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It is assumed that the primary specificity of chymotrypsin is determined by the formation of a molecular complex be-
tween the aromatic nucleus of the side chain of the specific substrate cleaved bond and the peptide bond of chymotrypsin
*tosyl hole”. The suggested model has been studied by means of the quantum chemical method. CNDO/2 and perturbation
theory up to second order. The obtained results show the possibility of formation of molecular complexes of the above men-

tioned type.

1. Introduction

Chymotrypsin primarily catalyzes the hydrolysis of
peptide bonds of proteins adjacent to the carbonyl of
the aromatic amino acids. The enzyme also catalyzes
the hydrolysis of low molecular amides and esters of
aromatic amino acids. In comparison with catalytic
efficiency of the enzyme towards hydrolysis of pep-
tide bonds formed by tryptophan (Trp), thyrosine
(Tyr) and phenylalanine (Phe) (100%, 91% and 83%),
its efficiency for hydrolysis of peptide bonds formed
by histidine (His) is surprisingly low (31%) [1].

It is obvious that the specificity of every enzyme is
directly related with the character of the enzyme—
substrate (ES) complex of corresponding enzymatic
process. The problem of chymotrypsin primary speci-
ficity is, therefore, reduced to the clarification of the
inieraciion berween ihe sidc chain of 1ho spocific sub-
strate (essentially the particular aromatic nucleus) and
the enzyme sorption region.

UV spectra of cinnamoyichymotrypsin [7,8] contra-
dict the widely accepted notion about the hydropho-
bic nature of the interaction at the formation of ES
complex for the chymotrypsin catalyzed processes
[2--6]. Analysis of these spectra showed that the ben-
zene nucleus of cinnamoyl is placed in the enzyme
sorption region of high polarity. Results of X-ray dif-
fraction of chymotrypsin, its acyl derivates and its
complexes with inhibitors show that the enzyme hus

only one sorption region for the side chain of specific
substrates — the so called ““tosyl hole™ [9-13]. Sorption
region which due to its shape looks like a “pocket™ at
the surface of the enzyme, consists of —CH,-groups

of different aminoacid residues whereas the peptide
bonds Trp 215—Gly 216 and Cys 191—-Met 192, are
situated on the opposite sides of the “pocket’ in parallel
planes. These peptide bonds are not solvated at the time
of ES complex formation and the aromatic nucleus of
the specific substrate is placed between them in a plane
parallel to those of the said bonds [14,15].

On the basis of the geometrical arrangement (X-ray
data) and the character of the interacting partners, it
may be assumed that the primary specificity of chymo-
trypsin is determined by the formation of molecular
complex between the aromatic nucleus of the specific
substrate side chain and the peptide bond of the “tosyl
hole™ snzyms,

Theoretical study of the formation of such molecular
complexes is the subject of the preseat work.

2. Methods and studied models

In our case it is possible to take into consideration
the interaction of the aromartic nucleus with the isolated
peptide bond as the model which retains the basic cha-
racteristics of the ES complex. From amoag the aro-
matic nuclei, indol (Trp), phenol (Tyr) and benzene
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Fig. 1. Studied models of molecular complex formation be-
tween benzene and N-methylacetamide.

(Phe), the benzene moleculg was selected for the study
ont the basis of the assumption that the non polar ben-
zene molecule would form the least stable complex
with the polar peptide bond. In an attempt to explain
the low chymotrypsin specificity towards hydrolysis
of ““histidine” peptide bonds, the interaction of pep-
tide bond with the imidazole (His) was also studied. In
both the cases the planar molecule of trans-N-methyla-
cetamide (NMAA) was used as the model of peptide
bond “tosyl hole” enzyme. The formation of the molec-
ular complex between benzene and NMAA was >tudied
for four different planparallel arrangements (fig. 1).
The geometrical arrangements of the molecules for
the interaction of NMAA with imidazole are shown in
fig. 2.

The above introduced model systems were studied
by two different quantum chemical methods:

a) The standard version of CNDO/2 method [16].
The interaction energy AE 5y was in this case calcu-
lated by the method of “supermolecule™.

AEAG(ND=EAg(ND —(E5+ER) - )
b) The many-body perturbation theory up to second

order {17] in approximation of CNDQO/2 ham:iltonian

[18]. For the total interaction energy E 5 g of two

closed-shell molecules A and B in ground electronic
states holds the relation — eq. (2).

o

Fig. 2. Studied models of molecular complex formation be-
tween imidazole and N-methylacetamide.
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where @ and b are atoms on the systems A and B respec-
tively, having nuclear charges Z, and Z;. Q is the localized
charge defined as:

A occ b occ

—22'32%, g, = 222 Z,

and AQ,' =Zi h Qi'
The electronic repulsion integrals 7y,; are calculated
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Fig. 3. Calculated geometry and net charge distribution of N-
methylacetamide by CNDO/2 method.

theoretically as in CNDO/2 method. The one particle
integrals 72,,,, = {pl Alv) are approximated by the same
manner as in CNDO/2 method. In evaluating the va-
rious interaction terms in eq. (2), the CNDO/2 wave
functions and orbital energies of isolated molecules A
and B are used.

The physical interpretation of the individual inter-
action terms in eq. (2) is as follows:

Epp() = Ecou.+ ESay D+ ESATD
A—B A<B
+EGP+EG P+ Epgy - 3)

The exchange repulsion interaction term is not included
in eq. (2) because of ZDO approximation in CNDO/2
hamiltonian.
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Fig. 4. Interaction ene:gy curves calculated for the system
‘benzene/N-methylacetamide by CNDO/2 method.

p(C=0)=1.74,

3. Results
3.1. The system: NMAA—benzene

The geometry of NMAA molecule obtained by gra-
dual optimization of bond lengths and bond angles by
CNDO/2 method was used for the calculation of the
interaction — fig. 3. Interatomic overlap populations of
C=0 and C—N bonds for the NMAA molecule of opti-
mized geometry are:

p(C—N)=1.66 .

The benzene molecule was used for calculation in the
standard geometry with bond lengths C—C =0.1397
and C—H = 0.1084 nm. The interaction energy was
calculated along the reaction coordinate connecting the
midpoint of the benzene molecule with the respective
atom or with the centre of C—N bond of NMAA mole-
cule (fig. 1a—d). The internal coordinates of the inter-
act,- ¢ 10lecules were preserved while calculating the
interaction energy. Potential energy curves of mutual
interaction obtained by CNDO/2 method for the
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Fig. 5. Dependence of benzene net charge on the distance of
interacting molecules. The system benzene/N-methylacetamide.
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Table

Interaction energy of the system benzene/N-methylacctamide (fig. 12) calculated by perturbation theory. * total dispersion energy

Distance Energy [ki/mole]
of
maolccules Coulomb. Polarization Disp. Charge-transfer Total
inm] A<B A-—+B occA/unB occB/unA

.25 12962 0.0 -0.62 —1.66 —-48.52 —5845 20.56
0.275 500 0.0 ~0.43 -1.19 ~21.02 —30.6 -3.01
0.3 19.05 0.0 ~0.31 -0.85 —-8.66 -1541 —6.24

—2.95% ~8.34%

0.325 7.03 0.0 ~0.22 —0.60 —-3.43 - 749 ~4.65
0.35 256 0.0 -0.16 —-0.44 -1.34 —3.51 ~2.85

A — N-methylacetamide; B — Benzene

studied geometrical arrangements are shown in fig. 4.
Dependence of net charge of benzene molecule on the
distance between the interacting molecules for differ-
ent geometrical arrangements is shown in fig. 5.

Resulis obtained by using perturbation theory —eq.
(2), for the gcometrical arrangement of the interacting
molecules shown in fig. 1a are presented in table 1.
The dispersion energy was calculated only for 5 highest
occupied and 3 lowest unoccupied MOQ’s per interacting
molecule. The calculation of total dispersion energy
was then carried out at equilibrium distance of inter-
acting molecules.

3.2, The svstenr: NMAA—imidazole

The geometry of NMAA molecule was the same as
in case of the preceding system. The experimental
geometry (X-ray) was used for imidazole molecule [19].
The reaction coordinate is along the line connecting
the mid-point of imidazole with nitrogen (fig. Za,b) or
oxygen atom (fig. 2¢,d) of NMAA molecule.

The interaction energy was calculated by CNDO/2
method. Its course for different geometrical arrangements
is shown in figs. 6 and 7.

4. Discussion

It is known that the CNDO/2 method is quite suitable
for the studies of molecular complexes. Molecular com-
plexes of the type bw — aw [20,21] are, however, ex-
ceptions. Satisfactory results were obtained by using
this method in the study of bn—ao and n—ac complexes
[22—27].

It is not possible in the case of molecular complexes
studied in this work to express “a priori> the type of
complexes formed. As it is obvious from the calculated
values of interatomic overlap populations for C=0 and
C~N bonds, the C—N bond in NMAA molecule is partly
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Fig. 6. Interaction energy curves calculated for the system tmida-
zole/N-methylacetamide by CNDO/2 method (geometry fig. 2a,b).



P. Bahacky/Quantum-chemical studyv of chvmotrypsin primary specificity 17

2580

3
L

! U/m{a}
]

i

-20 7

~3p 4

-4 =

-504

Fiz. 7. Interaction energy curves caleulated for the system
imidazole/N-methylacetamide by CNDO/2 method {geometty
fig. 2c,d).

of the double bond character. It may, therefore, be as-
sumed that at the interaction with benzene or imidazole,
the molecule of NMAA can act as electron acceptor as
well as electron donor (partly as ao type and n or bw
type). Probably due to this back donation effect the
total transferred charge at the interaction of NMAA
with benzene is relatively small {fig. 5). Moreover, the
donor-acceptor ability of the interacting molecules
changes with mutual geometrical arrangement. At equi-
librium distances of interacting molecules in geome-
trical arrangements fig. 12 and d, the NMAA molecule
is an electron acceptor — fig. 5a,d. Interaction energies
in these cases are —14.65 kJ¥/mole and —27.2 kl/mole
{fig. 4a.d). In geometrical arrangements fig. 1b.c of
interacting molecules at equilibrium distances the
NMAA molecule is electron donor — fig. 5b,c. Corre-~
sponding interaction energies are —14.65 kJ/mole and
—8.37 kI/mole.

The results obtained by perturbation theory have

confirmed the assumption about the back donation
effect at the interaction of studied molecules. Table 1
shows the results obtained for the interaction of NMAA
with benzene in the geometrical arrangement fig. 1a. It
follows from the results that main stabilization contri-
bution towards interaction energy comes from forces
of the type charge transfer (CT). At the equilibrium
distance of 0.3 nm the back donation energy corre-
sponds roughly to 36% (electron transter from NMAA
to"benzene) of the total charge transfer energy. The
total dispersion energy represents the second most
important stabilization contribution. Centributions due
to polarization energy have correct trend but probably
their values are very low. The repulsion contribution
to the interaction energy is realized through Coulomb
forces. This is, however, artefact of the used method.
ZDO approximation used in CNDQ/2 hamiltonian ex-
cludes the exchange repulsion contribution from the
expression for the total energy. Consequently, the
repulsion forces of short range are then erroneously
reproduced through 2 Coulombic term. One of the rea-
sons for too high repulsion values of the Coulombic
term at short intermolecular distances may be the fact
that this term in Z 4 5 () is calculated through charge
distribution of isolated molecules A and B. In case of
the calculation of the interaction energy by variation
method — SCF procedure {(AE 4 (7)), charge distribu-
tion of supermolecule is different from that of isolated
molecules A and B, expecially at short distances. This
may be one of the reasons for different values of the
equilibrium distances calculated by SCF procedure
{8.27 nm) and perturbation theory (0.3 nm), on the
same level of approximations.

In accordance with the results of {28] it may be
assumed that for the system NMAA--benzene the used
perturbation scheme overestimates the charge-transfer
contribution while the polarization energy is underesti-
mated. It is also known that the atiraction contribution
from Coulombic forces is comparable in value to the
contribution from charge-transfer forces for different
types of molecular complexes [29,30]. It may, therefore,
be assumed that the real value of the charge-transfer
contribution for NMAA-benrzene molecular complex
is lower than the caleulated, but the mutual ratio of the
energies of direct and back donation is unaltered.

In spite of the problems discussed above, the ob-
tained results show a real possibility of the formation
of molecular complexes between peptide bond and the
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aromatic nucleus. As for the interaction of NMAA
with benzene, results indicating the possibility of the
formation of the molecular complex have also been ob-
tained for the interaction of NMAA with imidazole.
The interaction with imidazole was studied for two
basic geometrical arrangements. In the first case the
mid-point of imidazole is situated above the N of
peptide bond whereas the nitrogen of the amide group
of imidazole is either turned towards or away from the
peptide bond (fig. 2a,b). In the second case the mid-
point of imidazole is situated above the oxygen of the
peptide bond with two different orientations of imida-
zoie (fig. 2¢,d).

In locating the imidazole molecule above N of pep-
tide bond with the geometry as described in fig. 2a,
the interaction energy is roughly the same as for the
system NMAA—benzene in the same geometrical arranze-
ment fig. 1a — see figs. 4a and 6a. However, for the
system with the geometrical arrangement fig. 2b, the
value of the interaction energy at the same equilibrium
distance is roughly the half — fig. 6b.

In locating the imidazolz molecule above the oxygen

that of the complex: peptide bond—benzene.

From among the studied geometrical arrangements
this requirement is met by the structure of the com-
plex shown in fig. 2a corrgsponding to the analogous
structure of the complex with benzene (fig. 1a).

Despite the fact that the studied systems represent
a very rough model without such complex process as
specificity of enzymatic process, the theoretical results
are comparable to the experiment. The free energy of
formation of ES complex between chymotrypsin and
methylhydrocynnamate is about —20 kJ/mole [31].
Because methylhydrocynnamate is an ester substrate,
the free energy —20 kJ/mole may be corselated with
interaction energy calculated for the system benzene—
NMAA. In case of amide substrates, the energy of H
bond between amide protoa of cleaved peptide bond
and carbonyl oxygen of Ser 214 enzyme also contri-
butes to the free energy of the ES complex. Calculated
values of the interaction energy, however, do not in-
clude entropic contributions. Equilibrium distances cal-
culated for the system benzene—NMAA are also in
agreement with the experimental value of the distance

of the peptide bond, the interaction energy of the between the aromatic nucleus of the spzcific substrates
system in the geometrical arrangement fig. 2d is again and the peptide bond Trp 215 —Gly 216 of ““tosyl hole™
roughly twice as the interaction energy of the system chymotrypsin — about 0.3 nm [15].

in the geometrical arrangement fig. 2¢c — see fig. 7¢,d. It therefore appears that the model of the formation
In these cases the calculated equilibrium distance of the of the molecular complex between aromatic nucleus
interacting molecules is, however, very small i.e. 0.21 of the side chain of specific substrate and peptide bond
nm. “‘tosyl hole™ is capable of suitably describing the primary

It may be assumed that the rotation of the irnidazole
ring around C,;—C,, bond in “histidine” peptide bonds
is inhibited as a result of intramolecular hydrogen bond
formation;

0 R2a. pH

H
Ne—n—"Ca~c2
/ B VH
R H.

..N Y\

L N-H

The orientation of the imidazole ring at the forma-
tion of molecular complex would then be unambigu-
ously fixed in view of the peptide bond “tosyl hole™.
In view of the primary specificity of chymotrypsin
towards hydrolysis of “phenylalanine” peptide bonds
(side chain—benzene) and “histidine” peptide bonds
(side chain—imidazole), the formation energy of the
complex: peptide bond—imidazole must be less than

specificity of chymotrypsin.

The presented results were obtained on a Siemens
4004/150 computer at the computing center of the
Comenius University in Bratislava. Calculations were
made in double precision accuracy.
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