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Abstract. A model of low-barrier hydrogen bonds
(LBHBs) in enzymes has been studied by ab initio
quantum mechanical calculations including the self-
consistent reaction field solvent model. The hydrogen-
bond strengths and the deprotonation energies for the
hydrogen-bonded and non-hydrogen-bonded cis-uroca-
nic acid were calculated at the HF/6-31 + G(d.p) level
at various dielectric constants. The same calculations
were performed for the o,f-dihydrourocanic acid to
model the catalytic dyad of serine protease. The depro-
tonation energy of N* in o,f-dihydrourocanic acid is
increased by formation of LBHBs and depends very
much on the dielectric constant. This study suggests that
the formation of LBHBs increases the basicity of the
dyad, and the polarity change near the reaction center in
the active site could help the proton abstraction from
Ser 195 and the donation to the leaving group. Both the
LBHBs and the environment can play crucial roles in the
enzyme catalysis.

Key words: Low-barrier hydrogen bond — Enzyme
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1 Introduction

Proton transfer is an important phenomenon in
chemistry and biology. Proton transfer, in general,
has a high-energy barrier, but for a number of
hydrogen-bonded systems it has only a very low
barrier, leading to a proton delocalization in the
hydrogen bond that strongly depends on the environ-
ments. Such hydrogen bonds are called ‘“‘short strong”
or “low-barrier” hydrogen bonds (SSHBs or LBHBs),
and it has recently been proposed that they may
provide an unusually large amount of stabilization to
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high-energy enzyme-bound intermediates and/or tran-
sition states [1, 2]. There has been considerable debate
recently about the existence, the strength, and the role
of LBHBs in enzymes. There are some workers who
believe that enzyme activity can be understood by
considering mainly electrostatic pair potentials [3, 4, 5];
however, we do not believe this view is valid, and
recent results seem to support the existence and
importance of SSHBs in enzymes [6, 7]. In addition,
recent NMR studies have shown that hydrogen bonds
in proteins have covalent character, especially when the
proton affinities of the two bases are similar [8, 9]. We
believe that the present results provide more evidence
for the validity and utility of the SSHB concept.

The hydrogen bond between the Asp and His residues
in the catalytic triad of serine protease has been pre-
sented as an example of the potential contribution of
LBHBs to enzyme catalysis [10, 11, 12, 13, 14, 15, 16, 17,
18, 19]. A schematic diagram of the catalytic mechanism
of serine protease is shown in Fig. 1. Frey and co-
workers [10, 11, 12] have suggested that the LBHB in the
protonated dyad (Asp—His) should increase the basicity
of His 57 strongly enough to abstract a proton from
Ser 195. The basicity of His 57 should be decreased
again later to give a proton from its conjugate acid form
to a leaving group. They have reported that the pK,s of
Ser 195 and the leaving amino group in chymotrypsin
are about 14 and 9, respectively, and that the experi-
mental pK,s of the protonated dyad in the active site
bound to two different trifluoromethyl ketones, N-ace-
tyl-L-Leu-pL-Phe-CF3 (N-AcLF-CF3) and N-acetyl-pL-
Phe-CF; (N-AcF-CF3;), are 12.0 and 10.8, respectively
[11, 18]. Since these values are between 14 and 9, it was
suggested that the dyad could abstract a proton from
Ser 195 as a general base and donate one to the leaving
amino group as a general acid [11]. They have also
suggested that the binding of a substrate induces a
conformational change in the enzyme that leads to steric
compression between His 57-N°" and Asp 102-0”. This
compression would be relieved by LBHB formation,
which is possible only when His 57 is protonated on N2
Therefore the strain of compression between His 57 and
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Asp 102 increases the basicity of His 57. In this study we
propose another possible mechanism of action in the
enzyme active site associated with the role of LBHBs.

Enzyme catalysis depends very much on the envi-
ronment of the active site, which provides not only an
appropriate dielectric medium but also many specific
interactions for the catalysis. It has long been a goal of
many scientists to understand the role of the active site;
however, it is not completely understood yet. The di-
electric property of the active site is not homogeneous
and depends much on the orientation of functional
groups, and it may even be changed during the enzy-
matic reaction. The strength of a LBHB depends very
much on the dielectric medium [20, 21], so the role of the
LBHB may be changed accordingly during the course of
the reaction. In this study we focus on the relative bas-
icity of the catalytic dyad depending on the formation of
a strong hydrogen bond. The schematic potential-energy
curves for proton abstraction from Ser to the dyad with
a SSHB and without are shown in Fig. 2. The relative
energetics between the potential curves for Fig. 2a and b
are independent of the energies of Ser—-OH and Ser-O~,
since their energies are canceled out. Therefore the de-
protonation energies for the protonated dyads (strongly
hydrogen bonded and not hydrogen bonded) will give
a good estimate for the relative basicity. The basicity
of the dyad will depend on the environment, so it
is necessary to study the role of the local polarity on
the relative basicity. Since we are interested in the
relative energetics in term of the formation of a SSHB
as illustrated in Fig. 2, there is no problem in the state
of the reference in this study.

A cis-urocanic acid was used as a model of the dyad
[10, 22], and it is known to form a strong hydrogen
bond. The intramolecular hydrogen bond in this model
is slightly different from that in serine protease: the
carboxy group is an anti form in the model, while it is a
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Fig. 1. Schematic diagram for the mechanism of proton transfer in
serine protease

syn form in the enzyme. The hydrogen bond strength of
the cis-urocanic acid was estimated to be about 5 kcal-
mol™' in the acetone-water cosolvent [22]. The LBHB
forms a charged species in which the charge may be
delocalized over several atoms; thus, some component
of the interaction will be electrostatic and, therefore,
the strength of the interaction will depend on the
local dielectric constant. In order to study the role of
the LBHB in the active site, where its local dielectric
constant is changed along the reaction pathway, we
performed ab initio quantum mechanical calculations
for the cis-urocanic acid including a solvent effect with
various dielectric constants. We used a thermodynamic
cycle in this study as shown in Fig. 3, and this cycle was
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Fig. 2. Schematic potential-energy curves for the proton abstrac-
tion from Ser 195 to (A) the strongly hydrogen-bonded dyad and
(B) the non-hydrogen-bonded dyad in a given environment. The
relative energetics between A and B depends on the basicity of His

Fig. 3. Schematic diagram for the deprotonation and the forma-
tion of low-barrier hydrogen bonds in the cis-urocanic acid. AE,
and AE, are the relative energies for the hydrogen-bonded
zwitterionic (Z) and the anionic (A) forms of the cis-urocanic acid
with respect to the corresponding non-hydrogen-bonded structures,
respectively. They are the hydrogen-bond strengths for the Z and
A forms of the cis-urocanic acid. AEq,(nHB) and AE4,(HB) are
deprotonation energies of N** protons for the non-hydrogen-
bonded and hydrogen-bonded cis-urocanic acids, respectively



used to model the enzymatic process depicted in Fig. 2.
The strengths of the LBHBs were calculated and com-
pared with experimental values. The hydrogen bond
strengths of the o, f-dihydrourocanic acid, which mimics
the dyad better, were also calculated with various
dielectric constants, and these values are used to model
the role of the LBHB in an enzyme.

Computational methods

All the electronic structure calculations were done using the
GAUSSIAN 94 quantum mechanical package [23]. The geometries
for the cis-urocanic acid were optimized at the Hartree—Fock (HF)
level of theory using the 6-31 + G(d,p) basis set in the gas phase.
The geometries in a dielectric medium were optimized at the HF/
6-31 + G(d,p) level using the Onsager dielectric continuum model
[24], and they were used to obtain energies from single-point cal-
culations using the polarized continuum model [25], namely the
isodensity polarized continuum model (IPCM) and the self-con-
sistent IPCM (SCIPCM) with the isodensity value of 0.0004. In the
reaction field theory, the solute in a cavity is surrounded by a
polarizable medium with a dielectric constant. A dipole in the
solute induces a dipole in the medium, and the electric field applied
to the solute by the solvent dipole interacts with the solute dipole to
produce net stabilization. The cavity radius is an adjustable pa-
rameter, and the choice of the radius has been discussed extensively
[26, 27, 28, 29]. In the Onsager model, the radius was calculated
from the molecular volume of the optimized structure in the gas
phase, on the assumption that the structure is spherical, and was
increased by 0.5 to consider the surrounding solvent molecules. In
the IPCM, the cavity is defined as an isosurface of the electron
density. The isodensity surface is determined by an iterative process
in which a self-consistent-field (SCF) cycle is performed and con-
verged using the current isodensity cavity. The resulting wave-
function is used to update the isodensity cavity, and this procedure
is repeated until the cavity shape changes no longer upon com-
pletion of the SCF. However, the terms that couple the isodensity
to the solute Hamiltonian are missing in this process. In the SCI-
PCM, the SCF procedure solves the electron density which mini-
mizes the energy, including the solvation energy that depends on
the cavity, which depends on the electron density again. Therefore,
the effects of solvation are folded into the iterative SCF calculation.
The SCIPCM thus accounts for the full coupling between the cavity
and the electron density and includes terms that the IPCM neglects.

Results and discussion
The cis-urocanic acid

The geometries and energies for the hydrogen-bonded
and non-hydrogen-bonded conformers as depicted in
Fig. 3 were calculated at the HF/6-31 + G(d,p) level of
theory both in the gas phase and in solution using the
Onsager SCRF method. The optimized geometries are
all planar. The bond lengths for O-H and N-H, which
are denoted as rz(O—H) and rz(N-H) for the zwitterionic
form (Z form) and ro(O-H) and ro(N-H) for the anionic
form (A form), are listed in Table 1. It was not possible
to obtain the hydrogen-bonded structure of the Z form
in the gas phase and at ¢ = 2.0, since the neutral form in
which the proton is transferred to the carboxyl group is
the most stable structure. The bond lengths for O—H and
N-H in terms of the Onsager function, (¢-1)/(2¢ + 1),
are plotted in Fig. 4. All the bond lengths are linear in
this plot. If we extrapolate the rz(O-H) and rz(N-H)
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Table 1. Bond lengths for low-barrier hydrogen bonds (LBHBs) in
the Z and A forms of the cis-urocanic acid optimized at the HF/
6-31+G(d,p) level using the Onsager dielectric continuum model.
Lengths are in angstroms

& 1z(N-H) 1z(O-H) ra(N-H) ra(O-H)
2 b b 1.026 1.726
5 1.064 1.498 1.011 1.771
10 1.037 1.621 1.010 1.789
20 1.028 1.678 1.008 1.808
78.4 1.023 1.723 1.008 1.818
4 Dielectric constant
Tt was not possible to optimize the geometry
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Fig. 4. Calculated bond lengths for the hydrogen-bonded Z and A
forms of the cis-urocanic acid in terms of the Onsager function

values to ¢ = 2.0, we can obtain about 1.20 and 1.12 A
for them, respectively; however, they are very short, so a
proton jumps to the carboxyl groups before they come
to such short distances. The hydrogen-bond length for
the Z form, rz(O-H), was 1.50 A at ¢ = 5.0, which is
very short and comparable to those of LBHBs reported
in the literature [1, 30, 31, 32]. The N-H-O distance at
e =5.01s 2.51 A, which agrees very well with that in the
N-AcLF bound enzyme complex [33]. This distance
increases with the dielectric constant. The hydrogen-
bond length of O-H for the A form was 1.68 A in the
gas phase, and this distance also increases with the
dielectric constant as shown in Fig. 4. The hydrogen-
bond lengths in the Z form, denoted by r(O—H), depend
more on the dielectric constant than those in the A form.
The rz(O-H) value is smaller and the rz(N-H) value is
larger than the corresponding values in the A form at the
same dielectric constant. This means that the proton in
the Z form is delocalized more than that in the A form,
which is consistent with the NMR experiments. The
large downfield chemical shift of the N°' proton in
the cis-urocanic acid has been observed when the Z form
of the cis-urocanic acid is formed from the A form,
which was attributed to the formation of stronger and
more delocalized LBHBs [22].
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The strengths of the LBHBs were obtained from the
energy differences between the hydrogen-bonded and the
non-hydrogen-bonded conformers of the cis-urocanic
acid as shown in Fig. 3. They are denoted by AE; and
AE, for the Z and A forms, respectively, and are listed in
Table 2. The AE7 and AE4 values calculated at different
dielectric constant are plotted in Fig. 5. The AE; and
AE, values at ¢ = 20.0 from the IPCM were —4.33 and
—4.64 kcal mol™", respectively. They agree very well with
the experimental value [22]. The calculated hydrogen-
bond strengths for the Z and A forms using the IPCM
are approximately the same. The AEy and AE, values
at ¢ = 20.0 from the SCIPCM were —9.43 and —7.75 kcal
mol ™', respectively, which are smaller than those from
the IPCM. The difference between the AE; and AEA
values is about 1.68 kcalmol™', which is not very large,
but agrees well with the experimental value [22]. The
SCIPCM slightly overestimates the hydrogen-bond
strengths of the cis-urocanic acid, but reproduces the
difference in the hydrogen-bond strengths between the Z
and A forms better.

One of the proposed roles of the LBHB is to increase
the basicity of the dyad to abstract a proton from Ser 195.

Table 2. The formation energies of LBHBs in the dielectric
medium at the HF/6-31+G(d,p) level using the isodensity
polarized continuum model (/PCM) and the self-consistent IPCM
(SCIPCM). The energies were calculated from the structures
optimized using the Onsager dielectric continuum model. The
numbers in parentheses are from the SCIPCM

& AEy (kcal mol™) AE, (kcal mol™)
Gas - -16.96
2 —13.10 (-15.22)° —12.06 (~13.43)
5 ~7.04 (-11.14) -7.70 (-10.07)
10 —5.20 (=9.85) -5.76 (-8.59)
20 -4.33 (=9.43) —4.64 (=7.75)
78.4 -3.82 (<9.37) -3.72 (-7.08)

#Dielectric constant
®The energies of the hydrogen-bonded Z form were obtained by
using the geometry optimized at ¢ = 5.0
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Fig. 5. The hydrogen-bond strength for the Z and A forms of the
cis-urocanic acid in terms of dielectric constants

In order to understand how it happens, we calculated the
deprotonation energies for the N*? protons of the hydro-
gen-bonded and non-hydrogen-bonded cis-urocanic acids
in a dielectric medium. The deprotonation energies for the
hydrogen-bonded and non-hydrogen-bonded acids,

denoted as AE4,(HB) and AEdp(nHB) respectively, are
obtained from the relative energies of the Z forms of the
cis-urocanic acid with respect to the A forms, and they are
listed in Table 3. Garcia-Viloca et al. [34] have calculated
the deprotonation energy for the conjugate acid of 1-
methylimidazole at the HF/6-31 + G(d,p)//6 31+ G(d,p)
level in the gas phase, which is 249 kcal mol™". This value
is much smaller than the deprotonation energies for the
cis-urocanic acid at ¢ = 2.0, which suggests that the bas-
icity of the imidazole is largely increased. This result may
originate from the formation of LBHBs, delocalization of
the charge density, and the electrostatic stabilization of
the Z form. The deprotonation energies are decreased
when the dielectric constant is increased, and the differ-
ences between the AEy,(HB) and AE4,(nHB) values are
not large. Ash et al. [22] have reported the pK, difference
between the cis- and trans-urocanic acids in acetone-water
cosolvent. The ApK, Value was 0.85, which corresponds to
about 1.2 kcal mol™" in energy. The theoretical estima-
tion for the difference in the deprotonation energy be-
tween the hydrogen-bonded and non- hydrogen-bonded
cis-urocanic acids was 1.7 kcal mol™! at ¢ = 20, which
agrees well with the experimental value. This energy dif-
ference is identical to the difference in the hydrogen-bond
strengths between the Z and A forms. These results sug-
gest that the formation of LBHBs i increases the basicity of
the N*? proton by about 1.2 kcal mol™', experimentally,
and 1.7 kcal mol™ ", theoretically.

The o,p-dihydrourocanic acid

The deprotonation energies and the hydrogen-bond
strength are not very much different between the hydro-
gen-bonded and non-hydrogen-bonded cis-urocanic ac-
ids. This suggests that the delocalization of the charge
density through the molecular backbone and the electro-
static stabilization seem to be more important to the
change of pK, than the formation of the LBHB. Because
of these factors, the cis-urocanic acid may not be able to
model the role of the LBHB in the catalytic dyad of serine
protease correctly. So, we also performed the quantum

Table 3. Deprotonation energies for the hydrogen-bonded and
non-hydrogen-bonded cis-urocanic acids in the dielectric medium
at the HF/6-31 + G(d,p) level with the SCIPCM. The energies were
calculated from the structures optimized using the Onsager
dielectric continuum model

& AE4,(HB) AE4,(nHB)
2 305.7° 304.0
5 301.0 299.9

10 299.8 298.6

20 299.4 297.7

78.4 299.1 296.8

2 Dielectric constant
The energies of the Z form were obtained by using the geometry
optimized at ¢ = 5.0



mechanical calculations for the «,-dihydrourocanic acid
to avoid the delocalization of the charge density through
the molecular backbone. The optimized geometries for
the Z and A forms at the HF/6-31 + G(d,p) level of theory
with the Onsager SCRF method are shown in Fig. 6. They
are not planar, so there is no delocalization of the charge
density through the molecular backbone. The lengths of
the LBHBs in the Z and A forms of the «,f-dihydrouro-
canic acid are listed in Table 4 and they are plotted in
terms of the Onsager function as depicted in Fig. 7. The
O-H distances are longer than those of the cis-urocanic
acid, which indicates that the hydrogen bonds become
weaker by removing electron delocalization. For the A
forms of acids at ¢ = 5.0, the O—H distance is increased by
about 0.13 A, from 1.77 to 1.90 A, by removing delocal-
ization, but for the Z forms it is increased by only about
0.04 A. The hydrogen-bond length in the A form of the
o,f-dihydrourocanic acid is within the range of the
normal hydrogen bonds; however, the hydrogen-bond
length in the Z form is still quite short, 1.54 A at ¢ = 5.0,
which agrees well with that of the LBHB in enzyme
complexes [33].The difference in the hydrogen-bond
strength between the Z and A forms is largely increased

Fig. 6. The optimized structures for the A and Z forms of the o[-
dihydrourocanic acid using the self-consistent reaction field method
with ¢ = 5.0 at the HF/6-31+ G(d,p) level of theory. The numbers
are bond lengths in angstroms

Table 4. Bond lengths for LBHBs in the Z and A forms of the
a,p-dihydrourocanic acid optimized at the HF/6-31 + G(d,p) level
using the Onsager dielectric continuum model. The lengths are in
angstroms

& rz(N-H) rz(O-H) ra(N-H) ra(O-H)
2 b b 1.009 1.858
5 1.058 1.541 1.006 1.896
10 1.033 1.673 1.005 1.912
20 1.026 1.733 1.005 1.924
78.4 1.021 1.780 1.004 1.935

4 Dielectric constant
It was not possible to optimize the geometry
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as shown in Table 5. The hydrogen bonds in the Z form
at e=2, 5, and 10, are 11.8, 7.2, and 5.9 kcal mol™"
stronger, respectively, than those in the A form. These
make the deprotonation energies for the hydrogen-
bonded o,f-dihydrourocanic acid larger than those for
the non-hydrogen-bonded form by the same amount as
shown in Table 6. The LBHB at ¢=15 makes the
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Fig. 7. Calculated bond lengths for the hydrogen-bonded - and A
forms of the «,f-dihydrourocanic acid in terms of the Onsager
function

Table 5. The LBHB energies of the o,f-dihydrourocanic acid in
the dielectric medium at the HF/6-31 + G(d,p) level using the IPCM
and SCIPCM. The energies were calculated from the structures
optimized using the Onsager dielectric continuum model. The
numbers in parentheses are from the SCIPCM

& AEy (kcal mol™) AE (kcal mol™)
2 —18.50 (-18.96)° -7.93 (=7.21)
5 —11.90 (-11.72) —6.21 (—4.56)
10 -10.29 (-9.23) -5.50 (=3.37)
20 -9.21 (-8.25) —5.11 (-2.96)
78.4 -8.35 (-7.42) —4.78 (-2.33)

4 Dielectric constant
®The energies of the hydrogen-bonded Z form were obtained by
using the geometry optimized at ¢ = 5.0

Table 6. Deprotonation energies for the hydrogen-bonded and
non-hydrogen-bonded «,f-dihydrourocanic acids in the dielectric
medium at the HF/6-31+G(d,p) level with the SCIPCM. The
energies were calculated from the structures optimized using the
Onsager dielectric continuum model

& AE4,(HB) AE4,(nHB)  AAEyS ApK,®
2 307.9° 296.1 11.8 8.65
5 303.3 296.1 7.2 5.28
10 302.2 296.3 5.9 4.33
20 301.7 296.4 5.3 3.89
78.4 301.4 296.3 5.1 3.74

4 Dielectric constant
®The energies of the Z form were obtained by using the geometry
optimized at ¢ = 5.0
°The differences between AEy,(HB) and AE4,(nHB) values

The amount pK, changes on forming the LBHB in various di-
electric media
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deprotonation energy 7.2 kcal mol™" larger, which cor-
responds to an increase of 5.3 units in the pK, value. This
result agrees very well with that from experiments [11].
Since the strength of the LBHB depends on the dielectric
constant, so does the increase in the pK, value.

Enzyme catalysis

In enzyme reactions, N-methylation of His 57 in o-
chymotrypsin decreases its rate by 2 x 10° [35], and the
Asp 102 mutagenesis of trypsin reduces its activity by
1 x 10* [36], which correspond to 7.2 and 5.5 kcal mol™
of destabilization in terms of energy, respectively. These
results were partly attributed to the loss of LBHBs in the
active site in addition to the conformational rearrange-
ments and multiple contributions of residues. Cassidy
et al. [11] have reported that the strength of LBHB in
the N-AcLF-CF; complex of chymotrypsin would be
11 kcal mol™', which agrees very well with the theoret-
ical value at ¢ =5 as shown in Table 5. This suggests
that the «,f-dihydrourocanic acid can model the cata-
lytic dyad of serine protease very well.

In serine protease, the LBHB in the protonated dyads
increase the basicity of His 57 to abstract a proton from
Ser 195 (pK, = 14) [10, 11, 12]. The basicity of His 57
should be decreased later to give a proton from its
conjugate acid form to a leaving group (pK, =9). This
variation of the basicity can be achieved by changing the
effective polarity of the active site. The small change in
the location of the polar functional group in the active
site can change the local dielectric constant, and the
occupancy of the active site by substrate might reduce
the polarity by blocking solvent access. Changing the
value of ¢ between 2 and 10 induces a change of about
6 kcal mol™' in the deprotonation energy as shown in
Table 6. A relatively small variation in the polarity re-
sults in a fairly large change in the deprotonation energy,
which is comparable to 4.4 units of the pK, change. The
pK, value of His 57 is about 7 in serine proteases [11, 37,
38, 39, 40]. The pK, value of His 57 in the dyad will be
increased to 12.3 by forming LBHBs if the local dielec-
tric constant in the active site of serine protease is 5,
which agrees very well with the experimental value [11].
This pK, value of the dyad will be further increased to
15.7 at ¢ = 2 and decreased to 11.3 at ¢ = 10. In fact the
enzyme active site is not a dielectric continuum, and the
local dielectric property is not homogeneous. There are
also many specific interactions that may affect the en-
zymatic reactions, so the SCRF method cannot explain
all the effects existing in the active site; therefore, these
theoretical values may not be able to directly compare
with the experimental results. However this study shows
that even without including many other important as-
pects of the active site, the size and the change in the pK,
value of the dyad may be explained by local dielectric
properties, which seems to be very important in under-
standing the enzyme mechanism.

The local dielectric constant in the active site of serine
protease may be changed before and after substrate
binding, or a proton abstraction from Ser 195 by His 57.
The additional r-Leu residue in the N-AcLF-CF;

complex of chymotrypsin increases the pK, of the
protonated dyad by about 1.2 [11]. This residue is non-
polar and probably reduces the local dielectric constant
in the active site by rearranging polar functional groups
away from the dyad. This means that reducing the po-
larity of the active site tends to increase the pK, and the
strength of the protonated dyad, which is consistent with
the theoretical results in this study. Binding of a sub-
strate makes the active site less polar and increases the
pK, of the dyad, which makes it possible to abstract a
proton from Ser 195 [17]. After deprotonated Ser 195
attacks a substrate to form a tetrahedral intermediate,
the active site may be reorganized again to bring polar
functional groups closer. Consequently, the polarity will
be increased and the deprotonation energy becomes
smaller (the pK, lower), so the protonated dyad can
easily donate a proton to a leaving amino group. The
theoretical estimates of the pK, values vary between 16.2
and 11.2 depending on the dielectric constant. These
values seem to be slightly overestimated, since many
important specific interactions are not considered.
However, it could be suggested that the local polarity of
the active site of serine protease is important for the
catalysis and it may be changed before and after the dyad
abstracts a proton from Ser 195. In summary, the for-
mation of LBHBs increases the basicity of the dyad, and
the change in the polarity of the reaction center of the
active site might help to abstract a proton from Ser 195
and to donate it to the leaving group. Both of them may
play crucial roles in enzyme catalysis.

Acknowledgements. We acknowledge the financial support, in part,
from the SERI supercomputer center through the CRAY R&D
grant program and from the Ministry of Education, Korea,
through the BK21 program.

References

. Cleland WW, Kreevoy MM (1994) Science 264: 1887

. Gerlt JA, Gassman PG (1993) J Am Chem Soc 115: 11552

. Warshel A, Papazyan A, Kollman PA (1995) Science 269: 102

. Warshel A, Papazyan A (1996) Proc Natl Acad Sci USA 93:

13665

. Warshel A (1998) J Biol Chem 273: 27035

. Kim KS, Oh KS, Lee JY (2000) Proc Natl Acad Sci USA 97:

6373

7. Cho H-S, Ha N-C, Choi G, Kim H-J, Lee D, Oh KS, Kim KS,
Lee W, Choi KY, Oh B-H (1999) J Biol Chem 274: 32863

8. Del Bene JE, Jordan MJT (2000) J Am Chem Soc 122: 4794

9. Cornilescu G, Hus J-S, Bax A (1999) J Am Chem Soc 121: 2949

10. Frey PA, White SA, Tobin JB (1994) Science 264: 1927

11. Cassidy CS, Lin J-L, Frey PA (1997) Biochemistry 36: 4576

12. Tobin JB, White SA, Cassidy CS, Frey PA (1995) Biochemistry
34: 6919

13. Kahyaoglu A, Haghjoo K, Guo F, Jordan F, Kettner C,
Felfoldi F, Polgar L (1997) J Biol Chem 272: 25547

14. Halkides CJ, Wu YQ, Murray CJ (1996) Biochemistry 35:
15941

15. Cloninger MJ, Frey PA (1998) Bioorg Chem 26: 323

16. Frey PA, Cleland WW (1998) Bioorg Chem 26: 175

17. Lin J, Cassidy CS, Frey PA (1998) Biochemistry 37: 11940

18. Lin J, Westler WM, Cleland WW, Markley JL, Frey PA (1998)
Proc Natl Acad Sci USA 95: 14664

19. Cassidy CS, Lin J, Frey PA (2000) Biochem Biophys Res

Commun 273: 789

AW =

AN



20

22.

23.

24.
25.

26.

217.

. Pan Y, McAllister MA (1998) J Am Chem Soc 120: 166
. Chen J, McAllister MA, Lee JK, Houk KN (1998) J Org Chem

63: 4611

Ash EL, Sudmeier JL, Fabo ECD, Bachovchin WL (1997)
Science 278: 1128

Frisch MJ, Trucks GW, Schlegel HB, Gill PMW, Johnson BG,
Robb MA, Cheeseman JR, Keith TA, Petersson GA, Mont-
gomery JA, Raghavachari K, Al-Laham MA, Zakrzewski VG,
Ortiz JV, Foresman JB, Cioslowski J, Stefanov BB, Nanayak-
kara A, Challacombe M, Peng CY, Ayala PY, Chen W, Wong
MW, Andres JL, Replogle ES, Gomperts R, Martin RL, Fox
DJ, Binkley JS, Defrees DJ, Baker J, Stewart JP, Head-Gordon
M, Gonzalez C, Pople JA (1995) Gaussian 98. Gaussian,
Pittsburgh, Pa

Onsager L (1936) J Am Chem Soc 58: 1486

Foresman JB, Keith TA, Wiberg KB, Snoonian J, Frisch MJ
(1996) J Phys Chem 100: 16098

Tapia O (1982) In: Ratajczak H, Orville-Thomas WIJ (eds)
Molecular interactions, vol 3. Wiley, New York, p 47

Wong MW, Frisch MJ, Wiberg KB (1991) J Am Chem Soc 113:
4776

29.

30.
31.

32.
33.

34.

177

. Szafran M, Karelson MM, Katritzky AR, Koput J, Zerner MC

(1993) J Comput Chem 14: 371

Rivail JL, Terryn B, Rinaldi D, Ruiz-Lopez MF (1985) J Mol
Struct 120: 387

Cleland WW (1992) Biochemistry 31: 317

Gerlt JA, Kreevoy MM, Cleland WW, Frey PA (1997) Chem
Biol 4: 259

Perrin CL, Nielson JB (1997) Annu Rev Phys Chem 48: 511
Brady K, Wei A, Rings D, Abeles RH (1990) Biochemistry 29:
7600

Garcia-Viloca M, Gonzalez-Lafont A, Lluch JM (1997) J Phys
Chem 101: 3880

. Henderson R (1971) Biochem J 124: 13
. Craik CS, Roczniak S, Largman C, Rutter WJ (1987) Science

237: 909

. Robillard G, Shulman RG (1972) J Mol Biol 71: 507

. Sakiyama F, Kawata Y (1983) J Biochem 94: 1661

. Markley JL, Ibanez IB (1978) Biochemistry 17: 4627

. Bachovchin WW, Roberts JD (1978) J Am Chem Soc 100: 8041



