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Modeling Coordination Site 
Metallobiomoleci 

James A. Ibers and Richard H. 

Metallobiomolecules are natural prod- 
ucts which in their biologically active 
forms contain integral stoichiometries of 
one or more metallic elements. A partial 
classification scheme for some of the 
more extensively investigated types of 
metallobiomolecules is presented in Fig. 

ed detailed considerat 
electronic, and reacti 
the molecular level. 
biomolecules are highl 
dination complexes 
taining sites (coordinm 
prising one or more 

Summary. Synthetic metal complexes can closely approach the I 
ions in proteins and yield useful information concerning biological I 
tion. 

1. Here the principal distinction is be- 
tween enzymes, catalysts of bond-break- 
-ing and bond-making transformations, 
and the other types of metallobio- 
molecules which themselves are non- 
catalytic in this sense. The metals speci- 
fied are included in the 11 most common 
biological elements (H, C, N, 0, Na, 
Mg, K, Ca, S, P, C1) and the 7 next most 
abundant elements (Mn, Fe, Co, Cu, Zn, 
Mo, I), which are found in living orga- 
nisms. This classification identifies met- 
als involved in some fundamental biolog- 
ical processes such as electron storage 
and transfer (Fe, Cu), dioxygen binding, 
storage, and activation (Fe, Cu), and 
substrate activation and catalysis (Mg, 
Mn, Fe, Co, Cu, Zn, Mo). Various esti- 
mates place at one-fourth to one-third 
the fraction of proteins and enzymes that 
on purification to homogeneity contain 
metals or that otherwise require metal 
ions for biological activity (1). 

Investigations of metallobiomolecules 
have increased markedly in the last dec- 
ade. High-resolution x-ray crystallogra- 
phic results, in particular, have facilitat- 
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by the normal protein conformation. In- 
deed, this may be considered an advan- 
tage of synthetic analogues, for, being 
unencumbered by the protein, they 
should reflect the intrinsic properties of 

s in the coordination unit unmodified by the 
protein milieu." This approach has sev- 

iles eral significant potential capabilities (2, 
3): (i) deduction of minimal site structure 
(where unknown) based on coincident 

Holm model-biomolecule properties, or (where 
known) required for execution of biologi- 
cal function; (ii) detection of the influ- 
ence of the biomolecular environment on 

.ions of structural, the intrinsic properties of the site as rep- 
ivity properties at resented by the model. 

These metallo- In the absence of models that realize 
y elaborated coor- the first capability, the structures of met- 
whose metal-con- al coordination units in biomolecules 
ation units), com- have been inferred from spectroscopic 
metal atoms and results or have been more directly estab- 

lished by x-ray crystallography. Selected 
coordination units whose structures 

properties of metal have been deduced from crystallograph- 
structure and func- ic investigations (4-36) are collected in 

Table 1 [note exclusions (37-40)] in order 
to provide recognition of the composi- 
tional and structural diversity of metal 

lly the loci of elec- ion binding sites. These units are classi- 
ig of exogenous fied by a scheme introduced earlier (2, 
,sis and in this ar- 3). Structural representations (1 to 11) of 
e sites." The dem- a number of these units are presented in 
I relation between Fig. 2. With very few exceptions, none 
sites and those of of these structures has been refined to 

n complexes has the stage where metrical information 
tly to the emer- concerning metal-ligand interactions ap- 
sciplinary field of proaches the precision normally forth- 
. In this article we coming from x-ray diffraction investiga- 

f this field which is tions of low-molecular-weight coordina- 
estigations of bio- tion complexes. Nonetheless, these re- 
mselves: the cur- sults, most of which were obtained at a 
etic chemical ap- resolution poorer than 2.5 A, usually suf- 
e sites of selected fice to define the coordinated atoms or 
g from our earlier groups and the overall coordination ge- 
?duced to practice, ometry. At the present stage in the de- 
tates the synthesis velopment of protein crystallography 
cular weight com- little credence should be given to metri- 
,are obtainable in cal results on proteins if such results ap- 

ipproach or dupli- pear to be in serious disagreement with 
t in terms of com- those from spectroscopically congruent 
structure, and oxi- model compounds. 
nodels, or synthet- 
e, cannot simulate 
ects of and what- 
aints are imposed 
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Metallobiomolecules 

I 
Transport and storage 

proteins 

Electron carriers 

Cytochromes (Fe) 

Iron-sulfur (Fe) 

Blue copper (Cu) 

Metal storage, 

carrier, and structural 

I 
Ferritin (Fe) 

Transferrin (Fe) 

Ceruloplasmin (Cu) 

02 binding 

Myoglobin (Fe) 

Hemoglobin (Fe) 

Hemerythrin (Fe) 

Hemocyanin (Cu) 

Metal transport 

and structural 

Siderophores (Fe) 

Skeletal (Ca, Si) 

Photo-Redox 

Chlorophyll (Mg) 

Photosystem II (Mn, Mg) 

Hydrolases Oxido-reductases Isomerases and synthetases 

Carboxypeptidases (Zn) Oxidases (Fe, Cu, Mo) Vitamin 8-12 

Aminopeptidases (Mg, Mn) Dehydrogenases (Fe, Cu, Mo) coenzymes (Co) 

Phosphatases (Mg, Zn, Cu) (reductases) 

Hydroxylases (Fe, Cu, Mo) 

Oxygenases (Fe) 

Superoxide dismutase (Cu, Zn, Mn) 

Nitrogenases (Fe, Mo) 

Hydrogenases (Fe) 

Fig. 1. Partial classification of metallobiomolecules in terms of biological function. Examples rather than complete tabulations for each class are 
given. 
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A developing new technique in biomo- 
lecular structural determination, which 
does not require crystalline materials, 
is x-ray absorption spectroscopy (41). 
Analysis of extended fine structure (EX- 
AFS) at energies above the absorption 
edge of the metal atom whose spectrum 
is excited can provide both nearest- 
neighbor distances from that atom to 
about " 0.03 A and information con- 
cerning the number and types of atoms 
coordinated. No angular details are ob- 
tainable. This technique has been ap- 
plied to representatives of several of the 
classes in Fig. I; results relevant to mod- 
els of several different types of coordina- 
tion units are discussed below. 

Inspection of Table 1 and Fig. 2 re- 
veals that types a to d of coordination 
units may be the objects of synthesis. 
Of these the deceptively simple mono- 
nuclear sites, type a, and the binuclear 
sites, type c, have been the most dif- 
ficult to model effectively owing to the 
presence of dissimilar ligands bound to a 
common metal atom and the pronounced 
substitutional lability of ions such as 
Fe(III), Mn(II), Cu(II), and Zn(II). The 
most significant progress in modeling of 
active sites has occurred with types b 
and d, which contain integral sub- 
structures (heme groups, cubic Fe4S4 
cores) readily assembled and subject to 
elaboration by variation of terminal lig- 
ands. We assess (below) the contribu- 
tions to selected biological systems af- 
forded by active site models, some of the 
difficulties and limitations of the ap- 
proach, and its future prognosis. As will 
be seen, this approach to the study of ac- 
tive sites can be applied to systems with 
known and unknown active site struc- 
tures. Certainly those in Fig. 2 constitute 
an incomplete evolutionary set, and oth- 
er structures may be discovered initially 
by chemical synthesis. 

Dioxygen Transport and Storage: 

Myoglobin and Hemoglobin 

In natural systems, all species known 
to bind the dioxygen molecule for sub- 
sequent transport, storage, or activation 
in enzymic reactions are metallobio- 
molecules. Those with a transport and 
storage function include the mammalian 
proteins myoglobin and hemoglobin, he- 

Fig. 2 (facing page). Structures of some metal 
coordination units in proteins classified as in 
Table 1: (a) 1 (M = Fe, Zn) to 5; (b) 6 
(L = L' = N-His, cytochrome b; L = N- 
His, L' = S-Met, cytochrome c) to 8; (c) 9, 
10; (d) 11. See (143) for a presentation of the 
myohemerythrin (metazide) active site. 
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merythrin (31-34), a nonheme iron pro- 
tein found in the coelomic fluids of in- 
vertebrates, and hemocyanin (42), which 
is a copper protein occurring in the blood 
of arthropods and molluscs. Structural 
data for the first three proteins are sum- 
marized in Table 1. We restrict consid- 
eration to the heme proteins myoglobin 
and hemoglobin, which contain type b 
coordination units. 

Deoxymyoglobin consists of the heme 
[(protoporphyrinato-IX)iron(II), (12)] and 

CH=CH2 CH3 

CH3 \ CH=CH2 
EN N- 

COH \, , CH/ 3 

CH2 CH2 
CH2 CH2 

\2 /2 
COOH COOH 
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the connected globin (polypeptide 
chain). Hemoglobin is closely related to 
myoglobin, but is a tetramer consisting 
of four heme groups and four globin 
groups. The interactions among these 
four units of the tetramer, interactions 
grouped under the general term of allo- 
steric properties, are physiologically es- 
sential but are poorly understood at the 
molecular level. 

The major function of these heme pro- 
teins is the reversible binding of molecu- 
lar oxygen, which occurs at the iron (II) 
site. Here the ferrous ion is surrounded 
by five nitrogen atoms, four from the 
porphyrin and one from the terminal 
imidazole group of the proximal histidine 
residue, the point of attachment between 
heme and globin. Inorganic chemists 
have for many years interested them- 
selves in the seemingly simple task of 
producing an FeN5 unit that would bind 
02 reversibly. Until recently all such ef- 
forts had met with failure. If 02 is added 
at room temperature to a ferrous porphy- 
rin, Fe(Por), and a nitrogenous base, 
B, in a suitable solvent, Fe(02)(Por)(B), 
the desired analog of oxymyoglobin is 
not formed but instead the irreversibly 
oxidized Fe(III) product (Por)Fe-O- 
Fe(Por), the "'t-oxo dimer," is formed. 
A lesson learned by inorganic chemists is 
that one of the functions of the globin is 
to protect the heme group from irrevers- 
ible oxidation, a fact that was far from 
obvious to the biochemists as well until 
the model syntheses were attempted. 

While inorganic chemists were unsuc- 
cessfully attempting to model the heme 

group, protein biochemists were making 
progress in the characterization of myo- 
globin and hemoglobin. In a recent ar- 
ticle Ladner, Heidner, and Perutz (23) 
end with the statement: "This concludes 
the x-ray analysis of this structure [horse 
hemoglobin] which M. F. Perutz began 
in J. D. Bernal's Crystallographic Labo- 
ratory at Cambridge in the autumn of 
1937." The progress in those 40 years 
represents one of the great epics in mo- 
lecular science. It is estimated (23) that 
the root-mean-square errors in atomic 
positions in horse hemoglobin are about 
0.32 A and that the displacements of the 
iron atoms from the porphyrin planes are 
known to an error of about 0.06 A, re- 
markable results for a protein of molec- 
ular weight 64,000. [For comparison, 
the corresponding errors in the small 
molecule bis(l-methylimidazole)(proto- 
porphyrinato-IX)-iron(III) . methanol 
water are about 0.001 A for the Fe posi- 
tion and 0.007 A for the C, N, and O 
positions (43).] 

In many instances the relation of he- 
moglobin structure to function is well un- 
derstood and it has been possible to cor- 
relate altered hemoglobin function in ab- 
normal hemoglobins with structural 
change (44). But these results have been 
obtained with data based on roughly 
known stereochemistry about the iron 
atoms in deoxyhemoglobin and methe- 
moglobin and the related myoglobins, 
and with no information for the corre- 
sponding oxyhemes (45). The estimated 
errors in atomic positions given above 
translate into an error of about 25? in an 
Fe-X-Y angle, where XY is 02 or CO. 
With errors of this magnitude we still 
lack precise knowledge of the mode of 
attachment of molecular oxygen to the 
heme site, even though structural re- 
sults on oxyhemes are now available 
(18, 19). 

In addition, we have only indirect in- 
formation on the changes that occur at 
the iron site on oxygenation. Yet such in- 
formation is crucial to an understanding 
of the relationships of hemoglobin struc- 
ture to function at the molecular level 
and especially for an understanding of 
the allosteric properties of hemoglobin. 
In hemoglobin, oxygen affinity increases 
with increasing oxygen pressure but in a 
sigmoidal manner, rather than with the 
hyperbolic dependence expected if there 
were no interactions among the four 
heme groups. The physiological implica- 
tions of such interactions are profound. 
For example, in the change from arterial 
oxygen pressure of about 95 mm-Hg un- 
der physiological conditions to a venous 
pressure of about 40 mm-Hg only about 1 
ml of 02 per 100 ml of blood would be 
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released during circulation through the 
tissues if hemoglobin were a monomer 
(as is myoglobin) devoid of allosteric 
properties; instead about 4.5 ml of 02 are 
released. 

A number of other enzymatic systems, 
including phosphorylase and glutamate 
dehydrogenase (46), are allosteric pro- 
teins, and therefore in a sense under- 
standing allosteric properties in hemo- 
globin is an initial step in understanding 
the working of multicenter proteins in 
general. 

Several thermodynamic models have 
been proposed to explain the basis of al- 
losteric properties (47, 48). Calculations 
of strain energy in various hemoglobins 
(49, 50), together with a detailed com- 
parison (51) of their crystal structures, 
have yielded a structural model for allo- 
steric properties (51). These properties 
may arise from possible conformational 
changes that are initiated at and about 
the iron site on ligation. Because these 
changes at the iron site have been im- 
precisely defined for the proteins them- 
selves, they have been extrapolated from 
spectroscopically congruent models for 
these sites, models amenable to more 
precise structural characterization. 

Such models have been synthesized 

by several groups of chemists who have 
found ways of subverting the irreversible 
oxidation of the ferrous porphyrins. 
Wang (52) approached the problem by 
immobilizing an iron complex in a poly- 
styrene matrix. He found that the FeN5 
unit would bind 02 reversibly but could 
not, because of immobilization, dimer- 
ize. Such a system is not amenable to de- 
tailed structural study. Chang and Tray- 
lor (53) prepared the first reversible oxy- 
gen carrier of an iron porphyrin. They 
found that a porphyrin system containing 
a covalently attached imidazole ligand 
reacts reversibly with 02 in solution at 
-45?C. Subsequent studies have shown 
that reversibility does not result from the 
presence of the attached base, but from 
the low temperature used. Indeed, irre- 
versible oxidation may be prevented at 
low temperatures, and a number of stud- 
ies of reaction I have been completed 
(54). Such studies provide important as- 
sessment of the role of the globin in reac- 
tions of the protein systems. But again 
these low-temperature systems are not 
amenable to direct structural study. 

Fe(Por)(B)2 + A -- 

Fe(Por)(B)(A) + B (1) 

where A is 02, CO, or NO. 

Two systems that are accessible to 
structural study have now been pro- 
duced. Collman and his co-workers (55) 
have synthesized a "picket fence" por- 
phyrin (13), while Baldwin and his co- 
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workers (56) have produced a "capped" 
porphyrin (14). Each of these porphyrins 
is sterically encumbered on one side, 
thereby directing the binding of a nitrog- 
enous base to the other side while pro- 
viding a sterically protected binding site 
for dioxygen. In the presence of a base, 
the Fe(II) complexes bind dioxygen re- 
versibly at room temperature. Virtually 
all of the structural studies have been 

Table 1. Metal coordination units obtained from x-ray crystallography of selected biomolecules, excluding siderophores (37), vitamin B12 coen- 
zymes (38), bacteriochlorophyll (39), calcium-binding proteins (40). Abbreviations of amino acids: Asp, aspartate; Cys, cysteine; Glu, glutamate; 
His, histidine; Met, methionine; Tyr, tyrosine. For each amino acid the atom bound to the metal precedes the abbreviation; thus S-Cys implies 
coordination of the cysteine group via its S atom. 

Molecule Molecular weight Coordination unit Reference 

(Type a) Mononuclear, side-chain binding 
Rubredoxin (Rdox) 6,000 [Fe(S-Cys)4]* (4, 5) 
Carboxypeptidase A,B 34,500 [Zn(N-His)2(O-Glu)(OH2)]* (6) 
Thermolysin 34,600 [Zn(N-His)2(0-Glu)]*, 4[Ca-06,7]?t (7) 
Concanavalin A 102,000 (4)? [Mn(N-His)(O-Asp)2(0-Glu)(OH2)2], [Ca-06]tt (8) 
Carbonic anhydrase B,C -29,000 [Zn(N-His)3(OH2)]* (9) 
Insulin 36,000 (6) [Zn(N-His)3(OH2)]* (10) 
Liver alcohol dehydrogenase 80,000 (2) [Zn(S-Cys)2(N-His)(OH2)]*, [Zn(S-Cys)4]* (11) 
Azurin 14,000 [Cu(N-His)2(S-Cys)(S-Met)]* (12) 
Plastocyanin 10,500 [Cu(N-His)2(S-Cys)(S-Met)]* (13) 
Aspartate carbamoyltransferase 306,000 (5) [Zn(S-Cys)4]* (14) 

(Type b) Mononuclear, porphyrin + side-chain axial binding 
b-type cytochromes - 11,000 [Fe(N4-porphyrin)(N-His)2] (15) 
c-type cytochromes -12,000 [Fe(N4-porphyrin)(S-Met)(N-His)] (16) 
Myoglobin, hemoglobin 17,800, 64,500" (4) (17) 

Oxy [Fe(N4-porphyrin)(N-His)(02)] (18,19) 
Deoxy } (20, 21) 

^ ^~~~~ ~~Deoxy ij~ ~[Fe(N4-porphyrin)(N-His)] (2,2) 
Met(22,23) 
MetX (X = CN-, N3-) [Fe(N4-porphyrin)(N-His)(X)] (24) 
CO [Fe(N4-porphyrin)(N-His)(CO)] (25,26) 

(Type c) Binuclear, side-chain bridging and terminal binding 
Superoxide dismutase# 32,000 (2) [(His-N)3Cu-t(N-His)?- Zn(N-His)2(0-Asp)]* (27) 
Hemerythrin (aquomet)** 108,000 (8) [(His-N)2(Tyr-O)Fe-,(Asp,Glu,OH2)-Fe(N-His)3]t (28, 29, 141) 
Methemerythrin (ligand complexes) (30) 

(Type d) Bi-, polynuclear, inorganic bridging plus terminal side-chain binding 
Myohemerythrin (metazide)tt 13,900 [(His-N)2(Tyr-O)Fe-O-Fe(O-Tyr)(N-His)2] (31-33, 143) 
Ferredoxin (8Fe-Fd,x) 6,200 2[Fe4S4(S-Cys)4] (34, 35, 87) 
"High-potential" protein (HPred,ox) 9,300 [Fe4S4(S-Cys)4] (35,36) 

*Distorted tetrahedral. tDistorted octahedral. tSidechain plus H 0 ligation. ?Number of subunits is given in parentheses. ?Distorted planar. 
"Mammalian, references to hemoglobins from other sources included. #Eukaryotic (bovine erythrocyte). **Thermiste dyscritum. ttThermiste zosteri- 
cola. 
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carried out on the various "picket 
fence" porphyrin systems (57). The first 
question to be answered, and one that 
has interested chemists for years, is the 
nature of the attachment of 02 to the Fe 

14 

atom in the heme proteins. The synthe- 
sis and crystallization of Fe(02)(TpivPP) 
(l-Melm) [TpivPP indicates meso-tet- 
ra (a,a,a,a-orthopivalamidephenyl)por- 
phyrinato or "picket fence porphy- 
rin"; and 1-Melm indicates 1-meth- 
ylimidazole] has finally permitted this 
question to be answered. The 02 mole- 
cule is bound to the iron atom in the end- 
on, bent geometry (58) as in 8. Essential 
congruence of this model complex with 
the iron site in oxyhemoglobin has been 
established by spectroscopic techniques 
(55). We thus have a dramatic illustration 
of the use of structural information on 
model systems to provide fundamental 
information about the more complex 
protein systems. The 0-0 distance in 
this model and related ones corresponds 
to that in the superoxide (02 ) ion, from 
which a formal description of oxyhe- 
moglobin as an Fe3O02- system may be 
proposed (59). Unfortunately, crystals of 
the unoxygenated model, Fe(TpivPP)(l- 
Melm), suitable for diffraction studies, 
have not been isolated, and therefore no 
direct comparison of the changes at the 
iron center on oxygenation has been pos- 
sible. However, suitable crystals of 
Fe(TpivPP)(2-MeIm) have been obtained 
(60) and these can be oxygenated to 
yield crystalline Fe(O2) (TpivPP)(2-MeIm) 
(61). 

The results of these crystal struc- 
ture determinations have important im- 
plications for biological systems, al- 
though caution must be observed in mak- 
ing comparisons, as 2-Melm is a steri- 
cally bulky base and systems containing 
it model some of the abnormal hemoglo- 
bins [those containing "T-state" oxyhe- 
moglobin (47)]. The core in these model 
systems is surprisingly flexible, with the 
Fe-porphyrin plane distance a sensitive 
function of the steric demands of the 
base. The diminished oxygen affinity in 
some of the abnormal hemoglobins may 
result from the inability of the 02 mole- 
cule to approach the Fe atom closely, as 
11 JULY 1980 

is the case in Fe(02)(TpivPP)(2-MeIm). 
This lengthened Fe-O distance may be 
contrasted with the T-state adduct of he- 
moglobin with NO wherein the Fe-N 
(imidazole) bond is apparently ruptured 
(62-64). This difference between NO and 
02 may reflect their relative binding and 
trans-labilizing properties. In this re- 
gard, although we have stressed the 
structural results, various equilibrium 
and thermodynamic measurements on 
these model systems have provided im- 
portant comparisons with the native sys- 
tems on the binding of 02 and CO (55). 

In a related model system, the dis- 
placement of the Fe(II) ion (0.55 A) from 
the mean porphyrin plane in Fe(TPP)(2- 
Melm) (65) (TPP indicates 5,10,15,20- 
tetraphenylporphyrinato) is essentially 
the same as the assessment of this dis- 
tance in deoxy hemoglobin (21). This re- 
sult indicates that there are no major ef- 
fects of the globin on the iron geometry, 
a point of previous contention (66). In- 
deed, the various proposals (65, 67) of a 
"trigger mechanism" for change in the 
quaternary structure of hemoglobin on 
oxygenation, based on optimistic assess- 
ment of errors inherent in the protein 
structure determinations and on stereo- 
chemical changes in earlier, less relevant 
model systems, are undoubtedly too sim- 
plistic in view of the diversity of iron ge- 
ometries in these recent models and in 
view of our knowledge of the corre- 
sponding geometries in analogous cobalt 
porphyrin systems (68). Similarly, the 
congruence of the Fe-N(imidazole) bond 
lengths in Fe(TpivPP)(1-MeIm), Fe- 
(TpivPP)(2-MeIm), and Fe(02)(TpivPP)- 
(2-MeIm) suggests that the proposal (69) 
that this bond is under "tension" in T- 
state oxyhemoglobin needs revision (70). 
These quaternary changes in hemoglobin 
and the molecular basis for the allosteric 
properties are poorly understood. How- 
ever, if such an understanding is achieved, 
it will rest not only on experiments on 
the proteins themselves, but also on the 
inventive synthesis and characterization 
of congruent model systems. 

Electron Carriers 

Iron-sulfur proteins as universal elec- 
tron carriers? The physiological function 
of iron-sulfur proteins, where it is known 
or can be inferred, is that of electron 
transport. A number of small soluble 
proteins, known generically as ferredox- 
ins (Fd) (whose molecular weights are 
6,000 to 25,000), serve as components of 
electron transfer chains coupled to vari- 
ous oxidoreductases. These proteins 
constitute one of the three major types of 

metal-containing electron carriers (Fig. 
1). Because they have been isolated from 
diverse bacterial, plant, and mammalian 
sources, iron-sulfur proteins are the 
most widely dispersed carriers of this 
type in biology. Virtually all properties 
of these proteins have been reviewed (2, 
71, 72). With respect to modeling biologi- 
cal coordination units, iron-sulfur pro- 
teins have presented an interesting chal- 
lenge. No other group of metallobio- 
molecules contains at least three distinct 
units. The mononuclear unit 1 (M = Fe), 
found in rubredoxin (Rd), and the tet- 
ranuclear cluster 11 (Fig. 2) have been 
directly demonstrated by x-ray dif- 
fraction; the same is now true of the 
binuclear cluster structure 15 (type d) 

Cys-S ,S S-Cys 
Fe Fe 

Cys-S - S S- -Cys 
15 

(73) which is also fully consistent with 
extensive physicochemical data (72). 

In a program initiated in 1971 with our 
co-workers, synthetic analogs of these 
three types of Fe-S units have been ob- 
tained and their structural and phys- 
icochemical properties have been estab- 
lished (2, 3, 74). Species 16 (2, 75), 17 (2, 
76), and 18 (2) are analogs of protein sites 

1-,2- 

f~rD~~C'I??t-S)'Fe(sIIIX 
16 

2-, 3- 

S-Fe 

"sR 

\SR 
17 

2- 

...F.Se'# SFeS 
18 

1, 11, and 15, respectively. Virtually all 
of their properties closely approach or 
duplicate those of protein sites in corre- 
sponding oxidation levels. In particular, 
the structures of 16 and 17 can be fairly 
described as high-resolution versions of 
1 and 11. Comparison of results for the 8- 
Fe Fdox (containing two clusters) and 
HPred proteins (Table 1) with several 
[Fe4S4(SR)4]2- structures (2) is especially 
convincing in this respect; the cubane- 
type Fe4S4 cores of all species are essen- 
tially congruent. EXAFS analyses (77, 
78) have shown that mean Fe-S distances 
in the three types of protein units and the 
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[Fe(SR)4 ]2 [Fe(SR)4 ]- 

Rred r Rdox 

(a) 
(2) 

(b) 

[Fe2S2(SR)4]4 - [Fe SR ] [Fe2S2(SR)4 [ [Fe 2S2SR) 

[Fd s-red] 

[ Fe4S4(SR)4]4 

4Fe((I) 

Fdred Fdox 

2Fe(Il) Fe(ll)+Fe(()f 
(a) (b) 

. [Fe4S4(SR)4] 3 [Fe4S4(SR)4]2 

Fdred 

[HP s-red] 

3Fe(II)+ Fe(mI) 
(a) 

Fdox 

(3) 

2 Fe(IIT) 
(c) 

= [Fe4S4(SR)4 ]- 

[Fds.-ox] 

HPred I HPox (4) 

2Fe(II) +2Fe((I ) 
(b) 

Fe(fl)+3 Fe(1T[) 

(c) 

Scheme 1 

mean Fe .? ? Fe distances in 11 and 
differ by < 0.03 A from those of their 
alogs in the same oxidation level. Tal 
together, the crystallographic and E 
AFS results indicate that the prot 
units closely approach the essentially 
constrained structures of their analog 

Of the various properties presented 
synthetic analogs, the simplest, 
charges, are of prime importance 
asmuch as they define oxidation lev 
and the formal oxidation states of 
metal atoms therein. For the protei 
such information is obtainable only 
directly from spectroscopic properti 
Comparison of physical properties I 
established the oxidation level equi 
lencies referred to above. These are p 
sented in scheme 1, columns a, b, an 
of the electron transfer series (reactic 
2 to 4); presumed nonphysiological p 
tein oxidation levels are given in bra 
ets. All members of the analog ser 
have been detected electrochemica] 
Of the seven physiologically signific 
oxidation levels, analogs of five hi 
been obtained as crystalline salts 
structures 16 to 18; in addition [I 
(SPh)4]2- (79) is an acceptable Rdred a 
log. [Fe2S2(SR)4]3- and [Fe4S4(SR)4] 
both of which are unstable, remain as < 
jectives of synthesis. Of the various s 
thetic procedures that afford analogs 
80), those yielding the clusters 17 m( 
special comment. The reactions 5, 
volving simple inexpensive reager 
produce clusters in good yield. The pr4 
uct of these reactions, as in the ini 
syntheses of most inorganic cluste 
was not deliberately predestined. 

C I+ HS-- + RS- CH3OH 
e3+ Ss + RS- 

[Fe4S4(SR)412- 

228 

15 The formation of these clusters results 
an- from their being the most thermodynami- 
Cen cally stable soluble reaction product, a 
,X- matter that could not have been assured 
ein beforehand. Consequently, these reac- 
un- tions lead to cluster formation by a pro- 
;s. cess of spontaneous self-assembly. Their 
by success raises the more general possi- 
net bility that other clusters in metallobio- 
in- molecules might be produced by similar 
'els means, as discussed below. 
the Synthetic access to the analogs 16 tc 
ns, 18 has led to a number of investigations 
in- whose results bear directly on the struc- 
ies. ture and function of Fe-S coordinatior 
has units in proteins. One of the earliest find- 
va- ings was a convincingly similar set ol 
)re- spectroscopic and magnetic properties ol 
d c 2-Fe Fdox proteins and the dianion 18. 
ons thereby providing substantial evidence 
ro- of the correctness of the proposed struc- 
ck- ture 15. Electrochemical studies of ana- 
ries logs, summarized in reactions 2 to 4, 
lly. scheme 1, have shown the total numbel 
ant of oxidation levels, related by one-elec- 
ave tron transfer reactions, which are inher- 
of ently accessible to each type of unit. In- 

Fe- asmuch as the principal biological func- 
na- tion of iron-sulfur proteins is electror 
]1-, transfer, this information is of consid- 
ob- erable importance. The demonstration ol 
yn- 3-, 2-, and 1-oxidation levels in reaction 4 
(2, transposes from hypothesis to fact the 
erit "three-state" description of the proteir 
in- clusters 11 (81), which was advanced tc 
its, rationalize the observations that in the 
od- isolated condition Fd proteins could only 
tial be reduced and HP (high potential) pro- 
rs, teins could only be oxidized. These 

forms of the proteins contain sites iso 
electronic with each other and witi 
[Fe4S4(SR)4]2-; consequently, reductior 
and oxidation, which occur at very dif 
ferent potentials (about -0.42 and +0.35 

(5) V, respectively), result in units that dif 

fer by two electrons. A major unan- 
swered question is why, in their normal 
aqueous solution configurations, all pro- 
teins with 4-Fe clusters cannot be made 
to traverse the same three oxidation lev- 
els at comparable potentials. Given the 
structural and electronic similarities of 
the species in column b of reaction series 
4, the answer appears to lie in the effects 
of protein structure and environment ex- 
trinsic to the clusters and whatever 
structural constraints are imposed by a 
protein on other cluster oxidation levels. 
Some current work on these matters is 
briefly considered. 

As was indicated earlier, one signifi- 
cant attribute of comparative protein-an- 
alog studies is that analog properties are 
those intrinsic to a given coordination 
unit in a protein. Deviations from these 
properties signal an influence of the pro- 

s tein matrix. In one comparison, aqueous 
- potentials of the Fdox/Fdred couple of a 
i prototypic ferredoxin (-0.43 V) and of 
I two [Fe4S4(SR)4]2-'3- couples (-0.49, 

- -0.51 V), measured under identical con- 
- ditions, differ by < 0.1 V (82). The re- 

ported range of protein potentials is from 
- -0.28 to -0.49 V, indicating in other 
- cases larger influences that are, how- 

ever, almost always such as to shift these 
potentials to less negative values than 
the intrinsic potential of about -0.5 V 

s (83). Cluster structural differences be- 
- tween the members of protein couples 
i are expected; unfortunately, no Fdred 
- structure is available and EXAFS re- 
f sults, while suggesting a small increase 
f in mean Fe-S distances in passing to the 
, Fdred form (78), are insufficiently sensi- 

tive to localize structural changes. The 
- recent synthesis of reduced clusters 
- [Fe4S4(SR)4]3- (80) has facilitated defini- 

,tion of structural changes pursuant to 
r electron transfer (76, 84). Four synthetic 
- cluster dianions and the isoelectronic 
- units in Fdox and HPred proteins exhibit 
- the idealized compressed tetragonal 
- structure 19 with eight long Fe-S bonds 
I 

ft 

1 

31 

1 

1 

(6) 

Compressed D2d 

19 

Elongated D2d 

20 

(dark lines) roughly perpendicular to the 
4 axis. Such structural uniformity is a 
persuasive indicator that 19 is the inher- 
ently stable form of this oxidation level. 
In contrast, reduced clusters do not ex- 
hibit uniform solid-state structures but in 
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solution do adopt the idealized elongated 
tetragonal configuration 20 or ones close- 
ly related thereto. Structure 20 is ob- 
served in the crystalline state for 
[Fe4S4(SPh)4]3- (76) but not for 
[Fe4S4(SCH2Ph)4]3- (85); the physico- 
chemical properties in solution of 
these and other reduced clusters are 
nearly coincident (76, 84). Hence, the 
picture that emerges for the uncon- 
strained structural changes upon elec- 
tron transfer is reaction 6 whose essen- 
tial feature is expansion and contraction 
of the Fe4S4 core by about 0.08 A along 
the 4 axis. Any protein structural fea- 
tures that alter core dimensional changes 
could conceivably shift Fdox/Fdred poten- 
tials from their intrinsic value. A more 
provocative possibility is that, in the na- 
tive form of HPred protein, molecular 
structural forces may provide a sufficient 
barrier to the anisotropic core dimen- 
sional change that the HPred/HPs-red po- 
tential (reaction 4) is displaced to a de- 
cidedly negative value, for example, be- 
low that for H2 evolution. One can re- 
duce HPred in a mixture of 80 percent 
dimethyl sulfoxide and water, a medium 
capable of unfolding protein structure, at 
an estimated potential of < -0.6 V (86), 
which is in the range of certain Fdox/Fdred 
and [Fe4S4(SR)4]2-'3- potentials in the 
same medium (82). Protein structural 
and environmental effects, including dif- 
ferent extents of peptide-cluster hydro- 
gen bonding in Fdox and HPred proteins 
(87), doubtless act in concert to set pro- 
tein potentials. The properties of analogs 
provide the essential baseline against 
which the effects of protein structure 
may be assessed. 

Synthetic analogs exhibit a diverse re- 
action chemistry, one aspect of which 
has resulted in the development of a new 
method of identifying 2-Fe and 4-Fe 
coordination units in proteins. The clus- 
ters 21 (n = 2, 4) easily undergo thiolate 
substitution reactions upon treatment 
with thiols (2, 74) and other electrophiles 
XY (88) (see reactions 7 and 8). 

[FenSn(SR)4]2- + m R'SH - 
21 

[FenSn(SR)4 - m(SR')m]2- + mRSH (7) 

[FenS.(SR)4]2- + mXY-> 
21 

[Fe4S4(SR)4 - mXm]2- + mYSR (8) 

The occurrence of reaction 7 suggested a 
related process, reaction 9, in which 
Fe2S2 and Fe4S4 core structures are 

Hl, . RSH 
Holoprotein RSH 

oproein Unfolding solvent 
[FenSn(SR)4]2- + apoprotein (9) 

21 
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Prosthetic groups in milk xanthine oxidase subunit 

02 - 
- 

Fig. 3. Schematic de- 
piction of the prosthetic 
groups in one subunit of 
milk xanthine oxidase 
(a2 subunit structure). 
The indicated distance 
was obtained from EPR 
results; core extrusion 
results do not identify 
the cysteinate ligands 
of the two Fe2S2 units. 
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removed from a protein in the form of 
the analogs 21, whose appropriate spec- 
troscopic properties (obtained from inde- 
pendently synthesized compounds) al- 
low their identification and quantitation. 
The process, which we describe as core 
extrusion [alternatively, cluster dis- 
placement (89)], has been developed in 
several laboratories. The usual experi- 
mental conditions employ a solvent me- 
dium capable of unfolding protein struc- 
ture and an aromatic thiol in large excess 
as the extrusion reagent. Units of known 
structure (11, 15) in small proteins are 
readily extruded and assayed by absorp- 
tion spectrophotometry (89-92); quan- 
titation of species 21 to within 10 percent 
of values based on protein composition 
and concentration is usual. The ex- 
trusion method has provided the first 
demonstration of the nature of Fe-S cen- 
ters in hydrogenase, an enzyme found in 
bacteria and algae which catalyzes H2 
evolution or uptake. Different prepara- 
tions of a clostridial enzyme contain 
three (90) and one (93) Fe4S4 units. Sub- 
sequently, hydrogenase from another 
bacterium has yielded three such units 
upon extrusion (94). 

Because many enzymes with unestab- 
lished Fe-S units contain visible chromo- 
phores (for example, flavins, heme) 
which interfere with spectrophotometric 
examination of reaction 9, newly devel- 
oped methods for detection of extrusion 
products include '9F NMR (92) and EPR 
spectroscopy (91, 95). Application of 
these procedures has yielded these re- 
sults; milk xanthine oxidase, 4Fe2S2 
(92); succinate dehydrogenase, 2Fe2S2 

+ lFe4S4 (96); FeMo protein of nitrogen- 
ase, - 4Fe4S4 (95, 97). 

The extrusion method at present iden- 
tifies only two types of core structures in 
Fe-S coordination units and provides no 
direct information as to terminal ligands 
or other structural and environmental 
features of these units. Despite these 
limitations, this method, alone or in con- 
junction with other physical methods, 
can supply useful structural identifica- 
tion of prosthetic groups in an enzyme. 
In the absence of a full protein crystal- 
lographic determination, this is the mini- 
mum information required to frame a 
mechanism of action, however tentative. 
Xanthine oxidase (98) is a case in point. 
Of the prosthetic groups in one subunit 
of this enzyme (Fig. 3), the flavin had 
been identified earlier, the two Fe-S sites 
have been shown to contain Fe2S2 units 
(consistent with earlier evidence), and 
the Mo coordination environment in the 
oxidized enzyme has been partially de- 
fined by EXAFS analysis (99). The latter 
is the catalytic site; the two electrons re- 
moved from substrate are likely funneled 
through the Fe-S sites to the flavin and 
then to dioxygen as the physiological ac- 
ceptor (98, 100). For hydrogenase, which 
contains no other prosthetic groups, the 
extrusion method appears to demon- 
strate the presence of Fe4S4 units, which 
must be the site of catalysis. Replace- 
ment of one thiolate group in 17 by a 
more labile X ligand using reaction 8 may 
afford a purely synthetic hydrogenase 
system. Reduced substituted clusters are 
able to effect at least one reductive sub- 
strate transformation, acetylene to cis- 
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1,2-C2H2D2 (101), a reaction also exhib- 
ited by nitrogenase. The hydrogenase 
case, together with evidence that in one 
bacterial monooxygenase (102) a Fe2S2 
unit may serve as a functional com- 
ponent of the catalytic site, raises the 
general possibility that the physiological 
function of Fe-S sites may not be exclu- 
sively that of outer-sphere electron 
transfer. The analogs 16 to 18, or suit- 
ably modified versions thereof, should 
be of prime importance in any eventual 
development of these sites as reaction 
centers. 

Blue copper proteins. Many copper- 
containing proteins and enzymes (103) 
possess highly distinctive coordination 
units, containing "type I" or "blue" 
copper, which imparts a beautiful, in- 
tense blue color to these substances in 
their oxidized [Cu(II)] forms. Exhibited 
by these units, which are of type a (Table 
1), is a set of properties not yet repro- 
duced in its entirety in a single synthetic 
species. These properties include an ab- 
sorption band near 600 nm, responsible 
for the blue color and one or two orders 
of magnitude more intense than visible 
bands of conventional Cu(II) complexes, 
unusually small copper hyperfine cou- 
pling constants (A,) in EPR spectra, and 
potentials for the couple (reaction 10) 
which are appreciably higher than that 
for Cu(II)/Cu(I) in aqueous solution 
(- 0.15 V). The latter property 

Oxidized protein [Cu(II)] _ 
-e 

(blue, paramagnetic) 

reduced protein [Cu(I)] 
(colorless, diamagnetic) (10) 
reflects enhanced stabilization of Cu(I) in 
the protein matrix. Blue copper proteins 
are widely dispersed in nature, occurring 
in bacterial, plant, and mammalian sys- 
tems. An electron-transfer function has 
been established for at least two pro- 
teins, plastocyanin (in photosynthesis) 
and azurin, and for this reason we clas- 
sify the blue copper proteins as electron 
carriers (Fig. 1). Since a biological role 
is not known for many of these pro- 
teins, this classification scheme may 
be too restrictive. Some copper-con- 
taining oxidases (Fig. 1) also contain 
blue Cu sites. 

A most significant development in the 
study of blue copper proteins is the re- 
cent crystallization and x-ray structural 
characterization of oxidized plastocya- 
nin from poplar leaves (Table 1). At a 
resolution of 2.7 A (13) the coordination 
unit 5 is established, containing Cu(II) in 
an approximately tetrahedral environ- 
ment. Moreover, the unit in oxidized 
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azurin, examined both by x-ray crystal- 
lography (12) and EXAFS (104), appears 
to be similar. 

Although tetrahedral coordination ge- 
ometry and binding by thiolate ligands 
are entirely plausible for Cu(I), their ap- 
pearance in unit 5 is contrary to the great 
bulk of experience in Cu(II) chemistry. 
By far the most stable coordination ge- 
ometries for Cu(II) are planar or tetrago- 
nally distorted octahedral (105); non- 
planar stereochemistry usually can be 
achieved only by steric enforcement by 
ligand structure (106) or by solid-state ef- 
fects. Moreover, Cu(II) generally oxi- 
dizes thiolates to disulfides. In short, the 
normal chemical and structural prefer- 
ences of Cu(I) and Cu(II) are distinctly 
different. It may be that the Cu(I) site in 
the blue copper proteins is similar to the 
Cu(II) site: this site may have evolved as 
a compromise between the requirements 
of Cu(I) and Cu(II) ions so that without 
gross structural rearrangements (Franck- 
Condon barrier) rapid electron transfer 
can occur. 

Clearly, the protein milieu is of para- 
mount importance in imposing a copper 
coordination environment that is ex- 
ceptional. The challenge posed in mod- 
eling this and other type a units is dif- 
ferent from that in the porphyrin and Fe- 
S areas: integral substructures are ab- 
sent, and a self-assembly reaction of 
Cu(I,II) with individual imidazole, thiol- 
ate, and thioether ligands will certainly 
fail. The only type a unit that has been 
successfully reproduced synthetically is 
I (M = Fe), which is a much simpler 
problem owing to the presence of four 
identical ligand atoms. The challenge is 
increased by the fact that there cannot be 
a binding site unique to all blue copper 
proteins. Physicochemical evidence sup- 
ports the conservation of three ligands in 
the unit 22. However, homology in 

H H 

His 4N N His 

Cu 

x 
\ 

X S 
Cys 

22 

amino acid sequences of all blue proteins 
is not highly developed (107). As one ex- 
ample, the protein stellacyanin lacks me- 
thionine (108); hence, the environment 
around copper in this protein must differ 
from that in poplar plastocyanin; that is, 
ligand X in 22 cannot be a thioether. 

The considerable challenge that arises 

in modeling the active sites in blue cop- 
per proteins requires, at a minimum, the 
synthesis and characterization of stable 
nonplanar Cu(I,II)-N2SX systems. One 
might ask if this objective is worth meet- 
ing, inasmuch as the plastocyanin site 
has been approximately defined from dif- 
fraction studies. We reply in the affir- 
mative for several reasons. Variation of 
ligand X in 22 might allow its identifica- 
tion in at least stellacyanin, thereby real- 
izing capability (i) of the model system 
approach. If the difficulty in obtaining 
suitable crystals of plastocyanin and azu- 
rin is typical, one cannot expect a pleth- 
ora of diffraction results in the near fu- 
ture. Although there exists a mass of 
data on the spectroscopically rich oxi- 
dized proteins, there are few correlations 
between these data and copper com- 
plexes of well-characterized structure 
and behavior. Even less is known about 
the equally important reduced forms of 
the proteins in reaction 10. Finally, there 
are as yet few, if any, clear connections 
between the characteristics of the copper 
sites and the details of structure. How 
these characteristics respond to con- 
trolled modifications of the composition 
and structure of the coordination unit 
(such as the effect of variant X in 22) is of 
fundamental importance in interpreting 
the chemical, spectroscopic, redox, and 
structure-function relationships among 
blue copper proteins. 

For these reasons, there have been 
many recent attempts to provide sim- 
ple isolable, characterizable, low-molec- 
ular-weight models, or presumed mod- 
els, for the Cu(I) and Cu(II) binding 
sites in the blue copper proteins (109). 
It is our opinion that to date none of 
these attempts has been entirely suc- 
cessful, but some useful information has 
been obtained. For example (109, 110), 
the following systems have been syn- 
thesized; [Cu(I)(SR)L]-, Cu(II)(SR)L, 
Cu(II)(OR)L, and Co(II)(SR)L, where 
L = 23, hydrotris(3,5-dimethyl-l-pyraz- 
olyl)borate. All have been character- 

H 
H \C H3B CH3 

VNH ^ N4> 

H3C CH3 CH3 

23 

ized spectroscopically. In addition, crys- 
tal structures have established the coor- 
dination geometries in a Cu(I) and a 
Co(II) species. From these results and 
those on the native systems the following 
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conclusions were reached. (i) The strong 
band at approximately 600 nm common 
to all blue copper proteins and displayed 
by Cu(II)(SR)L may unequivocally be 
assigned to thiolate sulfur-to-metal 
charge transfer. (ii) The resonance Ra- 
man spectra of the proteins can be as- 
signed on the basis of metal-ligand 
stretching vibrations in the 350 to 450 
cm-1 region (Cu-N) and at about 270 
cm-' (Cu-S). (iii) The gll parameters from 
the EPR spectra of synthetic and native 
systems are similar, suggestive of rea- 
sonable correspondence in ligating 
atoms. (iv) The magnitudes of the All pa- 
rameters in the synthetic systems do not 
duplicate the unusually low values in the 
native systems because of significant dif- 
ferences in the Cu(II) coordination ge- 
ometries. The ligand L forces a trigonal- 
ly distorted coordination on the Cu(II) 
ion that must be absent in the native sys- 
tems. (v) The two essential character- 
istics of the oxidized blue copper binding 
sites appear to be the Cu-S-Cys linkage 
and an approximately tetrahedral coordi- 
nation about the Cu(II) ion. The Cu(II)S- 
Cys bond does not in itself guarantee a 
small value for All and, in fact, the in- 
tense blue color is a property that is sep- 
arable from the low value of A,l. (vi) Fi- 
nally, on the basis of plots of All versus g,l 
for models and proteins it is possible to 
group the blue copper centers into three 
different regions: stellacyanin, umecya- 
nin, and Rhus vernicifera laccase; most 
azurins; plastocyanins, most laccases, 
ascorbate oxidases, and human cerulo- 
plasmin. Whether or not these regions 
arise from differing X ligands in the 
Cu(His)2(Cys)X unit remains to be sort- 
ed out through studies of the proteins in 
conjunction with the synthesis and char- 
acterization of more elaborate and mean- 
ingful models. Indeed, the species whose 
properties constitute the basis for these 
conclusions must be regarded as approx- 
imations to, rather than true synthetic 
analogs of, the blue copper binding sites. 
Accurate models of the sites 5 and 22 
(with, for example X = RS-, RO-, R2S), 
replete with distorted tetrahedral stereo- 
chemistry, dissimilar donor atoms, and 
stability toward spontaneous internal 
electron transfer in the oxidized form, 
remain formidable synthetic objectives. 

Cytochrome c. These proteins consti- 
tute the third major class of metal-con- 
taining electron carriers and have been 
isolated from mammals, insects, plants, 
and bacteria (16). In all eukaryotes, cyto- 
chrome c is a member of the mitochon- 
drial respiratory chain and is the immedi- 
ate electron donor to cytochrome oxi- 
dase. All members of this class are heme 
11 JULY 1980 

proteins whose porphyrin structure dif- 
fers from 12 in that the two vinyl groups 
are replaced by CH3CH-S-Cys units 
which covalently link the ring to the 
polypeptide chain. The coordination unit 
of all cytochromes c in both the reduced 
[Fe(II)] and oxidized [Fe(III)] forms is 6 
with L = N-His and L' = S-Met (16). 
Precise structural details of these units 
have not been reported. 

Although unit 6 has been established 
crystallographically for nearly a decade, 
an appropriate synthetic analog has been 
prepared only recently. Complex 24, 
Fe(TPP-Im)(THT) (111), containing as 
axial ligands to Fe(II) a tetrahydrothio- 
phene (THT) molecule and the imidazole 

24 

group of a pendant side chain ("tail") at- 
tached to a porphyrin ring substituent, is 
an admirably close match to 6. Its syn- 
thesis and properties are illuminating in 
several respects. (i) The greater affinity 
of heme iron for imidazole over thio- 
ethers is subverted by inclusion of the 
imidazole tail, a stratagem similar to that 
employed in the design of 13, 14, and 
imidazole-tailed dioxygen carriers. (ii) 
The near constancy of Fe-N and Fe-S 
distances in 24 and several related 
[Fe(TPP)(SR2)2]?0' species (111) is in- 
dicative of a minimal structural reorgani- 
zation barrier to electron transfer. If the 
geometry of unit 6 is unconstrained in 
both oxidation states of the cyto- 
chromes, a similar property should apply 
to the proteins. (iii) The redox potential 
of 24 is within 100 mV of that of many 
common cytochromes c (about +260 V), 
which is about 460 mV more positive 
than the potentials of cytochromes with 
two axial N-His ligands. The difference 
between the potentials of 24 and Fe(TPP- 
Im)(Im) is 160 mV, which is a good esti- 
mate of the intrinsic effect of replacing 
N-His with S-Met in the proteins. The 
remaining 300 mV represents the contri- 
bution from protein environment (111) 
extrinsic to the redox site. The results in 
(ii) and (iii) are clear examples of infor- 
mation critical to interpretation of pro- 
tein structure and function which are 

best, or at least more readily, achieved 
by the model system approach. Lastly, 
the synthetic flexibility inherent in the 
tailed porphyrin concept (55, 111, 112) 
presages its increasing use in providing 
porphyrin complexes with dictated sets 
of axial ligands. 

Active Site Analogs: 
Selected Unfulfilled Goals 

The foregoing accounts testify to the 
substantial progress that has been made 
in modeling active sites of oxygen-car- 
rying and electron-transfer proteins. In 
addition, there are numerous metal- 
loenzymes whose active sites are poten- 
tially subject to structure-function clari- 
fication by the synthetic analog ap- 
proach. Some selected examples are 
considered. 

1) Multielectron oxidoreductases cat- 
alyze substrate transformations in pro- 
cesses involving the transfer of four or 
six electrons. 

Cytochrome oxidase: 
02 + 4H+ + 4e-= 2H20 (11) 

Sulfite reductase: 
SO32- + 8H+ + 6e- = H2S + 3H20 

(12) 

Nitrite reductase: 
NO2- + 7H+ + 6e- = NH3 + 2H20 

(13) 

Nitrogenase: 
N2 + 6H+ + 6e- = 2NH3 (14) 

Reactions 11 to 14 are in general not 
readily accomplished in the laboratory 
under ambient conditions using homoge- 
neous solutions of synthetic catalysts. 
The challenge in modeling the sites of 
such enzymes is especially formidable if 
one accepts the restrictions that cata- 
lysts have a physiologically realistic 
composition and that intermediate prod- 
ucts of substrate reduction not be re- 
leased during a catalytic cycle. The latter 
restriction in particular may be difficult 
to meet inasmuch as the above enzymes 
contain elaborate intramolecular elec- 
tron transfer apparatus which presum- 
ably control electron flux to the catalytic 
sites. Clearly the initial step is to obtain 
viable models of these sites in the resting 
forms of the enzymes. 

Cytochrome oxidases. The minimal 
functional unit of these enzymes, which 
are the terminal oxidases in mitochon- 
drial respiration and catalyze the reduc- 
tion of dioxygen to water with electrons 
supplied by cytochrome c (113) (reaction 
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11), consists of two hemes (a, a3) and 
two copper ions. Four electrons are re- 
quired to convert the oxidized enzyme to 
the fully reduced form, consistent with 
2 Fe(III)-heme 2e- 2 Fe(II)-heme and 
2 Cu(II) 2e- 2 Cu(I). A number of fea- 
tures of the metal-containing units are 
unusual, but none more so than that 
which renders one Fe(III)-heme and one 
Cu(II) ion undetectable by EPR spec- 
troscopy (113, 114). The suggestion that 
the EPR-invisible components exist 
as a magnetically coupled high-spin 
Fe(III) .. Cu(II) complex (115) has 
been elaborated in the form of structural 
proposal 25 (114), which has occasioned 

I 
. rIII I Fel N-N Cu 

N/ H 
His 

Heme 25 

much current interest. Several synthetic 
species containing Fe and Cu bridged by 
nitrogen heterocycles (116, 117), includ- 
ing 26 (117), have been produced as have 

CH3 0 
JL K, %I \1 

(TPP)Fe"-N N -Cu - 
I = I \ 

Im 0 O 
26 

porphyrin complexes with a Fe(II)-Im-- 
Fe(II) bridge (118). None of these is fully 
appropriate for testing 25, but their prop- 
erties are mildly suggestive of another 
type of bridge structure in the enzyme. 
The identity of the group modulating 
the rather strong magnetic coupling 
[-J - 200 cm-l (114)] remains unestab- 
lished, but may well yield to a model sys- 
tem approach with obligatory variation 
of bridge structure in binuclear Fe/Cu 
complexes. 

Sulfite and nitrite reductases. These 
remarkable enzymes (119, 120) catalyze 
the reduction reactions 12 and 13, which 
are integral parts of the sulfur and nitro- 
gen biological cycles on earth. Beautiful 
enzymological work has shown that both 
types of enzymes possess a common ac- 
tive site group (121), designated as siro- 
heme, and has culminated in the struc- 
ture proof of the metal-free group, si- 
rohydrochlorin, as 27 (122). This group 
differs from those in other heme proteins 
and enzymes (12) in that peripheral car- 
bon atoms in two adjacent rings are satu- 
rated. The macrocyclic structure is of 
the isobacteriochlorin type, the few syn- 
thetic examples of which should now en- 
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joy substantial utility as models o 
which itself has not yet been sy 
sized. Stimulated by the role of sirol 
as the catalytic site of sulfite and n 
reduction (119-121, 123), investiga 
have begun in several laboratories o 
properties and structures of isob 
riochlorins and their metal comp 
(124, 125). Octaethylisobacterioch 
and its metal complexes afford chr 
phores nearly identical with those 
and its complexes. Further, the F( 
complex 28 with an axial thiolate li 

CO2H CO2H 

HO2C C CO2H 

.NH HN 

Hn ^i 2 C ?N N- XH 
HO :2C C H COM 

CH3 ) H 
HO2C HO2C 

27 

SR 
Et Et ~ Et 

H 

Et Et 
Et H 
28 

(125) exhibits an EPR spectrum su 
tive of an Fe-S-Cys interaction in th 
ter. Compared with other multiele( 
oxidoreductases, sulfite and nitrit 
ductase are particularly advantag 
for model system studies because ce 
of the structural features at the a 
site are now known. Species such t 

should prove to be useful vehicle 
probing properties of the resting and 
strate-bound enzyme states and, 
haps, of the mechanism of complet 
duction of substrates which is largel 
known. 

Nitrogenase. The requirement 
fixed nitrogen in the world's food ec 
my, a matter needing no elaboration 
(126), together with the compl 
of the enzyme and its mechanism of 
strate reduction (reaction 14), has 
cipitated research in many discipl 
Of all metallobiomolecules that 
been purified to (or near to) homol 
ity, none has provided structural 
mechanistic features more challengi 
untangle than nitrogenase. The en 
is a molecular complex consisting ( 
electron-carrying Fe protein and ar 
Mo protein rich in metal content 

)f 27, Mo, - 28 to 32 Fe/220,000 daltons) and 
nthe- containing the catalytic site. About half 
heme the iron content of Fe-Mo proteins (127) 
litrite is organized into Fe4S4 centers (95, 97, 
itions 128), which may serve as intramolecular 
mn the electron transfer sites. Most or possibly 
acte- all of the remaining iron is associated 
lexes with molybdenum in one or two units, 
ilorin the Fe-Mo cofactor, which has been dis- 
omo- sociated from the native protein and ex- 
of 27 amined separately (129). Inferential evi- 
e(III) dence, but not proof, that the catalytic 
igand apparatus is contained in this unit de- 

rives in part from the abiological reduc- 
tion of dinitrogen in the presence of mo- 
lybdenum complexes (130, 131). 

I Proposals for the catalytic site struc- 
ture and mechanism of action of nitrog- 
enase abound. The only incisive current 
evidence for the site structure follows 
from EXAFS analysis of several Fe-Mo 

2H proteins, which points to a cluster struc- 
ture in which Mo is surrounded by Fe 
and S atoms at < 3 A (132). Other spec- 
troscopic results (133) are not inconsist- 
ent with this possibility and indicate the 
presence of a cluster structure not pre- 
viously encountered in synthetic or natu- 
ral systems. In view of the cluster propo- 
sition and the spontaneous assembly of 
the clusters (17) by reaction 5, recent re- 
search has been directed toward the syn- 
thesis of Mo-Fe-S clusters from elemen- 
tary reagents (134). The system MoS42-/ 
FeC3/RS- has yielded [Mo2Fe6S9(SR)8]3- 
(29), [Mo2Fe6S8(SR)9]3-, and [Mo2Fe7S8- 
(SR)12]3-,4-, all of which have been 

gges- shown to contain MoFe3S4 units with 
e lat- a cubane-type geometry not unlike that 
ctron of the Fe4S4 core in 17. Independent 
e re- work by Christou et al. has provided ad- 
;eous ditional [Mo2Fe6S8(SR)9]3- species by 
?rtain similar means (135). The Mo EXAFS of 
tctive 29 bears the closest resemblance to that 
as 28 
s for 3- 

RS SR Isub- R / 

S--Fe S-Mo-S-Mo-S Fe--S 
yun- \x Fe-S S S-Fe 

/ R \ 
for RS SR 

:ono- 29 
.here 
exity of the enzyme, suggesting similar Mo en- 
sub- vironments in both cases but not proving 
pre- the existence of a complete MoFe3S4 

lines, core structure or any sort of Mo ? ? ? Mo 
have bridged unit in the latter. Nonetheless, 
gene- the comparative EXAFS spectra offer 

and encouragement to further synthetic pur- 
ng to suit of the Mo site in nitrogenase, either 
zyme through the use of cluster self-assembly 
of an or perhaps by linking Mo-Fe-S clusters 
n Fe- or Mo complexes to Fe4S4 clusters in or- 
(- 2 der to provide a composition close to 
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that (seven to eight Fe per Mo) of the Fe- 
Mo cofactor. The latter property and la- 
bile coordination positions for binding of 
dinitrogen are lacking in Fe-Mo-S clus- 
ters thus far synthesized. 

2) Superoxide dismutases are en- 
zymes that catalyze the dismutation of 
02 to dioxygen and hydrogen peroxide, 
thereby apparently preventing the dele- 
terious effects of the highly reactive su- 
peroxide ion on those enzymes (for ex- 
ample, xanthine oxidase) (Fig. 3) which 
metabolize 02 (136). Dismutases con- 
taining manganese or iron have been iso- 
lated, but the bovine enzyme containing 
copper and zinc (Table 1) has been the 
most thoroughly studied. This enzyme 
presents the type c active site structure 9 
containing the Cu-Im--Zn bridge in 
which copper, alternating between Cu(I) 
and Cu(II), is the catalytic site (136); zinc 
is not essential for enzyme activity. The 
primary goal in modeling the active site 
is not necessarily simulation of enzyme 
action, for Cu(II) ion in aqueous acid will 
dismutate superoxide at rates as fast or 
faster than the enzyme (137). Instead, 
model system studies have been directed 
at a more precise structural description 
of the bridge unit than is possible from 
the protein data at 3 A resolution (27), 
and elucidation of the chemical stability 
of the bridge (postulated to break during 
enzyme turnover) and of details of mag- 
netic interactions modulated by the 
bridge. The existence of an active form 
of the enzyme with Cu(II) substituted for 
native Zn(II) ion (138) has prompted syn- 
thesis of a number of previously un- 
known discrete Cu(II)-Im--Cu(II) com- 
plexes (139, 140). One example is 30 

3+ 

N N 
I I 

N -Cu? N5N --Cu -N 

30 

(140), in which the bridge group forms a 
90? dihedral angle with the other ligands. 
Such species exhibit Cu(II) ? ? Cu(II) 
magnetic interactions (139, 140) com- 
parable with that (- J - 26 cm-1) in the 
Cu(II)-substituted enzyme, providing ex- 
cellent evidence that a bridge unit close- 
ly related to that of 30 is present in the 
latter. Additional work on model com- 
plexes has provided useful information 
on pH-dependent bridge stability and 
electronic details from EPR spectrosco- 
py (140). A remaining objective is the 
synthesis of a species appropriate to ac- 
curate determination of the uncon- 
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strained structure of the Cu(I,II)-Im - 
Zn(II) bridging unit. It is noted that some 
license has been taken in the depiction 9 
of the active site inasmuch as the x-ray 
results do not establish the existence of 
Cu-N and Zn-N bonds to the interposed 
imidazole ring (140). 

3) Alternative dioxygen carriers, a 
term coined by others (32), describes he- 
merythrin and hemocyanin, which have 
been mentioned earlier. Despite their 
names these proteins contain no heme 
and only hemerythrin contains iron. To- 
gether with myoglobin and hemoglobin 
they constitute the known members of 
the group of dioxygen binding and trans- 
port proteins (Fig. 1). The properties and 
structure of hemerythrin have been re- 
viewed recently (32, 33, 141, 142); struc- 
tural information is provided in Table 1. 
The structure of azidometmyohemeryth- 
rin at 2.0 A has been refined (143); it in- 
volves an Fe .. Fe separation of 3.44 
(5) A, not inconsistent with the presence 
of the ,u-oxo group 31. The active site 

Fe 145 Fe 
31 

structure of aquomethemerythrin, ob- 
tained at 2.5 A resolution (28, 29), is pro- 
posed to be 10 with a Fe ? ? ? Fe separa- 
tion of < 3 A (141). As has been remark- 
ed (141) ". . . at least one of the models 
must be incorrect. If either of the present 
models had been the only one proposed, 
it would likely have been accepted as 
'the structure.' ... The present dif- 
ferences in the Fe complexes in heme- 
rythrin and myohemerythrin must cer- 
tainly raise questions concerning the 
possible extent of errors in many protein 
models arising from single source stud- 
ies." Unfortunately, active site modeling 
of hemerythrin is sufficiently challenging 
so that no one has yet developed revers- 
ible dioxygen binding systems devoid of 
heme or involving binuclear Fe centers. 

Hemocyanin, a copper-containing pro- 
tein (42), bears certain superficial simi- 
larities to hemerythrin. Although no 
structural information is available from 
protein crystallography, the active site is 
binuclear and binds one dioxygen mole- 
cule resulting in oxidation of Cu(I) to 
Cu(II) (32 -> 33). Spectroscopic results 
point to an equivalence of oxygen atoms 
in a ,u-peroxo structure (144) and the 
presence of a bridging group R of protein 
origin (145) in oxyhemocyanin (33). 

CuI CuI 

32 

02 Cu --33 

33 

As for hemerythrin, active site mod- 
eling of hemocyanin presents an impos- 
ing challenge. No one has yet developed 
reversible dioxygen binding systems in- 
volving binuclear Cu centers. Recently a 
promising system has been described in 
which two Cu(I) complexes react with a 
single dioxygen molecule, but with - 20 
percent loss in activity through each 
cycle (146). Conceivably, rather elabo- 
rate ligand systems, such as cryptates or 
cyclic peptides, may be necessary for ef- 
fective models. Optimal ligands should 
provide intramolecular metal-metal sep- 
arations capable of stabilizing, but not ir- 
reversibly, the synthetically elusive ,/- 
peroxo binuclear fragment while also af- 
fording close approach of metal ion spec- 
troscopic properties to those of the oxy- 
and met-forms of the proteins. 

Conclusions 

Synthetic approaches to metallobio- 
molecular active sites have provided 
valuable information concerning the 
structure and function of these sites. 
Both corroborative and speculative 
structural models (147) have provided 
much information that has not been or 
cannot be obtained from investigations 
of the natural systems themselves. Ex- 
amples include the influence of protein 
structure and environment on site prop- 
erties and the determination of precise 
unconstrained site structures. 
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Crustacean Eye Fine Structure Seen 
with Scanning Electron Microscopy 
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If success can be measured by the croscopy beginning as early as the 1890's 
number of arthropod individuals and (1) and many subsequent light micro- 
species dependent on compound eyes, scopic and electron microscopic studies 
they are the most successful light recep- (2). As a result, current research on their 
tor organs ever evolved. Consequently, optics, electrophysiology, photochemis- 
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Summary. The internal fine structure of crustacean compound eyes has been reex- 
amined with scanning electron microscopy. Several different preparative techniques 
were used in a comparative study of crab, crayfish, shrimp, and stomatopod eyes. 
The three-dimensional pattern of photoreceptive, dioptric, and screening components 
of these eyes has been directly demonstrated, and new insight has been gained into 
their functional organization. Particularly interesting in apposition eyes is the elabo- 
rate array of boundary membranes and protoplasmic strands linking the photorecep- 
tive microvilli to their parent cell cytoplasm across the large intracellular vacuoles 
surrounding the axial rhabdom. Quantitative application of scanning electron micros- 
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These obviously determine first-order 
input for visual discrimination and infor- 
mation channeling. 

To reduce such deficiencies in the field 
of crustacean visual physiology (3), we 
have recently turned to scanning elec- 
tron microscopy (SEM) (4). This tech- 
nique overcomes the inadequate resolu- 
tion of light microscopy and the internal 
membrane face limitations of freeze frac- 
ture electron microscopy. It also directly 
demonstrates three-dimensional rela- 
tionships at intermediate scale ranges 
usually requiring many sections and la- 
borious reconstruction with transmission 
electron microscopy. Modest application 
of SEM has previously been made to in- 
ternal structures of insect compound 
eyes, but little as yet to those of crusta- 
ceans (5). We are developing this ap- 
proach specifically to apply new SEM 
data to quantitative experimental analy- 
ses especially of the photoreceptor mem- 
brane. The main technical problems are 
exposing appropriate cellular elements 
[like the eighth retinular cell (6, 7)] and 
determining their precise relations (Figs. 
1 and 2). 

So far, we have applied a variety of 
well-known fixative and preparative 
techniques (8). Some eyes have been 
macerated in boric acid while still fresh; 
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