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Abstract: The deacylation step of serine protease catalysis is studied using DFT and ab initio QM/MM
calculations combined with MD/umbrella sampling calculations. Free energies of the entire reaction are
calculated in the gas phase, in a continuum solvent, and in the enzyme elastase. The calculations show
that a concerted mechanism in the gas phase is replaced by a stepwise mechanism when solvent effects
or an acetate ion are added to the reference system, with the tetrahedral intermediate being a shallow
minimum on the free energy surface. In the enzyme, the tetrahedral intermediate is a relatively stable
species (∼7 kcal/mol lower in energy than the transition state), mainly due to the electrostatic effects of
the oxyanion hole and Asp102. It is formed in the first step of the reaction, as a result of a proton transfer
from the nucleophilic water to His57 and of an attack of the remaining hydroxyl on the ester carbonyl. This
is the rate-determining step of the reaction, which requires ∼22 kcal/mol for activation, approximately 5
kcal/mol less than the reference reaction in water. In the second stage of the reaction, only small energy
barriers are detected to facilitate the proton transfer from His57 to Ser195 and the breakdown of the
tetrahedral intermediate. Those are attributed mainly to a movement of Ser195 and to a rotation of the
His57 side chain. During the rotation, the imidazolium ion is stabilized by a strong H-bond with Asp102,
and the Cε1-H‚‚‚O H-bond with Ser214 is replaced by one with Thr213, suggesting that a “ring-flip
mechanism” is not necessary as a driving force for the reaction. The movements of His57 and Ser195 are
highly correlated with rearrangements of the binding site, suggesting that product release may be implicated
in the deacylation process.

1. Introduction

Understanding the origin of enzyme catalysis remains an
active problem for biochemists, despite the significant progress
in experimental and computational techniques over the last few
decades.1,2 Most of these metabolic processes involve the
breaking and forming of covalent bonds, and therefore, when
studying them theoretically, one should use high-level quantum
mechanical (QM) calculations to obtain reliable activation
energies that can be compared with kinetic measurements.3 This
type of calculation is expensive, though, and can only be
performed on a small model of the active site that includes the
substrate and the catalytic groups of the enzyme, without
considering the distant enzyme environment and the biophase
description. However, the enzyme can be treated as a whole if

a simpler description, such as a molecular mechanical (MM)
force field, is used to describe the surroundings. This is the
basis of the combined quantum mechanical/molecular mechan-
ical (QM/MM) method4 that allows the studying of the
dynamical aspects of enzyme reactions. The uncatalyzed refer-
ence reaction in aqueous solution can also be studied, using
the same model of the active site surrounded by explicit or
implicit water, and the catalytic effect can then be estimated
by comparing the free energy of activation in the water and
that in the protein.5

A good case study to examine in order to understand enzyme
catalysis is the serine protease (SP) enzyme family, which has
been the subject of a large amount of experimental and
theoretical work over several decades.1,3,6SPs are characterized
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by a catalytic triad of active-site residues consisting of serine,
histidine, and aspartate (Ser195, His57, and Asp102, respec-
tively, using chymotrypsin numbering). The most commonly
accepted mechanism of SPs is divided into two steps: acylation
and deacylation. In the acylation step, formation of an acyl-
enzyme (ester) complex occurs sequentially via an initial
noncovalent enzyme-substrate complex and a tetrahedral
intermediate. In the deacylation step, hydrolysis proceeds via a
second tetrahedral intermediate to give a noncovalent enzyme-
product complex (Scheme 1). Yet, despite the availability of
many experimental data and modeling studies, questions remain
about the precise mechanism of serine proteases. For example,
the experimental evidence for the formation of the two high-
energy tetrahedral intermediates is indirect7 and is mainly based
on analogy of the proposed mechanism with amide hydrolysis
in small molecules and on the use of “transition-state analogue”
inhibitors.1 Another example concerns the H-bond network in
the active site, especially between His57 (the general base/acid
catalyst) and Asp102. Although a double-proton transfer mech-
anism (“charge-relay system”) was accepted for a few years,8

experimental evidence since then has favored a single-proton
transfer.9 Nevertheless, the nature of the Asp-His H-bond and
its role in catalysis is still debatable. Recent NMR studies have
suggested that this H-bond is a low-barrier hydrogen bond
(LBHB)10 that can partially explain SP catalysis, although other
NMR studies11 and theoretical calculations12,13 have argued
against this hypothesis.

Different QM/MM methods have been employed in the last
two decades in order to study the catalytic mechanism of SP
within the surrounding protein.5,14,15,58Yet, most of these studies
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Scheme 1. Schematic Representation of the Deacylation Step in the SP-Catalyzed Reaction, Assuming a Stepwise Mechanisma

a EA, TI2, and EP denote the acyl-enzyme, the tetrahedral intermediate, and the enzyme-product complex, respectively.
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assumed that the transition-state structure is similar to that of
the tetrahedral intermediate and calculated the activation energy
based on the potential energy surface (PES), rather than the free
energies between the enzyme-substrate complex (or the acyl-
enzyme) and the transition state. Recently, Ishida et al. used a
QM/MM dynamics/free energy perturbation (FEP) method to
calculate the free-energy profile of the acylation step.16 However,
the free energies involved in the deacylation step, which is the
rate-determining step for certain ester substrates,17 have never
been studied. We previously employed molecular dynamics
(MM/MD) 18 and QM/MM dynamics13 simulations to study

different aspects of the deacylation step, but those studies
focused on the dynamics of the acyl-enzyme and the tetrahedral
intermediate, separately. The purpose of the present work was
to calculate the free-energy profile of the entire deacylation
process and to discuss the enzyme mechanism from that point
of view.

Computational Methods are presented in detail, first. Those
are followed by Results and Discussion, where the free energies
involved in the reference reaction in the gas phase and in
solution are described, first, based on DFT calculations. Then,
the free-energy profile of the deacylation step in the protein
environment is shown, calculated from QM/MM dynamics/
umbrella sampling19 simulations in the enzyme elastase and
refined based on the gas-phase calculations. The results are
discussed in detail and compared with previous experimental
and theoretical results, mainly of studies on the acylation step.
The catalytic effect of the deacylation process is evaluated by
comparing the free energy of activation in the enzyme and in
water. The conclusions of the work are summarized in the final
section.

2. Computational Methods

The potential energy surface (PES) of the reference reaction for the
deacylation step in the gas phase was calculated using a model (which
is referred to below as REF) that included a water molecule, methyl
acetate, and an imidazole base. These represent the nucleophilic water
in the SP active site, the ester carbonyl between Ser195 and the peptide
substrate, and His57, respectively (Scheme 2a). Additional calculations
were performed using a model that also included an acetate ion (which
is referred to as TRIAD) to evaluate the effect of the third member of
the catalytic triad, Asp102 (Scheme 2b). The free energies in water
were calculated by adding a continuum solvent to the gas-phase
energies. In the enzyme, ab initio QM/MM dynamics simulations were
employed in conjunction with the umbrella sampling method19 to
calculate the free energy as a function of the reaction coordinates, which
is the potential of mean force (PMF).51 All gas-phase and solution
calculations were performed using the Gaussian 98 package.20 All
QM/MM calculations were performed with the CHARMM package
(version 27),21 interfaced to GAMESS-US.22 In all of the calculations,
H-bonds were defined as contacts with a maximum hydrogen-acceptor
distance of 2.5 Å and a minimum donor-hydrogen-acceptor angle of
120°.23

2.1. Gas-Phase Calculations.Molecular geometries of stationary
points involved in the deacylation reaction in the gas phase were fully
optimized using the REF model (Schemes 1 and 2a). The three
minimum points along the reaction pathway [the reactants (EA), the
tetrahedral intermediate (TI2), and the products (EP)] were initially
optimized at the HF/3-21G and HF/6-31G* levels, with a convergence
criterion of root-mean-square (RMS) gradiente 3 × 10-4 Hartree/
Bohr. To locate the two transition states, an adiabatic mapping procedure
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Scheme 2. Two Reference Models for the Active Site of the
Acyl-Enzymea

a The REF model (a), which represents the reduced model to study the
deacylation step. The TRIAD model (b), which contains an additional acetate
ion to represent Asp102. The reaction coordinates are shown with dashes;
ê1 is in blue, andê2 is in red. The hydrogens that are marked in red are the
link atoms in the QM/MM study.
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was employed using the Berny algorithm in redundant internal
coordinates24 mode (as implemented in Gaussian 9820), starting from
the tetrahedral intermediate and driving the system toward the reactants
and the products. The reaction coordinate used for locating the first
transition state (TS1) was two-dimensional, and it comprised the
distance between the imidazolium nitrogen (Nε2) and the hydrogen
bound to it (Hw

1) versus the distance between the carbonyl carbon (C1)
and the nucleophilic oxygen of the water molecule (Ow): ê1 )
d(Nε2‚‚‚Hw

1), d(C1‚‚‚Ow). The d(Nε2‚‚‚Hw
1) ranged between 1.07 and

2.07 Å andd(C1‚‚‚Ow) between 1.4 and 2.4 Å, with a step size of 0.1
Å. The reaction coordinate used for locating the second transition state
(TS2) was simply the distance between Oγ and Hw

1: ê2 )
d(Oγ‚‚‚Hw

1). The latter ranged between 0.95 and 2.25 Å, with a step
size of 0.1 Å. Two transition-state optimizations were carried out: one
on the geometry of a saddle point that was found on the energy surface
of ê1, and the other on the maximum point that was found on the energy
curve of ê2. Because the variation of the energy along the reaction
coordinate is very sensitive to the correlation energy, the geometries
of the stationary points were reoptimized using the DFT method (at
the B3LYP/6-31G*, B3LYP/6-31+G*, and B3LYP/6-31+G** 25 lev-
els), which has been shown to accurately describe the activation energies
for different reactions, including proton transfers.26 Finally, the nature
of those points was characterized at each level of theory by performing
a vibrational frequency analysis. To account for harmonicity, basis set
limitations, and the neglect of electron correlation effects, the frequen-
cies were scaled by 0.8929 (which is the default value at 298.15 K
using Gaussian 9820,28). These were used to calculate thermodynamic
quantities, including zero-point energy (ZPE) corrections, thermal
corrections, and Gibbs free energies (Ggas).27 Charges were obtained
for the optimized geometries of the stationary points at the B3LYP/
6-31+G* level using natural bond orbital (NBO) analysis.20,29 In
addition, to verify that the transition states correspond to the chemical
reactions of interest, intrinsic reaction coordinate (IRC) calculations
were performed using mass weighted internal coordinates30 to follow
the reaction path.

To calculate the PES of the reference reaction in the TRIAD model
(which contained an acetate ion; Scheme 2b), a procedure similar to
that employed in the REF model was used but, this time, only at the
B3LYP/6-31+G* level.

2.2. Calculations of Solvation Free Energies.The effect of the
dielectric environment on the two active site models (REF and TRIAD)
was taken into account through the use of a self-consistent reaction
field (SCRF) methodology.31 The solvent was modeled using the
polarizable continuum model (PCM),32 and the solute was placed inside
a cavity built with the united atom topological model.33 The values of
the dielectric constants were set to 1.00 for the inside of the solute
cavity and 78.4 for the solvent (which is the value at 298.15 K). The
free energies in solution (Gsol) were calculated by adding the free energy
of solvation (∆Gsolv) to the gas-phase energies (Egas) of each of the
optimized geometries along the reaction coordinate at the B3LYP/6-
31+G* level. This assumes that the solute entropy (S) and vibrational
enthalpy (Hvib) do not modify the shape of the calculated free-energy
surfaces in a major way because most of the degrees of freedom of the
reacting fragments have similar mobility in the ground and transition
states and, therefore, their entropic contributions should cancel.34

2.3. Calculations in the Enzyme Environment. QM/MM Dynam-
ics in Conjunction with Umbrella Sampling. The model of the acyl-
enzyme was built using the 1.9 Å resolution crystal structure of porcine
pancreatic elastase (PPE) complexed with humanâ-casomorphin-735

(BCM7) (PDB entry:36 1QIX). The system was set up following the
procedure described in our earlier study,18 and it contained 240 protein
residues, 4 substrate residues, and 2800 added TIP3P water molecules42

(12 053 atoms in total). It was allowed to equilibrate for 50 ps of
stochastic boundary molecular dynamics (SBMD) at 300 K50 (as
described in the earlier study, using CHARMM21) and was then

minimized. The resulting model was used as the foundation for the
QM/MM dynamics/umbrella sampling simulations.

In the QM/MM methodology, as described in the literature,4,37,38the
region described by a QM potential is where the most important
electronic changes occur, while the remainder of the enzyme is
described by a MM force field. The effective Hamiltonian of the system
can be partitioned into quantum and classical components:

where ĤQM is the electronic Hamiltonian;ĤMM is the classical
Hamiltonian, andĤQM/MM is the hybrid Hamiltonian.ĤQM/MM includes
the interactions between the QM and the MM regions:

wherei is summed over all MM partial charges,mover all QM nuclei,
ande over all QM electrons. The first term (which is included in the
SCF calculation) gives the one-electron interaction between the QM
electron density and the MM partial charges; the second is the standard
Coulomb interaction between the QM nuclei and the MM charges, and
the final term is a van der Waals interaction term between the MM
atoms and the QM nuclei. The latter is required as there is no Pauli
repulsion between quantum and classical atoms.

In our simulation, the definition of the QM region was based on the
REF model described above (Scheme 2a). This included the following
23 atoms: the imidazole ring of His57, fragments of Ser195 and Ile7
(the P1 residue of the substrate), Wat317 (the crystallographic nucleo-
philic water, notated here as W), and 4 hydrogen link atoms to satisfy
the valence of the QM part.37 The link atoms, which do not interact
with the neutral MM group consisting of the frontier atom and the
atoms directly bonded to it,39 were restrained on the bond between the
QM and the MM atoms40 with a harmonic potential (k ) 1000 kcal
mol-1 Å-2). The choice of this QM region was a compromise between
computational efficiency and accuracy. On the basis of many experi-
mental and theoretical works,1,3,6,9,12,14including our previous QM/MM
study13 (in which both Asp102 and the oxyanion hole groups were
included in the QM region), the effect of the oxyanion hole and Asp102
is mainly electrostatic in nature, and therefore, the inclusion of those
groups inside the QM region is not crucial for accurately calculating
the reaction barriers.

The QM region was treated at the HF/3-21G level (using
GAMESS-US22). Calculations at this level of theory have been shown
to give satisfactory results for molecular geometries,41 and in order to
validate this, we compared the geometries of the gas-phase stationary
points at the HF/3-21G and B3LYP/6-31+G* levels. The rest of the
system (12 034 atoms, including 2800 water molecules) was treated
with the coupled CHARMM22 potential.43 The performance of the
HF/3-21G//TIP3P potential was found to be in good agreement with
the full ab initio results44 and has been used in condensed-phase
simulations.45,46 The MM electrostatic terms were truncated, with a
switch function between 10 and 14 Å, and van der Waals terms with
a shift function, with a cutoff distance of 14 Å;47 the dielectric constant
was unity. The bonds within the solvent molecules were fixed using
the SHAKE algorithm.48 Later, a correction based on the gas-phase
PES at the B3LYP/6-31+G* level was included in the generation of
the PMF reaction.

The umbrella sampling calculations were performed using reaction
coordinates similar to those used in the gas phase, with the assumption
that the reaction in the enzyme follows the same mechanism, including
a nucleophilic attack of a water on the ester carbonyl and a proton
transfer to Ser195 assisted by the imidazole base (Schemes 1 and 2a).
Thus, consistent with a two-step reaction,ê2 was defined as
d(Oγ‚‚‚Hw

1) andê1 was defined asd(Nε2‚‚‚Hw
1) + d(C1‚‚‚Ow) (i.e., in

one dimension, to save computational time and to avoid complication

Ĥeff ) ĤQM + ĤMM + ĤQM/MM (1)

ĤQM/MM ) -∑
e,i

Qi

re,i

+ ∑
m,i

ZmQi

rm,i

+ ĤvdW (2)
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in the generation of the PMF). Adequate sampling of the entire reaction
coordinate was ensured by dividing it into a series of overlapping
“windows”, where each successive window was centered at points 0.10
Å apart on the reaction coordinate. A harmonic restraining function,
Vi(ê), was employed to keepê1 andê2 within 0.15 Å of the center of
each window, using the RESD mode49 in CHARMM (version 27),21

with a force constant of 500 kcal mol-1 Å-2. The simulation was divided
into two parts. The first part included 18 windows alongê1, starting
from EA (4.2> ê1 > 2.5 Å), and the second part included 15 windows
along ê2, starting from TI2 (2.3> ê2 > 0.9 Å). The conformational
space within each window was sampled using SBMD at 300 K, with
an integration time step of 1 fs and frictional coefficients of 62 and
200 ps-1 for water oxygens and heavy atoms, respectively, in the protein
buffer region.50 Different equilibration and sampling times for the
generation of a stable free-energy curve were tested to ensure enough
sampling of conformations with low probability. It was found that for
a force constant of 500 kcal mol-1 Å-2, 1 ps of equilibration and 4 ps
of productive sampling would not change the distribution of the energy
within each window. The values ofê1 andê2 and the protein coordinates
were recorded for analysis every 1 fs.

Generation of the PMF. The free energy as a function of the
reaction coordinate was calculated for each umbrella sampling window
according to the following formula:51

where Vi(ê) is the harmonic restraining function;Ci is a constant
{-kBT ln〈e(-Vi(ê)/kBT)〉}, andFi

/(ê) is the biased probability distribution.
The Fi

/(ê) value was calculated from the values of theê1 and ê2,
distributed into 0.001 Å wide “bins”. For each reaction coordinate, an
approximation of the PMF,Wtotal(ê), was obtained by fitting together
each [Wi(ê) + Ci] of the overlapping windows. A splicing algorithm
was used to shift the free-energy curve on the energy axis to join its
neighboring curve until they all joined smoothly. Each shift was
calculated as the average energy difference between every two curves
in the part of the reaction where they overlapped, weighted by the
number of samples in both windows. This procedure automatically
removed any regions of poor sampling in the overlapping regions.
Following that, an additional correction from a higher level of theory
was added to the PMF. The correction was developed in an approach
similar to the one presented in a recent QM/MM study.46 The PMF,
using a QM/MM potential, can be separated into a solvent-independent
(gas phase) term and a solute-solvent interaction component

whereGQM(gas) is the gas-phase free energy of the solute (the reaction
region);WMM is the PMF of the solvent (the rest of the protein), and
∆GXs is the QM/MM interaction free energy. This separation of energy
terms allows the use of a high-level (HL) method to determine the
intrinsic energy of the solute molecule in the gas phase, while the time-
consuming statistical simulations can be carried out with the low-level
(LL) quantum chemical model for the evaluation of the solvation
energy. Assuming∆GXs

LL ∼ ∆GXs
HL, that is, the QM/MM interaction

free energy is similar at high- and low-levels of theory, it follows from
eq 4 that

where GQM
HL (gas) andGQM

LL (gas) are the gas-phase free energies at a
high (B3LYP/6-31+G*) and a low (HF/3-21G) QM level;Wtotal

LL (prot)
is the PMF calculated from the umbrella sampling simulation at the
HF/3-21G//CHARMM level, andWtotal

HL (prot) is the PMF, including
the correction from the gas-phase free energies.

In the calculation of GQM
HL (gas) and GQM

LL (gas), the difference
between the zero-point energy (ZPE) corrections and entropic contribu-

tions at the ground state and at the transition state was found to be
similar at both levels of theory; that is, those corrections at the B3LYP/
6-31+G* level and the HF/3-21G level cancel each other out, with an
error on the order of∼1-1.5 kcal/mol. Thus, the ZPE corrections and
entropic contributions were neglected from eq 5, and the final PMF
was calculated as follows:

whereEQM
LL (gas) andEQM

HL (gas) are points on the PES of the reference
reaction in the gas phase, obtained from the IRC calculation at the
HF/3-21G and B3LYP/6-31+G* levels, respectively, that correspond
to the values of the reaction coordinates,ê1 and ê2, in the QM/MM
simulation.

3. Results and Discussion

3.1. Reference Reaction for the Deacylation Step in the
Gas Phase.The free-energy profiles of the reference reaction
for the deacylation step in the gas phase are summarized in
Table 1. The results indicate that when using the HF method
(with both 3-21G and 6-31G* basis sets) in the REF model
(Scheme 2a), the reaction follows a stepwise mechanism, where
the first transition state (TS1) is energetically and structurally
very close to the tetrahedral intermediate (TI2): TS1 is at 57.6
kcal/mol at the HF/6-31G* level, and TI2 is only 0.1 kcal/mol
lower (which is within the range of error). The value ofê1

[d(Nε2‚‚‚Hw
1), d(C1‚‚‚Ow)] is [1.10, 1.58 Å] in TS1 and [1.07,

1.54 Å] in TI2. The value ofê2 [d(Oγ‚‚‚Hw
1)] in the second

transition state (TS2) is 1.80 Å at the same level of theory.
However, when correlation effects are partially accounted for
by using the DFT method, the activation free energy decreases
by 9.7 kcal/mol (57.6 kcal/mol at the HF/6-31G* level vs 47.9
kcal/mol at the B3LYP/6-31G* level), and an intermediate
cannot be stabilized on the PES. Only a single transition state
(TS′) is found, with values ofê1 andê2 similar to those found
in TS1 and TS2, respectively, using the HF/6-31G* level (ê1

) [1.07, 1.51 Å],ê2 ) 1.80 Å). This shallowness of the surface
can be explained by the lack of electrostatic stabilization of the
negatively charged tetrahedral structure and the positively
charged imidazolium ring, both of which are stabilized by only
one H-bond (between Ow and Nε2-Hw

1).
While the inclusion of the correlation energy causes a large

decrease in the activation energy, adding a set of s and p diffuse
functions on heavy atoms (B3LYP/6-31+G* level) only causes
a small increase in the barrier (1.5 kcal/mol). The effect of
adding a set of p polarization functions on the hydrogens
(B3LYP/6-31+G** level) is even smaller (1.1 kcal/mol).

Wi(ê) ) -kBTlnFi
/(ê) - Vi(ê) + Ci (3)

Wtotal(prot) ) GQM(gas)+ ∆GXs + WMM (4)

Wtotal
HL (prot) ) Wtotal

LL (prot) + GQM
HL (gas)- GQM

LL (gas) (5)

Table 1. Relative Free Energies (Ggas in kcal/mol) of the
Stationary Points along the Reference Reaction for the
Deacylation Step in the Gas Phase, Calculated Using the REF
and the TRIAD Models (Scheme 2)

EA TS1 TI2 TS2 (TS′)a EP

REF
HF/3-21G 0.0 32.5 31.7 41.5 -3.7
HF/6-31G* 0.0 57.6 57.5 62.3 0.1
B3LYP/6-31G* 0.0 47.9a -3.3
B3LYP/6-31+G* 0.0 49.4a -0.7
B3LYP/6-31+G** 0.0 50.5a -0.5
TRIAD
B3LYP/6-31+G* 0.0 25.9 26.4 27.9 -6.0

a Only one transition state (TS′) is found on the PES at a location similar
to TS2 at the HF/6-31G* level.

Wtotal
HL (prot) ) Wtotal

LL (prot) + EQM
HL (gas)- EQM

LL (gas) (6)
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Moving from the REF model to the TRIAD model (Scheme
2b), that is, adding an acetate ion to the system, has a 2-fold
effect on the reaction mechanism: stabilizing a tetrahedral
intermediate and lowering the transition state by 23.5 kcal/mol
(from 49.4 kcal/mol in TS′ of REF to 25.9 kcal/mol in TS1 of
TRIAD at the B3LYP/6-31+G* level). Note that after the
inclusion of ZPE and thermal corrections, the relative free
energy of TI2 becomes slightly higher than that of TS1 (26.4
and 25.9 kcal/mol, respectively) due to the shallowness of the
surface (but within the range of error).

Examination of the geometries and charges along the reaction
coordinate in the REF model (Table 2, Figure 1) shows that
during the attack of the nucleophilic water on ester carbonyl,
the Ow‚‚‚Hw

1 distance (d2) elongates from 0.99 to 1.83 Å and
a change in the charge distribution in the system occurs. The
negative charge on Ow decreases from-0.99e in EA to -0.85e
in TS′, while the negative charges on O1 and Oγ, which are
covalently bound to C1, increase from-0.62 and-0.56e in
EA to -0.75 and-0.77e in TS′, respectively. As a result, the
C1dO1 bond (d5) is elongated from 1.21 to 1.25 Å. The “angle
of attack”, Ow‚‚‚C1dO1 (R), is 114°, which is slightly larger
than the ideal angle (107°) for a nucleophilic addition to a
carbonyl group (Burgi angle52). This can be explained by the
lack of an intermediate in the reaction; to enable the break of
the C1-Oγ bond, a proton has to transfer directly from the
nucleophilic water to Oγ (rather than via His57), and this can
only be facilitated by increasing the value ofR. The
Oγ‚‚‚Hw

1 distance (d6) is reduced from 4.15 to 1.80 Å, reaching
a value similar tod2, so that at the transition state (TS′), when
the proton is almost transferred to Nε2 (d1 ) 1.07 Å), it is located
at the midpoint between its donor (Ow) and its acceptor (Oγ).

The geometries of the TRIAD model are slightly different
from those of the REF model (Table 2). The charge on Ow is
still around-1.0e at the first transition state (TS1);R is 107°,
and C1‚‚‚Ow is far from a single C-O bond (d3 ) 1.86 Å),
indicating that the proton is fully transferred to Nε2 and a
tetrahedral intermediate is stabilized on the PES. This process
is accompanied by a proton transfer from Nδ1 to the acetate ion
(d7 changes from 1.06 to 1.60 Å andd8 from 1.66 to 1.06 Å)
and is referred to as the “double-proton transfer” mechanism,53

which, as discussed above, is no longer regarded as the correct
description of the SP mechanism.1,3,9However, in the gas phase
where ion pairs are not stable, this mechanism is likely to occur,
and indeed, by using the same geometries but with the proton
located on Nδ1, we calculated the AcIm pair to be∼4.5 kcal/
mol more stable than the Ac-Im+ pair at TS1. The tetrahedral
structure, on the other hand, is still poorly stabilized in the
TRIAD model (only by the Nε2-Hw

1‚‚‚Ow H-bond), as in the
REF model.

3.2. Reference Reaction for the Deacylation Step in
Aqueous Solution.The free energies involved in the reference
reaction to the deacylation step in aqueous solution, calculated
at the B3LYP/6-31+G* level, based on the geometries of the
stationary points optimized in the gas phase, are presented in
Table 3. The results demonstrate how the inclusion of solvent
effects in the REF model causes a decrease in the activation
barrier (49.4 kcal/mol in the gas phase and 27.7 kcal/mol in
solution), due to a better stabilization of the positively charged
imidazolium and the negatively charged tetrahedral structure.
A free-energy barrier of 27.7 kcal/mol for the deacylation
process is slightly above the barrier calculated for the acylation
process in a recent theoretical study,34 suggesting that the overall

Table 2. Selected Geometrical Parameters of the Stationary Points along the Reference Reaction for the Deacylation Step in the Gas
Phase

R (deg)a d1 (Å) d2 d3 d4 d5 d6 d7 d8

REF Modelb

HF/3-21G
EA 129 1.85 0.98 3.89 1.37 1.20 3.97 0.99
TS2 113 1.05 1.80 1.50 1.58 1.26 1.65 1.00
EP 122 1.73 2.87 1.34 3.38 1.20 0.99 0.99
B3LYP/6-31+G*
EA 125 1.93 0.99 4.06 1.37 1.21 4.15 1.01
TS′ 114 1.07 1.83 1.51 1.68 1.25 1.80 1.01
EP 121 1.82 2.95 1.35 3.56 1.21 1.00 1.01

TRIAD Modelc

B3LYP/6-31+G*
EA 132 1.83 1.00 4.52 1.35 1.22 4.49 1.06 1.66
TS1 107 1.10 1.51 1.86 1.43 1.25 2.83 1.60 1.06
TI2 110 1.05 1.68 1.59 1.49 1.27 2.59 1.60 1.05
TS2 112 1.03 1.98 1.52 1.55 1.27 2.05 1.61 1.04
EP 121 1.68 3.29 1.34 3.46 1.22 1.02 1.08 1.58

a R is the Ow‚‚‚C1dO1 angle.b Without the acetate ion.c Including the acetate ion.

A R T I C L E S Topf and Richards

14636 J. AM. CHEM. SOC. 9 VOL. 126, NO. 44, 2004



rate-determining step of the SP reference reaction in aqueous
solution is the deacylation step. However, these numbers are
not entirely accurate because the free energies in solution were
calculated from the gas-phase geometries, and therefore, the
reaction pathway is concerted. To test the possibility of a
stepwise reaction, the relative free energies of TS1 and TI2 in
solution were calculated using the gas-phase geometries of the

corresponding stationary points in the TRIAD model, with and
without the acetate ion. Indeed, a tetrahedral intermediate was
viable on the free-energy surface; TI2 is 1.4 kcal/mol lower in
energy than TS1 when the acetate ion is removed (25.5 vs 26.9
kcal/mol) and 4.7 kcal/mol lower when the acetate ion is
included (14.9 vs 19.6 kcal/mol).

When an acetate ion is added to the aqueous solution, and if
a concerted double-proton transfer occurs (Ac-Im + HOH f
AcImH + OH-), the activation energy decreases by∼7.3 kcal/
mol (from 26.9 kcal/mol in REF to 19.6 kcal/mol in TRIAD),
which is ∼16 kcal/mol smaller than the corresponding effect
in the gas phase. If only a single-proton transfer occurs (Ac-Im
+ HOH f Ac-ImH+ + OH-), this effect is estimated to be
only ∼3 kcal/mol based on calculations using a third model
(referred to as TRIAD1), in which Hδ1 was manually placed
on Nδ1 (from 26.9 kcal/mol in REF to 24.0 kcal/mol in
TRIAD1). However, these results might be inaccurate, consider-
ing that the transition states were not optimized in the polar
dielectric continuum. Even if a double-proton transfer does occur
in water, it may still not occur in the protein, where Asp102 is
surrounded by polar residues and has a uniquely low pKa value
(between 0 and 3), making the ionized form energetically more
preferable.9,13,14,54In any case, the effect of adding an acetate
ion to the REF model in water is between∼3 and 7 kcal/mol,
which is close to the effect of adding Asp102 in the enzyme
(∼6 kcal/mol), based on site-directed mutagenesis studies in
subtilisin and in trypsin.55

3.3. Influence of the Enzyme Environment on the Deacy-
lation Step. The PMF of the deacylation step, calculated from
the QM/MM dynamics/umbrella sampling simulation of the
PPE-BCM7 complex, is presented in Figure 2. Although the
simulation was performed at the HF/3-21G//CHARMM level,
an energy correction term from the B3LYP/6-31+G* level was
added in the calculation of the PMF to improve the accuracy
of the results. This correction was based on the assumption that
the gas-phase geometries are similar between the HF/3-21G and
B3LYP/6-31+G* levels, an assumption that has been shown
to be satisfactory in the chemical reaction studied here (Table
2). In addition, the RMS deviation (RMSD) of all non-hydrogen
atomic positions in the protein from their original positions in
EA (ê1 ) 4.2) was calculated from the average structure of each
umbrella sampling window. The RMSDs, along the reaction
coordinates, were continuous (reaching 2.9 Å at EP), indicating
that the choice of the coordinates was appropriate. However,

Figure 1. Transition states of the nucleophilic attack on the ester carbonyl
optimized at the B3LYP/6-31+G* level. (a) The REF (TS′) model. (b) The
TRIAD (TS1 and TS2) model. Distances are indicated in angstroms (Å).
The figure was created with the iMol molecular graphics program
(http://www.pirx.com/iMol/).

Table 3. Relative Free Energies in Aqueous Solution (Gsol in
kcal/mol) of the Reference Reaction for the Deacylation Step,
Calculated Using the REF, TRIAD, and TRIAD1 Models at the
B3LYP/6-31+G* Level

model EA TS1 TI2 TS2 (TS′) EP

REF 0.0 26.9a 25.5a 27.7 -2.9
TRIAD 0.0 19.6 14.9 15.8 -6.5
TRIAD1b 0.0 24.0 21.7 23.6 -6.5

a These energies were calculated from the geometries of the correspond-
ing stationary points in the TRIAD model, with the acetate ion removed.
b Same model as TRIAD but with the Hδ1 proton placed on Nδ1.

Figure 2. PMF of the deacylation step in the PPE-BCM7 complex,
calculated from the QM/MM dynamics/umbrella sampling simulation at
the HF/3-21G//CHARMM level, including a correction based on the PES
of the reference reaction in the gas phase at the B3LYP/6-31+G* level.
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whether the reaction in the enzyme favors a stepwise mechanism
cannot be answered directly from the PMF since the reaction
coordinates were defined in such a way that the tetrahedral
intermediate (TI2) must be formed. Yet, considering that the
DFT results show how the reaction becomes stepwise when
electrostatic effects (such as an acetate ion or the continuum
solvent model) are added to the system, it is very likely that
the reaction in the enzymatic environment (which is highly
polar) is stepwise.

The rate-determining step is the formation of the tetrahedral
intermediate, with an activation free energy (∆Gq) of 22.5 kcal/
mol. To compare this result to the experimental results, the free
energy of activation was calculated from the experimental rate
constants (kcat) using the Eyring equation (which relateskcat to
∆Gq). Because the acyl-enzyme does not accumulate in the
hydrolysis of amides, the rate constants used are of the
deacylation step in chymotrypsin with ester substrates, rather
than with amide substrates.1,56Forkcat ranges between 0.01 and
192 s-1, ∆Gq ranges between 14.3 and 20.2 kcal/mol. Thus,
the calculated free energy of activation is slightly above the
upper bound of the experimental results (and is most likely not
overestimated by more than 1-2 kcal/mol, within the error
range). Considering that the calculated activation free energy
for the reference reaction in solution is 26.9 kcal/mol (at the
B3LYP/6-31+G* level), the catalytic effect of the deacylation
process in the elastase is about 4-5 kcal/mol. The latter result
is very similar to the calculated catalytic effect of the acylation
step, based on the QM/MM study in trypsin mentioned above16

(5 kcal/mol), suggesting that the catalytic effect of deacylation
is similar to that of acylation.

Selected geometrical parameters of the stationary points along
the reaction coordinate, averaged over the last 2.5 ps of the
relevant umbrella sampling windows (every 5 fs), are presented
in Table 4. In addition, the values of His57-Nε2‚‚‚Hw

1 (d1)
versus Ow‚‚‚C1 (d3), during the attack of the nucleophilic water
on the ester carbonyl, are presented in Figure 3. These values
reveal that the favored path for the formation of the tetrahedral
intermediate in the enzyme environment is a concerted path,
with a “late” proton (Hw

1) transfer from the nucleophilic water
to His57-Nε2. The movement of the water toward C1 is
correlated with the elongation of the Ow-Hw

1 (d2) bond toward

Nε2. Also correlated is the elongation of CdO from a double
bond to a single bond, due to the negative charge transfer to
the tetrahedral structure (d6 ) 1.22, 1.26, and 1.31 Å in EA,
TS1, and TI2, respectively). In the transition state (TS1), the
Ow‚‚‚C1dO1 angle is very close to the Burgi angle (R ) 106°),
and Hw

1 is located approximately at the midpoint between Nε2

and Ow (d1 ) 1.24 Å andd2 ) 1.22 Å) (Figure 4). Thus,
supported by early kinetic isotope effect experiments,57 it is very
likely that a protonic bridging occurs in the transition state.

The tetrahedral intermediate is calculated to be 15.7-18.3
kcal/mol less stable than the acyl-enzyme (Figure 2), a result
similar to the one reported for the acylation step in a QM/FE
study on trypsin.58 However, in the latter study, it was assumed
that the tetrahedral intermediate is energetically very close to
the transition state, while our results suggest that this might
not be the case in the deacylation step, where it is calculated to
be 4.2-6.8 kcal/mol more stable than the transition state. It
appears in two conformations that are separated by a small
barrier of 1.3 kcal/mol. In the first conformation (TI2), Nε2-
Hw

1 is H-bonded to Ow (d2 ) 1.63 Å). In the second
conformation (TI2′, which is 2.6 kcal/mol more stable), it is
H-bonded to Oγ, instead (d2 ) 2.43 Å andd4 ) 1.64 Å). The
switching between those conformations is mainly enabled by a
small rotation of the His57 side chain about its CR-Câ bond (γ
) 86 and 78° in TI2 and TI2′, respectively). This movement is
also correlated with a change in the C1-Ow and C1-Oγ bond
lengths (d3 ) 1.54 Å andd5 ) 1.45 Å in TI2, andd3 ) 1.49 Å
andd5 ) 1.50 Å in TI2′), indicating that the C1-Oγ bond has
to elongate prior to breaking. On this basis, and supported by
our previous QM/MM study,13 it is likely that the mobility of
the His57 side chain helps the reaction to proceed to the
enzyme-product complex (EP). Note that these results are based

Figure 3. Change in Ow‚‚‚C1 vs Nε2‚‚‚Hw
1 during the attack of the

nucleophilic water on the ester carbonyl in the active site of PPE-BCM7.
Figure 4. Snapshot of the QM/MM dynamics/umbrella sampling simula-
tion, showing the elastase active site during the transition state (TS1) of
the attack of the nucleophilic water (W) on the ester carbonyl (the protein
main chain in green, the peptide substrate in yellow). The proton (Hw

1) is
located approximately in the midpoint between His-Nε2 and Ow. The latter
is H-bonded to a water molecule (W1), which is also H-bonded to Arg61.
In the oxyanion hole (lower right side), a bulk water interacts with the
carbonyl oxygen, in addition to the backbone NH groups of Gly193 and
Ser195. His57-Cε1 is located between the backbone carbonyls of Thr213
and Ser214. The figure was created with the VMD molecular graphics
program.63
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not only on the simulation along theê2 reaction coordinate,
where His57 is “forced” to move toward Ser195-Oγ, but also
on the simulation along theê1 reaction coordinate, where this
movement is independent of the reaction coordinate.

The free-energy barrier of the second proton transfer from
His57 to Ser195, which leads to the breakdown of the tetrahedral
intermediate, is only 3.2 kcal/mol (Figure 2). To achieve this,
the side chain of His57 rotates further (γ ) 74° in TS2), and
Ser195 moves significantly (Figure 5a) to abstract the Nε2-
Hw

1 proton (d4 ) 1.19 Å in TS2). The enzyme-product complex
(EP) is 12.9 kcal/mol less stable than EA. This could be
explained by two main changes in the S1 binding site: (a) the
loss of the H-bond between the backbone carbonyl of Ser214
and the NH group of the P1 residue (d15 ) 2.05 and 2.63 Å, in
EA and EP, respectively), and (b) the formation of a carboxylate

group (which is less stabilized than the EA ester carbonyl in
this pocket). While EA is based on a crystal structure and
represents a more “realistic” picture of the acyl-enzyme
intermediate, EP represents a structure that has yet to proceed
to the “free” enzyme. Therefore, the final products (the free
enzyme and the solvated peptide) are expected to have lower
energy.

3.4 Hydrogen-Bonding Network.The results of the present
work support our previous studies concerning the H-bonding
network surrounding the catalytic triad, and they also reveal
new and interesting details. One interesting detail is that, in
addition to the nucleophilic water (W), a second water molecule,
W1, is present in the active site throughout the entire deacylation
process, H-bonded via its oxygen to HH22 and HH12 of Arg61
(Table 4, Figure 4). Via one of its hydrogens, W1 is H-bonded

Table 4. Selected Geometrical Parameters of Each Step of the Reaction, Averaged over the Last 2.5 ps (every 5 fs) of the Relevant
Umbrella Sampling Windows

a R is the Ow‚‚‚C1dO1 angle.b â is the CR‚‚‚C1dO1‚‚‚Oγ dihedral angle.c γ is the N‚‚‚CR-Câ‚‚‚Cγ dihedral angle of His57.
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to Ow of the nucleophilic water, stabilizing it during the
nucleophilic attack (d12 ) 2.28 and 1.85 Å in EA and TS1,
respectively). This interaction is lost after the formation of TI2,
when Ow moves away and forms a bond with C1 (d12 ) 2.72
Å). Via its second hydrogen, W1 is H-bonded to an exchanging
bulk water. We have previously proposed that Arg61, which is
conserved in some SPs (including plasminogen, chymotrypsi-
nogen, and human neutrophil elastase) and is replaced by
potential H-bond donors (Lys, Ser, Thr, Asn, Tyr, and Pro) in
others, may play a role in stabilizing or orienting water
molecules in the active site of the acyl-enzyme.18 On the basis
of the current results, we also suggest that during deacylation,
Arg61 stabilizes a specific water molecule that participates in
the H-bonding network and that has an indirect catalytic role.

The oxyanion hole H-bonding network is also interesting.
Because it is exposed to the bulk, a water molecule is always
present close enough to act as an alternative H-bond donor
(Figure 4), in addition to the backbone NH groups of Gly193
and Ser195. Perhaps this is to compensate for the loss of the
H-bond between O1 and Ser195-NH during the reaction. In
contrast to the short and stable H-bond with Gly193 (d8 < ∼2.2
Å), the H-bond with Ser195 gets weaker following the nucleo-
philic attack (d7 > ∼2.6 Å) and is completely lost when Ser195
(including its backbone) moves toward His57 to abstract the
Nε2-Hw

1 proton (d7 ) 2.96 and 3.46 Å in TI2′ and TS2,
respectively). This may also explain why a third H-bond is
formed between Thr220 and O1 in the oxyanion hole of
subtilisin.59,60The latter has been shown to have a much smaller

effect on catalysis than the H-bond formed with the amide NH2

of Asn155 (the equivalent to NH of Gly193 in elastase).
Replacing Asn155 with alanine reduces the catalytic efficiency
by 300-400-fold,60,61 while replacing Thr220 with alanine
reduces catalytic efficiency only by∼8-fold. Thus, we suggest
that the main H-bond responsible for stabilizing the tetrahedral
intermediate in the oxyanion hole during the deacylation step
is the one formed with Gly193-NH, while additional stabiliza-
tion is gained by H-bonding to Ser195 and/or to random bulk
water molecules.

The last issues discussed here concern the stabilization of
His57 and the coupling between the local chemical changes and
the more global changes in the active and binding sites. In TI2,
the imidazolium ion of His57 is stabilized by three H-bonds:
with Asp102-Oδ1 (d9 ) 1.55 Å), with the backbone carbonyl
of Ser214 (a Cε1-H‚‚‚O H-bond;d14 ) 2.41 Å), and with Ow

(d2 ) 1.63 Å). The breaking of the latter two H-bonds during
the rotation of His57 about its CR-Câ bond requires∼1-2 kcal/
mol (Figure 2). These two are replaced by H-bonds with the
backbone carbonyl of Thr213 (a Cε1-H‚‚‚O H-bond;d13 ) 2.41
Å) and with Ser195-Oγ, respectively, allowing the reaction to
proceed in the direction of the products. On this basis, the
completion of the reaction most likely does not require the “ring-
flip mechanism”, as proposed earlier by Ash et al., based on
NMR data.62

The described H-bonding network surrounding the imidazo-
lium ion, which also includes a H-bond between Ser214-Oγ

and Asp102-Oδ1 (Figure 4), leads to coupling between the
movements of His57, Asp102, and Ser214 (Figure 5a). Fur-
thermore, because Ser214 is also part of the binding site of the
enzyme, stabilizing the P1 residue via its backbone carbonyl,
the movements of His57 in the second part of the reaction also
affect structural rearrangements of the binding site-peptide
complex. Evidence for this includes (a) the lengthening of the
Ser214‚‚‚P1 H-bond (d15) and (b) the high correlation between
the RMSDs of the binding site and of His57 from their original
position in EA throughout the reaction (R2 ) 0.81; Figure 5b).
The RMSDs of the binding site are also correlated with the
RMSDs of Ser195 (R2 ) 0.77), which is covalently bound to
P1. On the basis of these results, we suggest that peptide
hydrolysis may be synchronized with product release.

4. Conclusion

In this paper, we have studied the deacylation step of the SP
reaction mechanism by using ab initio QM/MM calculations
combined with MD/umbrella sampling calculations. The results
suggest a concerted mechanism for the gas-phase reaction;
however, the structure of the transition state is tetrahedral-like.
When solvent effects or an acetate ion are added to the reference
system, a reduction of∼23 kcal/mol occurs in the activation
barrier, and the mechanism becomes stepwise. This reduction
mainly reflects the effect of Asp102, the oxyanion hole, and
the water molecules in the enzyme active site, suggesting that

(59) Rao, S. N.; Singh, U. C.; Bash, P. A.; Kollman, P. A.Nature1987, 328,
551-554.

(60) Braxton, S.; Wells, J. A.J. Biol. Chem.1991, 266, 11797-11800.
(61) O’Connell, T. P.; Day, R. M.; Torchilin, E. V.; Bachovchin, W. W.;

Malthouse, J. G.Biochem. J.1997, 326, 861-866.
(62) Ash, E. L.; Sudmeier, J. L.; Day, R. M.; Vincent, M.; Torchilin, E. V.;

Haddad, K. C.; Bradshaw, E. M.; Sanford, D. G.; Bachovchin, W. W.Proc.
Natl. Acad. Sci. U.S.A.2000, 97, 10371-10376.

(63) Humphrey, W.; Dalke, A.; Schulten, K.J. Mol. Graphics1996, 14, 33-
38.

Figure 5. (a) RMSD of all non-hydrogen atomic positions of the catalytic
residues from their original positions in EA at different points along the
reaction coordinate (from TS1 to EP). The calculation of each RMSD was
based on the alignment between the average structure of each umbrella
sampling window and the first average umbrella sampling window (ê1 )
4.2 Å), using all residues within 8 Å from the carbonyl carbon (C1). (b)
Correlation between the RMSDs of the binding site and the RMSDs of
His57 and Ser195 during the entire reaction pathway (EA to EP). The
binding site included Ser214, Phe215, Val216, and the P1-P4 residues.
The RMSD of Ser195 in TS2 (ê2 ) 1.1 Å) was not included.
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a tetrahedral intermediate is viable in the enzyme environment
(although there is no direct experimental evidence for this). In
contrast to the aqueous solution, the tetrahedral intermediate in
the enzyme is shown to be a relatively stable species,∼7 kcal/
mol lower than the transition state. The stabilization of the
nucleophilic water is achieved by another water that is bridged
between the nucleophilic oxygen and the side chain of Arg61,
suggesting an indirect catalytic role for this residue. Progression
of the reaction toward the products is mainly enabled by a
rotation of the His57 side chain about its CR-Câ bond, which
requires the breaking of the imidazolium H-bonds with Ow and
with the Ser214, both of which are replaced by H-bonds with
Ser195-Oγ and Thr213, respectively. Movement of Ser195
assists the completion of the reaction, causing changes in the
H-bonds of the oxyanion hole. This reorganization of the active
site residues and H-bonds, as well as the changes in the free

energy, demonstrates how the system is using minimal “reor-
ganization energy” along the reaction coordinate, giving a
catalytic effect of 5 kcal/mol. Interestingly, the movements of
His57 during the reaction causes rearrangements of the binding
site (via the interaction with Ser214), suggesting that product
release may also be implicated in the deacylation process.
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