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ABSTRACT: Quantum mechanical/molecular mechanical molecular dynamics and 2D free energy simulations
are performed to study the formation of a tetrahedral adduct by an inhibitorN-acetyl-isoleucyl-prolyl-
phenylalaninal (AcIPF) in a serine-carboxyl peptidase (kumamolisin-As) and elucidate the role of proton
transfers during the nucleophilic attack by the Ser278 catalytic residue. It is shown that although the
serine-carboxyl peptidases have a fold resembling that of subtilisin, the proton transfer processes during
the nucleophilic attack by the Ser residue are likely to be more complex for these enzymes compared to
the case in classical serine proteases. The computer simulations demonstrate that both general base and
acid catalysts are required for the formation and stabilization of the tetrahedral adduct. The 2D free energy
maps further demonstrate that the proton transfer from Ser278 to Glu78 (the general base catalyst) is
synchronous with the nucleophilic attack, whereas the proton transfer from Asp164 (the general acid
catalyst) to the inhibitor is not. The dynamics of the protons at the active site in different stages of the
nucleophilic attack as well as the motions of the corresponding functional groups are also studied. It is
found that the side chain of Glu78 is generally rather flexible, consistent with its possible multifunctional
role during catalysis. The effects of proton shuffling from Asp82 to Glu78 and from Glu32 to Asp82 are
examined, and the results indicate that such proton shuffling may not play an important role in the
stabilization of the tetrahedral intermediate analogue.

General acid-base transition-state stabilization (1-5) is
believed to be one of the most important strategies that
enzymes use to catalyze chemical reactions. Although the
existence of general acid-base catalysis has been known
for a long time, a detailed understanding of the proton
transfers associated with catalysis and the motions of the
corresponding functional groups is still lacking (4). In many
of the cases, the activation barrier for a primary reaction of
bond breaking and making between nonhydrogen atoms is
found to be lowered through one or more secondary proton-
transfer processes, leading to rate acceleration (1-5). This
strategy seems to be used by a variety of enzymes including
sedolisins (serine-carboxyl peptidases), a recently character-
ized family of proteolytic enzymes.

Sedolisins have a fold resembling that of subtilisin and a
maximal activity at low pH (6-16). The defining features
of this family are a unique catalytic triad, Ser-Glu-Asp
(Ser278-Glu78-Asp82 for kumamolisin-As; see Figure 1),

as well as the presence of an aspartic acid residue (Asp164
for kumamolisin-As) that is an equivalent of Asn155 of
subtilisin, a residue that creates the oxyanion hole in the
classical serine protease. Previous experimental and theoreti-
cal studies (17-23) showed that the serine residue is the
catalytic nucleophile, whereas the nearby Glu in the catalytic
triad (Glu78 for kumamolisin-As) is likely to act as the
general base to accept the proton from Ser and assist in the
nucleophilic attack. One prediction from computer simula-
tions (23) that is of considerable interest is that sedolisins
may use the Asp residue (i.e., the residue that replaces
Asn155 of subtilisin) as a general acid catalyst to stabilize
the tetrahedral intermediate, leading to the rate acceleration
for the enzyme-catalyzed reaction. This mechanism is in
contrast to the case of serine proteases for which the
oxyanion-hole electrostatic interaction is used for stabilizing
the tetrahedral intermediate during catalysis. Thus, the first
step of the sedolisin-catalyzed reactions, the nucleophilic
attack by the Ser residue on the substrates, seems to involve
both the general base and acid catalysts. Nevertheless, the
exact role of these two proton transfers during the formation
of the tetrahedral intermediate and adduct is still not clear.

Some structural differences at the active sites for different
members of the sedolisin family have been reported. For
kumamolisin and kumamolisin-As, the catalytic triad is
linked to another Glu residue (Glu32), which in turn forms
a hydrogen bond to Trp129 (Figure 1A) (20-23). In contrast,
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these additional interactions are absent in sedolisin (PSCP),
another member of the sedolisin family for which the X-ray
structures have also been solved (17-19). The exact role of
these two additional residues in the catalytic mechanism of
kumamolisin and kumamolisin-As is still not clear, although
it was suggested that they might facilitate proton delocal-
ization during the nucleophilic attack by the serine residue
(21).

In this article, we examine the proton transfers and the
motions of the functional groups in kumamolisin-As during
the formation of the tetrahedral adduct (hemiacetal) by an
inhibitor N-acetyl-isoleucyl-prolyl-phenylalaninal (AcIPF1)
(Figure 1). It is expected that the proton transfers and
interactions that stabilize the tetrahedral adduct may also be
used by the enzyme to stabilize the tetrahedral intermediate
during the enzyme-catalyzed reaction. We demonstrate that

the proton transfer processes in this recently characterized
family of enzymes are likely to be more complex compared
to the case of serine proteases during the nucleophilic attack
by the Ser residue (Ser278). Indeed, both general base and
acid catalysts are required for the stabilization of the
tetrahedral adduct and, presumably, the tetrahedral interme-
diate as well during the enzyme-catalyzed reaction. The 2D
quantum mechanical/molecular mechanical (QM/MM) free
energy simulations further show that the proton transfer from
Ser278 to Glu78 is synchronous with the nucleophilic attack
in the sense that the degree of completion of the proton
transfer from Ser278 to Glu78 is similar to that of the
formation of the hemiacetal complex. Therefore, for the
structures near the transition state of the nucleophilic attack,
the average position of the proton between Ser278 and Glu78
is close to the middle of these two residues. In contrast, the
proton transfer from Asp164 to the ligand has not really
started as the system approaches the transition state; it occurs
mainly at a later stage of the nucleophilic attack. The side
chain of Glu78 is found to be rather flexible at different
stages of the nucleophilic attack (e.g., in the aldehyde and

1 Abbreviations: QM/MM, quantum mechanical/molecular mechan-
ical; MD, molecular dynamics; AcIPF,N-acetyl-isoleucyl-prolyl-
phenylalaninal; PMF, potential of mean force; SCC-DFTB, self-
consistent-charge density-functional tight-binding; TS, transition state;
WHAM, weighted histogram analysis method.

FIGURE 1: (A) Schematic diagram of the process of nucleophilic attack by Ser278 during the formation of the tetrahedral adduct (hemiacetal)
complex from the aldehyde complex in the active site of kumamolisin-As. The four protons that are the subject of the present study are
colored in red. For the aldehyde complex, the proton between Glu78 and Asp82 was found to be either located on Asp82 or Glu78 during
the QM/MM MD simulations (see Figure 4A and B), whereas the proton between Glu32 and Asp82 was either located on Glu32 or
involved in a low-barrier hydrogen bond (Figure 4B). Only the configuration of the aldehyde complex from which the nucleophilic attack
can start is given here. For the other structures, see Figures 1B and 4B. (B) Average active-site structures for the atoms involved in nucleophilic
attack in the aldehyde and hemiacetal complexes, respectively, obtained from the QM/MM simulations. The average structure for the
system near the TS from the rare event simulations (Figure 5B) is also given. The key proton-transfer processes between Ser278 and Glu78
and between Asp164 and the ligand during the nucleophilic attack are shown. There are two possible protonation states for Glu78 for the
aldehyde complex, and the average structures for both protonation states are given (designated as 1 and 2; also see the caption of Figure
1A). The structure for each of the protonation states was found to be well populated during the MD simulations with a free energy difference
of only 0.5 kcal/mol (Figure 4B). Therefore, the change from 2 to 1 is not considered a separate step of the enzyme-catalyzed reaction. The
nucleophilic attack by Ser278 starts from 1, for which Glu78 is unprotonated and able to accept the proton from Ser278 (23).
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tetrahedral adduct complexes). This flexibility seems to be
consistent with a possible multifunctional role of Glu78, for
example, it may act as a general base to accept a proton
from Ser278 and as a general acid to protonate the tetrahedral
intermediate during catalysis in a way that is similar to the
behavior of the corresponding residue His57 in the serine
proteases. The role of proton shuffling from Asp82 to Glu78
and from Glu32 to Asp82 is also examined, and it is shown
that such proton shuffling may not have a significant
energetic effect on the first step of the reaction.

METHODS

A fast semiempirical density-functional method (self-
consistent-charge density-functional tight-binding or simply
SCC-DFTB) (24) implemented in the CHARMM32b pro-
gram (25) was used for the QM/MM molecular dynamics
(MD) and free energy (potential of mean force or PMF)
simulations. The initial coordinates for the simulations were
obtained from the crystal structure (pdb ID: 1SIO, resolution
1.8 Å) of kumamolisin-As complexed with the inhibitor
AcIPF (N-acetyl-isoleucyl-prolyl-phenylalaninal) that is co-
valently bound to Ser278, the catalytic nucleophile (20). The
crystals for the sedolisin-tetrahedral adduct (hemiacetal)
complexes were normally grown at acidic conditions (e.g.,
pH ∼3-4) (18-22). The stochastic boundary MD method
(26) was used for the QM(SCC-DFTB)/MM simulations. The
system was separated into a reaction zone and a reservoir
region; the reaction zone was further divided into the reaction
region and the buffer region. The reaction region was a
sphere with radiusR of 16 Å, and the buffer region hadR
equal to 16 Åe R e 18 Å. The reference center for
partitioning the system was chosen to be the Oγ atom of
Ser278 (Figure 1). The inhibitor AcIPF and the side chains
of Glu32, Asp82, Glu78, Ser278, and Asp164 were treated
by QM (a total of 92 QM atoms) and the rest of the system
by MM. The all-hydrogen potential function (PARAM22)
(27) was used for MM atoms. The link-atom approach (28)
available in the CHARMM program (25) was used to
separate the QM and MM regions. A modified TIP3P water
model (29, 30) was employed for the solvent, and explicit
water spheres with a radius of 18 Å centered on the Oγ atom
of Ser278 were used to solvate the system using the standard
procedure in the CHARMM program. The resulting system
contains 3453 atoms (2700 enzyme atoms and 251 water
molecules, including 98 crystal water molecules).

It has been experimentally observed that an increase in
pH would cause the breaking of the covalent bond between
Ser278 and the inhibitor in the sedolisin-hemiacetal com-
plexes, leading to the formation of the original enzyme-
aldehyde complex. This observation is consistent with the
fact that sedolisins have a maximal activity at low pH (6-
16) because the loss of the ability to stabilize the tetrahedral
intermediate may reduce activity. It also indicates that the
tetrahedral adduct is only stable in acidic conditions. To
generate the models for the active form of the enzyme (i.e.,
at low pH), the models were manually modified by adding
protons on certain Asp and Glu residues on the basis of the
information of the local environments of these residues. The
initial structure for the entire stochastic boundary system was
optimized by an adopted basis Newton-Rhaphson (ABNR)
method. The system was gradually heated from 50 to 310 K
in 30 ps and equilibrated at 310 K for 40 ps. A 1-fs time

step was used for the integration of the equations of motion,
and the coordinates were saved every 10 fs for analyses. The
LD frictional constants were 250 ps-1 for the protein atoms
and 62 ps-1 for the water molecules. The bonds involving
hydrogen atoms in the MM region were fixed by the SHAKE
algorithm (31). Then, 1.2 ns QM/MM MD simulations were
performed for the aldehyde and tetrahedral adduct complexes.
The average structure from the simulations for the tetrahedral
adduct complex was then used to test whether the experi-
mental structure could be well reflected from the computer
model and simulations. It was found that the average
structure is rather close to the experimental structure obtained
at low pH (23), suggesting that the model used in this study
should be reasonable. For instance, the distances between
the nonhydrogen atoms for the key hydrogen bonds in the
active site are very close to those in the experimental
structure with an average deviation of only about 0.1 Å (see
Figure 1 of ref 23 (23)). Certain parts of the average active-
site structures for the enzyme complexes obtained from the
MD and free energy simulations (see below) are given in
Figure 1B.

The umbrella sampling method (32) implemented in the
CHARMM program along with the weighted histogram
analysis method (WHAM) (33, 34) was applied to determine
the changes of the free energy (PMF) for the nucleophilic
attack and proton transfers. The 1D free energy curves for
the wild-type enzyme with the proton fixed on Asp82 or
Glu32 using the SHAKE algorithm (31) were obtained for
the process of the interconversion between the tetrahedral
adduct and the aldehyde complexes; the free energy curve
for the Asp164Ala mutant was determined as well without
the use of the SHAKE algorithm. The distanceê ) r(C-
Oγ) was used as the reaction coordinate for the 1D free
energy simulations. Ten windows along the reaction coor-
dinate were used between the aldehyde (ê ≈ 2.2 Å) and the
hemiacetal (ê ≈ 1.5 Å) complexes. The 1D free energy
curves obtained with the SHAKE algorithm for the wild-
type enzyme were compared with the earlier results (23)
without the use of the SHAKE algorithm, and the effects of
the proton shuffling from Asp82 to Glu78 and from Glu32
to Asp82 on the free energy profile are examined. The 2D
free energy maps were also determined by umbrella sampling
(32). In addition to ê ) r(C-Oγ), the second reaction
coordinate in the 2D free energy simulations is the proton-
transfer coordinate between Asp164 and the ligand or
between Ser278 and Glu78. The distance differencesê1 )
r[H-O(AcIPF)]- r[H-Oδ(D164)] andê2 ) r[H-Oε(E78)]
- r[H-Oγ(S278)] were used as the reaction coordinates for
these two proton-transfer processes, respectively. Here,r[H-
Oε(E78)] andr[H-Oγ(S278)] are the distances of the proton
to the oxygen atoms of Glu78 (Oε) and Ser278 (Oγ),
respectively. A similar definition was formed forr[H-
O(AcIPF)] andr[H-Oδ(D164)]. The 2D free energy maps
were obtained by the WHAM algorithm (34), with a bin size
of 0.05× 0.05 Å2. Fifty windows were used in the 2D free
energy calculations with force constants in the range of 100-
800 kcal‚mol-1‚Å-2 for ê and 50-300 kcal‚mol-1‚Å-2 for
ê1 andê2, respectively. For the 1D free energy simulations,
the force constants are in the range of 100-800 kcal‚-
mol-1‚Å-2.

The fluctuations of some important distances related to
the proton motions for the aldehyde and hemiacetal com-
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plexes as well as in the structures near the transition state
(TS) for the nucleophilic attack (i.e.,r(C-Oγ) ∼1.84 Å) were
monitored. For the distance fluctuations in the aldehyde and
hemiacetal complexes, the trajectories from the 1.2 ns
simulations were used; the initial model for the aldehyde
complex was produced from the PMF simulations (see
above). For the fluctuations in the structures near the TS,
the distances were obtained from a trajectory for which a
harmonic constraint with a force constant of 1200 kcal‚
mol-1‚Å-2 was used onr(C-Oγ) at 1.84 Å to force the
system to sample the structures in the conformational space
near the TS. The average structure from the simulations is
also given in Figure 1B (Near-TS). In addition to the protons
locations between Asp164 and the ligand and between
Ser278 and Glu78, the positions of the protons between
Asp82 and Glu78 and between Glu32 and Asp82 were also
monitored. The 2D free energy contour for the proton
transfers between Asp82 and Glu78 and between Glu32 and
Asp82 in the aldehyde complex was generated from the
probability densityF(ê3,ê4) based on the 1.2 ns MD simula-
tions and the following formula (41-42):

HerekB is the Boltzmann’s constant, andT is the temperature
(310 K). The coordinates used to monitor the proton positions
areê3 ) r[H-Oδ(D82)] - r[H-Oε2(E78)], andê4 ) r[H-
Oε(E32)] - r[H-Oδ2(D82)].

RESULTS AND DISCUSSION

Nucleophilic Attack by Ser278 and General Acid-Base
Catalysis.The 2D free-energy contour maps for the nucleo-
philic attack and one of the key proton-transfer processes
involved in the general acid-base catalysis are given in
Figure 2. Figure 2A shows the free energy change alongê
) r(C-Oγ) (the reaction coordinate for the nucleophilic
attack) and ê1 ) r[H-O(AcIPF)] - r[H-Oδ(D164)],

whereas Figure 2B gives the free energy map for the system
changing alongê ) r(C-Oγ) and ê2 ) r[H-Oε(E78)] -
r[H-Oγ(S278)].ê1 and ê2 are the reaction coordinates for
the two proton-transfer processes between Asp164 and AcIPF
(involved in the general acid catalysis (23)) and between
Ser278 and Glu78 (involved in the general base catalysis
(16-23)), respectively. Therefore, these free energy maps
allow us to determine the relationship between the energetics
of the nucleophilic attack and each of the proton-transfer
processes. Figure 2 shows that on the basis of 2D free energy
simulations the hemiacetal complex (Point B in Figure 2A
and B) is ∼10 kcal/mol more stable than the aldehyde
complex (Point A), consistent with the earlier results from
the 1D free energy calculations (23) (also see Figure 3). The
relative stabilities for the aldehyde (A) and hemiacetal (B)
complexes were found to be similar from two separate 2D
free energy simulations (Figure 2A and B). This is to be

FIGURE 2: Two-dimensional free energy contours for the nucleophilic attack and the proton transfer between AcIPF and Asp164 or between
Glu78 and Ser278 (in kcal/mol). Point A designates the aldehyde complex and point B the hemiacetal complex. The hemiacetal complex
is ∼10 kcal/mol more stable than the aldehyde complex from both free energy simulations. (A) Free energy contour for the nucleophilic
attack (reaction coordinate:ê ) r(C-Oγ)) and the proton transfer between Oδ of Asp164 and O of AcIPF (reaction coordinate:ê1)
r[H-O(AcIPF)] - r[H-Oδ(D164)]). The dashed arrow indicates a hypothetical reaction pathway in which the general acid catalysis by
Asp164 is not involved during the nucleophilic attack, even though Asp164 could still provide electrostatic stabilization of the tetrahedral
adduct. (B) Free energy contour for the nucleophilic attack and the proton transfer between Oγ of Ser278 and Oε of Glu78 (reaction
coordinate: ê2 ) r[H-Oε(E78)] - r[H-Oγ(S278)]).

W(ê3,ê4) ) -kBT ln F(ê3,ê4).

FIGURE 3: One-dimensional free energy curves as functions ofê
) r(C-Oγ). Solid line, the curve for the wild-type enzyme obtained
from ref 23; dot-dashed line, the Asp164Ala mutant; dashed line,
the wild-type enzyme with the proton fixed on Oε of Glu32 by
using the SHAKE algorithm (Figure 1A); dotted line, the wild-
type enzyme with the proton fixed on Oδ of Asp82 by using the
SHAKE algorithm.
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expected because the two free energy simulations examine
the same process of the nucleophilic attack in going from A
to B along with the corresponding proton transfers. The only
difference is that Figure 2A monitors the free energy change
along ê1 in addition to that alongê, whereas Figure 2B
monitors the free energy change alongê2 andê.

Figure 2A demonstrates that the proton transfer from
Asp164 to AcIPF is not synchronous with the nucleophilic
attack process in the sense that the degree of completion of
the proton transfer from Asp164 to AcIPF is different from
that of the formation of the tetrahedral adduct complex.
Indeed, the proton transfer significantly lags behind the
nucleophilic attack, and there is little progress of the proton
transfer before the substrate complex reachesê ∼1.84 Å (i.e.,
the area near the TS) along the free energy valley of Figure
2A. The proton transfer mainly occurs at a later stage of the
nucleophilic attack. This proton transfer from Asp164 to
AcIPF is expected to play a very important role in stabilizing
the tetrahedral adduct and intermediate. For instance, it has
been demonstrated from 1D QM/MM free energy simulations
in an earlier study (23) that the hemiacetal complex became
considerably less stable than the aldehyde complex when
the proton transfer from Asp164 to AcIPF was prevented
by the MM treatment of Asp164. This may also be seen by
using the 2D free energy map of Figure 2A. If we follow
the hypothetical reaction pathway indicated by the dashed
arrow (in which proton transfer does not occur and Asp164
does not act as a general acid), the hemiacetal complex
becomes as much as 5 kcal/mol less stable than the aldehyde
complex, consistent with the earlier results obtained with the
MM treatment of Asp164 (23).

In contrast to the effect of the proton transfer between
Asp164 to AcIPF, which is not synchronized with the
primary reaction, the proton transfer from Ser278 to Glu78
was found to be synchronous with the nucleophilic attack,
as demonstrated in Figure 2B. Indeed, the free energy valley
in Figure 2B is essentially along the diagonal of the map,
and in the area near the TS, the average position of the proton
between Ser278 and Glu78 is close to the middle of the two
residues (i.e.,ê2 is close to the zero), leading to the formation
of a low-barrier hydrogen bond between them. As can be
seen from Figure 2B, this synchronized reaction pathway is
likely to make the nucleophilic attack more efficient than
the nonsynchronized processes. The energetic effect of the
formation of the low-barrier hydrogen bond in the lowering
of the activation barrier (37-39) has to be investigated
further in a separate study because it is necessary to separate
this effect from the other effects contained in the free energy
simulations.

Figure 3 displays some 1D free energy curves as functions
of ê ) r(C-Oγ). One of the important differences at the
active sites for different members of the sedolisin family is
that for kumamolisin and kumamolisin-As the catalytic triad
is linked to another Glu residue (Glu32) that in turn forms
a hydrogen bond to Trp129 (Figure 1A) (20-23). These
additional interactions are absent in some other members of
the sedolisin family, including sedolisin (17-19). The exact
role of these two additional residues in the catalytic mech-
anism of kumamolisin and kumamolisin-As is still not clear.
One possible role for these two additional residues is to
facilitate proton delocalization during the nucleophilic attack
by the serine residue. Therefore, it would be of interest to

examine whether preventing proton shuffling from Asp82
to Glu78 or from Glu32 to Asp82 would lead to a different
free energy profile for nucleophilic attack. Figure 3 shows
that the free energy profiles for the cases in which the proton
was fixed on Oε of Glu32 or on Oδ of Asp82 using the
SHAKE algorithm are essentially the same as the profile
without the use of the SHAKE algorithm (23). Thus, the
results suggest that proton shuffling from Asp82 to Glu78
or from Glu32 to Asp82 may not have a significant effect
on the nucleophilic attack process. Figure 3 also shows that
the mutation of Asp164 to Ala makes the tetrahedral adduct
considerably less stable, suggesting that the tetrahedral adduct
may not be able to form in the absence of the carboxyl group
from Asp164. This theoretical prediction may explain why
our attempts to grow the crystals and determine the experi-
mental structures of the tetrahedral adduct complexes for
D164N and D164A were not successful. The mutation of
D164 is also expected to significantly reduce activity. For
instance, it has been observed in an experimental study that
the Asp164Ala mutant of kumamolisin did not have any
measurable proteolytic activity (21).

Motions of Protons and Functional Groups.The positions
of the four protons (colored in red in Figure 1A) in the
aldehyde complex during the QM/MM MD simulations were
monitored in Figure 4A (two protons between Glu78 and
Ser278 and between AcIPF and Asp164, respectively) and
B (two protons between Glu32 and Asp82 and between
Asp82 and Glu78, respectively), whereas the positions of
the protons in the tetrahedral adduct (hemiacetal) complex
were monitored in Figure 4C and D. Every point in each
figure represents one structure of the complex that was saved
every 10 fs during the 1.2 ns MD simulations (i.e., a total of
120 000 points in each figure representing 120 000 structures
obtained from the simulations). The presence of broad
distributions for the protons in these figures is mainly due
to the fact that the hydrogen bond distances undergo
fluctuations during the QM/MM MD simulations. The
existence of some relatively large deviations alongê2 ) r[H-
Oε(E78)]- r[H-Oγ(S278)] in Figure 4A (to relatively large
values in the positive direction) is due to the flexibility of
the Glu78 side chain, which underwent some rotations during
the MD simulations and, therefore, increased the distance
differences (Figure 5). A similar argument can be made for
the deviations alongê2 in Figure 4C (where the deviations
are in the negative direction because the proton is on Glu78).

Figure 4B shows that the aldehyde complex can adopt
structures with two of the protons (i.e., those between Asp82
and Glu78 and between Glu32 and Asp82) located at
different positions. The structures around the two areas (1
and 2) are all well populated, suggesting that they should
have similar stabilities; the structure with a low-barrier
hydrogen bond (LBHB, the area 2 in Figure 4B) is somehow
more populated and more stable. Indeed, the free energy
calculations show that the free energy difference for the two
different configurations is only 0.5 kcal/mol. Therefore, the
transition between 1 and 2 is not considered as a separate
step of the enzyme-catalyzed reaction in this study. The
existence of a LBHB in the substrate analogue complex
observed here is in contrast to the case of serine proteases,
where LBHBs were found in transition state analogue
complexes (37-39). It has been a subject of debate as to
whether the LBHBs in serine proteases might play an
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important role in transition state (TS) stabilization (37-39).
Although a large stabilizing effect for the aldehyde complex
was not observed as a result of the LBHB formation in

kumamolisin-As, care must be exercised in the interpretation
of the results because the formation of the LBHB is not an
isolated event, and there are other structural changes in the

FIGURE 4: Proton positions in the active site during 1.2 ns QM/MM MD simulations for the aldehyde and hemiacetal complexes. The
distance difference (in Å) from the proton to the two oxygen atoms involved in the corresponding interactions is used to monitor the proton
position between each pair of the residues and ligand. For instance,ê1) r[H-O(AcIPF)] - r[H-Oδ(D164)] is the difference for the
distances of the proton to the O of AcIPF and the Oδ of Asp164, respectively (Figure 1B). (A) Proton positions between AcIPF (O) and
Asp164 (Oδ) and between Glu78 (Oε) and Ser278 (Oγ) in the aldehyde complex. The coordinates used to monitor the proton positions
during the simulations areê1) r[H-O(AcIPF)] - r[H-Oδ(D164)] andê2) r[H-Oε(E78)] - r[H-Oγ(S278)]. (B) Left panel: proton
positions between Asp82 (Oδ) and Glu78 (Oε2) and between Glu32 (Oε) and Asp82 (Oδ2) in the aldehyde complex. The coordinates used
to monitor the proton positions areê3 ) r[H-Oδ(D82)] - r[H-Oε2(E78)] andê4 ) r[H-Oε(E32)] - r[H-Oδ2(D82)]. Two different
distributions were observed (shown as areas 1 and 2 in the Figure). One of them contains a low-barrier hydrogen bond between Glu32 and
Asp82 with the distributions centered atê4 ∼0 Å (i.e., area 2 in the plot), suggesting that the proton spent about equal time on each of the
two oxygen atoms. Right: free energy contour generated from the structural distributions from the MD simulations (i.e., the distributions
shown on the left). The projections of the free energy alongê3 andê4 are also given with the error bars estimated based on ref 43 (43). (C)
The proton positions between AcIPF and Asp164 and between Glu78 and Ser278 in the hemiacetal complex during the simulations. The
negativeê1 andê2 values for the points suggest that the two protons are located on AcIPF and Glu78, respectively, after nucleophilic attack
(also see Figure 1B). (D) Protons positions between Asp82 and Glu78 and between Glu32 and Asp82 in the hemiacetal complex. The
negativeê3 and ê4 values for the points suggest that the two protons are located on Asp82 and Glu32, respectively, consistent with the
schematic Figure of the hemiacetal complex plotted in Figure 1A (right).
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system. Figure 4A shows that bothê1 andê2 values for the
protons are positive, suggesting that the corresponding
protons are located on Asp164 and Ser278, respectively (i.e.,
r[H-Oδ(D164)] andr[H-Oγ(S278)] are smaller thanr[H-
O(AcIPF)] andr[H-Oε(E78)], respectively). This interpreta-
tion is consistent with the average structure shown in Figure
1B before the nucleophilic attack. Figure 4C and D show
that the values ofê1, ê2, ê3 and ê4 for the protons are all
negative in the hemiacetal complex, indicating that Glu32
(Oε), Asp82 (Oδ), Glu78 (Oε), and the ligand are protonated,
respectively, after the nucleophilic attack.

The fluctuations of the distances related to the proton
motions between D164 and AcIPF in the aldehyde, near-
TS, and hemiacetal complexes are plotted as functions of
time in the top panels of Figure 5A, B, and C, respectively.
These Figures demonstrate how the H-Oδ(D164) and
H-O(AcIPF) distances (the blue and red lines, respectively)
change as the system changes from the aldehyde (Figure 5A)
to the hemiacetal complex (Figure 5C). The top panel of
Figure 5B shows that as the system proceeds to the area near
the TS from the aldehyde complex, the proton remains
essentially on Asp164 (blue line), consistent with the 2D
free energy map in Figure 2A. However, there are transient
formations of the low-barrier hydrogen bond between
Asp164 and the ligand (e.g., at∼120 ps) or even the
H-O(AcIPF) covalent bond. The fluctuation of the H-Oδ-
(D164) distance here is larger than that in the aldehyde
complex (blue line in the top panel of Figure 5A), indicating
that the covalent bond has been weakened as the system
approaches the TS; as expected, the average distance for the
corresponding hydrogen bond (red line) is also shorter than
that in the aldehyde complex. In the hemiacetal complex (top
panel of Figure 5C), the proton has transferred from Asp164
to the ligand. It is of interest to note that the fluctuation of
the H-O(AcIPF) distance seems to be larger than that of
other O-H covalent bonds in the aldehyde and hemiacetal
complexes, suggesting that this covalent bond is probably
weaker. Consistent with this suggestion, the hydrogen bond
between the ligand and Asp164 seems to be rather strong in
the hemiacetal complex.

The bottom panels of Figure 5A, B, and C show the
fluctuations of the distances related to the proton motions
between S278 and E78 in the aldehyde, near-TS, and
hemiacetal complexes, respectively. It is interesting to see
that the side chain of Glu78 seems to be rather flexible in
both aldehyde and hemiacetal complexes, as indicated by
the large fluctuations of the corresponding distances (the red
line in the bottom panel of Figure 5A and the blue line in
the bottom panel of Figure 5C). A flexibility for the
equivalent residue (His57) in serine proteases has also been
suggested (40). Because Glu78 may play a similar multi-
functional role as His57 does in serine proteases (e.g., acting
as a general base to accept a proton from Ser278 and a
general acid to protonate the tetrahedral intermediate in
producing the leaving group and acyl-enzyme), the flexibility
of its side chain might be of importance. The bottom panel
of Figure 5B shows that the distances of the proton to Ser278
and Glu78 are similar and overlap with each other, leading
to the formation of a low-barrier hydrogen bond between
these two residues near the transition state.

FIGURE 5: Fluctuations of some important distances related to
proton motions in the aldehyde, near-TS, and hemiacetal complexes
obtained from the trajectories of the QM/MM MD simulations. See
Figure 1A for atom designations. The distances are in Å. (A)
Aldehyde complex from the 1.2 ns MD simulations. Top panel:
the fluctuations of the H-Oδ(D164) and H-O(AcIPF) distances
as functions of time. Red,r[H-O(AcIPF)]; blue,r[H-Oδ(D164)].
Bottom panel: the fluctuations of the H-Oγ(S278) and H-Oε-
(E78) distances as functions of time. Red,r[H-Oε(E78)]; blue,
r[H-Oγ(S278)]. (B) Complex obtained from a rare event MD
simulation in the area near the transition state (near-TS). A harmonic
constraint with a force constant of 1200 kcal/mol/Å2 was added at
r(C-Oγ) ∼1.84 Å to force the system to sample the structures in
the conformational space near the TS of the nucleophilic attack.
These distances were obtained from the trajectory of a 60-ps
productive run after a 100-ps equilibration. Top panel: the
fluctuations of the H-Oδ(D164) and H-O(AcIPF) distances as
functions of time. Red,r[H-O(AcIPF)]; blue, r[H-Oδ(D164)].
Bottom panel: the fluctuations of the H-Oε(E78) and H-Oγ(S278)
distances as functions of time. Red,r[H-Oε(E78)]; blue,r[H-Oγ-
(S278)]. The average distances of the proton to Glu78 and Ser278
are similar, indicating that a low-barrier hydrogen bond may be
formed at the transition state. (C) Hemiacetal complex from the
1.2 ns MD simulations. Top panel: the fluctuations of the H-Oδ-
(D164) and H-O(AcIPF) distances as functions of time. Red,r[H-
O(AcIPF)]; blue,r[H-Oδ(D164)]. Bottom panel: the fluctuations
of the H-Oγ(S278) and H-Oε(E78) distances as functions of time.
Red,r[H-Oε(E78)]; blue,r[H-Oγ(S278)].
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CONCLUSIONS

It has been shown from the QM/MM MD and free energy
simulations that the proton-transfer processes during the
nucleophilic attack by the Ser residue (Ser278) are likely to
be more complex for this recently characterized family of
enzymes compared to the case of classical serine proteases.
It has been demonstrated that both general base and acid
catalysts are required for the formation and stabilization of
the tetrahedral adduct. Although this study examined the
general acid-base mechanism in the formation of the
tetrahedral adduct, the same mechanism may also be used
by the enzyme to stabilize the tetrahedral intermediate during
the enzyme-catalyzed reaction. The computer simulations
further showed that the proton transfer from Ser278 to Glu78
(the general base catalyst) is synchronous with nucleophilic
attack, whereas the proton transfer from Asp164 (the general
acid catalyst) to the inhibitor is not. The dynamics of the
protons at different stages of nucleophilic attack in the active
site and the motions of the related functional groups were
also studied. It was found that the side chain of Glu78 is
generally rather flexible, supporting its multifunctional role
during catalysis as proposed for His57 in serine proteases.
The effects of proton shuffling from Asp82 to Glu78 and
from Glu32 to Asp82 are examined, and the results indicate
that such proton shuffling may not play an important role in
the stabilization of the tetrahedral intermediate analogue.
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