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Abs t rac t  

Electron spin resonance measurements have been carried out on extracts 
from eight different bacterial respiratory membranes. The available 
evidence suggests that the copper is probably associated with the 

3+ terminal cytochromes. From the Fe (g = 4.3) signal, copper: 
cytochrome ratios and the absence of any detectable copper in the ESR 
spectra at 77~ under varying oxidation and reduction conditions, it is 
concluded that most of the copper in the membranes is paired with other 
coppers or more probably with a high-spin ferric ion with the 
copper-metal distance not greater than 5 A. 

C y t o c h r o m e  ox idase  f r o m  animal  sources  has b e e n  ex t ens ive ly  s tud ied  
and discussed [ 1 - 7 ] .  C o p p e r  has b e e n  i m p l i c a t e d  in its f u n c t i o n  b u t  it 
has b e e n  f o u n d  d i f f i cu l t  to  i n t e r p r e t  the  E S R  p rope r t i e s  o f  the  c o p p e r  
involved .  O n l y  ha l f  o f  the  c o p p e r  p re sen t  and necessary  for  the  ac t iv i ty  
o f  the  e n z y m e  is d e t e c t e d  by  E S R  and the  c o p p e r  tha t  is d e t e c t e d  has 
unusua l  g- and  A-va lues .  Y o n g  and  King  have  sugges ted  [6] t ha t  the  

c o p p e r  n o t  d e t e c t e d  by  E S R  is close to  the  h e m e  a3 and pa r t i c i pa t i ng  in 
a h e m e - c o p p e r  i n t e r a c t i o n  such  tha t  b o t h  its u n d e t e c t a b i l i t y  b y  E S R  
and the  a n o m a l o u s  E S R  b e h a v i o r  o f  a 3 is exp la ined .  T h e  c o p p e r  
obse rved  b y  E S R  is t h o u g h t  to  be  s a n d w i c h e d  b e t w e e n  a and aa in the  
e l e c t r o n - t r a n s p o r t  chain ,  and pa r t i c ipa t i ng  in a h e m e  c o p p e r - h e m e  
in t e r ac t i on .  

R e c e n t l y ,  Har tze l l  et  al. [7] have  suggested tha t  h e m e  a3 is 
u n d e t e c t a b l e  by  E S R  because  it is i nvo lved  in an a n t i f e r r o m a g n e t i c  
i n t e r a c t i o n  w i t h  the  E S R - u n d e t e c t a b l e  coppe r ,  and  the  signal p r ev ious ly  
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assigned to it belongs in fact to heme a. No suggestions are made, 
however, for the relative strengths of the other possible interactions 
between the components of the cytochrome. Malstr6m [1],  on the other 
hand, draws the distinction between long-range and short-range forces, 
suggesting that the heme aa and the ESR-undetectable copper are 
physically close to each other and participating in short-range magnetic 
spin'--spin interactions. This explains the undetectability by ESR of the 
first two components and the unusual spectrum of the third. Heme a is 
then thought to be physically remote from this cluster (>10)~) ,  
interacting only via long-range allosteric effects which simultaneously 
explain its kinetic behavior and its sharp ESR spectrum--an idea not 
inconsistent with that of  Yong and King. 

Little work has been done on bacterial extracts, where, since the 
combination of cytochromes in the respiratory membrane does not 
necessari ly contain aa3, the configuration of the heme and copper 
groups will not necessarily be the same as described for bovine and 
pigeon-heart muscle preparations. It is known from atomic absorption 
analysis [8] that even if the respiratory membrane does not contain the 
aa3 unit, copper is still present in approximate stoichiometry with the 
terminal cytochromes. The question of the role of copper in the 
respiratory membranes of bacteria then requires further investigation. 
Because of the difficulty of isolation of pure cytochromes, the 
measurements reported in this paper were made on respiratory particles 
which have the advantage of containing the respiratory membrane in a 
form probably little modofied from that in vivo. As copper was the chief 
object of  interest, the ESR observations were made at 77~ where the 
copper was expected to be easily detectable [2, 3, 6] and where the 
signals from iron were expected to be weaker and to interfere less. The 
bacteria chosen for this study were selected to cover a range of 
combinations of terminal cytochromes. 

Results 

The ESR spectra of each preparation in both the oxidized and reduced 
states had features in common. Absorptions attributable to high-spin 
ferric ions at g = 4.3 were often detected in the oxidized samples. Upon 
reduction with either malate, succinate, or NADH, an additional sharp 
line at g = 2 due to the semiquinone radical was always present. In none 
of the bacterial preparations was any sign of a Cu 2+ signal seen either in 
the oxidized or reduced forms. 

A small s a m p l e  (~6  rag) of purified freeze-dried beef-heart 
cytochrome oxidase was used to check on the sensitivity of the ESR 
spectrometer. A copper spectrum was obtained identical with that 
reported by Beinert [3].  The copper spectrum was sufficiently strong that 
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we would  feel conf iden t  of  de tec t ing  a similar signal less than one fif th 
of  the  size. The a m o u n t  of  copper  responsible  for this signal was 
de t e rmined  by  a tomic  absorp t ion  analysis. 

The results of  a tomic  absorp t ion  analysis for copper  are shown in 
Table I. The a m o u n t  of  copper  presen t  in each sample in the central  
region of  the  ESR cavi ty  has been  es t imated  f rom the copper  
concen t r a t i on  measured.  I t  can be seen tha t  each of  the samples of  
bacter ia l  part icles  conta ins  a comparab le  amoun t  of  copper  to the 
cy toch rome-ox idase  sample used as a reference.  

TABLE I. The concentration of copper in the samples examined, as measured by 
atomic-absorption spectrophotometry, and the amount of copper in the E SR 

sample actually used 

Copper con- 
centration 

Sample Terminal cytochromes (/.tg/ml) Ltg Cu in sample 

A. vinelandii a 1 az o 6.3 0.95 
E. coli o 40 6.0 
Ps. ovalis o 3.5 0.53 
A. L w o f f i  o 4 0.6 
B. l icheniformis aa 3 o 22 3.3 
B. megater ium aa3 o 5 0.75 
M. therrnosphactum aa3 20 3.0 
M. therrnosphactum a aa3 0.02 7//g/mg 1.6 
B. subtil is aa3 - o 

Cytoch rome  
oxidase a aa3 0.25 /ag/mg 1.5 

a Freeze-dried sample. 
b Nor measured in this work, but the Cu/a3 ratio has been given as 1.6 [8]. 

D i s c u s s i o n  

In none  of  the  bacter ia l  part icles  examined  have we found  any sign of  a 
copper  ESR spec t rum,  a l though we have checked  the sensit ivity of  our  
spec t romete r  and know tha t  we should  be able to de tec t  (if the  copper  is 
Cu 2+) abou t  a quar te r  o f  the  copper  found  b y  a tomic  absorp t ion  
spec t roscopy  in our  weakest  sample ( P s e u d o m o n a s  ova l i s )  and abou t  
one-for t ie th  of  the  copper  found  in the  s trongest  sample ( E s c h e r i c h i a  

c o l i ) .  We are forced to conc lude  tha t  only  a small p r o p o r t i o n  of  the  
copper  present  is in a form po ten t i a l ly  de tec tab le  by  ESR (Cu2+), e.g. 
less than 2.5% of  the copper  in E.  c o l i  and less than 25% in Ps.  ova l i s .  

Therefore ,  if the  copper  presen t  is associated with respi ra t ion  in these 
bac te r ia  then  it is in a d i f ferent  env i ronment  f rom tha t  found  in 
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cytochrome oxidase from animal sources. In order to be absolutely 
certain of the role of copper in bacterial respiratory membranes it would 
be necessary to isolate smaller fragments of the respiratory chain to 
ascertain whether the copper is in fact associated with the terminal 
cytochromes. Nevertheless, there is some evidence that the copper is 
associated with the terminal cytochrome, for example, the copper signals 
observed in submitochondrial particles [9],  mitochondria, and whole-cell 
samples [10] from beef, pigeon, and rat heart have been assigned to 
cytochrome oxidase, although in intact algae they have been assigned to 
plastocyanin [ 11 ]. 

The evidence that most of the copper is associated with ther terminal 
cytochrome, at least in some of the bacterial enzymes, is as follows. 
From total copper and terminal cytochrome analysis, Meyer [8] has 
deduced that the total copper to terminal cytochrome ratios vary up to 
about 3.1 : 1. For example, Microbacterium therrnosphactum and Bacillus 
subtilis have ratios 3.1:1 and 1.6:1. Since both have cytochrome a a3 as 
terminal cytochrome, and since the ratios are not dissimilar to those 
found in mammalian enzymes with the same terminal cytochrome (ratio 
cytochrome copper:cytochrome: :2: 1), then it could be that the bacterial 
cytochrome aa3 also has two copper atoms in it. In M. therrnosphactum, 
the total copper:cytochrome ratio of 3.1:1 might indicate that two 
copper atoms are in the terminal cytochrome and one in the 
noncytochrome oxidase region of the respiratory system. Nevertheless, 
all copper atoms seem to be ESR nondetectable which suggests pairing 
with each other or with another metal. Similar tentative conclusions may 
be drawn from other bacterial enzymes with terminal cytochrome o 
(e.g., Acinetobacter lwoffi) which have total copper:cytochrome ratios 
very close to 1 suggesting that the sole copper atom is associated with 
the terminal cytochrome. 

In contrast to the mammalian enzymes where there is ESR detectable 
copper, our results for those bacterial enzymes which we have studied 
show that if they do contain copper, either in the terminal cytochrome 
or in the nonrespiratory area of the enzyme, then as far as the oxidized 
form is concerned, most of it must be involved in short range Cu2+-Cu 2§ 
or Cu2+-Fe 3+ spin-spin interactions sufficiently strong as to imply an 
interionic distance of ~<5 2~ [12, 13]. Support for this comes from the 
surprising observation that the g = 4.3 high-spin ferric signal often 
increases in intensity upon reduction of the bacterial particles. This was 
particularly noticeable with those enzymes having terminal cytochrome. 
This could come about i f  there was selective reduction in a strongly 
coupled Cu2+-Fe 3+ pair such that the cupric ion was reduced by the 
malate or succinate but the ferric ion was not, so allowing a signal to be 
observed from the ferric ion. Such a reduction might be accompanied by 
a rearrangement of the ligands so as to separate the two metal centers 
and allow the Cu + and the Fe a+ to be separately stabilized [14]. Griffith 
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[12] has explained how one of the CuT+-Fe 3+ heme pairs in cytochrome 
oxidase is probably antiferromagnetically coupled in the oxidized state, 
while in the partially reduced state, the Cu 2+ ion is reduced but not the 
Fe 3§ ion, the only ESR signal observed being that due to the freed 
high-spin ferric heme. In our enzymes the Fe 3+ ion must be in a highly 

stabilized, well shielded, and unique ligand environment in a side chain 
not susceptible to reduction and containing ligands such as carboxylic 
acids, oxines, or amino acids [15]. Redox potentials applicable for such a 
reaction suggest that it is feasible [14],  there being ample evidence for 
CuZ+-Fe 3+ pairs with, probably, hydroxyl bridges [ 16]. 

Alternatively, the increase in Fe 3+ signal strength could arise from a 
change in relaxation time caused by a change in the ferric ligand 
coordination or stereochemistry. This model would necessitate 
Cu2+-Cu 2+ or Cu2+-Fe3+heme antiferromagnetically coupled pairs. If 
reduction took place at the copper sites and was accompanied by an 
alteration in the ligand environment of the nonheme ferric without 
reduction, then this could account for the increase in the ferric signal 
upon reduction. Malmstr~Sm [ 1] has tentatively suggested that the signal 
assigned to copper in mammalian cytochrome oxidase may not be due to 
copper at all but originates from a low-spin Fe B+. In this case the copper 
ions, being undetectable, might be comparable to the nonparamagnetic 
pair found in the blue oxidases [ 17]. A mixed-valence sulfur-bridged pair 
of the type suggested by Hemmerich [18] and others does not seem 
l ikely-a  reasonably sharp ESR spectrum would be expected. In the 
reduced form all the copper must be as Cu +. We must conclude that at 
least in the high-copper samples, the copper environment is significantly 
different from that found in mammalian cytochrome oxidases. 
Nevertheless, the experiments reported in this paper strongly suggest that 
Cu-metal interactions exist but raise more questions than are answered. 
The system clearly has considerable complexity. 
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