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Metalloenzymes effect a variety of important chemical transformations, often involving 
small molecule substrates or products such as molecular oxygen, hydrogen, nitrogen, and 
water. A diverse array of ions or metal clusters is observed at the active-site cores, but living 
systems use basic recurring structures that have been modified or tuned for specific 
purposes. lnorganic chemists are actively involved in the elucidation of the structure, 
spectroscopy, and mechanism of action of these biological catalysts, in part through a 
synthetic modeling approach involving biomimetic studies. 

Numerous chemical transformations are rences. modifications. or functions. In 
effected by a diverse array of active-site these contexts and with respect to metal- 
structures in metal-containing enzymes. loenzyme structure and function, examples 
Metal cores in such proteins possess distinc- of the inorganic model chemistry approach 
tive ligation and coordination geometries, will also be highlighted. 
often with unusual colors or other spectro- 
scopic signatures. These latter properties Inorganic Model Chemistry 
first spurred the interest of physical bio- 
chemists and inorganic spectroscopists be- Because the behavior of metal ions in pro- 
cause metal-containing macromolecules teins cannot be divorced from the funda- 
were viewed as having special identifiable mental chemistry of the particular metal, 
functional groups, amenable to detailed the study of small molecule, active-site syn- 
study. Recently, aspects of reactivity have thetic analogs is useful (1, 3). The purpose 
lured more inorganic chemists to this field of models is not necessarilv to du~licate 
of study, in partiecause of their traditional natural properties but to sharpen o; focus 
interests in industrially important small mol- certain questions. The goal is to elucidate 
ecules such as CO, CO,, Hz, CH,, NO, N2, fundamental aspects of structure, spectros- 
02, and H20.  All of these are also naturally copy, magnetic and electronic structure, 
occurring biological substrates or products of reactivity, and chemical mechanism. A 
reactions effected by metalloenzyrnes. When synergistic approach to the study of metal- 
com~ared with the efficiencv of com~arable loenzvmes can and has vielded crucial in- 
industrial reactions (such as hydrocarbon formation because synthetic analogs can be 
oxidation with O7 or dinitroeen reduction to used to investigate the effects of svstematic - - 
ammonia), metalloenzyme reactions func- variations in coordination geometry, liga- 
tion under considerablv milder conditions. tion. local environment. and other factors, 
effecting transformations with exceptional 
substrate. regio- and stereoselectivity. 

Bioinorganic chemistry encompasses a 
variety of disciplines, ranging from inorgan- 
ic chemistry and biochemistry to spectros- 
copy, molecular biology, and medicine. 
The field is undergoing a phase of explosive 
growth, partly because of exposure and 
insights obtained by increasing numbers of 
metalloenzyme x-ray structures (1, 2). This 
article highlights certain of the diverse ar- 
ray of protein and enzyme metal coordina- 
tion sites observed but also emphasizes how 
nature uses basic recurring structures and 
fine tunes them for specific purposes. Well- 
known active-site centers include heme 
(iron-porphyrin) and iron-sulfur (Fe4S4) 
cube species (I) ,  but even these have re- 
cently been found to have unrealized occur- 

often providing insighis that cannot be 
easily attained from protein studies (Fig. 1). 

Recent efforts have emphasized func- 

) Metalloproteins 
models/biornimics 

/ ' 
Establish relevant coordination chemistry Active site 

Fig. 1. The synergistic relationship between 
studies involving metalloprotein biochemistry 
and inorganic modeling. Relevant coordination 
chemistry: structures, spectroscopy, and reac- 
tivity as a function of, for example, M, redox 
state, and liaation; ~lausible intermediates: re- 

The author is in the Department of Chemistry, Johns action com6etency: generation of new chemis- 
Hopkins University, Charles and 34th Streets, Baiti- try; and useful catalysts. Active site: structure, 
more, MD 21218. spectroscopy, and reaction mechanism 

tional models (4) dealing with the mimicry 
of enzvme-related chemical Drocesses or 
transformations. Simple examples are the 
discoverv and characterization of svntheti- 
cally derived coordination complexes that 
can reversibly bind 0, or rapidly hydrolyze 
phosphate esters under mild conditions. Of 
concern is the determination of what spe- 
cific metal-ion coordination properties al- 
low for such chemistry to occur. Functional 
biomimics considerably supplement studies 
on "speculative" or "corroborative" models 
focusing on structure and spectroscopy. In 
addition to providing a basis for postulating 
biological reaction pathways and possible 
metal-complex intermediates, such model- 
ing efforts may yield small molecule biomi- 
metic catalysts capable of effecting transfor- 
mations with practical applications, includ- 
ing (ij selective 0,-mediated oxidations in 
drug and chemical synthesis or as macromo- 
lecular probes (5) ;  (ii) the hydrolysis of 
protein peptides or nucleic acids in biotech- 
nological applications (6, 7); or (iii) the 
removal of environmental pollutants such 
as phosphate ester pesticides (8) or nitrogen 
oxide (NO,) compounds (9). The study of 
"artificial enzymes" has more often been 
applied to nonmetal-containing systems 
(lo), and alternative approaches involve 
protein engineering (1 1) or the use of cat- 
alytic antibodies (1 2). 

Although heme and iron-sulfur ~ ro te in  - 
structural cores (1) can exist and be synthe- 
sized and studied as well-defined entities 
independent of their protein matrices, nu- 
merous others cannot. They occur through 
the intimate interaction (ligation) with 
protein side chain residues such as the 
imidazole group from His, the carboxyl 
group (RC02-; R = amino acid side chain) 
from Asp or Glu, an 0 ligand from Tyr, or 
an S donor from Cys (RS-) or methionine 
(RSCH,). The chemical modeling of such 
metalloprotein active sites represents a con- 
siderable challenge in design and synthesis. 

Dioxygen and Reactions with 
Protein-Metal Sites 

Bioinoreanic structural motifs and chemical 
modeliig can be well illustrated by the 
diversity of proteins involved in processing 
O2 and its reduced products such as super- 
oxide (0,-) or hydrogen peroxide (H,O,). 
Dioxygen metabolism is crucial for aerobic 
organisms: 0, serves as a primary source of 
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energy with its thermodynamically favor- 
able reduction to water [standard potential 
(EO) = 0.82 V (1 atm O,, pH = 7)]. In 
addition. 0-atom incor~oration into bio- 
logical substrates occurs by functionaliza- 
tion through mono- or dioxygenation pro- 
cesses mediated by flavins (13) or metal- 
loenzymes. Heme (1 4), nonheme iron 
(1 5), copper (1 6, 1 7), manganese (1 8-20), 
and vanadium (21) proteins can all effect 
similar types of reactions (Table 1). Their 
occurrence depends on the organism type 
and bioloeical substrate involved. " 

Di-iron 0x0 and carboxylato proteins and 
complexes. These proteins have elicited ex- 
citement (22-27) because of their wide- 
spread occurrence and diverse nature of 
functions carried out, including reversible 
0, binding, alkane hydroxylation, DNA 
synthesis, electron transfer (28), phosphate 
ester hydrolysis (24, 29), and Fe storage 
(30). Depending on the protein and metal 
oxidation state, the two Fe atoms are sepa- 
rated by -3.1 to 3.6 A, terminally ligated by 
protein-derived ligands, and bridged by a 
combination of 0x0 (oxide, 0,-), hydroxo 
(OH-), or carboxylato donors. 

Inorganic model chemistry continues to 
contribute significantly to our understand- 
ing of the protein structure, physical prop- 
erties, and reactivity of this structural motif 
(24, 26). Initial seminal contributions were 
made by Armstrong and Lippard (31) and 
by Wieghardt and co-workers (32), achiev- 
ing the laboratory assembly of complexes 1 
and 2, which possess the basic bridging 
( IJ,-0x0) bis (p,-carboxylato) di-iron(II1) core 
that is found in oxidized forms of hemeryth- 
rin. These and other species define many of 
the distinctive properties of the core, such 
as the short p-0x0 bonds (-1.8 A), strong 
visible absorptions, large antiferromagnetic 
coupling, and sizable Mossbauer quadrupole 
splittings. Model compound studies have 
established correlations of Fe-0-Fe vibra- 
tional frequencies with Fe-0-Fe bridging 
angles (33) and aided the application of 
nuclear magnetic resonance, x-ray absorp- 
tion, and electronic spectroscopies, which 
have been of both corroborative and pre- 
dictive value (24, 26, 34). 

HBpz3 tacn 

Hemerythrin. This 0, transport protein 
of marine invertebrates has served as the 
prototype for the study of di-iron proteins. 
Hieh-resolution x-rav structures are avail- 
abG for the unoxygknated di-iron(I1) and 
0, adduct, formally a peroxo di-iron(II1) spe- 
cies (35). 

His I 

Deoxyhemerythrin 

0-4, 
0' /His 

His- )F~JL.H~~ 

  is' \00 'His 

Y 
Oxyhemerythrin 

An important model compound with the 
essential OH- bridged di-iron(I1) deoxy 
structure was first described by Wieghardt 
and co-workers (36), and efforts by Que 
(37), Kitajima (38), and Suzuki (39) and 
their co-workers indicate that it is pos- 
sible to generate metastable peroxo di- 
iron(II1) (Fez-0,) species from the low- 
temperature reaction of 0, and iron(I1) 
complexes. Future studies along these 
lines should aid our understanding of 
Fe(II),-0, interactions and reactivity, 
which are also important in other enzyme 
systems. 

Ribonucleotide reductases. These en- 
zymes catalyze the deoxygenation of nu- 
cleoside diphosphates to the deoxy form 
and so are essential in DNA biosynthesis 
(40). The enzyme from Escherichia coli 
(Fig. 2) contains a di-iron center that 
reacts with 0, and oxidizes a nearby Tyr, 
producing a tyrosyl radical essential for 
protein function. 

%+OH 

The use of x-ray investigations of (i) the 
oxidized protein (41) and (ii) a dimanga- 

nese(I1) substituted form (42) have illumi- 
nated structural details. Physical spectro- 
scopic studies of the di-iron proteins, cali- 
brated by the use of model coordination 
compounds, anticipated the observed differ- 
ences in metal coordination from that found 
in hemerythrin, also reflecting monoden- 
tate-bidentate "carboxylate shifts" (43). 

A protein study by Stubbe and co-work- 
ers (44) indicated that the reduced enzyme 
reacts with 0, to produce at least two 
intermediates, both capable of oxidizing the 
crucial Tyr residue. Lippard and co-workers 
(45) have generated an intriguing model 3, 
a di-iron(II1) complex with pendant-ligand 
phenoxyl radicals. Such efforts provide hope 
for a detailed understanding of the molecular 
events surrounding the di-iron-mediated 0, 
chemistry and protein oxidation. 

3 

Methane monooxygenase. The di-iron 
center in this protein (46, 47) effects the 
cleavage of the C-H bond in CH4, that is 

No x-ray structure is available, but protein 
and model compound comparisons suggest 
that the iron coordination is most similar to 
that of ribonucleotide reductase (48) but 
differs in detail (22, 34, 49). The reaction of 
0, with the active di-iron(I1) form of meth- 
ane monooxygenase (MMO) most likely 
leads to an intermediate. formallv a Deroxo , . 
di-iron(II1) species. Most peroxo-metal com- 
plexes are not good 0 atom transfer agents, 
so the species responsible for attack of CH, is 
in question (22, 47). An electrophilically 
activated hydroperoxo species such as M,- 
(OOH-) could be involved, but reductive 
activation by a protein group (for example Z, 
giving Z.) or an Fe atom to give a high- 
valent iron-0x0 "ferrvl" s~ecies is usuallv 

1 A 

considered more likely. This route follows 
the often quoted, but unproven, analogy to 
cytochrome P-450 or heme peroxidase en- 
zymes (Scheme 1). 

Fen/Z\Fen 2 
Active MMO 

reduced 

Scheme 1 
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Table 1. Metalloproteins involved in direct processing of dioxygen (0,) or derivatives. Abbreviations: MMO, methane rnonooxygenase; D, stoichiornetric 
coefficient; SOD, superoxide disrnutase; X, XH, and XH, are substrates. 

Heme Fe Non-heme Fe Cu Mn and V 

Dioxygen transport 
DM "+O, 
z2 M(" + 

Monooxygenases 
X + 0, + 2e- + 2H++ 
XO + H,O 

Hemoglobin* 
Myoglobin* 

Hernerythrin* 
Myohemerythrin 

Hernocyanin* 

Cytochrome P-450 
rnonooxygenase* 

Soluble MMO Tyrosinase 
Dopamine p-hydroxylase 

Secondary amine 
monooxygenase 

Pteridine-dependent 
hydroxylases 

(Phe, Tyr, and Trp) 

Phenylalanine hydroxylase 
Peptidylglycine a- 

arnidating monooxygenase 
Particulate MMO NO synthase 

Dioxygenases 
X +  0, 4 xo, lndolearnine 2,3- 

dioxygenase 
Lipoxygenase* 
Catechol 

dioxygenases*t 

Quercetinase 

Tryptophan 2,3- 
dioxygenase a-Ketoglutarate- 

dependent dioxygenases 
Arene dioxygenasesz Prostaglandin H 

synthetase 
Oxidases 

0, + 4e- + 4H+ + 2H,O Cytochrorne c 
oxidase 

Ribonucleotide 
reductase* 

Cytochrome c oxidase Ribonucleotide 
reductase (Mn) 

Laccase Photosystem 118 
Ascorbate oxidase* 2H,O + 0,; 
Phenoxazinone synthase Mn cluster 
Galactose oxidase* 
Arnine oxidase 

Clavarninate synthase 
lsopenicillin N synthase 

XH, + 0, + X + H,O, 

Peroxidases and catalases 
H,O, + XH, + X + 2H20 Catalase* 

Horseradish 
peroxidase 

Cytochrome c 
peroxidase* 

Mn catalase* 

V brornoperoxidase 

2H,O,+ 0, + 2H,O Chloroperoxidase Mn peroxidase 
(XH + CI- + XCI) 

~ ignin peroxidase* ' 
Prostaglandin H 

synthetase 
Superoxide dismutases 

20,- + 2H+ + Fe SOD* Cu-Zn SOD* Mn SOD* 
0, + Hz02 

*Structural data from x-ray crystallographic studies are available. ?Such as protocatechuate-3,4-dioxygenase. $Substrates such as benzene or phthalate. §Water 
oxidation involves a tetramanganese cluster, also requiring Ca2+ and CI-. 

If Fei-OOH, Fe=O, or other complexes 
could be generated and characterized in 
model complexes, a determination of the 
competency toward C-H activation of al- 
kanes could be made. A number of non- 
heme Fe chemical models are known to 
effect alkane oxidation (22, 50), and high- 
valent, iron-0x0 intermediates have been 

form of the methanogenic bacterial MMO 
(p-MMO) may possess a trinuclear Cu- 
cluster active site (54). This discovery is 
significant because of its implications for 
C-H bond activation chemistry and poten- 
tial practical application to the oxidative 
processing of hydrocarbons. 

The interplay between model and pro- 
tein biophysical studies has provided con- 
siderable insight into Cu-0, chemistry oc- 

suggested as the reactive species. In sup- 
port, Que and co-workers (5 1) spectroscop- 
ically observed an iron(1V)-0x0 ligand rad- 
ical-cation suecies 5. generated from the 

dating monooxygenase [PAM (53)] have 
potentially considerable pharmacological 
import. Approximately 50% of mammalian 
bioactive hormones, neurotransmitters, 
and growth factors are peptides with a 
COOH-terminal carboxamide, generated 
by N-oxidative cleavage of a Gly-extended 
prohormone; this reaction is effected by the 
Cu enzyme PAM. A n  exciting new finding 
is that the particulate membrane-bound 

curring in 0, carriers, monooxygenases, 
and oxidases (1 6, 17). Arthrouods and , - 

low-temperature reaction of H,O, with the 
oxo-bridged di-iron(II1) complex 4. 

Copper-dioxygen chemistry at dinuclear 
centers. A large number of Cu proteins 
participate in a variety of 0,-processing 
functions (16, 17) (Table 1). As examples 
of hydroxylation catalysts, dopamine P-hy- 
droxylase (52) and peptidylglycine a-ami- 

> .  , 

mollusks use dicopper-containing proteins 
(for example, hemocyanins) for 0, trans- 
port, which has led to considerable interest 
in the study of inorganic complex Cu1-0, 
interactions at dinuclear centers (1 6, 55, 
56). Such efforts led to a triumph in biomi- 
metic chemistry because the true O2 bind- 
ing mode occurring in oxy-hernocyanin had 
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ases (61). Detailed mechanistic studies (55, 
62) revealed that a Cu,-0, intermediate 8 
(with suggested structure shown) forms re- 
versibly upon the reaction of 7 with 0,. As 0: a" . . in an enzyme active site, the peroxo group 
in 8 is located in a highly favorable prox- B( 

imity to the xylyl ligand substrate, and I 6'$t.a3 
facile hydroxylation occurs by electrophilic 
attack on the arene substrate P system. An A 

"NIH shift" mechanism is involved, like 
that previously established for Fe hydroxy- 
lases (62). This xylyl hydroxylation model Fig. 3. Chem~cal three-d~mensional representa- 
system serves as a functional mimic for Cu tion of the Cu2-0, coord~nat~on In K~taj~ma's 
hydroxylases, revealing how a Cu, center model complex 6 and that observed In oxy- 

Fig. 2. The dlmerlc R2 subunit of co,, rlbo- can activate 0, for hydrocarbon oxidation hemocyanln The ring 3,5-lsoProPYl groups are 

nucleotide reductase, essential for DNA bio- under not shown 

synthes~s 
Polymetal Sites in Peptide or 
Phosphate Ester Hydrolysis 

not been considered as a possibility until a 
synthetic analog revealed the actual Cu2- Hydrolysis reactions of peptide amides or 
0, coordination. Similar to the case with nucleotide phosphate esters are important 
the di-iron protein, 0, binding to a reduced enzymatically catalyzed processes, which 
dicopper site involves the formal reduction are particularly sluggish transformations 
of 0, to 0,'-, giving a peroxo-dicopper(I1) from a chemical perspective. In inorganic 
Cu,-0, product. Binding could occur in a biochemistry, the best-studied systems are 
variety of ways, as shown. those with single Zn active sites (63) such 

/?\ as carboxypeptidase (64), thermolysin (65), 
M,~,O-M M-O-M M<X>M and carbonic anhydrase (66), the last cata- 

A B c lyzing the hydration of CO,. One feature 
P thought to contribute significantly to activ- 

0-0, ,o-0 
M'O~M M;~,M M M :>M M ity is the low acidity constant (pK,) of the 

active-site, metal-bound water (for exam- 
The characterization of systems that mimic ple, pK, - 7.5 in carbonic anydrase). Mod- 4- Subunit structure of oxy-hemOcyanln 

the reversible binding of 0, provides de- el systems for mononuclear hydrolytic en- 
tailed insights into the kind of Cu coordi- zymes are numerous (6, 67), and in one 
nation environment needed for this func- developed by Kimura and co-workers (68), ter hydrolysis functions (Table 2) (69). A 
tion. Recent studies have led to the synthe- the macrocycle 1,5,9-triazacyclododecane surprising range of metal ions has been 
sis of a model complex with structure A gives a four-coordinate Zn complex with a observed to provide activity to many of the 
(57), and with the use of different dinucle- near-physiological PK, of coordinated water. enzymes listed, including those that are 
ating ligands species suggested to have side- An emerging new structural-functional redox-active. The identity of the in vivo 
on ligation B could be generated (58). Most motif in bioinorganic chemistry is the pres- metal ion is not known with certainty in 
importantly, Kitajima and co-workers (59) ence of di- or trinuclear metal-cluster cen- many cases. 
crystallographically characterized a peroxodi- ters involved in amide (such as peptide), As an example, the active-site structure 
copper(I1) complex C, {Cu[hydrotris(3,5- inorganic pyrophosphate, or phosphate es- of the tri-zinc structure of phospholipase C 
diisopropyl- 1 -pyrazoyl) borate]}, (0,) , 6 (Fig. 
3). This complex possesses physical proper- 
ties remarkably similar to the distinctive 
properties exhibited by oxy-hemocyanin: 
intense ultraviolet absorption with A,,, = 
350 nm (E = 20,000 M-'-cm-') and vo-o 
= 750 cm-'. An x-ray structure of the 
horseshoe crab Limulus polyphemus oxy form 
(Fig. 4) confirms this identical Cu2-0, 
protein coordination (60). 

Following the focus on Cu-0, chemistry 
at dinuclear centers, a model system for 
monooxygenation, that is, C-H activation 
incorporating one 0 atom from 0, into a 
substrate, has also been developed. The 
dicopper(1) complex 7 reacts rapidly with 
0, (1 atm), quantitatively producing 9 
[Scheme 2, 2-pyridyl (PY)]. Isotopic label- 
ing experiments and the observed stoichi- 
ometry of reaction (that is, Cu:02 = 2:l) 
are reminiscent of biological monooxygen- 

704 

Dicopper-mediated 
hydmxylation 
of an arene 

7 
Scheme 2 

SCIENCE VOL. 261 6 AUGUST 1993 



is depicted below. Prominent features in- 
clude extensive His and Asp or Glu (carbox- 
ylate) ligation, pentacoordinate zinc(I1) , 
and a bridging carboxylate and HzO (or 
hydroxide) for the dinuclear pair, Znl and 
Zn3. These two are 3.3 A apart, and the 
third ion, Zn2, is close enough that inorgan- 
ic phosphate, P043-, can simultaneously 
bridge all three metal ions. This active-site 
structure is similar to that found in alkaline 
phosphatase and P1 nuclease. 

0 11  N H i s  

0 
The metal ions in all of these enzymes 

are not bound tightly and can be exchanged 
for others in solution media, which may 
partly explain the observed activity with a 
range of metals such as MgZ+, Mnz+, 
CoZ+, and Znz+. The particular affinity for 
a given site varies, and as for DNA poly- 
merase I (TO), the cooperative binding of 
metal ions occurs so that a third metal ion 
also binds near the dinuclear center. This 
affinitv mav facilitate trinuclear cluster for- , , 
mation or be involved in the catalysis. 

Detailed catalvtic mechanisms for these 
enzymes (Table 2 j  have not been elucidated, 
but two-metal ion models for phosphate 
ester hydrolysis have been suggested (29, 71, 
72). One Lewis acidic metal ion serves to 
activate a coordinated HzO molecule, low- 
ering its pKa and directing the attack of the 
resulting hydroxide (or Ser hydroxyl, for 
alkaline phosphatase) on the substrate 
vhosvhate ester. The second metal ion . A 

could facilitate departure of the alcohol 
(that is, the 3' oxygen), whereas the 
dinuclear metal pair binds, orients, and 
activates the substrate and stabilizes the 
pentacoordinate phosphorus transition 
state. A similar mechanism can be envi- 
sioned for peptidases involving dinuclear 
metal centers (73). 

P' 

The metal-ion centers in proteins in 
Table 2 have extensive carbox~late anion 
coordinations that provide effective bind- 
ing sites for a variety of cationic metals but 
would lower the effective charge on the 

complex, making formation of a hydroxide 
nucleophile less likely. The catalytic pow- 
er may be provided by the presence of 
proximate substrate and metal-bound wa- 
ter, perhaps with the activation by hydro- 
gen-bonding interactions by means of pro- 
tein side chain residues. Alternatively, a 
HzO or OH- molecule bridging two met- 
als [that is, M-(OH-)-MI should have a 
considerably lowered pKa. Perhaps this 
group acts as the attacking nucleophile 
while the substrate is bound to a di- or 
trinuclear metal core. Few examples of 
hydrolysis reactions effected by dinuclear 
coordination complexes exist (74), but 
further vrotein and inoreanic model stud- " 
ies should elucidate the mechanisms of 
such metal-cluster-mediated reactions. 

Iron-Sulfur Clusters 

Metal-ion clusters occur widely in biologi- 
cal systems (69, 7 9 ,  with the iron-sulfur 
tetranuclear Fe4S4 core as perhaps the most 
pervasive prosthetic group (76-78). Cu- 
bane-shaped clusters consist of Fe(I1) and 
Fe(II1) ions tetrahedrally coordinated to 
inorganic sulfide (SZ-) and protein cystei- 
nyl thiolate donors. These species act as 
single electron-transfer agents, usually op- 
erating as a [Fe S (SRC,,)]2-*3- redox cou- 

4. 4 
ole. Alterations in cluster redox votential 
and charge are modulated by the protein 
environment, for example, through the 
N-H.-S hydrogen bonding of neighboring 
amino acid residues with iron-ligated S 
atoms (79). The structures and electronic 
properties of these Fe4S4 cube clusters are 
well understood, with many contributions 
coming from Holm's synthetic analog in- 
vestigations (1, 76). Yet, exciting develop- 
ments in the last few years have consider- 
ablv exvanded the dimensions of the known , . 
structure and reactivity of clusters contain- 
ing Fe-S. Clusters of Fe4S4 are not the only 
type found, and such centers are not nec- 
essarily merely electron transfer agents. 

1) Bacterial nitrogenases play key roles 
in the global nitrogen cycle, catalyzing the 
reduction of molecular nitroeen to ammo- " 
nia. The results of x-ray crystallographic 
studies on a molvbdenum-containing form - 
have provided dramatic insights into the 
active-site structure of this important en- 
zyme (80). Aside from Fe-S "P clusters" with 
two tightly coupled (Fe4S4) cubes that trans- 
fer two electrons each, a Mo-Fe cofactor 
with composition MoFe7S,. (homocitrate) is 
vresent (a schematic of the current victure of 
;his basic structure is given beldw). The 
merged, adjacent double-cubane structure 
contains a homocitrate-bound molybdenum 
atom at the periphery. In particular, the 
detailing of the interface of the cubes re- 
quires further resolution (for example, the 
identification of Y), and speculation centers 

on Nz binding at a coordinatively unsatur- 
ated Fe atom or atoms in the middle. A 
protein structure generates an exciting phase 
of research activity, providing a fresh focus 
for biochemical and inorganic modeling 
studies and, it is hoped, elucidating the 
relations among structure, activity, and 
mechanism. 

Homocitrate 

2) Bacterial Fe hydrogenases are Fe-S 
proteins that catalyze the reversible reduc- 
tion of protons to hydrogen gas 

These proteins have been proposed to con- 
tain "H clusters" that have six irons, effect- 
ing the catalytic reactions of substrate (77). 
Six-iron clusters should be considered as a 
newly discovered structural motif because 
such an entity has been definitively identi- 
fied for at least one other protein (81). 

3) An Fe4S4 electron-transfer moiety is 
covalently bound through a S or SF, X 
group to a catalytic (siro)heme-Fe site in E. 
coli sulfite reductase (shown below) (82). 
Such a close association of different redox 
centers ~robablv occurs in nickel vroteins 
such as h~drogenase (83), carbon monoxide 
dehydrogenase, and acetyl CoA synthase 
(84). The intimate contact with an adja- 
cent substrate binding site (for example, 
SO3'- or CO) would allow the efficient 
transfer of reducing equivalents to facilitate 
the redox and atom-transfer reactions re- 
quired. 

4) Clusters of Fe4S4 and FezSz have 
been implicated in the catalysis of impor- 
tant non-redox reactions. Endonuclease 111, 
an Fe4S4 DNA repair enzyme, possesses 
both glycolase and lyase activities (85). 
Aconitase (86, 87) catalyzes the stereospe- 
cific hydration-rehydration of citrate to 
isocitrate through important steps in the 
Krebs cycle and is the best understood 
member of this class. A three-iron 
[Fe3S4(SC,,),] enzyme form (shown below) 
can occur, and clusters of this nuclearity 
have been known for some time (88). The 
three-iron form is inactive, and regenera- 
tion of the Fe4S4 cluster by reconstitution 
with solution iron(I1) appears to be critical- 
ly involved in iron regulatory processes 
(89). Thus, full activity of aconitase re- 
quires an [Fe4S4(ScyS),] cluster with one 
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corner Fe atom having a H 2 0  or OH- placed by others (76). Future elaborations 
coordinated labile site instead of Cys; this are likely to lead to structural and func- 
cluster binds substrate and effects the rear- tional models for Fe-S containing enzymes 
rangement reaction. such as those described above. 

There have been corresponding ad- 
vances in syntheses of Fe-S containing 
cluster compounds, aimed at defining and 
characterizing new speculative enzyme 
structural or functional models (76, 77, 
90). A powerful new approach to the study 
of clusters has been developed by Holm 
involving Fe-S "subsite-differentiated" 
compounds, or those in which the chem- 
istry can be restricted to one corner Fe 
atom of an Fe4S4 cube (76). As in com- 
plex 10, a trithiolate tridentate ligand 
spans and protects three terminal Fe coor- 
dination sites, allowing specific chemistry 
at the one Fe corner. Numerous and varied 
ligand groups can be attached to the sub- 
site Fe, and this metal can even be re- 

Nitric Oxide and NO Synthase 

Heme proteins contain the iron-protopor- 
phyrin IX prosthetic group and are the most 
significant historically because they include 
hemoglobin, the protein that transports 
mammalian blood O2 (91). In addition to 
their numerous functions in 0, metabolism 
(Table I), hemoproteins also participate in 
critical electron-transfer roles (92). The 
various chemical functions that are support- 
ed by the same basic structural unit can be 
ascribed to differences in the way that the 
individual protein classes interact with (i) 
the heme (that is, buried or heme edge 
exposed) or (ii) potential substrates (14, 
93). Electron transport proteins have two 
strong protein-derived axial ligands X and Y 

Table 2. Peptidase and phosphatase enzymes with polymetal active sites. Reference sources are 
in parentheses. 

Metal and active site Enzyme and function 

Zinc 
2 Zn 
3 Zn (2 Zn, 1 Mg) 
3 Zn 
3 Zn 

Iron 
2 Fe (or Fe, Zn) 

Cobalt 
2 Co 

Manganese 
2 Mn 
2 M n  (Mg) 
2 Mn, 2 M2+ 

3 Mn 
Nickel 

Leucine aminopeptidase (73)* 
Alkaline phosphatase (phosphomonoesterase) (71)* 
PI  nuclease (endonuclease) (107)* 
Phospholipase C, Bacillus cereus (108)* 

Purple acid phosphatases (29) 

Methionine aminopeptidase (E. coli) (log)* 

Arginase (1-Arg) - I-ornithine + urea) (1 10) 
Enolase (hydratase) (1 11) 
Ribonuclease H domain of human immunodeficiency virus 1 (1 12); 

reverse transcriptase (phosphodiesterase) 
Saccharomyces cerevisiae inorganic pyrophosphatase (1 13)* 

2 Ni Urease (urea -, carbonic acid + ammonia) (1 14) 
Other 

2 Mg2+, 2 Mn2+, E. coli DNA polymerase I (Klenow fragment) (3',5'-exonuclease 
or 2 Zn2+ activity) (72)* 

*Protein x-ray structure available. 

(such as His and Met) and do not bind 
peroxides or 02. All others have one acces- 
sible coordination site (Y) for the binding of 
small liaands. substrates. or both. Metallo- 
porphyrin model chemistry is a highly de- 
veloped area, and studies of synthetic ana- 
logs have critically contributed to an under- 
standing of the properties of hemes (I) ,  
especially physical characteristics and re- 
versible 0, binding requirements (94, 95), 
and of the mechanisms and a~olications of . . 
cytochrome P-450 monooxygenase chemis- 
try (94, 96). 

\ 
H02C1 h COzH 

Protein 

Nitric oxide and CO are traditionallv 
viewed as toxic pollutants, with well- 
studied metal-ion chemistries. and as use- 
ful metalloenzyme spectroscopic probes. 
However, recent advances have associated 
these with other heme enzymes. Nitric 
oxide has been identified as a key chemical 
messenger, stimulating the relaxation of 
blood vessels and initiating other benefi- 
cial physiological reactions (97); CO may 
serve in a similar role (98). Both may 
regulate guanosine 3',5'-monophosphate 
(cGMP) concentrations by the activation 
of the heme protein guanylate cyclase, 
which converts guanosine triphosphate 
(GTP) to cGMP. Nitric oxide is produced 
biologically by the enzyme NO synthase, a 
cytochrome P-450 hydroxylase-type he- 
moprotein (99). This enzyme converts the 
amino acid L-Arg to citrulline and NO in 
a five-electron oxidation Drocess that also 
requires 0 2 ,  reduced nicotinamide ade- 
nine dinucleotide phosphate, tetrahydro- 
biopterin, and flavin adenine dinucleotide 
and flavin mononucleotide coenzymes. A 
chemical system described by Traylor and 
co-workers (100) addresses the possible 
mechanism of NO-mediated activation of 
guanylate cyclase. The binding of NO to 
the heme triggers the release of the prox- 
imal His ligand, allowing the free imidaz- 
ole to act as a general or nucleophilic 
catalyst; the model study supports this 
possibility. 

The discovery of this NO (and CO) 
bioinorganic chemistry will undoubtedly re- 
vitalize interest in these small molecules. 
their prosthetic group chemistry and bio- 
chemist~. new heme chemistrv. and the , , , * 
development of reagents or drugs to deliver 
NO or control its concentrations (101). 
Nitric oxide is extremely reactive toward 
redox-active metals and metalloproteins and 
can oxidize to other species like nitrite, 
NO2-. The production of NO as a chemical 
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messenger might also be mediated by other 
enzymes such as heme iron or copper nitrite 
reductases, providing an alternative means 
to control the free NO concentration. 

Conclusions and Future Challenges 

With the already recognized multifarious 
metal-catalyzed processes that use a diverse 
array of metal-containing structures, one 
should expect many discoveries of novel 
metalloenzymes and chemistry. These find- 
ings may include more examples of (i) 
di-iron or di-manganese centers involved in 
unprecedented functions; (ii) metal-ion 
centers capable of redox activity used in 
non-redox roles; (iii) Fe-S or other elec- 
tron-transfer centers iuxta~osed and elec- " .  
tronicall~ linked to another metal-ion-con- 
taining prosthetic group; (iv) the use of a 
radical-induced redox or rearrangement 
chemistry, generated at or on a protein 
residue near a metal active site (102); (v) 
metal centers functioning in conjunction 
with adjacent organic cofactors; and (vi) 
critical interactions of NO or CO with 
other metalloenzymes, such as nonheme Fe 
or Cu. 

Many of the challenges in inorganic 
modeling outlined by Ibers and Holm (1) 
remain, and others have emerged. The next 
few years are likely to see considerable 
advances, with increased activity and suc- 
cesses in functional modeling leading not 
only to structural but detailed mechanistic 
insights. 

1) Metal-dioxygen reactivity mecha- 
nisms are still not well understood. Non- 
heme iron monooxygenase (such as MMO) 
and dioxygenase model chemistry (103) 
should help to elucidate peroxide-Fe struc- 
tures along with 0-0 cleavage and sub- 
strate reaction mechanisms. Dioxygen re- 
duction, activation, or both at mono- and 
trinuclear Cu centers will attract increased 
attention, because many enzymes such as 
Cu-MMO, laccase and ascorbate oxidase, 
and dopamine P-hydroxylase (Table 1) op- 
erate with such metal cores. 

2) Recent investigations of bacterial 
systems have considerably advanced the 
understanding of cytochrome c oxidases, 
which reduce 0, to H 2 0  at a heme-iron- 
Cu bimetallic center. Model studies should 
also help to detail the 0, binding, reduc- 
tion, 0-0 cleavage, and accompanying 
proton transfer chemistry (1 04). 

3) The reverse process, the formation of 
an 0-0 bond in the H,O oxidation that is 
catalyzed by photosystem 11, is effected by a 
tetra-manganese cluster that also requires 
Ca2+ and C1- (18, 20). Further develop- 
ments in Mn cluster synthesis are desirable 
because they will lead to advanced structur- 
al, spectroscopic, and functional insights. 

4) Future progress in Fe-S cluster chem- 

istry is likely, such as in Fe-S linked to 
nickel complex or heme chromophores. 
The recent nitrogenase structures may also 
spur the generation of new merged double- 
cube-type structures such as P clusters or 
Fe-Mo cofactor models. The goal is to 
generate further insights into the reduction 
chemistry of N2 and H+ (to H,). 

5) Molybdenum enzymes with a perva- 
sive Mo-0x0 group and accompanying 
pterin cofactor play key roles in biological 
cycles involving N, S, C, and As. Recent 
advances in biochemical and inorganic 
modeling will likely elaborate the role of 
the pterin and the 0x0-transfer function 
(1 05). 

6) Discrete active-site cofactors are also 
involved in a number of metalloenzymes 
that help to process 0,. For example, such 
cofactors occur in ~terin-dependent Fe hy- 
droxylases, a-ketoglutaratedependent Fe 
dioxygenases, and the redox-active constit- 
uents involved with the copper oxidase, 
galactose oxidase, and amine oxidases. 
More examples are likely to be found. 

7) Atom and group transfer functions 
are also effected by Co vitamin B-12 (106) 
and nickel enzymes, involving organome- 
tallic (M-R) intermediates. Nickel (some- 
times with Fe-S clusters) is found in nickel- 
or sulfur-containing ligand environments, 
effecting chemistry including CH,, H, or 0 
transfer reactions (84). There has been 
considerably increased activity in related Ni 
complex chemistry, and functional models 
will provide insights into structure and re- 
activity. 

8) Until recently, the modeling of hy- 
drolysis reactions of amides or phosphate 
esters by metal centers has been a more 
often ~ursued by organic and bioorganic 
chemists. With the more complex structur- 
al questions regarding hydrolytic enzymes 
that use di- or trinuclear metal centers, 
inorganic contributions can be consider- 
able. New efforts in this area will typify the 
inevitable trend toward the increased merg- 
ing of traditional approaches, in which 
organic and inorganic synthetic methods 
are used along with structural, spectroscop- 
ic, and mechanistic investigations. 

This brief survey illustrates the consid- 
erable scope and nature of research ap- 
proaches toward the elucidation of metal- 
loenzyme structures, spectroscopy, and re- 
action mechanisms. Applications to indus- 
try, biotechnology, and medicine are likely. 
Many important metals and their bioinor- 
ganic chemistries have not been discussed 
here. In any case, division by metal ion is 
not necessarily a desirable classification be- 
cause there is more than one means (en- 
zyme type, metal, or prosthetic group) by 
which to effect a given reaction type, and 
researchers should look beyond any one 
system to focus on structural or functional 

themes such as O2 binding and activation, 
hydrolysis, electron transfer, cluster chem- 
istry, metal center-protein radical chemis- 
try, and atom or group transfer. Although 
the discipline is rapidly expanding, the 
questions and goals seem nevertheless more 
clear. 
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