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Abstract: The guanidyl group of arginine is significant as a binding site of anionic substrates or coenzymes. Carboxypeptidase
A (CPA) includes arginine residues in its binding groove. X-ray diffraction analyses of CPA showed that Arg-145 acts as a
final binding site of the C-terminal carboxylate group of substrates and that Arg-127 and Arg-71 may act as initial binding
sites. Since X-ray study is unable to detect dynamic aspects of the enzymatic reaction, the dynamic study of CPA using the mo-
lecular orbital method was carried out to study the mechanism of the insertion of substrates into the active site. The study
showed that the C-terminal carboxylate of substrates “slides’ smoothly to the final binding site of Arg-145 through the initial
binding sites of Arg-71 and Arg-127. The scheme of the binding of substrates to Arg-71 and Arg-127 may be described as a
“bridge model”’ on an ion-pair structure. When C-terminal carboxylate reaches the final binding site of Arg-145, Arg-71 and
Arg-127 bind with two carbonyl oxygens of the substrate. The product of the hydrolyzed substrate may leave easily from the
active site by changing the structure from -NH-to -NH3*. Moreover, the ab initio calculation was done for the complexes be-
tween guanidinium ion and formic acid ion, formamide, or glycine (NH3;*CH,COO~ or NH,CH,COO™), and the origin of
those complexes was elucidated by energy decomposition and charge-distribution analyses.

Introduction

Many enzymes contain arginyl residue at their active site
and in such cases enzymatic activities are reduced by chemical
modification of the residues.? Arginyl residue exhibits a high
pK, and is positively charged in aqueous solution. The residues
can serve as a positively charged recognition site for negatively
charged substrate or anionic coenzyme in the active site of
enzymes. For instance, guanidinium ions of Arg-35 and Arg-87
of staphylococcal nuclease form two hydrogen bonds with the
5’-phosphate of the inhibitor.3 In the active site of the abortive
lactate dehydrogenase-nicotinamide adenine dinucleotide-
pyruvate ternary complex, Arg-101 forms two hydrogen bonds
with the pyrophosphate of coenzyme, and Arg-171 forms hy-
drogen bonds with the carboxyl group of the substrate. In the
active site of carboxypeptidase A (CPA), when the C-terminal
side chain of the substrate is inserted into the pocket, the
guanidyl group of Arg-145 moves 2 A from the initial position
by rotation around the C#-CY bond of the residue.5 Arg-145
forms a salt link with the C-terminal carboxylate of the sub-
strate. Then residues of Arg-71, Arg-127, Tyr-198, and Phe-
279 may serve as an initial recognition site in the early stage
of substrate binding.® It seems significant, therefore, to clarify
the roles of arginine residues in various enzymes. In this paper
the roles of the three arginine residues (Arg-71, Arg-127, and
Arg-145) of CPA are studied.

Reaction mechanisms for various enzymes have been clar-
ified by the molecular orbital methods in recent years. a-
Chymotrypsin,® papain,” and lactate dehydrogenase® have
been investigated with respect to proton transfer in the active
site. For CPA, the scissile peptide C-N bond of substrates is
weakened by the polarizing effect of the zinc ion.? The effect
on the energies of distortion of the substrate before the tran-
sition state is investigated.!® The lowering of the transition
energy is attributed to the enhanced stability of an sp? vs. sp?
nitrogen. Recently Scheiner and Lipscomb reported by the ab
initio MO study of CPA that Zn2* and its ligands are more
effective than various hydrogen-bonding species in catalyzing
the hydrolysis.®® Qur efforts were concentrated to elucidate
the binding process of a substrate, because many biochemists
are very interested in the reason why CPA hydrolyzes the
substrate from the C-terminal amino acid. The present paper
treats the mechanism of the insertion of substrates into the
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active site of CPA by referring to functions of the three argi-
nine residues.

Methods and Geometries. All the calculations have been
carried out within the closed shell LCAO (linear combination
of atomic orbitals)-SCF (self-consistent field) approximation
with the CNDO/2'! and ab initio methods. Calculations were
carried out using HITAC 8700 and 8800 computers in the
Tokyo University Computer Center. The GAUSSIAN 70 pro-
gram!2 was used for ab initio calculations. The basis set for ab
initio calculations is STO-3G. The ORTEP program by C.
Johnson was used for the drawing of the molecular struc-
tures.!3 The total energy was employed to check the conver-
gence in the iteration process. Stabilization energy (AE =
— E monomers) Was decomposed into five components

AE =ES+ EX + PL + CT + MIX

where ES, EX, PL, CT, and MIX are electrostatic, exchange
repulsion, polarization, charge transfer, and mixing (= cou-
pling) energies. In ab initio calculations the charge-distribution
decomposition analysis was also applied!*

Ecomp]ex

Ap(r) = ppL(r) + pex(r) + pct(r) + pmix(r)

where ppy(r) is population change by PL term, pex(r) by EX,
pct(r) by CT, and prx(r) by MIX. The definitions of energy-
and charge-distribution components and details of the calcu-
lation were reported.!> MIX was decomposed by the method
of Nagase et al.'6

3"COP; = COP, + COP, + COP; + COP,
i

where COP, is the coupling term among occupied and unoc-
cupied MO sets of molecule A and the occupied MO set of B
(Agees Avac, and Byee), COP; among Aoce, Boce, and Byac, COP;
among Aoce, Avac, and Byae, and COP4 among Ay, Boee, and
Byac.

Geometries of monomers are shown in Figure 1. The
geometries of guanidinium ion and formic acid ion in place of
the arginine residue and the C-terminal carboxylate are from
calculations of Umeyama and Matsuzaki.!” Formamide is
from the book by Sutton.'® In the glycine zwitterion
(NH;*tCH,COO™), a moiety, >CCH,NH;", is from a neu-
tron study;!® -COO~ is from HCOO~. In the glycine anion
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Figure 1. Monomer geometries used in calculations of C(NHy)st,

HCOO~, HCONH,, NH3*CH,COO™, and NH,CH,COO™.
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Figure 2. Various complexes between guanidinium ion and formic acid
ion.

(NH,CH,COOQO™), part of the >CNH, group is from
NH,CHj3;2° -COO~ is from HCOO~; >CCH>- is from a
neutron study of glycine.!®

Figure 2 shows the five ion-pair structures between guani-
dinium ion and formic acid ion. Structure I has two nearly
parallel hydrogen bonds. In structure II, formic acid ion rotates
around the O'2-O!3 line (« axis) by 30°. In structure III, it
rotates around the line parallel to the x axis through the po-
sition of O'3 (8 axis) by 30°. Structure IV has only one hy-
drogen bond which is nearly linear between N3 and O'2, In
structure V, it rotates around the C!-C!! line (v axis) by 90°.
VI and VIIin Figure 3 show the interacting structures between
glycine anion and guanidinium ion and between glycine
zwitterion and guanidinium ion, respectively. Figure 4 shows
the four interacting structures between guanidinium ion and
formamide. Structure VIII has a linear hydrogen bond between
N3 and O'!. Structures IX and X have bifurcating hydrogen
bonds. In the latter structure, X, formamide rotates around
the C!-C!! line (6 axis) by 90°. In structure XI, carbonyl
oxygen interacts with an amino group of guanidinium ion and
forms bifurcating hydrogen bonds.
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Figure 3. Complexes between guanidinium ion and glycine zwitterion or
glycine anion.
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Figure 4. Various complexes between guanidinium ion and formamide.

The coordinates for the CPA and Gly-Tyr are from the work
of Quiocho and Lipscomb.’¢ When the C-terminal of the
substrate is inserted into the active site, the C-terminal car-
boxyl group may slide on three arginine residues. Three gua-
nidinium ions and formic acid ion in Figure | were positioned
at the site of Arg-71, Arg-127, and Arg-145 of CPA and the
C-terminal of Gly-Tyr, respectively.

The C-terminal of Gly-Tyr, Arg-145, and 14 amino acid
residues in CPA which were in the neighborhood of Arg-145
were replaced with simple models summarized in Table I. The
coordinates of hydrogen atoms were determined as follows. The
C-H bond is 1.09 A and angle zZXCH is 109.5° in ~CH; and
>CH, groups. In -NH, and >NH groups, N-H bond is 1.02
A and angle £ZXNH is 120°. The O-H bond is 0.956 A and
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Figure 5. Total interaction energies between guanidinium ion and formic
acid ion for various intermolecular distances in structure 1 by using ab initio
and CNDO/2 methods. Distances between both carbons of two molecules
are used.

Table I. Structures Used in Calculations in Place of Various
Amino Acid Residues and the Backbones

residues and backbones calcd molecules

Arg-7l C(I\IHz)3+
Arg-127 C(Nl‘lz)3+
Asp-142 CH;CO0~
Asn-144 CH;CONH;
Arg-l45 CH3CH2NHC(NH2)2+
Glu-163 CH;3;CH,COO0~
Thr-164 CH;CHCH;0H
Tyr-248 C¢HsOH
Asp-256 CH;CO0O~
Asn-144-Arg-145 CH3;CONH;
Gly-155-Ala-156 CH;CONH;
Tyr-248-Gln-249 CH;CONH;
Gln-249-Ala-250 CH;CONH,
Ala-250-Ser-251 CH;CH,CONH;
Gly-252-Gly-253 HCONHCH;
Gly-Tyr(C-terminal) CH;CO0~

angle 2ZXOH is 108.9°. Since Lipscomb et al. did not report
the coordinates of Arg-145 interacting with -COO™ of the
C-terminal of the substrate,?! these coordinates were obtained
by applying the rotations of —40, 40, and 20° to the clockwise
direction around the bonds CA-C¥, C7-C?, and C-N¥, re-
spectively. The movement of Arg-145 was 2.45 A for the car-
bon in the guanidyl group. The movement of Tyr-248 by the
rotation of =120, —150, —60, and 30° around the bonds CO-
C«, C*-C#, CP-C7, and C¥-Cn, respectively, induces the fol-
lowing movements: for Ala-250, 20 and —20° rotation around
CO-C= and C-N; for Gln-249, 80° rotation around C*-N.
After the movement of 12.73 A of hydroxyl oxygen in Tyr-248,
the distance between the hydroxyl oxygen and the susceptible
nitrogen in Gly-Tyr is 2.75 A.

Complex between Guanidinium fon and Formic Acid Ion. The
C-terminal carboxylate of a substrate forms a salt link with
the guanidyl group of Arg-145 in the active site of CPA. By
using a guanidinium ion and a formic acid ion in place of
Arg-145 and the C-terminal carboxylate, interaction energies
for various structures were calculated. Those structures were
shown in Figure 2. Structure I is an ion pair involving two
nearly parallel hydrogen bonds between nitrogen in the gua-
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Figure 6. Molecular orbital levels of various molecules obtained from ab
initio calculations using the STO-3G basis set: A, guanidinium ion; B!,
formic acid ion; B2, glycine anion; and B3, glycine zwitterion. Numbers
of  MQ's are 14, 15, 16, and 17 for A; 8,12, and 13 for B!; 15, 20, and
21 for B2; and 16, 20, and 22 for B,

nidinium ion and oxygen in the formic acid ion. The potential
curve of this complex is plotted against the distance between
both carbons in Figure 5. In STO-3G calculations the most
stable state was at the distance of 3.59 A. Since the CNDQ/2
method is used to calculate large molecules, a potential curve
was also plotted by the CNDO/2 calculations. The most stable
distance was calculated as 3.54 A, differing from the result of
STO-3G calculation by only 0.04 A. Thus, the potential curves
are very similar to each other, and the results obtained by the
CNDO/2 method for ion pairs are reliable to discuss.

The energy-decomposition analysis of the above result is
shown in Table II. The stabilization energy was 169 kcal/mol
at the most stable distance. Electrostatic interaction is the
largest (60%).22 Since net charges of H in the guanidinium ion
and O in the formic acid ion are +0.275 and —0.515, respec-
tively, the large contribution of ES is explained by the popu-
lation change of those atoms. Then the contribution of the CT
term of 27% for the stabilization is secondly large.3 Moreover,
the CT term is separated into two terms of CTo—.gand CTpg_. o
where CT 4-.p means charge transfer from molecule A to B.
The charge-transfer energy from HCOO~ (B) to C(NH,)5*
(A) is 71.9 kcal/mol, which is 99.4% of the charge-tranfer
energy. Accordingly, the interaction between the unoccupied
MO set in C(NH;)3* and the occupied MO set in HCOO™ is
significant.

Figure 6 shows molecular orbital levels of C(NH,);* and
HCOO~. Four MO’s in C(NH3);* and three in HCOO~
having large atomic orbital (AO) coefficients in 1s AO’s were
not shown in this figure. The results of MO interactions be-
tween C(NH3)3%vac and HCOO ™ for structure [ are shown
in Table III. The MO interaction energy between both ¢ MO
sets of C(NH,)3%,ac and HCOO— . was 71.8 kcal/mol, which
is almost equal to the charge-transfer energy, 71.9 kcal/mol,
from HCOO~ to C(NH;,)3*. On the contrary, the interaction
energy between m MO sets of C(NH,)3%y.c and HCOO™ ¢
was almost zero. Since the interaction energy between ¢ MO
sets was significant, further analyses were carried out on those
MO's. Firstly, in order to elucidate contribution of occupied
MO’s in HCOO™, the number of included ¢ MO’s was de-
creased. When four MO’s from the highest occupied MO-
(HOMO) in HCOO- interacted with the vacant ¢ MO setin
C(NH,)3*, the CT energy was — 89.1 kcal/mol, which is more
stable than the value of —71.9 kcal/mol of CTg—a. Inclusion
of three occupied ¢ MO’s from HOMO gave a similar result
to that described above. Since the interaction does not include
the lower three ¢ MO’s in the valence state of HCOO™, the
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Table II. Total Interaction Energies and Decomposition Analyses for Various lon-Pair Structures between Guanidinium Ion and Formic

Acid Ion in kcal/mol (STO-3G Basis Set)

structure term structures
term I A II 111 IV \Y
AE —169.4 AAE 3.5 20.3 314 38.8
ES —158.5 (60%) AES 2.9 25.4 29.3 54.3
EX 96.7 AEX 1.2 -38.3 -28.6 —-84.4
PL =7.4 (3%) APL -0.0 1.2 0.5 3.2
CT —=72.4 (27%) ACT -0.2 22.1 33.1 59.5
MIX =27.7 (10%) AMIX 2.0 9.9 =29 26.3
CTa—B? -0.4 ACTA-B -0.6 0.1 0.1
CTg—a =71.9 (99.4%) ACTg—a 0.6 22.0 330 59.0
SCOP? -26.8 AZCOP 2.6 9.8 3.1
COP, —=25.1 (92%) ACOP, 1.5 10.0 5.3
COP, 0.6 ACOP, 1.0 -0.6 -0.3
COP, -0.0 ACOP; 0.0 0.0 -0.0
COPy =2.2 (8%) ACOP, 0.1 0.3 -1.9

9A and B are guanidinium ion and formic acid ion, respectively. Definition of COP; is shown in Methods and Geometries.

Table II1. Molecular Orbital Interaction Energies between
Unoccupied MO's in C(NH;)3* and Occupied MO’s in HCOO~
for Structure I (STO-3G Basis Set)

Avac Tall Tall Tall Tall Tall gd-A
Boce Tall Tall 0a-B 0b.B gc-B 04-B
kcal/mol =718 -0.0 -—89.1 —88.1 —-694 =676
Avac Te-A ofA Og-A Th-A Ti-A gj-A
Bocc Oe-B of.B 0g-B Oh-B 7i-B 0j-B
kcal/mol —65.6 —58.0 =322 -—18.9 =206 -189

a-B: 7,49,10,11.b-B: 9,10, 11.¢-B: 10, 11
d-A: 18,19, 20, 21, 22,23, 24, 25.d-B: 10, 11
e-A: 18,19,20,21,22,23,24.e-B: 10,11
f-A: 18,19,20,21,22.f-B: 10, 11]

g-A: 18,19,20.g-B: 10, 11

h-A: 18.h-B: 10,11]

i-Ar 18,19,20.i-B: 11]

j-A: 18 (LUMOin ¢’s).j-B: 11 (HOMO in ¢’s)]

4The meaning of MO level number is shown in Figure 6.

interaction energy would have been greatly stabilized. That
is, the increase of population by CT from the lower three o
MO’s to C(NH3)3%ysc may interfere with the charge transfer
from the higher four ¢ MO’s to C(NH3)3% .. The CT inter-
action energy obtained from inclusion of HOMO and a MO
under HOMO in the o set was —69.4 kcal/mol. The MO under
HOMO and HOMO was significant. Table IV shows AO
coefficients of two hydrogens of C(NH,)3;™ and two oxygens
of HCOO™ being able to interact with each other. The large
AO coefficients of HOMO and the MO under the HOMO
explain the contribution of those MO's. Next, the number of
the vacant MO’s in C(NH;);* was decreased. As the number
decreases, CT interaction energy decreases. In order to study
contributions of HOMO and LUMO, CT energies obtained
from MO selections described by ¢, o4 oy, and. o; were
compared. The small difference between i and j selections
shows the small interaction energy among o,9 (over LUMO
ino MO,S), a20 in C(NH2)3+, and a1 (HOMO ino MO,S) in
HCOO~. The difference, 13.3 kcal/mol, between g and 4 se-
lections is due to the interaction among a9, 039 in C(NH3);,
and o9 (under HOMO) in HCOO~. As shown in Table [V
signs of the AO coefficients of two oxygens in o;g of HCOO~
are different, but those of ¢, are the same. On the other hand,
those of two hydrogens of o153 and o9 in C(NH>);* are the
same, but those of oy are different. From the relationships of
symmetry, therefore, the interaction energies between o, and
013 0T 019 and between a1 and a9 will be large, but those be-
tween g1 and a9 and between a1 and a5 or ¢, will be almost

Table IV. Atomic Orbital Coefficients of H® and H? in the
Guanidinium Ion and O'2 and O'3 in the Formic Acid Ion for MO
Levels Shown in Figure 6

guanidinium ion formic acid ion

MO 1s of 1s of 2px of 2py of
levels Hé H° MO levels  O!2 o
17 (=) —0.000 +0.000 1 +0.001  +0.001
18 +0.442 +0.442 2 +0.002 —0.002
19 —0.167 -0.167 3 —-0.001 -0.001
20 -0.593 +0.593 4 +0.041  +0.041
21 +0.631 +0.631 S —-0.044 +0.044
22 +0.287 -0.287 6 =0.166 —0.166
23 -0.227 -0.227 7 —-0.096 —0.096
24 —0.521 +0.521 8 () +0.000 —0.000
25 —-0.356 +0.356 9 +0.370  —0.370
26 +0.252 +0.252 10 +0.518 —0.518

11 —-0.644 —0.644
12 (7) -0.000 —0.000

Table V, Exchange Repulsion Energy Obtained from
Intermolecular Overlaps of Occupied Molecular Orbitals in keal/
mo! (STO-3G Basis Set)

Aocca Moa]lb Tall Tall g11,12,13
Bocc Moa]l Tall Tall g10,11
kcal/mol 183.4 176.0 0.3 37.2

4A and B are the guanidinium ion and formic acid ion, respectively.
4The number of MO levels is shown in Figure 6.

zero. Accordingly the charge transfer from the occupied ¢ MO
set in HCOO™ to the unoccupied ¢ MO set in C(NH;,);3% is
dominantly affected by many unoccupied MO’s in C(NH;);*
and many valence occupied MO’s in HCOO~.

In structure I exchange repulsion (EX) consists of an in-
termolecular exchange term (—Zfee TP k%) and the ex-
change repulsion term (EX’) from intermolecular overlap in-
tegrals of occupied MO sets. The former term, X, is obtained
from ESX-EX in ref 24. Therefore EX is equal to X + EX'.
Table V shows the results of EX’. The repulsive energy, EX’,
between the occupied MO set in C(NH>)3* and the occupied
MO set in HCOO™ was 183.4 kcal/mol. Exchange repulsion
energy between o MO sets of both molecules was 176.0 kcal/
mol and it explains 96% of the total repulsion energy. Contri-
bution of the # MO set was very small. In order to elucidate
the contribution of the neighboring MO’s of HOMO, the fol-
lowing MO’s were selected: HOMO and two MO’s under
HOMO in the ¢ set of C(NH,);* and single MO under
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Table VI. Total Atomic Population Changes of Various Complexes between Guanidinium Ion and Formic Acid Ion and Charge-
Distribution Decomposition Analysis for Structure I in STO-3G Basis Set

I II, III, Iv,

o (M)monomer Ao(r) PEX(r) ppL(r) pct(r) omIx(r) Bo(r) 8o(r) 2o(r)
C! 5.498 0.056 0.002 0.017 0.004 0.033 0.056 0.040 0.043
N2 7.385 0.028 0.001 0.018 0.002 0.008 0.028 0.024 0.023
H3 0.725 0.047 0.000 0.028 0.000 0.018 0.046 0.037 0.031
H* 0.725 0.047 0.000 0.028 0.000 0.018 0.046 0.042 0.045
N3 7.385 0.069 0.034 -0.002 -0.002 0.040 0.067 0.055 0.047
H¢ 0.725 —0.041 -0.037 -0.080 0.160 —0.085 -0.039 —0.045 —0.048
H’ 0.725 0.081 0.001 0.037 0.002 0.041 0.079 0.073 0.063
N§ 7.385 0.069 0.034 -0.002 —-0.002 0.040 0.067 0.027 0.020
H? 0.725 —0.041 -0.037 —-0.080 0.160 —-0.085 -0.039 -0.026 -0.002
H!0 0.725 0.081 0.001 0.037 0.002 0.041 0.079 0.054 0.046
total 0.397 0.000 0.000 0.326 0.071 0.391 0.282 0.268
cl1 5.843 -0.091 0.001 —-0.023 -0.014 -0.054 -0.090 —0.056 -0.051
o2 8.515 -0.092 —=0.001 0.044 -0.150 0.015 —-0.091 -0.072 —-0.029
o 8.515 -0.092 -0.001 0.044 =0.150 0.015 -0.091 -0.057 -0.101
Hi4 1.127 -0.123 0.001 —0.065 =0.012 —0.046 -0.118 -0.097 -0.087
total =0.397 0.000 0.000 =0.326 =0.071 -0.391 —0.282 =0.268

HOMO and HOMO in the ¢ set of HCOO~. The repulsion
energy was 37.2 kcal/mol. This value is only 20% of the total
repulsion energy. Therefore, the interactions among all the ¢
MO’s of both molecules must be included to calculate the re-
pulsion energy.

The contribution of the mixing term for the stabilization
energy was 10% in Table I1. The coupling energy was decom-
posed into four terms. The summation of four coupling terms
is shown by ZCOP. A coupling term, COP,, which is the in-
teraction among HCOO™gce, C(NH3) 3% occ and C(NH2) 3% yac
is the main contributor.

Table VI shows electron density decomposition for structure
I. When the ionic interaction occurs, the total electron density
of guanidinium ion increases to the summation value of pcr(r)
= 0.326 and ppmx(#) = 0.071. After the formation of the ion
pair, however, H® and H® which are directly interacting with
HCOO~ become electron deficient by 0.041. The decrease of
electron density is due to ppL(r), pEx(7), and papix(r). Those
three density terms cancel the increased value, 0.160, by
pct(r). Then the other atoms except for Hé and H? in the
electron-acceptor molecule become electron-rich as shown by
the increase of Ap(r) values. The increase in N is due to
pex(”) and pmix(#), and C!, H3, and H* are increased by
ppL(r) and pmx(r). On the other hand, the electron density
in HCOO™ which is the electron-donor molecule decreases to
the summation value, 0.397, of Apct(r) and Apyx(r). All the
atoms of HCOO™ become electron deficient after the complex
formation. Especially the deficiency is large for H'4, though
it is thought that the electron densities in O!2 or O'3 may be
largely affected by the interaction. The electron density in O'2
decreases by 0.092, since pct(r) which is the main contributor
is canceled by ppy(r). Those of C!! and H!4 decrease due to
ppL(r), pcT(r), and pmix(r).

In structure IIT HCOO- is rotated by 30° around the
0!2-0O'3 line (« axis). The difference in the stabilization energy
from structure I is 3.5 kcal/mol. The unstabilization is at-
tributed to ES, MIX, and EX as shown in Table II. ES is the
main contributor. EX is increased by the proximity of atoms
in both molecules. MIX occurs from the MO interaction
among HCOO™ e, C(NH3) 3% o, and C(NH3)3% 4. Though
the CT term from HCOO~ to C(NH,);* decreases by 0.6
kcal/mol by the rotation around the « axis, the energy change
of CT is very little. The electron-density change, Ap(r), in
Table VI is similar to that of structure I.

In structure I[IT HCOO™ is rotated by 30° about the line
parallel to the x axis through the position of O!3 in HCOO~
(8 axis). One hydrogen bond is weakened in comparison with
structure 1. The difference of stabilization energy from

Table VII. Total Energies of Structure IV in Various Positions of
HCOO~ for Coordinate System of Structure I'in Figure 2 (STO-
3G Basis Set)

X axis, y axis, AE,
kcal/mol
0.03726 -2.16000 —-137.17
0.07726 —-2.16000 —137.67
0.11726 -2.16000 —-137.52
0.08795 —2.16000 -137.70
0.08795 —2.20000 -137.87
0.08795 —2.24000 -13791
0.08795 —=2.23225 —-137.92

structure [ is 20.3 kcal/mol. The decrease of the ES and CT
terms contributes to this unstabilization. The CT term is due
to CTHcoo-—-c(NH,);+- The coupling energy is due to COP,.
The electron-density changes of the part having one bending
hydrogen bond are smaller than those of structure 1.

Structure IV is obtained from the energy optimization as
shown in Table VII. This structure, IV, corresponds to an ion
pair of one hydrogen bond. As shown in Table II the difference
of stabilization energy, 31.4 kcal/mol in comparison with
structure I, is due to CT and ES. The electron-density change
of H6 is similar to that of structure I. On the other hand,
electron density of H® almost does not change, since H® does
not form a hydrogen bond. In the case of structures III and IV,
the unstabilization occurs from the weakened hydrogen bond.
Therefore, it was shown that the complex structure of the
nearly parallel hydrogen bonds is very stable.

Structure V shows the rotated structure by 90° around the
C!-C!! line (v axis) in structure I. The energy difference from
structure I is 58.8 kcal/mol due to the large decrease of ES and
CT terms (Table II). CTycoo-—-cNHy);+ Was —12.9 kcal/
mol, which was very small. The CT term was decomposed into
four components: CT,_,, CTr.4, CTy_r, and CT,_,. CT,_, and
CT,_, were 63 and 37%, respectively. CT,_,and CT,_, were
almost zero. It is interesting that the contribution of CT,_, is
large.

Since the results of ab initio calculations for structure I are
similar to those of the CNDO/2 method, the potential curves
for the movement of HCOO™ by using the CNDO/2 method
were described in Figure 7. For movements of —x and z di-
rection, two hydrogen bonds are simultaneously broken, and,
hence, potential energy becomes unstable with the increase of
the distance from the origin. The potential curve of —y direc-
tion has a local minimum, since one linear or bending hydrogen
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Figure 7. Potential curves of the complex between guanidinium ion and
formtc acid ion for movements of formic acid ion from the most stable
structure by using the CNDO/2 method in kcal/mol. Molecular planes
are shared by each other.

Table VIIL Total Interaction Energies between Guanidinium Ion
and Glycine Zwitterion or Glycine Anion and Energy
Decomposition Analyses in kcal/mol (STO-3G Basis Set)

V4 VII VII = VI
AE -82.1 -168.8 -86.7
ES -96.3 -157.1 -60.8
EX 101.9 96.7 -5.2
PL -0.5 -8.0 -7.5
cT -61.4 -71.5 -10.2
MIX -25.8 -28.9 -3.1

4Structures VI and VII are shown in Figure 3.

bond is reserved during the movement. Accordingly, it was
shown that the reservation of one hydrogen bond is significant.
This result is very useful when we consider movements of ar-
ginine residues in CPA,

Complex between Guanidinium Ion and Glycine. CPA pro-
duces an amino acid from the C-terminal of substrates by
hydrolysis. A model of the product was calculated by using a
complex of guanidinium ion and glycine zwitterion (structure
V1in Figure 3). The complex of guanidinium ion and glycine
anion as a model of the substrate was also calculated in com-
parison with the model of the product (structure VII in Figure
3). Table VIII shows the energy decomposition analyses of
those structures. The terms obtained from structure VII are
very similar to structure I. Therefore the substitution of -H
by ~NH, does not change the results of energy decomposition
analyses. On the other hand, the terms obtained from structure
VI were very different from structure VII. The protonation of
~-NH; of glycine unstabilized the interaction energy with
guanidinium ion mainly due to the increase in the ES term as
shown in Table VIII. Figure 6 shows the molecular orbital
levels of glycine zwitterion and glycine anion. The MO levels
of glycine anion almost do not change in comparison with the
formic acid ion. However, the MO levels of the glycine zwit-
terion are lowered more than the glycine anion. Therefore, the
stabilization by CT is smaller than that in structure VII. Since
the changes of EX, PL, and MIX are relatively small, the
electrostatic repulsion between the -NH;* group in the glycine
zwitterion and the guanidinium ion determines the unstabili-
zation of structure VI. Figure 8 shows the potential curves of
these complexes using the CNDQ/2 method, The interaction
force between the glycine anion and the guanidinium ion is
larger than that between the glycine zwitterion and the gua-
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Figure 8. Potential curves of complexes between guanidinium ion and
glycine zwitterion or glycine anion for distance between C' in guanidinium
ion and C!! in glycine by using the CNDO/2 method in kcal/mol.

Table IX. Various Structures and Total Energies Obtained from
Geometry Optimization for Complexes between Guanidinium Ion
and Formamide in kcal/mol by Using the CNDO/2 Method

VIII® IX X XI
AFE —25.5 —27.6 —28.5 —13.8

aStructures VIII-XI are shown in Figure 4.

nidinium ion. Accordingly, after the hydrolysis of substrates
by CPA, the interaction energy between Arg-145 and the
amino acid product will be reduced largely.

Complex between Guanidinium Ion and Formamide. In CPA
without substrate, Arg-145 interacts with the carbonyl oxygen
of Gly-155. The second and third carbonyl oxygens of peptide
backbones from the C-terminal of substrate are able to interact
with Arg-127 and Arg-71, respectively. Therefore the calcu-
lations of four complex structures (VIII-XI) as shown in
Figure 4 were carried out by using the CNDO/2 method.
Structure VIII has a linear hydrogen bond. The hydrogen bond
distance is 2.43 A between N5 and O!'. The angle ZCON is
136.1°. Formamide and guanidinium ions lie on the same
plane. IX and X show the bifurcated structures in which two
~NH; groups of the guanidinium ion interact with the carbonyl
oxygen. In structure IX two lone-pair orbits of the carbonyl
oxygen participate in the interaction. In structure X = MO’s
on the carboxyl oxygen participate. After the energy optimi-
zation the distances between C! and O!! were 2.76 and 2.72
A for structures IX and X, respectively. Structure XI shows
the bifurcated structure in which a single ~-NH; group interacts
with the carbonyl oxygen. The distance between N2 and O!!
after the energy optimization was 2.15 A, Table IX shows the
interaction energies for structures VIII-XI. Since IX and X
were more stable, ab initio calculations for those structures
were carried out by using the STO-3G basis set. In structure
IX the distance between C! and O!! was optimized. The dis-
tance was 3.04 A. For structure X the same distance as
structure IX was used. The results are shown in Table X. IX
was more stable than X by 3.0 kcal/mol. The decrease of sta-
bilization energy was due to ES and CT. In order to elucidate
the origin of CT, MO decomposition analysis was carried out.
The CT term of IX is explained by the charge transfer between
& MO sets of both molecules. In structure X, 54.7% of the CT
term comes from the MO interactions between the ¢ MO sets,
and 45,2% is due to the MO interactions between the MO
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Figure 9. Figures showing the sliding system in which formic acid ion
moves to Arg-145 through bindings with Arg-71 and Arg-127.

Table X. Total Interaction Energies and Energy Decomposition
Analyses of Complexes IX and X between Guanidinium Ion and
Formamide in kcal/mol (STO-3G Basis Set)

IX4 X X-IX

AE —24.2 -21.2 3.0
ES -22.8 -20.6 2.2
EX 19.4 18.0 —-14
PL =32 =34 -03
CT —15.6 -13.9 1.7
MiX =20 -12 0.8
CTg-A? —-15.4 -13.2 2.2
CTe- —-15.4 =72 8.2
CTsor -0.0

CTrs -5.9

aStructures 1X and X are shown in Figure 4. #A and B mean gua-
nidinium ion and formamide, respectively.

set in the formamide and the ¢ MO set in the guanidinium ion.
Accordingly, it was shown that contribution of the # MO set
in formamide to the CT term increases largely as the structure
changes from IX to X.

Sliding System. There are three arginine residues in the
active-site groove of CPA. The guanidyl groups of Arg-71 and
Arg-127 which were exposed to the surface of the enzyme may
capture the C-terminal carboxylate of a substrate. During the
catalytic step Arg-145 firmly binds with the C-terminal of the
substrate in the active site. In crystallographic data of CPA,
C$ atoms of Arg-71 and Arg-127 are separated by 4.7 A, and
those of Arg-127 and Arg-145 are separated by 6.4 A. Since
the distances among two arginines exposed to the surface of
CPA and Arg-145 buried in the enzyme are near each other,

Journal of the American Chemical Society | 100:24 | November 22, 1978

-1152
°
£
~
©
Q
_x
©
>
-1i53 }
)
4
@
=
w L
5
°
-1154 F
1 L . 1 1 1

(a) (b) (c) (d) (e) (f)
Transfer  Path
Figure 10. Potential curves of sliding of formic acid ion on three guanidyl
groups of Arg-71, Arg-127, and Arg-145. The solid line is the potential
curve in the sliding system. The broken line is a potential curve in the case
where Arg-145 moves to the C-terminal carboxylate after the binding of
substrate.

we assumed that the C-terminal carboxylate of the substrate
may slide along three arginine residues before it fits to the final
active site of Arg-145. Figure 9 shows some of calculated model
structures. Table XI shows the movements from the coordi-
nates of X-ray data. As an first recognition site of the substrate,
Arg-71 may form an lon-pair structure involving two nearly
parallel hydrogen bonds (model a in Figure 9). Then the C-
terminal of the substrate may be transferred from Arg-71 to
Arg-127, maintaining a hydrogen bond. Since the interac-
tion-energy change between formic acid ion and guanidinium
ion was relatively small in the —y direction as shown in Figure
7, the conformation which conserves hydrogen bonds as much
as possible should be considered as an intermediate state.
Model by in Figure 9 shows one intermediate model in which
the C-terminal carboxylate of the substrate forms two hy-
drogen bonds, one with the guanidinium ion of Arg-71 and the
other with Arg-127.25 This interacting model is called the
“bridge model”. Again Arg-127 and the C-terminal carbox-
ylate may form an ion-pair structure involving two hydrogen
bonds as model a (model ¢). Model ¢ is not shown in Figure 9.
Next the bridge model between Arg-127 and Arg-145 may be
formed as model d, in Figure 9. Again Arg-145 and the C-
terminal carboxylate may form an ion pair involving two hy-
drogen bonds (model e). Model ¢ is not shown in Figure 9.
Finally the C-terminal carboxylate reaches the position ob-
tained by the X-ray study. The C-terminal forms an ion-pair
structure involving two nearly parallel hydrogen bonds with
Arg-145, moving by about 2 A from the initial position (Model
fin Figure 9). The calculated result by the CNDO/2 method
along the transfer path of the C-terminal is shown by a solid
line in Figure 10. Since the energy differences between bridge
models and two hydrogen-bond models are less than 20 keal/
mol, the C-terminal carboxylate is able to move smoothly and
slide on the three arginines to the final goal in the active site.
In addition, the transfer path of the substrate described in this
paper is one of sliding models, and, hence, the transfer path
with less energy differences will be obtained by more calcu-
lations. If Arg-145 moves to the C-terminal after the fitting
of the substrate, the transfer path is represented by a potential
curve shown with a broken line. In the calculated model the
C-terminal carboxylate fits in the active site, and Arg-145 does
not move, yet, toward the C-terminal (Model ¢’). The transfer
path described by the solid line is more stable than that by the
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Table XI. Rotations of Arg-71, Arg-127, and Arg-145 about Bonds of Arginine Residues for Each Model of Sliding System in C-terminal

Transfer Process at Active Site of CPA

Arg-71 Arg-127 Arg-145 hydrogen
bond

model C8-Cv Cy-C? CO-Ne C8-Cv Cy-Co CO_Ne Cs-Cv Cr-C? CI-N¢ N-H..0¢
a 04 0 0 0 0 0 0 0 0 0
by 0 15 20 0 15 =25 0 0 0 90
bz 0 -10 10 0 0 =30 0 0 0 90
¢ 0 0 0 0 0 0 0 0 0 0
d; 0 0 0 0 -10 10 -10 40 0 90
d; 0 0 0 0 -10 20 -10 30 10 70
e 0 0 0 0 0 0 0 0 0 0

aUnit is degrees. Original coordinates are obtained from the data by Lipscomb et al.5¢ Rotation is clockwise. PR otation of C-terminal about

a hydrogen bond, N-H:+O, to clockwise direction.

Table XII. Effects of Neighboring Amino Acid Residues and
Peptide Backbones on Movements from Model e to f of Arg-145
or Ton Pair between Arg-145 and C-Terminal Carboxylate in kecal/
mol by Using the CNDO/2 Method

residue and peptide (e (2)%
Arg-71 1.0 3.1
Arg-127 -1.9 9.9
Asp-142 =27 -0.3
Asn-144 3.7 -16.4
Glu-163 43 -0.7
Thr-164 1.5 1.8
Tyr-248 0.0 1.5
Asp-246 =33 1.3
Asn-144-Arg-145 -1.9 0.0
Gly-155-Ala-156 14.2 6.0
Tyr-248-Gln-249 0.7 1.2
GlIn-249-Ala-250 3.2 1.6
Ala-250-Ser-251 0.4 1.3
Gly-252-Gyl-253 1.6 1.6
the case where Tyr-248 was moved

Tyr-248 =20 1.0
Tyr-248-GIn-249 2.1 0.9
GlIn-249-Ala-250 2.7 1.2
Ala-250-Ser-251 -04 1.0

(1) means the movement of only Arg-145. #(2) means the move-
ment of the complex between Arg-145 and the C-terminal carboxyl-
ate.

broken line. This makes the sliding mechanism of the insertion
of the C-terminal carboxyl group through the three arginine
residues more reasonable.

Influence of Neighboring Residues on the Movement of
Arg-145 in Carboxypeptidase A, The conformational changes
in the active site of CPA, when Gly-Tyr binds, occur mainly
in three amino acid residues, Arg-145, Glu-270, and Tyr-248.
The guanidyl group of Arg-145 moves by about 2 A from the
initial position. The C-terminal carboxylate of the substrate
forms a salt link with Arg-145. This motion of Arg-145 was
necessary in order to fix the C-terminal of the substrate.
However, this might be restricted by neighboring residues. In
the sliding system the movement of the ion pair from model e
to model f will be influenced by neighboring peptides. Effects
of the neighboring residues, when Arg-145 or the ion pair is
moved, arte shown in Table XII. The interaction energy be-
tween Arg-145 and the peptide model of Gly-155-Ala-156 is
reduced by 14 kcal/mol by the movement of Arg-145. Since
the hydrogen covalently bonded to N¢in the initial position of
Arg-145 forms a hydrogen bond with the carbonyl oxygen of
Gly-155,5 Gly-155 has an effect on the motion of Arg-145.On
the other hand, when Arg-145 and the C-terminal carboxylate
maintaining the ion pair are moved together, the effects of the
neighboring residues are shown in the second column. When

N?2 of Asn-144 forms a hydrogen bond with the carboxylate
oxygen of the C-terminal, the stabilization energy of 16
kcal/mol is obtained. Arg-127 and Arg-71 which are located
in the initial recognition site of the carboxylate group of the
substrate have little influence. Since anion and cation charges
are canceled on the ion pair, other neighboring residues do not
influence largely. When the sliding model is considered, the
results of the second column should be discussed. Since there
are not the large positive values, the movement from model e
to model f will occur smoothly without the interference of
neighboring peptides. Moreover, the movements of Tyr-248
and the backbones do not interfere with the movement of the
ion pair as shown in the Table XII.

Discussion

Jukes has proposed the hypothesis that relative scarcity of
arginine in proteins is because arginine is a relatively new
amino acid during the course of evolution.2® However, since
there appears to be no correlation between the rate of evolution
and the lysine-arginine ratio, Wallis reported that the less
frequency is attributed to a selection pressure against the oc-
currence of arginine, a role of arginine codons in control of
protein synthesis, and the very high pK, of arginine.2” Riordan
reported on the significance of arginyl residues as anion rec-
ognition sites in many enzymes.2¢ From the experiments of
modification of CPA by butanedione, the loss of peptidase
activity correlated nearly with the modification of three arginyl
residues.2® Then the results of X-ray diffraction analyses
showed that Arg-145 is a binding site for the C-terminal car-
boxylate group of the substrate.® There are Arg-71 and Arg-
127 in the region of the binding groove away from the active
center. In addition to Arg-145 which is the final recognition
site of the carboxyl group, Arg-71 and Arg-127 might serve
as an initial recognition site in the early stages of binding of
substrates. It was shown in this paper from the enzyme dy-
namics that the C-terminal carboxylate group slides to Arg-
145 with low potential barriers on the two arginyl residues,
Arg-71 and Arg-127. The dynamical study of three arginines
leads us to the sliding mechanism. After the binding of the
C-terminal carboxylate to Arg-145, Arg-127 and Arg-71 are
fitted to the carbonyl oxygens of the fourth and third amino
acids, respectively, from the C-terminal of the substrate. After
the C-terminal amino acid is hydrolyzed with the help of
Glu-270, Tyr-248, and Zn2*, etc., the newly produced C-ter-
minal carboxylate is located in the active site. This carboxylate
will be transferred to Arg-145. At the same time Arg-71 and
Arg-127 will help the transfer of the substrate, sliding the
C-terminal carboxylate group by ion-pair bindings. The ex-
perimental facts that modification of only two or three of the
ten arginine residues of CPA reduces the peptide activity
confirm the sliding mechanism.2®> When CPA is modified by
butanedione, it exhibits a K, value for carbobenzoxyglycyl-
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L-phenylalanine, identical with that of the native enzyme.
Moreover, metal substitution at the active site profoundly af-
fects the rate-determining step in the hydrolysis of peptides
(kcay values are in the order Co > Zn > Mn > Cd) but not their
binding which is shown by K ,,.28 Therefore, elucidation of the
binding process of the substrate at the active site is significant.
By means of a three-component energy-transfer relay system,
consisting of cobalt CPA, its fluorescent dansylated peptide
substrates, and tryptophanyl residues of CPA, Latt et al. re-
ported that distances between each dansyl peptide substrate
and the cobalt CPA are in good agreement with those mea-
sured on Cory-Pauling-Koltun models from the center of the
dansyl group of the extended peptides to the cobalt atoms in-
teracting with the susceptible peptide carbonyl group.?® When
the catalysis and the distance from the active-site moiety to
fluorescent substrate moieties of the enzyme-substrate com-
plex were simultaneously measured, the increase in distance
was a function of the extended chain length of peptides. When
three arginyl residues were fitted to a substrate, the substrate
must be extended in the binding groove. Then side-chain parts
of the substrate approach to the hydrophobic part constructed
by Phe-279 and Tyr-198, etc.

The determination of the crystal structure of the ternary
complex of the staphylococcal nuclease with its inhibitor,
thymidine 3’,5’-diphosphate, and calcium ion has revealed that
the 5’-phosphate of the inhibitor forms two hydrogen bonds
to each guanidyl group of Arg-35 and Arg-87.3 Since a car-
boxyl group is very similar to a phosphate group with respect
to their proton affinities®® and their structures, the structure
also confirms the bridge model described in this paper. In
lactate dehydrogenase Arg-101 interacts with the pyrophos-
phate group in coenzyme. If positive and negative charges
exchange with each other, the interacting structure is similar
to the bridge model. And Arg-109 must pass through a ring
composed of Asp-197, Asp-234, Asp-238, and Glu-107 during
the conformational change between the apo and ternary
complex structures.*® The case of CPA in which the C-terminal
carboxyl group may slide over the three arginyl residues is very
similar to that of lactate dehydrogenase, when carboxyl and
guanidinium groups exchange with each other. The estimation
of three essential arginines per subunit of lactate dehydroge-
nase from chemical modification studies by Yang and
Schwert?2 is confirmed by the indication of Arg-101, Arg-109,
and Arg-171 located at the active site. The interaction between
Arg-171 and L-lactate or pyruvate enol is the same as that
between Arg-145 in CPA and the C-terminal carboxylate
group of a substrate. The results of the interaction energies and
the energy decomposition analyses are able to be applied to the
interaction between Arg-171 in lactate dehydrogenase and
L-lactate or pyruvate enol. The crystal structure of arginine
glutamate monohydrate was determined in the studies on
crystalline complexes among the amino acids.3? The arginine
and glutamate molecules have net positive and negative
charges, respectively. The crystal structure contains a specific
ion-pair interaction involving two nearly parallel N—H.-.O
hydrogen bonds between the guanidyl group of arginine and
the side-chain carboxylate group of glutamate. In the ab initio
calculations for the ion-pair complex between guanidinium ion
and formic acid ion, the most stable structure was determined:
two parallel hydrogen-bond structures in which both molecules
share the same plane. Though the complex of the C-terminal
carboxy!l group of Gly-Tyr and Arg-145 of CPA has two strong
and weak bending hydrogen bonds in the coordinates reported
by Lipscomb et al.,’@ our calculations and the experiment by
Bhat et al. predict that the complex between Arg-145 and the
C-terminal carboxyl group has two parallel linear hydrogen
bonds.

From the experimental fact that the arsanilazotyrosine-
248.Zn complex of CPA is fully active in solution and that
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substrate binding disrupts the arsanilazotyrosine-248.Zn
complex,3! the movement of 12 A of Tyr-248 was denied
during the catalysis step. Moreover Lipscomb confirmed from
the three-dimensional space-filling model that Tyr-248 is able
to move to Zn2* in the active enzyme.32 After the movement
of Tyr-248, therefore, the effects of the tyrosine residue and
the backbone of peptides on the movement of the ion pair be-
tween the C-terminal carboxylate group and Arg-145 were
calculated. Since Tyr-248 and backbones did not affect the
movement of the ion pair, other mechanisms for the role of
Tyr-248 should be considered.

Doscher and Richards demonstrated that, though kinetic
parameters for ribonuclease S crystals were similar to those
in solution, the former was not identical with the latter.33
Harrison et al.34 reported by stopped-flow techniques that the
enzyme solution of CPA is an equilibrium mixture of at least
three conformations. When the kinetic properties of the crystal
were compared with those of solution, predominant effects on
ko were observed. The k¢, in solution is 20-50 times larger
than the k., in crystal for all esters and peptides. Moreover
they indicated that X-ray crystallographic analyses may be
unable to detect dynamic aspects of the enzymatic reaction,
since the X-ray technique itself precludes them. Therefore, the
dynamical study by moving Arg-71, Arg-127, and Arg-145
may be significant in order to elucidate the true enzymatic
reaction in solution.

When CPA hydrolyzes a peptide from C-terminal, an amino
acid is produced. The amino acid of the product has an -NH;*
and a ~-COO~ group. The side-chain part is still in the pocket
of the active site and the electronic structure changes from
~-NHC< to -NHj*. Therefore the interaction energy between
the isolated amino acid of the product and Arg-145 was cal-
culated to compare with the interaction between the C-ter-
minal amino acid and Arg-145. In order to simplify the cal-
culations, NH,CH,COO~ (glycine anion) and
NH;+*CH,COO™ (glycine zwitterion) were used in the place
of the C-terminal amino acid of the substrate and the amino
acid product, respectively. The interaction energy between
glycine zwitterion and guanidinium ion was much less stable
than the use of glycine anion by 61 kcal/mol. Therefore the
C-terminal group salt linking with Arg-145 will easily leave
the active site of the enzyme. After the hydrolysis, the new
C-terminal carboxylate may interact with Arg-145 directly
or by sliding after the interaction with Arg-71 or Arg-127.
Auld and Holmquist reported that metal substitution at the
active site of CPA changes the binding energy of esters (K, ™!
values in the order Co > Zn > Mn > Cd) but not their rate of
hydrolysis.2® They indicated that an interaction may occur
between the metal atom and the carboxyl group of ester sub-
strates. Riordan confirmed that ester substrate cannot bind
with Arg-145,28 because butanedione modification of arginyl
residues not only maintained esterase activity but also in-
creased the activity to about 300% of the control. The product
of ester substrate is an anionic structure since ester activity is
generally determined by titration of the protons released on
hydrolysis. Therefore, the negatively charged product binding
with Arg-145 will not leave easily when the ester substrate is
hydrolyzed in the same reaction path as the amide substrate.
Accordingly, one of the reasons why Arg-145 does not interact
with the carboxyl group of the ester substrate may be attrib-
uted to the difficulty of its leaving Arg-145 site.
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