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Iron Proteins 

I .  Introduction 

In recent years, evidence has accumulated that pro- 
teins containing oxo-bridged dinuclear iron centers are 
widespread in biology. The crystal structure of hem- 
erythrin, an 02-transport protein from marine worms 
and the prototypical member of this group of proteins, 
was reported in 1981 and revealed the presence of two 
bridging carboxylate ligands in addition to an oxo 
bridge. Subsequent spectroscopic experiments strongly 
implicated the presence of a similar unit in ribo- 
nucleotide reductase, which has been confirmed very 
recently by a crystal structure of the enzyme (albeit 
with only a single bridging carboxylate). Synthetic work 
over the past 10 years has demonstrated that the bis- 
(p-carboxylato)(p-oxo) and mono(p-carboxylato)(p- 
oxo)diiron cores assemble spontaneously in aqueous 
solution under a variety of conditions and with a variety 
of terminal ligands. Given the intrinsic stability of the 
(p-oxo)diiron unit and its propensity to "self-assembly" 
reactions, it is perhaps not surprising that additional 
examples in biology have been identified by comparison 
of corresponding spectroscopic and physical properties. 
Examples of these include the purple acid phospha- 
tases, a group of hydrolytic enzymes found in mammals, 
plants, and microbes, and methane monooxygenase, 
which is responsible for the initial step in methane 
uptake by methanotrophic bacteria. Members of this 
class exhibit certain common spectroscopic signatures: 
EPR signals at  130K with g,, = 1.7-1.8 in the mixed- 
valence Fe(I1)-Fe(II1) form and antiferromagnetic 
coupling between the ferric ions in the oxidized form. 

The available structural and spectroscopic data in- 
dicate a high degree of congruence in the dinuclear iron 
sites of these proteins, yet they exhibit an amazing 
variety of biological functions: O2 transport, O2 acti- 
vation and insertion into an unactivated C-H bond, 
phosphate ester hydrolysis, and electron transfer. In 
fact, it can be argued that the Fe20 unit constitutes the 
most versatile iron center yet encountered in biology. 
The more familiar heme centers are capable of both 
electron transfer and O2 binding and activation, but not 

nonredox chemistry, while iron-sulfur clusters are 
known to participate in electron-transfer and nonredox 
chemistry, but not directly in O2 chemistry. It now 
appears as if proteins containing the Fe20 unit are ca- 
pable of all these functions, and it seems likely that new 
examples remain to be discovered. 

Consequently, a review of the properties of dinuclear 
oxo-bridged iron proteins seems timely. The present 
article focuses on the spectroscopic and physical prop- 
erties of the dinuclear iron centers. Its major theme is 
the exploration of how the intrinsic properties of a 
dinuclear oxo-bridged iron center are modulated by a 
particular polypeptide environment (insofar as this can 
be determined from the available data) and utilized in 
a given biological function. This review is intended to 
be comprehensive with regard to published work ad- 
dressing the above points, but coverage of the more 
biochemical and physiological aspects of these proteins 
is necessarily selective. 

This class of proteins has attracted a great deal of 
interest in recent years, as evidenced by the relatively 
large number of original publications cited and by the 
availability of numerous review articles addressing some 
of the topics covered here. Thus, reviews devoted 
specifically to hemerythrin,'Y2 purple acid phosphatas- 
e ~ > ~  and ribonucleotide reductase5 are available, as are 
shorter reviews of broader scope focusing more heavily 
on synthetic model chemi~t ry .~?~ The role of oxo- 
bridged dinuclear iron centers in oxygen chemistry has 
been summarized: and an overview of the spectroscopic 
and reactivity properties of these proteins has recently 
a ~ p e a r e d . ~  Because of the very recent publication of 
an exhaustive review of the structure and properties of 
synthetic dinuclear iron complexes in this journal,'O only 
those synthetic complexes that most closely approxi- 
mate key features of a particular dinuclear oxo-bridged 
iron protein have been included in this article. 

I I .  Hemerythrin 
Hemerythrin (Hr) is an oxygen-binding protein con- 

taining two nonheme iron atoms per subunit.1-2J1 The 
protein has been isolated from a variety of marine in- 
vertebrates, including sipunculids (peanut worms), an- 
nelids (segmented worms), priapulids, and brachiopods 
(lampshells). While the protein is most often found as 
an octamer, monomeric (myohemerythrin), dimeric, 
trimeric, and tetrameric forms are also known. In 
general, oxygen binding by hemerythins does not ex- 
hibit cooperativity (for exceptions see ref 12). Despite 
the differences in quaternary structure, the subunit 
molecular weight is always approximately 13 500-13 900 
Da; subunits in a given protein are identical (or very 
nearly so). 
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Figure I. Tertiary structure of hemerythrin showing four an- 
tiparallel u-helices and central Fel unit (reprinted from ref 15; 
copyright 1975 National Academy of  Sciences). 

In nature, subunits are found in either of two oxi- 
dation levels related by 2e-/pair of Fe atoms: deoxyHr 
(the reduced form prior to O2 binding) and oxyHr (with 
O2 bound). DeoxyHr can be oxidized chemically in the 
absence of dioxygen to produce metHr. This form 
readily binds a moncdentate ligand (L); the corre- 
sponding complex is named metLHr (for example, 
metazidohemerythrin, abbreviated metN3Hr). One- 
electron oxidation of deoxyHr or one-electron reduction 
of metHr produces the semimet level, intermediate 
between deoxy and met; this form is, however, unstable 
toward disproportionation. The semimet forms pro- 
duced by reduction of metHr, (semimet)R, and by ox- 
idation of deoxyHr, (semimet)o, have been found to 
exhibit distinct spectroscopic proper tie^.'^,'^ 

The most detailed information on the structure and 
function of hemerythrin has come from X-ray crystal- 
lographic Each subunit of HI is composed 
of four antiparallel a-helices (Figure l), which comprise 
approximately 75% of the amino acid residues (in 
agreement with predictions of earlier circular dichroism 
~tudies)?~,~ '  The virtually identical tertiary structures 
of subunits from proteins of varying sources is some- 
what surprising, given the fact that there is only ap- 
proximately 40% sequence homol0gy,3~-~~ a situation 
reminiscent of hemoglobin and myoglobin. Two iron 
atoms are bound in a dinuclear iron center, which is 
located roughly in the center of the four a-helices. 
Thus, the overall structure possesses approximate C2 
symmetry, with the symmetry axis running through the 
center of and parallel to the four helices. Interestingly, 
the sequences of Hr have an apparent repeat that 
suggests that Hr is the result of duplication and fusion 
of the gene for a mononuclear iron protein.TJ As the 
resolution of the electron density map about the diiron 
center improved and the iron-binding ligands became 
observable, the iron ligation became quite controversial, 
and groups working on the respiratory protein from 
different sources developed different models for the iron 
ccardination.n,28 However, refinement of the structure 
of the metazido forms to R values of 17.5% (octamer- 
ic)n and 15% (myoHr)24 have given rise to a consistent 
picture of the iron ligation (Figure 2). Both irons are 
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Figure 2. Structure of dinuclear iron center of metazidoheme 
rythrin (reprinted from ref 21; copyright 1983 Munksgaard). 

TABLE 1. Selected Mean Bond Angles and Distances for 
Methemerythrin and Metazidohemerythrin (Ref 21) 

met metN. ~~~~~ ~~~~ ~~ 

Fe...Fe 3.21 A 3.25 A 
F A &  1.68, 1.92 A 1.64, 1.89 A 
F A , ,  2.03, 2.10 A 2.16, 2.20 A 
F e O O l . .  2.04. 2.28 A 2.33, 2.24 A 

2.151 2.19 A 2.22: 2.25 A 

2.i7,2.24, 2.31 ' 2.27,2.29, 2.13 A 
(six-mrd Fe) 

Fe-Nab 2.34 A 
FeOd.-Fe 127' 135' 
FeNld-N2,, 1110 

octahedrally coordinated and bridged by an oxide ion 
(as predicted by previous magnetic susceptibility and 
electronic studies (vide infra)), with short Fe-0 dis- 
tances (ca. 1.64-1.92 A). The protein provides two 
bridging carboxylate groups from the side chains of an 
aspartate and a glutamate residue and five imidazole 
ligands from histidines. One iron is coordinated by 
three histidines, the other by two. Coordination of the 
second iron is completed by a monodentate azide ligand. 
A collection of bond distances and angles is given in 
Table I. Iron ligands are provided by each of the four 
a-helices. Two helices furnish ligands to one iron, while 
the other two a-helices provide ligands to the second 
iron. Additionally, the structure of metHr (previously 
referred to erroneously as metaquoHr) has been refined 
to an R factor of 17.3%J2 The structure of the diiron 
center differs from that of metNaHr mainly in that the 
azide-binding site is vacant, leaving the second iron only 
five coordinate. The change in coordination number 
results in subtle changes in the geometry about both 
irons (Table I). 

X-ray diffraction studies of oxyHr have achieved 
sufficient resolution to allow the determination of the 
structure of the dioxygen binding site. It is found that 
dioxygen binds to a single Fe, the five-coordinate Fe of 
metHr, in an end-on fashion, similar to a~ide .2~  The 
proximity of the bound O2 to the oxide bridge, the only 
hydrogen-bond acceptor near the site, suggested the 
presence of a hydrogen bond between the bridging oxo 
ligand and the oxygen of O2 not bound to the metal; this 
and the binding mode of the peroxide have been borne 

Figure 3. Fourier transform of Fe K-edge EXAFS data 
various forms of hemerythrin and model compounds (reprin 
from ref 36; copyright 1982 American Chemical Society). 
(glycine) trimer = [Fe30(plycinato)a(HzO)~] (C104),; Fe(CI(PD 
dimer = [Fe,0(4-chlom-2,6-pyridinedicarboxylat~)~~H~O~~l~4~ 

or 
?d 
e- 
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out by resonance Raman studies (vide infra). Difference 
electron-density maps between deoxyHr and metHr 
indicate that the deoxyHr metal complex appears to 
retain the same ligands and symmetry as the met form, 
although the results are not conclusive as the deoxy 
electron map is a t  low resol~tion.2~ One significant 
difference between the iron centers of the two forms 
appears to be a lengthening of the metal-metal sepa- 
ration in going from metHr to deoxyHr. 

X-ray diffraction studies on Hr have been comple- 
mented nicely by X-ray absorption s t ~ d i e s . ~ ~ * ~ ~  
Fourier transforms (FTs) of the EXAFS data for the 
oxidized forms of hemerythrin show three major fea- 
tures (Figure 3). The first of these, at ca. 1.61.7 A (not 
corrected for phase shift), is the result of Fe-O/N in- 
teractions. The Fe-Fe interaction is primarily re- 
sponsible for the peak at  ca. 3 A, while nonbonded 
histidine C/N atom interactions with the metal give rise 
to the last feature a t  3.5-4.0 A. The first attempts to 
fit the EXAFS data of the oxidized Hr complexes gave 
iron-ligand separations in excellent agreement with the 
X-ray diffraction results; however, Fe-Fe distances 
were overestimated by -0.1543.25 A relative to the 
crystal  structure^.^^^' More recent studies using better 
synthetic complexes as models (see section VII) have 
resulted in fits that gave Fe-Fe separations in excellent 
agreement with the X-ray diffraction results40 (Table 
11). In the Fourier transform of the EXAFS data of 
deoxyHr, the middle feature is much reduced in in- 
tensity and shifted to a longer distance, indicative of 
an increase of 20.3 A in the Fee-Fe separation." Thus, 
reduction to the deoxy level results in loss of the short 
iron-oxide bonds, probably due to protonation of the 
bridging oxo group. Fits to the difference in the EX- 
AFS between deoxyHr and oxyHr indicate that re- 
duction from the oxy to deoxy level results in release 
of 0, and lengthening of the bonds to the bridging ox- 
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TABLE 11. Results of Fits to the EXAFS of Various Forme of Hemerythrin (Ref 40) 
Fe-Ooxide Fe-0 Fe-N 

metN, 1.0 (3) 1.80 (3) 2. 0 (4) 2.08 (4) 3.0 (5) 2.17 (4) 3.24 (5) 
met 1.0 (3) 1.82 (3) 2.0 (4) 2.07 (4) 2.5 (5) 2.14 (4) 3.13 (5) 
OXY 1.0 (4) 1.82 (3) 2.5 (5) 2.11 (4)' 2.5 (6) 2.22 (4)" 3.24 (5) 
deoxy 1.0 (4) 1.98 (4) 2.4 (6) 2.12 (6)' 2.5 (6) 2.5 (6)" 3.57 (6) 
~emimetN,~ 0.5 1.87 2.5 2.135" 3.0 2.135" 3.46 

R, A no. R, A no. R, A Fe- - .Fe: R, A source no. 

N and 0 contributions could not be distinguished. *Reference 39. 

~gen.~O A lengthening of the Fe-oxide and Fe-Fe 
distances relative to metN3Hr by -0.07 and 0.28 A, 
respectively, is also observed for ~ e m i m e t N ~ H r . ~ ~  

The energies of the X-ray absorption edge of oxyHr 
and the various met forms of Hr are consistent with 
both irons being t r i ~ a l e n t . ~ ~ ~ ~ ~  In contrast, the edge 
energy for deoxyHr is shifted to lower energy relative 
to its counterparts, suggesting that both irons in this 
form are divalent.36 

These oxidation state assignments are consistent with 
Miissbauer spectr.osoopic results!1* Miissbauer spectra 
of deoxyHr reveal a single quadrupole doublet with a 
large isomer shift (6 = 1.14 mm/s) and quadrupole 
splitting (AE = 2.76 mm/s) at  4.2 K, indicative of 
high-spin FebI) (probably with N and 0 ligands) 
(Figure 4); thus, the two irons are indistinguishable. 
OxyHr gives rise to a spectrum consisting of two 
quadrupole doublets with similar isomer shifts (6 = 0.51, 
0.52 mm/s) but different quadrupole splittings (AE 
= 0.91,1.93 mm/s)!l* Each doublet accounts for h d  
of the signal, and the spectrum is not broadened by 
application of a magnetic field. These results are con- 
sistent with the presence of two high-spin ferric ions 
that are antiferromagnetically coupled (making the 
dinuclear center diamagnetic) but which experience 
different electric field gradients. The Mossbauer pa- 
rameters of oxyHr are strikingly similar to those of 
synthetic oxide-bridged dinuclear iron complexes41 
(section VII). The spectra of metN3Hr consist of two 
very similar quadrupole doublets (AEq = 1.95, 1.47 
mm/s), with isomer shifts of 0.51 mm/s smilar to those 
of oxyhemerythrin;44 the data again indicate the pres- 
ence of two high-spin ferric ions that are antiferro- 
magnetically coupled. 

Magnetic-susceptibility measurements on the oxi- 
dized forms of Hr confirm that the two ferric ions are 
antiferromagnetically ~ o ~ p l e d . ~ ~ * ~ ~ ~ ~ ~ ~ ~  Variable-tem- 
perature results using a SQUID magnetometer gave 
exchange coupling constants (4 between the S = 5 /2  
ferric ions of -77 and -134 cm-' for oxyH_r e d  metHr47 
(using the spin Hamiltonian H = -WS1-S2),48 Such 
large negative exchange constants have been observed 
only for synthetic diiron complexes containing a 
bridging oxo ligand (section VII). Measurements at  
room temperature on deoxyHr gave magnetic moments 
per iron in the range expected for isolated ferrous ( S  
= 2) with no evidence for magnetic coupling 
of the iron atoms (but see discussion of MCD and EPR 
spectra of deoxyHr below). 

The first 'H NMR studies of metN3Hr revealed that 
signals from four histidine residues of the apoprotein 
were broadened beyond detection in the iron complex 
because of their proximity to the iron centers;49 the 
discrepancy between the observed number of iron- 
bound histidines and the five expected based on the 

. 2  0 4 0  20 
VELOCIIY I mm <\I 

1 I 1 I I I 

-10 . 2 0  . I O  0 IO 20 IO 1 
VELOClIY ("S.l I 

Figure 4. Mossbauer spectra of oxyhemerythrin (top) and de- 
oxyhemerythrin (bottom) at temperatures of 77 and 4.2 K and 
in a magnetic field of 2.5 T at 4.2 K. The deoxy spectrum Contains 
contributions from a small amount of the oxyhemerythrin form 
(reprinted from ref 44; copyright 1984 American Chemical So- 
ciety). 

crystallographic studies could not be explained. Re- 
cently 'H NMR studies of the various paramagnetic 
forms of Hr have been used to identify the ligands to 
the diiron c ~ m p l e x . ~ ~ ~ ~  For oxy and metHr, three or 
four resonances, exchangeable with D20, were observed 
in the 12-25 ppm region and assigned to imidazole N-H 
protons.s1 The decreased magnitude of the isotropic 
shifts compared to those of mononuclear iron(II1)- 
imidazole complexes (ca. 100 ppm) results from anti- 
ferromagnetic coupling between the irons. A nonex- 
changeable signal at 11 ppm was assigned to the 
methylene protons of the bridging carboxylate groups. 
Three exchangeable resonances between 65 and 40 ppm 
(assigned to histidine NH protons) were found in the 
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Figure 5. Resonance Raman spectra of oxyhemerythrin with '60 
or '80 bridging ligands obtained with 363.8nm excitation (re- 
printed from ref 63; copyright 1984 American Chemical Society). 

spectrum of deoxyHr, in addition to numerous other 
paramagnetically shifted signals. An exchange coupling 
constant of J = -15 cm-' was determined by Evans 
susceptibility measurements for de~xyHr.~I  Addition 
of anions known to bind to deoxyHr resulted in weak- 
ening of the antiferromagnetic coupling. SemimetN3Hr 
gave rise to two sets of histidine NH resonances near 
72 and 54 ppm, assigned to histidines bound to the 
Fe(II1) and to the Fe(II), re~pectively.~' These data 
would suggest that a trapped valence description is 
most appropriate for the iron ions of semimetN3Hr (at 
least on the NMR time scale). The temperature de- 
pendence of the isotropic shift of semimetN3Hr gave 
an exchange value of J = -20 cm-'. 
As deoxyHr contains two Fe(I1)'s and each Fe center 

is oxidized to the trivalent state upon the binding of 
dioxygen, the dioxygen unit must undergo a two-elec- 
tron reduction to peroxide. Resonance Raman studies 
of o ~ y H r ~ ~ - ~  have unequivocally established that the 
oxidation level of the bound O2 is peroxide (022-). 
Excitation into a charge transfer band at 500 nm (vide 
infra) resulted in peaks assigned to Fe-02 and 0-0 
stretches at  503 and 844 cm-', re~pectively.~~ These 
assignments were confirmed on the basis of the ob- 
served shifts with The 0-0 stretch at  844 cm-' 
clearly identifies the bound form of 0 2  as peroxide. Use 
of 160-1E0 clearly showed that the two oxygens of the 
peroxide were inequivalent, indicating that the peroxide 
was not bound in a symmetrical fashion." Similar 
studies with metN3Hr using I5NI4N2- revealed an in- 
equivalence of the two end  nitrogen^.^^ Resonance 
Raman studies have also provided additional evidence 
for the presence of an oxo bridge.%#" Peaks at -510 
and 750-785 cm-* for metHr's (which shift -15 and 
-35 cm-' to lower energy in the presence of HJQ) have 
been assigned to u,(Fe-O-Fe) and v,(Fe-O-Fe), re- 
spectively. However, for oxyHr, the u,(Fe-O-Fe) and 
u,(Fe-O-Fe) occur at  lower frequencies, 486 and 753 
cm-', respectively (Figure 5) .  This has been attributed 
to the presence of a hydrogen bond to the oxo bridge6' 
and is supported by a shift in both u,(Fe-O-Fe) and 
v,(Fe-O-Fe) to higher frequency in DzO. The reso- 
nance Raman spectra of semimetN3Hr are distinct from 
those of oxidized Hi's in that the v,(Fe-O-Fe) stretch 
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Figure 6. EPR spectra of (semimetIR (left) and (semimetlo 
hemerythrin (right) from Themiste zostericola (reprinted from 
ref 14; copyright 1980 Elsevier). 

is not observable.62 The unique pH dependence of 
metHr has been examined by resonance Raman tech- 
n i q u e ~ ; ~ ~  in the basic form of the protein, the open 
coordination site of the five-coordinate iron is filled by 
a hydroxo ligand as shown by an Fe-0 stretch at  490 
cm-' (shifted to 518 cm-I in D20). (This form of the 
protein is thus best termed methydroxyHr.) 

Resonance Raman experiments have also proved 
valuable in assigning the electronic spectra of the var- 
ious forms of Hr. Oxidized Hr's all display four bands 
at  320-340 (c = 6000-7000), 360-380 (-4000-6000), 
440-410 (-500-950), and 590-750 nm (- 140-200).6L 
Fe-O-Fe stretches are maximally enhanced in the 
resonance Raman spectra by excitation at  ca. 380 nm, 
indicating the band at 360-380 nm possesees significant 
oxide - Fe(1II) chargetransfer contributions. Similarly 
excitation in the 440-510-nm bands also show some 
enhancement of the Fe-O-Fe bands.M The visible 
bands of oxyHr, metN3Hr, md metNCSHr, at 500,446, 
and 452 nm, respectively, are readily assigned 89 ligand 
(Ol-, N,, NCS-) to metal charge-transfer bands as a 
result of their intensities. Polarized single-crystal 
spectroscopy studies of oxyHr and metN3Hr indicate 
that the peroxide and azide ligands have orientations 
consistent with the X-ray crystallogrpahic results.@ 
Recently, visible and near-IR spectra of metN3Hr and 
metOHHr have revealed that the bands at  -480 and 
600-750 nm and a newly discovered band at - lo00 nm 
are ligand field transitions of the octahedrally coordi- 
nated ferric centers.66 Electronic spectra of semimetHr 
are similar to those of their met counterparts, but less 
distin~tive.~' The N y  - metal charge transfer band 
is retained in semimetN3Hr, indicating that the endo- 
geneous monodentate binding site is on the ferric cen- 
ter. Bands with intervalence character have been 
identified in the near-IR spectra of the semimet form.66 

Both (semimet)RHr and (semimet)oHr display EPR 
spectra at  liquid He temperatures (Figure 6); the two 
spectra are slightly different, with g values of 1.96,1.88, 
1.67, and 1.95, 1.72, 1.68, re~pectively.'~J~ Addition of 
azide to either results in a slightly different signal with 
g values of 1.94, 1.85, and 1.57; the amplitude of the 
signal does not decrease with time, indicating that the 
N3- adduct is stable to disproportionation. The EPR 
signals are strikingly similar to those of mixed-valence 
[2Fe-2S] proteins containing one ferric iron and one 
ferrous iron.68 A theoretical model for analyzing the g 
values of the EPR signals of the semimet forms of Hr 
indicates that a very small difference in the rhombic 
distortion of the ferrous site could account for the 
differences in the spectra.69 

Finally magnetic circular dichroism and EPR studies 
on deoxyHr indicate that this form of the protein con- 
tains one five-coordinate and one six-coordinate diva- 
lent iron antiferromagnetically coupled with J = 12-38 
cm-1.70p71 Addition of anions such as azide to the five- 
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deoxy hemerythrin oxyhemerythrin 

Figure 7. Proposed mechanism for conversion of deoxyheme- 
rytkin to oxyhemerythrin (reprinted from ref 23; copyright 1985 
National Academy of Sciences). 

coordinate iron results in a significant perturbation of 
the coupling between the ferrous ions, such that they 
become weakly ferromagnetically coupled. Conse- 
quently, these forms give rise to a novel EPR signal at  
g = 16 originating from the 14,f4) states. 

Dialysis of metHr against sulfide results in the gen- 
eration of another form of semimetHr, in which the 
oxide (or hydroxide) bridge has been replaced by a 
bridging sulfide ligand.72-74 EPR and Mossbauer data 
indicate that the iron centers remain antiferromag- 
netically coupled.73 Recent results indicate that (p- 
su1fido)semimetHr can be oxidized by a ents such as 
Fe(CN)*% to the (p-sulfido)metHr species! Generation 
of the corresponding (pse1enido)semimetHr has also 
been described.73 

A mechanism for the conversion of deoxyHr to oxyHr 
that is consistent with the spectroscopic and magnetic 
data on the respiratory protein has been proposed 
(Figure 7).23 DeoxyHr possesses the same iron ligation 
as metHr with the exception of the oxo bridge, which 
is protonated. As dioxygen approaches the diiron cen- 
ter, it binds to the five-coordinate site. Electron 
transfer then occurs with oxidation of both ferrous ions 
to ferric and reduction of the dioxygen to peroxide; this 
is accompanied by transfer of the hydroxo proton to the 
peroxide to give a hydroperoxide ion. A scheme show- 
ing the interconversion of the various forms of Hr and 
their probable structures is displayed in Figure 8. In 
the scheme, the structures of (semimet)o and (semi- 
met)R are those proposed recently based on detailed CD 
and MCD studies.75 The true picture may be somewhat 
more complicated, as studies of the equilibrium (sem- 
imet)R ~t (semimet)o indicate that a conformation 
change is involved.76 

I I I .  Rlboni&~tW Reductase 
Ribonucleotide reductase (RR) catalyzes the forma- 

tion of deoxyribonucleotide di- or triphosphates, the 
first step in DNA ~ynthesis.~ Three types of RR have 
been identified, each possessing a different metal co- 
factor: one requires adenosylcobalamin (vitamin BIZ); 
the second, iron; and the last, manganese.77 The iron 
enzyme has been found in animals, certain bacteria, and 
virus-infected mammalian cells. The enzyme from 
Escherichia coli is the best characterized and will be 
the focus of this discussion; available data on other 
iron-containing systems are generally consistent with 
the results obtained on the E. coli enzyme. The enzyme 
from E. coli is composed of two nonidentical proteins 
in a 1:l ratio. Protein B1 (160 kDa MW) possesses the 
two ribonucleotide binding sites and contains redox 
active dithiol groups. Two identical 39-kDa subunits 
comprise protein B2; each contributes a tyrosyl radical78 
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Figure 8. Interconversion of the various forms of hemerythrin. 

u- 
Figure 9. Schematic of E. coli ribonucleotide reductase. 

and binds non-heme iron, both of which are essential 
for activity (Figure 9). 

While for many years the B2 protein was believed to 
bind two iron atoms in a dinuclear site (vide infra) at 
the interface of its two identical subunits: recent in- 
vestigations nave shown that the protein contains a 
total of four atoms of iron. Consequently, each subunit 
appears to possess a dinuclear iron center.78 The 
spectroscopic properties of these diiron centers are 
strikingly similar to those of the oxo-bridged diiron 
units of hemerythrin. 

While X-ray diffracting crystals were first reported 
in 1984,79 the three-dimensional structure of the B2 
protein has only recently been reported at 2.2-A reso- 
lution.@” Each B2 protein contains two diiron centers 
and is comprised of eight a-helices with little b-struc- 
ture. The diiron unit rests in the center of four of the 
a-helices, with the Fe-Fe axis parallel to the axis of 
the helices (unlike Hr, in which the Fe-Fe and helix 
axes are perpendicular). The two iron atoms are sep- 
arated by -3.3 and are doubly bridged by an oxo 
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mately equal i n t e n ~ i t y , ' ~ ? ~ ~  indicating the presence of 
two inequivalent sets of iron. The quadrupole splitting 
and chemical shifts of the doublets are typical of 
high-spin ferric iron with oxygen- and nitrogen-based 
ligation (6 = 0.53, 0.45 mm/s, AEQ = 1.65, 2.45 mm/s 
at 4.2 K).= At low temperature, no magnetic features 
were observed even in strong applied magnetic fields; 
thus, the iron sites are diamagnetic, meaning that the 
two irons are antiferromagnetically coupled.85 Addition 
of hydroxyurea resulted in no observable changes in the 
Mossbauer spectra. However, reduction of the protein 
with dithionite or the addition of ferrous iron to the 
apoprotein resulted in a significantly different spectrum 
with parameters typical of Fe(I1) (6 = 1.26 mm/s, AEQ 
= 3.13 mm/s at 4.2 K).78 Sizeable hyperfine interac- 
tions were observed in the presence of strong magnetic 
fields; preliminary analysis suggested that the magnetic 
coupling (4 between the two irons was smaller than the 
iron zero field splitting (D). 

Variable-temperature magnetic susceptibility studies 
also indicate that the two irons are strongly antiferro- 
magnetically coupled, with a coupling constant J of 
-108 cm-'.@ 'H NMR spectra of the B2 protein reveal 
two paramagnetically shifted resonances at 19 and 24 

in DzO, only the 19 ppm resonance is observed. 
Reduction of the tyrosine radical resulted in no change 
in the two resonances. The exchangeable proton at 24 
ppm was assigned to an N-H proton of a histidine lig- 
and, on the basis of comparisons with the 'H NMR 
spectra of Hr. The feature at 19 ppm has yet to be 
assigned. In the case of dithionite-reduced protein, 
resonances at  45 and 57 ppm were observed at 37 "C. 
The 57 ppm resonance was shown to be due to an ex- 
changeable proton and assigned to an N-H proton of 
a histidine ligand. Fitting the temperature dependence 
of the 57 ppm resonance gave a magnetic coupling 
constant of J = -5 f 5 cm-'. Upon addition of di- 
oxygen, the 'H NMR spectrum of the oxidized form of 
the protein was observed.88 

The ultraviolet-visible spectrum of the hydroxy- 
urea-treated B2 protein is quite similar to that of 
metHr, with bands at 325 ( E  = 9400), 370 (7200), -500 
(br, sh, 800), and 600 nm (300) (Figure 11). When Tyr 
122 (responsible for the tyrosine radical) is changed to 
phenylalanine by site-specific mutagenesis, an identical 
ultraviolet-visible spectrum is observed.89 Upon exci- 
tation into the 370-nm electronic transition, an en- 
hanced resonance Raman band is observed at  496 
cm-1.9*9z Exposure to HZl80 results in a shift to 481 
cm-'; thus, the band results from a Fe-0 moiety ex- 
changeable with solvent. The rate constant for the 
exchange was consistent with a p-oxo-bridged structure. 
By comparison to the resonance Raman spectra of Hr, 
the l80 shift and the lack of a shift to lower frequencies 
in D20 indicates that this band arises from a symmetric 
Fe-0-Fe vibration. For the RR from bacteriophage T4, 
a band observed at 487 f 4 cm-' probably arises from 
the same source.g1 After exposure to H2180, an en- 
hanced band at 731 cm-' was suggested as a candidate 
for an asymmetric Fe-0-Fe stretch. In H2160, this 
band is probably obscured by protein tryptophan vi- 
b r a t i o n ~ . ~ ~  The oxide bridge was suggested to be in- 
volved in hydrogen bonding, as u,(Fe-0-Fe) shifted 3 
cm-' to higher energy in D20. From the oxygen isotope 
dependence, the Fe-0-Fe angle was calculated to be 
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Figure 10. Structure of the diiron site of E.  coli ribonucleotide 
reductase (adapted from ref. 80). 

ligand and a single glutamate carboxylate ligand (Figure 
10). The coordination about each iron is completed 
by histidine imidazoles, by carboxylate groups from 
aspartate and glutamate residues, and by water mole- 
cules. One carboxylate (Asp 84) binds in a novel bi- 
dentate fashion to a single iron. The most intriguing 
aspects of the structure is that while the irons are only 
doubly bridged, a second carboxylate group (Glu 238) 
seems to be in a suitable position to bridge the two 
irons. These results are also in accord with observed 
sequence homologies between the iron-containing pro- 
tein of R R s  from a variety of sources.81 Two of eight 
histidine residues are conserved between sequences of 
the enzyme from E. coli and the mollusc Spisula soli- 
dissima, and Epstein Barr and Herpes simplex viruses. 
A total of eight glutamate and aspartate and two tyr- 
osine residues are also conserved. His 118 (numbers 
correspond to the E. coli sequence), His 241, Glu 115, 
and Asp 237 or Glu 238 were correctly proposed as iron 
ligands.81 

Fourier transforms of the EXAFS data of protein B2 
are dominated by two features, resulting from Fe-O/N 
and Fe-aFe interactions. Fits of the EXAFS data in- 
dicated that the iron atoms were coordinated by five 
or six oxygen and/or nitrogen l i g a n d ~ . ~ ~ p ~ ~ - ~  In addi- 
tion, each iron is bound to an O/N ligand at a short 
distance of about 1.78 A, indicative of a bridging oxo 
ligand. The bond distances to the other ligands average 
-2.04 A, ca. 0.1 A shorter than that found for Hr; this 
may reflect the greater number of nitrogenous ligands 
such as histidine imidazole groups in the latter. This 
is consistent with fits of a weak third feature in the 
Fourier transform at -3.8 A, which allow for the 
presence of up to three histidine ligands per diiron unit. 
The Fe-Fe se aration has been reported to be 3.2239 
and 3.26-3.48 depending upon how multiple scat- 
tering effects are compensated for in the fits. The 
similarity in the Fe-O,, distance and Fe-Fe separation 
for RR and Hr suggested that the diiron centers of the 
B2 protein might also possess a triply bridged core, 
perhaps with one bridging oxo group and two bridging 
carboxylates (although this was not confirmed by the 
X-ray structure). Addition of hydroxyurea (which re- 
duces the tyrosine radical) had no effect on the EXAFS 
~pectra.~~J33 

Mossbauer spectra of 67Fe-reconstituted protein re- 
vealed two pairs of quadrupole doublets of approxi- 
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Figure 11. Electronic spectra of E. coli ribonucleotide reductase. 
(A) native protein B2 and hydroxyurea-treated protein, (B) 
difference spectra of native minus hydroxyurea-treated protein 
B2, and (C) 2,4,6-tri-tert-butylphenoxy radical in hexane (re- 
printed from ref 86 copyright 1980 Journal of Biological Chem- 
istry). 

- 1 3 8 O ,  suggestive of a di- or tribridged diiron core. A 
resonance-enhanced band at  N 598 cm-l, originally as- 
signed to an Fe-OH has been reassigned to 
the symmetric Fe-0-Fe stretch of a photochemically 
modified dinuclear iron center produced by laser irra- 
d i a t i ~ n . ~ ~  RR was shown not to possess any tyrosine 
ligands to iron, as no phenoxide ring modes were ob- 
served.g0 

While the strongly coupled, oxidized form of the B2 
protein does not give rise to any observable EPR sig- 
n a l ~ : ~ ~ ~  a broad EPR signal at low field similar to that 
of deoxyN3Hr has been observed for the dithionite-re- 
duced form of the protein and is indicative of an in- 
teger-spin system.78 However, the possibility that the 
signal could arise from adventitious Fe(I1) could not be 
absolutely excluded. The temperature dependence of 
the relaxation rate and line broadening of the EPR 
signal resulting from the tyrosine radical differed sig- 
nificantly from that of model tyrosine radicals.95 The 
difference in the behavior has been suggested to arise 
from magnetic interactions between the radical and the 
dinuclear iron centers. 

There is no evidence that the dinuclear iron center 
plays a role in catalysis; instead, it has been proposed 
that the dinuclear iron center is involved in the gen- 
eration and stabilization of the tyrosine radical.- The 
presence of the radical is known to depend on the 
presence of iron, and, once reduced (by hydroxyurea, 
for example) the radical and associated enzymatic ac- 
tivity can only be restored by reduction of the diiron 

TABLE 111. Some Molecular Properties of Various Purple 
Acid Phosphatases 

MW, no. of metal 
source kDA subunits contenta ref 

porcine allantoic fluid 35-40 1 2 Fe 99-103 
porcine allantoic fluid, 80 2b 2 Fe 104 

beef/ox spleen 40 2b*c 2 Fe 105-109 
rat bone 40 1 1.3Fe 110 
rat spleen 33 1 2Fe 111 
human osteoclastoma 30 1 4.4Fe 112 
human spleen 34 1 2 Fe 113 
sweet potato 55 2 1-2Mnd 114-116 

sweet potato (Jewel) 55 2 2Fed 117 
kidney bean 65 2 1 Fe, 1 Zn 118, 119 
spinach 92 0.3 Mn 120 
soybean 60 4 2 Mnd 121, 122 
rice plant cell walls 65 Mn 123 
Micrococcus sodonesis 80 8 Ca2+ 124 
Neurospora crassa 85 - 125 
Aspergillus ficuum 85 - 126 

high MW form 

(Kintoki/Kokei) 

a Per subunit. Nonidentical. Probably two proteolytic frag- 
ments (15 and 23 kDa) of a single subunit. dPer molecule. 

center to the diferrous form and subsequent reoxida- 
tion. In the presence of dioxygen, a diferric iron-per- 
oxide complex or an analogous species is proposed to 
oxidize the tyrosine side chain to generate the tyrosine 
radical.se An oxidoreductase which may be responsible 
for the reduction to the diferrous form in vivo has been 
identifiedqWg8 

I V. Purple Phosphatases 
Purple acid phosphatases (PAP's) are transition- 

metal-containing glycoproteins that are distinguished 
by their low pH optima for enzymatic activity, their 
insensitivity to inhibition by tartrate, and their intense 
pink or violet coloration. They have been isolated and 
characterized from a variety of mammalian, plant, and 
microbial sources. PAP's for which molecular proper- 
ties have been reported are listed with their sources in 
Table 111. The most extensively characterized purple 
acid phosphatases, uteroferrin and beef spleen PAP, 
contain two iron atoms per m ~ l e c u l e . ' ~ J ~ ' - ~ ~  Treat- 
ment of the isolated enzymes with mild reductants ef- 
fecta a blue shift in the maximum absorbance from 550 
to 510 nm (purple to pink).108J30J31 Greater variation 
in the metal ion content has been observed for the plant 
enzymes, with reports indicating the presence of iron, 
manganese, and zinc ions. Although metal analyses 
have not been reported for the microbial enzymes, their 
violet color and enzymatic properties strongly resemble 
those of the other PAP's. 

Despite substantial efforts in several laboratories, 
crystals suitable for high-resolution X-ray diffraction 
studies have not been obtained for any purple acid 
phosphatase. Thus, no direct information on the ter- 
tiary structure of these enzymes is available. There is, 
however, a growing body of information on the primary 
sequences of these enzymes, as well as spectroscopic 
data that has been correlated to secondary structural 
features. 

Amino acid sequences for beef spleen purple acid 
phosphatase (determined by conventional sequencing 
techniques), uteroferrin (determined conventionally and 
from the cDNA sequence), and human tartrate resistant 
acid phosphatase (TRAP) (determined from the cDNA 
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Figure 12. Interconversion of oxidized and reduced species of 
purple acid phosphatases in the presence and absence of phos- 
phate. 

sequence) show greater than 90% h ~ m o l ~ g y . ~ ~ ~ - ' ~  The 
absence of repetitive sequences of tyrosine and histidine 
residues in identical spatial relationships supports the 
spectroscopic evidence (vide infra) that the metal atoms 
are coordinated asymmetrically by these ligands. 
Homology has been observed between the mammalian 
purple acid phosphatases and the phosphoprotein 
phosphatases 1,2A, and 2B for the residues 186 to 237 
and 51 to 103, respectively (numbering schemes based 
on human TRAP133 and rabbit PP~ACY'~~).  These re- 
gions contain a large number of potential metal binding 
amino acid residues.136 

Circular dichroism spectra of the far-UV (200-250 
nm) region of uteroferrin indicate secondary structure 
containing 17% a-helix, 9% @helix, and 74% random 
structure for the purple form; 18% a-helix, 11% 8- 
pleated sheet, and 71% random structure for the pink 
form; and, for the purple phosphate complex, 12% 
a-helix, 6% ,&pleated sheet, and 82% random structure. 
The spectra of the aromatic (250-300 nm) and near- 
UV-visible regions (300-600 nm) also show little dif- 
ference between the purple and pink forms. However, 
upon addition of phosphate to the purple form, an ad- 
ditional band appears around 340 nm.101J37 

The property that most readily distinguishes the 
purple acid phosphatases is their violet color. Curiosity 
about this unusual chromophore has prompted exten- 
sive spectroscopic investigation, including UV-visible, 
Mossbauer and magnetic resonance spectroscopies, and 
magnetic susceptibility studies. Since the most detailed 
of these studies have been performed on the beef spleen 
and porcine enzymes, they will be the focus of the 
following discussion. The interconversion of the oxi- 
dized and reduced species of uteroferrin and beef spleen 
PAP in the presence and absence of phosphate is shown 
in Figure 12. 

The absorbance maxima for the oxidized (purple) and 
reduced (pink) forms of the enzyme are 550 and 510 nm, 
respectively, with e = 2000 M-' cm-' per Fe in either 
form at pH 6 (Figure 13).107J0sJ3g141 However, the 
phosphate complex of the reduced enzyme exhibits a 
highly pH dependent absorption maximum, with A, 
ranging from 561 to 530 nm between pH 3 and 6,139J8 
in contrast to reduced enzyme whose spectrum is vir- 
tually pH independent. All spectra also exhibit a pro- 
tein absorbance at  280 nm with a broad shoulder near 
310 nm. 

Beef spleen PAP is usually isolated as the oxidized 
purple enzyme-phosphate complex, in which both iron 
atoms are in the ferric oxidation state and which con- 

Figure 13. The conversion of reduced uteroferrin to the oxidized 
phosphate complex in the presence of 9 mM phosphate a t  pH 
6, monitored by optical spectroscopy (reprinted from ref 139; 
copyright 1986 Journal of Biological Chemistry). 

tains a single tightly bound phosphate ion.108J38 Ex- 
posure to mild reductants, such as ascorbate or di- 
thioerythritol,'w'NJB yields the pink form in which one 
of the iron ions is reduced; this is the form in which 
uteroferrin from allantoic fluid is usually obtained. 
Addition of phosphate to the pink form under anaerobic 
conditions produces a phosphate complex of the re- 
duced enzyme,139 which is gradually oxidized in the 
presence of oxidants, such as air, to the oxidized purple 
enzyme-phosphate complex (Figure 13). Addition of 
phosphate directly to the oxidized enzyme yields the 
same purple c ~ m p l e x . ' ~ ~ J ~ ~  Rigorous conditions, such 
as hydrogen peroxide or ferricyanide oxidation, are 
required for conversion of the reduced pink form to the 
oxidized purple form in the absence of p h o ~ p h a t e ? J ~ J ~ ~  
Preliminary electrochemical studies on uteroferrin have 
determined the potential for the one-electron reduction 
of purple oxidized enzyme to pink reduced enzyme to 
be -320 mV.143 High molecular weight uteroferrin 
(Table 111) is isolated primarily in the active reduced 
form. Apparently the presence of the additional non- 
catalytic subunit protects the enzyme against oxidation 
during purification. Considerable controversy has 
surrounded the identification of a reduced phosphate 
complex,139J41J42JMJ45 and spectroscopic evidence to 
support its existence has only recently been obtained 
(vide infra). 

Fe EXAFS data for the oxidized phosphate complex 
of beef spleen PAP148 and uteroferrin6 indicate a short 
iron-iron distance (3.0 or 3.2 A, respectively), consistent 
with the presence of multiple bridging ligands. In ad- 
dition, the data suggests the presence of two sets of 
O/N scatterers, three at 1.98 A and three at 2.13 A from 
the iron atoms, and an Fe-P distance of 3.06 A, indi- 
cating direct coordination of phosphate to at  least one 
of the iron atoms in the purple phosphate complex. An 
enhanced peak indicating an Fe-C/N distance of 4.3 
A suggests coordination of a histidine imidazole, as seen 
in hemerythrin. No evidence for a bridging oxide was 
observed. Fits of the EXAFS data measured on the 
pink form indicate the same overall coordination num- 
ber for the iron sites, but only two short O/N distances 
rather than three or four as observed in the purple form. 
No peak attributable to an F e F e  interaction was ob- 
served in the EXAFS of the pink form, suggesting that 
loss or protonation of a bridging oxide atom has oc- 
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TABLE IV. 67Fe Mossbauer Data for Purple Acid 
PhosDhatases and Their PhosDhate ComDlexes 

6 CAEQ)" 
form Fer Fen T. K 

Fe(II1)-Fe(II1) 0.55 (1.65) 0.46 (2.12) lob 
Fe(III)-Fe(III).P04* 0.52 (1.02) 0.55 (1.38) 4.2c 

0.51 (1.03) 0.54 (1.36) 4.2d 
0.52 (0.90) 0.58 (1.40) 77e 

Fe(II1)-Fe(II1) 1.17 (2.65) 0.67 (1.27) 77e 
0.52 (1.83) 1.27 (2.66) 100b 
0.53 (1.78) 1.22 (2.63) 11gC 

Fe(III)-Fe(II).P04* 0.54 (0.78) 1.23 (2.76) 11gC 

In "/e. Reference 147. Reference 139. Reference 148. 
e Reference 149. 
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Figure 14. Mossbauer spectra of the phosphate complex of 
reduced uteroferrin at (a) 119 K and (b) 4.2 K in a field of 170 
mT perpendicular to the y-beam and (c )  oxidized uteroferrin 
phosphate complex at 4.2 K (reprinted from ref 139; copyright 
1986 Journal of Biological Chemistry). 

curred with significant lengthening of the Fea-Fe dis- 
tance, as in deoxyhemerythrin. Near-edge features in 
the X-ray absorption spectrum suggest that the Fe co- 
ordination geometry is pseudooctahedral or seven co- 
ordinate, while a shift of the absorption edge to lower 
energy for the pink form is consistent with reduction 
of one of the irons from ferric to ferrous. 

Mossbauer spectroscopy and magnetic susceptibility 
studies have demonstrated the presence of an antifer- 
romagnetically coupled iron center in the oxidized and 
reduced enzymes and their phosphate complexes. The 
parameters for the individual species are compiled in 
Table IV. For the 57Fe-enriched oxidized purple form 
of uteroferrin, the isomer shifts and quadrupole split- 
tings indicate two distinct high-spin ferric centers that 
are antiferromagnetically coupled, as implied by the 
lack of magnetic hyperfine splitting in spectra obtained 
at 4.2 K (Figure 14).14' The unusually large quadrupole 
splittings suggest strong distortions from octahedral 
symmetry and are comparable to those observed for 
hemerythrin. The isomer shifts and quadrupole split- 
tings of the oxidized phosphate complex of beef spleen 
PAP and uteroferrin are also consistent with the 
presence of two high-spin ferric centers, but the pa- 

*r*-* 

Figure 15. X-band EPR spectra of pink (reduced) beef spleen 
PAP at (a) pH 3.10 and (b) pH 5.42 at 6.7 K (.reprinted from ref 
148; copyright 1987 American Chemical Society). 

rameters are distinct from those obtained in the absence 
of The parameters for the pink 
reduced enzyme are similar for uteroferrin and the beef 
spleen enzyme and indicate the presence of an anti- 
ferromagnetically coupled Fe(I1)-Fe(II1) center. Again, 
the parameters for the phosphate complex of reduced 
uteroferrin are consistent with this assignment but 
distinct from those of the phosphate-free reduced en- 
2 ~ m e . I ~ ~  

Magnetic susceptibility studies using various tech- 
niques have provided estimates of the antiferromagnetic 
spin coupling constants, J. For the oxidized purple 
form, values of -J of 140128JwJ51 and 5 150 cm-' have 
been reported, indicating the presence of strong anti- 
ferromagnetic coupling. For the pink reduced enzyme, 
values of -J ranging from 5 to 11 cm-I have been re- 
ported144J48J60 and, for the reduced phosphate com- 
plex,14 -J = 3.0 cm-'. Despite the range of values for 
the magnetic coupling, it is apparent that the iron ions 
in the dinuclear center are more strongly coupled in the 
purple oxidized enzyme than in the reduced forms. The 
magnitude of the antiferromagnetic coupling observed 
for the dinuclear iron centers in the PAP'S can be ex- 
plained by the presence of a bridging oxide, possibly 
supported by additional bridging ligands, between two 
unsymmetrical iron centers, with protonation of the 
oxide upon reduction. 

The pink reduced forms exhibit a pH-dependent, 
rhombic EPR signal at temperatures less than 30 K that 
double integrates to one spin per two iron atoms (Figure 
15).101J47 The signal results from a mixture of two 
species: a low pH form with g = 1.94, 1.78, and 1.65 and 
a high pH form with g = 1.85, 1.73, and 1.58, related 
by an apparent pK, of ca. 4.4.14* The resemblance of 
this spectrum to that observed for semimethemerythrin 
suggests that it arises from an antiferromagnetically 
coupled, oxo-bridged dinuclear iron center with an S 
= spin state. Linear electric field effect (LEFE) 
studies indicate that this paramagnetic center is non- 
centrosymmetric, suggesting that the charge is localized 
on one of the iron atoms.IM Exchangeable protons have 
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Figure 16. Resonance Raman spectra of 5 mM purple (top) and 
2.7 mM pink (bottom) forma of beef spleen PAP at 5 "C in 10 
mM NaOAc buffer, pH 5.0, using 514.5-nm excitation (reprinted 
from ref 148; copyright 1987 American Chemical Society). 

also been observed in the 'H ENDOR spectra of uter- 
oferrin-molybdate complex (vide infra). Analysis and 
assignment of the EPR spectrum was initially confused 
by reports that uteroferrin contained only one iron per 

and that the EPR signal was ob- 
served for both pink and purple forms of the enzyme- 
,129J52 Absence of an EPR signal at low temperatures 
in samples of the oxidized purple enzyme supports the 
presence of a antiferromagnetically spin-coupled dinu- 
clear center. 

Resonance Raman spectra (Figure 16) using visible 
excitation show four resonance-enhanced tyrosine ring 
modes between 1650 and 1150 cm-' for metalloproteins 
containing tyrosinate residues as ligands. Bands at 
1597, 1497, 1281, and 1164 cm-' are observed in the 
spectra of the purple form of the beef spleen enzyme.14 
The only significant changes observed in the spectrum 
of the pink form are a shift of the 1281 cm-' band to 
1287 cm-l and an increase in the intensity of a 520 cm-' 
feature.148 The same general features, including the 
changes upon reduction, have been observed for uter- 
~ferr in . '~~J" In addition, low-frequency excitation of 
either protein produces bands at 870 and 806, and 574 
cm-', which have been attributed to a metal-coordinated 
tyrosyl Fermi doublet and to a combination mode with 
a significant Fe-0 stretching contribution, respective- 

No evidence for the Fe-0-Fe symmetric stretch 
at - 500 cm-' that is observed in spectra of hemerythrin 
and ribonucleotide reductase is present in spectra of 
uteroferrin or beef spleen PAP. Enhancement of this 
mode in complexes containing unsaturated nitrogen 
ligands trans to the oxo group has been observed,lM and 
a histidine imidazole ligand occupies this position in 
hemerythrin (but not in ribonucleotide reductase). 
Absence of such a ligand trans to the oxo group in the 
PAP's may explain the absence of this feature in their 
spectra, but the factors governing enhancement of the 
Fe-0-Fe symmetric stretch remain to be defined in 

Comparison of the 'H NMR spectra of dinuclear 
model compounds and those of reduced uteroferrin 

I I  HO - 

JL 8yl 163 3 0 1  -25 -70 

purple I D 2 0  

I O 0  50 0 -50 -100 

8 ,  PPm 
Figure 17. 300-MHz 'H NMR spectra of pink and purple 
uteroferrin (1 mM) at pH 4.9 and 30 "C (reprinted from ref 150; 
copyright 1983 Journal of Biological Chemistry). 

(Figure 17) suggests that resonances found at -70,44, 
and 63 and 70 ppm arise from ortho-, 8-methylene and 
two meta protons of tyrosinate ligands, respectively. 
Exchangeable protons that have been assigned to his- 
tidine imidazoles are seen at 44 and 89 ppm. In ad- 
dition, an exchangeable proton signal of uncertain origin 
is observed at  -25 ppm." Evidence for nitrogen liga- 
tion is also present in the ENDOR and electron spin 
echo spe~t ra . '=J~~ 

The results of X-ray absorption, resonance Raman, 
and NMR studies together with the small change that 
is observed in the extinction coefficient of the Am/A510 
band in the visible spectrum suggest that the dinuclear 
iron centers of uteroferrin and beef spleen PAP are 
coordinated by a t  least one tyrosinate ligand on the 
nonreducible iron, that histidine imidazole is a probable 
ligand to both irons, that the presence of a carboxylate 
bridge(s) analogous to those found in hemerythrin and 
ribonucleotide reductase is likely, and that phosphate 
is coordinated to the iron center in the oxidized purple 
phosphate complex. Plausible structures for the dinu- 
clear iron centers in the PAP's based on the available 
spectroscopic evidence are shown in Figure 18. 

Several studies have been undertaken to correlate the 
loss of activity with the shift in A,, upon addition of 
phosphate to the reduced enzyme. Phosphate is a 
competitive inhibitor of the reduced enzyme, with Ki 
= 3 mM. Attempta to utilize spectroscopic studies on 
the reduced enzyme-phosphate complex to infer the 
mode of substrate binding have been complicated by 
its peculiar spectroscopic properties and by the tend- 
ency of phosphate to induce oxidation of the iron cen- 
ter. Early results suggested a rapid, reversible binding 
of phosphate to reduced enzyme followed by a slow 
oxidation and loss of activity.'42 Later studies failed 
to detect the equilibrium complex by EPR, and parallel 
loss of activity and shift of A,,, were observed, sug- 
gesting that rapid oxidation occurs upon phosphate 
binding.'41J45 Formation of the reduced phosphate 
complex was conclusively demonstrated by Mossbauer 
spectro~copy,'~~ and recently its EPR spectrum has 
been r e ~ 0 r t e d . l ~ ~  At  8 K the reduced uteroferrin- 
phosphate complex exhibits a broad EPR signal with 
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Figure 18. Proposed active site structure of purple acid phos- 
phatases. 

g = 2.27, 1.51, and 1.06 that is very difficult to detect 
under the conditions used to detect (Figure 15) un- 
complexed reduced enzyme, possibly explaining the 
discrepancies in earlier reports regarding phosphate 
binding. 

In addition to phosphate, several inhibitors of re- 
duced uteroferrin significantly alter its optical and 
magnetic properties. The phosphate analogues, arsen- 
ate, vanadate, and molybdate, have been studied most 
extensively, and the results of their effects are compiled 
in Table V. Addition of any of these tetrahedral ox- 
yanions results in a shift in the maximum absorbance 
in the visible spectrum of the enzyme. Vanadate causes 
disappearance of the EPR signal, which is accompanied 
by the appearance of a new signal characteristic of the 
vanadyl ion, V02+, indicating that vanadate has oxi- 
dized the enzyme.159 Arsenate causes broadening and 
a decrease in intensity of the signal, and molybdate 
results in an unusual axial signal distinct from, but, with 
an average g' value of 1.74, comparable to that of re- 
duced uteroferrin. Electron spin echo and 95Mo EN- 
DOR spectroscopic studies of reduced uteroferrin ex- 
hibit a hyperfine interaction of a single species of 96Mo 
molybdate with the S = 1/2 Fe(I1)-Fe(II1) center.157 
Other perturbants include pyrophosphate, which ap- 
pears to interact analogously t~ phosphate; fluoride and 
sulfate, which effect shifts in the absorption maximum 
and puzzling changes in the EPR spectra; and guani- 
dine, which presumably causes partial unfolding of the 
~ r 0 t e i n . l ~ ~  

The plant and microbial enzymes are not as well- 
characterized as the mammalian PAP'S. Those for 
which molecular properties are available are listed in 
Table 111. Sweet potato and kidney bean purple acid 

TABLE V. Spectral Properties of Inhibitor Complexes of 
Purde Acid PhosDhatases 

inhibitor Ki, mM A,,, nm EPR, g' 

arsenate 1.3-2.0' 486' 1.75' 

vanadate - 
molybdate 4 x 

3.7 x l o d e  
tungstate - 
pyrophosphate - 
fluoride 1.3e 
sulfate 

guanidiniumaHC1, 3 M - 

- 

505-512' 1.41, 1.56, 1.9Zd 
53ff 
52ff - 
525d 1.97, 1.52' 
515-518, 
515' - 
536c 
54OC 1.73, 1.63c 
505' 1.92, 1.75, 1.62 

(broadened)' 
525' (broadened)' 

- 

References 139, 158. *Reference 140. Reference 159. 
Reference 158. e Reference 160. 'References 140. 159. 

phosphatases have been spectroscopically characterized 
to some extent; their metal contents apparently differ 
from the mammalian enzymes (and possibly from each 
other). Early reports on the sweet potato enzyme in- 
dicated the presence of one manganese ion per dimer 
of 55-kDa subunits,l16 and later reports from the same 
laboratory demonstrated that the manganese could be 
removed and that an iron-substituted enzyme could be 
prepared, but it exhibited approximately half the 
phosphatase activity of the native enzyme.161 In con- 
trast, reports from another laboratory on what appears 
to be the same enzyme have shown that the sweet po- 
tato PAP contains two iron atoms per dimeric protein 
and that manganese is a contaminant that can be re- 
moved with no effect on activity.l17 The kidney bean 
enzyme is less controversial, with reports indicating the 
presence of one zinc and one iron atom per 60-kDa 
subunit in a dimeric enzyme.llg Statistical comparison 
of the amino acid compositions of the sweet potato and 
kidney bean enzymes indicates a high probability of a 
substantial degree of homology in their s e q u e n ~ e s , ~ ~ ~ J ~ ~  
but neither sequence has been reported to date. 

In contrast to the mammalian PAP'S, the plant en- 
zymes are insensitive to mild reductants, and no color 
change attributable to reduction of the chromophore 
is observed. Nevertheless their electronic spectra are 
strikingly similar. The reported values of A,, for the 
sweet potato PAP range from 515 to 555 nm (t = 
2460-3080 M-' cm-l), with a shoulder around 290 nm 
on the protein a b ~ o r b a n c e . ~ l ~ J ~ ~ J ~  The EPR spectrum 
of the native enzyme from Kintoki potatoes is reported 
to be featureless, and upon denaturation a six-line signal 
around g = 2, characteristic of Mn(1I) (I = 5/2>, ap- 
peared.163J64 For the PAP from Jewel potatoes, a 
high-spin Fe(II1) signal similar to the spectrum of kid- 
ney bean PAP (vide infra) has been observed.le5 The 
resonances of H2P04- and F- in 31P and lgF NMR 
spectra, respectively, broaden upon interaction with the 
enzyme, suggesting interaction of these species with a 
paramagnetic center.161J66 Tyrosinate and sulfur lig- 
ands to the metal center have been implicated by the 
resonance Raman ~ p e ~ t r a , ~ ~ ~ J ~ ~ J ~ ~  but spectroscopic 
studies on synthetic Mn-phenoxide complexes have cast 
doubt on the presence of sulfur ligands in the sweet 
potato enzyme.168 

The kidney bean PAP exhibits a visible absorption 
spectrum with A, = 560 nm (e = 3360 M-' cm-l)l19 and 
an EPR spectrum with two signals characteristic of 
high-spin Fe(III), one with g = 9.22 and 4.28 and the 



Protelns Contalning Oxo-Bridged Binuclear Iron Centers Chemical Reviews, 1990, Vol. 90, No. 8 1459 

though Kat for the hydrolysis of p-nitrophenyl phos- 
phate is similar to that of uteroferrin, the Michaelis 
constant, K,, is 10-fold 10wer.l~~ The extracellular en- 
zyme from Micrococcus sodonensis differs in that it is 
a purple alkaline phosphatase and ita substrate spe- 
cificity is very general, including all substrates men- 
tioned for the mammalian and plant enzymes as well 
as alkyl phosphates.lZ4 

The uncertainty that exists regarding the function of 
the purple acid phosphatases has prompted a number 
of studies to explore the possibilities. Since uteroferrin 
is found in such large quantities in allantoic fluid, it has 
been proposed as an iron transport protein for fetal 
iron.177 59Fe from labeled uteroferrin introduced into 
the allantoic sacs of live fetal pigs resulted in appear- 
ance of Welabeled transferrin in the allantoic fluid and 
59Fe-labeled hemoglobin and other proteins in the fetal 
liver and ~ p 1 e e n . l ~ ~  A subsequent EPR spectroscopic 
study failed to demonstrate significant direct iron 
transfer from uteroferrin to transferrin under similar 
conditions,179 and an alternate role, hydroxyl radical 
formation by iron-catalyzed Haber-Weiss-Fenton 
chemistry, has been proposed." 

Histochemical and cytochemical studies reveal that 
the purple phosphatases are localized in the lysosomes 
of white blood cells and osteoclasts (perhaps even to the 
inner membrane surface of such organelles) .181-la In 
the case of the bovine spleen enzyme, the lysosomes or 
lysosomelike organelles in which the enzyme accumu- 
lates are often associated with aged, deformed eryth- 
rocytes,181 suggesting that the enzyme plays a role in 
degradation of phosphorylated erythrocyte proteins. 
The osteoclast enzyme has been shown to be essential 
for bone-resorption activity.'= 

Lysosomal localization of the purple phosphatases is 
also supported by the structure of the carbohydrate 
moieties of uteroferrin from cultured endometrium and 
of the uteroferrin-associated glycoproteins (noncatalytic 
subunits) of the high molecular weight uteroferrin, 
which have been identified as N-linked high mannose 
oligosaccharides containing 6-phosphomannose un- 
its.104J86J87 In uteroferrin secreted into allantoic fluid, 
the sixth mannose residue, which is subject to phos- 
phorylation and serves as the lysosomal recognition 
marker, is absent.lW The probable glycosylation site 
is Asn 97, since it is conserved in beef spleen PAP, 
uteroferrin, and human type 5 acid phosphatase. Asn 
128 is another potential site but is conserved only in the 
latter two. The specific carbohydrate structures of 
other PAP's have not been reported. 

TABLE VI. Physical Properties of Metal-Substituted 
Purple Acid Phosphatases 

% re1 A,, c/Fe, 
Drotein metal act. nm M-l cm-' EPR,g' 

uteroferrina Fe-Zn 80 525 3648 - 
uteroferrinb Fe-Zn 95 530 2000 4.3, 9.6 -. . . . . . . 

uteroferrin' Fe-Cu 25 550 3582 - 
beef spleenc Fe-Zn 100 550 2100 4.3 
kidney beand Fe-Fe 154 1.88, 1.76 

1.62, 1.49 
sweet potato' Fe 38-61 525 3000 4.39 

'Reference 171. *Reference 158. 'Reference 128. dReference 
170. 'Reference 161 (Reported to contain only one metal ion per 
subunit.). 

other with g = 8.53, 5.55, and 2.85.169 The number of 
spins was not quantitated, but these parameters are 
typical of an S = 6/2 spin state as would be expected 
from an Fe-Zn center. 

It has been shown that, under reducing conditions, 
one of the iron ions in the mammalian PAP's and the 
zinc ion in the kidney bean PAP are relatively labile, 
and as a result, methods for metal ion substitution have 
been d e ~ e l o p e d . ' ~ 8 J ~ ~ J ~ ~  The best characterized met- 
al-substituted PAP's are shown in Table VI together 
with some of their physical properties. (In addition, an 
active Fe-Co derivative of kidney bean PAP, Fe-Cd 
and Fe-Mn derivatives of kidney bean PAP and an 
Fe-Hg uteroferrin with low activity, and inactive Fe- 
Cu, Fe-Hg, and Fe-Ni derivatives of the kidney bean 
enzyme have been prepared.170*171) When their labile 
metal sites are substituted with Zn, uteroferrin and beef 
spleen PAP exhibit the EPR spectral properties of a 
center that contains one high-spin Fe(II1) ion (S = 5/2), 
strongly resembling the spectrum of the kidney bean 
PAP.lZ8Js8 Some discrepancy is seen in the extinction 
coefficients of the visible absorption maxima, which 
raises a question about the distribution of tyrosinate 
ligands about the metal center. The kidney bean PAP 
has been substituted with Fe(I1) in the zinc ion site, 
resulting in an enzyme with activity, redox properties, 
and an EPR signal analogous to the mammalian 
 PAP'S.'^^ Iron-substituted sweet potato acid phos- 
phatase has been prepared, and its reported properties 
are listed in Table VI; however, the nature of the metal 
center in this enzyme remains controversial, precluding 
comparison to the other PAP's at this time. 

Similar substrate specificities are reported for the 
mammalian and plant PAP's, but their rates of hy- 
drolysis for various substrates differ. Beef spleen PAP 
and uteroferrin readily hydrolyze aryl phosphates, di- 
and trinucleotides, phosphoproteins, pyrophosphate, 
and a few other activated p h ~ s p h a t e a . ' ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~  The 
values of K, and V,, for p-nitrophenyl phosphate are 
2.0 mM and 580 s-l, respec t i~e ly ,~+*~~~ at pH 6.0 and 22 
"C. Alkyl phosphates, mononucleotides, phosphoserine 
and threonine, and phosphate diesters are hydrolyzed 
very slowly or not at a11.*05~'06~138~172-175 The human 
Gaucher spleen enzyme was shown to be specific for 
peptide fragments possessing vicinal phosphoserine 
residues.176 In contrast to the mammalian PAP's, the 
plant enzymes preferentially hydrolyze nucleotides, 
including mononucleotides, rather than aryl phos- 
p h a t e ~ . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Interestingly, the metal'-substi- 
tuted Fe-Fe kidney bean PAP exhibits only half of the 
ATPase activity of the native Fe-Zn enzyme, and al- 

(Kintoki/Kokei) 

V. Methan8 Monooxygenase 

Methanotrophs are bacteria capable of utilizing 
methane as their sole energy and carbon source.189 
These organisms oxidize methane to carbon dioxide via 
CH,OH, CH20, and HC02-. The first and most de- 
manding step of this reaction sequence, the conversion 
of CH4 to CHBOH (eq l), is catalyzed by the enzyme 

MMO 
CH4 + 0 2  + NAD(P)H + H+ - 

CH3OH + NAD(P)+ + HzO (1) 

methane monooxygenase (MMO). MMO's are capable 
of inserting a single oxygen from dioxygen into the C-H 
bond of a variety of hydrocarbons in addition to the in 
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TABLE VII. Composition of Methane Monooxygenases 
M. 

M. Methylo- tricho- 
source capsulatus' bacteriumb sporiumc 

component A, a2&y2 210 kDa 220 kDa 245 kDA 
(hydroxylase/ 
oxygenase) 
a 54 kDA 55 kDa 54 kDa 
B 36 kDa 40 kDa 43 kDa 
Y 17 kDa 20kDa 22 kDa 

component B, 16 kDa 15 kDa 

component C, 42 kDa 40kDa 39 kDa 

Fe 2.3 (3.3)d 2.8 4.3 

(regulatory) 

(flavoprotein) 
"References 191, 193, 194. *References 197, 198. 'References 199, 

200. dReconstituted; Reference 201. 

vivo substrate, methane.lE9 Small alkanes are readily 
oxidized to both primary and secondary alcohols while 
alkenes are converted to epoxides or other products. 

Two types of MMO's have been isolated from these 
organisms: a membrane-bound, copper-containing en- 
zyme" dnd a soluble, non-heme iron-containing protein 
(the focus of this discussion); factors which govern the 
form of the enzyme produced are complex and poorly 
understood.18g Methanotrophs themselves are divided 
into two categories depending on the manner in which 
carbon is assimilated (via the ribulose monophosphate 
pathway, type 1, or the serine pathway, type 2). Non- 
heme Fe-containing MMO's have been isolated from 
both types of organism, with the type 1 enzymes being 
the most thoroughly investigated. 

Non-heme iron-containing MMO was first isolated 
from Methylococcus capsulatus (type 1). The enzyme 
consists of three protein components, A-C.191J92 Com- 
ponent A is believed to contain the site of oxygenase 
activity; it posseses an (u2p2y2 stoichiometry, with sub- 
unit molecular weights of 54, 42, and 17 kDa, respec- 
tively, and contains 2.3 mol of iron per mole of pro- 
tein.lgl Protein B consists of a single subunit of mo- 
lecular weight 16 kDa.Ig3 It is devoid of prosthetic 
groups and believed to serve a regulatory role. The last 
protein, component C, contains an Fe2S2 center and a 
molecule of FAD; this component is responsible for the 
interaction with NADH.lg4Jg5 Electrons are believed 
to flow from NADH to FAD to Fe2S2 to component A, 
independent of the presence of component B.192J95J96 
However, in the absence of component B, mono- 
oxygenase activity is lost, and the product of the protein 
B uncoupled reaction reportedly is water. 

MMO from the type I1 organism Methylobacterium 
SPlg7JgS is very similar in composition to the enzyme 
from type I organisms (Table VII), but apparently lacks 
the regulatory component (B). Component B is, how- 
ever, present in MMO from the type I1 organism Me- 
thylosinus trichosporium, which is otherwise quite 
similar in composition to both of the above enzymes 
(Table VII).1991200 The M. trichosporium enzyme also 
appears to differ from the type I system in that some 
oxygenation of substrate occurs in the absence of com- 
ponent B; however, efficient substrate hydroxylation 
(coupled to NADH oxidation) requires all three com- 
ponents.200 Thus, reduction of dioxygen to water (a 
four-electron process) is not observed. 

The first attempts to isolate the oxygenase compo- 
nent of MMO were problematic in that an appreciable 
amount of activity loss accompanied p u r i f i c a t i ~ n . ' ~ ~ ~ ~ ~  

Recently, removal of iron from component A of the M. 
capsulatus enzyme followed by reconstitution by in- 
cubation with iron was demonstrated to result in at 
least a 3-fold increase in the specific activity of the 
protein.201 This increase in activity was accompanied 
by an increse in the Fe/protein ratio from 2.3 to 3.3. 
These results suggest that the iron atoms are the site 
of oxygenase activity. By using stabilizing agents such 
as ferrous ion and cysteine, the oxygenase component 
from M. trichosporium has recently been isolated with 
much greater specific activity.200 Quantification of iron 
revealed the presence of four iron ions per protein or 
two iron ions per cvpy oligomer. Until recently, little 
information on the structure, properties, and mode of 
action of the non-heme iron site was available. 

X-ray absorption studies have provided the most 
detailed information on the structure of the dinuclear 
iron active site, as crystals of the enzyme have not been 
reported to date.203v204 The Fe absorption edge of the 
oxidized hydroxylase protein from Methy lobacterium 
has an edge position typical of ferric iron.204 The 
Fourier transform of the EXAFS data displayed two 
features, assignable to Fe-O/N interactions (four to six 
O/N at  1.92 A) and to an Fe-Fe interaction at 3.05 A, 
with no evidence for sulfur ligation. X-ray absorption 
studies on the M.  capsulatus protein resulted in pho- 
toreduction of the dinuclear iron site by the X-ray 
beam, as evidenced by a -1.5 eV shift in the edge 
position to lower energy.203 The appearance of the g 
< 2 EPR signal (vide infra) in photoreduced samples 
demonstrated that the mixed-valent, reduced protein 
was being generated. Fits of the EXAFS data of the 
photoreduced protein gave 0.8 Fe neighbors at a dis- 
tance of 3.41 A and six Fe-O/N interactions at an av- 
erage distance of -2.05 A. Attempts to include con- 
tributions from short Fe-oxo interactions were unsuc- 
cessful. Comparison of these results with those of sim- 
ilar studies on hemerythrin (section 11) and synthetic 
dinuclear iron complexes (section VII), together with 
the other spectroscopic data, immediately suggests that 
the two irons are arranged in a dinuclear site bridged 
by oxo or hydroxo ligands in the oxidized and mixed- 
valence forms, respectively. The short Fe3+.-Fe3+ sep- 
aration may suggest the presence of a (p-oxo)bis(p- 
carboxylato) core as in hemerythrin or a related mul- 
tiply bridged center. 

Protein A exhibits only a single visible absorption 
band at ca. 410 nm, which varies in intensity from 
preparation to preparationlgl (and may result from a 
zinc-porphyrin-containing impurity).204 EPR spectra 
of component A exhibit a signal a t  g = 4.3 that corre- 
sponds to <5% of the total iron by double integration 
and is presumably due to adventitious iron (Figure 19); 
reduction of the protein with sodium dithionite results 
in an EPR-detectable species that is only observable 
below 34 K and gives rise to a rhombic signal with g 
values less than 2.204-206 Exposure to excess dithionite 
results in loss of this signal and the appearance of a new 
signal at g = G 2 0 5  (Figure 19). Comparison of these 
results with those of similar studies on hemerythrin, 
RR, and PAP strongly suggest that MMO's contain a 
dinuclear, oxo- or hydroxo-bridged iron center. Hence, 
the EPR-silent oxidized form of component A presum- 
ably corresponds to an antiferromagnetically coupled 
Fe(II1)-Fe(II1) pair. One-electron reduction of the 
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pearance of a new doublet with parameters typical of 
high-spin ferrous iron (AE, = 3.14 mm/s, 6 = 1.30 
mm/s), indicating that reduction of the iron atoms had 
occurred. In a manner similar to that of the spectra of 
deoxyHr, the magnetic-field dependence of the signal 
indicated that the iron atoms were paramagnetic. An 
EPR signal arising from the semimet form of this diiron 
center closely resembles the EPR signals of the mix- 
ed-valence forms of hemerythrin, the purple acid 
phosphatases, and methane monooxygenase, with ap- 
parent g values of 1.98, 1.76, and 1.57. Resonance Ra- 
man studies of rubrerythrin have identified an en- 
hanced band at  515 cm-', which shifts -24 cm-' to 
lower energy in H280 and is assigned to a bridging or 
terminal F e O  stretch.210 Interestingly, fits of the redox 
titration curves require interaction potentials between 
the different types of iron centers.209 X-ray-quality 
crystals of the protein have been obtained,211 suggesting 
that the three-dimensional structure may be available 
in the near future. 

Ferritin is an iron-storage protein found in plants, 
animals, and certain bacteria. Mammalian ferritins 
consist of 24 -20-kDa subunits, each subunit contain- 
ing four antiparallel ( u - h e l i ~ e s . ~ ~ ~ ~ ~ ~ ~  The subunits are 
arranged in a rhombic dodecahedron (432 symmetry) 
forming a hollow sphere. Up to ca. 4500 irons, bridged 
by oxo and phosphato ligands, may be accommodated 
inside this protein shell. Recent EXAFS, EPR, and 
Mossbauer s t ~ d i e s ~ l ~ - ~ l ~  indicate that oxo- and car- 
boxylato-bridged iron(II1) clusters, including dinuclear 
species, may be formed during the early stages of 
iron-core formation. 

3-Deoxy-D-ara bino-heptulosonate-7-phosphate syn- 
thase (DAHPS) is the first enzyme in the shikimate 
pathway that is responsible for aromatic amino acid 
biosynthesis; it catalyzes the condensation of erythrose 
4-phosphate and phosphoenolpyruvate. Three isozymes 
have been identified in E. coli, each of which is inhib- 
ited by a different aromatic amino acid (i.e. tyrosine, 
phenylalanine, and tryptophan) in a feedback mecha- 
nism. The purified enzymes possess a visible absor- 
bance band at 350 nm. While Co(I1) was the first metal 
reported to activate the E. coli some iso- 
zymes were later claimed to contain one atom of iron.218 
This was supported by a claimed sequence homology 
between residues 10-18 of the tyrosine-inhibited E. coli 
enzyme and residues 54-62 of h e m e r y t h i n ~ . ~ ~ ~  This 
similarity involved only nine residues, however, and in 
fact this region of the DAHPS sequence is not con- 
served in the sequences of the other isozymes, with the 
amino termini showing little or no homology (six iden- 
tities in the first 41 residues).220 Very recently evidence 
has been presented that DAHPS may not be an iron 
protein at  all but rather a copper metalloenzyme.221 

125 250 375 
H ( m C  

Figure 19. X-Band EPR spectra of the hydroxylase component 
of MMO from Methylosinus in various oxidation levels: (A) 
oxidized, (B) partially reduced, (C) totally reduced (reprinted from 
ref 205; copyright 1988 Journal of Biological Chemistry). 

dinuclear species by dithionite then generates a less 
strongly coupled Fe(I1)--Fe(III) site, which gives rise 
to the characteristic g < 2.00 EPR signal. Further re- 
duction of the protein produces a weakly coupled Fe- 
(II),Fe(II) species. 

These assignments have been verified by Mossbauer 
spectroscopy.lWm The oxidized protein shows a single 
quadrupole doublet with AE = 1.07 mm/s and 6 = 0.50 
mm/s at  4.2 K; field-depedence studies clearly indi- 
cated that the iron center was diamagnetic, containing 
an even number of Fe3+ sites. The Mossbauer spectra 
of the fully reduced form of this protein contain two 
quadrupole doublets, with parameters characteristic of 
Fe2+ (A& = 3.14, -2.4 mm/s and 6 = 1.30, -1.3 mm/s 
at 4.2 K). 

VI. Additional and Proposed Oxo-Bridged 
Dinuclear Iron Proteins 

Rubrerythrin is a non-heme iron-containing protein 
of unknown function from the anaerobic bacterium 
Desulfovibrio desulfuricans. The protein contains four 
atoms of iron and consists of two identical 21.9-kDa 
s ~ b u n i t s . ~ ~ - ~  Spectroscopic results indicate that two 
of the iron atoms exist as monomeric Fe(SR), centers, 
analogous to the Fe(SR)4 sites of rubredoxin. (Each 
subunit contains four cysteine residues.) Indeed, the 
electronic (A, 492,365, and 280 nm), Mossbauer (aEQ 
= 0.55 mm/s, 6 = 0.27 mm/s), EPR (g = 4.3, 9.4) 
spectra of the oxidized protein are very similar to those 
of rubredoxin. However, the midpoint potential of 
these centers (obtained by redox titrations monitored 
by EPR spectroscopy) was determined to be +230 mV, 
-250 mV more positive than that of the rubredoxins. 
At  4.2 K, Mossbauer spectra revealed the presence of 
additional features with AEQ = 1.47 mm/s and 6 = 0.52 
mm/s, indicative of the presence of high-spin ferric ions 
with O/N ligands. The magnetic field dependence of 
the quadrupole doublet revealed that the remaining two 
irons were diamagnetic (S = 0); thus, the two ferric ions 
must be antiferromagnetically coupled, similar to 
metHr. Treatment with dithionite resulted in the ap- 

VII. Synthetic Complexes 

While synthetic dinuclear iron complexes with un- 
supported oxo bridges display electronic and Mossbauer 
spectra resembling those of hemerythrin, these com- 
pounds do not reproduce other spectroscopic properties 
of the protein.222 The report of the 2.2-A resolution 
X-ray crystal structure of hemerythrin, which conclu- 
sively established the presence of the Fe,(pO) (p-02CR), 
core, sparked efforts to synthesize diiron complexes 
containing the unique triply bridged core. In 1983, two 
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TABLE VIII. Comparison of Bond Length6 and Angles for Metazidohemerythrin and Synthetic Iron(I1I) Complexes 
compoundu Fe-O,.;r., A Fe. - .Fe, A Fe-O-Fe, dea ref 

2* 

1.64, 1.89 
1.80, 1.77 
1.780, 1.788 
1.794 
1.777, 1.799 
1.777, 1.802 
1.783, 1.787 
1.800 
1.799, 1.799 

3.25 
3.064 
3.146 
3.129 
3.218 
3.079 
3.151 
3.158 
3.174 

135 21 
118.3 223 
123.6 224,225 
121.3 226 
128.3 227 
118.7 228 
123.9 229 
122.7 230 
122.4 231 

' N3 bis(2-benzimidazolylmethyl)amine, TPBN tetrakis(2-pyridylmethyl)-1,4-butanediamine, L E N-(o-hydroxybenzyl)-iV,N-bis(2- 
pyridylmethyl)amine, tmip, tris(N-methylimidazol-2-y1)phosphine. 

TABLE IX. Compariron of Phyrical Properties of Methemerythrins and Synthetic Fe(II1) Complexes 
[FelO- Fe20- Fe20- 

(02CMe)2(TACN)~1z+ (02CMe)2(HB(pz)3)2 (02CMe)2(bipy)& FezO- Fe20- 
metNsHr (1) (2) (6) (02CMe)2(TPBN)2 (02CPh)2(N3)2 

UV-VIS, nm (0 326 (3375) 323 (2979) 339 (4635) 329 (3030) 348 (3678) 355 (4000) 
380 (sh) 374 (sh) 358 (sh) 470 (554) 485 (310, sh) 
446 (1850,br) 448 (339) 457 (505) 505 (493) 525 (110) 
680 (95) 491 (sh) 492 (466) 464 (br,sh) 730 (78.5) 560 (50,sh) 
1010 (5.1) 701 (41) 955 (3.5) 620 (50) 

J, cm-' -134' -115 -121 -132 NRb -117 
u,(Fe-O-Fe), cm-l 507 540 528 NR NR 545 
v,(Fe-O-Fe), cm-' 770 749 751 NR 725 745 
ref 59, 64, 63 223, 240 224, 225, 238 229 226 228 

metHr. * NR = not reported. 

research groups independently reported the synthesis 
of such complexes using the tridentate N-based ligands 
1,4,7-triazacyclononane (TACN)223 and hydrotris( 1- 
pyrazoly1)borate ( H B ( ~ z ) ~ - ) . ~  X-ray diffraction studies 
of these complexes, [Fe(III)20(02CMe)2(TACN)2]2+ (1) 
and Fe(III)2(02CMe)2(HB(pz)3)2 (2), revealed that they 
are excellent structural models for the diiron core of 
hemerythrin, accurately reproducing the geometries 
about the iron centers (Figure 20 and Table VIII). The 
use of similar ligands based on pyridine, benzimidazole, 
a DhosDhite. and imidazole has also ~roduced comdexes 

L L  

possessing' the [Fe(III)20(02CR)2]2+ core (Table 
~ 1 1 1 )  -226,228,230,231 _ _ _  

The TACN and HB(pd3- complexes are the best 
characterized and possess physical characteristics sim- 
ilar to those of metHr (Table 1x1. Infrared, Raman, 
and resonance Raman s t ~ d i e s ~ ~ ~ 9 ~ ~ v ~ ~ ~  on the l60- and 
"XI-containing species have allowed identification of the 
Fe-0-Fe stretching frequencies. In contrast to those 
of unsupported oxo-bridged diiron complexes, these 
vibrations correspond closely to those of metHr (Table 
IX). As discussed in earlier sections, comparison of the 
magnetic and Mijssbauer spectroscopic properties of the 
diiron proteins and synthetic oxide-bridged diiron 
complexes led to the proposal of the existence of 
analogous diiron units in the proteins. Perhaps the 
most striking similarity is the magnitude of the anti- 
ferromagnetic spin exchange between the metal centers: 
the coupling constants (J) range from -115 to -132 cm-l 
for the triply bridged synthetic models versus -134 cm-' 
for methemerythrin (Table IX). Complexes 1 and 2 
have also been used to show that EXAFS is sensitive 
to the presence of short Fe-p-oxo interactionszM and 
have served as modela to establish the existence of such 
units in Hr, RR, and MMO. 

The H B ( ~ Z ) ~ -  complex, 2, can be reversibly proton- 
ated to give [Fe(III)2(cl-OH)(cl-O~CMe)2(HB(pz)~)~l+ 
(3);235 protonation of the bridging oxo ligand results in 
an increase in the FeObfi&e distance of nearly 0.2 A and 

LJ' 

J 

C32 

CZB 

(a) (b) 
Figure 20. Structures of synthetic oxide-bridged dinuclear iron 
complexes: (a) [Fe20(02CMe)2(TACN)2]2+ (1) (reprinted from 
ref 223; copyright 1983 VCH), (b) FezO(02CMe),(HB(pz),)2 (2) 
(reprinted from ref 224; copyright 1983 American Chemical So- 
ciety). 

a corresponding increase in the Fe-Fe separation to 
3.439 A. Although the bridge angle is essentially un- 
changed, the magnitude of the antiferromagnetic cou- 
pling between the iron centers is reduced to -17 cm-l. 
Protonation of the bridging oxo ligand apparently la- 
bilizes the Fe20(02CR)2 core toward carboxylate sub- 
stitution. This property has been exploited to syn- 
thesize Fe(III)20(02P(OPh)~)2(HB(pz)~)~ (41, and other 
analogues in which the acetate ligands of complex 2 
have been replaced with diphenyl phosphate and di- 
phenylphosphinate  ligand^.^+^' Recently analogues 
of the TACN complex, 1, have also been prepared where 
hydrogen phosphate, hydrogen arsenate, chromate, and 
phenylphosphate replace the bridging acetates (how- 
ever, only the last two have been structurally charac- 
t e r i ~ e d ) . ~ ~ ~  The bridging phosphate groups may be 
relevant to the chemistry of the purple acid phospha- 
tases. 

A model for deoxyhemerythin has also been prepared 
with Me3TACN,239 [Fe(II)2(cl-OH)(~-02CMe)2- 
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d 
Figure 21. ORTEP drawing of FezO(OzCPh)z(bipy)z(C1)~ (4) (re- 
printed from ref 229; copyright 1988 American Chemical Society), 
with potentially labile coordination sites on each iron atom. 

(Me,TACN),]+ (5). As a result of the protonation and 
reduction of the metal centers compared to those of 
complex 1, complex 5 exhibits a considerably smaller 
spin coupling constant, J = -14 cm-l, comparable to 
that of deoxyHr. EPR and Mossbauer studies of the 
electrochemically generated one-electron-reduction 
product of complex 1 suggest the species may possess 
the mixed-valence diiron(I1,III) core, corresponding to 
semimetHr;240 however, isolation of this species has not 
proved possible to date. 

A number of complexes containing diiron cores 
bridged by a pair of carboxylates and a phenoxide 
provided by a polydentate ligand have also been pre- 

While these reproduce some of the spec- 
troscopic properties of hemerythrin, their relationship 
to the biological systems is uncertain. 

Unfortunately, use of tridentate ligands in the syn- 
thesis of the previously described Hr models produces 
complexes in which all three terminal coordination sites 
at  each metal are blocked, precluding investigation of 
substrate or substrate-analogue binding. Reaction of 
complex, 1, for example, with such reagents has been 
shown to result in disruption of the [Fe20(02CR)2]2+ 

Recently, the synthesis and characterization of 
triply bridged dinuclear iron complexes employing the 
bidentate ligand 2,2’-bipyridine (bipy) has been re- 
ported;229*24p this leaves coordination sites on the metal 
centers available for binding additional ligands. Fe20- 
(02CMe)z(bipy)2Clz (6) and Fe20(02CPh)p(bipy)2(N3)2 
(7) have structures very similar to that of metN3Hr 
(Table VI11 and Figure 21), with the monodentate 
terminal ligand cis to the oxide bridge as in the protein. 
The physical properties of 6 and 7 closely approach 
those of Hr (Table IX) (as do those of the other mod- 
els). Synthesis of these complexes has been extended 
to other bidentate ligands.250 

Recently a novel oxide-bridged iron compound has 
been shown to yield a visible spectrum that bears a 
strong resemblance to that of the purple acid phos- 
p h a t a s e ~ . ~ ~ ~  [Fe(III)20(02CPh)(L)2]+ (8) (L = N-(0- 
hydroxybenzyl)-N,N-bis(2-pyridylmethyl)amine) (Fig- 
ure 22) possesses a (p-oxo)mono(p-carboxylato) core, 
which results in a Fee-Fe separation of 3.218 A, similar 
to that in Hr and the model complexes with triply 
bridged cores. Complex 8 exhibits a broad band in its 
visible spectrum with a maximum at 522 nm (e/Fe = 

3300 M-’ cm-l); the intensity of this band indicates that 
the chromophore in the purple phosphatases may be 
a single Fe(II1)-phenoxide unit. Using tris(2-pyridyl- 
methy1)amine and benzoate, acetate, and diphenyl 
phosphate as bridging ligands, additional members of 
this class of Fe20(02CR) complex have been synthes- 
ized.251*252 Thus, like the triply bridged core found in 
hemerythin, the doubly bridged core found in ribo- 
nucleotide reductase appears readily accessible syn- 
thetically. Unique in these last three complexes, the 
amine nitrogen of the capping ligand is trans to the 
oxide bridge on one iron but cis to the oxide on the 
other iron, introducing asymmetry. 

Since an oxo- or hydroxo-bridged dinuclear iron unit 
may also be present at  the active site of methane mo- 
noxygenase, studies have recently been directly at using 
synthetic oxo-bridged non-heme iron complexes for the 
catalytic hydroxylation of hydrocarbons. The first of 
these studies revealed that trinuclear “basic iron 
acetate” could catalyze the epoxidation of olefinic al- 
cohol acetates253 and, in the presence of dioxygen and 
zinc powder (as a reducing agent), the hydroxylation 
of adamantane to a mixture of adamantan-1-01, -2-01, 
and adamantanone.254 In 1988, the 02zinc system was 
extended with use of complex 2, Fe20(02CMe)2(HB- 
(pz)3)2, as catalyst for oxidation of cyclohexane and 
adamantane to a mixture of the corresponding alcohols 
and ketones.2M The catalytic hydroxylation of simple 
alcohols (ethane, propane) using non-heme catalysb 
(synthetic oxide-bridged Mn(II1) complexes) was also 
reported, using tert-butyl hydroperoxide as the oxi- 
dizing agent;256 similar reactivity was observed with 
analogous iron species.229 The observed reactivity 
parallels the C-H bond dissociation energies; no reac- 
tion was observed with methane.267 Complex 6 also 
served as an oxygen-transfer catalyst in the presence 
of dioxygen and zinc powder; however, reaction of cy- 
clohexane was found to give cyclohexanone as the sole 
product.229 

V I  I I .  Concluslon 

As the results presented above clearly indicate, the 
dinuclear iron proteins share two major structural fea- 
tures. First, the spectroscopic data (and X-ray results 
where available) indicate that all contain oxo- or hy- 
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Human PAP G hYpVWs i aEHgp t h c 1 V kqCr p 1 1 aTyg VTa-y 1 CGhdHn 1 q 
Porcine PAP GhYpVWsi aEJgpthc1 VkqCl pl 1 tThkVTa-yliGhdInl q 
Bovine PAP GhYpVWsxaEHgvVhcxVkcxxpxxNAhkVTa-yxCGhdHnxq 
P. gouldi Hr Tf~sIIdd-~ktLfngIfhCatdd~dnLGelrr~TgkI--- 
T . pyro i des Hr T f l s  I I dd-EJkt Lf ng I fhCai ddNfJdnLGe1 rrCTgkH-- - 
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* * *  

* * 

2 
5 * * * 4  

Human PAP YLQDEngVgyVl SGagNFnDpsKR-HQr kV 
Porcine PAP YiQOEngcg f V 1 SGag NEmDp sxR-IQ r kV 
Bovine PAP YXQDEngXgfVlSGagNFmDpsKR-H..qV 
P. goul di Hr FiNEE-vi--MqASqyQEyEehxKeIEgf I 
T. pyroides Hr FCNQI-vC--MqASqyQLyDehKKetjEgf I * *- * 8 
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2 
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Human PAP -pngyLcfhygtedSLggfayveLssKemTvt 
Porcine PAP -pngyLRfhfgaenSLggfayveLtpKemSvt 
Bovine PAP -pngyXRfhygaenSXggfayveXspKemSvt 
P. gouldi Hr haldnWKgdvkwak$Wlvnhikt]df&kGki 
T. pyroides Hr raldnWKgdvkwakrWlvnhiktldf5ykGki 

1 
1 
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* 

* *  

Figure 23. Sequence homology between mammalian purple acid 
phosphatases and hemerythrins. Conserved residues are indicated 
by underlined capital letters, and conservative substitutions by 
capital letters. Asterisks at bottom of lines indicate ligands to 
iron in hemerythrin (from X-ray structures), while asterisks at 
top of lines indicate conserved residues that are potential metal 
ligands in the purple phosphatases (ref 262). 

droxo-bridged dinuclear iron units containing in addi- 
tion one (ribonucleotide reductase) or two (heme- 
rythrin) bridging carboxylate ligands. In the case of the 
purple phosphatases, the data suggest that both types 
of structure may occur, with a phosphate- and carbox- 
ylate-bridged structure in the oxidized form and a single 
carboxylate bridge in the reduced form. Both the (p- 
oxo)mono(p-carboxylato) and (p-oxo)bis(p- 
carboxy1ato)diiron cores are stable fragments that as- 
semble readily from mononuclear species and appro- 
priate ligands, so their presence in a variety of protein 
environments is not especially surprising (in retrospect, 
at least). Available data on both proteins and synthetic 
systems indicate that stepwise reduction of the dinu- 
clear iron center from the diferric to the diferrous ox- 
idation states results in an increased tendency to pro- 
tonate the bridging oxygen atom and, possibly, to lose 
one or more bridging ligands altogether, resulting in a 
dramatic increase in the metal-metal distance. Clearly 
significant structural flexibility is required on the part 
of the protein matrix to accommodate such major 
changes in the dinuclear center. 

The second common structural feature pertains to the 
polypeptide portion of the proteins and suggests a 
means of providing such a flexible environment. The 
crystal structures of hemerythrin and ribonucleotide 
reductase show that, although the two proteins are 
apparently unrelated in primary structure, both exhibit 
a tertiary structure comprised of an antiparallel tetra- 
a-helical bundle. This is a relatively common structural 
motif in proteins258 and appears to be substantially 
stabilized by the opposed a-helix dipole moments as 
well as by periodic heptad repeats of apolar residues 
that lead to an interlocking of the helices.259 Such a 
structure is apparently well-suited to provide terminal 

ligands to a dinuclear metal center, with the metal- 
metal axis either roughly perpendicular (hemerythrin) 
or parallel (ribonucleotide reductase) to the helix axes. 
Indeed, such a structure is not unique to iron chemistry, 
with structurally characterized examples also known for 
dinuclear copper (hemocyanin)2B0 and manganese (Mn 
catalase),261 which have the metal-metal axis perpen- 
dicular and parallel, respectively, to the helix axis. 
Consequently, it would not be at  all surprising if the 
remaining dinuclear iron proteins should prove to 
possess tetra-a-helical structures as well. Although 
there are no sequence data available for methane mo- 
nooxygenase and rubrerythrin to explore homologies to 
either hemerythrin or ribonucleotide reductase, there 
are parallels between the arrangement of conserved 
potential metal ligands in the purple phosphatases and 
hemerythrin, suggesting possible tertiary structure 
homologies (Figure 23).262 Also relevant is a recent 
report that initial binding of iron by apoferritin occurs 
in the center of the tetra-a-helical bundles,283 suggesting 
the possibility of a dinuclear iron intermediate in fer- 
ritin core formation. 

Despite the core structural similarities and the ap- 
parent evidence for convergent protein evolution to 
stabilize a dinuclear oxo-bridged iron center in these 
proteins, they exhibit an extraordinarily wide array of 
functions. Hemerythrin is responsible for reversible 
dioxygen transport (i la hemoglobin and hemocyanin), 
while ribonucleotide reductase and methane mono- 
oxygenase activate dioxygen for oxidation of a phenol 
residue and for insertion of an oxygen atom into an 
unactivated C-H bond, in reactions analogous to the 
peroxidases (or tyrosinase) and to the cytochromes 
P450, respectively. In contrast, the purple phosphatases 
exhibit reversible electron-transfer reactivity that may 
be physiologically relevant in a control process, as well 
as using the dinuclear iron center as a Lewis acid in 
catalysis of phosphate ester hydrolysis via an as yet 
poorly defined mechanism. This diversity in reactivity 
is greater than that observed for the better studied 
heme and iron-sulfur proteins and suggests that the 
dinuclear oxo-bridged iron center possesses an intrinsic 
ability to participate in an unprecedented range of 
chemical and biochemical reactions. It seems likely that 
additional examples of dinuclear oxo-bridged iron 
proteins catalyzing these and perhaps other types of 
reaction remain to be discovered, given their relative 
insensitivity to detection by simple spectroscopic 
means. 

How then does a particular protein select and control 
one of these modes of reactivity of a common (p-0~0)- 
monob-carboxylato) or (p-oxo)bis(p-carboxy1ato)diiron 
center? The answer to this question will require de- 
tailed structural data on the purple phosphatases and 
methane monooxygenase, in addition to results from 
more detailed spectroscopic and mechanistic studies on 
these fascinating systems. 
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