i L A N D S Iron Transport in Enterobacteria 2 5 

E a r h a r t (39) p rov ide the evidence that i n S D S gels the ferr ic entero
b a c t i n receptor behaves as a component w i t h m o l w t ~ 95,000. B o t h 
parts of the h i g h affinity i ron transport system endogenous to E. coli have 
n o w been shown to be under i r on repression. G i l c h r i s t a n d K o n i s k y (76) 
observed lower levels of co l i c in l a receptor i n a heme r e q u i r i n g mutant 
of E. coli, a result w h i c h might be ascr ibed to an intrace l lu lar a c c u m u l a 
t i on of i r on . T h e latter represses format ion of the l a receptor (66). 

T h e exbB mutants (47) are derepressed i n enterobact in synthesis a n d 
produce this s iderophore i n i ron -conta in ing m e d i a . T h e means w h e r e b y 
i r o n represses enterobact in synthesis is s t i l l obscure. Several years ago 
it was noted that g r o w t h of E. coli on l o w i ron m e d i a l e d to changes i n 
various f R N A s (77). I n E. coli K - 1 2 aromatic amino -ac id synthes iz ing 
enzymes are also derepressed i n l o w i r on m e d i a , possibly because of the 
d ivers ion of the chorismate p o o l to enterobact in (78). 

E x p e r i e n c e to date w o u l d seem to mandate that a l l k n o w n sidero
phores shou ld be screened against the phage a n d c o l i c i n receptors for 
w h i c h b i o c h e m i c a l functions have not yet been defined. T h u s the c o l i c i n 
V a n d l a receptors m a y w e l l be assigned to siderophores w h i c h have not 
yet been examined. 

T h e transport experiments w i t h 5 5 F e - a n d 3 H - l a b e l e d siderophores 
are, to say the least, confusing. A m i n i m u m of three mechanisms are 
possible : 

( 1 ) Transfer of just the n a k e d meta l i on to the ce l l surface 
(2 ) Transpor t of the intact chelate c o m p o u n d f o l l o w e d b y in terna l 

de l ivery of the i r on 
(3 ) Separat ion of the meta l a n d l i g a n d w i t h simultaneous uptake 

of each a n d rejection of the l i g a n d (62). 
F e r r i c h r o m e transport i n E. coli adheres to mechan ism 2, since the 

nondissoc iable chromic complex enters the ce l l at the same rate as the 
i ron . It is somewhat mysterious that the l i g a n d is so efficiently rejected 
i n the more r a p i d phase of s iderophore i r o n ass imi lat ion. T h e l i g a n d — 
again as the chelate compound—enters the ce l l at a substant ia l ly s lower 
rate. 

I n S. typhimurium a combinat i on of two concurrent processes, either 
mechanisms 1 a n d 3 or mechan ism 2, w o u l d exp la in the observed results. 
T h e former w o u l d account for the r a p i d phase of i r o n uptake w h i l e the 
latter w o u l d expla in the slower penetrat ion rate of the intact chelate. I n 
this organism the i r on of ferr ioxamine Β is aga in r a p i d l y ass imi lated, a n d 
the chelate enters at a s lower pace, but no in format ion on the mechan i sm 
c a n be g leaned f r om the chromic complexes as they are not transported . 
It is possible that the act ive isomer has not been tested i n this system. A n 
inspect ion of mo lecu lar models impl ies that four trans isomers m i g h t 
exist ( 7 9 ) . 
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2 6 BIOINORGANIC CHEMISTRY II 

W e conc lude that p l u r a l mechanisms exist for s iderophore i r o n 
u t i l i za t i on i n the enteric bacter ia . T h e i r o n may be r a p i d l y r emoved w i t h 
(E. coli) or w i t h o u t (S . typhimurium) effective transport of the l i g a n d . 
T h e rate of this process is such that l a b i l i z a t i o n of the i r on b y reduct i on 
appears most l i k e l y . T h e intact ferr ic chelates also pass the ce l l envelope, 
b u t b y a general ly slower mechanism. A n estimate of the n u m b e r of 
atoms of i r on a c q u i r e d per bac te r ium indicates true uptake rather than 
adsorpt ion to the ce l l surface has taken place. I n b o t h organisms the 
Λ -cis chromic coord inat ion isomer of ferr ichrome is active, i n d i c a t i n g 
that dissociat ion a n d / o r i somer izat ion is not ob l igatory for its transport . 

P r o v i d e d reduct i on of the i r on is necessary, mechanisms 1 a n d 3 
w o u l d enable the ce l l to exc lude certain contaminat ing ions, e.g., a l u m i 
n u m , w h i c h might find their w a y into siderophores. It w o u l d also obviate 
the accumulat i on of a poss ib ly toxic l i g a n d a n d the need to back-transport 
this substance. U n l i k e the s i tuat ion w h i c h obtains w i t h v i t a m i n Β12 a n d 
maltose, only the i r on atom of the siderophores needs to be b u i l t into 
the ce l l protoplasm. O n the other h a n d , a certa in l eve l of the chelate 
w i t h i n the ce l l c o u l d tr igger regulatory signals or re lay in format ion on 
the ecological composi t ion of the extracel lular environment . Interest
ing ly , i n fes~ mutants enterobact in stimulates the use of hydroxamate 
siderophores (80). 

T o the differences between E . coli a n d S. typhimurium i n s iderophore 
i r on u t i l i za t i on w e have recorded here must be a d d e d the observation 
that the former has an i n d u c i b l e system for uptake of ferr ic citrate w h i l e 
the latter cannot u t i l i z e this s iderophore. T h e opposite transport speci 
ficity exists for free c itrate i n these organisms (81). T h e receptor for 
f err i chrome i n S. coli is func t i ona l for T l , T 5 , Φ80, a n d co l i c in M w h i l e 
the corresponding receptor i n S. typhimurium accommodates phage E S 18. 
T h e later organism wears a l ipopo lysacchar ide coat, substances w h i c h 
have also been shown to b i n d ferrous a n d ferr ic i r o n (82). T h e l i p o p h i l i c 
surface of the ce l l m a y elevate the redox potent ia l of the i r o n of the 
h y d r o p h i l i c siderophores thus render ing the m e t a l i o n easier to reduce . 
T h e T 5 receptor of E . coli is be l i eved to be a l i popro te in (83). C l e a r l y , 
ferr i c enterobact in , w i t h its t r ip le negative charge, w i l l accept a n electron 
on ly w i t h considerable dif f iculty. F e r r i c h r o m e , w h i c h has zero charge, 
a n d a l l of the other k n o w n siderophores, w i t h the exception of the m y c o -
bact ins , are qui te h y d r o p h i l i c . 

T h e act ive transport aspect of s iderophore i r o n u t i l i z a t i o n remains 
large ly unexp lored , a l though such a process p r o b a b l y ex i s ts—in add i t i on 
to fac i l i ta ted d i f f u s i o n — i n v i e w of the h i g h affinity of the cells for s idero
phores a n d the l i k e l y par t i c ipa t i on of an energ ized state of the m e m b r a n e 
i n the ir transport . Exper iments w i t h w h o l e cells must perforce be per 
f o r m e d w i t h mutants l a c k i n g the ab i l i ty to m a k e these carr ier molecules . 
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1. N E i L A N D S Iron Transport in Enterobacteria 27 

T h i s , however , introduces a n u m b e r of compl icat ions , a n d for i n f o r m a 
t i o n o n the mo lecu lar mechanics of transport i t w o u l d be desirable to 
w o r k w i t h a s impler system, such as m e m b r a n e vesicles, a n d such exper i 
ments are i n progress (84). M a n y unreso lved questions i n s iderophore 
transport await resolut ion. 

S iderophore f ormat ion is be l i eved to be under a repressive type of 
contro l since a d d i t i o n of i r o n does not immed ia te ly b l o ck the b i o s y n -
thet i c p a t h w a y t h r o u g h po i son ing of preexist ing enzymes. I n regard to 
regu lat ion of the to ta l system (s iderophore + receptor ) , there is a poss i 
b i l i t y of coordinate contro l b y i r on . T h e operon is repressed b y m e d i a 
concentrations of the element i n the 0.1-1.0 μΜ range—ava i lab le rather 
than absolute leve l is the important cons iderat i on—and the precise mo 
lecular f o rm of the repressive i r o n is u n k n o w n . F o r so lub i l i ty reasons i t 
is u n l i k e l y to be just ferr ic i on , but it m i g h t conce ivably be free ferrous 
i on . T h e latter is be l i eved to activate cyc l i c A M P phosphodiesterase. 
T h e exb mutants of G u t e r m a n a n d D a n n (47) w h i c h resist co l i c in Β b y 
v i r tue of overproduct ion of enterobact in i n i r on - r i ch m e d i a are of special 
interest. W a y n e (80) showed that the exbB mutat i on is very closely 
l i n k e d a n d is poss ib ly ident i ca l to the metK locus ( S-adenosylmethionine 
synthetase) a n d that the methionine requirement i n these mutants c o u l d 
be ascr ibed to a b lock i n the conversion of homoserine to cystathionine. 
H e showed that spermid ine a n d certain other po lyamines repressed 
enterobact in synthesis. T h e enzymes i n v o l v e d i n conversion of S-adeno
sy lmethionine to spermid ine appeared n o r m a l i n an exbB s train as d i d 
also the l eve l of i ron-dependent th iomethy lat ion of its tyrosine f R N A . 
T h e interpretat ion of these observations is not immed ia te ly apparent , 
but it is certain that the regulat ion of the h i g h affinity i r o n operon w i l l 
shortly be s crut in ized i n de ta i l i n several laboratories. W h i l e the w o r k 
descr ibed above c lear ly impl icates the tonA gene i n the synthesis of the 
outer membrane ferr ichrome receptor, the nature of the tonB m u t a t i o n 
s t i l l rquires e luc idat ion . 

A t h i r d p r o b l e m st i l l outstanding is the exact mechanism of act ion, 
i n terms of mo lecu lar mechanics , of the outer membrane siderophore 
receptors. M a n y of these proteins are large enough to span the envelope, 
but whether they actual ly do so has not been veri f ied exper imental ly . 
B a s e d on the B i 2 mo de l , i t is general ly assumed that they faci l i tate trans
port of larger h y d r o p h i l i c molecules across the outer membrane to the 
inner membrane or to the cytop lasm. There are several advantages of 
s tudy ing the ferr ichrome system. T h e w i d e range of analogs avai lab le 
i n the ferr ichrome series enabled de l ineat ion of the specif icity parameters 
of the outer membrane receptor ( 37 ) . I n add i t i on , the stable n o n -
exchangeable C r 3 + complex c o u l d be used to demonstrate transport of 
the intact complex, presumably into the cytop lasm (62). These proper -
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2 8 BIOINORGANIC CHEMISTRY II 

ties of ferr ichrome fac i l i tated interpretat ion of the mode of compet i t i on 
of this par t i cu lar s iderophore w i t h T l , T 5 , Φ80, a l b o m y c i n , a n d co l i c in M 
for the tonA receptor a n d i n this w a y e luc idated the b i o c h e m i c a l funct ion 
of the latter. T h e C r 3 + coord inat ion analog of ferr ic enterobact in can be 
prepared , but u p o n exposure to air the chromic i on r a p i d l y oxidizes the 
l i g a n d (85 ) . T h e enterobact in system, however , has advantages of its 
o w n , such as the repression of bo th siderophore a n d receptor b y i r on . 
Since the siderophore is endogenous, mutat i ona l analysis can be a p p l i e d 
to b o t h components of the h i g h affinity transport system. 

F i n a l l y , the mechan ism of ass imi lat ion of i r on b y the l o w affinity 
pa thway shou ld be explored. H e r e the mutat iona l analysis so product ive 
i n the specific s iderophore-mediated p a t h w a y is of l i m i t e d va lue , except 
i n the somewhat negative sense that the latter system can be e l iminated 
b y s imple genetic m a n i p u l a t i o n . 

A n u m b e r of a d d i t i o n a l recent developments w i t h a bear ing on i r on 
metabo l i sm i n enteric bacter ia shou ld be recorded. M i l e s a n d K h i m j i 
( 86 ) surveyed over 80 strains, d r a w n i n part f rom Escherichia, Klebsiella, 
Salmonella, Proteus, a n d Shigella species, b y testing for s t imulat ion of 
l o w density seedings of ind icator organisms on agar conta in ing ethylene 
d i a m i n e d i o r t h o h y d r o x y p h e n y l acetic a c id . T h e y conc luded that i r on 
chelators f rom the bacter ia i n these genera were funct ional ly exchange
able. N o correlat ion between v i ru lence a n d chelator produc t i on c o u l d 
be f ound . O n the other h a n d , Yancey et a l . (87) noted a pronounced 
drop i n v i ru lence i n S. typhimurium mutants b l o c k e d i n enterobact in 
product i on . W a k e et a l . (88) showed that P + p lague strains of Yersinia 
pestis conta ined more s iderophore -produc ing organisms than P " strains. 
T h e topic of i r on a n d in fect ion was rev i ewed b y W e i n b e r g (89). 

G u i n e a pigs f ed a synthetic diet fare poor ly w i thout a dd i t i on of 
certain factors, one of w h i c h m a y be enterobact in. B o t h K i n c a i d a n d 
O d e l l (90) a n d Br iggs (91) have obta ined spectacular we ight gains w i t h 
a supplement of 5 p p m enterobact in, but the w o r k has been confounded 
b y an erratic response. 

G r a d y et a l . (92) tested a n u m b e r of i ron-che lat ing drugs for their 
ab i l i t y to remove i r on f r om the i ron- loaded rat. T h e y f o u n d 2,3-dihy
droxybenzo ic a c id , the m e t a l - b i n d i n g center of enterobact in, a n d rhodo -
toru l i c a c i d to be the most promis ing , especial ly the latter. T h e objective 
of these experiments is to find a nontoxic che lat ing d r u g for contro l l ing 
the transfus ion- induced siderosis associated w i t h the l ong term therapy 
for thalassemia, aplastic anemia , a n d re lated b l o o d disorders. 

T h e nature of the tonB mutat i on r e q u i r e d for ass imilat ion of the i r on 
of a l l k n o w n siderophores remains elusive i n spite of a c ont inu ing d is 
cussion of the subject (73, 93, 94). It has recently been reported that 
tonB mutants are defective i n the energy-dependent step i n B12 transport , 
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1. N E i L A N D S Iron Transport in Enterobacteria 29 

a l though the surface receptors for the v i t a m i n a n d for maltose are u n 
affected b y the muta t ion ( 9 5 ) . 

T h e synthesis of the c o l i c i n l a receptor is c lear ly derepressed at l o w 
i ron (73, 96), but a specific s iderophore has not been assigned to this 
large po lypep t ide constituent, w h i c h is p rog rammed b y the cir gene at 
43 m i n on the chromosome map. FeuB is the specific locus for the c o l i c i n 
B - f e r r i c enterobact in receptor (66). 

A h i g h molecu la r weight , c i t ra te- inducible , outer membrane po ly 
pept ide has been detected b y slab ge l electrophoresis ( 6 5 ) . Th i s is be
l i eved to be the receptor for the ferric citrate transport system earl ier 
character ized b y Fros t and Rosenberg (60). 

A c c o r d i n g to one report (97) the co l i c in M receptor is overproduced 
at l o w i ron . O n the other hand, B r a u n et al . (93) r ev iewed the funct ional 
organizat ion of the outer membrane and stated that the tonA component 
is not increased i n i ron deficiency. 

A n outer membrane pore pro te in of molecu la r we igh t 25,000 is 
requ i red for nucleoside uptake as w e l l as for T 6 and co l i c in Κ resistance. 
It is be l i eved to be di rec ted b y the tsx-nup gene locus at 9 -10 m i n on the 
E. coli chromosomal map (98, 99). 

A transport-defective mutant of E. coli is advocated for the conven
ient prepara t ion of ferric enterobact in (100). I n S. typhimurium, as w e l l 
as i n E. coli, several proteins of the outer membrane are regula ted b y the 
i ron content of the m e d i u m (101). 

W h i l e most workers report the outer membrane s iderophore recep
tors to have molecu la r weights i n the 7 5 - 9 5 K range, some var ia t ion i n 
the magni tude of these numbers m a y be at t r ibuted to the preparat ive 
and ana ly t ica l methods as w e l l as to the par t icu lar standards used. Since 
enterobact in w i l l r a p i d l y remove i ron f rom ferr ichrome, the transport of 
the latter must perforce be s tudied i n mutants l a ck ing the former. H o w 
ever, such mutants often d isp lay mu l t i p l e lesions. A d d i t i o n a l l y , isogenic 
strains have se ldom been used a n d variat ions i n m e d i a and cu l tu ra l con
dit ions w i l l further confound attempts to compare results repor ted f rom 
different laboratories. 
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Kinetically Inert Complexes of the 

Siderophores in Studies of Microbial 

Iron Transport 

KENNETH N. RAYMOND 
Department of Chemistry, University of California, Berkeley, CA 94720 

The compounds called siderophores (earlier called sidero
chromes) are low-molecular weight chelating agents which 
are manufactured by microbes and are involved in their 
cellular iron transport. Kinetically inert complexes of the 
siderophores have been prepared by replacing the native 
ferric ion, which is kinetically labile in biological systems, 
with the kinetically inert chromic ion. The metal-substi
tuted complexes and related model compounds have then 
been used as chemical probes, using vis-uv and circular 
dichroism spectroscopy, to elucidate the coordination geome
tries of siderophores, and as biological probes, using the 
kinetic inertness of the chromic siderophore complexes, to 
study the mechanisms of cellular iron transport in several 
microbial species. The siderophores studied include the 
hydroxamate-containing ferrichromes and ferrioxamines and 
the catechol-containing compound enterobactin. 

Hphe preceding and following chapters amply illustrate the reasons why 
microbial iron transport compounds are worthy of our attention—both 

from the biochemical and medical points of view. However, one might 
wonder what this has to do with coordination chemistry. The obvious 
answer is that these are, after all, coordination compounds. But more than 
that, when viewed from the perspective of a coordination chemistry, new 
experiments or new approaches suggest themselves. This is always the 
exciting potential of interdisciplinary research. This chapter is the result 
of a research project which has involved extensive collaboration between 
J. B. Neilands' laboratories and my own. Many of the details of the 
transport studies of kinetically inert, metal-substituted siderophores in 
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34 BIOINORGANIC CHEMISTRY II 

m i c r o b i a l systems were presented i n the previous chapter. I w i l l focus 
here on the coordinat ion chemistry of these compounds a n d h o w m e t a l -
subst i tuted s iderophore complexes can be used b o t h as chemica l probes 
(us ing spectroscopic techniques) for the structures of these materials , 
a n d as b i o l og i ca l probes i n membrane transport studies. 

T h e compounds ca l led siderophores (earl ier ca l l ed s iderochromes) 
are l ow-molecu lar we ight materials w h i c h are manufac tured b y microbes 
a n d are i n v o l v e d i n their ce l lu lar i r on transport. T h e b iochemistry of the 
siderophores has been discussed i n the previous paper a n d has been 
r e v i e w e d extensively a n d recently ( 1 ) . T h e siderophores are a l l che lat ing 
l igands w h i c h f o rm extremely stable oc tahedral complexes w i t h h i g h - s p i n 
ferr ic i ron . T w o important classes of these compounds—the ferr ichromes 
a n d ferr ioxamines—are t r ihydroxamic acids w h i c h (except for those 
conta in ing charged substituents ) f o r m neutra l complexes u s i n g three 
bidentate hydroxamate monoanions. These complexes of F e ( I I I ) are a l l 
k ine t i ca l l y lab i le . E v e n the large hexadentate l igands such as ferr ichrome, 
w h i c h complete ly enclose the ferr ic i o n w i t h an octahedral cavity , have 
exchange rates on the order of several minutes at phys io log i ca l condit ions 
of p H a n d temperature. I n contrast, complexes i n w h i c h chromic i o n is 
subst i tuted for ferr ic i on , a l though structura l ly the same, are k ine t i ca l l y 
inert . T h i s has been demonstrated for m o d e l hydroxamate complexes 
( 2 ) , desferri ferrichromes ( 3 ) , a n d ferrioxamines ( 4 ) . Subsequent trans
port studies have been carr ied out us ing several of these k inet i ca l ly inert 
complexes. 

A n o t h e r c o m m o n l i g a n d funct iona l group f o u n d i n the siderophores 
is catechol ( o -d ihydroxybenzene ). C a t e c h o l is s imi lar to hydroxamates 
i n b e i n g a b identate l i g a n d w h i c h coordinates through two oxygen atoms, 
b u t is a d ian ion . E x c e p t for the oxygen sensit ivity of the catechol c o m 
plexes (because of the ease of ox idat ion of the l i g a n d ) , they are very 
s imi lar i n k inet i c a n d spectroscopic properties to the hydroxamate 
complexes. 

Structure and Properties of Ferric Complexes in Siderophores 

General Chemistry of Iron Chelates. T h e aqueous chemistry of 
F e ( I I I ) is dominated by its L e w i s ac id i ty . Several p H units be l ow that 
of phys io log i ca l solutions, hydrolys is a n d po lymer i za t i on reactions of 
ferr ic i on take place . A t phys io log i ca l p H ferric i on is quant i tat ive ly 
inso luble as the hydrox ide . T h e K s p for F e ( O H ) 3 is 2 Χ 10" 3 9 (5 ) w h i l e 
the K s p for ferrous hydrox ide , F e ( O H ) 2 , is 8 Χ 10" 1 6 ( 6 ) . T h e b io l og i ca l 
consequences of these numbers are p r o f o u n d because, since this p lanet 
p r o d u c e d an o x i d i z i n g atmosphere, the u l t imate source of i r o n for a l l 
b i o l og i ca l systems has been inorganic F e ( I I I ) . E v e n the complexat ion 
of ferr ic i o n is not a lways enough to make i t useful to b i o l og i ca l systems, 
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2. R A Y M O N D Kinetically Inert Siderophore Complexes 35 

since the hydrolys is of such complexes often produces such h igh-molec 
u l a r we ight h y d r o x y - b r i d g e d po lymers that transport across c e l l m e m 
branes is imposs ib le ( 7 ) . 

D u r i n g the last 10-15 years a n u m b e r of l ow-molecu lar we ight 
compounds of natura l o r ig in have been f o u n d to b i n d F e ( I I I ) specif ical ly 
a n d transport i t i n b i o l og i ca l systems ( J ) . M o s t i f not a l l of the c o m 
pounds of this type inc lude hydroxamate or phenolate groups as l igands . 
U p o n loss of the proton , the an ion is a very strong che lat ing agent w i t h 
an a m a z i n g specif ic ity for F e 3 + . T h e general chemistry of the h y d r o x a m i c 
acids forms a part of c lassical organic chemistry . T h e react ion w i t h ferr i c 
i o n is a s tandard test for the hydroxamate func t i ona l group. T h e a c i d 
dissociat ion of the hydroxamic acids t y p i c a l l y gives p K a s on the order 

Ο O H 0 0 " 

R _ C _ ] L _ R ^> R _ C _ N _ R ' + H + 

of 9. T h e subsequent react ion w i t h ferr i c i o n gives a very stable five-
m e m b e r e d r i n g ( F i g u r e 1 ) . A b o v e very a c i d p H , three hydroxamic acids 

F e 3 + 

/ -\ 
/ \ Figure 1. Ferric hy-

R R ' droxamate complex 

w i l l b i n d to f o rm a neutra l , oc tahedral complex of F e 3 + . T h e format ion 
constants for even the s imple monohydroxamic acids are very large a n d 
qui te specific for F e 3 + . F o r acetohydroxamic a c id ( R = C H 3 , R ' = H ) 
the p K a is 9.35, a n d the logarithms of the stepwise f ormat ion constants 
K1} K2, a n d K3 are 11.42, 9.68, a n d 7.2, for a n overa l l f o rmat ion constant, 
/? 3, of the tris complex of 2 χ 1 0 2 8 (8, 9). I n contrast, the overa l l f o r m a 
t i on constant, β2, for the bis complex of ferrous i o n is on ly 3 Χ 10 8 . T h a t 
this sensit ivity is caused more b y the size of the i o n t h a n its charge can 
be seen i n the β 3 values for the tris complexes of A l 3 + (3 χ 10 2 1 ) a n d 
L a 3 + (8 χ 10 1 1 ) ( 9 ) . T h e great d ispar i ty be tween the complex ing 
strength of the h y d r o x a m i c acids for F e 3 + a n d F e 2 + is p r o b a b l y their most 
important property for i r o n transport, since the r educ t i on of the ferr ic 
i o n complex w i t h i n the c e l l provides a ready means of re leasing the 
complexed i r o n a n d free ing the l i g a n d for another shuttle t r i p back 
to p i c k u p F e 3 + . 

T h e stabil it ies of the natura l l y o c curr ing t r i shydroxamic a c i d c om
plexes are among the greatest k n o w n . F o r example, the w i d e l y used a n d 
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hi 

Siderochrome R' R" 
Ferrichrome 
Ferrichrysin 
Ferricrocin 
Ferrichrome C 
Ferrichrome A 
Ferrirhodin 
Ferrirubin 
Albomycin 8, 

Η 
CH 2 0H 

Η 
II 

CHoOH 

Η 
CH20H 

II 

CH 3 

CH20H 

CH, 

- C H ? 0 S 0 ? - l O = 0 

"CH=C(CH3)-CH2C02H(/A(7/75y 
" -CH=C(CH3)-CH2CH20H(^/5) 
" -CH=C(CH3)-CH2CH2OH {frons) 

CH 20H CH 3 

Figure 2. Structure of the ferrichromes. The basic structural feature is a 
cyclic hexapeptide with the three hydroxamic acid linkages provided by 
a tripeptide of 8N-acyl-8N-hydroxyl-l-ornithine. The A-cis coordination 

isomer is shown in each case. 

v e r y p o w e r f u l hexadentate chelate E D T A has a format ion constant l o g 
Κ of 25.1 w h i l e that for desferr i ferr ichrome ( F i g u r e 2 ) is 29.1 a n d for 
desferr i ferr ioxamine Ε ( F i g u r e 3 ) is 32.4 ( J O ) . T h e t r i s (hydroxamate ) 
complexes t y p i c a l l y are water -so luble , neutra l compounds . I n a l l of these 
complexes the i r o n is h i g h - s p i n F e ( I I I ) and , i n contrast to the i r o n i n 
the heme-conta in ing proteins, is read i ly exchanged. T h i s l a b i l i t y is , of 
course, expected for h i g h - s p i n d5 complexes, a l though the kinetics of 
exchange for these hexadentate l igands is m u c h s lower than , for example , 
tris b identate complexes. T h e ferr ic i o n can be r e m o v e d f r om the c o m 
plexes of the t r ihydroxamic acids b y treat ing w i t h d i lu te base or reduc 
t i o n of F e ( I I I ) t o F e ( I I ) . 

T h e structure of the s imple hydroxamate complex t r i s (benzohy -
droxamato ) i r o n ( I I I ) (R = φ, R' = Η i n F i g u r e 1) has shown the most 
stable crystal l ine f o r m of the so l id to be the racemic cis isomer (11). 
( T h e convent ion for symbols of absolute configurations Δ a n d Λ are those 
of the I U P A C Proposa l (12). T h e cis isomer is def ined as the isomer 
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2. R A Y M O N D Kinetically Inert Siderophore Complexes 37 

w h i c h has C 3 po int symmetry . See Ref . 3 for further d iscuss ion) . Since 
bo th the cis a n d trans isomers of the chromic complex have been isolated 
( 2 ) , the s imi lar geometries of the chromic a n d ferr ic compounds ( v i d e 
in f ra ) w o u l d indicate that the cis a n d trans ferr ic complexes are p r o b a b l y 
i n so lut ion i n approx imate ly the same proport ions ( 6 0 % , 4 0 % , respec
t i v e l y ) , a n d i t is the predominant cis isomer w h i c h crystal l izes out. I n 
the ferr ic complexes, the r a p i d i somer izat ion of the complexes i n so lut ion 
therefore leads exclusively to crysta l l i zat ion of the cis isomer. 

M o s t of the natura l ly o c curr ing hydroxamic acids have three h y d r o x 
a m i c a c i d groups per molecule . T h e i r o n complexes of these t r i h y -
droxamic acids have a characterist ic b r o a d absorpt ion b a n d at 4 2 0 - 4 0 0 
n m , a n d therefore o r ig ina l ly were g iven the generic name siderochromes 
( J ) . T h e three hydroxamate groups are l i n k e d either as side arms f r o m 
a cyc l i c pept ide (as i n the ferrichromes, F i g u r e 2 ) or as part of a l inear 
or cyc l i c cha in (as i n the ferrioxamines, F i g u r e 3 ) . Those w i t h g r o w t h -

î 
H - N CONH CONH 

} c H 2 ) 5 ^CH 2 ) 2 <CH 2) 5 jp^2>2 )b H 2 ) n γ 

η π η 
OC) Ο Ο .0 0 

\ / 

^ F e 

R n R1 

Ferrioxamine Β H 5 C H 3 — 
0 

Ferrioxamine Dj C H 3 d - 5 C H 3 — 

Ferrioxamine G H 5 H 0 2 C ( C H 2 ) 2 -
Ferrioxamine A, H 4 H 0 2 C ( C H 2 ) 2 -

Ferrimycin A, 9 / 0 H 5 C H 3 ~ 

Figure 3. Structure of the linear ferriox
amines. The basic structural feature of the 
ferrioxamines is repeating units of l-amino-5-
hydroxyaminopentane and succinic acid. Ferri
oxamine Ε is cyclic with η = 5 and an amide 
linkage such that there are no R or R ' substitu-

ents, but just a C-N bond. 
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p r o m o t i n g act iv i ty were n a m e d sideramines, a n d those that are antibiot ics 
were n a m e d s ideromycins . 

The Hydroxamate-Containing Siderophores—Ferrichromes and 
Ferrioxamines. T h e ferr ichromes ( F i g u r e 2 ) are a l l t r ihydroxamic acids 
p r o d u c e d by f u n g i such as Ustilago sphaerogena (1). T h e ferrioxamines 
are p r o d u c e d b y several species of Nocardia a n d Streptomyces ( J ) . I n 
contrast to the ferr ichromes, l inear a n d cyc l i c ferrioxamines ( F i g u r e 3) 
have the three hydroxamate groups part of a p o l y a m i d e cha in l ike beads 
on a str ing. O n e other major difference is that the l igands themselves are 
not opt i ca l ly active. O n l y if a substituent group has an opt i ca l center, as 
i n the ferr imyc ins , is there opt i ca l ac t iv i ty for the molecule . T h e f e r r i 
chromes have a na tura l op t i ca l ac t iv i ty associated w i t h the l i g a n d . E x c e p t 
i n those cases where the l i g a n d is opt i ca l ly inact ive ( i n w h i c h case 
the complexes are racemic m i x t u r e s ) , the previous s iderochrome c o m 
plexes have been f o u n d to have a Λ -cis absolute conf iguration (see also 
F i g u r e 2 i n the previous chapter ) . T h u s , w h i l e ferr ioxamine Ε is racemic 
( 1 3 ) , x-ray structure analyses of ferr ichrome A (14) a n d ferr i chrys in (15) 
have shown both to be Λ -cis isomers. A recent structure analysis of the 
m i x e d hydroxamate- /? -phenol i m i d e siderophore manufac tured b y mycot i c 
bacter ia , mycobac t in , has shown that ferr ic m y c o b a c t i n also has Λ -c is 
absolute configuration (16). T h e other p h y s i c a l propert ies of the f e r r i 
chromes have been studied us ing several techiques. T h e N M R spectra of 
A l ( I I I ) a n d G a ( I I I ) derivatives , as c ompared w i t h the free l i g a n d , have 
shown that a p ro f ound conformation change accompanies complex for
mat i on (17). 

H o w e v e r , despite large differences i n l i g a n d molecu lar structure, a l l 
of the hydroxamate siderophores whose structures have been de termined 
to date have been f o u n d to be cis complexes w i t h a coord inat ion geometry 
about the ferr ic i o n w h i c h is substantial ly i dent i ca l to the s imple tr i s -
( b e n z h y d r o x a m a t o ) - F e ( I I I ) complex. T h u s , w h i l e ferr ioxamine Ε is 
racemic but w i t h a cis geometry (13), x -ray structure analyses of f e r r i 
chrome A (14) a n d ferr i chrys in (15) have s h o w n b o t h to be Λ-cis isomers. 

The Catechol-Containing Siderophore—Enterobactin. T h e iso lat ion 
a n d character izat ion of the cyc l i c triester 2,3-dihydroxy-IV-benzoyl-Z-
serine, a tr i catechol s iderophore ( F i g u r e 4 ), were independent ly reported 
b y b o t h Po l la ck a n d N e i l a n d s (18) a n d O ' B r i e n a n d G i b s o n (19). T h e 
l i g a n d was iso lated f r om cultures of SalmoneUa typhimurium a n d Esche
richia coli a n d g iven the names enterobact in a n d enterochel in , respec
t ive ly . E n t e r o b a c t i n is a n efficient ce l lu lar transport agent but , u n l i k e 
ferr i chrome, in trace l lu lar release of the i r o n involves enzymat i c hydrolys is 
of the enterobact in to the monomer , 2 ,3-dihydroxy-N-benzoyl -Z-ser-
i n e ( J ) . 
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2. R A Y M O N D Kinetically Inert Siderophore Complexes 39 

It can be seen f r om molecu lar models that two diastereoisomers are 
possible for the ferr ic enterobact in complex, Λ-cis a n d Δ-cis. These are 
not m i r r o r images because of the op t i ca l act iv i ty of the l i g a n d . T h e 
s imi lar i ty of the roles p l a y e d b y the ferrichromes a n d enterobact in lent 
a d d i t i o n a l speculative interest to the pre ferred absolute conf iguration of 
the i r o n complex ( 2 0 ) . T h e structural studies of the tris catechol c o m 
plexes ( v i d e in f ra ) a n d the spectroscopic properties of the chromic 

/ \ 
0=C HCH 

HO 0 v ΜΛ" μ "C>H 

OH 

Figure 4. Structural diagram of enterobactin 

enterobact in complex have l e d to an assignment of geometry for the most 
stable isomer of the ferr ic enterobact in complex ( F i g u r e 5). 

Replacement of Ferric Ion by Chromic Ion in Siderophores 

Hydroxamate Siderophores. G E O M E T R I C ISOMERS . M a n y of the 
questions regard ing the s t ruc ture - func t i on re lat ionship of the sidero
phores c o u l d not be answered i n de ta i l because of the k inet i c l a b i l i t y of 
these h igh -sp in F e ( I I I ) complexes. T h i s l a b i l i t y a lways left ambiguous , 
for example, whether or not meta l transport occurs v i a uptake of the 
intact molecular complex. Surpr i s ing ly , the coord inat ion chemistry of 
the siderophore l igands w i t h meta l ions other than ferr ic was largely 
u n k n o w n . ( A brief report of the C D spectrum of the C r ( I I I ) complex 
of desferr i ferr ichrys in has appeared (21). H o w e v e r , the complex appar 
ently was not isolated, a n d the C D spectrum was not interpreted. ) W e 
therefore began to investigate the coord inat ion geometries of s iderophore 
l igands or their l i g a n d moieties w i t h k inet i ca l ly inert t r iva lent meta l ions 
such as C o ( I I I ) a n d C r ( I I I ) . Since hydroxamic acids are unsymmetr i ca l 
b identate l igands, there are bo th geometric a n d opt i ca l isomers i n tr is -
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Ο 

Journal of the American Chemical Society 

Figure 5. A schematic of the A-cis isomer of chromic and 
ferric enterobactin. The metal lies at the center of a dis
torted octahedron formed by the oxygen atoms of tne three 

catechol dianions. 

(hydroxamate ) complexes. A s noted earl ier for an octahedral complex 
f o rmed w i t h three equivalent opt i ca l ly active hydroxamate anions, there 
are two geometric isomers poss ib le—trans a n d cis. E a c h geometric iso
mer consists of Δ a n d Λ op t i ca l isomers (12). O f t e n these are diastereo-
isomers because of the l i g a n d opt i ca l ac t iv i ty , i n w h i c h case there are 
four possible isomers—Λ - c is , Λ - trans, Δ -c is , a n d Δ - trans. 

P r e l i m i n a r y exploratory research was d irected t o w a r d p r e p a r i n g a n d 
character i z ing C r ( I I I ) or C o ( I I I ) complexes. These are d3 a n d l o w - s p i n 
d6 meta l ions, respectively, w h i c h have the greatest possible l i g a n d field 
s tabi l i zat ion energy a n d hence are k inet i ca l ly inert t o w a r d l i g a n d subst i 
tu t i on a n d isomerizat ion reactions. T h i s is i n contrast to the h igh - sp in ds 

ferr ic i o n w h i c h has zero l i g a n d field s tab i l i zat ion energy (22). T h u s , i n 
contrast to the ferr ic s iderophore complexes, chromic or cobalt ic -subst i -
tu ted complexes should be k inet i ca l ly inert . 

M O D E L H Y D R O X A M A T E C O M P L E X E S . A t tempts to prepare tris ( h y 
droxamate) complexes of C o ( I I I ) w i t h benzohydroxamic a c i d or its 
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N - m e t h y l der ivat ive resulted i n oxidat ion of the l i g a n d w i t h concomitant 
reduct ion of C o ( I I I ) to C o ( I I ) . T h e preparat ion of tris ( benzohydroxa-
mato) c h r o m i u m ( I I I ) , C r ( b e n z ) 3 , was successful a n d resulted i n the 
separation a n d character izat ion of its two geometric isomers ( 2 ) . T h e 
hal f - l ives for isomerizat ion of these complexes near phys io log i ca l c o n d i 
tions is on the order of hours. T o faci l i tate the separation of a l l four 
opt i ca l isomers of a s imple m o d e l tris ( hydroxamate ) c h r o m i u m ( I I I ) c o m 
plex, w e prepared (us ing Z-menthol as a substituent) the opt i ca l ly act ive 
hydroxamic ac id , N-methyl -Z-menthoxyacethydroxamic a c i d ( m e n ) . T h i s 
resulted i n the separation of the two cis diastereoisomers of tris ( N - m e t h y l -
Z-menthoxyacethydroxamato) c h r o m i u m ( I I I ) f rom the trans diastereoiso
mers a n d their character izat ion b y electronic absorpt ion a n d c i rcu lar 
d i chro i sm spectra. 

T h i n layer chromatography of the tris ( benzohydroxamato ) c h r o m 
i u m ( I I I ) complex resulted i n two green bands, corresponding to the cis 
a n d trans isomers, whose e lut ion R s t values bracketed that of the one 
broad redd i sh -brown b a n d of the F e ( I I I ) complex. A s just descr ibed, 
the geometric isomers of the F e ( I I I ) complex are i n r a p i d e q u i l i b r i u m 
i n so lut ion, a n d as a result, the mixture of these isomers elutes as one 
b a n d w i t h an R s t va lue that is a we ighted average of the two i n d i v i d u a l 
isomers. 

T h e tris ( N-methyl -Z-menthoxyacethydroxamato ) c h r o m i u m ( I I I ) a n d 
- i r on ( I I ) complexes, C r ( m e n ) 3 a n d F e ( m e n ) 3 , were also pur i f i ed b y t h i n 
layer chromatography. T h e i r o n complex gives one b r o a d redd i sh -brown 
b a n d whose e lut ion R s t value is bracketed b y the b lu ish-green bands of 
the cis a n d trans isomers of the C r ( I I I ) complex ( 2 ) . A s w i t h the 
tris ( benzohydroxamate ) complexes, this behavior is caused b y the r a p i d 
equ i l i b ra t i on of the k inet i ca l ly lab i le ferr ic complex. 

T h e isomers of C r ( m e n ) 3 isomerize w i t h half - l ives (several hours ) 
s imi lar to the C r ( b e n z ) 3 complex. T h e rate of i somerizat ion of the t r i s -
( hydroxamate ) complexes is therefore not par t i cu lar ly sensitive to the 
substituent of the hydroxamate n i trogen atom, since the m e n l i g a n d con 
tains an a lky lated nitrogen atom, a n d the benz l i g a n d contains an unsub -
st i tuted n i trogen atom. I n the absence of an i n d u c e d strain, the 
corresponding siderophore complexes must isomerize m u c h more s l owly 
because of the steric constraints of the l i g a n d . 

A l t h o u g h four diastereoisomers (Λ -cis , Λ - trans, Δ -c is , a n d Δ-trans) are 
expected for C r ( m e n ) 3 , t h i n layer chromatography of the complex y i e l d e d 
only three b luish-green bands. T w o of these are the resolved Λ -cis ( 1 0 % ) 
a n d Δ -c is ( 2 1 % ) isomers, a n d the t h i r d ( 6 9 % ) is an unreso lved mixture 
of the Λ -trans ( 3 1 % ) a n d Δ - trans ( 3 8 % ) isomers. 

O n e other key difference between the chromic a n d ferric ions is 
their spectroscopic properties. Since ferric i o n is a h igh - sp in d5 i o n i n the 
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42 BIOINORGANIC CHEMISTRY II 

s iderophore complexes, there are no sp in -a l l owed d-d e lectronic t rans i 
tions. T h u s the v is -uv absorpt ion spectra of the siderophores are not a l l 
caused b y m e t a l chromophore centers b u t rather are f r o m l i g a n d - m e t a l or 
l i g a n d - l i g a n d transitions ( large ly charge transfer) w h i c h vary enormously 
f r o m one c o m p o u n d to another, even t h o u g h the coord inat ion geometry 
about the F e ( I I I ) m a y be the same. I n contrast, oc tahedra l (or near ly 
octahedral ) complexes of C r ( I I I ) have t w o w e l l establ ished d-d absorp
t i o n bands that are l o ca l i zed o n the m e t a l chromophore a n d thus are 
insensit ive to changes i n the m e t a l - l i g a n d complex w h i c h is outside the 
immed ia te coord inat ion sphere of the meta l . 

C H R O M I C F E R R I C H R O M E C O M P L E X E S . T h e spectra for the m o d e l 
chromic hydroxamate complexes are reproduced i n F i g u r e 6. Since the 
v i s ib le a n d C D spectra of the isomers are w h o l l y d o m i n a t e d b y the m e t a l 
complex chromophore , these data can be used to characterize a n d to 
ident i fy coord inat ion isomers of complexes f o rmed b y the siderophores. 
T h e preparat ion a n d character izat ion of the chromic complexes of des-
ferr i ferr i chrome a n d desferr i ferr ichrys in have been reported ( 3 ) . A l 
t h o u g h an examinat ion of molecu lar models for b o t h complexes shows two 
coord inat ion isomers are possible (Λ - c i s a n d Δ - c i s ) , b o t h chromic c o m 
plexes consist exc lusively of the Λ -cis isomer. These results agree w i t h 
x-ray crysta l lographic investigations w h i c h have s h o w n that b o t h f e r r i 
chrys in a n d ferr i chrome A crystal l ize as on ly the Λ -cis isomer (14, 15). 
B o t h chromic complexes have ident i ca l C D spectra w h i c h are the same 
as the Λ -cis C r ( m e n ) 3 spec trum ( F i g u r e 6 ) . 

C H R O M I C F E R R I O X A M I N E C O M P L E X E S . T h e preparat ion a n d charac
ter izat ion of c h r o m i c complexes of ferr ioxamine Β (see F i g u r e 3 ) have 
been reported (4). F r o m an examinat ion of mo lecu lar models , the five 
geometric isomers ( one cis a n d four trans ) shown i n F i g u r e 7 are possible. 
E a c h of these isomers exists as a racemic mixture , a n d the separation 
of the cis geometr ica l isomer was accompl i shed . A second fract ion was 
iso lated w h i c h consists of one or more trans isomers. T h e geometries of 
these isomers were assigned on the basis of their v i s -uv spectra ( F i g u r e 
8) w h i c h are super imposable u p o n those of the c i s - a n d f r a n $ - C r ( m e n ) 3 

complexes ( F i g u r e 6 ). 
B o t h the cis a n d trans geometr ica l isomers of c h r o m i c ferr ioxamine 

Β isomerize to e q u i l i b r i u m solutions w i t h hal f - l ives of several days at 
r o o m temperature. T h i s is considerably s lower t h a n that f o u n d for the 
s imple tris hydroxamate complexes such as C r ( m e n ) 3 a n d is caused b y 
the steric constraints of the ferr ioxamine Β l i g a n d a n d its hexadentate 
chelat ion . 

Catecholate Siderophores. S I M P L E C A T E C H O L C O M P L E X E S . A S 

noted earlier, the c o m m o n siderophore for enteric bac ter ia is the t r i -
catechol , enterobact in ( F i g u r e 4 ) . I n order to perfect synthetic a n d 
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Figure 6. Absorption spectra of Cr(benz)3 in 17% CHsOH/ 
CHCl3 solution and both absorption and CD spectra of Cr(men)3 

in 3% CH3OH/CHCl3 solution. 
cis-Cr(benz)sy ( ); trans-Cr(benz)s, (- · -); cis-Cr(men)s, ( ); 
tram-Cr(men)s, (· · ·)· The CD spectrum of the mixture of trans 
isomers (31% Λ, 38% Δ) has multiplied by eight since the net 
optical activity of the Λ, Δ mixture is small. The CD bands near 
415 nm are assigned as the high energy *At -» 4 E transition (point 
group Cs) which come from the *A*„ -» *Tig absorption band in octa
hedral symmetry. The large bands near 570 nm are assigned as the 
low energy *At -> *E transition, and the bands near 670 nm are 
assigned as the 4A* -> *At transition. Both of these transitions come 

from the kA»9 -> *Ttg absorption band in octahedral symmetry. 
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Λ - C - trans, trans Λ-Ν - cis, trans Λ-Ν - trans, cis 

Figure 7. The five enantiomeric geometrical 
isomers of ferrioxamine B. The oxygen donor 
atoms of each hydroxamate group have been 
omitted for clarity. The Λ optical isomer is 
shown in each case. See Ref. 4 for nomenclature 

of these geometncal isomers. 

separation techniques to be used w i t h the s m a l l amounts of enterobact in 
avai lab le , s imple catechol complexes were p r e p a r e d as m o d e l compounds . 
Spectroscopic data of the s imple m o d e l compounds t h e n c o u l d b e used i n 
ass igning geometries for enterobact in isomers. T h e previous c h e m i c a l 
l i terature of tris ( catechol ) complexes of transi t ion m e t a l ions is sparse. 

λ (nm) 

Figure 8. Absorption spectra of the cis isomer and 
trans isomers of chromic desferriferrioxamine Β in 

aqueous solution. Cis, ( ); trans, ( ). 
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T h e on ly reference to a chromic complex reported that i t was r a p i d l y 
h y d r o l y z e d i n d i lu te aqueous so lut ion ( 23 ) . T h i s , of course, w o u l d p r e 
c lude separation of opt i ca l isomers of the tris chelates. Nevertheless , 
these complexes were reinvest igated before p r e p a r i n g the chromic entero
b a c t i n complex. It was f o u n d that the complexes are very stable i n the 
absence of oxygen ( 24 ) . T h e usua l oxygen sensit ivity of the catechol 
d ian ion was f o u n d to be substantial ly increased i n the c h r o m i u m c o m 
plex. ( T h e ease of ox idat ion of coord inated catechol a n d re lated l igands 
has been demonstrated for a series of meta l complexes ( N i 2 + , C u 2 + , Z n 2 + , 
etc.) by H o l m et a l . i n re lat ion to the 1,2-benzenedithiolato analogs (25)). 
It is this ox idat ion of the c h r o m i u m complex that causes the green-
to -red color changes reported prev ious ly as hydro lys is . A l l preparations 
a n d h a n d l i n g of the c h r o m i u m catechol complex were therefore carr i ed 
out under inert atmosphere condit ions . 

A l t h o u g h only p a r t i a l reso lut ion of solutions of [ C r ( c a t ) 3 ] 3 " was 
ach ieved at neutra l p H , complete resolut ion was atta ined at p H 13 a n d 
5 ° C . T h e rate of loss of op t i ca l act iv i ty for resolved [ C r ( c a t ) 3 ] 3 ' was 
f o u n d to depend strongly on hydrogen i o n concentrations, v a r y i n g f r o m 
hal f - t imes of several minutes to several hours between p H 7 a n d p H 
13 (24). 

C O M P A R I S O N W I T H C H R O M I C E N T E R O B A C T I N . T h e v i s ib le a n d c i r c u 

lar d i chro i sm spectra of [ C r ( c a t ) 3 ] 3 " a n d [ C r ( e n t e r o b a c t i n ) ] 3 " complexes 
are shown i n F igures 9 a n d 10. T h e absorpt ion spectra are s imi lar except 
that the l i gand - l o ca l i zed transit ion occurs at l ower energy i n the entero
b a c t i n complex, thus m a s k i n g the 4 A 2 g —» 4Tlg ( for D h s ymmetry ) d-d 
transit ion, w h i c h appears as a shoulder o n the edge of the more intense 
π —» 7Γ* l i g a n d transitions. T h i s is apparent ly caused b y the fact that 
enterobact in contains ortho-acyl -subst i tuted catechol r ings . 

T h u s the v i s -uv spectra of [ C r ( c a t ) 3 ] 3 " a n d [ C r ( e n t e r o b a c t i n ) ] 3 " 
are too diss imi lar to a l l ow deta i led comparisons a n d confident p r e d i c t i o n 
of structure based on such comparisons. H o w e v e r , there is a dramat i ca l ly 
different s i tuation f o u n d i n c o m p a r i n g the C D spectra of [ C r ( c a t ) 3 ] 3 " 
a n d [ C r ( e n t e r o b a c t i n ) ] 3 " , w h i c h are f o u n d to be substantial ly i d e n t i c a l 
( F i g u r e 10) . T h i s is because the inter fer ing charge transfer b a n d is not 
associated w i t h the c h i r a l center a n d hence does not contr ibute to the 
opt i ca l act iv i ty . 

T h e crystal a n d molecu lar structure of a salt of [ C r ( c a t ) 3 ] 3 " a n d the 
k n o w n [ C r ( c a t ) 3 ] 3 " absolute configurations give the f o l l o w i n g assignment: 
the predominant isomer of the chromic enterobact in monomer i c complex 
has a Δ-cis absolute conf iguration ( F i g u r e 5 ) . T h e s imi lar i ty of the 
c h r o m i c a n d ferr ic complexes a l lows this assignment to be made for the 
ferr ic complex as w e l l . T h i s is the opposite absolute conf iguration of the 
other opt i ca l ly act ive siderophores character ized to date. T h e opposite 
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5 0 

I I I I I I I 1 0 

4 0 0 5 0 0 6 0 0 7 0 0 

λ (nm) 

ι 1 Γ 

5 0 0 ' 6 0 0 ' 7 0 0 

x(nm) 

Figure 9. (a) (top) Visible absorption spectrum of K3[Cr(cat)3] 
in water, (bottom) Circular dichroism spectra of Δ - and Λ-

K3[Cr(cat)3] solutions. 

absolute configurations of chromic enterobact in a n d chromic ferr i chrome 
can be seen c lear ly i n c o m p a r i n g the ir C D spectra ( F i g u r e 10b ) . T h e 
ro le of the siderophores as ce l lu lar permeases for f err i c i o n therefore 
does not d e p e n d on the complex a lways h a v i n g a Λ -c is conf iguration, 
a l though this conf igurat ion or others m a y be speci f ical ly transported i n 
i n d i v i d u a l m i c r o b i a l - l i g a n d systems. 

T h e mo lecu lar structure of enterobact in has not as yet been estab
l i s h e d b y di f fract ion techniques and , a l though coord inat ion of f err i c i o n 
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5 0 0 

1400 
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x(nm) 

Figure 10. (a) (left) Visible absorp
tion spectrum of [NHJ3[C^entero
bactin)]. (b) (below) Circular dichro-
ism spectra of A-[NH\]3[Cr(entero-
bactin)] ( ) and chromic ferri
chrome (—) (the latter from Ref. 3). 

Ο Δ ε 
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Anericart^eraical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20036 
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Figure 11. A perspective drawing of the [M(02C6-
H^sl3' anions. M = Cr, Fe, as viewed down the 

molecular threefold axis. 

b y enterobact in prev ious ly h a d been assumed to be a n octahedral c om
p lex w h i c h involves on ly the catechol moieties of the l i g a n d , no firm 
s t ruc tura l ev idence for this was avai lable . F u r t h e r m o r e , the use of C r -
( I I I ) i n p lace of F e ( I I I ) to enable transport studies of op t i ca l ly active 

Table I. Structural Parameters 
pa 

Charge , η = 1 

Average M - 0 distance (Â) 1.723(4) 
Average r i n g O - M - 0 angle ( ° ) 91.4(2) 
Average 0 - 0 r i n g distance (Â) 2.466(6) 
L i g a n d b i t e e 1.431 
T r i g o n a l tw is t angle ( ° ) 1 58.9 
P l a n e - t o - p l a n e distance (Â) ' 1.940 

a Ref. 27. 
6 Ref. 28. 
0 Ref. 29. 
d Ref. 26. 
9 Ratio of the 0-0 ring distance to M - 0 distance. See Ref. 80. 
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s iderochrome complexes has been justif ied here a n d i n the previous 
chapter on the basis that such complexes w o u l d be isostructural . H i g h -
sp in F e ( I I I ) a n d C r ( I I I ) are w i t h i n 0.03 A i n ion ic radius of one another, 
b u t the crystal field s tabi l izat ion energy ( C F S E ) for the chromic complex 
(12 D q ) is considerably greater than that for h igh - sp in ferr ic i on (0 D q ) . 
A n y shift b y the chromic complex towards octahedral f r o m tr igona l pr i s 
mat i c coordinat ion , as ev idenced b y the t r igona l twist angle, m a y be 
attr ibuted to this crystal field effect. 

G E O M E T R Y O F M E T A L C A T E C H O L C O M P L E X E S . T h e coord inat ion 

geometries of [ F e ( c a t ) 3 ] 3 ~ a n d [ C r ( c a t ) 3 ] 3 " have been determined b y 
single crystal studies of the salts K 3 [ M ( c a t ) 3 ] - 1 . 5 H 2 0 (M = C r , F e ) 
i n order to explore the crystal field effect of chromic i on on the coord ina 
t i on geometry and , ind i rec t ly , to determine the coord inat ion geometry of 
enterobact in itself (26). 

T h e [ M ( c a t ) 3 ] 3 " complexes ( F i g u r e 11) are distorted f rom octahedral 
geometry w i t h approx imate ly D 3 mo lecu lar po int symmetry . T h e struc
t u r a l parameters of the tris ( catechol ) complexes reported to date are 
compared i n T a b l e I. T h e l i g a n d bite (rat io of the O - O r i n g distance 
to the M - O d i s tance ) , the t r igona l twist angle, a n d the t r igonal p lane-to -
p lane distance vary smoothly across the table as ion ic r a d i i increase. T h e 
final geometry represents a balance between distortions of the O - M - O 
angle and O - O r i n g distance a n d variations of the twist angle f r om 
octahedral to t r igona l pr ismat ic . I n c o m p a r i n g the chromic a n d ferr ic 
catechol structures, the difference i n M - O b o n d length is not large enough 
to cause the near ly six-degree difference i n twis t angle. T h i s must be 
attr ibuted to the difference i n crystal field s tabi l i zat ion energy ( A C F S E ) 
be tween octahedral a n d tr igonal -pr ismat ic geometries. A l t h o u g h signif 
i cant i n terms of the prec is ion of the structure determinations, the ferr i c 
a n d chromic complexes are close enough i n geometry to regard s imi lar 

for [ M ( c a t ) 3 ] n _ Complexes (26) 
Sib Asc Cr* Fe* 

2 1 8 3 

1.784(18) 1.843(5) 1.986(4) 2.015(6) 
88.7(2) 88.2(5) 83.56(14) 81.26(7) 

2.490(6) 2.565(7) 2.646(6) 2.625(2) 
1.396 1.392 1.333 1.303 

55.9(5) 55.2(10) 50.5(6) 44.7(10) 
2.093 2.194 2.247 2.303 
r T h i s angle is defined b y viewing the complex in projection down the molecular 

three-fold axis. It is then the rotat ion required to bring the top and b o t t o m planes 
(of three oxygen atoms each) into coincidence. T h i s angle is 60° for octahedral a n d 
0° for trigonal prismatic coordination. 

9 P lane - to -p lane distance for the two trigonal oxygen a t o m planes described in 1 . 
Journal of the American Chemical Society 
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50 BIOINORGANIC C H E M I S T R Y II 

chromic -subst i tuted s iderophore complexes as s tructura l ly i d e n t i c a l to 
the n a t u r a l ferr ic complexes for b i o l o g i c a l purposes. 

F E R R I C - C A T E C H O L A T E F O R M A T I O N C O N S T A N T S . T h e very h i g h 
affinity for ferr ic i o n w h i c h a l l siderophores d i sp lay is essential to their 
ro le i n ob ta in ing i r o n for the microorgan ism us ing the l i g a n d . T h i s is 
a lways accompl i shed i n an environment w h i c h also contains m a n y other 
strong complex ing agents for ferr ic i on . H e n c e a very h i g h f ormat ion 
constant for the s iderophore complex is essential for s u r v i v a l i n the 
compet i t ive w o r l d of the microorganism. A s descr ibed earl ier a n d re
v i e w e d elsewhere ( J ) , the hydroxamate siderophores have format ion 
constants for reactions of the type : 

F e 3 + + 
Ο" 0 
I II 

• N — C " 
F e 

Ο—Ν 

Ό — C 

w h i c h range be tween 1 0 3 0 a n d 10 3 2 . These values are on ly t w o to three 
orders of magn i tude greater than the overa l l f o rmat ion constant, β 3 , for 
the s imple tris ( monohydroxamate ) complexes. 

I n contrast to the hydroxamate siderophores, l i t t le or n o t h i n g is 
k n o w n about the stabi l i ty constant for the catechol s iderophore, entero
bac t in . P r i o r to de termin ing the f ormat ion constant of enterobact in ( for 
w h i c h hydrolys is of the l i g a n d presents spec ia l p r o b l e m s ) , the react ion 
of catechol itself w i t h ferr ic i o n has been invest igated (31). 

C a t e c h o l is a very weak a c i d a n d hence at l o w p H is a poor l i g a n d . 
T h e kinet ics a n d e q u i l i b r i a of its reactions w i t h ferr i c i o n u n d e r ac id i c 
condit ions have been invest igated (32). U n d e r such condit ions, even 
w i t h excess catechol , ferr ic i o n forms only a transient 1:1 complex w h i c h 
eventual ly undergoes a redox react ion to give ferrous i o n a n d o r t h o q u i -
none as products . T h i s react ion has a redox potent ia l just greater t h a n 
zero at p H 1. A t h igher p H ' s the extremely large f ormat ion constant of 
the tris catechol ferr ic complex strongly reverses the potent ia l , such that 
ferrous i on w i l l reduce orthoquinone to f o r m the tris catechol ferr ic 
complex. I n the absence of a ir , bo th the chromic a n d ferr ic tris catechol 
complexes are stable indef inite ly i n basic aqueous solut ion (24). 

T h e e q u i l i b r i u m constants i n v o l v e d i n the react ion F e 3 + + 3 cat 2 " ^ 
F e ( c a t ) 3

3 ~ were determined as fo l lows. A n aqueous solut ion of F e 3 + (5.5 
X 1 0 _ 3 M ) a n d catechol (1.48 X 1 0 _ 2 M ) , i n i t i a l l y made basic w i t h the 
a d d i t i o n of K O H , was t i t rated w i t h 1 .24M H C 1 under an oxygen-free 
atmosphere at 22° a n d ion ic strength ( K C 1 ) 0 .16 -0 .22M ( F i g u r e 12) . 
T h e a c i d dissociat ion constants for catechol were de termined i n d e p e n 
dent ly ( u n d e r s imi lar exper imenta l condit ions) to be p K a i = 9.38 a n d 
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2. R A Y M O N D Kinetically Inert Siderophore Complexes 51 

p K a 2 = 13.28. ( A l l s tab i l i ty a n d association constants m e n t i o n e d are 
corrected to i on i c strength of 0 .1M. ) U s i n g these constants a n d l i terature 
values for the hydrolys is constants of F e ( I I I ) ( F e O H 2 + , F e ( O H 2

+ ) , 
F e 2 ( O H ) 2

4 + ) , a c lassical B j e r r u m η vs. p L p lo t p r o d u c e d approximate 
values of the m e t a l - l i g a n d stabi l i ty constants. Least squares refinement 
of the cumulat ive stabi l i ty constants converged at the values l o g βχ = 

13, 

I I I I 1 1 1 
1 2 3 4 5 6 ? Β 9 10 11 12 13 14 15 16 17 IB 

UDLUME DF TITRANT (HL) 
Figure 12. Titration curve. An initially basic aqueous solution of Fe3+ 

(5.5 X 10~3M) and catechol (1.84 X 10~2M) is titrated with 1.24M HCl at 
22° under an oxygen-free atmosphere. ( ), least squares fit to the ob

served data (discrete points). Data past pH 10 were given zero weights. 

21.5, l o g β2 = 36.6, a n d log β3 = 45.9. T h e inc lus ion of i r o n hydro lys is 
i n the refinement m o d e l p r i m a r i l y affected the ca l cu la ted va lue of β χ. 
T h e d i s t r ibut i on of the various species i n so lut ion as a funct ion of p H is 
s h o w n i n F i g u r e 13. 

T h e weak ac id i ty of catechol makes its effective format ion constant 
m u c h less than 10 4 5 · 9 near phys io l og i ca l p H . H o w e v e r , any chelate effect 
shou ld t end to make the format ion constant for enterobact in i n larger 
t h a n β3 for catechol . T h u s 1 0 4 5 can be regarded as a l o w e r b o u n d for 
the react ion F e 3 + + e n t 6 ' *± F e ( e n t ) 3 " . 

Summary 

T h i s paper has focused on the coord inat ion chemistry of the s idero
phores. A t this stage i n our studies of metal -subst i tuted siderophores w e 
have establ ished the f o l l o w i n g : 
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52 BIOINORGANIC C H E M I S T R Y II 

2 3 4 5 6 7 B 9 1 0 1 1 
P H 

Figure 13. Distribution curve, as a function of pH, of the various species 
formed in the ferric-catechol titration experiment. 

(A) free Fe3*; (B) Fe(cat)+; (C) Fe(cat)f; (D) Fe(cat)3
s~; (E) H2cat; (F) (H cat)~; 

(G) feme hydrolysis products (FeOH'+, Fe,(OH)s
i+, Fe(OH)t

+). Cat, catecholate 
dianion; ALPHA, concentration of the particular species divided by the total iron 

concentration. 

( 1 ) T h e chromic -subst i tuted s iderophore complexes can be p r e p a r e d 
a n d , i n contrast to the natura l ly o c curr ing ferr ic complexes, are k i n e t i c 
a l l y inert to i somerizat ion or l i g a n d subst itut ion. 

(2 ) T h e v i s ib le a n d c i r cu lar d i chro i sm spectra of the c h r o m i c s idero
phore complexes are closely re lated to the corresponding spectra of s imple 
m o d e l complexes of hydroxamate or catecholate l igands . T h i s provides 
a spectroscopic probe for structure i n assigning the geometries of the 
s iderophore complexes. 

(3) T h e structure a n d b o n d i n g of the chromic a n d ferr ic complexes 
(despite their differences i n k inet i c propert ies ) are sufficiently a l ike to 
r e g a r d t h e m as i dent i ca l for b i o l og i ca l systems. 

(4 ) T h e chromic -subst i tuted siderophores can be used to s tudy the 
mechanisms of m i c r o b i a l i r o n transport. These studies re ly on the k ine t i c 
inertness of the chromic complex a n d w o u l d be imposs ib le to carry out 
u s i n g other techniques or probes. 
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Role of Iron in the Regulation of Nutritional 

Immunity 

IVAN KOCHAN 

Department of Microbiology, Miami University, Oxford, OH 45056 and 
Wright State University, School of Medicine, Dayton, OH 45431 

Iron and iron-binding bacterial products, called sidero
phores, promote the growth of avirulent and virulent strains 
of Mycobacterium tuberculosis and Escherichia coli in 
mammalian sera and in mice. Without iron, serum-exposed 
bacteria die quickly. This effect can be neutralized with 
exogenous iron or with siderophores which supply bacteria 
with iron of transferrin—iron complexes. The iron starvation 
imposed by serum is strengthened in infected animals by 
developing generalized and localized hypoferremia and by 
fever. Unlike most bacteria, highly virulent bacteria can 
obtain iron and multiply in normal mammalian sera be
cause of the outer membrane-associated lipopolysaccharide 
which participates in the acquisition of iron by bacterial 
cell. The injection of infected animals with iron or with 
siderophores promotes bacterial growth and the develop
ment of infectious disease. 

T n add i t i on to factors w h i c h cause direct in jury to m i c r o b i a l cells, an 
a n i m a l b o d y possesses a more subtle mechan i sm for defense against 

m i c r o b i a l parasi t ism. A n i m a l s can starve parasites b y l i m i t i n g the ava i l 
ab i l i ty of nutr i l i tes w h i c h are essential for m i c r o b i a l g r o w t h a n d m u l t i 
p l i ca t ion . A n acute compet i t ion be tween parasites a n d their hosts for 
nutr i l i tes essential for the welfare of their cells is most evident i n cases 
i n w h i c h a g iven nut r i l i te cannot be synthesized either b y the host or b y 
the parasite. O n l y after the death of the host does the compet i t ion for 
various nutr i l i tes cease, because dead tissues p rov ide the microorganisms 
w i t h the essential nutr i l i tes . 

T h r o u g h the centuries of coexistence, animals a n d their m i c r o b i a l 
parasites have deve loped elaborate mechanisms to satisfy their requi re -
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merits for growth-essential nutr i l i tes . These compet i t ive host -paras i te 
interactions became evident on ly recently , w h e n techniques were deve l 
oped to study the behavior of molecules i n l i v i n g systems. T h e effective
ness w i t h w h i c h animals can make nutr i l i tes unava i lab le for the i n v a d i n g 
parasites m a y determine the ir resistance to in i t ia t i on of m i c r o b i a l in fec 
t ion . E x p e r i m e n t a l findings a n d c l i n i c a l observations of the n u t r i t i o n a l 
starvation of microbes i n animals l e d to f o rmulat i on of the concept of 
n u t r i t i o n a l i m m u n i t y (1, 2, 3). B y def init ion, n u t r i t i o n a l i m m u n i t y ex
presses the native a n d a c q u i r e d abi l i t ies of an a n i m a l to restrict the 
ava i lab i l i t y of growth-essential nutr i l i tes for use b y parasit ic microor 
ganisms. O n l y a l i m i t e d effort has been made , a n d that i n on ly a f ew 
bac ter ia l infections, to determine the effects of the n u t r i t i o n a l dep le t ion 
on the development a n d the progression of infectious diseases. 

I ron seems to be the most c lear ly def ined of the requirements for 
essential nutr i l i tes needed for the growth of microorganisms i n an a n i m a l 
host. Several studies indicate that an acute compet i t ion for i r o n be tween 
i r o n - b i n d i n g materials of host a n d parasites characterizes the h o s t - p a r a 
site re lat ionship (1,4,5,6,7). I n an a n i m a l body , i r o n is associated w i t h 
i r o n - b i n d i n g proteins and , therefore, i t is usua l ly unava i lab le for use b y 
m i c r o b i a l parasites. T o satisfy their need for i r on , microorganisms p r o 
duce strong i ron-che lat ing products , s iderophores, w h i c h remove the 
m e t a l f rom i ron -conta in ing proteins a n d supp ly i t to i n v a d i n g microbes . 
T h e effectiveness w i t h w h i c h microorganisms produce the i r o n - p r o v i d i n g 
siderophores determines the speed of their m u l t i p l i c a t i o n i n animals a n d 
m a y be an ind icator of m i c r o b i a l v i ru lence (8, 9, 10). 

T h e purpose of this chapter is to describe the compet i t ion for i r o n 
be tween i r o n - b i n d i n g proteins of the a n i m a l a n d the siderophores of 
bac ter ia l parasites. T h i s discussion w i l l be l i m i t e d to two bac ter ia l 
spec ies—a s l o w - g r o w i n g organism Mycobacterium tuberculosis a n d a 
fast -growing organism Escherichia coli. B o t h organisms produce specific 
siderophores w h i c h have been defined chemica l ly a n d phys i ca l ly . M y c o 
b a c t i n , the siderophore of M. tuberculosis, because of its h y d r o p h o b i c 
nature , is associated most ly w i t h the l i p o i d a l ce l l w a l l of the tuberc le 
bac i l lus (11) whereas enterochel in ( enterobact in ) , the s iderophore of 
E. coli a n d Salmonella typhimurium, is soluble i n water a n d is r a p i d l y 
lost b y the bacter ia l ce l l into the surround ing m e d i u m (12, 13). 

Experimental Methods 

Since i ron carriers of the host become ineffective i n dead tissues, the 
retent ion of phys io l og i ca l condit ions i n iso lated fluids a n d tissues is of 
c r u c i a l importance i n studies of the m i c r o b i a l quest for i r on . U s u a l l y , 
the maintenance of excised tissues or b l o o d at 3 ° C d u r i n g the prépara-
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3. K O C H A N Regulation of Nutritional Immunity 57 

t i on of ce l l lysates or the separation of serum a n d the subsequent adjust
ment of the processed materials to p H 7.5 preserve the i r o n - b i n d i n g 
act iv i ty of i r o n carriers a n d the stabi l i ty of the ir complexes w i t h the 
meta l . I t is m u c h more diff icult to a v o i d contaminat ion of the processed 
mater ia l w i t h exogenous i ron . Traces of i r o n are present o n glassware, 
i n water , a n d i n various inorganic or organic compounds used to prepare 
m i c r o b i a l med ia . Exogenous i r on interferes w i t h the measurements of the 
i ron-starvat ion of bacter ia exposed to i r o n - b i n d i n g substances of a n i m a l 
tissues a n d fluids. A l s o , exogenous i r on obliterates the compet i t ion for 
i r on between i ron -che lat ing substances of host a n d m i c r o b i a l o r ig in . 
T h e r e is no easy m e t h o d to remove contaminat ion i r o n f r om m e d i a . I t 
has been done w i t h some success b y repeated extractions of the m e d i u m 
w i t h 8 -hydroxyquino l ine a n d chloro form (14) a n d b y passage of the 
m e d i u m t h r o u g h co lumns of C h e l e x resin (15). 

O u r invest igat ion of the compet i t i on for i r on be tween i r o n - b i n d i n g 
substances of a n i m a l a n d m i c r o b i a l o r ig in has been fac i l i ta ted b y the 
use of a mixture composed of one part m a m m a l i a n serum a n d three parts 
i ron-poor m e d i u m ( I P M ) or i ron-poor agar m e d i u m ( I P A M ) . I P M 
conta ined the f o l l o w i n g ingredients i n 1 L of doub le -d i s t i l l ed water : 
asparagin, 2.0 g; N - Z amine , 1.5 g; K H 2 P 0 4 , 2.5 g; M g S 0 4 , 10.0 m g ; 
C a C l 2 , 0.5 m g ; Z n S 0 4 , 0.1 m g ; C u S 0 4 , 0.1 m g ; a n d dextrose, 5.0 g. I P A M 
was made b y a d d i n g 15.0 g agar per 1.0 L I P M . T h e g r o w t h of fastidious 
tuberc le b a c i l l i i n these m e d i a was promoted b y a d d i n g 2 m g bov ine 
a l b u m i n ( f ract ion V ) per m l of the m e d i u m . A l t h o u g h the m i n u t e 
amount of i r on present i n I P A M ( 0.09 / x g / m l ) is sufficient to support 
m i c r o b i a l g rowth , the m e d i u m becomes microbiostat i c w h e n c o m b i n e d 
w i t h m a m m a l i a n serum. Trans fe r r in ( T r ) i n serum binds the i r o n i n 
the m e d i u m , a n d i n the absence of i on i c i r on , this s e r u m - m e d i u m m i x 
ture does not support the g r o w t h of various microorganisms. T o e l i m i 
nate the ant ibacter ia l ac t iv i ty of ant ibody-complement system, sera used 
i n these experiments were heated at 56 ° C for 30 m i n to destroy the 
complement . 

I n most of our studies w e have used an agar-plate di f fusion test 
(16, 17) to study the effects of restr icted amounts of i r o n on the g r o w t h 
of various bacter ia a n d the mo lecu lar compet i t ion for i r o n between i r o n -
b i n d i n g substances of a n i m a l a n d m i c r o b i a l o r ig in . T h e test is pe r f o rmed 
i n p last ic pe t r i dishes ( N o . 3002, 60 X 15 m m ; F a l c o n Plast i cs ) filled w i t h 
12 m l of either growth-suppor t ing I P A M or g r o w t h - i n h i b i t i n g serum-
I P A M mixture . A w e l l , 10 m m i n diameter , is made i n the agar m e d i u m 
b y p l a c i n g a glass cy l inder i n the center of each plate . A f t e r r e m o v i n g 
the glass cy l inders f r o m the ge l led m e d i a , the wel ls i n growth -suppor t ing 
m e d i u m are filled w i t h 0.4 m l saline conta in ing i r o n - b i n d i n g proteins 
( such as T r , lacto ferr in , a n d ovotrans ferr in ) , a n d the wel ls i n m i c r o b i o -
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58 BIOINORGANIC C H E M I S T R Y II 

static serum-agar m e d i u m are filled w i t h bacter ia l siderophores. T h u s , 
depen d i n g on the nature of the m e d i u m , wel ls are filled w i t h substances 
w h i c h either prevent or fac i l i tate the acquis i t ion of i r on b y bacter ia . 
A f t e r the dif fusion of test materials f rom wel ls into the agar ( 12 -15 h r ) , 
the glass cyl inders are rep laced , a n d the surface of the ge l led m e d i u m 
is inocu lated u n i f o r m l y w i t h 0.25 m l bac ter ia l suspension conta in ing 
15,000 cells. T h e plates inocu la ted w i t h s l o w - g r o w i n g tubercle b a c i l l i 
are i n c u b a t e d for about 3 weeks at 37 ° C a n d 7 0 % h u m i d i t y . M y c o b a c 
t i n , the h y d r o p h o b i c s iderophore of tuberc le b a c i l l i , does not leave the 
l i p o i d a l bacter ia l w a l l and , therefore, does not neutral ize tuberculostasis 
i n zones conta in ing Tr—iron complexes. T h e plates inocu lated w i t h fast-
g r o w i n g E. coli are i n c u b a t e d at 37 ° C a n d are examined per i od i ca l l y 
d u r i n g the 48-hr incubat ion . U s u a l l y after 35 hr these plates show l i t t le 
or no serum-imposed microbiostasis , because enterochel in , p r o d u c e d at 
places of bac ter ia l growth , diffuses r a p i d l y into zones of microbiostasis 
a n d alleviates it b y m a k i n g i r o n avai lable for i ron-starved bacter ia . A f t e r 
a n appropr iate p e r i o d of incubat i on , the g r o w t h - i n h i b i t i n g a n d g r o w t h -
suppor t ing activit ies of various i r o n - b i n d i n g substances are de termined 
b y measur ing the widths of g rowth -vo id a n d growth- f i l l ed zones a r o u n d 
wel ls charged w i t h i ron-restr i c t ing a n d i ron -donat ing substances, respec
t ive ly . 

T h e fate of tuberc le b a c i l l i or E. coli i n h u m a n or bov ine serum was 
de termined not on ly b y the use of the agar-plate dif fusion test but also 
b y experiments per formed i n serum-conta in ing test tubes. I n tube exper i 
ments, serum is inocu lated w i t h bacter ia l suspensions adjusted to conta in 
a k n o w n n u m b e r of bacter ia i n the i n o c u l u m . Infected sera are i n c u b a t e d 
at 37 ° C and , after various periods of t ime, bac ter ia l numbers are deter
m i n e d b y p l a t i n g the samples on the growth-support ing I P A M . T h e 
n u m b e r of deve loped colonies on agar m e d i u m shows the n u m b e r of 
bacter ia i n the exper imental tubes. 

Effects of m a m m a l i a n sera on av irulent a n d v i ru lent bacter ia were 
de termined b y us ing attenuated ( B C G ) a n d v i ru lent ( H 3 7 R v ) strains of 
tuberc le b a c i l l i a n d avirulent ( s tra in A ) a n d v i ru lent (s train C ) strains 
of E. coli. A l l strains were obta ined f rom the cul ture co l lect ion of the 
D e p a r t m e n t of M i c r o b i o l o g y , M i a m i Un ivers i ty . B a c t e r i a l v i ru lence a n d 
the in fec t ion -promot ing effect of i r on were de termined i n Swiss—Webster 
mice . T h e degree of v i ru lence of tuberc le b a c i l l i for i ron-untreated a n d 
iron-treated mice has been shown prev ious ly ( 2 ) . I n this study, the 
pathogenic i ty of E. coli strains was tested b y three experiments i n w h i c h 
groups of 10 mice were in jected intraper i toneal ly w i t h 5 Χ 10 8 cells of 
strain A a n d strain C . M i c e infected w i t h the strain C d i e d w i t h i n t w o 
days whereas 8 0 - 9 0 % of m i c e inocu lated w i t h strain A surv ived the 
in fec t ion . O n the basis of these a n d several s imi lar experiments (see 
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3 . K O C H A N Regulation of Nutritional Immunity 59 

T a b l e V I I I ) , bacter ia of the strain C were designated as v i ru lent a n d 
those of strain A as avirulent . 

Before the use i n experiments, E. coli strains were cu l tured i n t r y p t i -
case soy broth for 18 hr at 37 °C . Af ter this g rowth per iod , bacter ia were 
co l lected b y centr i fugat ion, bacter ia l pellets were resuspended i n saline, 
a n d bacter ia l suspensions were adjusted to a desired density b y the K l e t t 
spectrophotometer. Methods for the cu l t ivat ion , co l lect ion, a n d exper i 
menta l use of tubercle b a c i l l i have been descr ibed prev ious ly (9, 16). 

Microbiostasis in Mammalian Sera 

T h i r t y years ago, Shade a n d C a r o l i n e descr ibed the a n t i m i c r o b i a l 
i r o n - b i n d i n g prote in T r i n h u m a n p lasma a n d suggested that this l i g a n d 
wi thho lds the meta l f rom m i c r o b i a l invaders (18). T r b inds two atoms 
of ferr ic i ron b y tyrosy l a n d h i s t i d y l residues w i t h a stabi l i ty constant of 
a r o u n d 10 3 0 (19). T h e stabi l i ty of T r - i r o n complexes is inf luenced b y 
p H w h i l e on the a lkal ine side of p H 7, complexes are qui te stable, o n 
the ac id i c side they dissociate. W e have f o u n d that bac ter ia l g r o w t h i n 
serum becomes more prol i f ic w h e n its p H is progressively l owered f r o m 
p H 7 to 5. A t the phys io log i ca l p H , T r b inds i ron w e l l a n d carries the 
meta l to various cells of the body ; 100 m l h u m a n serum contains 200-300 
m g T r a n d only 110 /xg i ron . Since 1 m g T r can b i n d 1.25 /xg i r on , T r is 
usua l ly saturated only to one t h i r d of its total i r o n - b i n d i n g capacity . 
C o n s i d e r i n g the loss of less than 0.1 m g i ron per day i n ur ine , the con 
centrat ion of free i r on i n p lasma is less than 0.01 μg per m l , a n d this is 
insufficient to support the g r o w t h of bacter ia . T h u s , i n order to g row 
i n a n i m a l b lood , bacter ia have to possess a w a y to obta in i r on f rom T r -
i r o n complexes. 

T h e correlat ion between the degree of bacter ia l i n h i b i t i o n i n serum 
a n d the percentage of iron-free T r was invest igated b y determinations 
of serum i ron ( S I ) , total i r o n - b i n d i n g capac i ty ( T I B C ) , a n d tubercu lo -
stasis i n various m a m m a l i a n sera. T h e results showed that most m a m 
m a l i a n sera do not differ i n T I B C values. P r o n o u n c e d differences, h o w 
ever, were observed i n SI values ( T a b l e I ) . T h e fate of tuberc le b a c i l l i 
i n sera was determined b y the degree of T r saturation w i t h i r o n ; h u m a n 
a n d bovine sera w i t h approx imate ly 3 0 % saturated T r were strongly 
tuberculostat ic , rabb i t a n d mouse sera w i t h approx imate ly 6 0 % satu
rated T r were w e a k l y tuberculostat ic , a n d guinea p i g serum w i t h a p p r o x i 
mate ly 8 5 % saturated T r supported b a c i l l a r y g r o w t h (20). These a n d 
s imi lar findings demonstrated that the h igher the percentage of i r o n -
saturated T r , the less inh ib i t o ry is the serum for the g r o w t h of tuberc le 
b a c i l l i . 

T h e effect of T r - i r o n interp lay on the fate of tuberc le b a c i l l i has 
been invest igated b y a d d i n g ferr ic ch lor ide a n d iron-free T r i n various 
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60 B I O I N O R G A N I C C H E M I S T R Y II 

Table I. Correlations between Levels of Iron-saturated 
T r and Degrees of Bacillary Growth 

in Mammalian Sera (20) 

Source of 
Serum 

Number 
of Tests 

Amt. of Iron (μ$)α 

TIBCb SIC 

Tr Satu
ration* 
(%) 

Tuberculo-
stasis in 
Serum6 

Human 
Cow 
Rabbit 
Mouse 
Guinea pig 

10 
4 
8 

10 
20 

327 
490 
317 
382 
323 

97 
191 
204 
230 
273 

30.0 
39.0 
64.3 
60.2 
84.4 

present 
present 
limited 
limited 
absent 

° I n d i v i d u a l determinations of T I B C and S I fell within 10% variat ion of the 
m e a n value shown in the table. 

b T I B C value shows the mean of the amount of iron present in 100 m l i r o n -
saturated serum. 

0 S I value shows the m e a n of the amount of iron present i n 100 m l untreated 
serum. 

d Percentage of iron-saturated T r in serum sample equals ( S I / T I B C ) X 100. 
e Tuberculostasis was scored as " p r e s e n t " when baci l lary growth was less than 

one generation, " l i m i t e d " when it was less than five generations, and " a b s e n t " when 
it var ied between five and 14 generations during a two-week incubation period . 

Journal of Bacteriology 

proport ions to tuberculosat ic h u m a n serum (21 ) . These results showed 
that the a d d i t i o n of i r on v i t i a ted the tuberculostasis of serum; be tween 
0.5 a n d 1.0 /xg of i r o n neutra l i zed the tuberculostat ic act iv i ty i n 1 m l of 
1:4 d i l u t e d serum. F u r t h e r m o r e , the add i t i on of T r to i ron -neutra l i zed 
serum reconst i tuted tuberculostasis ( T a b l e I I ) . T h e data showed qui te 
c lear ly that the amounts of T r w h i c h were effective i n the reconst i tut ion 
of tuberculostasis i n i r on -neutra l i zed serum correlated closely w i t h the 
k n o w n i r o n - b i n d i n g capac i ty of this prote in . 

Table II. Iron Neutralization of Tuberculostasis in a 1:4 Dilution of 
Human Serum and the Reconstitution of Tuberculosis in 

Iron-Neutralized Serum with Tranferrin (21) 

„, , . Generations in Serum with Irona (μα/ml) 
Transferrin _ 

(mg/ml) 0.0 0.5 1.0 2.0 4.0 8.0 16.0 

0.00 0.0 2.3 11.0 12.5 12.9 13.2 12.7 
1.25 0.0 0.0 2.7 9.6 9.1 12.2 13.0 
2.50 0.0 0.0 0.5 4.5 10.2 13.1 12.1 
5.00 0.0 0.0 0.0 0.3 2.6 9.4 12.3 

10.00 0.0 0.0 0.0 0.0 0.0 5.0 10.7 
20.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

° G r o w t h of B C G was determined after a two-week incubat ion period at 3 7 ° C . 
I r o n was added as F e C l 3 · 6H2O salt. 

Journal of Infectious Diseases 
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3. K O C H A N Regulation of Nutritional Immunity 61 

Neutralization of Serum Microbiostasis 

T h e growth - inh ib i t o ry act iv i ty of m a m m a l i a n sera for tuberc le b a c i l l i 
a n d the neutra l i zat ion of serum-tuberculostasis b y i r o n or m y c o b a c t i n 
were invest igated b y the agar-plate di f fusion test. T h e tuberculostat ic 
bov ine s e r u m - I P A M mixtures were inocu lated w i t h tuberc le b a c i l l i , a n d 
the wel ls were charged w i t h various concentrations of i r o n or iron-free 
mycobac t in . Results showed that w i t h each increased concentrat ion of 
i r o n or m y c o b a c t i n i n wel ls , an increased surface area covered b y b a c i l 
l a ry g r o w t h was observed a r o u n d wel ls m a d e i n the g rowth - inh ib i t o ry 
s e r u m - m e d i u m mixture ( F i g u r e 1 ) . These findings demonstrated that 

Infection and Immunity 

Figure 1. Three-week growth of tubercle bacilli around wells 
charged with various amounts of iron or mycobactin on micro-

biostatic serum-IPAM mixture (16) 

serum- imposed i r o n starvation of tuberc le b a c i l l i can be a l l ev iated b y 
a d d i n g exogenous i r o n or i r o n - b i n d i n g mycobac te r ia l product , m y c o b a c 
t i n . T h e b i o c h e m i c a l funct ion of m y c o b a c t i n i n the g r o w t h of tuberc le 
b a c i l l i was de termined b y a d d i n g various amounts of m y c o b a c t i n to 
tuberculostat ic serum w h i c h also rece ived 5 m g / m l of iron-free or i r o n -
saturated T r (22). Because the g rowth -promot ing ac t iv i ty of m y c o b a c t i n 
v a r i e d w i t h the degree of saturat ion of T r w i t h i r o n ( 1 0 0 % , 3 3 % , 0 % ), 
i t is safe to conc lude that m y c o b a c t i n is not ac t ing as an essential g r o w t h 
factor (as has been be l i eved since its d iscovery) b u t as the carr ier of 
i r o n to bac i l l a ry cells ( F i g u r e 2 ) . M y c o b a c t i n removes i r o n f r o m T r - i r o n 
complexes a n d supplies i t to tuberc le b a c i l l i . T h u s , m y c o b a c t i n arms 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

03



62 BIOINORGANIC C H E M I S T R Y II 

12 r 

M y c o b a c t i n (ng /ml ) i n T u b e r c u l o s t a t i c S e r u m 
Infection and Immunity 

Figure 2. Two-week growth of tubercle bacilli in tuberculostatic bovine serum 
containing 5 mg Tr and different concentrations of mycobactin in ml of solu

tion. (%) iron-saturated Tr; (M) iron-free Tr; (O) no Tr (22). 

b a c i l l a r y cells w i t h a s urv i va l mechan ism that plays an important role i n 
host—tubercle bac i l lus interact ion . 

T h e s t imulat ing effect of i r o n compounds on the g r o w t h of various 
fast -growing bacter ia exposed to m a m m a l i a n sera has rece ived m u c h 
attent ion i n the last f e w years. T h i s interest is i l lus trated b y the appear
ance of several books a n d rev i ew papers dea l ing w i t h the role of i r o n i n 
the l i fe of bacter ia a n d i n bac ter ia l infections. B u l l e n a n d Rogers have 
s h o w n that the i n h i b i t o r y ac t iv i ty of rabb i t serum for E. coli can be 
abo l i shed b y saturat ing T r w i t h i r o n ( 2 3 ) . I ron a n d h e m o g l o b i n n e u 
t r a l i z e d the ant ibacter ia l ac t iv i ty of h u m a n serum against a strain of 
E. coli i so lated f r om a patient w i t h pyelonephri t is (24). T h e g r o w t h -
suppor t ing effect of i r on a n d enterochel in for E. coli exposed to m a m 
m a l i a n sera was shown qui te c learly b y the use of the agar-plate di f fusion 
test i n our laboratory . T y p i c a l results obta ined i n this study are p re 
sented i n F i g u r e 3. W e l l s i n the growth-suppor t ing agar m e d i u m were 
filled w i t h 0.4 m l h u m a n serum or 0.4 m l saline conta in ing 2.5 m g i r o n -
free T r . W e l l s i n the g rowth - inh ib i t o ry s e r u m - a g a r m e d i u m mix ture 
were filled w i t h 0.4 m l saline conta in ing 20 /xg i r on ( a d d e d i n the f o r m 
of ferr ic a m m o n i u m citrate) or 0 . 4 m l I P M i n w h i c h E. coli cells were 
g r o w n for 18 h r at 3 7 ° C (spent m e d i u m ) . T h e g r o w t h - i n h i b i t i n g effects 
of T r a n d the g rowth -promot ing effects of i r o n or enterochel in i n spent 
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3. K O C H A N Regulation of Nutritional Immunity 63 

m e d i u m were determined b y measur ing the w i d t h s of bac ter ia l i n h i b i t i o n 
or g r o w t h around charged wel ls at 15-, 25-, a n d 35-hr incubat i on per iods . 

T h e results presented i n the upper part of the F i g u r e 3 show that 
h u m a n serum a n d pur i f i ed T r i n h i b i t e d the g r o w t h of E. coli ( s t ra in A ) . 
T h e examinat ion of plates at various periods showed that microb iostat i c 
areas a round T r - c h a r g e d wel ls became progressively smal ler a n d near ly 
d i sappeared at the 35-hr read ing . T h e l ower part of the F i g u r e 3 shows 
that bac ter ia l g r o w t h can be fac i l i ta ted o n the microb iostat i c serum 
m e d i u m b y a d d i n g i r on or spent m e d i u m . Since unused m e d i u m d u r i n g 
the 35-hr in cubat i on p e r i o d d i d not promote bacter ia l g rowth , the m i 
crobiostasis a l l ev ia t ing effect of spent m e d i u m was a t t r ibuted to entero-

Journal of Infectious Diseases 

Figure 3. The inhibition of E . coli around wells charged with 
human serum or Tr and the neutralization of microbiostasis on 
serum medium around wells charged with a solution of ferric 
ammonium citrate (20 μg iron/'well) or spent medium at 15-, 25-, 

and 35-hr incubation period (25) 
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64 B I O I N O R G A N I C C H E M I S T R Y II 

che l in . I n subsequent experiments, enterochel in iso lated f r om spent 
m e d i a b y Rogers ' m e t h o d (8 ) neutra l i zed serum microbiostasis as effec
t ive ly as the add i t i on of i ron . O n pro longed incubat ion , areas covered 
b y bac ter ia l g r o w t h progressively increased and , at 35-hr examinat ion , 
near ly a l l m e d i u m i n each plate was covered b y bacter ia l colonies. 

T h e progressive increase i n bacter ia l growth-covered areas a r o u n d 
i r o n - or enterochel in-charged wel l s , as w e l l as the progressive decrease 
of microbiostat i c areas a r o u n d T r - c h a r g e d wel ls , is a t t r ibuted to the 
p r o d u c t i o n of enterochel in b y g r o w i n g bacter ia . T h e released entero
che l in diffuses f r om the area of bac ter ia l g r o w t h into the area of m i c r o 
biostasis a n d provides i ron of T r - i r o n complexes for the use b y bac ter ia l 
cells. T h i s process of the v i ta l i za t i on of i n h i b i t e d bacter ia at one place 
b y enterochel in p r o d u c e d at some other p lace of the ge l led m e d i u m m a y 
c lear ly i l lustrate the role of enterochel in i n the p r o m o t i o n a n d spread of 
some bacter ia l infections i n a n i m a l tissues. T h e phenomenon of v i t a l i z a 
t i on of i ron-starved bacter ia has not been observed around i r o n - or 
mycobac t in - charged wel ls (see F i g u r e 1 ) . I n d is t inct ion to the water -
so luble enterochel in , the h y d r o p h o b i c m y c o b a c t i n remains associated 
w i t h the l i p o i d a l c e l l w a l l of tuberc le b a c i l l i a n d does not v i ta l i ze cells 
exposed to the serum- imposed i r on starvation. T h i s m a y be the reason 
for the w e l l def ined tuberculous lesions i n the b o d y of in fected animals . 
T h e water so lub i l i ty of the major i ty of siderophores m a y favor not on ly 
the spread of bacter ia l infections, but i t m a y also influence the state of 
ant ibacter ia l resistance of animals . Bac te r ia w h i c h reside i n the intest ina l 
tract m a y predispose the a n i m a l to an in fect ion w i t h homologous bacter ia 
b y p r o d u c i n g dif fusible siderophores. 

I n our further study w e invest igated effects of various numbers of 
v i ru l ent ( s tra in C ) a n d av iru lent (s train A ) E. coli on serum m i c r o b i o 
stasis. B o v i n e serum was d i s t r ibuted i n 1-ml quantit ies into smal l screw-
t o p p e d tubes a n d was in fec ted w i t h various numbers of strain A or 
strain C bacter ia . A f t e r 12- a n d 24-hr incubat i on at 3 7 ° C , samples of 
in fec ted sera were p la ted on I P A M . N u m b e r s of bacter ia were deter
m i n e d b y count ing bacter ia l colonies on plates after 12-hr incubat i on . 
Results showed that bov ine serum i n h i b i t e d b a c i l l i of av iru lent strain A 
i f the inocu la ted serum conta ined less t h a n 12,000 b a c i l l i per 1 m l of 
serum. L a r g e r inocu la of strain A m u l t i p l i e d i n serum but at a s lower 
rate than i n b ro th m e d i u m ( T a b l e I I I ) . Bac te r ia of v i ru lent strain C 
overcame the i r on starvation i n bov ine serum even w h e n serum was 
inocu lated w i t h as f ew as 100 c e l l s / m l of serum. T h e results of this 
study showed that the rate of bacter ia l m u l t i p l i c a t i o n i n bov ine serum is 
de termined par t ly b y bacter ia l numbers i n the i n o c u l u m . S m a l l i n o c u l a 
of v i ru lent a n d avirulent bacter ia were more i n h i b i t e d than large inocu la . 
T h e g r o w t h of even minute inocu la of v i ru lent bacter ia i n bov ine serum 
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3. K O C H A N Regulation of Nutritional Immunity 65 

Table III. Effects of Different Bacteria Inocula on the Fate of 
Avirulent (Strain A ) and Virulent (Strain C) 

Bacteria in Bovine Serum (25) 
Number of Generations'1 at 

Bacterial Bacteria/0.1 ml 
(hr) 

Strain Serum 12 U 
S t r a i n A 10 0 0 

100 0 0 
600 1 2 

1,200 8 11 
6,000 10 13 

S t r a i n C 10 9 15 
100 11 16 
600 11 15 

1,200 14 15 
6,000 16 18 

a S e r u m neutralized with iron (5 /xg/ml) and nutrient broth contained 16 and 18 
generations at 12 and 24 hr, respect h'ely. Zero generation indicates the same or 
lower number of bacteria than in the inoculum. 

Journal of Infectious Diseases 

showed that these cells are m u c h better e q u i p p e d than avirulent cells to 
overcome the iron-starvat ion imposed b y m a m m a l i a n sera. 

Effect of Iron Starvation on Bacterial Viability 

T h e effect of i r o n starvation on the longevi ty of bacter ia l s u r v i v a l 
was tested b y exposing strain A of E. coli to bov ine serum for various 
periods (25 ) . Plates of the agar-plate dif fusion test conta in ing m i c r o b i o 
static serum-agar m e d i u m were un i f o rmly inocu la ted w i t h bacter ia a n d 
then incubated at 4° a n d 37 °C . A t various periods d u r i n g the incubat ion , 
wel ls i n some plates were filled w i t h either 0.4 m l saline conta in ing 5 /xg 
i ron , 0.4 m l spent m e d i u m , or 0.4 m l iron-spent m e d i u m mixture . Subse
quent ly , the plates w i t h charged wel ls were i n c u b a t e d at 37 ° C for 18 hr . 

Results showed that a d d i n g i r o n - p r o v i d i n g materials to wel ls of 
plates w h i c h contained bacter ia exposed to progressively longer i r o n 
starvation periods at 3 7 ° C v i t a l i z e d fewer a n d fewer bacter ia ( F i g u r e 4 ) . 
T h u s , the add i t i on of i r on or spent m e d i u m to wel ls of plates inocu la ted 
24 hr previous ly v i t a l i z e d only a few bacter ia or was w i thout effect. T h e 
add i t i on of i r o n - p r o v i d i n g materials to wel ls of 4°C-incubated plates 
promoted s imi lar bac ter ia l g r o w t h irrespective of the incubat i on per i od . 
T h e death of bacter ia exposed to iron-starvat ion i n bov ine serum at 3 7 ° C , 
b u t not at 4 ° C , indicates that on ly metabo l i z ing bacter ia exposed to 
iron-starvat ion develop le thal changes w h i c h cannot be al lev iated b y 
subsequent add i t i on of i r on or i ron -conta in ing enterochel in . T h a t bac 
ter ia cannot survive l ong w i t h o u t i r on has been observed b y P e r r y a n d 
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Journal of Infectious Diseases 

Figure 4. The survival of E . coli on microbiostatic serum-agar medium 
around wells charged at 10, 15, 24, and 36 hr of incubation at 4°C and 
37°C with a solution of ferric ammonium citrate (5 μg iron/well), spent 

medium, or iron-spent medium mixture (25) 

W e i n b e r g (26), w h o f o u n d that the bac ter ia l death rate i n synthet ic 
m e d i a was accelerated b y i r o n depr ivat ion . T h e surv iva l of serum-
exposed bacter ia i n c u b a t e d at 4 ° C makes i t most u n l i k e l y that the i r o n -
starvation per se is responsible for the k i l l i n g of bacter ia l cells. Grif f iths 
(5 ) f o u n d that the i n h i b i t i o n of E. coli b y serum is a c compan ied b y the 
appearance of a b n o r m a l bac ter ia l p h e n y l a l a n y l f - R N A . S u c h a b n o r m a l 
ί -RNA was not f o u n d i n i ron -supplemented serum. It is possible , there
fore, that permanent lesions deve lop i n i ron-starved bacter ia w h i c h not 
on ly stop bacter ia l m u l t i p l i c a t i o n but eventual ly cause bac ter ia l death . 

Production of Bacterial Siderophores 

O n the basis of the p r o d u c t i o n of i r o n - b i n d i n g compounds , N e i l a n d s 
d i v i d e d microorganisms into t w o types (27); the major i ty of microbes 
are autosequesteric a n d produce i r o n - b i n d i n g compounds w h i l e a f e w 
species are anautosequesteric a n d cannot manufacture the ir o w n s idero
phores. Siderophores fac i l i tate the acqu is i t i on of i r o n b y microbes , a n d , 
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3. K O C H A N Regulation of Nutritional Immunity 67 

therefore, they promote m i c r o b i a l g r o w t h i n nature a n d i n the a n i m a l 
host. I n most cases, these i r o n - b i n d i n g bac ter ia l products were cons id 
ered to be g r o w t h factors, a n d on ly recent ly has their i r o n - b i n d i n g 
act iv i ty been considered i n terms of m i c r o b i a l i ron-transport mechanisms. 

T h e produc t i on of siderophores can be affected b y the l eve l of i r o n 
i n the bac ter ia l environment a n d b y temperature . T h e exposure of 
tuberc le b a c i l l i to an iron-poor m e d i u m stimulates the p r o d u c t i o n of 
increased amounts of mycobac t in (11, 22). A l s o , there is good evidence 
that enterochel in synthetase act iv i ty can be i n d u c e d b y exposing bac ter ia 
to m e d i a l o w i n avai lable i r on (28, 29). T h u s the ac cumulat i on of s idero
phores occurs only under imposed i r o n - l i m i t i n g n u t r i t i o n a l condit ions . 
T h e effect of temperature on the g r o w t h of bacter ia i n the host has been 
of interest since Pasteur showed that b y r e d u c i n g the n o r m a l l y h i g h b o d y 
temperature of chickens, he was able to infect the coo led b i rds w i t h 
anthrax bac i l lus . H y p e r t h e r m i a has been used i n treatments of various 
infectious diseases. Recent studies indicate that h i g h temperatures sup 
press the produc t i on of siderophores. G a r i b a l d i has s h o w n that the p r o 
d u c t i o n of enterobact in, a s iderophore of Salmonella typhimurium, was 
decreased as the temperature of in cubat i on was raised f r om 31° to 37 ° C 
(30). These bacter ia w o u l d not m u l t i p l y at temperatures over 4 0 ° C 
unless exogenous siderophore was a d d e d to the m e d i u m . T h e p r o d u c t i o n 
of enterochel in b y E. coli at various temperatures was tested b y deter
m i n i n g the amount of the s iderophore i n spent m e d i a ( T a b l e I V ) . T h e 
amount of enterochel in i n spent m e d i u m of bacter ia g r o w n at 26 ° C was 
m u c h larger than i n spent m e d i u m of bacter ia g r o w n at 37 ° C ; E. coli 
g r o w n at 41 ° C p r o d u c e d l i t t le or no enterochel in . I n v i e w of these 
findings, fever, w h i c h develops i n response to bac ter ia l infections, m i g h t 
be considered as a defense mechan ism because i t hmits the p r o d u c t i o n of 

Table IV. Bacterial Growth on Microbiostatic Serum—Medium Mixture 
around Wells Charged with Spent and Unused Media 0 

Width (mm) of E . co l i Growth around Wells at 
(hr) 

Wells Charged with 24 30 40 48 

26 C-spent m e d i u m 9 13 18 20 
33 C-spent m e d i u m 6 9 12 15 
37 C-spent m e d i u m 5 8 12 15 
41 C-spent m e d i u m 0 0 3 3 
44 C-spent m e d i u m 0 0 3 3 
U n u s e d m e d i u m 0 0 0 1 

α Spent media were prepared by growing E. coli at various temperatures for 48 hr 
in iron-poor medium. After the growth period, the cultures were adjusted to the 
same turbidity, bacteria were removed by filtration, and spent media were tested for 
the ability to alleviate the microbiostasis in bovine serum-agar medium mixture. 
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siderophores and , consequently , inh ib i t s m u l t i p l i c a t i o n a n d spread of 
bac ter ia l parasites. 

T h e efficiency w i t h w h i c h v i ru lent bacter ia invade a n d g r o w i n 
fluids a n d tissues of animals suggests that they m a y differ f r om av iru lent 
bac ter ia b y the pro l i f i c p r o d u c t i o n of siderophores. Recent exper imenta l 
results showed that bacter ia differ i n the ab i l i ty to acquire i r o n i n the 
b o d y of the host. T h e v i ru lence a n d the ab i l i ty of Pseudomonas aerugi
nosa to use i r o n i n mice was signif icantly increased after 16 serial passages 
of the bacter ia i n these animals (31). Rogers ' experiments suggested 
that there is a direct re lat ionship between the ab i l i ty to synthesize entero
c h e l i n a n d the v i ru lence of different strains of E. coli for mice (8) s ince 
v i ru lent bacter ia exposed to i r on l imi ta t i on p r o d u c e d m u c h more entero
c h e l i n than av iru lent bacter ia . 

Determinat ions of m y c o b a c t i n produc t i on b y saprophyt i c a n d 
paras i t i c species of mycobacter ia showed that saprophyt ic fast -growing 
mycobac ter ia produce more m y c o b a c t i n than parasi t ic s l o w - g r o w i n g 
mycobac ter ia (11). T h e extraction of v i ru lent a n d av iru lent strains of 
M. tuberculosis w i t h surfactants showed that they conta in s imi lar amounts 
of m y c o b a c t i n on their surfaces ( 9 ) . Recent ly w e have measured the 
p r o d u c t i o n of enterochel in i n I P M (0.09 /xg i r o n / m l ) b y v i ru lent strain C 
a n d avirulent strain A of E. coli (32). Results showed that spent m e d i a 
of v i ru lent a n d av iru lent bacter ia conta in s imi lar amounts of entero
che l in . T h e poss ib i l i ty remains, however , that s t i l l smaller amounts of 
i r o n i n synthetic m e d i u m m a y st imulate v i ru lent cells to produce more 
enterochel in . 

Acquired Hypoferremia in Vaccinated Animals 

L o w i ron levels i n h u m a n b l o o d were observed b y c l in ic ians to be 
associated w i t h infectious diseases. A decrease i n p lasma i r on levels 
was i n d u c e d b y bac ter ia l infections (33, 34) or b y treatment w i t h bac 
te r ia l endotoxins (35). T h e treatment of animals w i t h endotoxin-released 
mediator of hypo ferremia protected them f rom le thal salmonellosis (36). 
A l t h o u g h the levels of hypo ferremia or degrees of i r o n saturation of T r 
were not examined i n these studies, various experiments i n d i c a t e d that 
the f a l l i n serum i r o n increased resistance to bacter ia l infections. 

T h e re lat ionship between hypo ferremia a n d microbiostasis i n sera 
of vacc inated or endotoxin-treated guinea pigs has been demonstrated 
b y K o c h a n a n d co-workers (20, 37). T h i s study or ig inated f r o m the 
finding of a difference i n ant imycobacter ia l ac t iv i ty of n o r m a l a n d i m 
m u n e sera (38). I n contrast to the growth-suppor t ing nature of n o r m a l 
gu inea p i g serum, serum of i m m u n e animals suppressed the g r o w t h of 
tuberc le b a c i l l i . T h i s i n i t i a l observat ion of a c q u i r e d ant imycobac ter ia l 
ac t iv i ty of i m m u n e sera deve loped later into the s tudy of the re lat ionship 
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3. K O C H A N Regulation of Nutritional Immunity 69 

between iron-free T r a n d the tuberculostat ic ac t iv i ty i n sera of n o r m a l 
a n d B C G , E. coli l ipopo lysacchar ide ( L P S ) , or tuberculous c e l l w a l l 
( T C W ) - v a c c i n a t e d guinea pigs (20). T h e results showed that sera of 
animals vacc inated w i t h l ive bacter ia or their products ga ined a n t i 
m i c r o b i a l act iv i ty i n a direct propor t i on to the loss of i r on a n d the de 
crease i n i r on saturation of T r ( T a b l e V ) . T h e i n d u c e d tuberculostasis 
i n sera of vacc inated animals can be read i ly neutra l i zed b y a d d i n g exoge
nous i ron . Since the hypo ferremic response transforms guinea p i g p l a s m a 
f r o m a bacter ia l growth-suppor t ing m e d i u m to one that exerts m i c r o b i o 
stasis, i t shou ld be considered to be a protect ive response of the a n i m a l 
b o d y to parasit ic invas ion . T h u s , the i n d u c e d hypo ferremia can be 
considered to be the acqu i red a r m of nutr i t i ona l i m m u n i t y . 

Table V . Iron Neutralization of Tuberculostasis in Sera of Animals 
Vaccinated with LPS, T C W , or Live B C G Bacilli (20) 

_ , Satu- Generations in Serum with Iron (μα/ml) b 

Days after ration 
Treatments0 (%) 0 1 2 4 8 

L P S - 1 17.5 0.0 0.0 0.4 8.0 9.2 
2 42.0 0.0 10.6 11.3 10.7 12.2 
3 60.2 0.0 11.8 11.9 9.5 11.1 
5 74.7 8.7 12.0 11.4 10.7 11.3 

10 93.8 12.5 11.6 12.0 12.0 11.3 

T C W - 1 26.5 0.0 5.1 9.9 9.5 9.5 
2 42.1 0.5 10.2 10.3 10.0 10.6 
3 59.3 1.2 9.7 9.3 10.7 11.0 
5 66.3 0.7 7.3 12.0 11.3 12.3 

14 78.8 11.8 12.6 12.1 11.9 12.7 

B C G - 3 86.2 10.5 11.5 11.9 11.0 11.2 
7 79.4 9.1 10.6 11.3 12.1 11.7 

14 75.0 4.3 9.5 10.2 12.3 11.1 
21 75.3 0.4 9.1 10.3 9.9 10.7 
28 68.6 0.0 9.7 10.2 10.9 11.3 

Sal ine -1 85.6 11.5 11.8 11.6 11.5 12.1 
a O n day " 0 " animals were injected i n t r a p e r i t o n e a l ^ with 0.05 m g L P S , 1 m g 

T C W preparation, or 1 m g B C G cells per 100 g b o d y weight. 
b Tests for the presence and neutralization of tuberculostasis were performed i n 

a 1:4 di lut ion of serum samples. B a c i l l a r y fate determined after a 14-day incubat ion . 
Journal of Bacteriology 

I n d is t inct ion to the deve lopment of general ized hypo ferremia i n 
L P S - t r e a t e d animals , there is evidence for the development of l o c a l i z e d 
hypo ferremia at places of in f lammatory react ion. It has been shown that 
po lymorphonuc lear cells release lacto ferr in w h e n s t imulated by a n t i g e n -
ant ibody complexes (39) or w h e n destroyed i n the acute in f lammatory 
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process (40). L a c t o f e r r i n is one of the major proteins present i n cyto
p lasmic granules of po lymorphonuc lear cells (41, 42). I n its i r o n - b i n d i n g 
act iv i ty , lactoferr in is very s imi lar to T r . H o w e v e r , complexes of T r a n d 
lacto ferr in w i t h i r o n are inf luenced dif ferently w i t h ac id i c p H ; T r - i r o n 
complexes dissociate a r o u n d p H 5 whereas l a c t o f e r r i n - i r o n complexes 
r e m a i n stable u n t i l p H is b e l o w 4 (43). A t the ac id i c p H of in f lamma
t ion , i r on is removed f r om the loose i r o n - T r complexes b y lacto ferr in 
of degranulated or destroyed leukocytes, a n d the stable l a c t o f e r r i n - i r o n 
complexes are taken u p b y cells of re t i cu loendothe l ia l system (40). T h u s , 
the lac to ferr in - induced deplet ion of i r on i n inf lammatory or i m m u n o 
l og i ca l processes m a y increase the resistance of the host against extra
ce l lu lar a n d intrace l lu lar parasites. 

Virulence-Associated Acquisition of Iron 

I n our efforts to ident i fy factors w h i c h permi t v i ru lent bacter ia of 
E. coli to m u l t i p l y i n bovine serum (see T a b l e I I I ) w e compared v i r u 
lent a n d avirulent strains of E. coli as to their abi l i t ies to neutra l ize 
serum microbiostasis , their content of i r on , a n d their amounts of c e l l - w a l l 
associated siderophores. A l t h o u g h we have shown that v i ru lent strain C 
a n d avirulent strain A produce s imi lar amounts of enterochel in , a poss i 
b i l i t y r emained that v i ru lent bacter ia can neutral ize microbiostasis i n 
serum b y r a p i d produc t i on of enterochel in a n d then m u l t i p l y w i t h o u t 
m u c h h indrance . 

E v i d e n c e for the fa i lure of extracel lular enterochel in to part i c ipate 
i n the in i t ia t i on of g rowth of v i ru lent bacter ia i n serum was obta ined b y 
examin ing sera i n w h i c h v i ru lent strain C h a d m u l t i p l i e d for various 
periods for their ab i l i t y to support the growth of av irulent strain A . 
Heat - inac t i va ted bov ine serum was inocu lated w i t h strain C bacter ia 
(1300 c e l l s / m l ) a n d incubated at 3 7 ° C for 1 2 h r . D u r i n g the i n c u b a t i o n 
per i od , samples of the spent serum were co l lected at 2, 4, 6, a n d 12 hr a n d 
tested for bo th the n u m b e r of strain C bacter ia a n d the growth-support ing 
qua l i ty for strain A bacter ia ( T a b l e V I ). P l a t i n g of spent serum samples 
showed that strain C bacter ia m u l t i p l i e d i n bov ine serum. T h e tests of 
g rowth-suppor t ing qua l i ty of the filtered spent sera showed that they 
i n h i b i t e d avirulent bacter ia . O n l y the 12-hr sample of spent serum con
ta ined enough enterochel in to promote the g r o w t h of av irulent bacter ia . 
These results showed that serum i n w h i c h v i ru lent bacter ia have m u l t i 
p l i e d remained microbiostat ic for av iru lent bacter ia . Therefore , the 
g r o w t h of v i ru lent bacter ia i n serum cannot be a t t r ibuted to the neut ra l i 
zat ion of the serum b y enterochel in but to i r o n - p r o v i d i n g constituents of 
the v i ru lent ce l l itself. 

T h e growth of v i ru lent bacter ia i n serum suggested the presence of a 
cel l -associated factor w h i c h helps the ce l l to overcome the serum- imposed 
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i r o n starvation. T h e most l ike ly explanat ion of the ab i l i t y of v i ru l ent 
bacter ia to grow i n serum is the presence of a large amount of stored 
intrace l lu lar i ron . T h i s poss ib i l i ty has been invest igated b y de te rmin ing 
the amount of i r o n i n ashed materials of v i ru lent a n d avirulent cells. 
These determinations showed that the amount of i r o n i n v i ru lent a n d 
avirulent bacter ia was s imi lar . O n an average, v i ru lent bacter ia con
ta ined 0.46 μg a n d av iru lent bacter ia 0.43 μξ i r o n per 100 m g d r i e d cells. 
T h i s difference is too smal l to account for the ab i l i ty of v i ru lent cells to 
grow i n serum. 

Table VI . Growth of Avirulent Strain A and Virulent Strain C in 
Samples of Spent Serum Collected at Various Times 

during the Growth of Strain C (25) 

Number of Generations in Spent Serum 
0 , . , Collected at (hr)a 

Strain of 
E . coli 2 4 6 12 

Strain A 1.9 1.6 2.6 12.3 
Strain C 16.8 16.0 15.9 15.6 

a Determinat ions of bacterial growth in spent serum was done at 12 hr of incuba 
t ion period at 3 7 ° C . U n u s e d serum inoculated with strain C (1300 ce l l s /ml ) contained 
2.4, 5.0, 7.6, and 15.9 generations after 2-,4-,6 - and 12-hr incubation periods, respec
t ively . U n u s e d serum was microbiostatic for bacteria of strain A . 

Journal of Infectious Diseases 

T h e presence a n d the amount of c e l l - w a l l associated siderophores 
on v i ru lent a n d avirulent bacter ia were determined b y repeated extrac
tions w i t h saline a n d 0 .05% T w e e n 80 so lut ion i n saline (25 ) . T h e same 
amount of avirulent a n d v i ru lent bacter ia (250 m g wet -we ight c e l l / m l of 
the extractant) was m i x e d for 1 hr i n saline, a n d the first saline extract 
was co l lected b y centr i fugat ion a n d filtration. Bac ter ia were extracted 
two add i t i ona l times w i t h an appropriate quant i ty of fresh saline. I n 
some experiments, tw i ce saline-extracted bacter ia were extracted w i t h 
T w e e n 80, a n d T w e e n extract was tested for its ab i l i ty to neutral ize serum 
microbiostasis by the agar-plate dif fusion test. Results showed that first 
a n d second saline extracts of either strain A or strain C promoted the 
g r o w t h of strain A bacter ia around extract-charged wel ls made i n m i c r o 
biostatic s e rum-agar m e d i u m ( F i g u r e 5 ) ; E a c h extract of v i ru lent bac
ter ia exerted a somewhat stronger serum-neutra l i z ing act iv i ty t h a n the 
corresponding extract of av iru lent bacteria . T h e t h i r d saline extract ex-
exerted l i t t le or no serum neutra l i zat ion whereas the T w e e n extract of 
twi ce saline-extracted bacter ia neutra l i zed serum quite effectivly. A g a i n , 
T w e e n extracts of v i ru lent cells neutra l i zed serum microbiostasis more 
effectively than the corresponding extracts of av iru lent cells. T h e differ
ent ia l extractions suggested that cells of E. coli possess t w o i r on -pro -
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Figure 5. The growth of strain A around wells charged with first, second, and 
third saline extracts of avirulent and virulent bacteria. The hst entry in the 
table shows the bacterial growth around wells charged with Tween 80 (or 

serum) extract of twice saline-extracted bacteria (25). 

v i d i n g mater ia l s—water - so lub le (enterochel in) a n d surfactant-soluble 
substances. 

T h e i n h i b i t o r y ac t iv i ty of E. coli-LPS for tuberc le b a c i l l i (44) a n d 
the tox i c i ty -neutra l i z ing effect of i r o n for L P S (45) suggested that the 
i r o n - p r o v i d i n g , surfactant-soluble substances on bac ter ia l cells c o u l d b e 
c e l l - w a l l associated L P S . Therefore , the i r o n - p r o v i d i n g act iv i ty of E. coli-
L P S ( D i f c o ) for s e rum- inh ib i t ed bacter ia of strain A has been inves t i 
gated b y the agar-plate di f fusion test ( 2 5 ) . Sal ine conta in ing var ious 
concentrations of untreated , d i a l y z e d , or spent med ium-t rea ted L P S was 
a d d e d to wel ls made i n microbiostat i c serum—agar m e d i u m inocu la ted 
w i t h strain A bacter ia . Results showed that L P S of E. coli can p r o v i d e 
i r o n to serum- inh ib i t ed bacter ia . T h i s act iv i ty cannot be at t r ibuted to 
the contaminat ion of L P S w i t h enterochel in , because the dialysis a n d 
the treatment of L P S w i t h enterochel in esterase of spent m e d i u m d i d 
not decrease the serum-neutra l i z ing ac t iv i ty of L P S ( T a b l e V I I ) . D e t e r 
m i n a t i o n of L P S - c o n t e n t of v i ru lent a n d avirulent cells b y the B o i v i n 
m e t h o d (46) showed that v i ru lent cells conta in 3.7 m g a n d av iru lent cel ls 
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1.6 m g L P S per 100 m g dry -we ight bac ter ia l mass. T h e signif icantly 
h igher amount of L P S on v i ru lent cells seems to prov ide these cells w i t h 
a stronger i r on -a cqu i r ing act iv i ty . A c c o r d i n g to these findings, the c e l l -
w a l l associated siderophores (enterochel in , L P S , or their combinat ion) 
enable the bacter ia to overcome the i n i t i a l i ron-starvat ion i n serum 
whereas the released enterochel in helps the subsequent u n i n h i b i t e d 
g rowth a n d spread of bacter ia i n a n i m a l tissues. 

T h e presented study showed that L P S of E. coli exerts a d u a l effect 
on the mechanism of the acquis i t i on of i r on b y bacter ia . W h e n L P S is 
in jected into animals , it induces the development of hypoferremia . T h u s , 
sera of L P S - t r e a t e d animals exert m u c h stronger i n h i b i t o r y act iv i ty for 
bacter ia than sera of untreated animals . H o w e v e r , w h e n L P S is in t ro 
d u c e d on bacter ia l cells, i t helps them to acquire i r on f r om T r - i r o n 
complexes a n d thus promotes bac ter ia l m u l t i p l i c a t i o n i n m a m m a l i a n 
sera. I n v i e w of this , the L P S - i n d u c e d hypo ferremia shou ld be considered 
as a protect ive response of the host to the i r o n - p r o v i d i n g act iv i ty of L P S . 

Neutralization of Nutritional Immunity with Iron 

T h e enhanc ing effect of i r o n on the progression of infect ion w i t h 
Yersinia pestis was observed 20 years ago b y Jackson a n d B u r r o w s (47). 
Since that t ime m a n y investigators have made s imi lar observations. I t 
has been reported that the adminis t rat ion of i r on or i ron -conta in ing 
compounds such as hemat in , h e m i n , or hemog lob in promoted infections 
w i t h E. coli (48), Clostridium welchii (49), Y . septica (50, 51), Listeria 
monocytogenes (33), Pseudomonas aeruginosa (52, 53), Salmonella 
typhimurium (54), Klebsiella pneumoniae (54), M. tuberculosis (2), 
a n d Neisseria gonorrhoeae (10). C l i n i c a l observations suggest that d is 
eases associated w i t h raised serum i ron concentrations predispose patients 
to m i c r o b i a l infect ions. T h e consequences of h i g h i r o n saturation of T r 

Table VII. Bacterial Growth on Microbiostatic Serum—Agar Medium 
around Wells Charged with Untreated and Treated LPS Solutions 

Width (mm) of Growth around 
LPS-Charged Wells (mg/well) 

Treatment of LPS se 1 0.5 

N o treatment 13 10 6 
D i a l y s i s 11 9 5 

Incubated i n spent m e d i u m " 12 11 8 
Incubated i n unused m e d i u m 14 10 8 
a T h e incubation of L P S in spent m e d i u m was done at 3 7 ° C for 24 hr . Such i n c u 

bat ion of enterochelin destroyed its bacterial growth-promoting act iv i ty in bovine 
serum. 
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i n patients w i t h sickle c e l l anemia ( 5 5 ) , v irus hepatit is ( 56 ) , m a l a r i a 
( 5 7 ) , kwashiorkor ( 5 8 ) , acute l eukemia , or thalassemia major (59, 60) 
on suscept ibi l i ty to m i c r o b i a l infections suggest that a close corre lat ion 
exists between the hyper ferremic state a n d the development of infectious 
diseases. 

T h e potent iat ing effect of i r o n on bacter ia l v i ru lence has been deter
m i n e d i n mice injected intraper i toneal ly w i t h strain A or strain C of 
E. coli. T h e in fect ion dose of 5 Χ 10 8 b a c i l l i was suspended i n 1 m l 
saline conta in ing 0.0 or 0.1 m g i ron . Results showed that bacter ia of 
strain C are four times more effective i n k i l l i n g mice than bacter ia of 
stra in A ( T a b l e V I I I ) . M i c e in jected w i t h the same n u m b e r of heat-
k i l l e d cells of either strain demonstrated no toxic react ion a n d r e m a i n e d 
al ive . T h e add i t i on of i r on to the infect ion dose of strain A increased the 

Table VIII. The Mortality of Mice Injected with Untreated, 
Iron-treated, and Heat-killed Cells of Strain A 

and Strain C of E. coli (25) 

Mortality"1 

Treatment of Infection Dose Strain A Strain C 

Untreated 6 /27 2 2 / 2 7 
I r o n 6 13 /16 2 3 / 2 8 
H e a t (80°C for 1 hr) 0 / 1 0 0 / 1 0 

a N u m b e r dead during two d a y s / n u m b e r injected. 
b E a c h mouse received 0.1 m g iron added to the infection dose of 5 Χ 10 8 cells in 

the form of ferric a m m o n i u m citrate. Nei ther this quanti ty of iron in n o r m a l mice 
nor 0.567 m g corresponding a m m o n i u m citrate in infected mice increased mortal i ty in 
a group of 10 mice. 

Journal of Infectious Diseases 

morta l i ty f rom 20 to 8 0 % ; the morta l i ty of strain C- in fec ted , i ron-treated , 
or untreated mice remained the same ( 8 0 % ) . These results show that 
the v i ru lence of a re lat ive ly av iru lent strain A can be potent iated w i t h 
i r o n a n d suggest that bacter ia l v i ru lence can be re lated to the ab i l i ty of 
bacter ia l cells to obta in i ron i n fluids a n d tissues of the infected host. 

T h e frequent bac ter ia l infections i n hyper ferremic patients or i r o n -
treated animals suggest that e levated levels of i r o n either promote bac 
ter ia l g rowth or neutra l ize na tura l defense mechanisms of the host. E x 
per imenta l findings i n several laboratories indicate that i r on compounds 
do not interfere w i t h ant ibacter ia l defenses of a n i m a l body . S t u d y i n g 
the disease-promoting role of i r o n i n the host -paras i te re lat ionship , B u r 
rows f o u n d that i r o n compounds do not interfere w i t h phagocytosis , 
intrace l lu lar digest ion i n phagocyt i c cells, or the p r o d u c t i o n of a n t i 
bodies (61). S i m i l a r findings were reported b y B u l l e n a n d his associates 
w h o observed that i r o n d i d not interfere w i t h phagocytosis a n d fixation 
of complement b y antigen—antibody complexes ( 4 9 ) . T h e b lockage of 
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the reticuloendothelial system in mice infected with attenuated plague 
bacilli did not stimulate infection whereas treatment of such mice with 
iron promoted bacterial growth and the development of the disease (62). 
There is also no evidence to suggest that iron impairs some other defense 
mechanisms of the host. Burrows observed that iron injected even in 
large quantities into animals infected with an avirulent strain of Y. pestis 
failed to establish an infection. However, much smaller amounts of iron 
enhanced the pathogenicity of virulent bacteria (61). If the activity of 
iron were to neutralize the defense mechanism of the host, iron-treated 
animals might be expected to become susceptible to infections with 
avirulent bacteria. 

That the development of bacterial infections in iron-treated animals 
is caused by the alleviation of iron-starvation for infecting bacteria rather 
than by the neutralization of defense mechanisms by iron has been 
shown most clearly in siderophore-treated animals. Treatment of mice 
with enterochelin produced no observable effect in uninfected mice 
whereas in infected mice, E. coli grew logarithmically, and the animals 
died within 18 hr. This iron-binding compound facilitated the develop
ment of the overwhelming infection by being able to remove iron from 
Tr (δ). 

The resistance of newborn animals to intestinal infections with E. 
coli seems to be determined by the amount of lactoferrin in milk n̂d of 
exogenous iron. Colostrum-deprived calves tend to develop infections 
with E. coli more frequently than do colostrum-fed animals (64). The 
evidence that milk actually suppresses the growth of E. coli was provided 
by experiments in which colostrum-fed guinea pigs were dosed orally 
with bacteria and hematin (64). Results showed that the presence of 
hematin enhanced the growth of E. coli in the small intestine by a factor 
of over 10,000. We have found that human and bovine colostrum inhibit 
the growth of E. coli. However, in distinction to strong antibacterial 
activity exerted by human milk collected at various times after the par
turition, bovine milk is active only during the period of colostrum pro
duction; even five-times concentrated bovine milk does not exert any 
antibacterial activity. The antibacterial activity of colostrum and milk 
samples can be alleviated by adding iron or enterochelin (25). These 
findings may explain why the count of E. coli in the feces of bottle-fed 
babies tends to be much higher than in breast-fed babies (65). It seems 
that lactoferrin in milk may play a protective role in the resistance of 
newborn animals to enteritis caused by E. coli. 
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Mammalian mitochondria have evolved a transport system 
to accumulate iron from the environment (cytosol) and are 
able to utilize Fe(III) of certain synthetic low molecular 
weight complexes. The process represents a unidirectional 
transport of Fe(II) across the inner membrane and is driven 
by energy derived from coupled respiration or ATP hydroly
sis and by dissipation of an electric potential gradient of K+. 
The uptake requires reducing equivalents, such as those 
supplied by the respiratory chain. The iron appears to be 
tightly bound to protein ligands although not detectable by 
EPR spectroscopy. The iron can be used for biosynthesis of 
heme and possibly for iron—sulfur centers within the mito
chondria. The chemical nature of the cytosolic iron donor 
and regulatory mechanisms of the mitochondrial accumula
tion of iron are discussed. 

Λ11 l i v i n g organisms requi re i r o n a n d are faced w i t h the p r o b l e m of 
accumula t ing a sufficient amount of this me ta l f rom the environment . 

I n mammals i r on is taken u p p redominan t ly i n the d u o d e n u m a n d je junum 
( 1 ) a n d is t ransported to b o d y cells i n extracel lular fluid b y the specific 
i ron -b ind ing pro te in t ransferr in (2). T a k e n u p b y i n d i v i d u a l cells, i r o n 
is ei ther stored as fer r i t in a n d hemos ider in (3) or is used for b iosynthe t ic 
purposes, no tab ly synthesis of heme proteins (4, 5) a n d non-heme i r o n 
proteins ( 6 ) . Thus , i n the overa l l me tabo l i sm of i r o n i n m a m m a l i a n 
organisms several pe rmeab i l i t y barriers exist, a n d a de ta i led unders tand
i n g of the transport mechan i sm of the me ta l across b io log i ca l membranes 
is essential for an unders tanding of its metabo l i sm i n h igher organisms. 
So far, however , the mechan i sm b y w h i c h i ron is taken u p a n d transferred 
across b io log i ca l membranes is poor ly unders tood. 

78 
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W i t h i n the past f e w years, there has been considerable progress i n 
unders tanding the ro le p l a y e d b y the m i t o c h o n d r i a i n the ce l lu lar homeo
stasis of i r on . T h u s , e r y t h r o i d cells d e v o i d of m i t o c h o n d r i a do not 
accumulate i r o n (7 , 8), a n d inhib i tors of the m i t o c h o n d r i a l respiratory 
c h a i n complete ly i n h i b i t i r o n uptake (8 ) a n d heme biosynthesis ( 9 ) b y 
ret iculocytes . F u r t h e r m o r e , the enzyme ferrochelatase ( protoheme ferro-
lyase, E C 4.99.1.1) w h i c h catalyzes the insert ion of F e ( I I ) into por 
phyr ins , appears to be m a i n l y a m i t o c h o n d r i a l enzyme (JO, 11,12,13,14) 
conf ined to the inner m e m b r a n e (15, 16, 17). F i n a l l y , the importance of 
m i t o c h o n d r i a i n the intrace l lu lar metabo l i sm of i r o n is also evident f r o m 
the fact that i n disorders w i t h deranged heme biosynthesis , the m i t o 
chondr ia are heav i ly l oaded w i t h i ron (see " M i t o c h o n d r i a l I ron P o o l , " 
b e l o w ) . It w o u l d therefore be expected that mi to chondr ia , of a l l m a m 
m a l i a n cells, shou ld be able to accumulate i r o n f r o m the cytosol . F r o m 
the permeab i l i ty characteristics of the m i t o c h o n d r i a l inner m e m b r a n e 
(18) a spec ia l i zed transport system analogous to that of the other m u l t i 
va lent cations ( for rev iew, see Ref . 19 ) m a y be expected. T h e re lat ive ly 
s low deve lopment of this field of study, however , m a i n l y reflects the di f f i 
culties i n s tudy ing the chemistry of i ron . 

Methodological Problems 

I n contrast to studies on the a c c u m u l a t i o n of C a 2 + , S r 2 + , M g 2 + , L a 3 + , 
a n d K + ( 19), studies o n the accumulat i on of i r o n b y iso lated m i t o c h o n d r i a 
have to take into account the extreme inso lub i l i t y of F e ( I I I ) at neut ra l 
p H , the format ion of i r o n complexes w i t h h i g h stabi l i ty constants, a n d 
the redox ac t iv i ty of i r on . T h u s , i n order to overcome these difficulties 
of w o r k i n g i n the phys io log i ca l p H range, i t is necessary to use a complex 
of i r o n w h i c h is soluble at neutra l p H . 

A l t h o u g h there is some exper imenta l evidence w h i c h points to a 
b i n d i n g of i r o n ions b y specific cytosol ic proteins (see " C y t o s o l i c I r o n 
D o n o r , " b e l o w ) , these proteins, w i t h the exception of transferr in , are 
avai lable only i n minute quantit ies , a n d the nature a n d extent of i r o n -
pro te in interactions are poor ly understood. Therefore , a n u m b e r of n o n 
pro te in i r o n chelates have been s tud ied as possible m o d e l donor c o m 
plexes ( T a b l e I ) . Because of the h i g h stabi l i ty constants of, for example , 
the F e ( I I ) / F e ( I I I ) - 8 - h y d r o x y q u i n o l i n e a n d F e ( I I I ) - A D P complexes 
(20), these i r on - che la te complexes are unfavorable as i r on donors, a n d 
i n fact no energy-dependent uptake of i r on has been detected u s i n g these 
complexes (21, 23). 

W e have f ound , however , that the ferr ic complex w i t h sucrose is 
suitable for this purpose. A l t h o u g h the complex does not represent a 
homogenous molecu lar species, i t is stable a n d h i g h l y so luble i n water 
at neut ra l p H at a rat io of iron:sucrose < 1:40 a n d has a favorable over-
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80 BIOINORGANIC C H E M I S T R Y II 

Table I. Iron Complexes Used in the Study of Mitochondrial Iron 
Accumulation by Heart and Liver Mitochondria 

Type of Accumulation 

Energy- Energy-
Compound dependent independent References 

Nonprotein chelates 

F e ( I I I ) - A D P — + 1J> 
F e ( I I I ) - 8 - h y d r o x y q u i n o l i n e — -\- 21 
F e ( I I ) - 8 - h y d r o x y q u i n o l i n e — + Λ Λ 

Fe( I I I ) - sucrose ° +b + 23,24,27-32 

Protein chelates 

F e ( I I I ) - p h o s v i t i n a ' c — + 50 
T r a n s f e r r i n d + e + 5 3 

"Polynuclear Fe(III) complexes. 
h Approximately 7 nmol · 30 sec"1 · mg of protein"1. 
c From avian egg yolk. 
d Partly saturated. 
e See text, 

a l l d issociat ion constant, w h i c h permits the complex to be dissociated 
b y interact ion w i t h the m i t o c h o n d r i a l membranes ( F i g u r e 1 A ) (23). A 
h i g h concentrat ion of the l i g a n d (sucrose) i n the inc ub a t i on m e d i u m 
contributes to this stabi l i ty . F u r t h e r m o r e , the complex is amphoter i c 
(24) a n d s l ight ly negatively charged at neutra l p H ; the m a i n species has 
a pZ 4°c of 5.7. T h e l i g a n d is metabo l i ca l ly inert (25), a n d the m i t o c h o n 
d r i a l inner m e m b r a n e is impermeab le to the complex as w e l l as to the 
l i g a n d (26). I n spite of some c o m p l i c a t i n g factors re lated to its u n i q u e 
chemistry , the F e ( I I I ) - s u c r o s e complex has been successfully used i n 
our laboratory to study the process of i r o n ac cumula t i on b y m i t o c h o n d r i a 
(23,24, 27-32). 

Energy-Dependent Accumulation of Iron by 
Isolated Rat Liver Mitochondria 

D e t a i l e d k inet i c measurements of the i n i t i a l rates of i r o n uptake b y 
rat l iver m i t o c h o n d r i a have been carr i ed out i n this laboratory d u r i n g 
the last f ew years us ing 5 9 F e ( I I I ) - s u c r o s e as the donor complex (23, 24, 
27-32). T h e general features g iven i n T a b l e I I support the concept that 
i r o n , l ike other cations, is ac cumulated b y an energy-dependent as w e l l 
as a n energy- independent mechanism, a n d these t w o processes have 
different t ime, p H , a n d temperature dependencies. 

T h e energy-dependent uptake , w h i c h b y def ini t ion is sensitive to 
uncoupler , is supported b y endogenous respirat ion a n d l o w concentra-
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4. F L A T M A R K A N D R O M S L O Iron Transporting System 81 

tions of A T P , a n d uncoupler-sensit ive uptake is also increased b y a n 
electric potent ia l gradient of K + (see T a b l e I i n Ref . 31). T h e energ ized 
uptake is a r a p i d process w i t h saturation kinet ics . It is s t imulated b y K * 
a n d M g 2 + a n d is i n h i b i t e d b y complex ing agents such as phosphate , 
carboxylates, a n d A D P as w e l l as A T P at higher concentrations. It is 
sensitive to the same cations a n d S H - g r o u p reagents w h i c h i n h i b i t C a 2 + 

O u t e r m e m b r a n e Inner m e m b r a n e M a t r i x 

Β Respiratory chain 

• Rotenone 
Antimycin 

-FedlD - r^FeOl)-

Ca2*(La3 +) 
Uncouplers 

ι Ferro- \ 
'chelatase1 

Primarily 
conserved ι 

Fe(Il)- - -Fe(H)-

f 
w 

- Fe(lll) -
/ \ 

" Non-ferritin 
storage 

complex(es)" 

Figure 1. Schematic of binding, oxidation-reduction, and transport of iron by 
intact rat liver mitochondria. 

A. Passive binding of Fe(III)-Ln complex and Fe(III) to ligands (acceptor sites) of the 
outer membrane ana the outer phase of the inner membrane. Fe(III)—Lm represents a 
soluble chelate complex of Fe(III) with a sufficiently low stability constant, e.g., poly-
nuclear Fe(III)-sucrose complex(es). B. reduction of membrane-hound Fe(III) to 
Fe(II) by the respiratory chain at the level of cytochrome clcytochrome a and energy-
dependent active transport of Fe(II) across the inner membrane. See text. This model 

is based on Refs. 23, 24, 27-32. 
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82 B I O I N O R G A N I C C H E M I S T R Y II 

Table II. Properties of the Iron Accumulation by Isolated Rat Liver 
Mitochondria Using 5 9Fe(III)-Sucrose as Iron Donor" 

Properties 

Sensitive to uncoupler 
Supported by 

endogenous respiration 
A T P (low cone.) 
electric potential gradient of K + < 

Kinetics 
rate of accumulation 

(nmol · 30 sec"1 · mg prot - 1) 
saturation 
p H optimum 
T p optimum 
K + 

M g 2 + 

P i , carboxylates, A D P 

Inhibition by 
E D T A Ν 
T T F A d J 
L a 3 + or C a 2 + f 
ruthenium red 
hexamine cobalt (III) chloride 
P H M B d 

N E M * 

V 

ι 

Energy-
dependent 

+ b 

+ + 

7.6 ± 1.5 
+ 
7.3 

25°C 
stimulation 
stimulation 
inhibition 

Energy-
independent 

20-40 

6.3 
> 30°C 

stimulation 
inhibition 

+ 

( + ) 
( + ) 

a F r o m Refs . 23, 24, 27-62. 
h B y definition. 
c Generated b y suddenly releasing internal K + with v a l i n o m y c i n . 

d T T F A , l [ thenoyl - (2 ' ) ] -3 ,3 ,3 - tr i f luoracetone ; P H M B , p - h y d r o x y m e r c u r i b e n z o -
ate ; N E M , n -ethylmale imide . 

uptake. F u r t h e r m o r e , C a 2 + inh ib i ts compet i t ive ly the energy-dependent 
accumulat i on of i r o n whereas i t has no effect on the energy- independent 
ac cumulat i on ( F i g u r e 2 ) . R a t l iver mi to chondr ia possess so-cal led h i g h -
a n d low-aff inity b i n d i n g sites of i r on as prev ious ly descr ibed for C a 2 + 

(27), a n d the i r on accumulated b y the energy-dependent m e c h a n i s m 
was recovered m a i n l y i n the matr ix ( ~ 6 0 % of the tota l ) a n d the inner 
membrane ( ~ 3 0 % of the t o ta l ) . T h i s supports the v i e w that the so-
ca l l ed high-aff inity b i n d i n g represents an i r o n transfer across the inner 
membrane (27, 28) ( F i g u r e 1 B , see also "Transpor t F o r m of I r on , " 
b e l o w ) . O n the other h a n d , most of the energy- independent i r o n accu 
m u l a t i o n is confined to the outer (~ 5 5 % ) a n d inner membrane (~ 3 5 % ) 
a n d largely represents a b i n d i n g of the F e ( I I I ) - s u c r o s e complex (es) to 
these membranes (27, 28) ( F i g u r e 1 A ) . A s expected the degree of 
energy-dependent uptake i n state 1 (endogenous) respirat ion depends 
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4. F L A T M A R K A N D R O M S L O Iron Transporting System 83 

on the energy state ( F i g u r e 3 ) , a n d the accumulat i on of C a 2 + a n d i r o n 
appears to operate at almost the same leve l of the m i t o c h o n d r i a l energy 
potent ia l ( 31 ) . O n the other h a n d , whereas the accumulat i on of C a 2 + is 
s t imulated b y a d d i n g exogenous substrates, that of i r o n is large ly i n h i b 
i t ed even i n t ight ly c oup led mi to chondr ia . T h i s i n h i b i t i o n of i r o n accu 
m u l a t i o n is caused b y the h i g h stabi l i ty of the i ron complexes w t i h d i -
a n d t r i carboxy l i c acids (20). 

D e p e n d i n g on the metabo l i c state, F e ( I I I ) - s u c r o s e m a y st imulate 
as w e l l as i n h i b i t the respirat ion rate of isolated rat l iver m i t o c h o n d r i a 
(32). I n state 1 respirat ion (i .e., i n the absence of exogenous substrate 
or A D P ) the a d d i t i o n of F e ( I I I ) - s u c r o s e lowers the rate of oxygen 
uptake . T h i s i n h i b i t i o n of respirat ion is caused b y a reduc t i on of F e ( I I I ) 
to F e ( I I ) pr i o r to its transport across the inner membrane (23, 32) (see 
F i g u r e 1 Β a n d the text, b e l o w ) . 

1.0 
I 

" A 
ι I 

0.5 

I I I Ε 
c ο 

Ε 

0.2 I I 1 

Β 
ο _ 

_ ο _ 

• 
0.1 • 

ι I 1 
0 100 200 

[Ca 2 +] (μΜ) 

Biochimica et Biophysica Acta 

Figure 2. Effect of Ca2+ on the energy-depend
ent (respiratory chain linked) (A) and the energy-
independent (B) iron accumulation by rat liver 
mitochondria. The concentrations of iron were 

250 μΜ (Φ) and 83 μΜ (Ο) (27) . 
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84 BIOINORGANIC C H E M I S T R Y II 

Biochimica et Biophysica Acta 

Figure 3. Effect of the degree of 
energy coupling, measured as res-
piratory control with ADP 
(R.C.ADP), on the energy-depend
ent (respiratory chain linked) ac
cumulation of iron (A) and cal
cium (B) in respiratory state 1 (in 
the absence of Fifo) and state 4 
(with 3.3 mM succinate as the 
substrate, Φ). Rat liver mitochon

dria (31) . A D P 

Transport Form of Iron 

It has been general ly assumed that i r o n is transported across b i o 
l og i ca l membranes i n the ferrous f o r m a n d that ferr ic i r o n w o u l d have 
to be reduced before i t can be used b y the organism. T h u s , based on 
n u t r i t i o n a l studies i t has l o n g been recognized that F e ( I I ) is more 
effectively absorbed than F e ( I I I ) , a n d this has been a t t r ibuted to 
differences i n the thermodynamic a n d k inet i c s tab i l i ty of the complexes 
a n d chelates f o rmed b y these cations ( for rev iew , see Ref . 2). T h e exper i 
m e n t a l proof of a transport i n the ferrous f o rm has, however , not been 
g i v e n u n t i l qu i te recent ly i n studies of i r o n transport i n iso lated m i t o 
c h o n d r i a (23) as w e l l as i n enterobacteria (33). I n rat l iver m i t o c h o n d r i a 
w e have f o u n d that F e ( I I I ) donated f r o m a metabo l i ca l l y inert water 
soluble complex of sucrose interacts w i t h the respiratory c h a i n at the 
l eve l of cytochrome c ( a n d poss ib ly cytochrome a) (23, 32) ( F i g u r e 
I B ) , w h i c h has a o x i d a t i o n - r e d u c t i o n potent ia l of a r o u n d + 2 5 0 m V 
(34) a n d is l o c a l i z e d to the outer phase of the m i t o c h o n d r i a l inner m e m 
brane ( 3 5 ) . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

04



4. F L A T M A R K A N D R O M S L O It on Transporting System 85 

T h u s , a p r i m a r y event of the energy - l inked uptake of i r o n appears 
to be F e ( I I I ) b i n d i n g to l igands on the outer phase of the inner m e m 
brane ( F i g u r e 1 ). These l igands have a u n i q u e microenv i ronment g i v i n g 
the meta l a ha l f - reduct ion potent ia l w h i c h is h i g h enough to establ ish a 
o x i d a t i o n - r e d u c t i o n e q u i l i b r i u m w i t h the respiratory cha in . I n contrast 
to the energy-dependent a c cumula t i on of C a 2 + , that of i r o n depends not 
on ly on the presence of a n energ ized m i t o c h o n d r i a l membrane ( e.g., b y 
A T P ) , but it is closely l i n k e d to the ava i lab i l i t y of r e d u c i n g equivalents 
supported b y the respiratory c h a i n ( F i g u r e 4 ) . Recent studies (36) have 
revealed that resp i r ing m i t o c h o n d r i a catalyze the insert ion of F e ( I I ) 
into deuteroporphyr in . W h e n F e ( I I I ) is used as the meta l donor, the 
rate of heme format ion is large ly determined b y the rate at w h i c h reduc 
i n g equivalents are s u p p l i e d b y the respiratory cha in . T h e finding that 
the energized i r o n uptake revealed an absolute requirement for r e d u c i n g 
equivalents indicates that i r o n crosses the inner membrane on ly i n the 
ferrous f o r m (23). 

F r o m a funct iona l po int of v i e w i t shou ld be noted that F e ( I I ) , 
r each ing the inner compartment of the m i t o c h o n d r i a b y the energy-
dependent uptake , is not immed ia te ly ox id ized . T h i s conc lus ion is sup-

10 50 100 

Endogenous respiration (%) 
Journal of Biological Chemistry 

Figure 4. Effect of increasing degree of respiratory 
inhibition on the energy-dependent accumulation of iron 
(Φ) and calcium (O) by rat liver mitochondria energized 

with ATP (23) 
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86 B I O I N O R G A N I C C H E M I S T R Y II 

por ted b y spectroscopic a n d oxygraphic experiments (32, 36) as w e l l as 
b y electron paramagnet ic resonance ( E P R ) spectroscopy at 13.8°K of 
guinea p i g heart a n d l iver mi to chondr ia (37). T h u s , the s ignal general ly 
observed at a round g = 4.3 i n isolated m i t o c h o n d r i a a n d characterist ic 
of F e ( I I I ) i n the h igh - sp in state (see " M i t o c h o n d r i a l I ron P o o l , " b e l o w ) , 
does not change i n intensity f o l l o w i n g energized accumulat i on of i r o n 
us ing F e ( I I I ) - s u c r o s e as the i ron donor. T h i s s tabi l i ty towards ox idat ion 
is essential for us ing i r on i n heme biosynthesis (16). 

There is exper imental evidence (23) that the energized i r o n a c c u m u 
lat ion represents a un id i re c t i ona l flux of F e ( I I ) f r o m the outer to the 
inner phase of the inner membrane a n d the matr ix where i t is t ight ly 
b o u n d to l igands of a h i g h molecular we ight component ( > 1 0 6 d a l t o n ) 
not yet character ized (see F i g u r e I B ) . A s for the molecu lar basis of 
the transport of F e ( I I ) across the m i t o c h o n d r i a l inner membrane , l i t t le 
is k n o w n except that i t has m a n y features i n c o m m o n w i t h that of C a 2 + 

(27, 31). Cons iderab le evidence suggests that the transport of C a 2 + is 
med ia ted b y a carrier (38), but the chemica l nature of this carr ier is 
s t i l l uncerta in . Several pro te in factors have been isolated f r o m m i t o 
chondr ia w h i c h can b i n d C a 2 + w i t h h i g h affinity, a n d an ac id i c g lyco 
prote in has been f ound to increase the C a 2 + conductance of l e c i t h i n 
bi layers (39). 

Cytosolic Iron Donor 

Because of the l o w so lub i l i ty of F e ( I I ) a n d F e ( I I I ) i n a m e d i u m 
corresponding to the cytop lasm of l i v i n g cells, it is extremely i m p r o b a b l e 
that i o n i z e d i r on exists i n the cytosol . T h u s , i r o n is present either i n 
metabo l i ca l ly active ce l l components or b o u n d to intrace l lu lar l igands , 
a n d specific i r o n - b i n d i n g molecules have evo lved to m a i n t a i n i r on i n 
soluble f o rm useable b y the ce l l . 

It has been k n o w n for 40 years that m a m m a l i a n cells store i r on i n the 
f o r m of two complexes k n o w n as f e r r i t in a n d hemos ider in (3). W h e r e a s 
f e r r i t in is a water-so luble prote in conta in ing about 2 0 % i r on b y weight , 
hemos ider in represents insoluble granules i n w h i c h t y p i c a l f e r r i t in mo le 
cules m a y be w h o l l y or par t ly rep laced b y amorphous electron-dense 
i r o n deposits (40). U n t i l recently f e r r i t in a n d hemos ider in w e r e cons id
ered solely as storage compounds of i r o n w h i c h c o u l d be d r a w n on w h e n 
requ i red . Recent findings indicate that f e r r i t in also part ic ipates i n the 
transport of i r o n f rom degraded r e d cells i n the ret i cu loendothe l ia l system 
to the hepatocytes (41). O u r knowledge of other proteins a n d molecules 
i n the cytosol w h i c h b inds i r o n as w e l l as the m e c h a n i s m ( s ) i n v o l v e d i n 
the cytosol ic transport of i r o n i n m a m m a l i a n cells is as yet l i m i t e d . 
V i r t u a l l y no th ing is k n o w n about the f o r m ( s ) i n w h i c h i r o n is de l i vered 
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4. F L A T M A R K A N D R O M S L O Iron Transporting System 87 

to the mi to chondr ia i n v ivo . A l t h o u g h a N A D H : ( f e r r i t i n - F e ( I I I ) n ) ox i -
doreductase system has been demonstrated i n l i ver homogenates (42), 
its phys io log i ca l significance i n the r a p i d cytosol ic transport of i r o n is 
s t i l l uncer ta in (43, 44, 45, 46). I n the mucosa l cells, f e r r i t in m a y func t i on 
as part of a stable i ron poo l i n e q u i l i b r i u m w i t h a more lab i l e poo l ( 1 ). 
O t h e r possible donors have therefore been searched for. 

It has been proposed that a l o w molecu lar we ight phosphoprote in 
of phosv i t in nature (47) w h i c h b inds i r o n w i t h h i g h affinity m a y be 
i n v o l v e d i n the cytosol ic transport of i r on i n l i ver cells (48, 49), b u t n o 
energized uptake of i r on has been demonstrated such as i n isolated rat 
l iver mi to chondr ia us ing a F e ( I I I ) - p h o s v i t i n f r om av ian egg yo lk ( m o l 
w t 40,000) as the substrate ( 50 ) . T h e b i o chemica l significance of the 
cytosol ic i r on b i n d i n g phosphoprote in is therefore s t i l l uncerta in . 

I n mammals , i r o n is transported to cells of the body v i a the extra
ce l lu lar f lu id t i ght ly b o u n d to transferr in as a mono - or d i ferr i c complex , 
a n d the mechanism of i r on b i n d i n g a n d release has been s tudied ex
tensively i n recent years ( for rev iew, see Ref . 2 ) . I ron can be released 
f r om transferr in b y cells such as e ry thro id cells (bone m a r r o w cells a n d 
reticulocytes ), but the mechanism b y w h i c h these cells use i r on f rom this 
carrier is s t i l l poor ly understood. O n e of the hypotheses proposed is that 
the process of i r on exchange between transferr in a n d erythropoiet ic cells 
involves at least four stages i n c l u d i n g a progressive uptake of transferr in 
molecules into the cytosol b y surface endocytosis ( for rev iew, see Ref . 
51 ), a n d at this stage i ron becomes avai lable to the ce l l . It has been 
proposed that mi tochondr ia take an active part i n the dissociat ion of the 
i r o n - t r a n s f e r r i n complex (8, 52), but at least i n v i tro par t ly saturated 
transferr in functions as a poor i ron donor for isolated rat l iver m i t o 
chondr ia i n a convent ional incubat i on m e d i u m at neutra l p H ( 5 3 ) ; 
an energized uptake of only 2 - 3 p m o l · 15 m i n " 1 · m g of pro te in" 1 was 
measured as compared w i t h 30 -40 p m o l · 15 m i n " 1 · m g of pro te in" 1 at 
p H 6.2. T h e l o w donor ac t iv i ty of transferr in a r o u n d p H 7.0 as c o m 
p a r e d w i t h its potency at l ower p H p r i m a r i l y reflects the p H - d e p e n d e n c e 
of the i r on b i n d i n g a b i l i t y of transferr in (51). T h u s , there is no c o n c l u 
sive evidence to support the recent proposal (52) that transferr in is the 
immediate donor of the m i t o c h o n d r i a l i r o n i n v ivo . 

A l o w molecular weight prote in , different f r om metal lo th ionine w h i c h 
revers ib ly b inds i r o n w i t h h i g h affinity has been isolated f rom r a b b i t 
ret iculocyte cytosol (54, 55, 56). A l t h o u g h very l i t t le is yet k n o w n about 
its phys io log i ca l properties , the molecular we ight is a round 6000, a n d 
i r on appears to be revers ib ly b o u n d under phys io l og i ca l condit ions. T h i s 
pro te in m a y be able to mob i l i z e i r on f rom the p lasma membrane a n d 
donate i t for heme a n d ferr i t in biosynthesis ( 5 6 ) , b u t no def init ive p h y s i o 
l og i ca l role for " s ideroche l in" has been established. 
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88 BIOINORGANIC C H E M I S T R Y II 

Cell Differentiation and Mitochondrial Iron Metabolism 

T h e parenchymatous l i ver cells ( hepatocytes ) h o l d a key pos i t ion 
i n the overal l metabo l i sm of i r o n (57, 58, 59, 60), a n d since funct iona l ly 
intact l iver mi to chondr ia can be convenient ly prepared at h i g h y i e l d , 
these mi tochondr ia have been most extensively s tudied so far. T h e i r o n 
t ransport ing system discussed above for l iver mi to chondr ia is present 
also i n mi to chondr ia f rom other tissues a n d a n i m a l species ( T a b l e I I I ) . 
Quant i ta t ive ly , e ry thro id cells of the bone m a r r o w p lay the most i m p o r 
tant role i n the overa l l metabo l i sm of i r on (61), a n d i t was therefore not 
unexpected to find that the energized uptake of i ron b y isolated ret i cu lo 
cyte mi tochondr ia exceeds that of mi to chondr ia isolated f rom, for exam
ple , l iver , k idney , a n d heart ( T a b l e I V ). T h u s , a re lat ionship appears to 
exist between the rate a n d extent of heme prote in turnover i n mi tochon 
d r i a isolated f rom different tissues a n d their energized i ron accumulat i on 
(30). T h u s , it is evident that ce l lu lar di f ferentiation is expressed at the 
mi to chondr ia l l eve l by modu la t i on of the act iv i ty of essential functions 
re lated to i r on transport a n d heme biosynthesis. 

Biochemical Significance of the Iron 
Transporting System of Mitochondria 

T h e role of m i t o c h o n d r i a i n the regulat ion of cytoplasmic C a 2 + 

act iv i ty is w e l l documented a n d now generally accepted (62, 63, 64, 65, 
66). Recent studies have establ ished important functions also i n i r on 
metabo l i sm. I n mammals , approx imate ly 7 0 % of the b o d y i r on is 
i n v o l v e d i n the transport a n d storage of oxygen, a n d protoheme I X , the 
prosthetic group of hemog lob in a n d m y o g l o b i n , represents the most 
abundant organic i ron -conta in ing compound . T h u s , the biosynthesis of 
protoheme I X no doubt quant i tat ive ly represents the most impor tant 
p a t h w a y of the intrace l lu lar metabo l i sm of i r on (61). T h e role p l a y e d 
b y m i t o c h o n d r i a is therefore very important since the final step i n the 

Table III. The Iron Content and Most Common Forms of 
Iron in Isolated Rat Liver Mitochondria" 

nmol · mg of protein'1 

a F r o m Ref . 67. 
b D e t e r m i n e d f r o m the reduced minus oxidized difference spectra. 
c I r o n which under m i l d reducing conditions (ascorbate + A ^ N , i V ' , i V ' - t e t r a m e t h y l -

p -phenylenediamine) reacts with bathophenanthrol ine sulfonate in the presence of the 
F e ( I I ) ionophore X -537 A ( H o f f m a n - L a R o c h e Inc., N u t l e y , N . J . ) . 

T o t a l i ron 
H e m e proteins ( cy tochromes ) b 

I r o n - s u l f u r centers 
Other non-heme i r o n c 

3.9 ± 0.9 (n = 12) 
1.38 -1 .40 
not determined 
1.47-1.53 
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4. F L A T M A R K A N D R O M S L O Iron Transporting System 89 

Table IV. Energy-Dependent Accumulation of Iron and Calcium 
by Mitochondria Isolated from Reticulocytes 

and Various Organs of Rabbit a 

Mitochondria 

Respiratory 
Control 
Values 

Ion Accumulated 
(nmol/mg protein) 

Irona,b Calcium0 

Ratio 
Fe:Ca 

Ret i cu locy te 
K i d n e y 
L i v e r 
H e a r t 
Spleen 

1.6 
3.9 
2.7 
2.9 
1.6 

18.3 
10.5 

8.0 
3.6 
2.2 

20.1 
105.9 

50.5 
174.9 

34.6 

0.910 
0.099 
0.158 
0.021 
0.042 

α F r o m Ref . 29. 
b Endogenous respiration. 
c State 4 respiration. 

biosynthesis of heme, the insert ion of F e ( I I ) into p r o t o p o r p h y r i n I X , 
appears to be m a i n l y a mi to chondr ia l enzyme (10, 11, 12, 13, 14) p r o b 
ab ly confined to the inner face of the inner membrane (15, 16, 17). T h e 
conclusions based on our i n v i tro studies are also supported by several 
observations i n v ivo . T h u s , i n reticulocytes the uptake of i r on b y m i t o 
chondr ia has been shown to depend on metabol i c energy ( 8 ) , a n d i n 
disorders w i t h deranged heme biosynthesis, the mi tochondr ia are heav i ly 
l oaded w i t h i ron (see b e l o w ) . 

Mitochondrial Iron Pool and Its Regulation 

W h e n mammals ingest more i ron than they need for b iosynthet ic 
purposes, this excess is stored i n most tissues, but m a i n l y i n l iver , spleen, 
a n d bone marrow. A t phys io log i ca l levels of i r on i n the tissues, the 
storage f orm is predominant ly ferr i t in i n the cytosol , but at h igher con
centrations of i r on , hemos ider in is also f o rmed a n d deposited i n the 
same ce l l compartment (19). I n add i t i on to the cytosolic i r on deposit , 
the mi tochondr ia conta in some non-heme i r on different f r om the i r o n -
sulfur proteins of the respiratory cha in (37, 67). A fract ion of this i r on 
is detectable b y E P R spectroscopy b y its resonance at a round g = 4.3 
(37) characterist ic of F e ( I I I ) i n the h i g h - s p i n state a n d is accessible to 
reduct i on b y substrates (37) a n d to react ion w i t h i r on chelators (67). 
T a b l e I I I gives the d i s t r ibut i on of i r on i n l iver mi to chondr ia i n rat. 
A c c o r d i n g to i r on a n d heme analyses there is more non-heme than heme 
i ron , a n d the non-heme i ron , w h i c h is not i n v o l v e d i n the electron trans
port cha in , accounts for a significant p o o l of the mi to chondr ia l i r on . 
Recent studies b y H a n s t e i n et a l . (68) seem to indicate that the m a g n i 
tude of this i r on poo l may vary w i t h the total i r on b o d y content. 

I ron l oad ing of mi to chondr ia is observed i n s ideroblast ic anemia i n 
b o t h animals a n d m a n (for rev iew, see Ref . 69). T h e prototype of this 
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90 B I O I N O R G A N I C C H E M I S T R Y I I 

group of anemias is py r idox ine deficiency, where the number of sidero-
blasts i n the bone m a r r o w increases ( 7 0 ) , and their m i tochondr i a are 
heav i ly loaded w i t h i ron . Elec t ron-dense i r on part icles have been found 
i n the space be tween the m i t o c h o n d r i a l cristae, a n d the mi tochondr i a are 
morpho log i ca l l y dis tor ted a n d swol len . Ne i the r e lectron mic roscop ic 
(71) nor i m m u n o l o g i c a l studies (72) support the conc lus ion that these 
part icles represent ferr i t in as o r ig ina l ly proposed (73). The re is exper i 
menta l evidence that the accumula t ion of mi tochondr i a l i r on results f rom 
an i m p a i r e d heme biosynthet ic pa thway of, for example, the i ron use (for 
rev iew, see Ref. 6 9 ) , as w e l l as an increased i r o n uptake b y e ry th ro id 
cells f rom i n h i b i t e d heme synthesis (74). Thus , the cytosol ic h e m i n p o o l 
appears to be a natura l negative feedback regulator of i ron uptake (75) 
b y i n h i b i t i n g the dissociat ion of i ron- t ransfer r in complex i n e ry th ro id 
cells (76) as w e l l as the energy-dependent i ron accumula t ion (77). 

H o w e v e r , du r ing the most act ive phase of heme synthesis i n matur
i n g e ry th ro id cells, there is a m a r k e d shift i n the loca l i za t ion of ce l lu la r 
i r o n f rom a membrane b o u n d p o o l to the cytosol (78). Moreove r , as 
s h o w n b y Y o d a a n d Israel ( 7 9 ) , mi tochondr i a incuba ted i n ce l l sap or 
sucrose synthesize equivalent amounts of heme, bu t those i n sucrose 
release on ly a smal l amount of heme to the su r round ing m e d i u m . I n 
other words , the release of heme from the mi tochondr i a seems to depend 
on p ro t e in ( s ) i n the suspending m e d i u m . Thus , the cytosol appears to 
faci l i ta te the uptake of i ron b y the mi tochondr i a as w e l l as the release of 
heme f rom the mi tochondr i a . 
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5 

Genetically Controlled Chemical Factors 

Involved in Absorption and Transport of 

Iron by Plants 

JOHN C. BROWN 

U.S. Department of Agriculture, Agricultural Research Service, 
Plant Stress Laboratory, Beltsville, Md. 20705 

Plant use of iron depends on the plant's ability to respond 
chemically to iron stress. This response causes the roots to 
release H + and "reductants," to reduce Fe3+, and to accu
mulate citrate, making iron available to the plant. Reduc
tion sites are principally in the young lateral roots. Azide, 
arsenate, zinc, copper, and chelating agents may interfere 
with use of iron. Chemical reactions induced by iron stress 
affect nitrate reductase activity, use of iron from Fe3+ 

phosphate and Fe3+ chelate, and tolerance of plants to 
heavy metals. The iron stress-response mechanism is adap
tive and genetically controlled, making it possible to tailor 
plants to grow under conditions of iron stress. 

The amount of Fe3+ iron available in the aqueous solutions of most cal
A careous soils is insufficient for p lant g r o w t h (I) . A b o v e p H 4.0, the 

F e 3 + ac t iv i ty i n solut ion decreases a thousandfold for each un i t increase 
i n p H ( 2 ) . O e r t l i a n d Jacobson ( I ) indica te that at p H 9, the saturat ion 
concentra t ion of bo th ca t ion forms of i r on drops b e l o w 10" 2 0 m o l / 1 . i n a 
solut ion i n e q u i l i b r i u m w i t h a tmospheric oxygen. Y e t an iron-deficient 
( ch lo ro t i c ) and iron-sufficient (green) p lan t of the same species can 
g r o w side b y side ( F i g u r e 1) i n an a lka l ine envi ronment ( 3 ) . I n such 
instances, the t w o cult ivars usual ly differ on ly i n their genetic ab i l i t y to 
respond to i r o n stress. T h e chemica l reactions i n d u c e d b y i ron stress 
make i ron avai lable to the plant , a n d plants are classified iron-efficient 
i f they respond to i r o n stress and iron-inefficient i f they do not. Plants 
requi re a con t inu ing supp ly of i r on to ma in t a in proper g rowth . S ince i r o n 
stress occurs i n m a n y a lkal ine soils, iron-inefficient plants often become 
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94 B I O I N O R G A N I C C H E M I S T R Y II 

chlorot i c a n d die . T h e c h e m i c a l factors i n v o l v e d i n i r o n absorpt ion a n d 
transport i n plants are descr ibed here b y contrast ing iron-ineff icient a n d 
iron-efficient plants . 

Iron Supply 

I r o n is most c ommonly s u p p l i e d to plants b y the seed, b y the g r o w t h 
m e d i u m , or as a spray. T h e germinat ing seed usua l ly contains sufficient 
i r o n to meet the plant 's requirements i n the seedl ing stage ( 4 ) . H y d e 
et a l . (5 ) suggested that phyto fe r r i t in was a f o rm of i r o n stored for use 

Figure 1. Iron-efficient Hawkeye (left) and iron-ineffi
cient Τ203 soybean (right) grown together on an alka
line soil (pH 7.5). Only Τ203 soybean developed iron 

deficiency. 

b y the y o u n g seedl ing i n cotyledons of pea. A m b l e r a n d B r o w n (6 ) 
showed that c h e m i c a l factors that interfere w i t h uptake of i r o n f r o m 
the g r o w t h m e d i u m do not interfere w i t h p l a n t use of i r o n f r o m the 
cotyledons. I r o n a d d e d as a spray is not t ransported a w a y f r o m the 
a p p l i c a t i o n area. T h u s , i r o n n u t r i t i o n prob lems appear to b e centered 
i n the roots a n d o n c h e m i c a l factors that affect uptake a n d translocat ion 
of i r o n f r o m the g r o w t h m e d i u m . 
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5. B R O W N Absorption and Transport of Iron by Plants 95 

Role of the Rootstock in Iron Use 

R e c i p r o c a l approach grafts of iron-ineff icient on iron-efficient root-
stocks showed that i r o n transport is contro l led b y the rootstock of tomato 
( T a b l e I ) (7 ) a n d of soybean ( 8 ) . A l t h o u g h the i r o n concentrat ion of 
iron-ineff icient T3238fer tomato roots was s imi lar to that of iron-efficient 
T 3 2 3 8 F E R tomato roots ( T a b l e I ) , less i r o n was transported to the 
T3238fer tops because T3238fer roots d i d not respond to i r o n stress. 
L i k e w i s e i n soybeans, autoradiographs showed that 5 5 F e was not trans
por ted to the n e w leaf that deve loped after the iron-efficient top was 
grafted to the iron-ineff icient rootstock (8). T h e n e w leaf was chlorot i c 
because the iron-ineff icient rootstock c o u l d not supp ly 5 5 F e to i t . 

Table I. Iron Concentration in Tops and Roots of Iron-inefficient 
T3238fer (t-fer) and Iron-efficient T3238FER ( T - F E R ) 

Tomatoes as Affected by Tomato Rootstock (7) 

Iron ffig/g) 

Experiment (a) Experiment (b) 

Approach Grafts top root top root 

t - fer top on t - fer root 63 715 12 1160 
t- fer top on T - F E R root 124 340 192 618 
T - F E R top on t - fer root 43 229 17 338 
T - F E R top on T - F E R root 121 692 130 740 

Physiologia Plantarum 

"Plant Response to Iron Stress 

Several products or b i o c h e m i c a l reactions occur only i n iron-efficient 
plants i n response to i r o n stress: 

( 1 ) H y d r o g e n ions are released f r om the roots. 
(2 ) R e d u c i n g compounds are released f r o m the roots. 
( 3 ) F e r r i c i r o n is r educed at the roots. 
(4 ) O r g a n i c acids ( p a r t i c u l a r l y c i trate) are increased i n roots. 

Response to i r o n stress is adapt ive a n d genet ica l ly contro l l ed i n corn 
(Zea mays L . ) ( 9 ) , soybeans (Glycine max ( L . ) M e r r . ) ( 1 0 ) , a n d 
tomato (Lycopersicon esculentum M i l l ) ( I I ) . 

Hydrogen Ion Release from Roots. I n nutr ient solutions w i t h no 
a d d e d i r o n a n d n i t rogen avai lab le on ly as N 0 3 - N , the first i n d i c a t i o n of 
i r o n stress is that the t e r m i n a l leaves of iron-efficient T 3 2 3 8 F E R tomato 
deve lop inc ip i ent chlorosis. A l m o s t s imultaneously , h y d r o g e n ions were 
released f r o m their roots. T h i s r educed the p H of 8 1. of nutr ient f r o m 
approx imate ly 6.4 to 4.4 i n 24 hr ( i r o n stress) a n d increased p H f r o m 
4.4 to 6.6 w i t h i n the next 24 h r ( F i g u r e 2 ) , because i r o n repressed the 
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96 BIOINORGANIC C H E M I S T R Y II 

Figure 2. Plant-induced pH 
changes of nutrient solutions 
caused by differential iron-stress 
response of 25-day old T3238fer 
( ; and T328FER ( ; 
tomato plants placed in nutrient 
solutions lacking iron and contain
ing only NOs-N. The pH 
dropped at day 3 when the 
T3238FER plants developed iron 

stress. 

i r o n stress-response mechan ism w h e n i t was made avai lable . W i t h i n this 
same t ime, the t e rmina l leaves changed f r om green to s l ight ly chlorot ic 
a n d then became green again . T h e t e r m i n a l leaves of the iron-ineff icient 
T3238fer tomato also deve loped i r on chlorosis but r e m a i n e d chlorot i c 
throughout this per i od because i t d i d not respond to i r on stress. 

Reducing Compound Release from Roots. I n nutr ient solutions w i t h 
no i r o n a n d ni trogen as N H 4 - N a n d N 0 3 - N , iron-efficient soybean (12) 
a n d tomato (7) released "reductants" f r om their roots i n response to 
i r o n stress. T h e t e rm "reductants" designates compounds released b y 
roots that reduce F e 3 + to F e 2 + ( F i g u r e 3 ) . " R e d u c t a n t " is released 
into so lut ion i n greatest quant i ty w h e n the p H of the nutr ient is b e l o w 
4.5. T h e amount of reductant released was determined spectrochemical ly 
i n v i t ro us ing 2,4,6-tripyridyl-5 - tr iazine ( T P T Z ) (13, 14, 15). T h e F e 2 + 

i r o n combines w i t h T P T Z to f o rm the color complex F e 2 + ( T P T Z ) 2 w h i c h 
i n water conforms to B e e r s l a w u p to about 60 μτηοΐ F e 2 + ( 15 ) . C h e l a t i n g 
agents ( i n v i t ro ) interfered w i t h reduct ion of F e 3 + b y the "reductants , " 
b u t this interference was e l iminated b y increas ing the concentrat ion of 
" reductant " i n solut ion (14). 

I r o n uptake b y iron-ineff icient soybeans was not increased w h e n 
they were p l a c e d i n nutr ient solutions that conta ined " reductant" (14). 
T h i s m a y m e a n that " reductants" i n the external so lut ion indicate a leaky 
root resul t ing f r o m the release of hydrogen into the nutr ient solut ion. 
M o r e impor tant m a y be the adapt ive p r o d u c t i o n of "reductants" ins ide 
the root or at the root surface that keeps i r o n i n the more avai lab le F e 2 + 

f o r m (13). W e have c o n c l u d e d that i r o n absorpt ion a n d transport is 
contro l led ins ide the root, a n d i r o n uptake is greatest w h i l e the i r o n -
stress-response mechanism is funct ioning . 

T h e " reductant" m a i n t a i n e d its r educ ing capac i ty even after be ing 
paper chromatographed , d r i e d , a n d p l a c e d i n a t h i n film of f e r r i c y a n i d e -
ferr i ch lor ide solut ion (10 μΐηοΐ) (14). T h e format ion of three Pruss ian 
b l u e spots on the paper i n d i c a t e d that the roots released at least three 
different reduc ing compounds . 

O v e r the past 20 yr , compounds have been ident i f ied a n d m e c h a 
nisms establ ished for m i c r o b i a l transport of i ron . F o r example, Ito a n d 
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5. B R O W N Absorption and Transport of Iron by Plants 97 

N e i l a n d s (16) suggested that excret ion of m e t a l - b i n d i n g pheno l i c acids 
d u r i n g i r o n depr iva t i on of Bacillus substilis m i g h t combat i r o n deficiency. 
W a l s h a n d W a r r e n (17) i n d i c a t e d that the pheno l i c acids a c cumula ted 
b y iron-def ic ient cultures of B. subtilis do not seem to be i n v o l v e d i n 
i r o n uptake but serve to so lubi l ize the i r o n i n the g r o w t h m e d i u m . Byers 
a n d L a n k f o r d (18) f o u n d that the a d d i t i o n of i r o n to g r o w t h cultures 
i n h i b i t e d pheno l i c a c i d excretion b y B. subtilis. O u r findings w i t h i r o n -
efficient soybean a n d tomato agree w i t h the above observations, except 
that we have not ident i f ied the " reductants / ' 

Ferric Iron Reduction at the Root. Sites of F e 3 + r educ t i on i n i r o n -
efficient soybean (13, 19) a n d tomato (20) are p r i n c i p a l l y i n the y o u n g 
la tera l roots ( F i g u r e 4 ) . Iron-ineff icient T3238fer tomato showed prac 
t i ca l ly no reduct i on i n these roots. R e d u c t i o n sites were de termined b y 
transferr ing iron-stressed T3238fer a n d T 3 2 3 8 F E R tomato to nutr ient 
solutions conta in ing F e H E D T A ( i ron-hydroxyethy lenediaminetr iacet i c 
a c i d ) a n d K 3 F e ( C N ) 6 (20). A b l u e prec ipitate , Pruss ian b lue , appeared 
i n the e p i d e r m a l areas of the root where F e 3 + was r educed b y the root. 

M o s t of the F e 3 + was reduced outside the root i n areas accessible 
to B P D S (bathophenanthro l inedisul fonate ) (20). T h i s was establ ished 

Ό 1 ~ 2 ~̂  3 ' 4 ' 5 ' 6 
DAYS 

Figure 3. Plant-induced pH changes of nutrient solutions 
(top) and release of "reductant" Fe3+ to Fe2+ (bottom) caused 
by differential iron stress response of 25-day old iron-stressed 
T3238fer and T3238FER tomato phnts placed in nutrient 

solutions lacking iron and containing NHA-N and N02-N 
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98 BIOINORGANIC C H E M I S T R Y II 

Figure 4. Roots of 25-day-old iron-stressed T3238FER (left) 
and Τ3238fer (right) tomatoes after being phced in a nutrient 
solution containing 5 mg Fe/l. as FeHEDTA and 33 mg/l. 
K3Fe(CN)6. The dark areas on T3238FER roots (left) are 
Prussian blue precipitates formed when the roots reduced Fe3* 
to Fe2+. The blue precipitate indicates the reduction sites. 

Τ3238fer roots (right) showed no reduction of Fe3+. 

b y a d d i n g B P D S to the nutr ient solutions, 1 0 % i n excess of F e 3 + . A s the 
F e 3 + was reduced , most of i t was t r a p p e d i n solut ion as F e 2 + B P D S 3 a n d 
was not transported to the p lant top (21). 

If the iron-efficient roots were g iven i r o n as F e H E D T A for 20 hr , 
then taken out of the nutr ient solutions, r insed free of F e H E D T A , a n d 
p l a c e d i n nutr ient solutions conta in ing K 3 F e ( C N ) 6 , Pruss ian b l u e f o rmed 
throughout the protoxy lem of the y o u n g lateral roots u p to the meta -
x y l e m (13). Ferrous i r on was continuous i n these areas of the roots a n d 
i n the regions of root e longat ion a n d maturat i on of the p r i m a r y 
root (13,19). 

Organic A c i d (Particularly Citrate) Increase in Roots. O r g a n i c 
acids keep i r on m o b i l e i n external so lut ion, a n d Rogers a n d Shive (22) 
suggested that they m i g h t func t i on s imi lar ly inside the p lant . C h l o r o t i c 
plants usua l ly conta in more c i t r i c a n d m a l i c acids than n o r m a l green 
plants (23,24,25,26). 
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5. B R O W N Absorption and Transport of Iron by Plants 99 

S c h m i d a n d Gerlof f (27) reported a natura l ly o ccurr ing i r on - com-
p lex ing agent i n tobacco x y l e m exudate that prevented i r o n prec ip i ta t i on 
a n d was a vehic le for t ransport ing i r on i n the p lant . T i f f in a n d B r o w n 
(28) showed that i r on i n xy l em exudate is most ly i n negat ive ly charged 
forms. I ron stress, as i t controls i r on supply to the p lant , may be the 
contro l l ing factor affecting the appearance of c itrate i n x y l e m exudate 
(21, 29). T h e para l l e l between i o n transported a n d citrate i n the x y l e m 
exudate was str ik ing . W h e n i r on increased, the c itrate increased; a 
decrease i n i r on was para l le led b y a decrease i n citrate. T h i s re lat ionship 
h e l d true whether i r on stress was p r o d u c e d i n the p lant b y l i m i t i n g the 
i r o n supp ly or by us ing z inc , az ide , or arsenate to induce i r on stress (29). 
T r a p p i n g F e 2 + at the root as F e 2 + B P D S 3 decreased the i r on supp ly to the 
p lant a n d s imultaneously decreased the citrate i n stem exudate (21). 
Tif f in (30, 31,32) ident i f ied ferr ic citrate i n the xy l em exudate of several 
p lant species b y us ing electrophoresis to f o l l ow the migra t i on of the 
chelated i ron . Sufficient citrate was always present to chelate the meta l , 
a n d any excess migrated as an iron-free f ract ion b e h i n d the i r o n -
citrate band . 

C l a r k et a l . (33) f o u n d that mal i c , acetic, a n d frans-aœnitic acids 
were ineffective i n m o v i n g 5 9 F e e lectrophoret ical ly i n acetate, c itrate, 
isocitrate, frans-aconitate, a n d malate buffers. C i t r i c a c i d m o v e d i r o n 
anodica l ly whenever present on the e lectropherogram a n d successfully 
competed w i t h the other acids for i ron . C l a r k et a l . ( 33 ) further showed 
that iron-efficient corn absorbed a n d transported more i r on i n the x y l e m 
exudate than iron-inefficient corn. B u t w h e n 5 9 F e was a d d e d i n v i tro to 
x y l e m exudate f rom the iron-ineff icient corn , the 5 9 F e m o v e d as 5 9 F e 
citrate, ind i ca t ing that there was sufficient c i tr ic a c i d i n the exudate to 
chelate the a d d e d 5 9 F e . T h e iron-inefficient corn roots do not respond 
to i r o n stress a n d lack the mechanism to supp ly i r o n for movement into 
the root. T h e translocation of i r on i n the p lant involves more than citrate 
che lat ion of i r o n i n the root. 

Mechanism of Iron Absorption and Transport 

Iron-efficient a n d iron-ineff icient plants can have several h u n d r e d 
/ x g F e / g of root, b u t the iron-ineff icient p lant m a y die f rom lack of i r o n 
i n its tops. I n contrast, iron-efficient plants respond to i r o n stress, a n d 
the root makes i r on avai lable for transport a n d use i n tops. I n a s imi lar 
w a y , i r on m a y r e m a i n i n the nutr ient so lut ion as F e 3 + chelate or F e 3 + 

phosphate a n d not be transported to the p lant top u n t i l i t is made a v a i l 
able for transport through chemica l reactions i n d u c e d b y i r o n stress. 
These observations stress the importance of a p lant b e i n g able to respond 
to i r o n stress. I ron is usual ly used i n p lant tops once i t is made avai lab le 
for transport b y the roots. 
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100 BIOINORGANIC C H E M I S T R Y II 

T h e i n d i v i d u a l reactions affected b y i r on stress can be considered as 
regu lated b i o c h e m i c a l pathways , a l though regulat ion b y i r o n is not 
understood. T h e mechanism of i r on absorpt ion a n d transport involves 
the release of hydrogen ions b y the root, w h i c h lowers the p H of the 
root zone. T h i s favors F e 3 + so lub i l i ty a n d reduct ion of F e 3 ' to F e 2 + . 
"Reduc tants " are released b y roots or accumulate i n roots of plants that 
are under i r on stress. These "reductants , " a long w i t h F e 3 + r educ t i on b y 
the root, reduce F e 3 + to F e 2 + , a n d F e 2 + can enter the root. Ferrous i r o n 
has been detected throughout the protoxy lem of the y o u n g latera l roots. 
T h e F e 2 + is p r o b a b l y kept r e d u c e d b y the " reductant" i n the root, a n d 
i t m a y or m a y not have entered the root b y a carr ier mechanism. T h e 
root -absorbed F e 2 + is be l i eved to be ox id i zed to F e 3 + , chelated b y c itrate , 
a n d transported i n the metaxy lem to the tops of the p lant for use. W e 
assume F e 2 + is o x i d i z e d as i t enters the metaxy lem because there is no 
measureable F e 2 + there ( 13), a n d F e 3 + c itrate is transported i n the x y l e m 
exudate (30, 31,32). 

Effect of Iron Stress—Response Mechanism on Other 
Biochemical Reactions 

I n d u c e d i r on stress alters b i o c h e m i c a l reactions more i n iron-efficient 
t h a n i n iron-ineff ic ient p lants , w h i c h makes the former more versati le 
t h a n the latter. L i s t e d be low are some examples where this m a y occur. 

Nitrate Reductase Activity. There are s imilar i t ies be tween i n d u c e d 
nitrate reductase ac t iv i ty a n d i n d u c e d i r o n stress response. I n bo th , 
b i o c h e m i c a l reactions are i n d u c e d , a n d a substrate is r educed ; N 0 3 to 
N 0 2 b y nitrate reductase a n d F e 3 + to F e 2 + b y a reductant act ivated i n 
response to i r o n stress. C h e m i c a l reactions i n d u c e d b y i r o n stress i n 
creased the use of i r on , a n d s imultaneously increased nitrate reductase 
ac t iv i ty i n roots ( F i g u r e 5 ) a n d i n tops of iron-efficient tomato. T h i s 
i n d u c e d nitrate reductase ac t iv i ty dec l ined w h e n i r o n was made a v a i l 
able to the plants . 

Use of Iron from Fe 3 + Phosphate. I r o n phosphate prec ip i tate was 
used b y iron-efficient soybeans w h e n F e 3 + was r educed to F e 2 + ( 1 9 ) . T h e 
F e 2 + was detected i n so lut ion as F e 2 + ferrozine [ F e 2 + 3 - ( 2 - p y r i d y l ) - 5 , 6 -
b i s (4 -pheny lsu l f on i c acid)-1,2,4, t r i z i n e ] . T h e iron-ineff icient soybeans 
deve loped i r o n chlorosis because they d i d not reduce F e 3 + to F e 2 + , a n d 
they c o u l d not use the i r o n f r o m F e 3 + phosphate. 

Use of Iron from F e 3 + E D D H A (Iron-ethylenediamine di(o-hydroxy-
phenylacetic acid)) . Iron-inefficient T3238fer tomato deve loped i r o n 
deficiency because i t c o u l d not absorb i r o n f r o m F e E D D H A ( 7 ) . I n 
contrast, the iron-efficient T 3 2 3 8 F E R tomato used i r o n f r o m F e E D D H A 
because i t c o u l d reduce F e 3 + to F e 2 + . C h a n e y et a l . (34) showed that f or 
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5. B R O W N Absorption and Transport of Iron by Phnts 101 

Fe, mg/l 

Figure 5. Nitrate reductase activity and nutri
ent solution pH for 28-day-old T3238fer and 
T3238FER tomatoes grown for 8 days at vari
ous levels of iron stress. In solutions lacking 
iron and where iron had been removed from 
the roots, iron stress developed in T3238FER 
tomato, and the pH of the nutrient solution 
decreased from 7.1 (day 2) to 4.35 (day 4). 
Nitrate reductase activity (NRA) increased in 
the roots from 2.8 (day 2) to 8.5 (day 4). No 
significant differences were noted between 
NRA of T3238fer and T3238FER roots when 
they did not respond to iron stress. *, signifi
cantly different at 1% level according to Dun
cans multiple range test. **, some iron was 
removed from roots with 21 μΜ NaEDDHA 
(ethyleneaiamine di( o-hydroxyphenylacetic 
acid)) before these plants were placed in the 

nutrient solution. 

plants to use F e 3 + f r o m several F e 3 + chelates, i t was first necessary to 
reduce F e 3 + chelate to F e 2 + chelate. T h e latter usua l ly has a m u c h l o w e r 
s tab i l i ty constant t h a n the former. 

Tolerance to Heavy Metals. I n m a n y plants , heavy metals induce 
i r o n stress. These metals seem to interfere w i t h the i r o n stress-response 
m e c h a n i s m (13) a n d i n this w a y cause i r o n chlorosis to develop. P lants 
under these condit ions w i l l d ie unless they c a n respond to i r o n stress 
a n d make more i r o n avai lable ( 35 ) . A d d i t i o n a l i r o n counteracts the effect 
of the heavy metals. 

Zinc Stress Induction of Iron Uptake. F o r some u n e x p l a i n e d rea
son, z inc stress m a y induce symptoms s imi lar to, i f not the same, as i r o n 
stress (36). I n these plants , i r o n uptake m a y increase so m u c h that i r o n 
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102 B I O I N O R G A N I C C H E M I S T R Y II 

toxic i ty symptoms develop. A d d e d z inc decreases the absorpt ion a n d 
transport of i r on (13, 29) b y decreasing the efficiency of the i r o n stress-
response mechanisms. 

Future Needs 

Some of the chemica l factors i n v o l v e d i n the mechan i sm of i r o n 
absorpt ion a n d transport i n plants have been established. These reactions 
are genet ical ly cont ro l led , w h i c h makes i t possible to select or deve lop 
iron-efficient plants for use i n so i l that causes i r on stress. I n a d d i t i o n 
w e need to k n o w : 

( 1 ) H o w a n d where i r o n stress changes the me tabo l i sm of the p lan t 
to accentuate i r on uptake. 

( 2 ) T h e source of hydrogen ions released b y roots. 
( 3 ) T h e ident i ty of "reductants" released b y roots. 
( 4 ) T h e reason y o u n g la tera l roots are so effective i n r e d u c i n g F e 3 + . 
( 5 ) H o w F e 2 + moves i n the root. 
( 6 ) W h e r e F e 2 + is ox id i zed to F e 3 + a n d chela ted b y citrate. 
(7 ) H o w heavy metals, arsenate, a n d az ide i n h i b i t chemica l reac

tions i n d u c e d b y i r o n stress. 
( 8 ) H o w the chemica l reactions i n d u c e d b y i r o n stress are re la ted 

to nitrate nu t r i t ion a n d the ac t iv i ty of ni trate reductase. 
( 9 ) H o w i ron f rom F e 3 + is used i n leaves. 
( 10) H o w l igh t affects i r on use. 
A n unders tanding of the basic phys io logy , b iochemis t ry , genetics, 

a n d nutr ient element interactions i n v o l v e d i n i r o n nu t r i t i on w i l l con
t r ibute t remendously to our unders tanding of per t inent b i o l o g i c a l 
processes. 
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Transport of Iron by Transferrin 

PHILIP AISEN and ADELA LEIBMAN 

Departments of Biophysics and Medicine, Albert Einstein College of Medicine, 
Bronx, NY 10461 

Transferrin provides iron for the biosynthesis of hemoglobin 
and probably also for other essential iron proteins. Both 
active sites bind iron tightly enough to resist hydrolysis but 
reversibly so that the protein undergoes many cycles of iron 
transport. These sites do not exist unless a stereochemically 
suitable anion is available to stabilize them, probably acting 
as a bridging ligand between metal and protein. The initial 
event in iron delivery by transferrin to hemoglobin-synthe
sizing red blood cells is protein binding to specific receptors 
on the cell membrane surface. In the rabbit, this receptor 
appears to be a glycoprotein. After binding, iron may be 
released from transferrin to the cell by attack on the stabi
lizing anion. The protein is then returned to the circulation 
for another cycle of iron transport. 

TTnder the conditions found in most biologic fluids, iron is readily 
^ o x i d i z e d b y molecu la r oxygen to the ferr ic state. F e r r i c i ron , how
ever, is prone to hydro lyze , fo rming insoluble po lynuc lear ferric hydrox ide 
complexes, even at a p H as l o w as 2 ( J , 2). T o ma in ta in i ron i n soluble 
fo rm u t i l i zab le for the synthesis of essential i ron-bear ing enzymes a n d 
proteins, specific i r on -b ind ing molecules have evo lved i n many organisms. 
I n the m i c r o b i a l w o r l d these i ron-binders are re la t ive ly s imple a n d w e l l 
charac ter ized structures, w i t h hydroxamate or phenolate l igands at their 
act ive sites ( 3 ) . T h e i r funct ion is to m o b i l i z e i ron f rom its inorganic 
envi ronment and to present i t i n soluble fo rm to the organism. Fur the r 
more they m a y be expendable; i r on appears to be released f rom some of 
them for metabol ic use b y degradat ion of their molecu la r structure ( 4 ) . 

I n the vertebrate k i n g d o m , where elaborate c i rcu la tory systems serve 
tissues w i t h w i d e l y v a r y i n g i ron requirements , the transferrins, compr is 
i n g a more complex and more subtle class of i r on -b ind ing molecules , 
have evo lved for the transport of i ron . Se rum transferrin is the prototype 
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6. A i S E N A N D L E i B M A N Transport of Iron by Transferrin 105 

a n d most extensively s tud ied m e m b e r of this class. O t h e r members of the 
transferr in group i n c l u d e lacto ferr in or lactotransferr in, a pro te in w i d e l y 
d i s t r ibuted i n cells a n d fluids of external secretion, a n d c o n a l b u m i n or 
ovo-transferrin, f o u n d i n av ian egg w h i t e ( 5 ) . T h e functions of these 
latter proteins are s t i l l only poor ly understood. T h e y m a y serve i n the 
transport of i ron (6), a n d because of their a v i d affinities for i r on , they 
m a y also offer a bacteriostatic act iv i ty for their hosts b y sequestering the 
meta l a n d m a k i n g i t unava i lab le for m i c r o b i a l g r o w t h a n d metabo l i sm 
(7). B y far the most important property of serum transferr in is that it is 
the source of i r o n for the biosynthesis of hemog lob in b y the deve lop ing 
r e d b l o o d ce l l ( 8 ) . O u r concern is w i t h some of the molecu lar events i n 
the b i n d i n g of i r o n b y transferr in a n d its release to the hemog lob in 
synthes iz ing apparatus of the immature r e d ce l l . 

Fundamental Properties of Serum Transferrin 

Trans ferr in is a g lycoprote in of unremarkab le amino a c i d compos i 
t ion w i t h a molecu lar we ight i n the range 76,000-80,000 (9, J O ) . I t 
consists of a single po lypept ide cha in on w h i c h are disposed two active 
m e t a l - b i n d i n g sites. W h e t h e r these sites are ident i ca l i n structure a n d 
equivalent i n funct ion is s t i l l a l i ve ly a n d controversial quest ion some 30 
years after the discovery of transferr in (11). W h e n considered as a 
h y d r o d y n a m i c prolate e l l ipso id of revo lut ion , the prote in is asymmetr ic , 
w i t h an axia l ratio of about 2.5- or 3 - t o - l for the apoprote in , w h i c h 
decreases as i r on is b o u n d (12, 13). T h e interactions responsible for the 
metal -dependent shape change, a n d its phys io log ic significance, i f any, 
remains u n k n o w n . 

Perhaps the most s t r ik ing chemica l property of transferr in is that its 
i r o n - b i n d i n g act iv i ty is exhib i ted only w h e n a suitable anion is avai lable 
for concomitant b i n d i n g (14, 15,16). Carbonate , or possibly b icarbonate 
(17), is the anion pre ferred b y the prote in , but w h e n a l l h y d r a t e d forms 
of carbon dioxide are exc luded f rom solut ion, a n u m b e r of other anions 
m a y also activate the m e t a l - b i n d i n g sites. These inc lude , b u t are not 
l i m i t e d to, oxalate, malonate , thioglycol late , g lyc inate , E D T A , a n d pos
s ib ly citrate (16, 18, 19). O n e anion is ob l igated for each meta l i o n 
b o u n d . T h e phys io logy a n d chemistry of the anion b i n d i n g func t i on of 
transferr in is current ly a major area of research interest. 

T h e occurrence of two i r o n - b i n d i n g sites on a s ingle -chain pro te in 
has generated m u c h speculat ion about the poss ib i l i ty of gene d u p l i c a 
t i on a n d fusion d u r i n g the b i o chemica l evo lut ion of transferr in ( 9 ) . 
A l t h o u g h w o r k based on chemica l c leavage a n d pept ide m a p p i n g was 
large ly inconc lus ive , recent analysis of the amino a c i d sequence has 
revealed interna l homologies w h i c h seem to support the gene d u p l i c a t i o n -
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106 BIOINORGANIC C H E M I S T R Y II 

fus ion hypothesis (20). A search for a p r i m i t i v e , s ingle-s ited t rans ferr in 
i n l ower vertebrates h a d not yet met w i t h u n d i s p u t e d success, however 
(21, 22). T h e b io log i c advantage, i f any, offered to the organism b y a 
two-s i ted i r on - car ry ing pro te in is s t i l l b e i n g debated (10). 

T h e isoelectric po int of transferr in depends on its content of meta l , 
since the b i n d i n g of each m e t a l i on increases the net negative charge of 
the pro te in accord ing to the equat ion (23, 24): 

F e ( I I I ) + H a - t r a n s f e m n + H C 0 3 ^ F e - t r a n s f e r r i n - H C ( V + 3 H + 

( W h e t h e r the h y d r a t e d f o rm of carbon dioxide actual ly b o u n d to 
transferr in is H C 0 3 " or C 0 3

2 " is s t i l l unsett led. I n either case, however , 
the b i n d i n g of i r o n increases the net negative charge of the pro te in a n d , 
correspondingly , its anionic m o b i l i t y . ) T h i s makes possible the electro-
phoret i c resolut ion of d i ferr ic - , monoferr ic - , a n d apotransferr in i n m i x 
tures conta in ing these three species (25, 26). A s determined b y isoelec
t r i c focusing, their isoelectric points for h u m a n transferr in are 5.0, 5.3, 
a n d 5.6, respect ively (27). 

Carbohydrate Chains of Transferrin 

T h e carbohydrate residues of h u m a n serum transferr in are d isposed 
i n two ident i ca l b r a n c h e d chains attached to asparag iny l residues a n d 
terminat ing i n sial ic a c id residues, but recent studies of their p r i m a r y 
structure b y Sp ik et a l . ( 28 ) disagree w i t h the m o d e l proposed earl ier b y 
Jamieson et a l . (29). O n e of these chains is located near the C - t e r m i n a l 
hal f -cyst ine of the pept ide c h a i n w h i l e the other is o n the inner p o r t i o n 
of the prote in cha in (30). E n z y m a t i c r emova l of the t e rmina l s ial ic a c i d 
residues does not appear to affect the i r o n - b i n d i n g or i r on -donat ing 
properties of the prote in (31). I n contrast to other des ia ly lated serum 
glycoproteins, w h i c h are very r a p i d l y c leared f r om the c i r cu la t i on i n the 
l iver , the b io log i c hal f - l i fe of homologous asiolotransferrin is on ly s l ight ly 
decreased c o m p a r e d w i t h that of the nat ive prote in (32, 33). E x p e r i 
ments w i t h glycosidase-treated transferr in have f a i l e d to demonstrate 
unequ ivoca l l y a funct iona l role for the carbohydrate moiety i n the in ter 
act ion of the pro te in w i t h its target ce l l , the ret iculocyte (34). 

Active Sites of Transferrin 

A l t h o u g h F e ( I I I ) is the most important , i f not the only m e t a l i o n 
b o u n d under phys io log i c c ircumstances, the two specific sites of trans
ferr in w i l l accommodate a var ie ty of mul t iva lent meta l ions w h i c h have 
been use fu l as spectroscopic probes of the sites. D e t a i l e d unders tand ing 
of the c h e m i c a l mechanisms u n d e r l y i n g the t ight b u t phys io l og i ca l ly 
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6. A i S E N A N D L E i B M A N Transport of Iron by Transferrin 107 

reversible b i n d i n g of i r on b y transferr in w i l l p robab ly have to await crys-
ta l l ographic studies, but some insight has already been obta ined b y 
various spectroscopic methods. I n some of the earliest studies of the 
transferrins, it was noted that pheno l i c complexes of C u ( I I ) are y e l l o w 
w h i l e those of F e ( I I I ) may be red . C o r r e s p o n d i n g complexes of the 
transferrins have s imi lar colors. O n this basis, a n d because some of the 
pro te in b i n d i n g groups have p K s greater than 10, W a r n e r a n d W e b e r 
suggested that tyrosy l residues may be coordinated to the meta l ions (23). 
T h i s was subsequently corroborated for each of the transferrins b y d i f 
ference spectrophotometric t i t rat ion of the meta l - l oaded a n d metal- free 
proteins, w h i c h revealed two or three more t i tratable tyrosine residues 
i n the absence of specif ically b o u n d meta l ions ( 35, 36 ). P r o t o n magnet i c 
resonance spectra of the i ron complexes of transferr in a n d c o n a l b u m i n , 
c ompared w i t h the d iamagnet i c g a l l i u m complexes a n d the apoproteins, 
d i s p l a y e d changes i n the aromat ic regions presumably resul t ing f rom 
broadenings of tyrosy l proton resonances b y the prox imi ty of the p a r a 
magnet i c ferr ic i on (37). A m a r k e d enhancement of the fluorescence of 
t e r b i u m i on w h e n b o u n d to transferr in was interpreted as resul t ing f r om 
energy transfer f rom a tyrosy l l i g a n d (38). F i n a l l y , G a b e r et a l . i d e n t i 
fied four resonance-enhanced R a m a n bands i n the C u ( I I ) a n d F e ( I I I ) 
complexes of transferr in w h i c h resembled closely bands g iven b y a m o d e l 
F e ( I I I ) phenolate c o m p o u n d ( 3 9 ) . S i m i l a r observations were also re 
por ted b y T o m i m a t s u et a l . (40). 

T a k e n together, these spectroscopic studies prov ide c o m p e l l i n g e v i 
dence of the invo lvement of tyrosy l residues at the active sites of trans
ferr in . C h e m i c a l modi f i cat ion of tyrosy l residues, w h i c h i m p a i r or abo l 
i sh transferrin's m e t a l - b i n d i n g properties , offers further support for this 
p i c ture (41). T h e n u m b e r of tyrosy l groups par t i c ipa t ing i n meta l i o n 
b i n d i n g is more diff icult to determine, however . I n spectrophotometric 
t i t rat ion studies, three pheno l i c O H groups were thought to be coord i 
nated to F e ( I I I ) ( 35 ) . H o w e v e r , other w o r k based on uv-di f ference 
spectrophotometry indicates that on ly two such groups m a y be i n v o l v e d 
(42). It may be pert inent that two homologous regions i n the p r i m a r y 
structure of the transferr in molecule , w h i c h m a y therefore represent 
corresponding parts of the two active sites, each conta in only two tyrosy l 
residues (20). 

T h e first suggestion that n i trogen l igands m a y also be coord inated 
to specif ically b o u n d ferr ic ions came f rom h y d r o g e n i o n t i t rat ion studies 
of transferr in (43). F o r each active site, t w o groups, p resumab ly h i s t i d y l 
residues, were t i t rated near p H 6 i n the apoprote in but not i n the i r o n -
bear ing molecule . C h e m i c a l modi f i cat ion studies ( w h i c h shou ld be c a u 
t ious ly interpreted since i t m a y be diff icult to d i s t inguish l ong range 
conformat ional effects of modi f i cat ion f r o m more specific influences at 
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108 BIOINORGANIC C H E M I S T R Y II 

the act ive sites) a n d resonance R a m a n spectroscopy also impl i ca te h i s -
t i d y l residues as meta l l igands (39, 44). D i r e c t demonstrat ion of at least 
one n i trogen l i g a n d at each specific m e t a l - b i n d i n g site has been p r o v i d e d 
b y electron paramagnet ic resonance ( E P R ) spectroscopy of the C u ( I I ) 
complex of transferr in ( 3 6 ) , b u t i t is not c lear whether this n i t rogen is 
on the imidazo le r i n g of h is t id ine . A l t h o u g h earl ier ( E P R ) studies were 
interpreted as showing the influence of t w o n i t rogen l igands (24, 45), the 
use of i sotopica l ly p u r e copper a n d spectral s imulat i on b y computer i n d i 
cates that interact ion of the C u ( I I ) e lectron s p i n w i t h only one 1 4 N 
nucleus is p r o b a b l y sufficient to account for the major features of the 
spectrum (36). 

I n deta i l ed studies of the f requency dependence of water pro ton 
re laxat ion rates i n solutions of C u ( I I ) - t r a n s f e r r i n a n d F e ( I I I ) - t r a n s 
ferr in , a water molecule was thought to be close enough to the m e t a l i o n 
(about 2 Â for the p r o t o n - F e distance) to be considered a l i g a n d (46, 47). 

F r o m these data , it appears that the l i g a n d structure at the act ive 
sites inc ludes two or three tyrosy l residues, one or two n i trogen groups 
(poss ib ly f r om the imidazo le rings of h i s t i d y l res idues ) , a n d a water 
molecule . Since the usua l coordinat ion n u m b e r of i r on is six, i t w o u l d 
seem possible to satisfy the requirements of F e ( I I I ) w i t h these l igands 
alone. T h e remarkable feature i n the specific b i n d i n g of i r on to trans
f e r r in , however , is the cooperation d i s p l a y e d between the m e t a l a n d 
an ion b i n d i n g functions of the prote in ; nei ther appears to b o n d strongly 
i n the absence of the other (14, 15, 19, 48). T h i s interdependence of 
meta l a n d anion b i n d i n g m a y indicate that the an ion is also an obl igatory 
l i g a n d of the meta l i on , perhaps b y serv ing as a b r i d g i n g l i g a n d between 
m e t a l a n d prote in (17). M a g n e t i c resonance studies of 1 3 C - a n d s p i n -
labe led anions speci f ical ly b o u n d to transferr in support this m o d e l (see 
" S p a t i a l Relat ionships of the A n i o n a n d M e t a l B i n d i n g Sites," b e l o w 
(49)). 

Anion Binding and the Iron—Protein Bond 

T h e dramat i c role of the anion can perhaps best be apprec iated 
f r o m s imple quant i tat ive considerations. I n the absence of a suitable 
anion , specific b i n d i n g of i r on to transferr in does not occur at a l l ; the 
effective b i n d i n g constant is zero. A t phys io log ic p H a n d b icarbonate 
concentrations, however , the effective b i n d i n g constant is about 5 X 
1023 j f - i (24, 50 ) . T h i s means that i n 1 L of b l o o d p lasma, i n w h i c h the 
transferr in is on ly about 3 0 % saturated w i t h i r on , there w i l l be less than 
one free ferr ic i o n or that a molecule of the f e r r i c - t rans fer r in complex 
w i l l spontaneously dissociate only about once i n 10,000 years. S ince i r o n 
is r ead i l y r emoved f r o m the transferr in molecule d u r i n g its interact ion 
w i t h the ret i culocyte w i t h o u t d i s r u p t i n g pro te in structure (51, 5 2 ) , a 
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6. A i S E N A N D L E i B M A N Transport of Iron by Transferrin 109 

specific phys io log ic mechan ism to effect this r e m o v a l must exist. P r e 
l i m i n a r y studies suggest that the anion m a y be at the heart of such a 
mechan ism (53, 54, 5 5 ) . 

T h e extraordinar i ly t ight , yet phys io log i ca l ly reversible , b i n d i n g of 
i r on b y transferr in has c l i n i c a l as w e l l as b i o c h e m i c a l impl i cat ions . L i k e 
other heavy metals, i r o n m a y be toxic a n d is a frequent cause of a c c i 
denta l po isoning i n c h i l d r e n ( 5 6 ) . F u r t h e r m o r e i n d i v i d u a l s w i t h chronic 
hemoly t i c anemia such as thalassemia (Cooley 's a n e m i a ) , whose l ives 
are sustained b y freqeunt transfusions, m a y u l t imate ly succumb to i r o n 
over load f rom the amount of i r o n necessarily imposed b y each un i t of 
b l o o d administered . A mainstay i n the treatment of such patients is 
desferrioxamine ( 5 7 ) , a t r ihydroxamate of m i c r o b i a l o r i g in ( 3 ) . T h e 
effective e q u i l i b r i u m constant for the chelat ion of i r on b y desferrioxamine 
at the p H of b lood , 7.4, is about 1 0 2 6 M " 1 ( 58 ) . Since this is substantial ly 
greater than the corresponding constant for transferr in , a n d since p h a r 
maco log i ca l ly attainable concentrations of desferrioxamine i n b l o o d are 
about 10 times greater than the concentrat ion of t rans ferr in -b ind ing sites, 
i t m i g h t be expected that the c l i n i c a l use of desferrioxamine w o u l d 
deplete i r on f rom transferr in . T h i s , however , does not occur, at least 
i n the early stages of treatment (59 ) . I n v i t ro experiments have also 
fa i l ed to demonstrate significant remova l of i r on f r om transferr in b y 
desferrioxamine (60). A l i k e l y explanat ion for this seeming paradox is 
that there is a k inet i c barr ier to e q u i l i b r i u m imposed b y the exceedingly 
l o w concentrat ion of avai lab le ferr ic i on at the p H of these studies. It 
seemed w o r t h w h i l e , therefore, to see whether the expected exchange of 
i r o n f r o m transferr in to desferrioxamine c o u l d be fac i l i ta ted b y i r o n -
complex ing agents w h i c h c o u l d also fu l f i l l the role of the an ion i n trans
ferr in (61). 

Desferr ioxamine methane sulfonate b inds 1 g atom of i r on per mole 
f o r m i n g a complex w i t h an absorpt ion m a x i m u m at 428 n m a n d a m i l l i -
mo lar ext inct ion coefficient of 2.77 (measured at p H 7.4). T r a n s f e r r i n 
has an absorpt ion m a x i m u m at 466 n m w i t h a m i l l i m o l a r ext inct ion coeffi
cient of 4.56. A c c o r d i n g l y , i t is possible to moni tor spectrophotometr i -
ca l ly the exchange of i r on between d i ferr i c transferr in a n d desferr i 
oxamine. W h e n only transferr in a n d desferrioxamine are present i n the 
react ion mixture , a s low a n d incomplete transfer of i r on f rom proteins 
to che lat ing agent is observed ( F i g u r e 1 ) ; after 140 m i n , 8 6 % of the i r o n 
is s t i l l b o u n d to transferr in . A d d i t i o n of 2.9 Χ 10" 3 M nitr i lotr iacetate , 
however , accelerates the exchange, so that at 140 m i n only 4 3 % of the 
i r on is complexed to transferr in . Increasing the concentrat ion of n i t r i l o 
triacetate to 2.9 Χ 10" 2 further enhances the transfer rate, w i t h less than 
1 0 % of the i r on then r e m a i n i n g b o u n d to transferr in after 140 m i n . N o 
significant b i n d i n g of i ron to nitr i lotr iacetate is observable i n these 
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Figure 1. Exchange of iron between transfernn (3.75 X 10~5M) and 
desferrioxamine (3.74 Χ 10~3Μ) in 0.1 Μ HEPES buffer, pH 7.4. The 
curves originating at 100% describe the iron bound to transferrin; 
the curves originating at 0% describe iron bound in ferrioxamine. 
(O—O) no addition; ( A — A ) in the presence of 2.9 X 10~3M NTA 

studies, since a l l the i r o n i n the react ion mixtures was spectrophoto-
metr i ca l l y recovered i n either transferr in or ferr ioxamine. T h e n i t r i l o t r i 
acetate must act, therefore, as a m e d i a t i n g agent to b r i n g about the 
t h e r m o d y n a m i c a l l y pred i c ted exchange of i r on . 

If, indeed , the coord inat ion requirements of i r o n b o u n d to trans
f e r r i n are f u l l y satisfied b y l igands f rom the prote in , water , a n d the 
stab i l i z ing anion , a l i g a n d exchange mechan ism must be the means b y 
w h i c h che lat ing anions such as citrate a n d nitr i lotr iacetate promote the 
exchange of i r o n between transferr in a n d desferrioxamine (61). T h e 
fact that these anions are also i ron - complex ing agents i n their o w n r ight 
m i g h t be at the heart of such a mechanism, accord ing to the f o l l o w i n g 
scheme: 

( a ) F e - t r a n s f e r r i n - b i c a r b o n a t e - f a n i o n ^ i L -
Fe—transferrin—anion + bicarbonate 

( b ) Fe—transferrin—anion r 1 ^ - transferr in -\- Fe—anion 

( c ) F e ^ a n i o n + desferrioxamine - j ^ ferr ioxamine + anion 

T h e concentrations of the ternary Fe—trans ferr in -anion species as w e l l as 
the F e - a n i o n complex are too s m a l l at any instant d u r i n g the experiment 

(61). 
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6. A i S E N A N D L E i B M A N Transport of Iron by Transferrin 111 

to be demonstrable spectroscopical ly ( 8 ) , b u t they are sufficient to 
mediate the transfer of i r on f rom transferr in to desferrioxamine u n t i l 
e q u i l i b r i u m is attained. F u r t h e r m o r e , a mechanism such as this m a y 
also under l i e the exchange of i r on between transferr in a n d other phys io 
log ic i ron-accept ing molecules ( 5 9 ) . S u c h exchange mechanisms are 
w e l l k n o w n i n coordinat ion chemistry a n d have been extensively s tud ied 
b y M a r g e r u m a n d his co-workers. F o r example, the transfer of C u ( I I ) 
f rom tr ig lyc ine , tetraglycine, or tetraalanine to E D T A , a m u c h stronger 
che lat ing agent than any of the ol igopeptides, proceeds s lowly unless a 
species to faci l i tate transfer, such as a s imple amino ac id , is present i n 
the react ion mixture (62). A s i n chelate-mediated exchange of i r on f r om 
transferr in to desferrioxamine, the postulated react ion sequence entails 
the format ion of transient ternary complexes, i n this case of C u ( I I ) , 
o l igopept ide , a n d amino ac id . A l i g a n d subst i tut ion react ion then p r o 
duces a ternary complex of C u ( I I ) , o l igopept ide , and E D T A from w h i c h 
the o l igopept ide is released to y i e l d the final a n d thermodynamica l l y 
stable product , C u ( I I ) - E D T A . Because hydrolys is prevents apprec iable 
concentrations of free or aquated F e ( I I I ) f rom occurr ing i n b io log i c 
systems, it seems l i k e l y that l i g a n d subst i tut ion sequences such as those 
postulated b y M a r g e r u m are par t i cu lar ly important i n the exchange of 
i r on among sites of i r on storage, transport, a n d ut i l i za t i on . 

T h e exchangeable water molecule coordinated to the specif ical ly 
b o u n d ferr ic i on m i g h t be another site at w h i c h l i g a n d exchange c o u l d 
be in i t ia ted . Since the anion is so c r i t i ca l i n s tab i l i z ing the metal—protein 
b o n d , a n d since i t too is exchangeable ( 6 5 ) , it seems a more attractive 
target for attack b y l i g a n d subst i tut ion. O n l y further exper imentat ion 
can choose between these possibi l i t ies . 

Spatial Relationships of the Anion and Metal Binding Sites 

I n cons ider ing the structura l basis for the s t r ik ing interdependence 
of the i r o n - a n d a n i o n - b i n d i n g functions of transferr in , Sch labach a n d 
Bates treated three possible models (16): 

( a ) T h e anion b inds only to the meta l i on . 
( b ) T h e anion b inds only to the prote in , exerting its influence on 

meta l b i n d i n g b y a conformational or allosteric effect. 
( c ) T h e anion b inds to prote in a n d to meta l i on i n an inter l o ck ing 

arrangement. 
F r o m a stereochemical analysis of b i n d i n g anions, the interlocking-sites 
m o d e l is most consistent w i t h avai lab le data. W e have approached the 
quest ion of the spat ia l re lat ionship of meta l i on a n d anion i n h u m a n 
transferr in through electron a n d nuclear magnet i c resonance spectroscopy 
(17,49). 
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Journal of Biological Chemistry 

Figure 2. Undecoupled 13C Ν MR Fourier transform spectra of Co(III)-
transferrin-CO3. (A) 13C03-labeled transferrin; (B) no label; (C) after add
ing H13C03~ to the preparation used for A. The line at 104 ppm is caused 
by 13C03 specifically bound to transferrin and is 14 Hz wide. The linewidth 

of free H13C03~ at 96 ppm is 7 Hz (32j. 

W h e n no paramagnet i c center is nearby , 1 3 C - l a b e l e d carbonate b o u n d 
to t ransferr in shou ld give rise to a sharp resonance l ine even i n p r o t o n -
u n d e c o u p l e d spectra. I n the presence of a nearby paramagnet i c m e t a l 
i on , however , the 1 3 C - s i g n a l m a y be broadened . T h e extent of this 
b roaden ing can prov ide a measure of the m e t a l - 1 3 C distance. A c c o r d 
ing ly , the specific m e t a l - b i n d i n g sites of transferr in were l oaded w i t h 
paramagnet i c F e ( I I I ) or w i t h d iamagnet i c C o ( I I I ) or G a ( I I I ) . I n each 
case, the a n i o n - b i n d i n g requirement was met w i t h 1 3 C 0 3 ; one carbonate 
b e i n g b o u n d for each m e t a l i on . A single, re lat ive ly sharp 1 3 C - N M R 
s ignal , shi f ted some 5 p p m downf ie ld f r om free 1 3 C - b i c a r b o n a t e i n the 
same solut ion, was observed i n the d iamagnet i c C o ( I I I ) - t r a n s f e r r i n -
1 3 C 0 3 ( F i g u r e 2 ) a n d G a ( I I I ) - t r a n s f e r r i n - 1 3 C 0 3 complexes against the 
b a c k g r o u n d of b r o a d resonances f rom natura l ly abundant 1 3 C i n the 
prote in . B y contrast, no s ignal for b o u n d 1 3 C 0 3 c o u l d be located i n the 
paramagnet i c F e ( I I I ) - t r a n s f e r r i n - 1 3 C 0 3 complex w i t h i n ± 4 0 0 p p m of 
its pos i t i on i n the spectra of the d iamagnet i c proteins (17). 

T h e absence of a detectable 1 3 C 0 3 s ignal f r om the paramagnet i c 
F e ( I I I ) complex of transferr in p r o b a b l y reflects b r o a d e n i n g caused b y 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

06



6. A i S E N A N D L E i B M A N Transport of Iron by Transferrin 113 

interact ion of the nuc lear s p i n w i t h the e lectronic s p i n of the m e t a l i on . 
F r o m the S o l o m o n - B l o e m b e r g e n equat ion for T2, the transverse re laxa 
t i on t ime of the 1 3 C nucleus, i t is possible to estimate the m a x i m u m dis 
tance that must separate the two spins for the resonance of the specif i 
ca l ly b o u n d 1 3 C 0 3 to become ind is t inguishable f r om noise i n the spec
t r u m . T h i s distance has an u p p e r b o u n d of 9 Â but m i g h t i n fact be 
m u c h smaller (17). 

T h i s result is interest ing b u t perhaps not very satisfying, since i t puts 
an upper l i m i t on the m e t a l - a n i o n distance w i thout u n e q u i v o c a l l y revea l 
i n g whether the an ion is d i rec t ly coordinated to the m e t a l i on . T o get 
at this quest ion, w e attached a n i t r o x y l sp in - labe led an ion to transferr in 
to determine whether its e lectron paramagnet i c resonance s ignal was 
broadened b y interact ion w i t h specif ical ly b o u n d F e ( I I I ) ( 4 9 ) . T h e 
mechan i sm of such broaden ing w o u l d be s imi lar to that i n the Ν M R 
experiments, but n o w there is an e lec tron-e lec tron interact ion rather 
than an e lec t ron -nuc lear interact ion as before. 

Since malonate (Structure I) is able to fu l f i l l the role of the an ion 
i n transferr in , i t seemed reasonable to see whether sp in - labe led d e r i v a 
tives of malonate c o u l d serve as probes of the active sites. T w o such 
sp in - lab l ed derivatives were prepared a n d tentat ively ident i f ied as h a v 
i n g structures II ( N - 4 - ( 2 , 2 , 6 , 6 - t e t r a m e t h y l p i p e r i d i n - l - o x y l ) m a l o n a m i d e ) 
a n d III ( N - 4 - ( 2 , 2 , 6 , 6 - t e t r a m e t h y l p i p e r i d i n - l - o x y l ) m a l o n a t e ) . S i m i l a r r e 
sults were obta ined w i t h each ( F i g u r e 3 ) . U p o n m i x i n g F e ( I I I ) , trans
ferr in , a n d II at l o w p H , a n d then ra is ing the p H to near -neutral i ty w i t h 
C 0 2 - f r e e a m m o n i a , the characterist ic o r a n g e - r e d color of the ternary 
F e - t r a n s f e r r i n - a n i o n complex is p r o m p t l y d i sp layed . H o w e v e r , the 
ant i c ipated E P R s ignal of the n i t rox ide sp in - labe l is not observed, p r e 
sumably because it is broadened b e y o n d detectabi l i ty b y its p r o x i m i t y 

I 

I I 

I I I 
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114 BIOINORGANIC C H E M I S T R Y II 

Proteins of Iron Storage and Transport 

Figure 3. (A) EPR spectrum at 
9.34 GHz Fe(III)-transferrin-ll 
complex at room temperature. The 
5 X 10~4M transferrin solution was 
about 90% saturated with Fe(III) 
and nitroxyldabeled malonate (com
pound II). (B) After the prepara
tion was made 5 X I0~3M in bicar

bonate (49). GAUSS 

to the large magnet i c moment of F e ( I I I ) . A d d i t i o n of b icarbonate to 
the preparat ion caused an intense n i t rox ide free r a d i c a l s ignal as the 
malonate der ivat ive is d i sp laced f r o m the pro te in b y the more t i ght ly 
b o u n d carbonate to become free i n so lut ion . 

Ca l cu la t i ons of the meta l -n i t roxy l distance, u s i n g either L e i g h ' s 
analysis (63) or the S o l o m o n - B l o e m b e r g e n equat ion , indicate that the 
m e t a l a n d the r a d i c a l are separated b y about 11 Â ( 4 9 ) . Since space
filling models show that the distance f rom the n i t r o x y l n i t rogen atom to 
either or b o t h carboxy l oxygen atoms can vary f r o m 6 to 12 Â, i t seems 
l i k e l y that the sp in - labe led malonate is a l i g a n d of the i r o n atom i n trans
ferr in . A l t h o u g h our results must be considered p r e l i m i n a r y a n d i n need 
of conf irmation a n d e laborat ion, they do offer evidence that the an ion 
m a y stabi l ize the metal—protein b o n d i n transferr in b y ac t ing as a b r i d g 
i n g l i g a n d be tween meta l a n d prote in . 

Interaction of Transferrin with Reticulocytes 

P r o b a b l y the most i n t r i g u i n g a n d important properties of transferr in 
are those i n v o l v e d i n its phys io l og i ca l role as the source of i r o n for the 
biosynthesis of hemog lob in b y the immature r e d b l o o d ce l l . A b o u t 30 m g 
of i r on are incorporated into hemog lob in synthesized b y the n o r m a l adul t 
bone m a r r o w each day, or about 10 times the amount of non -hemog lob in 
i r o n i n the c i r cu la t i on at any t ime. Trans f e r r in is the shuttle for this 
traffic. Since the ha l f - l i f e i n serum i r o n b o u n d to transferr in is 1-2 h r 
w h i l e the hal f - l i f e of the pro te in is about 7 -8 days (51), the pro te in must 
be conserved d u r i n g its interact ion w i t h the i m m a t u r e r e d c e l l a n d re -
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6. A i S E N AND L E i B M A N Transport of Iron by Transferrin 115 

c y c l e d as an i ron-carr ier m a n y times before it meets its b io log i c fate. 
H o w this occurs s t i l l eludes deta i led unders tanding , despite numerous 
studies. 

A l t h o u g h younger nuc leated r e d cells i n the m a r r o w m a y have more 
a v i d i r on requirements , the ret iculocyte , because of its accessibi l i ty i n 
p e r i p h e r a l b l o o d of animals made anemic b y b l e e d i n g or b y the. a d m i n i s 
trat ion of ace ty lpheny lhydraz ine , has been most f requent ly used i n a n 
i n v i tro m o d e l for the hemoglob in-synthes iz ing , a n d therefore i r o n -
d e m a n d i n g , r e d b l o o d ce l l . A system has also been used i n w h i c h c o n -
a l b u m i n ( ovotransferrin ) functions as an i r on source for the nuc leated 
r e d cells of the deve lop ing ch ick embryo (6), but whether this is the 
phys io log i c role of that pro te in is s t i l l unc lear . 

T h e uptake of i r on f rom transferr in b y reticulocytes is a t ime- , t e m 
perature- , a n d energy-dependent process i n w h i c h integr i ty of b o t h pro 
te in a n d cells is r e q u i r e d ( 64, 65 ) . Synthet ic i r on chelates, once thought 
to be effective i r on donors (66), appear to depend on m e m b r a n e - b o u n d 
transferr in as an intermediate agent; cells depleted of the prote in b y 
pre incubat i on a n d w a s h i n g no longer accept i r on f r om such complexes 
(67). W h e n such cells are re incubated w i t h transferr in , their capac i ty 
to accept i r on i n i t i a l l y b o u n d to synthetic chelators is largely restored. 

Perhaps the most dramat i c ind i ca t i on of the indispensable role of 
t ransferr in as an i r o n donor, however , is p r o v i d e d b y an experiment of 
nature . Ind iv idua l s afflicted w i t h atransferr inemia, a genetic i n a b i l i t y to 
synthesize transferr in , suffer f r o m a paradox i ca l co-existence of i r o n 
deficiency anemia a n d genera l ized i r o n over load (68, 69). W i t h o u t 
transferr in , neither the de l ivery of i r on to hemoglob in -synthes iz ing cells 
nor its m o b i l i z a t i o n f rom stores is successfully regulated . 

Transferrin Receptor of the Reticulocyte 

T h e existence of specific receptors for transferr in on the ret iculocyte 
membrane was i m p l i e d b y the w o r k of J a n d l a n d associates, w h o observed 
that t ryps in v i r t u a l l y abo l i shed the ab i l i ty of ret iculocytes to take u p i r o n 
f r o m transferr in w i t h o u t affecting other metabo l i c functions of the cells 
(8). W h e t h e r the effect of the enzyme was to c leave the receptor f r o m 
the c e l l membrane or to degrade i t pro teo ly t i ca l ly was not clear. N e u r a 
min idase treatment also depressed i r o n uptake b y reticulocytes, b u t to a 
m u c h lesser degree than t ryps in a n d only at m u c h h igher concentrations 
t h a n needed to abo l i sh the hemagg lut inat ing effects of in f luenza v i rus . 
Subsequent w o r k f r om Morgan ' s laboratory has conf i rmed these results 
a n d has shown further that b i n d i n g of transferr in to the receptor protects 
i t f r om proteo lyt ic enzymes (70). 

T h e deve lopment of techniques for s o l u b i l i z i n g membrane proteins 
w i t h detergents has s t imulated a f lurry of interest i n the transferr in 
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116 BIOINORGANIC C H E M I S T R Y II 

receptor of the ret iculocyte (71 , 76 ) . U n h a p p i l y , however , the results of 
studies f r o m different laboratories, u s i n g different methodologies a n d 
different species, are not ent ire ly concordant , a n d the reasons for this 
are not clear. O u r o w n efforts have focused on the transferr in receptor 
of the rabb i t ret iculocyte , us ing T r i t o n X -100 as a m e m b r a n e - s o l u b i h z i n g 
agent. 

Isolation of the Transferrin Receptor of the Rabbit Reticulocyte 

Reticulocytes were obta ined f rom rabbits m a d e anemic b y repeated 
b leed ing . Ret i cu locyte counts were general ly 2 0 - 3 0 % of total r e d cells . 
S tandard methods were f o l l o w e d for p r e p a r i n g a n d 1 2 5 I - l a b e l i n g of r a b b i t 
transferr in a n d its in cubat i on w i t h reticulocytes (54). Ret i cu locyte m e m 
branes were prepared b y the m e t h o d of D o d g e (77) a n d so lub ihzed for 

ELUTION FRACTION (gms) 

Figure 4. Chromatogram of Triton X-100 extract of membranes from reticu
locytes incubated with 125Idabeled transferrin. A 2 5 X 80-cm column of LKB 
Ac A 22 gel was used. (- · -) indicates the relative transferrin-binding activity 

of stromal fractions from reticulocytes not incubated with transferrin. 

1 hr at 4° i n 5-mi l l iosmolar phosphate buffer, p H 7.4, conta in ing 1 % 
T r i t o n X -100 ( 72, 77). T h e same buffer was used for c o l u m n c h r o m a 
tography. Electrophores is of membrane fractions i n S D S gel was carr i ed 
out accord ing to F a i r b a n k s et a l . (78). 

W h e n reticulocytes were incubated w i t h 1 2 5 I - l a b e l e d transferr in 
u n t i l a steady state i n ce l l - bound rad ioac t iv i ty was achieved , a labe led 
m e m b r a n e f ract ion c o u l d be demonstrated i n ret iculocyte ghosts so lu -
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6. A i S E N AND L E i B M A N Transport of Iron by Transferrin 117 

b i l i z e d w i t h T r i t o n X -100 ( F i g u r e 4 ) . T h i s f ract ion was w e l l reso lved 
f r o m free transferr in a n d h a d an apparent mo lecu lar we ight near 430,000. 
W e presume it represents the s o l u b i l i z e d t rans ferr in -receptor complex. 
A d d i t i o n a l evidence to support this presumpt ion is obta ined f r om a study 
of the t rans ferr in -b ind ing ac t iv i ty of membrane fractions f r o m re t i cu lo 
cytes not prev ious ly incubated w i t h transferr in . S u c h fractions were 
iso lated chromatographica l ly , in cubated w i t h 1 2 5 I - l a b e l e d transferr in , a n d 
again chromatographed on a c o l u m n of Sephadex G-200. Since free 
transferr in is w e l l resolved f rom larger mo lecu lar we ight complexes of 
transferr in w h i c h migrate near the exc luded v o l u m e of this c o l u m n ( 7 5 ) , 
the amount of rad ioac t iv i ty recovered i n the early fractions f r o m the 
Sephadex c o l u m n is a measure of the t rans ferr in -b ind ing act iv i ty present. 
I n F i g u r e 4 is it evident that the t rans ferr in -b ind ing act iv i ty of re t i cu lo 
cyte membranes resides i n a fract ion w i t h a molecu lar we ight a r o u n d 
the 400,000 range. Fract ions f r o m transferrin-free ret iculocyte m e m 
branes, corresponding to the shoulder on the h i g h molecu lar we ight side 
of the transferr in peak i n the chromatogram of transferr in-saturated 
membranes , d i d not d i sp lay t rans ferr in -b ind ing act iv i ty . F u r t h e r m o r e , 
S D S - g e l electrophoresis of the shoulder showed only a single prote in b a n d 
corresponding to free transferr in. It is possible, therefore, that this 
shoulder represents transferr in aggregates (presumably d imers ) or an 
arti fact of chromatography, rather than a second trans ferr in -receptor 
complex. 

I n order to characterize further the transferr in-bear ing h i g h m o l e c u 
lar w e i g h t fract ion of transferrin-saturated membranes, electrophoresis 
i n S D S gels was carr ied out after r e m o v i n g the T r i t o n X -100 ( 79) ( F i g 
ure 5 ) . Three prominent a n d dist inct bands g i v i n g a prote in stain are 
identi f iable i n the gels, w i t h apparent molecu lar weights of about 165,000, 
95,000, a n d 75,000, respectively. O v e r 8 5 % of the tota l 1 2 5 I counts sub
jected to electrophoresis is present i n the b a n d corresponding to m o l e c u 
lar we ight 75,000. Since transferr in is a s ingle -chain g lycoprote in of 
molecu lar we ight 77,000, this b a n d is almost certa inly transferr in-dissoc i -
ated f r o m its complex w i t h the receptor. I n agreement w i t h other studies 
(52), no transferr in b i n d i n g was demonstrated i n membranes of mature 
erythrocytes. 

W e bel ieve these results are consistent w i t h the hypothesis that the 
transferr in receptor of the rabb i t ret iculocyte is a prote in w i t h a complex 
subuni t structure a n d a molecu lar we ight near 350,000, so that the 
receptor - t rans ferr in complex has an aggregate molecu lar we ight of 
approx imate ly 430,000, as measured b y gel - f i l tration chromatography. 
A possible structure for the receptor itself, then, m i g h t consist of t w o 
subunits of mo lecu lar w e i g h t 95,000 a n d one of 165,000, for a to ta l 
mo lecu lar we ight of 355,000. 
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118 BIOINORGANIC C H E M I S T R Y II 

Figure 5. SDS gel electrophoresis 
of the high molecular weight peak 
in the chromât ο gram of Figure 4. 
Over 85% of the 125I activity is 
present in the band of molecular 

weight 75,000. 

O u r experiments corroborate the findings of Garre t t , Garret t , a n d 
A r c h d e a c o n (71), the first to report s o lub i l i za t i on w i t h detergents of a 
macromolecu lar f ract ion conta in ing i r o n a n d iod ine f r o m the membranes 
of ret iculocytes i n c u b a t e d w i t h transferr in d o u b l y labe led w i t h 1 2 5 I a n d 
5 9 F e . T h e l abe l ed fractions were f o u n d i n or near the v o i d v o l u m e of a 
Sephadex G-200 c o l u m n , i n d i c a t i n g that the mo lecu lar we ight of the 
act ive components p r o b a b l y exceeded 200,000. S i m i l a r results were ob 
ta ined b y v o n Bockxmeer , H e m m a p l a r d h , a n d M o r g a n ( 7 5 ) . T h e y f o u n d 
a transferr in complex i n detergent -so lubi l i zed ret iculocyte ghosts w h i c h 
e lu ted just after the v o i d v o l u m e of a Sephadex G-200 c o l u m n a n d esti 
m a t e d its molecu lar we ight to be 225,000. Since the r e l i a b i l i t y of m o l e c u 
lar we ight est imation b y gel filtration falls off at the l imi ts of the operat
i n g range of the suppor t ing m e d i u m , i t seems l i k e l y that the complex 
ident i f ied b y these workers is the same as ours w h i c h also elutes at or 
just after the v o i d vo lume of a Sephadex G-200 c o l u m n . T h e complex 
elutes w i t h i n the operat ing range of the U l t r a g e l c o l u m n , a n d so w e 
be l ieve the mo lecu lar w e i g h t est imation of 430,000 to be more re l iab le . 
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6. A i S E N AND L E i B M A N Transport of Iron by Transferrin 119 

A n essential caveat must be observed, however ; the molecu lar w e i g h t 
est imation measures the size of the de tergent -pro te in complex , a n d d i f 
ferent proteins b i n d different amounts of detergent. A l l e m p i r i c a l m e t h 
ods, accord ing ly , are fraught w i t h possible error, a n d the results repor ted 
or r e v i e w e d n o w s h o u l d be l ooked u p o n as p r e l i m i n a r y a n d ind i cat ive , 
rather than definit ive. 

I n other studies, F i e l d i n g a n d Speyer, us ing T r i t o n X -100 to so lu -
b i l i z e ret iculocyte stroma a n d gel chromatography w i t h Sepharose 6 B 
as the support m e d i u m to fractionate the s tromal constituents, ident i f i ed 
a pro te in of apparent molecu lar we ight near 150,000 as the p r i m a r y 
transferr in receptor of the h u m a n ret iculocyte (72, 73 ) . B y contrast, 
W i t t a n d W o o d w o r t h , us ing photo-affinity l abe led c o n a l b u m i n , f o u n d 
the c o n a l b u m i n receptor molecule of the ch i ck embryo r e d ce l l to have 
a mo lecu lar we ight of about 35,000 (76). F i n a l l y , S ly , G r o h l i c h , a n d 
Bezkorova iny f ou nd evidence for an intrace l lu lar transferr in receptor i n 
the rabb i t ret iculocyte w i t h a molecu lar we ight i n the 15-20,000, range, 
as w e l l as a membrane receptor w i t h an apparent molecu lar we ight near 
120,000 (74). W h e t h e r the seeming discrepancies among the studies 
c i ted reflect d i f fer ing techniques a n d species or s i m p l y m i r r o r the c o m 
plexities of the i n i t i a l events i n the t rans ferr in - re t i cu locyte interact ion 
remains a cha l l eng ing p r o b l e m for cont inu ing study. 

History of Transferrin after Binding to Its Receptor 

O b s e r v i n g that 9 0 % of 1 3 1 I - l a b e l e d transferr in b o u n d to ret iculocytes 
remains associated w i t h ghosts after hemolysis , J a n d l a n d K a t z suggested 
that the t rans ferr in - re t i cu locyte interact ion might be restr icted to the 
surface of the ce l l , where the transfer of i r o n f rom pro te in to ce l l was 
thought to occur (80). O t h e r investigators have also argued that the c e l l 
membrane was the locus of i r on exchange (81). Several studies have 
ca l l ed this m o d e l into quest ion, however . E l e c t r o n microscop i c auto
rad iography showed decay tracks ins ide reticulocytes i n c u b a t e d w i t h 
1 2 5 I - l a b e l e d transferr in (82). W h e n reticulocytes were i n c u b a t e d w i t h 
ferr i t in-conjugated transferr in (83) or w i t h transferr in a n d f e r r i t i n -
conjugated antibodies to transferr in (84), e lectron micrographs revea led 
m a n y of the ferr i t in markers w i t h i n p inocyto t i c vesicles or, to a lesser 
degree, free i n the cytop lasm. N o fe r r i t in was seen w i t h i n cells i n c u b a t e d 
w i t h f e r r i t in alone or f e r r i t in conjugated to nonspecif ic proteins. F i n a l l y , 
agents such as co lchic ine a n d the v i n c a a lkalo ids , w h i c h are thought to 
i n h i b i t m i c r o t u b u l a r funct ion a n d the intrace l lu lar movement of p i n o 
cytot ic vesicles, depressed the uptake a n d release of transferr in b y 
ret iculocytes ( 8 5 ) . I t appears, therefore, that d u r i n g the sojourn of 
transferr in on the ret iculocyte , the pro te in translocates f r o m the surface 
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120 B I O I N O R G A N I C C H E M I S T R Y II 

m e m b r a n e of the c e l l to its inter ior . W h e r e i r o n exchange occurs, h o w 
ever, remains uncerta in , as does the fate of the specific transferr in re 
ceptor d u r i n g endocytosis a n d exocytosis. 

T h e d w e l l t ime of a transferr in molecu le w i t h the ret iculocyte m a y 
be only a minute or two (52, 80) or poss ib ly as l o n g as 10 m i n (86), 
after w h i c h the pro te in is released for another cyc le of i r o n transport . 
T h e affinity of ret iculocyte receptors for apotransferr in appears less than 
for i ron - loaded molecules ( 80 ) . T h i s proper ty m a y faci l i tate the release 
of the prote in f r om the receptor after i t has donated its i r on a n d ensures 
that the apoprote in w i l l not impede the de l ivery of i r o n to reticulocytes 
b y compet ing w i t h i ron -bear ing molecules for avai lab le receptors on the 
c e l l surface. 

Mechanism and Regulation of Iron Release 
from Transferrin to Reticulocytes 

It is t e m p t i n g to speculate about a phys io log ic role for the an ion -
b i n d i n g funct ion of transferr in , since a stable i r o n - p r o t e i n b o n d i n trans
f e r r in does not seem to occur i n the absence of a stereochemical ly suit 
able , synergistic an ion w h i l e an extremely t ight b o n d is f o u n d i n the 
ternary i ron - t rans ferr in - carbonate complex. T h e carbonate an ion is ex
changeable w i t h b icarbonate free i n so lut ion (87) a n d therefore m a y be 
sufficiently lab i l e for attack b y the ret iculocyte . S u c h an attack m i g h t 
be the i n i t i a l event i n the r emova l of i r o n f r om transferr in b y the r e t i c u 
locyte. F u r t h e r m o r e , the pro te in itself is conserved d u r i n g its interact ion 
w i t h the ret iculocyte , so that the i ron - remov ing mechan ism must not alter 
the p r i m a r y structure of the prote in . A d i s rupt i on of specif ical ly b o u n d 
carbonate meets this requirement . 

E a r l y exper imental evidence i n support of the hypothesis that an 
attack on the anion is at the heart of the iron-exchange mechanism ( 53 ) 
was soon corroborated b y w o r k f rom several laboratories (54, 55, 8 8 ) . 
R e p l a c i n g carbonate w i t h oxalate at the specific a n i o n - b i n d i n g site of 
transferr in results i n a re lat ive ly stable ternary F e ( I I I ) — t r a n s f e r r i n -
oxalate complex. O v e r the t ime course of m a n y hours or even days the 
oxalate complex s l owly reverts to the phys io log i c F e ( I I I ) - t r a n s f e r r i n -
carbonate f o rm, b u t since i n v i t ro studies se ldom require more t h a n an 
hour or two , the b io log i c properties of the oxalate complex can be tested. 

A compar ison was made of the ab i l i t y of the oxalate a n d carbonate 
complexes to donate i r o n to rabb i t reticulocytes ( F i g u r e 6 ) . A f t e r i n c u 
bat i on for 1 hr , 5.0 /xg of i r on were taken u p f rom the carbonate complex 
b y 1 m l of reticulocytes w h i l e on ly 1.75 /xg of i r o n was removed f r om the 
oxalate complex. A s the oxalate complex was prepared i n a phys io log i c 
buffer w i t h a re lat ive ly h i g h b icarbonate content, about 2 0 % of its i r o n 
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6. A i S E N A N D L E i B M A N Transport of Iron by Transferrin 121 

was actual ly b o u n d i n the carbonate f o rm of transferr in . T h i s m a y w e l l 
have been responsible for some of the observed uptake of i r on i n this 
experiment, so that the true uptake f r om F e ( I I I ) - t r a n s f e r r i n - o x a l a t e is 
even l ower than ind i ca ted i n F i g u r e 5. T h e defect i n the i ron -donat ing 
ab i l i ty of the oxalate complex lies i n the r emova l of i r on f rom it a n d not 
i n its b i n d i n g to transferr in receptors, since the uptake of each f o r m of 
the prote in b y reticulocytes is about the same (54). S t i l l another i n d i 
cat ion that the a n i o n - b i n d i n g site of transferr in m a y be i n v o l v e d i n the 

0 15 30 45 60 

Minutes 
Biochimica et Biophysica Acta 

Figure 6. Uptake of iron by reticulocytes from 59Fe-transferrin-car-
bonate (O—O) and 59Fe-transferrin-oxalate (X—X) (54) 

mechan ism of i r o n release comes f rom studies s h o w i n g that metabo l i c 
inhib i tors of i r o n uptake i n v a r i a b l y affect the release of i r o n a n d car 
bonate f r o m the pro te in b y the ret iculocyte i n para l l e l (88). T h e car
bonate- a n d i r o n - b i n d i n g functions of transferr in seem to be t ight ly 
c ou p l ed phys io log i ca l ly as w e l l as chemica l ly . 

T h e specific reactions i n v o l v e d i n the phys io log i c release of i r o n 
f r o m transferr in have not been e luc idated . A n enzymat i c mechan ism has 
been postulated ( 5 5 ) , b u t w i t h o u t direct evidence. Recent ly , P o n k a a n d 
N e u w i r t have f o u n d that cyc l i c A M P m a y be i n v o l v e d , poss ibly b y 
act ivat ing a prote in kinase (89). I f so, i t m a y be w o r t h w h i l e to consider 
whether the speci f ical ly b o u n d carbonate itself is the site of a phos
p h o r y l a t i o n react ion, perhaps enta i l ing its r e m o v a l as c a r b a m y l phos-
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122 BIOINORGANIC CHEMISTRY II 

phate. It is also possible that a ligand exchange mechanism, similar to 
that postulated for the chelate-mediated transfer of iron from transferrin 
to desferrioxamine, is operative or that the carbonate is released by a 
protonic attack (54). 

Other mechanisms are also involved in the reticulocyte-mediated 
release of iron from transferrin, and its subsequent incorporation into 
heme. Intact oxidation-reduction pathways are essential and seem to 
operate at a step following the attack on the anion (90). Heme exerts 
an inhibitory influence on iron transfer from protein to cell, seemingly 
by interfering at an early stage in the release of the metal from trans
ferrin (89). Non-transferrin carriers for iron have also been identified in 
the reticulocyte and may participate in its incorporation into heme (81). 
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Nonadiabatic Electron Transfer in 

Oxidation-Reduction Reactions 

HENRY TAUBE 

Department of Chemistry, Stanford University, Stanford, Calif. 94305 

Several criteria are applied in searching for evidence of 
nonadiabatic electron transfer in oxidation-reducton reac
tions. There is direct evidence for a nonadiabatic factor 
only for some self-exchange reactions of Mn(CNR)6

2+,+ and 
Fe(Rphen)3

3+,2+ where R is a bulky group, although the 
factor also may affect rates for some f-electron couples. 
Refinement of the criteria may show that the nonadiabatic 
factor decreases the rates in other cases. One approach is 
to study the nonadiabatic regime by using electron transfer 
from Ru(II) to Co(III) in an intramolecular mode. Obser
vations on such systems and on the intensities of the inter
valence bands in Ru(II)-Ru(III) mixed valence complexes 
offer clues to the extent of coupling by the bridging groups. 

TPhe measurement of the rate and determination of the rate law (1,2) 
for the self-exchange process Feaq

3+'2+ mark an important stage in 
the study of electron transfer in oxidation-reduction reactions. Dodson's 
results attracted a great deal of attention to the field, stimulating other 
experimental work and, by providing some definite data at a critical 
time, also stimulating discussion of the mechanism of the electron transfer 
process (see, for example, discussion reported in Ref. 3). In retrospect, 
the development of the subject could as well have been based on studies 
of orthodox oxidation-reduction reactions of simple chemistry. However, 
until some specific proposals about the mechanism of electron transfer 
had been made, there was l i t t le incent ive for measur ing the rates of the 
ord inary reactions. T h e self-exchange reactions came to the fore not on ly 
because they were car r ied b y the m o m e n t u m of interest w h i c h then pre
v a i l e d i n a p p l y i n g art i f icial rad ioac t iv i ty to problems i n chemist ry b u t 
also because the element of symmetry simplifies the unders tanding of the 
observations. 
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128 BIOINORGANIC C H E M I S T R Y II 

W i t h the demonstrat ion that an act ivated complex for the F e a q
3 + » 2 + 

self-exchange contains one of each of the reactants ( I ) a n d that there 
are other act ivated complexes (2 ) w h i c h contain , i n add i t i on , anions 
such as O H " or X ' , product ive discussion of the e lectron transfer processes 
i n terms of molecu lar models began. Q u i t e ear ly (4), at tent ion was 
d i rec ted to the energy barr ier to electron transfer w h i c h is imposed b y 
the F r a n c k - C o n d o n restr ict ion. B u t w h e n a molecu lar m o d e l for the 
act ivated complex for electron transfer is proposed, a distance of ap 
p r o a c h for the reactant ions needs to be specified, a n d at once the ques
t i o n of the " c o n d u c t i v i t y " of the matter in terven ing between oxidant a n d 
reductant arises. I n the discussions of the large amount of exper imental 
data w h i c h has been accumulated d u r i n g the past two decades, more 
attent ion has probab ly been devoted to this aspect of the electron transfer 
process than to the F r a n c k - C o n d o n barr ier . T h i s is somewhat i r o n i c a l 
i n v i e w of the conc lus ion that w i l l be reached that i n f ew of the systems 
s tud ied u n t i l n o w are differences i n l i g a n d " c o n d u c t i v i t y " useful i n under 
s tanding differences i n react ion rates. T h i s applies also to systems i n 
w h i c h oxidation—reduction involves electron transfer over large distances, 
where the temptat ion to ascribe rate differences to the conduct iv i ty of 
l igands has been par t i cu lar ly difficult to resist. T h e first int imat ions of 
remote electron transfer i n art i f i c ia l systems were reported i n 1955 ( 5 ) , 
b u t c onv inc ing evidence for remote attack was not p r o v i d e d u n t i l 1966 
(6,7). I n b i o c h e m i c a l systems, electron transfer over m a n y b o n d lengths 
is a par t i cu lar ly appea l ing idea , a n d it m a y t u r n out to be important as 
w e l l . E l e c t r o n transport over large distances i n proteins was proposed 
m a n y years ago b y S z e n t - G y o r g i (8,9), a n d he m a y w e l l have been pre 
ceded b y others w h o suggested the poss ib i l i ty seriously. I n fact, strong 
evidence for electron transfer over large distances has been obta ined b y 
D e V a u l t a n d C h a n g e (10) i n exc i ted states of systems re lated to the 
photosynthet ic cycle . 

O n e purpose of this paper is to examine the evidence that the rates 
of o x i d a t i o n - r e d u c t i o n reactions are re lated to the conduc t iv i ty of the 
m e d i u m separat ing the oxidant a n d reductant . T h i s survey w i l l then 
describe experiments n o w i n progress to investigate systematical ly the 
nonadiabat i c reg ime i n o x i d a t i o n - r e d u c t i o n reactions. F i r s t the re la t ion 
ship be tween w h a t has loosely been re ferred to as the conduct iv i ty of the 
m e d i u m a n d the tit le term, "nonadiabat i c , " shou ld be defined. 

F i g u r e 1 shows the d o u b l e - w e l l po tent ia l w h i c h is often used to 
represent the electron transfer act i n o x i d a t i o n - r e d u c t i o n . T h e spec ia l 
case of a self-exchange process was chosen for s impl i c i ty . ( F o r a f u l l d is 
cussion of the issues b e i n g discussed i n re lat ion to the potent ia l energy 
d i a g r a m , see Ref . 11. Ref . 13 gives a more compact treatment . ) T h e 
impl i cat ions of the d i a g r a m m a y not be i m m e d i a t e l y obvious, a n d the 
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7. T A U B E Nonadiabatic Electron Transfer 129 

Ve / 
•>» 

Figure 1. Potential energy as a function of reaction coordinate for a self-ex
change reaction. AElf energy barrier for thermal electron transfer (weak cou
pling); AE2, energy of an intervalence transition which is possible for the system. 

important ones w i l l therefore be exp la ined b y reference to a specific 
system. I f the m i n i m u m on the left at A is taken to represent the system 
* F e ( H 2 0 ) 6

3 + + F e ( H 2 0 ) 6
2 + , m i n i m u m Β represents the final produc t of 

the electron transfer act, n a m e l y * F e ( H 2 0 ) 6 2 + + F e ( H 2 0 ) 6
3 + . T h e reac

t i o n coordinate is a combinat i on of nuc lear motions w h i c h results i n the 
movement of the electron f r om F e ( H 2 0 ) 6

2 + to * F e ( H 2 0 ) 6
3 + . F o r present 

purposes, i t is arb i t rar i l y assumed to be made u p of the b r e a t h i n g f requen
cies for the water molecules i n the first coord inat ion spheres of the t w o 
reactant ions. T h e react ion coordinate taken i n the d i rec t i on to the r ight 
of A then represents the mot i on of the l igands away f r o m * F e 3 + i n phase 
w i t h those attached to F e 2 + m o v i n g t o w a r d i t , the separation of the ions 
r e m a i n i n g fixed. A t a po int def ined b y the intersect ion of the two curves, 
the coord inat ion spheres about bo th meta l ions are the same, a n d the 
energy of the system a r r i v e d at f r o m A is the same as that a r r i v e d at 
f r o m B . A t this po int a long the react ion coordinate, the cond i t i on i m 
posed b y the F r a n c k - C o n d o n restr ic t ion is met, b u t i f the ions are far 
apart so that the interact ion between the orbitals is w e a k (very s m a l l 
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130 BIOINORGANIC CHEMISTRY II 

energy gap at the cross-over p o i n t ) , the p r o b a b i l i t y of passing f r o m the 
state * F e ( H 2 0 ) 6

3 + + F e ( H 2 0 ) 6
2 + to * F e ( H 2 0 ) 6

2 + + F e ( H 2 0 ) 6
3 + w i l l 

d e p e n d on t u n n e l l i n g p r o b a b i l i t y ( hence a re lat ion to the " conductance" 
of the m e d i u m ) . ( I f t u n n e l l i n g p r o b a b i l i t y is interpreted as the p r o b a 
b i l i t y that the system, once i t has the requis i te energy, w i l l pass on to 
products , i t has a d irect re la t ion to the p r o b a b i l i t y of ad iabat i c transfer. 
M a r c u s (11) has po in ted out that w h e n t u n n e l l i n g p r o b a b i l i t y is c a l c u 
la ted i n the usua l w a y (see for example Ref . 12), the s imple direct r e l a 
t i onship is lost. A c c o r d i n g to M a r c u s , the result of this k i n d of ca l cu la 
t i o n is a r o u g h measure of the energy gap at the crossover po int , b u t this 
is on ly one of the factors w h i c h affect the p r o b a b i l i t y of ad iabat i c t r a n -
fer.) I n this, the nonadiabat i c regime, the rate at a fixed distance of 
separat ion w i l l be governed b o t h b y the F r a n c k - C o n d o n barr ier a n d a 
t rans i t ion probab i l i t y . W h e n the interact ion between the orbitals i n 
creases, as expected w h e n the ions approach , the energy gap at the 
crossover po int increases. W h e n this gap becomes sufficiently l a r g e — 
a n d accord ing to theory ( 13 ) approx imate ly 0.5 k c a l suffices—the system 
w i l l r e m a i n o n the l ower curve as i t traverses the energy barr ier separat
i n g A a n d Β (ad iabat i c t ransfer ) . I n this l i m i t , not cons ider ing the 
energy i n v o l v e d i n b r i n g i n g the reactants to a suitable distance, the 
react ion rate is governed solely b y the F r a n c k - C o n d o n barr ier . I n this 
reg ime, i m p r o v i n g the interact ion between the orbitals w i l l not l e a d to 
a rate increase, unless the d e r e a l i z a t i o n becomes great enough to l ower 
the energy m a x i m u m signif icantly. T h e only t h i n g that is l earned f r om 
react ion rates about t u n n e l l i n g p r o b a b i l i t y i n the adiabat ic reg ime is 
that i t is sufficiently h igh . T h e nonadiabat i c reactions on the other h a n d 
are par t i cu lar ly interest ing because b y s tudy ing them, the transi t ion 
p r o b a b i l i t y as a func t i on of distance a n d the properties of the m e d i u m 
can be s tudied . T h i s re lat ionship has not yet been examined for c h e m i c a l 
reactions. 

A n u m b e r of c r i ter ia can be used to gage whether reactions are a d i a 
bat i c or nonadiabat i c , a n d they w i l l be considered i n turn . O n e cr i ter ion 
rests on the a p p l i c a b i l i t y of the M a r c u s (11) corre lat ion of the rates of 
cross reactions w i t h the self-exchange reactions of the couples invo lve^ . 
It seems u n l i k e l y that the corre lat ion w o u l d be successful i f t u n n e l l i n g 
probab i l i t y , w h i c h is exepcted to be a sensitive funct ion of the dimensions 
of the barr ier , were an important factor i n de termin ing the rates. T h i s 
barr ier is not that shown i n F i g u r e 1; i t is the barr ier w h i c h w o u l d be 
m a p p e d out b y consider ing the potent ia l energy of the system as a 
f u n c t i o n of distance w h e n the electron is m o v e d f rom the r e d u c i n g agent 
through the in terven ing m e d i u m to the o x i d i z i n g agent. W i t h the excep
t i on of reactions i n v o l v i n g the C o ( I I I ) - C o ( I I ) couple , where i t has 
been tested i n the s imple inorganic systems, the M a r c u s corre lat ion works 
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7. T A U B E Nonadiabatic Electron Transfer 131 

reasonably w e l l . Reasonable agreement is a l l thpt can be expected since 
the w o r k r e q u i r e d to assemble the reactants i n the precursor complex 
cannot proper ly be a l l o w e d for. E v e n w h e n the reactant couples are of 
the same charge type , idiosyncracies i n interact ion , perhaps because of 
changes i n solvation, may become a factor. T h i s is p a r t i c u l a r l y l i k e l y 
to h a p p e n w h e n the react ion partners approach closely on react ion. F a c 
tors such as the h y d r o p h o b i c / h y d r o p h i l i c nature of the reactants a n d , for 
large reactants, even their shapes can lead to idiosyncracies i n the w o r k 
r e q u i r e d to assemble the precursor complexes. I n a d d i t i o n , the measure
ments b e i n g considered are often made under v a r y i n g condit ions , a n d a l l 
are subject to exper imental error. A s a consequence, i t is diff icult to use 
the M a r c u s corre lat ion to reveal s m a l l but rea l effects ar i s ing f r o m n o n -
adiabat ic i ty . React ions i n v o l v i n g the C o ( I I I ) - C o ( I I ) couple , for w h i c h 
there is a large sp in change, m i g h t prov ide examples of nonadiabat i c 
e lectron transfer ( n o n m i x i n g of states of different m u l t i p l i c i t y ) . H o w 
ever, i n the usua l interpretat ion of reactions i n w h i c h C o ( I I I ) is reduced , 
the system c ircumvents a nonadiabat i c transi t ion i n the act ivated c o m 
plex b y undergo ing a sp in change pr i o r to or f o l l o w i n g the act ivated 
complex. 

Table I. Reactions of Ru(II) Complexes with F e 3 + a q at 25 ° 

Reactant Medium (M'1 sec'1)a (M1 sec'1) (calc)b,e 

R u ( N H 3 ) 6
2 + 0ΛΜ H C 1 0 4 4.3 X 1 0 3 d 3.4 X 10 5 1.3 X 10 ' 2 

R u ( N H 3 ) 5 i s n 2 + e 1M H 0 3 S C F 3 4.3 X 1 0 5 ' 2.6 X 10 4 0.6 X 10 ' 2 

R u ( N H 3 ) 4 b i p y 2 + e 1M H C 1 0 4 2.1 X 1 0 6 ' 7.2 X 10 3 0.8 Χ 10" 2 

a Self-exchange rate for Ru(III)-Ru(II) couples. 
b Calculated self-exchange rate for F e 3 + - 2 + aq. 
c Keq determined for conditions specified by cyclic voltammetry (Ru couples) 

and potentiometric titration [Ru(NH 3)e 3 + ' 2 + and Fe 3 +« 2 + aq]. 
d Ref. 15. 
e isn = isonicotinamide ; bipy = 2,2'-bipyridine ; nic = nicotinic acid ; phen = 

1,10-phenanthroline. 
'From [Ru(NH 3) 5isn] 3 + + [Ru(NH 3) 5nic] 2\ 
'From [Ru(NH 3) 4phen] 3 + + [Ru(NH 3) 4bipy] 2 +. 

I n some recent experiments (14) o n rates of ox idat ion b y F e 3 + of a 
n u m b e r of re lated R u ( I I ) species, the rates of the self-exchange reactions 
for R u ( I I I ) - R u ( I I ) couples a n d the e q u i l i b r i u m data were measured 
as m u c h as possible under u n i f o r m condit ions. I n de termin ing self-ex
change rates, a series of reactions of the type R u ( N H 3 ) 5 L 2 + + R u ( N H 3 ) 5 L / 3 + 

were s tudied i n w h i c h L a n d 1 / are pyr id ines w h i c h differ i n one sub
stituent i n the 3 or 4 pos i t ion . N o rate differences ascr ibable to differences 
i n L a n d L ' were observed, apart f r o m the effect o n d r i v i n g force. T h e 
result of these studies are s u m m a r i z e d i n T a b l e I . 

T h e rate of the F e a q
3 + ' 2 + self -exchange as ca l cu la ted f r o m the data 
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132 BIOINORGANIC CHEMISTRY II 

is several h u n d r e d times s lower than that measured ( ca. 4 M'1 sec" 1 for 
the condit ions of the experiments ) ( 2 ) . T h e d iscrepancy was noted also 
i n the early w o r k (15) on the R u ( N H 3 ) 6

3 + ' 2 + self-exchange, b u t i n v i e w 
of the dif f iculty at tending these measurements, not m u c h significance was 
attached to it . A s imi lar d iscrepancy has been noted for the F e a q

3 + « 2 + a n d 
a series of f e r r i c in ium- fer rocene cross reactions (16). T h e discrepancies 
c a n h a r d l y be considered proof that there is a nonadiabat i c contr ibut i on 
somewhere i n the process. Perhaps they better i l lustrate the po in t that 
at the present l eve l of refinement i n ca l cu la t ing the w o r k of b r i n g i n g the 
reactants together a n d w i t h exist ing data , the app l i ca t i on of the M a r c u s 
re la t i on is not very useful i n revea l ing s m a l l effects resu l t ing f rom n o n 
ad iabat i c behavior . 

A second cr i ter ion w h i c h can be a p p l i e d i n searching for the effects 
of nonad iabat i c i ty is based on charge t r a p p i n g b y the or ientat ion of 
solvent molecules. I n i l lus t rat ing the significance of F i g u r e 1, i t was 
assumed that the t r a p p i n g of the charge is effected b y the molecules i n 
the first coord inat ion sphere. T h e theoret ica l treatments of the electron 
transfer process i n so lut ion (17, 18) show that for species of o rd inary 
size, charge t r a p p i n g b y the solvent makes an important contr ibut ion to 
the energy barr ier . Observat ions on the change i n energy of the inter -
valence transit ion i n /A-4 ,4 / -b ipyr id ineb is (pentaammineruthenium) i n the 
m i x e d ( [2, 3] ) valence state bear d i rec t ly on this po in t ( 19, 20) a n d l e n d 
support to the theoret ical treatments (21). T h e results obta ined for 
these systems suggest that i n the ions of the type specified, about ha l f of 
the overa l l energy barr ier is ascr ibable to charge t r a p p i n g b y the solvent. 
Therefore i f a series of complexes is s tud ied i n w h i c h the po lar groups 
attached to the m e t a l ions are h e l d constant b u t the l igands are made 
more b u l k y b y a d d i n g saturated hydrocarbon matter , the react ion rate 
shou ld increase w i t h the bulkiness of the groups i f the reactions are 
ad iabat i c for the series. I m p l i c i t i n this conc lus ion is the premise that 
the hydrocarbon matter is less effective at t r a p p i n g the charge than is 
the solvent, a n d this seems reasonable for reactions i n water . I f the rate 
decreases on increas ing reactant b u l k i n the manner specified, i t is reason
ab le to assume that the rate decrease is caused b y a reduct i on i n e lectron 
transfer probab i l i t y . 

N o systematic studies i n v o l v i n g net c h e m i c a l change have been 
repor ted w h i c h demonstrate nonad iabat i c behavior , b u t two studies of 
self-exchange show effects w h i c h are expected i f the p r o b a b i l i t y of barr i e r 
penetrat ion is b e c o m i n g a rate -determining factor. T h e specific rates 
( Χ 10" 4 M " 1 sec" 1 ) of self-exchanges as measured b y N M R l ine b r o a d 
e n i n g i n 5 5 M n for M n ( C N R ) 6

2 + « + are 64 for R = E t a n d 4.0 for R = 
terf-butyl at 7 ° i n acetonitr i le (22). F o r F e ( p h e n ) 3

3 + ' 2 + , Fe(3 ,4 ,5 ,8-me-
p h e n ) 3

3 + > 2 + , F e ( 4 , 7 - p h e n y l p h e n ) 3
3 + ' 2 + , a n d F e ( 4 , 7 - c y c l o h e x y l p h e n ) 3

3 + ' 2 + , 
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7. T A U B E Nonadiabatic Electron Transfer 133 

specific rates ( Χ 10" 6 M " 1 sec" 1) i n acetonitri le at 25° are 6 ± 0.6, 16.9 ± 
1.2, 8.0 =b 0.8, a n d 0.41 ± 0.04, respectively, were measured b y C h a n 
a n d W a h l . I n the above, p h e n represents o -phenanthrol ine , a n d the 
numerals specify the positions of subst i tut ion b y C H 3 , C 6 H 5 , a n d C c H n . 
I n b o t h systems, the rate declines w i t h b u l k y substituents. T h e result 
re corded for the second set of systems—a smal l increase i n b u l k actual ly 
causing a rate increase—is par t i cu lar ly interest ing. T a k e n at face va lue , 
the observation impl ies that self-exchange for F e ( p h e n ) 3

3 + « 2 + is w e l l w i t h i n 
the ad iabat i c regime, a n d i t bolsters the conc lus ion that w i t h the bu lk ies t 
saturated group, nonadiabat i c effects are be ing felt. 

A l o w transi t ion p r o b a b i l i t y i n the act ivated complex w i l l be re 
flected i n a decrease i n entropy of act ivat ion , so that i n pr inc ip l e , the 
entropy of ac t ivat ion can reveal nonadiabat i c e lectron transfer. U n f o r t u 
nately , w h e n reactions are s tud ied i n the b imo lecu lar mode , a n d p a r 
t i c u l a r l y w h e n bo th the react ing species are charged, the entropy changes 
associated w i t h f o r m i n g the precursor complex are large, a n d it is impos 
s ib le to separate this contr ibut i on f r o m the overa l l entropy change. Some 
values of A S 4 for systems of s imi lar charge type but featur ing di f fer ing 
e lectronic structures are s h o w n i n T a b l e I I . T h i s selection was m a d e 

Table II. Entropies of Activation as Functions of 
Electronic Structure of Reactants 

kat25° Λ Η + (cal mol1 

Reaction (M'1 sec1) (kcal mol'1) deg-1) Γ Ref. 

( N H 3 ) 5 C o O A c 2 t + 
C r 2 * 

0.35 8.2 - 3 3 1.0 ( N H 3 ) 5 C o O A c 2 t + 
C r 2 * 

( N H 8 ) 5 R u O A c 2 t + 2.7 Χ 10 4 1.0 - 3 4 0.1 25 
C r 2 + 

( N H 3 ) 5 C o N H 3
3 * + 8.8 Χ 10" 5 14.7 - 3 0 0.4 26 

C r 2 + 

( N H 3 ) 5 C o O H 2
3 + + 0.074 9.3 - 3 3 0.4 27 

E u 2 + 

( N H 3 ) 5 C o O H 2
3 * + 0.53 8.2 - 3 2 1.0 28 

[ ( N H 3 ) 5 C o 0 2 C — 10.2 11.6 - 1 5 1.0 29 
" C — C H 3 ] 2 + ~ + V 2 + 

II 
ο 

α Ionic strength. 

because i t seems reasonable that the transi t ion p r o b a b i l i t y w i l l be sensi
t ive to something as basic as o r b i t a l symmetry , a n d i f i t were i n d e e d 
p a r t l y rate de termin ing , this w o u l d be revealed i n the entropies of 
ac t ivat ion . 

T h e systems i n c l u d e a n o x i d i z i n g agent, C o ( I I I ) , w h i c h accepts a n 
electron i n an orb i ta l of σ symmetry ; R u ( I I I ) , where the acceptor o r b i t a l 
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134 BIOINORGANIC CHEMISTRY II 

has Tr symmetry ; a n d r e d u c i n g agents w h i c h lose electrons f r om σά o r b i 
tals ( C r 2 * ) , 7rd orbitals ( V 2 + ) , a n d / orbitals ( E u 2 + ) . N o significant d i f 
ferences i n entropy of ac t ivat ion for the same charge type are observed, 
except for the last entry. T h e react ion of V 2 + w i t h the pyruvatopenta -
a m m i n e c o b a l t ( I I I ) is one of a large class i n w h i c h subst i tut ion on 
V ( H 2 0 ) 6

2 + appears to be rate determining . I n a l l the others, the pre 
cursor complex, whether inner-sphere or outer-sphere, is i n e q u i l i b r i u m 
w i t h the reactants, a n d overa l l reflects a contr ibut ion f rom the for
m a t i o n of the precursor complex as w e l l as f rom the electron transfer act 
itself. 

E v e n though a ca l cu lat ion of rates of e lectron transfer us ing only 
molecu lar parameters for the reactants a n d the die lectr ic properties of 
the solvent is b e y o n d the competence of current theory, theory is none
theless useful i n rate comparisons a n d can reveal unusua l behavior . F o r 
reasons w h i c h have a lready been stated, self-exchange rates are more 
amenable to theoret ical analysis than are the rates of cross reactions. I n 
the f o l l ow ing , the F e 3 + - 2 + self-exchange rate is taken as a reference value 
for other couples of the 3-f-, 2-f- charge type. A c c o r d i n g to S u t i n ( 1 3 ) , 
the increase i n rate for the F e ( p h e n ) 3 + , 2 + self-exchange compared w i t h 
F e 3 + , 2 + can be understood on the basis of the larger size of the former 
ions, w h i c h decreases the contr ibut ion b y the solvent to the F r a n c k -
C o n d o n barr ier a n d of the r educed inner-sphere reorganizat ion energy 
w h i c h arises f rom b a c k - b o n d i n g interact ion between F e 2 + a n d the π ac id 
l i g a n d . T h e ca l cu lated rate increase of 10 7 is consistent w i t h the measure
ment of the self-exchange rate i n acetonitri le ( the self-exchange rates are 
apparent ly larger i n water . ) T h e self-exchange rate for R u ( N H 3 ) 6

3 + ' 2 + , 
ca. 10 3 , seems reasonable i n re lat ion to that of F e ( H 2 0 ) 6

3 + , 2 + because the 
change i n b o n d distance w i t h change i n ox idat ion state is less for the 
r u t h e n i u m than it is for i r on . A s lower rate for C r ( H 2 0 ) 6

3 + , 2 + self-
exchange compared w i t h F e ( H 2 0 ) 6

3 + , 2 + is expected, because C r ( H 2 0 ) 6
3 + 

absorbs an ant i - bond ing electron, a n d a large d istort ion attends the re 
duct ion , but i t is not certain i f this can account for a rate reduct i on b y a 
factor (30, 31) i n excess of 10 5 . T h e E u 3 + 2 + self-exchange rate (k < 3 X 
10" 5 M " 1 sec" 1 ) seems more clearcut. O w i n g to the larger size of the ions, 
bo th the inner-sphere a n d solvent reorganizat ion energies must be less 
than for F e ( H 2 0 ) G

3 + , 2 + , yet the rate of self-exchange is so s low that i t has 
not been measured for the aquo ions a l though the rate was measured for 
the p a t h i n v o l v i n g C I " ( 3 2 ) . It is possible that the E u 3 + > 2 + couple provides 
an example of nonadiabat i c transfer. Since the / orbitals are b u r i e d i n the 
kerne l of the i on , it is reasonable that the E u 2 + - E u 3 + couple , of a l l those 
considered, w o u l d show nonadiabat i c behavior . T h i s argument was pre 
sented also i n a rev iew art ic le (33). T h e chlor ide i o n may affect the rate 
b y s tab i l i z ing an inner-sphere act ivated complex, thus decreasing the 
barr ier penetrat ion distance. 
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7. T A U B E Nonadiabatic Electron Transfer 135 

I n this connect ion, several groups of workers have h a d dif f iculty i n 
gett ing reasonable a n d / o r reproduc ib le measurements w i t h the / -e lec
t ron couples i n reactions w i t h each other. S u l l i v a n a n d T h o m p s o n 
observed (34) i n the E u ( I I ) - N p ( I V ) system w i t h the reactants i n ap
prox imate ly equivalent concentrations that the rate of react ion is first 
order i n E u ( I I ) but zero order i n N p ( I V ) . I n separate studies of the 
U 3 + - E u 3 + react ion (35) b y T e m p l e t o n a n d N i c o l i n i , the rates were i r re -
p roduc ib l e a n d d i d not conform to second-order kinet ics . T h e react ion 
Y b 2 + a n d E u 3 + was f o u n d b y Chr is tensen also to be intractable ( 35 ) . 
L a v a l l e e a n d N e w t o n (36) f o u n d that the U ( I I I ) - N p ( I V ) rates were 
not reproduc ib le a n d that the data d i d not f o l l ow s imple second-order 
kinetics . T h e researchers i n a l l these cases are experienced, a n d great 
care was taken w i t h pur i ty of the materials . As a final example of unex
p l a i n e d i r reproduc ib i l i t y i n a seemingly s imple system is the interact ion 
of C r 2 + w i t h R u ( N H 3 ) 6

3 + i n the presence of CI" . N e i t h e r A r m o r nor A r m 
strong (37), w h o w o r k e d w i t h the system independent ly , was able to get 
reproduc ib le or reasonable behavior i n the ratio of C r ( H 2 0 ) 6

3 + / C r -
( H 2 0 ) 5 C 1 2 + p r o d u c e d as a funct ion of CI " . N o n a d i a b a t i c processes m a y 
be unusua l ly sensitive to changes i n the environment , a n d the anomalies 
ment ioned m a y be traceable to a nonadiabat i c contr ibut ion to the rate, 
but of course cannot w i t h certainty be taken as diagnost ic of ad iabat i c 
effects. C l e a r l y , the systems are w o r t h further study, but it is not at a l l 
obvious what measures w i l l b r i n g the systems under control . 

R e m a i n i n g s t i l l to be considered are the o x i d a t i o n - r e d u c t i o n reac
tions i n w h i c h electron transfer occurs over m a n y b o n d lengths. These 
are best dealt w i t h as a funct ion of electronic structure type. T h e most 
thoroughly studied among t h e m are reactions of C r 2 + w i t h p e n t a a m m i n e -
c o b a l t ( I I I ) complexes of l igands h a v i n g conjugated b o n d systems ( σ 
donor, σ acceptor ). Efforts have been made to relate the rates to proper 
ties such as the m o b i l e b o n d order of the conjugated l igands. If such a 
re lat ion existed, it w o u l d at once i m p l y nonadiabat ic transfer. B u t it n o w 
appears (38, 39, 40) that most of the reactions of C r 2 + w i t h C o ( I I I ) 
complexes i n w h i c h there is remote attack proceed b y a stepwise mecha 
n i s m i n w h i c h C r 2 + transfers an electron to the l i g a n d , a n d the resu l t ing 
r a d i c a l then reacts w i t h C o ( I I I ) or w i t h C r ( I I I ) : 

T h i s conc lus ion was strongly supported b y Nordmeyer ' s (7 ) results 
a n d has been a m p l y borne out b y further studies done chiefly b y E . S. 
G o u l d a n d co-workers (41) (see, for example, Ref . 41 w h i c h refers to 

C o m [ L ' . . . L ] + C r 2 + ^ ± C o m [ L ' . . . L ] C r ( I I I ) 

C o n i [ L ' . . . L ] C r ( I I I ) - > C o ( I I ) + [ 1 / . . L ] C r ( I I I ) 
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136 BIOINORGANIC C H E M I S T R Y II 

earl ier w o r k ) . I n these systems, a stepwise mechan ism m a y be forced 
o n the system because of the symmetry m i s m a t c h be tween the redox 
act ive meta l i o n orbitals a n d the carrier o r b i t a l on the l i g a n d , w h i c h i n 
a l l l i k e l i h o o d is a l o w - l y i n g ?r* orb i ta l . T w o F r a n c k - C o n d o n b a r r i e r s — 
C r 2 + to l i g a n d a n d l i g a n d r a d i c a l to C o ( I I I )—af fec t the rates. T h e r e is 
no reason to be l ieve that t u n n e l l i n g p r o b a b i l i t y at either of these junctions 
is rate de t e rm i n ing a n d certa in ly not that e lectron m o b i l i t y i n the l i g a n d 
is rate de termin ing . A n important proper ty of the l i g a n d w h i c h makes 
remote e lectron transfer possible i n these systems is the access ibi l i ty of 
the π* orb i ta l . O t h e r things be ing equa l , ready r e d u c i b i l i t y of the l i g a n d 
is impor tant i n d e t e r m i n i n g whether remote attack w i l l occur. F o r 
example , i t is probab le that t e rephtha la topentaamminecoba l t ( I I I ) is not 
r e d u c e d b y remote attack (39) w h i l e p - formylbenzoatopentaammineco -
b a l t ( I I I ) cer ta in ly is (42). N u m e r o u s other comparisons can be f o u n d 
i n the extensive a n d instruct ive contr ibut ions w h i c h have been m a d e to 
this subject b y G o u l d (39, 41). W h e n the o r b i t a l o n the o x i d i z i n g 
agent has ττ symmetry as i n a p e n t a a m m i n e r u t h e n i u m ( I I I ) complex , a n d 
the complex is r e d u c e d b y C r ( I I ) , there is apparent ly only one F r a n c k -
C o n d o n barr ier to s u r m o u n t — C r ( I I ) to l i g a n d — t h e e lectron b e i n g trans
ferred to a n o r b i t a l that is de loca l i zed over meta l i o n a n d l i g a n d . I n 
these systems, transfer f r o m C r ( I I ) to ( l i g a n d + m e t a l ) is rate deter
m i n i n g , a n d again there is no reason to invoke t u n n e l l i n g p r o b a b i l i t y as 
a react ion barr ier . Systems i n w h i c h the r e d u c i n g agent loses a ττ e lectron 
a n d the o x i d i z i n g agent gains a ττ e lectron w i l l be dealt w i t h be low. 
F o r completeness, i t must be ment ioned that i n these systems w h e n the 
b r i d g i n g l igands are conjugated, it is l i k e l y that the electron transfer 
reactions are adiabat ic . 

T o sum u p the survey of the past w o r k on ox idat i on - reduc t i on reac
t ions : the on ly exper imenta l results ob ta ined thus far w h i c h strongly 
ind icate nonadiabat i c effects are some obta ined b y M a t t e s o n a n d B a i l e y 
(22) a n d b y C h a n a n d W a h l (23) for self-exchange reactions. I n a d d i 
t i on , i t is very l i k e l y that such effects are signif icant also for reactions of 
/ e lectron redox agents, par t i cu lar ly on react ion w i t h one another. 
M a r c u s has advocated consistently the pos i t i on that nonadiabat i c effects 
are re lat ive ly u n i m p o r t a n t for the o rd inary o x i d a t i o n - r e d u c t i o n reactions 
w h i c h have been studied . B u t m a n y experimentalists , i n c l u d i n g mysel f , 
have been m u c h s lower to arr ive at i t . F u r t h e r w o r k m a y show that a 
nonadiabat i c factor is signif icant i n m a n y other processes, b u t at the 
present l eve l of deve lopment of the subject, there are not m a n y cases 
where i t needs to be invoked . 

Before descr ib ing experiments des igned to s tudy the nonad iabat i c 
reg ime for e lectron transfer i n o x i d a t i o n - r e d u c t i o n reactions systemati 
ca l ly , some systems i n w h i c h electron tunne l l ing , i n the sense that i t 
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7. T A U B E Nonadiabatic Electron Transfer 137 

determines rate of e lectron transfer, is a factor shou ld be ment ioned . 
Zamaraev a n d co-workers (43, 44) a n d others (45) have deve loped a 
strong case for e lectron transfer b y t u n n e l l i n g i n condensed systems 
w h i c h have undergone rad ia t i on damage. M i l l e r (46) also a d d e d e v i 
dence for t u n n e l l i n g i n s tudy ing the react ion : 

[biphenyl]" - f triphenylethylene = biphenyl + [triphenylethylene]" 

i n r i g i d ethanol at —77° . T h e overa l l behav ior i n these systems is c o m 
p l i c a t e d because the reactants are at v a r y i n g distances. H o w e v e r i n the 
systems descr ibed b e l o w the ox idant a n d reductant are at fixed re lat ive 
posit ions. T h e y represent a great s impl i f i cat ion p a r t i c u l a r l y w h e n c o m 
p a r e d w i t h the second-order redox processes w h i c h have been s tudied . 
B y h a v i n g oxidant a n d reductant assembled i n a s ingle molecule , i n t r a 
mo lecu lar e lectron transfer rates can be measured a n d m a n y ambiguit ies 
a t tending the interpretat ion of the second-order processes are avo ided . 
T h e systems current ly b e i n g s tud ied i n v o l v i n g meta l ions do have prece
dent i n p u r e l y organic ones, for example, i n the paracyc lophane r a d i c a l 
anions s tud ied b y W e i s s m a n n (47) a n d r a d i c a l anions der ived f r o m the 
4 ,4 ' -n i t rob iphenyl s tud ied b y H a r r i m a n a n d M a k i (48). A l t h o u g h i n 
p r i n c i p l e the results i n these systems are i n the d irect l ine of our interest, 
i n pract i ce they go on ly a smal l w a y t o w a r d y i e l d i n g the k i n d of i n f o r m a 
t i on w h i c h is desired, namely rates as a func t i on of a w i d e range i n the 
structure of the b r i d g i n g groups spanning the redox centers a n d as a 
func t i on of temperature (as ment ioned earl ier , values of A S ^ can be 
p a r t i c u l a r l y s igni f i cant ) . F o r the organic systems, rates were measured 
b y the E S R technique , a n d this is competent only i n a rather n a r r o w 
range of specific rates. E v e n i f other approaches for the organic systems 
were avai lable , there w o u l d s t i l l be important reasons for s t u d y i n g m e t a l 
ions as the redox reactants, because the rates w i l l be sensitive to o r b i t a l 
symmetry , to differences i n energy of orbitals , a n d perhaps to o r b i t a l 
overlap. O n l y b y s tudy ing meta l - i on conta in ing systems are w e l i k e l y 
to understand the m a n y redox reactions of meta l complexes w h i c h have 
been s tudied i n the b imo le cu lar mode. 

T h e advantage of s tudy ing intramolecu lar rather than intermolecu lar 
e lectron transfer was apprec iated qu i te ear ly (49), b u t on ly rather re 
cent ly have reports of the results of such measurements been appear ing 
for metal - to -metal e lectron transfer. G a s w i c k a n d H a i m (50) reported 
first-order rates for e lectron transfer i n the outer-sphere complex 
C o ( N H 3 ) 5 H 2 0 3 + · F e ( C N ) 6

4 - , C a n n o n a n d G a r d i n e r (51) for the inner -
sphere complex f o rmed between [ ( N H s ^ C o O a C C ^ N i C H a Œ ^ H ^ ] 2 * 
a n d F e 2 + , a n d H u r s t a n d L a n e (52) for [ ( N H 3 ) 5 R u f u m a r a t e ] 2 + w i t h C u + 

b o u n d to the doub le b o n d of the l i g a n d . B u t since i n each case m e n 
t i oned the o x i d i z i n g - r e d u c i n g agent b o n d is lab i l e , the positions w h i c h 
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138 BIOINORGANIC CHEMISTRY II 

the meta l ions have relat ive to each other i n the act ivated complex are not 
defined. T h e a m b i g u i t y re ferred to is m u c h reduced i n systems n o w 
under study. Is ied a n d T a u b e (53) dev ised a strategy for measur ing 
intramolecu lar electron transfer i n complexes of the class C o T I I L ' . . . 
L R u 1 1 , a strategy w h i c h should be app l i cab le to more complex systems, 
i n c l u d i n g b io l og i ca l ones. B y the proper choice of po lar groups for the 
b i f u n c t i o n a l b r i d g i n g l i gand 1 / . . . L , a subst i tut ion inert c ombinat i on 
C o l n L ' . . . L R u I H is first f ormed. M a n y reduc ing agents react w i t h 
R u ( I I I ) ( a ττ e lectron acceptor ) more r a p i d l y than w i t h C o ( I I I ) ( a σ 
e lectron acceptor ) , a n d the system can be " co cked" for in tramolecu lar 
e lectron transfer b y a d d i n g a r e d u c i n g agent such as R u ( N H 3 ) 6

2 + . F o r 
the complexes thus far s tudied , R u ( I I ) is b o u n d to the b r i d g i n g l i g a n d 
b y a heterocyc l i c n i t rogen a n d aquat i on of this l inkage has a ha l f - l i f e i n 
excess of a m o n t h (54). Moreover , R u ( I I ) i n combinat i on w i t h a p y r i -
d ine - l ike l i g a n d shows a very strong ?r* <— ?rd absorpt ion, w h i c h can be 
used to f o l l ow the react ion. T h e c o b a l t - l i g a n d b o n d is d i s rupted o n net 
e lectron transfer f r o m R u ( I I ) to C o ( I I I ) because the electron accepted 
b y the cobalt center is ant ibond ing , a n d the complex is l a b i l i z e d for sub
st i tut ion on absorb ing an electron. H a i m a n d co-workers (55, 56) have 
analogous studies under w a y b u t w i t h F e ( C N ) 6

3 + i n place of R u ( I I ) . 
C o m p a r i s o n of results for the two k inds of systems shou ld be useful . 
S imi lar i t ies can be expected, b u t i t is l i k e l y that differences w i l l be 
especial ly instruct ive . S u c h differences arise, for example, f rom the d i f 
ferences i n charge type, i n the r e d u c i n g power of the metals , a n d i n 
the ir b a c k - b o n d i n g capab i l i ty . 

I n current w o r k (57) be ing done b y Se ide l , à series of complexes 
re lated to a n d i n c l u d i n g those or ig ina l ly s tudied b y Is ied is be ing inves
t igated . T h e measurements are n o w b e i n g extended to rates as a func t i on 
of temperature , a n d to e l i m i n a t i n g the a m b i g u i t y left i n the o r i g i n a l 
w o r k for the complexes showing very r a p i d rates. T h i s a m b i g u i t y arises 
f r o m the fact that S 0 4

2 " is i n c l u d e d i n the coord inat ion sphere, a n d i f 
e lectron transfer is r a p i d enough, the r educ ing agent is a monosul fato 
complex of R u ( I I ) rather t h a n a monoaquo complex as is the case for 
s lower electron transfer rates. I n the meant ime, measurements have been 
m a d e on complexes i n w h i c h 4 ,4 ' -b ipyr id ine a n d re lated b i f u n c t i o n a l 
l igands serve as b r i d g i n g groups. These measurements inc lude the rates 
of in t ramolecu lar electron transfer as a func t i on of temperature ( 5 8 ) . 
F o r the same b r i d g i n g l igands , i t is possible to prepare the m i x e d valence 
complexes of the type [ ( N H 3 ) 5 R u n L . . . L R u m ( N H 3 ) 5 ] 5 + . W h e n the 
c o u p l i n g between the meta l centers is strong enough, the m i x e d va lence 
species feature a b a n d i n the n i r . A c c o r d i n g to H u s h (21), this absorp
t i o n b a n d is re lated to the t h e r m a l electron transfer process i n the m i x e d 
valence species, at least for systems i n w h i c h the valence d e r e a l i z a t i o n 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

07



7. T A U B E Nonadiabatic Electron Transfer 139 

is not too great. T h e b a n d energy measures the F r a n c k - C o n d o n barr ier 
for op t i ca l electron transfer, ( Δ £ 2 i n F i g u r e 1 ) , a n d i f the energy of the 
system as a funct ion of the react ion coordinate for electron transfer is 
k n o w n , the F r a n c k - C o n d o n barr ier for the thermal process can be c a l c u 
lated . T h e osci l lator strength for the intervalence trans i t ion is re lated to 
the extent of valence d e r e a l i z a t i o n a n d is therefore a measure of energy 
gap at the crossover po int i n F i g u r e 1. A l t h o u g h the e lectron transfer 
process for R u ( I I ) -> C o ( I I I ) is different f r o m that for R u ( I I ) -> R u ( I I I ) 
[ C o ( I I I ) a n d R u ( I I I ) accept the r e d u c i n g electrons into orbitals of σ 
a n d π s ymmetry respect ively ; i n the r educ t i on of C o ( I I I ) , b u t not of 
R u ( I I I ) , bonds are broken] i t nevertheless seems of interest to compare 
the t h e r m a l rates for the R u ( I I ) - C o ( I I I ) system w i t h the properties of 
the n i r absorpt ion b a n d for R u ( I I ) - R u ( I I I ) . I t w o u l d be desirable to 
measure the rates of e lectron transfer for the latter systems d irec t ly , b u t 
u n t i l now , no reports of such measurements have been pub l i shed . R e 
sults of some experiments des igned to measure the rate of e lectron 
transfer b y s tudy ing the d ie lec tr i c constant as a func t i on of f requency 
i n r i g i d m e d i a are reported i n Ref . 60. 

T h e data w h i c h have been obta ined for the complexes b r i d g e d b y 
4 ,4 ' -b ipyr id ine a n d re lated molecules are s u m m a r i z e d i n T a b l e I I I . R e 
f err ing first to the results on net e lectron transfer, perhaps the most 
notable among them is the smal l range i n rate for w h a t seem to be drast ic 
changes i n electronic c o u p l i n g between the rings. T h i s suggests strongly 
that the reactions l i e very m u c h t o w a r d the ad iabat i c reg ime a n d sup
ports the pos i t ion that a smal l c oup l ing ensures ad iabat i c transfer. 
L e a v i n g out of considerat ion the last system w h i c h w i l l be discussed 
presently , the values of Δ Η 4 are m u c h a l ike for the different systems, 
showing that the F r a n c k - C o n d o n barr ier is rather constant w i t h i n the 
series. T h i s is expected because the immediate env ironment a r o u n d each 
meta l a tom remains the same and , on a more e m p i r i c a l basis, is expected 
because the reduc t i on potent ia l for the R u ( I I I ) - R u ( I I ) couple remains 
rather constant. F o r the above arguments to be app l i cab le , the proviso 
needs to be m a d e that the m e t a l - m e t a l distance r e m a i n constant w i t h i n 
the series, otherwise the barr ier to e lectron transfer contr ibuted b y the 
solvent w i l l not be constant. T h i s distance, it must be admit ted , is not 
qu i te constant. 

A n o t h e r s tr ik ing result w h i c h has emerged f r o m the s tudy is that 
the large negat ive entropies w h i c h are characterist ic of reactions of the 
3 + , 2 + charge type w h e n s tud ied i n the b imo lecu lar mode have a l l b u t 
d isappeared . T h e entropy of ac t ivat ion for the slowest react ion among 
the first five is more negat ive than that observed for the most r a p i d , a n d 
this perhaps indicates that the effect of nonad iabat i c transfer is be ing 
felt for the d i p y r i d y l methane system. 
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140 BIOINORGANIC CHEMISTRY II 

Table III. Intramolecular Electron Transfer Rates 
the Intervalence Transitions 

Δ Η * 
L . . . L kXlO3 (M'1 sec1)*'* (heal mol1) 

20.0 ± 0.3 

20.2 db 0.3 

C H 3 

C H 3 

19.7 ± 0.6 

18.4 ± 0 . 5 

18.6 ± 1.0 

° A t 25° ; ionic strength, 0.4. 
6 Values of Δ//Φ and Δ£Φ obtained by Fischer, Tom, and Taube (58) recalculated 

by Konrad Rieder. Error estimates according to the method of J. L. Cramer (59). 
The only substantial difference from those published is for the dipyridylethane where 
Δ#φ — 19.5 ± 0.3 and Δ£Φ = - 6 . 5 ± 1.5. 

I n the systems b e i n g descr ibed , a decrease i n rate b y a factor of 
about 20 is registered w h e n a C H 2 g roup is inserted between the r ings 
of 4 ,4 ' -b ipyr id ine , b u t this factor does not necessarily app ly i n other 
cases. T h u s , c o m p a r i n g isonicot inate w i t h the same l i g a n d w i t h a C H 2 

inserted between the r i n g a n d the carboxy l group, the rate decreases b y 
a factor of on ly 1.5 ( 5 7 ) . T h e s m a l l change is not expected o n the basis 
of experiments done i n the b i m o l e c u l a r mode . W h e t h e r this means that 
the interpretat ion of the b imo lecu lar processes is b a d l y confused b y the 
compl i ca t i on of the s tab i l i ty of the precursor complex or whether the 
difference is a consequence of a difference i n m e c h a n i s m is not yet c lear. 
( I n the b imo le cu lar processes C r 2 * , a σ e lectron donor is often used . 
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7. T A U B E Nonadiabatic Electron Transfer 141 

in Co(III)L . . . LRu(II) and Properties of 
for Ru(III)L . . . LRu(II) 

A S * 

(cal mol1 deg'1) Ef(V)° λ max (nm)d c f M " 1 cm'1) Ref. 

2.6 ± 1.2 0.35 1050 400 58 

1.3 ± 1.0 0.33 960 400 58 

- 1 . 6 ± 0.6 0.34 860 90 58 

-2.9 ± 2.1 0.36 855 70 58 

- 9 . 0 ± 1.7 — 825 - 5 61 

- 9 . 6 ± 3.2 0.31 — < 10 55 

"Reduction potential for the 3+,2+ couple referred to N H E as obtained by-
cyclic voltammetry for the protonated complexes, [(NH^sRuL . . . L H l 4 + . + 3 . 

d For the intervalence transition in the Ru(III)-Ru(II) complex, measured in 
D 2 0 . 

T h e reduc t i on of [ (NH 3 ) 5 CO0 2 CH 2 <QN ] 2 + apparent ly has not been 
s tud ied . T h e general experience w i t h reduc t i on of C o ( I I I ) b y C r 2 * 
however is that w h e n C H 2 is inserted into a conjugated system, the 
react ion b y remote attack is m u c h less r a p i d t h a n i t is b y the outer-sphere 
p a t h , a n d this latter p a t h is usua l ly m u c h s lower t h a n that i n v o l v i n g 
remote attack, w h e n this can occur . ) O u r l i m i t e d capac i ty to pred i c t 
the results of the experiments o n intramolecu lar e lectron transfers is a 
strong mot ivat i on for cont inu ing the work . 

T h e last system dealt w i t h i n the table differs f r o m the others i n 
that the b r i d g i n g group is flexible. T h e mo lecu le can adopt a conf igura
t i o n i n w h i c h the m e t a l ions approach qu i te closely, a n d i t is l i k e l y that 
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142 BIOINORGANIC C H E M I S T R Y II 

i n this case there is direct e lectron transfer f r om R u ( I I ) to C o ( I I I ) , i.e., 
e lectron transfer does not d e p e n d on electronic c o u p l i n g b e i n g p r o v i d e d 
b y the b r i d g i n g group. T h e fact that the react ion rate is more sensitive 
to i on i c strength i n this than i n the other systems i n w h i c h this parameter 
is v a r i e d (58) supports the idea that the configuration suitable for 
e lectron transfer is not the e q u i l i b r i u m one. 

T h e results i n T a b l e I I I show that there is a r o u g h para l l e l be tween 
the rates of net e lectron transfer f r o m R u ( I I ) to C o ( I I I ) a n d the i n t e n 
sity of the intervalence b a n d observed for the R u ( I I ) - R u ( I I I ) m i x e d 
valence complex. A n y such p a r a l l e l i s m — m o r e exact ly a para l l e l i sm be
tween ASf a n d the i n t e n s i t i e s — w o u l d i m p l y that a nonadiabat i c factor 
does affect the rates of e lectron transfer. Unfor tunate ly , i t is not possible 
to examine this re lat ionship i n the sensitive reg ion where the reactions 
are strongly nonadiabat ic . T h e n i r bands are very broad , a n d is dif f icult 
to measure ext inct ion coefficients that are less than about 5 M " 1 cm" 1 . 

A n important a p p l i c a t i o n of the w o r k on m i x e d valence complexes 
i n w h i c h the meta l ions are w e a k l y but not too w e a k l y c oup led is i n 
reso lv ing the F r a n c k - C o n d o n barr ier to e lectron transfer in to the sepa
rate contr ibut ions f r o m the inner-sphere a n d the solvent. Some w o r k 
d i rec ted to this goal has been reported (62, 63). Because of the nature 
of the dependence of the solvent barr ier o n distance, those systems i n 
w h i c h the separation of the meta l centers is large w i l l be par t i cu lar ly 
instruct ive . W h e n this separation is sufficiently large, i t m a y be possible 
to estimate the radius of the d ie lec t r i ca l ly saturated reg ion about each 
i o n so as to compare i t w i t h the radius of the coord inat ion sphere itself. 

T h e systems devoted to s tudy ing intramolecu lar e lectron transfer 
w h i c h have been descr ibed have not gone far t o w a r d m a p p i n g out the 
characteristics of the nonad iabat i c regime, b u t i t seems l i k e l y that they 
can be e laborated to make a systematic study possible. Success is b y no 
means a certainty, however . T h u s i n the systems w i t h a — C H 2 — or 
— S — i n t e r r u p t i n g the conjugation, the e lectron m a y n o w leak f r o m one 
π system to another. P l a c i n g a second saturated l i n k i n the c h a i n for a 
r i g i d system m a y cause such a p r o f o u n d decrease i n the rate that other 
processes, such as reduc t i on of C o ( I I I ) i n one center b y R u ( I I ) i n 
another, m a y intervene. B u t i f the ha l f - l i f e is not increased b e y o n d 
several days b y further decoup l ing , first-order rates c a n s t i l l be measured. 
Synthet i c w o r k is i n progress (61) to dispose p y r i d i n e groups on the 
cyc lopropane r i n g ( t rans) a n d o n the cyc lohexane r i n g a n d to use the 
resu l t ing molecules as b r i d g i n g groups. E v e n apart f r o m ach iev ing 
strong decoup l ing , the results b o t h of net e lectron transfer a n d of the 
intensities of the intervalence t rans i t ion are use fu l i n l earn ing about w e a k 
interact ions between separate e lectronic systems. 
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7. TAUBE Nonadiabatic Electron Transfer 143 

The strategy that has been used for the Co (III) . . . Ru(II) sys
tems can be adapted also to include molecules of biological interest. In 
fact, for them an additional factor—geographical isolation of one ion in 
the interior of a structure while the second reactant is ligated to the 
exterior—can be used to discriminate between the centers in cocking 
the system for electron transfer. By using pulse radiolysis, the preferential 
oxidation or reduction of one center over another can be done on the 
time scale of a fraction of a microsecond, and rapid rates of electron 
transfer can be measured. It will also be of interest to attach ruthenium 
ammines to molecules of biological interest and to study the interaction 
between the ions in the mixed valence state using spectrophotometric 
and other techniques. 

The question of facile electron transfer over many bond distances in 
biological systems appears still to be open. Just how strong the coupling 
is between metal ions suitably disposed with respect to the hydrogen 
bond system of a protein or as mediated by ττ—π interactions is difficult 
to calculate. It may turn out to be strong enough to allow even adiabatic 
transfer over distances of the order of 20 A. 
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Structure and Electron Transfer Reactions of 

Blue Copper Proteins 

HARRY B. GRAY, C A T H E R I N E L. C O Y L E , DAVID M. D O O L E Y , 
P A U L A J. G R U N T H A N E R , J E F F R E Y W. H A R E , ROBERT A. 
H O L W E R D A , JAMES V. M c A R D L E , DAVID R. McMILLIN, 
JILL RAWLINGS, ROBERT C. ROSENBERG, N. SAILASUTÁ , 
E D W A R D I. SOLOMON, P. J. STEPHENS, SCOT W H E R L A N D , 
and JAMES A. WURZBACH 

Arthur Amos Noyes Laboratory of Chemical Physics, 
California Institute of Technology, Pasadena, CA 91125 

Complete assignments of the electronic spectra of stella
cyanin, plastocyanin, and azurin have been made. Bands 
attributable to d-d transitions have been located in the 
near-infrared region for the first time, and their positions 
are consistent with a distorted tetrahedral geometry for the 
blue copper center. The kinetics of the electron transfer 
reactions of stellacyanin, azurin, and plastocyanin with 
Fe(EDTA)2- and Co(phen)3

3+ have been studied. Kinetic 
parameters indicate that reduction of azurin and plasto
cyanin by Fe(EDTA)2- occurs by long distance transfer to 
a buried blue copper center. However, the pathway for 
oxidation involves substantial protein rearrangement, 
thereby allowing contact of Co(phen)3

3+ with the copper 
ligands. In contrast, the blue copper center of stellacyanin 
is equally accessible in solution to redox agents. 

H P h e r e has been m u c h recent interest i n the mechan ism of e lectron 
transfer i n v o l v i n g b l u e copper proteins a n d nonphys io l og i ca l as w e l l 

as phys io log i ca l redox agents ( 1 ). Questions such as h o w far apart the 
t w o redox centers are at the instant of e lectron transfer, whether there are 
m u l t i p l e pathways , whether there is a h i g h degree of specif icity, and , i f 
so, w h a t is its o r ig in , are b e i n g asked. Exper iments i n our laboratory a n d 
elsewhere have p r o v i d e d enough in format ion on the spectroscopic p r o p 
erties a n d the kinet ics of e lectron transfer reactions of b lue copper p r o 
teins to make serious s tructura l a n d mechanist i c discussions possible . 
T h e b l u e copper proteins w h i c h w e discuss here are bean p lastocyanin 
(Phaseolus vulgaris; m o l w t 10,700 (2); Ε 350 m V (3 ) ) , a z u r i n (Pseudo-

145 
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146 BIOINORGANIC C H E M I S T R Y II 

monas aeruginosa; m o l w t 13,900 (4); Ε 330 m V (5) ) , a n d ste l lacyanin 
(Rhus vernicifera; m o l w t 20,000 (6); Ε 184 m V (7) ). A l l these proteins 
are thought to have electron transfer functions, a l though a phys io log i ca l 
partner is not k n o w n for ste l lacyanin. P las tocyanin accepts an electron 
f r om cytochrome / i n the photosynthet ic cha in of green leaves, a n d a z u r i n 
is be l i eved to be the phys io log i ca l oxidant for ferrocytochrome c 551 i n 
Pseudomonas aeruginosa a n d re lated bacter ia . T h e b l u e copper proteins 
as a class are par t i cu lar ly attractive for systematic k ine t i c studies, as 
bas i ca l ly the same chromophore spans a fa i r ly large range of reduct i on 
potentials . T h e potent ia l that is adopted apparent ly depends on finer 
details of the b l u e copper environment , a l l o w i n g an opportuni ty for 
correlations of e lectron transfer react iv i ty w i t h such structural differences. 

Structural Considerations 

X - r a y crystal structure analysis has not been completed to date for 
any b l u e (or type 1) copper prote in . T h e probab i l i t y that the copper 
coordinat ion environment is h i g h l y unusua l , however , has l ong been 
recognized , as a result of various spectroscopic studies (8, 9). A t y p i c a l 
b l u e copper pro te in is character ized b y an intense electronic absorpt ion 
b a n d system, w h i c h peaks at about 600 n m (c 3* 2 χ 10 3), as w e l l as b y 
an extremely smal l Αμ E P R spectral parameter . N e i t h e r of these spectral 
properties has been d u p l i c a t e d satisfactori ly i n l o w molecular we ight 
C u ( I I ) complexes. A s square p lanar C u ( I I ) centers, i n part i cu lar , ex
h i b i t opt i ca l a n d E P R spectra that are m u c h different f r om those observed 
for b lue proteins, most models have featured geometries based on tetra-
h e d r a l or five coordinat ion. T w o different explanations of the intense 
600-nm absorpt ion have been proposed. O n e treats the b a n d as ar is ing 
f r o m one or more a l l o w e d d-d transitions i n a non-centrosymmetr ic 
center, a n d the other attributes the strong absorpt ion to a charge transfer 
process, p robab ly of the l igand- to -meta l ( L M C T ) type (10, 11). 

Spectroscopic studies of C o ( I I ) derivatives of s te l lacyanin, p lasto
cyan in , a n d a z u r i n have establ ished that the charge transfer interpreta 
t i on is pre ferred (10, 11). Intense bands ( e ^ 2 χ 103) that appear to 
be analogous to the 600-nm system of b lue proteins are observed between 
300 a n d 350 n m i n the C o ( I I ) derivatives. T h e shift i n b a n d pos i t ion of 
about 16 k K [ C u ( I I ) < < C o ( I I ) ] accords w e l l w i t h expectation for an 
L M C T transit ion. T h e v i s ib le a n d near - in frared absorpt ion, C D , a n d 
M C D spectra of C o ( I I ) derivatives of s te l lacyanin , p lastocyanin , a n d 
a z u r i n have been interpreted (12) successfully i n terms of the d-d t r a n 
sitions expected for distorted tetrahedral meta l centers ( T a b l e I ) . A v e r 
age l i g a n d field parameters are the same for a l l three C o ( I I ) proteins 
(Dq = 490, Β = 730 c m - 1 ) , w h i c h strongly suggests that the donor atom 
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8. GRAY E T A L . Blue Copper Proteins 147 

set of a b lue site does not vary f rom case to case, even t h o u g h the poten
t i a l does. Interest ingly, the sp l i t t ing of the 4 Γ ι state is smallest for the 
C o ( I I ) der ivat ive of s te l lacyanin, w h i c h is the prote in whose nat ive 
f o rm exhibits the lowest potent ia l . 

Table I . Energies of the Ligand Field States 
in Co ( I I ) Protein Derivatives" 

Protein 4T2
 4T> (4F) Avg. 4Tt (4F) Avg. 

Stellacyanin 5000 6800 9700 8250 15,500 18,500 17,000 
Azurin b 6600 10,150 8375 15,700 19,200 17,400 
Plastocyanin b 6900 10,000 8450 15,200 19,700 17,400 

a Energies in c m " 1 ; ground state (zero) is 4A2 (12). 
b N o t observed. 

N e w absorptions a n d C D spectral features attr ibutable to d-d t rans i 
tions have been observed i n the near- infrared reg ion for ste l lacyanin , 
p lastocyanin , a n d a z u r i n ( T a b l e I I ) . These d-d transitions have been 
ana lyzed (13) successfully i n terms of a s l ight ly flattened tetrahedral 
geometry for b lue copper centers. I n such a geometry the electronic 
energies (W) of the l i g a n d field states of C u ( I I ) increase accord ing to 
2 B 2 < 2E < 2 B i < 2Αχ (14). T h e value of the angle (β) be tween the 
z-axis a n d the m e t a l - l i g a n d bonds (β = 90° at the D 4 h l i m i t ) for ste l la
cyan in was fixed at 60° i n order to give reasonable values for A W ( 2 A i — 
2B2) i n the tetrahedral a n d square p lanar l i m i t i n g geometries. T a k i n g 
A W ( 2 E -2B2) = 5250 a n d A W ( 2 B X -2B2) = 8750 c m 1 (Ds = 765, Dt 
444 c m " 1 ) , values of A W ( 2 A X - 2B2) are ca lcu lated to be 22,800 a n d 6915 
c m " 1 at the D 4 h a n d T d (£ = 54.74°) l imi ts , respectively. T h e energy 
separation of 22,800 c m " 1 is correct ly denoted A W ( 2 A i g — 2 B i g ) , as 2Αχ 
a n d 2B2 become 2 A i g a n d 2Blg, respectively, i n D 4 h . T h e other D 4 h t rans i 
tions, 2Blg -» 2Eg a n d 2 B l g

 2 B 2 g , are pred i c ted at 24,890 a n d 15,550 c m " 1 , 
respectively . A l l the ca lculated D 4 h values shou ld be reduced b y about 
20%, a l l o w i n g for the sl ight increase ( ~ 0 . 1 A ) i n m e t a l - l i g a n d b o n d 
lengths that is expected to accompany a change f rom tetrahedral to 
square p lanar coordinat ion. T h e adjusted values for the D 4 h d-d t rans i 
t i on energies are i n reasonable agreement w i t h the observed b a n d pos i 
tions i n square p lanar C u ( I I ) complexes conta in ing nitrogen-donor 
l igands (14). I n sharp contrast, l i g a n d field parameters der ived f rom β 
values a f ew degrees b e l o w or above 60° g ive absurd energy differences 
i n the D 4 h l i m i t . F o r example, AW(2Alg — 2Blg) is ca l cu lated to be 
58,800 c m " 1 f r om β = 57° parameters ( D s = 2240, Dt = 505 cm" 1 ) a n d 
5050 c m " 1 f r om β = 70° ones (Ds = 77, Dt = 320 c m " 1 ) . 

T h e der ived l i g a n d field parameters (β = 60°, Ds = 765, Dt = 444 
cm" 1 ) pred ic t 2 A i to be 11,540 c m " 1 above the 2 B 2 g round state for ste l la
cyan in . A n absorpt ion b a n d a n d C D m a x i m u m are observed near this 
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148 BIOINORGANIC C H E M I S T R Y II 

T a b l e I I . A b s o r p t i o n a n d C D S p e c t r a l 

Protein ν (cm'1) AefM" 1 cm'1) 

S t e l l a c y a n i n 5250 0.45 
8750 - 0 . 3 5 

11,470 2.4 
13,040 - 5 . 0 
16,580 3.6 
17,840 0.75 
22,570 - 7 . 3 5 

P l a s t o c y a n i n 5500 0.125 
10,300 - 0 . 1 6 5 
H ,940 ~ 1.5 
13,540 - 3 . 7 8 
16,600 4.08 
18,140 0.4 
21,540 - 1 . 3 2 
23,640 1.26 

A z u r i n 10,300 - 0 . 4 7 5 
12,940 - 3 . 6 
15,940 3.96 
17,770 0.72 
20,840 - 1 . 1 1 

" F r o m Ref . 13. A b s o r p t i o n for each blue protein are taken from a Gauss ian 
resolution of the 35 Κ near-infrared and visible absorption spectrum. 

energy. T h e resolved absorpt ion b a n d has a mo lar ext inct ion coefficient 
of 565, w h i c h is approx imate ly five times larger than that observed for 
the m a x i m u m at 8750 c m ' 1 . It is expected that the 2 B 2 - » 2 A X t rans i t ion 
s h o u l d be more intense, as i t is e lectr ic -d ipo le a l l owed , whereas 2 B 2 - » 2 B i 
is not. 

E x c i t e d d- level energies for p las tocyanin a n d a z u r i n are v e r y s imi lar . 
T a k i n g A W ( 2 £ — 2 B 2 ) — 5500, AW( 2 Bx — 2 B 2 ) = 10,300 c m " 1 , a n d β — 
60° for b o t h proteins, Ds a n d Dt are ca l cu la ted to be 764 a n d 508 c m " 1 , 
respect ively , a n d the 2 B 2

 2Αχ t ransi t ion is p r e d i c t e d to be at 12,520 cm" 1 . 
P las tocyan in exhibits a Gauss ian-reso lved peak at 11,940 c m " 1 ( T a b l e I I ) , 
w h i c h m a y be a t t r ibuted to 2 B 2 - » 2 A i . I n a z u r i n , the re lat ive ly intense 
b a n d at ~ 13,000 c m - 1 p r o b a b l y overlaps extensively w i t h absorpt ion 
o w i n g to 2 B 2 - » 2Αχ. 

Research a i m e d at i d e n t i f y i n g the l igands c o m p r i s i n g the flattened 
tetrahedral b lue copper center has been p a r t i c u l a r l y intense i n the case 
of p lastocyanin . D i r e c t evidence for a su l fur l i g a n d has come f r o m x-ray 
photoe lectron spectral ( X P S ) experiments o n bean p lastocyanin , w h e r e 
a large shift of the S2p core energy of the s ingle cysteine ( C y s - 8 5 ) residue 
i n the pro te in u p o n m e t a l incorporat i on ( 164.5, apo; 169.8, nat ive ; 168.8 
e V , C o ( I I ) der ivat ive ) was observed ( 1 5 ) . T h e two hist idines i n s p i n 
ach p lastocyanin exhibi t pfC values b e l o w 5 i n N M R t i t rat ion experiments, 
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8. GRAY E T A L . Blue Copper Proteins 149 

Data for Blue Copper Proteins" 

efM'1 cm'1) Ύ Assignment 

~ 100 ~ 0.018 2B2 -* 2E 
~ 100 ~ 0.014 2 β 2 - * 2 β ι 

565 0.017 
341 0.059 7rS —> dx2 . y 2 

3549 0.0041 aS—* dx2.y2 
1542 0.0019 b 

942 0.031 
~ 100 0.005 2 £ 2 - + 2 £ 

200 0.0033 
1162 0.0052 2 B 2 - » 2 ^ i 
1289 0.012 7rS —> dX2 . y2 

4364 0.0037 a S - ^ d x 2 . y 2 

1163 0.0014 b 

300 0.018 ΤΤΝ*^ d X 2 . y 2 

~ 100 ~ 0.050 
82 0.023 2B2^2Bt 

686 0.021 7rS —> d X2 _ y2 

3798 0.0042 —> CÎX2 . y2 
504 0.0057 b 

185 0.024 π Ν * · ^ d x 2 . y 2 

6 Not assigned. 

suggesting that they are coord inated to copper ( 16). It is reasonable to 
assume, therefore, that the analogous two residues i n the bean pro te in , 
H i s - 3 8 a n d His -88 , are also l igands (13). T h e f our th l i g a n d i n the p r o 
posed donor set for bean p las tocyanin has been ident i f ied i n extensive 
in f rared spectral studies (17). These experiments have revealed that a 
short sect ion of α-helix i n apoplastocyanin is strongly p e r t u r b e d u p o n 
m e t a l [ C u ( I I ) or C o ( I I ) ] incorporat ion , thereby i m p l i c a t i n g a backbone 
pept ide n i t rogen or oxygen as a l i g a n d . T h e preference of copper for 
n i t rogen donors, as w e l l as evidence f r o m charge transfer spectra ( v i d e 
i n f r a ) , favors coord inat ion b y a deprotonated pept ide n i t rogen ( N * ) . 
Cons idera t i on of the bean p lastocyanin sequence places the α-helix, a n d 
therefore the backbone pept ide n i trogen, a f e w residues above H i s - 3 8 
(14). 

A flattened tetrahedral C u N 2 N * S m o d e l is also reasonable for a z u r i n . 
Recent X P S experiments have s h o w n (18) that a su l fur is b o u n d to 
copper i n a z u r i n , a n d the e lectronic spectroscopic propert ies of b o t h 
C u ( I I ) a n d C o ( I I ) forms of the pro te in are closely s imi lar to those of 
analogous bean p las tocyanin derivat ives . It is probab le that the near -
te trahedra l b i n d i n g site i n each b l u e pro te in is rather r i g i d , as l i g a n d -
field s tab i l i zat ion factors strongly favor a square p lanar geometr i ca l 
structure for four-coordinate C u ( I I ) . T h e site-structure r i g i d i t y b u i l t 
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150 BIOINORGANIC CHEMISTRY- -II 

b y the prote in must overcome the electronic s tab i l i zat ion energy associ
ated w i t h a Jahn—Teller d istort ion t o w a r d square p lanar C u ( I I ) geome
try , thereby contr ibut ing to the relat ive instab i l i ty of the o x i d i z e d state 
of the system. T h u s the re lat ive ly h i g h reduct i on potentials of b lue 
copper proteins m a y be attr ibutable , at least i n part , to e lectronic factors 
associated w i t h the r i g i d l y constrained, flattened tetrahedral C u N 2 N * S 
site structure. 

Strong evidence for cysteine sul fur coord inat ion i n s te l lacyanin has 
been obta ined (18) i n X P S experiments. Th ioe ther coord inat ion is r u l e d 
out i n this case, as the pro te in does not possess any meth ion ine (6). It 
is probable that the other l igands are s imi lar , b u t not necessarily i d e n t i 
ca l , to those of bean p lastocyanin . 

A n interpretat ion of the intense absorpt ion bands observed at about 
13,000, 16,000, a n d 22,000 c m " 1 i n b l u e copper proteins has been pre 
sented (13). T h e analysis is based on the assumption that the energies 
of the highest o c cup ied l i g a n d orbitals i n a C u N 2 N * S un i t decrease 
accord ing to TTS > aS > ττΝ* > ?rN. C h a r g e transfer exc i ted states de
r i v e d f r o m transitions of the type π-> dX2_y2 are b o t h e lectr ic - a n d m a g -
net i c -d ipo le a l l owed . T h e transi t ion aS-» iZ X 2_ y 2 , o n the other h a n d , is 
on ly e lectr ic -d ipo le a l l o w e d . T h e rotat ional strength (R) of a C D b a n d 
is re lated to the e lectr ic d ipo le (/^i) a n d the magnet i c d ipo le (^m & g) 
moments b y : 

where ψ{ a n d ψ£ are the i n i t i a l a n d final states, respect ively . T h e ro ta 
t i ona l strength m a y also be de termined f r o m the exper imenta l quant i ty 
Ac, or ci — cr, a ccord ing to E q u a t i o n 2: 

F u r t h e r , the d ipo le strength ( D ) is re lated to the m o l a r ext inct ion coeffi
cient c b y : 

a n d 4 R / D « γ , the K u h n anisotropy factor. M o s c o w i t z has approx i 
m a t e d (19) the in tegra l f (e/v)dv as l n 2 V^°8°/v°, where e° is the 
m a x i m u m va lue of c, δ° is the h a l f - w i d t h at h a l f - m a x i m u m , a n d v° is the 
f requency of c°. A s s u m i n g that δ° a n d v° are the same for corresponding 
absorpt ion a n d C D bands , y m a y be ca l cu la ted f r o m E q u a t i o n 4: 

(2) 

(3) 
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8. GRAY E T A L . Blue Copper Proteins 151 

y = |Ac/c| (4) 

Bands associated w i t h magnet i c -d ipo le a l l o w e d , ττ charge transfer t rans i 
tions are expected to have m u c h larger y values t h a n those at tr ibutable 
to aS—» d x 2 . y 2 , as the intens i ty -g iv ing mechan ism i n the latter case is 
p u r e l y electric d ipo le i n or ig in . Va lues of γ , Ac, a n d c for the electronic 
spectral features of s te l lacyanin , p lastocyanin , a n d a z u r i n are l i s ted i n 
T a b l e I I . T h e results c lear ly indicate that the bands at ~ 13,000 a n d 
~ 22,000 c m " 1 be assigned to π charge transfer, as they have re lat ive ly 
large values of y. Specif ic assignments are TTS - » <2x2_y2 at 13,000 c m " 1 a n d 
ΤΓΝ* dx2.y2 at 22,000 c m ' 1 . T h e 16,000-cm" 1 b a n d i n each pro te in ex
hibi ts a y va lue w e l l be l ow 0.005 a n d is a t t r ibuted to a aS - » d^.^ charge 
transfer transit ion. 

Electron Transfer Reactions 

A n important po int to be m a d e at the outset is that b lue copper 
centers appear to be b u i l t to m i n i m i z e the inner sphere reorganizat ion 

associated w i t h electron transfer, C u ( I I ) ^± C u ( I ) , as a distorted 
—e" 

tetrahedral (or a re lated three- or five-coordinate) geometry w o u l d be 
a n acceptable g r o u n d state for C u ( I ) derivatives . F a c i l e outer-sphere 
e lectron transfer is to be expected, therefore, to a n d f r o m such copper 
centers. F u r t h e r m o r e , certain b l u e copper sites m a y be substantial ly 
b u r i e d i n h y d r o p h o b i c prote in interiors a n d are therefore re lat ive ly inac 
cessible to solvent a n d other smal l molecules ( J ) . E v i d e n c e w i l l be 
presented i n this section that access to these sites varies considerably 
f r o m pro te in to prote in . 

T h e results of k ine t i c studies of the reduct i on of ste l lacyanin, p lasto
cyan in , a n d a z u r i n b y F e ( E D T A ) 2 " are s u m m a r i z e d i n T a b l e I I I (20, 
21 ) . T h e order of cross react ion rate constants ( k12 values ) is s te l lacyanin 
> p lastocyanin > a z u r i n , w h i c h is surpr is ing , as considerations based o n 
d r i v i n g force alone w o u l d pred i c t s te l lacyanin to be the least react ive of 

Table III. Rate Constants for the Reduction of Blue 
Copper Proteins by F e ( E D T A ) 2 " ( 2 5 ° ) 

Protein k ^ f M " 1 sec" 1) k ^ M " 1 sec'1) k ^ M " 1 sec'1) pK 

S t e l l a c y a n i n 4.3 Χ 1 0 5 a 5.7 X 1 0 5 b 5.1 X H P 6.4 b 

P l a s t o c y a n i n 8.2 X 10 4 < J 5.5 X 1 0 4 d 3.1 X 1 0 4 d 6 .1 d 

A z u r i n 1.3 X 10 3 ° 2.4 X 1 0 3 d 1.0 X 1 0 3 d 6 .4 d 

αμ = 0.5Μ, p H 7 (20). 
V = 0.5M (21). 
βμ = 02Μ, p H 7 (20). 
αμ = 0.2Μ (21). 
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152 BIOINORGANIC CHEMISTRY II 

the three. E a c h react ion shows a smal l p H dependence, w h i c h has been 
ana lyzed (21) i n terms of rate constants for protonated (k&) a n d de-
pronated (kh) forms of the prote in . F o r each of the b lue proteins, k& > 
kb, a n d a p K s l ight ly above 6 is f ound . O n e possible explanat ion, then , 
is that a protonated residue near the b lue copper center s l ight ly assists 
e lectron transfer f r om F e ( E D T A ) 2 " i n these cases. W e hasten to a d d , 
however , that w e do not p lace m u c h confidence i n conclusions based on 
re lat ive ly s m a l l p H effects. 

T h e equat ion of relat ive M a r c u s theory ( 2 2 ) , k12 = ( f c n ^ K ) * , m a y 
be a p p l i e d to estimate the self-exchange rate constants (ku) for the 
three b l u e proteins based o n their reactions w i t h F e ( E D T A ) 2 " . T h i s 
procedure better evaluates the electron transfer react iv i ty of each b lue 
copper center, as i t corrects for differences i n d r i v i n g force. A s expected, 
then, the react iv i ty gaps ment i oned above are greatly w i d e n e d , accord ing 
to the f o l l o w i n g ca lcu lated (23) klx (M'1 sec" 1) values : s te l lacyanin (6.2 
Χ 10 5 ) > p lastocyanin ( 4.6 Χ 10 1 ) > a z u r i n ( 2.2 χ 10" 2 ) . C o r r e c t i o n 
for electrostatic charge effects does not alter the react iv i ty order. B y 
est imat ing the charges on the proteins at p H 7 f r om sequence data , elec
trostatics-corrected self-exchange rate constants ( f c n c o r r ) have been ca l 
cu lated (23) as fo l lows ( M " 1 sec" 1 ) : s te l lacyanin (2.7 Χ 10 5 ) > plasto
c y a n i n (1.8 Χ 10 1 ) > a z u r i n (1.1 χ 10" 2 ) . 

Unfor tunate ly , exper imenta l ku values are not avai lab le for any one 
of the three b lue proteins. It has been establ ished, however , that the 
self-exchange rates for a z u r i n (24) a n d p lastocyanin (25) are bo th s low 
on the N M R t ime scale at 25° . It is not l i k e l y that the p r e d i c t e d ku 
values f rom the F e ( E D T A ) 2 " reactions w i l l correspond to the measured 
self-exchange rate constants. Indeed , agreement between ca lcu lated and 
measured klx values is on ly to be expected i f the act ivat ion requirements 
of b o t h partners i n a cross react ion are exactly the same as those used i n 
the ir respective self-exchanges. Access to a b u r i e d , or at best par t ia l l y 
exposed, outer-sphere redox center shou ld vary substantial ly for different 
reactants, a n d i t is l ike ly that ca lcu lated ku values w i l l span a w i d e 
range i n such cases. 

B a s e d on the F e ( E D T A ) 2 " results, the b lue copper center i n stel la
c y a n i n appears to be m u c h more accessible than that s i tuated i n either 
a z u r i n or p lastocyanin . T h u s it shou ld be profitable to compare the 
e lectron transfer reactivit ies of these three proteins w i t h a var ie ty of 
redox agents. K i n e t i c studies of the ox idat ion of the three b l u e proteins 
b y C o ( p h e n ) 3

3 + have been made (26), a n d the results together w i t h 
those for other redox agents are set out i n T a b l e I V . T h e electrostatic 
corrections to the pred i c ted ku values are modest b o t h for the large 
charge on p lastocyanin a n d the smal l one on a z u r i n , as the pro te in self-
exchange a n d the cross react ion w o r k terms compensate. T h e react iv i ty 
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8. GRAY E T A L . Blue Copper Proteins 153 

of the ste l lacyanin redox center as ca l cu lated f r om the cross react ion 
w i t h C o ( p h e n ) 3

3 + is m u c h greater than the corresponding fcncorr for 
a z u r i n or p lastocyanin , i n accord w i t h our earl ier finding based on k12 

[ F e ( E D T A ) 2 " ] values. T h e rather good agreement between fcncorr values 
based on F e ( E D T A ) 2 " a n d C o ( p h e n ) 3

3 + provides strong evidence that 
the redox center i n ste l lacyanin is accessible to reactants i n so lut ion. 
S u c h good agreement between kucorr values contrasts m a r k e d l y w i t h the 
s i tuat ion i n a z u r i n a n d p lastocyanin , where fcncorr[Fe(EDTA)2"] < 
fciicorr[Co(phen)3

3+]. 

Table IV. Electron Transfer Cross-Reaction and Self-Exchange Rate 
Constants for Blue Copper Proteins ( 2 5 ° , / A O . I M , p H 7)a 

Calcd. 
k / 2 Calcd. ku lr corr 

Blue Protein Redox Agent (M'1 sec1) (M1 sec'1) (W'sec-1) 

Stellacyanin F e ( E D T A ) 2 " 4.3 X 1 0 5 b 6.2 χ 10 5 2.7 Χ 10 5 

( Z o x = 0) 
Co(phen) 3

3 + 1.8 χ 10 5 7.1 Χ 10 5 3.1 Χ 10 5 

Plastocyanin F e ( E D T A ) 2 " 8.2 χ ΙΟ 4 0 4.6 Χ 10 1 1.8 Χ 10 1 

(Zox = - 9 ) 
Co(phen) 3

3 + 4.9 Χ 10 3 2.5 Χ 10 5 2.6 Χ 10 3 

c y t c ( I I ) 1 χ 10 6 3 Χ 10 7 5 Χ 10 5 

Azurin F e ( E D T A ) 2 " 1.3 Χ Ι Ο 3 0 2.2 Χ ΙΟ" 2 1.1 Χ ΙΟ" 2 

(Zox=-l) 
Co(phen) 3

3 + 3.2 Χ Ι Ο 3 0 4.9 Χ 10 4 1.7 Χ 10 4 

c y t c ( I I I ) 1.1 χ 10 3 3 Χ 10 4 1 χ 10 4 

cyt c 551 ( I II ) 6.1 X 1 0 6 d 1 χ 10» 1 X 10 9 

° From Refs. 20, 21, 23, 26. 

c μ = 0.2Μ. 
άμ = 0.05Μ. 

T h e ca l cu lated self-exchange rate of 1.1 Χ 10" 2 M " 1 sec" 1 for a z u r i n 
based on F e ( E D T A ) 2 " is also notably l ower than the va lue of 1 Χ 10 4 

M - 1 s e c - 1 obta ined (21) f r om the cross react ion w i t h horse heart cyto
chrome c. F u r t h e r , the a z u r i n self-exchange rate based on the cross 
react ion w i t h a possible phys io l og i ca l partner , cytochrome c 551, is c a l c u 
la ted ( T a b l e I V ) to be extremely h i g h (1 Χ 10 9 M " 1 sec" 1 ) . T h u s , our 
analysis of a z u r i n react iv i ty indicates that a large var ia t i on i n p r o t e i n -
reagent interact ion occurs i n the transit ion state, w i t h k ine t i c access to 
the b l u e copper center decreasing accord ing to cytochrome c 551 > cyto
chrome c ~ C o ( p h e n ) 3

3 + > F e ( E D T A ) 2 " . A s various p h y s i c a l studies 
have s h o w n that the b lue copper is sequestered i n a h y d r o p h o b i c reg ion 
a w a y f r om solvent ( 27, 28, 29 ), such a w i d e var ia t ion i n electron transfer 
react iv i ty is not surpr is ing . ( A s imi lar ly large var ia t ion i n ca l cu lated ku 
values for Chromatium vinosum H i P I P has been taken as evidence that 
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154 BIOINORGANIC CHEMISTRY II 

different pathways of electron transfer to the relatively buried redox 
center (the Fe4S4S4* cluster) are used by different reagents (30).) It is 
probable that Fe(EDTA)2", which is least reactive, cannot penetrate the 
hydrophobic region and is forced to transfer an electron to copper over 
a distance that could be as great as three or four angstroms. With the 
cytochromes, especially cytochrome c 551, electron transfer is greatly 
facilitated, presumably by a pathway in which the heme edge and the 
copper center are brought into close proximity. The fact that cytochrome 
c551 is the best electron transfer agent yet found for azurin supports 
the proposal (31) that these two proteins are physiological partners. 

The electrostatics-corrected self-exchange rate for plastocyanin based 
on Co(phen)3

3+ is 2.6 Χ 103 M"1 sec"1. The fcncorr value for plastocyanin 
based on the cytochrome c cross reaction, 5 Χ 105 M"1 sec"1, is substan
tially smaller than the uncorrected value (3 Χ 107 M"1 sec"1). Taking 
either value, however, it is apparent that both cytochrome c and Co-
(phen)3

3+ are better electron transfer agents for plastocyanin than is 
Fe(EDTA)2". 
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9 
Electron Transfer Reactions of Cytochrome c 

N. SUTIN 

Brookhaven National Laboratory, Upton, NY 11973 

Cristallographic studies have shown that the heme group of 
cytochrome c lies in a crevice of the protein with an edge of 
the porphyrin ring located at the molecule surface. The 
cytochrome c self-exchange rate, as well as the rates of cyto
chrome c oxidation-reduction reactions with metal com
plexes and metalloproteins, are reviewed and interpreted in 
terms of a model in which electron transfer occurs through 
the exposed edge of the heme group. Comparison of ΔΗ 
and ΔS for metal complex-metal complex, metal complex
-metalloprotein, and metalloprotein-metalloprotein reactions 
indicates that the metalloprotein reactions feature signifi
cantly different activation parameters. The use of the 
Marcus equations and corrections to these due to work terms 
and non-adiabaticity are discussed. 

/ C y t o c h r o m e c, a s m a l l heme pro te in ( m o l w t ^ 12,400) is an impor tant 
m e m b e r of the m i t o c h o n d r i a l respiratory cha in . I n this c h a i n i t 

assists i n the transport of electrons f r o m organic substrates to oxygen. 
I n the course of this electron transport the i r o n atom of the cytochrome 
is alternately o x i d i z e d a n d reduced . O x i d a t i o n - r e d u c t i o n reactions are 
thus in t imate ly re lated to the funct ion of cytochrome c, a n d its electron 
transfer reactions have therefore been extensively s tud ied . T h e reagents 
used to probe its redox ac t iv i ty range f r om h y d r a t e d electrons ( J , 2, 3) 
a n d hydrogen atoms (4) to the compl i ca ted oxidase (5, 6, 7, 8) a n d 
reductase (9, 10, 11) systems. T h i s chapter is concerned w i t h the reac
tions of cytochrome c w i t h trans i t ion m e t a l complexes a n d metal loproteins 
a n d w i t h the e lectron transfer mechanisms i m p l i c a t e d b y these studies. 

Electron Exchange Reactions 

T h e simplest electron transfer react ion that cytochrome c can u n d e r 
go, at least i n p r i n c i p l e , is the self-exchange react ion. T h e rate of this 
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9. suTiN Electron Transfer Reactions of Cytochrome c 157 

react ion is c o m p a r e d w i t h other e lectron exchange reactions i n T a b l e I . 
T h e e lectron exchange be tween ferrocytochrome c a n d ferr i cytochrome c 
is not par t i cu lar ly fast. F o r example , the cytochrome c e lectron exchange 
is m u c h less r a p i d t h a n electron exchange of the b i p y r i d i n e or p h e n a n -
thro l ine complexes of i r o n or r u t h e n i u m . I n d e e d the e lectron exchange 
rate of cytochrome c is very s imi lar to that of the r u t h e n i u m hexaammine 
couple . T h e ΔΗ=¥ for the cytochrome couple at i on i c strength 0 . 1 M 
(the "phys i o l og i ca l " i on i c strength) is somewhat more pos i t ive a n d the 
AS=¥ less negative t h a n for the hexaammine r u t h e n i u m exchange a n d 
other comparable systems. A quest ion arises as to w h y the cytochrome 
c molecu le is so compl i ca ted w h e n one can obta in re lat ive ly r a p i d elec
t ron transfer w i t h very s imple meta l complexes. 

T h e structure of cytochrome c de termined b y D i c k e r s o n a n d his 
colleagues (23, 24, 25, 26) is dep i c ted i n F i g u r e 1. T h e heme group , 
w h i c h lies i n a crevice of the essentially g lobular prote in , is covalent ly 
b o n d e d to the pro te in b y thioether br idges be tween the p o r p h y r i n r i n g 
a n d two cysteine residues i n the pept ide cha in . T h e i r o n a tom is s i tuated 

Figure 1. Skeleton of horse heart ferricytochrome c. 
Adapted from Ref. 26, Figure 8. 
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158 BIOINORGANIC C H E M I S T R Y II 

Table I . Kinetic Parameters for 

Reaction* 
k 

(M'1 sec'1) 

V ( H 2 0 ) 6
2 + + V ( H 2 0 ) 6

3 + 

V ( H 2 0 ) 6
2 + + V ( H 2 0 ) 6

3 + 

F e ( H 2 0 ) 6
2 + + F e ( H 2 0 ) 6

3 + 

R u ( N H 3 ) 6
2 + + R u ( N H 3 ) 6

3 + 

R u ( N H 3 ) G
2 + + R u ( N H 3 ) 6

3 + 

R u ( N H 3 ) 5 B z I m 2 + + R u ( N H 3 ) 5 B z I n r 
C o ( p h e n ) 3

2 + + C o ( p h e n ) 3
3 + 

F e ( E D T A ) 2 ' + F e ( C y D T A ) " 
F e ( C N ) 6

4 - + F e ( C N ) G
3 -

F e ( C N ) 6
4 - + F e ( C N ) c

3 -
H h ( I I ) + H h ( I I I ) 
H h ( I I ) + H h ( I I I ) 
F e ( p h e n ) 3

2 + + F e ( p h e n ) 3
3 + 

F e ( p h e n ) 3
2 + + F e ( p h e n ) 3

3 + 

R u ( p h e n ) 3
2 + + R u ( p h e n ) 3

3 + 

.3+ 

8.2 χ 10 2 

3.6 Χ 10 3 

5 Χ 10 4 

4 Χ 10 1 

3.0 Χ 10 4 

9.6 Χ 10 3 

1.2 Χ 10 3 

1 X 10 4 

~ 10 7 

3 Χ 10 8 

~ 10 7 

1 Χ 10" 2 

3 Χ 10" 3 

4.2 

25 

° H h , cytochrome c f rom horse-heart. 

i n the p lane of the p o r p h y r i n r i n g w i t h the fifth a n d s ixth coord inat ion 
sites o c c u p i e d b y a r i n g n i trogen atom of hist idine-18 a n d the sul fur atom 
of methionine-80. A n important feature of the structure is that an edge 
of the p o r p h y r i n r i n g is located at the surface of the molecule . T h i s 
feature suggests a n explanat ion for the re lat ive ly s l ow rate of the cyto
chrome exchange react ion. If i t is assumed that the electron exchange 
occurs v i a the exposed edge of the heme group, then the cytochrome 
reactions w i l l feature a steric or or ientat ion factor w h i c h is not present 
to such a degree i n the other reactions considered. 

I n terms of this interpretat ion the ac tua l e lectron transfer occurs 
through the heme edge, a n d the surround ing prote in acts as an insulator . 
T h e steric factor for e lectron transport is then the area of the exposed 
heme edge d i v i d e d b y the surface area of the cytochrome c molecule . 
T h e exposed heme area has been est imated to be approx imate ly 3 % of 
the pro te in surface. W e m i g h t expect a tota l ly exposed symmetr i ca l heme 
group to transport electrons about as w e l l as b i p y r i d i n e or phenanthro -
l ine , since b o t h have s imi lar structures a n d feature coord inat ion to 
n i t rogen a n d conjugated doub le b o n d systems. A c c o r d i n g l y , w e expect 
the exchange reactions of horse-heart cytochrome c to be approx imate ly 
( 3 X 1 0 ' 2 ) 2 or 10" 3 s lower than those of the i r o n b i p y r i d i n e or p h e n a n -
thro l ine complexes. T a b l e I shows that this is about the rate rat io f o u n d . 

T h e m o d e l for the cytochrome c exchange react ion at this po int has 
the e lectron transfer o c cur ing through the exposed heme edge. T h e func 
t i o n of the pro te in is to p r o v i d e the correct r educ t i on potent ia l of the 
m e t a l center a n d also to prov ide the necessary specif ic ity i n terms of 
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9. SUTIN Electron Transfer Reactions of Cytochrome c 159 

Electron Exchange Reactions (25 °C) 

Δ Η + AS+ 
Medium (kcal mol'1) (e.u.) References 

μ 2.0 12.6 - 2 5 12 
μ 0.10 — — 12,13b 

μ 0.55 9.3 - 2 5 Π 
μ 0.013 10.3 - 1 1 15 
μ 0.10 — — is; is 

/ i 0.1 5.1 - 3 4 
oo 
16 

— 4.0 - 2 5 17 
μ-*0 8.5 - 2 4 18 

μΟΛΜΚ* — 18 
μΟ.Ι,ρΉ.7 12.4 - 3 19, 20 
/ χ1 .0 , ρ Η 7 6.4 - 1 9 20 

μ — 0.2 ~ 2 20 21 
1 .84MNa,S0 4 

— — 22 
μ~0.2 - 2 ~ - 2 0 21 

6 Corrected for ionic strength. 

structure a n d charge d i s t r ibut ion so that the cytochrome c can recognize 
its na tura l reductase a n d oxidase. 

T h e next quest ion is whether the charge d i s t r ibut ion i n the v i c i n i t y 
of the exposed heme edge is consistent w i t h the proposed electron trans
fer mechanism. W h i l e horse-heart cytochrome c carries no net charge at 
p H 10, i t carries a net posit ive charge at neutra l p H (27 ) . T h e x-ray 
structure of horse-heart cytochrome c shows that most of the pos i t ive ly 
charged residues are located on the surface of the molecu le ( 2 6 ) . I n 
par t i cu lar , lys ine residues 13, 27, a n d 79 are pos i t ioned so that they i m p a r t 
a net posi t ive charge to the reg ion of the pro te in i n the v i c i n i t y of the 
exposed heme edge. Indeed , as D i c k e r s o n a n d T i m k o v i c h po int out (26), 
a l l the cytochromes c whose three-d imensional structures are k n o w n have 
a r i n g of posit ive charge a r o u n d the heme crevice. Studies of the effect 
of i on i c strength on the electron transfer reactions of cytochrome c are 
consistent w i t h this charge d i s t r ibut ion . T h e results of these studies are 
p lo t ted i n F i g u r e 2. T h e rate of react ion of cytochrome c w i t h C o -
( p h e n ) 3

3 + ( curve A ) a n d its self-exchange react ion ( curve D ) b o t h 
increase w i t h increas ing i on i c strength. B y contrast, the react ion rates 
of cytochrome c w i t h the negat ively charged reactants F e ( E D T A ) 2 " 
( curve B ) a n d F e ( C N ) 6

3 " ( curve C ) decrease w i t h increas ing i on i c 
strength. Interest ingly enough, i on i c strength seems to have on ly a v e r y 
s m a l l effect on the react ion rate of horse-heart ferrocytochrome c w i t h 
ferr i cytochrome c 551, a bac ter ia l cytochrome f r o m Pseudomonas aerigi-
nosa ( curve Ε ) . T h e latter cytochrome is be l i eved to carry a net negative 
charge at neutra l p H ( 3 4 ) . 
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160 BIOINORGANIC C H E M I S T R Y II 

0.3 0.4 0.5 0.6 0.7 

Figure 2. Ionic strength dependence of the electron 
transfer rate constants. (A) Co(phen)3

3+ + Hh(II) (28); 
(B) Fe(EDTA)2' + Hh(III) (29); (C) Fe(CN)e*' + Hh(II) 
(31) (see also (32)); (D) Hh(II) + Hh(III) (19); (E) Hh(U) 

+ Ps(III) (31). 

I f i t is assumed that the B r 0 n s t e d - B j e r r u m equat ion ( E q u a t i o n 1) 

logiofc = logiofco + ZAZBV^ (1) 

obtains i n these systems ( a n d i t very p r o b a b l y does n o t ) t h e n f o r m a l 
charges of approx imate ly 1 + a n d 2 + can be assigned to the act ive sites 
of r e d u c e d a n d o x i d i z e d cytochrome c, respect ively ( T a b l e I I ) . T h e 
magni tudes of these charges are not unreasonable a n d appear consistent 
w i t h the s t ructura l data. 

Table II. Slope of Br0nsted—Bjerrum Plot for Some 
Horse-Heart Cytochrome c Reactions (25 °C) 

Charge 

Reaction0 Slope 

H h ( I I ) + C o ( p h e n ) 3
3 + +1.2 

F e ( E D T A ) 2 ' + H h ( I I I ) - 3 . 4 
H h ( I I ) + H h ( I I I ) +2.2 
H h ( I I ) + P s ( I I I ) - 0 

Hh(II) Hh(III) Reference 

+0.4 

+1.0 
+1.7 
+2.2 

28 
29 
19 
31 

1 Hh, horse-heart cytochrome c; Ps, Pseudomonas cytochrome c 551. 
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9. suTiN Electron Transfer Reactions of Cytochrome c 161 

Cross-reactions 

N e x t w e t u r n to the interpretat ion of the rate constants for e lectron-
transfer reactions of cytochrome c that are ac companied b y a net c h e m i 
ca l change (Tab les I I I a n d I V ) . T h e rate constants for the react ion 
of cytochrome c w i t h b o t h negat ive ly charged ( F e ( C N ) 5 L 3 ~ a n d 
* R u [ - ( O S O 3 0 ) 2 p h e n ] 3

4 - ) a n d pos i t ive ly charged ( F e ( b i p y ) 2 ( C N ) 2
+ a n d 

* R u ( b i p y ) 3
2 + ) complexes can be very great. 

M a r c u s has s h o w n (44, 45) that a re lat ive ly s imple re la t ion exists 
be tween the rate constants for reactions ac companied b y a net c h e m i c a l 
change ( A G ° ^ 0) a n d those for the component self-exchange reactions. 
P r o v i d e d AG° is not too negative, this re lat ion i s : 

fc12 = (fciifc 22#l 2)% (2) 

where k12 a n d K12 are the rate a n d e q u i l i b r i u m constants, respect ively , 
for an electron transfer react ion ac companied b y a net c h e m i c a l change, 
a n d ku a n d k22 are the corresponding exchange rate constants. A n analo 
gous re lat ion is expected to h o l d for the act ivat ion enthalpies a n d 
entropies (46). 

A f f 1 2 t = 0.5 ( Δ ^ π ^ + Δ# 2 2 *= + Δ # 1 2 ° ) (3) 

A S i a f = 0.5(AS n+= + Δ θ 2 2 * + AS12°) (4) 

I n d e r i v i n g E q u a t i o n 2 i t is assumed that the w o r k terms r e q u i r e d 
to b r i n g together the various pairs of reactants are cance l led . T h i s m a y 
be a reasonable assumption w h e n the cross-reaction involves s i m i l a r l y 
charged reactants b u t can result i n a serious underest imate of the cross-
react ion rate w h e n oppositely charged reactants are i n v o l v e d . T h i s is 
because the electrostatic interact ion be tween the reactants i n the cross-
react ion is attract ive whereas the interact ion be tween the reactants is 
repuls ive i n the self-exchange reactions. T h e cross-reaction w i l l , as a 
consequence, proceed faster t h a n p r e d i c t e d b y the s imple square-root 
re lat ion i n w h i c h differences be tween the w o r k terms are neglected. I t is 
not a lways easy to correct for the differences i n the electrostatic c o n t r i b u 
tions to the w o r k terms, a l though some progress is b e i n g made i n this 
r egard (47, 48). T h e r e are also nonelectrostatic contr ibut ions to the w o r k 
terms, a n d neglect of these m a y result i n a n overestimate of the cross-
react ion rate i n certain systems (46). T h e latter s i tuat ion arises w h e n one 
exchange involves a h y d r o p h i l i c p a i r of reactants a n d the other exchange 
react ion a h y d r o p h o b i c p a i r of reactants. U n d e r these condit ions the 
cross-reaction features an unfavorab le h y d r o p h i l i c - h y d r o p h o b i c in terac 
t i on a n d w i l l p roceed more s l owly than p r e d i c t e d b y E q u a t i o n 2. 
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162 BIOINORGANIC C H E M I S T R Y II 

Table III. Observed and Calculated Rate 
Involving Cytochrome c and 

Reaction E ° (mv)b 

H h ( I I ) + F e ( C N ) 6
3 - 260,° 4 2 0 d 

H h ( I I ) + F e ( C N ) 5 C N S 3 -

H h ( I I ) + F e ( C N ) 5 N 3
3 - 2 6 0 / 2 4 0 e 

H h ( I I ) + F e ( C N ) 5 P 0 3
2 ' 2 6 0 / 5 4 0 e 

H h ( I I ) + F e ( C N ) 5 N H 3
2 ' 2 6 0 / 3 3 0 e 

H h ( I I ) + F e ( b i p y ) ( C N ) 4 " 2 6 0 / 550 e 

F e ( E D T A ) 2 - + H h ( I I I ) 1 2 0 / 2 6 0 ° 

* R u [ ( O S 0 3 ^ ) 2 p h e n ] 3
4 - + H h ( I I I ) - - 9 0 0 / 260° 

° A t 0 .1M ionic strength, p H 6.8-7.2, and 2 5 ° C . 
b T h e E° values are the reduction potentials for the two reactant couples. 
0 R e f . 37. 
d C a l c u l a t e d f r o m Κ = 450, Ref . 35. 

Table IV. Observed and Calculated Rate 
Involving Cytochrome c and 

Reaction E0(mv) 

* R u ( b i p y ) 3
2 + + H h ( I I I ) - 8 3 0 / 2 6 0 ° 

H h ( I I ) + F e ( b i p y ) 2 ( C N ) 2
+ 

R u ( N H 3 ) 6
2 + + H h ( I I I ) 5 1 / 2 6 0 ° 

R u ( N H 3 ) 5 B z I m 2 + + H h ( I I I ) 150 / 260° 

H h ( I I ) + C o ( p h e n ) 3
3 + 2 6 0 / 3 7 0 ° 

° A t 0.1M ionic strength, p H 6.8-7.2, and 2 5 ° C . 
* R e f . 40. 
0 R e f . 37. ΔΗ° and Δ £ ° for H h ( I I I ) + X H 2 ^ H h ( I I ) + H + are - 1 4 . 4 k c a l m o l " 1 

a n d —28 e.u., respectively, at 0.1M ionic strength, p H 7.0, 2 5 ° C . 
d Ref . 42. 
e R e f . 41. 
1 T h e reductant is the charge-transfer excited state of the R u ( I I ) complex. 
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9. s u T i N Electron Transfer Reactions of Cytochrome c 163 

Constants for Electron Transfer Reactions 
Negatively Charged Reactants a 

k(25°) Δ Η + A S f 
(M'1 sec1) (kcal mol'1) (e.u.) References 

obsd. 1.2 Χ 10 7 - 0 - 2 6 31 
obsd. 8.0 Χ 10 6 1.1 - 2 4 32 
ca lcd . 8 Χ 10 4 

obsd. 1.0 χ 10 7 1.2 - 2 3 32 
obsd. 9.0 Χ 10 5 2.9 - 2 2 32 
ca lcd . 2 Χ 10 3 r 
obsd. 3.0 Χ 10 7 1.2 - 2 1 32 
ca lcd . 2 X 10 6 t 
obsd. 2.5 Χ 10 6 2.4 - 2 2 32 
ca lcd . 4 Χ 10 4 t 
obsd. 1.6 Χ 10 8 32 
ca lcd . 3 Χ 10 7 r 
obsd. 2.6 Χ 10 4 6.0 - 1 8 29 
ca lcd . 7 Χ 10 4 

obsd. 1.2 Χ 10 9 4.4 + 2 33h 

€ Ref . 86. 
f Exchange rate data f rom Ref . 36. 

0 Ref . 38. 
h T h e reductant is the charge-transfer excited state of the R u ( I I ) complex. 

Constants for Electron Transfer Reactions 
Positively Charged Reactants a 

k(25°) A H t A S f 
(M1 sec1) (kcal mol'1) (e.u.) References 

obsd. < 2 χ 10 8 33' 
obsd. 1.9 Χ 10 8 32 
obsd. 3.8 Χ 10 4 2.9 - 2 8 39 
ca lcd . 1.2 χ 10 5 7 - 1 4 
obsd. 5.8 Χ 10 4 58 
ca l cd . 6.3 Χ 10 4 58 
obsd. 1.5 Χ 10 3 11.3 - 6 28 
ca lcd . 2.0 Χ 10 3 11.1 - 6 h 

' U s i n g AH° a n d Δ £ ° f rom Refs . 3 7 and Jfl. AH° and AS° for R u ( N H 3 ) 6
3 + + & H 2 

τ± R u ( N H 3 ) e 2 + + H + are —5.8 kcal m o l - 1 a n d - 1 4 . 2 e.u., respectively, at 0 .5 -1 .0M 
ionic strength, 2 5 ° C . 

Λ U s i n g Δ # ° a n d Δ £ ° of 4.66 kca l m o l " 1 a n d +24.4 e.u., respectively, for the 
H h ( I I ) + C o ( p h e n ) 3

3 + ^± H h ( I I I ) + C o ( p h e n ) 3
2 + reaction i n 0.05M phosphate, 

p H 6.8, 2 5 ° C , Ref . 41. 
1 R e f . 58. 
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164 BIOINORGANIC C H E M I S T R Y II 

A second assumption made i n the der ivat ion of E q u a t i o n 2 is that a l l 
of the reactions i n v o l v e d i n the rate comparisons are adiabat ic , that is, 
that the e lectron transfer occurs w i t h un i t p r o b a b i l i t y once the reactants 
have at ta ined the appropr iate nuc lear configurations. A s has been dis 
cussed prev ious ly (44, 45, 46, 49), the ac tua l e lectron transfer occurs i n 
the intersect ion reg ion of the reactants ' potent ia l energy curve w i t h the 
products ' potent ia l energy curve. Essent ia l ly w h a t is assumed is that the 
sp l i t t ing i n the intersect ion reg ion is large enough so that the system 
remains on the l o w e r potent ia l energy surface on pass ing t h r o u g h the 
intersection region. 

T h e p r o b a b i l i t y that the system w i l l r emain on this l ower potent ia l 
energy surface can be ca l cu lated f rom the L a n d a u - Z e n e r f o r m u l a ( E q u a 
t i o n 5 ) . I n this expression, 2 E I f I I is the sp l i t t ing at the intersect ion, 

, Γ - 4 τ γ 2 Ε ϊ λ ι
2 Ί 

p = 1 - e x p L ^ ^ W j ( 5 ) 

Sj a n d su are the slopes of the zero-order potent ia l energy surfaces at 
the intersect ion (si = —su for an exchange reac t i on ) , a n d ν is the 
ve loc i ty w i t h w h i c h the po int representing the system moves through the 
intersect ion region. F o r t y p i c a l condit ions i t is f o u n d that ρ ^ 1 for 
interactions EitU of more than 0.5 k c a l m o l " 1 ( 50 ) . U n d e r these condit ions 
the reactions w i l l be adiabat ic , a n d the square root re lat ion is expected 
to h o l d p r o v i d e d E I > n is not too large. H o w e v e r , for s m a l l E i , n : 

nv\Si — su\ 

a n d E q u a t i o n 2 w i l l as a consequence also be satisfied b y those n o n a d i a 
bat i c reactions ( s m a l l Ει ,π ) for w h i c h the interact ion energy i n the 
cross-reaction is approx imate ly e q u a l to the geometric m e a n of the inter 
act ion energies i n the corresponding exchange reactions ( Equat i ons 7, 8 ) . 

, I l ) l 2 = [ (El,ll) 11 (Ei i n)22] 1 / 2 (7) 

Pl2 — (Pl lP22) 1 / 2 (8) 

I n other words , the square-root re lat ion m a y also h o l d for certa in classes 
of nond iabat i c reactions ( 5 1 ) . Converse ly , the fact that a series of 
reactions obeys the square-root re lat ion does not require that a l l of 
the reactions i n v o l v e d be adiabat ic . 

C o n f o r m i t y w i t h E q u a t i o n 2 also does not ru l e out more complex 
mechanisms (28 ) . T h i s m a y be i l lus trated b y cons ider ing the ox idat ion 
of ferrocytochrome c b y C o ( p h e n ) 3

3 + . L e t us assume that the react ive 
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9. s u T i N Electron Transfer Reactions of Cytochrome c 165 

f o r m of ferrocytochrome c is not the nat ive pro te in b u t is instead a con -
former that exists i n r a p i d e q u i l i b r i u m w i t h the nat ive f o rm. 

H h ( I I ) ^± H h ( I I ) * Ku 

H h ( I I I ) + H h (II) * — H h (II) * + H h ( I I I ) / c n * 

C o ( p h e n ) 3
3 + + H h ( I I ) * ^± C o ( p h e n ) 3

2 + + H h ( I I I ) k12*,K12* 

I n terms of the above scheme, the observed rate constant for the ox idat ion 
of ferrocytochrome b y C o ( p h e n ) 3

3 + is g iven b y : 

/ci2 = Kuki2* 

- Xii(fcil*fc22#12*)% 

= KU ^ - k22^-J 

= (fciifc 2 2 i f l2) % 

where fcn a n d K12 are the observed exchange rate constant a n d e q u i 
l i b r i u m constant, respectively. E v i d e n t l y the p r e - e q u i l i b r i u m constant 
cancels, a n d the n o r m a l square-root re lat ion obtains. Agreement w i t h 
E q u a t i o n 2 thus does not prec lude a r a p i d conformat ional change on 
ferrocytochrome c ( a n d / o r ferr icytochrome c) p r i o r to the electron 
transfer step. 

W i t h these reservations i n m i n d , w e can compare observed a n d 
ca lcu lated rate constants. W h e r e appropriate , the f u l l M a r c u s expression, 
w h i c h inc ludes the l o g / t e rm ( E q u a t i o n 9 ) , has been used i n the c a l c u 
la t i on of the electron transfer rates. 

. ( l o g i £ i 2 ) 2
 ( Γ ί λ 

l o g / " - 4 1 o 8 ( f e 1 1 W g ' ) ( 9 ) 

T a b l e I I I shows that the ca lcu lated rates are 1 0 2 - 1 0 3 times faster 
than the observed rates for the complexes w h i c h carry a re lat ive ly h i g h 
negative charge ( F e ( C N ) 6

3 ~ a n d F e ( C N ) 5 N 3
3 ~ ) a n d that the agreement 

between the observed a n d ca l cu lated rates improves as the charge o n 
the c y a n o i r o n ( I I I ) complex decreases. T h i s t r e n d suggests that the 
enhanced rates for these complexes are caused b y electrostatic effects, a n d 
i n d e e d there is good evidence that f err i cyanide is strongly b o u n d to 
cytochrome c (52, 53, 54, 55), p resumably i n the v i c i n i t y of the heme 
group (53, 54, 55). A l s o , the ca lcu lated rate constant for the F e ( E D T A ) 2 -
H h ( I I I ) react ion is larger than the observed va lue . T h i s m a y be 
exp la ined b y postu lat ing that, for this react ion, the nonelectrostatic con 
tr ibut ions outwe igh the electrostatic contr ibut ions to the w o r k terms. 
T h e effect is, however , smal l . 
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166 BIOINORGANIC C H E M I S T R Y II 

N o n c a n c e l l a t i o n of the electrostatic w o r k terms is presumably less 
impor tant for the reactions of cytochrome c w i t h the pos i t ive ly charged 
complexes s h o w n i n T a b l e I V . I n d e e d i t is apparent f r om T a b l e I V that 
there is excellent agreement between the observed a n d ca lcu lated rate 
constants a n d act ivat ion parameters for the R u ( N H 3 ) 5 B z I m 2 + - H h ( I I I ) 
a n d for the H h ( I I ) - C o ( p h e n ) 3

3 + reactions. T h i s result is not unexpected 
i n v i e w of the fact that, of the reactants considered, R u ( N H 3 ) 5 B z I m 2 + 

a n d C o ( p h e n ) 3
3 + are b o t h pos i t ive ly charged and , at least to some extent, 

h y d r o p h o b i c . These properties shou ld favor cancel lat ion of the electro
static as w e l l as of the nonelectrostatic contr ibut ions to the w o r k terms for 
the cross-reaction since the heme group of cytochrome c is hydrophob i c , 
a n d the v i c i n i t y of its exposed edge is pos i t ive ly charged . Converse ly , 
the excellent agreement of the observed a n d ca lcu lated rates is strong 
evidence that the H h ( I I ) - H h ( I I I ) exchange, l ike these two cross-
reactions, features electron transfer t h r o u g h the exposed heme edge. 
Moreover , good overlap of the p o r p h y r i n w i t h the benz imidazo l e a n d 
phenanthro l ine π-systems is l ike ly , a n d this shou ld ensure that the cross-
reactions w i l l be adiabat i c (or at least that p12 = (ρηΡ22) 1 / 2 ) · 

K i n e t i c data for electron transfer be tween two metal loproteins are 
presented i n T a b l e V . T h e rate constants a n d act ivat ion parameters for 
the P s ( I I ) - P s ( I I I ) a n d A z ( I ) - A z ( I I ) exchange reactions were c a l c u 
la ted f r om the k ine t i c data for the first three reactions ( for w h i c h 
Κ ~ 1, Δ Η ° ~ 0, AS° ~ 0; i n add i t i on , the rate constant for the 
H h ( I I ) - P s ( I I I ) react ion is independent of i on i c strength ( 3 1 ) ) . T h e 
ca l cu la ted exchange data were then used to pred ic t the k ine t i c parameters 
for the P s ( I I ) - A z ( I I ) react ion. A s is evident f r om T a b l e V , the agree
ment of the observed a n d pred i c ted parameters is satisfactory, p a r t i c u 
l a r l y since the P s ( I I ) - A z ( I I ) react ion has a re lat ive ly complex m e c h a n i s m 
( 57 ) i n v o l v i n g conformat ional changes on b o t h Ps ( I I I ) a n d A z ( I ) . 

Table V . Observed and Calculated Rate Constants for Electron 
Transfer Reactions betwen T w o Metalloproteins" 

Reaction 
k(25°) 

(Mr1 sec'1) 

H h ( I I ) + H h ( I I I ) obsd. 1.2 χ 10 3 

H h ( I I ) + P s ( I I I ) obsd. 
A z ( I ) + H h ( I I I ) obsd. 
P s ( I I ) + P s ( I I I ) calcd . 
A z ( I ) + A z ( I I ) calcd . 
P s ( I I ) + A z ( I I ) calcd . 
P s ( I I ) + A z ( I I ) obsd. 

7.9 Χ 10 4 

1.7 Χ 10 3 

5.2 Χ 10 6 

2.4 Χ 10 3 

1.1 X 10 5 

6.1 Χ 10 6 

ΔΗ4= 
(kcal mol'1) 

12.4 
12 
13.4 
11.6 
14.4 
13.0 

7.8 

(e.u.) 

- 3 
0 
1 
3 
5 
4 

- 1 

Refer
ences 

19, 20 
31 
56 

57 

" A t p H 6.8-7.2 a n d 2 5 ° C . T h e symbols H h , A z , and P s denote horse-heart c y t o 
chrome c, azurin, a n d Pseudomonas cytochrome c 551, respectively. 
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9. suTiN Electron Transfer Reactions of Cytochrome c 167 

20 
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Figure 3. Plot of AK1rcorr vs. ASl= c o r r for electron transfer reactions. 
(0) , metal complex-^netat complex reactions; (Θ), metal complex-
metalloprotein reactions; (%), metalloprotein-metalloprotein reactions. 
(1) Ru(NH3)6

2+ + Co(phen)3+ (58); (2) Ru(NH3)6
2+ + Hh(III) (39); 

(3) Hh(II) + Co(phen)3
3+ (29, 30); (4) Ferrocyt ct + Hh(III) (9, 10); 

(5) Ru(NH3)6
2+ + Ru(NH3)6

3+ (15); (6) Co(phen)2+ + Co(phen)3
3+ (16); 

(7) Fe(EDTA)2' + Fe(EDTA)' (17); (8) Az(l) + Az(II), this work; (9) 
Fe(CN)G4- + Fe(CN)6

3' (18); (10) Fe(H20)6
2+ + Fe(H20)3+ (14); (11) 

Fe(phen)2+ + Fe(phen)3
3+ (21); (12) Hh(II) + Hh(III) (19); (13) Hh(II) 

+ Ps(III) (31); (14) Ps(ll) + Ps(lII) this work; (15) Ps(II) + Az(II) (57). 

T h e comparat ive ly h i g h act ivat ion enthalpies a n d especial ly the 
re lat ive ly posit ive act ivat ion entropies for the meta l loprote in e lectron 
transfer reactions ( T a b l e V ) are noteworthy . T h i s feature is further 
i l lus t rated i n F i g u r e 3. T h e ΔΗ1= a n d ASf values for the cross-reactions 
i n c l u d e d i n the p lo t have been corrected b y ΔΗ°/2 a n d A S ° / 2 ; very 
exothermic reactions have not been i n c l u d e d . I n add i t i on , i n an attempt 
to exclude nonadiabat i c processes, only re lat ive ly r a p i d reactions were 
i n c l u d e d . Rather arb i t rar i ly , r a p i d was taken to m e a n k > 1 M " 1 sec" 1. 
A f t e r these corrections, the p lot shown i n F i g u r e 3 gives the re la t ion 
between the intr ins i c e lectron transfer barriers for three different types of 
react ion. F r o m the p lot i t is evident that the m e t a l c o m p l e x - m e t a l 
complex reactions feature very negative values of A S + a n d moderate ly 
l o w values of A#t\ B y contrast, the meta l l opro te in -meta l l opro te in reac
tions are associated w i t h m u c h more pos i t ive AS+ values a n d re lat ive ly 
h i g h AH^= values w h i l e the m e t a l c omplex -meta l l opro te in reactions have 
act ivat ion parameters w h i c h are intermediate i n character. A s imi lar t r e n d 
has also been noted for e lectron transfer reactions i n v o l v i n g some copper 
proteins (57). T h i s pattern m a y result f r om the more extensive h y d r a t i o n 
of the pro te in molecules ; i t is l i k e l y that i n the p r o t e i n - p r o t e i n reactions, 
dehydrat i on accompanies format ion of the precursor complex. I n a d d i 
t ion , the degrees of h y d r a t i o n of the o x i d i z e d a n d r e d u c e d forms of a 
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168 BIOINORGANIC CHEMISTRY II 

metal loprote in m a y differ s ignif icantly so that water rearrangement m i g h t 
also p l a y an important role i n the act ivat ion process. These factors c o u l d 
result i n m a k i n g the overa l l AS+ for the meta l l opro te in -meta l l opro te in 
reactions more posi t ive than the AS+ values for the reactions i n v o l v i n g 
the less extensively h y d r a t e d m e t a l complexes (57 ) . 

Cytochrome c, Dead or Alive? 

T h e above discussion has focused attention on electron transfer 
t h r o u g h the exposed edge of the heme group. T h i s m o d e l is suggested 
f r o m experience w i t h smal l m e t a l complexes a n d is substantiated b y the 
rate constants a n d ion ic strength dependence of the cytochrome c cross-
reactions. 

T h e act ivat ion parameters for the cytochrome c reactions require , 
however , that this v i e w be enlarged b y cons ider ing the di f fer ing extents 
of solvent interact ion for meta l complexes a n d metal loproteins . I n a d d i 
t i on , cytochrome c, l ike other metal loproteins , differs f rom the smal l 
m e t a l complexes i n the n u m b e r of tert iary s tructura l arrangements— 
c o n f o r m a t i o n s — w h i c h are thermal ly accessible to i t . I n this respect cyto 
chrome c is m u c h more al ive ( d y n a m i c ) than even so large a s m a l l m e t a l 
complex as F e ( p h e n ) 3

2 + or a heme molecule . T h i s v i ta l i t y is conferred 
on the meta l center b y the prote in sheath, a n d the two regions of the 
meta l loprote in are coupled . C o n f o r m a t i o n a l changes m a y result i n or 
result f r om changes i n the l igands b o u n d to the i r on . 

E v i d e n c e for the d y n a m i c nature of ferr icytochrome c is p r o v i d e d b y 
anat ion (53, 54, 55) a n d C r ( I I ) r educ t i on (60, 61) studies. T h e anat ion 
studies p rov ide good evidence that cytochrome c can undergo a crevice-
open ing conformat ional change i n w h i c h the i r o n - m e t h i o n i n e sul fur b o n d 
is b roken . C r e v i c e opening (adjacent attack) has also been i m p l i c a t e d 
i n the C r ( I I ) - H h ( I I I ) react ion i n ch lor ide m e d i a (60). I n the adjacent 
attack mechanism, electron transfer f r o m the C r ( I I ) to the F e ( I I I ) is 
postulated to occur v i a a ch lor ide br idge . T h i s interpretat ion is consistent 
w i t h the locat ion of the c h r o m i u m i n the C r ( I I I ) - H h ( I I ) p roduc t f o r m e d 
at p H 4. G r i m e s et a l . (62) have shown that the c h r o m i u m cross-links 
residues 40 to 53 a n d residues 61 to 73, p r o b a b l y b i n d i n g at asparagine 52 
a n d tyrosine 67, b o t h of w h i c h f o rm part of the crevice reg ion . F u r t h e r 
evidence that the crevice-opened conformer is more reactive than nat ive 
ferr i cytochrome c is p r o v i d e d b y the kinet ics of the reduct i on of carboxy-
methy la ted cytochrome c b y C r ( I I ) . A l t h o u g h the kinet ics of this react ion 
are complex, the mod i f i ed cytochrome c ( i n w h i c h the i r o n - s u l f u r b o n d 
has been broken) is about an order of magni tude more react ive t h a n is 
the nat ive f o r m (63). 
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9. s u T i N Electron Transfer Reactions of Cytochrome c 169 

C y t o c h r o m e c undergoes conformat ional changes w i t h chang ing 
p H ( 64, 65, 66 ) . T h e react iv i ty changes associated w i t h these conforma
t i ona l changes are qui te complex. T h e species f o rmed b y the add i t i on of 
one heme- l inked proton to nat ive ferr icytochrome c is more react ive than 
the nat ive f o rm t o w a r d reduct ion b y c h r o m i u m ( I I ) (k^4X 10 5 M " 1 

sec" 1 c ompared w i t h 3 Χ 10 3 M " 1 sec" 1 for reduct ion of nat ive cytochrome 
c (60)). Interestingly, the f e r r i - a n d ferrocytochrome c species f o rmed at 
p H ~ 4 are also more reactive than nat ive cytochrome c t o w a r d outer-
sphere ( R u ( N H 3 ) 6

2 + (67) a n d C o ( p h e n ) 3
3 + (30)) e lectron transfer agents. 

B y contrast, the ferr icytochrome c species f o rmed at l o w ( < 2.5 ) a n d 
h i g h ( > 9) p H are re lat ive ly unreact ive (28, 30, 61). T h e rate constants 
for the react ion of the native a n d h i g h p H forms of H h ( I I I ) w i t h 
F e ( E D T A ) 2 " are 2.6 Χ 10 4 and 2.7 Χ 10 1 M " 1 sec" 1, respect ively ( 29 ) . 
A l t h o u g h i t is general ly be l i eved that i n the h i g h p H f o rm of ferr icyto 
chrome c the heme i r on is b o u n d to a n i t rogen atom of lysine-79 rather 
than to the methionine-80 sul fur (65 ) , replacement of the coord inated 
sul fur b y hydrox ide i on is another poss ib i l i ty (68). 

T h e p H dependence of cytochrome c ox ida t i on - reduc t i on reactions 
a n d the studies of modi f i ed cytochrome c thus demonstrate that the 
coord inat ion environment of the i ron a n d the conformation of the pro te in 
are re lat ive ly lab i le a n d strongly influence the react iv i ty of the meta l lo 
prote in t o w a r d ox idat ion a n d reduct ion . T h e effects seen m a y or iginate 
chiefly f r om alterations i n the t h e r m o d y n a m i c barriers to electron transfer, 
but the conformation changes are expected to affect the intr ins i c barriers 
also. O n e such conformation change is the opening of the heme crevice 
re ferred to above. T h e anation a n d C r ( I I ) reduct ion studies prov ide a n 
estimate of ~ 60 sec" 1 for this process i n H h ( I I I ) at 25°C (59 ) . T o date, 
no evidence has been f o u n d for a r a p i d heme-crevice open ing step i n 
ferrocytochrome c. 

E v e n i n the absence of adjacent attack, the heme-crevice open ing 
step c o u l d be c r i t i c a l to electron transfer i n another manner . C r e v i c e 
opening a n d i r o n - s u l f u r b o n d rupture m a y tr igger conformat ion changes 
(poss ib ly coup led to the movement of the i r on out of the p lane of the 
p o r p h y r i n r i n g system) that render the H h ( I I I ) more susceptible to 
reduct i on ( 69 ). A l t h o u g h the spontaneous crev ice -opening react ion m a y 
be too s low to be i n v o l v e d i n electron transport i n resp i r ing mi to chondr ia , 
a process of this k i n d c o u l d s t i l l be i n v o l v e d i n v i v o since b i n d i n g of 
H h ( I I I ) to its reductase c o u l d accelerate the crev ice -opening conforma
t i o n change. Other , more subtle, conformation changes are, of course, 
also possible. A s discussed earlier, agreement w i t h the M a r c u s theory 
does not necessarily prec lude such conformat ion changes, w h i c h m a y 
occur before, after, or i n conjunct ion w i t h the e lectron transfer process. 
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170 BIOINORGANIC CHEMISTRY II 

Electron Hopping and Porphyrin Cation Radical Mechanisms 

T w o other mechanisms that have been proposed for cytochrome c 
reactions are noteworthy. D i c k e r s o n et a l . (70) have suggested a cyto
chrome reduct i on mechanism i n w h i c h the e lectron hops f r om one 
aromat ic residue to the next. Speci f ical ly , they have proposed that transfer 
of the r e d u c i n g electron occurs f r om tyrosine-74 to tryptophan-59, to 
tyrosine-67 after a conformat ion change, to tetrapyrrole ring 4 of the 
heme, a n d finally to the i ron . O t h e r pathways have also been proposed 
( 62, 71 ). T h e e lectron-hopping mechanism has n o w been abandoned b y 
its o r ig ina l proponents (26). It first ran into difficulties over the re lat ive ly 
large amount of energy r e q u i r e d to a d d an electron to or to remove one 
f r o m a tyrosine or pheny la lan ine side cha in . T h e fatal b l o w was the 
observation that the nonaromat ic residue leucine occupies the pos i t ion 
analogous to tyrosine-74 i n cytochrome c 550 (72). 

A n o t h e r mechanism that has been proposed involves the format ion 
of a p o r p h y r i n π-cation r a d i c a l ( E q u a t i o n 10) (73, 74). Object ions to 

+ e 
F e 1 1 1 c y t ^± F e 1 1 c y t + ^± F e 1 1 cy t (10) 

— e 

this mechanism inc lude the fact that, i n the absence of ττ-acceptor ax ia l 
l igands , the p o r p h y r i n is more difficult to oxidize or to reduce than is the 
m e t a l center (75 ) . Moreover , the data i n T a b l e I show that the b i p y r i d i n e 
a n d phenanthro l ine complexes of i ron , as w e l l as those of r u t h e n i u m a n d 
osmium, can undergo r a p i d electron exchange w i t h o u t the intermediate 
ox idat ion or reduct ion of the l igands. T h e r a p i d electron transfer i n these 
m e t a l complexes is i n part a consequence of the m i x i n g of the meta l t2g 

orbitals w i t h the ττ* orbitals of the aromatic l igands (75 ) . T h a t such 
d e r e a l i z a t i o n occurs i n ferr icytochrome c also is establ ished b y Ν M R 
studies w h i c h show the presence of apprec iable u n p a i r e d electron density 
on the heme per iphery (76, 77). 

E l e c t r o n a n d nuc lear tunne l ing remain as other possibi l it ies . H o w 
ever, the above discussion has shown that the exposed edge of the heme 
group provides an accessible a n d re lat ive ly l o w energy p a t h w a y for 
e lectron transfer to a n d f r om the i r o n atom of cytochrome c. A l t h o u g h 
the accessibi l i ty a n d / o r the react iv i ty of the heme m a y be i m p r o v e d i n 
certain situations b y spontaneous or i n d u c e d conformation changes of 
the prote in , the heme group s t i l l has the edge over the other e lectron 
transfer mechanisms that have been proposed. 
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The Mechanism of Oxygen Reduction in 

Oxidases—Studies with Laccase and 

Cytochrome Oxidase 

BO G. MALMSTRÖM 

Department of Biochemistry, University of Göteborg and Chalmers Institute of 
Technology, Fack, S-402 20 Göteborg 5, Sweden 

The role of copper and iron in the enzymic reduction of 
dioxygen has been studied with laccase and cytochrome c 
oxidase. Both contain four metal ions in their functional 
units. Anaerobically each oxidase molecule can accept 1 e-/ 
metal ion from reducing substrates, so the metals are in the 
Cu(II) and Fe(III) states. Only two metal ions per molecule 
are detectable by EPR, however. The EPR-nondetectable 
ions form an antiferromagnetically coupled binuclear com
plex, suggested to reduce oxygen directly to H 2O 2, thereby 
by-passing the energetically unfavorable formation of O 2

-. 
The presumed H2O2 intermediate appears to decompose 
by 1-e- steps, as a paramagnetic intermediate is formed with 
laccase. With 1 7Ο this has been shown to represent an oxy
gen radical, possibly O-, having unusual relaxation prop
erties. 

ipnergy i n most l i v i n g cells is p r o v i d e d b y combust ion of organic mo le -
- L ' cules through compl i ca ted oxidat ive pathways i n w h i c h d ioxygen 
is the t e r m i n a l acceptor of electrons. A t temperatures where l i fe exists, 
d ioxygen is a rather inert substance, however , a n d c e l l respirat ion con
sequently requires specific catalysts. T h e key enzyme is u n d o u b t e d l y 
cytochrome c oxidase (see Refs . 1 a n d 2 for recent r e v i e w s ) , w h i c h has 
been est imated to be responsible for more than 9 0 % of the oxygen con 
s u m p t i o n i n the biosphere. T h i s oxidase ut i l izes the f u l l o x i d i z i n g 
capac i ty of oxygen, w h i c h is consequently r e d u c e d to two molecules of 
water i n a four -equivalent process: 0 2 + 4e~ + 4 H + - » 2 H 2 0 . T h e m e c h 
an ism of the e n z y m i c catalysis of this react ion provides one of the major 
problems of b io inorgan i c chemistry . 
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174 BIOINORGANIC CHEMISTRY II 

Unfor tunate ly cytochrome oxidase is an inso luble enzyme associated 
w i t h m a n y other respiratory catalysts i n subce l lu lar organelles ca l l ed 
mi to chondr ia . T h i s makes it difficult to obta in i n a f o rm amenable to 
r igorous phys i co - chemica l studies b y spectroscopic a n d k ine t i c tech
niques . There are, however , a f ew water-so luble enzymes w h i c h catalyze 
the same react ion but w h i c h have the advantage that they are easily 
obta ined i n p u r e f o rm (see Ref . 3 for a r e v i e w ) . T h e most s tud ied one 
is u n d o u b t e d l y laccase, p r e p a r e d either f rom the tree Rhus vernicifera or 
f r o m the fungus Polyporus versicolor. T h i s chapter w i l l r ev i ew recent 
w o r k w i t h laccase p r o v i d i n g some deta i l ed unders tand ing of the cata lyt i c 
mechan i sm of oxygen reduct ion . W i t h cytochrome oxidase i t is more 
diff icult to p rov ide data a l l o w i n g a u n i q u e interpretat ion , but some results 
suggest ing mechanist i c analogies be tween this oxidase a n d laccase w i l l 
be presented. 

The Idea of Multi-Electron Transfer 

W i t h bo th cytochrome oxidase a n d laccase the ox idat ion of the 
r e d u c i n g substrate involves a 1-e" transfer to a h i g h valence f o rm of a 
m e t a l i n the enzyme (1,2). It w o u l d seem a n a t u r a l hypothesis that the 
r e d u c e d meta l i o n is then reox id i zed b y oxygen i n 1-e" react ion, thus 
f o r m i n g the hyperox ide r a d i c a l 0 2 " , general ly c a l l e d superoxide b y b i o 
chemists. A s po in ted out b y George (4 ) more than 10 years ago, such a 
mechan ism w o u l d , however , be expected to be s low w i t h oxidases char 
acter ized b y a h i g h reduct ion potent ia l . F o r example , the p r i m a r y elec
t ron acceptor i n funga l laccase ( the so-cal led type 1 C u 2 + ) has a s tandard 
reduct ion potent ia l of about 780 m V ( 5 ) . I t can then be est imated that 
a reox idat ion mechan ism i n v o l v i n g hyperox ide f ormat ion w o u l d have a 
m i n i m u m act ivat ion energy of 1 0 6 k j m o l " 1 (3), a n d the react ion w o u l d 
thus be extremely s low. 

A t the same t ime that these difficulties were first p o i n t e d out, several 
investigators no ted that b o t h cytochrome oxidase a n d laccase conta in 
four m e t a l ions i n the ir func t i ona l units , a n d they suggested that these 
m e t a l ions i n the ir r educed f o r m donate 4 e~ to oxygen i n a cooperative 
process (see Ref . 6 for a r e v i e w ) . W o r k i n m y o w n laboratory soon 
exc luded this, however , i n the case of laccase, as the metals are present 
i n d ist inct c h e m i c a l environments i n an asymmetr i c structure ( 6 ) . C y t o 
chrome oxidase has general ly also been considered asymmetr ic , a n d 
despite recent doubts (7) this concept n o w appears w e l l establ ished (2). 
I suggested consequently that oxygen reduc t i on instead involves consecu
t ive 2-e" transfers. T h i s i d e a rece ived some support f r o m s imple k i n e t i c 
experiments (8, 9 ) , b u t at the t ime of these studies the interpretat ion was 
cha l lenged i n the case of cytochrome oxidase b y other investigators favor-
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10. M A L M S T R O M Oxygen Reduction in Oxidases 175 

i n g four separate 1-e" steps ( 1 0 ) . I n this paper I w i l l summarize evidence 
i n d i c a t i n g that the energet ical ly unfavorable format ion of hyperox ide is 
by-passed b y a two-equiva lent reduct ion but that the intermediate so 
f o rm ed is further r educed i n 1-e" processes. 

The EPR-Nundetectable Metal Ions 

It has been shown that b o t h laccase (11) a n d cytochrome oxidase 
(12) can , under anaerobic condit ions , accept 1 e~/metal i o n f r om reduc 
i n g substrates, so the metals are expected to be i n the C u ( I I ) a n d F e ( I I I ) 
states, respectively. I n bo th cases a l l four meta l ions shou ld thus be 
paramagnet ic a n d detectable b y E P R . Desp i te this, i t is w e l l establ ished 
w i t h laccase that only two C u 2 + ions are seen b y E P R (3). Suscept ib i l i ty 
measurements have shown that the E P R - n o n d e t e c t a b l e ions are i n d e e d 
nonparamagnet ic (13). T h i s finding together w i t h recent chemica l e v i 
dence (14) favors our suggestion that they f orm a b inuc lear pa i r of 
C u ( I I ) ions coup led ant i ferromagnet ical ly . 

It has l ong been considered that only two out of the four m e t a l ions 
i n the cytochrome oxidase un i t are detectable b y E P R , but this concept 
has, i n fact, l a c k e d a firm exper imental basis u n t i l recently . T h e reason 
for this is that the tota l intensities of anisotropic E P R spectra, such as 
those g iven b y F e 3 + , are diff icult to estimate. A l l p u b l i s h e d w o r k on 
cytochrome oxidase pr ior to 1976 is based on an equat ion conta in ing a 
significant error. T h e correct expression has been g iven b y A a s a a n d 
Vânngârd ( 1 5 ) , w h o po int out that the earl ier error is caused b y the fact 
that the integrated intensity takes a different f o rm i n a field-swept spec
trometer compared w i t h a f requency-swept one. W i t h the correct f o r m u 
lat ion , the l o w sp in heme s ignal i n the ox id i zed enzyme corresponds 
closely to one heme (16). T h e s ignal a r o u n d g = 2, general ly ascr ibed 
to C u 2 + , also corresponds to one u n p a i r e d sp in , even i f its o r i g in remains 
uncer ta in ( 2 ) . T h u s , i t n o w appears w e l l establ ished that cytochrome 
oxidase, l i ke laccase, contains two E P R - n o n d e t e c t a b l e ions. Recent sus
cept ib i l i ty results (17) indicate ant i ferromagnet ic c o u p l i n g be tween one 
F e ( I I I ) a n d one C u ( I I ) i on . 

Oxidation-Reduction Properties 

T h e E P R - n o n d e t e c t a b l e ions i n laccase func t i on as a cooperative 
2-e~ un i t ( 5 ) . W i t h cytochrome oxidase redox titrations based o n the 
heme absorpt ion bands (2 ) indicate the presence of a h i g h a n d a l o w 
potent ia l site (380 a n d 220 m V , respec t ive ly ) . O n the other h a n d , the 
quas i e q u i l i b r i u m establ ished i n the r a p i d i n i t i a l transfer of electrons 
f r o m reduced cytochrome c to the p r i m a r y electron acceptor i n the ox i 
dase, cytochrome a, indicates a potent ia l of 2 8 5 m V for this site (18). 
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176 BIOINORGANIC CHEMISTRY II 

T h i s finding can be exp la ined i n terms of heme—heme interact ion , a 
phenomenon first suggested b y N i c h o l l s (19) a n d n o w w e l l establ ished 
b y other observations (2). W i l s o n et a l . (20) have suggested that certain 
l igands induce a cooperat iv i ty between two meta l centers, s imi lar to that 
i n laccase so that these funct ion as a 2-e" uni t . 

Oxygen Intermediates 

A f e w years ago opt i ca l intermediates i n the reactions be tween the 
r e d u c e d enzymes a n d d ioxygen were detected w i t h laccase (21) a n d 
w i t h the re lated pro te in ceru lop lasmin (22). I t was tentat ively suggested 
that they represent H 2 0 2 or one of its ions b o u n d to a meta l i o n i n the 
enzymes. W i t h cytochrome oxidase, the search for a funct i ona l inter 
mediate also has presented greater problems, a n d i t is on ly recently that 
C h a n c e a n d associates (23) have been able to report substantial progress 

0.35 0.37 0.39 0.35 0.37 0.39 

MAGNETIC F L U X DENSITY (T) 

Figure 1. Experimental (left) and simulated (right) EPR spectra of the 
laccase-oxygen intermediate obtained with 1 6 0 2 and17 Ο 2, respectively. 

(A). High-field part of the EPR spectrum of fungal laccase A, recorded at 9.15 GHz. 
The enzyme was anaerobically reduced with four electron equivalents of ascorbic 
acid and mixed with oxygen-saturated buffer, 100% 160 and 91.8% 17Ο, respectively. 
The reaction was quenched after 30 min. The protein concentration was 270 μΜ in 
50 mM sodium acetate buffer at pH 5.5. The spectra were recorded at 16 Κ and a 
microwave power of 170 mW, which are non-saturating conditions for the intermedi
ate signal. (B). Simulated spectra of the signals in (A) assuming rhombic g-tensor 
(gx= 1.906, gy = 1.939, gz = 2.16) and anisotropic 17Ο hyperfine splitting. The 17Ο 
spectrum (91.8% 170, 1 = 5/2; 8.2% 160, 1 = 0) was simulated assuming interaction 
with one 170 nucleus with Ax = 5.5 mT and Ay = Az = 0. Lorentzian line-shape and 

a linewidth of 15 mT were used. 
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10. MALMSTROM Oxygen Reduction in Oxidases 177 

by the ultilization of a low temperature tracing method. It is unfortu
nately difficult to assign electronic structures to the various optical species 
observed, and they may, in fact, not involve oxygen directly but rather 
different states of the metal ions in the enzymes. With laccase we have 
recently obtained the first definitive demonstration of an oxygen inter
mediate in an oxidase reducing oxygen to water. A brief description of 
these results follows. 

When fully reduced laccase is mixed with oxygen, three of the metal 
sites ( type 1 Cu+ and the reduced 2-e" acceptor ) have become reoxidized 
while the fourth site (type 2 Cu+) remains reduced (24). The inter
mediate so formed has the optical properties earlier assigned to an H 2 0 2 

compound, but this interpretation is inconsistent with the transfer of 3 e" 
from reduced enzyme sites to oxygen. Indeed, we recently showed (25) 
that the intermediate is paramagnetic but that it has unusual relaxation 
properties, so that it cannot be observed above 25 K. By carrying out the 
reaction with 1 7 0 2 , it can directly and unambiguously be demonstrated 
that the intermediate represents an oxygen radical, as shown in Figure 1. 
The O" radical can have relaxation properties (26) similar to those of 
the intermediate (25). In addition, the 1 7 0 splitting for this radical is 
similar to the hyperfine splitting estimated from the data in Figure 1 
(about5mT). 
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Electron Transfer Pathways in Blue Copper 

Proteins 

ISRAEL PECHT, OLE FARVER, and MICHEL GOLDBERG 

Department of Chemical Immunology, The Weizmann Institute of Science, 
Rehovot, Israel 

Several structural and functional aspects of blue copper pro
teins have been investigated. The systematic study of the 
ultraviolet spectroscopic properties of blue single copper 
proteins (azurins and stellacyanin) brings evidence for sul
fur as a ligand of the copper ion. The energy profile of the 
electron transfer equilibrium between Ps. Aeruginosa azurin 
and Fe(CN)6

3-/4- was obtained by combined analysis of 
chemical relaxation times and amplitudes along with micro
calorimetry and spectrophotometric titrations. The super
-oxide (O2

-) reduces the type 1 Cu(II) in Rhus laccase. A 
relatively fast, full reoxidation of the partially reduced en
zyme takes place in the presence of oxygen. Rhus laccase 
reacts specifically and with high affinity with H 2O 2 to form 
a stable product which man be a functional intermediate. 

^ p w o centra l themes are encountered i n s t u d y i n g the mechan i sm of 
act ion of redox proteins : 

(1 ) T h e deta i led pathways of redox equivalents to a n d f r o m trie 
act ive centers 

(2 ) T h e intramolecu lar events i n the mult i center oxidases, w h i c h 
enable the funct i ona l cooperat ion of the different active sites i n c a r r y i n g 
out reduct i on or oxidat ion of specific substrates, notab ly those w h e r e 
m u l t i p l e e lectron transfer steps are favored pathways 

T h e funct ion of the e lectron-mediat ing proteins w h i c h conta in a 
single redox act ive site (e.g., rubredox in , azurins , flavodoxins, p lasto -
cyanins ) is m a i n l y re lated to the first aspect. S t i l l , the p ronounced spec i 
ficity encountered i n their func t i on i n b i o l o g i c a l energy conversion proc 
esses indicates that their redox center, often a trans i t ion m e t a l i o n , is 
e m b e d d e d i n an evo lut ionar i ly o p t i m i z e d po lypept ide envelope. T h e 
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180 BIOINORGANIC C H E M I S T R Y II 

deta i l ed three -d imensional structures of an increas ing n u m b e r of these 
e lectron mediators , a long w i t h k ine t i c studies of the ir reactions, have l e d 
to n e w insights into the redox pathways of the c-type cytochromes a n d 
some of the non-heme i r o n proteins ( J ) . Un for tunate ly no direct s truc
t u r a l in format ion is yet avai lab le for those e lectron-mediat ing proteins 
where copper serves as the act ive center. It is remarkab le that a l l m e m 
bers of this group have their s ingle copper b o u n d i n a site w h i c h confers 
u p o n t h e m the u n i q u e b l u e state. T h e y are w i d e l y f o u n d i n nature , 
r a n g i n g f r om the plastocyanins i n the photosynthet ic apparatus to ste l la
c y a n i n a n d u m e c y a n i n , w h i c h are f o u n d i n nonphotosynthet ic p lant 
tissues, to the large f a m i l y of azurins f r om different bac ter ia l sources ( 2 ) . 

T h i s group of b lue single copper proteins is a convenient system for 
p r o b i n g s tructura l features of the m e t a l - b i n d i n g site. E a r l y suggestions 
that a sul fur l i g a n d is i n v o l v e d i n the coordinat ion sphere (2 ) rece ived 
further support recently f r o m the spectral investigations of derivatives i n 
w h i c h the copper was rep laced b y C o ( I I ) ions (3 ) a n d f rom resonance 
R a m a n a n d E S C A studies on the nat ive proteins (4,5,6). W e have 
adopted a different approach to this p r o b l e m , m o n i t o r i n g the intr ins i c 
probes of these proteins, b y examin ing the spectral properties i n the u v 
range. Character i s t i c alterations were f o u n d w h i c h are p robab ly caused 
b y the C u ( I ) - S chromophore a long w i t h changes f r o m conformat ional 
differences between the r educed a n d ox id i zed states of the prote in . 

T h e electron transfer mechan ism of a z u r i n , a w e l l k n o w n example 
for this type of proteins, has been systematical ly s tud ied us ing the c h e m i 
ca l re laxat ion m e t h o d a n d a w e l l def ined inorganic outer sphere redox 
couple . I n para l l e l , the investigations of the react ion w i t h its p r e s u m e d 
phys io log i ca l partner , cytochrome c, were pursued ( 7 ) . T h e specif icity 
of the interact ion between a z u r i n a n d cytochrome c P-551 is expressed i n 
h igher specific rates a n d i n the contro l of the e lectron transfer e q u i l i b 
r i u m b y conformat ional transitions of b o t h proteins. 

I n the b lue oxidases, the type 1 copper is only one of at least three 
active centers. T h e s t r ik ing feature of this class of proteins, apart f r o m 
the complex i ty of the different copper b i n d i n g sites per se is the intr icate 
re lat ionship among these sites. E q u i l b r i u m measurements p r o d u c e d e v i 
dence for the effect of external l i g a n d b i n d i n g to type 2 C u ( I I ) o n the 
redox potentials of b o t h type 1 a n d type 3 sites ( 8 ) . F r o m the k ine t i c 
data it became clear that rates of r educt i on a n d ox idat ion of one site are 
rather sensitive to the redox states of the other sites ( 9 ) . T h i s is f u n c 
t i ona l ly relevant, since a l l three redox sites of laccase are supposed to 
undergo reversible valence changes d u r i n g the catalyt ic cycle of the 
enzyme. W e have examined the reduct i on a n d ox idat ion of Rhus laccase 
under condit ions where a rather smal l f ract ion of its sites was r e d u c e d 
us ing 0 2 " radicals as reductant i n oxygen-saturated solutions. T h e type 1 
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11. P E C H T E T A L . Blue Copper Proteins 181 

C u ( I I ) ions were reduced a n d f u l l y reox id ized w i t h i n 1-2 sec, a l though 
under these condit ions no more than a single reduct ion equivalent m a y 
be i n those molecules . T h i s is not the case w h e n reduct ion of these sites 
take place anaerobical ly by , for example, the C 0 2 " r a d i c a l i on . 

Interact ion between ox id i zed funga l laccase a n d hydrogen peroxide 
a d d e d i n excess, occurs v i a its type 2 C u ( I I ) site. T h i s b i n d i n g is 
mani fested b y b o t h the E S R a n d absorpt ion spectra, yet the affinity of 
this complex is rather l ow , a n d i t decomposes r a p i d l y ( J O ) . I n contrast 
w e f ound that tree laccase forms a re lat ive ly stable a n d h i g h affinity c om
plex w i t h one mole of H 2 0 2 w h i c h m a y be r educed together w i t h the 
enzyme sites a n d c o u l d be of mechanist ic significance i n the reduct i on of 
d ioxygen to water . 

Experimental 

Materials. Laccase a n d ste l lacyanin were prepared f rom the acetone 
extract of Rhus vernicifera lacquer accord ing to the procedure of R e i n 
h a m m a r (11) a n d were kept at —20° i n salt-free solutions. A z u r i n f r om 
Pseudomonas aeruginosa a n d Alcaligenes faecalis was isolated a n d p u r i 
fied b y the m e t h o d of A m b l e r (12) a n d was stored at 4° i n 0 . 0 5 M 
s o d i u m acetate buffer ( p H 3.9). T h e prote in solutions were extensively 
d i a l y z e d against potass ium phosphate buffer before be ing used i n the 
experiments and , w h e n necessary, were concentrated b y v a c u u m dialysis . 
T h e p u r i t y of the proteins was de termined b y check ing the respective 
absorpt ion ratios between the b l u e b a n d a n d the 280-nm b a n d ; they were 
a lways i n good agreement w i t h the l i terature values. I n add i t i on , the 
q u a l i t y of the laccase preparat ion was assayed b y measur ing its enzymat i c 
act iv i ty w i t h N , N - d i m e t h y l - p - p h e n y l e n e d i a m i n e (11). 

Ste l lacyanin a n d the two azurins were r educed b y the f o l l o w i n g 
m e t h o d s — b y ascorbate, f o l l o w e d b y anaerobic dialys is ; b y hydrogen , 
u s i n g p l a t i n u m b lack as catalyst ( 7 ) ; b y s od ium borohydr ide ; or b y 
d i th ioni te . A l l of these methods l e d to the same product as c onc luded 
f r o m the absorpt ion spectra of the native , reduced , a n d reox id ized p r o 
teins. Apoprote ins were prepared b y dialysis against 0 . 0 5 M N a C N i n 
0 . 1 M phosphate buffer p H 7.4, f o l l o w e d b y repeated dialysis against the 
buffer. T h e concentrations of the nat ive proteins were de termined us ing 
€6i4 = 5700 M " 1 c m " 1 for laccase (13), c G 0 5 = 4080 M " 1 c m " 1 a n d e 2 8o = 
23,200 M 1 c m 1 for ste l lacyanin (13), e « 2 5 = 5700 M 1 c m ' 1 ( 1 4 ) , a n d c 2 8 0 

= 10,700 M " 1 c m " 1 (15) for Ps. aeruginosa a z u r i n a n d eG25 = 4620 M " 1 

c m " 1 for A. faecalis a z u r i n (16). 
A l l materials used were of ana ly t i ca l grade. A l l solutions were pre 

p a r e d i n d o u b l y d i s t i l l ed water . T h e concentrat ion of hydrogen peroxide 
stock so lut ion was de termined iodometr i ca l ly (17) before a n d after each 
peroxide t i t rat ion . 

Methods. Measurements of absorpt ion spectra a n d spectrophoto
metr i c t itrations were carr ied out on a C a r y 15 spectrophotometer 
e q u i p p e d w i t h a thermostated c e l l compartment . C i r c u l a r d i chro i c spec
t ra were recorded o n a C a r y 60 spectropolarimeter e q u i p p e d w i t h a 6001 
C D attachment. F luorescence spectra were measured on a H i t a c h i -
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182 BIOINORGANIC C H E M I S T R Y Π 

P e r k i n E l m e r M P F - 3 spectrofluorometer. X - a n d Q - b a n d measurements 
of E P R spectra were carr i ed out at l i q u i d n i trogen a n d l i q u i d h e l i u m 
temperatures. M i c r o c a l o r i m e t r i c measurements were per fo rmed on a 
L K B 10700 bat ch microca lor imeter . Temperature - jump re laxat ion k inet 
ics were measured us ing a double b e a m instrument (18) w i t h a ce l l 
adapted for anaerobic work . T h e relaxation signals were f ed into an 
H . P . 2100 computer a n d ana lyzed as descr ibed i n Ref . 7. T h e pulse 
radio lys is exepriments were carr ied out on the 5 - M e V l inear accelerator 
at the H e b r e w Univers i ty . Deta i l s of the system have been p u b l i s h e d 
prev ious ly (19). 

SPECTROSCOPIC STUDIES . A l l measurements were made at 25° i n 
0 . 0 5 M or 0.1 M potass ium phosphate buffer, p H 7.0. E a c h spectrum was 
recorded w i t h several samples, w h i c h general ly dif fered i n concentrat ion, 
a n d was scanned two or three times. C i r c u l a r d i chro i sm is expressed as 
molar e l l ip t i c i ty [Θ] i n units of degrees c m 2 · dmole" 1 . 

R E L A X A T I O N KINETICS . T h e details of the exper imental procedure 
have been descr ibed earl ier (14). 0 . 1 M phosphate buffer, p H 7.0, con
t a i n i n g 2 Χ 10" 5 M E D T A was used i n a l l re laxation experiments. These 
were per fo rmed w i t h solutions of different i n i t i a l reagent c o m p o s i t i o n — 
either ferrocyanide was a d d e d to o x i d i z e d a z u r i n or ferr i cyanide to 
r e d u c e d a z u r i n . Temperature jumps of 2.9° or 4.7° were a p p l i e d to the 
react ion solut ion. T h e subsequent transmission changes were moni tored 
at 625 n m ( absorpt ion of ox id i zed a z u r i n ) or 420 n m ( absorpt ion of f e r r i 
cyan ide ). E a c h p lo t ted va lue of the re laxat ion t ime or a m p l i t u d e repre
sents the average of at least four measurements. 

P U L S E RADIOLYSIS . A deta i led account of the exper imental procedure 
has been g iven elsewhere (19). Solutions of tree laccase were prepared 
i n t r i p l y d i s t i l l ed water a n d contained fer f -butanol as scavenger for O H 
radicals . T h e so lut ion was saturated w i t h argon or oxygen by pro longed 
b u b b l i n g ( > 20 m i n ) i n large glass syringes e q u i p p e d w i t h s tandard 
cap i l l a ry taper joints. B u b b l i n g was done p r i o r to the add i t i on of the 
r e q u i r e d v o l u m e of concentrated prote in solut ion, thus m i n i m i z i n g de-
naturat ion b y foaming . 

A N A E R O B I C O X I D A T I O N - R E D U C T I O N TITRATIONS . O x i d a t i o n - r e d u c t i o n 
t itrations of Rhus laccase were carr i ed out i n a spec ia l ly constructed o p t i 
c a l c e l l descr ibed i n Ref . 20. T h e solutions were freed f rom oxygen b y 
alternative evacuat ion a n d flushing w i t h water -saturated argon f r o m 
w h i c h traces of oxygen were removed b y passing the gas through four 
co lumns of methy lv io logen . D u r i n g the titrations a s l ight excess argon 
pressure was m a i n t a i n e d to a v o i d dif fusion of oxygen into the ce l l . T i t r a n t 
was a d d e d t h r o u g h a serological cap w i t h a H a m i l t o n m i c r o syringe. T h e 
t i t rated solutions were s t i rred b y a s m a l l magnet i c bar . 

E x p e r i m e n t a l values were corrected for d i l u t i o n of prote in on a d d i n g 
t i trant , for res idua l absorbance of the f u l l y r educed chromophore , a n d 
w h e n necessary, for absorbance of the o x i d i z e d a n d r e d u c e d forms of the 
t itrants used. 

Spectroscopy of Blue Single Copper Proteins 
in the Ultraviolet Region 

T h e nature of the b l u e copper site m i g h t be conce ived as the result 
of a compromise be tween the free energy requirements for the pre ferred 
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11. P E C H T E T A L . Blue Copper Proteins 183 

coord inat ion structure of the meta l i on i n its two redox states a n d the 
o p t i m a l conformation of the po lypept ide f o r m i n g i t . It is therefore ex
pected that changes i n the state of the copper w o u l d also be expressed 
i n some of the properties of amino a c i d residues, notab ly those w h i c h are 
re lated to the b i n d i n g site. T h u s an earlier study f r o m this laboratory 
has s h o w n a correlat ion between the redox state of type 1 copper a n d 
the intr ins ic fluorescence of Rhus laccase (20). H e r e w e have compared 
the u v spectral properties of three b lue s ingle-copper proteins (Pseudo-
monas aeruginosa a zur in , Alcaligenes faecalis a z u r i n , a n d Rhus stel lacy
a n i n ) i n their ox id ized , reduced , a n d copper-free states, us ing absorpt ion, 
difference absorpt ion, c i r cu lar d i chro i sm, a n d fluorescence measurements. 
T h e comparison between the two a z u r i n species is of spec ia l significance 
as they are homologous proteins, yet certain residues w h i c h are of par 
t i cu lar interest (e.g., the single t ryptophan) occupy different positions 
i n the amino ac id sequence (21). 

π — ι — ι — ι — ι — ι ι ι ι ι I 

2 6 0 2 8 0 3 0 0 3 2 0 3 4 0 

Wavelength (nm) 

Figure 1. Reduced-minus-oxidized difference absorption 
spectrum of P s . a e r u g i n o s a azurin. Sample and reference 
cell contained 6.8 Χ ΙΟ5 M solutions of reduced and oxi
dized protein, respectively. Hydrogen, with platinum 
black as catalyst, was used as reductant (7). Medium: 

0.1 M potassium phospate buffer, pH 7.0 

F i g u r e 1 shows the difference absorpt ion spectrum between r e d u c e d 
a n d o x i d i z e d Ps. aeruginosa a z u r i n . A s is w e l l k n o w n , i n the v i s ib le 
reg ion the t y p i c a l b l u e b a n d disappears u p o n reduct ion , a n d no other 
changes are observed. H o w e v e r , p ronounced a n d complex changes are 
seen i n the uv region. U p o n reduct ion a decrease is f o u n d above 330 n m , 
whereas b e l o w this wave length the reduced a z u r i n has the higher ext inc-
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184 BIOINORGANIC C H E M I S T R Y II 

Table I. Ultraviolet Extinction of Reduced Copper Proteins 

Wavelength (nm) 

Protein 
Value Measured 

(Mr1 cm-1) 250 260 270 

Ps. aeruginosa azurin 
A. faecalis azurin 
Stellacyanin 
C u + — thionein a 

e r e d e o x 
e r e d e o x 
€ r e d c o x 

*red 

5050 
4250 
5150 
3650 

3450 
3050 
4300 
3050 

3200 2350 
2950 2250 
4250 3500 
2650 2200 

° Values calculated from spectral data reported by Rupp and Weser (24). 

t i on . T h i s is consistent w i t h the result of a p r e l i m i n a r y exper iment re 
por ted b y Y a m a n a k a et a l . ( 2 2 ) . T h e peak i n the difference spec trum at 
294 n m is caused b y a smal l r e d shift of the w e l l reso lved fine structure 
peak of t ryp tophan at 292 n m (22 ) . A monotonous increase i n the ext inc
t i on of the r e d u c e d pro te in re lat ive to the ox id i zed takes p lace towards 

240 260 280 300 320 
Wavelength (nm) 

340 

Figure 2. CD spectra of oxidized ( ) and reduced 
( ) Ps. aeruginosa azurin. The samples contained 
1.2 X 10~4 M protein in 0.05M potassium phosphate, 
pH 7.0. Reduction was achieved with ascorbate, fol
lowed by extensive dialysis. Optical pathlength, 10 

mm. 
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11. P E C H T E T A L . Blue Copper Proteins 185 

l ower wavelengths , p r o d u c i n g a difference of ~ 5000 M " 1 c m " 1 at 250 n m . 
T h i s increase is m o d u l a t e d b y sl ight, b u t dist inct , variat ions i n the fine 
structure of the aromatic absorpt ion bands ( 2 7 5 - 2 9 0 n m ) a n d b y a 
shoulder at 270 n m . Essent ia l l y s imi lar difference spectra between r e 
d u c e d a n d o x i d i z e d pro te in have also been measured for A. faecalis 
a z u r i n a n d ste l lacyanin . T h e isosbestic points are somewhat shi f ted to 
the b l u e ( 3 2 4 n m for the former, 304 n m for the l a t t e r ) , a n d the peak at 
294 n m is only a flat shoulder , w h i c h is s i m p l y a consequence of the 
t r y p t o p h a n trans i t ion at 292 n m not b e i n g reso lved i n these proteins. B u t 
a m a r k e d increase of the ext inct ion difference w i t h decreasing w a v e l e n g t h 
a n d a shoulder at 270 n m is i n accord w i t h the previous findings. M o r e 
over, the ( c r e d — cox) values f o u n d are altogether qu i te s imi lar ( T a b l e I ) . 
T h e somewhat h igher values for s te l lacyanin at 260 a n d 270 n m are caused 
b y a m u c h more pronounced shoulder at 270 n m . 

ο 
Ε 
ο 
•ë 

CM* E o 
σ> 

3 0 

Ό 

I —I I I ι ι I 
260 280 300 320 340 

W a v e l e n g t h ( n m ) 

Figure 3. CD spectra of oxidized ( ), reduced 
( ), and copper-free (- ' -) stellacyanin. Protein 
solutions: 5 Χ ΙΟ" 5 M in 0.1 M potassium phosphate, 
pH 7.0. The reduced sample was prepared by 
catalytic reduction with hydrogen; the oxidized 
sample by aerobic reoxidation of the same reduced 
sample. The apoprotein was prepared as described 
under "Experimental." Optical pathlength, 10 mm. 

C D spectra of the ox id i zed a n d r e d u c e d f o r m have been measured 
for a l l three proteins ; the spectra of two of t h e m are presented i n F i g u r e s 
2 a n d 3. T h e complex set of d i chro i c bands i n the reg ion of the aromatic 
transitions is i n a l l cases f u l l y conserved u p o n reduc t i on , w i t h on ly the 
m a g n i t u d e of the e l l ipt ic i t ies b e i n g affected. T h e s m a l l b u t s ignif icant 
differences at 310 a n d at 293 n m as w e l l as the large increase of the e l l i p -
t i c i ty at 2 8 0 n m f o u n d for Ps. aeruginosa a z u r i n ( F i g u r e 2 ) are exact ly 
analogous to changes f o u n d for r e d u c e d A. faecalis a z u r i n c o m p a r e d w i t h 
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186 BIOINORGANIC C H E M I S T R Y II 

the o x i d i z e d prote in . T h e C D spectra of ox id i zed Ps. aeruginosa a z u r i n 
a n d A. faecalis a z u r i n ( F i g u r e s 2 a n d 4) are essentially s imi lar . T h e y 
exhibit exactly the same b a n d pattern, except for some smal l shifts a n d 
differ on ly i n the e l l ipt ic i t ies of the various bands. T h e only major differ
ence i n the C D properties of these two proteins is the response of the 
posit ive b a n d at 260 n m to reduct ion . Whereas i n A. faecalis a z u r i n this 
b a n d changes l i t t le u p o n reduct ion , a pronounced change towards nega
t ive e l l ip t i c i ty occurs i n the case of Ps. aeruginosa a z u r i n ( F i g u r e 2 ). T h e 
effect of r educt i on on the C D spectrum of s te l lacyanin ( F i g u r e 3 ) is also 
l i m i t e d to the ampl i tudes of the different bands, the ir pos i t ion r e m a i n i n g 
prac t i ca l ly unal tered . T h e increase of more than t w o - f o l d i n the e l l i p 
t i c i ty of the b r o a d negative b a n d a r o u n d 265 is p r o b a b l y re lated to the 
same transit ion w h i c h produces a pronounced shoulder at 270 n m i n the 
reduced -minus -ox id i zed difference absorpt ion spectrum. 

260 280 300 320 340 
Wavelength (nm) 

Figure 4. CD spectra of native ( ) and copper-free (- · -) 
A . faecalis azurin. The apoprotein was prepared as described 
under "Experimental." Solutions: 9 X JO" 5 M in 0.1 M potas

sium phosphate, pH 7.0. Optical pathlength, 10 mm. 

T h e spectral properties of the three proteins i n the u v are strongly 
inf luenced b y the redox state of the copper. A l t h o u g h this is p r o b a b l y 
true for a l l b lue copper proteins, very l i t t le attention has been p a i d to 
these changes. T h e overa l l s imi lar i ty of the redox-re lated changes i n 
absorpt ion a n d C D spectra strongly suggests that most of the changes 
are c ommon to a l l three proteins a n d are therefore re lated to some com
m o n s tructura l property , most p robab ly i n v o l v i n g the copper site. T h e 
results of various spectroscopic a n d chemica l studies have been inter -
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11. P E C H T E T A L . Blue Copper Proteins 187 

preted to indicate that b l u e copper is coord inated to sul fur (3, 4, 5, 6,23). 
T h e findings of this study are consistent w i t h such a concept. T h e general 
course of the reduced -minus -ox id i zed difference absorpt ion spectra is 
s imi lar to the absorpt ion spectrum of the C u ( I ) - S chromophore , as seen 
f r o m ext inct ion values ( T a b l e I ) der ived f r om C u ( I ) - t h i o n e i n spectra 
(24). H o w e v e r , the c h e m i c a l f o r m of the sul fur l i g a n d i n the b lue p r o 
teins is not f u l l y establ ished, but it has general ly been proposed to be 
the s u l f h y d r y l group of a cysteine residue. Yet one shou ld also consider 
the poss ib i l i ty that meth ion ine m a y serve as a l i g a n d . Some support for 
this hypothesis comes f rom a m o d e l study where the chelate complex of 
a thiaether w i t h C u ( I I ) has been f o u n d to exhib i t an intense b lue absorp
t i on b a n d , s imi lar to that f o u n d i n b lue copper proteins (26). I n n ine d i f 
ferent a z u r i n species ( f r om Pseudomonas, Bordetella, a n d Alcaligenes 
(21)) a n d i n eight different p lastocyanin species (bean , potato, a n d green 
algae (27)), meth ion ine 121 ( i n the p lastocyanin n u m b e r i n g M e t 97) is 
invar iant , a n d the sequence around it contains some further residues 
w h i c h have conserved their aromatic or h y d r o p h o b i c character [ T y r 108 
( 8 5 ) , P h e / T y r 110 ( 8 7 ) , P h e / T y r 111 ( 8 8 ) , L e u / V a l / I l e 125 (101) , 
L e u / V a l 127 (103) ] apart f rom the invar iant G l y 123 (99) a n d the single 
cysteine residue 112 ( 8 9 ) . T h i s m a y indicate the invo lvement of b o t h 
cysteine a n d methion ine i n the coord inat ion sphere of the b lue copper, 
as far as they are avai lable . 

T h e add i t i ona l effects i n the aromatic reg ion of the difference spec
t r u m ( 2 5 0 - 3 0 0 n m ) are p r o b a b l y caused b y aromat ic transitions w h i c h 
are inf luenced b y the redox state of the copper. T h e shoulder at 270 n m , 
w h i c h occurs i n a l l three proteins, c o u l d result f rom an increase i n tyrosine 
absorpt ion. I n this context, it is interest ing to reca l l that T y r 108 ( a z u r i n 
n u m b e r i n g ) , w h i c h is re lat ive ly close to the proposed copper l igands 
C y s 112 a n d M e t 121, is complete ly invar iant b o t h i n a z u r i n a n d plasto
c y a n i n a n d m a y therefore be an obl igatory constituent of the copper site. 

T h e redox - induced changes i n the C D spec trum of the aromat ic 
reg ion do not seem to be re lated to a copper chromophore because they 
are not u n i f o r m i n the three proteins. Instead, they p r o b a b l y arise f r o m 
differences i n the direct or ind irect ( conformat ional ) effects of the redox 
state of the copper on the d i chro i sm of various aromatic transit ions. T h e 
comparat ive ly s m a l l changes i n the 285-295-nm range suggest that the 
t r y p t o p h a n transitions are less affected than those of tyrosine a n d p h e n y l 
alanine. T h e changes a r o u n d 250 n m m a y invo lve disulf ide groups w h i c h 
produce C o t t o n effects at this wavelengths. 

F o r certain b lue s ingle-copper proteins it was proposed l ong ago 
that a C u ( I I ) or C u ( I I ) - r e l a t e d b a n d is present be tween 300-350 n m 
(28), bu t i t has attracted on ly very l i m i t e d attention i n spite of the poten
t i a l impl i cat ions for the study of b lue copper -conta in ing oxidases. A s u m -
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188 BIOINORGANIC C H E M I S T R Y II 

m a r y of the spectral measurements i n the 30O-350-nm reg ion is presented 
i n F i g u r e 5. R e m o v i n g the copper almost abolishes the absorpt ion i n this 
reg ion . T h i s is conf irmed b y the C D spectra w h e r e the p r o b l e m of 
ach iev ing spectral ly very c lean solutions or m a t c h i n g the concentrations 
of ho lo - a n d apoproteins is less c r u c i a l than for absorpt ion or difference 
absorpt ion spectra. T h e ext inct ion of the nat ive proteins i n this reg ion 
is i n the range 200-700 M " 1 c m " 1 c ompared w i t h extinctions of about 1 X 
10 4 ( a z u r i n ) or 2.3 Χ 10 4 M " 1 c m " 1 ( s te l lacyanin) at 280 n m . S u c h exper i 
m e n t a l problems made i t diff icult to obta in re l iable data on the shape of 
the C u ( I I ) b a n d b e l o w 305 n m , where the aromatic absorpt ion begins. 

ABS: OX/APO CD: ox/APo ABS: RED-ox CD:OX/RED EMISSION: ox 

Azurin 
from 

Pseudomonas 

aeruginosa 

^ 
\ 330 

' ^ ^ ^ v ; — 

RED - 12% Azurin 
from 

Pseudomonas 

aeruginosa 

RED - 12% 

Azurin 
from 
Alcaligenes 
faecalis 

V 324 

RED:~O% Azurin 
from 
Alcaligenes 
faecalis 

RED:~O% 

Stelacyanin 

from 

Rhus 

vernicrfera 

304 

i / ^ ^ ^ ^ 

RED'.+18% Stelacyanin 

from 

Rhus 

vernicrfera 

RED'.+18% 

Figure 5. Optical properties of three blue copper proteins in the range 
300-350 nm. 

The various protein samples were prepared as indicated under "Experimental." 
Medium: 0.05 or 0.1M potassium phosphate, pH 7.0, 25°. ( ) oxidized protein, 
( ) reduced or copper-free protein. Abscissa: The wavelength range extends 
from 300 to 350 nm. Ordinate: All absorption spectra were drawn to the same scale, 
as was done for the CD spectra. Fluorescence emission spectra: the scale is different 
for each protein. All spectra were recorded in the ratio mode with λ β χ = 280 nm. 
The effect of reduction is indicated as percentage change of the maximum emission 

intensity of the oxidized protein. 

F r o m measurements where reconst i tuted a z u r i n was compared w i t h apo-
a z u r i n , w e estimate that the copper-dependent ext inct ion does not exceed 
450 M " 1 c m " 1 at 280 n m , but i t remains to be determined whether i t passes 
t h r o u g h a m a x i m u m between this wave length a n d 320 n m . A l i k e l y c a n d i 
date for the l i g a n d , w h i c h i n conjunct ion w i t h C u ( I I ) gives rise to the 
absorpt ion i n this reg ion , is pept ide ni trogen. V a r i o u s complexes i n v o l v 
i n g the coord inat ion of a deprotonated pept ide n i t rogen to C u ( I I ) w e r e 
f o u n d to absorb i n this reg ion (15, 2 9 ) . T h e moderate ly intense b a n d has 
been ascr ibed to a l i g a n d - m e t a l charge transfer t rans i t ion . A n interest ing 
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11. P E C H T E T A L . Blue Copper Proteins 189 

m o d e l system exh ib i t ing a s imi lar b a n d is the C u ( I I ) - p o l y - L - h i s t i d i n e 
complex f o rmed i n neutra l - to - s l ight ly -ac id solutions ( 3 0 ) . T h i s gains 
spec ia l significance i n v i e w of N M R data of single b lue copper proteins 
(31) suggesting b o t h pept ide a n d imidazo le nitrogens as l igands to the 
copper. 

C o n s i d e r i n g n o w the reduced -minus -ox id i zed different absorpt ion 
spectra, i t becomes clear that the isosbestic po int shifts to a shorter w a v e 
length w h e n go ing f r om the azurins to s te l lacyanin , because the absorb
ance of ox id i zed ste l lacyanin i n this reg ion is h igher than that of the 
o x i d i z e d azurins . U n d e r l y i n g , of course, is the assumption that the C u ( I ) 
spectrum has a s imi lar intensity i n a l l three proteins, at least i n this 
reg ion . T h e response of the fluorescence emission intensity to the reduc 
t i on of the copper can be exp la ined on the same basis. Ps. aeruginosa 
a z u r i n has its emission centered a r o u n d 308 n m . W h e n the pro te in is 
reduced , the absorbance i n this wave length region increases. Therefore 
any q u e n c h i n g effect or ig inat ing f r om interna l nonradiat ive energy trans
fer be tween the exc i ted t ryp tophan residue a n d the copper chromophore 
is expected to become larger, thereby decreasing the q u a n t u m y i e l d . 
E x a c t l y the opposite happens w i t h s te l lacyanin . H e r e the r educed pro 
te in absorbs less i n the reg ion of the emission m a x i m u m , enhanc ing its 
intensity . T h e emission spectrum ( A e x = 280 n m ) of A. faecalis a z u r i n 
h a r d l y changes on reduct ion , p robab ly because q u e n c h i n g a n d enhanc ing 
effects approx imate ly compensate. R e c a l l that the single t r y p t o p h a n 
residue of A. faecalis a z u r i n is not homologous to the single t ryp tophan 
of Ps. aeruginosa a z u r i n (21), a fact w h i c h m a y contr ibute b o t h to the 
different fluorescence spectra of the nat ive proteins a n d to the different 
response to reduct ion . 

R e m o v a l of the copper i on only moderate ly effects the aromatic part 
of the C D spectrum ( F i g u r e s 3, 4 ) , a spectral reg ion w h i c h is i n general 
less affected b y r e m o v i n g the copper than b y r e d u c i n g i t . T h i s indicates 
that the s tructural integr i ty of b lue s ingle-copper proteins depends l i t t le 
o n the presence of the copper i o n as far as these aromatic residues are 
concerned. A s imi lar result has been obta ined f rom the compar ison of 
the t ryptophan fluorescence i n nat ive a n d copper-free Ps. fluorescence 
a z u r i n (23). T h e conc lus ion is that the interact ion between the copper 
i o n a n d the prote in , as discussed at the outset, is large ly dominated b y 
the conformation of the latter. 

Electron Transfer Profile of Ps. aeruginosa Azurin 

A n effective approach to reso lv ing the electron p a t h w a y to a n d f r o m 
the redox center of a z u r i n is the systematic invest igat ion of its e q u i l i b r i a 
a n d kinetics of interactions w i t h inorganic redox couples. H e x a c y a n o -
ferrate ( I I / H I ) is a w e l l def ined redox couple , k n o w n to react v i a an 
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190 BIOINORGANIC CHEMISTRY II 

outer sphere pa th . F u r t h e r m o r e , it is re lated i n its e lectronic structure to 
F e ( I I / I I I ) heme, the redox center of a l l cytochromes, i n c l u d i n g cyto
chrome c P551 , the na tura l partner of a z u r i n ( 7 ) . T h u s w e have s tud ied 
the azur in -hexacyanoferrate ( I I / I I I ) system b y temperature- jump re
laxat ion spectroscopy ( 3 2 ) , spectrophotometric t i trations, a n d m i c r o -
ca lor imetry . 

T h e re laxat ion spectrum consists of a single re laxat ion mode . T h e 
re laxat ion t ime, τ, was measured u p to h i g h concentrations of pro te in 
( 1 Χ ΙΟ" 3 M ) a n d hexacyanoiron ( 8 Χ ΙΟ" 2 M ). W h e n a z u r i n ( I ) was 
t i t rated w i t h ferr i cyanide , τ" 1 l eve led off w i t h increas ing concentrat ion 
( F i g u r e 6 b ) . T h i s behavior reveals that the e lectron transfer be tween 
a z u r i n a n d F e ( C N ) 6

4 - / 3 ~ is not a s imple one-step process as the single 
re laxat ion observed m i g h t have ind i ca ted . T h e l i m i t i n g dependence on 
ferr i cyanide concentrat ion suggested a k ine t i c scheme i n v o l v i n g the fast 
reversible f ormat ion of an a z u r i n ( I ) - f e r r i c y a n i d e complex f o l l o w e d b y 
a s lower electron transfer step. T h e format ion of a corresponding 
a z u r i n ( I I ) - f e r r o c y a n i d e complex is to be expected f r om the p r i n c i p l e 
of microscop ic revers ib i l i ty , yet the concentrat ion dependence of the 
re laxat ion t ime p r o v i d e d no evidence for i t ; w h e n a z u r i n ( I I ) was t i t rated 
w i t h increas ing amounts of ferrocyanide , τ" 1 showed a monotonous i n 
crease u p to very h i g h concentrations ( F i g u r e 6 a ) . D i r e c t evidence for 
the invo lvement of an a z u r i n ( I I ) - f e r r o c y a n i d e complex was obta ined b y 
a n a l y z i n g the re laxat ion ampl i tudes . These constitute a further source of 
in format ion about the mechan ism of react ion , apart f r o m the k ine t i c data 
der ived f r om the analysis of the re laxat ion times ( 3 3 ) . 

A s s u m i n g the f o l l o w i n g Scheme A , the " n o r m a l " enthalpy of the 
re laxat ion mode observed, Δ Η , w h i c h can be ca l cu lated f r om the re laxa-

A z ( I I ) + F e ( I I ) ^ A z ( I I ) · F e ( I I ) A z ( I ) · F e ( I I I ) JÎ A z ( I ) + F e ( I I I ) 
ks ( A ) 

(fast) (slow) (fast) 

t i on ampl i tudes , is l inear ly re lated to the i n d i v i d u a l entha lpy changes, 
as descr ibed b y E q u a t i o n 1, where A H i ° is the i n d i v i d u a l react ion en-

ά Η - Κ χ > ( [ A z ( I I ) ] + [ F e ( I I ] ) + l A H l ° + 

K2 

tf2 + [ A z ( I ) ] + [ F e ( I I I ) ] 
AH2° + Δ Η 3 ° (1) 

tha lpy of the i - t h step, a n d K i a n d K2~l are the association constants of 
steps 1 a n d 2, respect ive ly (14). I n the experiments i n v o l v i n g a d d i t i o n of 
ferrocyanide to o x i d i z e d a z u r i n ( I I ) , the concentrations of a z u r i n ( I ) a n d 
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11. P E C H T E T A L . Blue Copper Proteins 191 

Figure 6. Ps. aeruginosa azurin-hexacyanoiron (II/HI) 
equilibrium-concentration dependence of the reciprocal 
relaxation time, (a) Azurin (II) reacted with ferrocyanide 
(24-860-fold excess), 6.5° C. (b) Azurin (I) (2-5 X 10~4 

M) reacted with ferricyanide, 16.8° C. τ - 1 has a minimal 
value at [Fe]t ^ [Az]t and increases again at lower [Fe]t. 
Points in the region [Fe]t <[Az]t have been omitted for 

clarity. 

f err i cyanide f o r med r e m a i n e d smal l , even at the large excess of ferrocya
n ide used, because of the pos i t ion of the overa l l e q u i b r i u m (Koveraii = 1.1 
Χ 10" 2 at 25° , p H 7.0, 0 . 1 M potass ium phosphate ) . Since they d i d not 
reach a leve l sufficient for signif icant complex f o rmat ion be tween them, 
E q u a t i o n 1 can be s impl i f i ed to E q u a t i o n 2. F i g u r e 7 shows that E q u a -
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192 BIOINORGANIC CHEMISTRY II 

AH 
1+K, [ F e ( I I ) ] AH1° + AH2° + AHS

C (2) 

t i o n 2 is an appropr iate descr ipt ion of the exper imental ly de termined 
dependence of A H on the ferrocyanide concentrat ion. A t l o w [ F e ( I I ) ] 
the var ia t i on of A H w i t h [ F e ( I I ) ] is prac t i ca l l y l inear ( F i g u r e 7). T h e 
values for the i n d i v i d u a l react ion enthalpies extracted f r o m this a n d s i m i -

i 5 

1 0 

-Γ 8 

ο 
Ε 
- 6 

DEPENDENCE OF OVERALL 
ENTHALPY CHANGE ON [ F e ( n ) l 
[azurin (Cu11) titrated with Fe(CN)e~] 

Ο _^o -
(a) J 

_L 

Κ, ΔΗ, =-365 kcal - l mole"2 

23.0°C 

_L 
3 4 5 6 

[Fe (II)] χ ΙΟ 3 (M) 

10 

% 8 
£ 
σ 
" 6 

î 5 

ι ι ι ι ι ι ι 1 

ο _ 

δ " ό 
(b) 

°f Ψ DEPENDENCE OF OVERALL 
ENTHALPY CHANGE ON [Fe(ii)] 
[azurin (Cu2+) titrated with Fe(CN)J" ·] -

ι 1 1 1 1 1 1 1 
10 20 30 40 50 

[Fe(n)] χ ΙΟ3 (M) 
60 70 80 

Figure 7. Relaxation amplitude analysis: variation of Δ Η 
with [Fe(CN)6

4"]. Δ Η = "normaT enthalpy of the relaxation 
mode observed (14). (a) At 23.5°C, plot according to linear
ized form of Equation 2. Total azurin 2-7 X 10~5 M . (b) At 
6.5°C, plot according to Equation 2. Total azurin 2-11 X 
Ι Ο - 5 M . The line drawn is the best fit to the experimental 
points with Kt = 1.0 Χ 102 M1 and Δ Η / = - 5 . 5 kcal/mole. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

11



11. P E C H T E T A L . Blue Copper Proteins 193 

[Fe]t xICT (M) 

Figure 8. The variation of the apparent equilibrium con
stant with [Fe(CN)6

4~]. Total azurin: 4-6 X 10~5 M . Ab
scissa: [Fe(CN)e

4~] = [Fe]t (total concentration of hexacy-
anoiron). Ordinate: apparent equilibrium constant Kapp. 

lar plots are: Δ Η ι ° = —5.5 k c a l / m o l e , Δ Η 2 ° = 7.7 k c a l / m o l e , a n d Δ Η 3 ° 
= 6.7 k c a l / m o l e . F u r t h e r support for the postulated format ion of an 
a z u r i n ( I I ) - f e r r o c y a n i d e complex came f rom the static t itrations of az
u r i n ( I I ) w i t h ferrocyanide . T h e apparent overa l l e q u i l i b r i u m constant 
for Scheme A is g iven i n E q u a t i o n 3 where K 3 = fc+3/fc_3. U n d e r the con 
centrat ion condit ions w e used, E q u a t i o n 3 simplif ies to E q u a t i o n 4. I n 

1 + ( [ A z ( I ) ] + [ F e ( I I I ) ] ) / g 2 + [ A z ( I ) ] [ F e ( I I I ) ] / u : 2
2 

1 + ( [ A z ( I I ) ] + [ F e d l ) ] ) ^ + [ A z ( I I ) ] [ F e ( I I ) ] i C i 2 

(3) 

1 + X x t F e d I ) ] 
^Κ,ΚΜΙ - ^ [ F e d l ) ] ) (4) 

F i g u r e 8, K a p P is p lo t ted against [ F e ( I I ) ] , a n d it shows a behavior corre
spond ing to E q u a t i o n 4. T h e association constant Κι ( 5 7 M " 1 at 2 5 ° ) , 
obta ined f rom the ratio of negative slope to intercept , is i n good agree
ment w i t h the va lue der ived f r o m the re laxat ion a m p l i t u d e )54 M " 1 at the 
same temperature ). E q u a t i o n 5 relates re laxat ion t ime , e q u i l i b r i u m con -
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194 BIOINORGANIC C H E M I S T R Y II 

1 [ A z ( I I ) ] + [ F e ( I I ) ] 

+ Τ X i d A z d D l + I F e d l ) ] ) + 1 

fc.: 
[ A z ( D ] + [ F e ( I I I ) ] 

(5) •3 X 2 + [ A z ( I ) ] + [ F e ( I I I ) ] 

centrations, a n d rate constants for the scheme descr ibed above. U s i n g 
simpli f ications a n d approximations justif ied b y the p r e v a i l i n g e q u i l b r i a 
a n d concentrat ion condit ions, this equat ion was brought into the appro 
pr iate l inear forms w h i c h enabled the determinat ion of the various con
stants by standard least squares procedures. W e obta ined kred = Kifc + 3 = 
3.4 Χ 10 2 M 1 s"1, kox = k.^Kf1 = 2.7 Χ 10 4 M 1 s"1, fc_8 — 45 s"1, a n d K2 

= 1.65 Χ ΙΟ" 3 M (25°, 0 . 1 M potassium phosphate, p H 7,1 = 0.22). O v e r 
a l l e q u i l i b r i u m constants were ca lcu lated f rom the k inet i c data a n d f ound 
to agree satisfactori ly w i t h the values obta ined f rom static spectrophoto
metr i c t itrations. A c t i v a t i o n parameters were obta ined f rom the tempera 
ture dependence of the rate constants: AH¥rod = 5.9 k c a l / m o l e a n d A S ^ r e d 
= —27 eu for the overa l l reduct ion , a n d Δ Η ^ 0 Χ = —4.1 k c a l / m o l e a n d 
A S ^ o x = —52 eu for the overa l l ox idat ion. T h e signif icantly negative 
Δ Η + ο χ cannot be the result of a single elementary step but is composed of 
the negative b i n d i n g enthalpy a n d the posit ive act ivat ion enthalpy of 
the actual electron transfer step. 

T h e proposed mechanism gains even further support f rom the fact 
that the who le set of thermodynamic a n d act ivat ion parameters, obta ined 
b y four different approaches ( temperature dependence of e q u i l i b r i u m 
a n d rate constants, ampl i tudes of chemica l re laxation a n d microca lor ime-
t r y ) a n d re lated to the same or to different parts of the react ion leads to 
a self-consistent energy profile for this system ( F i g u r e 9 ) . I n terms of 
free energy, the react ion is near ly symmetr i ca l about the transit ion state 
of the electron transfer w i t h i n the complex, w h i c h c lear ly constitutes the 
ra te - l imi t ing step. T h e act ivat ion barriers for the overa l l react ion i n b o t h 
directions is largely entropie; i n the overa l l ox idat ion the entropy barr ier 
even offsets the favorable enthalpy term. T h i s negative enthalpy contr i 
b u t i o n to the overa l l act ivat ion energy is caused b y the unusua l relat ive 
va lue of the enthalpy of the electron transfer transit ion state, w h i c h is 
about m i d w a y between reactants a n d products . 

T h e l o w association constants show that the b i n d i n g of hexacyano-
ferrate to a z u r i n pr ior to electron transfer is re lat ive ly weak. S t i l l , the 
format ion of presumably electrostatic complexes between the negat ively 
charged hexacyanoferrate i o n a n d a z u r i n is somewhat surpr is ing , as the 
overa l l net charge of a z u r i n at p H 7.0 is also negative (pZ = 4.9). T h i s 
p r o b a b l y impl ies the existence of a pa t ch of pos i t ive ly charged residues 
on the prote in surface where hexacyanoferrate ions m a y b i n d a n d the 
electron transfer takes p lace . A s imi lar s i tuat ion is proposed to p r e v a i l 
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11. P E C H T E T A L . Blue Copper Proteins 195 

i n the reduct ion of a z u r i n ( I I ) b y F e ( E D T A ) 2 ' , w h i c h has been s tud ied 
b y W h e r l a n d et a l . (34). T h e very l o w overa l l AH=fTea ( —2 k c a l / m o l e ) 
a n d the largely negative overa l l A S f r e d ( —37 eu) for this react ion, qu i te 
s imi lar to the act ivat ion parameters for the reduct ion b y F e ( C N ) 6

4 " , m a y 
indicate that the F e ( E D T A ) 2 " react ion also inc ludes a dist inct i n t e r m e d i 
ate complex format ion step w i t h a negative association enthalpy , f o l l o w e d 
b y the actual e lectron transfer. 

fre
e 

en
er

gy
 

5 kcoi/m
ole 

>% 
Ω. Ο 

- C 
c. 

(V • 
ο 
Q_ 

\ 

<"D 

ne
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py
 

25 eu 

Az(ii)+Fe(n) {AzOO-FeOO} {Az(i)-Fe(m)l Az(i)*Fe(m) 
{Az-Fe}* 

Figure 9. Free energy, enthalpy, and entropy 
profiles of the azurin (I/Il)-Fe(CN)6

4-/3~ system. 
Reference state: I M reactants, 0.1 M potassium 
phosphate, pH 7.0, I = 0.22. Free energy given 
for 298°K. For this temperature the entropy 

scale is equivalent to the energy scales. 
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196 BIOINORGANIC C H E M I S T R Y II 

It is conce ivable that this react ion pattern m a y be more c ommon , 
p a r t i c u l a r l y among electron m e d i a t i n g proteins, l i ke the azurins a n d the 
plastocyanins , w h i c h are i n v o l v e d i n metabo l i c systems. O n e of the 
m a i n elements of the specif ic ity r e q u i r e d for c a r r y i n g out the ir phys i o 
l o g i c a l func t i on is the a b i l i t y to b i n d specif ical ly at the sites of rece ipt or 
de l ivery of the electrons. I n m a n y cases, however , this func t i ona l b i n d i n g 
capab i l i t y m a y be diff icult to detect exper imental ly . Inorganic redox 
couples are l i m i t e d i n the repertoire of interact ing modes as c o m p a r e d 
w i t h proteins w h i c h can offer a who le range of interactions of v a r y i n g 
steric a n d c h e m i c a l nature c o m b i n e d i n different modes so as to p roduce 
h igher affinity for a specific partner . B i n d i n g of inorganic agents tends 
therefore to be weak, a n d re lat ive ly h i g h concentrations are necessary to 
detect any dev iat ion f r om s imple b imo lecu lar behavior . Moreover , i f the 
e lectron transfer step is re lat ive ly fast ( a s i tuation encountered w h e n the 
net d r i v i n g force i n terms of free energy is l a r g e ) , the rate at w h i c h such 
a dev iat ion c o u l d be observed is b e y o n d the t ime resolut ion of most 
techniques used. T h i s proves true also for e lectron transfer reactions 
be tween proteins. T h e h i g h intr ins i c react iv i ty of most redox meta l lo 
proteins, as d e d u c e d f r o m their self-exchange rates ( 3 5 ) , leads to h i g h 
rates of e lectron transfer a n d makes i t diff icult to observe the l eve l ing off. 
H e x a c y a n o i r o n enab led the observation of intermediate complex f o r m a 
t i o n w i t h a z u r i n because of its par t i cu lar properties ( h i g h charge, m o d 
erate in tr ins i c react iv i ty , a n d a redox potent ia l l e a d i n g to a sma l l net 
d r i v i n g f o r ce ) . 

T h e electron transfer w i t h i n the a z u r i n - h e x a c y a n o i r o n complex is 
character ized b y unusua l ly h i g h entropy barriers (AS^+3 = —17 eu, ASf-3 
= —39 e u ) . T h i s m a y be the result of h i g h steric or or ientat ional r equ i re 
ments for the electron transfer. T h e copper site of a z u r i n is k n o w n to be 
deep ly b u r i e d , a n d resonant e lectron transfer p r o b a b l y requires a n ex
tended system of o v e r l a p p i n g orbitals connect ing the redox site to the 
pro te in surface. If, as one expects i n v i e w of the F r a n c k - C o n d o n r e q u i r e 
ments, the c o n d u c t i n g p a t h w a y does not correspond to a n e q u i l i b r i u m 
conf iguration, the necessary distortions f r o m e q u i h b r i u m positions m a y 
have a l o w p r o b a b i l i t y of o c c u r r i n g s imultaneously , a n d this w o u l d be 
reflected i n a large negative ac t ivat ion entropy. H o w e v e r , the poss ib i l i ty 
remains open that the react ion is nonadiabat i c , its l o w transmission p r o b a 
b i l i t y g i v i n g rise to the h i g h apparent act ivat ion entropies. 

The Reaction of Partially Reduced Rhus laccase with Oxygen 

A n obvious mechanis t i c assumption for the reduc t i on of the d ioxygen 
mo lecu le b y laccase is its b i n d i n g to the enzyme. T h i s raises the quest ion 
at w h a t reduc t i on state of the laccase molecu le w i l l the interact ion w i t h 
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11. P E C H T E T A L . Blue Copper Proteins 197 

oxygen take place . W e have invest igated this p r o b l e m i n a system where 
contro l l ed p a r t i a l r educ t i on of laccase was carr i ed out i n the presence of 
oxygen. T h i s can be ach ieved b y pulse radiolysis of oxygen-conta in ing 
solutions, where i n a di f fusion-control led react ion , a l l i n i t i a l l y p r o d u c e d 
r e d u c i n g equivalents (em~H) are coverted into the superoxide r a d i c a l 
i o n , 0 2 ~. T h i s r a d i c a l reduces laccase, as s h o w n b y the decrease of the 
absorpt ion at the b l u e b a n d ( 6 1 4 n m ) ( F i g u r e 10 ) . T h e s t r ik ing feature 
of this system is that the presence of oxygen i n the so lut ion leads to the 
immed ia te reox idat ion of this site. 

Figure 10. Rhus laccase—reduction by 
02~ and reoxidation by oxygen observed 
at 614 nm. Solution contained 1.5 X 
I 0 " 5 M enzyme, 1.2 Χ 10~3 M oxygen, 1% 
tert-butanol, pH 6.9, 25°. Upper trace: 
Reduction of type 1 Cu(II) by 02~. Sen
sitivity, 2.4 mOD/division; sweep rate, 
5 msec/division. Lower trace: Reduction 
and reoxidation of type 1 Cu(II). Sensi
tivity, 3.2 mOD/division; sweep rate, 

100 msec/division. 

T h e reduc t i on has been f o l l o w e d over a range of concentrations 
i n c l u d i n g the presence of excess laccase (2 χ 10" 6 to 2.5 X 1 0 " 5 M ) a n d 
at comparable or smal ler concentrations re lat ive to oxygen. T h e decrease 
i n absorpt ion at 614 n m to a l ower l eve l was always a first-order process, 
independent of either i n i t i a l pro te in or oxygen concentrat ion w i t h the 
specific rate of 1.3 =fc 0.2 Χ 10 2 s e c - 1 ( ~ 25° , I ~ 0 ) . T h e reduc t i on y i e l d 
was l ow . E v e n at three - fo ld excess of reductant over enzyme, on ly 7 % of 
the type 1 copper was reduced . T h i s m a y be caused b y effective compe
t i t i on b y carbohydrate residues b o u n d to the prote in , w h i c h constitute 
about 4 5 % of its we ight , a n d to the d i smutat ion of the 0 2 ~ radicals . P r e 
i n c u b a t i o n of laccase w i t h 2 . 5 - m M f luoride ions, w h i c h b i n d to type 2 
C u ( I I ) , l o w e r e d the specific r educt i on rate b y more t h a n 5 0 % . These 
findings suggest that the ra te - l imi t ing step i n the reduc t i on of type 1 
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198 BIOINORGANIC C H E M I S T R Y II 

C u ( I I ) is intramolecular . T h e effect of fluoride on the reduct i on rate 
is consistent w i t h bo th a d irect invo lvement of type 2 C u ( I I ) i n the 
reduc t i on or an indirect effect med ia ted v i a a change i n conformation 
or i n redox potent ia l of the type 1 C u ( I I ) . T h e type 2 copper i o n c o u l d 
be the p r i m a r y e lectron-accept ing site of the laccase molecule , as has 
been proposed for the reduc t i on of the enzyme b y hydroqu inone ( 3 6 ) , 
the first-order process observed b e i n g therefore the e lectron transfer f r o m 
type 2 C u to type 1 C u ( I I ) . T h e par t i capt ion of type 3 C u ( I I ) instead 
of type 2 C u ( I I ) is not exc luded , but no associated change of its absorp
t i on b a n d at 330 n m c o u l d be observed d u r i n g the redox cycle descr ibed 
for the 614-nm b a n d . 

T h e reoxidat ion , tak ing p lace under condit ions of a very large oxy
gen excess, f o l l o w e d a first-order pattern a n d was independent of the 
d ioxygen concentrat ion. F u r t h e r m o r e , no dependence of the specific rate 
on the amount of total or r e d u c e d enzyme c o u l d be observed. T h e rate 
constant was 2.5 sec" 1 ( ~ 25° , I ~ 0 ) . T h e relat ive extent of reox idat ion 
v a r i e d f r om 60 to 1 0 0 % a n d d i d not d e p e n d either o n oxygen concen
trat ion or on the amount of r educed enzyme. T h e var ia t i on i n the degree 
of reox idat ion seems to be caused b y qual i tat ive differences i n the pro te in 
samples used. W o r k is i n progress to c lar i fy this po int . T h e presence of 
fluoride ions decreased the reox idat ion rate constant b y more than one 
order of magni tude a n d the extent of reoxidat ion b y at least 5 0 % . W h e n 
Rhus laccase was reduced pulse rad io ly t i ca l l y w i t h e a q " or C 0 2 " radica ls 
under anaerobic condit ions, no reoxidat ion of the type 1 C u was observed 
( 3 7 ) . W h e n the react ion was carr ied out at re lat ive ly l o w oxygen con 
centrat ion (1 X 1 0 " 4 M ) , the major part of the type I C u ( I I ) r educ t i on 
was caused b y e a q . Yet f u l l reoxidat ion is also observed as under h igher 
oxygen concentrations. These results show that w e are i n d e e d observ ing 
two dist inct processes of r educt i on a n d reox idat ion of type 1 copper at 
least, ex c lud ing their interpretat ion as a reversible f ormat ion of laccase 
— 0 2 ~ complex w h i c h subsequently decomposes because of the decay of 
0 2 ~ i n the so lut ion. 

I n the presence of mo lecu lar oxygen, a n d only then , the type 1 cop
per is reox id ized i n a first-order process. T h e type 1 copper is general ly 
thought to be deeply e m b e d d e d inside the prote in , therefore a d irect 
interact ion between oxygen a n d this copper site is improbab le . T h i s , 
together w i t h the fact that no laccase molecule conta ined more t h a n one 
reduc t i on equivalent suggests the f o l l o w i n g : 

(1 ) M o l e c u l a r oxygen is able to interact w i t h some site of the e n 
z y m e ( type 2 or type 3 copper ) i n a fast react ion, after this site has re 
ce ived one electron f rom type 1 copper. 

( 2 ) T h e rate -determining step is p robab ly the intramolecu lar elec
t ron transfer or a conformat ional change c o up led to i t . 
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11. P E C H T E T A L . Blue Copper Proteins 199 

A t the present stage w e have no in format ion about the electron transfer 
f r o m the type 1 copper . T h e m a r k e d effect of fluoride o n the reox idat ion 
suggests the par t i c ipat i on of the type 2 copper i n the react ion, b u t the 
invo lvement of type 3 copper cannot be exc luded . T h e effect of fluoride 
m a y be direct , b y s i m p l y i n h i b i t i n g the interact ion be tween type 2 (or 
type 3 ) copper a n d molecu lar oxygen, or ind irec t , b y m o d i f y i n g the 
coord inat ion of the copper site a n d thereby affecting its react iv i ty towards 
oxygen. 

The Interaction between Rhus laccase and Hydrogen Peroxide 

T h e role of the peroxide stage i n the reduct i on of d ioxygen b y 
laccases a n d re lated oxidases is of l ong s tanding interest (2 , 38, 3 9 ) . I n 
the f o r m a l sense, at least, this intermediate is obvious i n the convers ion 
of oxygen to water . S t i l l , no direct evidence for its existence has been 
ob ta ined yet. A m o n g the different possible intermediates to be cons id 
ered, the peroxide stage is the one expected to be thermodynamica l l y most 
favorable . Recent values for the redox potentials of d ioxygen r e d u c t i o n 
intermediates obta ined m a i n l y f r o m pulse radio lysis studies ( - E ° O 2 - H 2 O 2

 = 

+ 0 . 6 9 V (0.27 at p H 7 ) ; Ε ° ο 2 _ θ 2 - — - 0 . 3 3 V ) reaffirm the v i e w that a 
two-e lectron p a t h w a y is more advantageous t h a n a sequence of s ingle 
e lectron steps (40,41). T h e stabi l i zat ion energy p r o v i d e d b y the b i n d 
i n g of d ioxygen a n d its reduc t i on intermediate to the enzyme m a y also 
be an important factor i n p r o m o t i n g the two-e lectron p a t h w a y (42). W e 
have s tud ied the react ion of Rhus laccase, i n its o x i d i z e d a n d r e d u c e d 
states, w i t h h y d r o g e n peroxide a n d have f o u n d evidence for a specific 
h i g h affinity interact ion between the reagent a n d the enzyme w h i c h 
leads to a stable, spectroscopical ly dist inct p roduc t ( F i g u r e 11, i n s e r t ) . 

T h e oxidat ive t i t rat ion of f u l l y r e d u c e d Rhus laccase b y H 2 0 2 is 
s h o w n i n F igures 11 a n d 12. T h e 614-nm absorbance caused b y the type 
1 C u ( I I ) achieves its final va lue after a d d i n g about 4.0 redox equivalents 
(2 moles H 2 0 2 ) , as expected o n the basis of oxidat ive t itrations w i t h 
other oxidants. I n contrast, the near-uv b a n d f r o m the type 3 copper 
first reaches about the va lue expected for the f u l l y o x i d i z e d enzyme, b u t 
then increases further u n t i l i t levels off w h e n the t h i r d mole of H 2 0 2 has 
been added . T h e n e w b a n d s h o w n i n F i g u r e 11 is s imi lar i n general 
shape to that a t t r ibuted to the type 3 site, b u t the m a x i m u m is s l ight ly 
b l u e shi fted. 

F i g u r e 12 shows the t i t rat ion data i n the f o r m of a Nerns t p lot of 
the 330-nm absorbance against the 614-nm absorbance, i n c l u d i n g values 
u p to f u l l reox idat ion of the type 1 chromophore . T h e slope η of the 
straight l ine is 1. T h i s is i n contrast to the va lue obta ined f r om titrations 
of o x i d i z e d laccase w i t h hydroqu inone as reductant , w h i c h gave n = 2 
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200 BIOINORGANIC CHEMISTRY II 
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Figure 11. Spectral changes upon anaerobic titration of re
duced Rhus laccase with hydrogen peroxide. 

(N) Native laccase, 7.0 X 10~s M , pH 7.0. (K) Fully reduced laccase 
after adding 1.54 Χ 10~* M ascorbic acid. (l)-(7) Spectra obtained 
20 min after each successive addition of 2.8 X 10~5 M Ht02. Addi
tion of another 2.8 X 10~5 M HtOi increased the absorbance at 330 
nm by 0.02 units (not shown). Further addition of HtOt did not 
change the spectrum. Insert: the difference spectrum of peroxide-

treated laccase—native laccase in the near-uv. 

150 

S lOOh 
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oxidation * 6 l 5 n m Δ reduction 
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E l e c t r o n equivalents 

Figure 12. Anaerobic titration of Rhus hccase. 
Oxidation by hydrogen peroxide ( · and O) followed by reduction by ascor
bate (Δ cifid X). The abscissa represents electron equivalents present per 
molecule of laccase. Insert: Nernst plot of the type 3 copper against type 1 
copper. Ox/Red represents the calculated ratio between concentration of 
the oxidized and reduced chromophores. For calculating OxSso the extinc

tion valve for native oxidized laccase at 330 nm was used. 
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11. P E C H T E T A L . Blue Copper Proteins 201 

( F i g u r e 13) , a n d w i t h prev ious ly reported reduct ive t itrations u s i n g one-
electron donors (8, 43). T h e finding that i n the reduct ive t itrations η is 
a lways 2 l e d to the concept that the type 3 site is a two-e lectron acceptor. 
T h e fact that η = 1 for the t i t rat ion of r e d u c e d laccase w i t h H 2 0 2 m a y 
ind icate that under these condit ions the type 3 a n d type 1 are i n a s ingle 
e lectron e q u i l i b r i u m . T h i s w o u l d m e a n that w h i l e the o x i d i z e d type 3 
C u ( I I ) p a i r behaves as a strongly cooperative two-e lectron acceptor, i t 
undergoes u n c o u p l i n g i n the r educed pro te in a n d functions then as a p a i r 
of independent s ingle-electron exchanging sites. These m a y be equiva lent 
or nonequivalent , as, u n d e r certa in specific condit ions , b o t h cases are 
consistent w i t h the sto ichiometry a n d the course of the oxidat ive t i t rat ion . 

Electron equivalents 

Figure 13. Anaerobic titration of Rhus laccase by hydroquinone. 
Results from two titrations of 1.2 Χ 20"* M and 1.6 X i0~4 M protein, pH 
7.0. The hydroquinone solution (0.01M) contained I0"4 M EDTA. The 
abscissa represents electron equivalents added per molecule of laccase. 
Insert: Nernst plot of the type 3 copper vs. the type 1 copper. A° is the 
corrected optical absorption of the fully oxidized enzyme. A is the absorp
tion, corrected for the background absorption, measured during the titration. 

The straight line is drawn with a slope = 2. 

F o r consistency w i t h the exper imenta l data , a n equiva lent site m o d e l 
requires that the absorpt ion characteristics of each of the two type 3 
copper ions be independent of their state of c o u p l i n g . F o r a n o n e q u i v a 
lent site m o d e l one has to assume that the absorpt ion at 330 n m is ent ire ly 
caused b y the C u ( I I ) i o n w i t h the h igher redox potent ia l , so that the 
observed e q u i l i b r i u m can be assigned to the o x i d a t i o n - r e d u c t i o n of this 
site. I n b o t h cases w e take into account that the a d d i t i o n of four o x i d i z i n g 
equivalents restore the o r ig ina l absorpt ion of the enzyme, a n d w e assume 
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202 BIOINORGANIC C H E M I S T R Y II 

that the redox potent ia l of the type 2 copper is not affected b y the t i t rat ion 
pattern . 

Since there c a n be on ly one true e q u i l i b r i u m state, at least one of 
the two funct i ona l states of c o u p l i n g shou ld be of n o n e q u i l i b r i u m nature 
( 4 4 ) , l ead ing to the observed chemica l hysteresis. T h i s suggests a cou 
p l i n g - u n c o u p l i n g of the type 3 pa i r l i n k e d to metastable conformat ional 
states i n the prote in . 

W h e n o x i d i z e d laccase was reacted w i t h one mole of H 2 0 2 , b o t h 
under anaerobic a n d aerobic condit ions , the same spectral changes as i n 
the final phase of the t i t rat ion of r educed laccase w i t h peroxide were 
observed i n the near-uv. F o r this spectral change to be complete , an 
equ imolar amount of H 2 0 2 is sufficient even at enzyme concentrations as 
l o w as 2 Χ 10" 6 M . T h i s change deve loped s l owly a n d at these concen
trations about 20 m i n were r e q u i r e d for the m a x i m a l va lue to be attained. 
I t r e m a i n e d stable even at r o o m temperature for more t h a n 24 hr . I n 
order to check whether this spectral change i n d e e d results f r om a specific 
interact ion between the enzyme a n d peroxide , w e invest igated the effect 
of several strong oxidants on the spectral properties of the ox id i zed en
zyme . T h i s was examined w i t h peroxydisul fate ( w i t h a n d w i t h o u t cata
l y t i c amounts of c o p p e r ) , ( P t C l 6 ) 2 " a n d ( I r C l 6 ) 2 " ions, a n d also w i t h 
v a r y i n g concentrations of oxygen. N o other reagent except for H 2 0 2 l e d 
to this spectral behavior , a l though w h e n reacted w i t h the r e d u c e d en 
zyme , f u l l reox idat ion of b o t h type 1 a n d type 3 sites was ach ieved as 
j u d g e d b y the ir absorptions. T h e stabi l i ty of the n e w species was exam
i n e d b y two efficient catalysts for H 2 0 2 decomposi t ion , name ly p l a t i n u m 
b lack a n d bov ine catalase. N e i t h e r of these catalysts caused any s ig 
nif icant change of the extra ext inct ion at 330 n m . T w o k inds of exper i 
ments were carr ied out i n order to establish the reversible nature of the 
e n z y m e - p e r o x i d e interact ion. Peroxide-treated enzyme was r e d u c e d w i t h 
excess ascorbate a n d opened to air to prov ide turnover condit ions. T h e 
spectrum of the so lut ion after exhaustion of a l l the substrate corresponded 
to that of nat ive laccase w i t h o u t the extra absorpt ion at 330 n m . I n 
further experiments, reduct ive titrations of the peroxide-treated enzyme 
w i t h ascorbate ions were per formed. Laccase w h i c h h a d been treated 
w i t h one mo le of H 2 0 2 was i n c u b a t e d w i t h 0.01 μΜ catalase overnight , 
i n order to decompose any res idua l H 2 0 2 , a n d then t i trated w i t h ascor
bate. T h e results of this t i t rat ion are also shown i n F i g u r e 12. A s can be 
seen the f u l l r educt ion of the 330-nm b a n d r e q u i r e d six redox equivalents . 

W e checked whether the react ion between ox id i zed laccase a n d H 2 0 2 

is affected b y the presence of f luoride ions, w h i c h are k n o w n to b i n d 
strongly to type 2 C u ( I I ) . N o effect c o u l d be f o u n d even at f luoride 
concentrat ion of 10 Χ 10" 3 M . Moreover , the E P R spectra of peroxide-
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11. P E C H T E T A L . Blue Copper ?rotr 203 

treated a n d native enzyme were indist e even w h e n measured at 
Q - b a n d a n d 10°K. 

A p laus ib le rat ional izat ion of our observations is the format ion of 
an enzyme-perox ide complex at the type 3 site. T h e fact that it is f u l l y 
f o rmed even at rather l o w concentrations of reagents ( 2 Χ ΙΟ" 6 M i n 
each) a n d the stabi l i ty observed over m a n y hours i n the presence of 
h i g h l y efficient a n d specific catalysts for peroxide decomposi t ion require 
an exceptional affinity of interact ion. 

I n contrast to the tree l a c c a s e - H 2 0 2 complex descr ibed here, the 
type 2 - H 2 0 2 complex descr ibed b y Brândén et a l . (10) for the funga l 
enzyme is of s ignif icantly l ower stabi l i ty , as it is not f o rmed i n an observ
able amount at 0 . 0 3 m M enzyme a n d O . l m M H 2 0 2 . It is interest ing, that 
a l though the spectrum reported for the funga l l a e c a s e - H 2 0 2 complex 
( m a x i m u m absorbance at 400 n m ) is i n general different f r om that meas
u r e d for the tree laccase, a difference spectrum i n the near-uv reg ion can 
be ca l cu lated w h i c h is very s imi lar to the difference spectrum for the tree 
enzyme. T h i s , together w i t h the observation that i n funga l laccase f luo
r ide inhib i ts the appearance of the 400-nm b a n d , b u t not the intensity 
increase around 330 n m , strongly suggests that Brândén et a l . (10) were 
also observing H 2 0 2 interactions w i t h type 3 site. T h e differences i n 
behavior between the two laccases m a y be, amongst others, the conse
quence of the m a r k e d l y h igher potentials of the f u n g a l enzyme copper 
sites. 

M a k i n o a n d O g u r a (44) reported changes after a d d i n g h y d r o g e n 
peroxide to ox id i zed laccase w h i c h were s imi lar to those f o u n d i n the 
present study. H o w e v e r , the increase i n absorbance a r o u n d 330 n m was 
interpreted as b e i n g caused b y some reduced type 3 copper, present i n 
the nat ive preparat ion , b e i n g ox id i zed b y hydrogen peroxide. 

T h e most i n t r i g u i n g a n d significant aspect of the peroxide complex 
of Rhus laccase natura l l y lies i n its possible role i n the func t i ona l r educ 
t i on of d ioxygen. U n d e r condit ions of excess reductant , the steady-state 
concentrat ion of this complex is expected to be rather l ow . H o w e v e r , 
w h e n the amount of reductant is l i m i t i n g , i t is conceivable that hal f -
r educed species, u p o n react ing w i t h oxygen, w o u l d produce this complex 
as a n intermediate at a more significant concentrat ion. T h e h i g h b i n d i n g 
energy for peroxide ( > 1 0 k c a l / m o l e ) shou ld be of advantage i n over
c o m i n g the barriers i n the reduct ion step. P r e l i m i n a r y experiments where 
ha l f - reduced laccase was reacted w i t h d ioxygen seem to support this 
hypothesis . W e have f o und that a r a p i d l y f o rmed intense transient 
absorpt ion decays w i t h a hal f - l i f e of ~ 27 m i n (at 2 5 ° ) to a stable spec
t r u m s tr ik ing ly s imi lar to the laccase -perox ide spectrum, w i t h the same 
specific ext inct ion of the extra b a n d at ~ 330 n m . T h e E P R spectrum at 
10° Κ is the same as for nat ive or peroxide-treated laccase, a n d at least 
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204 BIOINORGANIC CHEMISTRY II 

five reducing equivalents are needed for the full reduction of this new 
species. 

It has recently been reported (45) that reoxidation of fully reduced 
Rhus laccase with oxygen is characterized by a second-order rate constant 
of about 5 · 106 M"1 s"1 for both type 1 and type 3 copper. We have inves
tigated the kinetics of the reaction between reduced Rhus laccase and 
hydrogen peroxide spectrophotometrically under anaerobic conditions at 
10° and 25 °C by following the changes in absorbance at 330 and 615 
nm (39). The rate of reoxidation of the type 1 Cu(I) was found to be 
first order, independent of either concentration of H 2 0 2 or the state of 
reduction of other sites in the enzyme (10°C, A: = 4.6 · lO^s'1; 25°C, 
k ~ 0.015 s"1 ). The oxidation of the type 3 site by hydrogen peroxide is 
significantly faster (τ1/2 < 10 s at 25°C). At 10°C we found the rate to 
be first order both in reduced type 3 site and in hydrogen peroxide, with 
an overall second-order rate constant k = 1.8 Χ 103 M"1 s"1. These find
ings indicate that the primary step in this reaction is the reoxidation of 
the type 3 site by H 2 0 2 , in parallel with a slower intramolecular oxidation 
of the type 1. The reoxidation of type 2 copper cannot be monitored 
spectrophotometrically, but from the overall stoichiometry as well as 
from the above equilibrium titrations, it is obvious that this site is also 
involved in the reaction. A more extensive kinetic investigation of the 
reduction of H 2 0 2 is presently being carried out. 

Concluding Remarks 

We have used a range of different physical and chemical approaches 
in the effort to better understand how the different blue copper proteins 
function. With the relatively simpler, electron-mediating proteins like 
azurin, the ultraviolet chromophores were shown to be informative in 
terms of copper-protein interactions. These proteins are also a useful 
system for detailed examination of the electron transfer pathways to and 
from their single copper site. 

The elaborate mechanism by which blue oxidases react with dioxy
gen to produce water was tackled by studying the possible role of H 2 0 2 . 
We have observed the formation of a stable and high affinity complex 
between tree laccase and H 2 0 2 . Moreover, the finding that the oxidation 
of the reduced enzyme with H 2 0 2 follows a pattern which is different 
from that operative in the reduction of the oxidized enzyme may have 
important implications for the mechanism of action of laccase. 
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Mechanism of Autoreduction of Ferric 

Porphyrins and the Activation of 

Coordinated Ligands 

GERD N. LA MAR and JOHN DEL GAUDIO 

Department of Chemistry, University of California, Davis, CA 95616 

The autoreduction of ferric porphyrins in the presence of 
certain ligands is accompanied by the formation of ligand 
radicals, suggesting that these reactions may serve as models 
for the activation of substrates by peroxidases. NMR and 
ESR spectroscopy demonstrate that the autoreduction of the 
dicyanotetraphenylporphinatoferrate(III) yields the dicyano 
ferrous porphyrin and the cyanide radical by a mechanism 
thought to involve homolytic bond cleavage. Similar reac
tions are observed with n-hexane thiol and piperidine. The 
reoxidation by molecular oxygen of the ferrous complex of 
CN- or tributyl phosphine leads directly to the low spin 
ferric complex, as opposed to the expected oxo-dimer. A 
mechanism involving the formation of the superoxide anion 
is proposed, suggesting that this reaction may model the 
hemoprotein activation of molecular oxygen. 

Tron porphyrins constitute the active site of an important class of redox 
metalloenzymes. This class includes the cytochromes which are in

volved in electron transfer processes ( 1 ) ; peroxidases, whose main func
tion is to oxidize substrates at the expense of hydrogen peroxide (2); 
and oxygenases, which catalyze the incorporation of oxygen into sub
strates via the activation of molecular oxygen (3). Although the func
tions of these enzymes are quite varied, they all cause the iron atom to 
undergo valency changes during the operation of the enzyme. The 
mechanism by which an electron is transferred to and from the iron atom 
is poorly understood. 

In the case of a simple redox enzyme such as cytochrome c where 
both sites of the heme iron are ligated by peptide side chains, two path
ways have been suggested by which an electron can travel to or from the 
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208 BIOINORGANIC C H E M I S T R Y II 

i r o n a t o m — a direct e lectron transfer f r o m the enzyme reductase to an 
exposed edge of the p o r p h y r i n π c l o u d f o l l o w e d b y a r a p i d transfer to 
the i r on or, a l ternat ive ly ( 4 ) , e lectron transfer v i a an ax ia l l i g a n d of the 
i r o n p o r p h y r i n ( 5 ) . B o t h reduc t i on mechanisms invo lve r a p i d l i gand- to -
m e t a l charge transfer as a c r i t i c a l step i n the process. A re lated class of 
redox hemoproteins , i n c l u d i n g oxygenases, peroxidases, a n d cytochrome 
P450, has on ly one po lypept ide s ide -chain l i g a n d b o u n d to the heme i r o n , 
w i t h the s ixth site ava i lab le for coord inat ing a substrate w h i c h is to be 
act ivated . T h u s these enzymes are i n v o l v e d not on ly i n one-electron 
va lency changes of the i r o n , b u t these changes are also c oup led to the 
ox idat ion or r educ t i on of the substrates. I n the case of oxygenases a n d 
cytochrome P450, this act ivat ion of mo lecu lar oxygen is thought to 
invo lve f o rmat ion of the superoxide i o n (6 ) b y a react ion such as 
R e a c t i o n 1. T h e superoxide i o n as the act ivated f o r m of mo lecu lar oxygen 
has been substantiated ( 6 ). 

E - F e : 0 2 -> E - F e m + ( V ( 1 ) 

Peroxidases perox id ize a var iety of substrates at the expense of 
h y d r o g e n peroxide . These peroxidases oxidize amines, A H 2 , for w h i c h 
p r o d u c t analysis has suggested a free r a d i c a l intermediate ( 2 ) . T h e 
current ly accepted va lency changes of the enzyme c a n be represented 
b y the scheme i n React ions 2 - 5 . R e a c t i o n 2 represents the convers ion 

perox (Fe 1 1 1 ) + H 2 0 2 -> compound I ( F e I V , por + ) (2) 

compound I + A H 2 compound I I ( F e I V ) + A H * (3) 

compound I I + A H 2 perox ( F e m ) + A H ' (4) 

A H ' - » products (5) 

of the enzyme to a h i g h l y o x i d i z e d state w h i c h is capable of one t w o -
electron or two one-electron oxidations (7 ) ( p o r + represents the por 
p h y r i n r a d i c a l ) . I n React ions 3 a n d 4, ac t ivat ion of the amine is p r o 
posed to consist of one-electron oxidations of the amine . H o w e v e r , the 
one-electron ox idat ion of coord inated l igands b y i r o n porphyr ins h a d 
not been demonstrated at the t ime w e in i t i a ted this research. E S R inves 
t igations of the ox idat ion of some substrates b y peroxidases have p r o 
v i d e d d irect evidence for transient free r a d i c a l intermediates (8, 9 ) . 
H o w e v e r , i t has not been de termined whether these substrates coordinate 
to the i r o n or whether they are secondary products of ac t ivat ion b y the 
enzyme. T h e ident i f i cat ion a n d invest igat ion of m o d e l systems w h i c h 
can activate substrates b y one-electron redox reactions can be expected 
to p r o v i d e va luab le ins ight into the mechan i sm of the heme enzymes. 
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12. L A M A R AND D E L GAUDio Ferric Porphyrins and Ligands 209 

Scattered reports have appeared i n the l i terature i n d i c a t i n g that 
ferr i c porphyr ins can autoreduce i n solutions conta in ing certa in potent ia l 
l igands (10, 11, 12). P r o b a b l y the best k n o w n example is the f o rmat ion 
of bis ( p i p e r i d i n e ) t e t rapheny lporphor inato i ron ( I I ) , T P P F e 1 1 ( p i p ) 2 , b y 
the a d d i t i o n of p i p e r i d i n e to c h l o r o t e t r a p h e n y l p o r p h y r i n a t o i r o n ( I I I ) , 
R e a c t i o n 6. A l t h o u g h this react ion was first reported i n 1967 (13), the 

pip 
T P P F e m C l T P P F e 1 1 (pip) 2 (6) 

ident i ty of the r e d u c i n g agent a n d the m e c h a n i s m of the react ion re 
m a i n e d obscure u n t i l very recently . O u r recent p r e l i m i n a r y c o m m u n i c a 
t i o n (14) on the autoreduct ion of ferr i c porphyr ins demonstrated that 
this react ion involves reduct ion of the complex b y a p resumab ly coord i 
nated l i g a n d , w i t h the substrate b e i n g o x i d i z e d to a free rad i ca l . T h e 
radicals were read i ly detected b y the appearance of an E S R s igna l d u r 
i n g the react ion i n v o l v i n g cyanide i on , p i p e r i d i n e , or n-hexanethio l as 
substrates. 

I n a s m u c h as this redox react ion provides a m e t h o d for ac t ivat ing 
substrates w h i c h m a y coordinate to i r o n porphyr ins a n d hence provides 
some k i n d of a m o d e l for peroxidase act iv i ty , w e have cont inued our 
w o r k on the redox system most amenable to spectroscopic invest igat ion , 
namely the cyanide i o n ox idat ion . W e have further d iscovered that ox i 
dat ion of the r e d u c e d bis -cyano ferrous complex b y mo lecu lar oxygen 
does not y i e l d the expected oxo -br idged d i m e r (15) b u t instead appears 
to proceed b y a mechan ism that suggests f o rmat ion of the superoxide 
i on , 0 2 " . Since this latter process w o u l d represent the one-electron reduc 
t ion of mo lecu lar oxygen b y a ferrous p o r p h y r i n complex a n d c o u l d 
conce ivably shed l ight on the mechanism of oxygen act ivat ion (6), the 
reox idat ion b y molecu lar oxygen of the autoreduced ferr ic complexes was 
also invest igated spectroscopical ly . 

T h u s the two reactions w h i c h w e propose to c lar i fy are the auto
reduct i on (Reac t i on 7) (where Ρ is a general p o r p h y r i n ) a n d the sub
sequent reoxidat ion ( React ion 8 ). A l t h o u g h a n u m b e r of substrates ( i.e., 

L 
P¥eUIX->PFeuL2 + L (7) 

? 

P F e n L 2 * + 0 2 -> P F e m L 2 * + 1 (8) 

amines, thiols , phosphines , c y a n i d e ) , reacted accord ing to R e a c t i o n 7, 
as ev idenced b y the change f r om ferr ic to ferrous op t i ca l a n d N M R 
spectra, our w o r k emphasizes the reactions for L = C N ~ because the 
nature of the complexes i n bo th ox idat ion states can be determined . T h e 
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210 BIOINORGANIC C H E M I S T R Y II 

p r e l i m i n a r y data on the more complex p i p e r i d i n e react ion are presented 
on ly to ind icate that the autoreduct ion m e c h a n i s m i n v o l v i n g a one-
electron redox react ion appears c o m m o n for the various substrates. 

Experimental 

Materials. T h e T P P F e C l was prepared a n d pur i f i ed b y l i terature 
methods (16, 17). O c t a e t h y l p o r p h y r i n was a gift f r om H . H . Inhoffen, 
a n d the h e m i n d i m e t h y l ester [ P P ( I X ) D M E F e m C l ] was purcased f r om 
S i g m a C h e m i c a l C o . 

T h e solvents used for N M R a n d E S R measurements were commer
c i a l sources of deuterated solvents w h i l e spectro-grade solvents were 
used for v i s ib le spectra. Solvents were d r i e d b y stor ing over molecu lar 
sieves. 

T h e amines, t r i b u t y l phosphine , n-hexanethiol , N a C N , a n d K C N 
were obta ined f rom standard c o m m e r c i a l sources. T h e C N ~ source i n 
C D C 1 3 a n d C D 2 C 1 2 was N B u 4 C N w h i c h was prepared b y l i terature 
methods (18). 

Spectroscopic Measurements. N M R S P E C T R A . T h e N M R spectra 
were recorded at 298°C w i t h a J E O L - P S 1 0 0 F T N M R spectrometer oper
a t ing at 99.5 M H z . T h e autoreductions were done d irec t ly i n the N M R 
tube, general ly w i t h 0 .4-ml samples of 1 0 - m M i ron p o r p h y r i n solutions 
conta in ing a 20 -100 mo lar excess of the substrate. Samples were r o u 
t ine ly prepared i n a n i trogen atmosphere. 

A n a e r o b i c samples were prepared b y degassing the solvent b y three 
freeze-thaw cycles w h i l e solids a n d N M R tubes were degassed b y p l a c i n g 
u n d e r v a c u u m , then stor ing i n a n i trogen atmosphere. If oxygen is not 
care fu l ly exc luded , the ferrous p o r p h y r i n obta ined b y the autoreduct ion 
m a y be r a p i d l y ox id i zed to the oxo -br idged d imer . 

A pho tochemica l contr ibut ion to the autoreduct ion react ion was i n 
vest igated b y p r e p a r i n g two ident i ca l N M R samples of T P P F e 1 1 1 ( C N ) 2

1 _ 

i n d r y D M S O conta in ing excess C N " 1 ; one sample was sh ie lded f rom a n d 
the other exposed to the n o r m a l fluorescent l ight i n the laboratory . T h e 
N M R were recorded , a n d i t was noted that the exposed sample auto-
r e d u c e d about 5 0 % faster. U n d e r the condit ions of the experiment , 
t h e r m a l effects on the exposed sample are expected to be neg l ig ib le . 

T h e ferrous porphyr ins were reox id ized b y i n t r o d u c i n g oxygen into 
the N M R tube of the autoreduced sample. T o detect water as a product 
of the reoxidat ion of T P P F e 1 1 ( C N ) 2

2 ~ , it was necessary to complete ly 
exc lude the poss ib i l i ty of atmospheric contact ( d r y D M S O r a p i d l y ab 
sorbs water f r om the atmosphere ) . These experiments were done i n an 
N M R tube fitted w i t h a g r o u n d glass stopcock. T h i s a l l o w e d the add i t i on 
of oxygen into the N M R tube b y v a c u u m l ine techniques, complete ly 
e l i m i n a t i n g atmospheric contact. Exper iments done on b lanks of dry 
D M S O showed no water peak. 

E S R S P E C T R A . T h e E S R spectra were recorded w i t h a V a r i a n E - 4 
E P R spectrometer. T h e autoreductions a n d reoxidations were f o l l o w e d 
i n the E S R cavi ty general ly w i t h 0.1-ml samples of the same concentra
t ion as the above N M R samples. I n the case of T P P F e 1 1 1 ( C N ) 2

1 _ the 
E S R a n d N M R of the autoreduct ion were recorded on the same sample 
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12. L A M A R A N D D E L G AUDIO Ferric Porphyrins and Ligands 211 

b y suppor t ing the E S R tube i n an N M R tube, thus v e r i f y i n g that the 
E S R s igna l arose as the autoreduct ion proceeded. 

VISIBLE S P E C T R A . T h e v i s ib le spectra were obta ined w i t h a C a r y 14 
re cord ing spectrophotometer b y s tandard techniques. T h e spectrum of 
T P P F e i n ( C N ) 2 1 _ i n D M S O conta in ing excess C N ~ was obta ined under 
oxygen to insure that autoreduct ion h a d not occurred . T h e spectrum of 
T P P F e 1 1 ( C N ) 2

2 ~ was obta ined on a sample whose N M R spectrum h a d 
i n d i c a t e d complete reduct ion . 

Results and Discussion 

Autoreduction of Fe(III) Porphyrins. O X I D A T I O N O F PIPERIDINE. 
T h e autoreduct ion of T P P F e C l w i t h neat p i p e r i d i n e is r a p i d , however 
the react ion rate can be decreased b y d i l u t i o n w i t h C D C 1 3 or D M S O . 
T h e N M R spectrum of T P P F e C l i n C D C 1 3 , on a d d i t i o n of p i p e r i d i n e , 
shows resonances consistent w i t h the presence of h i g h s p i n F e ( I I I ) a n d 
l o w sp in T P P F e 1 1 ( P i p ) 2 . A l o w s p i n T P P F e 1 1 1 ( P i p ) 2 species was not 
observed. It is l i k e l y that the latter complex r a p i d l y reduces at r o o m 
temperature . 

T h e reduct i on was carr i ed out i n an E S R cavi ty a n d f o u n d to be 
ac companied b y the appearance of a strong E S R s igna l exh ib i t ing a 
tr ip let structure ind i ca t ive of a n amine r a d i c a l ( F i g u r e 1 ) . T h i s suggests 
that the reduc t i on of the i r o n p o r p h y r i n proceeds b y a one-electron ox ida 
t ion of a coord inated p iper id ine . H o r s e r a d i s h peroxidase activates an i l ine 
( 2 ) , a n d the ac t ivat ion is thought to occur v i a the generation of a n 
ani l ine r a d i c a l , ( C 6 H 5 N H · ) . T h e r e is a s imi lar i ty be tween Reac t i on 4 
of the peroxidase scheme, w h i c h i n the case of an i l ine w o u l d invo lve the 
one-electron ox idat ion of an i l ine , perhaps b y coord inat ion to a n F e ( I V ) 

15.8 G 

Figure 1. ESR signal obtained by 
adding piperidine to a CDCl3 solu

tion of TPPFeCl Q=2.006 
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212 BIOINORGANIC C H E M I S T R Y II 

p o r p h y r i n , compared w i t h Reac t i on 7 w h i c h most l ike ly involves the 
one-electron oxidat ion of p i p e r i d i n e coordinated to a n F e ( I I I ) p o r p h y r i n . 

T h e p i p e r i d i n e react ion is not complete ly character ized . T h e c o n d i 
tions for the generation of the r a d i c a l i n F i g u r e 1 have not been c lear ly 
defined, a n d intermediates observed d u r i n g the reduc t i on have not been 
identi f ied. These difficulties have been overcome i n the cyanide system, 
w h i c h p r o v e d to be more amenable to spectroscopic invest igat ion. 

O X I D A T I O N O F C Y A N I D E I O N . I n the case of C N " as substrate, ident i f i 
cat ion of reactants a n d products p r o v e d feasible. A d d i t i o n of excess 
K C N to a 1 0 - m M T P P F e C l so lut ion i n D M S O gives the l o w s p i n ferr ic 
b is - cyanide complex, Reac t i on 9. T h e N M R of T P P F e ( C N ) 2

1 _ has been 

T P P F e C l + 2 C N - ^± T P P F e ( C N ) 2
1 _ + CI " (9) 

prev ious ly character ized (19) a n d is i l lustrated i n A of F i g u r e 2. T h e 
spectrum is t ime dependent , convert ing f r om that t y p i c a l of l o w s p i n 
F e ( I I I ) to one characterist ic of d iamagnet i c F e ( I I ) , Ε i n F i g u r e 2. T h e 
electronic spec trum of the i n i t i a l a n d final so lut ion is s h o w n i n F i g u r e 3. 

P P M Ho — > 

Figure 2. Proton NMR traces showing the autoreduction of TPPFe111-
(CN)t1' in DMSO at 25°C. (A) TPPFe^CN)^-; (B-D) increasing reduc

tion; (E) final product TPPFeu(CN)2
2\ 
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12. L A MAR AND D E L GAUDio Ferric Porphyrins and Ligands 213 

Spec t rum B , the final so lut ion, is also characterist ic of a n F e ( I I ) por 
p h y r i n (20) a n d verifies that reduc t i on of the i r o n has occurred . 

I n the case of the N M R spectra, the peaks move w i t h an average 
resonance observed for each pos i t ion ( B , C , a n d D of F i g u r e 2 ) . T h e 
observation of an averaged chemica l shift indicates that the same ent i ty 
exists i n b o t h oxidat ion states a n d establishes the product of the reduc t i on 
to be the ferrous b is -cyano complex (i.e., R e a c t i o n 10) . R a p i d e lectron 
exchange averages the two spectra accord ing to Reac t i on 11. T h e c h e m i 
ca l shift difference gives a l ower l i m i t to the rate of e lectron exchange, 
w i th f c > > 1.5 X 10 4 sec . 

T P P F e ( C N ) 2
1 " + e " - » T P P F e ( C N ) 2

2 " (10) 

T P P F e " ( C N ) 2
2 " + T P P F e * 1 1 1 ( C N ) 2

1 " ^ 
ki 

T P P F e 1 1 1 ( C N ) , 1 - + T P P F e * 1 1 ( C N ) 2
2 " 

T h e preparat ion of the i r o n p o r p h y r i n T P P F e C l - d 2 0 ( 2 1 ) , w h e r e the 
p h e n y l groups are complete ly deuterated, has a l l o w e d the further char
acter izat ion of the bis -cyano F e ( I I ) a n d F e ( I I I ) porphyr ins . I n the 
spectrum of T P P F e 1 1 1 ( C N ) 2

1 _ i n D M S O , the resonance at +15 .45 p p m 
upf ie ld f r o m T M S is ver i f ied as the pyrro le H . C o m p a r i n g the spec trum 
of T P P F e 1 1 ( C N ) 2

2 " a n d T P P F e 1 1 ( C N ) 2
2 ~ - d 2 0 shows the peak at - 7 . 8 2 

p p m f r o m T M S to be the pyrro le H , a n d integrat ion indicates that the 
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214 BIOINORGANIC C H E M I S T R Y II 

4 G 

s L 

9 = 2,003 

Figure 4. The ESR spectrum observed during the autoreduction of TPPFe111 

(CN),1' in DMSO 

l o w field shoulder at —7.85 p p m contains eight protons, consistent w i t h 
its assignment as the p h e n y l ortho protons. 

T h e nature of the r e d u c i n g agent was p r o v i d e d b y E S R spectros
copy. B y c a r r y i n g out the reduct i on of T P P F e ( C N ) 2

1 _ i n D M S O w i t h i n 
the cav i ty of an E S R spectrometer, a strong s igna l appeared as the 
reduc t i on proceeded. T h i s complex s ignal , F i g u r e 4, is i d e n t i c a l to that 
prev ious ly reported d u r i n g the anod ic ox idat ion of t e t rapheny larson ium 
cyanide i n D M S O (22) a n d has been interpreted to represent the cyan ide 
tetramer, A . T h e proposed mechan ism of f o rmat ion of this tetramer is 
r eproduced i n Reac t i on 12. T h u s the cyanide r a d i c a l ' C N is b e i n g p r o 
d u c e d d u r i n g the reduc t i on of the ferr ic p o r p h y r i n , a n d the overa l l reac
t i o n consistent w i t h b o t h the N M R a n d E S R data can be w r i t t e n as 
R e a c t i o n 13. 

C N " C N -

C N -

C N - C N -
-> ( C N ) , -> ( N C ) 2 C = N - -> 

- l e 
î - l e 

-> ( C N ) 2 * -

" N C C N " 
\ / 

C = N 
/ 

. N C 
(12) 

T P P F e 1 1 1 ( C N ) , 1 " + C N " 1 -> T P P F e 1 1 ( C N ) 2
2 " + - C N (13) 
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12. L A M A R AND D E L G A U D i o Ferric Porphyrins and Ligands 215 

F A C T O R S I N F L U E N C I N G T H E A U T O R E D U C T I O N O F T P P F E 1 1 1 ( C N ) 2
1 ' . 

Anaerobic Nature of the Reduction. R igorous exc lusion of mo lecu lar 
oxygen shows that the reduc t i on proceeds anaerobical ly . T h i s result 
excludes the poss ib i l i ty that the radicals observed d u r i n g the autoreduc
t i o n are b e i n g p r o d u c e d b y some f o rm of ac t ivated oxygen. 

Autocatalytic Nature of the Reduction. T h e data i n F i g u r e 5 show 
the reduc t i on rate to increase w i t h t ime, i n d i c a t i n g that the reduc t i on is 
autocatalyt ic . T h i s is most l i k e l y caused b y the reduct i on of the ferr ic 
p o r p h y r i n b y the intermediate radicals generated b y Reac t i on 12, w h i c h 
are expected to be more potent r e d u c i n g agents t h a n the cyanide i on . 
H e n c e any deta i led interpretat ion of the rates w i l l be severely l i m i t e d . 

Solvent Effects. T h e autoreduct ion is solvent dependent , h a v i n g 
been observed i n C D 3 C N a n d D M S O , b u t not i n C D C 1 3 a n d C D 2 C 1 2 . 
D M S O is the more suitable solvent, for so lub i l i ty reasons, a n d the f o l -

2 CL CL 

CO 

Time , hrs. 

Figure 5. The effect of CN~ concentration on the auto
reduction rate of a 10-mM solution of TPPFeIII(CN)2

1~ 
in DMSO. A = 0.19 M CN~; Ο = 0.38 M CN1: The 
increasing rate with time indicates that the autoreduc

tion is also autocatalytic. 
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216 BIOINORGANIC C H E M I S T R Y II 

l o w i n g discussions a p p l y to the autoreduct ion of T P P F e ( C N ) 2
1 " i n 

D M S O unless stated otherwise. 
Effect of Light. T h e autoreduct ion occurs i n the dark, that is b y a 

t h e r m a l p a t h w a y , a n d further discussions are based only o n results 
obta ined w i t h the exclusion of l ight . H o w e v e r , l i ght accelerates the rate 
of autoreduct ion . 

Effect of Water. T h e reduct ion rate increased as the concentrat ion 
of water was decreased. F o r example , r e m o v i n g water ( ~ 50 m M ) to 
levels where i t is not observed b y N M R increased the reduc t i on rate 
almost three f o ld . C y a n i d e coord inated to ferr ic porphyr ins acts as a 
h y d r o g e n - b o n d acceptor towards water ( 2 3 ) . S u c h a n interact ion w o u l d 
make the coord inated cyanide more diff icult to ox id ize (24) a n d hence 
w o u l d decrease the react ion rate. 

Cyanide Ion Concentration. Increasing the cyanide i o n concentra
t i o n speeds u p the autoreduct ion , as s h o w n i n F i g u r e 5. Because of the 
autocatalyt ic nature of the reduct ion , the exact cyanide i o n dependence 
has not yet been defined. A l s o i t is not yet clear whether the cyanide i o n 
is i n v o l v e d mechanis t i ca l ly i n the autoreduct ion . T h e cyanide i o n con
centrat ion can affect the observed rate v i a the autocatalyt ic m e c h a n i s m 
or b y compet ing w i t h the complexed cyanide i o n for h y d r o g e n b o n d i n g 
w i t h trace amounts of water . 

50 J 

S 30 

10 

Ο 

Ο 

Ο 

Ο 

Ο 

Ο 

Ο 
Ο 

— ι f 1— 

3 5 
Time, hr& 

Figure 6. The reduction rate of various bis-cyano porphyrins. Δ = OEP-
Fe't'iCN),1-, • = PP(IX)DMEFeIII(CN)2

1~, Ο = TPPFe111 (CN)^-
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12. L A MAR AND D E L G A U D i o Ferric Porphyrins and Ligands 217 

Porphyrin Basicity. T h e reduct ion rate is decreased signif icantly as 
the p o r p h y r i n is made more basic ( F i g u r e 6 ) . T h e b is - cyanide complex 
of ferr ic octaethyl p o r p h y r i n , the more basic p o r p h y r i n , is r educed the 
slowest w h i l e the b is -cyanide complex of ferr ic T P P , the least bas ic ( 1 6 ) , 
is r e d u c e d the fastest. Increas ing the p o r p h y r i n basic i ty places more 
electron density on the i ron , m a k i n g i t more diff icult to accept another 
electron. 

Effect of Axial Ligand. I n add i t i on to cyanide i o n a n d p iper id ine , 
autoreduct ion was observed for the f o l l o w i n g potent ia l l i g a n d s — p r i m a r y , 
secondary, a n d tert iary amines; p y r i d i n e ; n-hexanethio l ; a n d t r i b u t y l 
phosphine . 

M E C H A N I S M O F T H E A U T O R E D U C T I O N O F T P P F E 1 1 1 ( C N ) 2
1 _ . T h e trans

fer of an electron f r om a cyanide i on to the F e ( I I I ) can occur b y at least 
three mechanisms. 

( 1 ) A n outer sphere ox idat ion of free C N 1 " b y T P P F e 1 1 1 ( C N ) 2
1 _ , 

w h i c h is mechanist i ca l ly descr ibed b y React ion 13. T h e e lectrochemical 
ox idat ion of cyanide i o n i n acetonitr i le occurs at potentials more posit ive 
than + 0 . 5 volt vs. S C E ( 2 2 ) . T h e e lectrochemical reduct ion of T P P 
F e 1 1 ^ C N ) 2

1 _ i n acetonitr i le occurs at a potent ia l of —0.5 vo l t vs. S C E 
( 2 5 ) . T h u s an outer sphere mechan i sm is considered u n l i k e l y . 

( 2 ) A nuc leoph i l i c attack on the coordinated cyanide b y a free 
cyanide , Reac t i on 14, w h i c h y ie lds d irect ly one of the precursors of the 
cyanide tetramer i n Reac t i on 12. T h i s mechan ism is consistent w i t h the 

Ν 
C « - : C N -

P F e 1 1 1 -> Ρ F e 1 1 + [ C N : C N ] " 
C C (14) 
Ν Ν Ν 

I ex- c 
I _ > ρ F e 1 1 

rapid C 
Ν 

effect of the p o r p h y r i n basic i ty on the react ion rate, as w e l l as w i t h the 
cyanide i on dependence. H o w e v e r , as ment ioned above, the cyanide i o n 
dependence may result f rom other causes. T h e mechanism is i n c o n 
sistent w i t h the effect of water . H y d r o g e n b o n d i n g of water to a coord i 
nated cyanide shou ld enhance the rate b y m a k i n g the cyanide more sus
cept ib le to nuc leoph i l i c attack. A l s o the observed photochemica l en
hancement of the rate w o u l d not be expected w i t h a mechan ism i n v o l v i n g 
nuc l eoph i l i c attack. T h u s , a l though this mechan ism cannot be e l iminated 
at this t ime, it is considered u n l i k e l y . 

( 3 ) Intramolecular one-electron transfer w i t h subsequent dissoc ia
t i on (i.e., homoly t i c b o n d c leavage) , as descr ibed b y Reac t i on 15. T h i s 
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218 BIOINORGANIC C H E M I S T R Y II 

Ν 
C 

P F e m - * P F e n + - C N 
C C 
Ν Ν (15) 

rapid 

C N -
N 
C 

^ P F e 1 1 

C 
Ν 

mechan ism is consistent w i t h the effect of the p o r p h y r i n bas ic i ty on the 
react ion and , more impor tant ly , can be expected to be photochemica l ly 
enhanced. A l t h o u g h the role of the cyanide i on concentrat ion is unc lear 
i n this mechanism a n d c o u l d be i n v o l v e d i n the autocatalyt ic mechanism, 
as w e l l as i n compet i t ion w i t h trace amounts of water , as ind i ca ted above, 
homoly t i c b o n d cleavage can describe the autoreduct ion react ion for the 
var iety of substrates invest igated to date. 

O u r results indicate that the autoreduct ion cannot occur b y a con
vent i ona l outer sphere mechan i sm because of the gross m i s m a t c h of the 
e lectrochemical potentials . E x p e r i m e n t a l data ava i lab le at this t ime are 
consistent w i t h homolyt i c i r o n - c a r b o n b o n d cleavage w h i c h m a y or m a y 
not invo lve a s imultaneous nuc l eoph i l i c attack on the coordinated cyanide . 
T h e homoly t i c m e t a l - c a r b o n b o n d cleavage m a y serve as a m o d e l for 
s imi lar processes reported for v i t a m i n Βχ2 (26). 

O T H E R S Y S T E M S . Alkyl Thiols. T h e reduct ion of h e m i n w i t h ethane-
t h i o l has been suggested to occur b y a free r a d i c a l mechan ism on the 
basis of produc t analysis (11). T h e react ion of n-hexanethio l w i t h 
T P P F e C l i n D M S O carr ied out i n the E S R cavity gives rise to the s ignal 
i l lustrated i n F i g u r e 7. These are p r e l i m i n a r y results, a n d the spectrum 
is of poor q u a l i t y a n d p r o b a b l y reflects some saturation f r o m the l o w 
steady-state concentrat ion of the r a d i c a l . Nevertheless the s ignal on ly 
appears d u r i n g the autoreduct ion of the i r on p o r p h y r i n a n d aga in i n d i 
cates that the autoreduct ion occurs b y a free ra d i ca l pa thway . 

Pyridines, Amines, and Phosphines. W e have not observed an E S R 
s ignal d u r i n g the autoreduct ion w i t h the above substrates. W i t h the 
pyr id ines a n d phosphines so far invest igated, the reduct i on p r o b a b l y has 
been too s low to generate apprec iab le concentrations of r a d i c a l species. 
T h e autoreduct ion is m u c h faster w i t h p r i m a r y a n d secondary amines, 
however the radicals p r o d u c e d are most l i k e l y too short - l ived to detect 
w i t h our present methods. W e are invest igat ing the a p p l i c a b i l i t y of r a p i d 
f low a n d sp in t r a p p i n g techniques. 

A l t h o u g h the mechanist i c details of the above systems have not yet 
been c lar i f ied, our results suggest that the autoreduct ion of ferr ic por 
phyr ins b y a free r a d i c a l p a t h w a y that most l i k e l y involves the h o m o l y t i c 
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12. L A M A R AND D E L G A U D i o Ferric Porphyrins and Ligands 219 

— 100 G ·' 

I 
g 3 2 0 0 

Figure 7. The ESR signal obtained upon the 
addition of n-hexanethiol to a CDCl3 solution 

of TPPFeCl 

cleavage of the i r o n substrate b o n d is a general feature of F e ( I I I ) 
p o r p h y r i n chemistry. 

Reoxidation of Fe(II) Porphyrins. M o d e l systems for the ac t iva 
t i on of molecu lar oxygen v i a coord inat ion to an F e ( I I ) p o r p h y r i n have 
not been reported because of the r a p i d irreversible autooxidat ion of the 
F e ( I I ) to the F e ( I I I ) oxo -br idged d imer ( C ) (Reac t i on 16) . Since the 

P F e 1 1 (L) 2 ^± L + P F e n L 

I > P F e X I I 0 F e n i P (16) 
0 2 

(B) (C) 

rate of this react ion is suppressed b y excess l i g a n d , L, an intermediate 
five-coordinated F e ( I I ) complex ( B ) is i m p l i c a t e d ( 2 7 ) . Ster i ca l ly 
h i n d e r e d F e ( I I ) porphyr ins have been des igned (27, 28) w h i c h prevent 
the f ormat ion of the oxo -br idged d imer , most l i k e l y b y inter fer ing w i t h 
the b imo lecu lar react ion between the F e ( I I ) oxygen adduct a n d a second 
F e ( I I ) p o r p h y r i n . T h e h i n d e r e d porphyr ins have been s h o w n to rever
s ib ly b i n d molecu lar oxygen a n d behave as suitable m o d e l compounds 
for the active site of m y o g l o b i n a n d hemog lob in . H o w e v e r , to date these 
models have not been able to activate molecu lar oxygen. 

C Y A N I D E C O M P L E X E S . W e have invest igated the ox idat ion of T P P 
F e 1 1 ( C N ) 2

2 " i n D M S O w i t h molecu lar oxygen. T h e effect of i n t r o d u c i n g 
molecu lar oxygen into a 1 0 - m M D M S O so lut ion of T P P F e ( I I ) ( C N ) 2

2 " 
conta in ing excess K C N ( p repared b y a l l o w i n g complete anaerobic auto
reduc t i on of the ferr ic complex ) is shown i n F i g u r e 8. T h e i n i t i a l species 
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220 BIOINORGANIC C H E M I S T R Y II 

"DMSO- dg 

pyrrole H 

Figure 8. Proton NMR traces 
showing the reoxidation by oxy
gen of TPPFen(CN)2

2~ in 
DMSO at 25°C. (A) reduced 
complex; (B-D) traces with in
creasing time after addition of 

oxygen. - 4 Ο (TMS) 
PPM H. » 

( A i n F i g u r e 8) is characterist ic of the F e ( I I ) p o r p h y r i n , a n d the pres 
ence of an excess of K C N guarantees the b is - cyanide complex. O n reac
t i o n w i t h mo lecu lar oxygen a l l peak posit ions shift u p h e l d to posit ions 
characterist ic of the i n i t i a l F e ( I I I ) hemichrome ( B , C , a n d D i n F i g u r e 
8 ) . A g a i n the observat ion of averaged c h e m i c a l shifts indicates that the 
same species exists i n b o t h ox idat ion states w i t h r a p i d e lectron exchange 
averag ing the spectra a n d establishes the ox idat ion produc t to be the 
b is -cyano F e ( I I I ) complex , R e a c t i o n 17. T h i s react ion has not been 

T P P F e 1 1 ( C N ) 2
2 " + 0 2 -> T P P F e 1 1 1 ( C N ) , 1 " + 0 2

( ? ) " (17) 

f o l l o w e d to comple t i on (about 8 0 % comple t i on ) since the anaerobic 
autoreduct ion is compet i t ive w i t h the ox idat ion process. I n the case of 
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12. L A M A R AND D E L GAUDIO Ferric Porphyrins and Ligands 221 

P P ( I X ) D M E F e n ( C N ) 2
2 ~ , since the ferr ic f o rm autoreduces slower, the 

ox idat ion w i t h molecu lar oxygen i n D M S O is more r a p i d a n d can be 
carr ied to complet ion . T h e N M R spectrum obta ined for the o x i d i z e d 
product is i dent i ca l to that of the w e l l character ized P P ( I X ) D M E F e n l -
( C N ) 2

1 - a n d further establishes the product of the ox idat ion as the b i s -
cyano F e 1 1 1 species. 

T h e N M R data i n F i g u r e 8 also indicate that water is an ox idat ion 
product . T h i s is the only oxygen-conta ining species that has as yet been 
ident i f ied . T h e source of the proton i n the water has not been estab
l i shed ; however the ox idat ion of the phenyl -deuterated p o r p h y r i n T P P 
F e 1 1 ( C N ) <>2~-d2o i n D M S O - d 6 also gave a water peak, i n d i c a t i n g that at 
least some of the protons were obta ined f rom the pyrro le pos i t ion . D u r 
i n g these experiments precaut ion was taken to prevent any contact w i t h 
the atmosphere. Since most of the intensity of the pyrro le peak is s t i l l 
present at the e n d of an autoreduct ion , reoxidat ion , a n d a second auto
reduct i on cycle , w e suggest that proton obstract ion f r o m the pyrroles is 
on ly a minor p a t h w a y for deact ivat ion of the act ivated oxygen. 

Since the product of the ox idat ion is the bis cyanide F e ( I I I ) species, 
w h i c h is again reduced b y the excess cyanide , the react ion can be cyc led , 
as represented b y the f o l l o w i n g scheme: 

T h e presence of the superoxide i o n has not been conf irmed. T h e 
E S R spectrum of the superoxide anion i n frozen D M S O is k n o w n . S a m 
ples of r e d u c e d porphyr ins have been f rozen immed ia te ly after the 
in t roduc t i on of molecu lar oxygen, however a superoxide an ion s igna l has 
not been observed. It m a y be that the 0 2 " i o n is too short l i v e d u n d e r 
our exper imenta l condit ions to be observed. Since the ox idat ion is 
generat ing the T P P F e ( I I I ) ( C N ) 2

1 _ species, w h i c h is then r e d u c e d b y 
the excess C N 1 " present, the cyanide tetramer E S R s ignal ( R e a c t i o n 12) 
appears. Interest ingly , super imposed on this is a three- l ine s ignal ( F i g u r e 
9) w h i c h is not seen d u r i n g the or ig ina l reduct i on of T P P F e ( I I I ) ( C N ) 2

2 ~ . 
T h e hyperf ine sp l i t t ing of the t r ip le t is 1.5 gauss. H y p e r f i n e sp l i t t ing i n 
the cyanide r a d i c a l , ob ta ined b y uv i r r a d i a t i o n of H C N i n an argon 
matr ix , was reported as 4.6 gauss a n d is thought to be surpr i s ing ly s m a l l 
( 2 9 ) . H y p e r f i n e sp l i t t ing i n the N C O r a d i c a l i n the gas phase was 
reported as about 19 gauss ( 3 0 ) . T h e o r i g i n of the three- l ine s ignal has 
not been determined . T h e a d d i t i o n of a D M S O so lut ion of K 0 2 s o lu -
b i l i z e d w i t h the d icyc lohexyl -18-crown-6 cyc l i c ether to D M S O saturated 
w i t h K C N ( a n d more d i lute solutions ) d i d not reproduce the t r ip le t nor 

H 2 0 
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222 BIOINORGANIC C H E M I S T R Y II 

Figure 9. The ESR signal observed during the oxidation of TPPFen(CN)2
2~ 

in DMSO by oxygen 

was the strong E S R s ignal ( R e a c t i o n 12) , ind i cat ive of C N format ion , 
observed. 

O T H E R S Y S T E M S . A second case where the ox idat ion of an F e ( I I ) 

p o r p h y r i n does not give the b r i d g i n g oxo-dimer is the system T P P F e 1 1 

i n C D C 1 3 w i t h the strong field l i g a n d P ( n - B u ) 3 as the ax ia l base ( 3 1 ) . 
A s ment ioned above, the a d d i t i o n of excess P ( n - B u ) 3 to a 1 0 - m M so lu 
t i on of T P P F e l n C l i n C D C 1 3 causes the autoreduct ion of the p o r p h y r i n . 
O n a d d i t i o n of molecu lar oxygen, the p o r p h y r i n peaks shift up f i e ld w i t h 
an averaged chemica l shift, i n d i c a t i n g the format ion of a l o w sp in F e ( I I I ) 
complex . A l t h o u g h this system has not yet been f u l l y chracter ized , i t is 
clear that the ox idat ion does not give the b r i d g i n g oxo-dimer. 

T h e autooxidat ion of the b i s -p iper id ine complex T P P F e 1 1 ( p i p ) 2 , 
ob ta ined b y the anaerobic autoreduct ion of T P P F e I H C l i n C D C 1 3 w i t h 
p i p e r i d i n e (as w i t h other a m i n e s ) , y ie lds , as expected, the b r i d g i n g 
oxo-dimer. 

M E C H A N I S M O F O X I D A T I O N O F T P P F E 1 1 ( C N ) 2
2 ~ W I T H M O L E C U L A R 

O X Y G E N . W e have considered three mechanisms to account for the 
u n u s u a l lack of d imer format ion i n the autooxidat ion. 

(1 ) A n outer sphere ox idat ion of the F e ( I I ) , R e a c t i o n 18. 

Ν Ν 
C C 

02 + P F e ( I I ) - » Ρ F e m + 0 2
( ? ) " (18) 

C C 
Ν N 
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12. L A M A R AND D E L G A U D i o Ferric Porphyrins and Ligands 223 

T h e ox idat ion of F e ( I I ) porphyr ins is thought to invo lve a five-
coordinate intermediate , Reac t i on 16. H o w e v e r , w i t h cyanide i on as ax ia l 
base it m a y be possible to transfer an electron f rom the F e ( I I ) to m o l e c u 
lar oxygen b y an electron transfer through the coord inated cyanide i o n 
w i t h o u t the format ion of an i r o n - o x y g e n b o n d . A l t h o u g h this mechan i sm 
appears attractive for the cyanide i on , the ox idat ion of the phosphine 
complex most l i k e l y occurs b y the same mechan ism, a n d electron transfer 
through the coordinated phosphine appears m u c h less l ike ly . T h u s a n 
outer-sphere mechan ism is considered u n l i k e l y . A considerat ion of the 
standard potent ia l , E ° , for R e a c t i o n 18 appears to suggest that the F e ( I I ) 
p o r p h y r i n is an insufficiently strong r e d u c i n g agent ( b y perhaps 0.2 vo l t ) 
to reduce oxygen to 0 2 ~ b y an outer-sphere mechanism. H o w e v e r , E° 
values are referenced to the standard-state concentrations of 1 M . U n d e r 
our exper imental condit ions the concentrat ion of the react ive species 0 2 ~ 
is expected to be quite smal l , a n d considerat ion of the Nernst equat ion 
suggests that the potent ia l for the react ion c o u l d be considerably larger 
than the s tandard E° value. T h u s an outer sphere mechan i sm cannot be 
e l iminated on the basis of the s tandard potent ia l E°. T h i s argument is 
discussed more thoroughly i n Ref . 32. 

(2 ) F o r m a t i o n a n d cleavage of the oxo -br idged d imer , React ions 19 
a n d 20. 

Ν 
C 

Ρ F e 1 1 + 0·> -> Ρ F e i n O F e m P (19) 
C 
Ν 

Ν 
C N ' C 

P F e n i O F e i n P + C N " > Ρ F e 1 1 1 (20) 
C 
Ν 

T h e oxo -br idged d imer is c leaved w i t h excess K C N i n D M S O , Reac 
t i on 20, i.e., under our exper imental condit ions, a l though the rate is very 
s low ( 3 1 ) . T h e poss ib i l i ty of the oxo -br idged d imer as an intermediate 
can be d iscounted b y cons ider ing the f o l l o w i n g experiment. A sample 
of P P ( I X ) D M E F e I I X ( C N ) 2

2 - i n D M S O saturated w i t h K C N was a l l o w e d 
to autoreduce anaerobica l ly u n t i l about 5 0 % h a d been reduced , A i n 
F i g u r e 10. A n equivalent amount of the d imer [ P P ( I X ) D M E F e m ] 2 0 
was a d d e d i n the absence of oxygen ( Β i n F i g u r e 10 ). T h e n oxygen was 
in t roduced , causing the ox idat ion of the P P ( I X ) D M E F e n ( C N ) 2

2 " . A s 
ox idat ion proceeded, as ev idenced b y the downf ie ld movement of the 
m e t h y l resonances ( C a n d D i n F i g u r e 10) , the spec trum of the oxo-
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224 BIOINORGANIC C H E M I S T R Y II 

—-DMSO-d< 

— I 1 I I I L 
-16 -12 -8 - 4 0 (TMS) +4 

PPM Ho » 

Figure 10. Proton NMR traces showing the reoxidation of 
PP(IX)DMEFe(CN)2

2~ by oxygen in the presence of the oxo-
bridged dimer, (PP(IX)DMEFeni)20. (A) trace for 50% 
autoreduced couple; (B) addition of oxo-bridged dimer in 
absence of Oz; (C) 10 min after adding oxygen to B; (D) 1 hr 

after adding oxygen to B. 

b r i d g e d d imer remained unal tered . H e n c e the oxo-br idged d imer is not 
an intermediate . T h e oxo-br idged d imer ( T P P F e ) 2 0 is too inso luble i n 
D M S O for a s imi lar experiment. 

( 3 ) A n inner sphere oxidat ion. It is l i k e l y that the first step i n the 
ox idat ion of T P P F e ( C N ) 2

2 _ involves replacement of coord inated C N 1 " 
b y oxygen as i n the i n i t i a l step of Reac t i on 16. O u r results indicate that 
the strong field l igands , C N 1 " a n d t r ibuty lphosphine prevent the f o rma
t i on of the oxo -br idged d imer ; the one-electron ox idat ion of the i r o n 
suggests format ion of the superoxide i on . T h e interact ion of oxygen w i t h 
a ferrous hemoprote in conta in ing an appropr iate ly strong field l i g a n d 
c o u l d lead to the dissociat ion of the complex as the ferr ic pro te in a n d 
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12. LA MAR AND DEL GAUDio Ferric Porphyrins and Ligands 225 

the activated superoxide ion. The appropriate strong field ligand in a 
hemoprotein could be a deprotonated histidyl imidazole or a histidyl 
imidazole activated by a strong hydrogen bond acceptor (31). These 
novel oxidation reactions are under further investigation in our laboratory. 
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13 
Iron-Sulfur Proteins and Superoxide 

Dismutases in the Biology and Evolution of 

Electron Transport 

D. O. H A L L 

Department of Plant Sciences, University of London King's College, 
68 Half Moon Lane, London SE24 9JF, U.K. 

Iron—sulfur proteins contain non-heme iron and sulfide in 
their active centers as 4Fe-4S or 2Fe-4S or with rubredoxin, 
as 1Fe alone. The iron is always bonded to cysteine sulfur. 
They catalyze redox reactions between +350 and —600 mV, 
(hydrogen electrode = —420mV) and are usually small 
but can form complex enzymes with molybdenum and 
flavin. They occur as soluble or membrane-bound proteins, 
catalyze key reactions in carbon, hydrogen, sulfur, and ni
trogen metabolism, and occur in all organisms. Synthetic 
analogs of iron-sulfur centers have provided evidence for 
the structure of active centers. Superoxide dismutases are 
enzymes which contain iron, manganese, or copper plus zinc 
in their active centers. They occur in anaerobes and aerobes 
and are involved in the dismutation of superoxide (O2

-), 
which is thought to be very toxic and produced by free 
radical interaction with oxygen. 

'"Pwo classes of enzymes, the i r o n - s u l f u r proteins a n d the superoxide 
dismutases, are meta l - conta in ing proteins w h i c h are p r o b a b l y c losely 

i n v o l v e d i n the evo lut ion of e lectron transport f r om the or ig in of l i f e 
onwards a n d i n the interact ion of oxygen w i t h a l l l i v i n g organisms. T h e y 
thus afford specific examples i n s tudy ing evo lut ion , e lectron transport , 
a n d oxygen-associated reactions i n b io logy a n d also p r o b a b l y i n chemistry 
itself. 

The Iron-Sulfur Proteins (1,2,3,4,5) 

These proteins conta in non-heme i r o n a n d inorganic ( a c id - l a b i l e ) 
sul fur i n the act ive centers as 4 F e - 4 S or 2 F e - 2 S or, i n the case of r u b r e -

227 
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228 BIOINORGANIC CHEMISTRY II 

dox in , as l F e alone ( F i g u r e 1 ) . T h e i r o n is a lways b o n d e d to cysteine 
sulfur . I r o n - s u l f u r proteins catalyze o x i d a t i o n - r e d u c t i o n reactions be
tween + 3 5 0 a n d - 6 0 0 m V (hydrogen electrode = - 4 2 0 m V , p H 7 ) . A n 
important property of i r o n - s u l f u r proteins is the a b i l i t y to catalyze elec
t ron transfer at different redox potentials depend ing on the state of the 
prote in . F o r example , the so-cal led h i g h potent ia l i r on proteins ( H i P I P ) 
f r om the r e d photosynthet ic bac ter ium Chromatium transfer electrons at 
+ 3 5 0 m V or at about —500 m V , de pe nd ing on the presence or absence 
of d imethylsu l fox ide , a prote in chaotropic agent (see b e l o w ) . 

I r o n - s u l f u r proteins are usua l ly g rouped into four different types 
as shown i n T a b l e I : 

( a ) C o n t a i n i n g 4 F e - 4 S centers 
( b ) C o n t a i n i n g 2 F e - 2 S centers 
( c ) C o n t a i n i n g a single F e 
( d ) C o m p l e x i r o n - s u l f u r proteins 

T a b l e I also shows the great d ivers i ty of organisms i n w h i c h i r o n - s u l f u r 
proteins have been detected. T h u s far there is no organism w h i c h w h e n 
appropr ia te ly examined has not contained an i r o n - s u l f u r prote in , e ither 
i n the soluble or m e m b r a n e - b o u n d form. I r o n - s u l f u r proteins catalyze 
reactions of phys io log i ca l importance i n obl igate anaerobic bacter ia , 
such as hydrogen uptake a n d evo lut ion , A T P format ion , pyruvate me 
tabo l i sm, n i trogen fixation, a n d photosynthet ic electron transport. These 
properties a n d reactions can be considered ' p r i m i t i v e " a n d thus m a k e 
i r o n - s u l f u r proteins a good place to start the study of evolut ion. These 
key reactions are also impor tant i n h igher organisms. O t h e r reactions 
ca ta lyzed b y i r o n - s u l f u r proteins can be added such as hydroxy la t i on , 
nitrate a n d ni tr i te reduct ion , sulfite reduct ion , N A D H oxidat ion , xanthine 
ox idat ion , a n d m a n y other reactions ( T a b l e I I ). 

O n e of the best k n o w n groups of i r o n - s u l f u r proteins is the ferre-
doxins. These are smal l proteins consist ing of re lat ive ly f ew amino acids , 

T a b l e I . Propert ies of 

4 F e + 4S center 
8 F e ferredoxins 

Clostridium (obligate anaerobic bacter ium) 
Chlorobium (green photosynthet ic bacter ium) 
Chromatium (red sul fur photosynthet ic bacterium) 
Rhodospirillum rubrum I (red non-su l fur photosynthetic bacter ium) 
Azotobacter I I I (aerobic N 2 f ix ing bacter ium) 

Ferredoxins w i t h (8Fe + 8S have also been reported i n : C . pasteuri-
C. thermosaccharolyticum, Peptococcus aerogenes, Peptostrepto-
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13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 229 

4 Fe Ferredoxin 

Rubredoxin 

Figure 1. Structures of the 4Fe-4S centers and 2Fe-2S 
centers in ferredoxins and the lFe center in rubredoxin (2, 4) 

Representative Iron—Sulfur Proteins" 

Active Group 
( atoms/molecule ) 

Molecular 
Weight 

No. of 
Amino 
Acids 

Redox 
Potential 

(Έ0' in mV) 

8 F e , 8S 
8 F e , 8S 
8 F e , 8S 
8 F e , 8S 
8 F e , 8S 

6,000 
6,000 

10,000 
13,000 
15,000 

55 
60 
81 

130 

- 3 9 5 

- 4 9 0 

- 4 2 0 

anum, C. acidi unci, C. butyricum, C. tartanvorum, C. tetanomorphum, 
coccus elsdenii, Veillonella alcalescens. 
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230 BIOINORGANIC C H E M I S T R Y II 

T a b l e I . 

4 F e ferredoxins 
Desulfovibrio (anaerobic S 0 4 reducing bacter ium) 
Bacillus ( facul tat ive N 2 fixing bacter ium) 

4 F e H i P I P 
Chromatium 
Ferredoxins w i t h (4Fe -f- 4S) have also been reported i n B. poly-

membrane, D. gigas, D. desulfuricans, Rhodospirillum rubrum. 
monas. 

2 F e + 2S center 
2 F e ferredoxins 

Sp inach (higher p lant ) 
Microcystis (blue-green alga) 
Scenedesmus (green alga) 
Azotobacter I (aerobic N 2 f ix ing bacter ium) 
Pseudomonas putida (aerobic bacter ium) 
E. coli (aerobic bacter ium) 
P i g adrenals (mammal ) 
M i t o c h o n d r i a , complex I I I (mammal ian ) 

Ferredoxins w i t h (2Fe + 2S have also been reported i n : Aethusa, 
sica, Botrydiopsis, Bumilleriopsis, Chenopodium, Chlamydomonas, 
locasia Cyanidium, Cyperus, Datura, Equisetum, Euglena, Gossy-
Phaseolus, Phormidium, Pinus, Pisum, Polystichum, Porphyria-
Zea, p ig adrenals, p ig testes. 

l F e center 
l F e rubredoxin 

Clostridium 

Rubredox ins have also been reported i n : Chloropseudomonas ethyl-
sulfuricans, Desulfovibrio gigas, Peptococcus aerogenes, Peptoco-

C o m p l e x F e - S proteins 
M i t o c h o n d r i a l succinate dehydrogenase (mammal ian ) 

M i t o c h o n d r i a l N A D H dehydrogenase ( m a m m a l i a n ) 
X a n t h i n e oxidase ( m i l k , bacteria) 
Ni trogenase (Clostridium or Klebsiella) : m o l y b d e n u m iron prote in 

a For original references see Ref. 3. 
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13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 231 

C o n t i n u e d 

No. of Redox 
Active Group Molecular Amino Potential 

(atoms/molecule) Weight Acids (Ε0' in mV) 

4 F e , 4 S 6,000 56 - 3 3 0 
4 F e , 4 S 8,000 78 - 3 8 0 

4 F e , 4 S 9,650 86 + 3 5 0 
myxa, B. stearothermophilus, Spirochaeta aurantia, sp inach chloroplast 
H i g h - p o t e n t i a l i r o n - s u l f u r prote in has been reported i n Rhodopseudo-

2 F e , 2S 10,600 97 - 4 2 0 
2Fe , 2S 10,300 98 — 

2 F e , 2S 10,600 96 — 

2Fe , 2S 21,000 181 - 3 5 0 
2 F e , 2S 12,500 114 - 2 4 0 
2 F e , 2S 12,600 — - 3 6 0 
2 F e , 2S 12,500 115 - 2 7 0 
2Fe , 2S 30,000 — + 2 8 0 

Agrobacterium, Amaranthus, Anabaena, Anacystis, Aphanothece, Bras-
Chlorella, Cladophora, Clostridium (azoferredoxin and E P R prote in ) , Co-
pium, Laminum, Leucaena, Medicago, Navicxda, Nostoc, Ρ etr ο selenium, 
ium, Porphyra, Rhizobium, Sambucus, Spindina, Stelluria, Tolypothrix, 

l F e 6,000 54 - 6 0 

ica, Clostridium butyricum, Clostridium stricklandii, Desulfovibrio de-
ecus glycinophilus, Peptostreptococcus elsdenii, Pseudomonas oleovorans. 

8 F e , 8 S , 1 F A D 97,000 — — 
(dimer) 

28Fe , 28S, 1 F M N — — — 
8Fe , 8S, 2 F A D , 2 M o 275,000 — - 3 4 3 and - 3 0 3 

18 or 24Fe, 220,000 — - 6 0 and - 2 8 0 
18 or 24S, 2 M o 
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232 BIOINORGANIC C H E M I S T R Y II 

Table II. Electron Transfer 

Type of Reaction 

1. Phosphoroc last ic react ions : 
C o A 

p y r u v a t e + P i > a ce ty l phosphate + C 0 2 

2. Synthesis of α-keto acids ( C 0 2 fixation) : 
e.g. : a c e t y l - C o A + C 0 2 - » p y r u v a t e + C o A 

s u c c i n y l - C o A - j - C 0 2 - » a -oxoglutarate -f- C o A 
p r o p i o n y l - C o A + C 0 2 - » α -oxobutyrate + C o A 

3. One-carbon m e t a b o l i s m : 
C 0 2 <± H C 0 3 

4. H y d r o g e n metabo l i sm : 
hydrogenase 

2 H + + 2e" > H 2 

5. N i t r o g e n f ixat ion : 
N 2 + 3 H 2 *± 2 N H 3 

6. N i c o t i n a m i d e nucleotide oxidoreduct ion : 
N A D H + N A D P + « ± N A D + + N A D P H 

7. Photosynthet i c electron transfer i n bacter ia 

8. α - H y d r o x y l a t i o n of hydrocarbons : 
R C H 3 + N A D H + H + + 0 2 -> R C H 2 O H + N A D + + H 2 0 

9. Sulf ite reduct ion : 
s o 3

2 - - » s 2 -
10. N i t r a t e reduct ion 

N ( V - > N 0 2 -
11. N i t r i t e reduct ion : 

N O , " N H 3 

12. N i c o t i n a m i d e nucleotide reduct ion (chloroplasts) : 
N A D P + + H 2 0 -> N A D P H + | 0 2 

Photophosphory la t i on : 
A D P + P i A T P 

13. (a) O x i d a t i o n of N A D H b y m i t o c h o n d r i a : 
N A D H + i 0 2 N A D + H 2 0 

A T P 
(b) O x i d a t i o n of succ inate : 

succinate ^ » fumarate 

A T P 
14. O x i d a t i o n of xanthine and aldehydes : 

R — H + H 2 0 + 0 2 Ή> R — O H + H 2 0 2 

15. H y d r o x y l a t i o n : 
R _ H + 0 2 + N A D ( Ρ ) H - » R O H + H 2 0 + N A D ( P ) + 

a For original references see Ref. 3. 
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13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 233 

Type of Fe Protein 

Reactions Involving Iron—Sulfur Proteins" 
Representative Organism 

Clostridium 

fermentat ive and photosynthet ic bacter ia , 
e.g., Clostridium, Chromatium 

8 F e 
8 F e 

Clostridium 

certa in algae ; cer ta in bacter ia 

8 F e 

4 or 12Fe 

fermentat ive and photosynthet ic bacter ia 

anaerobic bacter ia 

Chromatium, Rhodopseudomonas 

Ps. oleovorans 

algae, p lants , D. gigas, E. coli, C. pasteurianum 

fungi , algae, bacter ia 

algae, p lants , Micrococcus denitrificans 

Pseudomonas putida, p l a n t a n d algae 

(a) 18-24 F e / m o l 
(b) 4 F e / m o l 

8 F e 

4Fe ( f e r redox in 
and H i P I P ) 

l F e 
(rubredoxin) 

8 or 2 0 F e / m o l 

2 F e 

eukaryotes 2 8 F e / m o l 

p l a n t s ; m a m m a l s ; bacter ia two F e - S 
subunits 

b a c t e r i a ; m a m m a l s 

m a m m a l i a n (adrenal mitochondr ia ) 

8 F e / m o l 

2 F e 
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234 BIOINORGANIC C H E M I S T R Y II 

g-value 

I I ι ι ι I I I ι I I I ι I I I I I ι I ι I ι ι ι ι ̂  ι ι • I ι ι ι ι I ι ι ι l I ι » ι ι ι ι ι ι I I ι * ^ 
II 15 19 3 0 3-4 38 

Magnetic field (kG) 

Figure 2. Representative EPR spectra of iron-sulfur proteins (2) 

usua l ly between 55 a n d about 120 ( m o l w t 6,000-14,000) . T h e y conta in 
either 4 F e - 4 S or 2 F e - 2 S act ive centers w h i c h c a n be extracted intact 
f r o m the pro te in i n the presence of appropr iate l igands a n d solvents a n d 
s tud ied b y the so-cal led core extrusion techniques (4). A n o t h e r i m p o r 
tant aspect of r e m o v i n g the act ive center is that the apoprote in so f o r m e d 
can be reconst i tuted under anaerobic , nonenzymat i c condit ions b y the 
s imple a d d i t i o n of ferrous a m m o n i u m sulfate a n d s o d i u m sulfide ( 6 ) . 

T h e amino a c i d sequence i n the ferredoxins is qu i te d i s t inc t ive ; the 
pos i t i on of the cysteines w h i c h b i n d the irons i n a specific env i ronment 
do not v a r y i n different classes of ferredoxins ; this is s h o w n i n F i g u r e 6, 
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13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 235 

be low. T h i s invar iance i n the positions of key amino acids has been very 
useful i n s tudy ing the evo lut ion of ferredoxins. 

T h e study of i r o n - s u l f u r proteins has been greatly h e l p e d b y the 
recogni t ion of the so-cal led g ± = 1.94 E P R s ignal w h i c h is general ly seen 
i n the r e d u c e d f o r m of i r o n - s u l f u r proteins. W i t h o u t the use of the E P R 
technique the study of i r o n - s u l f u r proteins is made very dif f icult b y 
their l o w ext inct ion coefficient a n d b r o a d absorpt ion i n the v i s ib le reg ion . 
W o r k us ing Mossbauer spectroscopy, c i r cu lar d i c h r o i s m , pro ton magnet i c 
resonance, magnet ic suscept ib i l i ty , etc., has h e l p e d i n the study of specific 
parts of the pro te in or the act ive center itself. F i g u r e 2 shows charac 
terist ic E P R spectra of representative i r o n - s u l f u r proteins, i n c l u d i n g the 
h i g h potent ia l i r on prote in , w h i c h has an E P R s ignal of gj_ = 2.02 i n the 
ox id i zed state. 

T h e existence of this H i P I P - t y p e structure was the start ing po int of 
a n interest ing deve lopment i n the study of the i r o n - s u l f u r act ive center. 
X - r a y crysta l lography showed that there is l i t t l e difference between the 
4 F o - 4 S cluster i n a ferredoxin ( E 0 ' = - 4 0 0 m V ) a n d i n H i P I P ( E 0 ' = 
+ 3 5 0 m V ) . T h i s anomaly was e luc idated b y the so-cal led " C " state 
hypothesis of Car te r et a l . (7 ) ( F i g u r e 3 ) , i n w h i c h the existence of a 
super -reduced H i P I P a n d a super -ox id ized ferredoxin was postulated . 
T h e super -reduced H i P I P was s h o w n to exist b y C a m m a c k (8 ) u t i l i z i n g 
8 0 % D M S O (d imethy lsu l f ox ide ) to distort the pro te in environment of 
H i P I P . I n this case a super -reduced H i P I P w i t h E P R s ignal s imi lar to a 

'State' 

Formal 
Iron 

Valences HiPIP 

- 5 0 0 m V 

+ 5 0 0 m V 

8Fe Ferredoxin 

reduced ferredoxin 3 F e 2 + + l F e 3 + super-reduced 
H i P I P Î 

I a d d 

C 2 F e 2 + + 2 F e 3 + reduced H i P I P ox id ized ferredoxin 

subtract a d d 
electron electron 

> 

subtract 
electron 

C + l F e 2 + + 3 F e 3 + ox id ized H i P I P 

a d d subtract I 
electron electron I 

A 
super-oxidized 

ferredoxin 

Figure 3. The three-state hypothesis for the redox potentials of electron trans
fer in the 4Fe-4S active centers of ferredoxins and HiPIP (7 ) . The redox poten

tial differs over al-V range (see also Ref. 2 for discussion). 
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g-value 
2.2 2.1 2.0 1.9 L8 

0.30 0.32 0.34 036 0.38 Ô3Ô ' 032 ' 034 036 ' 038 
magnetic field (T) magnetic field (T) 

Figure 4. Effect of DMSO (dimethylsulfoxide) on reduced ironr-sulfur pro-
teins (63). (· · -), native proteins; ( ), in presence of 80% DMSO. (left) 

2Fe-2S centers; (right) 4Fe-4S centers. 

Ferredoxin 
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13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 237 

4 F e ferredoxin was detected. A superox id ized ferredoxin has been r e 
por ted b y Sweeney et a l . ( 9 ) . 

T h e use of chaotropic agents such as D M S O has also fac i l i ta ted 
studies of i r o n - s u l f u r proteins whose active centers have not yet been 
determined . I n this case the pro te in i n quest ion is examined us ing E P R 
i n the presence a n d absence of a g i v e n concentrat ion of D M S O ( F i g u r e 
4 ) . T h e temperature dependence of these signals is also a diagnost ic 
c r i ter ion , as is the shape of the E P R signals. I n this w a y a t w o - or a 
four - i ron center can be r e a d i l y d is t inguished . T h i s c a n also be reso lved 
b y the core extrusion experiments of H o l m (4 ) a n d Orme-Johnson ( 1 0 ) . 
T h e advantage of the chaotropic ( D M S O ) technique is that the type 

- 3 2 0 mV 

COMPLEX I ( NADH - UQ reductase ) 

-305 mV 

- 2 4 5 

Succinate 

- 2 0 

• AO 

te II Site II 
AT 

Antimycin A-

FAD 

I 
Fe-S 

Fe-SpT 

F e - S p 2 

COMPLEX D (Succinate-UQreduct ose) 

• 30 mV 

Τ Τ FA 

Site ID 
ATP 

H C N - * 
c o - -

) Cyt b K 

4 ^ - C 0 M P L E X III (UQ-Cyt c reductase) 
Cyt b T 

1 

(•240— -30) Cyt b T 

1 
• 280 

Cyt C 1 • 225 

Cy| c • 270 

COMPLEX IV (Cyt c oxidase) 

) c y I ° 

• 270 

COMPLEX IV (Cyt c oxidase) 

) c y I ° 
• 200 

. . C y t a 3 

" Y c u 

(•400—^ 190) 

\ 
o2 

• 815 
Figure 5. (a) (left) Functional relationships of the electron transport com
ponents of photosystem I reaction center from chloroplasts. A and Β are ironr-
sulfur centers of the 4Fe-4S type, and X may be an Fe-S center (11). (b) 
(above) The respiratory chain of mitochondria, showing EPR-detectable Fe-S 

centers (2). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

13



238 BIOINORGANIC C H E M I S T R Y II 

of center i n a m e m b r a n e - b o u n d pro te in can also be d is t inguished , as has 
been the case w i t h chloroplast membranes , where a 4 F e - 4 S center was 
detected as the p r i m a r y electron transport acceptor (11, 12). 

T h e existence of m e m b r a n e - b o u n d i r o n - s u l f u r proteins has been 
k n o w n for some t ime since the ir d iscovery b y Rieske i n complex I I I of 
a n i m a l m i t o c h o n d r i a ( 5 ) . H o w e v e r , i t has only recently been recognized 
that m e m b r a n e - b o u n d i r o n - s u l f u r proteins p r o b a b l y p l a y impor tant a n d 
key roles i n electron transport i n , for example, mi to chondr ia , chloro
plasts, a n d chromatophores f r o m photosynthet ic bacter ia . F i g u r e 5 ( a ) 
shows the sequence of e lectron transfer at the p r i m a r y electron acceptor 
site of chloroplast membranes . A potent ia l of approx imate ly —600 m V 
can be measured at the p r i m a r y electron acceptor i n photosynthesis (11, 
12, 13). A more o x i d i z i n g i r o n - s u l f u r prote in w i t h some properties of a 
H i P I P has also been detected i n the membranes of chloroplasts (14). 
F i g u r e 5b shows an interest ing proposed scheme for i r o n - s u l f u r centers i n 
m i t o c h o n d r i a ; it is shown that there might be 12-14 different centers (15), 
i.e., tw i ce as m a n y as have been recognized for cytochromes. It is pos
sible that such a w i d e occurrence of i r o n - s u l f u r centers i n m i t o c h o n d r i a 
w i t h potentials v a r y i n g between —350 a n d - f 2 8 0 m V m a y be impor tant 

ι 
A Ala-Phe 
Β Ala -Leu 
C Ala -Leu 
D Pro 

Val -Ile -
•Tyr-Ile -
•Met-Ile -
•Ile -Gln-

Asn-Asp -Ser · 
Thr-Glu -Glu. 
Thr-Asp -Gin. 
Val -Asp -Asn 

•Cys 
Cys 
•Cys 
•Cys 

•Val -Ser 
•Thr -Tyr 
Ala -Asn 
•Met-Ala 

Cys 
Cys-
Cys-

Gly-Ala 
Gly-Ala 
|Asn -Val 
Gin-Ala 

•Cys 
•Cys 
jCyg-

29 
Gln-Phe 
Ile -Tyr 

•Val -Ile -Asp-Ala -Asp -Thr! 
-Val-Ile -Asp-Ala-Asn-Thr 

C Thr-Tyr-Val -Ile -Glu-Pro-Ser -Leu 

T ŷs 
•Cys 

•Cys 

[Ile -Asp 

Gly 
Thr -Glu 

Asn -Glu ICvslAla Ala 
•Gly -Asn 

^ H i s -

•Leu -Asp 
•Val As 

ICye 

Gly^His-Tyr-Glu-Thr-
-Pro -Asn -Ser -Asn -Leu-Asp -Asp-Glu -D Gyl -Asp -Lys -Ala -Val -Asn-Ile 

1 
E Ala -Ser -Tyr -Lys -Val -Thr-Leu -Lys-Thr -Pro -Asp -Gly-Asp -Asn-Val -
F Ala -Thr -Tyr -Lys -Val -Thr-Leu -Lys-Thr -Pro -Ser -Gly-Asp -Gln-Thr-
G Tyr -Lys -Thr-Val -Leu -Lys-Thr -Pro -Ser -Gly-Glu -Phe-Thr-
H Ala-Ser -Tyr-Lys-Val-Lys-Leu-Val-Thr-Pro -Glu-Gly-Thr-Gin-Glu-

31 
E Glu -Gly -Leu -Asp -Leu-Pro -Tyr -Ser 
F Ala -Gly -Leu -Asp -Leu-Pro -Tyr -Ser 
G -Ser 
H Glu-Gly-Ile -Val-Leu-Pro-Tyr-Ser fcys 

Cys 
|Cys 
Cys 

Arg -Ala -Gly-Ala 
•Arg -Ala -Gly-Ala 
Arg -Ala -Gly-Ala 
|Arg -Ala -Gly-Ser 

•Cys 
Cys-
Cys 

•Ser -
•Ser -
•Ser -

CyslSer -
61 

H Gly-Ser -Phe -Leu -Asp-Asp-Asp -Gin-Ile -Glu -Glu-Gly-Trp-Val-Leu-
91 

H Lys-Glu-Glu-Glu-Leu-Thr-Ala (97) 
Figure 6. Amino acid sequences of representative ferredoxins. 

A, Clostridium butyricum (8Fe) obligate anaerobic fermenting bacterium; B, 
(8Fe) red (sulfur) photosynthetic bacterium; D, Desulfovibrio gigas (4Fe) sulfate 

green alga; G, Equisetum (2Fe) primitive 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

13



13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 239 

b o t h i n electron transport a n d i n phosphory lat ion itself, because of the 
proposed a b i l i t y of i r o n - s u l f u r proteins to take o n a n d give off protons. 
T h i s invokes the proposa l of B r u i c e et a l . (16), w h o have suggested that 
the reduct i on of an i r o n - s u l f u r prote in involves the m a k i n g a n d b r e a k i n g 
of two i r o n - s u l f u r bonds s imultaneously w i t h the tak ing on of protons. 
T h i s proposa l s t i l l seems speculative, but i t is an interest ing one i n v i e w 
of the necessity to transport electrons a n d protons i n m e m b r a n e electron 
transport schemes coup led to phosphory lat ion . 

M u c h of our recent knowledge of the act ive centers of i r o n - s u l f u r 
proteins has come f rom the synthesis w o r k of H o l m (4) on analog c om
pounds w i t h 4 F e - 4 S , 2 F e - 2 S , a n d l F e centers. T h e a d d i t i o n a l ab i l i t y to 
extract the i r o n - s u l f u r clusters f r o m the proteins themselves a n d re
insert ion of these clusters into other proteins has l e d to some interest ing 
experiments w h i c h , among others, have shown that the 4Fe—4S configu
rat ion is more stable than the 2 F e - 2 S configuration. 

I n s tudy ing the evo lut ion of i r o n - s u l f u r proteins, the requirements 
of the ferredoxins for specif ical ly p l a c e d cysteines to b i n d the irons i n the 
active center have been most useful . F i g u r e 6 shows sequences of the 
ferredoxins f r o m several obl igate f e rment ing anaerobic bacter ia , green 

- A l a - G l y - G l u 
- G l u - P r o - G l u 
- G i n - P r o - G l u 
-Ile - A s n - G l u 

- A l a - A s n - V a l 
- V a l - A l a - V a l 

•Cys 
•Cys 
•Cys 

28 
• P r o - V a l -Ser - A l a - H e - T h r - G i n - G l y - A s p - T h r -
• P r o - V a l - T h r - A l a - H e -Ser - A l a - G l y - A s p - A s p -
P r o - A s n - G l y - A l a - H e -Ser - G l n - G l y - A s p - G l u -
• P r o - V a l - A s p - V a l - P h e - G l n - M e t - A s p - G l u - G l n 

Tuys 
•Cys 

C y s 
T I ï ï T G l n 
- V a l - G l u - V a l 
- V a l - C y s 
-Ser - G l u 
- C y s - V a l - G l u - A l a -Ile 

55 
P r o - V a l - G l y - A l a - P r o - A s n - G i n - G l u 
P r o - A l a - G l u - C y s - I l e - V a l - G i n - G l y (60) 

(81) 
P r o - I l e - L y s - A s p - P r o - S e r - H i s - G l u G l y 

- G i n - S e r - C y s - P r o - A l a - A l a -Ile - A r g - S e r (56) 

-Ile - T h r - V a l - P r o - A s p - A s p 
-Ile - G l u - C y s - P r o - A s p - A s p 
- L e u - A s p - V a l - P r o - G l u -
- P h e - G l u - C y s - P r o - A s p - A s p 

30 
• G l u - T v r - I l e - L e u - A s p - V a l - A l a - G l u - G l u -
• T h r - T y r -Ile - L e u - A s p - A l a - A l a - G l u - G l u -

- G l u -
- V a l - T y r -Ile - L e u - A s p - H i s - A l a - G l u 

- T h r l 
-Ser 
-Ser 
-Ser 

50 
A l a - G l y - L y s -
A l a - G l y - L y s -
L e u - G l y - L y s -
A l a - G l y - L y s - V a l - A l a - A l a - G l y - G l u - V a l - A s n - G l n - S e r - A s p -

, i 90 
- T h r ^ s l V a l - A l a - T y r - A l a - L y s - S e r - A s p - V a l - T h r - H e - G l u - T h r - H i s -

C y s 
CYS 
C y s 
C v s 

60 

See Refs. 3 and 5 for original references and the text. 
Chlorobium limicola (8Fe), green photosynthetic bacterium; C, Chromatium 
reducing bacterium; E, Aphanothece (2Fe) blue-greeen alga; F, Scenedesmus (2Fe) 
plant; H, Medicago (2Fe) alfala, higher plant. 
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240 BIOINORGANIC C H E M I S T R Y II 

a n d r e d photosynthet ic (anaerob ic ) bacter ia , sulfate reducers, a n d also 
f r o m algae a n d plants. I n the l o w molecu lar we ight ferredoxins f r om 
Clostridia a n d photosynthet ic bacter ia ( a l l of w h i c h conta in t w o 4 F e - 4 S 
clusters per m o l e c u l e ) , the first a n d second halves of the molecule are 
very s imi lar . O n e i r o n - s u l f u r cluster is h e l d b y cysteine residues 9, 11, 
14, a n d 43, a n d the other is h e l d b y residues 18, 35, 37, a n d 41. W h e n 
one looks at the four - i ron ferredoxins (e.g., D. gigas), there is a great 
homology between the first hal f of the Clostridial ferredoxins a n d the first 
hal f of the D. gigas ferredoxin. W e have recently completed the sequence 
of the four - i ron ferredoxin f rom Bacillus stearothermophilus a n d have 
s h o w n that i t has only four cysteines. T h u s w e n o w k n o w that i t is 
necessary to have three cysteines close together i n a sequence C y s - X - X -
C y s - X - X - C y s , f o l l o w e d b y a fa i r l y l o n g por t ion of pept ide , w h i c h can 
w r a p around the ' rjack" of the active center, conta in ing a C y s - P r o to h o l d 
the i r o n - s u l f u r cluster i n posit ion. I n the case of the a lga l a n d p lant 
ferredoxins w e also k n o w that they require four invar iant cysteines; these 
are positions 37, 44, 47, a n d 75, again emula t ing the requirement of the 
f our - i ron type ferredoxins, where one needs three cysteines fa i r l y close 
together a n d another cysteine some distance a long the pept ide cha in . 

A s yet w e don't have the amino a c i d sequence of a ferredoxin f r o m 
a r e d non-sul fur bac ter ium, e.g., Rhodospirillum or Rhodopseudomonas. 
T h i s is unfortunate , since i t is h i g h l y l i k e l y that these r e d non-sul fur 
bacter ia f o rm an intermediate type organism between the obligate anaero
b i c bacter ia a n d aerobic organisms, w i t h or w i t h o u t mi tochondr ia . T h i s 
evo lut ionary deve lopment has been proposed f r o m studies of the se
quences of cytochromes a n d also f r om phys io log i ca l a n d metabo l i c 
c r i t er ia (3, 18, 19, 20, 21). I t is l i k e l y that organisms l i k e r e d non-su l fur 
bacter ia a n d nitrate a n d sulfate reducers prov ide the transit ion be tween 
the anaerobic a n d the aerobic mode of l i fe d u r i n g the development of 
h igher organisms (22-27). O n e w a y i n w h i c h one can approach this is 
b y l ook ing at the antibodies to specific ferredoxins a n d seeing h o w they 
interact w i t h ferredoxins f r om other types of organisms. W e have done 
this w i t h five antibodies against 8 F e , 4 F e , a n d 2 F e ferredoxins a n d 
interacted t h e m w i t h 32 different ferredoxins conta in ing various types of 
act ive centers (28). T h i s is g i v i n g us a n idea of the evo lut ion of the 
pro te in moei ty d u r i n g deve lopment of ferredoxins a n d is also g i v i n g us 
use fu l in format ion on the w a y i n w h i c h specific ferredoxin reactions m a y 
be i n h i b i t e d i n various organisms. 

F i g u r e 7 shows an evo lut ionary sequence based on the properties of 
i r o n - s u l f u r proteins f r om chemica l , b i o l og i ca l , a n d amino a c i d sequence 
in format ion . I t obv ious ly is a n over -s impl i f i cat ion , b u t i t shows h o w one 
m a y construct an evo lut ionary sequence f r om the properties of a single 
prote in . T h e transit ion between an anaerobic a n d aerobic phase, as stated 
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Figure 7. Possible evolutionary development of ferredoxins (2) 

before, is a diff icult p rob l em, a n d i t is l i k e l y that the scheme as w r i t t e n 
is incorrect , since i t does not take enough note of the cytochrome studies 
(20) of r e d non-sul fur bacter ia—organisms l i k e l y to p l a y a key role i n 
this transi t ion per i od . 

Superoxide Dismutases ( 24, 29—34 ) 

O x y g e n i n the atmosphere is a by -produc t of the evo lut ion of oxygen-
evo lv ing photosynthesis first deve loped b y the b lue-green algae. A l t h o u g h 
i t is a prerequis i te for the development of l i f e as w e k n o w i t , oxygen 
itself is i n fact qui te toxic, a n d organisms have h a d to develop specific 
protec t ion mechanisms against h i g h concentrations of the gas. A key 
enzyme i n v o l v e d i n this protect ion mechan ism seems to be the f a i r l y 
recently recognized superoxide dismutase ( S O D ) , w h i c h contains i r o n or 
manganese or copper -f- z inc i n its active centers. E v e n though near ly a l l 
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242 B I O I N O R G A N I C C H E M I S T R Y II 

the oxygen i n the earth's atmosphere is der ived f rom oxygen-evolv ing 
photosynthesis ( f rom the sp l i t t ing of w a t e r ) , there was undoubted ly oxy
gen present i n smal l quantit ies d u r i n g the early evo lut ion of l i fe as a 
result of the u v - i n d u c e d photolysis of water (the so-cal led U r e y effect) 
( 35, 36, 37 ). T h u s it is qui te probable that even obl igate anaerobic bac 
ter ia ( nonphotosynthet ic a n d photosynthet ic ) h a d to acquire some w a y of 
protect ing themselves against the toxic effects of oxygen at a very early 
stage, before the development of oxygen-evolv ing photosynthesis. S O D 
was or ig ina l ly thought to occur only i n aerobic organisms, but recent d is 
coveries have shown that this enzyme also is present i n obligate anaerobic 
bacter ia , e.g., Clostridium, Desulfovibrio, Chlorobium, Chromatium, etc. 
(38, 39, 40, 41, 42). T h i s provides us w i t h an interest ing enzyme to study 
the evo lut ion of oxygen protect ion a n d product i on , bo th of w h i c h are 
key phenomena i n the development of l i fe . 

T h e interact ion of oxygen w i t h free radicals produces superoxide 
( 0 2 " ) . F i g u r e 8 shows the reactions of oxygen w i t h electrons a n d the 
enzymes i n v o l v e d i n b r e a k i n g d o w n superoxide to peroxide ( 0 2

2 ~ ) a n d 
subsequent react ion to h y d r o x y l radicals ( O H * ) . T h e toxicities of per 
oxide a n d superoxide are considered to be h i g h , w i t h superoxide m u c h 
more so than peroxide. H o w e v e r , h y d r o x y l radicals are thought to be 
even more toxic. Protec t ion b y S O D against the toxic 0 2 " radicals have 
been s tudied i n some deta i l (30, 31, 32, 43, 44). F o r example , i n rats 
l i v i n g at different oxygen tensions, the amount of superoxide dismutase 
i n the cytop lasm is considered to be propor t i ona l to the oxygen content 
of the atmosphere i n w h i c h they l ive . I n the case of b lue-green algae 
(Anacystis) g r o w n at different oxygen concentrations, the l eve l of S O D 
is aga in propor t i ona l to the oxygen concentrat ion. T h e S O D i n m i t o 
c h o n d r i a is thought to protect the N A D H dehydrogenase, w h i c h is asso
c ia ted w i t h complex I , f r o m the 0 2 ~ p r o d u c e d b y the flavoproteins i n 

0 2 

i e" SOD 
0 2 - ( H 0 2 ) 2 0 2 - è - 0 2

2 - ( H 2 0 2 ) + 0 2 

ι 2 H + 

I E / C A T 
0 2

2 - ( H 2 0 2 ) 2 H 2 0 2 > 2 H 2 0 + 0 2 

i e~ 
Ο" ( O H ) 0 2 " + H 2 0 2 > O H * + H 2 0 + 0 2 

i e" 
0 2 " ( H 2 0 ) 

Figure 8. Oxygen, superoxide, and catalase reactions. SOD, superoxide dis
mutase; CAT, catalase (24, 33) 
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13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 2 4 3 

Table III. Properties of Superoxide Dismutases" 

Metal Ion Subunit 
Content Molecular Struc

Enzyme Type (g-atom mol'1) Weight ture 

C u - Z n 
Many eukaryotes including 

mammalian tissues, yeast, 2 Cu 2 Zn 3 2 , 0 0 0 Oi'2 
Neurospora and green plants 

Photobacterium leiognathi 1 C u 2 Zn 3 3 , 1 0 0 a/3 
M n 

Escherichia coli 1.4 3 9 , 5 0 0 Οίο 
Streptococcus mutans 1.2 4 0 , 2 5 0 a •> 
Rhodopseudomonas sphéroïdes 1.1 3 7 , 4 0 0 (X'2 
Bacillus stearothermophilus — 4 0 , 0 0 0 a-2 
Thermits aquaticus 2 8 0 , 0 0 0 «4 
Chicken liver mitochondria 2.1 8 0 , 0 0 0 «4 
Yeast mitochondria 4 9 6 , 0 0 0 a 4 

Pleurotus olearius (fungus) 
9 6 , 0 0 0 

SODc 2.1 7 6 , 0 0 0 «2 βΐ 
SODm 2 7 8 , 0 0 0 «4 

Fe 
7 8 , 0 0 0 

Escherichia coli 1.0 3 8 , 7 0 0 ao 
Photobacterium leiognathi 1.6 4 0 , 6 0 0 Ot2 
Plectonema boryanum 0.9 3 6 , 5 0 0 ao 
Spirulina platensis 1.0 3 7 , 4 0 0 «2 

a F o r original references see Refs . 24, 30, 31, 32. 

that complex ( 45 ) . N o doubt more reactions w i l l be f o u n d w h i c h requ i re 
oxygen protect ion. 

T h e enzymes S O D a n d catalase must have been present to take care 
of the oxygen radicals p r o d u c e d f rom an early stage i n the deve lopment 
of l i fe . I t is interest ing that catalase, a heme enzyme, does not seem to 
occur i n the obl igate anaerobic fermenters l ike Clostridia, but S O D does 
occur i n these organisms, m u c h to the surprise of m a n y biologists ( 4 2 ) . 
T h e p r i m a r y electron acceptor (s ) i n bo th bac ter ia l a n d p lant - type photo 
synthesis seem to be able to interact w i t h oxygen to produce superoxide, 
thus again r e q u i r i n g the presence of S O D for protect ion against i n a c t i -
vat i on (46, 47, 48, 49, 50 ) . 

There are at least three different types of S O D w h i c h w e can d i s 
t inguish ( T a b l e I I I ). T h e i r o n - a n d manganese-containing S O D s are b o t h 
cyanide- insensit ive and , u n t i l recently , were thought to occur only i n 
prokaryot i c organisms. T h e copper + z inc - conta in ing S O D is cyan ide -
sensitive a n d again u n t i l recently was only thought to occur i n eukaryotes. 
T h i s hypothesis was very neat but unfortunate ly does not seem to be qu i te 
correct. It has been discovered recently that algae of the eukaryot ic type 
(reds, browns , a n d greens) contain the i r o n or manganese type of S O D 
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244 BIOINORGANIC CHEMISTRY II 

Table IV. Occurrence of SOD in Some Representative Organisms 0 

Clostridium 
Chlorobium 
Chromatium 
Rhodopseudomonas 

Desulfovibrio 
Paracoccus 
Photobacterium 
Spirulina 
Scenedesmus 
C odium 

Saccharomyces 
Neurospora 
Pleurotus 
Spinacia 
Bos 

fermentative bacterium (anaerobe) 
green photosynthetic bacterium (anaerobe) 
red (sulfur) photosynthetic bacterium (anaerobe) 
red (non-sulfur) photosynthetic bacterium 

(facultative anaerobe) 
sulfate reducer (anaerobe) 
facultative nitrate reducer 
luminescent bacterium (aerobe) 
blue-green alga 
green alga (unicellular) 
green alga (siphonaceous)—cytoplasm and chloro

plast 
yeast—cytoplasm and mitochondria 
fungus—cytoplasm and mitochondria 
fungus 
spinach—cytoplasm and chloroplast 
ox—erythrocytes, cytoplasm, mitochondria, and rod 

outer segments 
aRefs. 24, 30-32,38, 41. 

p H 3 

pH 6 

(a) (b) (c) (d) 

Figure 9. Folyacrylamide disc gel 
electrophoresis of soluble SOD from 
(A) Spinacia (spinach) (a, b), Spirulina 
(blue-green alga) (c9d), and from (B) 
rod outer segments from retina of cat

tle (a,h9d) and frogs (c,e) (39, 64) b c 
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13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 245 

(41, 48) a n d that f u n g i ( 5 2 ) , protozoa, yeast, a n d ch i cken l iver ( w h i c h 
are eukaryot i c ) contain a cyanide- insensit ive , manganese-containing S O D 
(30, 31, 32). F i n a l l y a copper + z i n c S O D has been f o u n d i n a b a c t e r i u m 
( 5 3 ) . T h u s the hypothes ized d is t inct ion between eukaryotes a n d p r o -
karyotes does not seem to be universa l . F r o m our po int of v i e w this is i n 
fact very fortunate since w e n o w have two dist inct types of enzymes 
( S O D a n d i r o n - s u l f u r prote ins) w h i c h span the p r o k a r y o t e / e u k a r y o t e 
transi t ion a n d also the anaerob i c / aerob i c transit ion. T a b l e I V shows the 
occurrence of S O D i n some representative organisms f r o m anaerobic 
bacter ia to aerobic h igher organisms. 

F i g u r e 9 shows the occurrence of S O D i n a h igher p lant ( s p i n a c h ) , 
a b lue-green a lga (Spirulina), a n d the r o d outer segments f r o m the f rog 
a n d the cattle ret ina . T h i s is just an example of a m e t h o d for detect ing 
S O D i n the soluble components of various organisms. T h e assay o n the 
gels is re lat ive ly easy since the stain is for the b lue f o rmazan w h i c h is 
prec ip i ta ted f r om n i t ro -b lue te t razo l ium dye. T h i s is the s tandard assay 
a n d has been very useful i n detect ing S O D i n a l l k inds of organisms (30, 
31,32). A n o t h e r technique for character i z ing a n d detect ing S O D is b y 
use of the ir E P R characteristics . F i g u r e 10 shows the pur i f i ed i ron - con 
t a i n i n g S O D f r o m the alga Spirulina h a v i n g a n interest ing spec trum i n 
the g = 5 a n d g = 9 regions, w h i c h is as yet unexp la ined . T h e m a n 
ganese-containing S O D a n d the copper + z inc - conta in ing S O D also have 
characterist ic E P R spectra w h i c h can be used as diagnost ic cr i ter ia i n 
re la t ive ly i m p u r e preparations. 

Figure 10. EPR spectrum of Spiruhna platensis Fe-containing SOD at 8.5°Κ 
(62) 
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2 4 6 BIOINORGANIC C H E M I S T R Y II 

M i t o c h o n d r i a f r o m animals conta in t w o different S O D s of the 
cyanide- insensit ive i r o n a n d manganese types. T h e manganese S O D has 
an amino a c i d sequence (54) very s imi lar to that f r o m bacter ia (see 
F i g u r e 11) . W e have recently s tudied the mi to chondr ia f rom Neurospora 
a n d f r o m higher plants ( 55 ) . I n bo th cases w e have detected the cyanide -
insensit ive S O D i n the matr ix , p r o b a b l y conta in ing i r o n , a n d the cyan ide -
sensitive S O D i n the inter -membrane space, w h i c h is p robab ly a copper 
+ z i n c S O D . T h u s S O D is d i s t r ibuted u n i f o r m l y i n animals , plants , a n d 
fung i . T h i s provides interest ing support for the theory of the symbio t i c 
o r i g i n of mi to chondr ia f rom bacter ia (23, 36, 56, cf. 5 7 ) . 

O u r recent survey of S O D i n photosynthet ic bacter ia a n d various 
algae shows that cyanide- insensit ive S O D occurs i n a l l photosynthet ic 
organisms f r om the r e d a n d green photosynthet ic bacter ia u p to the 
green algae (39, 40, 41). T h e ab i l i ty to isolate intact chloroplasts f r o m 
the coenocytic green alga Codium a l l o w e d us to show the loca l i zat ion of 
a cyanide- insensit ive S O D i n the chloroplast itself. T h e higher p l a n t 
chloroplasts do not conta in the same type of S O D as has so far been 
f o u n d i n the eukaryot ic green a n d r e d algae (39, 40, 41 , 47, 4 8 ) . T h i s 
interest ing transit ion is n o w be ing invest igated to study the evo lu t i on 
f r o m algae to higher p lant chloroplasts. It should be possible to find an 
alga or lower p lant w h i c h has bo th the cyanide- insensit ive a n d cyan ide -
sensitive types of S O D . O u r p r e l i m i n a r y data ind icate that such algae 
do i n fact exist ( 5 8 ) . T h i s b i o chemica l data w i l l be useful i n comple 
m e n t i n g the structure a n d other characteristics used for p r o p o u n d i n g 
theories of evo lut ion f rom algae to plants . 

H i g h e r p lant chloroplasts contain a cyanide- insensit ive , membrane -
b o u n d S O D w h i c h m a y also occur i n b lue-green algae (39-41, 47, 48, 
59). T h i s is rather a compl i ca ted system, but w e th ink that the m e m -

B. stearothermophilus M n P r o - P h e - G l u -
E. coli M n Ser - T y r - T h r 
E. coli Fe Ser 
Chicken liver mitochondria M n L y s - H i s - T h r 
Bovine erythrocyte C u / Z n A c - A l a - T h r - L y s -

— 

Β. stearothermophilus M n P r o - H i s - I l e -
E. coli M n Phe 
E. coli Fe 
Chicken liver mitochondria M n 
Bovine erythrocyte C u / Z n G l y - T h r - I l e -

Figure 11. Comparison of the Ν-terminal region of superoxide dismutase 
and one mitochondrial dismutase. Residues identical to those in the B . 

region of the bovine 
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13. H A L L Iron-Sulfur Proteins and Superoxide Dismutases 247 

b r a n e - b o u n d S O D m a y be a manganese-containing enzyme w h i c h , d u r i n g 
evo lut ion , w o u l d have been s imultaneously i n v o l v e d i n the deve lopment 
of the water - sp l i t t ing react ion ( g i v i n g oxygen evo lut ion ) a n d the protec 
t i on of the membrane against oxygen toxic i ty . T h i s poss ib i l i ty is n o w 
b e i n g invest igated. A s a d a (48) has s o l u b i l i z e d this m e m b r a n e - b o u n d 
S O D f rom chloroplasts of r e d k i d n e y bean. W e have not yet been able to 
separate the S O D f r o m membranes i n our studies of the corre lat ion 
be tween oxygen evo lut ion a n d S O D act iv i ty . 

T h e reason w h y less deve loped photosynthet ic organisms a n d also 
the Clostridial-type bacter ia p r o b a b l y used i r o n or manganese i n the 
act ive center of S O D , instead of copper as h igher organisms do, p r o b a b l y 
results f rom the fact that under anaerobic condit ions copper is h i g h l y 
inso luble a n d w o u l d not have been avai lable to f o rm such enzymes (60, 
6 1 ) . W i t h the development of oxygen i n the atmosphere, w h i c h then 
became more ox id i z ing , copper probab ly became more soluble a n d w o u l d 
thus be avai lable for complex ing into various types of prote in . C o p p e r 
proteins are w i d e s p r e a d i n aerobic organisms a n d p r o b a b l y funct ion just 
as efficiently i n S O D as the cyanide- insensit ive i r on a n d manganese-con
t a i n i n g S O D , w h i c h , to a large extent, they seem to have rep laced i n 
h igher aerobic organisms ( 2 4 ) . 

T h e occurrence of S O D i n photosynthet ic a n d nonphotosynthet ic 
a n d anaerobic a n d aerobic organisms can again prov ide a useful c r i ter ion 
for evo lut ion studies. F i g u r e 12 shows a n u m b e r of hypotheses w h i c h 
can be postulated for such an evo lut ion (24, 2 7 ) . T h e second scheme 
has been favored ( 2 4 ) . A s w i t h the i r o n - s u l f u r proteins, there seems to 
be an important trans i t ion between the anaerobic a n d the aerobic phase 
of l i f e ; i t is possible that the r e d non-sul fur bacter ia prov ide key t rans i 
t ion- type organisms, p r o b a b l y i n para l l e l , w i t h the sulfate a n d nitrate 

5 10 15 
- L e u - P r o - A l a - L e u - P r o - T y r - P r o - T y r - A s p - A l a - L e u - G l u 

Ser Ala 
A l a - L y s Ala 

Asp Asp Gly 
- A l a - V a l - C y s - V a l - L e u - L y s - G l y - A s p - G l y - P r o - V a l - G i n 

20 25 
- A s p - L y s - G l u - T h r - M e t - A s n - I l e - H i s - H i s - T h r - L y s 

Gin G l u - L e u ? ? 
S e r - A l a ? He - G l u - T y r T y r - G l y 
S e r - A l a He G i n - L e u ? ? 

- H i s - P h e - G l u - A l a - L y s - G l y - A s p - T h r - V a l - V a l - V a l 

from Β. stearothermophilus with the Ν-terminal regions of two other bacterial 
stearothermophilus sequence have not been included. The corresponding 
erythrocyte enzyme is also shown (54). ΑΓΠδΓίΟΟΠ C n G R l i C f i l 

Socioty Library 
1155 15th St. N. W. 

Washinqton. D. C. 20036 
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248 BIOINORGANIC C H E M I S T R Y H 

reducers. T h e s irni lar i ty be tween the type of metabo l i sm i n r e d n o n -
sul fur bac ter ia a n d that of m i t o c h o n d r i a is qu i te s t r ik ing , as w e noted 
prev ious ly , a n d certa inly the proposa l here w o u l d t end to back u p p r e v i 
ous work . T h e sequence of S O D f r o m Rhodopseudomonas a n d f r o m 
m i t o c h o n d r i a is very s imi lar , as i t is for other types of aerobic bac ter ia 
(24,62). 

BG PNS AER 
{ao„) {sou (soo0) 

BG 
(soo0) 

PNS 
m 

-π 

Φ 

AER 

•π 
Φ 

•R 
•SOD, 

BG « b i u t - g r t t n a l g o t 

PNS«fwpknon-iulphur bacttrio 

AERsothcr atrobic bacttrio 

I. Π sphotosysttmI.il 

R «atrobic rtspiration 

N-nitratt rtspiration 

Figure 12. Possible evolutionary interrelationships of aerobic prokaryotes 
evolving from photosynthetic bocateria (24). 

SOD(a,b,c) == superoxide dismutases of these different types. The first scheme is 
favored (27) on the principle of "minimizing the amount of evolution inferred to 
have taken place." Nevertheless the second scheme seems probable, giving rise to two 

groups of SOD with somewhat different sequence homologies. 

T h u s b o t h i r o n - s u l f u r proteins a n d S O D w i l l cont inue to p r o v i d e 
us w i t h t w o m e t a l proteins w h i c h span the anaerob i c / aerob i c a n d the 
p r o k a r y o t e / e u k a r y o t e transitions i n the development of plants a n d a n i 
mals f r o m bacter ia a n d algae. 

Summary 

I r o n - s u l f u r proteins conta in non-heme i r o n a n d inorganic ( a c i d -
l a b i l e ) sul fur i n their act ive centers as 4 F e - 4 S or 2 F e - 2 S or, i n the case 
of rubredox in , as one i r on alone. T h e i r o n is a lways b o n d e d to cysteine 
sulfur . T h e y catalyze redox reactions be tween + 3 5 0 a n d — 6 0 0 m V ( h y 
drogen electrode = —420 m V ) . T h e y are usua l ly of l o w molecu lar w e i g h t 
(6000-15,000 D a l t o n s ) b u t can f o r m complex enzymes w i t h m o l y b d e n u m 
a n d flavin. T h e y occur as soluble or m e m b r a n e - b o u n d proteins a n d 
catalyze key reactions i n photosynthesis, ox idat ive phosphory la t ion , n i t r o 
gen fixation, H 2 metabo l i sm, stero id hydroxy la t i on , carbon a n d sul fur 
metabo l i sm, etc. T h e y occur i n a l l organisms so far invest igated a n d m a y 
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13. HALL Iron-Sulfur Proteins and Superoxide Dismutases 249 

have been among the first proteins sequenced which occur in all orga
nisms. Synthetic analogs of iron-sulfur proteins have provided evidence 
for the structure of the active centers and may also have practical sig
nificance as catalysts. Superoxide dismutases are enzymes which contain 
iron, manganese, or copper + zinc in their active centers. They are 
involved in the dismutation of the superoxide anion (0 2 ') which is 
thought to be very toxic and which is produced by free radical inter
action with oxygen. Surprisingly they seem to occur in all organisms, 
even those living in the absence of oxygen. The iron and manganese 
enzymes were thought to be associated only with prokaryotes and the 
copper/zinc enzyme with eukaryotes; this division, however, is being 
revised. They are usually soluble, but the manganese enzyme may pos
sibly be membrane-bound and be involved in photosynthetic oxygen 
evolution from water. 
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14 
Physical and Chemical Studies of Bovine 

Erythrocyte Superoxide Dismutase 

STEPHEN J. LIPPARD, ALLAN R. BURGER, and KAMIL UGURBIL 
Department of Chemistry, Columbia University, New York, Ν. Y. 10027 

JOAN S. VALENTINE and MICHAEL W. PANTOLIANO 
Department of Chemistry, Douglass College, Rutgers, The State University, 
New Brunswick, N.J. 08903 

The structure and enzyme kinetics of bovine erythrocyte 
superoxide dismutase are reviewed. The protein has a novel 
imidazofote-bridged copper(II)-zinc(II) catalytic center in 
each of two identical subunits. Since a Cu l l/Cu l redox 
couple is responsible for the dismutase activity of the en
zyme, the role of zinc is of interest. Both 220-MHz NMR 
measurements of the exchangeable histidine protons and 
chemical modifications using diethylpyrocarbonate demon
strate that zinc alone can fold the protein chain in the 
region of the active site into a conformation resembling 
that of the native enzyme. Other possible roles for zinc 
are discussed. Synthetic, magnetic, and structural studies 
of soluble, imidazolate-bridged copper complexes of rele
vance to the 4 Cu(II) form of the enzyme have been made. 

T 
^here is great interest in the biochemistry and relevant coordination 

chemistry of copper-containing proteins (1,2, 3, 4,5). They are widely 
distributed in both plants and animals and are often involved in oxygen 
metabolism, transport, and use. One of the most actively studied copper 
proteins is bovine erythrocyte superoxide dismutase (SOD) (6,7,8). 
This enzyme catalyzes the dismutation of superoxide ion, Reaction 1. 

202" + 2H+ -» 0 2 + H 2 0 2 (1) 

By thus scavenging 02", SOD is proposed to protect respiring cells against 
the deleterious reactivities of this ion (9, 10). Because of its known 
anti-inflammatory properties, the enzyme is commercially available as 

251 
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252 BIOINORGANIC C H E M I S T R Y H 

Table I. Properties of Bovine Erythrocyte Superoxide Dismutase 0 

M o l c u l a r weight 
A m i n o a c i d s / s u b u n i t 
M e t a l s / s u b u n i t 
A b s o r p t i o n spectrum 

E P R spectrum (77 °K) 

Redox potent ia l 
( p H dependent) 

31,400 
151 
1 C u , 1 Z n 
A m a x (nm) 
258 
270, 282, 289 
680 

Cm 2.080 

E°' = 0.42 V 

two ident i ca l subunits 
isoelectric po int ( p i )—4 .95 
co lor—blue-green 
tmaAM-1 cm" 1 ) 
10,300 
shoulders 
300 
9 n 2.265 
A „ 0.015 c m - 1 

β Data taken from Refs. 12,13,14,15,16. 

Table II. Amino Acid Sequence of Bovine Erythrocyte 
Superoxide Dismutase 0 (13) 

1 10 
A c - A l a - T h r - L y s - A l a - V a l - C m c - V a l - L e u - L y s - G l y - A s p - G l y - P r o -

\ ' / 20 
V a l - G i n 

V a l • - V a l 

40 
A s p 

7777 

G i n -•Gly 

Ser • - L y s 

V a l • 
80 

•Gly 

V a l • - A l a 

Ser - G l y 

θ - G l u 

G l u · •Ser 

30 

- G l y - P h e ^ ) - V a l -(ffis) - G i n - P h e - G l y - A s p - A s n - T h r -

60 ^ 
G i n - G l y - C m c - T h r -Ser - A l a - G l y - P r o [ H i s ] - P h e - A s n - P r o - L e u -

H i s H i s 

A s p 

70 
- G l y - G l y - P r o - L y s - A s p - G l u - G l u - A r g 

90 
•Leu - G l y - A s n - V a l - T h r - A l a - A s p - L y s - A s n - G l y -

100 
V a l - A l a - H e - V a l - A s p - H e - V a l - A s p - P r o - L e u - l i e -Ser - L e u -

100 
Ser - G l y - G l u - T y r -Ser - I l e - H e - G l y - A r g - T h r - M e t - V a l - V a l -

120 130 

140 
G l u -Ser - T h r - L y s - T h r - G l y - A s n - A l a - G l y -Ser - A r g - L e u - A l a -

150 
C m c - G l y - V a l - H e - G l y - H e - A l a - L y s 
" Cmc denotes S-carboxymethylcysteine. Histidyl groups encircled are bound to 

copper, those in boxes bind to zinc, the shaded one is buried, and His 19 is accessible 
to solvent. 
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14. LIPPARD E T A L . Bovine Erythrocyte Superoxide Dismutase 253 

the d r u g , orgotein, used for the treatment of or thopedic disorders i n 
horses a n d dogs. It is current ly b e i n g invest igated for possible h u m a n 
use u n d e r the trade name Ontose in ( 1 1 ) . 

P r o b a b l y more is k n o w n about bov ine erythrocyte S O D t h a n about 
any copper prote in ( T a b l e I ) , a n d i t is the only one for w h i c h x-ray 
s tructura l in f o rmat i on is avai lable . T h i s chapter reviews the salient 
s tructura l a n d mechanist i c features of the enzyme, focus ing on the act ive 
site. There are a d d i t i o n a l reviews of the l i terature i n several excellent 
articles (6, 7,8,17). 

Active Site Structure 

T h e complete amino a c i d sequence ( T a b l e I I ) (13), subuni t 
structure (18), a n d x-ray crysta l structure at 3.0-Â reso lut ion (19, 20) 
are k n o w n for bov ine erythrocyte S O D . T h e enzyme consists of t w o 
i d e n t i c a l subunits of mo lecu lar we ight 15,700 daltons, each of w h i c h 
contains one copper a n d one z i n c atom. A sketch of the pept ide c h a i n 
i n the reg ion of the act ive site is shown schemat ica l ly i n F i g u r e 1 (19, 20, 
21 ). T h e copper coord inat ion geometry is d istorted square-planar , w i t h 
n i t rogen donor atoms contr ibuted f r om the imidazo l e side chains of f our 
h i s t id ine residues. T h e pept ide c h a i n H i s - V a l - H i s , w i t h H i s 44 a n d 
H i s 46 i n trans positions, complete ly blocks one side of the coord inat ion 
p lane f r o m l i g a n d attack. T h e opposite side is avai lab le to b i n d a fifth 
l i g a n d , a n d there is evidence for water a n d an ion coord inat ion at that 
site i n the nat ive enzyme (22 ) . T h e z inc i o n has a te trahedra l env i ron 
ment , w i t h four donor atoms of three h i s t id ine n i trogen atoms a n d the 
oxygen atom of A s p 81. B o t h copper a n d z i n c can be revers ib ly r e m o v e d 
b y dialysis against E D T A at l o w p H to f o r m the apoprote in (12, 14, 

A remarkab le feature of the act ive site structure i n bov ine S O D is 
the presumably deprotonated imidazo le r i n g of H i s 61 that br idges the 
t w o m e t a l ions: 

15, 23). 

3 + 

\ Ν Λ / 

T h e imidazo le r ings of H i s 44, H i s 46, a n d H i s 
n o r m a l to the copper coord inat ion plane, whereas 

118 are approx imate ly 
the imidazo la te moie ty 
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254 BIOINORGANIC C H E M I S T R Y U 

of H i s 61 is rotated approx imate ly p a r a l l e l to that p lane a n d m a y not be 
prec ise ly cop lanar w i t h i t ( 2 1 ) . A d d i t i o n a l x-ray data at h igher reso lu
t i o n shou ld prov ide further details about the act ive site structure. 

Figure 1. Active site of bovine superoxide 
dismutase showing the coordinated amino 
acids and partial tracing of the peptide chain 

(19, 20 ,21) 

Enzyme Kinetics and Mechanism: Role of Copper 

C o p p e r has a d irect role i n the catalyt ic mechanism. C o m p l e t e re 
m o v a l of b o t h copper a n d z i n c destroys the ac t iv i ty of the enzyme w h i c h 
c a n be restored b y a d d i t i o n of cupr i c i o n but not b y other metals ( 12 ) . 
Pu lse rad io ly t i c methods have been used to generate superoxide i o n a n d 
to f o l l ow the enzyme kinet ics (24, 25 ) . T h e react ion is second order 
w i t h a rate constant of 2.37 χ 10 9 M " 1 sec" 1 at 25° , independent of p H 
over the range 4.8-9.5. T h e f o l l o w i n g two-step mechan i sm has been 
proposed to account for the enzyme ac t i v i ty : 

E C u ( I I ) + 0 2 - - > E C u ( I ) + 0 2 (2) 

E C u ( I ) + 0 2 - + 2 H + E C u ( I I ) + H 2 0 2 (3) 

I n this mechanism, d iva lent copper is r educed b y superoxide i o n i n 
the first step a n d then reox id i zed i n the second step w i t h concomitant 
r educ t i on of superoxide i o n to hydrogen peroxide. Protonat ion of the 
0 2

2 ~ i o n generated i n R e a c t i o n 3 provides the t h e r m o d y n a m i c d r i v i n g 
force. A s s h o w n i n T a b l e I I I , meta l ions h a v i n g a reduc t i on potent ia l 
be tween - 0 . 3 6 V ( for the 0 2 / 0 2 " coup le ) a n d +0 .90 V ( for the 0 2 7 
H 2 0 2 couple ) are capable t h e r m o d y n a m i c a l l y of ca ta lyz ing the d i s m u t a -
t i o n of superoxide i on . B o t h free c u p r i c i o n a n d enzyme b o u n d copper 
f a l l i n this range, a n d discussions of the factors that affect the reduc t i on 
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14. LIPPARD E T A L . Bovine Erythrocyte Superoxide Dismutase 255 

Table III. Reduction Potentials of Copper and Superoxide Ions" 

Half Reaction Ε ° ' (V) Reference 

0 2 + e" «± 0 2 " - 0 . 3 6 26 
C u 2 + (aq) + e" *± C u + (aq) 0.17 27 
E C u ( I I ) b + e<=± E C u ( I ) 0.42 16 
0 2 " + 2 H + + e" H 2 0 2 0.90 26 

a A t pH7.0. 
b In bovine erythrocyte SOD.. 

potentials of copper complexes are avai lable ( I , 2 8 ) . H y d r o g e n peroxide 
p r o d u c e d i n Reac t i on 3 w o u l d be h a r m f u l to l i v i n g cells, b u t i t is scav
enged b y the enzyme catalase. Catalase a n d superoxide dismutase are 
thought to act i n concert to protect resp i r ing cells f r o m the toxic b y 
products of oxygen metabo l i sm (10 ) . 

Role of the Zinc 

Since only copper is i n v o k e d i n the enzyme mechanism, the role of 
the z i n c is of interest. O n e poss ib i l i ty is that i t has m a i n l y a s tructura l 
ro le ( 29 ) , o rgan iz ing the po lypept ide conformat ion i n the reg ion of the 
active site. T h i s poss ib i l i ty is supported b y thermal s tab i l i ty studies 
(30) a n d b y recent chemica l a n d N M R w o r k i n our laboratories (31). 
T h e reagent d ie thy lpyrocarbonate ( D E P ) reacts w i t h h is t id ine i n p r o 
teins to produce a strong uv absorbance at 2 4 2 n m ( F i g u r e 2 ) (32,33). 
I n the case of h is t id ine b o u n d to copper or z inc , i t is l i k e l y that the 
m e t a l - i m i d a z o l e l inkage w i l l prevent this react ion. F o l d i n g of the 
pept ide cha in c o u l d also i n h i b i t the react ion of D E P w i t h h is t id ine . 
S ince six of the eight h is t id ine residues per subuni t of S O D are at the 
act ive site ( T a b l e I I a n d F i g u r e 1 ) , the D E P reagent offers a w a y to 
probe the act ive site structure chemica l ly . A s shown i n F i g u r e 3, a l l e ight 
hist idines per subuni t are ethoxyformylated w h e n D E P is a l l o w e d to 
react w i t h the apo enzyme. I n the nat ive enzyme, on ly one h is t id ine 
res idue per subuni t can be modi f i ed , as reported prev ious ly (34). T h e 
modi f i cat ion most l i k e l y occurs at H i s 19, w h i c h the x-ray s tructura l s tudy 

(C2H50-?-)20 + H l ^ l C 2 H e O - î - ^ J l + C2H50-?-OH 

DEP His € ^ = 3200 M"1 

242 

C2H50H + C02 

Figure 2. Diethylpyrocarbonate (DEP) and its reaction with histidine 
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256 BIOINORGANIC C H E M I S T R Y II 

0 25 50 

[DEP] (mM) 

Figure 3. The ethoxyformylation of histidyl residues in bovine SOD as a 
function of initial DEP concentration, pH 5.9. The concentrations of apo 
and native proteins were 2.8 μΜ and 2.2 μΜ, respectively. Experimental 

details are given in Ref. 31. 

showed to be exposed to solvent ( 2 0 ) . A d d i t i o n of one or more e q u i v a 
lents per subuni t of d iva lent z i n c to the apoprote in reduces the n u m b e r 
of e thoxyformylated h is t id ine residues to one. T h i s result suggests that 
z i n c alone can restore m u c h of the nat ive structure of the pept ide c h a i n 
i n the active site reg ion , b l o c k i n g access to the D E P reagent. 

T h e major basis for this interpretat ion , however , derives f r o m 220-
M H z pro ton N M R studies of bov ine S O D i n H 2 0 ( 3 1 ) . A s s h o w n i n 
F i g u r e 4, w e l l reso lved resonances are observed be tween 7 a n d 11 p p m 
downf i e ld f r o m the solvent. T h e N M R spectrum of the nat ive enzyme 
consists of two b r o a d , featureless absorptions o w i n g to the presence of 
the paramagnet i c copper ( I I ) i on . B y contrast, the spec t rum of the 
r e d u c e d , c o p p e r ( I ) f o r m of the nat ive enzyme has several sharp, w e l l 
reso lved resonances i n this region. These are assigned to h is t id ine Ν—H 
( p y r r o l e ) protons o n the basis of b o t h the paramagnet i c i o n effect a n d 
the c h e m i c a l shifts. S ince H i s 19 is exposed to solvent, its exchange rate 
is p r o b a b l y too r a p i d to p e r m i t observat ion of its pyrro le h y d r o g e n b y 
N M R . T h i s conc lus ion is suppor ted b y the N M R spec trum of the ethoxy
f o rmy la ted nat ive , r educed enzyme, w h i c h is i d e n t i c a l to that of u n m o d i 
fied S O D . T h e p ro t o n N M R spec t rum of the apoprote in is b r o a d a n d 
re la t ive ly featureless ( F i g u r e 4 ) . I n the absence of m e t a l ions, the act ive 
site structure is apparent ly loosely organized , w h i c h w o u l d permi t r a p i d 
exchange of h i s t id ine protons a n d hence the b r o a d l ines. A d d i t i o n of 
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14. LIPPARD E T A L . Bovine Erythrocyte Superoxide Dismutase 257 

on ly one mo le of z i n c ( I I ) per subunit , however , results i n a series of 
n a r r o w lines somewhat s imi lar to that of the nat ive r e d u c e d enzyme, a n d 
further a d d i t i o n of copper to the so lut ion restores the N M R spec t rum of 
o x i d i z e d S O D . It therefore appears that z i n c alone can f o l d the p o l y 
pept ide c h a i n a r o u n d the act ive site into a conformat ion resembl ing that 
of the nat ive prote in . M o r e o v e r , the q u a l i t y of the spectra d i s p l a y e d i n 
F i g u r e 4 suggests that pro ton N M R w i l l be use fu l i n future studies 
des igned to probe the details of the enzyme mechanism. 

A n o t h e r role for the z i n c is suggested b y the k n o w n ab i l i t y of m e t a l 
ions to attenuate the p K a va lue of the pyrro le hydrogen of the i m i d a z o l e 
group ( 3 5 ) . T h e p K a of this hydrogen is 14.4 i n h is t id ine , 11.7 i n 
C u ( L - H i s ) 2 , a n d 10.8 i n [ ( e n ) P d ( L - H i s ) ] + . Subst i tut ion of the pyr ro l e 

Figure 4. 220-MHz proton magnetic resonance 
spectra of bovine SOD in water, pH 6 phosphate 
buffer. Experimental details are given in Ref. 31. 
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258 BIOINORGANIC CHEMISTRY II 

h y d r o g e n b y a meta l i o n (36) occurs near p H 9.6 i n solutions of neutra l 
N i ( I I ) , C u ( I I ) , a n d P d ( I I ) complexes of g ly cy l -L -h i s t id ine a n d at even 
l ower p H values for cat ionic [ C u 2 ( b p i m ) ( i m ) ] 2

4 + as discussed be low . 
T h u s i n the enzyme, the z inc -subst i tuted imidazo l e r i n g of H i s 61 m i g h t 
prefer to b i n d the [ ( H i s ) 3 C u ( I I ) ] moiety instead of to a proton b u t 
m i g h t b i n d a proton i n preference to [ ( H i s ) 3 C u ( I ) ] , w h i c h is the produc t 
of the reduct i on step, Reac t i on 2. T h i s poss ib i l i ty requires that the i m i d a -
zolate br idge be broken d u r i n g enzyme turnover , l ead ing to the m e c h a 
n i s m shown i n F i g u r e 5. T h e r e is not yet any direct evidence for this 
mechanism, but it has been suggested that the imidazo late b r idge i n the 
o x i d i z e d enzyme can be b roken at l o w p H (37,38). C h e m i c a l reduct i on of 

( His) 3Ci?— N^I-Zn(His)2(Asp) + 0 2 + H + 

I ^(His)3Cu x+ HN^—Zn(His) 2(Asp)+0 2 

, . - Ί 
(His)3Cu + 0 2 + HN^N—Zn(His)2(Asp) 

, u Λ 
1 ^(His)3Cu — N^N-Zn(His)2(Asp) + H0 2 

Figure 5. Possible bridge-splitting mechanism for bovine 
superoxide dismutase activity 

the enzyme is a c companied b y the uptake of one pro ton per subuni t ( 1 6 ) , 
a n d a br idge - sp l i t t ing react ion w o u l d be consistent w i t h the result. T h e 
m e c h a n i s m s h o w n i n F i g u r e 5 was recent ly postulated independent ly i n 
a report of the hydrogen perox ide inac t iva t i on of b o v i n e S O D (39 ) . O n e 
advantage i n c l eav ing the b r idge d u r i n g R e a c t i o n 2 is that R e a c t i o n 3 
can proceed b y an inner-sphere e lectron transfer mechanism, w i t h super
oxide i o n b i n d i n g to the empty site i n the copper coord inat ion sphere 
before transferr ing its electron. I f the br idge ( or some other) b o n d to 
copper is not b roken i n R e a c t i o n 2, superoxide i o n w o u l d p r e s u m a b l y 
be r e d u c e d b y an outer-sphere process i n R e a c t i o n 3, since c o p p e r ( I ) is 
u n l i k e l y to become pentacoordinate , even i n the t rans i t ion state. K i n e t i c 
studies of the ox idat ion of re lated cuprous compounds b y oxygen show 
the react ion to occur b y a n inner-sphere e lectron transfer mechan i sm (40). 
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14. LippARD E T A L . Bovine Erythrocyte Superoxide Dismutase 259 

Imidazolate-Bridged Copper (II) Complexes 

K i n e t i c studies have shown that free c u p r i c i o n i n aqueous so lut ion 
c a n catalyze the d i smutat ion of superoxide i o n at a rate i n excess of 
that of the enzyme (41). T h e rate can be substant ia l ly d i m i n i s h e d w h e n 
the copper is attached to che lat ing amino a c i d l igands (42, 43), however , 
suggesting that some feature (s ) of the enzyme act ive site preserves the 
inherent ab i l i t y of the cupr i c i o n to catalyze Reac t i on 1. A l t h o u g h f u l l 
treatment of this po int is b e y o n d the scope of this chapter , the presence 
of a b r i d g i n g imidazo la te l i g a n d ( I ) is one such feature that m i g h t be 
tested i n a m o d e l system. Recent synthetic a n d s t ructura l studies (44) 
of the imidazo la te -br idged d i c o p p e r ( I I ) species I I suggest that i t d i m e r -
izes revers ib ly i n the presence of im idazo l e ( i m H ) to f o r m I I I , R e a c t i o n 4. 

211 + 2 i m H 2
+ ±± I I I + 4 H + (4) 

[ C u 2 ( b p i m ) ( i m ) ] 2
4 + , I I I 
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260 BIOINORGANIC C H E M I S T R Y H 

X - r a y s tructura l studies of [ C u 2 ( b p i m ) ( i m ) ] 2 ( N 0 3 ) 4 · 4 H 2 0 establ ish 
the presence of imidazo la te br idges i n I I I , F i g u r e 6. Solutions of this 
c o m p o u n d revers ib ly take u p four protons be tween the e n d points at 
p H 9.75 a n d 4.25, consistent w i t h R e a c t i o n 4. M a g n e t i c suscept ib i l i ty 
studies show that the copper ( I I ) centers i n I I I are ant i ferromagnet ica l ly 

Figure 6. Structure of the [Cu2(bpim)(im)]2
4+ dimer 

as determined in an x-ray diffraction study. Primed 
and unprimed atoms are related by a crystalhgraphi
cally required twofold axis of symmetry. Further 

details are given in Ref. 44. 

c oup led , a result analogous to that f o u n d i n the 4 C u ( I I ) f o r m of bov ine 
S O D ( 4 5 ) . C o n t i n u e d studies of these a n d re lated soluble , imidazo la te 
b r i d g e d complexes shou ld h e l p to p r o v i d e ins ight in to the cata lyt i c 
m e c h a n i s m of the h is t id ine l i n k e d c o p p e r - z i n c center at the act ive site 
of bov ine S O D . 
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Characterization of the Copper(II) Site in 

Galactose Oxidase 

ROBERT D. B E R E M A N , MURRAY J. E T T I N G E R , 
D A N I E L J. K O S M A N , and ROBERT J. K U R L A N D 

The Bioinorganic Graduate Research Group, Departments of Chemistry and 
Biochemistry, State University of New York at Buffalo, Buffalo, NY 14214 

Spectral and model studies of the Cu(II)-containing metallo
protein galactose oxidase suggest that the enzymic metal 
coordination center is a square planar system involving two 
nitrogenous ligands. Model studies suggest that exogenous 
ligands coordinate in an equitorial position. Difference 
absorbance spectra with exogenous anions establish that 
only the 314-nm transition exhibited by the enzyme is of 
charge-transfer character. Difference absorbance, EPR, and 
fluoride relaxation are consistent with formation of a com
plex with the anion ferricyanide near the copper site. In the 
enzyme, a histidine imidazole and tryptophan indole con
tribute directly to catalysis. Spectral results imply that 
enzyme activity is associated with a relatively unique ge
ometry of the active site Cu(II) complex. 

/ ^ o p p e r is an essential element to most l i fe forms. I n humans i t is the 
^ t h i r d most abundant trace element; on ly i r o n a n d z i n c are present 
i n h igher quant i ty . U t i l i z a t i o n of copper usua l ly involves a pro te in act ive 
site w h i c h catalyzes a c r i t i ca l ox idat ion react ion, e.g., cytochrome oxidase, 
amine oxidases, superoxide dismutase, ferroxidases, d o p a m i n e s - h y d r o x 
ylase, a n d tyrosinase. A c c o r d i n g l y , animals exhib i t u n i q u e homeostat ic 
mechanisms for the absorpt ion , d i s t r ibut ion , u t i l i z a t i o n , a n d excret ion of 
copper ( 1 ) . Moreover , at least two potent ia l ly l e tha l i n h e r i t e d diseases 
of copper metabo l i sm are k n o w n : Wi l son ' s Disease a n d Menkes ' s K i n k y 
H a i r Syndrome ( 1 ) . 

C u ( I I ) sites i n proteins have been classif ied into three types based 
o n the ir spectral properties ( 2 ) . T y p e I C u ( I I ) sites are character ized 
b y very h i g h mo lar absorbt iv i ty values for the v i s ib le b a n d near 600 n m 

263 
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264 BIOINORGANIC CHEMISTRY II 

( 1 6 . 5 k K ) . A c c o r d i n g l y , proteins w h i c h conta in T y p e I sites are often 
re ferred to as b lue copper proteins since their solutions are b lue at 
t y p i c a l enzyme concentrations i n a research laboratory ( 1 0 " 5 - 1 0 " 4 M ). 
T h e 600-nm reg ion b a n d has been suggested to arise f rom η —» π* ( σ* ) 
charge transfer i n v o l v i n g a copper—cysteine b o n d . M e t a l replacement 
studies (3 , 4) a n d recent m o d e l studies (5 ) t end to substantiate this 
assignment. E l e c t r o n sp in resonance ( E S R ) parameters for these T y p e I 
sites are also different than for s imple copper complexes, par t i cu lar ly i n 
the unusua l ly l o w value for the sp in H a m i l t o n i a n parameter , A z z , w h i c h 
is t y p i c a l l y less than 100 G ( 2 ) . T h e C u ( I I ) atoms i n these sites are be
l i eved to be i n a t r igona l environment (4 or 5 coordinate) (6,7), a n d 
func t i ona l act iv i ty is associated w i t h a change i n ox idat ion state of the 
copper ( 8 ) . 

T y p e I I C u ( I I ) , or l ow-b lue copper, is less co lored at c o m m o n 
research concentrations. These systems have rece ived less attention than 
T y p e I copper. H o w e v e r , even l ow-b lue c u p r i c copper can possess h i g h 
mo lar absorbtivit ies w h e n compared w i t h s imple coord inat ion complexes 
of C u ( I I ) . T h e C u ( I I ) sites i n such proteins also y i e l d A z z values nor 
m a l l y greater than 140 G , i.e., more l ike that of l o w molecu lar we ight 
square p lanar C u ( I I ) complexes (2, 8 ) . T h e only avai lab le crysta l struc
ture of a copper prote in is that of a l o w b l u e prote in bov ine erythrocyte 
superoxide dismtuase ( 9 ) . T h e two copper atoms i n this pro te in are 
each coordinated to four h is t id ine nitrogens i n an approximate square 
p lanar array. 

F e w prototypes are avai lab le for T y p e I I I C u ( I I ) . These systems 
are E S R inact ive , i.e., a l though C u ( I I ) is present, no E S R spectrum can 
be obtained. Recent magnet i c suscept ib i l i ty results ind i cate that the 
T y p e I I I C u ( I I ) i n Rhus laccase is an ant i ferromagnet ic - coupled C u ( I I ) 
d i m e r (10). L i t t l e , however , is k n o w n about the copper l igands or the 
nature of the d imer i c interact ion . 

T h e entire meta l active site i n any meta l loprote in consists of the 
meta l chelate p lus a l l of the pro te in groups w h i c h contr ibute to its 
spectral a n d catalyt ic properties . A copper prote in has b o t h very spec ia l 
a n d specific cata lyt i c a n d spectral properties . T h e premise of our re 
search is that b o t h the catalyt ic a n d spectral properties must reflect the 
same u n i q u e characteristics of the l igands to the meta l , the geometry of 
the m e t a l complex, the properties of the active site pro te in groups, a n d 
the general prote in environment of the act ive site. O u r u l t imate objective 
is to e luc idate the pert inent interrelat ionships among these parameters. 
Var ia t i ons i n any or a l l of these factors m i g h t be the u n d e r l y i n g basis 
for the d i s t ingu ish ing spectral a n d c h e m i c a l properties of the two classes 
of paramagnet ic copper i n copper proteins. 
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15. B E R E M A N E T A L . Copper(II) Site in Galactose Oxidase 265 

Galactose Oxidase—Background 

O u r recent interest has centered on the funga l enzyme, galactose 
oxidase, w h i c h m a y be the only copper prote in w i t h a single non-b lue 
C u ( I I ) ( i n the non-b lue f a m i l y ) a n d w h i c h contains no other prosthetic 
groups. ( W e take the v i e w that E S R parameters establish the famil ies 
of the cupr i c sites. Operat iona l ly , one goal of the copper—protein re
search is to determine precisely w h a t is constant a n d w h a t varies a m o n g 
the various examples of each type of C u ( I I ) site.) W e can summar ize 
a f ew pert inent properties of this enzyme. Galactose oxidase was first 
iso lated b y C o o p e r i n 1959 ( I I ) . E a r l y avai lable l i terature about the 
enzyme was contr ibuted p r i m a r i l y b y H o r e c k e r a n d co-workers ( 1 2 ) . 
T h e enzyme is e laborated b y Dactylium dendroides a n d is an extracel lular 
prote in (13). Its molecu lar we ight has been recently establ ished i n these 
laboratories to be 68,000 ± 3,000 daltons (14). A n amino a c i d analysis 
has been reported (14). T h e prote in has an isoelectric po int a r o u n d 
p H = 12 (15 ) . T h e single C u ( I I ) atom can be read i ly removed b y 
d i e t h y l d i th iocarbamate coordinat ion or b y H 2 S . T h e apoenzyme is 
stable, a n d reconst i tut ion of the enzyme results i n total react ivat ion (12, 
16). A s the name impl ies , the enzyme catalyzes the ox idat ion of galac
tose b y molecu lar oxygen as ind i ca ted b e l o w : 

N e a r l y any p r i m a r y a l coho l serves as a substrate w i t h the exception of 
methano l a n d ethanol . F e r r i c y a n i d e (17, 18 ) , porphyrex ide ( 1 8 ) , a n d 
h e x a c h l o r o i r i d a t e ( I V ) (18) can replace oxygen as oxidant . H e x a c h l o r o -
i r i d a t e ( I V ) is consumed to the exclusion of oxygen i n aerobic mixtures . 
W h e n h e x a c h l o r o i r i d a t e ( I V ) a n d H 2 0 2 serve as oxidant a n d reductant 
respect ively , the n o r m a l react ion, vis-a-vis H 2 0 2 , is reversed, a n d oxygen 
is p r o d u c e d ( 1 8 ) . 

T h e first spectral s tudy of galactose oxidase was the report of the 
e lectron sp in resonance spectrum b y B l u m b e r g et a l . ( 1 9 ) . M o r e re 
cently , C l e v e l a n d et a l . (20) reported a further E S R study w h i c h was 
based on a computer fit to the spectrum. T h e y conc luded that four n i t ro 
gens were b o u n d to the C u ( I I ) atom. 

Ligands to Metal in Galactose Oxidase: ESR and Model Studies 

M o d e l systems m a y be very useful i n e luc idat ing the atoms l i g a n d e d 
to the copper. W e earlier proposed a pseudo-square p lanar N 2 0 2 Schiff 

C H 2 O H C H O 
H O 

+ H 2 0 2 
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266 BIOINORGANIC C H E M I S T R Y II 

base complex of copper as a m o d e l for the equ i tor ia l coord inat ion of 
C u ( I I ) i n galactose oxidase ( 2 1 ) . T h a t m o d e l complex mimics some of 
the spectral properties of the enzymic C u ( I I ) . I n support of that m o d e l , 
better-resolved E S R spectra of the enzyme have been obtained. F i g u r e 1 
shows the t ime-averaged E S R spectrum of galactose oxidase at 100 °K. 
A five-line superhyperf ine sp l i t t ing on the para l l e l l ines ( A z z component ) 
caused b y two nitrogens is c lear ly ind i cated . T h i s conclus ive ly d e m o n 
strates that at least two n i trogen atoms must be l i g a n d e d to the copper 
atom; the presence of four nitrogens (20) appears un l ike ly . (Recent 
spin-echo data are consistent w i t h coordinat ion of the C u ( I I ) b y t w o 
h is t id ine imidazo le ni trogen atoms. ( W o r k i n co l laborat ion w i t h J . 
Pe isach and W . M i m s ). ) 

H o w e v e r , the Schiff base complex lacks the stabi l i ty towards r e d u c 
t i on b y C N " that characterizes the C u ( I I ) i n galactose oxidase. W h i l e the 
enzyme b inds a single C N " even at large C N " excess (22 ) , the C u ( I I ) 
i n the m o d e l is r educed b y the l i gand . T o assess the u n d e r l y i n g struc
t u r a l components w h i c h stabi l ize the enzymic C u ( I I ) towards reduc t i on 
b y C N " , a five-coordinate m o d e l ( F i g u r e 2) h a v i n g square b i p y r a m i d a l 
symmetry was prepared ( 2 3 ) . ( T h e condit ions a n d system procedures 

Figure I . ESR spectrum of galactose oxidase at ~ 5 Χ Ι0~ 4Μ. Τ = 100°Κ, 
average of six scans. Obtained with Nicolet Lab-80 CAT on a Varian E-9 
spectrometer. Insert shows the second and third parallel lines and the five-

line superhyperfine splitting. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

15



15. B E R E M A N E T A L . Copper(II) Site in Galactose Oxidase 267 

Cu (TAAB) + S (CH2CH20Na)2 F i g u r e 2 . Cu[Nfi] model (see text) 

reported b y B u s c h et a l . ( 2 3 ) , for the N 4 S complex do not y i e l d the 
complex reported. M o r e l ike ly , the complex they obta ined was one i n 
w h i c h only one side of the b r i d g i n g - O - C - C - S - C - C - O - group is attached 
to the T A A B backbone a n d the other end is free, p r o b a b l y as the a lcohol . 
A deta i led synthetic procedure for the complex discussed here is i n 
preparat ion ( 2 4 ) ) . I n a qual i tat ive way , ni trogen a n d oxygen atom 
l igat ion yields i on ic bonds to C u ( I I I ) . T h u s an N 4 S system, w h i c h is 
synethetical ly more easily approached , w i l l p robab ly serve the same 
purpose as an N 2 0 2 S system. T h e ut i l i t y of the m o d e l lies i n its 
encompassing two possibly important s tructura l f eatures—axia l l i gat i on 
b y sul fur (14, 25) a n d a "cage" sh ie ld ing one axia l pos i t ion f r om exogen
ous l igands. T a b l e I summarizes the pert inent E S R a n d C N " data. I n 
fact, none of these macrocyc l i c C u ( I I ) complexes b i n d C N " at a l l as 
ev idenced b y both opt i ca l absorbance a n d E S R studies. T h u s , a l though 
they are stable to C N " , their stabi l i ty is caused b y a total lack of reac
t iv i ty towards C N " , qui te un l ike the enzyme. A l s o , as ind i ca ted i n T a b l e 
I , there is l i t t le ind i ca t i on of ax ia l l igat ion b y either - S - or - O - as e v i 
denced b y the E S R parameters. W e conc lude f rom these data that 
b i n d i n g of exogenous l igands requires access to an essentially equ i t o r ia l 
coord inat ion site a n d that the r i g i d macrocyc le is s imp ly too r i g i d to 
a l l ow this subst i tut ion. T h e apparent lack of ax ia l coord inat ion b y - S -
m a y be caused b y the thioethers somewhat weaker affinity for C u ( I I ) 
(cf. RS~) a n d does not rule out mercapt ide l igat ion i n the prote in (14, 
2 5 ) . H o w e v e r , bo th the magni tude of the sp in H a m i l t o n i a n parameters 
w h e n compared w i t h other systems (26) a n d the lack of a substantial 
l inear electric field effect ( L E F E ) on the g-values make i t u n l i k e l y that 
sul fur l i gat ion , i f present at a l l , is equi tor ia l . I n this l i m i t e d way , the 
N 4 S system is geometrical ly , i f not chemica l ly , appropr iate . 

Galactose Oxidase: Optical Transitions and Anion Binding 

G i v e n some not ion of the nature of the endogenous l igands , w e can 
next ask h o w exogenous l igands per turb the copper atom a n d w h a t this 
can te l l us about the electronic transitions exhib i ted b y the C u ( I I ) a tom 
i n galactose oxidase. 
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268 BIOINORGANIC C H E M I S T R Y II 

Table I. Stoichiometry of C N " Ligation to (and Redox Stability 

Ligand Type Symmetry 

N 4 S C 4 V (pseudo) 
N 4 0 C 4 V (pseudo) 
N 4 N C 4 V (pseudo) 
N 4 C 4 V (pseudo) 
N 4 0 C 3 v (pseudo?) 
N 2 0 2 rhombic p l a n a r ( C 2 V ) 
N 2 0 2 rhombic p l a n a r ( C 2 v ) 
N 4 N C 3 V (pseudo) 
N 2 0 2 (?) rhombic p l a n a r ( C 2 y ) 

Complex 

C u ( T A A B ) [S ( C H 2 C H 2 0 ) 2 ] b 

C u ( T A A B ) [ 0 ( C H 2 C H 2 0 ) 2 ] 
C u ( T A A B ) [ C H 3 N ( C H 2 C J 2 0 ) ] 2 

C u ( T A A B ) [ C H 2 ( C H 2 C H 2 0 ) 2 ] 
C u ( t r e n - 0 H ) B P h 4

c ' d 

C u ( F 3 A c ) 2 e n e 

C u ( A c ) 2 e n r 

C u ( t r e n - N H 2 P h ) B P h 4 ' 
Galactose oxidase 

a Values in Gauss. 
h See Figure 2 and Refs. 23 and 24 for explanation of terminology. 
c tren-NH2Ph-(2,2^2''-triaminotriethylamine-phenylamine)copper(II). 
d P h = - C 6 H 5 . 

A t least five e lectronic transitions can be detected b y absorbance, 
difference absorbance, a n d c i r cu lar d i chro i c ( C D ) spectra for galactose 
oxidase pr i o r to resolut ion b y computer analysis or magnet ic C D studies. 
These occur at energies w h i c h correspond to 314, 395, 500, 630, a n d 
about 7 7 5 n m ( T a b l e I I ) ( 2 7 ) . N o t e w o r t h y among these bands are the 
transit ions near 650, 450, a n d 800 n m since they are exh ib i ted b y a l l 
copper proteins ( 2 ) . I n any event, since only a m a x i m u m of four db-d 
transitions are permi t ted , at least one of the transitions exh ib i t ed b y 
galactose oxidase must be charge transfer i n nature . Moreover , a l though 
the pseudo-square p lanar system w h i c h is l i k e l y i n galactose oxidase 
w o u l d not be expected to exhibi t l ower energy transitions, C D a n d 
magnet i c C D spectra i n the near - in f rared reg ion shou ld be obta ined as 
have been recent ly reported i n T y p e I C u ( I I ) systems ( 2 8 ) . 

It is interest ing to consider the effect of exogenous l igands ( w h i c h 
have prev ious ly been shown to b i n d to the C u ( I I ) a tom inner sphere b y 
E S R studies (22) ) on the opt i ca l spectrum of galactose oxidase. ( W h i l e 

Table II. Electronic Transitions Exhibited by Galactose Oxidase" 

Circular Dichroism 

314 
445 
630 
775 

Absorbance 

X(nm) v(cm~1) e(M~1 cm'1) \(nm) 

31,800 
22,500 
15,900 
12,900 

1,370 
1,155 
1,015 

905 

314 
395 
500 
610 

v( cm'1) 

31,800 
25,300 
20,000 
16,400 

[Θ] 
[(dey cm2)/ 

dMol] 

+18 ,900 
+3 ,000 
+1 ,500 
- 8 , 2 0 0 

1 Data from Ref. 27. 
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15. B E R E M A N E T A L . Copper(II) Site in Galactose Oxidase 269 

of) Some 4 - and 5-Coordinate Copper ( II ) Complexes" (24) 

CN- Effects 

&zz g^ 

144 /2 .160 ' 
145 /2 .159 ' 
179 /2 .171 9 

144 /2 .160 ' 
163 h 

187.2/2.220" 
211/2.186* 
163/2.244* 
173/2.273 

1:1 Complex 

no 
no 
no 
no 
? 

no 
no 
? 

yes 

Excess 

stable 
stable 
stable 
stable 
reduces C u ( I I ) -
reduces C u ( I I ) -
reduces C u ( I I ) -
reduces C u ( I I ) -
stable 

C u ( I ) 
C u ( I ) 
C u ( I ) 
C u ( I ) 

e (F3Ac)2en == ^A^'-ethylenebisCtrifluoroacetylacetoniminato)copper(II). 
f (Ac)2en = N,iV'-ethylenebis(acetylacetoniminato)copper(II). 
0 Data in D M F solvent. 
Λ Data in C 2 H 5 O H solvent, 

i t was not ind i ca ted i n our prev ious ly reported an ion b i n d i n g studies that 
inner coord inat ion sphere b i n d i n g occurs, more recent superhyperf ine 
detect ion of exogenous l i g a n d b i n d i n g certa inly substantiates this fact. 
F u r t h e r changes i n the A z z component are qui te s imi lar to the fine studies 
of C o l e m a n et a l . (29, 30) on art i f i c ia l C u ( I I ) proteins where exogenous 
l igands gave superhyperf ine structure to the E S R spectrum.) A z i d e , for 
example , at approx imate ly 100:1 mo lar excess causes a very large b l u e 
shift of the 775-nm peak not s h o w n here a n d the 630- a n d 445-nm ab 
sorbance bands ( F i g u r e 3 ). Absorbance m a x i m a near 380 n m w i t h az ide 
have been at t r ibuted to charge transfer complexes i n other proteins ( 3 1 ) , 
but since the shift f r om 445 is the same as for the 630-nm b a n d i n energy 
terms, w e suggest that this 380-nm b a n d is re lated to the 450-nm b a n d . 
C y a n i d e also u n i f o r m l y b lue shifts the three l o w energy transit ions. M o s t 
impor tant ly , c o m m o n anion exogenous l igands affect m a i n l y the intensity 
of the 314-nm transi t ion , but not its energy. G e n e r a l l y , t ransi t ion i n t e n 
sity increases are two to three f o ld w i t h the b i n d i n g of such anions. T h e 
s imple fact that anions affect the energy of the lowest energy transitions 
s imi lar ly suggests that these are p r i m a r i l y d-d i n character w h i l e the 
314-nm transi t ion m a y be a trans i t ion w i t h u n i q u e charge transfer 
character . 

A l l anions w h i c h b i n d to the C u ( I I ) i n galactose oxidase l ower the 
g z z a n d A z z values ( 2 2 ) . T h i s is consistent w i t h ( bu t not r e q u i r e d for ) a 
b l u e shift i n the "d-d" transitions (32, 33, 3 4 ) . F e ( C N ) 6

3 " is the on ly 
an ion a m o n g the l i m i t e d ones w e have s tud ied w h i c h produces a r e d 
shift i n the opt i ca l bands ( F i g u r e 4 ) . A t 1:1, 5:1, or 100:1 mo lar ratios 
of F e ( C N ) 6

3 ~ to enzyme the same difference absorbance spectrum is 
obta ined , a n d it is consistent w i t h complex f ormat ion be tween galactose 
oxidase a n d the anion . N a m e l y , the posit ive difference peaks at 455, 830, 
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270 BIOINORGANIC CHEMISTRY II 

a n d near-650 n m indicate r e d shifts of the copper transit ions. S i m i l a r to 
the other anions s tudied , f err i cyanide also leads to re lat ive ly large i n 
creases i n absorbance. Analogous to the effects of az ide , for example , the 
intensi ty effects of f err i cyanide are more pronounced on the 445- a n d 
775-nm transitions than on the 630-nm b a n d . F u r t h e r evidence for a 
F e ( C N ) 6

3 ~ - p r o t e i n complex is the observation that r emova l of the an ion 
is very difficult, e.g., b y treatment w i t h an anion exchange resin. 

F e ( C N ) G
4 ' also apparent ly b inds to the pro te in ; the difference 

absorbance spectrum ( F i g u r e 4) indicates a s m a l l r e d shift. A g a i n , 
increas ing the molar ratio of ferrocyanide causes no further absorbance 
changes. T h e two anions a d d e d at i dent i ca l 5:1 mo lar ratios to enzyme 
cause a difference spectrum consistent w i t h a compet i t ive b i n d i n g to the 
pro te in ; the resultant difference absorbance is that expected for an e q u a l 
par t i t i on ing of the enzyme between the two anions ( F i g u r e 4 ) . 

S i m i l a r results are obta ined b y m o n i t o r i n g the C u ( I I ) - m e d i a t e d 
re laxat ion of a d d e d 1 9 F " or of b u l k water ( 3 5 , 3 6 ) . F o r example, 
F e ( C N ) 6

3 ~ decreases the re lax iv i ty of the C u ( I I ) towards water protons 
b y 6 0 % w h i l e F e ( C N ) 6

4 " has l i t t le effect. A d d i t i o n of e q u a l m o l a r 
amounts of these anions produces a 3 0 % reduct ion . Effects such as these 
occur at as l i t t le as 1:1 mo lar ratios ( 3 7 ) . 

These results c o u l d be a t t r ibuted to a change i n the redox state of 
the enzyme copper (17,38). H o w e v e r , E S R spectra at 1:1 a n d 6:1 m o l a r 

2.0 

1.5 

ο 
M 

1.0 

5 h 

Ί 1 1 1 Γ 

Figure 3. 
corded) (-

ι 1 1 1 1 1 1—^i 1 Γ 
/ \ / χ / \ 

360 400 4 4 0 4 8 0 560 600 640 

Copper absorbance spectrum of galactose oxidase (775 nm not re-
-) and the enzyme in the presence of sodium azide ( ). Spectra 

were recorded in 5-cm cells, 0.1 M sodium phosphate buffer, pH 7.0. 
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15. B E R E M A N E T A L . Copper(II) Site in Galactose Oxidase 271 

Figure 4. Visible absorbance spectrum of galactose 
oxidase ( ) and the difference absorbance spectra 
with 5:1 molar ratios of ferricyanide ( ), ferrocyanide 
(- · and the two together (- · -). The scale on the 
right is for both solutions containing Fe(CN)6

3~. Spectra 
were recorded in 4.5-cm double compartment cells; 

0.1 M sodium phosphate buffer, pH 7.0. 

ratios of F e ( C N ) 6
3 ~ - t o - e n z y m e indicate l i t t le change i n the spectral i n 

tensity ( F i g u r e 5 ) . T h u s , the effects seen i n absorbance a n d nuc lear s p i n 
re laxat ion at these ratios cannot obv ious ly be at t r ibuted to an ox idat ion 
of C u ( I I ) to C u ( I I I ) , for example (17,38). T h e fact that the difference 
absorbance does not change even u p to 100:1 molar rat io suggests that 
as far as the l i g a n d field energy of the e n z y m i c copper a n d the transit ion 
probabi l i t ies are concerned, the add i t i on of further F e ( C N ) 6

3 " is u n i m -
portant . T h i s is of interest since the C u ( I I ) E S R s ignal (as i n F i g u r e 5) 
disappears at these h i g h ratios. T h u s , the effects of f err i cyanide on the 
opt i ca l absorbance a n d sp in characteristics of the C u ( I I ) are apparent ly 
dist inct . W h e t h e r or not the differences are re lated to differences i n the 
observation temperature used, w h i l e a possible explanat ion ( 3 9 ) , remains 
an i n t r i g u i n g but unreso lved question. F u r t h e r in format ion on the effects 
of F e ( C N ) 6

3 ' m a y be p r o v i d e d b y x-ray spectroscopic experiments n o w 
i n progress. 

A t ime-dependent , apparent reduct i on of F e ( C N ) 6
3 " b y b o t h the 

ho lo - a n d apoenzymes is i n d i c a t e d b y difference absorbance measure-
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272 BIOINORGANIC C H E M I S T R Y II 

Figure 5. Electron spin resonance spectrum of 
galactose oxidase (A) and galactose oxidase and 
Fe(CN)6

3~ at a 1:1 (B) and 1:6 (C) molar ratio 
spectra were recorded at 100°K, with a power of 
20 mw (9.115 GHz) and a modulation amplitude of 

2G; [galactose oxidase] = 0.5 mM. 

merits, as i n F i g u r e 4. A t a 1:1 mo lar rat io of ferr icyanide- to -enzyme, the 
difference spectrum ( F i g u r e 4) s l owly (τι / 2 ^ 7 h r ) changes to y i e l d a 
single negative difference peak at 420 n m , the A m a x for F e ( C N ) 6

3 ~ . T h e 
so lut ion , too, loses its characterist ic y e l l o w color caused b y F e ( C N ) 6

3 ~ 
d u r i n g this per i od . T h e fact that this r educ t i on is independent of the 
presence of the C u ( I I ) i n the enzyme a n d that, w i t h the ho loenzyme, 
the on ly difference peak is that at tr ibutable to the reduct i on of F e ( C N ) 6

3 ~ 
(i.e., no copper difference peaks present) indicates that the prote in , a n d 
not the C u ( I I ) , is i n v o l v e d i n this redox react ion. T h i s pro te in produc t 
has not been character ized . 

Non-Ligand Active Site Groups 

O t h e r pro te in groups w h i c h contr ibute to the mo lecu lar dynamics of 
the entire copper act ive site must be complementary to inner - coord ina -
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15. B E R E M A N E T A L . Copper(II) Site in Galactose Oxidase 273 

t ion sphere l igands to the copper atom. O n e of the most dramat ic results 
w h i c h first suggested that a t ryptophan residue might be w i t h i n the 
active site locus was the n e a r - u v - C D spectrum of galactose oxidase i n 
the presence of d ihydroxyacetone ( w h i c h is an excellent substrate) or 
the a ldehyde product of the galactose react ion, each i n the absence of 
oxygen. B i n d i n g of a substrate or product has enormous effects on the 
t ryptophan opt i ca l act iv i ty i n the 285-300-nm region (40). F u r t h e r m o r e , 
incorporat ion of copper into the apoenzyme causes a 2 9 % reduct i on i n 
t ryptophan fluorescence (41). A h o l o e n z y m e - a p o e n z y m e difference ab 
sorbance spectrum also c lear ly shows per turbat ion of a typtophan e n v i 
ronment b y the copper atom ( 2 7 ) . W h i l e these results c o u l d reflect very 
ind irec t interactions, selective ox idat ion of the tryptophans i n galactose 
oxidase w i t h n -bromosucc in imide ( N B S ) revealed a c r i t i ca l structure-
funct ion role for at least one residue (41, 42). Galactose oxidase is inac 
t ivated as exactly two of its 18 tryptophans are ox id ized . Moreover , the 
inact ivat ion profile impl ies that just one of the most reactive residues i n 
the enzyme is p r o b a b l y associated w i t h the inact ivat ion (41). O n e m a n i 
festation of the specif ic ity of the react ion is the observation that t rypto 
p h a n opt i ca l ac t iv i ty associated w i t h only the 290-nm extremum is 
affected. T h e 295-nm peak is unaffected ( F i g u r e 6 ) . A n e w extremum 

80 

60 

θ W 

20 

0 

-20 

-40 

250 270 290 310 

Wavelength ,nm 
Figure 6. Near-uv CD spectrum of galactose oxidase in 0.1 M 
sodium phosphate buffer, pH 7.0 ( ) and the NBS-modified 
enzyme; 2 trp equivalents oxidized (- · ·). Spectra were recorded in 

a 1-cm cell. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

15



274 BIOINORGANIC C H E M I S T R Y II 

near 250 n m reflects op t i ca l ac t iv i ty of the oxindole product of the ox i 
dat i on react ion. F luorescence is also m a r k e d l y affected; the first two 
residues ox id i zed account for 4 8 % of the total fluorescence of the enzyme 
w h i c h further indicates that the most reactive t ryp tophan residues have 
u n i q u e properties (41). 

W h a t is most interest ing about this modi f i cat ion is w h a t i t suggests 
about the mo lecu lar interactions w i t h i n the copper active site. P r i o r 
experiments establ ished that w i t h the nat ive enzyme, galactose i n the 
absence of oxygen m a r k e d l y reduces its copper op t i ca l ac t iv i ty , b u t 
oxygen i n the absence of galactose has no significant effect (40). T h e 
fact that galactose also m a r k e d l y reduces copper op t i ca l act iv i ty i n the 
N B S - i n a c t i v a t e d enzyme suggests that the inact ivat ion involves an effect 
o n catalysis speci f ical ly rather than b i n d i n g . T h e same influence can be 
d r a w n f rom fluorescence data (41). W h a t is par t i cu lar ly interest ing 
here is that w h i l e b i n d i n g of c o m m o n exogenous l igands i n v a r i a b l y leads 
to a u n i f o r m reduct i on i n each of the opt i ca l ac t iv i ty transitions, the 
inac t ivat ion b y selective t ryp tophan ox idat ion is associated w i t h a de
crease at 314 n m , but an increase near 600 n m . 

W h i l e several alternate inferences are possible for the increase near 
600 n m , one poss ib i l i ty is that the change i n chemistry of the copper site 
as exempli f ied b y abo l i t i on of catalysis i n this case m a y reflect a conver
s ion of the n o r m a l pseudo-square p lanar geometry to an environment 
character ized b y a decrease i n axia l u n p a i r e d electron density (see T a b l e 
I I I ) . T h i s m i g h t be brought about b y b o n d i n g changes a n d / o r stereo
c h e m i c a l effects, b o t h of w h i c h can effect the ax ia l e lectron density. 

Interest ingly , the c u p r i c i o n i n this modi f i ed pro te in is r a p i d l y re
d u c e d b y cyanide . A t a 10:1 molar rat io , C N " effects complete reduct i on 

Table III. Spin Hamiltonian Parameters for Liganded and 
Non-Liganded Native and Modified Galactose Oxidase" 

Enzyme Form/Ligand 
(Ratio) Ass gzz A χ χ 

N a t i v e 6 176.5 2.273 28.8 2.048 30.1 2.058 
C N " (1:1) 155.8 2.226 41.6 2.035 45.2 2.048 
N 3 - ( 1 0 0 : 1 ) 166.8 2.262 27.2 2.049 27.9 2.040 

N B S o x i d i z e d 0 166.0 2.267 38.0 2.055 43.0 2.065 
C N " reduces C u ( I I ) 

Iodoacetamide 
a l k y l a t e d " 177.8 2.268 30.5 2.035 30.6 2.064 
C N ( 1 : 1 ) 160.1 2.234 38.8 2.041 43.0 2.051 

" S p e c t r a were obtained on a V a r i a n E-9 X - b a n d spectrometer at 110°K with a 
100-KH. m o d u l a t i o n ampl i tude of 2 Gauss and a microwave power of 30 mw at 9.5 
GHz with proton Gauss meter and frequency counter for spectral marking . 

b {22). 
c(42). 
d U 4 ) . 
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15. B E R E M A N E T A L . Copper(II) Site in Galactose Oxidase 275 

4 5 6 7 8 9 
pH 

Figure 7. Flot of the pH-dependent values 
for the oxidation rate of β-methyl-O-galacto-
pyranoside at 1.4 raM 02 by galactose oxidase 
(kcatapp) and the rate of inactivation of galac

tose oxidase by I m M iodoacetamide. 
The smooth curve for the former (O) is calculated 
using pKa values 6.3 and 7.1 with kcat —1350 
sec1. The curve for the latter process (Φ) corre
sponds to pKa values 6.3 and 7.6 with a pH-

independent rate of 2.2 min'1. 

( T a b l e I I I ) . A t o m i c absorpt ion analysis shows that the copper is s t i l l 
present i n the enzyme. These two facts c o u p l e d w i t h the 600-nm reg ion 
intensi ty increase might be interpreted to suggest that a stereochemical 
d istort ion accompanies t ryp tophan ox idat ion i n galactose oxidase. F o r 
example , a sadd l ing of the p lanar environment w o u l d be expected to 
l ower the reduct i on potent ia l of the C u ( I I ) - C u ( I ) couple . 

T h e active site role of one other pro te in moiety has been examined 
i n deta i l . I n the first reported w o r k w i t h galactose oxidase, p H - r a t e data 
were reported that i m p l i c a t e d an imidazo le group (11). T h e p H - d e p e n d -
ence of bo th the enzymic react ion as w e l l as enzyme inact ivat ion b y i odo 
acetamide reflects the essential i on izat i on of a conjugate ac id , p K a = 6.3 
( F i g u r e 7) (43). Inact ivat ion is caused b y the specific a lky la t i on of a 
s ingle h is t id ine at its N - 3 n i trogen (43). T h e a lka l ine p H - d e p e n d e n c e 
m a y reflect the i on izat ion of a copper -bound water molecu le ( v ide supra ) 
(36, 37, 43, 44). L i k e the N B S - m o d i f i e d prote in , the a lky la ted enzyme 
st i l l b inds sugar substrate, as ind i ca ted b y fluorescence experiments (43). 
T h u s , catalysis is again u n i q u e l y affected. Moreover , C N " also b inds nor 
m a l l y a n d does not reduce the C u ( I I ) (43). C o r r e l a t e d to this is the 
near ident i ty of the sp in H a m i l t o n i a n parameters of nat ive a n d a l k y l 
ated forms ( T a b l e I I I ) . F u r t h e r m o r e , the apoenzyme does not react 
w i t h iodoacetamide (43). Therefore , the affected i m i d a z o l e is most l i k e l y 
not a copper l i g a n d . T h e apoenzyme result does suggest, however , that 
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276 BIOINORGANIC C H E M I S T R Y II 

a c r i t i c a l re lat ionship be tween h is t id ine react iv i ty a n d the copper atom 
does exist. Moreover , the N B S - o x i d i z e d pro te in is not a lky la ted , w h i c h 
establishes a c r i t i ca l l i n k be tween the react ive t r y p t o p h a n a n d h is t id ine 
residues (43) w h i c h are p r o b a b l y bo th w i t h i n the active site locus. 

400 500 600 700 800 900 
Waveiength.nm 

Figure 8. Copper absorbance spectrum of galactose oxidase ( ) and 
difference absorbance spectrum with the alkylated enzyme as the reference 
and the unmodified enzyme as the sample ( ). Spectra were recorded in 

5-cm cells, O.I M sodium phosphate buffer, pH 7.0. 

Results w i t h galactose oxidase i l lustrate that i t is extremely danger
ous to re ly on any one spectral m e t h o d to evaluate a per turbat ion of a 
m e t a l system. E S R has been a sensitive probe for inner coord inat ion 
sphere l igands b u t apparent ly a re lat ive ly poor one of m e t a l chelate 
conformat ion i n galactose oxidase. T h e difference spectrum w h i c h is 
recorded w i t h the a l k y l a t e d enzyme as the reference a n d the nat ive 
enzyme as the sample is ind is t inguishable f r om the native enzyme's 
absorbance spectrum, i.e., a lky la t i on v i r t u a l l y abolishes copper absorb
ance ( F i g u r e 8 ) . B y C D , some s m a l l magnet i c a n d / o r electric transit ions 
are detected w i t h the a l k y l a t e d enzyme ( F i g u r e 9 ) . T h e lack of shifts 
i n energies of the copper absorbance transitions further argues against a 
change i n l igat ion . T h e decrease i n trans i t ion p r o b a b i l i t y can perhaps 
be best ra t i ona l i zed b y the copper chelate assuming a more centrosym-
metr i c geometry. I n any event, i n a d d i t i o n to its role as a specific base 
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τ 1 1 1 1 1 1 1 1 1 1 1 1 r 

- 8 -
—I I I ι I I 1 1— 

300 320 340 360 380 400 420 440 460 480 500 520 540 560 
Wav6iength,nm 

Figure 9. Copper CD spectrum of galactose oxidase ( ) and the alkyl
ated enzyme (· · -) which were recorded in 5-cm cells in 0.1 M sodium phos

phate buffer, pH 7.0 

catalyst, the affected h is t id ine also p r o b a b l y influences ac t iv i ty t h r o u g h 
a c r i t i ca l role i n m a i n t a i n i n g the copper chelate conformat ion (43). 

Galactose oxidase can i l lustrate h o w l igands , geometry, a n d act ive 
site groups together prov ide the basis for the structure- funct ion proper 
ties of a meta l active site. F i g u r e 10 summarizes m u t u a l interactions 

AQ t 
L ^ 

Histidine Tryptophan 
oxidation prevents Alkylation .· 

Figure 10. Summary of interdependent interactions between the three 
groups proposed to be at the active site. Qf = ffuorscence quantum yield, 
AE = difference absorbance, ΑΘ = change in ellipticity (CD). The dis
tance estimation is derived from fluorescence energy-transfer methods. 
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278 BIOINORGANIC CHEMISTRY II 

w h i c h m a y per ta in between the copper chelate a n d active site groups i n 
galactose oxidase. 

A representation of the active site w h i c h contains these s tructura l 
elements is seen i n F i g u r e 11. M o d e l a n d spectral studies have suggested 
the in -p lane l igands. T h a t the copper influences the t ryptophan is s h o w n 
b y difference absorbance a n d fluorescence q u a n t u m y i e l d . T h e N B S -
modi f i cat ion i n t u r n demonstrates the c r i t i ca l influence of the t ryp tophan 

Figure 11. Diagrammatic representation of active site which includes a 
four-coordinate copper complex, sugar-substrate bound outer-sphere to the 
Cu(II) atom, imidazole and indole rings, and nonpolar side chains (X). The 
distance between the Cu(H) and indole is estimated by fluorescence energy-

transfer methods. 

o n the copper chelate. T h e spectral over lap between the fluorescence 
spectrum of the t ryptophan a n d the copper absorbance at 314 n m al lows 
one to estimate the distance between these groups b y a Forster energy-
transfer ca l cu lat ion (41 ) . T h e t ryp tophan is p r o b a b l y not closer than 
12 A , but even at this distance, i t c o u l d come i n contact w i t h a b o u n d 
sugar substrate. M o s t l ike ly , the indo le r i n g is one component of a n 
act ive site cluster of h y d r o p h o b i c side chains w h i c h is c r i t i c a l to the 
conformation of the entire active site. 

Structure - funct ion roles have been suggested for u n i q u e t ryp tophan 
residues i n other copper proteins as w e l l (44,45,46). Moreover , the 
s ingle t ryp tophan that is quenched b y i n c l u d i n g the copper atom i n 
a z u r i n is apparent ly not i n contact w i t h the indo le r i n g , as ev idenced b y 
meta l replacement a n d phosphorescence results (45,46). 
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15. B E R E M A N E T A L . Copper(II) Site in Galactose Oxidase 279 

Oxidation of this tryptophan in galactose oxidase also prevents 
alkylation of the histidine residue. Alkylation of the histidine residue 
in turn markedly affects the fluorescence quantum yield of this trypto
phan ( 43 ) and nearly abolishes the absorbance of the copper atom. The 
copper atom itself is also essential to the reactivity of this histidine. 
Thus, we appear to have a consistent set of highly interdependent com
ponents. Not unexpectedly, the copper site cannot be fully understood 
without considering its interactions with non-ligand protein groups. 
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16 

Copper(II)- and Copper(III)-Peptide 

Complexes 

D A L E W. M A R G E R U M , LOUIS F. W O N G , F R A N K P. BOSSU, 
K. L . C H E L L A P P A , JOHN J. CZARNECKI, SANFORD T. KIRKSEY, JR., 
and T H O M A S A. N E U B E C K E R 

Department of Chemistry, Purdue University, West Lafayette, IN 47907 

Coordination of deprotonated-peptide nitrogens greatly 
affects the binding and kinetic reactivity of Cu(II) and the 
ease of oxidation to Cu(III). Substitution reactions of oligo
peptide and serum albumin complexes of Cu(II) are charac
terized by three reaction pathways—(1) proton transfer to 
the peptide group, (2) nucleophilic attack on copper, and (3) 
a combination of proton transfer and nucleophilic attack. 
Depending upon the nature of the coordinated ligands, the 
electrode potentials of Cu(III)-Cu(II) couples vary from 0.5 
to 1.0 V (vs. NHE). Copper(III)-peptide complexes are 
characterized in solution in terms of their electrochemical, 
spectral, and kinetic properties. At high pH amine groups 
coordinated to Cu(III) also will deprotonate. 

T ^ h e b i n d i n g of C u ( I I ) to the backbone of po lypept ides b y coord inat ion 
J ~ to deprotonated-pept ide nitrogens has been k n o w n for some t ime 

(1-7), b u t on ly recently has i t been d iscovered that this coord inat ion 
faci l itates the format ion of C u ( I I I ) (8, 9 ) . T h i s chapter concerns recent 
studies of C u ( I I ) - p e p t i d e complexes, i n p a r t i c u l a r those reported since 
a general r ev iew of this top ic b y M a r g e r u m a n d D u k e s (10), a n d s u m 
marizes the present knowledge of C u ( I I I ) - p e p t i d e complexes. 

T h e presence of L - h i s t i d i n e as the t h i r d amino a c i d res idue i n t r i -
pept ide complexes of C u ( I I ) drast ica l ly decreases the ir suscept ib i l i ty to 
b o t h n u c l e o p h i l i c attack a n d a c i d attack (11, 12). T h u s , the d o u b l y 
deprotonated complex of g l y c y l g l y c y l - L - h i s t i d i n e ( C u ( H . 2 g l y - g l y - h i s ) " 
s h o w n i n Structure I is re lat ive ly s low to react w i t h the n u c l e o p h i l i c t r i -
ethylenetetramine ( t r i en ) s ince this react ion is seven orders of m a g n i t u d e 
s lower t h a n the corresponding react ion w i t h C u ( H . 2 g l y - g l y - g l y ) ' . T h e 
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282 BIOINORGANIC C H E M I S T R Y II 

rate of a c i d dissociat ion of the g ly -g ly -h is complex is also m a n y orders of 
magn i tude s lower than for the g ly -g ly -g ly complex . H o w e v e r , a p r e v i 
ously unobserved p a t h w a y w h i c h is a combinat i on of attack b y H + a n d 
H 2 t r i e n 2 + has been f ound . T h i s proton-assisted n u c l e o p h i l i c m e c h a n i s m 
provides a t h i r d major p a t h w a y for the transfer of C u ( I I ) f rom pept ide 
complexes a n d is a major p a t h w a y for the remova l of C u ( I I ) b o u n d to 
serum a l b u m i n . T h e h is t id ine - conta in ing pept ide complexes p r o v i d e 
evidence of the importance of ax ia l coord inat ion to C u ( I I ) b y carboxy-
late groups (13). I n add i t i on , for the reactions at l o w p H "outs ide" 
protonat ion occurs to give [ C u ( H . 2 g l y - g l y - h i s ) H l a n d [ C u ( H . 2 g l y - g l y -
h i s ) H 2 ] + , where the pept ide oxygens a d d protons (12, 13). 

C o p p e r ( I I I ) has been proposed as a h i g h l y react ive intermediate for 
a n u m b e r of organic oxidations us ing copper (14,15,16). A f ew C u ( I I I ) 
complexes have been ident i f ied i n the so l id state, e.g., K C u 0 2 (17), 
K 3 C u F 6 (18), N a 3 K H 3 [ C u ( I 0 6 ) 2 ] 1 4 H 2 0 (19), a n d C u B r 2 ( S 2 C N -
( C 4 H 9 ) 2 ) (20). A deta i led crystal structure is g iven for the latter c om
p o u n d w i t h the d i th iocarbamate ( d t c ) group a n d t w o B r " f o r m i n g a 
distorted square-p lanar geometry a r o u n d C u ( I I I ) . I n the periodate c om
plex four of the per iodate oxygens f o rm a square p lane about C u ( I I I ) 
( C u - O , 1 .9A) , a n d a H 2 0 molecu le ( C u - O , 2 .7A) forms a fifth b o n d . 
E x c e p t for C u F 6

3 " the C u ( I I I ) complexes appear to be l o w sp in , a l though 
C u B r 2 ( d t c ) has a magnet i c moment of 0.5 B . M . 

O l s o n a n d Vasi lekskis (21) e lectrochemical ly o x i d i z e d macrocyc l i c 
te tramine complexes i n acetonitr i le solutions to give C u ( I I I ) species 
w h i c h are moderate ly stable but w h i c h undergo spontaneous reduct i on to 
C u ( I I ) . Meyers te in (22) p r o d u c e d extremely reactive C u ( I I I ) c o m 
plexes of amines a n d amino acids i n aqueous so lut ion b y pulse radio lys is . 
I n the w o r k of L e v i t s k i , A n b a r , a n d Berger (23) I r C l 6

2 ' was used to 
ox id ize C u ( I I ) - p e p t i d e s . T h e resul t ing C u ( I I I ) - p e p t i d e s were proposed 
as intermediate species pr i or to further ox idat ion a n d fragmentat ion of 
the peptides. C r y s t a l l i n e C u ( I I I ) complexes of b iure t a n d oxamide were 
iso lated b y B o u r , B i r k e r , a n d Steggerda (24) a n d p r o v i d e d some of the 
first evidence that C u ( I I I ) c o u l d be s tab i l i zed b y deprotonated amide 
groups. T h e compounds were a l l d iamagnet ic . 

T a b l e I summarizes some of the u v a n d v is ib le spectral properties of 
C u ( I I I ) complexes. Spectra l bands of h i g h intensity , a t t r ibuted to 
charge-transfer transit ions, have been observed for a l l C u ( I I I ) complexes 
at 360 ± 60 n m . Regardless of the coord inat ing groups a l l the complexes 
l i s ted have at least one absorpt ion b a n d i n this spectral reg ion . 

B u r c e , Paniago , a n d M a r g e r u m (8) first observed the format ion of 
C u ( I I I ) - p e p t i d e complexes i n the reactions of oxygen w i t h C u ( I I ) -
t e t r a g l y c i n e ( G 4 ) i n neutra l solutions. Prev ious ly , N i ( I I ) - t e t r a g l y c i n e 
cata lyzed oxygen uptake (25). T h e C u ( I I ) - t e t r a g l y c i n e react ion w i t h 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(III)-Peptide Complexes 283 

oxygen is u n u s u a l i n that i t is i n h i b i t e d b y l i ght ( 8 ) . T h e exact nature of 
this photochemica l i n h i b i t i o n remains to be establ ished, b u t i n the dark 
a n intense y e l l o w - g r e e n color forms as oxygen reacts. T h i s y e l l o w species 
passes through a C h e l e x i o n exchange c o l u m n , w h i c h quant i ta t ive ly 
removes a l l forms of C u ( I I ) . T h e y e l l o w effluent contains copper a n d 
has o x i d i z i n g properties . O n s tand ing the so lut ion generates C u ( I I ) a n d 
tetraglyc ine as w e l l as some pept ide ox idat ion products ( 2 6 ) . 

Table I. Ultraviolet and Visible Absorption 
Bands of Cu(III) Complexes 

Cu'" Complex Knox nm ((, M'1 cm'1) Media Ref ere 

C u ( f rans - te tramine ) 3* 425 (15,000) 
375 (12,000) 
275 (6,700) 

C H 3 C N 21 

C u ( i r c m s - d i e n e ) 3 + 395 (14,530) 
335 (12,690) 

C H 3 C N 21 

C u ( e n ) 2
3 + 

C u ( g l y ) 2
+ 

300 (2,500) H 2 0 22 C u ( e n ) 2
3 + 

C u ( g l y ) 2
+ 310 (7,800) H 2 0 22 

C u ( I O e ) 2
7 -

C u B r 2 (dtc) 
414 (12,000) H 2 0 19 C u ( I O e ) 2

7 -
C u B r 2 (dtc) 560 (2,400) 

370 (26,500) 
C H 2 C I 2 20 

K C u ( b i ) 2 244 (strong) B a S 0 4 r e  24 244 (strong) 
flectance 

340 (v. strong) 
461 (weak ,sh ) 

K C u ( 3 - R b i ) 2 · 2 H 2 0 270 ( 5,000) 
373 (8,500) 
490 (weak, sh) 

D M S O Π 

O t h e r o x i d i z i n g agents w h i c h can convert C u ( I I ) G 4 to C u ( I I I ) G 4 

i n c l u d e S 2 O s
2 " a n d I r C l 6

2 " . T h e I r C l 6
2 ' react ion is quant i tat ive u n d e r 

suitable condit ions a n d was used to he lp prove that C u ( I I I ) - p e p t i d e 
complexes c o u l d be f o rmed a n d character ized i n aqueous solutions ( 9 ) . 
E l e c t r o c h e m i c a l ox idat ion is more efficient a n d avoids the need to remove 
the i r i d i u m complexes. T h e C u ( I I I ) - p e p t i d e complexes have n o w been 
character ized b y : 

(1 ) Loss of C u ( I I ) spectral bands a n d the format ion of intense 
absorpt ion bands at 350-370 n m 

(2 ) Loss of E P R s ignal 
( 3 ) Revers ib le I r ( I V ) - I r ( I I I ) redox reactions as a func t i on of p H 
(4 ) S lugg ish reactions w i t h a c i d a n d w i t h C h e l e x i o n exchanger 

res in 
(5 ) 1 0 0 % recovery of the o r i g ina l pept ide after react ion w i t h r e 

d u c i n g agents 
( 6 ) Redox capabi l i t ies w i t h a var iety of substrates 
(7 ) M o l a r absorpt iv i ty determinations 
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284 BIOINORGANIC C H E M I S T R Y Π 

( 8 ) C y c l i c vo l tammetry 
( 9 ) K inet i c s of decomposi t ion i n a c i d a n d i n base 

(10) Spectra l shifts a n d p K a determinations i n strong base. 
These studies show that C u ( I I I ) - p e p t i d e complexes have re lat ive ly 

l o w electrode potentials a n d suggest that C u ( I I I ) m a y be a far more 
c o m m o n ox idat ion state than h a d prev ious ly been thought possible. 
F u r t h e r m o r e , the decomposi t ion reactions of C u ( I I I ) - p e p t i d e s indicate 
that two-e lectron transitions to give C u ( I ) species are possible. T w o -
electron redox reactions i n b i o l og i ca l systems are i n t r i g u i n g because 
h i g h energy, free r a d i c a l intermediates are avo ided . H o w e v e r , as yet 
w e k n o w very l i t t le about possible C u ( I ) complexes. T h i s ox idat ion 
state is poor ly character ized i n aqueous solut ion, a n d studies w i t h various 
m o d e l complexes are needed. 

H a m i l t o n a n d co-workers (27, 28) have suggested C u ( I I I ) as a 
probab le intermediate i n the react ion cata lyzed b y galactose oxidase. 
Papers b y K o s m a n a n d co-workers (29, 30) seem at var iance w i t h this 
interpretat ion . Regardless of the outcome of this dispute , w e hope that 
our evidence for the existence a n d properties of C u ( I I I ) - p e p t i d e c o m 
plexes w i l l encourage more investigations of the presence of t r iva lent 
copper i n b i o l og i ca l systems. O u r w o r k shows that this ox idat ion state is 
read i ly atta ined under b i o l og i ca l condit ions. 

Copper (II) —Peptide Complexes 

Stability Constants. T h e C u ( I I ) - p o l y g ly c ine format ion constants 
have been r e v i e w e d prev ious ly ( J O ) . Some of these constants have been 
redetermined (31, 32, 33) bu t are i n substant ia l agreement w i t h earl ier 
w o r k (34, 35, 36). N e w constants are avai lable for pept ide amides (37) 
a n d for tr ipept ides conta in ing /^-alanine a n d g lyc ine ( 3 2 ) . T a b l e I I 
summarizes the cumulat ive a n d stepwise constants ( l o g stabi l i ty constants 
a n d l og Ka values for the f ormat ion of deprotonated spec ies ) . A few 
constants for b is -pept ide complexes have been determined (31, 37, 38 ) . 
T h e β-alanyl-containing tr ipeptides f o rm more stable complexes than the 
corresponding a -a lany l (39) or g l y c y l (31 , 32, 33) species. Re la t ive 
stabil it ies of the fused-r ing systems i n the deprotonated chelates are i n 
the order, 5 - 6 - 5 ( G - j 8 - A - G ) ~ 6 - 5 - 5 ( / ? - A - G - G ) > 5 - 5 - 6 ( G - G - 0 - A ) > 
5 - 5 - 5 - ( G · G · G ) (32). T h i s effect is s imi lar to that observed for p o l y a m i n e 
complexes of C u ( I I ) a n d N i ( I I ) where the 5-6-5 chelates are m u c h more 
stable than the 5-5-5 chelates (40). T h i s effect can be a t t r ibuted to b o n d 
stra in i n the complexes w i t h 5-5-5 l i n k e d consecutive rings a n d to the 
dif f iculty of f o r m i n g the most favorable square-planar geometry about 
the meta l i on . 

I n c l u d e d i n T a b l e I I are the stabi l i ty constants for g ly -g ly -L -h i s a n d 
its N - a c e t y l der ivat ive . I n ac id i c solutions b o t h l igands use the i m i d a z o l e 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(IH)-Peptide Complexes 285 

group to in i t iate their coord inat ion to copper. T h e only measured con 
stants for the former correspond to the react ion i n Reac t i on 1 where three 

A* 
C u ( H G G h i s ) 2 + ^± C u ( H . 2 G G h i s ) " + 3 H + (1) 

protons (one f rom the protonated amino group, two f r o m pept ide l i n k 
ages) are lost s imultaneously w i t h β 3 = 10 1 4 6 5 M 3 . A l t h o u g h stepwise 
constants were est imated ( 41 ) for the pept ide i on izat i on constants, these 
assignments were m a d e on a statist ical basis. T h e values for the 
N - a c e t y l g l y c y l g l y c y l -L - h i s t i d i n e constants suggest that these assignments 
are not v a l i d . W e estimate the cumulat ive stabi l i ty constant for 
C u ( H . 2 G G h i s ) ' g iven i n E q u a t i o n 2 f r o m the combinat i on of the first 

[ C u ( H . 2 G G h i s ) - ] [ H 1 2 

[ C u 2 + ] [ G G h i s 1 ~ U 1 } 

complexat ion constant of the N - a c e t y l der ivat ive ( 1 0 4 · 2 4 ) , the protonat ion 
constant for the amino group of G G h i s " ( 1 0 8 2 2 ) , a n d the constant for 
Reac t i on 1. T h u s , the C u ( H _ 2 G G h i s ) ~ complex is 1 0 4 5 t imes more stable 
than the C u ( H _ 2 G 3 ) ' complex a n d is 1 0 3 9 t imes more stable than the 
C u ( H _ 2 G G - / ? A ) ~ complex ( w h i c h also has a 5-5-6 m e m b e r e d r i n g system) 
because the imidazo l e n i t rogen forms a stronger b o n d to copper t h a n 
does the carboxylate group. 

Copper (II ) d-d Absorption Band. B i l l o (42) corre lated spectral 
data for the C u ( I I ) - p e p t i d e complexes w i t h the type of coord inated 
groups. T h e wave length of the absorbance b a n d observed between 500 
a n d 740 n m varies w i t h the n u m b e r of deprotonated pept ide groups a n d 
amine groups. T h e v m a x ( k K ) of the d-d b a n d (aqueous so lut ion spectra) 
can be expressed as the sum of the i n d i v i d u a l l i g a n d field contr ibut ion 
of the four donor atoms w h i c h define the square p lane w i t h copper. I n 
E q u a t i o n 3 the ns refer to the n u m b e r of each type of donor atom 

Vobsd = ^a^N(peptide) + ^b^N(amino) + ^c^Ni imidazole) + ^d^oicarboxylate) 4 " 

^e^oipeptide,Η2Ο or OH - ) (3) 

(Xtl = 4 ) , a n d VN(peptide) = 4.85, VN(amino) = 4.53, VN(imidazole) = 4.3, 

v0(carboxylate) = 3.42, a n d v 0 (peptide, H 2 O, or OH-) = 3.01. T h e effect of ax ia l 
coord inat ion b y hydrox ide , carboxylate , or amino groups is to shift v m a x 

to l ower energy b y l k K . 
Axial Coordination to Copper(II)—Peptide Complexes. A l t h o u g h i n -

p lane coord inat ion dominates the thermodynamic , k inet i c , a n d spectral 
propert ies of the C u ( I I ) - p e p t i d e s , ax ia l coord inat ion also is important . 
W h i l e the carboxylate groups i n C u ( H . 3 G 4 ) 2 " a n d C u ( H . 2 G G h i s ) " 
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286 BIOINORGANIC C H E M I S T R Y II 

Table II. Cumulative and Stepwise Stability and Deprotonation 
Constants for Cu(II)—Peptide Complexes" 

(Species log β (or β%) log Κ (or KJ Reference 

C u G a 2 * 5.29 5.29 37" 
C u ( G a ) 2

2 t 9.45 4.16 
C u ( H . i G a ) (Ga ) + 2.54 - 6 . 9 1 
C u d L i G a h - 5 . 5 8 - 8 . 1 2 
C u ( H . ! G a ) + - 1 . 6 3 - 6 . 9 2 
C u G 2 a 2 + 4.88 4.88 37" 
C u ( H . i G 2 a ) + - 0 . 1 9 - 5 . 0 7 
C u ( H . 2 G 2 a ) - 8 . 2 0 - 8 . 0 1 
C u ( H . 2 G 2 a ) ( O H ) - - 1 8 . 0 2 - 9 . 8 2 

37" C u G 3 a 2 t 4.77 4.77 37" 
C u ( H . i G 8 a ) + - 0 . 5 1 - 5 . 2 8 
C u ( H . 2 G 3 a ) - 7 . 5 0 - 6 . 9 9 
C u ( H . 3 G 3 a ) - - 1 6 . 1 9 - 8 . 6 9 
C u G 2

2 t 5.56, 5.68,5.50 5.56,5.68, 5.50 31 ;32;'84* 
C u ( H . ! G 2 ) + 1.50,1.47,1.40 - 4 . 0 6 , - 4 . 2 1 , 1.50,1.47,1.40 

- 4 . 1 0 
C u ( H . ! G 2 ) ( O H ) - 7 . 7 9 , - 7 . 7 7 - 9 . 2 9 , - 9 . 2 4 31,34 
C u ( H . 1 G 2 ) ( G 2 ) t 4.34 2.84* 31 
[ C u ( H . 1 G 2 ) ] 2 ( O H ) - - 4 . 1 4 2.15** 81 
C u G 3

2 + 5.12,5.08,5.25 5.12, 5.08, 5.25 81,'82,' 33" 
C u ( H . 1 G 3 ) + 0.01, - 0 . 0 8 , 0 . 0 2 - 5 . 1 1 , - 5 . 1 6 , 0.01, - 0 . 0 8 , 0 . 0 2 

- 5 . 2 3 
C u ( H . 2 G 3 ) - 6 . 6 7 , - 6 . 8 2 , - 6 . 6 8 , - 6 . 7 4 , 

- 6 . 7 1 - 6 . 7 3 
C u ( H . 2 G 3 ) (OH) - —18.68, - 1 8 . 3 2 - 1 2 . 0 , - 1 1 . 5 
C u ( H . ! G 3 ) 2

2 - - 4 . 4 3 2.24$ 88* 
C u G 4

+ 5.13,5.16 5.13,5.16 81,° 35" 
C u ( H . ! G 4 ) - 0 . 2 8 , - 0 . 3 6 - 5 . 4 1 , - 5 . 5 2 
C u ( H . 2 G 4 ) - - 7 . 0 9 , - 7 . 1 4 - 6 . 8 1 , - 6 . 7 8 
C u ( H . 3 G 4 ) 2 - - 1 6 . 2 4 , - 1 6 . 3 0 - 9 . 1 5 , - 9 . 1 6 
C u G 5 * 5.32 5.32 36" 
C u d l ^ G , ) - 0 . 6 8 - 6 . 0 0 
C u ( H . 2 G 5 ) - - 7 . 5 8 - 6 . 9 0 
C u ( H . 3 G 5 ) 2 - - 1 5 . 6 2 - 8 . 0 4 
C u G G / ? A + 5.25 5.25 82' 
C u ( H . i G G ^ A ) - 0 . 0 2 - 5 . 2 7 
C u ( H . 2 G G y 8 A ) - - 6 . 1 0 - 6 . 0 8 
C u G y S A G * 5.60 5.60 32' 
C u i H . j G / S A G ) 0.24 - 5 . 3 6 
C u ( H . 2 G £ A G ) - - 5 . 5 0 - 5 . 7 4 
C u / î A G G + 5.28 5.28 82° 
Cu(H.i j8AGG) - 0 . 0 4 - 5 . 3 2 
C u ( H . 2 y 8 A G G ) " - 5 . 5 8 - 5 . 5 4 
Cu / îAG + 5.50 5.50 
C u ( H . i j 8 A G ) 1.40 - 4 . 1 0 
C u G G A * 5.08 5.08 39' 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(III)-Peptide Complexes 287 

Table II. Continued 

Species log β (or β%) log Κ (or Κ J References 

C u d i . j G G A ) - 0 . 0 2 - 5 . 1 0 
C u ( H . , G G A ) - - 6 . 9 1 - 6 . 8 9 
C u G A G + 5.18 5.18 89' 
C u C H . j G A G ) - 0 . 1 4 - 5 . 3 2 
C u ( H . 2 G A G ) - - 6 . 7 6 - 6 . 6 2 
C u ( H . 2 G A G ) ( O H ) 2 " - 1 8 . 1 6 - 1 1 . 4 
C u A G G + 4.81 4.81 89' 
C u ( H . , A G G ) - 0 . 1 7 - 4 . 9 8 
C u ( H . 2 A G G ) - - 7 . 0 1 - 6 . 8 4 
C u ( H . 2 A G G ) ( O H ) 2 -
C u ( H G G h i s ) 2 * 

- 1 8 . 2 - 1 1 . 2 C u ( H . 2 A G G ) ( O H ) 2 -
C u ( H G G h i s ) 2 * - 1 4 . 6 5 ( & ) ' — 

C u ( H . 2 G G h i s ) - - 2 . 2 (es t . ) ' — 12,41 ' 
C u ( N - a c e t y l - G G h i s ) 4.24 4.24 4V 
C u H . i i N - a c e t y l - G G h i s ) - 2 . 2 6 - 6 . 5 0 
C u H . 2 ( N - a c e t y l - G G h i s ) - 9 . 6 1 - 7 . 3 5 
C u H . 3 ( N - a c e t y l - G G h i s ) - 1 8 . 8 6 - 9 . 2 5 

Κ 
* C u ( H - i G 2 ) + G 2 " <=* C u ( H - i G 2 ) ( G 2 ) 

Κ 

** C u ( H - i G 2 ) O H " + C u ( H _ i G 2 ) τ± [ C u ( H - i G 2 ) ] 2 O H -

K 
% C u ( H - 2 G 3 ) - + G 3 " τ* C u ( H - i G 3 ) 2 2 -

a 25.0° and 0 .10M N a C 1 0 4 or K N 0 3 

ft0.10M ( N a C 1 0 4 ) 
C 0 . 1 0 M ( K N 0 3 ) 
d 0 . 1 0 - 0 . 1 7 M ( N a C 1 0 4 ) 
e 0 .16M K C 1 
1 See R e a c t i o n 1 
9 See E q u a t i o n 2 

( Structure I ) cannot reach an ax ia l coord inat ion site, this is not the case 
for g ly -g ly -h is -g ly (Structure I I ) or for asp-ala-his- lys (Structure I I I ) 
where ax ia l coord inat ion changes the c h e m i c a l react iv i ty of the c o m 
plexes. T h e e q u i l i b r i u m constant for the rat io of bound-to- free car
boxylate , Ki?r°e

u
e

nd, is ~ 100 for the t e r m i n a l C O O " i n these tetrapeptides. 
T h e asparty l side c h a i n C O O " group has a K ^ e

u
e

n d va lue of ~ 30, b u t i t is 
r e d u c e d to about 4 w h e n another C O O " group is trans to i t , as i n S t ruc 
ture I I I . These constants were de termined f r o m k inet i c studies ( 1 3 ) . 

"Outs ide " Protonation. W h e n m e t a l - p e p t i d e complexes are p l a c e d 
i n ac id i c solutions, the complexes dissociate. M e t a l ions w h i c h are s lug 
gish i n the ir subst i tut ion reactions, such as N i ( I I ) ( 4 3 ) , P d ( I I ) ( 4 4 ) , 
a n d C o ( I I I ) ( 4 5 ) , a d d protons to the pept ide oxygens p r i o r to the 
m e t a l - N ( p e p t i d e ) b o n d dissociat ion. T h e C u I I ( H . 2 G G h i s ) " complex is 
sufficiently s luggish i n its react ion w i t h a c i d to p e r m i t outside pro tona 
t i o n to be observed k ine t i ca l l y ( 1 2 ) . Pro tonat ion constants of 10 4· 2 a n d 
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288 BIOINORGANIC C H E M I S T R Y II 

10 2· 3 have been measured a n d are b e l i e v e d to correspond to Structures 
I V a n d V . In terna l h y d r o g e n b o n d i n g f r o m the carboxylate group of the 
h i s t i d y l residue helps to stabi l ize the outside protonated f o rm. 

Substitution Kinetics of Copper(II)—Peptide Complexes. T h r e e m a i n 
react ion pathways have been f o u n d for the d isplacement of copper f r o m 
pept ide complexes—( 1) p ro ton transfer to the pept ide group, (2 ) nuc leo -
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16. M A R G E R U M E T A L . Cu(II)- and Cu(III)-Peptide Complexes 289 

p h i l i c attack on copper, a n d (3 ) a c ombinat i on of pro ton transfer a n d 
nuc l eoph i l i c attack ( I I , 12). I n each case there is a concurrent or subse
quent m e t a l - N ( p e p t i d e ) b o n d cleavage. T h e react ion rates for the three 
mechanisms differ i n the ir p H dependence, general a c i d dependence, a n d 
nuc leophi le dependence. 

P R O T O N T R A N S F E R M E C H A N I S M . A c i d s can react w i t h the m e t a l - N -
(pept ide ) group b y a d d i n g r a p i d l y to the pept ide oxygen, g i v i n g a n 
outside protonated species w h i c h then rearranges b y m e t a l - n i t r o g e n 
b o n d cleavage. A l t e rnat iv e ly , acids can transfer a pro ton d i rec t ly to the 
deprotonated n i trogen atom accompanied b y m e t a l - n i t r o g e n b o n d c leav
age (JO, 46, 47). T h e latter react ion is s lower than n o r m a l pro ton transfer 
rates but m a y nevertheless be the pre ferred k inet i c p a t h w a y because of 
the r a p i d m e t a l - N ( p e p t i d e ) b o n d cleavage. Di f ferent C u ( I I ) - p e p t i d e 
complexes d isp lay different mechanisms. W h e n the direct p ro ton transfer 
react ion is the rate -determining step, general a c i d catalysis also is ob 
served. T h i s is the case for the reactions of C u ( H _ 2 G 3 ) ~ w i t h acids (46). 

τ 1 1 1 r 

Figure 1. The observed first-order dissociation rate constants 
level off at low pH because of the addition of two "outside" pro
tons. There is a [H+]2 dependence at higher pH. (1) Cu(II)-

gly-gly-his; (2) Cu(II)-gly-gly-his-gly; (3) Cu(II)-asp'ala'his'lys. 
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290 BIOINORGANIC CHEMISTRY II 

O n the other h a n d the reactions of C u ( H . 2 G G h i s ) ~ , C u ( H _ 2 G G h i s G ) ~ 
a n d C u ( H . 2 a s p - a l a - h i s - l y s ) ' are not general a c i d ca ta lyzed a n d at l o w p H 
show k inet i c evidence of outside protonat ion as seen i n F i g u r e 1 (12,13). 
T h e rate -determining step for these h i s t idy l - conta in ing pept ide complexes 
requires two protons w h i c h a d d to the peptide-nitrogens w h i l e the 
amine a n d the imidazo l e ends of the ol igopeptides are coordinated , so 
that i n the dissociation, the C u ( I I ) can be p i c t u r e d as " s k i p p i n g " over 
the l i g a n d to give Structure V I (12). 

N U C L E O P H I L I C A T T A C K . These reactions are character ized b y a de
pendence on the nuc leoph i l e concentrat ion a n d b y increasing rate w i t h 
increas ing p H (48). T h e p H dependence for the react ion of t r ien w i t h 
C u ( H . 2 G 3 ) " is t y p i c a l a n d is g iven b y curve A i n F i g u r e 2 for the react ion 
of 3 X 1 0 " 3 M tr ien . T h e ava i lab i l i ty of an equator ia l site ( i.e., of a group 
w h i c h is d i sp laced easily f r om an equator ia l site ) is important i n nuc leo 
p h i l i c attack. C h e l a t i n g amine l igands are par t i cu lar ly effective as nuc leo -
phi les , but these reactions are sensitive to steric effects b l o c k i n g the 
ava i lab i l i ty of a n equator ia l site (48, 49). T h e corresponding direct 
nuc l eoph i l i c attack b y tr ien on C u ( H . 2 G G h i s ) " is seven orders of m a g n i 
tude s lower a n d is g iven b y l ine A ' ( p H 10-12) i n F i g u r e 2. A s a result 
of the s luggish nuc l eoph i l i c react ion w i t h C u ( H . 2 G G h i s ) " a n d its s lug -

6 

4 

-2 

- 4 

Β A 

\ C u ° G G G / 

\ x —̂ 
\ X TRIEN 

B' 
\ X / 

\ X ' 
\ χ 

\ χ 
\ Ν 

ATTACK 

ACID \ 
\ 

\ 

DISSOCIATION \ — C ^ - H + ASSISTED 

\ 

• 

* s 
\ 

\ 

CunGG his 
ι I ι I ι I ι 

A* 

ι , I 

O 2 4 6 8 10 12 

P H 
Figure 2. Observed first-order rate constants for the reactions of 
Cun(H.2GGG)- ( ; and of Cun(H_2GGhis)~ ( ; with: (Α,Α') 
trien (nucleophilic attack); (Β,Β') H+ (acid dissociation); (C) H+ and 
H2trien2+ (proton-assisted nucleophilic attack), where [trien]\ot&l is 

3 X 10~3M. 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(III)-Peptide Complexes 291 

1.4 -

1.2 -

1.0-

(se
c 

0.8 -

to 
. α 
ο 

0 . 6 -

0 . 4 -

0.2 -

Κ I I I I l _ J 

1 2 3 4 5 

I 0 2 x [ t r ien] T 

Figure 3. Dependence of the observed first-order 
rate constant of Cun(H 0GGhis)~ on the trien con
centration. Cun = 2 Χ 10~4M, pH 6.9, I M 
NaClOl4, 25.0°. At high [trien]T the rate constant 

is proton transfer rate limited. 

gish a c i d dissociation react ion ( curve B ' ) , i t is possible to observe another 
react ion pathway , the proton-assisted nuc l eoph i l i c path , f rom p H 6 to 
9 ( curve C ) . 

PROTON-ASSISTED N U C L E O P H I L I C M E C H A N I S M (11, 12). T h e react ion 

rate between tr ien a n d C u ( H . 2 G G h i s ) " increases be l ow p H 9 ( curve C , 
F i g u r e 2 ) i n contrast to the behavior of C u ( H . 2 G 3 ) " ( curve A ) . T h e 
proton-assisted nuc l eoph i l i c rate (M sec ' 1 ) equals 1.7 χ 1 0 9 [ H + ] -
[ H 2 t r i e n 2 + ] [ C u ( H . 2 G G h i s ) " ] . A s the t r i en concentrat ion increases, the 
rate dependence i n t r i en falls off ( F i g u r e 3 ) , a n d rate becomes pro ton -
transfer l i m i t e d . B e l o w p H 7 H 3 t r i e n 3 + begins to f o rm, effectively remov
i n g the nuc leophi le , a n d i n the v i c i n i t y of p H 5-6, the a c i d dissociat ion 
p a t h ( curve B ' , F i g u r e 2 ) takes over f rom the proton-assisted nuc l eoph i l i c 
path . T h e f u l l mechanism is g iven i n F i g u r e 4. T h e reason that the 
proton-assisted nuc l eoph i l i c p a t h was not detected for the t r ien react ion 
w i t h C u ( H _ 2 G 3 ) ~ can be seen f r om F i g u r e 2. T h e direct nuc l eoph i l i c 
p a t h ( curve A ) a n d the ac id dissociation p a t h ( curve Β ) are so favorable 
that the proton-assisted nuc leoph i l i c pa th makes very l i t t le contr ibut ion . 
H o w e v e r , for the h is t id ine - conta in ing peptides the proton-assisted p a t h 
w a y is very important for reactions w i t h tr ien, E D T A , a n d hist id ine . 

Copper ( II ) Transfer from Serum Albumin (13). T h e kinetics of 
transfer of C u ( I I ) f r om its complexes w i t h h u m a n serum a l b u m i n , bov ine 
serum a l b u m i n , g ly -g ly -h is , g ly -g ly -h is -g ly , a n d asp · a la · his · lys to t r i en a l l 
exhib i t para l l e l behavior . T h e h is t id ine - conta in ing peptides m o d e l the 
first C u ( I I ) b i n d i n g site i n the serum a lbumins , where C u ( I I ) is 
coord inated to the amine t e rmina l , to two deprotonated pept ide nitrogens, 
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292 BIOINORGANIC C H E M I S T R Y II 

A B C 

Cutrienz++ glygly-L-his 

Figure 4. Proposed mechanism for the transfer of Cu(II) from gly-gly-^his to 
trien. The predominant pathway in neutral solution is the combined proton 

and nucleophilic attack shown in path ABFG. 

a n d to the i m i d a z o l e n i t rogen of the h i s t i d y l residue (50, 51 , 52, 5 3 ) . 
T h e coord inat ion of i m i d a z o l e alters great ly the k i n e t i c behav ior of the 
C u ( I I ) complexes. A l l the complexes react b y a proton-assisted nuc leo 
p h i l i c p a t h w a y at phys io l og i ca l p H , a n d the serum a l b u m i n complexes 
are faster to transfer C u ( I I ) t h a n are the tetra-peptide complexes. T h u s , 
i n F i g u r e 5 the relat ive react iv i ty at p H 7-8 is g ly -g ly -h is > B S A > 
gly -g ly -h is -g ly > asp - a l a - h i s - lys . T h e C u ( I I ) b i n d i n g site i n B S A 
appears to be f u l l y exposed to so lut ion even w h e n the pro te in undergoes 
the Ν to Β conformat ional change be tween p H 7 a n d 9. T h e reactions 
w i t h t r i en a n d w i t h other nuc leophi les invo lve displacements in i t i a t ed 
at non - t e rmina l p e p t i d e posit ions. These reactions are sensitive to acids , 
are re lat ive ly insensit ive to pept ide steric factors, a n d are in f luenced b y 
ax ia l coord inat ion of avai lable carboxylate groups. 

Copper ( I I I ) - P e p t i d e Complexes . M o l e c u l a r oxygen reacts w i t h 
C u ( I I ) t e t r a g l y c i n e ( G 4 ) i n neutra l so lut ion to produce a y e l l o w species 
w i t h an intense absorpt ion b a n d at 362 n m . A s the oxygen i n the so lut ion 
is consumed, the amount of the y e l l o w species decays ( F i g u r e 6 ) . T h e 
uv-v i s ib le spectrum, mo lar absorpt iv i ty , d issociat ion kinet ics i n a c i d a n d 
i n base, a n d the redox behav ior of this y e l l o w species are s imi lar to those 
of C u n i ( H _ 3 G 4 ) " , w h i c h is generated b y I r C l 6

2 " or b y e lectro lyt ic ox ida 
t i o n of the corresponding C u ( I I ) complex . T h e pept ide products after 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(UI)-Peptide Complexes 293 

the decay of the oxygen-generated y e l l o w species also are s imi lar to 
those f o r m e d w h e n C u i n ( H . 3 G 4 ) ' decays i n neutra l so lut ion . These 
products i n c l u d e a substant ia l recovery of unreac ted G 4 ( 5 0 - 7 5 % 
d e p e n d i n g on the p H ) as w e l l as ox id i zed pept ide fragments such as 
g l y c y l g l y c i n a m i d e a n d g lyoxy lg lyc ine . 

T h e C u ( I I ) - t e t r a g l y c i n e complex is o x i d i z e d to C u ( I I I ) b y I r C l 6
2 " 

( F i g u r e 7 ) . T h e redox e q u i l i b r i u m is reversible w i t h p H change. T h e 
p H dependence is a result of the var iab le degree of pro tonat ion of the 
C u ( I I ) - t e t r a g l y c i n e complexes, whereas the C u ( I I I ) complex is present 
on ly as the t r i p l y deprotonated pept ide complex . T h e curves i n F i g u r e 
7 correspond to the redox e q u i l i b r i u m i n R e a c t i o n 4 offset b y the a c i d -

Figure 5. Observed first-order rate constant for 
the reaction of Cu(II) complexes with 0.07M trien 
(1.0M NaClOi9 25.0°). (1) Cu(H _2GGhis)~ ; (2) 
Cu(H _2GGhisG)~ ; (3) Cu-BSA (bovine serum albu

min); (4) Cu(H_2asp-ala-his-lys)''. 
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294 BIOINORGANIC C H E M I S T R Y II 

-log [H+] 

Figure 7. Formation of [CuUI(H_sGj)Y 
and corresponding loss of IrIVCl6

2' as a 
function of [H+]. The lines are calculated 
based on an E° value of 0.631 V for Cuin>n-

(H_3GJt) and 0.891 V for IrIV>inCl6. 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(IH)-Peptide Complexes 295 

C u n ( H . 3 G 4 ) 2 - + IrCl6 2 ' ^ ~ C u I I I ( H _ 3 G 4 ) - + I r W (4) 

base a n d complexat ion e q u i l i b r i a be tween C u 2 + a n d H G 4 , C u G 4
+ , 

C u H _ ! G 4 , C u H . 2 G 4 " a n d C u H . 3 C 4
2 - ( 9 ) . T h e Kox va lue is 2.7 Χ 10 4 , a n d 

the resu l t ing electrode potent ia l for C u I I i n is g iven i n Reac t i on 5. T h e 

C u m ( H . 3 G 4 ) - + e *± C u n ( H . 3 G 4 ) 2 ' £7° — 0.631 V (5) 

l o w potent ia l a n d re lat ive ly h i g h stabi l i ty of this C u ( I I I ) species i n 
aqueous so lut ion is of spec ia l interest. 

I n order to conf irm that C u ( I I I ) was present, E P R spectra were 
taken before a n d after ox idat ion ( F i g u r e 8 ) . I n this case the pentaglyc ine 
complex was o x i d i z e d e lectro lyt i ca l ly at p H 10 u s i n g a g r o u n d graphite 

Figure 8. EPR spectra of copper-pentaglycine solutions liquid N2 temperature 
and 9.075 GHz. (A) After electrolytic oxidation to give Cuin(H_sG5)-; (B) Cu11-

(H.3G5)2' before oxidation. 
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296 BIOINORGANIC C H E M I S T R Y II 

τ 1 1 1 r 

+ 0.8 0.4 0 
POTENTIAL,VOLTS (vsAg/AgCI) 

Figure 9. Cyclic voltammogram of Cu(H_3G^) 
at 5 X 10-4M, pH 10,100 mV sec'1 scan, car
bon paste electrode, electrode potential is 0.63 

V vs. Ν HE 

c o l u m n w o r k i n g electrode w i t h an a p p l i e d voltage of 0.9 V . T h e d isap
pearance of the C u ( I I ) E P R s ignal u p o n ox idat ion corresponds to the 
expected f o rmat ion of a l o w sp in d8 complex for C u ( I I I ) . 

I r i d i u m can be removed f rom C u ( I I I ) - p e p t i d e solutions b y passing 
t h e m through anion exchange columns. T h e resul t ing C u n i ( H . 3 G 4 ) " is 
m u c h s lower to decompose i n a c i d than is the C u n ( H . 3 G 4 ) 2 " complex. 
I n neutra l solutions at 25° the ha l f - l i f e of C u I H ( H _ 3 G 4 ) ~ is about 1 hr . 
T h e decompos i t ion rate increases i n base as w e l l as i n ac id . T h e subst i 
t u t i o n kinet ics of the C u ( I I I ) ( c i 8 ) complexes are c lear ly m u c h s lower 
t h a n the corresponding C u ( I I ) complexes. T h i s fact was used i n choos
i n g C h e l e x i o n exchange resin to remove C u ( I I ) f r om C u ( I I I ) i n order to 
determine the mo lar absorpt iv i ty of C u m ( H _ 3 G 4 ) ' . T h i s va lue of 7200 
db 300 M " 1 c m - 1 at 365 n m was checked b y several other methods ( 9 ) . 

Table III. Electrode Potentials (vs. N H E ) for C u 1 1 1 ' 1 1 Couples" 

Cyclic Voltammetry* Iriv_pH E q u ^ 

Cu(III)-Peptide AmV E ° (V) E ° (V) 

C u ( H . 3 h e x a g l y c i n e ) - 95 0.67 0.67 
C u ( H _ 3 p e n t a g l y c i n e ) - 80 0.66 0.65 
C u ( H . 3 t e t r a g l y c i n e ) ' 85 0.63 0.63 
C u ( H . 3 t r i g l y c i n a m i d e ) 72 0.64 0.64 
C u ( H . 2 d i - L - a l a n y l a m i d e ) ( O H ) 165 0.80 0.78 

a 2 5 ° C , μ = 0 .1Μ N a C 1 0 4 . 
b C a r b o n paste working electrode, scan rate = 100 m V sec " 1 scan, p H 10 [ C U L ] T = 

5 X 1 0 " 4 M . 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(III)-Peptide Complexes 297 

Table IV. Effect of Coordinating Groups on E° of C u 1 1 1 1 1 Couples 
Cu(III)-Peptide pH E ° (V) (NHE)a 

C u ( H _ 2 g l y c y l g l y c y l - L - h i s t i d i n e ) 7.5 0.98 
C u ( H . 2 t r i g l y c i n e ) 7.7 0.92 
C u ( H . 2 d i g l y c i n a m i d e ) ( O H ) 9.2 0.89 
C u ( H . 3 t r i g l y c i n a m i d e ) 9.5 0.64 
C u ( H . 3 t e t r a g l y c i n e ) " 9.3 0.63 
C u ( H . 4 N - f o r m y l t e t r a g l y c i n e ) 2 " 11.5 0.55 

° D e t e r m i n e d b y cyclic v o l t a m m e t r y with carbon paste working electrode, [ C U L ] T 
= 5 Χ 1 0 " 4 M , μ = 0ΛΜ N a C 1 0 4 , 2 5 ° C . 

C y c l i c vo l tammetry is a convenient w a y to measure the E° values for 
C u 1 1 1 , 1 1 couples. A carbon paste electrode gives quasi -reversible behav ior 
as s h o w n i n F i g u r e 9. I n order to be certa in that the £ ° f r om cyc l i c 
vo l tammetr i c experiments were v a l i d , five pept ide complexes were exam
i n e d b y bo th I r I V C l 6

2 " - p H profi le methods a n d e lectrochemical ly ( T a b l e 
I I I ). T h e agreement of the E° values de termined b y the two methods is 
excellent even w h e n the peak-to-peak separation of the ox idat ion a n d 
reduc t i on waves ( A m V ) w e r e signif icantly greater than 60 m V . T h e 
effect of v a r y i n g the nature of the coord inat ing groups o n the C u 1 1 1 , 1 1 

potent ia l is seen i n T a b l e I V . A s the n u m b e r of deprotonated pept ide 
groups increase, the E° values decrease. T h e N - f o r m y l der ivat ive w i t h 
the equivalent of four deprotonated pept ide groups coord inated to cop
per has an E° va lue as l o w as 0.55 V . T h e N - f o r m y l derivatives con 
sistently l ower the E° values ( T a b l e V ) . T h e use of a l a n y l a n d v a l y l 
residues instead of g l y c y l residues i n the pept ide c h a i n also lowers the 
E° va lue . A s seen i n T a b l e V I , the relat ive effectiveness i n g i v i n g l ower 
potentials is C H ( C H 3 ) 2 > C H 3 > H . T h e bulkiness of the R group 
favor ing coordinat ion to the smal ler meta l i o n (i.e., C u ( I I I ) ) m a y be 
a factor. 

T h e effect of h i g h p H on solutions of C u ( I I I ) - p o l y g l y c i n e complexes 
is u n u s u a l because there is a color change f r o m y e l l o w to r e d be tween p H 

Table V . Effect of N -Formyl Derivatization on E° of C u 1 1 1 1 1 Couples 

Cu(III)-Peptide E ° (V) (NHE)a 

C u ( H . 3 t e t r a g l y c i n e ) " 0.63 
C u ( H . 4 ^ - f o r m y l t e t r a g l y c i n e ) 2 - 0 .55 6 

C u ( H . 3 t r i g l y c i n a m i d e ) ~ 0.64 
C u ( H.4^ - f o r m y l t r i g l y c i n a m i d e ) 2 - 0.49* 
C u ( H . 2 t r i g l y c i n e ) 0.92° 
C u ( H . 3 i V - f o r m y l t r i g l y c i n e ) " 0.75 

° D e t e r m i n e d b y cyclic v o l t a m m e t r y with a carbon paste working electrode, 
[ C u L ] T = 5 X 1 0 " 4 M , p H = 10, 2 5 ° C , μ = 0 .1M N a C 1 0 4 , scan rate 100 m V sec " 1 . 

ftpH=11.5. 
c p H = 7.7. 
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298 BIOINORGANIC C H E M I S T R Y II 

11 a n d 12. T h i s color change can be taken back a n d f o r th b y a l ternat ive ly 
a d d i n g a c i d a n d base. T h e spectrum of the r e d complex is diff icult to 
ob ta in b y convent ional methods because of the r a p i d redox reactions of 
the C u ( I I I ) species at h i g h p H . W i t h i n 28 sec a l l the C u ( I I I ) species 
have d isappeared. H o w e v e r , F i g u r e 10 shows spectra obta ined b y the 
stopped-f low v i d i c o n technique (54). I n F i g u r e 10A the C u i n ( H _ 3 G 3 a ) 
spec trum is s h o w n w i t h an absorpt ion peak at 365 n m . T h e spectrum 
taken 0.5 sec after m i x i n g w i t h 1 .0M O H " has n e w peaks at 310 a n d 
525 n m , a n d the i n i t i a l peak at 365 has d isappeared . T h i s spectral shift 
does not occur w h e n C u n i ( H _ 4 N - f o i r n y l - G 4 ) 2 " reacts w i t h 1 M O H " ( F i g 
ure 1 0 B ) . F u r t h e r m o r e , the y e l l o w ^± r e d shift does not occur w i t h 
C u m ( H _ 3 ( C H 3 ) 2 N - G 4 ) " where there are no hydrogens o n the t e rmina l 
amine . Therefore , the spectral shift at h i g h p H is a t t r ibuted to i on iza t i on 
of a n amine h y d r o g e n as s h o w n i n F i g u r e 11 for C u I H ( H . 3 G 3 a ) . A 
s imi lar type of i on i za t i on a n d spectral shift has been reported (55) for 
[ A u m ( H _ i d i e n ) X ] + . F i g u r e 12 shows that the amine h y d r o g e n i on i za t i on 
constant can be measured f r o m the absorbance changes at 525 n m w h i c h 
are obta ined b y extrapolat ion to the i n i t i a l va lue after m i x i n g C u m -
( H 3 G 3 a ) w i t h various amounts of N a O H . T h e p K a values for loss of 
amine hydrogens for four C u ( I I I ) - p e p t i d e complexes ( T a b l e V I I ) are 

Table VI . Effect of R-Group Ligand Substitution 
on the E° of C u 1 1 1 1 1 Couples 

Cu(III)-Peptide E ° (V) (NHE)a 

C u (H. 3tetraglycine) " 0.63 
C u (H. 3tetra-L-alanine) " 0.60 
Cu(H_ 3 tetra-L-valine)~ 0.51 
C u (H. 3pentaglycine) " 0.66 
C u (H. 3penta-L-alanine) " 0.61 

° D e t e r m i n e d b y cyclic v o l t a m m e t r y wi th carbon paste working electrode, [ C u L ] T 

: 5 X 10-*M, 2 5 ° C , 0 . 1 M N a C 1 0 4 , 100 m V sec " 1 . 

Table VII. Ionization Constants for the Loss of Coordinated Amine 
Hydrogens from Cu(III)— Peptide Complexes* 

C u m ( H _ 3 L ) - ^± C u n l ( H . 4 L ) 2 - + H + 

L p K a 

G 3 a 12.6 
G 4 12.1 
G 5 11.6 
G 6 11.3 

a 2 5 . 0 ° C , μ = 1M N a C 1 0 4 . T h e [ H + ] is calculated f r o m ptfw = 13.8. R e f . 57 
after cal ibration of the p H readings i n terms of N a O H . 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(III)-Peptide Complexes 299 

' \ ''""'"<l''':-

O . O r r \ - - . r 
3 0 0 

Figure 10. (A) (top) Vidicon spectra of CuHI(H sG3a) and Cuin-
(H_kG3a)-. a, CuIU(H_3G3a) at pH 8; b, 0.5 sec after mixing 
(0.5M 0H~); c, 2.5 sec; d, 7.5 sec; e9 28.0 sec. (B) (bottom) Vidi
con spectra of Cu^H^N-formyl-G^-. a, at pH 9; fo, 0.5 sec after 

mixing (0.5M 0H~); c, 2.5 sec; d, 7.5 sec; e, 28.0 sec. 

as l o w as 11.3. I t is interest ing h o w great a n effect coord inat ion to 
C u ( I I I ) has o n this i on i za t i on react ion, w h i c h is se ldom seen i n aqueous 
so lut ion. T h e r educ t i on potentials for these C u i n ( H . 4 L ) complexes de 
crease w i t h increas ing p H because the amine h y d r o g e n is not i o n i z e d 
f r o m the corresponding C u ( I I ) complexes. U n f o r t u n a t e l y the strong 
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300 BIOINORGANIC C H E M I S T R Y II 

CuM (H.3G3a) CiFtti^a)" 

Figure 11. Proposed ionization of the amine hydrogen causing the yeïïow-to-
red color change when base is added to Cu(III)-peptide complexes 

base needed to f o r m the C u i n ( H . 4 L ) complexes also causes the ir r a p i d 
decomposi t ion because of base-catalyzed l i g a n d ox idat ion b y the copper. 
T h e reduc t i on of C u ( I I I ) is not caused b y solvent ox idat ion because no 
oxygen or peroxide can be detected. O n l y 2 5 % of the coord inated l i g a n d 
is o x i d i z e d i n the case of G 4 , a n d 7 5 % is recovered intact ( 5 7 ) . These 
a n d other pecul iar i t ies about the nature of the products suggest that 
e lectron exchange reactions between C u ( I I ) - a n d C u ( I I I ) - p e p t i d e c o m 
plexes m a y be r a p i d . 

Figure 12. Absorbance (525 nm) vs. pH titration 
curve for amine hydrogen ionization from CuUI-
(H_3G3a). Correction of the pH readings to —log 
[H+] is needed to give the pKa value in Table VII. 
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16. M A R G E R U M E T A L . Cu(II)- and Cu(III)-Peptide Complexes 301 

T h e electron transfer react ion i n Reac t i on 6 was measured b y c i r cu lar 
d i c h r o i s m stopped-f low methods at p H 7.7. O n l y the tetra -L -a lanine 

Cu^(R.sG5)' + Cuu(R.sA,)2' h C U ^ Î H . S G B Ï ^ + C U ^ Î H ^ ) " 

tfOH- 1ÎOH" (6) 

C u n ( H . 2 A 4 ) - C u n ( H . 2 G 5 ) -

complexes are C D active, a n d the C D spectra change w h e n the C u ( I I ) 
complex is o x i d i z e d to C u ( I I I ) as s h o w n i n F i g u r e 13. U n d e r the c o n d i 
tions used ( p H 7.7 a n d 2 χ 1 0 " 4 M C u m ( H _ 3 G 5 ) ~ ) , the overa l l rate was 

.03 — 

.02 — 

.01 — 

700 600 500 4 0 0 3 0 0 

λ (n m) 

Figure 13. CD spectra showing the electron transfer reaction to form 
CuUI(H_sAky. (A) CulIAh, 9.5 Χ 10~4M, pH 7.2, 2 cm cell; (B) After mix
ing equal volumes of CuITI(H_SG5)~ and CulIAh at 7.0, both complexes 

approximately 5 X 10~4M, 2 cm cell. 

first order w i t h a rate constant of 0.1 sec" 1, depend ing on ly o n the con
vers ion of C u n ( H _ 2 A 4 ) ~ to C u n ( H . 3 A 4 ) 2 " . H e n c e , the e lectron exchange 
rate constant ke must be greater than 10 4 M " 1 sec ' 1 . A d d i t i o n a l studies i n 
progress i n our laboratory conf irm that electron exchange reactions of 
this type are very fast. 

T h e reduc t i on of C u I H ( H . 3 G 4 ) " has been examined w i t h a n u m b e r 
of substrates i n c l u d i n g Γ, F e ( C N ) 6

4 " , ( t e r t - B u ) 2 N O , ascorbic ac id , 
cysteine, hydroqu inone , a n d S 0 3

2 " . A l l of the reduct ions are r a p i d a n d 
appear to proceed b y one-electron steps. Two -e l e c t ron transfer reactions 
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302 BIOINORGANIC C H E M I S T R Y II 

between C u ( I I I ) a n d C u ( I ) , w h i c h w o u l d avo id h i g h energy, f ree -radica l 
intermediates , w o u l d be of considerable interest i n b i o l og i ca l oxidations, 
b u t as yet w e have no c lear-cut examples of this behavior . 

I n summary , C u ( I I I ) is s tab i l i zed b y deprotonated pept ide b o n d i n g , 
a n d this tr ivalent ox idat ion state is m u c h more accessible i n aqueous 
so lut ion than h a d been rea l i zed . Var iat ions i n E° values of more than 500 
m V occurs for C u 1 1 1 , 1 1 redox couples as the nature of the coord inat ing 
groups change. I f C u ( I I I ) exists i n nature, i t is l i k e l y to be coord inated 
at least i n part to deprotonated peptides, w h i c h p l a y an important role 
i n s tab i l i z ing this tr ivalent ox idat ion state. 
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Recent Studies on the Effect of Copper on 

Nucleic Acid and Nucleoprotein 

Conformation 

GUNTHER L. EICHHORN, JOSEPH M. RIFKIND, and YONG A. SHIN 

Laboratory of Molecular Aging, Gerontology Research Center, 
National Institute on Aging, National Institutes of Health, 
Baltimore City Hospitals, Baltimore MD 21224 

Copper ions cause cooperative disordering of the helical 
structure of nucleic acid strands, as demonstrated by ORD 
and uv changes as a function of Cu 2 + activity. Equilibrium 
dialysis binding studies reveal that the cooperative disorder
ing is paralleled by cooperative binding. The concentration 
and chain length dependence of these phenomena indicate 
that Cu 2 + ions form both intermolecular and intramolecular 
crosslinks between and within polynucleotide chains. Cop
per ions also have dramatic effects on nucleoprotein struc
ture. They invert the CD spectrum of the DNA-polylysine 
complex, which simulates the protein-DNA binding in nu
cleoprotein, indicating that metal binding significantly 
changes the way in which the DNA is packed in a super
structure. Thus copper ions influence the conformation of 
not only nucleic acids but also their complexes with proteins. 

T t is w e l l k n o w n that copper ions are r e q u i r e d for the b i o l og i ca l func t i on 
of some enzymes a n d are detr imenta l to the func t i on of m a n y others. 

These effects can often be ascr ibed to conformat iona l changes. T h e 
i m p a c t of copper ions on the conformat ion of nuc l e i c acids is equa l ly 
dramat i c a n d of potent ia l signif icance i n d i s t u r b i n g the func t i on of the 
genetic mater ia l (1, 2). 

W e have prev ious ly s h o w n that C u 2 + ions can revers ib ly u n w i n d the 
doub le he l ix of D N A ( 3 ) . Recent experiments have demonstrated that 

304 
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17. E i C H H O R N E T A L . Nucleic Acid and Nucleoproteins 305 

C u 2 + ions also d isorder s ingle -stranded h e l i c a l structures b y f o r m i n g cross
l inks be tween a n d w i t h i n po lynuc leo t ide strands (4). 

220 240 260 280 300 320 
WAVELENGTH, nm 

Figure 1. Effect of Cu(II) on the ORD and uv spectra of single-stranded 
poly (A) and poly(C). Nucleotide residue concentration 1.5 X 10~4M, pH 7, 
25°. Copper/nucleotide residue given in Figure, compared with spectrum 

without Cu2+ at 84°. 
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3 0 6 B I O I N O R G A N I C C H E M I S T R Y -II 

Intramolecular and Inter molecular Crosslinking of Polynucleotides 

T h e d isorder ing of s ingle-stranded p o l y ( A ) a n d p o l y ( C ) helices b y 
C u ( I I ) is demonstrated b y the collapse of the O R D curves characterist ic 
of these helices w h e n increments of C u ( I I ) are a d d e d ( F i g u r e 1). T h e 

3 * 1 0 ~ D 1 x 1 0 ° 3 x 1 0 _ D 1 χ 1 0 ~ 

[ C u L t i v i t y (moles/liter) 

Figure 2. Effect of polymer concentration on Cu(II)-
induced changes in rotation of single-stranded poly (A) 
and poly(C) at pH 6 in 0.1 M NaClO^ and 0.01M caco-
dylate. 6r is fractional change in rotation = [a] — [aj/ 
[<*]d ~~ l<*lo where [a] — rotation at given Cu2+ activity, 
[a0J = rotation in the absence of Cu2+, and [ad] = rota
tion of fully disordered structure. A: poly (A), B: poly(C). 
Concentrations: (A) 5 X 10~4M; (U) 5 X 10~5M; (O) 5 X 

10~6M. 
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17. E i C H H O R N E T A L . Nucleic Acid and Nucleoproteins 307 

Figure 3. Binding of Cu(II) to single-stranded 
poly(A) and poly(C) in 0.1 M NaClO^ and 0.01M 
sodium cacodylate, pH 6, 25° ± 0 . 1 ° . 6b is frac
tional saturation of potential binding sites assuming 

Cu(II):nucleotide stoichiometry of 1:2. 

simultaneous increase i n the absorbance indicates a destacking of the 
nuc leot ide bases that must occur as a result of the d i sorder ing ( F i g u r e 
1 ) . T h e h e l i c a l structures are, of course, also co l lapsed b y heat ing , as 
the O R D curves at 84° i l lustrate . T h e curves p r o d u c e d b y the inc rementa l 
a d d i t i o n of C u ( I I ) pass through an isosbestic po int , w h i c h however does 
not i n c l u d e the h i g h temperature curve . Therefore , the d i sorder ing p r o 
d u c e d b y C u ( I I ) must be different f r om thermal ly i n d u c e d d isorder ing . 

F i g u r e 2 provides some clues to the difference i n the mechan i sm of 
C u ( I I ) - i n d u c e d a n d t h e r m a l d isorder ing . T h e latter is a rather n o n -
cooperative process as shown b y the b r o a d temperature range i n w h i c h 
the d i sorder ing transi t ion takes p lace (5,6). T h e C u ( I I ) - i n d u c e d t rans i 
t i on , on the other h a n d , occurs over a very narrow concentrat ion range, 
as s h o w n i n F i g u r e 2, i n w h i c h the f rac t iona l change i n rotat ion is 
p l o t ted as a funct ion of copper act iv i ty . T h e cooperat iv i ty i n the spectral 
t rans i t ion is a c companied b y cooperat iv i ty i n the b i n d i n g of C u ( I I ) to 
the po lynucleot ides ( F i g u r e 3 ) . It is therefore apparent that the i n i t i a l 
b i n d i n g of C u ( I I ) to po ly ( A ) a n d to p o l y ( C ) faci l itates further b i n d i n g 
a n d that increased b i n d i n g promotes enhanced d isorder ing . 

T h e effect of p o l y m e r concentrat ion o n the d i sorder ing provides an 
a d d i t i o n a l c lue to its mechanism. F i g u r e 2 shows that the h igher the 
p o l y m e r concentrat ion, the l ower the C u 2 + ac t iv i ty r e q u i r e d for the t r a n -
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308 BIOINORGANIC C H E M I S T R Y II 

s i t ion . T h i s dependence o n p o l y m e r concentrat ion indicates that C u ( I I ) 
forms intermolecular crosslinks, or crosslinks be tween the po lynuc leo t ide 
chains. 

T h e d i sorder ing process also depends o n c h a i n length . F i g u r e 4 
reveals that p o l y ( A ) is d isordered at m u c h l ower copper concentrations 
t h a n the hexamer. F r o m the results w i t h the p o l y m e r i t has been c a l c u 
la ted (4) that four to five bases are d isordered b y C u ( I I ) i n one con 
t inuous sequence. I t w o u l d be pred i c ted , therefore, that a n o l igomer 
conta in ing more than five nucleot ides , such as the hexamer, s h o u l d be 
have l ike a po lymer ; ev ident ly such is not the case. T h e greater coopera
t i v i t y of the p o l y m e r therefore indicates a type of b i n d i n g possible on ly 
i n a po lymer but not the hexamer. W e be l ieve that this process is i n t r a 
mo lecu lar cross l inking a n d that therefore C u ( I I ) can produce b o t h 
intermolecu lar a n d intramolecu lar crosslinks. 

These results l e a d to the f o l l o w i n g scheme for the cooperative d is 
o r d e r i n g of these po lynucleot ides b y C u ( I I ) . I n i t i a l increments of 
C u ( I I ) b i n d to phosphate a n d stabi l ize the h e l i c a l structure, as the i n i t i a l 
increase i n rotat ion i n F i g u r e 4 demonstrates. A s the concentrat ion of 
p o l y m e r - b o u n d C u ( I I ) increases, c ross l inking to bases takes p lace . S u c h 
crosslinks m a y be w i t h i n the same p o l y m e r s trand or be tween different 
strands. O n c e such cross l ink ing has b e g u n , a d d i t i o n a l cooperative cross-

6 8 10 12 14 16 2 0 

C O P P E R / R E S I D U E 

Figure 4. Effect of chain length on Cu(II)-induced changes in 
rotation for single-stranded poly(A) and oligo(A) in water at 25°. 
Presented as % change in mean residue rotation at trough (see 

Figure 1 ). 
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17. E I C H H O R N E T A L . Nucleic Acid and Nucleoproteins 309 

l i n k i n g i n the v i c i n i t y of the first crossl ink is fac i l i ta ted since the entropy 
lost i n b r i n g i n g strands or s trand segments together is no longer r e q u i r e d . 

Intermolecular Interactions in Nucleoprotein Models 

T h e d i sorder ing of po lynucleot ides b y C u ( I I ) b i n d i n g m a y be con 
trasted to the effects of C u ( I I ) o n complexes of D N A w i t h po ly lys ine . 
S u c h complexes serve as models for the nucleoproteins f o u n d i n the n u c l e i 
of eukaryot i c cells. T h e nucleoproteins conta in D N A b o u n d to a var ie ty 
of proteins, m a n y of w h i c h conta in a large amount of lys ine . These p r o 
teins are be l i eved to be i n v o l v e d i n the regu lat ion of genetic ac t iv i ty . 

C o m p l e x i n g of D N A w i t h po ly lys ine results i n a very large change 
i n the O R D a n d C D spectra of D N A . T h e C D change is s h o w n i n 
F i g u r e 5. T h e a m p l i t u d e of the e l l ip t i c i ty is greatly magni f ied , a n d a 
h i g h negative e l l i p t i c i ty is observed i n the 270-nm reg ion ( 7 ) . T h i s h i g h 
e l l i p t i c i t y is caused b y anisotropic p a c k i n g of the D N A po ly lys ine c o m 
plex , i.e., an intermolecu lar association w i t h a d i rec t i ona l twist . 

W h e n D N A - p o l y l y s i n e is heated w i t h C u ( I I ) , a C D spectrum is 
ob ta ined (8 ) that has e l l i p t i c i t y of posit ive s ign i n the 270-nm reg ion 
( F i g u r e 5 ) . T h i s C D invers ion c o u l d be caused b y a reversal i n the 
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310 BIOINORGANIC C H E M I S T R Y II 

directional twist of the intermolecular arrangement, but it can also result 
from a change in the distance between repeating units (9). 

The CD spectra with positive and negative ellipticities are similar to 
two forms of CD spectra that have been observed with complexes of DNA 
and several of the proteins that are associated with DNA in the cell 
nucleus (10). Apparently metal binding can bring about interconversions 
between the intermolecular forms that produce these two types of CD 
spectra. 

ι— ι 1 1 1 1 1 1 1 1 1 1 1 

(2) Cu, 65° 

(2) + 0.1M NaCI 

2 1 0 2 3 0 2 5 0 2 7 0 2 9 0 3 1 0 

W A V E L E N G T H , n m 

Figure 6. Reversibility of the effect of CuCl2 on the ORD spectrum of 
DNA-polylysine by addition of EDTA or 0.1 M NaCI 

Figure 6 shows the Cu( II)-induced changes in the ORD spectrum 
of DNA-polylysine at room temperature, after heating to 65°, and on 
addition of EDTA or 0.1M NaCI to the heated solution. The ORD spec
trum of the copper complex of DNA-polylysine at room temperature is 
not very different from the spectrum of DNA-polylysine itself. This is 
explained by the fact that at room temperature Cu(II) binds mainly to 
the phosphate groups of DNA and therefore does not drastically alter 
the DNA structure. The dramatic effect on the ORD spectrum is ob
served on heating when there is a large increase in the binding of Cu(II) 
to the DNA bases (3). Both EDTA and high ionic strength remove 
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17. E i C H H O R N E T A L . Nucleic Acid and Nucleoproteins 311 

C u ( I I ) f r o m D N A , a n d therefore the prev ious ly character ized O R D 
spectrum of D N A - p o l y l y s i n e is regenerated. 

W e bel ieve that C u ( I I ) b i n d i n g to the D N A bases alters the D N A 
conformat ion i n such a w a y that a gross a l terat ion occurs i n the p a c k i n g 
of the D N A molecules . T h e a d d i t i o n a n d subsequent r e m o v a l of copper 
m a k e this a reversible process. 

These studies demonstrate that C u ( I I ) has substant ia l effects on 
the structure of po lynucleot ides as w e l l as o n the intermolecu lar p a c k i n g 
of complexes of nuc l e i c acids w i t h proteins or po lypept ides . 
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Bio(in)organic Views on Flavin-Dependent 

One-Electron Transfer 

P. HEMMERICH 

Universität Konstanz, Fachbereich Biologie, Postfach 7733, 
D-7750 Konstanz, West Germany 

Flavin-dependent 1e--transfer in enzymes and chemical 
model systems can be differentiated from 2e--transfer activi
ties, i.e., (de)hydrogenation and oxygen activation, by chem
ical structure and dynamics. For 1e--transfer, two types of 
contacts are discussed, namely outer sphere for interflavin 
and flavin-heme and inner sphere for flavin-ferredoxin con
tacts. Flavin is the indispensable mediator between 2e--and 
1e--transfer in all biological redox chains, and there is a 
minimal requirement of three cooperating redox-active sites 
for this activity. The "switch" between 2e-- and 1e--transfer 
is caused by apoprotein-dependent prototropy between 
flavin positions N(1)/O(2α) and N(5) or by N(5)-metal 
contact. 

T ^ v u r i n g the current sympos ium the state of c h e m i c a l knowledge con -
cern ing a l l except one type of b i o l og i ca l e lectron-transferr ing pro te in 

has been r e v i e w e d w i t h expertise, such as e~-transferring copper b y G r a y 
et a l . ( I ) , heme i r o n b y S u t i n ( 2 ) , a n d "su l fur i r o n " ( ferredoxin) b y 
H a l l ( 3 ) . I n fact, however , a n d i n spite of the divers i ty a n d n u m b e r of 
i r o n - s u l f u r a n d heme proteins p a r t i c i p a t i n g i n b i o l o g i c a l e lectron trans
port , no single e lectron f r o m any organic C H - s u b s t r a t e ever sees an i r o n 
center before i t has been digested b y a flavoprotein. T h e " f lav in passage" 
is i n fact mandatory for a l l one-electron equivalents pass ing to a n d f r om 
c a r b o n - h y d r o g e n bonds i n a n i m a l a n d p lant as w e l l as m i c r o b i a l metabo 
l i s m ( F i g u r e 1 ) . 

T h e w e a l t h of seemingly r a n d o m flavoproteins can be brought into 
a certa in order b y d i s t ingu ish ing them accord ing to the n u m b e r of redox 
equivalents operat ing at once i n the ir i n p u t a n d output reactions ( T a b l e 
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18. H E M M E R i C H Flavin-Dependent One-Electron Transfer 

Detoxification 

OXYGENASES 

RH+ 0 2 ROH+ Hp 

313 

Pyruvate metabolism 

( D Ε) H Y DROGE N ASES 

Fatty acid synthesis > c . 

OXIDASES 

2Fe* Nitrogen fixation 

Respiration 

Photosynthesis 

Figure 1. Functions of animal, plant, and microbial flavoproteins and 
redox stoichiometric 

I ) . I n the present chapter, w h i c h is devoted to flavin-dependent le~-
transfers, w e can differentiate two m a i n classes of l e " - t rans ferr ing flavo
proteins, name ly the flavodoxins or "pure e"-transferases" a n d the (2 X 
l e " ^ ± 1 X 2e")-"transformases" w h i c h constitute one essential part of 

Table I. Prototypes of Flavoproteins and Number of 
Redox Equivalents Transferred in a Single 

Input and Output Step" 

Redox-Equivalents 
Input/Output Flavoprotein Function Prototype 

1 
(2x) 1 

2 : 1 (2x) 

2 : 2 

pure e"-transfer flavodoxin 
e " - t rans fer /hydrogenat ion N A D P - r e d u c t a s e of 

( "1 /2 - t rans formase" ) chloroplasts 
dehydrogenation/e~-transfer N A D H - d e h y d r o g e n a s e 

( "2 /1 - t rans formase" ) 
d e h y d r o g e n a t i o n / 0 2 -

reduct ion 
dehydrogenat i on /oxygena 

t i o n 
pure t ranshydrogenat ion 

of mi tochondr ia 
bac ter ia l glucose 

oxidase 
bacter ia l phenol 

oxygenase 
bacter ia l N A D (P) -

transhydrogenase 
β Mitochondrial NADH-dehydrogenase contains le"-FeS-acceptor sites within the 

molecule. 
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3 1 4 BIOINORGANIC C H E M I S T R Y II 

flavin-dependent dehydrogenases. I n this transformase act iv i ty flavin is 
u n i q u e a n d mandatory for a l l b i o l og i ca l redox chains. W i t h respect to 
the transformases, however , this chapter deals on ly w i t h one "hal f -
a c t i v i ty " of the flavin. T h e res idual m a i n types of flavin a c t i o n — ( d e ) -
hydrogenat ion (4 ) a n d oxygen act ivat ion ( 4 , 5 ) — h a v e been extensively 
r e v i e w e d i n the recent past. 

Types of Complexes or Contacts in Flavin-Dependent le -Transfer 

Flavodox ins as pure e~-transferases are ferredoxin substitutes conta in 
i n g only one center w h i l e i t appears that every b i o l og i ca l "transformase" 
u n i t must contain at least three redox-act ive sites ( 6 ) . T h e first one, or 
(de )hydrogenase center, is the obl igatory transformase flavin, h a v i n g 
2e ' - input a n d le " -output (or vice versa ) , such as, e.g., carrier I i n F i g u r e 
2. T h e second a n d the t h i r d centers are one-electron collectors, namely 
either t w o separate F e S centers ( ferredoxin units ) or one flavodoxin plus 
one ferredoxin , the former rep lac ing the latter, par t i cu lar ly i n the case of 
i r o n deficiency. T h e requirements for those three carriers, a l l three w o r k 
i n g i n the le" -shutt le ( the l ower shuttle i n the case of flavodoxin) a n d 
only the first one w o r k i n g add i t i ona l l y i n the 2e"-shuttle, becomes obvious 
f r om F i g u r e 2. N a t u r e aims at the m a x i m u m y i e l d of single electrons w i t h 

RADICAL OXIDATION 

WASTE *— D , M E R , S A T I 0 N Ι *S 
< CHAIN INITIATION > 

OXIDATION J SUBSTRATE RH HFL 

BIOLOGICAL OXIDATION 
CARRIER I: 

DEHYDROGENASE 

-STORE 

MEMBRANE? 

CYTOCHROME 

SUBSTRATE RH 

CARRIER III : β" - TRANSFERASE 

Figure 2. The three-center hypothesis for le'/2e~-e transformase" activity. 
Dehydrogenase-flavin (Fl) = carrier I; pure e~-transferase flavin (FV, flavodoxin 
—replaceable by a second FeS-protein) = carrier 11; e~ storage FeS-protein 

(Fe, ferredoxin) — carrier III. 
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18. H E M M E R i C H Flavin-Dependent One-Electron Transfer 315 

1e7 2e" © 

^ 8/5 contact site at 4a/ 5 © 
Fl-nucleus 

tunnelling? 

Substrate turnover 

no loss b y substrate r a d i c a l d imer i za t i on or c h a i n reactions. T h e l o w -
potent ia l " l e~-only" carrier I I of either flavodoxin or ferredoxin type trans
fers the energy-r i ch electron f r om H F l r e ( f into the redox cha in . T h e h i g h 
potent ia l l e " - carr ier I I I is r e q u i r e d as an electron s ink for reoxidat ion of 
the transformase r a d i c a l H F 1 , w h i c h b y itself is inact ive i n the dehydro 
genation react ion. 

I n these systems, b i n a r y carrier contacts, whether of measurable 
l i f e t ime or of shorter durat ion , impl i cate , therefore, two c lasses—"inter-
flavin" a n d flavin-heme contacts a n d flavin-iron ( su l fur ) contacts. F i g u r e 
3 makes i t c lear that, even irrespective of whether one or two redox 
equivalents are b e i n g transferred, the geometry of these contacts ( r ough ly 
spoken : π or σ) must be asked for, a n d if it is σ, the site of contact must 
be discussed, whether inner sphere or outer sphere. 

T o beg in w i t h the F e S cluster a n d the heme system, the terms inner 
a n d outer sphere are nonequ ivoca l w h i l e the " inner sphere of the flavin 
mo lecu le " w i t h respect to meta l contact is taken to be the che lat ing profi le 
Ο ( 4 α ) , N ( 5 ) ( F i g u r e 4 ) . T h e outer sphere of a flavin i n this context 
fo l lows f rom the k n o w n structures of flavodoxins (7-12) w h i c h show 
that on ly the nitrogen-free part of the flavin nucleus reaches out into the 
solvent. Since the theory of t u n n e l l i n g as essential e"-transfer p a t h w a y is 
gett ing less a n d less support these days, i t appears a lready f r o m the 
x-ray structures that C ( 8 ) of the flavocoenzyme m i g h t be an efficient 
outer-sphere contact site i n electron transfer. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

18



316 BIOINORGANIC C H E M I S T R Y II 

Flavoquinone Chelate Charge Transfer Chelate 

H 3 C W V V 
" ..0 

/ n 

*max (nm)Je(M~1cm"1) 
<υ 4 7 0 ( 1 0 . 0 0 0 ) 
<υ 3 6 0 ( 8 0 0 0 ) 

MrAgtCutFe 2 " 1 " 

e" ru 5 0 0 (10.000) 
ru 4 0 0 (15.000) 

Radical Chelate 
H3C 

H 3C N ^ N R 

ω 700 ( 5 0 0 ) 
ru 500 (5.000) 

370 (15.000) 

M 

Inorganic Chemistry 

Figure 4. Known classes of flavin-metal complexes (26) 

Interflavin ana Flavin—Heme Contacts 

Independent support for inter f lav in σ-contacts comes f r o m recent 
c h e m i c a l studies b y F a v a u d o n a n d L h o s t e (13,14). T h e f rench authors 
describe, as a l ready ant i c ipated , a nearby di f fus ion-contro l led d i m e r for 
m a t i o n i n aprot ic po lar m e d i u m as the first step i n the inter f lavin contact 
be tween o x i d i z e d a n d r e d u c e d states, w h i c h w o u l d finally y i e l d t w o 
flavin radicals . T h i s d i m e r was shown to be not i d e n t i c a l i n any respect 
w i t h the w e l l k n o w n q u i n h y d r o n e w h i c h can on ly be obta ined i n aqueous 
systems at h i g h flavin concentrations. T h e l o n g wave b a n d i n the absorp
t i o n spectrum of the n e w d i m e r appears to be of charge transfer type , 
b u t w i t h a h i g h l y r e d u c e d hal f w i d t h a n d better reso lved shape t h a n the 
flavoquinhydrone spectrum. 

I propose, therefore, the structure of a σ -bonded, b u t s t i l l l ab i l e , 
8,8 ' -dimer for this intermediate ( F i g u r e 5). W h e n the rotat ion about the 
8,8 '-bond is free—as i n the c h e m i c a l system—the pre ferred conformat ion 
of the d imer w i l l be the " h a i r p i n , " w h i c h permits a n a d d i t i o n a l π-charge 
transfer be tween the two flavin halves even at an angle of 60° . T h e 
stab i l i ty m a x i m u m w i l l be reached i n the monoan ion , where the N ( l ) -
protonated flavin ha l f acts as the acceptor a n d the deprotonated one as 
the donor , i n agreement w i t h the p H - d a t a (13). H e n c e , the pro ton at 
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18. H E M M E R i C H Flavin-Dependent One-Electron Transfer 317 

N ( l ) is s tab i l i z ing the d imer , w h i l e b l o c k i n g the Ν ( 5 ) - l o n e pa i r , prefer 
a b l y b y meta l , w i l l support 8,8'-cleavage. A s imi lar a d d i t i o n at C ( 8 ) was 
detected for the first t ime , w h e n a n intermediate was seen i n the flavin-
dependent photodecarboxy lat ion of phenylacetate (17,18), w h i c h was 
not i d e n t i c a l w i t h the k n o w n products of reduct ive a l k y l a t i o n , v i z . 4 a -
benzy l -4a ,5 -d ihydro f lav in , a n d 5 -benzy l - l , 5 -d ihydro f lav in . N M R evidence 
i n favor of the structure 8 -benzy l - l , 8 -d ihydro f lav in was ob ta ined later 
o n (19, 20). T h e 1,8-dihydrof lavin chromophore , as present i n the d i m e r 
( F i g u r e 5 ) has a very characterist ic absorpt ion spec t rum (21), s h o w i n g 
a very intense a n d w e l l resolved b a n d i n the 330-nm range, w h i c h m i g h t 
be ver i f ied i n the 8,8 ' -dimer. F u r t h e r m o r e , 1 ,8-dihydrof lavin is a N ( l ) -
a c i d of a p K < 6, l ower than that of 1,5-dihydrof lavin ( p K a > 6.5). T h e 
b e n z y l 8-adduct is, therefore, s tab i l i zed at p H > 7 b y the negat ive charge 
a t N ( l ) . 

T h e numerous k n o w n flavin d i m e r species are r e v i e w e d i n T a b l e I I . 
A p a r t f r o m the n o r m a l very unstable q u i n h y d r o n e π -complex (15, 16), 
w h i c h can only be observed i n pro t i c m e d i a , a n d apart f r o m the stable 
"b i f lav ins" obta ined i r revers ib ly b y a M i c h a e l - t y p e a lka l i - ca ta lyzed self-
condensat ion of flavoquinone (22), there are two further types of σ-
dimers k n o w n besides the above one, n a m e l y the 7«,4a-product of phos
phate -cata lyzed photod imer i za t i on (23) a n d the 5,5 ' -deazaflavin d i m e r 
(24), w h i c h is discussed be low . 

I n summary , i t appears that " inter f lav in σ-contact" is a qui te c o m m o n 
phenomenon w h i c h m a y occur b o t h i n art i f i c ia l (most ly i r revers ib le ) as 

Rot. y ie lds π-charge t r a n s f e r 

Negative 
Proton or metal ion 
steering 

Figure 5. "Interflavin contact" and σ-electron transfer (based upon the 
data of Ref. 13. In the syn-conformation the flavin halves are at an un

strained angle of ~ 50°, sufficient for efficient charge transfer. 
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318 BIOINORGANIC C H E M I S T R Y II 

T a b l e I I . S t r u c t u r e s of 

Position of 
Interflavin 

Linkage 

(8,8 ' )σ ? 

(5,5 ' )σ 

(7a,4a)a 

F l o x + F l r e d H " 

H F 1 + F l -

Formationa 

F l " o x F l r e d H 2 

anhydr. base · —2e 
2HFl0X-2W (Fl-)2 «± (Flox)2 

S F l r e d H - + F l o x ) <=± 
i H F 1 + F1 - S H * , M e * 

5-deaza | Η μ + Μ 

' 2 F l 0 X + 2e- a q . 

H F 1 - F l -

2 H + 

( F l H ) j 

hi. H P 0 4

2 " cat. 
2HFlox > HFl„â - Fl0XH 

H F e o x S 

1 Those cases involving deprotonation of flavoquinone are in italics. The defini-

w e l l as i n b iocata lyt i c ( revers ib le ) systems. σ-Contact has to be con 
s idered as the first event i n inter f lav in e lectron transfer. 

K e e p i n g i n m i n d that a l l three x - rayed flavodoxins (7, 8, 9, 10, 11) 
exhib i t C ( 7 , 8 ) as the on ly possible po int of d irect outer contact w h i l e 
a l l the rest of the flavin molecu le is b u r i e d i n the prote in , w e must 
finally admit that chemica l ly C ( 8 ) is the reasonable site of o r b i t a l over
l a p be tween flavin a n d secondary heteroaromatic l e " -donor -ac ceptor 
molecules such as flavin itself a n d , above a l l , cytochrome. F l a v o d o x i n s 
represent the case of flavoproteins s cheduled for l e " - on ly transfer b y a 
h y d r o g e n b o n d d i rec ted f r o m the apoprote in towards N ( 5 ) , s t a b i l i z i n g 
the r a d i c a l H F l . T h e b o n d is strong enough to m a i n t a i n the act ive p r o 
te in r educed i n the l ower le " -shutt le be tween F l r e d a n d F l . 

S u c h regiospecif ic h y d r o g e n br idges , s i tuated w i t h i n the flavin p lane , 
can b l o ck the lone p a i r at e ither n i t rogen (or oxygen) a tom i n pos i t i on 5 
or l/2a a n d thus p r o v i d e the l i n k be tween act ive site structure a n d the 
choice of a l ternat ive l e " - or 2e"-activities. T h e assignment of b l o ckade 
site to the ac t iv i ty t ype requires knowledge of ac idobas ic properties of 
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18. H E M M E R i C H Flavin-Dependent One-Electron Transfer 319 

K n o w n F l a v i n D i m e r s 

References 

Decay 

heat 15 
d i l u t i o n 

irrevers . 22 

H \ w e a k 13 
M e 2 + 

02, hv 24 

H + , strong 23 

tion is then HFl = Fl. 

the flavin nucleus ( 4 ) , as discussed b e l o w . H e n c e , b l o ckade does not 
m e a n that the access to the corresponding n i t rogen atom is obstructed 
b u t that the atom is kept i n the t r igona l state. H o w e v e r , the deazaf lavin 
case confirms b y the f ormat ion of a stable d i m e r 5 , 5 ' - H d F l ( for structure 
see be l ow , F i g u r e 7) that not on ly C ( 8 ) , b u t also N ( 5 ) is a site, w h i c h 
is potent ia l ly act ive i n le" -transfer . I n the unmod i f i ed flavin the 5,5'-
contact must be ster ical ly feasible i n the same w a y , a l though i t cannot 
l e a d to a stable ( cata ly t i ca l ly dead) 5,5 ' -dimer, b u t to lab i l e flavin ( r a d i 
ca l ) m e t a l 4«,5-chelates, as discussed i n the f o l l o w i n g chapter . 

Flavin—Metal Contact 

T h e σ-character of flavin-metal contacts is more easily accepted a 
p r i o r i , since k ine t i c s tabi l i ty of m e t a l - N , 0 - l i g a t i o n need not be appre 
hended . M e t a l chelates (b identate or po lydentate structures) m a y , h o w 
ever, exhib i t enough t h e r m o d y n a m i c advantages to prec lude dissoc iat ion 
a n d thereby, e lectron transfer. F l a v i n , however , is establ ished b e i n g a 
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320 BIOINORGANIC C H E M I S T R Y II 

re lat ive ly weak meta l chelator, for the f o l l o w i n g independent reasons 
( 2 0 ) . 

1. Ο (4α) is a lways f o r m i n g part of a c a r b o n y l rather than a hydroxy 
group . A n y 4<*,5-chelation of meta l to flavin must , therefore, occur at 
the expense of 3,4a-prototropic energy. 

2. N ( 5 ) i s # a very weak basic site i n Flox ( p K < 0 ) , a moderate ly 
strong one i n F l " ( p K ~ 8.5 ) a n d aga in very weak i n F l r e d . I n bo th 
H F l r e d ( p K ~ 6 . 5 ) a n d F U ( p K ~ 0 . 5 ) , N ( l ) is the pre ferred proto 
nat i on site. T h i s explains w h y enforced b lockade of the N ( 5 ) - l o n e 
p a i r favors the rad i ca l , i.e., le" -transfer , w h i l e enforced Ν ( 1 ) -b lockade 
favors Flox a n d F l r e d and , therefore, 2e~-transfer. If, however , the b lock 
ade is ach ieved b y m e t a l instead of protons, the attachment site at Flox 
is sw i t ched f r om N ( l ) towards N ( 5 ) because of the 4<*,5-bidentate mode 
of m e t a l fixation. H e n c e , m e t a l complexat ion as such is sufficient to shift 
the 2e"-transfer system into a le" - transfer system. F o r redox-act ive meta l , 
i.e., F e I I / m , the b io log i ca l ly essential shuttle ( F i g u r e 2) between fu l ly 
r e d u c e d flavin a n d r a d i c a l v i a the chemica l ly reasonable intermediate 
complexes ( F i g u r e 4) is d r a w n i n F i g u r e 6, as c ompared w i t h the inessen
t i a l u p p e r shuttle be tween r a d i c a l a n d flavoquinone. I n the complexes 
of the essential shuttle, m e t a l - l i g a n d sp in d e r e a l i z a t i o n is h i g h w h i l e 
i n Flox-complexes, it is l ow . 

3. C ( 6 ) H causes steric h indrance of meta l coord inat ion i n a l l flavin 
redox states to further prevent un favorab ly h i g h chelate stabi l i ty . 

T h r e e types of flavin m e t a l chelates have been d i s t inguished accord 
i n g to F i g u r e 4 ( 2 5 ) . 

1. Flox as neut ra l l i g a n d yie lds l i ght r e d " f lavoquinone chelates," 
whose stabi l i ty is l ower than that of the corresponding m e t a l aquo-
complexes i n water . These chelates can be isolated, a n d their sub-
molecu lar structure has been e luc idated b y N M R (26, 27) i n aprot ic 
po la r solvents. T h e d e r e a l i z a t i o n of m e t a l d-electrons towards the 
l i g a n d is very smal l , a n d any sp in f o u n d i n the l i g a n d is caused rather b y 
po lar i za t i on than b y d e r e a l i z a t i o n mechanisms. T h i s suggests strongly 
that these chelates are b io log i ca l ly i rre levant since they w o u l d not sup
port flavin-metal e"-transfer, as reflected i n F i g u r e 6. 

2. U p o n a d d i t i o n of base, these flavoquinone chelates w i l l rather 
dissociate b y direct m e t a l coord inat ion of base (even i n the case of 
h i n d e r e d base molecules such as tert iary amines) than lose the pro ton 
at N ( 3 ) . T h i s is true for a l l meta l ions except very soft ones, such as 
A g + , C u + , a n d F e 2 + . T h e n e w meta l chelate species thus obta ined have 
been t e rmed "charge-transfer chelates" because of their l o n g wave absorp
t i on . T h e y cannot be s tud ied b y N M R , o w i n g to very smal l , b u t r a p i d l y 
exchangeable e q u i l i b r i u m admixtures of l i g a n d radicals nor b y E P R (25) 
because of their d iamagnet i sm. 

3. U p o n a d d i n g an electron, the o x i d i z e d chelate system changes 
towards the " r a d i c a l chelate state." Its eva luat ion b y E P R (28) shows 
intense electron d e r e a l i z a t i o n f rom the r a d i c a l l i g a n d towards the m e t a l 
a n d v i ce versa, independent of the meta l nature ( to a first a p p r o x i m a 
t i o n ) . T h e n e w d,d-absorpt ion bands encountered i n the near - in frared 
(29), however , are characterist ic for the m e t a l center. N o such absorp-
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18. H E M M E R i C H Flavin-Dependent One-Electron Transfer 321 

t i on has been ver i f ied before i n b i o l og i ca l systems, a l though this t rans i 
t i on is not too strongly f o rb idden . F u r t h e r search for such proof of 
flavin-iron contact remains t empt ing . 

F l a v o h y d r o q u i n o n e , finally, has no affinity whatsoever for n o n -
acceptor meta l ions. W i t h F e 3 + i t yie lds the ferrous r a d i c a l chelate b y 
f u l l e lectron transfer. F a v a u d o n a n d L h o s t e (14) have recently observed 

5 - H F i r e d { non-ac 

• Fem: 

non-acceptor metal ions if*- no affinity 

• π-complex -H+ 

BIOL. ESSENTIAL 

5-HFIR • Fe11 
H* 

"RADICAL CHELATE" 
STRONG METAL LIGAND 
COUPLING 
[FenFlR-] 

INESSENTIAL 

Fl o xR*Fe n < 

non-donator 
metal ions : 
weak affinity 

[FenFloxR] R=H,-H! 

Flavoquinone chelate 
WEAK METAL LIGAND 
COUPLING 

[FenFl0x] 

CHARGE TRANSFER 

CHELATE 
(NO)-DEPROTONATED) 

Figure 6. Biologically essential and inessential parts of e~-transfer 
between flavin and iron (proposal connecting Figures 2 and 4). 

a n intermediate i n this process, w h i c h cannot be a chelate but m a y be a 
7r-complex. W i t h N A D H the format ion of a s imi lar F e n i - c o m p l e x has 
been observed (30, 31). T h i s is almost certainly a ττ-complex, since the 
r e d u c e d n i co t inamide does not offer any bidentate or even monodentate 
prof i le for σ - f ixation of meta l ions. T h e N A D H - F e m - 7 r - c o m p l e x is more 
stable, as compared w i t h hypothet i ca l d ihydro f lav in analogs, since N A D H 
is not a l e ' d o n o r , a n d its F e I H - c o m p l e x cannot rearrange w i t h release 
of ferrous i r on unless a second m e t a l i on supports the process. 

Ν (5) -Modified Flavocoenzymes 

T h e essential difference be tween n i co t inamide a n d flavin is i n the 
nature of the acceptor site, i.e., C H for n i co t inamide as compared w i t h 
Ν for flavoquinone. T h i s explains w h y 5-deazaflavins appear to be inter 
est ing flavin (ant i )metabohtes since they are expected to be func t i ona l 
analogs of n i co t inamide , exh ib i t ing at the same t ime the steric shape of 
a flavin. Indeed it turns out that incorporat ion of 5-deazaflavin into apo-
flavoproteins b locks the electron transfer a n d oxygen act ivat ion proper 
ties (32,33,34,35,36). R e t a i n i n g at least par t ia l l y the ( d e ) h y d r o -
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322 BIOINORGANIC C H E M I S T R Y II 

genase funct ion . H e n c e , flavin-dependent transformases (see T a b l e I ) 
a n d oxidases t u r n into transhydrogenases w i t h 5-deazaflavin as redox 
site. C a r e must be taken not to mis interpret the nature of the acceptor. 
P h e n a z o n i u m methosulfate ( P M S ) ( 3 6 ) , for example, is an ambiguous 
species qu i te l i ke flavin; u n l i k e n i co t inamide , P M S can s w a l l o w r a d i c a l 
electrons as w e l l as 2e"-equivalents. A possible e lectron flow f r o m suc
c inate to P M S m e d i a t e d b y deazaf lavoprotein must therefore be cons id 
ered as transhydrogenase, not a transformase p a t h w a y i n the context of 
T a b l e I . 

I n its c h e m i c a l propert ies , the n i co t inamide character of 5-deaza
flavin becomes most obvious f r om the f o l l o w i n g four observations. 

1. H y d r i d e transfer towards d F l ^ x occurs read i ly , y i e l d i n g 1,5-
H 2 d F l r e d , as shown b y B r i i s t l e i n a n d B r u i c e (37). T h i s does not mean , 
however , that flavin behaves l ike n i co t inamide b u t rather that deaza-
flavin is not a flavin but a n i co t inamide m o d e l . 

2. T h e re lat ionship of l e ' a n d 2e"-redox potentials y ie lds a n i c o t i n 
amide pattern, as w i l l be shown i n the f o l l o w i n g paragraph . 

3. U p o n enforced l e " - reduct i on of deazaf lavoquinone ( d F l o X ) , e.g., 
b y h y d r a t e d electrons generated rad io ly t i ca l l y (24), r a d i c a l f o rmat ion 
can be observed b y r a p i d spectrophotometry. T h i s species, however , is 
not an analog of the b io l og i ca l ly essential flavosemiquinone 5 - H F l but 
exhibits the structure l - H d Ï ! ( F i g u r e 7 ) . T h i s is ascertained b y its 
re lat ive ly l o w p K a n d the lack of spectral shift u p o n deprotonat ion, w h i c h 
is analogous to the behavior of 1 - H F l a n d b y its decay, w h i c h , i n contrast 
to the flavin r a d i c a l decay, is irreversible a n d impl ies a d i m e r i z a t i o n 
instead of d ismutat ion . 

4. T h e same d imer can be obta ined photochemica l ly ( 2 4 ) , s tart ing 
either f rom d F l o X a n d oxalate (react ion steps A , B ) or f rom 1,5-dihydro-
5-deazaflavin-5-carboxylate (step Β alone, started w i t h authentic sub
strate ). 

h», - C 0 2 

A : d F l 0 X + (COO)? 2 " > d F l - r e d - 5 - C O O ' 
slow 

hv, - C 0 2 

B : d F l - r e d - 5 - C O O - + d F l o x > l - H d F l - 5 , 5 ' - d F l H - l ' 
fast 

T h i s d imer is colorless, i n agreement w i t h the structure s h o w n i n F i g u r e 
6. It cannot be r educed further a n d is o x i d i z e d on ly s l owly i n the dark. 

H e n c e , the deazaf lavin system can be forced to f o rm radicals , b u t 
they are k i n e t i c a l l y a n d t h e r m o d y n a m i c a l l y unstable . T h e i r structure is 
analogous to the b i o l og i ca l l y inessential N ( l ) - b l o c k e d r e d flavin radicals 
observed on ly i n nonelectron transfer flavoproteins, i n agreement w i t h 
the fact that Ν ( 1 ) -b lockade shifts the flavin system ready for 2e ' -transfer 
on ly . T h e deazaf lavoprotein r a d i c a l , w h i c h has been observed b y H e r s h 
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18. H E M M E R i C H Flavin-Dependent One-Electron Transfer 323 

(35) after art i f i c ia l r educt i on , is def initely not an intermediate of b i o 
l og i ca l relevance qui te l i ke a l l k n o w n flavin oxidase r e d radicals (4). 

Consequent ly , photoreduct ion of d F l o X leads to adduc t f o rmat ion 
accord ing to Reac t i on A even i n cases where n o r m a l flavins w o u l d not 
y i e l d stable adducts . These adducts f requent ly undergo secondary photo -
reactions w i t h start ing d F l o X , as s h o w n i n B , y i e l d i n g " r a d i c a l d imers " 
w h i c h m i g h t obscure the p i c ture at first sight. 

(Deaza )Flavosemiquinone 

essential inessential: no disproportionation 
type 

X m a x tu 530nm 

Figure 7. Structure and decay of 5-deazaflavin radicals. The 5-protonated 
tautomer, which would be analogous to the biologically essential blue flavo-
semiquinone, is not formed, and disproportionation, which is characteristic for 

the flavin system, does not happen. 

H e n c e , replacement of flavin-N(5) b y C H causes a deadlock of 
le" -transfer . T h e reverse case of dead locked 2e"-transfer is to be ex
pected f r o m replacement of Ν ( 5 ) b y sulfur . A c c o r d i n g l y , w e have s y n 
thes ized 5 - th ia - l ,5 -d ihydro f lav ins ( 3 8 ) , w h i c h are present ly under b i o 
c h e m i c a l evaluat ion . Thia f lav ins exhib i t stable radicals i n r a p i d d i s m u t a -
t i o n e q u i l i b r i a . I n the neut ra l o x i d i z e d state, however , they rearrange 
s l owly to y i e l d sulfoxides ( 3 9 ) , w h i c h are no longer flavin analogs. 
H e n c e , i n analogy w i t h flavin enzymes, th ia f lav in-dependent le" - transfer 
favors the l ower le" -shutt le be tween the r a d i c a l a n d f u l l y r e d u c e d states. 
A l t e r a t i o n of the flavin system b y Ν ( 5 ) -modi f i cat ion is s u m m a r i z e d i n 
T a b l e I I I , showing the t ight corre lat ion of structure a n d act iv i ty . 

The Dynamics of le~- vs. 2e'-Oxidoreduction 

I n T a b l e I V (40-47), the avai lab le data on redox potentials of free 
n i co t inamide , flavin, deazaf lavin, representative flavoproteins, a n d reac-
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324 BIOINORGANIC C H E M I S T R Y II 

Table III. Correlation of Structure and Redox Activity for 
Flavin and Its Ν ( 5 )-modified Derivatives 

R a d i c a l 
chemica l ly 
prote in bound 

O x i d i z e d 

Reduced 

Flavins 
(X — NH) 

revers, d isprop. 
stable 
q u i n o i d 

h y d r o q u i n o i d 

Redox-shutt les 
2e" (dehydrogenase) + 

U p p e r l e " (e'-storage) + 
L o w e r l e " (e - -transferase) + 

Deaza flavins Τ hia flavins 
(X = CH2) (X = S) 

i rrevers , d imer stable 
unstable stable 
q u i n o i d non -qu ino id 

( f lavin-analog) (sulfoxide) 
n o n - h y d r o q u i n o i d h y d r o q u i n o i d 

( N A D H - a n a l o g ) ( f lavin-analog) 

+ 
+ 

H 3 C 

H 3 C 

° Only the fully reduced (= dihydro) state is common (= isoelectronic) for all 
three systems. 

Table IV. Bio-redoxpotentials 

Type of 
Transfer 

Fl0X±=>FV 
Free flavin le/2e~ - 2 3 1 
F l a v o d o x i n s le - 1 9 0 to + 1 3 0 
N A D P - r e d u c t a s e le/2e not measured 
D - A m i n o ac id oxidase 2e" a r t i f i c i a l 
N i c o t i n a m i d e 2e~ N A D + ç ± N A D # 

- 7 4 0 
5 -Deaza f lav in 2e" - 6 5 0 
5 - T h i a f l a v i n l e " i rrevers ible 

0 2 τ± <J2-
# - 3 3 0 

D i o x y g e n 
irrevers ible 

0 2 τ± <J2-
# - 3 3 0 

D i t h i o n i t e le72e" s o 2 - ^ s o 2 le72e" 
- 4 4 0 

α For prevailing le"-transfer E\ > E2 > E\ ; for prevailing 2e"-transfer Ει < E2 

prototropy; diffusion-controlled in the chemical system, conformation-controlled in 
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18. H E M M E R i C H Flavin-Dependent One-Electron Transfer 325 

tants have been summar ized . A n upper l e ' - shut t l e potent ia l l ower t h a n 
the corresponding l ower shuttle potent ia l points towards r a d i c a l insta 
b i l i t y a n d , thus, 2e"-only catalysts. D i t h i o n i t e as w i d e l y used art i f i c ia l 
donor is also ambiguous , qui te l ike flavin w h i l e molecu lar oxygen as 
acceptor strongly prefers 2e"-transfer and , therefore, w i l l y i e l d on ly 
superoxide w h e n coup led w i t h a l e ' - o n l y catalyst ( 5 ) . F r e e d i h y d r o -
flavin fulfi l ls this requirement on ly under a lkal ine condit ions (48) w h i l e 
oxidase d ihydro f lav in does not fu l f i l l i t at a l l . 

T h e data of T a b l e I V are i n large part taken f r om a recent study b y 
B l a n k e n h o r n (44). T h i s author, furthermore , succeeds i n s h o w i n g that 
the mode of ox idoreduct ion , v i z . l e " - or 2e"-transfer, is not on ly reflected 
b y thermodynamics b u t can be veri f ied k ine t i ca l l y as shown i n F i g u r e 8. 

W h e n a series of d ihydron ico t inamides w i t h var iab le substituents R' 
is o x i d i z e d either b y flavin or b y the l e " - on ly n i trox ide r a d i c a l , the Nerns t 
equat ion can be ver i f ied us ing the f o r w a r d rate as w e l l as the e q u i l i b r i u m 
constants, since the back react ion rate is independent of the nature of R'. 
I n the case of the flavin acceptor, the Nernst n u m b e r η turns out to be 2, 
as r e q u i r e d for 2e"-transfer. H e n c e , the transformase cofactor flavin w i l l 
react w i t h n i co t inamide i n the 2e"-mode, s h o w i n g that the latter i s — f o r 
the b i o l og i ca l acceptor—a 2e"-only agent a n d requires a very potent 
l e " - on ly oxidant such as ni troxide for art i f i c ia l l e " -behavior . 

O n e might , of course, argue that this statement is on ly v a l i d for the 
chemica l system w h i l e everyth ing m i g h t be qu i te different i n enzymes. 
O n the other h a n d , w h a t an apoprote in does to a cofactor is not magic , 
but chemistry . A p p a r e n t l y , nature overcomes the 2e" -only - l imitat ion of 
its u n i q u e h y d r i d e activator, n i co t inamide , b y a mandatory transformer, 

JE0' ( p H 7) ( m V ) 

E / References 

Elox —> Flred FV ^5 Flred 

- 1 9 9 - 1 6 7 40 
- 2 8 0 to - 1 5 0 - 4 2 0 to - 3 7 7 

- 3 6 0 - 4 0 0 42 
- 0 0 4 a r t i f i c i a l 43 

N A D + *± N A D H N A D * ? ± N A D H 44 
- 3 2 0 + 1 0 0 
- 3 2 0 + 1 0 44 

i rreversible + 4 3 0 45 
0 2 *± H 2 0 2 0 2 <=± 2 H 2 0 46 

+ 2 9 0 + 8 2 0 
( S 0 2 ) 2

2 - * ± 2 S 0 2 46,47 
- 5 3 7 

< Ει · le"/2e~-mediating flavin systems show Ει ~ E2 ~ E\, because of rapid 1,5-
the "transferase" protein. 
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326 B I O I N O R G A N I C C H E M I S T R Y II 

Lumiflwin Ο Λ 

Figure 8. Nernst plots of equilibrium constants (left) and oxidation rate 
(2e~) and nitroxide (le~), respectively, as counterparts (data from Ref. 44. 

CONH2;(III), R = CH3, Κ = COOC2H5; (IV), R = CH3, 

flavin, w h i c h can u n i q u e l y be swi t ched to a n d fro be tween l e " - on ly a n d 
2e ' -only b y selective b lockage of e lectron pairs either at N ( 5 ) or at 
N ( l ) [or Ο ( 2 α ) , respect ively , w h i c h is ind is t inguishable f rom N ( l ) ] . 

T h e quest ion remains open whether or not there is a direct contact 
be tween flavin a n d meta l i n a l e " -accept ing b inuc lear i r o n cluster as, for 
example , i n p lant ferredoxin. O u t e r sphere le~-transfer through flavin 
pos i t ion 8 remains the alternative. O n the other h a n d , there can no 
longer be a quest ion about direct a n d reversible e lectron transfer be 
tween d ihydron i co t inamide a n d meta l proteins. A n y such c laims (49) 
must be taken w i t h greatest reservation a n d require care fu l independent 
conf irmation. 

M e a n w h i l e w e can show (50) that the deazaf lavin r a d i c a l generated 
b y photodissoc iat ion of the d i m e r as shown i n F i g u r e 7 can be u t i l i z e d 
for selective reduct i on of flavodoxin rad i ca l . W i t h the a i d of this le~-
transfer m e t h o d Scherings, H a a k e r , a n d Veeger (51) were able to show 
that flavodoxin is the actual electron donor for the Azotobacter n i t rogen-
ase system a n d that N 2 r educ t i on can be m a i n t a i n e d i n the fight b y an 
art i f i c ia l cha in system of the reactant sequence EDTA—deazaf lavin—flavo-
dox in-n i trogenase . H e n c e , Azotobacter flavodoxin is actual ly a " carr ier 
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18. H E M M E R I C H Flavin-Dependent One-Electron Transfer 327 

E =7?V ( l°3k1-'°9M) 
k_i s const. II -3L 

g1 

05 

1.0 

1.5 

2X) 

Acc: FLAVIN 
6.5 

6J0 «2 

5.5 L 

5.0 

4.5 

350 400 
Ej,(mV) 

constants (right) of nicotinamides against redox potentials with lumiflavin 
Compound structures: (I), spirocyclohexylporphyrexide; (II), R = CHS, Κ = 
R' = COCH3; (V), R = ADF-Rih, R' = CONH2 (NADH). 

I F of the "transformase" l i n k (cf. F i g u r e 2 ) between d in i t rogen a n d 
reduced n i co t inamide . F u r t h e r m o r e , another " le " -only" - f lavoprote in , the 
w e l l - k n o w n " E T F , " has been recognized n o w b y R u z i c k a a n d Be iner t 
(52) as "carr ier I I " constituent of a new analogous "transformase" c o m 
plex located between a c y l - C o A a n d C o Q i n m i t o c h o n d r i a l respirat ion . 

I n summary , f lavin-dependent b io l og i ca l l e ' - t rans fer s t i l l awaits f u l l 
recogni t ion of its ub iqui tous importance i n p lant a n d a n i m a l , as w e l l as 
m i c r o b i a l , metabo l i sm. 
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Electrochemical and Spectroscopic Studies of 

Manganese(II, III, IV) Complexes as Models 

for the Photosynthetic Oxygen-Evolution 

Reaction 

D O N A L D T. SAWYER, MARIO E . BODINI, L A U R I E A. WILLIS, 
T H O M A S L . R I E C H E L , and K E I T H D. MAGERS 

Department of Chemistry, University of California, Riverside, C A 92502 

The manganese complexes formed by gluconate ion, 
glucarate ion, sorbitol, mannitol, tartrate, glycerate, dietha
nolamine, triethanolamine, catechol, 4,5-dihydroxynaphtha
lene-2,7-disulfonate, salicylate, and 2,3-dihydroxy benzoate 
ion in basic media undergo oxidation-reduction which may 
parallel the behavior of the manganese group in photosys
tem-II of green plant photosynthesis. The redox chemistry 
of the complexes has been studied by polarography and 
controlled potential electrolysis. UV-visible spectropho
tometry, ESR, and magnetic susceptibility measurements 
have been used to characterize the solution chemistry, 
formulas, and structures of the complexes. The kinetics for 
the reaction of the manganese gluconate complexes with 
molecular oxygen and with hydrogen peroxide have been 
determined. Mechanisms are postulated that are consistent 
with the electrochemical, spectroscopic, and kinetic data. 

Λ/Tanganese is an essential component of photosystem-II i n green p lant 
photosynthesis (1, 2), where i t functions as an ox ida t i on - reduc t i on 

catalyst for the ox idat ion of water to molecu lar oxygen. I n spite of the 
importance a n d long- term interest i n b i o l og i ca l oxygen produc t i on , there 
is no agreement as to the electron-transfer mechan ism or to the manganese 
ox idat ion states a n d n u m b e r of manganese atoms i n the active group. 
O n e recent discussion proposed a t w o - q u a n t u m process i n w h i c h the 
manganese is o x i d i z e d first f r om the 2 + to the 3 + state a n d then f r o m 

330 
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19. SAWYER E T A L . Photosynthetic Oxygen-Evolution Reaction 331 

3-f- to the 4 + state (3). Studies of the photoact ivat ion process (4 ) a n d 
of the func t i ona l sites of manganese w i t h i n photosystem-II (5 ) support 
this mechanism. Studies b y C h e n i a e (1,6,7) thoroughly r e v i e w the role 
of manganese a n d its photoact ivat ion i n photosystem-II . C l e a r l y , m a n g a 
nese is the essential oxidant a n d cannot be rep laced b y any other meta l . 

I n 1970 K o k a n d co-workers ( 8 ) p u t f o r th a four-step mechan i sm for 
the photosystem-II oxygen-evolut ion react ion. E x p e r i m e n t a l support for 
such a mechan ism has been ob ta ined f rom flash photolysis experiments 
( 9 ) . T h i s i n t u r n has l e d to the proposa l of several alternative m e c h a 
nist i c models that fit the exper imenta l data (10). T h e most recent inves t i 
gations of photosystem-II ind icate that about six manganese atoms are 
present per water o x i d i z i n g un i t a n d that these are d i s t r ibuted into t w o 
dist inct pools. T h e smaller , t i ght ly b o u n d p o o l has about one t h i r d of 
the total manganese a n d is not thought to be i n v o l v e d i n electron transfer. 
E x t r a c t i o n of the more loosely b o u n d manganese i n the larger p o o l causes 
loss of chloroplast oxygen evo lut ion (5, 7, 11). Based on this evidence, 
C h e n i a e (7 ) suggests that the four atoms i n the larger manganese p o o l 
are necessary for oxygen evolut ion. H o w e v e r , other w o r k (12) indicates 
that r e m o v i n g approx imate ly one-half of the large-poo l manganese causes 
a neg l ig ib le decrease i n the rate of oxygen evo lut ion . T h i s impl ies that 
on ly two manganese atoms are actual ly necessary to catalyze the ox idat i on 
of water . W h e t h e r two or four manganese atoms are necessary for oxygen 
evo lut ion , h igher valent forms of manganese appear to be necessary for 
the redox process. W a t e r proton re laxat ion studies ind icate that the 
manganese i n dark -adapted chloroplasts exists i n several ox idat ion states 
( 13 ) a n d that the manganese changes its average ox idat ion state d u r i n g 
the photosystem-II charge accumulat i on process (14). 

I n a recent discussion E a r l e y (15) proposed a m o d e l system based 
on a three-manganese group w i t h each m e t a l u n d e r g o i n g the react ion 
sequence g iven i n Reactions 1-4. These mechanist i c steps are justi f ied 

M O + Q + hv - » M O + + Q" (1) 

M O + + O H " -> M O O H (2) 

2 M O O H -> M O + M O O + H 2 0 (3) 

2 M O O - » 2 M O + 0 2 (4) 

o n the basis of previous flash photolysis studies of photosystem-II . A n 
other manganese m o d e l c o m p o u n d : 

[ ( B i p y r ) 2 M n (I I I ) Μ η ( I V ( B i p y r ) 2 ] 3 t 
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332 B I O I N O R G A N I C C H E M I S T R Y II 

has been put forth as a m o d e l for photosystem-II a n d its oxygen-evolut ion 
react ion (16). H o w e v e r , subsequent w o r k fa i l ed to conf irm that the 
c o m p o u n d yie lds molecu lar oxygen f r om water ox idat ion (17). 

M o s t of the coordinat ion chemistry for the h igher ox idat ion states of 
manganese involves the 3 + ox idat ion state; a concise summary is p r o v i d e d 
b y C o t t o n a n d W i l k i n s o n (18). T h e y i n c l u d e a discussion of the u n u s u a l 
structure for the manganese ( I I I ) - a c e t a t e complex : 

[ M n ( I I I ) 8 0 ( O A c ) e ] O A c - · H O A c 

I n add i t i on there has been a recent r ev i ew of manganese p o r p h y r i n 
chemistry (19) as w e l l as of the aqueous a n d chloro complexes of the 
p o r p h y r i n species (20). These discussions are complemented b y a d is 
cussion of the electrochemistry of manganese p o r p h y r i n compounds (21). 
R e l a t e d studies inc lude the phtha locyanine complexes (22), the m a n 
ganese ( H I ) - h e m o g l o b i n structure (23), a n d the character izat ion of 
macrocyc l i c complexes of manganese ( 24, 25 ). O t h e r relevant chemistry 
involves the Schiff-base complexes of M n ( I I I ) (26, 27, 28). 

T h e aqueous solut ion chemistry of M n ( I I I ) has been r e v i e w e d thor 
oughly b y D a v i s (29). A more recent r ev i ew summarizes the coord inat ion 
chemistry of the h igher ox idat ion states of manganese a n d provides some 
insight to the electronic states a n d structure of such complexes (30). M o s t 
of our unders tand ing of the electronic states of M n ( I I I ) complexes 
depends on the rev iew i n 1966 b y D i n g l e (31). T h i s has been augmented 
b y the useful set of spectroscopic data conta ined i n the P h . D . dissertation 
of Summers (32). T h e correlat ion between magnet i sm a n d va lency of 
manganese compounds has been s u m m a r i z e d i n an early study b y G o l d e n -
b e r g i n 1940 (33). 

A l t h o u g h the react ion chemistry of the h igher ox idat ion states of 
manganese is compl i cated , its relevance to e lectrochemistry a n d poten
t ia l l y to b i o l og i ca l systems has p r o m p t e d numerous investigations. O n e 
of the more i n t r i g u i n g is the auto-oxidat ion of manganese ( I I ) to a 
manganese ( I I I ) oxo-hydroxide prec ip i tate (34). O n the basis of p roduc t 
analysis a n d k ine t i c data, the rate -contro l l ing step is c o n c l u d e d to be 

M n ( I I ) ( O H ) 2 + 0 2 - » M n ( I I I ) ( O ) O H + H 0 2 (5) 

R e a c t i o n 5. A n o t h e r aspect of the react ion chemistry of M n ( I I I ) is 
demonstrated b y the classic k inet i c studies of the decomposi t ion chemistry 
of manganese ( I I I ) oxalate complexes (35, 36). These studies der ive 
f r o m an earl ier discussion of the synthesis of manganese ( I I I ) - o x a l a t e 
compounds (37). A s imi lar set of k ine t i c a n d synthetic investigations, 
have been s u m m a r i z e d for the manganese ( I I I ) - m a l o n a t e complexes (38, 
39). B o t h sets of studies conf irm that M n ( I I I ) has a p a r t i c u l a r l y strong 
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19. S A W Y E R E T A L . F hot ο synthetic Oxygen-Evolution Reaction 333 

affinity for oxygen-containing l igands a n d that such manganese -oxygen 
bonds apparent ly promote electron transfer to the manganese atoms. 

A n o t h e r interest ing M n ( I I I ) complex involves tr iethanolamine as 
the l i g a n d system. T h e most recent discussion summarizes the po larog -
raphy of the complex (40). It fo l lows f rom a m u c h earl ier study w h i c h 
s u m m a r i z e d an ana ly t i ca l procedure based on po larography after the a ir 
ox idat ion of manganous i o n i n the presence of t r ie thanolamine (41). 
Some evidence that such a procedure m i g h t produce other than a s imple 
complex is g iven i n a spectrophotometric study of this system w h i c h 
indicates that peroxide complexes are i n i t i a l l y f o r m e d u p o n a ir ox idat ion 
of m a n g a n e s e ( I I ) - t r i e t h a n o l a m i n e (42). A n o t h e r study (40) indicates 
that a transiently stable M n ( I V ) complex is f o rmed b y a d d i n g K 3 F e -
( C N ) e to the M n ( I I ) complex. 

A n important complex of the M n ( I I I ) i on is that f o rmed b y p y r o 
phosphate i n w e a k l y ac id i c med ia . O n the basis of early po larographic 
studies (43) the f o r m u l a of the complex is c o n c l u d e d to be M n ( I I I ) -
( Η 2 Ρ 2 θ 7)3 3". Because the pyrophosphate molecu le has s t ructura l s i m i 
larities to the phosphate groups of A D P a n d A T P , such complexes 
are especial ly interest ing i n terms of structure a n d e lectron transfer 
mechanisms. 

A n o t h e r class of M n ( I I I ) complexes involves the po lyaminocarboxy l i c 
a c i d l igands . T h e earliest study appeared i n 1962 (44) a n d was f o l l o w e d 
short ly b y studies of the cyclohexane analog of E D T A as w e l l as other 
derivatives of E D T A (45). A recent paper discusses the react iv i ty of the 
manganese( I I I )—diaminocyclohexanetetraacetate complex w i t h h y d r o g e n 
peroxide (46). A mechanism is proposed w h i c h involves complexat ion b y 
the peroxide an ion f o l l o w e d b y subsequent electron transfer to produce 
the M n ( I I ) complex a n d the Η 0 2 · rad i ca l . T h e results are interest ing 
a n d indicate the potent ia l for selective catalysis b y the h igher ox idat ion 
state manganese complexes. 

T h e recent suggestion that the b inuc lear m i x e d valence manganese-
( I I I , IV) -d i - jn -oxo b i s - d i p y r i d y l complex photooxidizes water to oxygen 
(16) has rev i ta l i zed interest i n its catalyt ic properties. T h e complex was 
first synthesized i n 1960 b y N y h o l m (47). A recent x-ray structure 
determinat ion (48) indicates that i n the so l id state the two manganese 
atoms possess different ox idat ion states, b o n d lengths, a n d b o n d angles. 
A s s u m i n g the differences persist i n so lut ion, this is an especial ly interest
i n g complex i n terms of e lec trochemica l studies of its e lectron transfer 
properties . 

I n contrast to the extensive array of aqueous studies of M n ( I I I ) 
complexes, studies i n aprot ic m e d i a are m u c h more l i m i t e d . T h e most 
substant ia l s tructural a n d electronic characterizations have been for the 
β-diketones ( 49, 50, 51 ). T h e second class of complexes involves p i c o l i n i c 
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334 BIOINORGANIC C H E M I S T R Y II 

a c i d a n d 8 -qu ino l ino l as l igands (52). T h e latter study was l i m i t e d to 
magnet i c measurements a n d electronic spectral studies. T h e t h i r d class 
of conjugated l i g a n d systems involves the d i th iocarbamate ( D T C ) c o m 
plexes of manganese (53). 

Because of the current interest i n the ox ida t i on - reduc t i on chemistry 
of manganese i n b i o l o g i c a l systems a n d the l i m i t e d n u m b e r of complexes 
of M n ( I I I ) a n d M n ( I V ) that are stable i n aqueous so lut ion (18), a 
systematic search for c o m p l e x i n g agents to s tabi l ize the h igher ox idat ion 
states of this element has been made. Prev ious experience has establ ished 
that s od ium gluconate, the salt of the carboxy l i c a c i d der ivat ive of D - g l u -
cose, is especial ly effective for s tab i l i z ing strongly ac id i c ions i n a lka l ine 
m e d i a (e.g., F e ( I I I ) , B i ( I I I ) , S b ( I I I ) , C e ( I V ) , a n d O s ( V I ) ( 5 4 ) ) a n d 
resists ox idat ion more t h a n most other sugar acids. 

T h e goal of the present research has been to prepare a n d to char
acterize manganese complexes whose oxidation—reduction chemistry 
m i m i c s that of photosystem-II . T h i s shou ld prov ide insight to the ox ida 
t i o n states a n d environment of the manganese group i n the grana of the 
chloroplasts . A specific goal of the research has been to discover l i g a n d 
a n d solvent systems to stabi l ize a n d to so lubi l ize the 3 + a n d 4 + ox ida 
t i on states of manganese. 

T h e present paper summarizes the ox ida t i on - reduc t i on chemistry 
of the gluconate complexes of M n ( I I ) , M n ( I I I ) , a n d M n ( I V ) i n a lka l ine 
m e d i a . E l e c t r o c h e m i c a l , spectrophotometric , a n d magnet i c suscept ib i l i ty 
measurements have been used to establ ish the formulas a n d c h e m i c a l 
characteristics of the complexes. T h e ox ida t i on - reduc t i on chemistry for 
the manganese complexes f o rmed b y other l igands w i t h p o l y h y d r o x y l 
funct ions also has been determined . 

T h e reactions of the several manganese gluconate complexes w i t h 
mo lecu lar oxygen a n d h y d r o g e n peroxide have been s tud ied i n terms of 
s to ichiometry a n d react ion kinet ics . R e a c t i o n mechanisms are proposed 
on the basis of the k inet i c data. I n add i t i on , the thermodynamic a n d 
mechanist i c characteristics of an i d e a l m o d e l system for photosystem-II 
are ana lyzed a n d evaluated. 

Experimental 

Po larograph i c measurements were made w i t h either a three-electrode 
potentiostat, based on the use of so l id state operat ional amplif iers ( 5 5 ) , 
or a Sargent m o d e l X V po larograph . C o n t r o l l e d potent ia l electrolyses 
were ac compl i shed b y use of a W e n k i n g m o d e l 6 1 - R H potentiostat. 

T h e spectrophotometr ic measurements were m a d e w i t h either a C a r y 
m o d e l 14 or a P e r k i n E l m e r m o d e l 450 spectrophotometer. Q u a r t z cells 
w e r e used, a n d the reference c e l l conta ined equ imolar concentrations of 
s o d i u m hydrox ide a n d s o d i u m gluconate to that i n the sample ce l l . 
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E S R spectra were obta ined w i t h a V a r i a n m o d e l V-4500 spectro
meter b y us ing a s tandard flat-faced quartz ce l l . T h e magnet i c suscepti 
b i l i t ies of the manganese gluconate complexes were determined b y the 
N M R m e t h o d deve loped b y E v a n s (56) a n d modi f i ed b y R e t t i g ( 57 ) . 
T h e inner tube was made f rom 3 -mm o.d. Pyrex t u b i n g , sealed w i t h a 
near ly saturated so lut ion of T M S * (sodium-2,2-dimethyl -2-s i lapentane-5-
sulfonate) inside . T h e outer tube was a standard N M R tube a n d was 
filled w i t h sample i n a nitrogen-atmosphere glove box. T h e shift be tween 
the two T M S * peaks was measured w i t h a V a r i a n A - 6 0 D spectrometer at 
ambient temperature. T h e probe temperature was de termined w i t h a n 
ethylene g ly co l s tandard. T h e magnet ic susceptibi l i t ies were ca l cu la ted 
b y the m e t h o d of R e t t i g ( 5 7 ) , w i t h values for d iamagnet i c corrections 
f r o m F i g g i s a n d L e w i s ( 58 ) . 

Ε vs SCE, V 

Figure 1. Polarograms for lmF manganese gluconate complexes in 0.3F 
NaOH. 

Roman numerals represent the oxidation states of the manganese ions, and A and 
Β represent the bis and tris complexes of Mn(III), respectively. Sodium gluconate 

concentrations: Mn(II) and Mn(IV), 0.1F; ΜΠ(ΠΙ)Α, 0.002F; Mn(III)B, IF. 
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Reagents. T h e source of manganese i o n for the gluconate studies 
was manganese ( I I ) gluconate f r om C h a s . Pf izer a n d C o . ; the stock 
solutions were s tandard ized b y t i t rat ion w i t h E D T A (59 ) . T h e source 
of g luconate i o n was D -glucono-S-lactone ( C h a s . Pf izer a n d C o . ) , w h i c h 
was recrysta l l i zed f rom ethylene g l y c o l m o n o m e t h y l ether (60). M a n 
ganese ( I I I ) acetate was synthesized b y the procedure of Chr is tensen 
(61); i n some experiments i t was used as the source of M n ( I I I ) . A l l of 
the other chemicals w e r e reagent grade. 

Results 

Manganese—Gluconate Complexes. I n a lka l ine m e d i a gluconate i o n 
( G H 4 " ; C 6 H i 0 O 7 " , carbohydrate der ivat ive of D -g lucose) forms stable 
complexes w i t h the 2 - f , 3 + , a n d 4 + ox idat ion states of manganese. 
F i g u r e 1 i l lustrates the polarograms a n d F i g u r e 2 the absorpt ion spectra 
for the four complexes that have been character ized b y e lectrochemical , 
spectroscopic, a n d magnet i c suscept ib i l i ty measurements (62). O n the 
basis of these data the four complexes have the formulas : M n ( I I ) , 
[ M n 2

I I ( G H 3 ) 4 ( H 2 0 ) 2 ] 4 - ; M n ( I I I ) A , [ M n 2
I I I ( G H 3 ) 4 ( O H ) 2 ] 4 - ; M n ( I I I ) B , 

[ M n i n ( G H 3 ) 3 ] 3 ' ; a n d M n ( I V ) , [ M n 2
I V ( G H 3 ) 4 0 2 ( O H ) 2 ] 6 - ; G H 3

2 " repre -

Mn(n)-GH4 

_ i ι ι I L J ι ι 1 1 1 i— 
2 5 0 3 0 0 3 5 0 4 0 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 

λ (nm) λ (nm) 

Figure 2. Absorption spectra for 5 m F manganese gluconate complexes in 
0.3F NaOH. 

Roman numerals represent the oxidation states of the manganese ions, and A and Β 
represent the bis and tris complexes of Mn(III), respectively. Sodium gluconate con

centrations: Mn(II) and Mn(lV), 0.1F; Mn(III)A, 0.010F; Mn(lll)By IF. 
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19. S A W Y E R E T A L . Photοsynthetic Oxygen-Evolution Reaction 337 

sents the d i a n i o n of g luconic a c i d that results f r om r e m o v i n g the carboxy
late pro ton a n d one of the secondary a lcohol i c protons. 

T h e o x i d a t i o n - r e d u c t i o n chemistry of the manganese—gluconate c om
plexes can be expressed b y Reactions 6-8. 

[ M n 2
n ( G H 3 ) 4 ( H 2 0 ) 2 ] 4 - + 2 H 2 0 + 4e~ 

- 1 7 3 V 
> 2 M n + 4 G H 4 " + 4 0 Ι Γ (6) 

vs. S C E 

[ M n 2
n ( G H 3 ) 4 ( H 2 0 ) 2 ] 4 - + 2 0 H ' 

- 0 . 5 4 V 

> [ M n 2
m ( G H 3 ) 4 ( O H ) 2 ] 4 - + 2 H 2 0 + 2e (7) 

[ M n 2
n i ( G H 3 ) 4 ( O H ) 2 ] 4 - + 4 0 H " 

- 0 . 2 8 V 

> [ M n 2
I V ( G H 3 ) 4 0 2 ( O H ) 2 ] 6 " + 2 H 2 0 + 2e (8) 

A t h igher gluconate concentrations the M n ( I I I ) A complex of R e a c 
t i on 8 rearranges to a tris complex [ M n ( I I I ) B ] (Reac t i on 9) (see F i g u r e s 

slow 
[ M n 2

n i ( G H 3 ) 4 ( O H ) 2 ] 4 - + 2 G H 4 - — 2 [ M n ( G H 3 ) 3 ] 3 - + 2 H 2 0 (9) 

1 a n d 2) w i t h an apparent e q u i l i b r i u m constant of 0.13. T h e latter 
species is r e d u c e d at m u c h more negative potentials b y the i rrevers ib le 
process i n Reac t i on 10. 

2 [ M n m ( G H 3 ) 3 ] 3 - + 4 H 2 0 + 2e" 
- 1 . 0 7 V 

> [ M n 2
I I ( G H 3 ) 4 ( H 2 0 ) 2 ] 4 " + 2 G H 4 " + 2 0 H " (10) 

F i g u r e 3 i l lustrates the E S R spectra for manganese ( I I ) g luconate as 
a funct ion of a d d e d base. I n the absence of base the spectrum is analo 
gous to that for M n S 0 4 a n d represents the solvated M n ( I I ) i on . A d d i t i o n 
of base promotes the format ion of the gluconate complex a n d the loss of 
hyperf ine spl itt ings i n the E S R spectra. W h e n two or more moles of base 
per M n ( I I ) i o n have been added , the spectrum becomes a single b r o a d 
resonance. 

T h e magnet i c moments for the M n n ( G H 4 ) 2 salt a n d for the M n ( I I ) , 
M n ( I I I ) , a n d M n ( I V ) gluconate complexes are s u m m a r i z e d i n T a b l e I . 
T h e latter species are f o rmed convenient ly b y the sto ichiometr ic a d d i t i o n 
of K 3 F e ( C N ) 6 to the M n ( I I ) complex. Solutions ( f ) a n d ( g ) of T a b l e I 
ind icate that oxygenation of a so lut ion of the manganese ( I I ) gluconate 
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338 BIOINORGANIC C H E M I S T R Y II 

complex i n i t i a l l y forms the M n ( I I I ) complex, a n d then, at a m u c h s lower 
rate, y ie lds the M n ( I V ) complex. W h e n considered i n total , the data 
prov ide conv inc ing evidence that stable complexes of the 2 + , 3 - f , a n d 
4 + ox idat ion states of manganese are f o rmed i n alkal ine gluconate 
solutions. 

T h e difference between the magnet i c moments for the M n ( I I ) salt 
a n d the M n ( I I ) complex (solutions (a ) a n d ( b ) of T a b l e I ) indicates 
some degree of electron p a i r i n g for the complex. T h i s i n t u r n impl ies 
that the complex probab ly is b inuc lear . 

T h e data i n T a b l e I for the ox idat ion of the M n ( I I ) complex b y 
hydrogen peroxide (solutions ( h ) a n d ( i ) ) indicate a one-to-one react ion 
stoichiometry. T h i s is conf irmed b y e lectrochemical a n d spectrophoto
metr i c measurements a n d is rat iona l i zed i n a later section. 

α 

i 
υ « 

ι 
b 

j 200g 

/ 1 ^ 
J 0.5=1 

c 

Ι.5Μ 

d 

500g 
I —Η 

21 

Figure 3. ESR spectra for solutions of 8mF Mnn(GH4)2 and 0.12F LiGHp 

with increasing mole ratios of base, (a) no base; (b) 4mF LiOH; (c) 12m¥ 
LiOH;(d)16mF LiOH. 
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19. S A W Y E R E T A L . Photosynthetic Oxygen-Evolution Reaction 339 

Table I. Magnetic Moments 
Complexes from the N M R 

Species 

(a) M n ( I I ) sa l t ; 
0 .04F M n ( G H 4 ) 2 

(b) M n ( I I ) complex ; 
0 . 0 4 F M n ( G H 4 ) 2 

0.1F N a G H 4 

0.3F N a O H 
(c) M n ( I I I ) complex; 

so lut ion (b) plus 0.04F 
K 3 F e ( C N ) 0 

(d) M n ( I I I ) complex; 
0 . 0 4 F M n ( O A c ) 4 

0.1F N a G H 4 

0.3F N a O H 
(e) M n ( I V ) complex; 

solut ion (b) plus 0.08F 
K 3 F e ( C N ) o 

(f) So lut ion (b) after 1 m i n 
0 2 (brown) 

(g) So lut ion (b) after 75 m i n 
0 2 (cherry red) 

(h) So lut ion (b) p l u s 0 . 0 2 F 
H 2 0 2 

(i) So lut ion (b) plus 0.04F 
H 2 O o 

of Manganese Gluconate 
Method of Evans (56) 

μ (B.M.) 

NMR Theor. 
Shift Uncor Cor for (n) 
(Hz) rected rected Electrons 

64 5.81 5.85 5.92 (5) 

54.5 5.24 5.38 5.92 (5) 

45 4.79 4.98 4.90 (4) 

35 4.51 4.64 4.90 (4) 

28 3.78 4.06 3.87 (3) 

44 4.71 4.87 4.90 (4) 

30 3.89 4.08 3.87 (3) 

49 4.96 5.11 4.90 (4) 

44 4.70 4.87 4.90 (4) 

Manganese Complexes with Polyhydroxyl Ligands. Combinat i ons 
o f M n ( I I ) ( f r o m M n n ( C 1 0 4 ) 2 ) , M n ( I I I ) ( f r om M n n ( C 1 0 4 ) 2 p lus K 3 F e -
( C N ) β ) , a n d Μη ( I V ) ( f rom M n 1 1 ( C 1 0 4 ) 2 p lus K 3 F e ( C N ) β ) w i t h several 
p o l y h y d r o x y l l igands i n a lkal ine m e d i a have been invest igated b y po lar -
ography. T h e results, s u m m a r i z e d i n T a b l e I I , indicate that a l iphat i c 
p o l y h y d r o x y l l igands stabi l ize the 4 + a n d 3 + ox idat ion states of m a n 
ganese. I n the case of the gluconate, glucarate, a n d tartrate l igands, the 
presence of a carboxylate group results i n a soluble M n ( I I ) complex . 
Sorb i to l and m a n n i t o l appear to stabi l ize a n d to so lubi l ize M n ( I I I ) a n d 
M n ( I V ) as effectively as the l igands that contain carboxylate groups b u t 
do not f o rm soluble M n ( I I ) complexes. T h e glucose configuration of the 
h y d r o x y l groups of sorbi to l appears to f o rm somewhat stronger complexes 
w i t h M n ( I I I ) a n d M n ( I V ) than does the mannose configuration of the 
m a n n i t o l hydroxy Is. T h e manganese complexes that are f o rmed b y g l u c a 
rate i on , tartrate i on , sorbito l , a n d m a n n i t o l appear to have o x i d a t i o n -
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340 BIOINORGANIC C H E M I S T R Y II 

Table II. Oxidation—Reduction Chemistry of Manganese (II) Complexes 

Half-Wave Potentials (V vs. SCE) 

Ligand MnfHI) +± Mn(IV) Mn(II) -> Mn(III) 

Gluconate - 0 . 2 8 - 0 . 5 4 
Glucarate - 0 . 2 8 - 0 . 5 1 
Tartrate - 0 . 2 2 a - 0 . 4 5 
meso-Tartrate - 0 . 2 2 e - 0 . 4 6 
Glycerate 5 - 0 . 0 - 0 . 4 9 
Sorbitol - 0 . 3 2 . — · 

Mannitol - 0 . 3 0 — 

Triethanolamine - 0 . 0 
Diethanolamine - 0 . 0 
Catechol — 

4,5-Dihydroxynaphthalene-
2,7-disulfonate c — 

Salicylate" 
2,3-Dihydroxybenzoate — 

a Irreversible. 
b l igand. 

reduc t i on chemistry that is analogous to that for the manganese gluconate 
complexes, w h i c h is represented b y React ions 6-10. 

T h e e lectrochemica l data indicate that b o t h t r ie thanolamine a n d d i 
ethanolamine f o rm stable bis complexes w i t h M n ( I I ) a n d M n ( I I I ) a n d 
transient ly stable bis complexes w i t h M n ( I V ) . T h e latter have sufficiently 
pos i t ive reduct ion potentials to ox id ize m e r c u r y a n d to attack the l i g a n d . 
These complexes appear to be mononuc lear a n d not to be i n v o l v e d i n 
e q u i l i b r i a as represented b y Reac t i on 9. 

T h e aromat ic d i h y d r o x y l a t e d l igands (represented b y catechol , 2,3-
d ihydroxybenzoate , a n d 4 ,5 -d ihydroxynapthalene 2,7-disulfonate ) sta
b i l i z e the 3 + a n d 2 + ox idat ion states of manganese i n a lka l ine m e d i a . 
T h e data for sal icylate ind icate that i t forms a less stable M n ( I I I ) 
complex than the d i h y d r o x y l igands . F o r m a t i o n of the 4 + complex is 
p r e c l u d e d because the l igands are more easily o x i d i z e d t h a n are the 
M n ( I I I ) complexes. 

F i g u r e 4 i l lustrates the i n t r i g u i n g o x i d a t i o n - r e d u c t i o n chemistry that 
is associated w i t h the manganese-4 ,5 -d ihydroxynaphthalene 2 ,7-disul -
fonate system. T h e bo t tom curve represents the free l i g a n d a n d the next 
curve the reduc t i on of ox id i zed l i g a n d . C u r v e C represents the r educ t i on 
of the M n ( I I I ) complex . W h e n a t w o - f o l d excess of o x i d i z i n g agent 
( K 3 F e ( C N ) 6 ) is a d d e d to a so lut ion of the M n ( I I I ) complex , curve D 
of F i g u r e 4 results. Superf i c ia l ly the compar ison of curves C a n d D leads 
to the conc lus ion that a d d i t i o n a l complex is f o rmed . H o w e v e r , that is 
imposs ib le because a l l of the avai lable manganese is i n the f o r m of the 
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19. SAWYER E T A L . Photosynthetic Oxygen-Evolution Reaction 341 

in Solutions that Contain 0.1 F Ligand and 0.3F N a O H 

Half-Wave Potentials (V vs. SCE) 

Mn(II) ?± Mn(III) Mn(III) -> Mn(II) Mn(II) Mn(0) 

- 1 . 0 7 - 1 . 7 3 
- 1 . 1 9 - 1 . 7 2 
- 0 . 9 5 - 1 . 7 0 
- 0 . 9 1 - 1 . 7 3 
- 0 . 8 7 - 1 . 6 8 
- 1 . 0 9 - 1 . 6 8 
- 0 . 9 9 - 1 . 6 7 

- 0 . 4 8 - 1 . 7 2 
- 0 . 4 8 - 1 . 7 2 
- 0 . 5 4 — 

- 0 . 5 4 - 1 . 6 7 
- 0 . 3 5 - 1 . 7 1 
- 0 . 4 7 - 1 . 7 4 

c 0 . 5 F N a O H . 
d Precipitate present in solution. 

M n ( I I I ) complex for the so lut ion represented b y curve C . A p p a r e n t l y , 
the excess K 3 F e ( C N ) 6 oxidizes the free l i g a n d i n the so lut ion, a n d this 
i n t u r n is cata lyt i ca l ly r e d u c e d b y the r e d u c e d f o r m of the M n ( I I I ) 
complex. Because of the presence of qu inone - l ike materials i n photosys-
tem II ( 2 ) , this represents a m o d e l that warrants a d d i t i o n a l study. 

Reactions of Oxygen and Hydrogen Peroxide with Manganese 
Gluconate Complexes. T h e manganese ( I I ) g luconate complex [ M n 2

n -
( Ο Η 3 ) 4 ( Η 2 0 ) 2 ] 4 ~ , is susceptible to r a p i d ox idat ion b y air . F i g u r e 5 
i l lustrates the extent of the react ion between the complex a n d mo lecu lar 
oxygen at 1 a tm, as w e l l as the concentrations of the product species. 
T h e data for this figure have been obta ined b y q u e n c h i n g the react ion 
w i t h argon a n d then record ing a po larogram to determine the concentra
tions of reactants a n d products . T h e react iv i ty of the M n ( I I ) complex 
w i t h oxygen a n d the apparent revers ib i l i ty of the react ion have been 
discussed i n an earl ier c o m m u n i c a t i o n (63). 

F i g u r e 6 indicates the extent of the react ion of manganese ( I I ) g l u 
conate w i t h mo lecu lar oxygen as a funct ion of so lut ion p H . B e l o w p H 6 
oxygen does not ox id ize M n ( I I ) , a n d f r o m p H 6 to p H 12 the stable 
react ion products are the manganese ( I I I ) g luconate complexes. T h e 
latter react ion does not go to comple t i on b e l o w p H 11.5. A b o v e p H 12 
the manganese ( I V ) gluconate complex begins to be f o rmed , a n d at p H 
14 a n d above the ox idat ion of the M n ( I I ) complex b y the mo lecu lar 
oxygen to the M n ( I V ) complex is sto ichiometric . 
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342 BIOINORGANIC C H E M I S T R Y II 

τ 1 1 1 1 Γ 

I ι ι ι ι ι ι ι ι ι I 
0 - 0 . 2 - 0 . 4 - 0 . 6 - 0 . 8 - 1 . 0 -1.2 -1.4 -1.6 -1.8 - 2 . 0 

Ε vs SCE, V 
Figure 4. Folarograms for lmF manganese(II) perchlorate in a solu
tion that contains 0.1 F 4,5-dihydroxynaphthalene 2,7-disulfonate and 

0.5F NaOH. 
(A) ligand alone; (B) ligand plus lmF KsFe(CN)6 (represents reduction of 
oxidized ligand); (C and D) addition of KsFe(CN)6 to make original solution 

lmF and 3mF in this oxidant, respectively. 
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19. SAWYER E T A L . Photosynthetic Oxygen-Evolution Reaction 343 

TIME (sec.) 

Figure 5. Concentrations of product species as a function of time for the 
reaction of 5mF Mn(II) gluconate in 0.1F NaGHh and 0.3F NaOH tvith 02 at 
1 atm. A and Β represent the bis and tris gluconate complexes of Mn(III), 

respectively. 

2 5 0 3 0 0 3 5 0 4 0 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 7 5 0 

X(nm) X(nm) 

Figure 6. Spectra for solutions of 5 m F Mn(II) gluconate in 0.1F NaGHfy and 
Ο2 at 1 atm as a function of solution pH 
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344 BIOINORGANIC C H E M I S T R Y II 

Reference to F i g u r e 5 indicates that b o t h forms of the manganese-
( I I I ) g luconate complexes, [ M n 2

m ( G H 3 ) 4 ( O H ) 2 ] 4 - a n d [ M n m ( G H 3 ) -
3 ] 3 ~ , are the i n i t i a l products as w e l l as H 0 2 " i on . A f t e r a l l of the M n ( I I ) 
complex is ox id ized , the M n ( I I I ) complexes are o x i d i z e d b y oxygen to 
the M n ( I V ) complex , [ M n 2

I V ( G H 3 ) 4 0 2 ( O H ) 2 ] 6 " , w i t h the f ormat ion of 
a d d i t i o n a l H 0 2 " i on . Po larograph i c a n d spectrophotometr ic studies of the 
combinat i on of H 0 2 " w i t h the M n ( I I ) complex have establ ished that 
H 0 2 ~ reacts w i t h the M n ( I I ) complex to y i e l d the M n ( I I I ) complexes 
a n d ox id i zed l i g a n d . T h e stoichiometries, k inet ics , a n d mechanisms of the 
reactions of 0 2 a n d H 0 2 " w i t h the manganese ( I I ) a n d manganese ( I I I ) 
g luconate complexes are the subject of a separate deta i led study (64). 

O n the basis of these pr ior e lec trochemica l (62, 63) a n d k inet i c (64) 
studies a n d the present results, the react ion stoichiometries for the m a n 
ganese g luconate complexes w i t h molecu lar oxygen a n d hydrogen per 
oxide can be expressed b y a series of reactions. T h e p r i m a r y react ion 
be tween the M n ( I I ) complex a n d mo lecu lar oxygen is r a p i d ( R e a c t i o n 

11) w i t h a second-order rate constant, kly of 2.8 X 10 4 1 - m o l 1 sec" 1 at 25° . 
I t is f o l l o w e d b y a m u c h s lower ox idat ion of the complex b y perox ide 

M n 2
i n ( G H 3 ) 4 ( O H ) 2

4 - + ( G H 4 C H O H ) 2
2 " + 2 0 H " + 2 H 2 

i o n ( R e a c t i o n 12) . T h e latter has a second-order rate constant, k2, of 
2.6 Χ 1 0 1 1 - m o l 1 sec" 1 at 25° . 

B o t h e lectrochemical a n d spectrophotometric studies of the react ion 
of the M n ( I I ) complex w i t h h y d r o g e n peroxide conf irm that the s to i ch i -
ometry is one peroxide i on per Μη ( I I ) i on a n d that one l i g a n d molecu le 
is o x i d i z e d concurrent ly . T h i s somewhat surpr is ing result can be r a t i o n 
a l i z e d i n terms of chemistry that paral le ls the reactions of F e ( I I ) a n d 
h y d r o g e n peroxide (Fenton 's reagent) i n the presence of alcohols ( 6 5 ) . 
L e a v i n g the l i g a n d por t i on of the manganese complexes out a n d consider
i n g t h e m as mon om er i c groups, a self-consistent set of reactions can be 
w r i t t e n (React ions 13-15) where [ G H 4 C H O H ] " represents the r a d i c a l 

M n 2
n ( G H 3 ) 4 ( H 2 0 ) 2

4 - + 0 2 + O H " - > 

M n 2
i n ( G H 3 ) 4 ( O H ) 2

4 - + H 0 2 " + H 2 0 
(ID 

M n 2
n ( G H 3 ) 4 ( H 2 0 ) 2

4 - + 2 H 0 2 " + 2 G H 4 " - * 
(12) 

M n 1 1 + H 0 2 - -> M n i n ( O H ) + - 0 " (13) 

•0" + G H 4 ~ -> [ G H 4 C H O H ] " + O r T (14) 
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19. SAWYER E T A L . Photosynthetic Oxygen-Evolution Reaction 345 

2 [ G H 4 C H O H ] " -> G H 4 — C H — C H G H 4
2 " (15) 

I I 
O H O H 

that results f r om hydrogen atom abstract ion f r o m the t e r m i n a l — C H 2 O H 
group of the gluconate molecule b y the h y d r o x y l an ion r a d i c a l . A l t h o u g h 
two para l l e l reactions to Reac t i on 15 occur w i t h Fenton 's reagent, 
(namely , ox idat ion of the r a d i c a l to an a ldehyde b y either the o x i d i z e d 
m e t a l i o n or b y a second h y d r o x y l rad i ca l ) there is no evidence for such 
reactions i n the case of the a lka l ine manganese ( I I ) g luconate -hydrogen 
peroxide system. 

T h e manganese ( I I I ) gluconate complexes are ox id i zed s l owly to the 
M n ( I V ) complex b y mo lecu lar oxygen, w h i c h is r e d u c e d to peroxide 
i o n (Reac t i on 16) . A separate set of experiments has establ ished that 

M n 2 " I ( G H 3 ) 4 ( O H ) 2
4 - + 0 2 + 3 0 H " -

M n 2
I V ( G H 3 ) 4 0 2 ( O H ) 2

6 " + H 0 2 " + H 2 0 

this is a reversible process a n d that the reverse react ion is first-order i n 
M n ( I V ) complex a n d first-order i n H 0 2 " i o n a n d r a p i d . A l t h o u g h the 
data of F i g u r e 7 i n i t i a l l y were thought to ind icate that the manganese-

TIME(min) 

Figure 7. Partial pressure of 02 for a solution that originally contained 5mF 
Mn(H), 0.1F NaGH^ and 0.3F NaOH and was oxygenated for 20 min with 02 

at 1 atm before degassing with argon. pH lowered by addition of concentrated 
HCIO^ to a sealed cell. Partial pressures of 02 measured with a Beckman 

membrane electrode system (model 1008). 
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346 BIOINORGANIC C H E M I S T R Y II 

( I V ) gluconate complex oxidizes water to mo lecu lar oxygen w h e n a c i d i 
fied, the results ac tual ly conf irm the revers ib i l i ty of Reac t i on 16. 

Discussion and Conclusions 

T o unders tand the chemistry of the manganese that is associated w i t h 
photosystem-II , the relevant coord inat ion chemistry of the h igher ox ida 
t i o n states of manganese must be character ized u n d e r m e d i a condit ions 
that are consistent w i t h the b i o l o g i c a l matr ix . T h e p o l y h y d r o x y l l i g a n d 
systems of the present study m a y be consistent w i t h the k inds of groups 
that are l ike ly to be b o u n d to the manganese i n the grana of the ch loro 
plasts (2). L i k e w i s e , studies under condit ions of l o w proton ac t iv i ty 
p r o b a b l y are consistent w i t h the b i o l o g i c a l matr ix of photosystem-II . 

T h e manganese gluconate complexes, a n d p r o b a b l y several of the 
other p o l y h y d r o x y l complexes of T a b l e I I , represent a system that under 
goes ox ida t i on - reduc t i on chemistry that paral le ls m u c h that is observed 
for the manganese group i n photosystem-II (2, 3, 4, 5 ) . T h e apparent 
f ormat ion of a tetranuclear manganese complex at approx imate ly p H 12 
(62) is an interest ing propos i t ion , because i t c o u l d prov ide the four 
ox idat ion equivalents that are r e q u i r e d for the ox idat ion of water to an 
oxygen molecule . S u c h an ox idat ion center fits w e l l i n the schematic 
mechanisms for oxygen evo lut ion that have been proposed b y K o k et a l . 
(8 ) a n d b y Jol iot et a l . ( 9 ) . T h e u n i q u e features of the p o l y h y d r o x y l 
l i g a n d systems m a y be the format ion of so luble manganese complexes i n 
an aprot ic m e d i u m a n d the s tab i l i zat ion of the 3 + a n d 4 + ox idat ion 
states of manganese. 

A l t h o u g h the manganese complexes that are f o rmed b y p o l y h y d r o x y l 
l igands have m a n y properties that are relevant to photosystem-II , refer
ence to Tables I I a n d I I I indicates that the ir redox potentials are not 
sufficiently posi t ive to ox id ize water . A c i d i f i c a t i o n of the so lut ion i m 
proves the s i tuat ion, b u t the M n ( I V ) - M n ( I I I ) redox potentials , b y 
ca l cu lat ion , w o u l d not become e q u a l to that for the 0 2 - H 2 0 couple u n t i l 
p H 5. A t this ac id i ty the gluconate complexes are not f ormed, a n d the 
3 + a n d 4 + states of manganese are not stable. T h u s , an adequate m o d e l 
for the manganese group of photosystem-II requires l igands that stabi l ize 
the 4 + ox idat ion state, b u t not to the extent of those i n T a b l e I I . A n 
o p t i m a l system w o u l d be a l i g a n d that stabil izes b o t h the 4 + a n d 3 + 
ox idat ion states, w i t h the complexat ion of the latter state sufficiently 
stronger to real ize a redox potent ia l for the ( I V ) - ( I I I ) couple of at 
least + 0 . 2 V vs. S C E at p H 14 ( or + 0 . 5 V at p H 10) . 

I n a d d i t i o n to t h e r m o d y n a m i c considerations, the mechanis t i c c h a l 
lenge of the f ormat ion of the ( O - O ) group f r om two water molecules is 
a v i t a l factor i n the design of a real ist ic m o d e l . Systems that i n c l u d e 
di-/A-oxo b r i d g i n g be tween two M n ( I I I ) or — ( I V ) ions, such as the 
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19. S A W Y E R E T A L . Photosynthetic Oxygen-Evolution Reaction 347 

m a n g a n e s e ( I I I , I V ) b i p y r i d y l complex (47, 48), the Schiff-base complexes 
( 2 6 ) , a n d possibly the m a n g a n e s e ( I V ) gluconate complex, m a y prov ide a 
ster ical ly a n d k ine t i ca l l y convenient p a t h for w a t e r ox idat ion . I n the case 
of oxo -br idged b inuc l ear M n ( I V ) complexes, extensive e lectronic der
eal izat ion m a y be the basis for a low-energy , reversible p a t h w a y to the 
p a i r i n g of oxygen atoms. T h e essential role of manganese i n the photo -
synthet ic oxygen evo lut ion react ion p r o b a b l y results f r o m the u n i q u e 
o x i d a t i o n - r e d u c t i o n chemistry of its 3 + a n d 4 + states a n d f r om the 
potent ia l for electronic d e r e a l i z a t i o n i n b inuc l ear M n ( I V ) complexes. 

Table I I I . Oxidation—Reduction Potentials for Manganese ( I V ) 
Gluconate and for H2O-O2 Half-Reactions ( 6 6 , 6 7 ) 

E' 
Reaction (V vs. SCE) 

p H 14 
M n 2

I V ( G H 3 ) 4 Ο 2 ( 0 H 2 ) 6 " + ^ Μ η 2
Ι Π ( G H 8 ) 4 ( O H ) 2

4 " + - 0 . 4 0 
2 H 2 0 + 2e" 4 0 H -

0 2 + 2 H 2 0 + 4e- ^ ± 4 0 H " +0 .15 
0 2 + H 2 Ο + 2e" ^± H 0 2 - + O H " - 0 . 3 3 
H 0 2 - + H 2 0 + 2e" ^± 3 0 H - + 0 . 6 3 
0 2 + e" ^± 0 2 " - 0 . 8 1 
0 2 " + H 2 0 + e- — H O , " + O H " +0 .15 
F e ( C N ) ο 3" + e~ ^± F e ( C N ) 6

4 " +0 .11 

p H 10 
M n 2

I V ( G H 3 ) 4 0 2 ( O H ) 2
6 " + — Μ η 2

Π Ι ( G H 3 ) 4 ( O H ) 2
4 " + +0 .08 

2 H 2 0 + 2e" 4 0 H -
0 2 + 2 H 2 0 + 4e~ ^± 4 0 H - +0 .39 
0 2 + 2 H 2 0 + 2e" ς ± H 2 0 2 + 2 0 H " - 0 . 1 6 
H 2 0 2 + 2 H 2 0 + 2e" ^ 4 0 H - + 0 . 9 3 

A n alternative approach to the achievement of an effective m o d e l 
system is the use of nonaqueous solvents. S u c h m e d i a m a y be repre 
sentative of the b i o l o g i c a l matr ix of photosystem-II because of extensive 
hydrogen b o n d i n g b y the l i p i d a n d prote in fractions i n the grana. A l s o , 
i f the manganese group of photosystem-II is m e m b r a n e - b o u n d , a n aprot ic 
m e d i u m p r o b a b l y is more analogous to its env ironment t h a n an aqueous 
system. N o t only w i l l the redox potentials of the ( I V ) - ( I I I ) a n d (III)— 
( I I ) couples of c omplexed manganese be s igni f icantly shi f ted b y solvent 
m e d i a , b u t more important , the redox chemistry for the w a t e r - o x y g e n 
couples w i l l be substantial ly altered. These considerations are the basis 
of a current invest igat ion to find a more real ist ic m o d e l for photosystem-II . 
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20 
Molybdoenzymes: The Role of Electrons, 

Protons, and Dihydrogen 

E D W A R D I. STIEFEL, W I L L I A M E . N E W T O N , G E R A L D D. W A T T , 
K. L A M O N T H A D F I E L D , and W I L L I A M A. B U L E N 1 

Charles F. Kettering Research Laboratory, Yellow Springs, Ohio 45387 

The biochemistry of molybdenum enzymes and the coordi
nation chemistry of molybdenum are each discussed as 
background for understanding the role of molybdenum in 
enzymes. Electron transfer pathways and spectroscopic 
data implicate the molybdenum site in substrate reactions. 
For xanthine oxidase there is evidence for involvement of 
proton transfer in substrate oxidation. For nitrogenase, 
data on dihydrogen inhibition of nitrogen fixation and HD 
formation (under dideuterium and dinitrogen) can be inter
preted in terms of a bound diimide-level intermediate. Sev
eral mechanistic schemes are possible for ATP utilization, 
dihydrogen evolution, and substrate reduction by nitrogen
ase. For other molybdoenzymes, oxo transfer and coupled 
proton-electron transfer processes are alternative mechanis
tic possibilities. Molybdenum may be uniquely suited for 
its biochemical role. 

M o l y b d e n u m is the only element of the second transi t ion r o w k n o w n 
to have a natura l b i o l og i ca l funct ion . It is also considerably less 

abundant i n the earth's crust than the first t ransi t ion-row elements w h i c h 
p l a y key b io l og i ca l r o l e s—iron , cobalt , copper, a n d manganese. T h e 
relat ive scarcity of m o l y b d e n u m , coup led w i t h the great importance of 
the b i o l og i ca l processes for w h i c h it is essential, has l e d to considerat ion 
of the potent ia l ins ight w h i c h this m a y give concerning the or ig in of l i fe 
o n earth. I n part i cu lar , C r i c k a n d O r g e l ( 1 ) have suggested that the use 
of m o l y b d e n u m b y terrestrial microorganisms m a y ( w e a k l y ) support a 

1 Deceased 
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354 BIOINORGANIC C H E M I S T R Y II 

direc ted panspermia hypothesis for the o r i g i n of l i fe on earth. T h i s 
hypothesis c laims that l i fe d i d not spontaneously or ig inate o n earth b u t 
rather was sent to earth f r om somewhere else i n the universe. C r i c k a n d 
O r g e l reasoned that i f l i fe or ig inated on earth, i t is u n l i k e l y that an ele
ment as rare as m o l y b d e n u m w o u l d have been chosen for such an i m p o r 
tant task as n i t rogen fixation. O n the other h a n d , i f l i fe or ig inated else
where , where m o l y b d e n u m was abundant , then the use of this element 
w o u l d not be at a l l unusua l . 

These interest ing arguments can be fau l ted on two grounds. F i r s t , 
w h i l e m o l y b d e n u m is i n d e e d re lat ive ly rare i n the earth's crust or i n the 
earth as a who le , this is not the case i n seawater (2,3,4). I n fact, a ccord 
i n g to recent estimates, the concentrat ion of m o l y b d e n u m is either 
comparable w i t h (2,3) or perhaps s l ight ly exceeds (4 ) that of manganese, 
i r on , a n d copper. W h i l e this s i tuat ion m a y result f r o m the presence of 
l i fe a n d / o r f rom an o x i d i z i n g atmosphere of more recent o r i g i n ( 5 ) , at the 
very least i t opens the poss ib i l i ty that m o l y b d e n u m m a y have been rea 
sonably abundant i n the ancient waters where l i fe supposedly arose. 

A second argument against the extraterrestrial o r i g in of l i fe w o u l d be 
v a l i d i f m o l y b d e n u m were the on ly ava i lab le meta l w h i c h , w h e n incorpo 
rated into a pro te in system, c o u l d catalyze certain reactions. If this w e r e 
the case, then even i f m o l y b d e n u m were re lat ive ly rare, i t w o u l d be w o r t h 
the effort for the microorganisms to extract i t f r om the environment . T h e 
organisms w h i c h l earned h o w to use m o l y b d e n u m ( for example, to fix 
n i t rogen) w o u l d then have an evo lut ionary advantage over organisms 
w h i c h d i d not. T h e selective surv iva l of the m o l y b d e n u m - u s i n g (n i t rogen -
fixing) species w o u l d ensure the cont inued use of m o l y b d e n u m b y future 
generations. 

T h e quest ion then arises as to w h a t c h e m i c a l features of m o l y b d e n u m 
make i t u n i q u e l y suitable for the b i o l o g i c a l reactions i n w h i c h i t p a r t i c i 
pates. I n this chapter w e first discuss some of the in f o rmat i on ga ined f r o m 
b i o l og i ca l studies of m o l y b d e n u m enzymes p a y i n g par t i cu lar attention 
to nitrogenase a n d to xanthine oxidase. F o r nitrogenase, w e focus on the 
re lat ionship be tween d ihydrogen , d in i t rogen , a n d the enzyme w h e r e there 
is evidence for sequent ia l two -e l e c t ron - two -pro ton processes i n the p r o 
d u c t i o n of a m m o n i a f r om d in i trogen . F o r xanthine oxidase, w e s u m 
mar ize the data w h i c h impl i ca te pro ton transfer ( i n a d d i t i o n to e lectron 
transfer) as a feature of the m o l y b d e n u m site. Some of our recent results 
a n d some trends i n m o l y b d e n u m coord inat ion chemistry he lp to deter
m i n e reasonable possibi l i t ies for the act ion of m o l y b d e n u m i n these sys
tems. F i n a l l y , some of the mechanist i c proposals are considered a n d 
evaluated i n terms of the most recent results f r o m b i o l og i ca l a n d inorganic 
systems. 
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20. S T I E F E L E T A L . Molybdoenzymes 355 

Molybdoenzymes: Occurrence and Biological Importance 

Nitrogenase. Ni trogenase is the enzyme w h i c h catalyzes the r e d u c 
t i on of d in i t rogen to ammonia . T h e process of b i o l og i ca l n i t rogen fixation 
is responsible for most of the fixed n i trogen i n p u t into the biosphere, 
o u t w e i g h i n g the enormous amount of d in i t rogen that is fixed ( converted 
to a m m o n i a ) b y the H a b e r process (6). T h e contrast be tween the H a b e r 
process a n d the b i o l og i ca l process is start l ing. T h e former requires h i g h 
temperature , h i g h pressure, a n d d ihydrogen as a feedstock for b o t h 
energy a n d r e d u c i n g power ( 7 ) . T h e latter process works (o ften i n a ir 
i n v i t r o ) under ambient condit ions (i.e., r oom temperature a n d at 0.8 
a t m of d in i t rogen) a n d uses ( u l t i m a t e l y ) solar energy as i n p u t either 
d irect ly , or ind i re c t l y through the carbohydrates w h i c h are p r o d u c e d b y 
photosynthesis . T h u s , the overa l l b i o l og i ca l process makes use of read i l y 
avai lable air , water , a n d sunl ight to effect the des ired transformation. 

T h e ab i l i t y to fix n i trogen is exc lusively a property of prokaryot i c 
o rganisms—bacter ia a n d b lue-green algae (8, 9 ) . T h e nitrogen- f ix ing 
bacter ia i n c l u d e b o t h f ree - l iv ing species a n d those w h i c h l ive s y m b i -
ot i ca l ly w i t h h igher plants . A m o n g the free l i v i n g species there are 
strict aerobes ( such as Azotobacter vinelandii), facul tat ive anaerobes 
( such as Klebsiella pneumonae), a n d strict anaerobes ( such as Clostri
dium pasteurianum). A d d i t i o n a l l y , some photosynthet ic batcter ia (e.g., 
Rhodospirullum rubrum a n d Chromatium) are k n o w n to fix n i trogen . 
T h e most prominent of the symbio t i c fixing species are members of the 
genus Rhizobium w h i c h fix n i t rogen w h e n l i v i n g as bacteroids i n the root 
nodules of leguminous plants (soybeans, peas, a l f a l f a ) . Recent ly , some 
species of r h i z o b i a have been i n d u c e d to fix n i t rogen i n a f ree - l i v ing state 
(10-15), s h o w i n g conc lus ive ly that the genes for n i t rogen fixation are 
i n the microorganisms a n d not i n the plant . T h e rather stringent c o n d i 
tions r e q u i r e d to observe the ni trogen fixation b y f ree - l iv ing r h i z o b i a i n 
cul ture suggests that a d d i t i o n a l organisms m a y be f o u n d to fix n i t rogen 
under more prec ise ly contro l led condit ions. A m o n g the b lue -green algae, 
n i t rogen fixation occurs i n b o t h u n i c e l l u l a r ( such as Gleocapsa) a n d 
filamentous ( such as Anabaena) species ( 9 ) . T h e b lue -green algae are 
b o t h photosynthet ic a n d nitrogen- f ix ing a n d are thus r e m a r k a b l y self-
sufficient organisms. 

Nitrogenase has been successfully iso lated f r o m several bac ter ia l 
species (8) a n d seems to be remarkab ly s imi lar i n a l l cases. T o date, no 
pure preparations of nitrogenase have been obta ined f r om b lue -green 
algae ( 9 ) . 

Nitrate Reductase. N i t r a t e reductase is f o u n d w i d e l y d i s t r ibuted 
a m o n g plants a n d microorganisms a n d catalyzes the reduc t i on of N 0 3 " 
to N 0 2 " (16,17,18,19). T h e phys io l og i ca l ro le of this enzyme depends 
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356 BIOINORGANIC C H E M I S T R Y II 

o n the organism. O f t e n the enzyme n i t r i te reductase, w h i c h catalyzes 
the reduct i on of N 0 2 " to N H 3 , is f o u n d i n a d d i t i o n to the nitrate reductase. 
I n this case, nitrate reductase p lays an assimilatory role , b e i n g responsible 
for the first step i n the conversion of N 0 3 " to N H 3 . I n other organisms, 
the nitrate serves as the t e r m i n a l electron acceptor i n an electron transport 
system, s imi lar to 0 2 or S 0 4

2 ~ , a n d the nitrate reductase plays a respiratory 
or d iss imi latory role . 

U n l i k e the nitrogenases, w h i c h do not v a r y m u c h i n compos i t ion 
a n d p h y s i c a l properties w i t h the source, n i trate reductases v a r y con
s iderab ly f r om one organism to the next. T h e only feature w h i c h they a l l 
seem to have i n c o m m o n is an absolute requirement for the presence of 
m o l y b d e n u m . 

Xanthine Dehydrogenase. T h i s enzyme catalyzes the ox idat ion of 
xanthine to ur i c a c i d a n d is f o u n d i n various microorganisms ( i n c l u d i n g 
bacter ia a n d fung i ) a n d animals ( i n c l u d i n g insects, fish, b i rds , a n d m a m 
mals ) (19, 20,21). I n some bacter ia a n d fung i , xanthine can serve as the 
sole n i trogen source. C o u p l i n g this fact w i t h the presence of m o l y b d e n u m 
i n nitrogenase a n d nitrate reductase, w e find that i n each case a m o l y b 
d e n u m enzyme plays a role i n n i trogen ass imi lat ion a n d is , i n fact, 
responsible for the first step i n this process. M o l y b d e n u m appears to 
p l a y a role i n the metabo l i sm of n i trogen s imi lar to that p l a y e d by first 
t rans i t ion-row elements ( i r on , manganese, a n d copper ) i n the metabo l i sm 
of oxygen. 

Xanthine Oxidase. T h i s enzyme is very closely re lated to the x a n 
thine dehydrogenase systems (19, 20, 21), a n d i n some cases, the oxidase 
a n d dehydrogenase are interconvert ib le forms of the same enzyme (22). 
X a n t h i n e oxidase is f o u n d i n a var iety of m a m m a l i a n systems i n c l u d i n g 
m a n . I n most organisms, the ox idat ion of xanthine to u r i c a c i d is f o l l o w e d 
b y further degradat ion of the u r i c ac id . H o w e v e r , i n m a n a n d some other 
pr imates , u r i c a c i d is the t e r m i n a l species i n p u r i n e catabol ism a n d is 
excreted through the k idneys . Excess a c c u m u l a t i o n of u r i c a c i d leads to 
the syndrome ca l l ed gout. N o w a d a y s , gout is often treated w i t h inhib i tors 
of xanthine oxidase, a n d the nature of these inhib i tors a n d their react ion 
w i t h xanthine oxidase has g iven ins ight into the func t i on ing of the 
enzyme (23, 24). 

Aldehyde Oxidase. T h i s enzyme is usua l ly f o u n d i n s imi lar l o ca 
tions to xanthine oxidase or dehydrogenase a n d has been iso lated f r o m 
insects, b i rds , a n d mammals (20, 21). A l d e h y d e oxidase seems to be a 
poor choice of name for this enzyme because, w h i l e it oxidizes aldehydes 
to carboxy l i c acids, i t also accepts a var ie ty of purines a n d p y r i m i d i n e s 
as ox id izab le substrates. F o r example , a ldehyde oxidase catalyzes the 
conversion of 2 - h y d r o x y p y r i m i d i n e to u r a c i l a n d of adenine to 8-hydroxy-
adenine (25). It appears that xanthine oxidase a n d a ldehyde oxidase are 
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20. S T i E F E L E T A L . Molybdoenzymes 357 

a set of p u r i n e a n d p y r i m i d i n e hydroxylases w i t h a rather b r o a d range 
of substrate specif icity. 

Sul f i te Ox idase . T h i s enzyme, iso lated f r o m bov ine (26, 27) a n d 
c h i c k e n fiver (28), catalyzes the ox idat ion of sulfite to sulfate. T h i s is 
poss ib ly a c r u c i a l func t i on i n animals as S 0 3

2 ~ (or S 0 2 , its gaseous pre 
cursor ) is toxic w h i l e S 0 4

2 " is re lat ive ly innocuous . F o r example , one of 
the first signs of m o l y b d e n u m deficiency i n rats is a greatly increased 
suscept ib i l i ty to S 0 2 po i son ing ( 2 8 ) . I n add i t i on , a h u m a n c h i l d b o r n 
w i t h o u t sulfite oxidase act iv i ty d i d not surv ive for very l o n g ( 2 9 ) . 

O t h e r E n z y m e s . M o l y b d e n u m has been suggested as a component 
of a n enzyme possessing C 0 2 reductase or formate dehydrogenase ac t iv i ty 
(30,31,32). I n the latter case, the u n i q u e observation has been made 
that tungsten can substitute for m o l y b d e n u m w h i l e m a i n t a i n i n g act iv i ty 
(33). T h i s enzyme is also postulated to contain se len ium (32). A 
N A D P H dehydrogenase f r o m a m i t o c h o n d r i a l f ract ion m a y conta in 
m o l y b d e n u m based u p o n the observation of a M o ( V ) E P R s ignal (34). 
A u t h e n t i c a t i o n of these findings m a y lengthen the l ist of m o l y b d e n u m 
enzymes. 

T h e M o l y b d e n u m C o f a c t o r . B a s e d o n genetic evidence , C o v e a n d 
P a t e m a n (35) suggested that xanthine dehydrogenase a n d nitrate reduc -

C y t + 3 C y t * 2 

NADPH 

NADP 

FAD-*-Cytb-*-

" M o c o f a c t o r " 

Figure 1. Nitrate reductase from Neurospora crassa 
—composition and presumed electron transfer se

quence (16, 18) 

tase of the fungus Aspergillus nidulans have a c o m m o n m o l y b d e n u m -
conta in ing uni t . T h e w o r k of N a s o n a n d co-workers w i t h the nit-1 mutant 
of Neurospora crassa also points to a " m o l y b d e n u m cofactor" c o m m o n to 
a l l m o l y b d e n u m - c o n t a i n i n g enzymes (36, 37, 38). T h e Neurospora n i trate 
reductase, as s h o w n schematica l ly i n F i g u r e 1, catalyzes the reduc t i on 
of N 0 3 " b y N A D P H a n d contains F A D a n d a b- type cytochrome i n 
a d d i t i o n to m o l y b d e n u m . T h e f u l l enzyme also has N A D P H : c y t o c h r o m e 
c reductase act iv i ty . T h e nit-1 mutant produces an enzyme that cannot 
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reduce N 0 3 " b u t s t i l l possesses the N A D P H : c y t o c h r o m e c reductase 
act iv i ty . Signi f icantly , the f u l l enzyme act iv i ty towards nitrate (as w e l l 
as other properties of the enzyme ) can be restored b y treatment of nit-1 
extracts w i t h the neutra l i zed , ac id -hydro lys is product of any of the above-
ment ioned m o l y b d e n u m enzymes. These enzymes donate a m o l y b d e n u m -
conta in ing group (38) w h i c h leads to the i n v i tro assembly of the intact 
a n d active nitrate reductase. S i m p l e m o l y b d e n u m complexes are unab le 
to activate the nit-1 extracts nor are neutra l i zed ac id -hydro lys is products 
of n o n - m o l y b d e n u m enzymes. T h e donated m o l y b d e n u m - c o n t a i n i n g fac
tor can arise f rom enzymes iso lated f r om mammals or bacter ia . I n studies 
us ing bac ter ia l extracts, the factor was d ia lyzab le (39) a n d is thus 
presumed to be a l o w molecu lar we ight m o l y b d e n u m compound . 

Russ ian workers c l a i m to have iso lated l o w molecu lar we ight m o l y b 
denum-conta in ing peptides f r om nitrogenase a n d xanthine oxidase w h i c h 
are active i n the reconst i tut ion of the nit-1 mutant (40, 41). Z u m f t (42) 
also c laims to have separated two l o w molecu lar we ight m o l y b d e n u m -
conta in ing fractions f r om nitrogenase w h i c h also show reconst i tut ing 
act iv i ty . Unfor tunate ly , at present, the deta i led nature of the m o l y b 
denum-conta in ing fractions is v i r t u a l l y u n k n o w n , a l though the Russ ian 
workers c l a i m that i t is (at least p r e d o m i n a n t l y ) a smal l pept ide . N o n e 
theless, the mere existence of a c o m m o n cofactor indicates a c o m m o n 
structura l feature i n a l l mo lybdoenzymes a n d opens the poss ib i l i ty that 
the m o l y b d e n u m sites i n the various enzymes operate i n a mechanis t i ca l ly 
s imi lar manner . 

Recent ly , B r i l l a n d co-workers (43,44) have iso lated mutant strains 
of Azotobacter vinelandii w h i c h produce a n inact ive nitrogenase c om
ponent. T h i s component can be react ivated b y treatment w i t h the 
neutra l i zed ac id -hydro lys is products of other nitrogenases ( w h i c h t h e m 
selves become inact ive o n such a treatment) b u t not apparent ly w i t h 
any other m o l y b d e n u m enzymes. T h i s m a y either reflect a difference 
be tween the cofactor i n nitrogenase a n d other m o l y b d e n u m enzymes or 
m a y be caused b y the reconst i tut ion condit ions used w h i c h m a y not have 
been sufficiently v a r i e d to a l l o w for different m o l y b d e n u m oxidat ion 
states to be attained. I n any event, the c h e m i c a l character izat ion a n d 
authent icat ion of the m o l y b d e n u m cofactor shou ld revea l some of the 
int imate details of the m o l y b d e n u m site. 

Biochemistry of Nitrogenase 

General Considerations. T h e nitrogenase enzyme consists of t w o 
separately isolable pro te ins—the m o l y b d e n u m - i r o n pro te in ( C o m p o n e n t 
I , F r a c t i o n I , mo lybdo ferredox in ) a n d the i r o n pro te in ( C o m p o n e n t I I , 
F r a c t i o n I I , azoferredoxin ) . T h e most recent w o r k on nitrogenase c om-
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ponents f rom a var iety of organisms indicates great s imi lar i ty i n mo lecu lar 
we ight , n u m b e r of subunits , a n d m o l y b d e n u m , i r o n a n d inorganic sulfide 
contents. F o r Azotobacter vinelandii, the organism for w h i c h w e present 
our exper imental results, the m o l y b d e n u m - i r o n pro te in has a mo lecu lar 
w e i g h t of 226,000, four subunits , t w o m o l y b d e n u m , r ough ly 24 i r on , a n d 
22 lab i l e sulfide ions per mo lecu le ( 4 5 ) . T h e i r o n pro te in has a mo lecu lar 
we ight of a r o u n d 65,000 w i t h four i r on a n d four lab i le sulfide ions per 
mole . W i t h Azotobacter vinehndii ( a n d to date on ly for this o r g a n i s m ) , 
i t is possible to isolate a 1:1 complex of the i r o n a n d m o l y b d e n u m - i r o n 
proteins b y a v o i d i n g the use of D E A E cel lulose d u r i n g the preparat ion . 
T h i s nitrogenase complex has been exc lusively used for the react ion 
studies discussed be low. Its preparat ion has been descr ibed i n de ta i l 
elsewhere (46, 4 7 ) . 

A n i n p u t - o u t p u t scheme for nitrogenase is s h o w n i n F i g u r e 2. T h e 
mater ia l i n the box represents the cata lyt i c ent i t ies—the i r o n pro te in , 
the m o l y b d e n u m - i r o n prote in , a n d M g 2 + ions. Input consists of a r educ -

Figure 2. Nitrogenase—input-output diagram (7, 8, 9, 52) 

i n g agent, A T P , a n d a source of protons ( H 2 0 ) . T h e r e d u c i n g agent c a n 
be ferredoxin or flavodoxin i n v i vo , but i n assay systems i n v i t ro , d i t h i o -
nite ( S 2 0 4

2 " ) i n v a r i a b l y serves this funct ion , b e i n g ox id i zed i n the process 
b y t w o electrons to S 0 3

2 " . T h e A T P is h y d r o l y z e d d u r i n g nitrogenase 
turnover to A D P a n d P j . U n d e r o p t i m a l ( i n v i t r o ) condit ions , 4 -5 moles 
of A T P are h y d r o l y z e d per mo le of e lectron pairs pass ing t h r o u g h the 
enzyme ( 4 8 ) . A n u n u s u a l feature of nitrogenase w h i c h contributes to 
the dif f iculty i n its study is the fact that i t does not requ i re a r educ ib l e 
substrate. I n the absence of r educ ib l e substrate ( v i d e i n f r a ) , the enzyme 
system turns over a n d evolves d i h y d r o g e n v i a the so-cal led " A T P - d e p e n d -
ent h y d r o g e n evo lu t i on" react ion w h i c h requires the same inputs as 
n i t rogen fixation ( 4 9 ) . T h u s , nitrogenase is not easi ly s tud ied i n a f u l l y 
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r e d u c e d state because this state w i l l g ive r ise to d i h y d r o g e n evo lut ion . 
Perhaps i n the future , r a p i d detect ion techniques w i l l a l l o w some g l impse 
of this key state. 

T h e output for nitrogenase consists of d i h y d r o g e n a n d ( as a p p r o p r i 
ate) r e d u c e d substrate. T h e presence of reduc ib l e substrates curtai ls the 
d i h y d r o g e n evo lut ion react ion (a l though often not complete ly ) ( 5 0 , 5 1 , 
52, 53 ) a n d diverts electrons f r o m d i h y d r o g e n p r o d u c t i o n to substrate 
reduc t i on . T h e n a t u r a l substrate is d in i t rogen w h i c h undergoes a six-
e lectron reduc t i on to ammonia . O t h e r substrates have also been f ound , 
a n d the ir reactions are l i s ted i n T a b l e I . T h e reduc ib le substrates (52, 
53) i n c l u d e molecules w i t h t r ip le bonds (acetylenes, nitr i les , isonitr i les , 
a n d cyan ide ) or react ive doub le (or potent ia l ly t r i p l e ) bonds (az ide , 
nitrous oxide, a l iène) . S igni f i cant ly , the acetylenes are reduced b y a 
two-e lectron process to ethylenes ( w i t h no trace of e thane) . I f D 2 0 
replaces H 2 0 as the proton source, then d i d e u t e r i u m is evo lved , N D 3 is 
f o rmed f rom d in i t rogen , a n d acetylene is reduced exclusively to cis-
dideuteroethylene (54). 

Table I. Substrate Half-Reactions for Nitrogenase 

N 2 + 6 H + + 6 e - - * 2 N H 3 

N 2 H 4 + 2 H + + 2 e " - > 2 N H 3 

H C N + 6 H + + 6e" C H 4 + N H 3 

N 2 0 + 2 H + + 2 e - - * N 2 + H 2 0 

H N 3 + 2 H + + 2 e - - + N 2 + N H 3 

R N C + 6 H + + 6e" R N H 2 + C H 4 

R C N + 6 H + + 6e" -> R C H 3 + N H 3 

C 2 H 2 + 2 H + + 2 e - ^ C 2 H 4 

2 H + + 2e - ^ H 2 

M g 2 + 

[ A T P + H 2 0 -> A D P + P i ] 
2nd International Conference on Chemistry 

and Uses of Molybdenum 

Dihydrogen Reactions of Nitrogenase. O n e of the puzz les w h i c h 
nitrogenase has presented lies i n its reactions i n v o l v i n g d ihydrogen . I n 
early studies, d i h y d r o g e n was considered a r e d u c i n g agent for d in i t rogen , 
a n d the nitrogenase enzyme was thought to catalyze the H a b e r process 
react ion ( R e a c t i o n 1 ) . F o r example , c rude cell- free extracts of Clostri-

3 H 2 + N 2 - » 2 N H 3 (1) 
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dium pasteurianum c o u l d i n d e e d use d i h y d r o g e n as the reductant for 
d in i t rogen (55 ) . H o w e v e r , i t is n o w clear that this process depends u p o n 
the presence of the enzyme hydrogenase (56) w h i c h catalyzes Reac t i on 

H 2 + 2 F d o x - > 2 H + + 2 F d r e d (2) 

2. H e r e , d ihydrogen reduces ox id i zed ferredoxin ( F d o x ) to F d r e d w h i c h 
can then serve as the electron donor for the nitrogenase-catalyzed reduc 
t ion of d in i t rogen to a m m o n i a ( F i g u r e 2 ). T h u s , React ion 1 is cata lyzed 
on ly w h e n hydrogenase, nitrogenase, a n d ferredoxin are present a n d 
requires A T P hydro lys is as a co-reaction. 

W h e n pur i f i ed nitrogenase is incubated under d in i t rogen a n d d i 
hydrogen , the d ihydrogen surpr is ing ly inhib i ts n i trogen fixation ( 57, 58, 
59, 60 ). K i n e t i c studies seem to d isp lay a compet i t ive i n h i b i t i o n pattern , 
a l though more deta i led studies i n progress i n our laboratory indicate that 
true compet i t ive i n h i b i t i o n is not present here (57, 58, 59, 60). 

A re lated observation concerns the appearance of H D i n the gas 
phase w h e n nitrogenase turns over i n the presence of d in i t rogen a n d 
d i d e u t e r i u m i n H 2 0 (58, 59, 60). L i k e w i s e , nitrogenase turnover i n D 2 0 
w i t h d ihydrogen a n d d in i t rogen i n the gas phase causes H D format ion . 
T h i s process has u n i f o r m l y been ca l l ed " H D exchange" a l though there 
is n o evidence for the format ion of H D O i n the aqueous phase (58, 59, 
61 ). T h e format ion of H D absolutely depends on the presence of d i n i t r o 
gen, w i t h l o w levels of d in i t rogen sufficing to give moderate amounts of 
H D . It w o u l d appear f rom the k inet i c data (58, 59, 60) that d in i t rogen is , 
i n a sense, a catalyst for the H D format ion react ion. N o other substrate 
leads to H D format ion nor does H D format ion occur i n the absence of 
reduc ib l e substrates. 

Electron Balance Studies on the Dihydrogen Reactions of Ni tro 
genase. A cont inu ing project at the K e t t e r i n g L a b o r a t o r y is the deta i l ed 
analysis of the inputs a n d the outputs for nitrogenase. A remarkable 
observat ion about nitrogenase is that its turnover rate is independent of 
the de ta i l ed nature of the output of the enzyme (50 ) . A s discussed 
above, electrons m o v i n g t h r o u g h nitrogenase can cause d ihydrogen evo lu 
t ion , acetylene reduct ion , n i t rogen fixation, or, d e p e n d i n g u p o n the 
condit ions, various combinat ions of these act ivit ies . H o w e v e r , the u t i l i z a 
t i on rate of S 2 0 4

2 ~ ( reductant ) a n d the hydro lys is rate of A T P are each 
total ly independent of the d i s t r ibut i on of electrons i n these products . 
F u r t h e r m o r e , even i n a d i h y d r o g e n - i n h i b i t e d nitrogen- f ix ing system, the 
turnover rate (as measured b y S 2 0 4

2 " or A T P ut i l i za t i on ) is unaffected. 
These data strongly suggest that the rate -determining step for nitrogenase 
turnover occurs pr ior to substrate reduct ion . D i h y d r o g e n i n h i b i t i o n there
fore affects the d i s t r ibut ion of products b u t not the turnover rate of the 
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enzyme. I n order to probe the nature of the d ihydrogen i n h i b i t i o n reac
t i on , careful e lectron balance studies have been per formed on the n i t ro 
genase complex f r o m A. vinefondii. T h e p r e l i m i n a r y results of such 
studies have been brief ly discussed (46, 47, 58, 59), a n d the exper imental 
details a n d b u l k of the data w i l l appear elsewhere (60). 

T h e exper imenta l design is s imple . A g iven sample of nitrogenase 
e q u i p p e d w i t h an A T P - g e n e r a t i n g system, M g 2 + , a n d reductant is a l l o w e d 
to t u r n over w i t h o u t substrate (case I ) , a n d the d i h y d r o g e n p r o d u c t i o n is 
moni tored . T h e amount of d ihydrogen p r o d u c e d is f o u n d to be e q u a l 
( w i t h i n exper imental error ) to the d i th ioni te ox id i zed (50 ) . Therefore , 
the e lectron balance equat ion is : 

where the brackets enclose the v a r y i n g n u m b e r of moles of i n d i c a t e d 
product f o rmed or reductant ox id i zed per un i t t ime . 

U s i n g the same nitrogenase preparat ion , d in i t rogen is a d d e d to the 
react ion flask, a n d d i h y d r o g e n evo lut ion a n d a m m o n i a p r o d u c t i o n are 
measured i n the same react ion vessel. U n d e r these circumstances (case 
2 ) , the electron balance E q u a t i o n 4 obtains : 

T h i s is i n f u l l agreement w i t h the need for six electrons to reduce each 
d in i t rogen , i.e., three per a m m o n i a formed. 

I n case 3, aga in w i t h the same preparat ion , a g iven amount of 
d i h y d r o g e n is in t roduced into the react ion flask i n a d d i t i o n to the d i 
n i trogen. W h e n d ihydrogen is present, the equat ion for e lectron balance 
remains the same as above [ E q u a t i o n 4 ] . H o w e v e r , at the same d i n i t r o 
gen leve l , less a m m o n i a a n d more d ihydrogen are p r o d u c e d per u n i t t ime 
compared w i t h case 2 above. Case 3 is, of course, the d i h y d r o g e n i n h i b i 
t i on react ion, a n d as expected, it is f o u n d to shift electrons f r o m a m m o n i a 
to the format ion of d ihydrogen . 

T h e c lue to w h a t is h a p p e n i n g comes i n case 4, w h e n the react ion is 
ana lyzed at a l eve l of d i d e u t e r i u m e q u a l to that of d i h y d r o g e n used i n 
case 3. H e r e , the H D , d ihydrogen , a n d a m m o n i a p r o d u c e d are measured 
i n the flask. It is f o u n d that the a m m o n i a l eve l i n case 4 is the same as i n 
case 3. T h u s , as expected, d i d e u t e r i u m a n d d ihydrogen are equivalent i n 
their ab i l i t y to i n h i b i t r educt i on ( a m m o n i a f o r m a t i o n ) . H o w e v e r , the 
d i h y d r o g e n p r o d u c e d is f o u n d to be the same as i n case 2, w h e n no 
d i h y d r o g e n or d i d e u t e r i u m is present. T h u s , the presence of d i d e u t e r i u m 
a n d b y inference d i h y d r o g e n does not effect the A T P - d e p e n d e n t d i h y d r o 
gen evo lut ion react ion, a n d on ly d in i t rogen reduct i on is effected. H o w -

2 [ H 2 ] = 2 [ S 2 0 4
2 " ] (3) 

3 [ N H 3 ] + 2 [ H 2 ] = 2 [ S 2 0 4
2 1 (4) 
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20. S T I E F E L E T A L . Molybdoenzymes 363 

ever, for case 4, w e find that E q u a t i o n 4 does not balance . H o w e v e r , 
E q u a t i o n 5 does balance , m e a n i n g that one electron is r e q u i r e d for the 

f ormat ion of each molecule of H D . O v e r a w i d e range of d i d e u t e r i u m 
a n d d in i t rogen pressures, e lectron balance can be ach ieved only b y a d d 
i n g this term i n H D . 

I n summary , the key exper imental findings are: 
1. Nitrogenase turnover rate (e lectron flow) is independent of 

r educ ib l e substrate, e lectron d i s t r ibut ion among a mixture of substrates, 
or the presence of d ihydrogen . 

2. O n l y d in i t rogen reduct ion is i n h i b i t e d b y d i h y d r o g e n or d i d e u 
t e r i u m . 

3. I n the presence of d i d e u t e r i u m a n d d in i trogen , H D is p r o d u c e d 
i n a react ion w h i c h uses one electron to f o rm each H D . 

4. D e u t e r i u m does not affect d ihydrogen evo lut ion i n either the 
presence or absence of d in i trogen . 

These results taken together suggest strongly that d i h y d r o g e n a n d 
d i d e u t e r i u m divert electrons f rom d in i t rogen reduct ion , w h i c h i n the 
former case leads to d i h y d r o g e n produc t i on , but i n the latter case leads 
to H D formation. T h u s , i t appears that the d i h y d r o g e n i n h i b i t i o n of 
d in i t rogen reduct ion a n d the d ini trogen-dependent H D format ion reac
tions of nitrogenase are manifestations of the same phenomenon. T h i s 
finding is interpreted on a molecu lar leve l i n the f o l l o w i n g section. 

Intermediates in the Fixation of Dinitrogen. There are s t i l l no 
spectroscopical ly detected intermediates i n the reduct i on of d in i t rogen to 
ammonia . W e bel ieve, however , that the electron balance studies w i t h 
nitrogenase under d i n i t r o g e n / d i h y d r o g e n a n d d i n i t r o g e n / d i d e u t e r i u m 
atmospheres po int to the existence of such intermediates . T h e sto ichiome-
t ry for the H D format ion react ion as determined exper imental ly is s h o w n 
i n Reac t i on 6. A t first glance, this resembles the substrate reactions 

( T a b l e I ) , a n d at one t ime i t was thought (62) that d i d e u t e r i u m was i n 
fact a nitrogenase substrate. H o w e v e r , the key fact remains that d i n i t r o 
gen, at least i n catalyt ic amounts, is r e q u i r e d for H D format ion a n d that 
i n the process, the reduct i on of d in i t rogen to a m m o n i a is i n h i b i t e d ( 5 7 -
61, 63). T o exp la in these features, w e suggest that a two-e lectron reduc 
t i on produc t of d in i t rogen is reactive towards d i h y d r o g e n or d i d e u t e r i u m . 
I n analogy to the reduct i on of acetylene i n D 2 0 to d s - C 2 H 2 D 2 , this p r o d 
uct is postulated to be a b o u n d c i s -d i imide species ( 4 5 ) . 

A s shown i n F i g u r e 3, the first step i n d in i t rogen reduc t i on c o u l d 
invo lve b i n d i n g of d in i t rogen to the enzyme, w i t h the mode of b i n d i n g 

3 [ N H 3 ] + 2 [ H 2 ] + 1 [ H D ] - 2 [S 2 0 4
2 " ] (5) 

2 H + + 2e" + D 2 -> 2 H D (6) Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

20



364 BIOINORGANIC CHEMISTRY II 

left unspeci f ied. I n analogy to the reduc t i on of acetylene to ethylene, 
r educ t i on b y two electrons a n d two protons is postulated to produce a 
b o u n d d s - d i i m i d e species w i t h somewhat exposed N - H bonds. T h e 
b o u n d d i i m i d e c o u l d then react w i t h d ihydrogen i n a six-center react ion 
to re form d in i t rogen ( b o u n d or u n b o u n d ) a n d generate an add i t i ona l 
d i h y d r o g e n molecule . T h e react ion, as expressed i n Reac t i on 7, is effec-

E - N 2 H 2 + H 2 - » Ε + N 2 + 2 H 2 (7) 

t ive ly the decomposi t ion of b o u n d d i i m i d e to its elements. T h i s process 
is exothermic for free d i i m i d e b y rough ly 35 k c a l / m o l e . T h e react ion of 
d i h y d r o g e n w i t h d s - N 2 H 2 is a l l o w e d b y o rb i ta l symmetry considerations. 
T h e regeneration of d in i t rogen is signif icant i n two respects. F i r s t , i t 
shows that d in i t rogen is not r educed to ammonia , a n d so a m m o n i a p r o 
duc t i on is i n h i b i t e d . Second, i t means that d in i t rogen is effectively a 
catalyst i n the produc t i on of d i h y d r o g e n b y a route w h i c h is not i dent i ca l 
to the s imple A T P - d e p e n d e n t d i h y d r o g e n evo lut ion react ion. 

Figure 3. Nitrogenase—scheme of H2 inhibition 
and HD production reactions 

T h e react ion w i t h d i d e u t e r i u m is s h o w n i n the l ower part of F i g u r e 3. 
H e r e , the i n h i b i t i o n of n i t rogen fixation leads to the produc t i on of H D 
accord ing to Reactions 8 a n d 9. C l e a r l y , the overa l l process agrees pre -

E - N 2 + 2e" + 2 H + -> E - N 2 H 2 (8) 

E - N 2 H 2 + D 2 Ε + N 2 + 2 H D (9) 

c isely w i t h the e lectron ba lance studies w h i c h impl i ca te two electrons 
per p a i r of H D molecules f ormed . T h u s , the m e c h a n i s m involves the 
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2 0 . S T i E F E L E T A L . Molybdoenzymes 365 

d ivers ion of electrons f rom N 2 H 2 to d ihydrogen or H D i n agreement w i t h 
experiment. 

T h e postulat ion of the N 2 H 2 - l e v e l intermediate c learly impl ies that 
nitrogenase functions i n a stepwise manner , w i t h h y d r a z i n e therefore 
i m p l i c a t e d as the second enzyme-bound intermediate . T h e quest ion then 
arises as to whether hydraz ine is a reduc ib le substrate for nitrogenase. 

Reduction of Hydrazine by Nitrogenase. A t p H 7.2-7.4, the n o r m a l 
assay condit ions, nitrogenase can catalyze the reduct ion of hydraz ine 
at only a very s low rate. H o w e v e r , at these p H values, hydraz ine is 
present largely as the h y d r a z i n i u m ion , N 2 H 5

+ , a n d i t is possible that this 
cat ionic species cannot serve as a substrate. T o test this idea , the p H of 
the solution was raised i n steps to p H 8 where the enzyme remains active, 
a n d substantial amounts of neutra l N 2 H 4 are present. T h e p r o d u c t i o n 
of a m m o n i a closely para l l e led the increase i n p H . A t p H 8, hydraz ine 
is r educed at ~ 2 0 % of the rate of d ihydrogen evolut ion. I n a l l respects, 
the reduct ion of hydraz ine behaves l ike that of other substrates, w i t h A T P 
a n d S 2 0 4

2 " b e i n g r e q u i r e d a n d d ihydrogen evo lut ion b e i n g decreased b y 
an amount commensurate w i t h the amount of hydraz ine reduced ( 4 5 ) . 
T h u s , hydraz ine is reduc ib le b y nitrogenase, a n d a l though there is s t i l l 
no direct evidence, this result establishes the potent ia l of a b o u n d h y d r a 
z ine intermediate i n the overa l l process of d in i t rogen reduct ion . 

F i n a l l y , the hydraz ine reduct ion react ion is unaffected b y either 
d ihydrogen or d i d e u t e r i u m , i.e., under either, there is no i n h i b i t i o n of 
a m m o n i a formation, a n d under d ideuter ium, there is no H D product i on . 
A s s u m i n g that b o u n d hydraz ine reacts i n the same manner as a d d e d 
hydraz ine , then the d ihydrogen a n d d i d e u t e r i u m effects must occur pr i o r 
to the format ion of b o u n d hydraz ine , a n d again a d i i m i d e - l e v e l species 
is imp l i ca ted . 

I n short, the electron balance a n d hydraz ine reduct i on studies 
strongly impl i cate b o u n d N 2 H 2 a n d b o u n d N 2 H 4 i n the cata lyt i c reduct i on 
of d in i t rogen b y nitrogenase. I n this respect, the key site of nitrogenase 
is s h o w n to be a two-e lectron two-proton reagent. A s e laborated b e l ow , 
this finding points to a possibly greater s imi lar i ty be tween nitrogenase 
a n d other m o l y b d e n u m enzymes than m i g h t be otherwise thought. 

Biochemistry of Xanthine Oxidase and Other Molybdenum Oxidases 

General Considerations. M u c h exper imental in fo rmat ion is a v a i l 
able concerning the role of m o l y b d e n u m i n xanthine oxidase (19, 2 0 ) . 
I n early work (pr ior to 1970), there was m u c h confusion i n the l i terature 
because of the presence of various inact ive forms of the enzyme. It is 
n o w k n o w n that b o t h demo lybdo a n d desulfo forms of xanthine oxidase 
were present i n most early preparations a n d r e m a i n present i n m a n y 
current preparations as w e l l (20, 64 ) . 
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366 BIOINORGANIC C H E M I S T R Y II 

A major advance i n the e l iminat i on of catalyt ic site inhomogenei ty 
i n n e w preparations came w i t h the development of an affinity chromato
graphic method (65) for p u r i f y i n g the enzyme. T h i s m e t h o d made use 
of the k n o w n h i g h affinity of xanthine oxidase for al loxanthine w h e n the 
enzyme is i n a fu l l y r educed state. B y attaching a l loxanthine to a p o l y 
m e r i c matr ix , a selective absorpt ion of active enzyme was achieved . 

Evidence Concerning the Molybdenum Site. Desp i te considerable 
debate, there is at present a good dea l of agreement as to the overa l l 
m o d e of func t i on ing of xanthine oxidase (20, 65-70). F u r t h e r m o r e , the 
E P R spectroscopic properties ind icate that the m o l y b d e n u m sites i n 
a ldehyde oxidase a n d (to a somewhat lesser extent) sulfite oxidase are 
very s imi lar i n nature to that i n xanthine oxidase. 

Several l ines of evidence indicate that the m o l y b d e n u m oxidases use 
m o l y b d e n u m i n the oxidat ion states V I , V , a n d I V . I n the o x i d i z e d (or 
rest ing i n oxygen) enzyme, there is general ly no E P R signal . U p o n 
reduc t i on w i t h less than sto ichiometr ic amounts of substrate ( or r e d u c 
t a n t ) , a M o ( V ) E P R s ignal appears w h i c h disappears w h e n further 
reductant is a d d e d (20). A reasonable interpretat ion invokes M o ( V I ) 
as b e i n g present i n the rest ing oxidase a n d M o ( V ) as an intermediate 
state i n the reduct i on process. A second l ine of evidence for M o ( V I ) 
concerns the w e l l k n o w n antagonism w h i c h tungsten displays for m o l y b 
d e n u m i n a var iety of systems. W 0 4

2 " , w h e n used i n place of M o 0 4
2 ~ 

i n cu l ture m e d i a , p lant food, or a n i m a l feed, causes the format ion of 
either a demo lybdoenzyme or a tungsten-substituted prote in (71,72). 
I n sulfite oxidase, the tungsten-subst ituted prote in has been character ized 
(72). It total ly lacks enzymat i c act iv i ty and , i n v i e w of the greater 
di f f iculty i n r e d u c i n g W ( V I ) c ompared w i t h M o ( V I ) , u n d o u b t e d l y con 
tains W ( V I ) . T h e tungsten pro te in is i m m u n o l o g i c a l l y i d e n t i c a l to its 
m o l y b d e n u m analog. Substrate ( S 0 3

2 " ) cannot s ignif icantly reduce t u n g 
sten to an E P R - a c t i v e state but S 2 0 4

2 " ( a more p o w e r f u l reductant ) can 
produce a f u l l y E P R - a c t i v e W ( V ) state. Signi f i cant ly , the W ( V ) E P R 
s ignal w i l l not disappear w h e n excess reductant is present. T h e i n a b i l i t y 
to achieve the ( I V ) state m a y be responsible for the i n a b i l i t y of the 
tungsten-prote in to t u r n over cata lyt i ca l ly , w h i c h i n t u r n impl icates a 
M o ( I V ) state i n the catalyt ic cycle . 

T h e r e is, however , more d irect evidence for the presence of M o ( I V ) 
i n the cyc le of xanthine oxidase. T h i s evidence comes f rom the exper i 
ments of Massey a n d co-workers (24) w h o used a l loxanthine ( l ) to 
trap the enzyme i n its r educed state. A strong complex is f o rmed be tween 
the r e d u c e d enzyme a n d al loxanthine , a n d excess a l loxanthine a n d reduc 
tant can be removed . T h e enzyme is then reox id i zed w i t h F e ( C N ) 6

3 " , 
a n d two electrons per m o l y b d e n u m center are f o u n d after the electrons 
r e q u i r e d for the reox idat ion of the i r o n - s u l f u r a n d flavin groupings are 
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20. S T I E F E L E T A L . Molybdoenzymes 3 6 7 

accounted for. I f the ox id i zed m o l y b d e n u m state is M o ( V I ) , then M o 
( I V ) is i m p l i c a t e d as the r educed state. 

A n a d d i t i o n a l c r u c i a l piece of in format ion emerges f rom the a l l oxan
thine s tudy (24). T h u s , i t was shown that one a l loxanthine b inds to the 
enzyme per active m o l y b d e n u m site. T h i s result c lear ly impl ies that the 
m o l y b d e n u m site is mononuclear . I f a d inuc lear site were i n v o l v e d , then 
it w o u l d be u n l i k e l y to require two al loxanthine molecules for i n h i b i t i o n 
a n d w o u l d be expected to be at least par t ia l l y i n h i b i t e d w i t h one a l l oxan-
t h i n e / t w o m o l y b d e n u m . A l s o , a difference i n b i n d i n g constant w o u l d 
be expected for the second compared w i t h the first b o u n d al loxanthine , 
but none is f ound . T h i s result , c oup led w i t h the lack of evidence for 
M o ( V ) - M o ( V ) s p i n - s p i n interactions i n the E P R spectra, c lear ly i m p l i 
cates a mononuc lear site, a n d it w o u l d seem that xanthine oxidase 
possesses two f u l l catalyt ic units , each conta in ing one m o l y b d e n u m , one 
f lav in , a n d two F e 2 S 2 units (20). O t h e r m o l y b d e n u m oxidases also con 
t a i n p a i r e d prosthetic groups a n d subunits , a n d i t is l i k e l y that they 
each have two catalyt ic units per molecule . 

E l e c t r o n sp in resonance spectroscopy has g iven tremendous ins ight 
into the nature of the overa l l xanthine oxidase reactions as w e l l as into 
the nature a n d func t i on of the m o l y b d e n u m site (19, 20). D u r i n g t u r n 
over, the E P R s ignal f r o m a single M o ( V ) group appears i n the spectra of 
a l l m o l y b d e n u m oxidases. T h e g a n d A values impl i ca te at least one sul fur 
atom i n the m o l y b d e n u m coord inat ion sphere, (73, 74) b u t u n t i l more 
def init ive models become avai lable , the deta i l ed nature of the site must 
r e m a i n obscure. O n e very important feature of the M o ( V ) E P R s igna l 
f r o m the oxidases is the near- isotropic pro ton superhyperf ine sp l i t t ing 
of 10-14 gauss. T h e pro ton responsible for this sp l i t t ing is exchangeable 
as ev idenced b y the r a p i d col lapse of the sp l i t t ing w h e n D 2 0 replaces 
H 2 0 as the solvent. T h e pro ton has a n apparent p K a of ~ 8 i n xanthine 
oxidase. F o r sulfite oxidase, where the E P R spectra are re lat ive ly s imple , 
a c lear t i t rat ion curve is seen w i t h a p K a of 8.2. F i n a l l y , B r a y a n d K n o w l e s 
(75) were able to demonstrate u s i n g 8-deuteroxanthine (2) that the 

(1 ) (2) 
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368 BIOINORGANIC C H E M I S T R Y II 

proton responsible for the hyperf ine sp l i t t ing originates i n the 8-posit ion 
of the substrate xanthine. 

T h i s pro ton seems to be transferred to the enzyme i n con junct ion 
w i t h the two-e lectron transfer process. I n v i e w of the prominence of the 
proton , its possible locat ion on the enzyme is of considerable importance . 
T h e fact that its sp l i t t ing of the m o l y b d e n u m s ignal is near ly isotropic 
suggests that i t is u n l i k e l y to be a m o l y b d e n u m h y d r i d e . Nevertheless , 
this poss ib i l i ty has not been total ly r u l e d out because, as no ted b y 
E d m o n d s o n et a l . ( 7 6 ) , i t is possible that this isotropy is apparent a n d 
not rea l . I f the components of the hyperf ine c o u p l i n g tensor differ i n 
s ign a n d i f the isotropic sp l i t t ing is exactly hal f the anisotropic sp l i t t ing , 
the apparent isotropy w o u l d be expla ined. O n the other h a n d , protons 
on prote in atoms d irect ly b o u n d to m o l y b d e n u m m a y be responsible for 
the observed sp l i t t ing , a n d i n v i e w of mechanist i c considerations a n d 
recent w o r k on inorganic systems considered be low, this seems most 
reasonable. 

Electron Transfer and Substrate Half-Re actions 

E a c h of the m o l y b d e n u m enzymes is a complex entity conta in ing 
m o l y b d e n u m a n d other redox-active prosthetic groups. These enzymes 
are des igned to catalyze redox reactions b y p r o v i d i n g a l o w energy 
p a t h w a y for electrons to transfer f rom reductant to oxidant. I n most 
cases, a n d certainly i n the phys io l og i ca l react ion, the electrons enter a n d 
leave the enzyme at different sites. I n the s impler cases l ike sulfite o x i 
dase, a definite sequence of e lectron transfer w i t h i n the pro te in can be 
f o rmulated . H o w e v e r , more sophist icated treatments for the other p r o 
teins reveal that the electron carriers w i t h i n the prote in achieve a d i s t r i b u 
t i on of e lectron occupancy depend ing u p o n their inherent potentials 
a n d the total electronic charge of the enzyme (69). T h e inherent redox 
potent ia l of a g iven group m a y be changed b y the presence of substrate 
or presumably b y a conformat ional change i n the prote in . T h e quest ion 
w h i c h concerns us here is the interact ion of the m o l y b d e n u m site w i t h 
the external m e d i u m . A l t h o u g h the quest ion has not been answered to 
to ta l satisfaction i n a l l cases, i t seems clear that for the m o l y b d e n u m 
oxidases, the m o l y b d e n u m site of the enzyme is the one w h i c h interacts 
w i t h the ox id izab le substrate. I n contrast, i n the m o l y b d e n u m reductases 
( a l t h ou g h here the evidence is not s t rong) , the m o l y b d e n u m site interacts 
w i t h the reduc ib le substrate. I n either event, the m o l y b d e n u m site inter 
acts w i t h the n a m e d substrate for the react ion a n d either accepts or 
donates electrons. I n a sense, the s ingle site of the enzyme is l ike the 
electrode of a n e lectrochemica l c e l l w h i c h ( w i t h respect to the m e d i u m ) 
carries out a c h e m i c a l hal f - react ion . T h u s , to c omprehend the role w h i c h 
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20. S T i E F E L E T A L . Molybdoenzymes 369 

m o l y b d e n u m plays i n enzymes, scrut iny of the substrate half -reactions 
is appropriate . 

T h e substrate half -reactions are d i sp layed i n Tables I a n d I I . I n 
each case, a two-e lectron process seems to be i n v o l v e d . O n l y i n n i t r o 
genase are greater numbers of electrons transferred, a n d the discussion 
earl ier i n this paper summarizes the evidence that these processes occur 
i n two-e lectron steps. T h e two-e lectron react ion of the m o l y b d e n u m site 
never appears to be s i m p l y an e lectron transfer react ion. I n the case of 
nitrogenase, each substrate takes u p an e q u a l (or greater) n u m b e r of 
protons to f o rm the product . I n the other m o l y b d e n u m enzymes, pro ton 
transfer a n d add i t i o n or r e m o v a l of H 2 0 are also r equ i red . I n each case, 
however , there is at least one pro ton transferred i n the same d i rec t ion as 
the p a i r of electrons. These data , taken i n con junct ion w i t h the E P R 
evidence for pro ton transfer f r o m the substrate to the active site i n 
xanthine oxidase, suggest that the m o l y b d e n u m site i n a l l the enzymes 

Table II. Substrate Half-Reactions for Molybdoenzymes (74) 

N i t r a t e reductase 
N 0 3 - + 2 H + + 2e" N 0 2 " + H 2 0 

X a n t h i n e oxidase 
X a n t h i n e + H 2 0 - » ur i c ac id + 2 H + + 2e" 

0 

+ H 2 0 -> xanthine + 2 H + + 2e~ 

H 

H y p o x a n t h i n e 

A l d e h y d e oxidase 

R C H O + H 2 0 R C O O H + 2 H + + 2e" 

H O 

N ^ N 
+ H 2 0 

H O ' O H 

+ 2 H + + 2e" 

Sulf ite oxidase 

S 0 3
2 " + H 2 0 S 0 4

2 " + 2 H + + 2e" 
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370 BIOINORGANIC CHEMISTRY II 

is i n some w a y responsible for bo th pro ton a n d electron transfer proc 
esses (66). 

Molybdenum Coordination Chemistry 

C o m p a r e d w i t h other transit ion metals i n b i o l og i ca l redox systems, 
the ox idat ion states l i k e l y to be used b y m o l y b d e n u m are very h i g h (74). 
A s discussed prev ious ly , the I V , V , a n d V I states are a l i k e l y set of 
part ic ipants i n m o l y b d e n u m oxidases, a n d w h i l e the I I a n d I I I states 
r e m a i n v iab l e for m o l y b d e n u m reductases, i t nevertheless seems l i k e l y 
that h igher ox idat ion states w i l l be f o u n d i n these enzymes as w e l l . 
Indeed , the subst i tut ion of tungsten for m o l y b d e n u m i n b o t h nitrate 
reductase a n d nitrogenase indicates this l i k e l i h o o d as i t is m u c h more 
diff icult to obta in the l ower ox idat ion states of tungsten. 

W h e n w e examine the ox idat ion states of m o l y b d e n u m , there are 
some k e y trends w h i c h become apparent (74). F i r s t , the h igher o x i d a 
t i on states are always f o u n d to be coordinated b y deprotonated l igands . 
I n the most c o m m o n case, these l igands are waters, w h i c h w h e n f u l l y 
deprotonated, are designated oxo groups. T h e compounds of M o ( I V ) , 
M o ( V ) , a n d M o ( V I ) w i t h dithiocarbamates (74, 77, 78, 79) n i ce ly i l l u s 
trate the s tructura l var iety as w e l l as the presence of oxo groups. T h u s the 
complexes ( 3 , 4 , 5 , 6) show the presence of a single oxo group i n the 

< 7 ) - L 
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20. S T i E F E L E T A L . Molybdoenzymes 371 

Table III. ΔΗ Values for Reactions of Dithiocarbamate 
Complexes of Molybdenum" 

Reaction ΔΗ (kcal/mol) 

M o 0 2 ( d t c ) 2 + S 0 3
2 - - * M o O ( d t c ) 2 + S 0 4

2 " - 2 8 . 5 ± 5.5 

M o 0 2 ( d t c ) 2 + C H 3 C H 0 - + M o O ( d t c ) 2 + C H 3 C 0 0 H - 3 2 . 0 ± 4.0 

M o O ( d t c ) 2 + H 2 0 - » M o 0 2 ( d t c ) 2 + H 2 +30 .1 db 4.2 

3 M o O ( d t c ) 2 + N 2 + 3 H 2 0 - * 3 M o 0 2 ( d t c ) 2 + 2 N H 3 +51 .7 ± 12.4 

M o O ( d t c ) 2 + N 0 s " - > M o 0 2 ( d t c ) 2 + N 0 2 " - 4 . 4 ± 4.2 
a D a t a f r o m R e f . 87, derived f r o m experimental values i n 1,2-dichloroethane at 

2 5 ° C . 

M o ( I V ) species (3) a n d two i n the M o ( V I ) species (6). T h i s result suggests 
the poss ib i l i ty of oxygen atom transfer reactions (80, 81) w i t h M o ( I V ) 

- [0] 
extract ing an oxo f rom a substrate (e.g., N 0 3 ~ > N 0 2 " ) or M o ( V I ) 

[O] 
donat ing an oxo (e.g., S O 3 2 > S O 4 2 ) . T h e nitrate reduct ion serves 
as a dist inct m o d e l for nitrate reductase, b u t M o ( I I ) ( 8 2 ) , M o ( I I I ) 
( 8 3 ) , a n d M o ( V ) (84, 85, 86) compounds can also reduce nitrate to 
ni tr i te . So at present, such m o d e l reactions offer no he lp i n our de l ibera 
tions about m o l y b d e n u m enzymes. 

Recent ly , thermodynamic studies have been carr ied out i n our 
laboratory (87) to evaluate the possible par t i c ipa t i on of these complexes 
i n m o d e l reactions. T h e ΔΗ values for re levant reactions are l i s ted i n 
T a b l e I I I . T h e M o ( I V ) - M o ( V I ) couple w i t h d i th iocarbamate l igands 
w o u l d exothermical ly execute the S 0 3

2 / S 0 4
2 - or C H 3 C H O / C H 3 C O O H 

conversions. O n the other h a n d , there is a h i g h l y endothermic react ion 
w h e n the M o ( I V ) / M o ( V I ) couple is used to effect the p r o d u c t i o n of 
d ihydrogen f rom water or the produc t i on of a m m o n i a f rom din i trogen . I n 
the case of the N 0 3 ~ / N 0 2 ~ conversion, there is a very smal l exother-
m i c i t y associated w i t h the react ion. These results show that the d i t h i o 
carbamate complexes c o u l d be used to m o d e l the sulfite oxidase or a lde
hyde oxidase reactions but not the nitrogenase react ion. H o w e v e r , the 
redox properties of the M o ( I V ) / M o ( V I ) couple vary substantial ly w i t h 
l i g a n d (88 ) , a n d these results therefore do not v i t iate the poss ib i l i ty of 
a n M o ( I V ) / M o ( V I ) couple b e i n g present i n nitrogenase w i t h a different 
set of donor atoms. 

A n o t h e r aspect of the deprotonated ( a c i d i c ) l i g a n d effect manifests 
itself w h e n the oxo groups are removed . F o r example, react ion of the 
tetradentate l i g a n d ( 7 ) w i t h M o 0 2 ( C 5 H 7 0 2 ) 2 gives a M o ( V I ) complex 
of the f o rm M 0 O 0 L ( 89 ) , analogous to the d i th iocarbamate complex of 
M o ( V I ) . I n contrast, the react ion of M o 0 4

2 " w i t h o -aminobenzenethio l 
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372 BIOINORGANIC C H E M I S T R Y II 

M0O4-2 + 3 | + 2 H + 

E t O H - H 2 0 
H S 

H 
N -

M o | + 4 H 2 0 (10) 

proceeds (67, 68, 89) a c cord ing to R e a c t i o n 10. T h e produc t is f o rmal ly 
a M o ( V I ) complex w h e r e i n the coord inated l i g a n d is a deprotonated 
amine . T h e f ormat ion of this p roduc t is understood i n the l i ght of the 
presence of M o ( V I ) a n d its a c id i ty - enhanc ing properties (67, 68). T h u s , 
w h e n the more ac id i c aquo l igands ( oxos ) are r emoved f r o m the coord i 
nat i on sphere, the ac id i ty manifests itself i n the i on i za t i on of a coord inated 
amine l i g a n d w h i c h o r d i n a r i l y w o u l d not be considered as a potent ia l ly 
i on i zab le group ing . There are numerous examples i n coord inat ion c h e m 
istry w h i c h show the effect of ox idat ion n u m b e r o n l i g a n d ac id i ty . C o n 
s iderat ion of a large n u m b e r of examples (90) reveals that the p K a of a 
coord inated l i g a n d atom decreases b y about 6-10 units per un i t change 
i n the ox idat ion n u m b e r of the m e t a l atom. T h i s effect is i l lus trated i n 
m o l y b d e n u m chemistry b y the aquo ions (74). I n M o ( V I ) chemistry 
i n strong a c i d solutions, the p r i n c i p a l species is thought to be [ M o 0 2 -
( H 2 0 ) 4 ] 2 + w h i l e for M o ( I I I ) i n a c i d so lut ion, the i o n [ M o ( H 2 0 ) 6 ] 3 + is 
present. S i m i l a r l y , for M o ( I I I ) , the species [ M o ( ( N H 2 ) 2 C 6 H 4 ) 3 ] 3 + is 
f o r m e d i n contrast to the result for M o ( V I ) discussed above where the 
comparab le species M o ( N H S C 6 H 4 ) 3 was f ound . T h e results f r o m c o o r d i 
n a t i o n chemistry i l lustrate that l igands coord inated to m o l y b d e n u m can 
engage i n proton transfer reactions w h i c h , t h r o u g h the effect of ox idat ion 
state on p K a , can be coup led to e lectron transfer reactions. 

H S 
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20. S T i E F E L E T A L . Molybdoenzymes 373 

Recent electron sp in resonance studies i n our laboratory a d d w e i g h t 
to the not ion that protons o n coord inated n i t rogen part i c ipate i n cata lyt i c 
steps. Reac t i on 11 was d iscovered (91), l e a d i n g to the iso lat ion of 
M o ( S 2 C N E t 2 ) ( N H S C 6 H 4 ) 2 . T h e monomer i c M o ( V ) complex f o r m e d 
displays superhyperf ine sp l i t t ing (92) f r om two equivalent n i trogen atoms 
as w e l l as two equivalent h y d r o g e n atoms as i l lus t rated i n F i g u r e 4. T h e 
c o u p l i n g constants w h i c h have been conf i rmed b y preparat ion of the 
N - C H 3 a n d N - D complexes are A N = 2.4 a n d A H = 7.4 gauss. T h e fac i le 
preparat ion of the N-deutero complex f r o m its N-proteo analog a n d 
C H 3 O D attests to the exchangeabi l i ty of the pro ton i n quest ion. T h i s 
s ignal , w i t h its re lat ive ly large va lue of A H a n d l o w va lue for A N , reaffirms 
the poss ib i l i ty of N - H groups b e i n g coordinated to m o l y b d e n u m i n 
enzymes. W h i l e these compounds do not represent models for the 
m o l y b d e n u m site of enzymes, they nevertheless i l lustrate that the k e y 
p r o t o n ( s ) i n v o l v e d i n the cata lyt i c step m a y be associated w i t h l i g a n d 
a t o m ( s ) b o u n d d i rec t ly to m o l y b d e n u m . 

Journal of the American 
Chemical Society 

Figure 4. EPR signal for 
Mo(S2CN(C2H5)2)(SNHC6-
H\)2-displaying proton and 
nitrogen superhyperfine 

splitting (92) 

Mechanistic Considerations 

M e c h a n i s t i c speculations about the mo lybdoenzymes must be c o n 
s idered to be i n their in fancy w i t h the possible exception of those for 
xanthine oxidase. A l t h o u g h the deta i l ed s t ructura l nature of the m o l y b 
d e n u m site is u n k n o w n , there is sufficient in f o rmat i on f r o m b i o c h e m i c a l 
a n d coord inat ion chemistry studies to a l l o w i n f o r m e d arguments to be 
d r a w n . H e r e w e first discuss evidence for the nuc lear i ty of the m o l y b 
d e n u m site a n d then discuss b o t h oxo-transfer a n d proton-e lectron transfer 
mechanisms for m o l y b d e n u m enzymes. A final d iscussion considers the 
u n i q u e aspects of nitrogenase a n d the possible reasons for the use of 
m o l y b d e n u m i n enzymes. 

M o n o n u c l e a r vs . D i n u c l e a r Sites. A l l m o l y b d e n u m enzymes conta in 
t w o m o l y b d e n u m atoms. D i n u c l e a r m o l y b d e n u m complexes are w e l l 
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374 BIOINORGANIC C H E M I S T R Y II 

k n o w n i n the chemistry of M o ( V I ) , M o ( I V ) , a n d M o ( I I I ) a n d p l a y a 
dominant role i n the chemistry of M o ( V ) . T h e juxtaposit ion of the 
b i o c h e m i c a l a n d inorganic c h e m i c a l numero logy has l e d to the suggestion 
that this m a y be more than mere co inc idence a n d that the use of d inuc lear 
m o l y b d e n u m i n the catalyt ic sequences requires that the m o l y b d e n u m 
content of the enzymes be doub led . F u r t h e r m o r e , there are attract ive 
catalyt ic schemes w h i c h m a k e use of M o ( V ) complexes. I n par t i cu lar , 
the oxo transfer react ion use fu l i n the ox idat ion of tert iary phosphines 
(93) l e d to the discovery (78, 79, 93) of Reac t i on 12 i n w h i c h a d inuc lear 

M o 2 0 3 ( R 2 d t c ) 4 *± M o 0 2 ( R 2 d t c ) 2 + M o O ( R 2 d t c ) 2 (12) 

M o ( V ) complex disproportionates as i t dissociates to produce m o n o 
nuc lear M o ( I V ) a n d M o ( V I ) . A s M o ( I V ) a n d M o ( V I ) are d i rec t ly 
interconvert ib le b y an oxo transfer react ion, they are v iab le part i c ipants 
i n catalyt ic cycles. A d inuc lear M o ( V ) species of this nature can thus 
s u p p l y either the o x i d i z i n g or r e d u c i n g m e m b e r of this couple a n d 
presents a mechan ism b y w h i c h m o l y b d e n u m enzymes can channe l 
r e d u c i n g or o x i d i z i n g power . Several inorganic reactions have recently 
been exp la ined us ing this scheme (80, 81). T o date, however , R e a c t i o n 
12 on ly applies w h e n the l i g a n d is a d i th iocarbamate or d i thiophosphate . 
Nevertheless , were there k n o w n d inuc lear active sites i n enzymes, this 
w o u l d be an important mechan ism to consider. 

It appears, however , that i n w e l l s tud ied systems, the evidence for 
d inuc lear sites is o u t w e i g h e d b y that for mononuc lear sites. T h e case 
for xanthine oxidase seems most expl ic i t . H e r e , the two m o l y b d e n u m 
atoms are ac companied b y t w o F A D groups as w e l l as two each of t w o 
different types of F e 2 S 2 cluster. A l l components, i n c l u d i n g subunits , 
appear to be present i n pairs a n d most m o d e r n treatments invoke t w o 
separate catalyt ic units , each i n v o l v i n g one m o l y b d e n u m , one F A D , a n d 
one of each of the F e 2 S 2 systems. T h e exper imenta l support for this is 
impressive . F i r s t , i t is c lear that each m o l y b d e n u m atom can accept t w o 
electrons f rom substrate. T h i s impl ies that i f a d inuc lear site were 
present, i t w o u l d be r e q u i r e d to accept four electrons. It is not clear 
w h y four electrons s h o u l d be a d d e d to a site w h i c h catalyzes a t w o -
e lectron substrate react ion. Second, as discussed prev ious ly , the i n h i b i t o r 
a l loxanthine b inds to a r e d u c e d f o r m of the enzyme conta in ing M o ( I V ) 
w i t h only one very t ight b i n d i n g constant a n d a sto ichiometry of prec ise ly 
one a l loxanthine per one m o l y b d e n u m . These data are very dif f icult to 
accommodate i n a d inuc lear m o d e l . F i n a l l y , despite a n extraordinary 
amount of E P R work , no s p i n - s p i n b roaden ing interact ion be tween 
M o ( V ) sites has been observed. Therefore , either the M o ( V ) state is 
a lways ac companied b y a d iamagnet i c m o l y b d e n u m partner [ M o ( I V ) 
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20. S T i E F E L E T A L . Molybdoenzymes 375 

or M o ( V I ) ] , or the i n d i v i d u a l m o l y b d e n u m atoms are far apart. T h e 
latter interpretat ion seems far more l ike ly . 

T h e quest ion n o w arises as to w h y xanthine oxidase has a mo lecu lar 
w e i g h t of 300,000 w h e n the size of a catalyt ic subuni t is on ly 150,000. 
Perhaps the answer lies i n its par t i cu lar integrat ion into ce l lu lar p h y s i 
o logy or is s imply caused b y the proc l i v i ty of the enzyme to m a x i m i z e 
the n u m b e r of active sites per un i t surface area; i.e., w h e n two active 
monomers jo in together, the n u m b e r of active sites goes f r om one to two , 
b u t the exposed surface area increases b y a factor less than two . T h i s 
argument is a fami l iar one i n heterogeneous catalysis where attempts are 
often made to m a x i m i z e the n u m b e r of act ive sites per un i t surface area 
to produce more efficient catalysts. 

T h e other m o l y b d e n u m enzymes each conta in dupl i cate prosthet ic 
groups a n d p a i r e d subunits i n add i t i on to two m o l y b d e n u m atoms. M a n y 
of the experiments per f o rmed for xanthine oxidase have also been carr i ed 
out w i t h a ldehyde oxidase a n d sulfite oxidase, a n d there is no ev idence 
for chemica l M o - M o c o u p l i n g i n these enzymes. T h u s , i n oxidases, the 
evidence for mononuc lear m o l y b d e n u m sites appears strong, a n d i n v i e w 
of the dup l i ca te subunits a n d compos i t ion f ound , i t is reasonable to 
assume a s imi lar s i tuat ion i n reductases as w e l l . H o w e v e r , at present, 
insufficient in format ion bars a f u l l general izat ion. 

O x o T r a n s f e r Mechanisms. E x c e p t for nitrogenase, a l l substrate 
half -reactions invo lve the a d d i t i o n or r e m o v a l of oxygen. T h e s implest 
manner of represent ing these reactions, involves the direct transfer of an 
oxygen atom to or f r om substrate, e.g., React ions 13 a n d 14. F u r t h e r m o r e , 

M V - * N 0 2 - + [ 0 ] (13) 

or S 0 3
2 - + [ 0 ] -> S 0 4

2 ~ (14) 

i t is k n o w n that, at least w i t h some reactants, various m o l y b d e n u m 
complexes w i l l undergo such an apparent ly s imple oxo transfer (81 , 9 3 ) , 
e.g., Reac t i on 15. T h i s observat ion suggests that oxygen atom transfer 

M o 0 2 ( R 2 d t c ) + P ( C 6 H 5 ) 3 - * M o O ( R 2 d t c ) 2 + O P ( C 6 H 5 ) 3 (15) 

is a react ion w o r t h cons ider ing for the m o l y b d e n u m enzymes ( 7 7 ) . S u c h 
a m e c h a n i s m for nitrate reductase c o u l d invo lve Reac t i on 16 w h e r e 

ο ο 
ι I 

ο χ 1 \ * o + î N ) ( 1 6 ) 

I 11 
— M o ( I V ) - — M o ( V I ) — 
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cleavage of the N - O b o n d presumably occurs concertedly w i t h the 
f ormat ion of the m u l t i p l e M o - O b o n d . O n e of the problems w i t h this 
type of mechan ism for nitrate reductase involves the r emova l of the oxo 
group on m o l y b d e n u m to regenerate the open site. Heretofore , oxo 
remova l reactions general ly r e q u i r e d strong a c i d (74, 78, 79) or a n oxo 
r e m o v a l agent such as a phosphine (74, 81, 93, 94). Recent ly , t h i o l 
l igands have, under certain condit ions, also removed oxo groups (91, 95, 
96, 97 ) . I n most cases unfortunately , a sul fur-donor l i g a n d rep laced the 
oxo group. H o w e v e r , i n other instances (95, 96 ) , r e m o v a l of an oxo group 
w i t h concomitant reduct ion of M o ( V I ) to M o ( I V ) b y two electrons has 
been affected b y thiols w h i c h are ox id i zed to the disulf ide i n the process 

M o (VI ) 0 2 ( R 2 d t c ) + 2 C 6 H 5 S H - » 

M o ( I V ) 0 ( R 2 d t c ) 2 + C c H 5 S S C 6 H 5 + H 2 0 

( R e a c t i o n 17) . O x o remova l to leave an open site m i g h t be effected i n 
this manner i n enzymes par t i cu lar ly under h y d r o p h o b i c condit ions. T h e 
re lated p r o b l e m i n nitrogenase may be overcome b y A T P , w h i c h m a y 
func t i on i n oxo remova l f rom m o l y b d e n u m . 

F o r the m o l y b d e n u m oxidases, the reverse oxo transfer react ion can 
be postulated w h e r e i n an oxomo lybdenum ( V I ) species donates oxo to 
substrate. F o r example, the ox idat ion of aldehydes (Reac t i on 18) can 

/ H II / ° 
R — C . + M o ( V I ) M o ( I V ) + R — C (18) 

\ \ 
Ο O H 

be affected b y a M o ( V I ) species. A l t h o u g h the react ion is stoichiomet-
r i c a l l y acceptable, i t is not clear h o w the a ldehyde C - H b o n d is ac t ivated 
for cleavage. A s imi lar p r o b l e m occurs for xanthine oxidat ion. F o r this 
reason, a n d to make use of the exper imental evidence for proton transfer, 
the schemes i n v o l v i n g coup led e lec tron-proton transfer were proposed 
(66, 67, 68) a n d are discussed be low. 

Coupled Proton—Electron Transfer Mechanisms. T h e suggestive 
evidence for pro ton transfer i n xanthine oxidase has been discussed above. 
T h e key piece of exper imental in format ion is the pro ton superhyperf ine 
sp l i t t ing i n the M o ( V ) E P R s ignal of xanthine oxidase. M o d e l studies 
(89, 92) have ind i ca ted that a coordinated n i trogen is the l ike ly locat ion 
of the proton (a l though coordinated oxygen is not e l i m i n a t e d ) . C o o r 
d inat i on chemistry further shows that pro ton transfer can be c o u p l e d 
to e lectron transfer t h r o u g h the effect of ox idat ion state o n the p K a of 
coord inated l igands (66, 67, 68). T h e c o m b i n e d b i o chemica l a n d inor -
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20. STIEFEL E T A L . Molybdoenzymes 377 

ganic in format ion leads to a mechanist i c suggestion for xanthine oxidase 
w h i c h is dep i c ted i n F i g u r e 5. 

T h e evidence for the presence of various m o l y b d e n u m ox idat ion 
states has been presented previous ly . T h e rest ing enzyme ( u p p e r r ight of 
F i g u r e 5) is assumed to contain M o ( V I ) . I n this h i g h ox idat ion state, at 
least some of the l igands on m o l y b d e n u m must be deprotonated a n d a 
ni trogen atom of the prote in is so dep i c ted i n the figure. Substrate 
xanthine can then coordinate to M o ( V I ) t h r o u g h its 9-nitrogen. T h e 
C = N of the 8- a n d 9-purine positions is then p o l a r i z e d b y the M o ( V I ) 
caus ing the 8-carbon to become susceptible to nuc l eoph i l i c attack. A l 
t h o u g h there is evidence for a prote in b o u n d persulf ide b e i n g the nuc leo 
p h i l i c agent ( 6 5 ) , for s impl i c i ty i n this scheme, O H " assumes that role . 
( W e r e the persulf ide invo lved , i t w o u l d have to be subsequently h y d r o 
l y z e d b y O H " or H 2 0 anyway . ) 

I n conjunct ion w i t h the nuc l eoph i l i c attack at the 8-carbon, two 
electrons c o u l d flow f rom xanthine to produce M o ( I V ) w h i c h requires 
a concomitant decrease i n p K a of the prote in nitrogen, resul t ing i n transfer 

ο Xanthine 

Mo(IV)-N-

1st International Conference on Chemistry 
and Uses of Molybdenum 

Figure 5. Proposed coupled proton-electron transfer 
scheme for xanthine oxidase activity (66, 67, 68) 
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378 BIOINORGANIC C H E M I S T R Y II 

of the pro ton to the m o l y b d e n u m site. T h i s process couples the transfer 
of a proton f r o m substrate w i t h the two-e lectron transfer. U r i c a c i d ( or 
its persulf ido precursor ) is n o w coord inated to the M o ( I V ) , a n d reac t i 
va t i on of the site must invo lve dissociat ion of produc t , two-e lectron 
ox idat ion of m o l y b d e n u m , a n d loss of a proton f rom coord inated n i t rogen . 
T h e order of these events is not c lear and , i n fact, m a y not be susceptible 
to t empora l designation. 

It is clear, however , that this two-e lectron react ivat ion process occurs 
i n two sequent ia l one-electron steps w h i c h cause the appearance of the 
M o ( V ) E P R s ignal . F u r t h e r m o r e , the proton ( o r i g ina l l y f rom substrate) 
m a y r e m a i n i n p lace on the pro te in n i trogen d u r i n g ox idat ion f rom M o ( I V ) 
to M o ( V ) a n d m a y thus be responsible for the superhyperf ine sp l i t t ing . 
I n support of this mechanism, the use of 8-deuteroxanthine causes this 
s igna l to appear i n i t i a l l y i n its deutero f o rm. A key aspect of this s igna l 
is the apparent p K a of 8 for this proton i n the M o ( V ) state. T h e effect 
of ox idat ion state on p K a requires that i n the M o ( I V ) state, the p K a of 
this pro ton w o u l d be very h i g h (perhaps 14 or greater) whereas i n the 
M o ( V I ) state this p K a w o u l d be quite l o w (perhaps 2 or l o w e r ) . T h u s , 
the ( I V ) state w o u l d contain a strongly basic pro te in ni trogen i n agree
ment w i t h its postulated role i n c l eav ing the C - H b o n d . F u r t h e r m o r e , 
for the M o ( V I ) state, the l o w p K a w o u l d ind icate that the coord inated 
n i t rogen w o u l d be deprotonated thus p r e p a r i n g the site to re-enter the 
catalyt ic cyc le ( F i g u r e 5 ) . 

T h e i n h i b i t o r a l loxanthine b inds very strongly to xanthine oxidase 
b u t on ly w h e n the m o l y b d e n u m is i n the f u l l y r e d u c e d [ M o ( I V ) ] state. 
I n F i g u r e 6, this extra strong b i n d i n g is interpreted as resu l t ing f r o m the 
possession b y a l loxanthine of the f u l l recogni t ion capab i l i ty for the act ive 

ι xanthine alloxanthine 

Figure 6. Suggested binding mode for 
alloxanthine to the Mo(IV) site in the xan

thine oxidase 
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20. S T i E F E L E T A L . Molybdoenzymes 379 

site c oup led w i t h the f o rmat ion of an a d d i t i o n a l h y d r o g e n b o n d w i t h the 
enzyme through the key proton . F u r t h e r m o r e , this t ight enzyme- inh ib i t o r 
complex c lear ly resembles the proposed transit ion state ( i n the c o u p l e d 
pro ton -e l e c t ron transfer mechan ism ) for the ca ta lyzed react ion, as m a n y 
such complexes do. 

M a n y exper imenta l observations on xanthine oxidase ac t iv i ty are 
corre lated b y this scheme, a n d at present, there appear to be no major 
inconsistencies. T h e c o up le d pro ton -e lec t ron transfer scheme (66, 67, 
68 ) has been successfully incorporated into a n overa l l mechanis t i c scheme 
(69) w h i c h explains, w i t h great economy, a large amount of rather de
m a n d i n g data, f r om bo th k ine t i c a n d electron uptake experiments. 

N o n e of the other m o l y b d e n u m enzymes have been s tud ied as thor 
ough ly as xanthine oxidase, b u t bo th a ldehyde oxidase a n d sulfite oxidase 
d i sp lay data consistent w i t h their use of the M o ( I V ) - M o ( V ) - M o ( V I ) 
t r i a d of ox idat ion states d u r i n g catalysis. T h e i r M o ( V ) E P R signals are 
s imi lar to those f r om xanthine oxidase, i n c l u d i n g the large near- isotropic 
superhyperf ine sp l i t t ing for a single pro ton w i t h a pfC a close to 8 ( 2 0 ) . 
These observations require s t ructura l s imilar i t ies of the m o l y b d e n u m sites 
a n d suggest mechanist i c s imi lar i t ies as w e l l . T h u s , c oup led e l e c t r o n -
pro ton transfer processes have been suggested for b o t h a ldehyde oxidase 
a n d sulfite oxidate (66, 67, 68). F o r the former, a m e c h a n i s m closely a k i n 
to xanthine oxidase act ion is suggested ( R e a c t i o n 19 ) i n w h i c h C — H b o n d 

R R 
• O I T A , 

O ^ - ° " ^ 0 H (19) 

— M o ( V I ) — Ν Η 
\ — M o ( I V ) — Ν 

b r e a k i n g is assisted b y n u c l e o p h i l i c attack (aga in poss ib ly b y persulf ide 
( 9 7 ) ) w i t h the pro ton b e i n g transferred to the m o l y b d e n u m site i n 
con junct ion w i t h the e lectron transfer process. I n fact, xanthine oxidase 
w i l l ox id ize aldehydes (98), a n d a ldehyde oxidase w i l l h a n d l e a var ie ty of 
pur ines ( 25 ) . T h e key feature of the m o l y b d e n u m site is its ab i l i t y to 
abstract i n a concerted manner two electrons a n d a pro ton f r o m substrate 
c o u p l e d w i t h a n u c l e o p h i l i c attack on the carbon b e a r i n g the pro ton to 
be transferred. 

T h e c oup led pro ton -e l e c t ron transfer m e c h a n i s m can also be a p p l i e d 
to the m o l y b d e n u m reductases. F o r nitrate reductase, a scheme such as 
R e a c t i o n 20 is possible. A M o ( I V ) - M o ( V I ) couple is used to i l lustrate 
this , a n d w h i l e such a couple is v iab le for some nitrate reductases, the 
M o ( I I ) - M o ( I V ) or the M o ( I I I ) - M o ( V ) couple c o u l d also be ac commodated 
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380 BIOINORGANIC C H E M I S T R Y II 

0 0 " 

Ν + O H -

Ο' (20) 

•Mo ( I V ) — Ν . — M o ( V I ) Ν. 

w i t h i n the pro ton -e l e c t ron transfer scheme. T h i s scheme is s i m p l y the 
reverse of that for the oxidases. T h e l ower ox idat ion state w o u l d have a 
protonated l i n g a n d (here s h o w n as n i t rogen) a n d d u r i n g two-e lectron 
reduc t i on of substrate, this l i g a n d w o u l d increase i n ac id i ty a n d transfer 
its pro ton to an oxygen atom on nitrate , m a k i n g the oxygen a better 
l e a v i n g group a n d fac i l i ta t ing n i tr i te produc t i on . 

T h i s process can be contrasted d i rec t ly w i t h the oxo transfer scheme 
( R e a c t i o n 16) discussed above. I n either case, the cleavage of the N - O 
b o n d is assisted b y the b i n d i n g of oxygen to an e lectrophi le ( to m o l y b 
d e n u m itself i n the oxo transfer mechan ism or to p r o t o n ( s ) i n the c o u p l e d 
pro ton -e l e c t ron transfer s cheme) . A l t h o u g h the c o u p l e d pro ton -e l e c t ron 
transfer mechan ism w o u l d poss ib ly have the advantage of l eav ing an open 
site o n m o l y b d e n u m to restart the cycle , there is no strong data to support 
either of these mechanisms at present. 

F o r nitrogenase, the s i tuat ion is less certain. F i r s t , the m e t a l ( s ) 
present at the act ive site, the ox idat ion s tate (s ) , a n d the state(s ) of 
aggregation are v i r t u a l l y u n k n o w n at present. T h u s , any suggestion m a d e 
for nitrogenase must be v i e w e d as h i g h l y speculat ive a n d use fu l on ly to 
the extent to w h i c h i t suggests further experiments o n enzymes or m o d e l 
systems. W i t h this i n m i n d , c o u p l e d e lec t ron -proton transfer schemes 
can be suggested for nitrogenase. A g a i n , w h i l e a ( I V ) - ( V I ) couple is 
used to i l lustrate the process, other two-e lectron couples are also possible . 
T h e key step i n such a process, as v i s u a l i z e d i n F i g u r e 7a for acetylene 
reduct i on , involves the c o u p l e d transfer of two protons a n d two electrons 
to substrate. T h e k n o w n cis stereochemistry of the a d d i t i o n is consistent 
w i t h this proposal . 

F o r d in i t rogen reduct i on , a two-metal -s i te hypothesis ( 52, 53, 66-68, 
9 6 ) , as shown i n F i g u r e 7b, m i g h t be i n v o k e d w i t h d in i t rogen first b i n d i n g 
end-on (perhaps to i r o n ) a n d then add i t i ona l l y b i n d i n g side-on to the 
same site at w h i c h acetylene reduc t i on occurs. T h e first r educt i on p r o d u c t 
of d in i t rogen w o u l d then be a b o u n d c i s -d i imide species i n agreement w i t h 
the interpretat ion of the d i h y d r o g e n i n h i b i t i o n a n d H D p r o d u c t i o n reac
tions of nitrogenase discussed earl ier . T h e m o l y b d e n u m site c o u l d then 
be react ivated twice more , w i t h hydraz ine a n d finally a m m o n i a b e i n g 
sequent ia l ly f o rmed . F o r nitrogenase there are c lear ly a d d i t i o n a l exper i 
m e n t a l observations w h i c h r e m a i n to be integrated w i t h a n d must reflect 
u p o n the eventual mechanist i c conclusions. 
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20. S T i E F E L E T A L . Molybdoenzymes 381 

Nitrogenase—Additional Considerations. Ni trogenase differs f r o m 
a l l other m o l y b d e n u m enzymes i n several important ways . I t is the on ly 
k n o w n m o l y b d e n u m enzyme to consist of two separately iso lable proteins 
a n d to require A T P hydrolys is i n its cata lyt i c cycle . Its substrate ha l f -
reactions are the only ones w h i c h do not ( i n any obvious w a y ) invo lve 
transfer of oxygen atoms. T h e nitrogenase system evolves d i h y d r o g e n 
w h e n s u p p l i e d w i t h A T P a n d reductant i n the absence of r e d u c i b l e sub 
strate. A l l substrate reactions ( b u t not A T P - d e p e n d e n t d i h y d r o g e n 
evo lut ion ) are i n h i b i t e d b y carbon monoxide . T h e presence of substrate 
appears to c u r t a i l the d i h y d r o g e n evo lut ion react ion but , for some sub
strates at least ( i n c l u d i n g d i n i t r o g e n ) , i t seems imposs ib le to e l iminate 
d i h y d r o g e n evo lut ion complete ly (46, 58, 5 9 ) . I n this section, w e address 
d i h y d r o g e n evo lut ion first a n d then the A T P u t i l i z a t i o n react ion of 
nitrogenase. 

α Ην ^ Η Ην Η 

, Ν — MoOv)— ÎSL ^ Ν — Μ ο ( ν ι ) — N> 

*N = N ^ 

Ν — M o — Ν / ' 1 J 
Figure 7. Proposed proton-electron transfer step for 
nitrogenase. (a) C2H2 reduction to C2HU; (b) N2 re

duction to bound N2H2 (66, 67, 68). 

Dihydrogen Evolution Reaction. T h e d i h y d r o g e n evo lut ion react ion 
of nitrogenase is certa inly a t h e r m o d y n a m i c a l l y reasonable one, i.e., the 
site w h i c h reduces d in i t rogen shou ld have sufficient po tent ia l to evolve 
d ihydrogen . T h e mo lecu lar mechan ism b y w h i c h this arises is to ta l ly 
u n k n o w n a l though this w i l l not stop us f r o m speculat ing . I n v i e w of the 
lack of i n h i b i t i o n b y carbon monox ide a n d its A T P dependence, i t is 
assumed that d i h y d r o g e n evo lut ion i n nitrogenase occurs b y a process 
different f r om that w h i c h occurs i n hydrogenase ( 5 6 ) . A s hydrogenase 
contains only i r o n - s u l f u r clusters a n d no m o l y b d e n u m ( 5 6 ) , the m o l y b 
d e n u m site ( the p r e s u m e d substrate r e d u c t i o n site) m a y b e the locat ion 
of the d i h y d r o g e n evo lut ion react ion i n nitrogenase. I n the c o u p l e d 
pro ton -e l e c t ron transfer scheme, the f u l l y ac t ivated site h a v i n g the 
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382 BIOINORGANIC CHEMISTRY II 

potent ia l to donate two protons a n d two electrons can react to evolve 
d i h y d r o g e n either w i t h or w i t h o u t the a i d of water. I f water were i n 
v o l v e d , an M o - O l inkage m i g h t be f o rmed w i t h A T P h e l p i n g to remove 
that oxo l i g a n d f r om m o l y b d e n u m . A l t e rnat ive ly , i t is possible that a 
meta l h y d r i d e or d i h y d r i d e is i n v o l v e d w h i c h , u p o n reduct ive e l iminat i on 
or react ion w i t h protons, produces d ihydrogen . It is not possible to 
d is t inguish between these possibi l i t ies at present. 

T h e quest ion n o w arises as to w h y some substrates ( l ike acetylene) 
complete ly cur ta i l d ihydrogen evo lut ion w h i l e others ( such as d in i t rogen ) 
do not. M o s t data indicate that the evo l tu ion of one mole of d i h y d r o 
gen per mole of d in i trogen reduced is approached at h i g h levels of 
d in i t rogen (52 , 5 8 ) . A re lated p r o b l e m involves the fact that acetylene is 
a noncompet i t ive inh ib i t o r of n i trogen fixation w h i l e d in i t rogen is a c o m 
pet i t ive inh ib i t o r of acetylene reduct ion ( 5 1 , 5 7 ) . Several hypotheses 
have been advanced to exp la in these facts. 

T H E L E A K Y SITE H Y P O T H E S I S ( 5 1 , 99 , 100). T h i s hypothesis e n v i 
sions nitrogenase as an electron sink w h i c h must be f u l l (at least six 
electrons ) to reduce d in i t rogen . H o w e v e r , a f u l l s ink m a y not a lways be 
m a i n t a i n e d because of l imitat ions i n e lectron flow, a n d the sink m a y then 
leak two electrons to f o rm d ihydrogen . If acetylene is present, i t can 
accept these two electrons f r o m the sink. T h e ace ty lene -d in i t rogen i n h i 
b i t i o n studies can then be ra t i ona l i zed as fo l lows. Acety lene can overcome 
the presence of d in i t rogen b y cont inual ly r e m o v i n g electron pairs f rom the 
s ink a n d keep ing it empty. H o w e v e r , d in i t rogen requires six electrons for 
reduct ion , a n d therefore a par t ia l l y filled enzyme w o u l d r e m a i n accessible 
to acetylene. T h u s , h i g h d in i t rogen concentrations cannot effectively 
e l iminate acetylene reduct ion . I n this mode l , the i n a b i l i t y of h i g h d i n i t r o 
gen total ly to e l iminate either d ihydrogen or acetylene reduct i on is a t t r i b 
u t e d to the i n a b i l i t y of the enzyme to keep the s ink f u l l . U s i n g the 
c ommonly accepted not ion that the i r on prote in supplies electrons, this 
m o d e l w o u l d pred i c t that as the component ratio ( [ F e ] / [ M o - F e ] ) is 
increased a n d the sink is kept more near ly f u l l , the d i h y d r o g e n evo lut i on 
a n d acetylene reduct ion reactions c o u l d be more near ly q u e n c h e d b y 
d in i t rogen . H o w e v e r , as most d ihydrogen evo lut ion a n d acetylene r educ 
t i on experiments have been carr i ed out us ing nitrogenase complex or a 
fixed [ F e ] / [ M o - F e ] rat io , this quest ion s t i l l awaits an exper imenta l 
answer. 

T H E F O U R - E L E C T R O N H Y P O T H E S I S . T h i s hypothesis , apparent ly 
favored b y Shi lov (101,102), postulates that nitrogenase works b y a series 
of t w o four-e lectron processes. I n the reduct i on of d in i t rogen , the first 
step w o u l d be the p r o d u c t i o n of N 2 H 4 w h i l e the second w o u l d be the 
p r o d u c t i o n of 2 N H 3 a n d H 2 w h i c h n i ce ly explains the 1:1 s to ichiometry 
for d in i t rogen a n d d i h y d r o g e n discussed above. T h e res idua l r educ t i on of 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

20



20. STIEFEL E T A L . Molybdoenzymes 383 

acetylene i n the presence of d in i t rogen is exp la ined b y a sequent ia l disas
sociation of a m m o n i a a n d d ihydrogen f rom the enzyme w i t h the act ivated 
hydrogen ( or protons a n d electrons ) on the enzyme b e i n g able to reduce 
acetylene ( but on ly to ethylene ). T h i s m o d e l does not f u l l y exp la in w h y 
acetylene is only r e d u c e d to ethylene b y nitrogenase i n the absence of 
d in i t rogen i f the four-e lectron process is rea l ly the basic step. 

T H E E Q U I L I B R A T I N G H Y D R O G E N / N I T R O G E N M O D E L . T h i s m o d e l (52, 
103) postulates, i n close analogy to inorganic systems, that a d i h y d r i d e 
site on the enzyme is reactive towards d in i t rogen b i n d i n g i n a manner 
exactly analogous to the reactions of k n o w n m o l y b d e n u m and i r o n 
d ihydr ides (e.g., React ions 21 a n d 22 ) . T h e 1:1 N 2 : H 2 s to ichiometry is 

d irec t ly explainable i n this mode l . A l t h o u g h the apparent compet i t ive 
i n h i b i t i o n of n i trogen fixation b y d ihydrogen is also expla inable i n such a 
m o d e l , our recent results (60) ind icate the absence of true compet i t ive 
i n h i b i t i o n i n nitrogenase such that this latter po int is moot. F u r t h e r , i f 
such a n e q u i l i b r i u m were operative, d i h y d r o g e n i n h i b i t i o n of other sub
strate reactions w o u l d be probable . H o w e v e r , i n pract ice , on ly d in i t rogen 
reduct i on is i n h i b i t e d , a n d the l i k e l y mechan ism for that process is 
descr ibed earl ier i n this paper . 

T H E R E D U C T I V E E L I M I N A T I O N H Y P O T H E S I S . T h e 1:1 sto ichiometry 
of d ihydrogen evo lved a n d d in i t rogen r e d u c e d can also be expla ined i f 
f ormat ion a n d displacement of d i h y d r o g e n at the m o l y b d e n u m site were 
an in tegra l part of d in i t rogen reduct ion b u t were unnecessary for acety
lene reduct ion , i.e., two-e lectron a n d six-electron substrates are r e d u c e d 
v i a re lated b u t somewhat different catalyt ic cycles (96). D i h y d r o g e n 
evo lut ion might occur b y reduct ive e l imina t i on f r o m a m o l y b d e n u m 
d i h y d r i d e , thus m a k i n g an electron p a i r o n m o l y b d e n u m avai lab le for 
substrate reduct ion . W i t h d in i t rogen , this d ihydrogen ehminat i on m i g h t 
be r e q u i r e d to ini t iate each reduct ion cyc le whereas for acetylene, the 
d i h y d r o g e n evo lut ion is r e q u i r e d only i n i t i a l l y to p r i m e the site for m u l t i 
p l e acetylene reduct ions , i.e., the site remains p r i m e d after acetylene 
reduc t i on but requires r e p r i m i n g after the six-electron d in i t rogen reduc 
t ion . T h e reason for the difference m a y invo lve the larger n u m b e r of oxo 
groups p r o d u c e d on m o l y b d e n u m d u r i n g n i t rogen fixation a n d the conse
quent requirement for the ir removal . A T P m a y also func t i on (as d i s 
cussed b e l o w ) i n this site c l ear ing (oxo remova l ) w h i c h results i n 
d i h y d r o g e n evo lut ion . T h e nonrec iproca l nature of the m u t u a l i n h i b i t i o n 
of d in i t rogen a n d acetylene c o u l d be exp la ined b y d in i t rogen reduc t i on 
r e q u i r i n g an i n i t i a l ac t ivat ion at a second m e t a l ( i r on ) at the site, w h i l e 

F e H 4 ( P E t P h 2 ) 3 + N 2 -> F e H 2 N 2 ( P E t P h 2 ) 3 + H 2 (21) 

M o H 4 ( d p p e ) 2 + 2 N 2 M o ( N 2 ) 2 ( d p p e ) 2 + 2 H 2 (22) 
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384 BIOINORGANIC C H E M I S T R Y II 

acetylene does not. F u r t h e r exper imenta l e laborat ion is c lear ly needed to 
d i s t inguish these possibi l i t ies . 

T h e A T P U t i l i z a t i o n R e a c t i o n . U n d e r o p t i m u m condit ions , n i t r o 
genase requires the hydrolys is of 4 -5 moles of A T P per electron pa i r 
transferred (48, 58, 59 ) . A s this represents the expenditure of 100 k c a l / 
mo le per d in i t rogen reduced , a c lear ly pert inent quest ion arises as to the 
reason for the A T P requirement . A m o n g the m a n y suggestions for the 
role of A T P are those i n v o l v i n g A T P i n a conformat ional change of either 
the i r o n a n d / o r m o l y b d e n u m - i r o n proteins. W h i l e this func t i on of A T P 
m a y w e l l be important , here w e focus on those suggestions i n v o l v i n g 
specific chemica l interactions between A T P a n d the m o l y b d e n u m site. 
S u c h suggestions ( w h i c h are not necessarily prec lus ive of a concurrent 
conformat ional change) general ly invo lve A T P i n the generation of an 
open coord inat ion site on m o l y b d e n u m . 

W e have noted prev ious ly that M o - O l inkages pervade the chemistry 
of m o l y b d e n u m i n h i g h ox idat ion states a n d that the r e m o v a l of M o - O 
is not an easy task. A T P , b y its ab i l i ty to act as either a phosphory la t ing 
agent or a pro ton source, c o u l d fac i l i tate the oxo r e m o v a l react ion. O n e 
poss ib i l i ty is that A T P couples phosphory la t i on of the M o - O group w i t h 
r educ t i on of the site b y two electrons. T h e rat ionale for the c o u p l e d 
e l e c t ron -phosphory l group transfer is s imi lar to that for the c o u p l e d 
e lec t ron -pro ton transfer w i t h the e lec trophi l i c p h o s p h o r y l group serv ing 
i n p lace of the proton . T h u s , as shown i n Reac t i on 23, M o - O c o u l d , 

0 0 0 
I l I I I I 2e" 

R — 0 — Ρ — Ο — Ρ — Ο — Ρ — Ο " + 0 = M o ( V I ) 
1 I I 

ο- Ο" 0 " 

( A T P ) 

0 0 0 

R — 0 — Ρ — 0 — Ρ — Ο " + Ό — P — 0 — M o ( IV ) (23) 
1 I I o- o- o-

( A D P ) 

P i + M o ( I V ) < 

u p o n accept ing electrons, become more nuc l eoph i l i c a n d be at tacked b y 
the t e r m i n a l p h o s p h o r y l group of A T P . Transfer of this group to m o l y b 
d e n u m w o u l d produce A D P a n d a m o l y b d e n u m phosphate. T h e phos 
phate m i g h t then dissociate (perhaps assisted b y a c i d f o r m e d f r o m 
hydro lys is of add i t i ona l A T P ) to f o rm the open act ive m o l y b d e n u m site. 
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20. S T i E F E L E T A L . Molybdoenzymes 385 

Al te rnat ive ly , i t is w e l l k n o w n (74) that oxo group r e m o v a l 
c o u p l e d w i t h reduct ion is fac i l i ta ted b y the presence of ac id . Pro tonat ion 
of oxo groups produces hydroxo or aquo l igands w h i c h are superior 
l eav ing groups. T h e hydrolys is of A T P near p H 7 produces protons, a n d 
this hydro lys is m a y be e n z y m i c a l l y contro l led to produce these protons 
near the oxo group w h i c h w o u l d fac i l i tate the coup led reduct i on a n d oxo 
r e m o v a l o n the m o l y b d e n u m site. I n either case, the role of A T P w o u l d 
appear to be the produc t i on of an open site on m o l y b d e n u m a n d i n some 
m o d e l systems (104,105), A T P m a y also be serving this funct ion . F u r 
ther exper imental e laborat ion of the A T P reactions is desirable i n b o t h 
enzyme a n d m o d e l systems. 

Why Use Molybdenum? A t this po int w e return to the quest ion 
posed at the outset of this paper , v i z . , w h a t is u n i q u e i n the chemistry of 
m o l y b d e n u m w h i c h al lows i t to part i c ipate i n the enzyme systems d is 
cussed i n this paper? Some tentative answers m a y n o w be given. F i r s t , 
m o l y b d e n u m can undergo two-e lectron transfer reactions at potentials 
compat ib le w i t h b i o c h e m i c a l reactions. T h i s cr i ter ion el iminates the 
congeners, c h r o m i u m a n d tungsten, as c h r o m i u m is too o x i d i z i n g i n the 
( V I ) state w h i l e the lower states of tungsten m a y be too strongly r educ 
i n g . F u r t h e r m o r e , m o l y b d e n u m can couple these two-electron transfer 
reactions to either an oxide transfer or a proton transfer. T h e h i g h 
ox idat ion states avai lab le to m o l y b d e n u m m a k e i t par t i cu lar ly suitable 
for these tasks. A s further details of the m o l y b d e n u m sites i n enzymes 
become avai lable , refinements i n our mechanist i c proposals a n d m o d e l 
b u i l d i n g studies shou ld cast further l ight on the role of m o l y b d e n u m 
i n enzymes. 
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21 
Molybdenum in Enzymes 

W. H . ORME-JOHNSON, G. S. JACOB, M . T. H E N Z L , 
and B. A. A V E R I L L 

Department of Biochemistry, College of Agricultural and Life Sciences, 
University of Wisconsin-Madison, Madison, WI 53706 

Current concepts of the chemical nature and role of molyb
denum-containing enzymes are reviewed. Methods for 
molybdenum in enzymes, spectroscopic manifestations of 
the metal, and the characteristics of molybdenum-deficient 
enzymes are discussed, with particular attention to xanthine 
oxidase, sulfite oxidase, and nitrate reductase, in which Mo5+ 

(and Mo3+ in some cases) species are readily demonstrated. 
Nitrogenase is presumed to use molybdenum in a catalytic 
step, but no direct evidence for its participation in catalysis 
is yet available. 

/ ^ v f the elements i n the fifth p e r i o d of the per i od i c table , on ly m o l y b -
^ ' d e n u m , iod ine , a n d t i n n o w are k n o w n to be r e q u i r e d b y l i v i n g 
organisms. O n e of the fasc inat ing puzz les of meta l lob iochemistry 
addressed i n this sympos ium is the explanat ion of those u n i q u e properties 
of m o l y b d e n u m that have l e d to its incorporat ion i n a series of ox ido-
reductases. These enzymes catalyze processes that, as chemists, w e do 
not consider u n i q u e l y to require m o l y b d e n u m . T h u s the evolut ionary 
deve lopment a n d preservat ion of a need for this meta l , the satisfaction 
of w h i c h doubtless requires concerted phys io l og i ca l effort b y m a n y 
organisms, hints at a range of catalyt ic spec ia l izat ion w h i c h w e do not 
unders tand now. T h e tacit recognit ion of this fact has l e d to the current 
surge i n the study, exempl i f ied b y the contr ibut ion of E n e m a r k et a l . ( I ) , 
of the chemistry of the element. 

T o come to grips w i t h the general p r o b l e m posed above, w e have 
to ask a n d answer a series of questions w h i c h on reflection seem rather 
obvious b u t w h i c h are general to current studies o n m a n y meta l l o -
enzymes. These i n c l u d e : 

(1 ) E s t a b l i s h i n g re l iable estimates of the m o l y b d e n u m content of 
each enzyme molecule a n d each active site 

389 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

21



390 B I O I N O R G A N I C C H E M I S T R Y II 

(2 ) D e c i d i n g whether g iven atoms func t i on i n s tructural , catalyt ic , 
or d u a l roles 

(3 ) D e t e r m i n i n g the f o r m a l ox idat ion states enjoyed b y the m e t a l 
d u r i n g various phases of catalysis 

(4 ) D e t e r m i n i n g the re lat ive t h e r m o d y n a m i c properties of these 
various states. 
W e have to dec ide i n each case whether a n identi f iable l o w molecu lar 
w e i g h t " m o l y b d e n u m cofactor" is used, whether coord inat ing groups 
p r o v i d e d b y the pro te in are also d i rec t ly used, a n d whether coord inat ion 
of substrates to the m e t a l occurs d u r i n g catalysis. I n add i t i on , w e must 
unders tand the integrat ion of the properties of the m e t a l w i t h the other 
catalyt ic resources of the prote in . W e seek n o t h i n g less than a complete 
account of the chemistry of m o l y b d e n u m i n these proteins; at this po int 
a statement of these wishes must be immedia te ly f o l l o w e d b y an admis 
s ion of our p r o f o u n d ignorance of these affairs. W e w i l l br ief ly examine 
the methodo log i ca l avenues that current ly seem open a n d then present 
a short discussion of the present pos i t ion i n regard to certain m o l y b 
denum-conta in ing enzymes. It is h o p e d that the overa l l effect of these 
remarks w i l l be s t imula t ing to readers w i t h various talents a n d ranges 
of expertise. C l e a r l y the invest igat ion of these cata lyt i c systems w i l l 
cont inue to require the par t i c ipa t i on of workers f r o m several branches 
of chemistry , physics , a n d b io logy . 

Methods Used to Study Molybdenum in Enzymes 

Perhaps the most e lementary quest ion to be asked about m o l y b d o -
proteins is, w h a t is the m o l y b d e n u m content? M o s t workers have used 
the m e t h o d of C l a r k a n d A x l e y ( 2 ) , i n w h i c h complete d igest ion of the 
spec imen i n hot m i n e r a l a c i d is f o l l o w e d b y co lor imetr i c determinat ion 
as the t o luened i th io l complex . A b o u t 5 nmoles of m o l y b d e n u m are 
r equ i red , w h i c h for m a n y enzymes is the order of a m g of prote in . I n 
p r i n c i p l e , neutron act ivat ion a n d x-ray fluorescence methods m i g h t be 
at least as sensitive, but they have not been w i d e l y a p p l i e d to these 
systems (see, however , Ref . 3 ) . A n u m b e r of workers have not been 
able to obta in accurate results w i t h atomic absorpt ion methods u s i n g 
flames, but i t appears that the newer graphite furnace technique m a y 
be more satisfactory (4). These problems are of c o n t i n u i n g concern 
because even homogeneous m o l y b d o p r o t e i n preparations have not a lways 
exhib i ted integra l metal - to -prote in ratios. T h e case of m i l k xanthine 
oxidase, doubtless the most intensive ly s tud ied of a l l mo lybdoenzymes , 
is instruct ive ( 5 ) . C r y s t a l l i n e preparations conta in a m i n i m u m of three 
types of molecules : the nat ive , active f o r m w i t h two m o l y b d e n u m s per 
molecu le ; p a r t i a l l y act ive molecules dep le ted of m o l y b d e n u m ; a n d a 
f o r m w h i c h has two m o l y b d e n u m s per mo lecu le b u t is inact ive , p re -
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21. O R M E - J O H N S O N E T A L . Molybdenum in Enzymes 391 

sumab ly because i t lacks a c r i t i c a l persulf ide group. B r a y a n d S w a n n 
suggest that m o l y b d e n u m - d e p l e t e d forms of m i l k xanthine oxidase occur 
d e p e n d i n g on the n u t r i t i o n a l status of the cow. Johnson et a l . (6, 7) 
have shown that rat l i ver xanthine oxidase a n d sulfite reductase are b o t h 
dep le ted of m o l y b d e n u m w h e n the animals are m a i n t a i n e d o n a diet 
c onta in ing tungsten, w h i c h prevents efficient incorporat ion of m o l y b 
d e n u m . These phenomena have the ir analogs i n the n u t r i t i o n of m i c r o 
organisms, as discussed b y B r i l l ( 8 ) , a n d emphasize the caveat that 
m o l y b d o p r o t e i n preparations m a y be homogeneous as to the ir p r o t e i n 
moie ty but heterogeneous w i t h respect to the ir m e t a l content. T h i s m a y 
be inconvenient to rect i fy except b y n u t r i t i o n a l m a n i p u l a t i o n before 
iso lat ion of the prote in begins. 

T h e antagonism of b i o l o g i c a l m o l y b d e n u m incorporat ion b y metals 
nearby i n the per i od i c table deserves further comment . N o t t o n a n d 
H e w i t t (9 ) have g iven a use fu l s u m m a r y of earl ier w o r k i n this area. 
At tempts b y several workers to produce vanad ium-subst i tu ted nitrogenase 
have not been decisive, b u t the more l og i ca l antagonist tungsten has 
p r o v e n useful . S u c h an antagonist m a y b lo ck uptake of m o l y b d e n u m 
b y the cells or m a y prevent incorporat ion into the apoprote in . T h i s 
m a y take place b y b lockage of ce l lu lar processing of m o l y b d e n u m or b y 
replacement of m o l y b d e n u m b y tungsten i n the finished pro te in . E v e n 
i n the same tissue b o t h processes m a y be evident . Johnson et a l . (6) f o u n d 
that the l ivers of tungsten-treated rats produce apoxanthine oxidase 
d e v o i d of m o l y b d e n u m but cross-react w i t h antibodies to n o r m a l rat l i ver 
xanthine oxidase. T h e tungsten- induced apoprote in h a d the n o r m a l rat io 
of F A D : n o n - h e m e i r o n (1 :4 ) a n d was d e v o i d of tungsten a n d m o l y b 
d e n u m . T h e apoenzyme o x i d i z e d N A D H b u t was unab le to ox id ize 
xanthine . T h e same animals conta ined a hepat i c sulfite oxidase apoprote in , 
as j u d g e d b y the presence of ant igen reac t ing w i t h antibodies to n o r m a l 
sulfite oxidase ( 7 ) . T h i s apoprote in possessed no m o l y b d e n u m a n d n o 
sulfite o x i d i z i n g act iv i ty b u t d i d conta in the fe5 cy tochrome of n o r m a l 
sulfite oxidase. I n add i t i on , the prote in conta ined t i ght ly b o u n d tungsten 
incorporated into about 3 5 % of the mo lybdenum- f ree molecules . T h u s , 
i n the same tissue tungsten antagonism is manifest b o t h i n the prevent i on 
of the format ion of the m o l y b d e n u m - p r o t e i n complex , and , i n the case 
of sulfite oxidase, i n the replacement of m o l y b d e n u m b y tungsten i n the 
enzyme. T h e finding that u p o n reduct ion , the p ro te in -bound tungsten 
y i e l d e d E P R near g = 1.87, s imi lar to that of m o l y b d e n u m i n the nat ive 
enzyme (near g = 1.97), suggests that the replacement b y tungsten is 
at the act ive site of the enzyme. 

A s interest ing as these results are b y themselves, perhaps the i r major 
impor tance m a y l i e i n a l l o w i n g one to prepare a n apoprote in system that 
can be used to test for possible l o w mo lecu lar w e i g h t " m o l y b d e n u m 
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392 B I O I N O R G A N I C C H E M I S T R Y II 

cofactors." Indeed , B r i l l a n d his co-workers (8) have shown that the 
presence of m o l y b d e n u m i n the m e d i u m is r e q u i r e d b y Azotobacter vine-
hndii for the depression of nitrogenase, i.e., for the synthesis of the 
enzyme w h e n fixed n i t rogen ( N H 4

+ ) levels i n the m e d i u m are l ow . T h e y 
f o u n d that tungstate replaces mo lybdate i n this funct ion , since the 
po lypept ide chains compr i s ing the m o l y b d e n u m - i r o n pro te in of n i t r o 
genase are synthes ized i n the presence of tungstate, b u t tungsten is not 
incorporated into the enzyme. T h e apoprote in thus f o rmed can be 
react ivated b y a c i d extracts of the m o l y b d e n u m - i r o n pro te in of n i t r o 
genase f r o m several bac ter ia l species, f o r m i n g the basis of a sensitive 
test system for the " m o l y b d e n u m cofactor." P a t e m a n et a l . (JO) f o u n d 
mutants of Aspergillus nidulans l a c k i n g b o t h ni trate reductase a n d 
xanthine dehydrogenase a n d suggested that these mutants lack a cofactor 
c o m m o n to the two enzymes. N a s o n a n d his co-workers i n i t i a l l y proposed 
the existence of a " m o l y b d e n u m cofactor." T h i s was based o n the ir 
d iscovery that n i trate reductase act iv i ty i n extracts of a nitrate reductase-
less mutant of Neurospora crassa (n i t -1 ) was e l i c i ted b y the a dd i t i on of 
ac id- treated extracts of various molybdoenzymes (11). These extracts 
c o u l d not be rep laced b y m o l y b d a t e or other w e l l character ized l o w 
molecu lar we ight m o l y b d e n u m compounds , a l though subsequent studies 
(12) ind i ca ted that rad ioact iv i ty f rom " M o 0 4

2 " , a d d e d to the mix ture 
of a c i d extract a n d ni t -1 extract, was incorporated into the nitrate 
reductase fract ion as resolved d u r i n g sucrose density gradient centr igu -
gat ion. F u r t h e r m o r e , m o l y b d a t e exerted a protect ive effect o n the 
p r i n c i p l e extracted b y a c i d f rom the donor molybdoprote ins . These 
studies suggest that the " m o l y b d e n u m cofactor" i n the extracts m a y be 
i n e q u i l i b r i u m w i t h molybdate , i.e., the m o l y b d e n u m dissociates f r om 
another essential component , since m o l y b d a t e alone is ineffective. T h i s 
further suggests that, un l ike the case of prosthetic groups such as flavins 
a n d hemes but as i n the example of i r o n - s u l f u r centers (13, 14), one 
m a y have to use rather del icate means, perhaps i n c l u d i n g nonaqueous 
solvents, to suppress hydro lys is i n order to recover " m o l y b d e n u m co-
factor ( s ? ) " intact for further study. 

It is obvious that x-ray cyrsta l lographic methods w i l l be the final 
arbi ter of the s tructura l features of molybdoprote ins , b u t u n t i l such 
structures are obta ined , a n d even afterwards as far as d y n a m i c features 
are concerned, spectroscopic methods must be used to ga in ins ight into 
the nature of these catalysts. E l e c t r o n i c spectroscopy so far has been 
of l i t t le use here since m o l y b d e n u m complexes i n general appear to 
exhib i t b r o a d w e a k absorptions. I n proteins these are a lways b u r i e d 
under absorptions f r om hemes, flavins, a n d i r o n - s u l f u r centers. Massey 
et a l . , (15) d iscovered that pyrazo lo [3,4-cZ] p y r i m i d i n e s w i l l b i n d 
M o ( I V ) i n m i l k xanthine oxidase that h a d been r e d u c e d w i t h xanthine 
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21. ORME-JOHNSON E T A L . Molybdenum in Enzymes 393 

i n the absence of oxygen. W h e n oxygen was readmit ted , the i r o n - s u l f u r 
centers a n d F A D were reox id i zed w h i l e the M o ( I V ) r e m a i n e d as the 
p y r i m i d i n e complex. Dif ference spectra be tween such preparations a n d 
the nat ive o x i d i z e d enzyme revealed the presence of a b a n d p r e s u m e d 
the f r o m the M o ( I V ) complex, w i t h mo lar absorbancies of about 7 X 
10 + 3 1 · m o l e ' 1 - c m " 1 a n d absorbance m a x i m a between 375 a n d 500 d e p e n d 
i n g on the substituents on the pyrazo lo [3,4-cZ] p y r i m i d i n e . T h i s i n s i tu 
co lor imetr ic determinat ion is the only example so far of an absorbance 
change i n an enzyme w h i c h reasonably c o u l d be ascr ibed to a change 
i n the ox idat ion state of m o l y b d e n u m . 

L o w temperature E P R has p r o v i d e d almost a l l of the spectroscopic 
in format ion about molybdoprote ins to date. T h e m e t h o d is app l i cab le 
to the M o ( I I I ) a n d M o ( V ) ox idat ion states, w i t h most of the p u b l i s h e d 
in format ion re lat ing to the latter state. M o ( V ) is general ly easily recog
n izab le , w i t h a s l ight ly anisotropic set of g-values i n the reg ion of 
g = 1.96-1.99 (see Ref . 5 a n d references there in ) . I n cases of doubt 
enr ichment of the spec imen i n m o l y b d e n u m isotopes w i t h 1 = 5 / 2 can 
ver i fy the assignment, as e legantly shown i n the experiments of B r a y 
a n d M e r i w e t h e r (16) w i t h bov ine m i l k xanthine oxidase. T h e E P R of 
M o ( I I I ) complexes has not been s tud ied near ly as extensively, b u t a 
series of h i g h s p i n M o ( I I I ) compounds examined i n this laboratory 
(17) a l l showed b r o a d ax ia l signals, w i t h g i ~ 4, g n ~ 2, as is expected 
for a Ad? i on (18). A d d i t i o n a l l y , the combinat i on of E P R w i t h freeze-
quenched sample preparat ion (19) a l lows one to extend the t ime reso lu
t i o n of the technique into the msec range. T h e sensit ivity of the m e t h o d 
is such that 1 0 " 6 M solutions of paramagnet i c species m a y be used. T h e 
E P R technique has several disadvantages. It does not detect M o ( I I ) , 
M o ( I V ) , or M o ( V I ) , a n d it m a y not detect M o ( I I I ) or M o ( V ) i f these 
species are strongly coup led to other paramagnets , as is often the case 
w i t h d imer i c l o w molecular we ight complexes of M o ( V ) . W h e n E P R 
techniques ( i n c l u d i n g E N D O R a n d E L D O R ) are app l i cab le , the results 
m a y be impressive as i n the finding ( Ref . 5 a n d references there in ) that a 
substrate-donated proton (as ev idenced b y a proton hyperf ine sp l i t t ing ) 
appears near M o ( V ) w h i c h is p r o d u c e d r a p i d l y i n the presence of p u r i n e 
substrates. F u r t h e r m o r e , the combinat i on of E P R a n d absorbance r a p i d 
react ion techniques, as per f o rmed b y O l s o n et a l . (20) for m i l k xanthine 
oxidase, i n favorable cases m a y a l l ow the ca l cu lat ion of the re lat ive 
probabi l i t ies of p o p u l a t i n g the various combinat ions caused b y ox idat ion 
cofactors exist ing i n m u l t i p l e ox idat ion states. T h u s , the most probab le 
sequence of events d u r i n g a catalyt ic cyc le m a y be evaluated. It is clear, 
however , that a d d i t i o n a l spectroscopic techniques are r e q u i r e d for less 
favorable cases, the extreme b e i n g nitrogenase where no E P R as yet 
ascr ibable to m o l y b d e n u m has been seen. Spectroscopic methods other 
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394 BIOINORGANIC C H E M I S T R Y II 

t h a n the l o w energy forms of spectroscopy ( magnet ic resonance methods ) 
are in tr ins i ca l ly of l ower sensit ivity unless suitable rad ia t i on sources are 
developed, so that methods such as E S C A a n d E X A F S (21) w i l l r equ ire 
heroic experimentat ion. Nonetheless, w e are seemingly forced to these 
measures i n order to carry out our program. 

The Role of Molybdenum in Xanthine Oxidase, 
Nitrogenase, and Nitrate Reductase 

T a b l e I ( adapted f rom Ref . 5) lists the types of molybdoenzymes 
recognized so far. Representat ive sources a n d l i terature references are 
g iven , b u t m a n y other sources of each pro te in are k n o w n i n general . 
W e w i l l give a br ie f gu ide to the l i terature a n d discuss a f ew cases where 
either in format ion about the m o l y b d e n u m complex has been obta ined 
or there is some hope of ob ta in ing such in format ion . 

Xanthine Oxidase. T h i s m o l y b d o e n z y m e is read i ly avai lable f r o m 
cows' m i l k i n gram quantit ies (28) a n d is re lat ive ly stable, w h i c h 
accounts for the fact that it is b y far the most intensively s tud ied m o l y b 
doenzyme. B r a y a n d S w a n n (5) have r e v i e w e d comprehensive ly the 
earl ier l i terature, a n d recent papers b y O l s o n et a l . (20) summarize 
c o m b i n e d k inet i c a n d thermodynamic approaches to the states of the 
prosthetic groups d u r i n g catalysis. T w o m o l y b d e n u m , four i r o n - s u l f u r 
centers, a n d two F A D groups are present i n each molecule . A n important 
po int ra ised b y E d m o n d s o n , et a l . (29) is that the rates of in terna l 
e lectron transfer among the prosthet ic groups appear to be m u c h more 
r a p i d than turnover. O l s o n et a l . , (20) deduced that the reduc t i on poten
tials of the two processes M o ( V I ) <—> M o ( V ) <—> M o ( I V ) were 
—60 a n d —31 mv , respectively, relat ive to the redox potent ia l for one 
of the i r o n - s u l f u r centers ( center II ) i n the molecule . T h u s , at e q u i l i b 
r i u m one can never have more than a s m a l l f ract ion of m o l y b d e n u m as 

Table I. 

Name Source 

Nitrogenase M o F e protein 
N A D H dehydrogenase 
Respiratory nitrate reductase 
Assimilatory nitrate reductase 
Sulfite oxidase 
Aldehyde oxidase 
Xanthine oxidase 
Xanthine dehydrogenase 

Clostridium pasteurianum 
Azotobacter vineiandii 
Escherichia coli 
Neurospora crassa 
bovine liver 
rabbit liver 
cow's milk 
chicken liver 

a A d a p t e d f rom Ref . 5. 
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21. O R M E - J O H N S O N E T A L . Molybdenum in Enzymes 395 

M o ( V ) . T h e results of E d m o n d s o n et a l . (29) i m p l y that these e q u i l i b r i a 
are m a i n t a i n e d d u r i n g catalysis. T h e groups coord inated to m o l y b d e n u m 
i n xanthine oxidase are not k n o w n , b u t some hints are avai lable . F o u r 
m a i n types of M o ( V ) d i f f e r e n t i a t e b y E P R spectroscopy are observed 
i n preparations of xanthine oxidase ( 5 ). 

1. I n h i b i t e d , w h i c h is f o rmed i n the presence of f o rmaldehyde or 
methano l d u r i n g turnover w i t h a n o r m a l substrate, 

2 a n d 3. R a p i d a n d V e r y R a p i d , whose appearances depend on the 
condit ions used for the ir e l i c i tat ion a n d w h i c h are caused b y m o l y b d e n u m 
i n the act ive enzyme, 

4. S low, w h i c h is f rom inact ivated enzyme formed, for example, b y 
cyanolysis w h i c h y ie lds thiocyanate (30). 
B r a y a n d S w a n n suggest, on the basis of the changes i n the E P R of 
M o ( V ) after inac t ivat ion of the enzyme, that molecules y i e l d i n g S l o w 
lack a persulf ide group w h i c h m a y be a l i g a n d of m o l y b d e n u m i n the 
nat ive enzyme. T h e y also discuss the fact that the M o ( V ) species R a p i d 
a n d S l o w show pro ton hyperf ine splitt ings i n the ir E P R w h i c h disappear 
w h e n the enzyme is i n D 2 0 , i n d i c a t i n g that a protonatable group is 
near the m o l y b d e n u m . O n the evidence of experiments w i t h 8-deutero-
xanthine (31), the pro ton abstracted f rom purines is transi tor i ly deposi ted 
i n the pos i t ion o c cup ied b y the exchangable proton , suggest ing that the 
b i n d i n g site for the ox id izab le substrate is also i n the i m m e d i a t e v i c i n i t y 
of the m o l y b d e n u m . 

Nitrogenase. T h i s m o l y b d o e n z y m e is composed of two proteins, 
b o t h of w h i c h are r e q u i r e d for the M g A T P - d e p e n d e n t six-electron reduc 
t i o n of d in i t rogen to ammonia . I n the absence of other substrates, the 
enzyme reduces protons to hydrogen . B o t h enzyme components are a ir 
sensitive, a n d strict exclusion of oxygen is r e q u i r e d d u r i n g iso lat ion a n d 
subsequent experimentat ion. A recent r e v i e w of the enzymology of 
nitrogenase is g iven b y Orme-Johnson a n d D a v i s (32), a n d the p r o -

Molybdoenzymes a 

Typical Substrates 
Other 

MW Constituents References Reducing Oxidizing 

ferredoxin 
N A D H 
artificial donors 5 

N A D P H 
S O . , 2 " 
aldehydes 
purines, aldehydes 
purines, aldehydes 

quinones 
N 0 3 -

O o 
0 2 

0 2 

N A D 

N 2 220,000 Fe 22 
n.d. Fe, F M N 23 

750,000 Fe 3,24 
220,000 heme, F A D this work 
110,000 heme 25 
300,000 Fe, F A D 26 
275,000 Fe, F A D 20 
300,000 Fe, F A D 27 

b In vitro; in vivo probably coupled to formate oxidation. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
7-

01
62

.c
h0

21



3 9 6 BIOINORGANIC CHEMISTRY II 

Figure 1. EPR spectra of the molybdenum-iron protein of Azotobacter vine
iandii, enriched as indicated by isolation of the protein from bacteria grown on 

isotopically enriched media. 
The magnetic field strength (abscissa) increases from left to right, and the ordinate is 
an arbitrary function of the first derivative of the microwave power absorption. Some 
values of g = 0.71445 ν I H, where ν is the microwave frequency and Η is the mag
netic field strength, are marked along the abscissa. Microwave frequency, 9.2 GHz; 
microwave power, 3 mw; modulation frequency, 100 KHz; modulation field, 10 gauss; 

sweep rate, 500 gauss/min; time constant, 0.25 sec; temperature, 13°K. 

ceedings of a sympos ium on n i trogen fixation h e l d i n 1974 have appeared 
(33 ) . T h e compos i t ion of the m o l y b d e n u m - i r o n pro te in component has 
not yet been settled. It appears to be composed of two k inds of subunits 
a n d to conta in about 24 non-heme i r on atoms, 24 a c i d l ab i l e su l fur atoms, 
a n d one or two m o l y b d e n u m atoms. E x c e p t for the E X A F S measurements 
repor ted b y C r a m e r et a l . (21), no spectroscopic manifestations of the 
m o l y b d e n u m i n nitrogenase have yet been descr ibed. O n the other h a n d , 
the spectroscopy of the i r o n centers is a r i c h a n d expand ing area. C o m b i 
nat i on of l o w temperature E P R a n d Mossbauer spectroscopy (34) sug
gests that the m o l y b d e n u m - i r o n prote in as iso lated contains two centers 
w i t h four i r o n atoms per center. These centers are i n a S = 3 / 2 sp in 
state a n d y i e l d E P R as s h o w n i n F i g u r e 1. E x a m i n a t i o n of 9 5 M o F e or 
M o 5 7 F e pro te in f r om Azotobacter vineiandii ( g r o w n on isotopica l ly 
en r i ched m e d i a ) showed that a l though the 5 7 F e gives a s m a l l ( ca . 7 
gauss ) hyperf ine b r o a d e n i n g o n the feature near g = 2, the 9 5 M o spec i 
mens show no such broaden ing . I n the steady state of catalysis, w h e n 
reductant , the i r o n prote in , a n d M g A T P are i n excess, this s igna l 
disappears. C a r b o n monoxide is a p o w e r f u l noncompet i t ive i n h i b i t o r of 
nitrogenase, and , w h e n carbon monoxide is present i n the steady state 
mix ture , t w o E P R signals arise d e p e n d i n g on the [ C O ] / [ M o F e ] rat io 
( 3 5 ) . These signals are ev ident ly f r om i r o n - s u l f u r clusters, i n ox idat ion 
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21. ORME-JOHNSON E T A L . Molybdenum in Enzymes 397 

states corresponding to r e d u c e d ferredoxin or ox id i zed h i g h potent ia l 
i r o n - s u l f u r proteins ( see Ref . 36 ) a n d references there in ) . A s s h o w n i n 
T a b l e I I , these signals also exhib i t hyperf ine b roaden ing w h e n 5 7 F e is 
present i n m o l y b d e n u m - i r o n prote in ; none is seen w h e n 9 5 M o F e pro te in 
is used. These negative data cannot exclude the presence of m o l y b d e n u m 
i n the centers represented b y these E P R signals, since the c o u p l i n g 
constant for the 9 5 M o nuc lear interactions m a y be smal l . O n the other 
h a n d , for m a n y k n o w n M o ( V ) complexes the 9 5 M o c o u p l i n g constants 
are comparable w i t h the l inewidths of the resonances dealt w i t h here 
(37). It m a y b e that the m o l y b d e n u m atoms i n nitrogenase are isolated, 
at least f rom the i r o n centers observed b y E P R . T h e apparent in trac t ib le 
nature of the m o l y b d e n u m centers i n not y i e l d i n g recognizable M o ( V ) 
or M o ( I I I ) E P R further suggests that i f these states are u t i l i z e d , e ither 
the ir existence is transitory a n d / o r thermodynamica l l y unfavored , or they 
are c ou p l ed to other paramagnets to f o rm non -Kramers systems. T h e 
s i tuat ion is presently extremely unsatisfactory, so that the outcome of 
the E X A F S experiments as w e l l as possible E N D O R a n d static suscepti 
b i l i t y studies on the system w i l l be of great interest. A n t i c i p a t i n g that 
m o l y b d e n u m w i l l be at the n i t rogen-reduc ing site of nitrogenase, several 
workers have s tud ied possible ab io log i ca l m o d e l systems us ing m o l y b 
d e n u m complexes. U s e f u l summaries of recent w o r k are g iven b y several 
authors i n the vo lumes ed i ted b y N e w t o n a n d N y m a n (33). 

Nitrate Reductases. These enzymes have two important func 
tions (38). T h e y serve as a t e rmina l ox idat ion system i n some m i c r o 
organisms, a n d i n m a n y microorganisms, molds , fung i , a n d h igher plants 
they are u t i l i z e d i n the ass imi lat ion of n i trogen into the ce l l v i a p r o d u c t i o n 
of ammonia , w h i c h is subsequently metabo l i zed into ce l l components. 

Table I I . Nuclear Hyperfine Effects" on E P R Signals 
Elicited under Carbon Monoxide 

Isotope 
High pCO Low pCO 

Isotope 
Tested 2.17 2.05 2.08 1.97 1.98 

A v i n a t u r a l 3 4 a 32 17 14 14 
A v ! 9 5 M o 34 33 18 14 14 
A v i 5 7 F e 40 44 30 30 29 
Avo 5 7 F e 34 32 17 14 14 

1 3 C O 33 32 17 14 14 
α L i n e width at half height (gauss). A v i , the m o l y b d e n u m - i r o n p r o t e i n ; A v 2 , the 

i r o n protein of nitrogenase f r o m Azotobacter vinelandii; H i g h p C O , [ C O ] > > 
[ M o F e p r o t e i n ] ; low p C O , [ C O ] = [ M o F e protein] . T h e line widths are g iven for 
features at the ^-values indicated in the c o l u m n headings. Otherwise identical m i x 
tures of A v i and A v 2 containing isotopically enriched components , as indicated i n 
the left c o l u m n , were incubated at 3 0 ° C in the presence of the indicated relative 
amount of carbon monoxide and with a M g A T P generating system for 45" to insure 
that a steady state had been achieved. T h e samples were then frozen and examined 
under the E P R conditions of F igure 1. F r o m Ref . 35. 
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398 BIOINORGANIC C H E M I S T R Y II 

T h e assimilatory enzyme f r o m the m o l d Neurospora crassa has been 
intensive ly s tud ied for over t w o decades, par t i cu lar ly b y N a s o n a n d his 
col laborators. T h u s , N a s o n a n d E v a n s (39) ident i f ied F A D as a pros
thet i c group i n the enzyme; N i cho las , N a s o n , a n d M c E l r o y (40) showed 
that m o l y b d e n u m was r e q u i r e d for the synthesis of nitrate reductase; 
N i c h o l a s a n d N a s o n ( 41 ) suggested its presence i n the enzyme; Garre t t 
a n d N a s o n (42) showed that a b - type cytochrome ( cytochrome ^557) 
co-purifies w i t h this nitrate reductase; a n d N a s o n et a l . (11) suggested, 
f r o m i n v i t ro complementat ion experiments w i t h ni trate reductaseless 
mutants , that the enzyme consists of at least two components r e q u i r e d 
for act iv i ty . These workers have suggested that the e lectron transfer 
p a t h w a y i s : 

N A D P H F A D - » cytochrome 6557 -> Mo - » N 0 3 ~ 

T h e pur i f i ed enzyme (43) was subjected to ge l e lectrophoret ic 
examinat ion a n d meta l a n d prosthet ic g roup analysis. A n a l y t i c a l results 
are s h o w n i n T a b l e I I I a long w i t h comparat ive values for other nitrate 

Table III. Composition of Nitrate Reductase" 
(g * atom or g · mole/g * mole enzyme) 

Source 

Neurospora b Chlorella c Eschericia d Micrococcus 
Component crassa vulgaris coli K 1 2 denitrificans 

M o 1.0 2 - 1.5 - 0 . 4 
Heme 1.0 2 0 0 
Total Fe 1.3 2 - 20 - 8 
Non-heme Fe (0.3) 0 - 2 0 - 8 
Labile S n.d. 0 - 2 0 - 8 
F A D ~ . l r 2 0 0 

a Ref . 43. 
b Based on a c t i v i t y : 20 units = 1 n m o l enzyme. 
c Réf. 44· 
d Forget (24), M a c G r e g o r et a l . (8) suggest four m o l y b d e n u m per molecule 

protein . 
e Ref . 45. 
1 D i a l y z e d e n z y m e ; F A D estimated f rom A450 (46). T h i s is an upper l imit . 

A d d e d F A D is required for acth ' i ty . 

reductases. T h e va lue for non-heme i r o n is the difference be tween the 
heme a n d to ta l i r o n determinations a n d is p r o b a b l y caused b y advent i 
t ious ly b o u n d i ron . T h e l o w flavin content is reasonable since the act iv i ty 
of the d i a l y z e d enzyme i n the absence of a d d e d F A D was less t h a n 1 0 % 
of that f o u n d w i t h excess flavin. 

E P R spectra at 12°K of N. crassa n i trate reductase samples i n the 
f o r m as iso lated ( the o x i d i z e d f o rm ) show resonances at g = 2.98, 2.27, 
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21. ORME-JOHNSON E T A L . Molybdenum in Enzymes 399 

w h i c h w e ascribe to a l o w sp in fo-type cytochrome. A c c o r d i n g to the 
classif ication of heme E P R made b y B l u m b e r g a n d Pe i sach (47), these 
g-values indicate that the ax ia l l igands to the heme are b o t h imidazo le . 
W h e n the same samples were observed at a very l o w power , a n easily 
saturable E P R s ignal near g = 1.97, w h i c h w e attr ibute to M o ( V ) , 
become apparent. 

D u r i n g anaerobic reduct ive t itrations w i t h N A D P H , the heme reso
nance d isappeared because of reduct ion of the cytochrome w h i l e the 
M o ( V ) s ignal increased i n magni tude a n d subsequently d isappeared . 
A t the same t ime, a resonance w i t h two g-values near g = 4 a n d one 
near g = 2 grew i n a n d then went away. W e ascribe this to an S = 3/2 
species, p r o b a b l y M o ( I I I ) w h i c h is k n o w n to y i e l d an S = 3/2 g r o u n d 
state i n most l i g a n d fields. These experiments a l l suggest that the 
sequence M o ( V I ) - » M o ( V ) —> M o ( I V ) - » M o ( I I I ) -> M o ( I I ) occurs 
d u r i n g reduct ion of nitrate reductase ( u n d e r l i n e d species are potent ia l ly 
observable i n E P R ) . N o evidence of a flavin r a d i c a l was seen at any 
t ime d u r i n g these measurements w h i c h were conducted at e q u i l i b r i u m . 
W h e n the enzyme was reduced w i t h an excess of N A D P H a n d reox id i zed 
( anaerobica l ly ) w i t h K N 0 3 , w e observed the disappearance of the above 
species i n reverse order. F o r these reasons w e feel confident that m o l y b 
d e n u m i n at least four ox idat ion states, as w e l l as the heme i r o n , is 
t h e r m o d y n a m i c a l l y competent to p lay a role i n the mechanism of nitrate 
reductase. F u r t h e r studies o n k inet i c aspects of the mechanism awa i t 
the acquis i t ion of larger quantit ies of this very active, a n d therefore 
scarce, enzyme. 
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Uptake and Role of Molybdenum in 

Nitrogen-Fixing Bacteria 

PHILIP T. PIENKOS, VINOD K. SHAH, and WINSTON J. BRILL 

Department of Bacteriology and Center for Studies of Nitrogen Fixation, 
University of Wisconsin, Madison, WI 53706 

Mutant strains of nitrogen-fixing bacteria have been 
obtained with defects in their ability to synthesize an active 
molybdenum cofactor. Such strains are used to assay this 
cofactor. Ammonia in the medium represses the synthesis of 
the molybdenum cofactor. Molybdenum is transported by 
an energy-requiring reaction, and the metal becomes part of 
a molybdenum storage compound. Molybdenum in the 
medium affects the regulation of nitrogenase synthesis be
cause Klebsiella pneumoniae does not synthesize either of 
the two nitrogenase components when it lacks sufficient 
molybdenum. 

T T 7 e shal l out l ine approaches used to investigate the role of m o l y b -
^ * d e n u m i n ni trogen fixation b y bacter ia . It is h o p e d that this type 

of w o r k w i l l m a k e i t easier for the chemist to focus o n the m u l t i p l e roles 
that m o l y b d e n u m plays i n these bacter ia . T h e approach that has g iven 
us most ins ight into the mechan i sm of n i t rogen fixation involves the use 
of mutant strains that speci f ical ly are unab le to grow on ni trogen ( N i f " 
m u t a n t s ) . S u c h studies have y i e l d e d in fo rmat ion on the act ive site of 
nitrogenase ( J ) , h o w nitrogenase synthesis is regulated (2), the order of 
genes specific for n i t rogen fixation (nif genes) (3, 4), a n d the existence 
of factors other than nitrogenase that are speci f ical ly r e q u i r e d i f an organ
i s m is to fix n i trogen (4). T w o organisms are discussed, Azotobacter 
vinehndii, a b a c t e r i u m that on ly fixes n i trogen aerobical ly , a n d Klebsiella 
pneumoniae, a n organism that only fixes n i t rogen under anaerobic 
condit ions . 

T h e enzyme, nitrogenase, is composed of two prote ins—component I 
a n d component I I . C o m p o n e n t I has a molecu lar we ight of about 220,000 
a n d contains either one or two m o l y b d e n u m a n d 24 i r o n atoms. C o m p o -

402 
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22. p iENKOS E T A L . Molybdenum in Nitrogen-Fixing Bacteria 403 

nent I I has a molecu lar we ight of 60,000 a n d has four i r o n atoms. T h e 
react ion requires 12-24 A T P for each n i t rogen fixed ( 5 ) . W e were able 
to prepare cell-free extracts of the N i f " mut ant strains a n d t itrate each 
extract (1) w i t h pur i f i ed components. T h u s i t was possible to ident i fy 
w h i c h of the components was l a c k i n g i n act iv i ty . I t was important to 
k n o w i f a mutant l a c k i n g component I ac t iv i ty does not produce c o m 
ponent I at a l l or whether component I is synthesized, b u t i n an inact ive 
f o rm. Sero log ica l tests for the components were per f o rmed u s i n g a n t i 
serum f rom rabbits in jected w i t h either of the two pur i f i ed components 
i so lated f rom the w i l d type. W i t h techniques such as these, several 
h u n d r e d mutant strains were classified. 

Molybdenum Cofactor 

K e t c h u m et a l . ( 6 ) showed that c rude extracts of a mutant strain of 
Neurospora crassa, ca l l ed N i t - 1 , that w o u l d not reduce nitrate c o u l d be 
act ivated b y a d d i n g ac id - treated m o l y b d o p r o t e i n to the extract. T h e 
ac t ivat ing factor c o u l d be obta ined f r om molybdoprote ins such as n i t r o 
genase component I , bov ine l i ver sulfite oxidase, xanthine oxidase, a lde 
hyde oxidase, a n d nitrate reductase f r om various sources ( 7 ) . K o n d o r o s i 
et a l . (S ) obta ined mutant strains of Rhizobium meliloti that c o u l d not 
reduce nitrate. Some of these strains also were unab le to produce effec
t ive ( n i trogen fixing ) a l fa l fa nodules , a n d they c o n c l u d e d that a c o m m o n 
genetic determinant is r e q u i r e d for ni trate reductase a n d nitrogenase 
act iv i ty . T h i s determinant m i g h t be the m o l y b d e n u m cofactor that seems 
to be c o m m o n to a l l molybdoprote ins . 

T h e m o l y b d e n u m cofactor f rom Rhodospirillum rubrum is d ia lyzab le 
a n d is insensit ive to t ryps in ( 9 ) . T h e cofactor can easily be inac t ivated 
b y heat. O n e of the problems i n p u r i f y i n g this cofactor is the ins tab i l i ty 
a n d l o w y ie lds f r o m pur i f i ed enzymes a n d crude extracts. L e e et a l . (10) 
showed that the m o l y b d e n u m cofactor is s tab i l i zed b y 0 . 0 1 M s o d i u m 
m o l y b d a t e a n d that the absence of a ir adds to the stabi l i ty . These workers 
used M o " l a b e l i n g to show that the m o l y b d e n u m f r o m the cofactor is 
f o u n d i n ac t ivated nitrate reductase f r o m the mutant strain of N. crassa. 

G a n e l i n et a l . (11) p r o v i d e d evidence that the m o l y b d e n u m cofactor 
is a m o l y b d e n u m pept ide w i t h a mo lecu lar we ight of about 1000. T h e 
same properties have been c l a i m e d for the cofactor f r o m xanthine o x i 
dase (12). 

It was impor tant to ident i fy mutant strains w i t h defects i n n i t r o 
genase s imi lar to the defect observed i n nitrate reductase i n the N i t - 1 
mutant strain of N. crassa (6). It was postulated that such strains w o u l d 
be able to synthesize act ive component I I a n d an inact ive component I 
that c o u l d be act ivated i n v i t ro b y the m o l y b d e n u m cofactor. Ce l l - f r ee 
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404 BIOINORGANIC C H E M I S T R Y II 

extracts f r om strains p r o d u c i n g inact ive component I were prepared a n d 
tested w i t h m o l y b d e n u m cofactor made b y ac id - treat ing a n d n e u t r a l i z i n g 
pur i f i ed component I f rom the w i l d type organism ( 1 3 ) . Strains of A . 
vinehndii (14) a n d K. pneumoniae (4) were f o u n d w i t h inact ive c o m 
ponent I that c o u l d be act ivated i n v i t ro w i t h the m o l y b d e n u m cofactor. 
T h e mutat ions that prevent the f ormat ion of the m o l y b d e n u m cofactor 
have been located on the chromosome i n b o t h organisms (3 , 4). F i g u r e 1 
shows the locat ion (nif B ) of the gene(s ) that speci fy the m o l y b d e n u m 
cofactor i n K. pneumoniae. T h i s gene(s ) is located close to the s t ructura l 
genes for the two nitrogenase components. 

Figure 1. Map of nif genes in Kleb
siella pneumonia. The designation, 
(act), represents the molybdenum co-
factor. Component II (IIox) is reduced 
by the nif electron transfer system. 
IIrcd then binds and reduces lox(act), 
and the resulting complex with ATF 

can reduce nitrogen to ammonia. DNA 
his D nif B nif F nif D, H 

It is possible to make the w i l d type A . vinelandii p roduce act ive 
component I I a n d an inact ive component I b y subst i tut ing tungsten for 
m o l y b d e n u m i n the m e d i u m (14). I n this way , an act ive m o l y b d e n u m 
cofactor is not p roduced . H o w e v e r , i f ac id - treated component I f r o m 
cells g r o w n on m o l y b d e n u m is a d d e d to extracts f r om tungsten-grown 
cells, act ivat ion ocurs. A d d i t i o n of m o l y b d a t e to such extracts does not 
reactivate component I. W e are us ing mutant strains defect ive i n the 
m o l y b d e n u m cofactor as w e l l as tungsten-grown cells as assays to p u r i f y 
the m o l y b d e n u m cofactor. 

Regulation 

Nitrogen- f ix ing cells have an obvious requirement for m o l y b d e n u m ; 
however , no m o l y b d e n u m is r e q u i r e d w h e n these cells g row i n a m e d i u m 
conta in ing excess N H 4

+ . N H 4
+ complete ly represses the synthesis of 

nitrogenase ( 1 5 ) . N i t r o g e n fixation is qui te a n energy -demanding proc 
ess, a n d so i t makes sense for the organism not to p roduce nitrogenase 
w h e n it is not needed. T h e synthesis of the m o l y b d e n u m cofactor also 
is repressed b y N H 4

+ (14). C e r t a i n mutant strains have been iso lated 
that cont inue to synthesize active nitrogenase i n the presence of N H 4

+ 

(2,16). Therefore , i t seems that the factors responsible for the regu lat i on 
of the nitrogenase s t ructura l genes are also responsible for regu la t ing the 
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22. p iENKOS E T A L . Molybdenum in Nitrogen-Fixing Bacteria 405 

synthesis of act ive m o l y b d e n u m cofactor. Some of these regulatory genes 
also have been m a p p e d on the chromosome. 

T h e r e are m a n y reports (e.g., Refs . 17,18) i n w h i c h n i t rogen fixation 
is l i m i t e d i n a so i l because m o l y b d e n u m is deficient. A d d i t i o n of m o l y b 
d e n u m to such soils al lows n i trogen fixation to proceed. T h i s m o l y b 
d e n u m deficiency is extremely important i f a crop of n i trogen- f ix ing 
legumes is desired. I n fact, farmers can b u y molybdates to spread o n the 
field or to app ly to the seed before sowing . W e w o n d e r e d w h a t happens 
to a nitrogen- f ix ing bac te r ium that is deficient i n fixed ni trogen, b u t is 
unab le to fix n i trogen because m o l y b d e n u m is unavai lab le . S u c h a s i tua 
t i on m i g h t cause the bac te r ium to synthesize active component I I a n d a n 
inact ive component I . T h i s cond i t i on is de tr imenta l to the c e l l since i t 
wastes energy synthes iz ing proteins that have no benefit to i t . H o w e v e r , 
K. pneumoniae has a regulatory mechanism that prevents nitrogenase 
synthesis w h e n there is not enough m o l y b d e n u m avai lable . W h e n w e 
derepress this organism i n the absence of m o l y b d e n u m , neither c o m 
ponent I nor component I I is synthesized, even i n an inact ive f o rm ( 1 9 ) . 
A possible mechan i sm for contro l of nitrogenase synthesis m i g h t invo lve 
a prote in that activates transcr ipt ion of the nif genes. T h i s activator is 
inac t ivated w h e n N H 4

+ accumulates . It is easy to introduce a mechan ism 
for contro l b y m o l y b d e n u m b y hypothes i z ing that this act ivator requires 
m o l y b d e n u m . M u t a n t strains that are defect ive i n nitrogenase regulat ion 
b y m o l y b d e n u m shou ld be useful for testing this hypothesis . 

Molybdenum Storage 

W e are n o w t r y i n g to understand h o w the mo lybdate that is a d d e d 
to the m e d i u m u l t imate ly becomes a part of nitrogenase component I . 
Studies w i t h metabo l i c inhib i tors indicate that mo lybdate is taken u p b y 
an energy -demanding process i n A . vinelandii. W e were surpr ised to find 
that this organism accumulates more than 20 times more m o l y b d e n u m 
t h a n i t ac tual ly requires for m a x i m u m nitrogenase act iv i ty . Ce l l s that 
g r o w on N H 4

+ do not require m o l y b d e n u m . Azotobacter vinelandii was 
g r o w n to m i d - l o g phase i n a m e d i u m conta in ing N H 4

+ b u t no m o l y b d e 
n u m . T h e cells were washed free of N H 4

+ a n d then a l l o w e d to derepress 
for nitrogenase synthesis i n the presence a n d absence of c h l o r a m p h e n i c o l 
w h e n mo lybdate was added . T a b l e I presents evidence that the p r o t e i n 
synthesis is not r e q u i r e d for m o l y b d e n u m uptake b u t is r e q u i r e d for 
synthesis of nitrogenase. T h e m o l y b d e n u m uptake a n d storage factors 
then are not i n d u c i b l e b y m o l y b d e n u m . 

W h e n a crude extract was f ract ionated on an i o n exchange c o l u m n , 
most of the m o l y b d e n u m was associated w i t h a f ract ion that is not c o m 
ponent I (20). T h i s f ract ion contains w h a t w e have n a m e d the m o l y b -
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406 B I O I N O R G A N I C C H E M I S T R Y II 

denum-storage c o m p o u n d , since m o l y b d e n u m can be r e m o v e d f r o m this 
c o m p o u n d a n d transposed to component I . I n fact, cells g r o w n i n the 
presence of m o l y b d e n u m a n d N H 4

+ , w h e n transferred to m e d i u m l a c k i n g 
bo th , can synthesize active nitrogenase for m a n y generations u s i n g the 
m o l y b d e n u m i n the molybdenum-storage c o m p o u n d . T h i s is a use fu l 
m e c h a n i s m b y w h i c h A. vinehndii stores m o l y b d e n u m w h e n excess is 
avai lable , b u t then uses this excess w h e n i t finds itself i n an environment 
l a c k i n g m o l y b d e n u m . T u n g s t e n also can b e stored b y the m o l y b d e n u m -
storage prote in . W e are n o w s t u d y i n g mutant strains that seem to lack 
the molybdenum-storage prote in . 

Table I. Effects of Chloramphenicol on Molybdenum 
Accumulation in Azotobacter vinelandii 

Organism 

A. vinelandii 
A. vinelandii 

CAM 

+ 

Nitrogenase 
Specific Activity 
(nmoles acetylene 

reduced/min χ 107 

cells) 

0.59 
0.00 

Mo 
(ng/lO11 cells) 

5.70 
6.80 

T h e r e are m a n y questions that must s t i l l be answered . H o w a n d i n 
w h a t f o rm does m o l y b d e n u m enter the cel l? H o w a n d i n w h a t f o r m does 
m o l y b d e n u m get into molybdenum-storage prote in? H o w a n d i n w h a t 
f o r m does m o l y b d e n u m get transferred to the m o l y b d e n u m cofactor? 
H o w a n d i n w h a t f o rm does the m o l y b d e n u m cofactor get into n i t ro 
genase component I? H o w a n d i n w h a t f o rm does m o l y b d e n u m regulate 
the synthesis of nitrogenase? These questions require integrated effort 
b y chemists, enzymologists , geneticists, a n d bacter ia l physiologists . H o p e 
f u l l y , such w o r k w i l l u l t imate ly have an impac t on agr icul ture . 
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23 
Reactions of Molybdenum with Nitrate and 

Naturally Produced Phenolates 

P A U L A. K E T C H U M and DAVID JOHNSON 

Department of Biological Sciences, Oakland University, Rochester, MI 48063 

R. CRAIG TAYLOR, D O N A L D C. Y O U N G , and A R T H U R W. ATKINSON 

Department of Chemistry, Oakland University, Rochester, MI 48063 

The reaction of Mo(H2O)6

3+ and nitrate in aqueous solu
tions results in the formation of Mo2O4(H2O)6

2+ nitrite. 
Mo(III) coordinated to oxygen and nitrogen donor atoms of 
EDTA also reduces nitrate in aqueous solutions. The reduc
tion of nitrate by a Mo(III)-EDTA complex results in the 
formation of nitrite and a Mo(V)-EDTA complex, as deter
mined by chemical and spectrophotometric techniques. 
These reactions serve as models for biological nitrate reduc
tion. In addition, molybdate coordinates to naturally pro
duced phenolates. The molybdenum-coordinating phe
nolates also coordinate tungstate and ferric iron. Two of 
these phenolates contain threonine, glycine, alanine, and 
2,3-dihydroxybenzoic acid. 

Λ ssimilatory N A D P H - n i t r a t e reductase was first descr ibed b y E v a n s 
a n d N a s o n i n 1952 (1). Ass imi la tory nitrate reductases are m o l y b d o -

flavoproteins w i t h mo lecu lar weights v a r y i n g f r o m 190,000 to 356,000 
daltons depend ing on the source of the enzyme (2-8). T h e Neurospora 
enzyme has a molecu lar we ight of 230,000 a n d is a soluble e lectron trans
por t enzyme w i t h the m o l y b d e n u m moiety func t i on ing as the t e r m i n a l 
redox site (3). W i t h this in format ion on the enzymology of N A D P H -
nitrate reductase, a n u m b e r of groups have invest igated various inorganic 
m o l y b d e n u m models for nitrate reduc t i on (9,10,11,12,13). M o d e l sys
tems for nitrate reduct i on have concentrated on M o ( V ) since a M o ( V ) 
E P R s igna l has been observed i n pur i f i ed preparations of nitrate reduc 
tase. T h e M o ( V ) m o d e l systems reduce nitrate to n i t r o g e n ( I V ) oxides 
i n nonaqueous environments . Since n i t r o g e n ( I V ) oxides disproport ionate 

408 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
a-

19
77

-0
16

2.
ch

02
3

In Bioinorganic Chemistry—II; Raymond, K.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1977. 



23. K E T C H U M E T A L . Reactions of Molybdenum 409 

i n water to ni tr i te a n d nitrate , i t has been suggested (12) that M o ( V ) 
exists i n nitrate reductase i n a h y d r o p h o b i c env ironment a n d is o x i d i z e d 
to M o ( V I ) b y nitrate . T h e reactions of nitrate w i t h M o ( V ) i n n o n 
aqueous solutions are en l ightening , however , they do not exp la in access 
of an an ion to a h y d r o p h o b i c act ive enzyme site. F u r t h e r m o r e recent 
E P R evidence indicates that ox idat ion states of m o l y b d e n u m lower t h a n 
5 + are i n v o l v e d i n nitrate reductases. T h e observation b y Forge t a n d 
D e r v a r t a n i a n (14) that the M o ( V ) s ignal observed i n the Micrococcus 
denitrificans n i trate reductase disappears u p o n reduc t i on suggests that 
M o ( V ) is f o u n d i n the ox id i zed enzyme. Recent investigations on the 
Neurospora enzyme (15) imp l i ca te M o ( I I I ) as the r educed f o r m of 
m o l y b d e n u m i n this nitrate reductase. 

T h e react ion between M o ( I I I ) a n d nitrate was first repor ted b y 
H a i g h t (16) w h o demonstrated that po larographica l ly p r o d u c e d M o ( I I I ) 
reduces nitrate. T h e recent advances i n the chemistry of hexaaquomo-
l y b d e n u m ( I I I ) b y B o w e n a n d T a u b e (17,18), K u s t i n a n d T o p p e n (19), 
a n d Sasaki a n d Sykes (20) have l e d us to investigate the M o ( I I I ) / M o ( V ) 
couple as a m o d e l system for nitrate reduct i on ( 2 1 ) . 

Molybdenum (III) and Nitrate 

T h e react ion between M o ( H 2 0 ) 6
3 + , p repared a n d pur i f i ed f o l l o w i n g 

the procedure of B o w e n a n d T a u b e (18), a n d nitrate was f o l l o w e d spec-
trophotometr i ca l ly under strict anaerobic condit ions w i t h nitrate i n ex
cess. T h e absorpt ion spectrum of n i tr i te i n 1 .0M H P T S (p-to luene s u l 
fonic a c i d ) exhibits a mul t i component b a n d ( v i b r a t i o n a l fine structure) 
be tween 350 a n d 400 n m w h i c h is attr ibutable to the « - 1A1 e lectronic 
transit ion. Pur i f i ed M o ( H 2 0 ) 6

3 + i n 1 .0M H P T S has a l o w absorpt ion at 
293 n m , i n d i c a t i n g the p u r i t y of the preparat ion (18). W h e n M o ( H 2 0 ) 6

3 + 

is m i x e d w i t h nitrate (constant concentrat ion i n large excess) a n d the 
react ion is a l l o w e d to go to complet ion , the n i t r i te fine structure appears 
between 350 a n d 400, concomitant w i t h an increase i n absorbance at 
293 n m . T h e m o l y b d e n u m species resul t ing f r om the ox idat ion of 

Table I. Observed Rate Constants for the Oxidation of 
M o ( H 2 0 ) 6

3 + by Nitrate in 1 M H P T S " 

Experiment Total Mo (M X 104) kobs χ 105 (s'1) 

1 4.70 1.42 
2 4.18 1.37 
3 4.45 1.32 
4 4.45 1.25 
5 4.35 1.10 

a [ N 0 3 - ] = 1.33 X 1 0 - 2 M . T h e data were obtained at 28.5 ± 0 .5 °C in 1.0M 
H P T S . T h e average value for kobs with standard d e v i a t i o n : k0bs = 1.29 ± 0.14 s" 1 . 
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410 B I O I N O R G A N I C C H E M I S T R Y II 

M o ( H 2 0 ) 6
3 + b y nitrate has a spectrum between 340 a n d 280 n m i d e n t i c a l 

to that of M o 2 0 4 ( H 2 0 ) 6
2 + r epor ted b y A r d o n a n d P e r n i c k ( 2 2 ) . 

T h e kinet ics of the react ion be tween M o ( H 2 0 ) 6
3 + a n d nitrate ( T a b l e 

I ) were determined us ing five different preparations of M o ( I I I ) at 28.5 
± 0 . 5 ° C i n 1 .0M H P T S i n the presence of 1.33 X 1 0 " 2 M nitrate . G o o d 
first-order plots were observed i n a l l cases, a n d kohs was f o u n d to be 
(1.29 ± 0.14) χ 10" 5 s"1. Detec tab le ni tr i te was not p r o d u c e d f r o m 
nitrate under i dent i ca l condit ions w h e n M o 2 0 4 ( H 2 0 ) 6

2 + , p repared either 
b y the air ox idat ion of M o ( H 2 0 ) 6

3 + or b y the reduc t i on of N a 2 M o 0 4 b y 
hydraz ine , was subst i tuted for M o ( I I I ) . Moreover , the spectrum of 
M o 2 0 4 ( H 2 0 ) 6

2 + i n 1 .0M H P T S d i d not change d u r i n g 1 hr of observat ion 
either i n the presence or absence of 1.33 X 10~ 2 M nitrate. Prev ious re
ports have demonstrated that nitrate is r educed to N O + b y M o ( V ) i n the 
presence of C I " i n tartrate buffer (13). These results have no bear ing 
o n our conclusions since the rate of nitrate reduc t i on b y M o ( V ) is 
approx imate ly one tenth that of the nitrate reduct i on b y M o ( I I I ) . 

T h e concentrations of the products p r o d u c e d b y the react ion between 
M o ( H 2 0 ) 6

3 + a n d N 0 3 " are consistent w i t h one mo le of d i m o l y b d e n u m 
species a n d t w o moles of n i tr i te ( T a b l e I I ) . T h e concentrat ion of 

Table II. Stoichiometry of the Oxidation 
of M o ( H 2 0 ) G

3 + by Nitrate" 

Expert- Total Mo [NOf] [Mo2Of+] [NOf]/ 
ment (Μ χ ΙΟ4) (Μ χ ΙΟ4) (Μ χ W4) [Mo20Jl

2+] 

1 4.70 4.90 2.24 2.19 
2 4.18 2.37 1.16 2.04 
3 4.45 3.24 2.18 1.49 
4 4.50 1.28 0.72 1.78 
5 4.50 2.44 1.32 1.70 

" N i t r i t e was measured chemical ly , and M o 2 0 4 ( H 2 0 ) 6 2 + was measured spectro-
photometr ical ly . T h e average ratio and standard deviat ion of [ N O " 2 ] / [ M o 2 0 4

2 + ] 
was 1.84 ± 0.28 (21). 

Nature 

M o 2 0 4 ( H 2 0 ) 6
2 + was measured spectrophotometr ica l ly just pr i o r to air 

ox idat ion , a n d the concentrat ion of n i tr i te was de termined co l o r imetr i -
ca l ly (4). N i t r i t e d isappeared w i t h t ime f rom these solutions suggesting 
that M o ( V ) reduces n i tr i te , as prev ious ly observed under different con 
dit ions ( 9 ) . T h i s m a y account for the discrepancies i n some of the 
n i tr i te values reported . W h e n the experiment was a l l o w e d to go to 
comple t i on (Exper iments 1 a n d 3 ) , a l l of the M o ( H 2 0 ) 6

3 + present ( to ta l 
m o l y b d e n u m ) was accounted for i n the M o 2 0 4 ( H 2 0 ) 6

2 + f o rmed ( T a b l e 
I I ) . 

A n o t h e r check on the sto ichiometry ( T a b l e I I I ) was made b y f o l 
l o w i n g the rates of appearance of N 0 2 " a n d M o 2 0 4

2 + . N i t r i t e was meas-
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23. K E T C H U M E T A L . Reactions of Molybdenum 411 

Table III. Observed Rate Constants for the Appearance of Nitrite 
(&obs*) and Μ θ 2 θ 4

2 + (kohs) in the Presence of Sulfanilic Acid and N E D A a 

Expert- Total Mo kobs X W6 kobs* Χ 105 

ment (M X W4) (s'1) (s'1) k0bs*/kob8 

1 1.20 4.00 0.768 1.92 
2 1.30 4.86 1.06 2.18 
3 1.50 4.80 0.989 2.06 
4 1.50 4.65 1.00 2.15 

a B o t h the reference and sample cuvettes contained 5.16 X 10 " 3 M sulfanilic acid 
a n d 8.3 X 10 " 4 M N E D A. T h e reaction was initiated by adding nitrate (final concen
trat ion = 1.33 X 10 2 M) to the sample cuvette. T h e average ratio and standard 
deviat ion of /c 0b S*//c 0bs was 2.08 ± 0.10. 

u r e d d u r i n g the react ion b y a d d i n g sul fani l i c a c i d a n d N E D A to the 
react ion mixture a n d record ing the Δ A b s . 5 6 o w i t h t ime. T h e observed 
rate constant for the appearance of nitr i te is 2.08 ± 0.10 times the ob
served rate constant for the appearance of M o 2 0 4

2 + . T h e observed rate 
constants for M o 2 0 4

2 + were s l ight ly h igher i n the presence of the n i t r i t e -
t r a p p i n g reagents. 

T h e data presented for the react ion of M o ( H 2 0 ) 6
3 + w i t h nitrate 

indicate that the react ion proceeds v i a E q u a t i o n 1. T w o basic m e c h a -

k 
2 M o ( H 2 0 ) 6

3 + + 2 N 0 8 - - > M o 2 0 4 ( H 2 0 ) G
2 + + 2 N 0 2 " + 4 H + + 4 H 2 0 (1) 

nisms have been proposed to account for the interact ion of substrate w i t h 
m o l y b d e n u m i n mo lybdoenzymes—the c o u p l e d pro ton -e l e c t ron transfer 
mechan i sm (23,24) a n d the oxygen-atom transfer mechan ism (21,25). 
T h e data presented here are consistent w i t h the oxygen-atom transfer 
mechan ism postulated b y W i l l i a m s (25), even though the mechan ism of 
the nitrate reduct ion b y M o ( I I I ) has not been e luc idated . T h e oxygen-
atom transfer mechan ism for the enzymic reduc t i on of nitrate b y 
M o ( H 2 0 ) 6

3 + is presented i n F i g u r e 1. M o 0 2 ( H 2 0 ) 4
+ p r o d u c e d is re 

d u c e d b y the enzymic e lectron transport cha in w h i c h donates 2e~ a n d 
2 H + . T h i s scheme is consistent w i t h the electron transport studies on the 
assimilatory nitrate reductase w h i c h pos i t ion m o l y b d e n u m at the t e r m i n a l 
e n d of the electron transport cha in , a n d i t is consistent w i t h the phys io -

Mo(H20)*3 • N O 3 >Mo0 2(H 20)* *H 20 • N 0 2 *2Η* 

Mo(H20)^3 < 2 e " 2 H Mo0 2 ( H 2 G£ * 2 H * 

Figure 1. Postulated oxygen atom transfer mechanism for 
the enzymic reduction of nitrate by Mo(H20)6

3+, assuming 
NADPH, H+ to be the substrate for reducing Mo02(H20)It

+ 

to Mo(H20)6
3+ 
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412 BIOINORGANIC C H E M I S T R Y II 

Figure 2. (a) Structure of [Mo2(OH)2EDTA(02CCH3)]- as determined 
by Sykes et al. (29); (b) structure of [Mo20^EDTA]2' prepared by Haynes 

and Sawyer (30) 

l og i ca l substrate, r educed n i co t inamide adenine d inuc leot ide phosphate 
( N A D P H , H + ) , w h i c h donates two electrons a n d two protons to the 
electron transport cha in . 

T h e rate observed for the inorganic react ion between M o ( I I I ) a n d 
nitrate is approx imate ly three orders of magni tude less than the enzy
m a t i c reduct i on of nitrate b y the assimilatory nitrate reductase [9.4 
m o l / s e c ca l cu lated us ing a specific act iv i ty of 150,000 u n i t s / m g prote in 
(3) assuming two moles of m o l y b d e n u m per mole of enzyme] . H o w e v e r , 
this is not a serious d r a w b a c k to the proposed inorganic m o d e l system 
since the turnover rate per mole of enzyme-bound m o l y b d e n u m shou ld 
d e p e n d u p o n the l i g a n d b i n d i n g of the m o l y b d e n u m a t o m ( s ) i n the 
enzyme. M o d i f i c a t i o n of the behavior of bo th C o ( I I I ) a n d M o ( I I I ) b y 
changes i n the l i g a n d environment of these metals has been reported . 
C o ( I I I ) is unstable to reduct i on b y water to f o r m C o ( I I ) [ E 0

r e < i = 
1.84 V ] whereas the s i tuation is reversed for the cyanide complex i.e., 
C o ( C N ) 6

3 - + e" C o ( C N ) 5
3 - + C N " [ E 0

r e d = - 0 . 8 3 ] (26). T h e i n 
stabi l i ty of K 3 M o C l 6 i n water is a l tered b y f o rming M o ( I I I ) complexes 
w h i c h are soluble a n d stable to ox idat ion i n aqueous solutions (26). 
Therefore , an unders tand ing of the l i g a n d environment of the m o l y b d e 
n u m i n m o l y b d e n u m - c o n t a i n i n g enzymes is of p r i m a r y importance to the 
e luc idat ion of the mechan ism of b i o l og i ca l nitrate reduct ion a n d the s ig 
nif icance of the turnover n u m b e r i n m o d e l systems. 

O n e of the p r i n c i p a l disadvantages of this system is the i n a b i l i t y to 
s tudy the rate of n i tr i te p roduc t i on b y M o ( H 2 0 ) 6

3 + at phys io l og i ca l p H . 
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23. K E T C H U M E T A L . Reactions of Molybdenum 413 

A l l attempts to observe this react ion at h igher p H ' s were unsuccessful . 
A d d i t i o n of M o ( H 2 0 ) 6

3 + to phosphate, tris ( h y d r o x y m e t h y l ) aminometh -
ane, or morpho l inopropane sul fonic a c i d ( M O P S ) buffer systems caused 
instant prec ip i ta t ion of an unident i f i ed species. 

EDTA Complexes of Molybdenum (III) and Molybdenum (V) 

T h e demonstrat ion that M o ( I I I ) reduces nitrate to n i tr i te has 
p r o m p t e d us to investigate other M o ( I I I ) species w h i c h are stable at 
more a lkal ine p H a n d w h i c h conta in l igands ( Ο , N , a n d / o r S donor 
atoms ) w h i c h might more accurately reflect the b i n d i n g of m o l y b d e n u m 
i n the enzyme. 

O n e of the systems w h i c h fulfi l ls these requirements is the E D T A 
complex of M o ( I I I ) , /x-acetato-di-/>i-hydroxo-/x(N,]V ,)ethylenediaminetet-
r a a c e t a t o b i s [ m o l y b d e n u m ( I I I ) ] . T h e complex was or ig ina l ly prepared 
but incorrect ly f o rmulated b y K l o u b e k a n d P o d l a h a (28). Its solid-state 
structure has recently been determined b y Sykes et a l . ( F i g u r e 2 ) . P r e 
l i m i n a r y results i n our laboratory have demonstrated that this c o m p o u n d 

Figure 3. Optical spectra of Mo2Oh EDTA2' and [Mo2-
(OH)2EDTA(02CCH3)1-; the latter in acetate buffer, pH 
= 4.5. Oxidation of the latter compound with NOf yields 
a spectrum identical to that obtained for Mo2OjEDTA2'. 
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414 B I O I N O R G A N I C C H E M I S T R Y II 

reduces nitrate to ni tr i te (detected co lor imetr i ca l ly ) a l though at a rate 
cons iderably s lower than the reduc t i on of nitrate b y M o ( H 2 0 ) 6

3 + . T h e 
spectrum of the ox id i zed m o l y b d e n u m - c o n t a i n i n g species ( F i g u r e 3 ) is 
ident i ca l to that observed for di - i u, -oxo- /x (N,N / )ethylenediaminetetraace-
t a t o b i s [ o x o m o l y b d a t e ( V ) ] , M o 2 0 4 E D T A 2 " (30,31). T h e react ion p r o 
ceeds bo th i n acetate (3.8 < p H < 5.5) a n d phosphate buffers (6.8 < p H 
< 7.3 ) . A p p a r e n t l y , the presence of the μ,-acetato or μ,-phosphato b r i d g e 
is necessary for the stabi l i ty of the M o ( I I I ) d imer since w e have been 
unsuccessful i n r e d u c i n g M o 2 0 4 E D T A 2 " i n solutions conta in ing h i g h 
M o ( V ) a n d l o w buffer concentrations. T h e presence of the b r i d g i n g 
buffer moiety apparent ly hinders the complexat ion of N 0 3 ~ w h i c h w o u l d 
be necessary for reduct ion to occur v i a an inner sphere mechanism. T h e 
e q u i l i b r i u m i n Reac t i on 2 is p laus ib le . I n h i g h buffer concentrat ion 

[ M o 2 ( O H ) 2 E D T A ( 0 2 C C H 3 ] " + N ( V * * 

[ M o 2 ( O H ) 2 E D T A ( N 0 3 ] " + 0 2 C C H 3 " ( 2 ) 

necessary for i n situ reduct ion of M o 2 0 4 E D T A 2 " , the i o n i z e d f o r m of the 
buffer effectively competes w i t h N 0 3 " for the avai lable coord inat ion sites 
on the M o ( I I I ) atoms. These systems are undergo ing further study. 

Natural Products Which Coordinate Molybdenum 

A n o t h e r approach to the coord inat ion chemistry of m o l y b d e n u m is 
to search for natura l ly p r o d u c e d m o l y b d e n u m coord inat ing compounds . 
It was postulated that such compounds c o u l d have an analogous role to 
the siderochromes w h i c h coordinate ferr ic i r on as discussed earlier i n 
this sympos ium (see Refs . 32 a n d 33). T h e r e is bo th b i o c h e m i c a l a n d 
genetic evidence for the existence of phys io log i ca l ly important l o w m o 
lecular we ight m o l y b d e n u m coord inat ing compounds (34-40). T h e i n 
v i tro restoration of N A D P H - n i t r a t e reductase us ing extracts of the 
nitrate reductase mutant of nit-1 a n d preparat ion of ac id- treated m o l y b 
d e n u m conta in ing enzymes (34,39) suggests the invo lvement of a l o w 
molecu lar we ight m o l y b d e n u m cofactor contr ibuted b y the m o l y b d e n u m -
conta in ing enzymes. I n Aspergillus the synthesis of the cofactor is con 
t ro l l ed b y five separate genes ( 40, 41 ). W e have f o u n d that extracts of 
Bacillus thuringiensis are also a good source of this cofactor act iv i ty (35). 
Therefore B. thuringiensis was used i n our i n i t i a l search for natura l l y 
p r o d u c e d m o l y b d e n u m coord inat ing compounds w h i c h coordinate m o l y b 
date a n d are excreted into the culture m e d i u m . 

W h e n B. thuringiensis is g r o w n on an i r o n - a n d m o l y b d e n u m - d e f i 
cient m e d i u m (42) at p H 6.8 w i t h a d d e d Z-arginine, i t produces c o m 
pounds w h i c h f o r m charge transfer complexes w i t h mo lybdate . P r e -
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23. K E T C H U M E T A L . Reactions of Molybdenum 415 

l i m i n a r y pur i f i cat ion a n d character izat ion of the mo lybdenum-reac t ive 
compounds i n filtrates of B. thuringiensis demonstrate that they are 
phenolates w h i c h coordinate tungstate a n d ferr i c i r o n as w e l l as m o l y b 
date. 

A p p r o x i m a t e l y 5 0 % of the mo lybdenum-reac t ive compounds were 
extracted f r om ac id i f ied cul ture filtrates of B. thuringiensis w i t h e t h y l 
acetate. T h e e t h y l acetate was w a s h e d w i t h N a H C 0 3 a n d then re -
extracted w i t h e thy l acetate accord ing to the m e t h o d of T a i t (43). H i g h 
voltage electrophoresis of the ethyl-acetate extractable compounds at p H 
3.6 for 45 m i n at 5 k V a n d 60 m a separates out three b lue -green fluores
cent bands w h i c h react w i t h mo lybdate to f o r m y e l l o w complexes. T h e y 

Figure 4. Absorption spectra of MoOf · slow band (upper 
trace) and the slow band (lower trace) 

are designated the s low, intermediate , a n d fast bands. T w o of the m o 
l y b d e n u m - c o o r d i n a t i n g compounds can be di f ferential ly prec ip i ta ted b y 
a d d i n g benzene to the e thy l acetate extract, the t h i r d c o m p o u n d r e m a i n 
i n g i n so lut ion i n 4 / 1 mixtures of b e n z e n e / e t h y l acetate. A l l three bands 
conta in 2 ,3 -d ihydroxybenzoic a c i d as s h o w n b y spectral data, A r n o w 
(44) react iv i ty , a n d the h i g h voltage e lectrophoret ic m o b i l i t y of the 
fluorescent b a n d f o l l o w i n g a c i d hydro lys is . H i g h voltage electrophoresis 
at p H 1.9 of a c i d - h y d r o l y z e d samples of the s l ow a n d intermediate bands 
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416 B I O I N O R G A N I C C H E M I S T R Y II 

demonstrates the presence of threonine, a lanine , a n d g lyc ine . T h e i r pres
ence i n the intermediate b a n d has been conf irmed b y amino a c i d analysis 
(42). O u r results suggest that B . thunngiensis produces t w o phenolates 
w h i c h conta in threonine. These phenolates are therefore different f r o m 
the prev ious ly descr ibed phenolates w h i c h conta in serine (45), lys ine 
(44), spe irn id ine a n d threonine (43), or g lyc ine (45) as the a m i n o a c i d . 

T h e uv -v i s ib le spec trum of the s l ow b a n d is c ompared w i t h that of 
its mo lybdate , tungstate, a n d F e ( I I I ) complexes i n F i g u r e s 4, 5, a n d 6 
respect ively . T h e dominant features of the complex spectra arise f r o m 
charge transfer bands ; the absorpt ion m a x i m a are l i s ted i n T a b l e I V . 

Figure 5. Absorption spectra of W04
2~ · slow band (upper trace) 

and the slow band (lower trace) 

T h e mo lybdate a n d tungstate s l ow b a n d spectra are s imi lar to those 
ob ta ined for mo lybdate a n d tungstate complexes of the fast a n d inter 
mediate bands, a n d they are s imi lar to the repor ted spectra of b i spheno-
late complexes of mo lybdate a n d tungstate ( 47, 48 ). 

Stab i l i t y constants were de termined f r o m spectrophotometr ic t i t r a 
t i o n data treated b y molar -rat io m e t h o d procedures . I n a l l cases only 
1:1 complexes were assumed to f o rm. T h u s , the m o l a r absorbtivit ies 
a n d the cond i t i ona l s tabi l i ty constants i n T a b l e I V reflect this assumption . 
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23. K E T C H U M E T A L . Reactions of Molybdenum 417 

Figure 6. Absorption spectra of Fe3+ · slow band (upper trace) 
and slow band (lower trace) 

F o r the m o l y b d a t e a n d tungstate complexes, the cond i t i ona l s tab i l i ty 
constants d i d not change over a p H range of 3.5-6. T h i s suggests a p H -
independent overa l l react ion l i k e that f o r m u l a t e d for other b isphenolate 
complexes, Reac t i on 3. I f this react ion is v a l i d , the stabil it ies i n T a b l e I V 
represent true f ormat ion constants rather than cond i t i ona l constants. T h e 
s tab i l i ty of the F e ( I I I ) complex has been de termined on ly at p H 5. 
S ince the m o l y b d a t e a n d tungstate data ind i ca te phenolate - coord inat ing 
groups, i t is reasonable to assume that R e a c t i o n 4 represents the F e ( I I I ) 
react ion . H e n c e , the F e ( I I I ) constant is a cond i t i ona l constant. 

Table IV. Characteristics of Slow Band and Its Complexes 

Species Xmax (nm) € log Κ Mol Wt 

Slow band 315 8500 1280 ± 50 
M o 0 4

2 ~ · slow band 328 9200 6.4 
- 3 7 0 7200 

W 0 4
2 " · slow band 333 14500 6.6 

F e 3 + · slow band 330 12400 6.3 
~ 580 4000 
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M 0 4
2 " + H 4 L -> M 0 2 L 2 " + 2 H 2 0 (3) 

F e 3 * + H 4 L - » F e L " + 4 Ι Γ (4) 

W e are not aware of any stabi l i ty constants reported for complexa -
t i o n of mo lybdate a n d tungstate w i t h natura l ly o c curr ing phenolates. 
There are several reports i n v o l v i n g stabil it ies of mo lybdate a n d tungstate 
w i t h s imple synthet ic phenolates (49,50,51). T h e range of these re 
por ted stabi l i ty constants varies b y about a factor of 100. O u r results 
l ie w i t h i n this range for each meta l species. 

T h e phys io log i ca l roles of the phenolates p r o d u c e d b y B . thuringien
sis are not k n o w n . N e i t h e r the s low b a n d nor the intermediate b a n d 
serves as the m o l y b d e n u m cofactor i n the i n v i t ro restoration of N A D P H -
nitrate reductase. I t is reasonable nevertheless to posulate that these 
compounds are excreted b y this organism i n nature a n d that under the 
appropr iate env i ronmenta l condit ions, these phenolates w i l l coordinate 
tungstate, ferr ic i r on , or molybdate . 

Select iv i ty of the meta l i o n to be coordinated m a y depend on the 
p H of the environment . F e r r i c i r on is extremely inso lub le at a lka l ine 
p H ' s since i t is present as ferr ic hydrox ide . T h i s is a c o m p e l l i n g a r g u 
ment for suggesting (52) that cells need to produce either phenolates 
or hydroxamates i n order to extract i r o n f r om a lkal ine soils. M o r e o v e r 
the react ion of phenolates w i t h ferr ic i r on is p H dependent a n d favored 
b y a lka l ine p H ' s (see Ref . 33). O n the other h a n d , m o l y b d e n u m is 
read i l y l eached f r om a c i d soils, greatly r e d u c i n g its ava i lab i l i t y to cells . 
S ince coord inat ion of mo lybdate to phenolates p r o b a b l y involves the 
r e m o v a l of water (47, 48), this react ion shou ld be less sensitive to p H 
than the coord inat ion of i r o n to phenolates. T h e cond i t i ona l b i n d i n g 
constants of the s low b a n d for ferric i r o n , mo lybdate , a n d tungstate at 
s l ight ly a c i d p H ' s suggest that there w o u l d be l i t t le or no m e t a l i o n 
select ivity (except for concentrat ion effects) at a c i d p H ' s . T h e chemistry 
of the interact ion between phenolates a n d b io l og i ca l l y important trace 
metals m a y therefore p l a y a large role i n de te rmin ing the phys io l og i ca l 
func t i on of the natura l l y p r o d u c e d phenolates. 

M o l y b d e n u m is essential to the format ion a n d act iv i ty of ass imi la -
tory nitrate reductases. Ce l l s must assimilate mo lybdate f r om the e n v i 
ronment , metabol ize m o l y b d e n u m i n some manner to f o r m active m o l y b 
d e n u m cofactor, a n d then incorporate i t into a large mo lecu lar w e i g h t 
pro te in so that i t can per form a reversible redox react ion w i t h nitrate . 
Investigations on the aqueous M o ( I I I ) m o d e l systems for nitrate reduc 
t i o n a n d the coord inat ion of mo lybdate b y natura l ly p r o d u c e d phenolates 
w i l l hope fu l ly l e a d to an unders tand ing of the complex process of m o l y b 
d e n u m acquisit ions b y a n d m o l y b d e n u m funct i on i n nitrate reductases. 
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24 
Preparation and X-Ray Structure of a 

Hydrazine-Bridged Dinuclear Molybdenum 

Complex [Mo(S 2 CN(C 2 H 5 ) 2 ) 2 (CO) 2 ] 2 N 2 H 4 . 

CH2Cl2 

J. A. BROOMHEAD and J. BUDGE 
Department of Chemistry, Faculty of Science, Australian National University, 
Canberra A.C.T. 2600, Australia 

J. H. ENEMARK, R. D. FELTHAM, J. I. GELDER, and P. L. JOHNSON 
Department of Chemistry, University of Arizona, Tucson, AZ 85721 

The reaction of hydrazine with bis(diethyldithiocarbamato)
-dicarbonylmolybdenum, Mo(S2CN(C2H5)2)2(CO)2, results in 
formation of the dimeric complex [Mo(S2CN(C2H5)2)2-
(CO)2]2N2H4, (1). The 1H NMR spectrum of 1 in CDCl 3 is 
consistent with the solid state composition. Determination 
of the structure of the CH 2 Cl 2 solvate of 1 by x-ray diffrac
tion has shown that the two crystallographically independent 
molybdenum atoms are asymmetrically bridged by the 
hydrazine ligand (Mol-N5=2.36(1) and Mo2-N6=2.44(1) 
Å). Each molybdenum atom is seven-coordinate, but their 
stereochemistries are not identical. The bridging hydrazine 
ligand is disordered about two well resolved positions, and 
the N-N distance is 1.44(2) Å. 

oord inated h y d r a z i n e has f requent ly been proposed as an intermediate 
^ i n the reduc t i on of coord inated d in i t rogen to a m m o n i a . ( See for exam
p l e Ref . 1 a n d references there in . ) A l t h o u g h h y d r a z i n e is k n o w n to f o r m 
a var ie ty of transit ion meta l complexes ( 2 ) a n d has been s h o w n to react 
w i t h several m o l y b d e n u m complexes (3 , 4), there is l i t t le de ta i l ed struc
t u r a l in f o rmat ion about discrete m e t a l complexes of hydraz ine . T w o 
recent reports (5 , 6 ) describe the preparat ion a n d structure de termina 
tions of two m o l y b d e n u m complexes der ived f r o m subst i tuted hydraz ines . 

421 
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4 2 2 B I O I N O R G A N I C C H E M I S T R Y II 

T h i s chapter describes the preparat ion a n d molecu lar structure of a 
c o m p o u n d , 1, i n w h i c h h y d r a z i n e itself is coord inated to t w o m o l y b 
d e n u m atoms. 

Experimental 

Preparation of [Mo(S2CN(C2H 5 )2)2(CO)2]2N2H4. M o l y b d e n u m 
hexacarbony l ( 1 g, 3.79 m m o l ) was p l a c e d i n a 250-ml three-necked flask 
fitted w i t h a magnet ic stirrer. A n i trogen stream was then passed through 
the flask a n d was m a i n t a i n e d throughout the preparat ion . A l l solvents 
used i n the preparat ion were thoroughly deoxygenated. D i ch lo romethane 
(20 m l ) was a d d e d a n d the suspension coo led i n an acetone -so l id C 0 2 

bath . D i b r o m i n e (0.61 g, 3.79 m m o l ) i n d ich loromethane (2 m l ) was 
a d d e d dropwise to the st i rred suspension. U p o n w a r m i n g to r o o m t e m 
perature, carbon monoxide was evo lved a n d d ibromote t racarbony lmo lyb -
d e n u m ( I I ) f ormed. D i ch l o romethane was a l l o w e d to evaporate i n the 
n i trogen stream before a d d i n g methano l (10 m l ) a n d then a so lut ion of 
s o d i u m diethyld i th iocarbamate-3 -hydrate ( 1.71 g, 7.58 m m o l ) i n m e t h a n o l 
(10 m l ). D i ch l o romethane ( ~ 15 m l ) was a d d e d to the prec ip i ta ted 
mixture of d i - a n d t r i carbony l complexes ( 7 ) , a n d the solut ion was 
st i rred for about 10 m i n . H y d r a z i n e - 1 - h y d r a t e 9 9 % w / w (0.15 g, 3 
m m o l ) i n methano l (1 m l ) was next a d d e d s lowly . Immedia te ly the 
so lut ion became dark red , a n d a br ight r e d crystal l ine product ( 1 ) was 
obta ined . 

T h e react ion vessel was transferred to a glove-box a n d the produc t 
r e m o v e d b y filtration under ni trogen. T h e product was washed w i t h 
m e t h a n o l (3 X 10 m l ) a n d disso lved i n d i ch loromethane ( 10 m l ) to 
w h i c h a drop of hydraz ine -1 -hydrate h a d been added . T h e a d d i t i o n of 
methano l (50 m l ) resulted i n the format ion of crystals of 1. A f t e r w a s h i n g 
w i t h methano l (3 X 10 m l ) a n d d r y i n g at 0° for 8 hr i n v a c u u m , the 
y i e l d was 0.98 g ( 5 6 % based on M o ( C O ) 6 ) . 

Analytically calculated for C24H44M02N6O4S8 : 
C , 31.03; H , 4.78; N , 9.05; S, 27.61 

Found : C , 30.94 ; H , 4.92 ; N , 9.13; S, 27.83 

T h e in f rared spectrum of c o m p o u n d 1 ( K B r discs) showed bands 
at 3125 ( „ N n ) ; 1930(s) a n d 1845(s) c m " 1 , ( v c o ) . T h e C ^ _ i N , N C 2 , 
a n d C S 2 bands were also present at 1500(s ) , 1 1 4 9 ( m ) , a n d 1002(m) 
c m " 1 . T h e Ή N M R spectrum (100 m H z ) i n C D C 1 3 ( F i g u r e 1) consists 
of a tr ip let (8,1.26), quartet (8,3.71), a n d singlet (8,5.07) w i t h integrated 
intensities of 6 :4 :1 , i n agreement w i t h the sto ichiometry [ M o ( S 2 C N -
( C 2 H 5 ) 2 ) 2 ( C O ) 2 ] 2 N 2 H 4 . 

Crysta ls suitable for x-ray structure determinat ion were g r o w n s l owly 
( ~ 1 h r ) f r o m d ich loromethane b y the gradua l a d d i t i o n of m e t h a n o l 
u n t i l inc ip ient crysta l l i zat ion . U n d e r these condit ions the crystals ob
ta ined conta ined one molecule of d ichloromethane per molecule of 1. 
T h e d ich loromethane of c rysta l l i zat ion was lost u p o n s tanding i n a ir or 
b y d r y i n g i n a v a c u u m (v ide s u p r a ) . T h e solvated crystals of 1 were 
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π 
8 7 6 5 4 

6ppm 
3 2 

Figure 1. The proton magnetic resonance spectrum of 1 in CDCl3 

stable indef inite ly w h e n sealed i n a cap i l lary under n i trogen saturated 
w i t h d ichloromethane vapor . 

Structure Determination. A crystal of 1 was sealed i n a 0.3 m m 
glass cap i l lary i n n i trogen atmosphere saturated w i t h C H 2 C 1 2 . P r e l i m 
i n a r y x-ray di f fraction pictures showed that the crystal was t r i c l i n i c w i t h 
probab le space group P I . T h e data crystal also conta ined one molecu le 
of C H 2 C 1 2 per f o r m u l a uni t of 1. T h e ce l l parameters are s u m m a r i z e d i n 
T a b l e I . A tota l of 7578 independent reflections h a v i n g 20 < 50° were 
co l lected u s i n g M o K a rad iat ion . There were 6129 reflections w i t h F 0

2 

> 3 a ( F G
2 ) . T h e positions of the two m o l y b d e n u m atoms were deter

m i n e d f rom a Patterson funct ion , a n d the r e m a i n i n g atoms were located 
b y successive least-squares refinements a n d difference electron density 
maps. These maps revealed that 1 was d i m e r i c a n d contained the 
M o - N - N - M o l inkage . H o w e v e r , the two b r i d g i n g n i trogen atoms were 
statist ical ly d isordered among four positions. These positions were c o m 
pat ib le w i t h models la a n d lb. I n order to a v o i d a p r e j u d i c i a l choice of 
either m o d e l a n d to m i n i m i z e c o m p u t i n g t ime, an unconstra ined refine
ment of the n i trogen atom disorder was carr i ed out. 

T h i s refinement i n d i c a t e d that m o d e l la was pre ferred a n d that the 
re lat ive occupancies of the Ν a n d N ' positions were 65:35. A final differ
ence m a p f rom this refinement also revealed the presence of 31 of the 44 

l a lb 
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424 BIOINORGANIC CHEMISTRY II 

Table I. Crystal Data for [ M o ( C O ) 2 ( S 2 C N E t 2 ) 2 ] 2 N 2 H 4 · C H 2 C l 2 

a 13.872 (7) A 
b 14.145(13)A 
c 13.695 (9) Â 

118.50(5)° 
β 103.28(3)° 
y 65.76 (4) ° 

Space group PI 
Ζ 2 
dobs 1.56(1) g e m ' 3 

d c a i c d 1.57 g c m " 3 

possible h y d r o g e n atoms of the e thy l groups. T h e h y d r o g e n atoms were 
i n c l u d e d as fixed contr ibutions i n the final least-squares refinement w h i c h 
gave R, = ( S | | F 0 | - | F C | | ) / S | F 0 | = 0.058 a n d R2 = [ 2 w ( F 0 - F c ) V -
2 w F o 2 ] i / 2 _ 0 0 8 5 ) f o r t h e 6 1 2 9 d a t a w i t h F o 2 > 3 ( 7 ( F o 2 ) < x h e s tandard 

dev iat ion of an observation of un i t w e i g h t was 3.35. ( F o r tables of final 
a tomic parameters a n d a l ist of F 0 a n d F c , see Ref . 8 ) . 

0(4) 

Figure 2. Perspective view of the structure of J. Both positions of the 
disordered bridging hydrazine ligand are shown. The ethyl groups of 
the dedtc ligands and the H atoms on the Ν2Η^ groups have been omitted 

for clarity. 
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Results and Discussion 

T h e n u m b e r i n g scheme a n d a perspective v i e w of 1 i n c l u d i n g b o t h 
positions of the d isordered N 2 H 4 moiety are shown i n F i g u r e 2. E a c h 
m o l y b d e n u m atom of the d i m e r is seven-coordinate w i t h the coord inat ion 
sphere consist ing of two adjacent c a r b o n y l groups, four sulfur atoms 
f r o m two d ie thy ld i th iocarbamate (dedtc ) l igands, a n d one ni trogen atom 
f rom the b r i d g i n g hydraz ine l i gand . T h e geometry about each m o l y b 
d e n u m atom is best understood b y first examining the geometry of the 
two crysta l lographica l ly independent M o ( d e d t c ) 2 ( C O ) 2 fragments of 
the d imer . C o m p a r i s o n of the interatomic distances a n d angles of the 
two M o ( d e d t c ) 2 ( C O ) 2 fragments (Tables I I a n d I I I ) shows that their 
geometries are essentially ident i ca l . T h e four sul fur atoms about each 
m o l y b d e n u m are coplanar. T h e m a x i m u m deviat ion of a sul fur atom f r o m 
the p lane S I , S2, S3, S4 is 0.028 À; the m a x i m u m deviat ion of a sul fur 
a tom f rom p lane S5, S6, S7, S8 is 0.004 A . H o w e v e r , the in ter l i gand 
S - M o - S angles are grossly d iss imi lar as shown i n I I . 

E a c h m o l y b d e n u m atom is d i sp laced ~ 0 . 4 A f rom its t rapezo ida l 
p lane of sul fur atoms t o w a r d the carbony l groups, a n d the M o ( C O ) 2 

uni t forms a p lane w h i c h is near ly n o r m a l to the corresponding p lane of 
sul fur atoms. F i g u r e 3 presents a v i e w of the or ientat ion of the M o ( C O ) 2 

Table I I . Selected Bond Distances in 
[ M o ( C O ) 2 ( S 2 C N ( C 2 H 5 ) 2 ) 2 ] 2 N 2 H 4 · C H 2 C l 2 

A-B Distance (A) A-B Distance (Â) 

M o l - S l 
M o l - S 2 
M o l - S 3 
M o l - S 4 
M o l - N 5 

2.513(3) M o 2 - S 5 
2.515(2) M o 2 - S 6 
2.524(3) M o 2 - S 7 
2.508(2) M o 2 - S 8 
2.366(9) M o 2 - N 6 
2.44(2) M o 2 - N 6 ' 
1.910(7) M o 2 - C 2 3 
1.930(7) M o 2 - C 2 4 
1.44(2) N 5 ' - N 6 ' 
1.178(8) C 2 3 - 0 3 
1.175(8) C 2 4 - 0 4 
1.707(7) S 5 - C 1 3 
1.692(8) S 6 - C 1 3 
1.322(9) C 1 3 - N 3 
1.55(1) N 3 - C 1 4 
1.87(2) N 3 - C 1 6 
1.51(2) C 1 4 - C 1 5 
1.21(2) C 1 6 - C 1 7 
1.709(7) S 7 - C 1 8 
1.699(7) S 8 - C 1 8 
1.324(8) C 1 8 - N 4 

2.524(2) 
2.522(4) 
2.510(4) 
2.507(2) 
2.44(1) 
2.34(2) 
1.939(8) 
1.934(7) 
1.44(3) 
1.160(8) 
1.158(8) 
1.702(7) 
1.711(7) 
1.324(8) 
1.48(1) 
1.44(1) 
1.48(1) 
1.52(1) 
1.711(8) 
1.697(8) 
1.329(9) 

M o l - N 5 ' 
M o l - C l l 
M o l - C 1 2 
N 5 - N 6 
C l l - O l 
C 1 2 - 0 2 
5 1 - C l 
5 2 - C 1 
C l - N l 
N 1 - C 2 
N 1 - C 4 
C 2 - C 3 
C 4 - C 5 
5 3 - C 6 
5 4 - C 6 
C 6 ^ N 2 
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426 BIOINORGANIC C H E M I S T R Y II 

Table III. Selected Bond Angles in 
[ M o ( C O ) 2 ( S 2 C N ( C 2 H 5 ) 2 ) 2 ] 2 N 2 H 4 · C H 2 C l 2 

A-B-C Angle (°) A-B-C Angle (°) 

S l - M o l - S 2 68.67(9) S5-Mo2-S6 68.50(9) 
S 3 - M o l - S 4 68.58(9) S7-Mo2-S8 68.72(10) 
S l - M o l - S 3 155.77(7) S5-Mo2-S8 157.80(7) 
S l - M o l - S 4 95.21(9) S5-Mo2-S7 96.30(10) 
S 2 - M o l - S 3 120.49(9) S6-Mo2-S8 120.14(9) 
S 2 - M o l - S 4 157.40(7) S6-Mo2-S7 157.94(7) 
S l - M o l - N 5 77.4(3) S5 -Mo2-N6 85.4(2) 
S 2 - M o l - N 5 83.0(2) S6 -Mo2 -N6 73.1(2) 
S 3 - M o l - N 5 81.5(3) S7 -Mo2 -N6 90.4(3) 
S 4 - M o l - N 5 77.9(3) S8 -Mo2-N6 78.7(2) 
S l - M o l - N 5 ' 92.9(6) S 5 - M o 2 - N 6 ' 73.6(5) 
S 2 - M o l - N 5 ' 77.4(5) S 6 - M o 2 - N 6 ' 84.8(5) 
S 3 - M o l - N 5 ' 69.5(5) S 7 - M o 2 - N 6 ' 75.3(5) 
S 4 - M o l - N 5 ' 88.1(5) S 8 - M o 2 - N 6 ' 86.5(4) 
S l - M o l - C l l 81.0(2) S5-Mo2-C24 82.1(2) 
S 2 - M o l - C l l 110.2(2) S6-Mo2-C24 111.2(2) 
S 3 - M o l - C l l 112.7(2) S8-Mo2-C24 110.2(2) 
S 4 - M o l - C l l 81.4(2) S7-Mo2-C24 81.0(2) 
S l - M o l - C 1 2 126.2(2) S5-Mo2-C23 126.5(2) 
S 2 - M o l - C 1 2 78.2(2) S6-Mo2-C23 78.5(2) 
S 3 - M o l - C 1 2 77.9(2) S8-Mo2-C23 75.6(2) 
S 4 - M o l - C 1 2 124.4(2) S7-Mo2-C23 123.2(2) 
N 5 ' - M o l - C l l 167.2(6) N 6 - M o 2 - C 2 4 163.9(3) 
N 5 - M o l - C l l 148.4(4) N6 ' -Mo2 -C24 143.5(6) 
N 5 ' - M o l - C 1 2 120.1(7) N6 -Mo2-C23 124.0(3) 
N 5 - M o l - C 1 2 139.4(4) N 6 ' - M o 2 - C 2 3 144.5(6) 
C l l - M o l - C l 2 72.2(3) C23-Mo2-C24 72.0(3) 
N 5 - M o l - N 5 ' 19.4(5) N 6 - M o 2 - N 6 ' 20.6(5) 
M o l - N 5 - N 6 124.3(7) M o 2 - N 6 - N 5 120.3(7) 
M o l - N 5 ' - N 6 ' 119(1) M o 2 - N 6 ' - N 5 ' 125(1) 
M o l - C l l - O l 177.8(6) Mo2-C24 -04 177.&(6) 
M o l - C 1 2 - 0 2 177.0(6) Mo2 -C23 -03 178.6(6) 
M o l - S l - C l 88.9(3) Mo2-S5-C13 89.5(2) 
M o l - S 2 - C l 89.2(3) Mo2-S6-C13 89.3(3) 
M o l - S 3 - C 6 89.0(2) Mo2-S7-C18 89.2(3) 
M o l - S 4 - C 6 89.8(2) Mo2-S8-C18 89.6(3) 
S1-C1-S2 113.1(4) S5-C13-S6 112.6(4) 
S3-C6-S4 112.6(4) S7-C18-S8 112.4(4) 
S l - C l - N l 122.1(6) S5-C13-N3 124.8(5) 
S2 -C1 -N1 124.8(6) S6-C13-N3 122. (6) 
S 3 - C 6 - N 2 124.0(5) S7-C18-N4 124.4(6) 
S4 -C6 -N2 123.4(5) S8-C18-N4 123.2(6) 

f ragment of M o l w i t h respect to its p lane of sul fur atoms a n d shows that 
the fragment is cocked i n s u c h a w a y that C 1 2 lies over the S2,S3 edge 
of the t rapezo ida l p lane. E a c h of the M o ( d e d t c ) 2 ( C O ) 2 fragments has 
approximate C s symmetry . 
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24. BROOMHEAD E T A L . Dinuclear Molybdenum Complex 427 

T h e unusua l feature of the structure of 1 is the presence of two 
equivalent M o ( d e d t c ) 2 ( C O ) 2 fragments of C s symmetry w h i c h coord i 
nate to the b r i d g i n g hydraz ine l i g a n d to produce two different seven-
coordinate stereochemistries about the m o l y b d e n u m atoms w i t h t w o 
different M o - N distances. F i g u r e 3 shows these two stereochemistries 
about M o l . Geometries a a n d b occur i n a 65:35 ratio for M o l because 
of the disorder of the b r i d g i n g hydraz ine l i g a n d . Geometry a has M o l - N 5 
= 2.37 A . T h e M o l - N 5 vector approx imate ly bisects the C l l - M o l - C 1 2 
angle a n d is near ly perpend i cu lar to the p lane of the four sul fur atoms. 
I n geometry b atom N 5 ' is more nearly trans to one of the carbony l groups 
( N 5 ' - M o l - C l l = 167° ) a n d M o - N 5 ' = 2,44( 1) A . V e r y s imi lar coor
d inat i on geometries are adopted b y M o 2 except that for M o 2 , geometries 
a a n d b occur i n a 35:65 ratio rather than the 65:35 ratio f o u n d for M o l . 
T h u s , each molecule of 1 contains one m o l y b d e n u m atom w t i h coord ina 
t i on geometry a a n d one m o l y b d e n u m atom w i t h coord inat ion geometry 
b , a n d the data crystal contains I l i a a n d I H b i n a 65:35 ratio . 

F u r t h e r evidence that I l i a a n d I H b are the pre ferred descriptions of 
the d isorder is p r o v i d e d b y examin ing the other possible N - N vectors 

α b 
Figure 3. Diagram of the two disordered stereochemistries of 

the inner coordination sphere about Mol. 
The Mol(CO)tN plane is in the plane of the paper, and the S1-S4 
plane is normal to the plane of the paper. For Mol geometries a and 
b occur in a 65:35 ratio. The coordination geometries about Mo2 
are very similar. Maximum deviations from the weighted least-squares 
planes are: Mol(CO)2N5 (C12 = 0.007 A); Mol(CO),N5' (N5' = 
0.143 A); Mo2(CO),N6 (N6 = 0.070 A) and Mo2(CO)2N6' (N6f = 
0.021 A). The angles between planes are S1-S4: Mol(CO),N5 = 
90.2°; S1-S4: Mol(CO),N5' = 90.3°; S5-S8: Mo2(CO),N6 == 91.4°; 
S5-S8: Mo2(CO),N6' = 91.4°. The angles about Mo2 appear in 

Table III; Mo2 is 0.40 À out of the S5-S8 plane. 
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428 BIOINORGANIC C H E M I S T R Y II 

a m o n g the four w e l l reso lved positions for the two ni trogen atoms. T h e 
other combinat ions : N 5 - N 5 ' = 0 .81(2 ) ; N 5 - N 6 ' = 1.60(2); N 5 - N 6 = 
1.02(2), a n d N 6 - N 6 ' = 0.87(2) A are a l l phys i ca l l y unreasonable for 
N - N distances. 

B o t h k inds of M o - N distances i n 1 are substantial ly longer than the 
M o - N distance of 2 . 2 6 ( 2 ) A observed for the M o ( I I ) complex ( v — C 5 H 5 ) -
M o ( C O ) 2 ( C O C H 2 C H 2 N H 2 ) ( 9 ) . T h e l ong M o - N distances i n 1 suggest 
that the hydraz ine l i g a n d m a y be w e a k l y coord inated to the two M o -
( d e d t c ) 2 ( C O ) 2 units . W e a k coord inat ion of the hydraz ine l i g a n d i n 1 
c o u l d also account for the surpr i s ing result that the positions of the other 
atoms i n the coord inat ion sphere do not appear to be detectably different 
for the two modes of attachment of the b r i d g i n g hydraz ine l i g a n d . T h e 
c o m p o u n d [ (7ρ-α 5 Η5 )Μο(ΝΟ)Ι (ΝΗ 2 ΝΗα6Η5)]ΒΡ4 contains a d ihapto -
p h e n y l h y d r a z i n e l i g a n d w i t h M o - N distances of 2.184 a n d 2.183 A ( 5 ) . 

T h e tors ional angles of the M o l - N 5 - N 6 - M o 2 a n d M o l - N 5 ' - N 6 ' - M o 2 
moieties are 152° a n d 156°, respectively . T h e N - N distance of 1.44(2) A 
is s imi lar to the 1.46 A f o u n d i n [ Ν 2 Η δ ] [ Ν 3 ] ( 10 ) . 

T h e C H 2 C 1 2 of c rysta l l i zat ion is w e l l separated f r o m the m o l y b d e n u m 
a n d n i trogen atoms of the hydraz ine complex. T h e r e are no obvious 
p a c k i n g interactions w h i c h appear to be responsible for the two different 
m o l y b d e n u m coord inat ion geometries. 

F i n a l l y , i t is of interest to compare the stereochemistries about M o l 
a n d M o 2 w i t h the i d e a l i z e d coord inat ion geometries for seven-coordinate 
M ( b identate ) 2 ( unidentate ) 3 complexes ( I I ) . T h e two coord inat ion 
geometries of the m o l y b d e n u m atoms of 1 ( F i g u r e 3 ) are intermediate 
be tween i d e a l i z e d pentagonal b i p y r a m i d a l stereochemistry ( I V a ) a n d 
i d e a l i z e d m o n o c a p p e d t r igona l pr i smat i c geometry ( I V b ) . G e n e r a l l y 
stereochemistry I V a is f avored b y l igands such as dedtc w i t h s m a l l nor -
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24. BROOMHEAD E T A L . Dinuclear Molybdenum Complex 429 

Ο 

c ο c c° 

oc 
Ν 

IVa IVb 

m a l i z e d bite angles (1 .12) . H o w e v e r , i t was suggested (11) that IVb 
w i l l become increasingly favored as the c h e m i c a l differences be tween the 
unidentate a n d bidentate l igands increase. 

T h e u n u s u a l structure of 1 a n d k n o w n react iv i ty of M o ( d e d t c ) 2 ( C O ) 2 

compounds w i t h a var iety of s m a l l molecules (7, 12) i n a d d i t i o n to 
h y d r a z i n e suggest that further c h e m i c a l a n d s tructura l studies of these 
a n d re lated M o ( I I ) complexes m a y prov ide a d d i t i o n a l ins ight concerning 
the b i n d i n g of s m a l l molecules b y l o w valent m o l y b d e n u m compounds . 
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spectral data for blue copper 

proteins 148, 149 
Acetate complex, M n ( I I I ) - 332 
Acetate, M o ( III ) - E D T A - 412 
μ-Acetato bridge 414 
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entropies 133, 161 
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A c t i v e site(s) 277 ,278 
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l igand structure at the 108 
role of protein moiety 275 
structure 253 ,255 

A d e n i n e 356 
A d i a b a t i c reactions 164 
Adsorpt ion of Φ80 to Escherichia 

colt K -12 14 
Aerobacter aerogenes 6, 9 
A g a r m e d i u m ( I P A M ), iron-poor . 57 
Agar-plate diffusion test 57 
Alanine 416 
A l b o m y c i n 10-12 
Alcaligenes faecalis a z u r i n . . 181 ,183 , 186 
A l d e h y d e oxidase . . . .356, 369, 379, 394 
Aldehydes , oxidation of 232 
A l g a , blue-green (Spirulina) . . . . 244 
A l k y l thiols 218 
Alloxanthine 378 

study 367 
A m i n e ( s ) 218 

hydrogen , proposed ionization 
of the 300 

A m i n e ( s ) (continued) 
hydrogens from C u ( III ) -pept ide 

complexes, coordinated . . . 298 
A m i n o acid sequence of bovine 

erythrocyte S O D 252 
A m i n o acid sequences of 

ferredoxins 234 ,238 
D - A m i n o ac id oxidase 324 
o-Aminobenzenethiol 371 
A m m o n i a , coordinated dinitrogen 

reduction 421 
A m p l i t u d e analysis, relaxation . . . 192 
Anabaena species 6, 355 
A n a t i o n studies 168 
Anautosequestric microbes 66 
A n e m i a , sideroblastic 89 
A n i m a l ( s) 

acquired hypoferremia i n 
vaccinated 68 

flavoproteins and redox 
stoichiometry 313 

to intestinal infections, 
resistance of newborn . . . . 75 

i r o n - b i n d i n g proteins of 56 
iron neutralization of tubercu-

lostasis in vaccinated 69 
A n i o n b i n d i n g 108 ,110 

of galactose oxidase 267 
site of transferrin 121 
sites, spatial relationships of the 111 

Anisotropy factor, K u h n 150 
Antibiot ic , mutants resistant 

to the 11, 12 
Antibodies to specific ferredoxins . 240 
Antimycobacteria l activity of 

immune sera, acquired 68 
A p o e n z y m e 275 
Apoprote in , tungsten-induced . . . 391 
Apparent equi l ibr ium constant . . . 193 
Aprot ic media 333 
Arthrobacter J G - 9 7 
Asp-ala-his - lys 287 
Aspergillus 414 

nidulans 357 ,392 
Assimilation, microbial iron 4, 8 
Association constants 193, 194 
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432 BIOINORGANIC C H E M I S T R Y II 

Autoreduction 209 
of Fe(III) porphyrins 207,211 

Autosequesteric microbes 66 
Axial coordination to Cu(II)— 

peptide complexes 285 
Axial ligand, effect of 217 
Azoferredoxin 358 
Azotobacter 

I 230 
III 228 
vinelandii 355, 392 

molybdenum accumulation in 406 
molybdenum-iron protein of . 396 

Azurin 181 
Alcaligenes faecalis 183,186 
d-level energies for 148 
Pseudomonas aeruginosa . . . . 145,183 

difference absorption 
spectrum of 183 

electron transfer profile of . . 189 
-hexacyanoiron(II/III) 191 

(I /II) -Fe(CN) 6
4 - / 3 - system . . 195 

reduction, kinetic studies of . . . 151 

Β 

B. stearothermophilus 246 
Bacillary growth, degrees of 60 
Bacillus 230 

subtilus 9 
thuringiensis 414 

Bacteria 
aerobic prokaryotes from 

photosynthetic 248 
avirulent and virulent 72 
in bovine serum 65 
effects of mammalian sera on . . 58 
enteric ( see Enteric bacteria ) 
enterochelin production by 

growing 64 
inocula, effects of 65 
molybdenum in nitrogen-fixing. . 402 
photosynthetic electron 

transfer in 232 
in serum, growth of virulent . . 70 

Bacterial 
growth on microbiostatic serum-

medium mixture 67, 73 
parasites, siderophores of 56 
siderophores, production of . . . 66 
viability, effect of iron-

starvation on 65 
virulence, potentiating effect of 

iron on 74 
Bacterium, red non-sulfur 240 
Barrier(s) 

activation 194 
entropy 196 
Franck-Condon 128 
intrinsic electron transfer 167 
penetration 132 

Basicity, porphyrin 217 

Bean plastocyanin ( Phaseolus 
vulgaris ) 145 

Bicarbonate 105 
Binding 

anion 108 
by intact rat liver mitochondria 81 
mode for alloxanthine 378 
to its receptor, transferrin after 119 
sites, spatial relationships of 

the anion and metal I l l 
Biochemical reactions, iron stress-

response mechanism on 100 
Biochemical significance of the 

iron transporting system of 
mitochondria 88 

Bioinorganic views on flavin-
dependent one-electron 
transfer 312 

Biomolecules, copper-containing . . 125 
Biomolecules, molybdenum-

containing 351 
Bio-redoxpotentials 324,325 
Biosynthetic pathway from 

chorismate to enterobactin . . 8 
4,4'-Bypyridine 138,139 
/x-4,4'-Bipyridinebis ( penta-

amineruthenium ) 132 
Bipyridyl complex, Mn(III, IV) . . 347 
Bis-cyano Fe(III) complex 220 
Bis-cyano porphyrins 216 
Bis( piperidine ) tetraphenyl-

phorphorinatoiron(II ) 209 
Blue copper protein ( see Copper 

protein, blue) 
Blue-green alga (Spirulina) 244 
Bond 

angles, selected 426 
distances, selected 425 
iron-protein 108 

Bos 244 
Bovine erythrocyte SOD 251,252 

activity 258 
amino acid sequence of 252 
ethoxyformylation of histidyl 

residues in 256 
Bovine serum, bacteria in 65 
Br0nsted-Bjerrum plot for horse-

heart cytochrome c reactions 160 
Bridge-splitting mechanism for 

bovine SOD activity 258 
Bridging groups 137 
Bulk, reactant 132 

C 

C e symmetry 426 
Calcium 89 
Ca 2 + on the iron accumulation by 

rat liver mitochondria, 
effect of 83 

Carbohydrate chains of transferrin 106 
Carbon 

dioxide fixation 232 
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Carbon (continued) 
metabolism, one- 232 
monoxide 396 

Carbonate 105 
complex, Fe-transferrin- 120 

Catalase reactions 242 
Catalyst, oxidation-reduction . . . . 330 
Catalysts, respiratory 174 
Catechol ( o-dihydroxybenzene ) 34, 340 

complexes, metal 49 
complexes, simple 42 
-containing siderophore— 

enterobactin 38 
titration experiment, ferric- . . . 52 

Catecholate formation constants, 
ferric- 50 

Catecholate siderophores 42 
Cattle, retina of 244 
CD band, rotational strength of a 150 
CD spectra 185 

for blue copper proteins . . . . 148,149 
of DNA 309 

Cell 
differentiation 88 
-wall associated LPS 72 
-wall associated siderophores . . 71 

Center hypothesis for le~/2e~-
"transformase" activity, three 314 

Centers of iron-sulfur proteins, 
active 239 

Ceruloplasmin 176 
Chain length 308 

on changes in rotation, effect of 308 
Chaotropic agents such as DMSO 237 
Charge 

distribution 159 
transfer process 146 
trapping by the orientation of 

solvent molecules 132 
Charged reactants, negatively and 

positively 162,163 
Chelate(s) 

flavin metal 320 
flavoquinone 320 
iron 34,79 

Chemical change, reactions 
accompanied by a net 161 

Chemical factors in absorption and 
transport of iron by plants, 
genetically controlled 93 

Chloramphenicol 406 
Chlorobium 228,242,244 
Chloroplasts 237,331 
Chlorotetraphenylporphyrina-

toiron(III) 209 
Chorismate 8 
Chromatium 228, 230, 242, 244, 355 
Chromic 

desferriferrioxamine Β 44 
enterobactin 

Δ-cis isomer of 40 
comparison with 45 
configurations of 46 

Chromic (continued) 
ferrichrome complexes 42 
ferrichrome, configurations of.. 46 
ferrioxamine complexes 42 
ion in siderophores 39 

Chromium (III) deferriferrichrome 17 
Chromophore, copper 187 
Citrate increase in roots 98 
Clostridium 228, 230, 242, 244 

pasteurianum 355,361 
welchii 73 

Cobalt-ligand bond 138 
Co (II) protein derivatives 147 
Co (III) complexes of ligands, 

pentaamine— 135 
C odium 244 
Colicin(s) 

interaction, siderophore-phage— 9 
M, ferrichrome protection 

mechanism against 15 
M receptor 29 
with membrane systems, 

interactions of 24 
nonspecific siderophore protec

tion against the Β group . . 16 
for the outer membrane receptor 

in the enteric bacteria . . . . 15 
resistance in ton mutants of 

Escherichia colt K-12 12 
Colostrum 75 
Conalbumin receptor molecule . . . 119 
Conductivity of the medium . . . . 128 
Conformational changes, 

cytochrome c 169 
Conformer, crevice-opened 168 
Coordinated amine hydrogens from 

Cu( III )-peptide complexes . . 298 
Coordinating compounds, naturally 

produced molybdenum 414 
Coordinating groups on E° of 

C u n i , n couples, effect of . . . 297 
Coordination 

chemistry, molybdenum 370 
environment of the iron 169 
sphere of the blue copper 187 

Copper 
absorbance spectrum of galactose 

oxidase 270 
chromophore 187 
-containing biomolecules 125 
in enzyme kinetics and 

mechanism 254 
metabolism, diseases of 263 
on nucleic acid and nucleo-

protein conformation, 
effect of 304 

-pentaglycine solutions 295 
proteins 251 

blue 264 
absorption and CD spectral 

data for 148, 149 
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Copper proteins, blue ( continued ) 
cysteine and methionine in 

the coordination 
sphere of 187 

electron transfer cross-
reaction and self-
exchange rate constants 
for 153 

electron transfer pathways 
in 179 

by Fe(EDTA) 2 " , reduction 
of 151 

low 264 
optical properties of 188 
spectroscopy of 182 
structure and electron 

transfer reactions of 145, 153 
sulfur ligand in the 187 

reduced 184 
reduction potentials of 255 

Cu(H-2gly-gly-gly) 281 
Copper (II) 

complexes, 4- and 5-coordinate. . 269 
complexes, imidazolate-bridged. 259 
cooperative disordering of 

polynucleotides by 308 
d-d absorption band 285 
on DΝA-polylysine complexes, 

effects of 309 
electron exchange reaction 

between Cu(III) and 300 
-induced changes in rotation . . . 308 
-induced disordering 307 
-peptide complexes 281 

axial coordination to 285 
stability and deprotonation 

constants for 286 
substitution kinetics of 288 

site in galactose oxidase 263 
sites in protein 263 
-tetraglycine complex 293 
-tetraglycine G 4 282 
transfer from serum albumin . . 291 
tripeptide complexes 281 

Copper (III) 
complexes, ultraviolet and visible 

absorption bands of 283 
electron exchange reaction 

between Cu(II) and 300 
-peptide complexes 281,283,292 

loss of coordinated amine 
hydrogens from 298 

-peptide solutions, iridium from 296 
Copper 1 1 1 1 1 couples 

effect of coordinating groups on 
E° of 297 

effect of N-formyl derivatization 
on E° of 297 

effect of R-group ligand substi
tution on the Ε ° of 298 

electrode potentials (vs. 
NHE) for 296 

Crevice-opened conformer 168 

Crevice opening step, heme- . . . . 169 
Cross-reaction(s) 161 

Marcus correlation of the rates of 130 
rate constants for blue copper 

proteins, electron transfer . . 153 
Crosslinking of polynucleotides . . . 306 
Crystal data 424 
Crystal structure of the ferri-

chrome siderophores 6 
Cyanide 

complex (es) 219,412 
-insensitive SOD 246 
ion concentration 216 
ion, oxidation of 212 
nucleophilic attack on the 

coordinated 217 
tetramer 217 

Cyclic voltammetry 297 
Cyclotri-2,3-dihydroxy-N-

benzoyl-L-serine 7 
Cysteine in the coordination sphere 

of the blue copper 187 
Cysteine sulfur coordination in 

stellacyanin 150 
Cytochrome(s) 207 

fc557 398 
c 84,162,163 

conformational changes 169 
electron transfer reactions 

of 156,162,163 
oxidation-reduction reactions 169 
reactions, horse-heart 160 
structure of 157 
with transition metal complexes 

and metalloproteins, 
reactions of 156 

551 154 
P-551 180 

oxidase 173 
reduction mechanism 170 

Cytosolic iron donor 86 
Cytosolic proteins 79 

D 
d-level energies for plastocyanin 

and azurin 148 
d-d absorption band, Cu(II) 285 
d-d transitions 146 
D 3 molecular point symmetry . . . . 49 
5-Deazaflavin 321,324 

nicotinamide character of 322 
radicals 322,323 

5,5-Deazaflavin 317 
Deferriferrichrome, Cr(III) 17 
Dehydrogenases 313,314 
Deprotonated (acidic) ligand 

effect 371 
Deprotonation constants for 

Cu( II) -peptide complexes . . 286 
Desferoxamine 110 

methane sulfonate 109 
Desulfovibrio 230,242,244 
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I N D E X 435 

Deutero complex, Ν- 373 
8-Deuteroxanthine 367 
Diaminocyclohexanetetraacetate 

complex, Mn(III)- 333 
Diastereoisomers 41 
Dideuterium 363 
Diethanolamine 340 
Diethyldithiocarbamate ( dedtc ) 

ligands 425 
Diethylpyrocarbonate ( DEP ) . . . . 255 
Difference absorption spectrum of 

Ps. aeruginosa azurin 183 
Differentiation, cell 88 
Diffusion test, agar-plate 57 
1,5-Dihydro-5-deazaflavin-5-

carboxylate 322 
1,8-Dihydroflavin 317 
Dihydrogen 

evolution reaction 381 
in molybdoenzymes 353 
reactions of nitrogenase 360,361 

Dihydronicotinamides 325 
o-Dihydroxybenzene ( catechol ) . . 34 
2,3-Dihydroxybenzoate 340 
2,3-Dihydroxybenzoic acid . . .9, 28, 415 
2,3-Dihydroxy-N-benzoyl-Z-serine . 38 
Dihydroxylated ligands, aromatic . 340 
4,5-Dihydroxy naphthalene 2,7-

disulfonate 340 
Dimer, oxo-bridged 223 
Dimers, flavin 318,319 
Dimethylsulfoxide 236 
Dinitrogen 

inhibition studies, acetylene- . . 382 
intermediates in the fixation of 363 
reduction 363 

to ammonia 421 
Dinuclear sites 373, 374 
Di-μ-οχο bis-dipyridyl complex, 

Mn( 111,1V)- 333 
Di-μ-οχο bridging 346 
Dioxygen 324 

functional reduction of 203 
reduction intermediates 199 

Dipole strength 150 
Diseases of copper metabolism . . . 263 
Disordering 

Cu( II) -induced and thermal . . 307 
effect of polymer concentration 

on 307 
of polynucleotides by Cu(II), 

cooperative 308 
Dissociation rate constants, first-

order 289 
Dithiocarbamate(s) (DTC) 374 

complexes of manganese 334 
complexes of molybdenum . . . . 371 
compounds of Mo(IV), Mo(V), 

and Mo(VI) with 370 
ligands 371 

Dithionate 324,325 
Dithiophosphate 374 
DMSO, chaotropic agents such as 237 

DNA, ORD and CD spectra of. .309, 310 
DNA-polylysine complexes . . . .309, 310 

Ε 
E° of copper1 1 1'1 1 couples 

effect of coordinating groups on 297 
effect of N-formyl derivatization 

on 297 
effect of R-group ligand substi

tution on 298 
Ecology of iron transport in entero-

bacteria, biochemical 3 
EDTA 

-acetate, Mo(III)- 412 
complexes of Mo (III) and 

Mo(V) 413 
Electrochemical studies of 

Mn(II,III,lV) complexes . . . 330 
Electrode potentials (vs. NHE) 

for Cu i n > n couples 296 
Electron 

balance 362 
studies on the dihydrogen 

reactions of nitrogenase . 361 
exchange reaction(s) 156 

between Cu(II) and Cu(III) 300 
kinetic parameters for 158 
rate of 213 

hopping 170 
hypothesis, four- 382 
-mediating proteins 179 
in molybdoenzymes 353 
-oxidoreduction, one 523 
pathway, two- 199 
-phosphoryl group transfer, 

coupled 384 
-proton transfer processes, 

coupled 379 
spin resonance spectrum of 

galactose oxidase 272 
transfer 368 

σ- 317 
in bacteria, photosynthetic . . 232 
barriers, intrinsic 167 
cross-reaction rate constants 

for blue copper proteins 153 
flavin-dependent one- . . . .312, 314 
mechanisms, coupled proton- 376 
in oxidation-reduction reac

tions, nonadiabatic 127 
pathways in blue copper 

proteins 179 
processes 207 
profile of Ps. aeruginosa azurin 189 
proton- 377 
rate constants 160 
rates, intramolecular 138, 140 
reactions 151 

of blue copper proteins . . . 145 
of cytochrome c ... 156, 162, 163 
involving iron-sulfur 

proteins 232,233 
between metalloproteins . . 166 
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436 BIOINORGANIC C H E M I S T R Y II 

Electron transfer reactions (continued) 
redox potentials of 235 
step for nitrogenase, proton- 381 

transport 411 
biological 125 
iron-sulfur proteins and super

oxide dismutases in . . . . 227 
tunnelling 136,170 

Electronic structure of 
reactants 133,135 

Electronic transitions exhibited 
by galactose oxidase 268 

Electrostatic work terms 166 
Elimination hypothesis, reductive 383 
Enb mutants of S. typhimurium . .8,11 
Enb7 20 
Energy(ies) 

coupling, degree of 84 
-dependent accumulation of 

iron 80,85 
as a function of reaction 

coordinate, potential 129 
of the ligand field states in 

Co (II) protein derivatives 147 
Ent mutants 8 
Enteric bacteria 

membrane systems in 24 
the outer membrane receptors 

in the 15, 22, 23 
siderophore iron utilization in the 26 
for studies of microbial iron 

assimilation 8 
Enterobactin 6,11, 20, 56 

biosynthetic pathway from 
chorismate to 8 

—catechol-containing siderophore 38 
chromic 40,45,46 
Δ-cis isomer 40 
ferric 7,16,40 
structure of 9 

Enterochelin 10,38 
growth-promoting effects of 

iron on 62 
production by growing bacteria 64 

Entropies of activation as functions 
of electronic structure of 
reactants 133 

Entropy barriers 196 
Enzymes 

kinetics and mechanism, 
copper in 254 

molybdenum in 389 
Neurospora 408 
other 357 

EPR 
low temperature 393 
-nondetectable metal ions . . . . 175 
signals, nuclear hyperfine 

effects on 397 
spectra of iron-sulfur proteins . . 234 
spectra of the laccase—oxygen 

intermediate 176 

Equilibrium constants 50,194 
apparent 193 
of nicotinamides 326 

Erythrocyte SOD, bovine (see 
Bovine erythrocyte SOD) 

Erythroid cells, heme synthesis in 
maturing 90 

Escherichia colt 16,19,38,56,230 
inhibition of 63 
ferrichrome transport in 25 
K-12 11 

adsorption of Φ80 to 14 
siderophore nutrition and 

protection of 17 
siderophore receptors in . . . . 24 
ton mutants of 9,12 
from Φ80 vir, protection of . . 12 

LPS 73 
on microbiostatic serum-agar 

medium, survival of 66 
mortality of mice injected with 

cells of 74 
mutants 17 
resistance of newborn animals to 

intestinal infections with . . 75 
ESR spectra 214,337 
Ethoxyformylation of histidyl resi

dues in bovine SOD 256 
Exchange rate constants 161 

F 

/-electron couples 135 
Ferredoxins 228 

amino acid sequences of . . . . 234, 238 
antibodies to specific 240 
evolutionary development of . . . 241 

Ferric (see also Iron) 
-catechol titration experiment . . 52 
-catecholate formation constants 50 
complex of cyclotri-2,3-dihydroxy-

N-benzoyl-L-serine 7 
complexes in siderophores . . . . 34 
enterobactin 7, 17, 22 

Δ-cis isomer of 40 
esterase (fes) 20 
permease ( fep ) 16, 20 
receptor 16 
uptake (feu) 18 

hydroxamate complex 35 
iron reduction at the root 97 
ion in siderophores 39 
porphyrins 207 
rhodoturolate 17 
schizokinen 17 

Ferrochelatase 79 
Ferrichrome ( s ) 17,19, 20, 22, 38 

complexes, chromic 42 
configurations of chromic 46 
for membrane in Salmonella 

typhimurium 11 
on plaque formation by phage 

strains, effect of 13 
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INDEX 437 

Ferrichrome ( s ) ( continued ) 
protection mechanism against 

phages ΤΙ, Τ5, Φ80, and 
colicin M 12,14,15 

receptor 12 
siderophores 6 
structure 10, 36 
transport in E. coli 25 

Ferricytochrome c, horse-heart . . . 157 
Ferrioxamine ( s ) 20, 38,110 

Β 44 
complexes, chromic 42 

Ferritin 86 
-conjugated transferrin 119 

Ferrocytochrome c 157 
Fixation, carbon dioxide 232 
Fixation, nitrogen 232 
Flavin 

-dependent 
biological oxidoreduction 

mechanisms 315 
dehydrogenases 313,314 
one-electron transfer 312,314 

dimers 317-319 
-heme contacts 316 
-iron (sulfur) contacts 315 
-metal chelates 320 
-metal complexes 316 
-metal contact 319 
radicals 316 

Flavocoenzymes, N(5)-modified . . 321 
Flavodoxins 313,324 
Flavohydroquinone 321 
Flavoproteins, functions of 313 
Flavoproteins, prototypes of 313 
Flavoquinone 321 

chelates 320 
Flavosemiquinone 323 
Fluoride on the reduction rate, 

effect of 198 
Formation constants, ferric-

catecholate 50 
Formation constants, hydroxamate 

siderophore 50 
N-Formyl derivatization on E° of 

Cuin.ii couples, effect of . . . . 297 
p-Formylbenzoatopentaammine-

cobalt(III) 136 
Franck-Condon barrier 128 
Free energy profiles of the 

azurin( I/II )-Fe( CN ) 6 4 " / 3 " 
system 195 

Free flavin 324 
Frogs, retina of 244 
Fungal laccase 174 

Galactose by molecular oxygen, 
oxidation of 265 

Galactose oxidase 
copper absorbance spectrum of . 270 
Cu(II) site in 263 

Galactose oxidase ( continued ) 
electronic transitions exhibited by 268 
ESR spectrum of 272 
ligands to metal in 265 
optical transitions and anion 

binding 267 
oxidation of tryptophan in 279 
spin Hamiltonian parameters for 274 

Genes, nif 402 
Genetically controlled chemical 

factors in absorption and 
transport of iron by plants . . 93 

Geometry, distorted tetrahedral . . . 151 
Gleocapsa 355 
Gluconate complexes, 

manganese 335, 336 
magnetic moments of 339 
oxidation-reduction potentials 

for 347 
reactions of oxygen and hydrogen 

peroxide with 341 
D-Glucono-5-lactone 
Glycine 416 
Glycoprotein 105 
Glycylglycyl-L-histidine 281 
Gly-gly-his-gly 287 
Growth-inhibiting effects of Tr . . 62 
Growth-promoting effects of iron 

or enterochelin 62 

H 

H 2 inhibition, 364 
Half-reactions, substrate 368,369 
Hawkeye, iron-efficient 94 
HD exchange 361 
HD formation, stoichiometry for the 363 
Heart cytochrome c, horse- . . . . 157,160 
Heart mitochondria, iron 

accumulation by 80 
Heavy metals, tolerance to 101 
Heme 

contacts, flavin- 316 
-crevice opening step 169 
edge, exposed 158 
protein 156 
synthesis in maturing erythroid 

cells 90 
Hemoglobin 105 
Hemosiderin 86 
Hepatocytes (parenchymatous liver 

cells) 88 
Hexacyanoiron ( II / III ), Ps. 

aeruginosa azurin- 191 
His 61, imidazole ring of 253 
L-Histidine 281 
Histidine, diethylpyrocarbonate 

(DEP) reaction with 255 
Histidyl residues in bovine SOD . . 256 
Horse-heart cytochrome c 157,160 
Host-parasite interactions 56 
Human serum, inhibition of E. coli 

around wells charged with . . 63 
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438 BIOINORGANIC C H E M I S T R Y II 

Hydrazine-bridged dinuclear 
molybdenum complex 421 

Hydrazine by nitrogenase, reduc
tion of 365 

Hydride transfer 322 
Hydrocarbons, α-hydroxylation of . 232 
Hydrogen 

bridges, regiospecific 318 
from Cu(III)-peptide complexes, 

coordinated amine 298 
evolution, ATP-dependent 359 
ion release from roots 95 
ionization of the amine . . . . . . 300 
metabolism 232 
/nitrogen model, equilibrating . 383 
peroxide 333 

interaction between Rhus 
laccase and 199 

with- manganese gluconate 
complexes, reactions of . . 341 

Hydrogenase 361 
Hydroquinone, anaerobic titration 

by 201 
Hydroxamate( s) 

complex, ferric 35 
complexes, model 40 
-containing siderophores 38 
ligands 104 
siderophore ( s) 39 

formation constants 50 
Hydroxamic acids 35 
8-Hydroxyadenine 356 
Hydroxyl anion radical 345 
Hydroxyl radicals 242 
Hydroxylation 232 
α-Hydroxylation of hydrocarbons . 232 
2-Hydroxypyrimidine 356 
Hyperfine effects on EPR signals, 

nuclear 397 
Hyperoxide formation 174 
Hypoferremia in sera 68 
Hypoxanthine 369 

I 

Imidazolate-bridge Cu ( II ) 
complexes 259 

Imidazole ring of His 61 253 
Immune sera, acquired antimyco-

bacterial activity of 68 
Immunity, iron in the regulation 

of nutritional 55, 73 
Infections with E. colt, resistance of 

newborn animals to intestinal 75 
Inocula on bacteria in bovine 

serium, effects of bacteria . . . 65 
Interflavin contact 316,317 
Intervalence transition 140, 142 
Intestinal infections with E. colt, 

resistance of newborn animals 
to 75 

Ionic strength dependence of the 
electron transfer rate constants 160 

Ionization of the amine hydrogen, 
proposed 300 

Ionization constants for loss of 
coordinated amine hydrogens 
from Cu(III)-peptide com
plexes 298 

Ionophores 6 
Iron ( see also Ferric ) 

absorption 93, 99 
accumulation by rat liver 

mitochondria 80, 83, 85, 89 
assimilation of 8, 28 
on bacterial virulence, 

potentiating effect of 74 
-binding 

capacity (TIBC), total 59 
molecules, specific 104 
proteins of the animal 56 

chelates 34 
nonprotein 79 

complexes, stability of T r - . . . . 59 
complexes in mitochondrial iron 

accumulation 80 
contacts, flavin- 315 
coordination environment of . . . 169 
donor, cytosolic 86 
donor, 5 9Fe( III )-sucrose as . . . 82 
(EDTA) 2 " , reduction of blue 

copper proteins by 151 
-efficient Hawkeye 94 
-ethylenediamine di( o-hydroxy-

phenylacetic acid) 
( Fe 3 + EDDHA ) 100 

exchange between transferrin 
and desferrioxamine 110 

from Fe 3 + phosphate, use of . . 100, 101 
growth-promoting effects of . . . 62 
with high affinity, protein which 

reversibly binds 87 
-inefficient T203 soybean 94 
by intact rat liver mitochondria, 

binding, oxidation-reduc
tion, and transport of 81 

ions by cytosolic proteins, 
binding of 79 

between iron-binding proteins 
and siderophores, competi
tion for 56 

in isolated rat liver mito
chondria 80,88 

lactoferrin-induced depletion of 70 
metabolism, mitochondrial . . . . 88 
in microbial physiology 4 
neutralization of nutritional 

immunity with 73 
neutralization of tuberculostasis 60, 69 
by plants, absorption and 

transport of 93 
pool, mitochondrial 89 
-poor agar medium ( IPAM ) . . . 57 
-poor medium (IPM) 57 
protein 358 

of Azotobacter vinelandii, 
molybdenum- 396 
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INDEX 439 

Iron protein ( continued ) 
bond 108 
high potential 235 
molybdenum- 358 
nitrogenase molybdenum- . . . 394 

in the regulation of nutritional 
immunity 55 

release from transferrin to 
reticulocytes 120 

-saturated Tr 60 
(SI), serum 59 
solubility of 86 
starvation on bacterial viability, 

effect of 65 
stress, plant response to 95 
stress-response mechanism on 

other biochemical reactions 100 
-sulfur 

bond rupture 169 
proteins 

active centers of 239 
effect of dimethylsulfoxide 

on reduced 236 
electron transfer reactions 

involving 232,233 
electron transport 227 
EPR spectra of 234 
properties of 228-231 

supply 94 
-transferrin-carbonate complex . 120 
from transferrin, physiologic 

release of 121 
transport 81,93,99 

in enterobacteria 3 
form of 84 
microbial 33 
systems of microorganisms . . 5 
systems of mitochondria . . . . 78, 88 
by transferrin 104 

-treated cells of E. coli 74 
uptake, siderophore-mediated . . 18 
uptake, zinc stress induction of 101 
use, role of the rootstock in . . . 95 
utilization in the enteric bacteria, 

siderophore 26 
virulence-associated acquisition 

of 70 
Iron (II), outer sphere oxidation 

of the 222 
Iron(II) porphyrins 219 
Iron (III) 

binding to ligands 85 
citrate 17 
complexes 416 
-phosphvitin 87 
porphyrins 211 
-sucrose complex 80 

59Fe(III)-sucrose as iron donor . . 82 
Fe 3 + phosphate, use of iron 

from 100,101 
Fe 3 + , reactions of Ru(II) com

plexes with 131 

Iridium from Cu(III)-peptide 
solutions 296 

Isoelectric point of transferrin . . . 106 
Isolation of the transferrin 

receptor of the rabbit 
reticulocyte 116 

Isomers 
of chromic desferriferri-

oxamine Β 44 
of ferrioxamine B, enantio

meric geometrical 44 
geometric 39 

Isosbestic point 189 

Κ 

α-Keto acids, synthesis 232 
Kinetic(s) 

of Cu( II) -peptide complexes, 
substitution 288 

parameters for electron 
exchange reactions 158 

relaxation 182 
studies of the reduction of 

stellacyanin, plastocyanin, 
and azurin 151 

Klebsiella pneumoniae 73,355,404 
Kuhn anisotropy factor 150 

L 

Laccase 173,181 
fungal 174 
-oxygen intermediate, EPR 

spectra of the 176 
Rhus, ( see Rhus laccase ) 

Lactoferrin-induced depletion of 
iron 70 

Lactoferrin in milk 75 
Landau-Zener formula 164 
Ligand ( s) 

activation of coordinated 207 
active site groups, non- 272 
aromatic dihydroxylated 340 
axial 217 
binding of the molybdenum 

atom 412 
bond, cobalt- 138 
diethyldithiocarbamate (dedtc) . 425 
dithiocarbamate 371 
effect, deprotonated ( acidic ) . . 371 
exchange mechanism 110 
field parameters 146 
field states in Co (II) protein 

derivatives 147 
functional group in the 

siderophores 34 
hydroxamate or phenolate . . . . 104 
iron (III) binding to 85 
manganese complexes with 

polyhydroxyl 339 
to metal in galactose oxidase . . 265 
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440 B I O I N O R G A N I C C H E M I S T R Y II 

Ligand(s) (continued) 
pentaammine—cobalt ( III ) com

plexes of 135 
picolinic acid and 8-quinolinol 

as 334 
polyaminocarboxylic acid 333 
reducibility of the 136 
structure at the active sites . . . . 108 
substitution, of R-group 298 
sulfur 180,187 
systems polyhydroxyl 346 

Light, effect of 216 
Lipopolysaccharide (LPS) 69 

cell-wall associated 72 
of E. coli 73 
solutions, untreated and treated . 73 

Listeria monocytogenes 73 
Liver 

cells ( hepatocytes ), parenchy
matous 88 

mitochondria, binding, oxidation-
reduction, and transport of 
iron by intact rat 81 

mitochondria, iron accumulation 
of 80,88 

M 

Magnetic moments 337 
of manganese gluconate com

plexes 339 
Magnetic susceptibilities 335 
Malonate 113 

complexes, Mn(III)- 332 
Maltodextrins 22 
Maltose 22 
Mammalian sera on avirulent and 

virulent bacteria, effects of . . 58 
Manganese 

complexes with polyhydroxyl 
ligands 339 

-4,5-dihydroxy naphthalene 2,7-
disulfonate system 340 

dithiocarbamate (DTC) com
plexes of 334 

gluconate complexes 335, 336 
magnetic moments of 339 
reactions of oxygen and 

hydrogen peroxide with . 341 
higher oxidation states of 346 
oxidation states 330 
porphyrin chemistry 332 

Manganese (II) 
complexes, oxidation-reduction 

chemistry of 340 
perchlorate 342 
-triethanolamine 333 

Manganese (II, III,IV) complexes . 330 
Manganese (III) 

-acetate complex 332 
-diaminocyclohexanetetraacetate 

complex 333 
-malonate complexes 332 

Manganese ( III ) ( continued ) 
oxalate complexes 332 
oxo-hydroxide precipitate 332 

Manganese ( III,IV ) bipyridyl 
complex 347 

Manganese( III,IV )-άί-μ-οχο bis-
dipyridyl complex 333 

Manganese (IV) gluconate, oxida
tion-reduction potentials for . 347 

Mannitol 339 
Marcus 

correlation of the rates of cross 
reactions with self-exchange 
reactions 130 

expression 165 
theory 152 

Mechanistic considerations 373 
Metal-site hypothesis, two- 380 
Medium, conductivity of the 128 
Membrane 

competition at the outer 12 
proteins, solubilizing 115 
receptor in Salmonella typhi

murium 11 
receptors in enteric bacteria, 

outer 15, 22, 23 
from reticulocytes 116 
siderophore receptors, outer . . . 27 
systems in the enteric bacteria . 24 

Metabolism 
hydrogen 232 
mitchondrial iron 88 
one-carbon 232 

Metal 
-binding site 180 

spatial relationship of the 
anion and I l l 

catechol complexes 49 
centers, distorted tetrahedral . . 146 
chealtes, flavin 320 
complex (es) 

flavin- 316 
-metal complex reactions . . . . 167 
-metalloprotein reactions . . . . 167 

contact, flavin- 319 
-containing proteins 227 
in galactose oxidase, ligands to . 265 
ions, EPR-nondetectable 175 
-metal distance 139 
system, perturbation of a 276 
tolerance to heavy 101 

Metalloenzymes 207 
Metalloprotein 

electron transfer reactions 
between two 166 

-metalloprotein reactions 167 
reactions of cytochrome c with . 156 
reactions, metal complex- 167 

Methionine in the coordination 
sphere in the blue copper . . . 187 

/3-Methyl-D-galactopyranoside . . . . 275 
Mice injected with E. coli, 

mortality of 74 
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I N D E X 441 

M i c e , Swiss -Webster 58 
Microbes , anautosequesteric a n d 

autosequesteric 66 
M i c r o b i a l 

flavoproteins 313 
iron assimilation 8 
iron transport, studies of 33 
parasitism, defense mechanism 

against 55 
physiology, iron i n 4 

Microbiostasis 
i n m a m m a l i a n sera 59 
neutralization of serum 61 
in sera, relationship between 

hypoferremia a n d 68 
Microbiostatic serum-agar 

m e d i u m 6 6 , 6 7 , 7 3 
Micrococcus denitrificans 409 
Microcystis 230 
Microorganisms, iron transport 

systems of 5 
Microorganisms, nutrilites needed 

for the growth of 56 
M i l k , lactoferrin in 75 
M i l k xanthine oxidase 390 
M i t o c h o n d r i a 230 

accumulation of iron a n d 
c a l c i u m b y 89 

iron transporting systems of . . . 78, 88 
oxidation of N A D H 2 b y 232 
rat liver (see Rat l iver mito 

chondria ) 
respiratory chain of 237 
study of mitochondrial iron 

accumulation b y heart a n d 
l iver 80 

M i t c h o n d r i a l 
iron 

accumulation b y heart and liver 
mitochondria 80 

metabolism 88 
pool 89 

N A D H dehydrogenase 230 
respiratory chain 156 

succinate dehydrogenase . . . . 230 
M o d e l systems 265 
M o d e l s for nitrate reduction, 

m o l y b d e n u m 408 
Molecular weight estimation . . . . 118 
M o l y b d a t e complexes 416 
M o l y b d a t e slow b a n d spectra . . . . 416 
M o l y b d e n u m 385 

accumulation in Azotobacter 
vinelandii 406 

atom, l i g a n d b i n d i n g of the . . . . 412 
complex, hydrazine-bridge 

dinuclear 421 
cofactor 3 5 7 , 3 9 2 , 4 0 3 
-containing biomolecules 351 
content 390 
coordinating compounds , 

naturally p r o d u c e d 414 
coordination chemistry 370 

M o l y b d e n u m (continued) 
dithiocarbamate complexes of . . 371 
in enzymes 389 
incorporation, antagonism of 

biological 391 
- i r o n protein 358 

of Azotobacter vinelandii . . . . 396 
nitrogenase 394 

models for nitrate reduction . . . 408 
with nitrate and naturally p r o 

d u c e d phenolates, reactions 
of 408 

i n nitrogen-fixing bacteria 402 
oxidases 365 
reductases 379 
site 366 
storage 405 

protein 406 
b y tungsten, replacement of . . . 391 
in xanthine oxidase, nitrogenase, 

a n d nitrate reductase . . . . 394 
M o l y b d e n u m ( I I I ) 409 

- E D T A - a c e t a t e 412 
E D T A complexes of 413 

M o l y b d e n u m ( I V ) with dithio-
carbamates, compounds of . . 370 

M o l y b d e n u m ( V ) 
wi th dithiocarbamates, c o m 

pounds of 370 
- E D T A complexes 412 ,413 
m a i n types of 395 

M o l y b d e n u m ( V ) wi th dithiocarba
mates, compounds of 370 

Molybdoenzymes 394, 395 
occurrence and biological impor 

tance of 355 
the role of electrons, protons, 

a n d dihydrogen in 353 
substrate half-reactions for . . . . 369 

Molybdoferredoxin 358 
Molybdoflavoproteins 408 
Mononuclear sites 373 
Mortal i ty of mice injected with 

E. colt 74 
Mult i -e lectron transfer 174 
Mutants of Escherichia colt K -12 , 

ton 12 
Mutants resistant to the antiobiotic 11 
Mutations in Salmonella typhi-

murium L T - 2 8 
M y c o b a c t e r i a , mycobact in p r o d u c 

tion b y 68 
Mycobacterium tuberculosis 56, 73 
M y c o b a c t i n 11 ,61 

product ion b y mycobacteria . . . 68 

Ν 
N - d e u t e r o complex 373 
N A D H dehydrogenase 394 
N A D H 2 b y mitochondria , oxidation 

of 232 
N A D P - r e d u c t a s e 324 
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442 B I O I N O R G A N I C C H E M I S T R Y II 

NADPH-nitrate reductase, 
assimilatory 408 

Naturally produced molybdenum 
coordinating compounds . . . . 414 

Neurospora 244 
crassa (nit-l) 357,392,398,403 
enzyme 408 

Nicotinamide ( s ) 321, 324 
adenine dinucleotide phosphate, 

reduced 412 
character of 5-deazaflavin 322 
equilibrium constants and oxida

tion rate constants of . . . . 326 
nucleotide oxidoreduction 232 
nucleotide reduction 232 

Niesseria gonorrhoeae 73 
Nif genes 402,404 
Nit-l 358,392,414 
Nitrate 

reactions of molybdenum 
with 408,409 

reductase ( s ) 355, 369, 379, 397 
activity 100, 101 
assimilatory 394, 408 
composition of 398 
from Neurospora crassa 357 
respiratory 394 
role of molybdenum in 394 

réduction 232 
molybdenum models for . . . . 408 

Nitriolotriacetate 109 
Nitrite production 412 
Nitrite reduction 232 
4,4'-Nitrobiphenyl 137 
Nitrogen 

fixation 232 
-fixing bacteria, molybdenum in 402 
model, equilibrating hydrogen/ 383 

Nitrogenase 230, 355, 381, 395, 402 
biochemistry of 358 
dihydrogen reactions of 360, 361 
hydrazine reduction by 365 
—input-output diagram 359 
molybdenum iron protein 394 
proton-electron transfer step for 381 
role of molybdenum in 394 
—scheme of H2 inhibition 364 
substrate half-reactions for . . . . 360 
turnover rate 363 

NMR spectra 210,213 
Nocardia 38 
Nonadiabatic reactions 164 
Nonadiabatic regime 130 
Nucelar hyperfine effects on EPR 

signals 397 
Nuclear tunneling 170 
Nucleic acid, effect of copper on . 304 
Nucleophilic attack 290 

on the coordinated cyanide . . . . 217 
Nucleophilic mechanism, proton-

assisted 291 
Nucleoprotein conformation, effect 

of copper on 304 

Nucleoprotein models, intermolecu-
lar interactions in 309 

Nutrient solution pH 101 
Nutrient solutions, plant-induced 

pH changes of 96 
Nutrilites need for the growth of 

micoorganisms 56 
Nutritional immunity, iron in the 

regulation of 55, 73 

Ο 

Oligo(A), changes in rotation for 308 
Optical properties of blue copper 

proteins 188 
Optical transitions in galactose 

oxidase 267 
Orbital symmetry 133 
ORD spectra of DNA 309,310 
Organic acid increase in roots . . . 98 
Oxalate complex 120 

Mn(III)- 332 
Oxidases, reduction in 173 
Oxidation 

of cyanide ion 212 
inner sphere 224 
of the Fe(II), outer sphere 222 
of NADH2 by mitochondria . . . 232 
of piperidine 211 
rate constants of nicotinamides . 326 
-reduction 330 

catalyst 330 
chemistry of Mn(II) 

complexes 340 
potentials for Mn(IV) 

gluconate 347 
properties 175 

by rat liver mitochondria 81 
reactions, nonadiabatic elec

tron transfer in 127 
reactions, pH dependence of 

cytochrome c 169 
titrations, anaerobic 182 

states, manganese 330, 346 
of succinate 232 
of tryptophan in galactose 

oxidase 279 
of xanthine and aldehydes 232 

Oxidoreduction 
dynamics of le" vs. 2e" 523 
mechanisms, flavin-dependent 

biological 315 
nicotinamide nucleotide 232 

Oxo-bridged dimer 223 
Oxo-hydroxide precipitate, 

Mn(III) 332 
Oxo transfer mechanisms 375 
Oxygen 

activation of molecular 208 
atom transfer reactions 371, 411 
evolution 346 

reaction, photosynthetic ..330,331 
intermediate, laccase— 176 
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I N D E X 443 

Oxygen (continued) 
with manganese gluconate com

plexes, reactions of 341 
reaction of partially reduced 

Rhus laccase with 196 
reactions 242 
reduction in oxidases 173 
uptake 294 

Oxygenases 207 

Ρ 

Paracoccus 244 
Parasite interactions, host- 56 
Parasites, siderophores of bacterial 56 
Parasitic species of mycobacteria, 

mycobactin production by . . . 68 
Parasitism, defense mechanism 

against microbial 55 
Parenchymatous liver cells 

( hepatocytes ) 88 
Pentaammine—cobalt ( III ) com

plexes of ligands 135 
Pentaamineruthenium(III) complex 136 
Pentaglycine solutions, copper— . . 295 
Peptide 

bonding, deprotonated 302 
complexes, Cu(II)- 281 

axial coordination to 285 
stability and deptrotonation 

constants for 286 
substitution kinetics of 288 

complexes, Cu(III)- ...281,283,292 
loss of coordinated amine 

hydrogens from 298 
solutions, iridium from Cu(III)- 296 

Peroxidases 207 
Peroxide 242 

complex of Rhus Zaccase 203 
Perturbation of a metal system . . . 276 
pH 

changes of nutrient solutions, 
plant-induced 96 

dependence of cytochrome c 
oxidation-reduction 
reactions 169 

nutrient solution 101 
of species formed in the ferric-

catechol titration experiment 52 
Phage 

-colicin interaction, siderophore- 9 
ferrichrome protection mech

anism against 15 
with membrane systems in the 

enteric bacteria, interactions 
of 15,24 

resistance in ton mutants of 
Escherichia colt K-12 12 

strains, plaque formation of . . . 13 
Phagocytosis 74 
Phenazonium methosulfate ( PMS ) 322 
Phenolate(s) 

ligands 104 

Phenolate ( s ) ( continued ) 
naturally occurring 408,418 
reactions of molybdenum with . 408 

μ-Phosphato bridge 414 
Phosphines 218 
Phosphoprotein 87 
Phosphoroclastic reactions 232 
Phosphoryl group transfer, 

coupled electron- 384 
Phosvitin, Fe(III)- 87 
Photobacterium 244 
Photophosphorylation 232 
Photosynthesis 330 
Photosynthetic 

bacteria, aerobic prokaryotes 
evolving from 248 

electron transfer in bacteria . . . 232 
oxygen-evolution reaction 330 

Photosystem-II oxygen-evolution 
reaction 331 

Picolinic acid as ligands 333, 334 
Pig adrenals 230 
Piperidine 211 
Plant(s) 

absorption and transport of iron 
by 93 

flavoproteins 313 
-induced pH changes of nutrient 

solutions 96 
response to iron stress 95 

Plaque formation by phage strains 13 
Plastocyanin, d-level energies for . 148 
Plastocyanin, reduction of 151 
Pleurotus 244 
Polarography 339 
Poly(A), Cu(II)-induced changes 

in rotation for 308 
Polyaminocarboxylic acid ligands . 333 
Polyhydroxyl complexes 346 
Polyhydroxyl ligand systems . . . 339, 346 
Polylysine 309,310 
Polymer concentration on disorder

ing, effect of 307 
Polynucleotides by Cu(II), co

operative disordering of . . . . 308 
Polynucleotides, intramolecular 

and intermolecular crosslinking 
of 306 

Polypeptide conformation 255 
Porphyrin(s) 

autoreduction of ferric 207,211 
basicity 217 
cation radical mechanisms . . . . 170 
chemistry, manganese 332 
reduction rate of various bis-

cyano 216 
reoxidation of iron (II) 219 
ring, location of the 158 

Potential energy for a self-exchange 
reaction 129 

Potentiating effect of iron on 
bacterial virulence 74 
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444 B I O I N O R G A N I C C H E M I S T R Y II 

Prokaryotes from photosynthetic 
bacteria, aerobic 248 

Protein ( s ) 
of the animal, iron-binding . . . . 56 
of Azotobacter vinelandii, 

molybdenum-iron 396 
binding of iron ions by specific 

cytosilic 79 
blue copper ( see Copper pro

teins, blue) 
bond, iron- 108 
copper ( see Copper proteins ) 
Cu(II) sites in 263 
derivatives, Co(II) 147 
electron-mediating 179 
heme 156 
iron 235,258 

-sulfur (see Iron-sulfur pro
tein) 

metal-containing 227 
moiety, active site role of 275 
molybdenum-iron 358 

nitrogenase 394 
molybdenum-storage 406 
redox 179 
which reversibly bind iron 87 
solubilizing membrane 115 
synthesis 405 
tungsten-substituted 366 

Proton ( s ) 
-assisted nucleophilic mechanism 291 
-electron transfer 377 

mechanisms, coupled 376 
step for nitrogenase 381 

in molybdoenzymes 353 
transfer mechanism 289 
transfer processes, coupled 

electron- 379 
Protonation, outside 287 
Pseudomonas aeruginosa . . . .68, 73, 181 

azurin 183 
difference absorption spectrum 

of 183 
—hexacyanoiron(II/III) 191 

Pseudomonas putida 230 
Pulse radiolysis 182 
Pyrazolo [3,4-d] pyrimidines . . . . 392 
Pyridines 218 
Pyrophosphate 333 

Q 
Quenching effect 189 
8-Quinolinol as ligands 334 

R 

R-group ligand substitution 298 
Rabbit, mitochondria from 89 
Rabbit reticulocyte 89, 116 
Radical mechanisms, porphyrin 

cation 170 

Rat liver mitochondria 
binding, oxidation-reduction, and 

transport of iron by 81 
iron accumulation by 80, 83 
most common forms of iron in 

isolated 88 
Rate constants 

for blue copper proteins, electron 
transfer cross-reaction and 
self-exchange 153 

for electron transfer reactions 
between two metallopro-

teins 166 
for electron transfer reactions 

involving cytochrome c and 
positively charged 
reactants 162,163 

exchange 161 
ionic strength dependence of the 

electron transfer 160 
for the reduction of blue copper 

proteins by Fe(EDTA) 2 " . . 151 
Reactant bulk 132 
Reactants, entropies of activation 

as functions of electronic 
structure of 133 

Reaction coordinate for a self-
exchange reaction 129 

Reactivation process, two-electron 378 
Receptor(s) 

complex, transferrin- 117 
in enteric bacteria, outer mem

brane 15,22,23 
in Escherichia coli K-12, sidero

phore 24 
ferric enterobactin 16 
ferrichrome 12 
molecule, conalbumin 119 
outer membrane siderophore . . 27 
of the reticulocyte, transferrin 115, 116 
in Salmonella typhimurium, 

membrane 11 
transferrin after binding to its . . 119 

Red non-sulfur bacterium 240 
Redox 

center 179 
-equivalents 313 
potentials of dioxygen reduction 

intermediates 199 
potentials of electron transfer . . 235 
proteins 179 
stoichiometry, functions of ani

mal, plant, and microbial . 313 
Reductants 96 
Reducing compound release from 

roots 96 
Reduction 

autocatalytic nature of the . . . . 215 
of blue copper proteins by 

Fe(EDTA) 2 " 151 
of dioxygen, functional 203 
intermediates, redox potentials 

of dioxygen 199 
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I N D E X 445 

Reduction ( continued ) 
mechanism, cytochrome 170 
nicotinamide nucleotide 232 
nitrate 232 
nitrite 232 
in oxidases, oxygen 173 
-oxidation ( see Oxidation-reduc

tion) 
potentials of copper and super

oxide ions 255 
rate, effect of fluoride on the . . 198 
rate of various bis-cyano 

porphyrins 216 
sulfite 232 

Reductive elimination hypothesis . 383 
Regulation 404 
Relaxation 

amplitude analysis 192 
kinetics 182 
mode, enthalpy of the 190 

Reoxidation 198,209 
of Fe(II) porphyrins 219 

Respiratory 
catalysts 174 
chain, mitochondrial 156, 237 
inhibition on the energy-depend

ent accumulation of iron . . 85 
Reticulocytes 

incubated with 125I-labeled tras-
ferrin 116 

interaction of transferrin with . . 114 
iron release from transferrin to . 120 
mitochondria isolated from . . . . 89 
transferrin receptor of the ..115,116 

Retina of cattle and frogs 244 
Rhizobium 355 

meliloti 403 
Rhodopseudomonas 240, 244 
Rhodospirillum 240 

rubrum 228,355,403 
Rhodotorulic acid 28 
Rhus 

laccase 183 
and hydrogen peroxide, inter

action between 199 
by hydroquinone, anaerobic 

titration of 200,201 
with oxygen, reaction of par

tially reduced 196 
peroxide complex of 203 

stellacyanin 183 
vernicifera 181 

Root(s) 
ferric iron reduction at the . . . . 97 
hydrogen ion release from . . . . 95 
organic acid increase in 98 
reducing compound release from 96 

Rootstock in iron use, role of the . . 95 
Rotation for poly( A) and oligo(A), 

Cu ( II ) -induced changes in . . 308 
Rotational strength of a CD band 150 
Ru(II) complexes with Fe 3 + aq., 

reactions of 131 

S 

Saccharomyces 244 
Salmonella typhimurium 9, 15, 16, 

20, 38, 73 
enb-7 7 
enb mutants of 8, 11 
LT-2 8, 11 
membrane receptor in 11 

Saprophytic species of mycobac
teria, mycobactin, production 
by 68 

Scenedesmus 230,244 
Self-exchange 

rate constants 152 
for blue copper proteins, 

electron transfer 153 
rates 134 
reaction(s) 127, 156, 161 

Marcus correlation of rates of 130 
potential energy as a function 

of reaction coordinate 
for a 129 

Sera 
acquired antimycobacterial 

activity of immune 68 
on avinilent and virulent bac

teria, effects of mammalian 58 
hypoferremia in 68 
microbiostasis in 59, 68 
of vaccinated animals, iron neu

tralization of tuberculos-
tasis in 69 

Serum 
-agar medium, bacterial growth 

on microbiostatic 66, 73 
albumin, Cu(II) transfer from . 291 
bacteria in bovine 65 
E. coli inhibition around wells 

charged with human 63 
iron (SI) 59 
-medium mixture, bacterial 

growth on microbiostatic . . 67 
microbiostasis, neutralization of 61 
transferrin, fundamental proper

ties of 105 
virulent bacteria of 70 

Sid mutants 11, 15 
Sideroblastic anemia 89 
Siderochelin 87 
Siderochromes 414 
Siderophore ( s ) 3,5 

of bacterial parasites, competi
tion for iron at 56 

catecholate 42 
cell-wall associated 71 
crystal and solution structure of 

the ferrichrome 6 
—enterobactin, catechol-contain-

ing 38 
ferric complexes in 34 
ferric ion replacement by chromic 

ion in 39 
formation 27, 50 
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446 B I O I N O R G A N I C C H E M I S T R Y II 

Siderophore ( s ) ( continued ) 
hydroxamate 38, 39, 50 
iron utilization 26 
kinetically inert complexes of the 33 
ligand functional group in the . . 34 
-mediated iron uptake 18 
nutrition and protection of 

E. coli K-12 17 
in the outer membrane receptor 

in the enteric bacteria . . . . 15 
-phage-colicin interaction . . 9, 15, 24 
production of bacterial 66 
protection against the Β group 

colicins 16 
receptors in Escherichia coli 

K-12 24 
receptors, outer membrane . . . . 27 

Slow band and its complexes . . . 417 
Slow band spectra, molybdate and 

tungstate 416 
Sodium gluconate 334 
Solubility of iron 86 
Solution structure of the ferri

chrome siderophores 6 
Solvent effects 215 
Solvent molecules, charge trapping 

by 132 
Sorbitol 339 
Soybean, iron-inefficient T203 . . . 94 
Spatial relationships of the anion 

and metal binding sites . . . . I l l 
Spectra 

CD 185 
EPR 214,234 
ESR 214 
NMR 210 
visible 211 

Spectroscopic studies 182 
of blue single copper proteins 

in the uv region 182 
of Μη ( Ι Ι , Ι Ι Ι , ΐ ν ) complexes . . 330 

Spin Hamiltonian parameters for 
native and modified galactose 
oxidase 274 

Spinach (Spinachia) 230,244 
Spirulina (blue-green alga) 244 
Stability constants 284,416 

for Cu( II)-peptide complexes . 286 
Stability of Tr-iron complexes . . . 59 
Stellacyanin (Rhus 

vernicifera) 145,181,185 
cysteine sulfur coordination in . . 150 
kinetic studies of the reduction of 151 

Strain A and strain C of E. coli, 
untreated, iron-treated, and 
heat-killed cells of 74 

Streptomyces 38 
Stress induction of iron uptake, 

zinc 101 
Stress-response mechanism on other 

biochemical reactions, iron . . 100 
Structure 

of blue copper proteins 145 

Structure (continued) 
determination 423 
of reactants, electronic 133 

Substitution kinetics of Cu(II)-
peptide complexes 288 

Substrate half-reactions 368 
for molybdoenzymes 369 
for nitrogenase 360 

Succinate 232 
Sucrose complex, Fe(III)- 80,82 
Sulfite oxidase 357,369,379,394 
Sulfite reduction 232 
Sulfur 425 

coordination in stellacyanin, 
cysteine 150 

-iron protein (see Iron-sulfur 
protein ) 

ligand in the blue proteins . . . . 187 
ligand in the coordinate sphere 180 

Superoxide 174 
dismutase(s) (SOD) 241,243 

from B. stearothermophilus, 
N-terminal region of . . . 246 

in the biology and evolution of 
electron transport 227 

bovine erythrocyte (see Bovine 
erythrocyte SOD) 

cyanide-insensitive 246 
in some organisms, occurence 

of 244 
ions 208,221 

reduction potentials of 255 
reactions 242 

Swiss-Webster mice 58 
Symmetry, C 8 426 
Symmetry, D 3 molecular point . . . 49 

Τ 

Terephthalatopentaammine-
cobalt(III) 136 

Tetraglycine complex, Cu(II)- . . 293 
Tetraglycine G 4-Cu(II) 282 
Tetrahedral 

geometry, distorted 151 
metal centers, distorted 146 
model, flattened 149 

N-4- ( 2,2,6,6-Tetramethylpiperidin-
l-oxyl)malonamide 113 

N-4- ( 2,2,6,6-Tetramethylpiperidin-
1-oxyl) malonate 113 

Tetramine complexes, macrocyclic 282 
Thermal disordering 307 
Thiaflavins 323,324 
Three-center hypothesis for 

le"/2e^-transformase activity 314 
Threonine 416 
Titration(s) 

anaerobic oxidation—reduction . 182 
curve 51 
ferric-catechol 52 
of Rhus laccase, anerobic . . . .200, 201 
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I N D E X 447 

Ton mutants of Escherichia coli 
K-12 . . 12 

Ton B mutation 28 
in E. coli K-12 2 

Total iron-binding capacity 
(TIBC) 59 

Tr 
and degrees of bacillary growth, 

iron-saturated 60 
growth-inhibiting effects of . . . . 62 
inhibition of E. coli around wells 

charged with 63 
-iron complexes, stability of . . . 59 

Transfer 
electron {see Electron transfer) 
multi-electron 174 
reactions, oxygen atom 371 

Transferrin 79 
active sites of 106 
anion-binding site of 121 
after binding to its receptor . . . 119 
carbohydrate chains of 106 
-carbonate complex, iron- . . . . 120 
and desferrioxamine, exchange 

of iron between 110 
extract of membranes from 

reticulocytes incubated with 
1251-labeled 116 

ferritin-conjugated 119 
isoelectric point of 106 
physiologic release of iron from 121 
-receptor complex 117 
with reticulocytes, interaction 

of 114-116 
to reticulocytes, iron release 

from 120 
serum 105 
transport of iron by 104 

Transformase activity, three-center 
hypothesis for le"/2e"- . . . . 314 

Transhydrogenases 322 
Transition ( s ) 

galactose oxidase, optical 267 
metal complexes, cytochrome c 

reactions with 156 
probability in the activated 

complex 133 
properties of the intervalence . . 140 

Transport 
aspect of siderophore iron 

utilization, active 26 
biological electron 125 
in E. coli. ferrichrome 25 
iron (see Iron transport) 

Triethanolamine 340 
manganese (II)- 333 

Tripeptide complexes of Cu(II) . . 281 
Triphenylethylene 137 
Tris ( benzohydroxamato ) 

chromium (III) 41 
Tris ( benzohydroxamato ) 

iron (III) 36 Xanthine 
Tris (catechol) complexes ·'^[η0η(;3Π PL*àsteâtfS e n a s e 

Tris( N-methyl-l-menthoxyacethy-
droxamato ) chromium ( III ) 
and -iron (II) 41 

Trytophan 279 
Tubercle bacilli 61 
Tuberculosis 60 
Tuberculostasis 59 

iron neutralization of 60, 69 
Tungstate complexes 416 
Tungstate slow band spectra . . . . 416 
Tungsten 406 

-induced apoprotein 391 
replacement of molybdenum by . 391 
-substituted protein 366 

Tunnelling 
electron 136,170 
nuclear 170 
probability 130 

Turnover rate, nitrogenase 363 
Tyrosine absorption 187 
Tyrosyl residues 107 

U 

Ultraviolet 
absorption bands of Cu(III) 

complexes 283 
extinction of reduced copper 

proteins 184 
region, spectroscopy of blue 

single copper proteins in the 182 
Uracil 356 
Uric acid 356 
Ustilago sphaerogena 38 

Vaccinated animals, acquired 
hypoferremia in 68 

Vaccinated animals, iron neutrali
zation of tuberculostasis in . . 69 

Vidicon spectra 299 
Virulence-associated acquisition 

of iron 70 
Virulence, potentiating effect of 

iron on bacterial 74 
Visible absorbance spectrum 271 
Visible absorption bands of 

Cu(III) complexes 283 
Vitamin B12 22 
Vogel-Bonner medium 10 

W 

Water, effect of 216 
Work terms, electrostatic 166 

C h e l » g 

Society Library 
1155 16th St. N. W. 

Washington, D. C. 20036 

356,394 
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448 B I O I N O R G A N I C C H E M I S T R Y II 

Xanthine (continued) 
oxidase 230, 356, 369, 394 

biochemistry of 365 
milk 390 

role of molybdenum in 394 
oxidation of 232,356 

Xylem exudate 99 

Y 
Y. septica 73 
Yersinia pestis 28, 73 

Ζ 
Zinc, role of 255 
Zinc stress induction of iron uptake 101 
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