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Many investigations on the reaction mechanism of carboxypeptidase A(CPA) have
shown that the zinc ion and Glu 270 in the active site are important in the catalytic reaction
with a peptide substrate. X-Ray crystallographic studies of native CPA showed that the
zinc ion is coordinated to His 69, Glu 72, His 196, and one water molecule and that the
Zn-coordinated water molecule forms a hydrogen bond with Glu 270. The zinc-water-Glu
270 system of native CPA was analyzed by the ab initio SCF-LCAO-MO method. Some
ligands of zinc are included in the MO calculations as point fractional charges. The
results show that the Zn-coordinated water molecule acts as a proton donor to Glu 270,
and that the electrostatic effect of Zn2+ and its ligands and the electron delocalization
between Zn?+ and the water play a significant role in lowering the barrier height of proton
transfer. We consider that the carbonyl group of the substrate, without breaking the
hydrogen bond between Glu 270 and the Zn-coordinated water molecule, points towards a
fifth coordination site slightly away from Zn?*, and that the water molecule itself is modified
by its connection to Glu 270 in a way that favors the reaction.
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Carboxypeptidase A (CPA) is a zinc-containing proteolytic enzyme. X-Ray crystal-
lographic analyses of native CPA and its complex with the dipeptide glycyl-i-tyrosine(Gly-
Tyr) showed that zinc, Glu 270 and Tyr 248 were important in catalysis of the reaction with
the peptide substrate.?? Zincis coordinated to His 69, Glu 72, His 196 and one water molecule
in native CPA. The Zn-coordinated water molecule forms a hydrogen bond with Glu 270,
which is significant in the catalytic reaction of CPA, and His 69 forms a hydrogen bond with
Asp 142. In the CPA complex with Gly-Tyr, the Zn-coordinated water molecule is displaced
by the carbonyl group of the scissile peptide bond of the substrate, since Glu 270 is moved
towards the N-terminal of Gly-Tyr.V

A “Zn-hydroxide mechanism’ and a ‘“Zn-carbonyl mechanism’ have been proposed for
CPA catalysis.'® In the “Zn-hydroxide mechanism,” the Zn-coordinated water molecule,
in its dissociated form, acts as an attacking nucleophile. In “Zn-carbonyl mechanism’ the
carbonyl group of the peptide substrate binds so as to displace the water molecule from Zn.
Zinc polarizes the carbonyl group,? and Glu 270 acts as a nucleophile to form an anhydride
intermediate or a general base to deliver nucleophilic water. Kaiser and Kaiser supported
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the Glu 270 nucleophilic mechanism in the “Zn-carbonyl mechanism’’ on the basis of kinetic
studies.® Although evidence has been presented in the case of ester substrates that Glu 270
acts as a nucleophile leading to the formation of anhydride species, no anhydride intermediate
has been detected in the hydrolysis of a peptide substrate. Breslow and Wernic supported
the concept of general base catalysis by Glu 270 on the basis of oxygen-18 exchange experi-
ments.” Recently Sugimoto and Kaiser reported the enolization of a ketone substrate of
CPA, and concluded that Glu 270 acts as a proton donor and acceptor for the 3 position of
the ketone substrate.®

Several approaches to the catalytic mechanism of CPA had been made by means of molecu-
lar orbital calculations. Hayes and Kollman studied the electrostatic environment effect
on the scissile peptide bond of a substrate.” Scheiner and Lipscomb showed that the action
of an electrophile at the carbonyl group of a substrate was effective in enhancing the hydro-
lysis.??  Nakagawa and Umeyama showed that three arginine residues were important for
the binding of a substrate.® The proton-labilizing properties of Zn%+ were elucidated by an
analysis of the bonding between Zn?+ and some molecules including water and imidazole in
connection with the catalysis by carbonic anhydrase.” To investigate the mechanism of the
enzymatic reaction, in the present work, we performed ab initto MO(molecular orbital) calcul-
ations on model systems of native CPA, consisting of a zinc ion, a Zn-coordinated water mole-
cule and three amino acid residues (His 69, Asp 142 and Glu 270). The potential energy curves
were computed for two types of proton transfer, namely, the proton transfer from His 69 to
Asp 142 and from the Zn-coordinated water molecule to Glu 270.

Method

All the calculations were carried out within the closed shell LCAO-SCF approximation by the ab initio
MO method. The IMSPACK program!® was used for the calculations. The Gaussian basis set used for Zn
was the (11s7p5d) set modified from the (12s6p4d) set of Roos ef al.11@) The two most diffuse s type functions
were replaced by one s type function with exponent 0.2 and a set of p and d type functions with exponents
0.25 and 0.2, respectively, was added to the original set.!?®?) The basis functions were then contracted to
(6221/4111/311). The 4-31G basis set'® was used for the hydrogen and first-row atoms.

o«

A Glu 2707

H-0 H? -
032
" Glu 72" o
o
on
His 196" Asp 1427
Fig. 1(a). Calculated Structure composed of Zn?**, Fig. 1(b). Calculated Structure composed of Zn?+,
H,0, His 69», Glu 72—, Asp 142—, His 1967, and H,O, His 69—, Glu 72—, Asp 1422, His 196", and
Glu 270~ Glu 270—

Geometries The coordinates for native CPA were taken from the work of Quiocho and Lipscomb.1®
Figure 1 shows the structures used for calculations. His 69 and His 196 are replaced by imidazole molecules,
and Glu 72, Asp 142 and Glu 270 by formic acid molecules superposed at appropriate positions. In Fig. 1(a),
a formic acid anion is positioned on each of Glu 72, Asp 142 and Glu 270. A neutral imidazole is positioned
on each of His 69 and His 196. In Fig. 1({b), a neutral formic acid is positioned on Asp 142 and an imidazolate
anion is positioned on His 69. Glu 72, His 196, Glu 270, and the Zn-coordinated water molecule have the
same geometries as in Fig. 1(a). In this paper, amino acid residues will be symbolized as Glu 72-, His 69-,
His 697, Asp 142—, Asp 142®, His 196®, and Glu 270-. The superscripts “n’ and “-” indicate the neutral

NII-Electronic Library Service



No. 1 3

-and anion forms, respectively. The position of the Zn-coordinated water molecule has not been published
so far. However, metal-ligand bond angles in native CPA are available from Table IX of ref. 1b. The
internuclear distance between Zn and the oxygen atom of the water molecule was taken to be 2.0 A in our
assumed structure. The distance of 2.0 A seems to be reasonable when Zn*+ has several ligands, though it is
somewhat longer than the optimized value of 1.89 A for the Zn*-water system.” The distance between
the oxygen atom of the Zn-coordinated water molecule and O¢2 of Glu 270 is 3.19 A in Fig. 1. The coordinates
of the oxygen of the water are ¥=—4.1214, y=28.4964, and 2= —5.2876. The ORTEP program was used
for drawing the molecular structures.'®

The geometries of formic acids (Asp 142~ and Glu 270-) and H,O were optimized by using the 4-31G
basis set. For HCOO-, #(CH) is 1.1126 A, #(CO) is 1.2506 A, and £ HCO is 114.8°. For H,0, #»(OH) is
0.9505 A and £ HOH is 111.2°. The geometry of the imidazole ring was that obtained experimentally.¥
7(CH) and »(NH) of imidazoles (His 69® and His 196") were optimized with 4-31G basis set, on the assumption
that the three #(CH) are the same. #(NH) is 0.9892 A, and #(CH) is 1.0622 A.

TasLe I. Calculated Models®

Models Proton transfer
I Zn%*, His 69, Asp 142, *H,0, *Glu 72, *His 1967, *Glu 270~ @
I His 697, Asp 142, *Zn?+, *H,0, *Glu 72-, *His 196, *Glu 270~ a
i) His 697, Asp 142~ a
v Zn?t, H,0, Glu 270, *His 69—, *Glu 72—, *Asp 1427, *His 196" B
A H,0, Glu 270—, *Zn?+, ¥*His 69—, *Glu 72—, *Asp 142», *His 196 B
VI H,0, Glu 270~ 8

a) The fragments labeled * are approximated by point fractional charges in the calculations.

The calculated model systems for the catalytic site of native CPA are summarized in Table I. Some
molecules or Zn were not included in the MO calculations in these model systems, but were replaced by point
fractional charges. Such approximated parts are labeled “*” in Table I. Point fractional charges were
determined from the Mulliken populations!® calculated with the STO-3G basis set for each isolated molecule,!®
The geometries were taken from ref. 17. The last column in Table I shows the types of proton transfer
calculated in the models. The proton transfer from His 69 to Asp 142 is called a proton transfer and that
from the Zn-coordinated water molecule to Glu 270 is called f# proton transfer. The « proton was moved
along a line between H(IN*?) of His 69" and O%! of Asp 142—. 'Wheén o proton transfer occurred, the conforma-
tions of His 69 and Asp 142 were assumed to be unchanged in our calculations. The g proton was moved
along a line between the oxygen of the water molecule and O¢% of Glu 270-.1® Similarly, when 8 proton
transfer occurred, the conformations of the Zn-coordinated water molecule and Glu 270 were assumed to be
unchanged.

Results and Discussion

Proton Transfer in the Zinc-His 69-Asp 142 System

Calculations of « proton transfer in the Zn-His 69-Asp 142 system were performed. In
the calculations on Model I (see Table I and Fig. 1 (a)), H,0, Glu 72—, His 196", and Glu 270~
were represented by point fractional charges. The calculated results for « proton transfer
are shown as potential curve I in Fig. 2. The curve gave two energy minima at transfer
distances of the « proton of 0.1 and 1.0 A corresponding to the forms Zn?*His 69°~Asp 142~
and Zn*—His 69——~Asp 142°, respectively. The minimum energy of the former is higher than
that of the latter by 3 kcal/mol. The barrier for « proton transfer was calculated to be 15
kcal/mol. Hence, the proton may transfer from His 69 to Asp 142 in native CPA.

In order to analyze the role of Zn in the Zn-His 69-Asp 142 system, calculations were
performed on Models II and ITI. In Model II, two positive charges are positioned instead
of Zn?>+ in Model I. The potential curve for Model II is very similar to that for Model I, as
shown in Fig. 2. Therefore the electrostatic interaction energy among Zn?*, His 69 and Asp
142 plays a significant role. Model ITI consists of just His 69 and Asp 142 and does not include
Zn or any otherligand. The minimum energy of the form His 69——Asp 142" is higher than that
of the form His 69°~Asp 142~ by 24 kcal/mol in Model III. The barrier height at a distance
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of 0.6 A was calculated to be 30 kcal/mol. From a comparison between I and III, it can be
seen that the electrostatic field due to Zn together with its neighboring ligands greatly lowers
the barrier height. Accordingly, Zn and its ligands have a significant effect on proton transfer
from His 69 to Asp 142.

Proton Transfer in the Zinc-Water-Glu 270 System

Calculations of § proton transfer in the Zn-water-Glu 270 system were performed. The
model systems employed were IV, V, and VI in Table I. Model IV (Fig. 1 (b)) consists of
Zn-water-Glu 270 along with His 69—, Glu 72—, Asp 142" and His 196", which are included
as point fractional charges. His 69 and Asp 142 were assumed to be anionic and neutral in
this system, respectively. The calculated results for § proton transfer are shown as potential
curve IV in Fig. 3. The calculations gave two energy minima. Since the internuclear
distance between the oxygen of H,O and O of Glu 270 was 3.19 A, the minima were obtained
at transfer positions of 0.1 and 1.2 A. The atomic population on Zn changed from +1.8 to
+1.6 upon proton transfer. The barrier height for § proton transfer was calculated to be
23 kcal/mol. The minimum energy of the form Zn?-OH--Glu 270" was lower than that of
the form Zn*-water-Glu 270~ by 12 kcal/mol. The results suggest that g proton transfer
may occur in the active site of CPA. The energy of the proton affinity of Zn*—water system
was calculated to be 85.5 kcal/mol.®»  Accordingly, the deprotonation of the Zn—coordinated
water molecule is greatly promoted by the existence of the proton acceptor (Glu 270).

The role of Zn and its ligands in § proton transfer was studied in the same way as in the
preceding section, with Models V and VI. The results are shown in Fig. 3. The potential
curves were also found to be double well in form for both Models V and VI. In Model v,
the minimum value of the form OH--Glu 270" was higher than that of the form H,0-Glu 270~
by 8 kcal/mol. _The potential barrier in this model was calculated to be 83 kcal/mol at a
distance of 0.7 A. By comparison between Models IV and V, it can be seen that the form
OH—Glu 270" is stabilized by the electron delocalization between the deprotonated water
and Zn.  In Model VI, the minimum value of the form OH-—Glu 270* was much higher than
that of the form H,0-Glu 270~ (higher by 65 kcal/mol). This result shows that p proton
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transfer does not occur in Model VI. By comparison between Models V and VI in Fig. 3, it
can be seen that the form OH—Glu 270" is strongly stabilized by the electrostatic field due
to Zn and its ligands. The calculated results mentioned above showed that Zn and its ligands
play a significant role in proton transfer from the water molecule to Glu 270. Accordingly,
Zn and its ligands are necessary for the general base catalysis of Glu 270 in CPA.

In the general base catalysis of CPA, Lipscomb ef al. proposed that the Zn-coordinated
water molecule was displaced by the carbonyl group of the peptide substrate and that the pl-
acement of a water molecule necessitated a reorientation of the side-chain of Glu 270 from its
native conformation.? However our calculated results show that Zn and its ligands are
involved in the deprotonation of the water molecule in the general base catalysis. From
the standpoint of the CPA active site structure, therefore, we considered carefully whether
the carbonyl group of a peptide substrate would be able to approach Zn without displacing
the Zn—coordinated water molecule. Figure 4 shows the structure in which Gly-Tyr inhibitor
and Zn—coordinated water molecule are superposed on the active site of native CPA. Gly—
Tyr is fixed by the hydrophobic pocket and the side chain of Arg 145 in the complex structure,
and a real substrate should also be bound in a similar position. The carbonyl oxygen(O") of
Gly-Tyr is in a fifth coordination site of Zn?*
as shown in Fig. 4. £0-Zn-O(H,0) is 45.3°,
,0-Zn-N*1(His 69) is 77.4°, £0-Zn-0(Glu
72) is 122.3°, and ~O'-Zn-N°*(His 196) is 94.9°.
The carbonyl carbon(C') of Gly-Tyr is in just
the position that is attacked by the oxygen of
the Zn—coordinated water molecule. ~O(H,0)-
C-0O' is 73.1°, LO(H,0)-C'-C* is 72.1°, and
~O(H,0)-C'-N"is 127.4°. The distance between
the oxygen of the Zn-coordinated water molecule
and C'is 1.56 A. Since this distance corresponds

to the length of a covalent bond, it will be pos- His 196

sible to form a tetrahedral intermediate on Zn2*. Fig. 4. The Structure of the Active Site of

From the structural viewpoint, accordingly, it CPA composed of Zn, the Zn-coordinated
s reasonable to think that the carbonyl Water Molecule, Gly-Tyr, and Amino

seem fth bstrat ‘thout breaki th hy Acid Residues Present within 5 A of the

group ot the substrate, without breaxing the ny- Oxygen of the Zn-coordinated Water

drogen bond between Glu 270 and the Zn- Molecule

coordinated water molecule, points towards a
fifth coordination site slightly away from Zn and that the water molecule itself is affected
by its connection to Glu 270 in a way that favors the catalysis.

It is concluded that the B proton of the Zn—coordinated water molecule in the structure
shown in Fig. 4 transfers easily to O of Glu 270. The y-carboxylic acid group of Glu 270
acts as the proton acceptor and Zn** plays a significant role in lowering the barrier height of
proton transfer.
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