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Abstract. A large amount of experimental as well as
theoretical information is available about the mecha-
nism of serine proteases, but many questions remain
unanswered. Here we study the deacylation step of the
reaction mechanism of elastase. The water molecule in
the acyl-enzyme active site, the binding mode of the
carbonyl oxygen in the oxyanion hole, the characteristics
of the tetrahedral intermediate structure, and the
mobility of the imidazole ring of His-57 were studied
with quantum mechanical/molecular mechanical meth-
ods. The models are based on a recent high-resolution
crystal structure of the acyl-enzyme intermediate. The
nucleophilic water in the active site of the acyl-enzyme
has been shown to have two minima that differ by only
2 kcalmol™" in energy. The carbonyl group of the acyl-
enzyme is located in the oxyanion hole and is positioned
for attack by the hydrolytic water. The tetrahedral
intermediate is a weakly bonded system, which
is electrostatically stabilized by short hydrogen bonds
to the backbone NH groups of Gly-193 and Ser-195 in
the oxyanion hole. The short distance between the N** of
His-57 and the O” of Ser-195 in the tetrahedral interme-
diate indicates a small movement of the imidazole ring
towards the product in the deacylation step. The
carbonyl group of the enzyme-product complex is not
held strongly in the oxyanion hole, which shows that the
peptide is first released from the oxyanion hole before it
leaves the active site to regenerate the native state of the
enzyme.
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1 Introduction

Serine proteases are important enzymes in many bio-
logical systems owing to their ability to hydrolyze
substrates which contain ester or amide groups. The
catalytic mechanism of these enzymes has been investi-
gated extensively by experimental [1] and theoretical
methods [2]. One family of such enzymes is the
chymotrypsin family, whose members have a fold that
consists of two antiparallel f-barrel domains. A con-
served catalytic triad of serine, histidine, and aspartate
residues is situated in a crevice between the domains [3,
4]. These residues are Ser-195, His-57, and Asp-102,
using the numbering of chymotrypsinogen.

The catalytic mechanism of serine proteases has two
main steps: acylation to form a covalently bonded acyl-
enzyme(EA) intermediate and deacylation to reproduce
the free enzyme [3, 4]. Most theoretical studies have dealt
only with the acylation step and not with the deacylation
step, which is rate-determining for certain ester sub-
strates [5].

Deacylation is initiated by the attack of a water mol-
ecule on the EA carbonyl group. This nucleophilic attack
has been suggested to lead to a tetrahedral intermediate
(TI2), which then collapses to yield the enzyme-product
complex (EP) [1]. The “oxyanion hole”, which consists of
the two backbone NH groups of Ser-195 and Gly-193,
stabilizes the negative charge developed on the carbonyl
oxygen in the TI2 [6, 7, 8§, 9]. During the nucleophilic
attack, the imidazole base of His-57 acts as a general
base: it abstracts a proton from the hydrolytic water,
which increases its nucleophilicity and leads to an attack
of the carbonyl carbon. Subsequently, the protonated
imidazolium acts as a general acid by donating a proton
to O of Ser-195, which leads to the collapse of the TI2.
The mobility of the histidine ring is important for pro-
viding an ideal orientation for the proton transfer [10, 11,
12]. Asp-102 has been proposed to provide electrostatic
stabilization of the protonated form of His-57 [9, 13], but
the nature of the hydrogen bond between them continues
to be the subject of controversy [14, 15, 16, 17].



Some questions about the EA intermediate remain
unanswered. For example, the mode of binding of the
carbonyl oxygen of the EA in the oxyanion hole is not
clear. Some studies indicate that the carbonyl oxygen is
hydrogen bonded to the backbone NH groups of Ser-195
and Gly-193 [18, 19, 20, 21], while others reveal no such
interaction [6]. The way in which the hydrolytic water
binds in the EA active site is also not clear [6, 22, 23].

An additional important question concerning the
nature of the mechanism of serine proteases is whether
the deacylation step is concerted or stepwise [§, 24]. A
concerted mechanism involves a tetrahedral transition
state in which one of the protons of the hydrolytic water
is not fully transferred to N** of His-57 before it is
abstracted by O of Ser-195 to break the EA structure. In
a stepwise mechanism, a proton is first fully transferred
from the hydrolytic water to N*2, and a TI2 is formed.
This step is followed by a proton transfer from His-57 to
Ser-195 to regenerate the native state of the enzyme as
the carboxylic acid product is formed by breaking the
bond between O’ of Ser-195 and the carbonyl carbon.
Even though there is only indirect evidence for the
existence of a tedrahedral intermediate in both acylation
and deacylation steps [25, 26, 27], modeling it has proved
useful [13, 22, 28]. Typically, the energy of this inter-
mediate is assumed to be close to the energy of the
transition state, on the basis of the Hammond postulate.

In the present work we assume a stepwise mechanism
and give details on three stationary points along the
reaction pathway of the deacylation step: the EA, the
TI2, and the EP complex. The recent high-resolution
crystal structure of the EA intermediate of porcine
pancreatic elastase (PPE) with the natural heptapeptide
human f-casomorphin-7 (BCM7) [21] is used. The
structure contains the four last residues of the f-strand
substrate: Val-Glu-Pro-Ile. The isoleucine is connected
to Ser-195 of the enzyme via an ester bond. The ester
carbonyl is located in the oxyanion hole with hydrogen-
bond distances from the oxygen to the backbone NH
groups of Gly-193 and Ser-195 of 2.9 A in both cases.
A well-defined water molecule is equidistant between
the carbon of the ester carbonyl and N** of His-57.

A combined QM/MM method [29, 30] was employed
to describe the enzyme active site. Charge distributions,
bond orders, and geometric parameters were obtained
for the three stationary points. These provide a better
understanding of the location of the hydrolytic water
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molecule in the EA structure, the binding mode of the
carbonyl oxygen in the oxyanion hole, the characteristics
of the TI2 structure, and the mobility of the imidazole
ring of His-57.

2 Methods

The EA crystal structure of the natural heptapeptide substrate,
BCM7, and PPE [21] was retrieved as entry 1QIX of the Brook-
haven Protein Data Bank [31].

Hydrogens were added to the complex using the HBUILD
routine of CHARMM (version 27) [32]. The standard all-atom
parameters [33] were used for the whole system except for the
acylated Ser-195. The parameters for this fragment were derived
using a mixture of CHARMM atom types; the charges were
calculated by fitting to the HF/6-31G* electrostatic potential
of methyl acetate in vacuum [34], using the program Gaussian98
[35]. For nonbonded interactions, the van der Waals terms were
truncated with a switch function between 10 and 14 A and the
electrostatic terms with a shift function with a cutoff distance of
14 A [32]; the dielectric constant was unity.

All crystallographic water molecules were deleted except for the
hydrolytic water molecule in the active site of the protein. Water
molecules were added to the complex by superimposing a 30-A
sphere of TIP3P water molecules [36] centered at the reactive
carbonyl carbon of the peptide (C,cy1). Any water molecule whose
oxygen was within 2.8 A of any heavy atom of the EA was
removed. The water molecules and the protein hydrogens were
minimized and then equilibrated at 300 K for 5 ps, while keeping
the remaining protein atoms fixed. The equilibration was per-
formed using the stochastic boundary conditions [37] with a time
step of 2 fs, a friction coefficient of 62 ps™' for the water oxygens
[38], and the SHAKE algorithm [39]. The original 30-A sphere of
TIP3P water molecules was rotated 90° and the previous solvation
procedure was repeated. The final system contained 240 protein
residues, the four-residue substrate, the hydrolytic crystal water,
and 2800 added water molecules, with a total of 12,053 atoms.

For the stochastic boundary MD simulation of the complete
system, the atoms were divided into a reaction region, which con-
tained all residues within 18 A of the carbonyl carbon, and a buffer
region, which contained the rest of the system. The frictional coeffi-
cients for water oxygen and heavy atoms in the protein were 62 and
200 ps_‘, respectively [38]. The complete system was minimized to
relax the crystal structure. Langevin dynamics was then performed
for 50 ps and the final structure was minimized with 200 steps of the
steepest descent (SD) method followed by 2000 steps of the adopted
basis Newton—Raphson (ABNR) method [32]. The root-mean-
square (rms) deviation of the atomic positions in the final structure
from those in the crystal structure was 0.9 A. This minimized struc-
ture was used as a starting point for the subsequent quantum me-
chanical/molecular mechanical (QM/MM) minimizations of three
stationary points along the reaction pathway of the deacylation step:
the EA, the T12, and the EP complex (Fig. 1).
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Ser-195 His-57 87195 ﬁ‘ Se<195
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NHQNE\V \Cﬁ NH%L cﬁ A G
"H_ H / - NAN—H-., 5 — H=0Oy
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\,\fw 5- ..H=N L H—O0 o H
=0 g O N A
/NN , R “H—N c H—N
R l93 OXyanion 193 I 193
hole R
EA TI2 EP

Fig. 1. Schematic representation of the reaction pathway of the deacylation step of serine protease catalysis: acyl-enzyme (EA), tetrahedral

intermediate (772), enzyme-product (EP) complex
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Two models of the EA structure were prepared (Fig. 2). The
first model, EA-1, was obtained from the minimization that fol-
lowed the MD simulation in which one hydrogen of the hydrolytic
water molecule (H.,,) was hydrogen bonded to the catalytic ni-
trogen atom of His-57 (N*?) and the other (H2,)) to bulk water. The
second model, EA-2, was prepared such that the hydrolytic water
molecule forms a hydrogen -bonded bridge between the carbonyl
oxygen (O,ey) and N2 of His-57. One of the hydrogens of the
hydrolytic water (H2,,) was manually placed between the water
oxygen and the carbonyl oxygen and was constrained there during
a 7-ps MD simulation followed by minimization. The other
hydrogen (H[,,,) was not constrained but maintained its hydrogen
bond to N¢2 durmg the 51mulat10n The TI2 was prepdred by
manually moving H'y, to N2 of His-57, and the remaining
hydroxyl was added to the peptide carbonyl carbon (C,cy1). The EP
complex was prepared by breaking the EA bond between O’ of
Ser-195 and C,.,; and adding the water hydrogen H!,. to O’. The
remaining hydroxyl group was added to the carbonyl carbon to
form the peptide C terminus.

To have an improved description of the highly polarized cata-
Iytic region of elastase, a combined QM/MM potential was used to
perform minimizations of the three structures along the reaction
pathway. In the QM/MM method the central active site of the
enzyme is described by a QM potential and the influence of the
remainder of the protein is taken into account by a coupled MM
potential. The QM region was treated with Hartree-Fock theory
(HF) using the 3-21G and 6-31G* basis sets. The calculations were
performed using the program GAMESS-US [40] implemented
within CHARMM [41].

The QM region included the imidazole ring of His-57, a
fragment of the peptide including the reactive carbonyl group,
fragments of GIn-192, Gly-193, Asp-194, and Ser-195, and the
hydrolytic water molecule (Fig. 3). Link atoms were added to each

of the structures to satisfy the valence of the QM part and were
treated as hydrogen atoms that did not interact with the MM re-
gion [30]. In total, 49 atoms, including six link atoms, were treated
quantum mechanically and 12,010 atoms were treated molecular
mechanically. The QM/MM minimizations included the SD
method followed by the ABNR method until the average rms
gradient was less than 0.1 kcalmol™ A7

Energies and geometric parameters of the enzyme were ob-
tained from the minimizations to understand the characteristics of
the three stationary points along the reaction path of the deacyla-
tion step. The energies were calculated for the QM region of the
enzyme including polarization due to the MM environment. Bond
orders and charges from the QM/MM wavefunction were calcu-
lated by the natural bond orbital (NBO) analysis [42] implemented
in Gaussian98 [35].

3 Results and discussion

We present a detailed analysis of the QM/MM minimi-
zations of the three stationary points involved in the
deacylation step: the EA, the TI2, and the EP complex.
The models are based on the final structure obtained
from a MD simulation on the EA crystal structure.
During the whole simulation the hydrolytic water
molecule remained in the active site, while bulk water
molecules exchanged locations extensively. This is in
contrast to a MD simulation of acyl-chymotrypsin,
which showed that the hydrolytic water molecule
exchanges with the bulk solvent [23].

H 1
/ :
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l ' . Fig. 2. Schematic representation of the
_ ) 0. : - 1.—0 two models of the EA. In the first model
His-57 NE2- H- NTosN His:57 NE2 H \H2 H’NTQS\N (EA-I) one hydrogen of the hydrolytic
H |-(N . / H 103 water molecule (H!,,) is hydrogen
3 [ Ser-195 T H o193 ) Ser-195 o - bonded to the catalytic nitrogen atom
HN 0 : HN OY_C// of His-57 (N*2) and the other (H2,,) is
o'—c¢ ' \ bonded to bulk water. In the second
\ ! antide model (EA4-2) the hydrolytic water
peptide ' pep molecule forms a hydrogen-bond bridge
! between the carbonyl oxygen (Ogey1)
EA1 EA-2 and N*? of His-57
CH,
. hydrolytic A
His-57 ywatg: Ser-195 l
S %) H2C
HN NTLL Hy
= H1\o/ o \N // Asp-194
p C
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peptide / ~0 / \
g_HN CH HN ,(JJ\) Fig. 3. The quantum mechanical region used in the
\ minimizations of the three states of the deacylation step:
H\ Gly-193 the EA, the TI2, and the EP complex. This 49-atom
NV / \ / region incll}des' the imidazole ring of His-57, a fragment
CH of the peptide including the reactive carbonyl group,
\ fragments of GIn-192, Gly-193, Asp-194, and Ser-195,
GIn-192 \\O H the hydrolytic water molecule, and an additional six link
atoms



Selected charges of the atoms involved in the reaction
(Table 1) and bond orders (Table 2) were obtained from
an NBO analysis of the HF/3-21G and HF/6-31G*
wavefunctions determined in the presence of the MM
charges. Distances, bond angles, and dihedrals angles
(Table 3) were calculated for each minimized structure
at both HF levels. Although the results obtained from
the (HF/6-31G*)/CHARMM minimizations are more
accurate than those at the (HF/3-21G)/CHARMM level
they lead to the same conclusions. In the following

Table 1. Natural bond order (NBO) atomic charges of the reactive
atoms of the three stationary points along the reaction pathway

Atom 321G 6-31G*
name

EA-1 EA2 TI2 EP EA-1 EA2 TI2 EP
Ot —0.80 079 —-0.87 —-0.76 —0.87 —0.86 —0.97 —0.81
N2 062 -0.62 —0.65 —0.64 —0.65-0.65 —0.59 —0.66
0" -0.61 -0.61 -0.67 —0.81 -0.64 —0.64 —0.73 —0.85
Owat  —1.02-1.04 095 -0.79 -1.08 -1.10 -1.06 —0.81
HI, 050 051 051 049 053 054 052 052
H2,, 049 046 048 055 0.53 051 050 0.56

Table 2. NBOs between selected pairs of atoms involved in the
reaction
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discussion, only the (HF/6-31G*)/CHARMM results
are presented.

3.1 Acyl-enzyme

To understand the nature of the binding of the
hydrolytic water in the EA active site, two minimized
model structures of the EA were analyzed (EA-1 and
EA-2). They differ only in the location of the hydrolytic
water (Fig. 2). In EA-1, the water is hydrogen bonded to
the catalytic nitrogen atom of His-57 (N#2) and to bulk
water, while in EA-2 it forms a hydrogen-bonded bridge
between N2 and the carbonyl oxygen, as in the crystal
structure of the EA indoleacryloyl-a-chymotrypsin [6].
A comparison of the two models of the EA inter-
mediate does not show any significant difference in the
atomic charges or in the bond orders of the reactive
atoms. The N—O distance between N** of His-57 and
the hydrolytic water oxygen (Oya,) is 2.9 A in both
structures, which is similar to the average distance of
3.1 A observed in a previous MD simulation [23]. In
both EA-1 and EA-2, Hy,, is hydrogen bonded to N
with an N—H distance of 2.0 A. However, H?,, is not
hydrogen bonded with an equal distance: in EA-1 it is
hydrogen bonded to a bulk water molecule with an
O—H distance of 1.7 A, while in EA-2 it is hydrogen
bonded to O,y with an O—H distance of 1.95 A. The
O—C distances, between the water oxygen (Oy,) and the

NBO 321G 6-31G* carbonyl carbon (C,cy), are 3.2 and 3.3 A in EA-1 and
EA-2, respectively. These distances, which are shorter
EA-1 EA-2 TI2 EP  EA-1 EA-2 TI2 EP than those found in earlier simulations (3.9 A) [23], are
Owy  HNs 003 002 0.06 000 0.02 001 0.04 000 ?easgnablle cions1der1ng that Oy, is poised to attack Cicy
Oui HY3;  0.07 005 0.2 0.07 0.04 0.03 0.08 0.03 or deacylation. )
Owa Hlw 055 054 0.16 000 058 057 0.11 0.00 In both EA structures, the carbonyl oxygen (Oycy) is
Opat Caeyr 0.00 0.00 0.68 0.86 0.00 0.00 0.66 0.91 located in the oxyanion hole, 9° above the plane defined
N Hi, 009 0.08 057 007 0.06 0.06 062 0.05 by C,ey1 and the two amide hydrogens of Gly-193 and
H{, O 0.00 0.00 0.00 0.55 0.00 0.00 0.00 0.58 Ser-195 (HY; and HJYs), with an C—O bond order of
Cuey Of;cﬂ 113 1.12°-099 1.17 124 124 1.08 1.28 1.24. This result is consistent with structural studies of
a0 0.88 089 0.74 0.01 095 095 0.79 0.00 subtilisin and elastase [18, 21] but not with the crystal
Table 3. Selected distances and . :
angles in the reaction region Distance (A) 3-21G 6-31G*
EA-1 EA-2 TI2 EP EA-1 EA-2 TI2 EP
Oueyi HYs 218 233 200  3.36 225 237 211 3.39
acyl HY, 1.84  1.99 1.68 1.83 1.92 1.99 1.78 1.89
Ot HL,, 098  0.98 1.55 274 096 096 1.67 280
vat N2 282 292 260 3.1 289 294 269 3.5
vat Cacyl 309 3.32 1.57 1.33 318 3.32 1.54 1.31
N=2 Caeyt 369 346 344 375 370 348 349 376
N2 HL,, 190  1.93 1.05 1.91 2.00 1.98 1.03 1.96
Oueyt H2Z,, 423 193 298  3.02 4.26 195 288 297
N2 o’ 3.18 3.18 2.97 2.82 3.23 3.22 3.02 2.84
H.w o’ 3.03 3.47 2.37 0.98 3.14 3.49 2.40 0.96
Caeyl Oueyl 122 1.29 1.32 1.22 1.22 1.22 1.29 1.20
Cacyl o’ 132 1.32 142 297 1.29 1.30 140 3.02
Angle (degree)
wat Cacyt 87 58 110 119 85 58 109 118
Oz\c 1
Coon HY, 9 9 4 -6 8 9 4 7
H%S Oacyl
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structure of indoleacryloyl-a-chymotrypsin [6]. In the
latter, O,cy is not bound in the oxyanion hole and the
water is not optimally positioned to attack the carbonyl
unless O, swings into the hydrogen-bonding site be-
tween Ser-195 and Gly-193. In EA-1, the hydrogen bond
that O,y creates with the backbone NH group of Gly-
193 (1.9 A) is shorter than that formed with the back-
bone NH group of Ser 195 2.3 A) In EA-2, Oy is
hydrogen bonded to HY); (2.0 A) and to the hydrolytlc
water (2.0 A) and, therefore, it cannot form a hydrogen
bond with the backbone NH group of Ser-195. The
angle Oyui-Cacyi-Oacyr 18 85° in EA-1 versus 58° in EA-2.
The optimal value of this angle for nucleophilic attack
on an acyl group is about 107° [43]. On the basis of these
results, the hydrolytic water molecule of EA-1, which is
hydrogen bonded to N2 and to bulk water, is more
likely to be in a suitable position for attack on the
carbonyl carbon.

EA-1 is 2 kcalmol ™" lower in energy than EA-2 at the
(HF/6-31G*)/CHARMM level. The small energy dif-
ference between the two minima could explain the fact
that the hydrolytic water is found in different positions
in different crystal structures [6, 21].

3.2 Tetrahedral intermediate

The deacylation is initiated by the attack of a water
molecule on the EA carbonyl group. The nucleophilic
attack of the hydrolytic water molecule on the EA
carbonyl carbon has been suggested to lead to a TI2.
The TI2 does not accumulate during the course of the
reaction [44, 45] and the evidence for its existence in both
acylation and deacylation steps is circumstantial [27].
However, tetrahedral structures have been observed
in complexes of serine proteases with transition-state
analogues; for example, ones which contain aldehyde
groups in place of the carbonyl position of the scissile
bond [25, 26].

We modeled the TI2 of the deacylation step The
intermediate state is destabilized by 28 kcalmol™' rela-
tive to the EA at the (HF/6-31G*)/CHARMM level.
The structure is found to be a weakly bonded system
owing to the change from a planar ester bond to a
tetrahedral system with three C—O bonds around the
carbonyl carbon (C,cy1). The C—O bond order between
Cacy and O,y in the TI2 is smaller than in the EA (1.08
versus 1.24) and the bond is elongated by 0.07 A (1.29
versus 1.22 A). The C—O bond order between C,,; and
O’ is also smaller in the TI2 relative to the EA (0.79 in
TI2 versus 0.95 in EA-1), which correlates well with a
longer bond (1.4 A in TI2 versus 1.3 A in EA-1). The
bond order between the peptide carbonyl carbon (Cyey1)
and the oxygen which originates from the hydrolytic
water molecule (Oy,y), is 0.66. Oy is strongly hydrogen
bonded (bond order 0.11, distance 1.7 A) to the hydro-
gen on N of His-57 (Hwat)

The carbonyl oxygen (O,cy) in the minimized struc-
ture of the TI2 occupies its proposed position between
the backbone NH groups of Gly-193 and Ser-195 in the
oxyanion hole. The negative charge on O,y is greater in
the TI2 than in the EA (-0.97e versus —0.87¢), owing to

charge transfer from the deprotonated water. As a re-
sult, the hydrogen bonds between O, and the back-
bone NH groups of Ser-195 and Gly-193 are shorter in
the TI2 than in the EA (2.1 and 1.8 A in TI2 versus
2.3 and 1.9 A in EA-1). The bond orders of the corre-
sponding hydrogen bonds are 0.04 and 0.08 versus 0.02
and 0.04 in TI2 and EA-1, respectively. The dihedral
angle O, creates with the plane of the carbonyl carbon
and the two amide hydrogens is smaller than in the EA
(4° versus 8°).

To complete the reaction, the acyl bond between O’
of Ser-195 and the carbonyl carbon must be broken to
release the cleaved peptide. This step can happen by a
proton transfer from N of the imidazolium ring to O7,
which necessitates that the ring gets closer to Ser-195.
The mobility of the general acid-catalyst histidine is
shown by our results although it is relatlvely low, the
distance between N** and O is shorter in the TI2 than
in the EA (3 0 versus 3.2 A) and the imidazolium
proton (Hl\) is close to O in the TI2, with a distance of
2.4 A.

3.3 EP complex

During the final step of the reaction, the cleaved peptide
leaves the active site. In contrast to a previous theoret-
ical study [22], the carbonyl oxygen (O,cy) of the EP
complex is not hydrogen bonded to the backbone
hydrogen of Ser-195 (H,95) (3.4 A), but only to
H 05 (1.9 A) and it moves 7° below the plane created
by the carbonyl carbon (C,.) and the two amide
hydrogens. C,ey is further away from NL2 of the
imidazole ring than in the TI2 (3.8 versus 3.5 A) These
results suggest that the peptide can be expelled more
easily if the carbonyl oxygen is not strongly hydrogen
bonded in the oxyanion hole. The EP is destabilized
by 5 kcalmol™" relative to the EA at the (HF/6-31G*)/
CHARMM level; however, the final products (free
enzyme and solvated peptide) are probably lower in
energy.

In comparison with the TI2, the distance between N
and O” of Ser-195 was found to be shorter in the EP
complex than in the TI2 (2.8 versus 3.0 A). The hydro-
gen on O’, which originates from the imidazolium ring
(H' wat), 1s hydrogen bonded to N with a distance of
2.0 A and a bond order of 0.05.

4 Conclusions

Most of the work concerning the catalytic mechanism
of serine proteases has focused on the first part of
the catalytic step, leading to the EA. In this work we
employed QM/MM minimizations on three stationary
points along the second part of the catalytic step, the
deacylation step, assuming a stepwise mechanism.

Our model is based on a recent high-resolution crystal
structure of the EA intermediate [21]. What emerges
from the present study is that the nucleophilic water
in the EA has at least two minima in which it is held
strongly by hydrogen bonds. The water can populate



both minima owing to the small energy difference be-
tween them. In both EA structures, the carbonyl group
is located in the oxyanion hole, which positions it for an
attack by the hydrolytic water.

The bonds of the tetrahedral system are weak, which
destabilizes it relative to the EA. However, the carbonyl
oxygen in the TI2 forms shorter hydrogen bonds with
the backbone NH groups of Ser-195 and Gly-193 than
in the EA. This result supports the hypothesis that
the electrostatic stabilization of the negatively charged
TI2 by main-chain dipoles in the oxyanion hole is an
important factor in the mechanism [13].

The short distance between N°* of His-57 and O of
Ser-195 in the TI2 indicates a small movement of the
imidazole ring towards the product during the deacyla-
tion step, which is important for its action as a good
general base-acid catalyst.

The carbonyl group of the EP complex is not held
strongly in the oxyanion hole, which suggests that the
peptide is first released from the oxyanion hole before it
leaves the active site and the native state of the enzyme is
regenerated.

Although the present minimizations give important
information on the deacylation step with the use of an
ab initio QM/MM potential, they deal only with sta-
tionary points along the reaction pathway. A QM/MM
dynamics simulation will enable us to examine the fluc-
tuations in the active site and to evaluate the free-energy
changes in the reaction. The present study shows that
the results from the minimizations at the (HF/3-21G)/
CHARMM level are similar to those at the (HF/
6-31G*)/CHARMM level and, therefore, the use of
the (HF/3-21G)/CHARMM potential is sufficient for
subsequent MD simulations.
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