Proc. Natl. Acad. Sci. USA
Vol. 78, No. 6, pp. 3408-3412, June 1981
Biochemistry

Zinc environment and cis peptide bonds in carboxypeptidase A at

1.75-A resolution

(enzyme catalysis/proteases/protein crystallography)

D. C. Rees*, M. LEwis*, R. B. Honzatko*, W. N. Lipscom*t, AND K. D. HARDMANT

*Gibbs Chemical Laboratory, Harvard University, Cambridge, Massachusetts 02138; and #International Business Machines, Thomas J. Watson Research Center,

Yorktown Heights, New York 10598
Contributed by William N. Lipscomb, February 27, 1981

ABSTRACT  The structure of the metalloenzyme carboxypep-
tidase A (peptidyl-L-amino-acid hydrolase, EC 3.4.17.1) has been
refined at 1.75 1{ by a restrained least-squares procedure to a con-
ventional crystallographic R factor of 0.162. Significant results of
the refined structure relative to the catalytic mechanism are de-
scribed. In the native enzyme, the zinc.coordination number is five
(two imidazole N1 nitrogens, the two carboxylate oxygens of glu-
tamate-72, and a water molecule). In the complex (at 2.0-A reso-
lution) of carboxypeptidase A with the dipeptide glycyl-L-tyrosine,
however, the water ligand is replaced by both the carbonyl oxygen
and the amino nitrogen of the dipeptide. The amino nitrogen also
statistically occupies a second position near glutamate-270. Con-
sequently, the coordination number of zinc may vary from five to
six in carboxypeptidase A-substrate complexes. Implications of
these results for the catalytic mechanism of carboxypeptidase A
are discussed. In addition, three cis peptide bonds, none of which
involves proline as the amino nitrogen donor, have been located
fairly near the active site.

Proposed mechanisms (1) for the hydrolysis of peptide and ester
substrates by carboxypeptidase A (CPase A, peptidyl-L-amino-
acid hydrolase, EC 3.4.17.1) have relied heavily on the crystal
structure of this enzyme for detailed molecular interpretations.
CPase A, is a zinc-containing metalloenzyme which has 307
amino.acid residues. During the first stages of substrate hydrol-
ysis, the zinc presumably polarizes the carbonyl group at the
scissile bond; glutamate-270 acts as either a nucleophile or a
general base catalyst. Tyrosine-248 (or a water molecule) may
function as the proton-donor. No single catalytic pathway has
accounted for the hydrolysis of all substrates. Recent studies of
ester hydrolysis have focused on nucleophilic attack to yield the
anhydride intermediate and on possible changes in coordination
of the zinc.

In order to evaluate alternative mechanisms, precise char-
acterization of .the active site of CPase A is essential. Conse-
quently, we have undertaken refinement of the CPase A struc-
ture in the native state and in complexes with dipeptides (2—4),
with substrate analogues (5), and with the 39-amino acid inhib-
itor of CPase A from the potato (6).

In this paper, we describe several of the most striking results
from the refinement of the native CPase A structure at 1.75-
A resolution. [The solution of the native CPase A structure to
2.0-A resolution has been documented (2—4).] Of particular rel-
evance to the catalytic:mechanism is the change in zinc.coor-
dination number from five in the native state to five or six in
the complex with glycyl-L-tyrosine (Gly-Tyr). In addition, three
cis peptide bonds, none of which involves proline as.the amino
nitrogen donor, have been located near the active site. We com-
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ment on the relationships of these results to catalysis of substrate
hydrolysis and metal ion exchange.

MATERIALS AND METHODS

Bovine CPase A (Cox) was purchased from Sigma and used
without further purification. Crystals for the collection of x-ray

-diffraction data in the range 2.0-1.75 A were prepared by di-

alysis of CPase A against 0.2 M 'LiCl/20 mM Tris'HCI, pH 7.5.
The unit cell dimensions of these crystals (@ = 51.60 A b=
60.27 A; ¢ = 47.25 A; B = 97.27°; space group P2,) agree to
within 0.5% with the lattice constants of the crystals used in the
earlier work. This crystal form is distinct from a second crystal
form which is characteristic of CPase A (Anson) (7). Although
some difficulties in obtaining the “x-ray crystals” from com-

‘mercial CPase A have been reported (8), we readily obtained

excellent single crystals.

The 2.0- to 1.75-A data set was collected from a single crystal
on a Syntex P2, diffractometer at 4°C. Decay in intensities of
four check reflections was less than 20% at the end of data col-
lection. The data were corrected for absorption (9) and Lorentz-
polarization effects. Scaling to the original 2.0-A data set was
accomplished by collecting the entire hl zone to 1.75 A. Merg-

ing of the two data sets gave an R factor, = (I, — L|)/= (I, +

I,) in which I, and I, represent equivalent reflections observed
in the two data sets, of 0.09. The final data set from 8.0- to 1.75-
A resolution consisted of 21,530 reflections whose structure fac-
tor amplitude exceeded twice the estimated standard deviation.

The coordinates for the CPase A model obtained from the 2.0-
A multiple isomorphous replacement map had originally been
idealized and refined by using the model building and real space
refinement programs of Diamond (10, 11). Of particular interest
to the present work was the earlier description of the zinc co-
ordination as tetrahedral (two N1 nitrogens from histidine-69
and -196, a carboxylate oxygen from glutamate-72, and a water
molecule) and the presence of a cis peptide bond between
serine-197 and tyrosine-198. These coordinates provided the
starting model for refinement in the present work using the
Hendrickson-Konnert restrained least-squares algorithm (12,
13). In this program, coordinates and temperature factors for
the individual atoms are varied to minimize the residual = (|F |
— |F,)? in which F, and F, are the observed and calculated
structure factors, respectively, and the summation is over all

.observed reflections. To increase the number of observations
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per refined parameter, .the least-squares observational equa-
tions are supplemented with additional terms which aid in
maintaining proper stereochemistry in the model.

Details of the refinement will be described elsewhere. In
brief, the starting CPase A coordinate set was subjected to 31
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cycles of coordinate and isotropic temperature factor refine-
ment, resulting in a final model with 2664 atoms (2437 atoms
other than H in the 307 residues of CPase A, 1 zinc, and 226
water molecules). After every five to eight refinement cycles,
difference maps were calculated by using Fourier coefficients
(F,| — |F,|) and (2|F,| — |F,|) and refined phases from the model
in order to check for misbuilt residues and for solvent mole-
cules. Rebuilding of the CPase A model was accomplished with
the use of Diamond’s program BILDER, as extensively modi-
fied and adapted by R. C. Ladner for a VAX 11/780 and an
Evans and Sutherland Picture System II. During the course of
the refinement, the crystallographic R factor (£ ||F,|
— |F )/ F, decreased from 0.366 for the 14,179 reflections
between 8.0- and 2.0-A resolution to 0.162 for the full data set
at 1.75-A resolution. The stereochemistry of the final CPase A
model was quite reasonable: the average root mean square de-
viation from ideal bond distances and angles were 0.024 A and
3.5, respectively. The average shift from the starting coordi-
nate set was 0.73 A (0.49 A for main chain atoms; 0.91 A for side
chain atoms).

RESULTS AND DISCUSSION

The smoothness of the refinement procedure and the absence
of major rebuilding of residues during refinement testify to the
accuracy of the original CPase A model. Nevertheless, in-
creased resolution and improved phases have permitted clari-
fication or revision of several aspects of the CPase A structure.
We describe below several new features near the active site of
CPase A which may be significant for understanding the cata-
lytic mechanism.

The zinc coordination in CPase A was reported originally as
a distorted tetrahedron. Difference maps calculated during the
initial stages of the present refinement suggested that the glu-
tamate-72 carboxylate group had been slightly misplaced and
that both oxygen atoms of the carboxylate anion are coordinated
to the zinc. Subsequent refinement cycles verified this change.
These refinements yielded much lower temperature factors for
" the carboxylate group in its revised position. An (|F,| — |F,)
difference Fourier map calculated with structure factors from
a model in which glutamate-72 was omitted confirmed the
placement of both carboxylate oxygens on the zinc (Fig. 1).
Consequently, the coordination number of the zinc in native
CPase A is five. Zinc-ligand bond distances and representative
values for zinc-amino acid complexes are given in Table 1.

On the basis of spectroscopic and magnetic susceptibility
studies of cobalt(II)-substituted CPase A, which is similar to Zn-
CPase A, Gray and coworkers postulated borderline four to five
coordination for the metal center (15, 16). The present results
are entirely consistent with this proposal. NMR studies of °F
in solutions of Mn-CPase A indicated that both a fluoride ion
and at least one water molecule were coordinated to manganese
(17); if glutamate-72 also binds to manganese(II) with both ox-
ygens, the metal ion coordination number would be six. How-
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Fic. 1. Region around glutamate-72 from an (|F,|
—|F.)) difference map using calculated phases, in which
glutamate-72 was omitted from the structure factor cal-
culation. The final refined position of glutamate-72 and
the zinc are superimposed on the difference map. The
placement of both carboxylate oxygens of glutamate-72
on the zinc is shown. We count both oxygens of gluta-
mate-72 in this study; an alternate view is that this is
a variant of the binding mode of a single ligand.

ever, the coordination geometry of manganese is not always like
that of zinc. Thus, the applicability of these results to Zn-CPase
A is open to question.

In order to examine zinc coordination in a peptide-CPase A
complex, a new map of the complex of CPase A with Gly-Tyr
was calculated at 2.0-A resolution. The Gly-Tyr—CPase A map
was generated by using coefficients (6 |Fy| — 5|F,,) and cal-
culated phases, in which F,, and F,,, are structure factors for
the Gly-Tyr complex and native enzyme, respectively. Because
the Gly-Tyr complex is approximately 30% occupied, this map
is roughly equivalent to a more traditional (2|F| —|F ) map,
which would be appropriate if the complex were fully occupied.
As shown in Fig. 2, the carbonyl oxygen and amino nitrogen of
Gly-Tyr are bound to the zinc in addition to the four atoms of
the protein ligands. Consequently, the coordination number for
the zinc can be as high as six in the Gly-Tyr complex.

Interestingly, the electron density map gives evidence that
the amino nitrogen statistically occupies a second position near
the carboxylate group of glutamate-270. The two conformations
of the amino nitrogen are related by a rotation of approximately
180° about the glycine @ carbon-carbonyl carbon bond. Based
on values of the electron density at both positions, the amino
nitrogen appears to be approximately equally distributed be-
tween both sites. If the a carbon occupies the same position in
both conformations, it appears unlikely that a water molecule
could bind to the zinc when the amino nitrogen is oriented to-
ward glutamate-270. The coordination number of zinc is then
five in the complex for this alternate orientation. There is no
evidence in the electron density map for alternate positions for
the remainder of the Gly-Tyr molecule. The electron density
for glutamate-270 is more diffuse than expected, however, pos-
sibly indicative of alternate conformations.

Changes in coordination number of zinc have also been ob-
served in the binding of inhibitors to human carbonic anhydrase
(18) and horse liver alcohol dehydrogenase (19). In these two
cases, the coordination state changes from four to five. Although
common in complexes of small molecules with zinc, six-coor-
dinated zinc as in this CPase A complex has not been reported
in metalloenzymes.

The demonstration of six-coordinated zinc has important im-

Table 1. Zinc-ligand bond distances in native CPase A structure

Distance, A*
Ligand Yobe Y'mod
His-69 N1 2.10 2.00-2.20
His-196 N61 2.08 2.00-2.20
Glu-72 Oel 2.23 2.15
Glu-72 O¢2 2.33 2.58
H;0 1.96 211

* I'obs» Observed bond distance; r,,.q, representative bond distances for
zinc-amino acid complexes, taken from ref. 14. Estimated errors in
the bond lengths are approximately 0.2 A.
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plications for the catalytic mechanism of CPase A. A hydroxide
ion occupying a sixth coordination site would be ideally situated
to deacylate anhydride intermediates which are also coordi-
nated to the zinc. Makinen et al. (20) have recently obtained
electron paramagnetic resonance evidence that such a situation
exists in cobalt(I)-CPase A for the ester o-(p-chlorocinnamoyl)-
L-B-phenyl lactate. In addition, attempts to detect the presence
of anhydride intermediates through isotope exchange reactions
may be misleading if the water molecule produced during an-
hydride formation binds directly to the zinc and is not available
to exchange freely with the solvent. This ambiguity was rec-
ognized by Breslow and Wernick (21).

The observed structure of the complex, together with general
aspects of the catalytic mechanism of CPase A, provide plausible
explanations for the observation that Gly-Tyr is a poor substrate.
When the amino nitrogen binds to the zinc and displaces the
zinc-bound water (the nitrogen is at the site of the bound water
in the native enzyme), then the water might be unable to par-
ticipate in hydrolysis until it displaces the amino nitrogen.
Acylated dipeptides, or longer substrates, would not show this
anomaly. Conversely, when the amino nitrogen of Gly-Tyr
binds to glutamate-270, this residue would be hindered from
acting as either a nucleophile or a general base catalyst, thus
decreasing the rate of hydrolysis.

Several lines of evidence independent of the crystallographic
studies suggest that the amino nitrogen of Gly-Tyr may be co-
ordinated to the zinc. On the basis of the pH dependence of the
inhibition kinetics of CPase A by Gly-Tyr, Yanari and Mitz (22)
proposed that the anionic form of Gly-Tyr binds to the enzyme.
Electrostatic interactions would favor unprotonated nitrogen
binding to the zinc and protonated nitrogen binding to the car-
boxyl group of glutamate-270. As the pH is increased from the
value of 7.5 used in the present crystallographic work, an in-
creasing fraction of the amino nitrogen should be bound to the
zinc. In addition, Makinen et al. (20) observed that binding of
Gly-Tyr to cobalt(II)-CPase A displaced the metal-bound water
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Fic. 2. Coordinates for Gly-Tyr and selected ac-
tive site residues of CPase A are superimposed on a
difference map of the Gly-Tyr—CPase A complex de-
scribed in the text. The zinc position is marked with
a tetrahedron: glutamate-270 is at the top of the fig-
ure. The zinc ligands from left are glutamate-72, his-
tidine-69, and histidine-196. Note the density for the
amino nitrogen of Gly-Tyr extending toward both the
zinc and glutamate-270.

in their electron paramagnetic resonance study. Although it is
possible that binding of the carbonyl oxygen alone could dis-
place the water, the proposed position of the amino nitrogen
corresponds closely to the site of the bound water in the native
enzyme (Fig. 3).

The binding of Gly-Tyr to CPase A is accompanied by dis-
placement of several water molecules, as is clearly indicated in
Fig. 3. This map sbowing water structure was generated by
using difference Fourier coefficients (|F,| — |F,) and calculated
phases in which all water molecules were omitted from the
structure factor calculation. The conformations of selected ac-
tive site residues in the native enzyme are also included for ref-
erence. An important question is whether the enzyme can make
use of these changes of hydration in catalysis. Low and Somero
(23) have explained enzyme activation or inhibition by neutral
salts by proposing that parts of the protein change their expo-
sure to water during conformational changes in catalysis. Con-
formational changes during substrate binding, hydrolysis, and
product dissociation stages can easily be influenced by changes
in solvent exposure of enzyme and substrate. The enzyme could
well select for backbone (deletions, additions) and side chains
which would make use of the solvent interactions to facilitate
the reaction. These effects may apply particularly to the binding
and catalytic groups of the enzyme and substrate and perhaps
even to much larger regions of the enzyme. However, specific
structural models for these phenomena are not currently avail-
able. Studies of hydration in electron density maps at high res-
olution may contribute to an understanding of these effects.

One interesting aspect of protein structures is the relative
absence of cis peptide bonds observed in most highly refined
protein structures. The energetic difference between cis and
trans peptide bonds not involving proline as the nitrogen donor
leads to the expectation that approximately 1% of these peptide
bonds should be cis (24). However, the incorporation of most
peptide bonds into primary, secondary, and tertiary structure
can be expected to give a much smaller fraction of bonds that

Fic. 3. Water structure in the active site of CPase
A as seen in a difference map calculated as described in
the text. The Gly-Tyr coordinates superimposed on the
map indicate the extent of desolvation which must occur
when Gly-Tyr binds to CPase A. Native conformations
of the following active site residues of CPase A are in-
dicated, clockwise from the upper right: arginine-145,
arginine-127, arginine-71, phenylalanine-279, tyrosine-
198, and glutamate-270. The zinc position is marked by
the point at the center of the figure.
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isomerize to the cis configuration (25). Although only one cis
peptide bond, between serine-197 and tyrosine-198, had been
described in the original CPase A model, the presence of two
additional cis bonds (between proline-205 and tyrosine-206, and
between arginine-272 and aspartate-273) was unexpectedly ob-
served during refinement of CPase A with the use of the Agarwal
fast Fourier least-squares algorithm (26). These two bonds were
initially restrained in the trans conformation at the start of our
use of the Hendrickson—Konnert refinement. Nevertheless, the
w angle (twist) of these bonds shifted drastically from 180°
(trans) during the refinement. Consequently, these bonds were
restrained to the cis configuration in all subsequent refine-
ments. In Fig. 4 we show the region around each cis peptide
bond in a difference map calculated upon omission of these six
residues from the structure factor calculation. The cis nature
of each bond is clearly indicated. Although only one of the six
residues (tyrosine-198) has been implicated in the extended
active site region, all of these bonds are located fairly near the
active site. Interestingly, they also are located immediately ad-
jacent to the carboxy terminus of B-strands. Moreover, values
for the conformational angle i of the first residue are approxi-
mately —110°, whereas values for the conformational angle ¢
of the second residue are approximately 160°.

No functional properties have been associated with these cis
bonds. From a NMR investigation of the kinetics of metal bind-
ing to concanavalin A, it was suggested that a cis—trans isomeri-
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zation accompanies metal binding (27). Two independent crys-
tallographic analyses of the structure of demetallized concanavalin
A have produced conflicting results concerning the existence
of the postulated isomerization: in one study at 2.8- A resolution
the isomerization was observed (28); these results were ques-
tioned in a later study at 3.2-A resolution (29). Structure re-
finement at higher resolution should resolve this discrepancy.
So far, no correlation of cis—trans peptide bond isomerization
with metal binding has been observed with CPase A. However,
Zisapel (30) has found a correlation of kinetics of nitration of zinc-
reconstituted apo-carboxypeptidase B with the length of time
that the enzyme stayed in the zinc-free state. It has been sug-
gested that a cis—trans peptide bond isomerization may account
for these results (1).

With the exception of the binding of the amino terminus of
Gly-Tyr statistically either to the zinc or to the carboxylate
group of glutamate-270 in its complex with CPase A, previous
conclusions concerning the nature of the catalytic groups and
the proposed substrate binding modes have not been altered
by the findings in the present study. Demonstration of an ad-
ditional zinc ligand (aside from those to the enzyme) is consist-
ent with the idea that a water molecule or hydroxyl ion may bind
to zinc during a later stage of catalysis. The role of a zinc-bound
water or hydroxide ion in deacylation of anhydride intermedi-
ates was suggested earlier (31), although only for four-coordi-
nated zinc, and has been demonstrated spectroscopically for

F1G. 4. Fit of the cis peptide bonds of CPase A to an
(IF,| — |F,)) difference map with calculated phases, in which
the six residues involved in these bonds were omitted from
the structure factor calculation. (@) Serine-197 and tyrosine-
198 peptide bond; (b) proline-205 and tyrosine-206 peptide
bond; (c) arginine-272 and aspartate-273 peptide bond.
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certain ester substrates with which the coordination of zinc in-
creases by one in the reaction (20).
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