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The electronic properties of the active-sites of the structurally unrelated serine
peptidases, a-chymotrypsin and subtilisin, have been expressed in the form of
three-dimensional electrostatic potential maps derived from integrals calculated at
the quantum chemistry level. As a consequence of the asymmetrical distribution of
the secondary structures that occur within a 7 A sphere around the serine of the
catalytic triad, the active sites are h._hly polarized entities and exhibit large dipole
moments. One part of the active sites generates a nucleophilic suction-pump. Its
isocontour at —10 kcal mol™' defines an impressive, negatively-charged volume
which bears a narrow channel in the immediate vicinity of the active-site serine
195 in a-.chymotrypsin or 221 in subtilisin. In native «-chymotrypsin, there is a
perfect complementation between this nucieophilic suction-pump and the positively-
charged electrophilic hole that is generated by the backbone NH of Ser 195 and
Gly 193. In subtilisin, generation of the complementing electrophilic hole requires
binding of a carbony! donor ligand and may be achieved by rotation of the side-chain
amide of Asn 155 towards the backbone NH of Ser 221. Small variations in the
atomic co-ordinates of a-chymotrypsin used for the calculations, the presence of
water molecules in its active site and the occurrence of point mutations in the amino
acid sequence of subtilisin have little effects on the shape and characteristics of the
electrostatic potential.

Introduction

Serine-peptidases-catalysed rupture of a peptide bond in a susceptible carbonyl
donor R-CONH-R’ is made by transfer of the R-CO-electrophilic group to an
essential serine and then to an exogenous acceptor. Central to this mechanism is
the formation of a serine-ester linked acyl enzyme. This reaction is carried out by
several enzyme reagents that fulfil distinct functions. An electrophile or oxyanion
binding site polarizes the carbonyl oxygen atom of the scissite bond and a proton
abstractor-donor enhances the reactivity of the Oy of the essential serine thus
permitting nucleophilic attack of the carbonyl carbon atom and, concomitantly,
achieves protonation of the nitrogen atom. The serine peptidases of the trypsin and
subtilisin families though lacking relatedness in the primary and three-dimensional
structure, have similarities in the active-site configuration and have evolved a similar
catalytic device characterized by the Ser His Asp triad.

t Author to whom all correspondence should be addressed.
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Based on the atomic co-ordinates of the proteins, a-chymotrypsin of the trypsin
family and subtilisin have been the topic of many studies aimed at defining their
mode of action. In particular, a satisfying picture of the interaction of a-chymo-
trypsin with N-acetyl-L-tryptophanamide has been produced by the molecular
mechanics studies of Wipff ef al. (1983), in which the total energy of the non-covalent
Michaelis complex has been minimized with respect to all degrees of freedom.
Almost every property of subtilisin, from Bacillus amyloliquefaciens, has been altered
by protein engineering including its catalysis, substrate profile, pH/rate profile and
stability to oxidation, thermal and alkalin inactivation {Wells & Estell, 1988).
Differential free energy of binding and free energy of activation for catalysis by
both the native enzyme and a mutant where the Ala replacement of Asn 155 pertutbs
the oxyanion binding site, have been calculated by a free energy perturbation method
(Rao et al., 1987).

At each point of the three-dimensional map of a molecule, the electrostatic
potential expresses the value of the electrostatic energy of the interaction with a
unitary positive charge. The electrostatic potential isocontours can be regarded as
the best intrinsic fingerprint of the molecule under consideration since it takes into
account its volume, conformation and electronic distribution. In the work which is
presented here, the active sites of @-chymotrypsin and subtilisin have been identified
_ bythe3-D eIectrostatlc potentials derived from integrals calculated at the quantum
i chermstry Ieve] The -active sites are defined by those amino acids which lie within
a 7A sphere around:the- ‘¢ssential serine, each of them occupying that spatial
dispositiont shown by X- -ray crystallographic studies. In addition, the occurrence of
the actlve 51te of a: chymotrypsm has been taken into account.

- Materials and methods
DEFINITION OF THE ACTIVE SITES AND SELECTED MODELS

a-Chymotrypsin

Two sets of atomic co-ordinates were used. Those kindly provided by Dr G. Wipfi
were obtained by molecular mechanics energy refinement (Wipff et al,, 1983) of the
X-ray crystal structure at 2 A resolution (Birktoft & Blow, 1972). In these calcula-
tions, Trp 215 whose side-chain protrudes outside the active site, was replaced by
Gly. This point replacement was also kept in the present study. The second set of
atomic co-ordinates derived from the X-ray crystal structure refined at 1-68 A
resolution by Tsukada & Blow {1985).

The o-chymotrypsin active site is defined by the 22 amino acids listed in Table
1. Their spatial disposition is shown in Fig. 1(a). Gly 226, Val 227 and Tyr 228 are
at the boundary of the cleft. His 57, Asp 102 and Ser 195 form the catalytic triad.
The backbone NH of Ser 195 and that of Gly 193 create the required electrophile.
The B-strand Val 213 Ser 214 Gly 215 Gly 216 serves as binding site for peptide
ligands. Two S-S bridges occur between Cys 42 and Cys 58 and between Cys 191
and Cys 220.
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TaBLE |

Amino acids occurring within a 7 A sphere around the active serine of
a-chymotrypsin (Ser 195) and subtilisin (Ser 221)

Chymotrypsin Subtilisin
CHT1 CHT2 CHT3
Cys 42 + Asp 32 +
Gly 43 +
His 64 +
Ala 55 +
Ala 56 + + + His 67 +
His 57 + + + Vval 68 +
Cys 58 +
Ser 125 +
Asp 102 + + + Leu 126 +
Gly 127 +
Ser 190 +
Cys 191 + + Ala 152 +
Met 192 + + Ala 153 +
Gly 193 + + + Giy 154 +
Asp 194 + Asn 155 +
Ser 195 + + +
Gly 196 + + Gly 178 +
Ala 179 +
Val 213 + +
Ser 214 + + + Tyr 217 +
Gly 21571 + + Asn 218 +
Gly 216 + + Gly 219 +
Thr 220 +
Cys 220 + + Ser 221 +
Met 222 +
Gly 226 + Ala 223 +
Val 227 + Ser 224 +
Tyr 228 +

1 Trp occurs at position 215 in e-chymotrypsin (see text}.

The electrostatic potential of the a-chymotrypsin active site was computed for
three models of increasing completeness (Table 1) referred to as CHT1 (six amino
acids, 91 atoms), CHT2 (16 amino acids, 207 atoms) and CHT3 (19 amino acids,
216 atoms) using the co-ordinates of Wipf et al. (1983), and CHT3-TB using the
co-ordinates of Tsukada & Blow (1985). In addition, the nine crystallization water
molecules putatively identified in the X-ray structure were introduced in model
CHT3-TB (yielding model CHT3-TB-9 H,O) and 25 water molecules selected from
a Monte Carlo water bath {(Amber program) were introduced in model CHT3
(yielding model CHT3-25 H,0), thus filling up all the avallable space.

Subtilisin

The atomic co-ordinates derived from the X-ray crysial structure: of subtilisin
Novo (Drenth et al, 1972). The active-site is defined by the 21 -amino acids listed
in Table 1. Their spatial disposition is shown in Fig. 1(b): Asp 32, His 64 and Ser
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Fic. 1. 3-D Structure of the active sites of a-chymotrypsin (a) and subtilisin {b). The active sites are
defined by the 22 residues (a-chymotrypsin) and 21 residues (subtilisin) listed in Table 1.

221 form the catalytic triad. The backbone NH of Ser 221 and the side-chain of
Asn 155 create the required electrophile (upon binding with a suitable ligand). The
B-strand Ser 125 Leu 126 Gly 127 is involved in substrate binding. The maps were
computed for the native enzyme (21 amino acids, 277 atoms) and for three mutants
with single Ala replacement of His 64 and Ser 221 of the catalytic triad, and of Ser
125 (Table 1).

With both a-chymotrypsin and subtilisin, the electrostatic potential maps were
those of total valence satisfied molecules. Consequently, the NH and CO groups
artificially created at the ends of the selected peptide stretches (Table 1) were
cohverted into NH, and either COH or COCH, groups.
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THEORETICAL BACKGROUND

General equations

The electrostatic field E and the electrostatic potential V are given by;
V.E=-V . (VV)=4mp, (1)

where p is the charge distribution.
In the quantum chemistry framework, V at point r is expressed by;

V=L Dy, | ) g )+ 2 @)

where D, are the density matrix elements and x, (r') the atomic orbitals.
In the point charge framework, V at point r is expressed by;

V=3 )

where g¢; are point charges at position R;, which point charges are often chosen as
the net charges localized on the atoms.

Microscopic vs. macroscopic treatment of eqn (1)

Microscopic treatment of eqn (1) implies that each particle of the system explicitly
contributes to p. V{r) can be defined using eqns (2) or (3). In contrast, macroscopic
treatment of eqn {1) implies that p is immerged in a continuum medium the properties
of which are considered as an average of all the constitutive elements. One of the
electrostatic properties is characterized by a dielectric constant ¢ the value of which
expresses the ability of the medium to stabilize the isolated charges. The charge
distribution p polarizes the environment and forces the dipoles of the medium to
orient according to the electrostatic field generated by p. Reciprocally, the counter-
acting action of the medium exerts a screening effect on p. Hence eqn (1) becomes;

V.E=-V.(VV)=d4r(p-V.P)=dnl=dmp", (4)
&

where p°"is the effective charge distribution and P is the polarizability of the medium.
Study of the possible influence that a solvent exerts on the electrostatic potential
of a given macromolecule can be made using either the microscopic or the macro-
scopic treatment. However, the macroscopic treatment is justified only if the two
following conditions are fulfilled: a large number of solvent molecules must be
present and the distances between the interacting partners must be larger than the
interatomic distances. Such conditions do not apply to enzyme active sites. Indeed,
they contain few solvent, i.e. water molecules: {25 at the 'most in the case of
chymotrypsin; see above) and the dlstances under cons1derat10n are. of the same
order of magnitude. B ERE SR RS T

Use of a dielectric constant as a screemng functm 1 i

Many authors introduce a dielectric constant i thelr pomt charge modei (eqn
(3)] for the calculation of the electrostatic interactions in-proteins. They do _s_(_):by
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reference to the work of Warshell & Levitt (1976) on lysozyme. In fact, the screening
function, conceptually similar to a dielectric constant, which was used in this work
did not serve to calculate the Coulombic electrostatic term but served only to
calculate the polarization energy between the enzyme active site which was treated
at the quantum level and the rest of the protein which was treated as a continuum.
When the charges of a polypeptide chain are those obtained from each isolated
amino acid, one could assume that the combined effect of these charges in the
folded polypeptide creates a polarization that modulates their initial incidence so
that, at first sight, the use of such a screening dielectric function would be justified
for expressing the electrostatic monopale-monopole term of the interaction energy
and/or the electrostatic potential, It remains that the use of this dielectric function
is not relevant if the charges of the amino acids under consideration are obtained
from a self-consistent quantum chemistry calculation carried on the whole polypep-
tide since this procedure takes into account all possible effects such as polarization,
exchange repulsion and charge transfer. The significance of these seif-consistent
charges was addressed by calculating from eqn (3) the electrostatic potential of the
six amino acid CHTI model of a-chymotrypsin {(in which Asp 102 was aspartic
acid) using the:net charges derived from a CNDO calculation carried on the whole
hexapept:d ' and- followed by a Mulliken population analysis. The electrostatic
- compared with that:obtained from net charges of the six isolated

atter procedure generated negatlvely charged domains whlch at

_ welis aroun __HlS 57 showed that, even w1th self-consistent charges, the

"pomt charge framework [eqn (3)] does not take into account the interaction of His
57 'with the neighbouring Ser 195 and-Asp 102. Hence, even this model is misleading
and a correct. descriptioni of the electrostatic property necessitates the integral
expression’ of the potential itseif feqn: (2)].

As a conclusion of the above analysis, the electrostatic potentials of the serine
peptidases were calculated in a consistent quantum chemistry framework by solving
the electrostatic integral expression [egn (2)], without any screening function. When
water molecules were introduced in the active site, p was defined by the contribution
of both the amino acids that form the active site and the water molecules.

As a whole entity, an enzyme active site is electrically neutral because of the
counterions neutralizing effect. Since their positions are not known, the polarization
which is induced by these counterions and the charged residues is assumed to be
fulfilled by the dielectric constant. In order to check how accurately £ can take into
account the effect of the charged residues on the polarization response of the
molecule, the electrostatic potential of the CHT1 model of @-chymotrypsin was
calculated in the point charge framework [eqn (3)] with the isolated net charges,
assuming that (i) Asp 102 is aspartic acid and =1 [Fig. 2(a)]; (ii) Asp 102 is
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FiG. 2. 3-I> Electrostatic potentiai isocontours at —30 kcal mol ™ generated by isolated net charges
on the backbone atoms of the CHT1 model of the active site of chymotrypsin. (a), Residue 102 is an
aspartic acid, £ =1. (b}, Residue 102 is an aspartic acid, £ =|r— R/|. {c}, Residue 102 is an aspartate,
e=|r—Ry.

aspartic acid and ¢ = |r— R;| where R, is the position vector of atom i [Fig. 2(b)];
and (iii}) Asp 102 is aspartate and £ = |r — R,| [Fig. 2(c)]. As shown, & considerably
restrained the influence of every point charge [Fig. 2(a) and (b)] and replacemeént
of aspartic acid by aspartate, with ¢ being a function of the distance |r— R, led
only to a small local difference around the carboxylate group of Asp 102. Con-
sequently, for the calculation of V(r} [eqn (2)] as it was made in this work, all the
amino acids were kept neutral, thus simulating the presumed effect of the counterions.

COMPUTATIONAL METHODS

Previous studies on the electrostatic potential of macromolecules were based on
ponctual net charges or made use of the bond contribution method (microscopic
approach; Nagy & Naray-Szabo, 1985; Naray-Szabo & Nagy, 1985) and others
rested upon the classical linearized Poisson-Boltzman model (macroscopic
approach; Gilson & Honig, 1987). The electrostatic potentials presented below
derived from the solution of eqn (2). The charge density matrix elements were
calculated at the CNDO/2 level of approximation of Pople & Beveridge (1970).
Mulliken population analysis of deorthogonalized molecular orbital coefficients

yielded net charges that were close to the ab inific minimal basis set ones

-
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(Pople et al., 1965). The electrostatic potentials were computed within a complete
CNDO scheme, and the nuclear attraction integrals were approximated by the
opposite of the repulsion between s orbitals (approximation I, vy, , hereafter called
approximation v, in Giessner-Prettre & Pullman, 1972). The map of the smallest
CHT1 model of a-chymotrypsin (91 atoms) was also computed by explicit calcula-
tion of all mono-electronic integrals, using all the elements of the deorthogonalized
CNDO density matrix (approximation IV in Giessner-Prettre & Pullman, 1972). A
regular 3-D grid was calculated and the size of the box was that of the active site
with a 3 A increment in all directions. A contouring algorithm was used to join the
points of identical energy level.

INFORMATIC TOOLS

The co-ordinates of the 25 water molecules selected from a Monte Carlo water
bath were generated with the help of the Amber program (U. C. Singh, P. K. Weiner,
J. Caldwell and P. A. Kollman, Department of Pharmaceutical Chemistry, University
of California, San Francisco, CA, U.S.A.).

The monoelectronic electrostatic potential integrals were calculated using the
links 301 and 604 of the program GAUSS70 (D. Peeters and M. Sana, Program
DENPOT. University of Louvain, Louvain-la-Neuve, Belgium, Q.C.P.E., 360, Quan-
tum Chemistry Program Exchange, Department of Chemistry, Indiana University,
Bloomington, Indiana 47405, U.S.A.). The GAUSS70 algorithm which is 25 to three
times faster than GAUSSS2 as far as the link 604 is concerned, was adapted to an
attached processor FPS 164, itself linked to a Digital VAX 11/780 computer. A
program based on the calculation of the CNDO bielectronic integrals (and construc-
ted by GD) allowed one to calculate a 3-D electrostatic potential map of 74 x 75 x 69
points of the subtilisin active-site in 6555 s CPU time. This program was executed
on the FPS 164. The contouring “Program PSI77” of W. L. Jorgensen (Purdue
University, West Lafayette, Q.C.P.E. 340) was interfaced with the DI 3000 library
and the electrostatic potential maps were displayed on a colour graphic processor
Data General GDC 2400 with Conrac monitor.

Results and Discussion

In order to illustrate the 3-D electrostatic potential maps, isocontours at the
—10 kcal mol ™" level defining wells of varying shape and volume are shown in Figs
3 and 4 for a-chymotrypsin and in Fig. 5 for subtilisin and the mutants Ser 125 Ala
and Ser 221 Ala. Comparable views with the same orientation were produced by
using the following orthogonal axes system. Axis X ran parallel to the direction

F1G. 3. 3-D Electrostatic potential isocontours at —10 kcal mol™' generated by the active site of
a-chymotrypsin using the atomic co-ordinates of Wipft ef al. (1983) [(a)-(d) and (f)] and numbering of
the wells (e). The electrostatic potential maps were calculated with approximation vy except that shown
in Fig. 3(a), which was calculated with approximation 1V. (a)-(b), Model CHT1; (¢), model CHT2; (d)
and (e), model CHT3; (f), model CHT3-25 H,0. The water oxygen atoms are labelled. The stereoscopic
effect is achieved using red (right eye) and green filters.
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F1G. 5. 3-D Electrostatic potential isocontours at —10 kcal mole generated by the active site of subtilisin
[{2) and (b}] and mutants Ser 125> Ala (c) and Ser 221 - Ala {d). (a) Contains the 21 residues listed
in Table 1. (b), (c) and (d) Focus on the active-site. In order te make the appendage of the pump more
visible, the views were rotated by 10° along axis X, No changes were observed with mutant His 64> Ala
(not shown).

Asp 102Ca — Ser 214Ce in a-chymotrypsin or Asp 32Ca - Ser 125C« in subtilisin
and axis Y ran parallel to the direction Asp 102Ca - His 57Ca in a-chymotrypsin
or Asp 32Ca — His 64Ca in subtilisin. Several maps show isolated and marginally
located negative wells. These small wells originated from the ends of the polypeptide
chain segments that were selected to define the enzyme active sites.

. The map of the CHT1 model of a-chymotrypsin was computed using approxi-
mation IV Giessner-Prettre & Pullman (1972) [Fig. 3(a)} and approximation ¥ [Fig.
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3(b)]. The shape, volume and disposition of the negative wells compared remarkably
well, thus justifying the use of the much faster approximation y procedure.

THE NUCLEOFHILIC SUCTION PUMP

The most salient feature of the 3-D electrostatic potential maps is the impressive
negative volume or nucleophilic suction-pump that is generated by the enzyme
active sites, The term suction-pump is suggested by the shape of the cloud. This
volume bears a narrow funnel which is located in the immediate vicinity of the
active site Ser 195 in a-chymotrypsin or Ser 221 in subtilisin and which orients
itself towards Ser 214 in a-chymotrypsin or Ser 125 in subtilisin.

The co-operative effect of multiple amino acids

The stepwise construction of the map of the active-site of a-chymotrypsin, from
model CHTI1 to model CHTS3, illustrates how the carbonyl groups of ten amino
acids of the polypeptide backbone (Cys 42, Ala 55, Ala 56, His 57, Met 192, Gly
193, Asp 194, Ser 195, Gly 196, Ser 214) co-operatively shape up the nucleophilic
suction-pump [Fig. 3(b)~(e)].

The minimal model CHT1 has three negative wells [Fig. 3(b)]. Well 1 (upper
right) is generated by the carbony! groups of the active-site Ser 195 itself and that
of Gly 193, well 2 (upper left} by those of Ala 56 and His 57, and well 3 by that
of Ser 214.

Model CHT2 has two additional wells [Fig. 3(¢)]. Well 4 is generated by the
carbonyl group of Met 192 and well 5 by that of Gly 196. Note that the triad Gly
226 Val 227 Tyr 228 which is located on the boundary of the cleft, does not contribute
to the map at the selected —10 kcal mol ™' level.

Model CHT3 lacks this triad but has the completed stretches Cys 42-Cys 58 and
Ser 190-Gly 196. It contains three additional wells [Fig. 3(d)]. Well 6 generated by
the carbonyl group of Ala 55 fuses with wells 2 and 5. Well 7 generated by the
carbonyl group of Cys 42 fuses with wells 1 and 2. Finally, well 8 generated by the
carbony] group of Asp 194 reshapes well 1 so that the bottom of the nucleophilic
suction-pump is channelled towards the Oy of the active-site Ser 195. Given the
7 A sphere radius around Ser 195 used for the calculations, any expansion of the
radius might affect the shape of the pump only at distances far away from the centre
of the sphere. _ [ AU e
Effects of atomic co-ordinates -

When compared to model CHT3 [Fig. 3(d)], model CHT3-TB [Fig. 4(a)] shows
only two slight modifications: (i) wells 5 and 6 do not fuse because of a modification
in the backbone dihedral angle between Ala 55 and Ala 56; and (ii) well 1 is enlarged
because of a rotation of the Asp 194 carboxylic head. S

Effects of water

Completion of model CHT3 {Fig. 3(d)] with 25 water molet:u}e's-,-y'iel_ding"r_nb_del
CHT3-25 H,O of Fig. 3(f), causes extension of well 5. This extension is attributable
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to three water moiecules that are located close to the B-pleated sheet. In turn,
completion of model CHT3-TB [Fig. 4(a)] with nine crystallization water molecules,
yielding model CHT3-TB-9 H,O of Fig. 4(b), modifies the shape of both wells 1
and & (in the vicinity of Ser 123) and prevents well 5 from extending towards the
B-pleated sheet.

Effects of point mutations

Mutations also allow to dissect the relative contribution of individual residues to
-the 3-D electrostatic potential map. In subtilisin [Fig. 5(a) and {(b)], channelling of
the nucleophilic suction-pump towards the Oy of Ser 125 is due to the contribution
of the backbone carbonyl groups of Val 68 and the active-site Ser 221. As expected,
Ala replacement of Ser 125 reduces the size of this appendage [Fig. 5(c)]. Mutations
in the catalytic triad with single Ala replacement of Ser 221 and His 64 do not alter
the shape of the pump at the —10 kcal mol ™’ level, but the Ser 221> Ala mutation
allows the Ne His 64 to create a small, additional, negative well outside the pump
[Fig. 5{(d)]. This observation is not surprising since the Oy of Ser 221 in native
subtilisin interacts with this imidazoie Ne group.
Slight modifications of the shape of the pump are likely to have minor effects on
binding In agreement with this view, the mutations Ser 221 - Ala and His 64 - Ala
_1n su‘otlhsm cause: only minor. effects on the Mlchaells constant with the substrate

expanston of the electrostatlc pot_' ntial. In subtilisin, the main component of the
“dipole vector is orierted parallel to'axis' Y. In chymotrypsm the dipole moment
has two main’componénts along ‘axes X and Y (Table 2).

The polarization of the enzyme active-sites is a direct consequence of the asym-
metrical distribution of the secondary structures. One part of the active-sites mainly
consists of turns and other folded conformations that permit fusion of the individual
negative clouds and generation of large negative wells. Conversely, the other part
of the active-sites mainly contains 8-strands. Their carbonyl groups protrude in an
alternate manner on both sides of the backbone, thus preventing conjugation of the
corresponding negative clouds through the molecular plane. Hence, the 8-sheets
that define part of the active sites of the serine peptidases not only serve as substrate
binding sites, but also play an important role in building up a large dipole moment.

THE ELECTROPHILE

. In a-chymotrypsin, as discussed above, the backbone carbonyl groups of Met
192 Gly 193 Asp 194 Ser 195 and Gly 196 contribute to the shape of the nucleophilic
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ELECTROSTATIC POTENTIAL MAPS OF SERINE PEPTIDASES

FIG. 6. 3-D Electrostatic potential isocontours at —10kcal mol™" generated by the active-site of a-chymotrypsin (a} and

subtilisin {b). (a) and (b} were obtained by rotating by 90° around the Y axis the views of Figs 3(d) and 5{a), respectively.
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TABLE 2

CNDQ/2 dipole moment components ( Debyes). The axes orientations are
defined in the text

Enzyme X Y Z Total
Chymotrypsin 15-96 19-9 —7-76 26-69
Subtilisin

Native 288 34-96 —0-21 3507
Mutant Ser 125 Ala 326 33-23 —0-97 33-41
Mutant Ser 221 Ala 3-67 34-31 1-38 34-53
Mutant His 64 Ala 5-80 37-75 2-93 38:31

suction pump in the vicinity of the active-site Ser 195. In turn, the backbone NH
groups of Gly 193 and Ser 195 of the same sequence serve as electrophilic hole or
oxyanion binding site. In order to illustrate the location of this electrophilic hole,
the 3-D electrostatic potential map of the tetrapeptide Ala Gly Gly Ser (at the end
of which a COCH,; group replaces the carboxylate) having the conformation of the
tetrapeptide backbone Met.192 Gly 193 Asp.194 Ser 195 in’ a-chymotrypsin, was
calculated using apprommatlons IV and y. Flgure 7 is a 2-D map obtained with
: approxunat:on 'y In addltmn to the 1solated negatzve cloud generated by the carbonyl

I/VlilllilIbllilllllllllillill!\||‘ T T

..“.”.“/(ﬁfif

FiG. 7. 2-D Electrostatic potential isocontours, in kcal mol ™", generated by the tetrapeptide Ala Gly
Gly Ser in the conformation adopted by the tetrapeptide backbone Met 192 Gly 193 Asp 194 Ser 195
in e-chymotrypsin. The backbone NH groups of Gly 193 and Ser 195 are in the plane of the map. The
carbonyl of Ser 195 is substituted by 2 methyl, The arrow indicates the Oy of Ser 195,
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group of Ala (Met) 192, the carbonyl groups of Gly 193, Gly (Asp) 194 and Ser
195 co-operatively create a much larger negative well, the bottom of which is oriented
towards the Oy of Ser 195. In turn, the backbone NH groups of Gly 193 and Ser
195 occur at the bottom of a positive well on the other side of the map, thus achieving
a perfect complementation between the electrophilic hole and the nucleophilic
suction-pump. Such a structural feature may be a common property of all the serine
peptidases of the trypsin family.

In subtilisin, the active-site electrophilic environment is generated by the backbone
NH of the active site Ser 221 and the side-chain amide group of Asn 155. In the
native enzyme, this side-chain is not located close to the backbone NH of Ser 221.
Hence, in contrast to a-chymotrypsin, the nucleophilic environment of the active-site
serine in subtilisin has no effective electrophilic counterpart. However, upon binding
with a suitable ligand, the Asn 155 side chain can undergo rotation (Poulos et al.,
1976; see also Carter & Wells, 1988: Fig. 3). Its amide group becomes oriented
towards the oxyanion of the bound ligand while the negative well associated with
its carbony! group may fuse with and complete the nucleophilic suction-pump.

Conclusion

This paper describes the topology and electronic eftects of the nucleophilic
suctiecn-pump and its electrophilic counterpart in the active sites of two serine
peptidases belonging to distinct families. The picture depends of course on the
crystallographic data used for the calculations. But, as illustrated, small variations
in the atomic co-ordinates, the absence or the presence of water, the way the water
molecules are distributed in the active sites and the occurrence of point mutations
in the amino acid sequences have small effects on the shape of the electrostatic
potentials.

The electrostatic potential map of the active-site of the serine peptidases can be
regarded as a complexation index, with the nucleophilic suction-pump acting as a
magnet towards the electrophilic part of the peptide ligand. Calculation of the
electrostatic potential is an important step in the understanding of how these enzymes
recognize their ligands, since the electrostatic interactions are the driving forces
involved in the formation of non-covalent Michaelis complexes. However, as soon
as bond formation and breaking occur, the electrostatic properties of the partners
are not sufficient to describe the system. When the atomic distances between partners
are above 2-5 A the electrostatic interaction energy is the most important component
of the interaction energy and can be calculated by integrating the electronic density
of one partner in the electrostatic potential of the other. The required numerical
integration procedure has been developed (Dehareng et al, 1989). At distances
below 2-5 A, and before any covalent linkage is broken or formed, correction terms
must be introduced in the expression of the interaction energy.

This work was supported in part by the Fonds de la Recherche __'Sc;'e_ntiﬁque Meédicale
(contract no. 3.4507.83), an Action concertée with the Belgian Government (convention
86/91-90), a convention with the Région wallonne (C2/CI6/Conv.246/20428), the Fonds de
Recherche de la Faculté de Médecine ULg and a contract with the EEC (BAP-0197-B)." -+
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