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The crystal structures of eleven zinc enzymes have served to identify common features of their Zn binding sites. Two of them have non-catalytic

Zn sites, both of which contain four cysteine ligands closely spaced in the linear sequence of the protein with no bound water. In contrast, all

the catalytic Zn sites have three protein ligands and, in addition, one coordinated, ‘activated’ water. Histidine is the predominant ligand. The spacing

between the first two ligands (1-3 amino acids), the short spacer, ensures a nucleus for Zn binding. The third ligand, separated by from ~20 to

~ 120 amino acids, the long spacer, not only completes the coordination but also aligns protein residues for interaction with the substrate. The
short and long spacing observed for catalytic zinc sites may also pertain to Fe and Cu proteins.

Metalloenzyme; Metalloproteinase; Zinc; Amino acid spacer sequence

During the last forty years, zinc enzymes have been
isolated and characterized in such large numbers that
they are now recognized as a distinct category within
enzymology. Zinc is the only metal which is essential to
the function of at least one member of each of the six
categories of enzymes established by the IUB [1].

The unambiguous identification of the metal-binding
ligands and the details of their mode of coordination to
zinc is the consequence of X-ray crystallographic
analyses performed over the last two decades. Such
analyses have provided structures for a total of eleven
zinc enzymes representing four of the six enzyme
classes, These serve as invaluable standards of
reference for others in the same class or subclass with
which they are homologous. Furthermore, they give in-
sight into and help to define common structural
features of the enzyme’s catalytic and non-catalytic
zinc binding sites. Table 1 lists the pertinent features
for ten catalytic zinc binding sites.

Histidine is by far the most common ligand present
at these catalytic sites. Thus, the hydrolases, carbox-
ypeptidase A [2], thermolysin [3], B. cereus neutral
protease [4], phospholipase C [5] and alkaline
phosphatase [6] all have two histidine residues bound to
the catalytic zinc while the lyases, carbonic anhydrase
I and II [7,8], and the hydrolases, §-lactamase [9] and
DD-carboxypeptidase [10] all have three histidine
ligands. The only catalytic zinc site to contain just one
histidine residue is that of alcohol dehydrogenase [11].
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This also is unique in being the only site with cysteine
ligands.

In four of the enzymes, glutamate is the third protein
ligand but aspartate appears in one case. It is now
known that zinc will form complexes with virtually
equal readiness with N, O and S ligands in chemical
systems, but in enzymes, it seems to prefer the im-
idazole nitrogen for catalytic zinc binding sites. On the
other hand, for the two non-catalytic zinc binding sites
characterized which have been in enzymes, i.e. in
alcohol dehydrogenase {[11] and aspartate car-
bamoyltransferase [12], cysteines are the sole ligands,
and there are four, not three as in the case of the
catalytic zinc sites.

The fourth ligand in all the catalytic sites is H,O
(table 1). The zinc-bound water is thus a critical compo-
nent of the active site; it is activated for enzymatic
catalysis by the nature and spatial arrangement of the
protein ligands to zinc. Ultimately, it is this water
molecule which, upon entering the zinc coordination
sphere, becomes either activated by ionization, or
polarization, or is poised for displacement, thus mak-
ing it the decisive catalytic group.

The spacing between the ligands is particularly strik-
ing. In nine of the cases there are only one to three
amino acids separating the first two ligands (table 1).
This short spacer suggests that this arrangement of pro-
tein residues always ensures a nucleus for zinc binding.
Equally characteristic is the fact that the third ligand is
relatively distant from either of the first two ligands in
the linear sequence, minimally ~20 and maximally
~120 residues away, the long spacer. This third protein
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Table 1

Zinc ligands and their spacing for the catalytic zinc®

Enzyme Ly X L Y Li; Ls Reference

Carbonic anhydrase

I, 11 His 1 His 22 His H,O 7,8
B-Lactamase His 1 His 121 His H,O 9
DD carboxypeptidase His 2 His 40 His H;O 10
Thermolysin His 3 His 19 Glu H;O 3
B. cereus neutral

protease His 3 His 19 Glu H,O 4
Carboxypeptidase A His 2 Glu 123 His H,O 2
Phospholipase C His 3 Glu 13 His HxO S
Alkaline phosphatase Asp 3 His 80 His H,O 6

—

Alcohol dehydrogenase Cys 20 His 106 Cys H,O 1

* The X spacing is the number of amino acids between L, and L2
while the Y spacing is the number of amino acids between L3 and
its nearest zinc ligand neighbor. If L3 comes after L, in the linear
sequence, Y represents the number between Ly and L,; if Ly comes
before L, it is the number between L3 and L,

ligand thus not only secures the zinc coordination site
but also brings into alignment the substrate binding
groups critical for catalysis.

The presence of closely spaced ligands at the struc-
tural zinc sites would seem to be consistent with their
role in stabilizing protein conformation. Such an ar-
rangement of ligands would likely confirm rigidity to
that region of the molecule and, hence, function in
much the same way that calcium, for example, is
thought to stabilize protein structures. In contrast,
longer spacings seen in catalytic sites would imply much
greater flexibility in metal coordination geometry.
Presumably this would be required in order to poise the
active site for catalysis and also to allow for changes in
coordination chemistry during catalysis. In addition, it
would bring together those amino acid side chains that
are to function in the catalytic process including an
outer sphere ligand whose coordination would activate
water. Equally important is the creation of a substrate
binding pocket as well as the potential for conforma-
tional change that flexible coordination would provide.
Variation in spacing length could therefore reflect dif-
ferences in substrate specificity, function of water and
catalytic mechanism.

It is important to point out that when an X-ray struc-
ture is not available as a reference for a given category
of zinc enzymes, it will be difficult to infer all three
ligands to the zinc. However, if sequences of amino
acids can be found where a histidyl residue is separated
by one to three amino acids from another histidyl,
glutamyl or aspartyl residue, then a reasonable measure
of success can be expected for identifying two of the
ligands [13,14].

The characteristically short (1-3 amino acid) and
long (~20-120 amino acid) spacers observed for the
catalytic zinc sites also pertains to a number of zinc
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sites of as yet undefined function in the dimetal com-
plexes of superoxide dismutase (His 61, His 69, His 78,
Asp 81) [15], phospholipase C (Asp 55, His 69, His 118,
Asp 122) [5], and alkaline phosphatase (Asp 51, Asp
369, His 370) [6].

A number of copper and iron containing proteins
also exhibit these spacing characteristics. Thus, the Fe-
S cluster complex of aconitase is coordinated to His 37,
Cys 359, Cys 422, and Cys 425 [16]. Furthermore, in
the ascorbate oxidase from zucchini [17], the
mononuclear copper is ligated to His 446, Cys 508, His
513, and Met 518, and the trinuclear copper cluster
contains the ligands His 62, His 64, His 106, His 108,
His 449, His 451, His 507, and His 509. In these cases,
the amino acid spacing likely provides the scaffolding
for interaction with the catalytic metal ion.

The data strongly imply that the identity of the
ligands to zinc, their sequential alignment, proximity or
distance from one another, and the presence or absence
of water in the coordination sphere relates to the en-
zymatic function of the zinc site. This is reflected in
terms of the reaction specificity of the enzyme and
ultimately, no doubt, to the -~ ™anism(s) by which
catalysis occurs.
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