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Zinc: Biological Functions and Coordination Motifs
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Early attitudes regarding the presence and role of
metals in the structure and function of enzymes
markedly influenced the evolution of an understanding
of their mechanisms. On the basis of the presence of
an iron-porphyrin in peroxidase and that enzyme’s
unusual resistance to hydrolysis by trypsin, Willstatter!
asserted that enzymes essentially are metalloporphyrin-
like,>* a view which proved erroneous. Sumner dem-
onstrated that urease is a protein.® However, the
ensuing inference that enzymes do not contain metals
essential to their function also proved flawed. In point
of fact, urease itself was ultimately found to be a nickel
enzyme.’ Thus, the somewhat atypical characteristics
of the particular enzymes studied by Willstédtter and
Sumner fueled a noisy scientific controversy, and the
prolonged and bitter debate did not encourage third
parties to help settle it through a broadening of the
database which would have allowed valid generaliza-
tions then. Enyzmes are now generally accepted to be
proteins though even that is now too narrow a definition
considering the emerging body of knowledge on RNA
and catalysis; while the majority of enzymes contain
neither porphyrins nor metals, a significant number
do.

Much time elapsed before many and highly purified
enzymes became available and the roles of metals and/
or metalloporphyrins in their catalytic mechanism could
be studied. This delay was exceptionally long in the
study of zinc enzymes. The metalloproteins which
contain the intensely chromophoric metalloporphyrins
and transition metals attracted attention to them-
selves—in sharp contrast with those containing colorless
zinc atoms. The biological chemistry of zinc, its
complexes with proteins, and the development of
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instrumental analytical methods critical to its identi-
fication were long delayed relative to that for, e.g., iron
and copper coordination complexes. Similarly, the
technical means to establish its presence in and selective
binding to enzymes were developed only very slowly.

The remarkable progress in the development of
procedures for the isolation and characterization of
proteins, and the billionfold lowering of the limit of
detection of zinc by atomic absorption spectroscopy
during the last thirty years, has led to the identification
of zinc enzymes in large numbers. Among the metal-
loenzymes they now, in fact, constitute the largest
category.”® Biology has evolved very varied motifs of
zinc—protein coordination complexes which stabilize
their structures and conformations to serve in both
enzyme function and the expression of genetic messages.
Motifs for each of these have been defined and are
distinctive.

X-ray diffraction structure determination of both zinc
complex ions and enzymes now provides absolute
structural standards of reference for the identity and
nature of zinc ligands in proteins. Seventeen zinc
enzymes belonging to IUB classes I-IV provide un-
ambiguous details and virtually conclusive data which
identify both their zinc ligands and coordination
geometries for the three types of zinc motifs that have
now been recognized: catalytic, structural, and
cocatalytic.®1! These structure determinations serve
as standards of reference for other enzymes with similar
functional characteristics in families of both identical
and closely related enzymes from many different
species. Both their structural identities—or the
converse—and conformations of their active and struc-
tural enzymatic site zinc ligands can be recognized by
comparing their amino acid sequences with those of
the enzymes whose three-dimensional structures were
determined.

The magnitudes of stability constants of bidentate
zinc complex ions led to the attribution of sulfur donors
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Table I. Zinc Ligands and Their Spacing for the Catalytic Zinc Sites®
enzyme L, X L, Y Ls Z L

class I

alcohol dehydrogenase Cys, 20 Hisg 106 Cys.(C) H0
class III

B-lactamase His 1 His 121 His(C) H;0

adenosine deaminase His 1 His 196 His(C) H;0

DD-carboxypeptidase His, 2 His 40 His,(N) H:0

astacin His, 3 His, 5 His(C) H0

carboxypeptidase A His, 2 Glu, 123 Hisgg(C) H0

carboxypeptidase B His 2 Glu, 123 Hisgg(C) H0

thermolysin His, 3 His, 19 Glu,(C) H:0

B. cereus neutral protease His, 3 His, 19 Glu,(C) H:0

P. aeruginosa elastase His, 3 His, 19 Glu,(C) H:0

phospholipase C Glu, 3 His, 13 His,(N) H,0

nuclease P1 Asp, 3 His, 12 Hisg(N) H:0

alkaline phosphatase Aspg 3 Hisg 80 Hisgg(C) H:0
class IV

carbonic anhydrase I Hisg Hisg 22 Hisg(C) H0

carbonic anhydrase II Hisg Hisg 22 Hisg(C) H;0

¢ X is the number of amino acids between L; and Lg; Y is the number of amino acids between L; and its nearest zinc ligand neighbor. L
is contributed by either the amino (N) or the carboxyl (C) portion of the protein with respect to Li. The subscripts «, 8, and « refer to the
a-helix, B-sheet, or reverse turn structure which supplies the ligand. No structural information is given for the §-lactamase or adenosine

deaminase.

as those which should be selective for zinc binding at
enzyme activesites.!> However, since then, examination
of multidentate models has shown that both the
imidazolyl nitrogen of histidine and the carboxyl and
carbonyl oxygens of glutamic and aspartic acids are as
effective in zinc complex ions and enzymes as the
sulfhydryl group of cysteine.

Catalytic Zinc Sites

Ligands to Zinc. Three His, Glu, Asp, or Cys
residues provide zinc ligands for all known enzyme
catalytic zinc sites (Table I). HyO is the fourth and
universal ligand, but histidine is by far the most frequent
amino acid among the catalytic site residues. Three
histidines are typical of the lyases human carbonic
anhydrases I and II;'3!4 the hydrolase Bacillus cereus
B-lactamase;'® the DD-carboxypeptidase of Strepto-
myces albus G;'® adenosine deaminase;!” and astacin.!8:1°
Two histidines are characteristic of the hydrolases
bovine carboxypeptidases A and B;22! thermolysin, the
neutral protease of Bacillus thermoproteolyticus;? B.
cereus neutral protease;?® Pseudomonas aeruginosa
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Figure 1. Schematic of the activation of H;Q in catalytic zinc
sites. S, substrate; B, base.

elastase;?* and the catalytic-like zinc sites of the
phosphate-metabolizing multi-zinc enzymes B. cereus
phospholipase C,? Penicillium citrinum nuclear P1,2
and Escherichia coli alkaline phosphatase.?’” The
catalytic zinc site of alcohol dehydrogenase is the only
one so far where there is only one histidine;? it is also
unique among these enzyme active sites, where two
cysteines participate. Glutamate is the oxygen donor
in six and aspartate in two of these enzymes. Overall,
zinc prefers the imidazolyl nitrogen by far in its catalytic
sites; this finding is at variance with earlier suppositions.

Activation of H;0. The fourthligand (L) of active-
site catalytic zinc atoms, H20, is not solely a critical
feature but likely the very objective of this motif’s design
through its activation by ionization, polarization, or
displacement (Figure 1). 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 its displacement results in Lewis acid
catalysis on the part of the catalytic zinc atom. The
structure of the active site implies that both the identity
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of the three protein ligands and their spacing underlie
mechanistic pathways to activate water, determining
details of the ensuing catalytic reactions accomplished
in conjunction with other active-site residues. Thus,
carbonic anhydrase converts carbon dioxide into bi-
carbonate. The three His ligands readily allow for-
mation of zinc hydroxide, which can then add OH- to
CO; to form HCO;~. Hydrolytic enzymes such as the
metalloproteases, thermolysin, and carboxypeptidase
A need to both add hydroxide to the carbonyl group of
the peptide amide bond and protonate the departing
amine group. These enzymes employ two His and one
Glu as ligands, thus reducing the charge on the zinc
and retarding the ionization of the zinc-bound H:O.
However, there also is an adjacent ionized Glu residue
which can H-bond to the metal-bound water, thus
activating it by polarization. The resultant complex
can be thought of as a protonated carboxyl group
hydrogen-bonded to the zinc hydroxide. This adduct
can thus be viewed as providing both hydroxide and a
proton during the cleavage of the amide bond. In the
case of alcohol dehydrogenase, the zinc function needed
is that of a Lewis acid since the adjacent coenzyme,
NADH, provides the hydride to the substrate aldehyde
carbonylgroup. The presence of two negative cysteinyl
ligands should retard the formation of zinc hydroxide
and allow the ready displacement of the zinc-bound
water. Thelarge polarizable nature of the sulfur ligands
should still allow the zinc to act as a Lewis acid. Thus
the amino acid ligands, their spacing in the protein
sequence (see below), and the vicinal properties of the
active center created by protein folding are critical for
the mechanism of action of each particular enzyme.

Short and Long Spacers. The regularity of amino
acid spacing between the ligands of catalytic zinc atoms
is striking.1%% In 14 out of the 15 enzymes listed,
“short” spacers, consisting of from 1 to 3 amino acids,
separate the first two ligands, L, and Lo (Table I).
Apparently, when properly oriented, L; and Lo can form
a bidentate zinc complex. It is equally characteristic
that a “long” spacer, 5-196 residues long, separates L;
from either L; or Ls, generally in the C-terminal end
of the protein. This long spacer arm could contribute
to the induction of the active catalytic site, substrate-
binding groups, and hydrogen bonds to form the active
center. Remarkably, short and long spacers charac-
teristic of the catalyticsites of mono-zinc enzymesrecur
in coactive zinc—metal bridges (see below and Table
ID.

The long spacers intervening between the residues
that bind the catalytic zinc atoms imply a much more
flexible coordination geometry of the active-site com-
plex than that which is characteristic of structural zinc
sites; there the interligand distances are relatively short,
as might be consistent with the possibility that zinc
stabilizes both overall protein structure and/or local
conformation. Seemingly, the multiplicity of possible
coordination numbers combined with the adaptability
of zinc geometries can alternately impart local, struc-
tural, and functional rigidity or flexibility. On the one
hand, this could poise the zinc atom for catalysis,
creating an entatic state susceptible to change through
substrate and/or product interactions during cataly-
8is.21% On the other, such adaptability could generate
multiple conformational states which would both
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suitably align and organize those amino acid side chains
and hydrogen bonds that participate in the catalytic
process and substrate binding as well as accommodate
an outer-sphere ligand whose coordination might ac-
tivate water. Flexible zinc coordination could thus
prove instrumental to the induction of conformationally
“elastic” substrate-binding pockets which would have
catalytic potential. Thus, differences in spacer lengths
might be determinants of substrate specificity, the
functions of water, and the details of catalytic mech-
anisms 92

Secondary Structure. The zinc binding sites
frequently have an a-helical or §-structural region of
the protein that supplies the zinc ligands of the catalytic
zinc sites (Table I). The length of the short spacer
conditions the support structure. Thus, in carbonic
anhydrase the short spacer consists of but one amino
acid. As a consequence, the ligands are provided by
the same side of the 3-sheet. In contrast, when the
spacer consists of three amino acids, as in thermolysin,
an a-helix support structure becomes feasible and
juxtaposes the ligands in an orientation suitable to
establish a tetrahedral-like coordination sphere.

These structural features of zinc metalloenzymes
further call attention to the importance of protein
folding and conformation, which are the basis of and
maintain the structure and function of proteins. In
zinc enzymes, the primary and secondary structure
enveloping the short and long spacer arms might contain
information on and give directions to the creation of
zinc complexes with suitable coordination geometries
and numbers. Zinc, and perhaps other metals, may in
fact turn out to monitor and probe the folding process.

Such considerations will no doubt bear on the design
and synthesis of enzyme model systems. Overall, the
catalytic potentials of zinc enzymes seem closely related
to the nature of the short and long amino acid spacers
and the environment that they create for metal ligands.
Their incorporation into synthetic designs should reflect
the potentials of catalysis and specificity inherent in
zinc enzymes.

Structural Zinc Sites

The structural zinc atom of equine alcohol dehy-
drogenase is bonded to four cysteines,? as is the case
for zinc in the regulatory subunit of aspartate carbam-
oyltransferase.®® Inthelinear sequence these cysteines
are close to one another, separated by 2, 2, and 7 or 4,
22, and 2 amino acids, respectively.

For both ADH and ATCase the zinc is tetrahedrally
coordinated to the four cysteines, preventing access of
water or substrate to its coordination sphere. The role
of the zinc in both instances cited apparently is to
maintain the structure of the protein in its immediate
vicinity. The effects of zinc in a structural site might
be comparable to those of disulfide bonds and/or
calcium. The predominance of sulfur ligands in these
sites is in agreement with earlier views from both
inorganic and geochemistry for predilection of zinc for
sulfur ligands.

(29) Vallee, B. L.; Auld, D. S. FEBS Lett. 1989, 257, 138.
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C.; Lipscomb, W. N. J. Mol. Biol. 1982, 160, 219.



546 Acc. Chem. Res., Vol. 26, No. 10, 1993

Figure 2. Schematic of the cocatalytic zinc site of nuclease P1.

Cocatalytic Zinc Sites

We have named a third type of zinc enzyme binding
site cocatalytic or coactive.13132 Its characteristics
emerge from inspection of the X-ray structure of the
multi-zinc enzymes which have been determined thus
far. Cocatalytic zinc binding sites occur in enzymes
that contain two or more zinc atoms in close proximity
to one another. Together they operate as a catalytic
unit. X-raystudiesreveal thatinsuchzincsitesasingle
amino acid residue, either Asp or Glu, simultaneously
binds to two zinc atoms or a zinc and a magnesium
atom to form a bridge between two of the participating
metal atoms. Alteration in the bond lengths or dis-
sociation of either or both of these atoms from their
respective metals during substrate interaction with the
enzyme or formation of intermediates could profoundly
affect catalysis due to the change in charge imposed
upon the metals. Inthis manner these residues become
pivotal components of the resultant functional template
which consists of a network of closely spaced metal
atoms and their ligands.

In the past literature, the zinc—or other metal—
atoms that turn out to form such bridges have been
described functionally as “modulating” or “regulato-
ry”.83 Thus far, in addition to the active-site zinc
atoms, these have been identified as zinc and magne-
sium atoms in alkaline phosphatase,?” two zinc atoms
in phospholipase C% and P. citrinum nuclease P1,%
and zinc and/or magnesium in bovine lens leucine
aminopeptidase.?#3® In all of these enzymes one zinc
atom is catalytic (Zn), while the remaining pair of metal

atoms, Zn* and Zn or Mg, is linked by a bridging
amino acid, usually Asp, so that all three metal atoms
are in close physical proximity to one another, as
exemplified for nuclease P1 in Figure 2.

There are yet other features that set the coordination

of their cocatalytic (Zn* and Zn/Mg) apart from that
of catalytic Zn sites. While His and Cys predominate
as ligands of catalytic and structural zinc atoms, Asp
predominates in cocatalytic zinc sites where the fre-
quency is Asp > His >» Glu (Table II). In the multi-
zinc enzymes here considered, Ser, Thr, Lys, and Trp

(31) Vallee, B. L.; Auld, D. S. Biochemistry 1993, 32, 6493.

(32) Vallee, B. L.; Auld, D. S. Proc. Natl. Acad. Sci. U.S.A. 1993, 90,
2716.

(33) Vallee, B. L. In Zinc Enzymes; Bertini, 1., Luchinat, C., Maret,
W., Zeppezauer, M., Eds.; Birkh&user: Boston, 1983; p 1.

(34) Burley, S. K,; David, P. R.; Sweet, R. M.; Taylor, A,; Lipscomb,
W. N. J. Mol. Biol. 1992, 224, 113.
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turn out to be ligands to Zn* and Zn/Mg sites. The
ionizable groups of such ligands have high pK, values.
Hence, at neutrality their affinity for binding zinc is
relatively lower than that of the His imidazole nitrogen,
Glu and Asp carboxylate oxygen, and Cys sulfur donor
groups of catalytic and structural sites. Moreover,
amide carbonyl ligands should also coordinate zinc
weakly. Thus, when substrate enters the coordination
sphere, ligand displacement and/or increased coordi-
nation would be plausible with a cocatalytic mechanism.

Individual zinc—and other metal—atoms and their
ligands may play alternate roles in different steps of
catalysis. Thus, for the phosphate ester-hydrolyzing
enzymes interaction of the substrate with their cocat-
alytic zinc site may involve initial contact with all three
metals, as is observed in their final phosphate product
complex.?-27 One of the zinc atoms may then polarize
a nucleophile, e.g., either water or Ser-102 in the case
of alkaline phosphatase, to attack an amide or a
phosphoester bond. A second zinc atom could act
transiently as the receptor for the alcohol or amine
leaving group. In subsequent steps the role of these
zinc atoms may be reversed. The first zinc atom may
polarize a phospho—oxygen or carbonyl bond of an acyl
intermediate for the attack of water promoted by the
second zinc atom. The bridging Asp and H;O ligands
could have critical roles in this process (Figure 2). Thus,
their dissociation from either or both metal atoms
during catalysis could change the charge on the metal,
promoting the metal’s action as a Lewis acid or allowing
interaction with an electronegative atom of the sub-
strate. Alternatively, the bridging ligand may partic-
ipate transiently in the reaction as a nucleophile or
general acid/base catalyst. In this manner the metal
atoms and their associated ligands would play specific
roles in each step of the reaction that works in concert
to bring about catalysis.

It is apparent that the formation of cocatalytic sites
in zinc metalloenzymes likely reflects sophistication of
catalytic mechanisms brought about by innovations in
chelate chemistry, structural design of coordinating
sites, and modification/modulation of mechanistic
arrangements. It would seem to represent an unusual
biological utilization of zinc chemistry directed toward
different ends of biological needs. The discernment of
the structure/function relationships in cocatalytic sites
likely heralds yet other motifs to be discerned.

Metalloexopeptidases (Unknown X-ray
Structure)

Mono-zinc aminopeptidases (EC 3.4.11.2) have been
identified in and isolated from a wide range of tissues
and bacteria, but their X-ray or NMR structures have
not yet been reported. Aminopeptidase M and human
liver, porcine kidney, and two bacterial aminopeptidases
from Bacillus licheniformis and Bacillus subtilis each
contain one zinc atom.l9 In contrast, the aminopep-
tidase from bovine lens? features two zinc atoms (see

(35) Zinc and magnesium have also been implicated in the 3’5
exonuclease activity of E. coli DNA polymerase I: Beese, L. S.; Steitz,
T. A. EMBO J. 1991, 10, 26-33. In that case zinc binds to Asp-355,
Glu-357, and Asp-501. Asp-355 bridges magnesium to this site. The
Cu/Zn superoxide dismutases from bovine, human, spinach, and yeast all
contain a bridging metal ligand, His-61.3! Structurally, it resembles Asp
and Glu in binding two metal atoms, but since Cu clearly is the catalytic
metal in superoxide dismutase, this enzyme is not discussed here.

(36) Thompson, G. A.; Carpenter, F. H. J. Biol. Chem. 1976, 251, 53.
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Table II. Zinc Ligands and Their Spacing in Amino Acid Bridging Zinc-Metal Sites*

enzyme metal L X Ly Y Ls VA Ly
E. coli alkaline phosphatase Zn* Aspg 0 Hisg 317 Asps(N) 50 Ser(N)
Mg Asp; 103 Thrg 166 Glug(C) H,0¢
B. cereus phospholipase C Zn* Trpc 12 His, 107 Asp,(C) H0
Zn His, 3 Asp, 48 His(N) 13 Asp,(N)¢
P. citrinum nuclease P1 Zn* Trp¢ 4 His, 113 Asp.(C) H0
Zn His 3 Asp, 55 His.(N) 14 Asp,(N)¢
bovine lens aminopeptidase Zn Aspe 1 Glu, 76 Asps(N) H,0f
Zn* Lysg 22 Asp 60 Glu(C)

o The amino acid spacer between ligands L3 and L, is Z. See Table I caption for other definitions. Amino acid residues which bridge the
two metal sites are shown in italic boldface. ? Three water molecules complete this hexacoordinate site. ¢ Ligands are the a-amino and carbonyl
group of the N-terminal Trp. ¢ A bridging water molecule or hydroxide ion from Zn* completes this pentacoordinate site. ¢ The Asp is coordinated
to catalytic Zn through both the carboxyl group and amide carbonyl. f A water molecule is observed at 3.2 A.

above). These two categories of aminopeptidase either
contain one or two zinc atoms or contain one zinc plus
a magnesium atom in lieu of the second zinc. Both
feature the one zinc atom essential for catalytic activity.

In the mono-zinc human intestinal, rat kidney, and
E. coli aminopeptidases, a domain of ~300 amino acids
contains two histidines and one glutamic acid, similar
tothe zincbinding site of thermolysin. The three amino
acids of the short spacer in thermolysin are identical
to those of the mono-zinc aminopeptidases. The long
spacer in these aminopeptidases contains 18 amino
acids, corresponding to 19 in thermolysin? This
structural analysis of the zinc binding sites in those
zinc enzymes predicted the presence of zinc and a
hitherto unrecognized aminopeptidase activity in leu-
kotriene A4 hydrolase (EC 3.3.2.6). Itcontainsanamino
acid segment that is homologous to the zinc binding
domain of intestinal aminopeptidase. On this basis,
theleukotriene A4 hydrolase was then shown to contain
1 mol of zin¢/mol of protein, to exhibit aminopeptidase
activity, and to be inhibited by bestatin and captopril,
specific peptidase inhibitors.3” Moreover, mutagenic
replacements of leukotriene A4 hydrolase zinc ligands
completely abolish its activity,!137:38 the first proof of
theidentity of a hitherto unknown zincenzyme binding
site by mutagenesis.

Metalloendopeptidases (Unknown X-ray
Structure)

The matrix metalloproteinases (MMPs) have long
been proposed to be involved in both normal and
pathological invasive processes of the extracellular
matrix (ECM). Two MMPs, pump-1* and human
stromelysin-1,% have been shown to contain zine, 1.0
and 1.9 mol, respectively.

The zinc binding site “signature sequence” of astacin,
HExxHxxGxxH, is characteristic of this family of
metalloproteinases.841-42 The X-ray structure of ast-
acin'® confirmed the prediction of a new type of a zinc
protease binding site in which all three histidines are

(37) Haeggstrom, J. Z.; Wetterholm, A.; Shapiro, R.; Vallee, B. L.;
Samuelsson, B. Biochem. Biophys. Res. Commun. 1990, 173, 431.

(38) Medina, J. F.; Wetterholm, A.; Riadmark, O.; Shapiro, R,;
Haeggstrém, J. Z.; Vallee, B. L.; Samuelsson, B. Proc. Natl. Acad. Sci.
U.S.A. 1991, 88, 7620.

(39) Crabbe, T.; Willenbrock, F.; Eaton, D.; Hynds, P.; Carne, A. F,;
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ligands to the catalytic zinc.#® On the basis of this zinc
binding site the extended astacin family of metallo-
proteinases likely includes (1) all matrix metallopro-
teinases, (2) the hemorrhagic toxins, and (3) certain
bacterial zinc enzymes involved in inflammatory pro-
cesses. The vast majority of these proteases degrade
the ECM and share with astacin a preference for
substrates containing Pro residues one or two amino
acids removed from the cleavage site.4

The MMPs range in size from the 92-kDa collagenase
to the 28-kDa pump-1. All, including HE6 and MME,
have a domain of approximately 270 amino acids which
is homologous to pump-1, the prototype of the MMP
family.4? Pump-1 has the features essential for both
the latent form of the enzyme, a propeptide that
contains asingle Cys believed to be involved in zymogen
activation,!%# and the catalytic domain containing the
catalytic zinc binding site. The larger forms contain
additional domains which may be important for their
binding to the matrix components.

“Velero” Mechanism of Matrix Prometallopro-
teinases Activation. The MMPs are synthesized as
inactive precursors and then converted to the active
form. The mechanism of activation of the prometal-
loproteases does not conform with either a “one-by-
one” or a “zipper” mechanism,* but rather by the
“Velcro” mechanism.!?

In a highly conserved region, PRCGVPDYV, the
propeptides of the procollagenases and progelatinases
contain one single cysteine residue.’? This cysteine
forms a mercaptide with the single zinc atom of the
enzyme, making it inactive. Apparently, the dissoci-
ation and/or displacement of that cysteine from the
zinc atom generates enzymaticactivity.# While details
of this process still require delineation, the removal of
the SH group from the zinc is clearly the principal
chemical event toinduce activity. Thus, in thisinstance
the displacement of cysteine converts a tetradentate
(and presumably structural-like site) into an enzymat-
ically functional zinc atom, providing another example
of the adaptability of zinc chemistry to biological needs.

Zinc binding sites at the interface of protein—protein
interactions having short and long spacer characteristics
and four amino acid ligands have also been recently
observed in the serine protease tonin® and in the
binding of human growth hormone to human prolactin
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receptors.*’” In both of these instances one protein
molecule provides a short and long spacer while the
second molecule supplies the fourth ligand, a situation
reminiscent of the chemical basis of the Velcro mech-
anism.0

Metallothioneins

The metallothioneins are another class of zinc pro-
teins that have become increasingly important. Their
structure is known but their function is not, though
they have been suggested to play an important role in
amultiplicity of metabolic and toxicological processes.*®
Their molecular weight is low (~6700) but their metal
content is high, usually 7 (or 6) mol/mol including zinc,
cadmium, and/or copper. There are 62 (or 61) amino
acids, among them 20 cysteines, although neither
cystine, heterocyclic, nor aromatic amino acids are
present. The amino acid sequences of metallothioneins
are unique, the distribution of cysteinyl residues is
characteristic, and the spectroscopicfeatures are typical
of metal thiolates (mercaptides) in general and clusters
in particular.

Coordination Chemistry. In all classes of metal-
lothioneins the metal complexes are organized in metal-
thiolate clusters, a structural feature not hitherto
described for naturally occurring inorganic zinc and/or
cadmium complexes. This mode of coordination,
proven by NMR* and X-ray diffraction analysis,? is
in the form of tetrahedral tetrathiolate bonds, with some
of the thiolate ligands sharing a bound divalent metal
ion atom.’! In mammalian metallothioneins eight Cys
serve as doubly coordinated bridging and twelve as
singly coordinated terminal thiolate ligands. The
overall measurement of about 3 SH ligands per metal
atom®! is in accord with this.

Thermodynamic and Kinetic Stability of the
Clusters. Cluster B preferentially loses cadmium and/
or zinc, which tend to accumulate in cluster A and B,
respectively, the latter being the site of lower affinity.52
Indications are that the stability of the two metal-
thiolate clusters differs significantly, resulting in ran-
dom distribution of the two clusters, presumably
accounting for the resultant cooperativity.®® It is
conceivable that these cluster features serve to regulate
the metabolic roles of these metals, as indicated by
fluctuations in the clusters and consequent intramo-
lecular metal exchange.’* Spontaneous mutual ex-
change among binding sites occurs within minutes and
seconds in cluster A and B, respectively.® This metal-
free form of the protein, thionein, can remove zinc from
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the gene activator protein TFIIIA.% This may bear on
potential interprotein metal exchange and the physi-
ological function of metallothionein, particularly in
regard to the GAL4 DNA binding proteins, as will be
discussed.

Zinc Fingers, Twists, and Clusters

In the 1970s evidence emerged that zinc is crucial to
DNA and RNA synthesis and cell division,! followed
by the discovery of Wu that Xenopus transcription
factor ITIA (TFIIIA), which activates the transcription
of the 5S RNA gene, contains from 2 to 3 mol of zinc/
mol of protein,’” thus focusing interest on the role of
zinc in the transcription process. It was proposed that
the two Cys and two His residues per 30 amino acid
unit of TFIIIA form a tetrahedral coordination complex
with each of nine zinc atoms to generate peptide
domains—zinc fingers®®—that interact with DNA.
However, the first three zinc fingers bind to the internal
control region of the 5S RNA as tightly as the full-
length TFIIIA % correlating better with the zinc content
of Wu and co-workers than with suppositions based on
the sequence alone. NMR data on single or double
“fingers” produced by organic synthesis, biochemical
engineering, and mutagenesis provided the first evi-
dence for the structure of zinc fingers.

The TFIIIA sequence and the features of its zinc
complexes have become models for zinc proteins that
bind to DNA. Numerous sequences have been thought
to reflect both structural and functional similarities,
leading to revision of past ideas and predictions of new
mechanisms for DNA-protein interactions. The strict-
est classification would confine the term zinc finger to
those proteins in which (1) there is one or multiple
repeats of about 30 amino acids each, (2) both two Cys
and two His residues and their spacing are conserved,
(3) two aromatic residues and leucine are conserved in
the TFIIIA repeat units,® and (4) the three-dimensional
structure of the sequence is presumed to resemble a
finger. However, the designation “zinc finger” has
served to describe virtually any relatively short protein
sequence that contains four or more Cys and/or His
residues which is believed to interact with a nucleic
acid binding domain.f!

(A) Synthetic “Zinc Finger” Peptides. Small
peptide domains have been synthesized to serve as zinc
finger models of those encountered in Xenopus TFIIIA
and Xfin proteins,’>%the yeast transcriptional activator
SW15,% the yeast alcohol dehydrogenase regulatory
gene ADR1,% and mouse Kriippel-like gene mKr2.%
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Zinc Coordination and Its Role in Biology

Based on known structures of zinc binding sites in
proteins and theoretical considerations, models for the
structure of the peptide domains have been pro-
posed.f"%® These predict tetrahedral coordination to
the two cysteines and two histidines and an a-helix
through the two histidine ligands. They differ in
suggesting either a 8-sheet configuration for the cysteine
region® or a two-stranded $8-hairpin turn for the cysteine
ligands.®

EXAFS and visible absorption spectrometry of cobalt
complexes of single-finger domains support the cys-
teine/histidine binding of zinc in a tetrahedral arrange-
ment for ADR1,% a TFIIIA domain,®® and TFIIIA
itself.?9 Addition of Zn?* to the apo-ADR1,” TFIIIA &
and Xfin™ peptides results in a significant increase in
a-helical content and shifts in the 'H NMR resonances
for His, suggesting the zinc introduces novel structural
features. Reducing the size of that loop of ADR1 from
12 to 11 amino acids by deleting Asn-138 prevents
tetrahedral coordination of cobalt and results in a
peptide which does not fold into a stable domain
structure.’”” However, this peptide contains a third
cysteine residue only one removed from the putative
zinc binding cysteine. The effect of the deletion on the
oxidation state of the cysteines in the deletion peptide
was not reported.

Inseveral model systems varying lengths and regions
of the a-helix have been examined by NMR. Inthe 25
amino acid Xfin peptide domain a particularly long
stretch of an 11 amino acid a-helix (E12-K24) incor-
porates and extends through both histidines.®3 A
changing a- to 3,¢-helix of similar length (N56-Q67)
occurs in the second finger of the 35 amino acid peptide
domain of SW15.5 A much shorter amino acid a-helix
(L146-K153) brackets only the first histidine ligand
for the 30 amino acid yeast ADR1-2 peptide.

In the synthetic 30 amino acid mKr2 zinc-free peptide,
a shortened a- or 3;p-helix (S14-120) terminates one
amino acid short of the first histidine ligand.® In all
four peptides examined thus far, an a-helix was
observed, but its length varies from 5 to 11 amino acids
and may include both, one, or no histidine ligands.

The putative cysteine ligand region has been de-
scribed variously. The cysteines are part of two
(-strands arranged in a hairpin structure of the Xfin
peptide,® an irregular antiparallel 8-sheet (Y42-F53)
of the SW15 peptide,® some form of a turn for ADR1,%5
or no S-turn or -sheet for the mKr2 peptide.®

These model studies therefore indicate the zinc is
critical for proper peptide folding and that some form
of secondary structure exists for the peptide segments
encompassing the Cys and His ligands similar to what
has been observed in zinc binding sites of enzymes.
Previous efforts to identify and define the zinc binding
sites of zinc enzymes were based on the three-dimen-
sional structures of a given member of a family
determined by X-ray methods. The results were then
compared with sequences of members of the families
to which they belong but on which no structure analysis
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Figure 3. Schematic of (A) zinc fingers of Zif268, (B) zinc twist
of glucocorticoid receptor, and (C) zinc cluster of GAL4. The
amino acids involved in DNA recognition are labeled in shaded
circles.

had been performed.*!® This scenario could not be
followed for the DNA-binding zinc proteins until
structural data were obtained.

(B) Zinc Fingers. A definitive understanding of
how these zinc finger domains serve in site-specific
recognition of a particular DNA-binding protein has
come from the X-ray diffraction analysis of the DNA-
binding domain derived from the mouse immediate
early protein Zif 268 (also known as Krox 24, NGFI-A,
and Egrl). The three-zinc finger peptide was crystal-
lized with a consensus DNA-binding site, and the
structure was solved at 2.1 A.”

Each zinc finger domain consists of an antiparallel
B-sheet containing two Cys and an «-helix containing
two His held together by coordination of the Cys and
His residues to the central zinc ion and by a set of
hydrophobic residues. The interatomic distance be-
tween Zn(1) and Zn(2) is 26.6 A, and that between Zn-
(2) and Zn(3) is 27.4 A.'! Importantly, in each zinc
finger one zinc atom is coordinated to two His and two
Cys as its base.

Each of the three zinc fingers uses Arg, His, and Asp
amino acid residues from the N-terminal portion of its
a-helix to make contact with guanine bases in the major
groove. These residues derive from the central peptide
loop between the second Cys and first His of each
“finger” and include the amino acid immediately
preceding the a-helix and the second, third, and sixth
ones of the a-helix (Figure 3A).

The results of these studies demonstrate how zinc
makes a direct and unsuspected contribution to the
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overall binding energy. The tetrahedral geometry
around the zinc ion orients the finger for site-specific
interaction. Zinc also promotes a specific interaction
of the first ligating His to the DNA backbone; the N¢
of His coordinates the zinc while the N? hydrogen bonds
tothe phosphodiester oxygens. As multiple zinc finger
proteins are studied, additional permutations may
become apparent.

(C) Zinc Twists. The glucocorticoid (GR) and
estrogen (ER) receptors belong to the nuclear receptor
class of proteins. Upon binding to a hormone, the
receptor translocates from the cytoplasm tothe nucleus,
where it binds to a specific DNA sequence (glucocor-
ticoid or estrogen responsive elements, GRE or ERE)
and thereby modulates transcription. The 'H and 115-
Cd NMR solution structures of the 71 amino acid
segment of the DNA-binding domain of GR™-"5 and
the TH-NMR structure of a corresponding 84 amino
acid fragment of ER™ show two zinc atoms each
coordinated to four cysteines in these particular re-
ceptors separated by ~13 and 12 A, respectively.

Remarkably, these zinc binding sites are not inde-
pendent zinc finger-like substructures, but rather fold
to form a single structural domain.’»® The DNA-
binding recognition site derives from the a-helix that
is part of the linking peptide region between the two
zinc sites, accounting for our choice of calling this a
zinc twist (Figure 3B). It clearly need not necessarily
be an a-helix in all proteins, of course. A second a-helix
which is anchored by the C-terminal coordinating
cysteines of the second zinc site perpendicularly crosses
the first helix near its midpoint, stabilizing it by
hydrophobic interaction between the two helices. The
globular peptide domain of the resultant zinc twists
has a DNA recognition site between the two zinc atoms,
each of which is coordinated to four Cys.

X-ray crystallographic analysis of the DNA-binding
domain of GR complexed to either a GRE consensus
sequence containing a symmetric but abnormal spacing
of four nucleotides, GRE, or anatural three-nucleotide
space, GRE;,”” is in general agreement with the
molecular models for dimer interaction with DNA as
proposed on the basis of NMR studies of uncomplexed
monomeric DNA-binding domains of GR and ER.73
The two zinc atoms are coordinated tetrahedrally to
the expected eight cysteines with the central a-helix of
the zinc twist, forming a complex with the major groove
of the DNA. These studies further stress the impor-
tance of Arg, Val, and Lys residues in this interaction
(Figure 3B). Arg-466 makes two hydrogen bonds to a
G(4) base in a manner similar to that seen for Zif 268.
A methyl group of Val-462 makes a van der Waals
contact with the 5-methyl group of the T(5) base while
Lys-461 directly hydrogen bonds to N(7) of G(6) and
indirectly provides hydrogen bonds through a water
molecule to O(6) of G(7) and O(4) of T(6). The X-ray
diffraction studies further reveal how the second zinc
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binding site influences the dimerization process. Res-
idues from the five amino acid loop between the first
two cysteines make critical dimer interface contacts
with residues from the nine amino acid loop between
the second and third cysteines.””

The function of zinc in the nuclear receptor family
is clearly twofold: It stabilizes the helix involved in
DNA recognition and aids in orientating the peptide
fold of the second zinc site, which is critical to the
dimerization process.

The difference of the motifs in the GR proteins from
that of the zinc fingers calls for further discussion. The
DNA recognition site of GR lies between 2 fully
tetracoordinated zinc anchors complexed to 4 cysteine
residues. Thus, the GR binding mode can only be
expected to be found in proteins whch contain at least
two zinc atoms. The DNA recognition site of zinc
fingers, on the other hand, connects the two Cys with
the two His residues which together bind to each of the
zinc atoms such that it lies at the base of each finger.
This could occur in a protein even when it contains just
one zinc atom.

(D) Zine Clusters. The GAL4 transcription factor
from Saccharomyces cerevisiae has been shown to
contain zinc.!! 'H and !'3Cd NMR studies of either
two-zinc or two-cadmium GAL4(62*)"® and GAL4(7-
49)™ have shown that the two metal atoms coordinate
to the six cysteines in a binuclear zinc thiolate cluster
(Figure 3C).%0

The DNA-recognition sites of zinc clusters have been
suggested!! to be in the region of residues 12-19, based
on two findings: this region has a propensity to form
an a-helix,” and in the GAL4 family of fungal tran-
scription factors it contains several Lys or Arg residues.®
The side chain of such amino acids thus could interact
with DNA bases and/or the phosphate backbone.

The crystal structure of the yeast transcriptional
factor fragment GAL4(1-65) bound to a 17 bp DNA
fragment thatis a consensus of 11 known GAL4 binding
sites has recently been reported.®* The GAL4(1-65)
binds to the DNA as a symmetricaldimer. Eachsubunit
folds into three distinct modules: the zinc cluster (8-
40) and extended linker (41-49) and an co-helical
dimerization element (50-64). The zinc cluster contains
two short a-helices, residues 10-27 and 27-39, with the
first and fourth residues being zinc binding Cys residues.
The zinc cluster recognizes a conserved CCG triplet at
each end of the site through direct contacts with the
major groove.

Specific base interactions occur at Lys-17 and -18
(Figure 3C). The carbonyl of the amide of Lys-17
accepts a hydrogen bond from the N(4) nitrogen of
cytosine 8 while the carbonyl of Lys 18 accepts H bonds
from N(4) nitrogens of both cytosines 7 and 8. The
e-amino group donates H-bonds to the O(6) of guanine
6 and to N(7) of guanine 7. The zinc stabilizes these
interactions since it is coordinated to both Cys-14 and
Cys-21, both part of this a-helical region and flanking
the Lys residues critical to recognizing the DNA triplet.
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The functional role of the zinc cluster seen for the
GAL4 transcription factors may also be applicable to
the Cu!* binding yeast transcriptional factor ACE1%2
that regulates the expression of metallothionein genes.
This factor has been proposed to coordinate metals in
ametallothionein-like cluster arrangement. Strikingly,
it has a sequence in the proposed metal binding domain
ACETCRGHR that is very similar to the DNA rec-
ognition site of GAL4, ACDICRLKK, suggesting a
similar DNA metal cluster interaction site for this factor.
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Inboth GR and GAL4, cysteine residues were known
to be the sole zinc ligands (Figure 3B,C), but the
hypotheses regarding their zinc binding sites advanced
on the basis of the consensus sequences alone do not
turn out to coincide with the results of the NMR
structure determination.®® The primary sequences of
GAL4 and GR are necessary but not sufficient to permit
definitive structural predictions. Considering the lim-
ited number of structure determinations of DNA-
binding zinc proteins so far, broad extrapolations from
primary to tertiary structure and their relationship to
function would seem premature.



