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Abstract

Zinc is known to be indispensable to growth and development and transmission of the genetic message. It does
this through a remarkable mosaic of zinc binding motifs that orchestrate all aspects of metabolism. There are now
nearly 200 three dimensional structures for zinc proteins, representing all six classes of enzymes and covering a
wide range of phyla and species. These structures provide standards of reference for the identity and nature of
zinc ligands in other proteins for which only the primary structure is known. Three primary types of zinc sites
are apparent from examination of these structures: structural, catalytic and cocatalytic. The most common amino
acids that supply ligands to these sites are His, Glu, Asp and Cys. In catalytic sites zinc generally forms complexes
with water and any three nitrogen, oxygen and sulfur donors with His being the predominant amino acid chosen.
Water is always a ligand to such sites. Structural zinc sites have four protein ligands and no bound water molecule.
Cys is the preferred ligand in such sites. Cocatalytic sites contain two or three metals in close proximity with two
of the metals bridged by a side chain moiety of a single amino acid residue, such as Asp, Glu or His and sometimes
a water molecule. Asp and His are the preferred amino acids for these sites. No Cys ligands are found in such sites.
The scaffolding of the zinc sites is also important to the function and reactivity of the bound metal. The influence
of zinc on quaternary protein structure has led to the identification of a fourth type of zinc binding site, protein
interface. In this case zinc sites are formed from ligands supplied from amino acid residues residing in the binding
surface of two proteins. The resulting zinc site usually has the coordination properties of a catalytic or structural
zinc binding site.

Abbreviations: ABC – ATP-binding cassette; AAP – Aeromonas proteolytica aminopeptidase; ADA –
adenosine deaminase; ADAM – A disintegrin and metalloprotease domain; ADH – alcohol dehydrogenase;
ALA – 5-aminolevulinic acid; ALAD – 5-aminolevulinic acid dehydratase; Apo2L or TRAIL – apoptosis-inducing
ligand 2; BIR – baculovirus inhibitor of apoptosis repeat; BLAP – bovine lens leucine aminopeptidase; CA – car-
bonic anhydrase; CAM – γ -carbonic anhydrase; CPD A – carboxypeptidase A; CDA – cytidine deaminase; EDTA
– ethylenediaminetetraacetic acid; eNOS or NOS-3 – endothelial nitric oxide synthase; FPP – farnesyl diphosphate;
FTase – farnesyl transferase; H4B – tetrahydrobiopterin; HIV – human immunodeficiency virus; GGPP –
geranylgeranyl diphosphate; GSNO – S-nitrosoglutathione; HLA-DR – class II major histocompatibility molecule;
huIFN – human interferon; IAP – inhibitor of apoptosis; iNOS or NOS-2 – inducible nitric oxide synthase; Im3
– E. coli immunity protein; IUB – International Union of Biochemistry; MEROPS – system for classification
of peptidase sequences; MetAP-1 – methionine aminopeptidase-1; MetAP-2 – methionine aminopeptidase-2;
MHC – major histocompatibility complex; MMP – matrix metalloproteinase; MPD – 2-methyl-2,4-pentanediol;
NAD – nicotinamide adenine dinucleotide; NADH – reduced nicotinamide adenine dinucleotide; NADP –
nicotinamide adenine dinucleotide phosphate; NGF – nerve growth factor; nNOS, NOS-1 – neuronal nitric oxide
synthase; PAC – perturbed angular correlation of γ -rays; PAP – purple acid phosphatase; PBG – porphobilinogen;

[ 85 ]



272

PBGS – porphobilinogen synthase; Peptidase – enzyme acting on peptides; PLBP – periplasmic ligand-binding
protein; PKC – protein kinase C; PMI – phosphomannose isomerase; PTS – signal transducing protein; PsaA –
pneumococcal surface antigen; Proteinase – enzyme acting on proteins; SEA, B etc – staphylococcal enterotoxins
type A, B etc; SPEA, C etc – streptococcal pyrogenic exotoxins type A, C etc; SMEZ – streptococcal mitogenic
exotoxin; SOD – superoxide dismutase; TCR – T cell receptor; TL – thermolysin; TRAP – tartrate-resistant
acid phosphatases; TNF – tumor necrosis factor; TACE – tumor necrosis factor-α-converting enzyme; TSST –
toxic shock syndrome toxin; VanX – dipeptidase of vancomycin-resistant pathogenic Enterococci; XAFS – X-ray
absorption fine structure.

Introduction

Zinc deficiency studies of microorganisms followed
by those in plants and animals established the impor-
tance of zinc to growth and development in all forms
of life (Vallee & Falchuk 1993). Technical advances
in analytical methods that could detect the presence
of zinc in minute amounts such as atomic absorption,
fluorescence and microwave emission spectroscopy
coupled with advances in the methodology for pro-
tein isolation and purification led to the establishment
of zinc involvement in a wide variety of metabolic
processes including carbohydrate, lipid, protein and
nucleic acid synthesis and degradation (Vallee & Auld
1992a). Zinc is the only metal to have representatives
in all six of the International Union of Biochemistry,
IUB, classes of enzymes. The fact that it was demon-
strated to be involved in transcription and translation
of the genetic message gave new meaning to its known
essentiality to life processes.

The molecular details of the participation of zinc
in enzyme systems came first through replacing the
spectroscopically silent zinc with the chromophoric
metal cobalt. These studies in conjunction with kinetic
studies of function gave information on the importance
of the metal site to protein structure and function.
Structural studies obtained by X-ray diffraction, NMR
and X-ray absorption fine structure, XAFS, techniques
gave detailed information of the metal ligands and
the coordination geometry of the metal site and al-
lowed formulation of mechanisms that could be tested
by a combined approach using mutagenesis and ki-
netics (Auld 1997). Finally, the ability to determine
primary protein structure through translation of DNA
sequences now permits prediction of zinc binding sites
and thereby enzyme function without even having an
expressed protein (Auld 2001). This in turn heightens
the awareness of the participation of zinc in metabolic
processes.

The zinc ligands and coordination geometries of
about one and a half dozen zinc enzymes led to the

recognition of three types of zinc binding sites: cat-
alytic, cocatalytic and structural (Figure 1) (Vallee
& Auld 1990b, 1993a). Today there are about fifteen
dozen zinc sites that have been reported, the great ma-
jority of which still fit into the original classification
(see below). A new type of zinc binding site, protein
interface, has also become apparent during the last
few years (Auld 2001). In this case zinc binding sites
are formed through ligands supplied from amino acid
residues residing in the binding surface of two protein
molecules.

Catalytic zinc sites

There are today about 7 dozen 3-dimensional struc-
tural references of catalytic zinc sites encompassing
five of the six classes of enzymes (Table 1). The class
III hydrolases has by far the greatest number of repre-
sentatives. A catalytic zinc generally forms complexes
with any three nitrogen, oxygen and sulfur donors of
His, Glu, Asp and Cys with His being the predominant
amino acid chosen. Histidine (usually the Nε2 nitro-
gen) may be chosen because of its capacity to disperse
charge through H-bonding of its non-liganding nitro-
gen. The overall length of such sites can be as small
as 11 amino acids as is observed in the astacin su-
perfamily of zinc proteases and 5-aminolevulinic acid
dehydratase (Table 1). The ligands are generally sep-
arated by short and long amino acid spacers. Short
spacers of one and three are commonly found although
spacers of 2, 4, 6 and 7 have also been observed (Ta-
ble 1). The length of the short spacer is often dictated
by the ligand support structure; 3 for an α-helix and 1
for a β-sheet. In the case of the alcohol dehydrogenase
family the involvement of H-bonding interactions be-
tween residues in the short spacer (for example His47
and/or His51) and the cofactor NADH may have led to
the extension of the ‘short’ spacer to 20 (versus a long
spacer of about 106).
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Fig. 1. Zinc binding sites in enzymes: catalytic (thermolysin (Matthews 1988)), structural (alcohol dehydrogenase (Eklund & Branden 1987)),
cocatalytic (Aeromonas proteolytica aminopeptidase (Chevrier et al. 1994)). The letters D, E and H refer to the amino acids, aspartic acid,
glutamic acid and histidine, respectively.

The coordination number for such sites is usually
4 or 5 and the geometry in the free state is frequently
distorted-tetrahedral or trigonal-bipyramidal. Water is
always a ligand to the catalytic zinc. The zinc-bound
water is activated for ionization, polarization or dis-
placement by the identity and arrangement of ligands
coordinated to zinc (Vallee & Auld 1990a). Ionization
of the activated water or its polarization brought about
by a base form of an active-site amino acid provides
hydroxide ions at neutral pH, and displacement of wa-
ter or expansion of the coordination sphere results in
Lewis acid catalysis by the catalytic zinc atom. The
structure of the active site implies that the identity of
the three protein ligands, their spacing and secondary
interactions with neighboring amino acids in conjunc-
tion with the vicinal properties of the active center
created by protein folding are all critical for the var-
ious mechanisms through which zinc can be involved
in catalysis.

This group of zinc sites is too large for this per-
spective to comment on each individual zinc site. I will
therefore generally restrict my comments to some of
the larger and more well studied families.

Alcohol dehydrogenase

The dimeric alcohol dehydrogenases (ADH) (EC
1.1.1.1) contain both a catalytic and a structural zinc
site (Tables 1 and 2). These zinc enzymes are NAD de-
pendent and catalyze the reversible oxidation of alco-
hols to aldehydes. Seven human ADH genes have been
identified and designated as ADH1 through ADH7
(Jornvall & Hoog 1995). The ADH1 to ADH5 and
ADH7 encode 6 subunits of the ADH enzymes that
are designated by the Greek letters, α, β, γ , π , χ

and σ . The gene product of ADH6 has not been ob-
served. Polymorphism occurs for the ADH2 (β) and
ADH3(γ ) loci resulting in nine distinct human sub-
units. These enzymes have also been classified, based
on sequence identity and substrate specificity (Jornvall
et al. 1987), as class I (α, β1, β2, β3, γ1, γ2 containing
isozymes), class II (π), class III (χ) and class IV (σ )
ADHs. Class III ADH is also known as glutathione-
dependent formaldehyde dehydrogenase (Yang et al.
1997). In addition, a protein that possesses the abil-
ity to metabolize S-nitrosoglutathione (GSNO) has
been purified from E. coli, S. cerevisiae and mouse
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macrophages and identified as class III (χ) ADH (Liu
et al. 2001).

The first crystal structure reported for this family
of enzymes was for the horse enzyme, denoted EE,
and considered to be part of class I ADH (Eklund
et al. 1974, 1976). The three dimensional structure
of several human isozymes as well as those from cod
liver and mouse have been reported (Tables 1 and 3).
A great deal of the structural and mechanistic studies
have been performed on the horse liver enzyme. Each
subunit of the dimeric enzyme is divided into a coen-
zyme binding domain and a catalytic domain that are
separated by a cleft containing a deep pocket (Eklund
& Branden 1987). Both zinc ions reside in the catalytic
domain.

The catalytic zinc is ligated to the sulfurs of Cys46
and Cys174, the Nε2 nitrogen of His67 and a wa-
ter molecule in a tetrahedral coordination geometry.
When the coenzyme binds it triggers a major change in
conformation of the enzyme (Eklund 1989). The two
coenzyme-binding domains have similar orientations
while the two catalytic domains are rotated relative
to each other. When NADH is bound the cleft be-
tween the catalytic and coenzyme binding domains
‘closes’ around the coenzyme (Eklund et al. 1981).
In the absence of the coenzyme the cleft is consid-
ered open (Eklund et al. 1976). Solvent is accessible
to the catalytic zinc and the fourth ligand is water in
the open conformation. The conformational changes
places the zinc-bound substrate in the proper orienta-
tion to the C4 position of the cofactor nicotinamide
ring for optimal hydride transfer (Klinman 1981).

The major changes in conformation upon cofactor
binding have made it difficult to assign the pKa val-
ues of about 7 and 9 in the pH profiles of coenzyme
binding to functional groups in the enzyme (LeBrun &
Plapp 1999). Candidates for these groups are the imi-
dazolium of His51, the amino group of Lys228 and the
catalytic zinc-bound water. The induction of the closed
form by coenzyme permits the displacement of the
water by the alcohol or aldehyde substrate and places
the zinc substrate complex in a more hydrophobic
environment (Eklund & Branden 1987).

The displacement of the zinc-bound water by sub-
strate and role of the zinc as a Lewis acid catalyst
has been a generally accepted mechanism although
expansion of the coordination sphere to allow both
Lewis acid catalysis by zinc and acid/base chemistry
for zinc-bound water has been considered. A 1 Å
resolution structure of the native zinc and cadmium

substituted horse liver enzyme complexed with the
cofactor NADH and 2-methyl-2,4-pentanediol (MPD)
combined with quantum chemical calculations has
given support to the involvement of a metal-bound
water in catalysis (Meijers et al. 2001). The results
suggest that a metal-bound hydroxide is part of the
activation process for hydride transfer from the re-
duced NADH cofactor in the LADH•NADH complex.
In the proposed mechanism the zinc-bound water is
displaced towards the NADH in order to allow the
aldehyde substrate to become the fifth ligand.

Metalloproteases

The carboxypeptidase family of exopeptidases and the
thermolysin family of endopeptidases are likely exam-
ples of polarization assisted zinc water catalysis. The
zinc containing pancreatic exopeptidases carboxypep-
tidase A & B (CPD A & B) were two of the earliest
identified and studied zinc metalloenzymes (Auld,
1998a, 1998b; Aviles & Vendrel 1998). The car-
boxypeptidases catalyze the degradation of food pro-
teins leading to the formation of amino acids. These
enzymes complement the actions of chymotrypsin,
pepsin and trypsin by allowing the production of es-
sential amino acids such as Phe, Trp, Lys and Arg
(Riordan 1974). The reader is directed to the Hand-
book of Proteolytic Enzymes for a presentation of
evolutionary relationship of carboxypeptidases (Bar-
rett et al. 1998) as well as several chapters on indi-
vidual carboxypeptidases. The human mast cell, E,
M, N carboxypeptidases are believed to be involved in
immune/inflammatory and hormone processing (Auld
1998a; Vallee & Auld 1990b).

Three dimensional structures are available for sev-
eral members of the CPD family (Table 1). The cat-
alytic zinc site of CPD A is comprised of His69 (Nδ1),
Glu72 (Oε1 and Oε2), His196 (Nδ1) and a water
molecule. The first two ligands, separated by a short
spacer of two, reside in a seven amino acid loop region
between a β-sheet and an α-helix while His196 is the
last residue in a β-pleated sheet extending from amino
acids 191 to 196 (Rees et al. 1983). This site is highly
conserved throughout the extended carboxypeptidase
family (Vallee & Auld 1990b). There are also several
crystalline derived structures of the thermolysin family
(Table 1). In this case the amino acid ligands His142
(Nε2) and His146 (Nε2), separated by a short spacer
of three, reside in an α-helix extending from amino
acid 137 to 152 (Matthews et al. 1974). The amino
acid residue Glu143, proposed to function as the gen-
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eral acid/general base in catalysis, resides within the
short spacer (Holland et al. 1995; Matthews, 1988).
The third ligand, Glu166 (Oε1), is supplied by a sec-
ond α-helix extending from residue 160 to 180. The
fourth ligand is water.

The immediate thermolysin family is composed
of several bacterial endoproteases. However compar-
ison of the properties of this zinc site to sequences
of other proteins led to the prediction that the mono
zinc aminopeptidases would also contain this same
type of catalytic zinc site (Vallee & Auld 1990b). In
addition these studies led to the prediction that human
leukotriene A4 hydrolase would be a zinc aminopep-
tidase with a thermolysin type zinc site. Both of these
predictions have been confirmed (Haeggstrom et al.
1990; Medina et al. 1991; Thunnissen et al. 2001).

X-ray diffraction studies of the crystalline CPD
A•inhibitor complexes (Christianson & Lipscomb
1989; Lipscomb & Strater 1996) in conjunction with
spectroscopic studies on inhibitor and substrate bind-
ing on the cobalt substituted enzyme (Auld & Vallee
1987) and XAFS studies of the effect of pH and in-
hibitor bonding on the zinc coordination sphere (Auld
1997) have provided evidence for a mechanism in-
volving the metal-bound water and a general acid/base
role for Glu270 in catalysis assisted by Arg127 in
the transition state (Auld 1987, 2001; Christianson &
Lipscomb 1989; and references therein).

Astacin superfamily

This superfamily began with the identification of As-
tacus protease, or astacin, as a zinc protease in 1988
(Stocker et al. 1988). A potential zinc binding site
signature existed within astacin, HExxHxxGxxH, that
was also present in a small number of proteases that
would eventually make the four subclasses of this
superfamily (Stocker et al. 1990) (Table 1). The recog-
nition of the homology of both mouse kidney and
human intestine meprin to Astacus protease resulted
in the naming of the immediate astacin family of zinc
proteases (Dumermuth et al. 1991). By 1992 the use
of this putative zinc signature led to the identifica-
tion of 33 proteases that defined four major groups
of homologous proteins (Auld 1992). This discovery
was rapidly followed by the X-ray crystallographic
structure of astacin that confirmed the prediction of
this new catalytic zinc site (Bode et al. 1992). Within
two years the structures of a member of each of
the astacin subfamilies was determined, i.e., matrix
metalloproteinase-1 (Lovejoy et al. 1994b), the snake

venom protease, adamalysin II (Gomis-Ruth et al.
1993a) and the alkaline protease of Pseudomonas
aeruginosa (Baumann et al. 1993). As of Mar. of
2001 the MEROPS data base file lists 441 members
of this superfamily (Barrett & Rawlings 2001) and
there are 19 reported structures of individual members
(Table 1). The human class of snake venom like pro-
teases have been given the name ADAM, which stands
for A disintegrin and metalloprotease domain. The
tumor necrosis factor-α-converting enzyme or TACE
is a member of this sub-group (Maskos et al. 1998).
The involvement of these proteases in remodeling the
extracellular matrix makes them targets of diseases
that require these processes such as tumor progression,
metastasis, arthritis and heart tissue instability.

The zinc binding site in this superfamily is the
smallest site known since all zinc ligands and the pre-
sumed catalytic glutamate residue are supplied from
an eleven amino acid segment (Table 1). The first
two His ligands (Nε2) are part of a long (12 to 15
amino acids) α-helix in all members of this super-
family. This helix is broken by the highly conserved
glycine residue residing three residues after the second
His. The break in the helix allows the third His (Nε2)
to complete the zinc binding site.

The role for the glutamate in catalysis is generally
believed to be the same as in the carboxypeptidase
A and thermolysin families. However comparison of
the structures of matrilysin, thermolysin (TL) and
carboxypeptidase A reveals both similarities and dif-
ferences in their active sites (Auld 1997). A common
feature is a catalytic zinc atom that is coordinated by
three protein ligands and a nearby ionizable carboxy-
late group of a Glu residue that is considered to act
as a nucleophile or general base. The fourth ligand
is water in the active enzyme. However, the type of
the ligand and the scaffolding of the zinc site is not
the same. The catalytic zinc of matrilysin is made
up of three His residues whereas the zinc atom of
thermolysin and CPD-A contains 2 His and 1 Glu
(Table 1). Furthermore, the secondary interactions of
the zinc ligands with adjacent side chain carboxylate
groups observed in TL and CPD-A is not observed in
matrilysin. Mutagenesis studies of the proposed Glu
residue in matrilysin suggest this residue may play a
different role in catalysis in the MMPs (Cha & Auld
1997).
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β-Lactamases

The majority of β-lactamases utilize an active site
serine in the hydrolysis of the β-lactam ring. How-
ever there are now new pathogenic bacteria that have
a metallo-β-lactamase that contains zinc. Several X-
ray structures have recently appeared on this class of
zinc enzymes from Bacillus cereus (Carfi et al. 1995,
1998a; Fabiane et al. 1998), Bacteroides fragilis (Carfi
et al. 1998b; Concha et al. 1996), Stenotrophomonas
maltophilia (Ullah et al. 1998) and Pseudomonas
aeruginosa (Concha et al. 2000). These structures are
similar in the presence of at least one zinc site that
has the characteristics of a catalytic zinc site. The first
structure of the B. cereus enzyme had one zinc coordi-
nated by three histidines 86 (Nε2), 88 (Nδ1) and 149
(Nε2) and a water molecule in a tetrahedral arrange-
ment (Carfi et al. 1995). These histidine residues are
conserved in all members of this class of enzymes.
These crystals were grown at pH 5.6 in 0.1 M ZnSO4
in a citrate, cacodylate buffer. At this pH the binding
constant for a second zinc is 29 mM (Baldwin et al.
1978). Growing the crystals at pH 7.0 in the presence
of 0.5 mM ZnSO4 in Tris buffer yields an enzyme with
two zincs bound (Fabiane et al. 1998). The second
zinc binds to Asp90, Cys168, and His210 and two
water molecules in a trigonal bipyramidal coordina-
tion geometry. There is considerable variation in the
ligand properties of the second zinc site raising ques-
tions about its role in catalysis (Auld 2001) (see below,
cocatalytic sites).

Carbonic anhydrases

The class IV lyase carbonic anhydrase (CA) is likely
the best example of an ionization activated zinc-bound
water mechanism. This superfamily of enzymes, in-
volved in the physiology of CO2 transport, has been
assigned to three independent gene families α, β and
γ (Hewett-Emmett & Tashian 1996). The α-class con-
tains all mammalian, as well as some CAs from algae
and bacteria. Several distinct forms exist in mam-
mals: three cytosolic forms, (CA I, II and III); two
membrane-bound forms (CA IV and CA VII); a mi-
tochondrial form (CA V) and a secreted salivary form
(CA VI). Crystal structures of five different forms of
the α-enzyme class (Table 1) has shown the catalytic
zinc is located in a 15 Å deep active center cavity
near the middle of the enzyme molecule. One part of
the cavity is dominated by hydrophobic residues while
another segment has a more hydrophilic nature (Sil-

verman & Lindskog 1988). The catalytic zinc is tetra-
hedrally coordinated to the Nε2 of His94 and His96
supplied from a β-strand encompassing residues 88
to 108 and a Nδ1 of His119 from a second β-strand
extending from 113 to 126 (Liljas et al. 1972) and a
water molecule. The amino acid ligands and adjacent
amino acids are highly conserved throughout this class
of CAs.

The β-class has a strikingly different catalytic zinc
coordination site (Table 1). This class includes CAs
from plants, algae, bacteria and archaea (Hewett-
Emmett & Tashian 1996; Smith & Ferry 2000). The
higher plant and unicellular green algae use the β-CAs
for photosynthetic CO2 fixation. The crystal structures
Pisum sativum β-CA (Kimber & Pai 2000), Por-
phyridium purpureum β-CA (Mitsuhashi et al. 2000)
and Methanosarcina thermophila β-CA (Strop et al.
2001) have been reported recently. In all cases the
catalytic zinc is coordinated by two Cys and a His
as was anticipated by XAFS studies of the spinach
CA (Bracey et al. 1994; Rowlett et al. 1994). Two
of the ligands, His87 (Nε2) and Cys90, are supplied
by a loop region and a β-sheet, respectively and are
separated by a short spacer of two (Table 1). The third
ligand, Cys32 (M. thermophila β-CA numbering), is
supplied by a β-sheet from the N-terminal side. The
reported structure for the P. purpureum β-CA (Mit-
suhashi et al. 2000) also has an Asp coordinated to the
zinc with no bound water molecules. It was therefore
proposed that this β-CA and possible the γ -class does
not use a zinc hydroxide mechanism in their func-
tion (Mitsuhashi et al. 2000). However in the other
two reported structures the fourth ligand is a solvent
molecule (acetate) for P. sativum β-CA (Kimber &
Pai 2000) and a water molecule for M. thermophila
β-CA (Strop et al. 2001). The potential Asp ligand
exists in all three enzymes in a highly conserved loop
region C-terminal to the third Cys ligand (CysXAs
pSerArg). In the enzymes where the Asp is not a ligand
the Arg guanidinium group is hydrogen-bonded to the
Asp carboxyl group preventing it from coordinating
the zinc (Strop et al. 2001). The zinc coordinated wa-
ter molecule in the M. thermophila β-CA has therefore
been displaced either by an acetate carboxylate in the
P. sativum β-CA or the carboxylate of Asp151 in the
P. purpureum β-CA. Further studies will be needed to
determine what is the function of the Asp residue in
question. However comparison of the α- and β-CA
catalytic zinc sites is of interest in this regard. The
positive charge on the zinc in the β-CAs should be re-
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duced by the replacement of two His imidazole ligands
by Cys sulfur ligands. The ionization of the zinc bound
water molecule might therefore need the assistance of
a neighboring carboxyl group as is postulated in met-
alloproteases (Auld 1987, 1997). A role for Asp151
in catalysis rather than zinc binding could be inferred
from the results of a mutation of this residue to an Asn
in spinach β-CA. The resulting enzyme still binds zinc
but retains little CO2 hydratase activity (Mitsuhashi
et al. 2000).

The γ -class of CAs has one structural representa-
tive from Methanosarcina thermophila (Iverson et al.
2000; Kisker et al. 1996). While it retains three His
ligands as in the α-class the spacing characteristics
change (Table 1). The resulting trimeric enzyme forms
a zinc site from the interface of its subunits (See
protein interface and Table 4).

The α-class of enzymes is one of the best stud-
ied from the point of mechanism of action. The role
of the zinc ligands, its bound water molecule, the
‘gatekeeper’ residue, Thr199 and orientating residues
such as Glu106 and proton shuttle residues such as
His64 have been carefully investigated (See reviews
by Christianson & Cox 1999; Christianson & Fierke
1996; Coleman 1998; Lindskog & Liljas 1993; Silver-
man & Lindskog 1988).

Other catalytic zinc sites containing Cys ligands

While the predominant ligand found in these sites is
His there are a number of sites that contain from one
to three Cys residues. Several catalytic sites now exist
where there is one Cys ligand in combination with two
His or one His and an Asp or Glu residue (Table 1). In
the likely best studied single Cys containing zinc site,
the protein prenyltransferases catalyze the formation
of a sulfur ether linkage between either the isoprenoid
units of farnesyl diphosphate (FPP) or geranylgeranyl
diphosphate (GGPP) and the cysteine residues of pro-
tein acceptor substrates such as Ras thereby attaching
these proteins to the cell membrane (Zhang & Casey
1996). Since a number of human cancers are linked
to Ras mutations, inhibition of these enzymes is a
potential target for antitumor chemotherapy (Gibbs &
Oliff 1997). In both the rat farnesyl transferase (FTase)
and the Rab geranylgeranyl transferase the zinc site is
found in the β-subunit coordinated to a Cys sulfur and
an Asp carboxylate oxygen separated by one amino
acid (Park et al. 1997; Zhang et al. 2000). The Nε2 ni-
trogen of a His residue and a water molecule complete
the tetrahedral zinc site. Spectral kinetic studies on the

cobalt substituted FTase (Huang et al. 1997) and an
x-ray structure of a ternary complex containing a Cys
peptide (Strickland et al. 1998) indicate that the Cys
peptide thiol group displaces the metal-bound water.
These results suggest the role of zinc in these enzymes
is to activate the cysteine thiol of the protein substrate
for nucleophilic attack on the C1 position of the FPP
substrate.

The deamination mechanism of E. coli cytidine
deaminase (CDA) is believed to be similar to that of
E. coli adenosine deaminase (ADA) (Betts et al. 1994;
Wang & Quiocho 1998). However the zinc binding site
of ADA contains 3 His residues while that of CDA
contains two Cys and one His residue (Table 1). Ex-
amination of the structures of transition state analogs
show that the inhibitor complex is stabilized by a zinc
hydroxide and an adjacent carboxyl group of an Asp
or Glu residue in the active site. The differences in
zinc ligands and tertiary structures of ADA and CDA
has led to the proposal that the common features in
the transition state stabilization has arisen from con-
vergent evolution (Betts et al. 1994). The variation in
the zinc binding site nature in this functional class of
enzymes is also evident in the Bacillus subtilis cytidine
deaminase. Sequence alignment has led to the pro-
posal that the tetrameric B. subtilis enzyme has three
Cys ligands, Cys89, Cys86 and Cys53 coordinated to
the catalytic zinc (Carlow et al. 1999).

A three Cys ligated catalytic zinc site has been
proposed for the 5-aminolevulinic acid dehydratase
(ALAD) of E. coli (Erskine et al. 1999b) and Sac-
charomyces cerevisiae (Erskine et al. 1997). All lig-
ands reside in a short amino acid sequence of eleven
amino acids with the first two Cys ligands being sepa-
rated by a spacer of one. ALAD or porphobilinogen
synthase (PBGS) catalyzes the condensation of two
5-aminolevulinic acid (ALA) molecules to form the
pyrrole porphobilinogen (PBG), one of the initial steps
in the biosynthesis of tetrapyrroles. The zinc site lies
next to the lysine residue in the active site that is be-
lieved to form a Schiff base with 5-aminolevulinic acid
(Erskine et al. 1999a). The zinc ion is postulated to co-
ordinate the C4 carbonyl of ALA. A water molecule is
bound to the zinc in the E. coli enzyme (Erskine et al.
1999b) on the side of the two active site Lys residues.
While the same tetrahedral geometry is found in the
S. cerevisiae enzyme the fourth site is vacant on the
Lys side (Erskine et al. 1997).

The biochemistry of this enzyme has received par-
ticular attention due an inactivating mutation in the
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human enzyme that is responsible for an inherited dis-
ease, porphyria (Doss et al. 1979) and the marked
inhibition by lead ions, 70 fM (Simons 1995). Both
lead and mercury have been shown to displace the ac-
tive site zinc by the use of multiwavelength anomalous
diffraction analysis (Erskine et al. 2000). The ligands
involved in binding the zinc are not conserved in a
number of plant species (Jaffe 2000). The three Cys
ligands are replaced by either two Asp and an Ala or
some combination of Asp and Cys residues. This find-
ing has lead to the postulate that Mg may replace Zn
in the plants. However the Pseudomonas aeruginosa
ALAD (two Asp residues and an Ala) contains neither
a Zn or Mg at this site (Frankenberg et al. 1999). Other
binding sites for both zinc and magnesium have been
observed in this class of enzymes (Jaffe 2000).

Another potential three Cys containing zinc site
may exist in the NS3 protease from hepatitis C virus.
This enzyme has a zinc site on the protein surface
composed of Cys97, Cys99, Cys145 and a Zn-bound
water molecule (Love et al. 1996). The zinc-bound
water is further H-bonded to His149 in two of the three
monomers in the asymmetrical unit cell. The His im-
idazole ring isolates the Zn site from solution. NMR
studies of the enzyme also suggest a water or hydroxyl
group is directly bound to the zinc and that the His
imidazole nitrogen may H-bond to this water (Barbato
et al. 1999; Urbani et al. 1998). This type of hydrogen
bonding interaction is often seen in catalytic zinc sites
but the zinc binding site in NS3 protease is assumed
to play a structural role since it is 23 Å removed from
the serine proteinase active site (Yan et al. 1998). The
bound zinc can not be removed by chelators at pH val-
ues > 7 and its removal at lower pH values leads to
protein unfolding and aggregation of the enzyme (De
Francesco et al. 1996). However the kcat/Km value
for the His149Ala mutant is decreased by 15,000-fold,
suggesting there is some relationship between the co-
ordination geometry of the metal site and catalytic
activity (Urbani et al. 1998). The processing of the
precursor protein NS2-NS3 is cleaved intramolecu-
larly by an autocatalytic action that is chelator and zinc
dependent (Pieroni et al. 1997). If this zinc site should
be involved in the autoprocessing activity it may be
more properly classified as a catalytic site.

Function of a fourth protein ligand

A fourth protein ligand has been observed in a few
crystal structures of catalytic zinc sites. A highly
conserved Cys is found in the zymogen form of the

matrix metalloproteinases, MMPs, with no bound wa-
ter molecule (Becker et al. 1995; Morgunova et al.
1999) (Table 1). The replacement of the water by the
Cys residue was proposed to be cause of the lack
of activity of the enzyme (Springman et al. 1990;
Vallee & Auld 1990b). Upon activation, this metal
site is converted into one that contains three protein
ligands and a bound water, characteristic of a cat-
alytic zinc site (Table 1). The only other example of
a proposed catalytic zinc site lacking a water molecule
is the Porphyridium purpureum β-carbonic anhydrase
(Mitsuhashi et al. 2000). However other members of
the β-carbonic anhydrases have 3 protein ligands and
a solvent molecule bound to the zinc (see section on
carbonic anhydrase).

Water is still bound to the site in a number of cases
where a fourth protein ligand is found (Table 1). In
these cases it appears that one ligand may dissociate
from the zinc before or during catalysis. Thus the Oδ2
of the Asp295 carboxylate is 2.3 Å from the zinc in
an adenosine deaminase inhibitor complex in which
a zinc-activated water (hydroxide) binds to the metal
(Wilson & Quiocho 1993). Conversion of this Asp
residue to a Glu through mutagenesis results in the dis-
placement of the metal-bound water by the γ -carboxyl
group of Glu and inactivation of the enzyme (Sider-
aki et al. 1996). The role of the side chain carboxyl
group Asp295 in catalysis is therefore not likely in
binding to the zinc but rather in stabilizing the charge
of the hydrate intermediate or orienting the zinc bound
hydroxide oxygen for addition to the C6 position of
adenosine (Wang & Quiocho 1998). The functionally
similar zinc enzyme, cytidine deaminase, has a cat-
alytic zinc bound to 3 protein ligands and a water or
hydroxide ion (Betts et al. 1994) (Table 1).

In Clostridium beijerinckii alcohol dehydrogenase
a Glu residue adjacent to the second catalytic zinc
ligand is also bound to the zinc in the NADP free
form of the enzyme (Korkhin et al. 1998). However,
the distance between the carboxylate oxygen and the
zinc increases from 2.35 to 3.94 Å upon binding the
coenzyme. In the human χχ alcohol dehydrogenase,
ADH, the equivalent residue, Glu68 is observed 2.9 Å
and 2.0 Å from the catalytic zinc in the A and B sub-
units respectively (Yang et al. 1997). In other human
and horse ADHs the carboxylate oxygens are at least
4.7 Å from the catalytic zinc atom. The binding of
the Glu to the zinc in this case may be a reflection
of the involvement of Glu68 in the displacement of
water in a late step in catalysis as predicted by mole-
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cular dynamics calculations (Ryde 1995; Yang et al.
1997). This unusual binding of Glu to the metal may
also be reflected in the presence of a pH independent
band at 562 nm in Co(II) substituted χχ ADH (Maret
1989). Such an absorption band had been assigned to
an anion binding in studies of horse EE ADH (Bertini
et al. 1987; Maret & Zeppezauer 1986). The Glu68-
carboxylate coordinated to zinc would be consistent
with such a zinc-bound ‘anion’ species (Yang et al.
1997).

In Escherichia coli fuculose aldolase, both of the
carboxylate oxygens of Glu73 bind to the zinc in the
resting state (Dreyer & Schulz 1993). Upon binding of
a transition state analog phosphoglycolohydroxamate,
Glu73 rotates away providing room for the hydrox-
amate oxygen to bind to the zinc (Dreyer & Schulz
1996). In astacin, the gram-negative bacterium Ser-
ratia marcescens proteinase and the alkaline protease
from Pseudomonas aeruginosa a conserved tyrosine
residue following the Met turn in these proteins acts
as a fourth protein zinc ligand with phenolic oxygen
to Zn distances of 2.54 Å (Gomis-Ruth et al. 1993b),
2.75 Å (Baumann 1994; Hamada et al. 1996), and
3.01 Å (Miyatake et al. 1995) respectively, resulting in
a trigonal-bipyramidal coordination sphere in the free
enzymes. Binding of a phosphinic peptide inhibitor
to astacin increases the distance between the phenolic
oxygen and the zinc from 2.5 Å to 5.0 Å (Grams et al.
1996). Movement of the tyrosine away from the zinc
has also been observed in inhibited forms of the Serra-
tia protease (seralysin) (Baumann et al. 1995) and in
the alkaline protease from Pseudomonas aeruginosa
(Baumann et al. 1993; Miyatake et al. 1995).

The zinc binding site in Candida albicans phos-
phomannose isomerase, PMI, contains 4 protein lig-
ands and a water molecule arranged in a distorted
trigonal bipyramid (Cleasby et al. 1996). All the lig-
ands are on three β-strands in the catalytic domain.
Gln111 and His113 (Nε2) are on the same β-strand.
The site is unusual for a catalytic zinc site in that
one of the ligands is Gln, a residue found in cocat-
alytic sites but not previously in a catalytic zinc site.
Gln111, Glu168 (Oε1), and His285 (Nε2) form the
equatorial ligands and His113 and water the axial lig-
ands. The pH dependence of PMI on activity was
originally suggested to be due to a His residue on
the basis of diethyl pyrocarbonate modification exper-
iments (Cleasby et al. 1996). In view of some of the
other 4 protein ligand sites the axial ligand His113 or
one of the equatorial ligands, His285 or Glu168 may

be displaced by the substrate in order to participate
in the reversible isomerization of fructose-6-phosphate
and mannose 6-phosphate.

In a number of the cases cited above the fourth pro-
tein ligand bonding distance is 2.3 to 3 Å which is long
for inner sphere oxygen-zinc ligation. Such a distance
maybe an indicator for an amino acid that dissociates
from the zinc upon substrate binding and plays a role
in catalysis.

Structural zinc sites

Structural zinc sites have 4 protein ligands and no
bound water molecule. The first zinc enzymes recog-
nized to have a structural zinc site were horse alcohol
dehydrogenase (Eklund et al. 1974) and the regulatory
subunit of aspartate carbamoyltransferase (Honzatko
et al. 1982). In both cases the zinc is bound to four
cysteines in a relatively short linear sequence of 15 to
33 amino acids with the ligands separated by 2, 2 and
7 or 4, 23 and 2 amino acids, respectively. There are
today about 41/2 dozen zinc sites with representatives
in five of the six IUB enzyme classes (Table 2). The
overall length of these sites can vary from 15 to 209
but the majority are in the range of 20 to 40 amino
acids. There is at least one short spacer, generally con-
taining two amino acids, in the great majority of these
sites. While Cys is still by far the preferred ligand for
such sites other ligands are also found. The second
most prevalent ligand is His which is usually found
in combination with Cys. The presence of His and
Cys in the same zinc binding site frequently gets some
form of a ‘zinc finger’ nomenclature. Based on only
‘loose’ criteria some of the sites listed here are still re-
ferred as zinc finger domains even if they do not fit the
criteria of having DNA binding properties or of the lig-
and nature (2His/2Cys), sequence length (∼30 amino
acids) and presence of both α-helix and β-sheets in the
zinc binding site associated with a classical zinc finger
(Vallee et al. 1991).

His and Asp/Glu sites

There are only a few examples where Asp and Glu
in combination with His residues are found (Table 2).
The matrix metalloproteinase class of enzymes con-
tain such a non-Cys structural zinc site. Early metal
analyses of the matrix metalloproteinases indicated
that these enzymes contained a zinc site in addition to
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the catalytic one proposed for the entire astacin fam-
ily (Soler et al. 1994). This site is highly conserved
in all the matrix metalloproteinases (Sang & Douglas
1996; Soler et al. 1995) and contains three His and an
Asp residue in a linear sequence spanning 28 amino
acids (Table 2). Thus in matrilysin the zinc is bound
to His168 (Nε2), Asp170 (Oδ1), His183 (Nε2) and
His196 (Nδ1). This zinc site has the characteristics of
a structural zinc site since it is has four protein lig-
ands, no bound water molecules and a relatively short
sequence of the protein provides all four zinc ligands
(Vallee & Auld 1990b). While this zinc site and the
catalytic zinc of the MMPs (Table 1) are 12.5 Å apart
several of the conserved amino acids adjacent to the
third and fourth His ligands of the structural zinc site
(e.g., Ala182,-184,-195 and Phe197) form the envi-
ronment surrounding the predicted catalytic residue
Glu219 (Auld 1997). The properties of the ‘structural’
zinc site in the MMPs and in other similar sites may
therefore influence function indirectly through effects
on local conformation or local environment.

The crystal structure of Escherichia coli rham-
nose isomerase (Korndorfer et al. 2000) shows zinc
bound to a ‘structural’ site formed from the amino acid
sequence Glu (Oε1)-32X-Asp (Oδ1)-26X-His (Nδ1)-
39X-Asp (Oδ1) (Table 2). In the presence of substrate
a second ‘catalytic’ Mn binding site is found in close
proximity to this zinc binding site. The catalytic site
appears to be occupied only when the substrate is
present suggesting the true substrate is the Mn bound
form of it. Two very similar metal binding sites are ob-
served in Streptomyces rubiginsous xylose isomerase
(Whitlow et al. 1991) although the overall identity to
rhamnose isomerase is only 13% (Korndorfer et al.
2000). Both metals are identified as Mn in the case of
xylose isomerase (Whitlow et al. 1991). The structural
site for xylose isomerase is made up of two Asp and
two Glu ligands. It may be that a site composed of
multiple Glu and Asp residues only is too flexible for
zinc and leads to weak binding constants due to fast
dissociation rates of the zinc from such sites. The usual
presence of Ca2+ and Mg2+ in such acidic ligand sites
does correlate with the weak binding constants of such
ions for protein binding sites and fast off rate constants
for such metals.

Thus far the amino acid residues Asp and Glu have
not been found in combination with Cys residues in
structural zinc binding sites. The zinc binding site
in adenylate kinases is of interest in this regard. The
Bacillus stearothermophilus adenylate kinase contains

a zinc binding site composed of four Cys ligands a in
linear 24 amino acid span (Berry & Phillips 1998). The
adenylate kinase from Bacillus subtilis also contains
a structural zinc site (Perrier et al. 1994). Sequence
alignment and mutagenic studies suggest the fourth
Cys has been replaced by an Asp residue in this struc-
tural zinc site. Based on the knowledge gained on
these systems it was also possible to genetically en-
gineer a structural zinc binding site equivalent to the
B. stearothermophilus into the E. coli adenylate ki-
nase that does not normally bind zinc (Perrier et al.
1998). The incorporation of the zinc site into the
E. coli enzyme improved its thermal stability while not
adversely affecting its catalytic properties.

Interwoven zinc binding site

An interwoven zinc site occurs in the protein kinase
C, PKC, family. In this case one zinc site is formed
from residues residing within the two long spacers of
the other zinc site. These enzymes are Ser/Thr pro-
tein kinases that depend on phospholipids and diacyl
glycerol and are known to play crucial roles in intra-
cellular signal transduction events elicited by various
extracellular signal transduction events summoned by
extracellular stimuli such as growth factors, hormones
and neurotransmitters (Quest et al. 1992) Rat brain
PKC is a zinc metalloenzyme in which zinc is bound
within the lipid binding domain (Quest et al. 1992).
NMR studies indicate that the regulatory domain of rat
PKC contains two Cys rich independent subdomains
in which two zinc atoms each are bound in a C3H
coordination (Hommel et al. 1994). This study is in
agreement with an XAFS study (Hubbard et al. 1991)
that favored 3S/1N ligand sites without bridging zinc
sites. The metal ligands from the two zinc sites are
interwoven. The ligands in site I are Cys26, Cys29,
His51, Cys54 while those in site II are His13, Cys43,
Cys46, Cys62. Thus the C2C ligation spacer of site I is
contained within the first 29 amino acid spacer of site
II while the H2C ligation spacer of site I resides within
the last 15 amino acid spacer for site II. This type of
site has been observed also in the solution structures
of Raf-1 protein kinase (Mott et al. 1996) and rabbit
PKC-α (Ichikawa et al. 1995) and the crystal structure
of the cysteine rich activator domain of murine PKC-δ
(Zhang et al. 1995). The zinc ligands are conserved in
C1 domains of protein kinases encompassing a wide
range of organisms (Hurley et al. 1997).

The role of the structural zinc sites in general is to
maintain the structure of the protein in its immediate
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vicinity. These sites can have indirect effects on activ-
ity by affecting the chemical environment of the active
center and/or influencing the alignment of active site
residues for catalysis.

Cocatalytic zinc sites

While it was known for many years that a number
of zinc enzymes required two or three metals for full
activity the location of these metals relative to one an-
other was often in debate. Prior to the X-ray structure
analyses these metal atoms were referred to as ‘modu-
lating’ or ‘regulatory’ (Vallee & Auld 1992a; 1993b).
As the first three-dimensional structures of these en-
zymes became available it became apparent that the
metals were in close proximity.

A novel feature of these sites is the bridging of two
of the metal sites by a side chain moiety of a single
amino acid residue, usually Asp and sometimes a wa-
ter molecule (Vallee & Auld 1993a). In principle any
sp2 center containing two nucleophilic atoms should
have a bridging potential. Thus the ring nitrogens of
His and the carboxylate oxygens of Asp, Glu, LysCO−

2
have been found to bridge such sites (Table 3). Such
an interaction would of course require the metals to
be in close proximity to each other. The distance be-
tween the metals in these sites depends on the bridging
amino acid. In the case of an Asp or Glu it is generally
between 3 and 4 Å apart (Table 3). In the case of His
the distance increases to about 6 Å.

There are 3 dozen representatives of this type of
zinc site with the great majority belonging to the Class
III hydrolases (Table 3). Asp and His predominate as
ligands in cocatalytic zinc sites where the frequency
is Asp ∼= His > Glu. These sites also contain unusual
zinc ligands such as amide carbonyls provided by Asn,
Gln, and the peptide backbone; hydroxyl groups from
Ser, Thr, and Tyr and the amine nitrogen of Lys or the
N-terminal amino acid of the protein. With the possi-
ble exception of the β-lactamases (see below) there are
no Cys ligands. The absence of Cys in this type of zinc
site is perhaps surprising since there are bridging sul-
fur ligands in the zinc Cys clusters of metallothionein
and fungal transcription factors such as GAL4 (Vallee
et al. 1991). The ligands to these sites often come from
nearly the entire length of the protein. The metals in
these sites may therefore be important to the overall
fold of the protein as well as catalytic function. The
ligands are often part of a β-sheet or are provided by
amino acids 1 or 2 residues before or after a β-sheet.

The bridging amino acids and H2O could have crit-
ical roles in catalysis. Thus, their dissociation from
either metal atom during catalysis could change the
charge on the metal promoting its action as a Lewis
acid or allowing interaction with an electronegative
atom of the substrate. Alternatively, the bridging lig-
and might participate transiently in the reaction as a
nucleophile or general acid/base catalyst. The flexibil-
ity of the arm supplying the bridging ligands (e.g., one
C for Asp vs 5 C/N for LysCO−

2 ) would be expected to
influence the stability and reactivity of the two metal
sites. In this manner the metal atoms and their associ-
ated ligands would play specific roles in each step of
the reaction that works to bring about catalysis.

Only a few of these sites contain only zinc ions.
Several contain zinc in combination with Cu, Fe or
Mg. Zn/Mg are seen in alkaline phosphatase and
lens aminopeptidase; Fe(III)/Zn in the purple acid
phosphatase family and Cu(II)/Zn in the superoxide
dismutase, SOD, family (Table 3).

Superoxide dismutases

This group of cocatalytic containing copper/zinc en-
zymes plays a critical role in the physiological control
of oxygen radicals by catalyzing the dismutation of the
superoxide anion into molecular oxygen and hydro-
gen peroxide (Bannister et al. 1987). There are x-ray
structures available for several eukaryotic and bacter-
ial sources of this enzyme (Table 3). This is the only
cocatalytic site that has a bridging His residue thus far.
The zinc site is composed of three His residues coor-
dinated by their Nδ1 nitrogens and the Oδ1 oxygen of
Asp81 while the Cu site has three His residues coordi-
nated by their Nε2 nitrogens and only the first by Nδ1
(His44). Coordination by Nδ1 is not often observed
in zinc sites and therefore maybe involved in fine tun-
ning the function of the zinc. The role of zinc in the
SOD family is generally considered supportive to that
of the copper which undergoes oxidation/reduction
during catalysis. However, zinc may be important
to substrate specificity. Thus the zinc deficient SOD
has been proposed to participate in both sporadic and
familial amyotrophic lateral sclerosis by an oxida-
tive mechanism involving nitric oxide (Estevez et al.
1999).

Phosphatases

Several of the zinc enzymes that catalyze phospho-
monoester hydrolysis have cocatalytic zinc sites con-
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taining two or three metal atoms in close proximity
(Tables 1 and 3). E. coli alkaline phosphatase is the
best studied representative of this group. It has a co-
catalytic zinc site in both of its subunits composed of
two zinc atoms and one magnesium that form a non-
equilateral triangle with the metals as the apices (Kim
& Wyckoff 1991). The ligands to these metals and the
adjacent amino acids are highly conserved for a large
family made up of representatives from bacteria, yeast
and mammalian sources (Vallee & Auld 1993a). One
metal site has the properties of a catalytic zinc site
being formed from two ligands, Asp327 (Oδ1) and
His331 (Nε2) supplied from a short α-helix, a third
protein ligand His412 (Nε2) supplied by a β-strand
and a water molecule (Table 1). The second zinc, Zn2,
and the Mg are bridged by Asp51 (Table 3). This was
the first zinc site where a reactant amino acid in catal-
ysis, Ser102, was found to be a ligand to a metal (Zn2)
in the resting state. The serine is reported to be bound
as an alkoxide since the oxygen-Zn distance is 1.91 Å
(Stec et al. 2000). A hydroxide bound to the Mg may
be responsible for aiding in deprotonating the zinc-
bound serine. Several other phosphate hydrolyzing
enzymes also have cocatalytic sites resembling E. coli
alkaline phosphatase (Tables 1 and 3).

A combination of X-ray crystallographic, NMR
and kinetic studies on the Cd and Co substituted en-
zymes have aided in deciphering the mechanism of
action of the E. coli enzyme (Coleman 1992; Kim
& Wyckoff 1991; Vallee & Galdes 1984). The rate
determining step is strongly pH dependent. In the alka-
line pH region the release of the non covalently bound
product phosphate (E•P → E + P) is rate limiting
while in the acidic pH region the breakdown of the
covalent phosphoryl intermediate (E-P →E•P) is pos-
tulated to be rate limiting. Ser102, a ligand to Zn2, is
the nucleophile in the first step of the reaction.

The breakdown of the Ser phosphoryl interme-
diate, E-P, is believed to be through a zinc-bound
water/hydroxide on the catalytic zinc in the proposed
mechanism. The enzyme•vanadate complex has been
proposed to mimic the transition state complex (Holtz
et al. 1999). The vanadate ion is bound in a trigo-
nal bipyramidal geometry with the active site Ser102
and water molecule in opposite apical positions. The
equatorial oxygens are stabilized by interaction with
the guanidinium group of Arg166. Mutation of the
catalytic zinc ligand, His331Gln yields an enzyme in
which the covalent phosphate intermediate can be ob-
served in the crystal structure (Murphy et al. 1997).

The structure shows the zinc-bound water on the cat-
alytic zinc is in a position for apical attack on the
Ser102 phosphoryl bond.

In the E•P complex the phosphate ion is coordi-
nated to both Zn and Zn2 and with two of its oxygens
to the guanidinium group of Arg166. The phosphate is
further hydrogen bonded to the amide of Ser102 and
a water molecule that is coordinated to the Mg (Kim
& Wyckoff 1991). Mutation of Ser102 to Gly, Ala or
Cys decreases activity 104 to 105 fold with only the
Cys mutant having an effect on the position of the
phosphate (Stec et al. 1998).

The purple acid phosphatases are a group of non-
specific phosphomonoesterases that have been found
in animal, plant and fungal sources (Klabunde &
Krebs 1997). The characteristic purple color of this
subclass of acid phosphatases comes from a Tyr
phenolate-Fe(III) charge-transfer transition at 560 nm.
The presence of Fe(III) is universally found in these
enzymes. The 35 kDa mammalian purple acid phos-
phatases, PAP, or tartrate-resistant acid phosphatases,
TRAP, contain a Fe(III)-Fe(II) iron center (Uppenberg
et al. 1999) in contrast to the Fe(III)-Zn(II) center
found in the 110 kDa kidney bean enzyme (Klabunde
et al. 1996). The Ser/Thr human protein phosphatase 1
and calcineurin also contain a very similar cocatalytic
Fe(III)-M(II) (where M is Zn or Mn) site to that of the
PAPs (Egloff et al. 1995; Kissinger et al. 1995). In this
case there is no Tyr-Fe(III) interaction but the general
ligand nature, the distance between metals, and the
presence of a bridging Asp residue, is common to all
of these enzymes (Table 3). A mechanism has been
proposed for the PAPs in which the phosphate ester
binds to the Zn (II) site and the phosphate bond un-
dergoes nucleophilic attack by an Fe (III)-coordinated
hydroxide ion (Klabunde & Krebs 1997).

Aminopeptidases

Aminopeptidases containing two metals catalyze the
hydrolysis of a wide variety of N-terminal peptides
and amino acid derivatives. These enzymes are widely
distributed in bacteria, yeast, plant and animal sources.
The structures of several aminopeptidases containing
cocatalytic zinc sites have been reported (Table 3). In
addition, a cocatalytic zinc site has also been observed
in a bacterial carboxypeptidase (Rowsell et al. 1997).

While several of the aminopeptidases have been
characterized as the zinc or cobalt complex the na-
tive metal is sometimes still in question. The E. coli
methionine aminopeptidase-1, MetAP-1, (Roderick
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& Matthews 1993), the hyperthermophile Pyrococ-
cus furiosus methionine aminopeptidase-2, MetAP-
2 (Tahirov et al. 1998b) and human methionine
aminopeptidase-2 (Liu et al. 1998) have been iso-
lated as di-cobalt enzymes. The physiological metal
for these enzymes is still not certain. Zinc works as
well as cobalt in the yeast aminopeptidase-1 (Walker
& Bradshaw 1998) and recent studies of the E. coli
MetAP-1 indicate it functions as an Fe(II) enzyme
(D’Souza & Holz 1999).

The cocatalytic zinc sites of two of the best studied
aminopeptidases, bovine lens leucine aminopeptidase
(BLAP) and Aeromonas proteolytica aminopeptidase
(AAP) differ in several details (Chevrier et al. 1996;
Strater & Lipscomb 1995). His ligands are bound to
both sites in AAP while no His residues are involved
in BLAP (Table 3). AAP uses both an Asp carboxy-
late and a water molecule as bridging ligands while
BLAP uses the carboxylate oxygens of a Glu residue,
one oxygen of an Asp residue and a bridging water
molecule. BLAP uses a Lys residue to bind Zn at the
tightly bound site. These combinations of ligands as
well as the difference in interatomic distances of the
two zinc atoms could lead to differences in the charge
on the zinc that in turn could influence catalysis. The
reader is directed to several reviews on this class of
enzymes for more detailed comments on their mech-
anism of action (Auld 2001; Kim & Lipscomb 1994;
Lipscomb & Strater 1996; Taylor 1993).

β-Lactamases

The first reported β-lactamase structure that contained
two zinc sites was for the B. fragilis enzyme (Concha
et al. 1996). This enzyme was crystallized at pH 7.0
in a 10 µM ZnCl2, Hepes buffer. It is not yet clear if
this is a true cocatalytic zinc site. If so it will be the
first cocatalytic zinc site in which there is no bridging
amino acid. The importance of the second zinc site to
catalytic activity is still not clear. The second zinc site
is not conserved in the few enzymes that have been
examined. Thus the Stenotrophomonas maltophilia β-
lactamase has no Cys in the second zinc site (Ullah
et al. 1998). The mono zinc B. cereus enzyme is ac-
tive and the Aeromonas hydrophila AE06 enzyme is
inhibited by Zn with a Ki of 46 µM (Hernandez Val-
ladares et al. 1997) while the catalytic zinc binds to the
enzyme with a dissociation constant lower than 20 nM.

The kinetic parameters for the mono and di-zinc
B. fragilis enzyme differ only slightly for 4 substrates
(Paul-Soto et al. 1998). The mutation of Cys168 to Ser

in the B. fragilis enzyme eliminates the second zinc
site (Li et al. 1999c). The kcat values for this enzyme
are reduced 140 to 1,500 fold while the kcat/Km val-
ues are reduced 970 to 3,700 fold dependent on the
substrate used (Yang et al. 1999). This reduction in
activity could be due to the loss of a residue that played
a role in the transition state in catalysis.

The mutant Cys168Ser B. cereus enzyme can bind
a second zinc weakly (Paul-Soto et al. 1999). The
results of kinetic, metal binding and XAFS studies
of this enzyme indicates the mono-zinc enzyme is
dependent on the Cys for optimal activity while the
di-zinc enzyme is not. Thus, in summation, all the
β-lactamases are dependent on the presence of one
zinc that has the characteristics of a catalytic zinc site
while the second zinc is not universally important to
the activity of the β-lactamases.

Protein interface zinc sites

Zinc may also influence the quaternary structure of
proteins. Thus zinc binding to ligands supplied from
two protein molecules at their interface contact surface
has been observed in increasing numbers in the last
few years (Auld 2001). These interactions can lead
to dimers or trimers of the same protein or link two
different proteins through the intermolecular ligands.
The amino acid residues His, Glu and Asp primarily
supply the ligands to these sites but Cys containing
sites are also found (Table 4). The ligands are gener-
ally contributed by some form of secondary structure
with β-sheets predominating. The resulting sites can
function like catalytic zinc sites as in γ -carbonic an-
hydrase (Iverson et al. 2000) or structural-like sites as
in the proposed superantigen-MHC class II complexes
(Papageorgiou & Acharya 1997) (Figure 2).

Protein interface catalytic zinc sites

The first member of the γ -class of carbonic anhy-
drases, CAM, was isolated and characterized from the
methanogenic archaeon Methanosarcina thermophila
(Alber & Ferry 1994). The trimeric enzyme catalyzes
the interconversion of CO2 and HCO−

3 with turnover
numbers about 20-fold lower than the fastest of the α-
class of carbonic anhydrases (Alber et al. 1999). Both
classes of enzymes have three histidine ligands sup-
plied by β-sheet secondary structures in the catalytic
zinc site (Tables 1 and 4). However they differ in the
length of their short spacers (one versus four). This
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Fig. 2. Protein interface zinc binding sites: γ -CA, γ -carbonic anhydrase (Iverson et al. 2000), Superantigen, staphyloccus enterotoxin C2
(Papageorgiou et al. 1995)

in turn allows the second His of the CAM enzyme
to become part of the zinc binding site in an adjacent
monomer rather than bind to its own active site zinc.
The crystal structures of the native zinc enzyme and
the cobalt substituted enzyme show the metal binding
site is formed from His81 (Nδ1) and His122 (Nε2) of
one monomer and His117 (Nε2) of another monomer
(Iverson et al. 2000; Kisker et al. 1996). In contrast to
the tetrahedral zinc site observed in the α-class of en-
zymes that have only one zinc bound water molecule
(Table 1), the zinc CAM contains two water molecules
in a trigonal bipyramidal coordination geometry while
the cobalt CAM contains three bound waters in an
octahedral geometry. Both of these crystalline geome-
tries are consistent with results obtained from XAFS
studies performed in the solution state (Alber et al.
1999).

Another remarkable catalytic zinc site is found in
human glyoxalase I where the C-terminal domain of
one monomer interacts with the N-terminal domain of
a second monomer to form two zinc binding sites at
the interface of the subunits (Cameron et al. 1997).
The active site zinc is coordinated by four protein
residues and one water molecule in a square pyrami-
dal coordination geometry. The base of the pyramid is
formed from Gln33 and Glu 99 of one subunit, Glu172
from the second subunit and a water molecule. The
apex of the pyramid uses His126 from the second sub-
unit. Such a geometry could be viewed as octahedral
with one axial ligand missing. Both EPR and XAFS

studies suggest a distorted octahedral coordination in
solution for the cobalt and zinc enzymes respectively
(Garcia-Iniguez et al. 1984; Sellin et al. 1983). The
sixth site may be a water molecule. Another remark-
able feature of this metalloenzyme is that while zinc
binds tighter than Mg (3×10−11 vs 1×10−6 M) the Mg
enzyme is fully active (Sellin & Mannervik 1984). The
octahedral metal coordination geometry and the func-
tional replacement of Zn by Mg is unusual for catalytic
zinc sites. These results raise the possibility that Mg or
another metal is the functional metal in vivo. Nickel is
believed to be the native metal in the E. coli glyoxalase
I enzyme (Clugston et al. 1998). The nickel is bound
octahedrally to His5 (Nε2) and Glu56 (Oε1) from one
monomer and His74 (Nε2) and Glu122 (Oε1) from the
other and two water molecules (He et al. 2000). Thus
the human and E. coli enzymes do not have the identi-
cal protein ligands, even while they have homologous
amino acid sequences and similar three-dimensional
structures. Structure/function studies of E. coli glyox-
alase I have shown that the nickel, cobalt and cadmium
but not zinc enzymes are active (He et al. 2000). All of
the former enzymes have an octahedral geometry as is
observed in the human enzyme while the zinc E. coli
glyoxalase I has a trigonal bipyramidal coordination.

Mutagenic studies of the zinc ligands of the hu-
man enzyme suggest that the metal ligand Glu172
may be directly involved in catalysis (Ridderstrom
et al. 1998). Thus both the E172Q and Q33EE172Q
double mutants still bind zinc but the catalytic ac-
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tivity is decreased by 105 and 108 fold, respec-
tively. Crystallographic results of the enzyme com-
plexed with a transition state analog S-(N-hydroxy-N-
p-iodophenylcarbamoyl) glutathione that mimics the
enediolate intermediate that should form along the
reaction pathway are consistent with this hypothesis
(Cameron et al. 1999a). In this structure the two oxy-
gen atoms of the hydroxycarbamoyl moiety displace
two zinc-bound water molecules that are observed in a
non-transition state complex. In addition the Glu172
carboxylate oxygen-Zn distance has increased from
2.0 Å to 3.3 Å in the complex. The zinc ion is en-
visioned to play a Lewis acid role in catalysis by
directly coordinating the enediol intermediate and the
freed zinc ligand Glu172 is proposed to facilitate pro-
ton transfer between the adjacent carbon atoms of the
substrate (Cameron et al. 1999a).

Zinc binding sites in superantigens

Staphylococcus aureus and streptococcus pyogenes
secrete a number of enterotoxins, SE and pyrogenic
exotoxins, SPE respectively. These toxins are known
as superantigens, since they simultaneously form
complexes with the major histocompatibility class II
(MHC-II) molecules and T cell receptors (TCRs) en-
abling them to activate a number of T cell lymphocytes
(Fraser et al. 2000; Papageorgiou & Acharya 1997;
Proft et al. 1999). Thus superantigens stimulate up
to 20% of the T cells while only 0.0001% to 0.001%
T cells are stimulated upon normal antigen presenta-
tion. The massive T cell activation leads to cytokine
release and systemic shock. The staphylococcal en-
terotoxins (SE) A, B, C1-C3, D and E, toxic shock
syndrome toxin (TSST-1), the streptococcal pyrogenic
exotoxins (SPE-) A, B, Cs, G, and H, the streptococcal
mitogenic exotoxins, SMEZ and SMEZ-2 are the best
structurally studied superantigens thus far (Tables 4
and 5).

Zinc is believed to be an important factor in the
mechanism of T cell activation. Thus binding of
staphylococcal enterotoxin A and enterotoxin E to
HLA-DR1 is completely abolished by low concentra-
tions of EDTA (Fraser et al. 1992). This binding is
completely restored by the addition of a 2 µM ex-
cess of Zn2+ but not by Ca2+, Mg2+ or other metal
ions. Recent studies using EDTA ± ZnCl2 show zinc
dependent binding of SPE-C, SPE-G, SPE-H and the
streptococcal mitogenic exotoxins, SMEZ and SMEZ-
2, to the MHC class II molecule HLA-DR1 (affinities
of 15 to 36 nM) (Proft et al. 1999). Based on this

criteria the superantigens, SEB and the toxic shock
syndrome toxin, TSST, do not show zinc dependent
binding to the MHC class II molecule.

The first crystal structures of the superantigens
indicated zinc could bind at the interface of two pro-
tein molecules in the crystalline state (Table 4). The
first potential zinc binding site in superantigens was
found in the cadmium substituted Staphylococcus au-
reus enterotoxin type A (SEA) that has a metal binding
site composed of Ser1, His187, His225 and Asp227
(Schad et al. 1995). The amino acids involved in
binding the Cd ion are arranged in an octahedral co-
ordination geometry. An approximate square plane
is formed from the α-amino group and γ O of Ser1,
and nitrogens of His187 and His225. Asp227 ligates
from beneath the plane and a water from above. Mu-
tations of the His and Asp ligands indicate this site
is important to the binding of MHC class II mole-
cules (Abrahmsen et al. 1995). Crystals of the zinc
containing protein revealed Zn binding between two
molecules in an asymmetric unit (Sundstrom et al.
1996b) (Table 4). In this case His187 (Nδ1), His225
(Nε2) and Asp227 (Oδ2) bind to the zinc in a tetrahe-
dral geometry. The fourth ligand is His61 (Nε2) from
a neighboring SEA molecule.

The finding of zinc binding at the interface of two
enterotoxin molecules in several of the superantigens
(Table 4) could mean that zinc influences the func-
tion by forming dimer forms of the superantigen. SED
crystallizes as a Zn2+ dependent dimer with two high
affinity zinc sites located between the C-terminal β-
sheets of the two monomers (Sundstrom et al. 1996a).
Each zinc is tetrahedrally coordinated by His118 from
one SED molecule and Asp182, His220 and Asp222
from the other. Thus in the case of SED it has been
suggested that zinc binding could induce dimer forma-
tion and each monomer could bind to the MHC class
II molecule (Sundstrom et al. 1996a).

Two distinct zinc binding sites are apparent from
the reported structures of the superantigens during the
last five years (Tables 4 and 5). Both sites contain
at least three protein ligands with each site having
short and long spacers. The third ligand comes from
the N-terminal side of the second ligand. In one case
the short spacer is one (Asp (Oδ1)-X-His (Nε2)) with
both ligands coming from a β-sheet, located in the
C-terminal side of the protein. The third ligand is ei-
ther an Asp or His residue located 33 to 39 amino
acids away. SEA (Schad et al. 1995; Sundstrom
et al. 1996b), SED (Sundstrom et al. 1996a) and SEH
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(Hakansson et al. 2000) (partial) and SPE-C (Rous-
sel et al. 1997), SPE-H and SMEZ-2 (Arcus et al.
2000) all contain this type of zinc binding site (Ta-
bles 4 and 5). The second type of zinc binding site
has a short spacer of 3 and contains two His ligands
in the N-terminal side of the superantigen with the
third ligand located 27 to 34 amino acids away. SEC2
(Papageorgiou et al. 1995), SEA (Schad et al. 1997)
(2nd Zn site) and SPEA and SPEA1 (Earhart et al.
2000; Papageorgiou et al. 1999) contain this type of
site. The fourth ligand in these sites is quite variable. It
may come from a neighboring protein molecule, from
within the same molecule or be a bound water mole-
cule. The variability in the fourth ligand could be due
to the fact that this ligand should come from the MHC
class II molecule. His81 of the β chain of the DR1
molecule has been proposed to be this ligand based
on the fact that mutation of this ligand disrupts HLA-
DR1 binding to SEA but not SEB or TSST-1 that do
not bind zinc strongly (Karp & Long 1992).

A zinc binding site at a protein interface, some-
what similar to the superantigen sites, was observed in
crystals of rat submaxillary gland tonin that had been
grown in a zinc containing mother liquor (Fujinaga &
James 1987). The zinc binds to the Nε2 nitrogens of
His97, His99 and the catalytic His57 of one molecule
and Glu148 of an adjacent one. The presence of zinc
was reported to inhibit the enzyme at pH 6.5. The
structure of the zinc binding sites in the dimeric form
of psoriasin (S100A7) also contains three His and one
Asp ligand (Brodersen et al. 1999). This 22.7 kDa
homodimeric protein belongs to the S100 class of cal-
cium binding EF-hand proteins. Two zinc binding sites
occur per dimer through the formation of a tetrahe-
dral site consisting of the N-terminal His17 (Nε2) and
Asp24 (Oδ1) of one monomer and His86 (Nε2) and
His90 (Nε2) of the other. This binding site is appar-
ently weak since it is reported to have a dissociation
constant of 100 µM.

Zinc-His/Glu sites at protein interfaces

There are several His/Glu combinations that lead to
zinc binding at the interface of proteins (Table 4). In
crystals of the high molecular weight form of nerve
growth factor, 7S NGF a zinc is tetrahedrally bound
between His82 (Nε2) and Glu75 (Oε1) of the α-
subunit and His217 (Nε2) and Glu222 (Oε1) of the
γ -subunit (Bax et al. 1997). The binding of zinc to this
interface is consistent with the observation that zinc
enhances the stability of the 7S complex.

A number of these zinc sites are symmetry related.
Thus zinc binds between Glu139 (Oε1) and His178
(Nε2) in one molecule of the asymmetric crystal unit
of the 4 phenylimidazole-bound Sulfolobus solfatari-
cus cytochrome P450 and their symmetry residues in
another molecule (Yano et al. 2000). The functional
importance of a dimer and zinc’s contribution to its
stability is not known. However no zinc was added
in the crystallization procedure. A His/Glu site with a
short spacer of 3 is observed in the dimer interface of
mouse survivin (Table 4) (Muchmore et al. 2000). The
human survivin does not form a similar intermolecular
zinc site (Verdecia et al. 2000).

An asymmetric dimer observed for human inter-
feron β, huIFN-β, is obtained under conditions where
no zinc is added to the crystallization buffer (Kar-
pusas et al. 1997). His ligands 93(Nε2) and 97(Nε2)
reside on an α-helix in one monomer. The second
monomer provides His121 (Nε2) and a water mole-
cule to complete the 4-coordinate zinc site. However
gel permeation experiments in the presence of zinc do
not show any evidence of a dimer in solution. The
dimers form in the crystal on contact surfaces oppo-
site to those found in the IFN-α2B crystal structure.
The residue Glu43, which H-bonds to zinc ligand
His121 has been identified as part of the binding site of
monoclonal antibodies (Redlich & Grossberg 1990).
The presence of zinc might therefore modulate this
interaction.

High zinc concentrations are used in the crystal-
lization procedure in some of these cases making it
more difficult to ascertain physiologically significance
of the site. Thus crystals of the human interferon-
α2B dimers, huIFN-α2B, obtained in the presence of
40 mM zinc acetate (Radhakrishnan et al. 1996),
show that the most extensive interactions occur in the
vicinity of the zinc binding site. This site is formed
from adjacent Glu residues 41 and 42 located on a
310 helix. A distorted tetrahedral zinc coordination
sphere is completed by the identical glutamates from a
2-fold symmetry related molecule. However, gel per-
meation studies indicate huIFN-α2B is a monomer up
to 50 µM and the presence of 1 mM Zn does not shift
the equilibrium toward a dimer (Radhakrishnan et al.
1996).

A tetrahedral zinc binding site is observed in the
crystal form of the E. coli signal transducing protein
PTS IIAGlc (Feese et al. 1997) and in its complex with
glycerol kinase (Feese et al. 1994). In both cases the
signal transducing protein supplies two His residues
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with a spacer arm of 14 and the third Glu ligand comes
from either a neighboring molecule in the crystal or
the glycerol kinase. The fourth ligand in both cases
is a water molecule (Table 4). The site is said to be
geometrically equivalent to the zinc binding site in
thermolysin (Table 1). If this site contained a suitable
acid/base catalyst it might display hydrolytic activ-
ity. Although the biochemical effect of 0.01 mM zinc
on the inhibition of glycerol kinase by PTS IIAGlc

has been demonstrated, the physiological role for zinc
ions in PTS and protein interactions remains to be
established (Feese et al. 1997).

Zinc-Cys protein interface sites

While His, Glu and Asp appear to be the predominate
residues in forming these protein interface sites, Cys
containing sites are also observed. A novel Cys site is
found in the nitric oxide synthase enzymes (Table 4).
In endothelial nitric oxide synthase, eNOS or NOS-
3, a zinc ion is tetrahedrally coordinated to pairs of
symmetry-related Cys residues near the bottom of the
dimer interface (Raman et al. 1998) (Table 4). The
Cys ligands, Cys96 and Cys101, are part of a small
three-stranded antiparallel β-sheet that orientates the
Cys ligands in the same direction directly across the
antiparallel strands. The zinc site is further stabilized
by H-bonds between the Cys ligands and the back-
bone amide NH of Leu102 and Gly103 as well as a
H-bond of the amide NH of Cys101 to the carbonyl
of Asn468. The zinc is positioned equidistant from
each heme (21.6 Å) and each tetrahydrobiopterin, H4B
(12 Å). Ser104, 2 amino acids removed from one of
the Cys ligands, H-bonds directly to the pterin side
chain hydroxyl group. The metal center is believed to
act in a structural capacity to maintain the integrity of
the pterin-binding site. It is also centered in the most
electropositive region of eNOS. It could therefore pro-
vide a binding site for the electronegative reductase
domain. In addition, if one of the Cys ligands has
nucleophilic capacity it could undergo S-nitrosylation
(Stamler 1994). A precedent for this is the DNA repair
protein Escherichia coli Ada in which a zinc bound
Cys can be methylated irreversibly in the DNA com-
plex (Myers et al. 1994). The nitrosylated Cys might
then release zinc which may be controlled by the redox
status in situ (Maret & Vallee 1998).

The crystal structure of the E. coli expressed hu-
man endothelial, eNOS, and the inducible form iNOS
or NOS-2 also have this same zinc binding site (Fis-
chmann et al. 1999). An independent study of human

iNOS expressed in E. coli found the zinc site was not
present after refolding (Li et al. 1999b), similar to an
earlier study on the murine inducible, iNOS or NOS-2,
where a disulfide was found (Crane et al. 1998). How-
ever in the presence of zinc and reducing agents the
Zn(Cys)4 site readily formed (Li et al. 1999b). These
Cys residues are conserved in 20 mammalian e, i and
n NOS enzymes suggesting the site may occur in all
forms of NOS (Raman et al. 1998).

A highly conserved zinc protein interface Cys/His
site occurs in the N-terminal, cytoplasmic tetramer-
ization domain (T1) of voltage-gated K+ channels
(Bixby et al. 1999). The crystal structure of the Shaw
T1 tetramers reveals a four-layered protein scaffold-
ing. Within layer 4 on the proposed membrane side
of the tetramer, there are 4 zinc ions coordinated by
a His and two Cys from one monomer and one Cys
from another. The zinc is tetrahedrally coordinated by
Cys102 and Cys103 from layer 4 and His75 (Nδ1)
from layer 3 of one monomer and Cys81 from layer 3
of another monomer. This site (CysCysX20CysX5His
of one monomer) is conserved for 62 members of the
Shaw, Shab and Shal T1 domain sequences but not
for the Shaker T1 domain (Bixby et al. 1999). The
physiological function of this zinc site is unknown.

The apoptosis-inducing ligand 2 protein (Apo2L
or TRAIL), a member of the trimeric tumor necrosis
factor (TNF) superfamily, is a type-II transmembrane
protein that can be cleaved at the cell surface to form a
soluble protein (Mariani et al. 1997). The cell killing
properties of these cytokines have made them partic-
ularly attractive for the design of drugs that might
selectively kill tumor cells. Recent structural studies
of Apo2L revealed a homotrimeric protein with a zinc
ion binding at the interface of the three monomers to
three symmetry-related Cys ligands, one each from the
three monomers (Hymowitz et al. 2000). The fourth
ligand appears to be a solvent molecule, possibly chlo-
ride. Removal of the bound metal by dialysis against
chelating agents or replacement of the Cys by Ala re-
sults in about a 100-fold decrease in apoptotic activity.
Further studies show that the zinc is important to the
stability of the native protein. Other members of the
TNF superfamily do not have this zinc binding site.
The Apo2L appears to be unique among TNF-related
cytokines in that it selectively induces apoptosis in tu-
mor cells while not affecting normal tissue (Hymowitz
et al. 2000). The relationship of this specific activity
and the unique zinc binding site is not known.
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The antibiotic-like protein colicin E3 of E. coli acts
as an RNase that specifically cleaves 16S rRNA (Li
et al. 1999a). E. coli is protected from the action of this
enzyme by forming a tight complex with an immunity
protein, Im3. The crystal structure of Im3 shows the
residue that is considered the most important determi-
nant to the formation of the colicin complex, Cys47
is bound covalently to zinc at the interface of two
monomers. It is unclear at present whether this zinc
mediated dimer of Im3 has biological significance.
However if the zinc concentration in E. coli should
allow this zinc mediated dimer of Im3 to form it would
negate the protective action of Im3 inactivating the
host colicin E3.

Zinc binding sites in other proteins

Structural studies in recent years have revealed a num-
ber of zinc binding sites in proteins of diverse function.
In compiling Table 5 the large number of identified
DNA binding transcription factors or zinc fingers is
purposely left out since they have been reviewed in
detail elsewhere (Berg & Shi 1996; Klug 1999; Laity
et al. 2001; Mackay & Crossley 1998).

The great majority of these zinc sites are formed
from four protein side chain ligands to yield a tetra-
hedral binding site (Table 5). Their function may
therefore be related to the local and/or overall struc-
ture since the sites span from 22 to 227 amino acids.
The vast majority of the sites contain at least one short
spacer. The residues generally are supplied from β-
sheets or reside within one or two residues of such a
secondary structure (Table 5). The amino acids, His
and Cys, are the predominate suppliers of ligands but
several sites are made up of combinations of His, Asp
and Glu residues.

A zinc binding site containing His and Asp ligands
was recently discovered in the crystalline state dimers
of the 20-kDa human endostatin, the angiogenesis
inhibitor, that is produced by proteolytic processing
of the C-terminal globular domain of the collagen-
like protein XVIII (Ding et al. 1998). The tetrahedral
zinc site is formed by His132 (Nδ1), His134 (Nε2),
His142 (Nε2) and Asp207 (Oδ1) (precursor protein
numbering) (Table 5). Atomic absorption spectrome-
try indicates this site also exists in the solution state of
human and mouse endostatin. No dimer contacts are
observed in the crystalline form of mouse endostatin
(Hohenester et al. 2000). However two mouse crystal
forms are obtained which bind zinc in the N-terminal

region of the protein but with different ligand compo-
sitions. One crystal form uses the same zinc ligands as
the human endostatin while the other form substitutes
Asp136 for His132, and retains His134, His142 and
Asp207 as the other ligands. The effects of mutating
either His132 or Asp136 or both on zinc binding to
the protein are consistent with the different zinc bind-
ing modes. Thus mutants His132Ala and Asp136Ala
still bind zinc while the double mutation does not. In
addition mutation of Asp207Ala leads to loss of zinc
binding. A number of conditions are different (pH,
PEG types, presence or absence of oligosaccharide
and zinc) in the production of the two crystal forms
(Hohenester et al. 2000). It is not known whether any
one of these conditions alone could account for the
different zinc binding modes. Since the site is im-
mediately adjacent to the precursor cleavage site the
zinc may be involved in the antiangiogenic activity
of endostatin or regulation of it (Ding et al. 1998).
However, the structural diversity observed in the zinc
binding site has led to the conclusion that zinc is not
likely involved in the anti-tumor activity of the protein
(Hohenester et al. 2000).

A somewhat similar His/Asp zinc binding site is
conserved in the thermoacidophilic archaea ferredoxin
family where the zinc is tetrahedrally bound to His16,
His19, His34 and Asp76 (Iwasaki et al. 1997). This
zinc site is found in the unusually long N-terminal ex-
tension region of these proteins that at present has no
known function.

Both the periplasmic zinc binding protein TroA
from the human parasite Treponema pallidum (Lee
et al. 1999) and pneumococcal surface antigen PsaA
(Lawrence et al. 1998) contain zinc sites that span
a great distance in the protein (Table 5). These sites
are very similar. The bound zinc ion is coordinated
by the Nε2 nitrogens of His68, His133, His199 and
both oxygens of Asp279 in TroA and His67 (Nε2),
His139 (Nε2), Glu205 (Oε1) and one oxygen of
Asp280 (Oδ1) in PsaA. The resulting coordination
geometries are described as tetrahedral for PsaA and
distorted square pyramidal in TroA due to the inter-
action of both oxygens of Asp279. The apex of the
pyramid is occupied by the nitrogen of His199 while
the other His ligands and the two oxygens of Asp
279 make up the square plane. These metal-binding
proteins are believed to be the ligand binding com-
ponent of an ATP-binding cassette (ABC) transport
system (Lee et al. 1999). The function of the proteins
is presumed to be similar to that of members of the
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periplasmic ligand-binding protein (PLBP) family that
function as ligand binding receptors for active trans-
port and chemotaxis. However these proteins do not
have the flexible interdomain β-strands of the PLBPs.
An argument has been proposed for a more rigid hinge
(in this case a backbone α-helix) if the purpose of
these proteins is ‘small’ metal ion transport (Lee et al.
1999). Thus since the free energy of zinc in solution
and bound to a protein is considered to be small (Lip-
scomb & Strater 1996), the binding of zinc to a protein
can not incur the large entropy changes that would be
associated with the ordering of a very mobile hinge
region.

The steroid-binding specificity of the human sex
hormone-binding globulin may also be influenced
through a zinc binding site (Avvakumov et al. 2000).
In this case zinc binding to both oxygens of Asp65,
His83 (Nε2) and His136 (Nε2) prevents Asp65 from
interaction with steroid 17β-hydroxyl group and fur-
ther disorders the binding site. Since this site is
observed when soaking the crystals with 2.5 mM
ZnCl2 further experiments are needed to evaluate the
physiological significance of this finding.

A number of multi Cys zinc binding sites, several
of which contain one or two His ligands, have also
been reported. Survivin is a relatively small, 16 kDa,
protein that is an inhibitor of apoptosis, IAP. Both the
human and mouse proteins contain a zinc binding site
in the N-terminal, BIR-like (baculovirus IAP repeat)
domain (Muchmore et al. 2000; Verdecia et al. 2000).
Survivin as well as caspase-3 localize to the micro-
tubule organization centers during mitosis (Verdecia
et al. 2000). The zinc binds to Cys57, Cys60, His77
(Nε2) and Cys84 in both human and mouse proteins.
No direct interaction of this region with caspase-3 is
observed (Verdecia et al. 2000). However since free
zinc inhibits caspase-3 with a Ki less than 10 nM
(Maret et al. 1999) the effect could be indirect if
some agent should cause release of the zinc from the
survivin protein. Survivin’s high expression in a num-
ber of malignant tissues makes it a novel target for
cancer therapy (Verdecia et al. 2000). A somewhat
similar zinc binding site (in terms of spacing, Table 5)
has been proposed by a NMR structural analysis of a
Xenopus nuclear factor XNF7 regulating early Xeno-
pus development (Borden et al. 1995). In this case the
zinc is bound to Cys6, His9 (Nε2), Cys28 and His34
(Nε2).

Zinc binding sites of varying length (Table 5)
that are likely involved in protein structure are found

in the ARF-GAP domain of the PYK2-associated
protein (Mandiyan et al. 1999), the Thermus ther-
mophilus ribsome proteins (Hard et al. 2000; Wim-
berly et al. 2000), and the cysteine-rich domain of
the E. coli chaperone protein DnaJ (Martinez-Yamout
et al. 2000).

Some zinc sites have evolved to perform some un-
usual functions. In response to the threat posed by
aberrant methylation of DNA, organisms express pro-
teins that recognize and repair the resulting lesions
(Lindahl 1993). Studies of how the DNA repair pro-
teins might function have revealed a unique function
of zinc. The solution structure of the DNA methyl
phosphotriester repair domain of E. coli Ada contains
a zinc bound to Cys38, Cys42, Cys69 and Cys72 (My-
ers et al. 1994). The acceptor residue of the repair
protein appears to be the zinc-ligated Cys69. Since
this is an irreversible transfer the protein performs
a suicide role. Upon methyl transfer, Ada acquires
the ability to bind to a DNA sequence-specifically
and thereby induce genes that confer resistance to
methylating agents (Myers et al. 1994).

A zinc binding site in the E. coli threonyl tRNA
synthetase is also a unique zinc site not seen in any
of the other synthetase family members. In this case
the zinc binds in the active site to Cys334, His385
(Nε2), His511 (Nδ1) and a water molecule (Sankara-
narayanan et al. 1999). The zinc ion is directly
involved in the threonine recognition/discrimination.
Upon binding threonine the zinc coordination changes
from tetrahedral to a square pyramidal pentacoordi-
nate intermediate by replacing the zinc bound water
with both the amino and side chain hydroxyl groups of
threonine (Sankaranarayanan et al. 2000). This bind-
ing mode permits other H-bonding interactions with
amino acid residues in the active site. Amino acid
activation experiments show no activation with the
isosteric valine and a 1000-fold decreased activation
with serine.

Support structure of zinc binding sites

The secondary support and scaffolding in combination
with the direct ligands of the zinc allows fine tuning of
the role of the zinc and its neighboring amino acids in
the function of the enzyme. The following of observa-
tions are made about the structural properties of zinc
binding sites observed in enzymes and other biological
zinc sites (Tables 1–5): (1) Nearly all the sites contain
at least one secondary structural element; (2) β-sheets
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supply ligands to a wide variety of zinc binding sites;
(3) Ligands frequently come from the first, last or 1
or 2 amino acids before or after a β-sheet or α-helix.
This may allow more flexiblity in forming the zinc
site. (4) Small loop regions (≤ 5 amino acids) between
two types of secondary structure can also supply the
ligands; (5) Short spacers of one generally use a β-
sheet to supply the ligands while a spacer of three uses
an α-helix; (6) An α-helix is used to supply the short
spacer ligands most frequently in hydrolytic enzymes
(in particular the metalloproteases). Overall this sug-
gests that the stability of biological zinc sites requires
some form of secondary structural support. However,
the fact that short spacers are supplied by a variety
of support types indicate this maybe one level of fine
tuning the functional properties of such sites.

The stability and the function of the metal site is
also likely influenced by the second shell of residues
in the vicinity of the metal binding site. The secondary
interactions of the ligands with hydrogen-bonding
groups of the side chain groups of the amino acid
residues or the carbonyl oxygen of the back-bone
peptide chain may be critical to the formation and sta-
bilization of the zinc sites containing oxygen, sulfur
and nitrogen ligands. Comparative structural studies
of four of the first known zinc enzymes, carbonic an-
hydrase, carboxypeptidase A, alcohol dehydrogenase
and thermolysin led to the identification of carbonyl
and carboxyl ‘orienters’ (Argos et al. 1978).

The interaction between a carboxylate anion ori-
enter and a zinc-ligated histidine could have multiple
effects on the reactivity and stability of the zinc site.
Thus the negatively charged carboxylate could reduce
the charge on the zinc which in turn could fine-tune
the ability of the zinc to act as a Lewis acid or make
it more difficult for zinc bound water to ionize. On the
other hand the interaction would place constraints on
the rotation of the His residue and might thus make
zinc bind tighter and/or distort the geometry of the
zinc site. Recent studies have shown some agents such
as the drug D-pencillamine can facilitate the release
of zinc, likely by disrupting stabilizing interactions
between orienters and ligands (Chong & Auld 2000).
Examination of the effect of the orienters or indirect
ligands on catalysis has been most thoroughly exam-
ined in the carbonic anhydrase α-class of enzymes
(Christianson & Cox 1999; Christianson & Fierke
1996). In addition the local environment provided by
highly conserved residues surrounding the zinc and its
ligands will likely be important to the function and

stability of the zinc site. In the case of carbonic an-
hydrase, conserved hydrophobic residues are believed
to be important to positioning the zinc ligands in a dis-
torted tetrahedron (Hunt et al. 1999). The surrounding
amino acids may also influence the off rate constants
for the metal, thus influencing the stability of the metal
site.

Concluding remarks

Information on zinc binding sites in metalloenzymes
and related proteins has become increasingly available
as the interest in how zinc affects biological function
has accelerated. This is particularly apparent over the
last decade. Zinc binding site motifs can be highly
conserved, not only in the identity of the ligands and
their spacing but in the neighboring amino acids in the
linear sequence. This leads to the formation of a family
of zinc enzymes that may have a similarity in their
overall primary structure (sometimes low) and some
biological function in common.

The availability of structural standards of reference
for the types of zinc sites coupled with prediction of
protein sequences from DNA sequencing has resulted
in an explosion of information on potential biological
zinc sites. In 1992 the number of zinc enzymes was
estimated to be 300, based on the original criteria of
determining the metal content and its relationship to
the function of an enzyme (Vallee & Auld 1992a). If
one now broadens the definition of zinc enzymes to
include those proteins who likely will bind zinc due to
the presence of zinc binding motifs found in zinc ref-
erence sites the number of zinc enzymes will be in the
thousands. Thus the number of zinc proteases based
on this criteria has increased from about 100 in 1989
to 2,169 (Barrett & Rawlings 2001) in March 2001.
As the number of sequenced genomes increases this
number will also increase. Of course the number of
unique functional zinc sites that is used by the majority
of species and phyla should be much smaller.

The challenge still remains to understand how
these zinc sites function in detail. Future mechanis-
tic studies of zinc metalloenzymes will continue to
benefit from a combined use of structural, mutagenic,
and transient state kinetics approaches to examine the
system. Analyses of zinc proteins using methods that
give both global structural information (e.g., X-ray
diffraction and NMR) and dynamic local structural
information (e.g., electronic absorption, XAFS and
NMR) performed on specifically modified enzymes is
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beginning to reveal the manner in which the protein
modulates the zinc to achieve both catalytic efficiency
and specificity. These studies have established zinc
as an integral component of numerous functional pro-
teins involved in a multiplicity of tasks, thus account-
ing for its fundamental role in metabolism, growth and
development.

There are likely a number of features that zinc pos-
sesses that make it suitable for such a wide variety of
functions. Chief among this is the fact that it is a stable
metal ion species in a biological medium whose redox
potential is in constant flux. The filled d-shell of zinc
prevents it from undergoing oxidation or reduction in
contrast to some of its neighboring transition metal
ions such as Cu and Fe where their oxido-reductive
properties are essential to their function (Vallee &
Auld 1992b). Redox changes in neighboring transition
metals are major sources of change in coordination
geometry and rate of ligand exchange. Zinc is ampho-
teric, existing in both hydrate and hydroxide forms
even at neutrality. It has Lewis acid properties. It
ligates nitrogen and oxygen compounds as readily
as sulfur. While zinc can have coordination numbers
from 2 to 8 in zinc complex ions, 4, 5 and 6 are most
frequently found in biological systems. Its stereo-
chemical flexibility likely contributes to catalysis since
it can transiently accept different coordination geome-
tries without impeding catalysis. This property allows
expansion of the coordination sphere of the zinc at one
step of catalysis and its contraction at another step.

Beyond the challenge of how zinc functions in de-
tail in any given protein is the goal to understand how
it is delivered and removed from proteins in vivo. The
next frontier will likely begin to bring answers to how
zinc is stored, transported and distributed and how
does it influence the earliest stages of development.
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