
TETRAHEDRON:
ASYMMETRY

Tetrahedron: Asymmetry 14 (2003) 3385–3399Pergamon

Studying enzyme enantioselectivity using combined ab initio and
free energy calculations: �-chymotrypsin and methyl cis- and

trans-5-oxo-2-pentylpirrolidine-3-carboxylates
F. Felluga,a G. Pitacco,a E. Valentin,a A. Coslanich,b M. Fermeglia,b M. Ferroneb and S. Priclb,*

aDepartment of Chemical Sciences, University of Trieste, Via Licio Giorgieri 1, 34127 Trieste, Italy
bComputer-aided Systems Laboratory, Department of Chemical, Environmental and Raw Materials Engineering, DICAMP,

University of Trieste, Piazzale Europa 1, 34127 Trieste, Italy

Received 18 July 2003; accepted 1 September 2003

Abstract—The application of a computational approach, based on molecular dynamics (MD) simulations and quantum
mechanical-free energy (QM-FE) calculations, to explain the different substrate specificity and enantioselectivity of �-chy-
motrypsin (�-CT) in the hydrolysis of methyl cis- and trans-5-oxo-2-pentylpirrolidine-3-carboxylates is described. By applying a
combination of molecular mechanics energy derived from MD simulations in explicit solvent, and solvation free energy derived
from a continuum solvation model, we have calculated reasonable absolute free energies of binding (�Gbind) for each
�-CT/enantiomer complex formation, and elucidated the balanced nature of the factors contributing to �Gbind. Furthermore, our
calculations based on QM-FE techniques have yielded an insight into the major issues affecting the observed enantioselectivity in
the hydrolysis of substrate ester bonds by �-chymotrypsin.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Enzymes have the ability to recognize and selectively
act on their substrates in a stereospecific manner.1,2

Exquisite enantioselectivity is among the most impor-
tant properties of enzymes to synthetic chemists. Under
this perspective, the ultimate goal would be the ability
to tailor or design enzyme–solvent systems to catalyze
any specific chemical reaction at will.

Notwithstanding the large amount of knowledge at our
disposal, usually no definitive evidence can be derived
for enzyme reaction mechanisms from the applications
of experimental techniques alone.1 At this point, the
role of physical/theoretical chemists comes into play,
since they can provide a link between a given enzyme
structure, as contributed by the above mentioned exper-
imental techniques, and the relevant function, as deter-
mined by experiments on enzyme-driven reactions.3,4

In the field of polymers, and specifically of biopoly-
mers, theoretical structure–function investigations have
proven very challenging for a plethora of reasons. The
first when considering protein molecules, is their size;
indeed, the number of atoms is usually relatively large
and computer experiments based on molecular dynam-
ics on such systems are rather time consuming and
hampered by several complications, even when the
intermolecular potential functions employed are rather
analytically simple. Even with an ‘ideally perfect’ classi-
cal force field, able to describe very accurately the
energy of system, the adequate sampling of the confor-
mational space available to an enzyme (or to a physi-
cally bonded enzyme–substrate complex) would remain
a sort of chimera.5 A further complexity is intrinsic in
the nature of classical force fields: their inability to
simulate the processes of bonds breaking and/or form-
ing. Chemical reactions are among the most important
phenomena to which quantum chemical approaches
can be applied; accordingly, quantum mechanical (QM)
calculations have played an essential role in under-
standing gas-phase reaction energetics and dynamics. In
combination with either explicit molecular mechanical
(MM) models or continuum models, QM approaches
have also been applied to simulate chemical reactions in
the condensed phase.6,7 Even more challenging has been
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Figure 1. Energy-relaxed model of three-dimensional struc-
ture of �-CT (ribbon model). The catalytic amino acid triad is
highlighted in color using a stick style.

solvation has a little if no influence on the course of the
reaction, and that it only affects the energy profile.

Although several successful applications give support to
this assumption for reactions of ordinary organic
solutes,28–33 three major challenges must be overcome
before this approach can be used for complex enzy-
matic reactions:

(a) Model system fragments can not usually simply
be optimized in the gas phase to obtain a relevant
reaction pathway, due to the preorganization of the
enzyme, which fixes the relative geometry of the
fragments and keeps them from moving freely rela-
tive to one another as would happen on the gas
phase reaction pathway;
(b) The so-called ‘link atom problem’, the alias given
in the absence of an obvious way to describe, in a
correct fashion, the energies at the junction between
covalently bonded molecular mechanical and quan-
tum mechanical atoms, which almost always occur in
enzymatic reactions. The simple organic reactions are
free of this concern because there are no covalent
bonds between the reacting solutes (whose energies
are evaluated quantum mechanically) and the solvent
molecules (whose noncovalent interactions with each
other and the solute are described by molecular
mechanics);
(c) The generation of charges for the quantum
mechanical atoms, in order to calculate their interac-
tion with the molecular mechanical atoms.

Concerning point a), the general QM/FE approach
proposed by Kollman et al.25 meets the challenge since
it relies on the fact that non-covalent interactions
involve a much less stringent directionality than cova-
lent interactions. For point b), the problem is mitigated
in the method through a suitable treatment of the
charges used on the QM atoms and a judicious choice
of the restraints. Finally, for point c) the technique of
choice is the restrained electrostatic potential (RESP)
approach,34–37 due to its notable features: (i) That it is
identical to the approach used to derive molecular
mechanical electrostatic charges for the protein, thus
automatically leading to balanced protein–protein and
protein–substrate interactions and (ii) because the
Lagrangian constraints in the RESP method can be
employed in a general way, which is an essential com-
ponent in the strategy employed to circumvent the link
atom problem outlined above.

�-Chymotrypsin is a prototypical serine protease
enzyme that has been studied most extensively in this
respect.38,39 In nature, this enzyme cleaves the peptidic
bond of aminoacids characterized by hydrophobic side
chains.1 It also hydrolyzes ester bonds.40,41 The
hydrolytic reaction of �-CT is invariably initiated by a
nucleophilic attack on the scissile amide or ester car-
bonyl bond by the deprotonated hydroxyl group of Ser
195, resulting in an acylated enzyme intermediate.42,43

Besides Ser 195, the catalytic activity of �-CT depends
on two other amino acid residues: Histidine 57 and
Aspartate 102. These three amino acids are distant
from one another in the primary structure of the
protease, but close together in the folded, native con-

the effort to simulate chemical reactions in complex
heterogeneous environments such as in enzymes.8

Unfortunately, the computational time required for
QM calculations rises steeply with the number of atoms
and electrons in the system, and therefore it is very
difficult to apply QM calculations to large biological
molecular assemblies.

In the late 70’s, Warshel and Levitt introduced the
concept of combining molecular quantum mechanical
(QM) and molecular mechanical (MM) methods.9 This
approach limits the quantum chemical description to
the reaction center and uses a computationally efficient
classical treatment for the remainder of the molecule.
Several other QM/MM approaches have been reported
since that pioneering work,4,10–23 which differ substan-
tially in the type of QM and MM method used, and in
the treatment of the QM/MM interactions. Accord-
ingly, the level of quantum mechanical theory involved
varied from computer-demanding but fairly accurate ab
initio Hartree–Fock and density functional techniques
to semiempirical approaches and empirical valence
bond (EVB) descriptions.24 For the time being, the
most practical QM/MM approach to study enzyme
catalysis is the quantum mechanical/free energy pertur-
bation method (QM/FE) proposed by Kollman et al.,25

and based on the original work of Jorgensen et al.26,27

The main feature of Kollman’s method is the static (gas
phase) description of the reacting solute. The static
geometry allows for a completely classical simulation of
a chemical reaction in solution to calculate the relative
free energies. This approach assumes, however, that
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formation (see Fig. 1). In this context, the reaction
mechanism of �-chymotrypsin was deduced, in part,
from its three-dimensional structure determined by X-
ray crystallography.44

At the active site of �-chymotrypsin there is an
extended binding region composed of several subsites,
of which one in particular, denoted as S1, plays a
dominant role in substrate recognition. At S1 we find
three distinct loci that interact with a given substrate in
the formation of the enzyme–substrate complex, in
addition to the nucleophilic OH group of Ser 195
mentioned above. First, a large, hydrophobic cleft (hc),
a crevice in the surface of the protein that is bordered
by the side chains of several hydrophobic amino acid
residues. This pocket comprises residues 189–194 on
one side, and 214–220 on the other. S1 also contains a
hydrogen-bonding site (hb) where, in the case of pep-
tide bond hydrolysis, the amide hydrogen of the sub-
strate is directed towards the backbone peptide C�O of
Ser 214, and a cavity of restricted volume (rv), in which
the �-H of the substrate is directed towards the �-H of
Met 192.45,46

The transition states for the acylation of �-CT by its
substrates are thought to be similar to the tetrahedral
intermediates for the corresponding reactions.47

Whereas the tight binding of substrates to proteases is
nowadays fully understood,48,49 it is not clear why, in
some cases, the amide or the ester bonds of the sub-
strates remain intact in the complexes and are
hydrolyzed so slowly if at all, especially in the case of
enantiomeric substrates. Two main reasons can be
envisaged to explain the slow to no hydrolysis of serine
proteases substrates:

1. The enzyme may bind the substrate in such a way
that favorable noncovalent bonds in the enzyme–sub-
strate complex have to be disturbed upon formation
of an enzyme–transition-state complex. In this way,
the large binding energy of the Michaelis–Menten-
like complex (MMC) is used to increase the energy of
the transition state for bond cleavage:50

2. Following the cleavage of the amide/ester bond,
the newly formed termini are held in close proximity
in the modified substrate–protease acyl–enzyme com-
plex (AEC), greatly favoring the reformation of the
cleaved bond. The tight binding inhibits the hydroly-
sis of the covalent acyl–enzyme complex by prevent-
ing a water molecule from entering the active
site.51–53

Herein, we have applied an ab initio quantum mechan-
ics (QM) and molecular dynamics/free energy (MD-FE)
calculations based approach (QM/MD-FE)25 to investi-
gate the enantioselectivity of �-chymotrypsin towards
ester bond cleavage in �-methoxycarbonyl-�-n-pentyl-�-
lactams.54 The �-lactam nucleus (pyrrolidin-2-one)
characterizes many compounds possessing biological
and pharmaceutical activities.55 Among the compounds
containing the �-lactam moiety, lactacystin56,57 plays a
major role as a potent 20S proteasome peptidase
inhibitor, and constitutes a synthetic challenge for
researchers owing to the presence of four contiguous

stereocenters.58,59 Further examples are represented by
pilolactam,60 recently patented by Garst et al.61 as a
muscarinic active principle, and Rolipram, an antide-
pressant and phosphodiesterase inhibitor synthesized by
two different research groups,62,63 and currently manu-
factured by Schering Plough.

Among the plethora of substances featuring the lactam
ring moiety as a structural component, �-carboxy-�-lac-
tams are interesting compounds since they can be con-
sidered as aza analogues of paraconic acids. The latter
form an interesting, small class of biologically active
trisubstituted �-butyrolactones,64–66 carrying a car-
boxylic group at the � position. Accordingly, two years
ago some of us reported the resolution of a series of
methyl esters of 1-alkyl-5-oxo-pyrrolidine-3-carboxylic
acids by chemo-enzymatic hydrolysis of the ester func-
tion.67 Among the suitable enzymes available on the
market, �-CT turned out to be the choice for the
enantiomeric resolution of these lactams with high
enantiomeric excess (ee). The specificity of the enzyme
and the high enantiopreference observed experimentally
were successively fully rationalized by means of molecu-
lar mechanics/dynamics simulations on the correspond-
ing enzyme–substrate complexes.50 Following this
work, we studied68 the �-CT mediated kinetic resolu-
tion of diastereomeric cis- and trans-methyl 5-oxo-2-
pentylpirrolidine-3-carboxylates of type 1 (see Fig. 2).
The aim of this work was to obtain compounds 1a and
1b in enantiomerically pure form, as promising candi-
dates for biological and toxicological activity.

Both experiment and theory69 suggest that, for hydroly-
sis of an amide or ester bond by �-CT, the rate-deter-
mining step is the formation of the tetrahedral
intermediate during the first step (TET), which is
acylation by the enzyme (see Fig. 3a). Furthermore,
there is much evidence that both the structure and free
energy of the tetrahedral intermediate during acylation
are very similar to those of the transition state for its
formation from the initial noncovalent (Michaelis–
Menten) complex (MMC).69,70 Given this, we have
calculated the activation free energies for the acylation
step of ester bond cleavage (i.e. from MMC to TET) in
�-CT/(+)- and (−)-1a, and �-CT/(+)- and (−)-1b com-
plexes. Comparison of the ester bond hydrolysis of
similar reactive-site sequences in �-CT–substrate com-
plexes had allowed us to investigate factors responsible
for the observed enantiopreference of the enzyme.
Molecular dynamics simulations of 500 ps were also
carried out for the �-CT/(+)- and (−)-1a, and �-CT/(+)-
and (−)-1b tetrahedral intermediates [TET-(+)- and (−)-
1a, and TET-(+)- and (−)-1b], and for the �-CT/(+)-

Figure 2. Methyl 5-oxo-2-pentylpirrolidine-3-carboxylates
considered for enantioselective hydrolysis by �-CT.
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Figure 3. (a, top) Schematic representation of the reaction
pathway of serine protease catalysis of amide and ester bonds.
E-OH represents the �-CT hydroxyl group on Ser 195.
According to text, the following abbreviations are used:
MMC, Michaelis–Menten complex; TET, tetrahedral inter-
mediate; AEC, acyl–enzyme intermediate. (b, bottom) Reac-
tion mechanism of the acylation step of �-CT-catalyzed
hydrolysis and the structures of MMC, TET and AEC stud-
ied in this work. LACT stands for the residual lactam ring.

cut out, and the relevant dangling bonds are saturated
with hydrogens (referred to as ‘link atoms’). Geometry
optimizations of this QM model system is then per-
formed, with constraints on a few selected internal
coordinates, which ensures that the relative orientation
of the model fragments stays close to the preorganized
geometry in the enzyme. It is important that these
constraints are included in the QM treatments of enzy-
matic reaction centers because pure gas phase optimiza-
tions, in which the fragments are allowed to move
freely, often yield an energetically very different reac-
tion pathway.25 On the basis of the QM-optimized
structures, RESP fitting methodology34–37 was applied
to derive atomic partial charges, and the model frag-
ments were reinserted into the protein coordinate
frame. Resorting to the use of the standard force field
representation for the QM atoms, extended by a few
additional potential terms to restrain the reinserted
model system to its QM-optimized structure, allowed
the free energy of interaction to be calculated. The
global free energy change, �Gtot, between two points
along the reaction pathway can be approximated by the
following relationship:

�Gtot=�EQM+�Gint (1)

in which �EQM represents the difference in ab initio
energy, and �Gint is the difference of the free energy of
interaction.

2.2. Starting structure definition of the noncovalent
(Michaelis–Menten) complexes

The starting 3-D model of �-chymotrypsin (�-CT) was
based on the X-ray crystallographic structure of the
�-CT-eglin C complex (PBD code: 1ACB71). Water
molecules in the coordinate file were included, and
hydrogens were added to the protein backbone and side
chains with the PARSE module of the AMBER 6.0
package.72,73 All ionizable residues were considered in
the standard ionization state at neutral pH. The all-
atom force field (FF) parameters by Cornell et al.36 (in
parm94.dat file of the AMBER 6.0 code) was applied
for protein relaxation. The primary cut-off distance for
non-bonded interaction was set to 12 A� , the cut-off
taper for the Coulomb and van der Waals interactions
were 1.2 and 2, respectively. The GB/SA continuum
solvation model74,75 was used to mimic a water environ-
ment. Geometry refinement was carried out using the
SANDER module via a combined steepest descent–
conjugate gradient algorithm, using as a convergence
criterion for the energy gradient of the root-mean-
square of the Cartesian elements of the gradient equal
to 0.01 kcal/(mol A� ). As expected, no relevant struc-
tural changes were observed between the active site of
the �-CT relaxed structure and the original 3-D
structure.

The model structures of the four possible enantiomers
of the �,�-disubstituted-�-lactams 1 were generated
using the 3-D sketcher tool of Materials Studio.76 All
the molecules were subjected to an initial energy mini-
mization using Discover.77 In this case, the convergence

and (−)-1a, and �-CT/(+)- and (−)-1b acyl–enzyme
intermediates [AEC-(+)- and (−)-1a and AEC-(+)- and
(−)-1b] (see Fig. 3b).

Calculations for the TET-1 intermediates were per-
formed to verify how the catalytic groups are located
into the active site for the hydrolysis of the ester bond.
Acyl-enzyme calculations were carried out with the
purpose of seeing how the newly formed termini in the
substrate and the acyl group are located within the
enzyme active site for the possible reformation of the
cleaved ester bond.

2. Methods

2.1. The QM/MD-FE approach

The theoretical background of the adopted quantum
mechanical/molecular dynamics-free energy approach is
described in detail in the original paper by Kollman et
al.25 Therefore, in this section we will give only a brief
outline of the method. According to the basic principle
of the method, ab initio calculations for the reactive
part of the enzyme–substrate complex are combined
with the classical treatment of the interaction free
energy between the quantum mechanical system and
the classical environment, as well as within the classical
environment itself. In the first step, the residues of the
complex that are crucial in the enzymatic reaction are
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criterion was set to 10−4 kcal/(mol A� ). The conforma-
tional search was carried out using a combined molecu-
lar mechanics/molecular dynamics simulated annealing
(MDSA) protocol.78 Accordingly, the relaxed structures
were subjected to 5 repeated temperature cycles (from
298 K to 1000 K and back) using constant volume/con-
stant temperature (NVT) MD conditions. At the end of
each annealing cycle, the structures were again energy
minimized to converge below 10−4 kcal/(mol A� ), and
only the structures corresponding to the minimum
energy were used for further modelling. The electro-
static charges for the geometrically optimized lactam
molecules were obtained by RESP,34–37 and the electro-
static potentials were produced by single-point quan-
tum mechanical calculations at the Hartree–Fock level
with a 6-31+G* basis set.79

The optimized structures of the enantiomeric substrates
were docked into the �-CT active site according to a
procedure validated for N-substituted �-methoxycar-
bonyl-�-lactams.50 To proceed with the docking simula-
tion, all non-polar hydrogen atoms of the small organic
molecules were deleted and their charges automatically
added to those of the corresponding carbon atom by
the program AutoTors included in the suite AutoDock
3.0.80 The relevant grids of affinity potentials used by
AutoDock were calculated by running the program
AutoGrid. In order to encase a reasonable region of the
protein surface and interior volume, centered on the
crystallographic identified binding site, the grids were
60 A� on each side. Grid spacing (0.375 A� ), and 120 grid
points were applied in each Cartesian direction so as to
calculate mass-centered grid maps. Amber 12-6 and
12-10 Lennard-Jones parameters were used in modeling
van der Waals interactions and hydrogen bonding
(N�H, O�H and S�H), respectively. In the generation
of the electrostatic grid maps, the distance dependent
relative permittivity of Mehler and Solmajer81 was
applied.

For the docking of each lactamic enantiomer to the
protein, three hundred Monte Carlo/Simulated Anneal-
ing (MC/SA) runs were performed, with 100 constant
temperature cycles for simulated annealing. Transla-
tion, quaternion parameters and torsions were set at
random before SA runs. Each cycle had a maximum of
20,000 accepted or rejected moves, the minimal energy
structure being passed to the next cycle. The tempera-
ture was reduced by a 0.95 factor per cycle from an
initial value of RT=100 cal/mol. For these calcula-
tions, the GB/SA implicit water model74,75 was again
used to mimic the solvated environment. The rotation
of the angles � and �, and the angles of side chains
were set free during the calculations. All other parame-
ters of the MC/SA algorithm were kept as default.
Following the docking procedure, all structures of each
lactam enantiomer were subjected to cluster analysis
with a tolerance of 1 A� for an all-atom root-mean-
square (RMS) deviation from a lower-energy structure
representing each cluster family. The structure with the
lowest interaction energy was selected for further
evaluation.

Each best enantiomeric substrate/�-chymotrypsin com-
plex resulting from the automated docking procedure
was further refined in the AMBER suite using the
quenched molecular dynamics method (QMD). In this
case, 100 ps MD simulation at 298 K were employed to
sample the conformational space of the substrate–
enzyme complex in the GB/SA continuum solvation
environment.74,75 The integration step was equal to 1 fs.
After each ps, the system was cooled to 0 K, the
structure extensively minimized, and stored. To prevent
global conformational changes of the enzyme, the back-
bone of the protein binding site was constrained by a
harmonic force constant of 100 kcal/A� , whereas the
amino acid side chains and the ligands were allowed
movement without any constraint.

The best energy configuration of each complex resulting
from the previous step was solvated by adding a sphere
of TIP3P water molecules82 with a 20 A� radius from the
O� of the catalytic Ser 195 with the use of the cap
option of the LEAP module of AMBER 6.0. The
protein complex was neutralized adding a suitable num-
ber of counter ions (Na+ and Cl−) in the positions of
largest electrostatic potential, as determined by the
module CION of the AMBER 6.0 platform. The coun-
ter ions, which had distances larger than 16 A� from the
active site, were fixed in space during all simulations to
avoid artifactual long range electrostatic effects on the
calculated free energies. After energy minimization of
the water molecules for 1500 steps, and MD equilibra-
tion of the water sphere with fixed solute for 20 ps,
further unfavorable interactions within the structures
were relieved by progressively smaller positional
restraints on the solute (from 25 to 0 kcal/(mol A� 2) for
a total of 4000 steps. Each system was gradually heated
to 298 K in three intervals, allowing a 5 ps interval per
each 100 K, and then equilibrated for 50 ps at 298 K,
followed by 400 ps of data collection runs, necessary
for the estimation of the free energy of binding (vide
infra). After the first 20 ps of MD equilibration, addi-
tional TIP3P water molecules were added to the 20 A�
water cap to compensate for those that were able to
diffuse into gaps of the enzyme. The MD simulations
were performed at constant T=298 K using the
Berendsen coupling algorithm,83 an integration time
step of 1 fs, and the applications of the SHAKE
algorithm84 to constrain all bonds to their equilibrium
values, thus removing high frequency vibrations. Long-
range non-bonded interactions were truncated by using
a 20 A� residue-based cut-off.

2.3. Free energy of binding of the non-covalent com-
plexes in water

For the calculation of the binding free energy between
�-CT and the four chiral lactam substrates in water, a
total of 400 snapshots were saved during the MD data
collection period as described above, one snapshot per
each 1 ps of MD simulation. The binding free energy,
�Gbind, of each complex in water was calculated accord-
ing to the procedure proposed by Srinivasan et al.85

and, since its application to �-CT/lactam complexes has
already been reported in details in our previous paper,50
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it will be only briefly described. According to this
method, �Gbind is calculated as:

�Gbind=�GMM+�G sol
C −�G sol

L −�G sol
P −T�S (2)

where �GMM is the interaction energy between the
ligand and the protein, �G sol

C , �G sol
L and �G sol

P are the
solvation free energy for the complex, the ligand and
the protein, respectively, and −T�S is the conforma-
tional entropy contribution to the binding. All energetic
analyses were done for only a single MD trajectory of
the lactam/protein complex considered, with unbound
protease and lactam snapshots taken from the snap-
shots of that trajectory.

�GMM can be obtained from the molecular mechanics
(MM) interaction energies as:

�GMM=�GMM
ele +�GMM

vdW (3)

where �GMM
ele and �GMM

vdW are the electrostatic and van
der Waals contributions to the interaction energy
between the ligand and the receptor. It is worthy of
note that the molecular mechanics energy �GMM in Eq.
(3) effectively consists of a valence part, �GMM

val , but, as
the structure of the protein in its bound and unbound
state is the same, the contribution of this term to the
binding free energy is zero. Accordingly, this term has
been omitted in Eq. (2). In our case, all other quantities
were calculated with the anal and carnal modules from
the AMBER 6.0 suite. The infinite cut-offs for all
interactions and the parm94 force field parameters36

were applied. The total solvation energy, �Gsol, is
divided in two parts: the electrostatic contribution,
�G sol

ele, and the non-polar term, �G sol
np:

�Gsol=�G sol
ele+�G sol

np (4)

The polar component of �Gsol was evaluated with the
PB approach.86 This procedure involves using a contin-
uum solvent model, which represents the solute as a
low dielectric medium (i.e. of dielectric constant �=1)
with embedded charges and the solvent as a high
dielectric medium (�=80) with no salt. All atomic
charges were taken from the Cornell et al. force field,36

since these are consistent with the MM energy calcula-
tions. However, as suggested by Chong et al.,87 the
atomic radii were taken from the PARSE parameter
set88 instead of the parm94 FF set because of the small
size of the hydrogens in the latter. The dielectric
boundary is the contact surface between the radii of the
solute and the radius (1.4 A� ) of a water molecule. The
numerical solution of the linearized Poisson–Boltzmann
equations were solved on a cubic lattice by using the
iterative finite-difference method implemented in the
DelPhi software package.89 The grid size used was 0.5
A� . Potentials at the boundaries of the finite-difference
lattice were set to the sum of the Debye–Hückel
potentials.

The non-polar contribution to the solvation energy,
�G sol

np, was calculated from the following equation:88

�G sol
np=�SA+b (5)

in which �=0.00542 kcal/A� 2, b=0.92 kcal/mol, and SA
is the solvent-accessible surface estimated with the
MSMS90 program.

To complete the estimate of the free energy of binding,
we also calculated the entropy components arising from
the solute degrees of freedom. Given that our goal was
a qualitative comparison of �Gbind for the different
enantiomeric molecules, we assumed that the entropies
were similar in magnitude for the close-structured lac-
tams. This assumption seemed reasonable, given that
our previous work on similar compounds50 and Kuhn
and Kollman’s calculated values of T�S for various
ligands binding to avidin.91 Accordingly, the heavily
computational-demanding entropy variation calcula-
tions were not carried out.

2.4. Definition of the QM model

For this purpose, a model system must be carefully
chosen in order to balance the need for including all the
atoms of residues that are affecting the electronic struc-
ture of the reaction center at an accurate theoretical
level and the computational time required for ab initio
calculations. The partitioning of the system into a
reaction zone (the QM region) and environment (the
MM region) is entirely artificial. Indeed, the a priori
definition of an ‘enzyme environment’ has rather an
obscure meaning. In the case of �-CT, the catalytic
triad of His 57, Asp 102 and Ser 195, the oxyanion hole
residues and the substrate need to be considered for
inclusion in the QM model. The decision of which
residues or atoms to include inevitably determines the
level of ab initio theory that can be applied. Of the
residues mentioned above, Ser 195, His 57, and the
substrate are certainly the most important, as they are
actively involved in the bond breaking and forming
processes (see Fig. 3). To allow for the highest possible
level of QM calculations, we decided to reduce further
our model system by excluding the aliphatic chain
substituent of the lactam ring from computations.

To obtain reasonable orientations of the active site
residues from QM optimizations,25 the geometry of
MMC-1 and TET-1 were partly optimized keeping the
C� and C� atoms of His 57, the C� and O� atoms of Ser
195, and the O�C�O atoms of the substrate fixed. The
calculations were conducted at the HF/6-31+G* level.
The gas-phase reaction energies (�EQM) were calcu-
lated, starting from the HF geometries, at the MP2/
AUG-cc-pVDZ level.92 The atomic point charges were
obtained with RESP fitting,74,75 using Lagrangian
restraints to fix the net charge of the quantum mechan-
ical atoms to −0.07 e. This ensures that the sum of the
charges of the quantum mechanical atoms plus the
charges of the molecular mechanical atoms of His 57,
Ser 195, and the substrate atoms is exactly zero.93

Concerning the tetrahedral intermediates TET-1, the
initial models were generated starting from the refined
structures of the corresponding MMCs by forming an
appropriate C�O bond between Ser 195 and the sub-
strate, and by transferring the Ser 195 H� proton to the
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NE2 of His 57. The geometry of the resulting structures
was then relaxed from internal strains by 1000 steps of
conjugate gradient algorithm. Finally, ab initio geome-
try optimizations were conducted by analogy to the
procedure described above for MMC-1 although, in
this case, only two calculations were needed to be
carried out: One for the protonated His 57 and one for
the covalent complex between the substrate and Ser
195. In the latter case, only the carbonyl oxygen and
the neighboring methyl carbon of the adduct complex
were kept fixed, by analogy with the procedure adopted
for the MMC-1.

Figure 4 shows the quantum mechanically optimized
structures of MMC-1 and TET-1 for the four enan-
tiomers of 1.

2.5. Free energy of interaction by thermodynamic
integration

Free energy (FE) simulations94,95 were employed to
calculate, using the thermodynamic integration (TI)
method, the relative free energy �Gint between MMC
and TET for each enantiomer of 1 in the enzyme
environment. In FE calculations, the QM model system
is a function of a perturbation parameter �. When
�=1, the charge distribution and the bond topology of
the model corresponds to MMC. On the contrary,
when �=0 the charges and the topology are those of
TET. In FE simulations, any free energy variation

within the perturbed group is neglected, as they are
included in the gas-phase energy term (�EQM). Accord-
ingly, the second term in Eq. (1), �Gint, accounts for the
environmental effects on the ab initio QM fragments
and, when combined with the difference in energies
between the QM fragments, the overall free energy
�Gtot can be obtained by means of Eq. (1).

In the TI method, the total free energy change between
the two systems A and B can be represented by a
summation of the force field terms V, such as bond
lengths and angles, torsions and non-bonded (i.e. van
der Waals and electrostatic) interactions:

�G=
� 1

0

��V/��������
i

��V��i
�� (6)

By virtue of its nature, free energy can be also repre-
sented as a sum of different parts of the system.
Accordingly herein, we decomposed �Gint into compo-
nents for each amino acid, solvent molecules, and sub-
strate atoms. The free energy components represent the
interactions between the structural components of the
environment and the QM active site. At this point, it
has to be emphasized that, although �G is a function of
state, its components are not; thus, they depend on the
pathway chosen in going from A to B. Therefore, the
components cannot be taken as quantitative predic-
tions, but rather as representative of the magnitude of
the interactions and, as such, useful tools for getting
physical insight into the system considered.

Figure 4. Quantum mechanically optimized structures of MMC-1 and TET-1 for the four enantiomers of 1: (a) MMC-(2R,3R)-1a;
(b) MMC-(2S,3S)-1a; (c) MMC-(2R,3S)-1b; (d) MMC-(2S,3R)-1b; (e) TET-(2R,3R)-1a; (f) TET-(2S,3S)-1a; (g) TET-(2R,3S)-1b;
(h) TET-(2S,3R)-1b.
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In performing FE calculations, we adopted the follow-
ing conditions: After having reinserted the model frag-
ments into the enzyme, and equilibrated the system for
50 ps, the perturbation simulations were run for 75 ps
using a dual cut-off method,96 with 12 A� primary and
22 A� secondary cut-off. No interactions between QM
atoms were included in the �Gint, as they were already
contained in the corresponding �EQM energy term [see
Eq. (1)] with ach run used 101 windows with each
window comprised of 200 steps of equilibration and 300
steps of data collection. In order to gather information
about errors involved in the calculations from hys-
teresis, both forward and backward runs were
performed.

2.6. MD simulations of TET and AEC intermediates of
�-CT and 1 enantiomers

The solvated, neutralized and energy-minimized struc-
tures of the MMCs of �-CT and the four possible
enantiomers of 1 were selected as good starting points
for tetrahedral (TET) and acyl–enzyme intermediates
(AEC) MD simulations of �-CT/1 enantiomers. The
program InsightII97 was used to modify the active site
structure to that of the tetrahedral and acyl–enzyme
intermediates, respectively.

After a cycle of energy minimization (1000 steps), a
preliminary, MD equilibration phase of 50 ps was
carried out, followed by a data acquisition run of 500
ps at 298 K, using a 16 A� cut-off and an integration
time step of 1.5 fs. MD frames were collected every 100
steps for further analysis. While in the TET MD simu-
lations, the parameters were the same as in FE calcula-
tions, for the ester group of the AEC the torsion
parameters and the atomic charges were taken from the
work of Peräkylä and Kollman,93 whereas the bond,
angle, improper torsions and non-bonded parameters
were taken for the work of Fox et al.98

3. Results and discussion

3.1. Free energy of binding of the noncovalent com-
plexes in water

The experimental results68 obtained from the enzymatic
hydrolysis of the diastereomeric lactams (±)-1a and
(±)-1b indicate that the hydrolysis of the cis-
diastereomers 1a by �-CT proceeded with a complete
lack of stereoselectivity, leading to the corresponding
racemic lactamic acids. On the other hand, the trans-
diastereomers 1b were successfully resolved, allowing
the isolation, at 27% conversion, of the lactamic acid of
(2S,3R)-1b with 45% ee (23% yield), and the recovery
of (2R,3S)-1b, at 80% conversion, with 99% ee (18%
yield).68

Not surprisingly, the application of molecular mod-
elling techniques to all the stereoisomers of 1 provides a
challenge in terms of the specificity of the protocol used
and the ability of the energy evaluation to distinguish
between correct and incorrect orientations of the bound

substrate. In the generation of the initial enzyme–sub-
strate model, our previous results in fine-tuning
AutoDock procedures for the binding of ligands to
proteic receptors50,99,100 indicate that the cluster of sim-
ilar conformations with the lowest energy docked struc-
ture always reproduced very closely the crystallographic
binding mode.

While interaction with a receptor will certainly perturb
the conformational energy of a flexible ligand, high
affinity suggests that the ligand would not be highly
distorted upon binding. In this particular case, the
docking study shows that the four stereoisomers (+)-
and (−)-1a, and (+)- and (−)-1b bind effectively in the
selected protein region, with no noticeable energy
penalty. In fact, the differences in conformational
energy between the bound and unbound state of lac-
tams (+)- and (−)-1a, and (+)- and (−)-1b were confined
within 2.5 kcal/mol (1.80 kcal/mol for (2R,3R)-1a, 1.88
kcal/mol for (2S,3S)-1a, 2.20 kcal/mol for (2R,3S)-1b
and 2.00 for (2S,3R)-1b, respectively). Following the
analysis of the representative clusters (data not shown),
the structure believed to represent a significant binding
mode in the �-CT binding site was selected for further
optimization, according to the QM-MD procedure as
described in the previous section.

Figures 5(a–d) show the resulting molecular models of
the docked �-CT/(+)- and (−)-1a and �-CT/(+)- and
(−)-1b complexes. In both optimized models for (+)-
and (−)-1a, the aliphatic chain substituent at C2 of the
lactam ring fills the hydrophobic binding site hc from
Ser 195 downwards a distance of roughly 8.6 A� in the
case of the (2R,3R)-1a, and 8.3 A� in the case of
(2S,3S)-1a. Furthermore, the hydrolyzing COOCH3

group assumes, again for both enantiomers (+)- and
(−)-1a, an orientation in space which is favorable for
the interaction with the catalytic triad His 57, Asp 102
and Ser 195. On the contrary, while the (2R,3S)-1b
enantiomer extends in the hc pocket for approximately
9.2 A� downwards from Ser 195, and orientates the
methoxycarbonyl group in a favorable position for
hydrolysis by the catalytic triad, the alternative enan-
tiomer (2S,3R)-1b cannot achieve a similar spatial
arrangement into the enzyme active site, because of the
different orientation of the n-alkyl substitute chain.
Any attempt to eliminate this unfavorable situation in
(2S,3R)-1b by rotation of the aliphatic chain caused it
to penetrate the enzyme backbone, and was thus
discarded.

The analysis of the trajectories of the MD simulations
for both �-CT/1a complexes indicates that for (2R,3R)-
1a there is a constant presence of a H-bond which
involves the carbonyl oxygen atom of the ester group of
the lactam and the OH group of Ser 195. The average
dynamic length (ADL) of this H-bond is 2.20 A� . Fur-
thermore, in this situation the catalytic couple His
57–Asp 102 presents a stable H-bond, of ADL equal to
2.57 A� .

For the alternative complex �-CT/(2S,3S)-1a, whilst the
same H-bonds between the C�O group of the lactam
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Figure 5. Optimized molecular model of the docked �-CT/1a and �-CT/1b complexes: (a, top left) �-CT/(2R,3R)-1a; (b, top right)
�-CT/(2S,3S)-1a; (c, bottom left) �-CT/(2R,3S)-1b; (d, bottom right) �-CT/(2S,3R)-1b. For the sake of simplicity, only the amino
acids forming the catalytic triad (His 57, Asp 102, and Ser 195), as well as those pertaining to the binding site are shown.
Hydrogen atoms are also omitted for clarity.

ester and the hydroxyl group of Ser 195, and between
His 57 and Asp 102 are still present (ADL=2.27 A� and
2.59 A� , respectively) another, alternative intermolecular
interaction between the oxygen atom of the OCH3

group of the lactam and the hydroxy group of Ser 195
may form intermittently throughout the MD simula-
tion, but it does not persist during the entire trajectory.

The aliphatic, linear chain substituent at C2 of the
lactam ring is positioned within the aryl binding site hc
where, in both cases, it favorably interacts with the

hydrophobic side chain of Met 192. For (2R,3R)-1a,
during the simulation, the two chains contact each
other at a C�C average distance of about 4.1 A� , thereby
increasing mutually their hydrophobic contact area and
hence stabilizing the complex. A similar situation is
encountered for the other enantiomer, where the dis-
tance between the two chains is absolutely comparable
(4.0 A� ).

Considering the trajectories of both �-CT/1b complexes
unveils a different situation for the two trans-stereoiso-
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mers. In the case of (2S,3R)-1b, two stable H-bonds are
detected: One that links the hydroxyl group of Ser 195
and the oxygen atom of the OCH3 moiety of the
substrate (ADL=2.38), and the other that connects the
NH group of His 57 to the carbonyl oxygen of the
lactam ring (ADL=2.83 A� ). The C�O group of the
ester also involved in other intermolecular interaction
of this type with the NH of the peptide bond between
Gly 193 and Met 192 (ADL=2.41 A� ). For the alterna-
tive enantiomer (2R,3S)-1b however, the simulation
shows only the presence of a H···O�C interaction
between Ser 195 and the hydrolyzing ester group of the
lactam, and another H-bond between the NH group of
the heterocyclic substrate and the NH group of the
peptidic bond between Val 213 and Ser 214 (ADL=
2.28 A� ). Finally, in both �-CT/1b complexes, the cata-
lytic triad exhibits an N�H···O interaction between His
57 and Asp 102, of ADL equal to 2.60 A� and 2.62 A� ,
respectively.

Although the automated docking procedure was able to
place both stereoisomers (+)- and (−)-1b in the protease
active site without unreasonable conformational strain,
the deeper penetration and the more favorable orienta-
tion of the n-alkyl chain of (2S,3R)-1b into the hydro-
phobic pocket hc of �-CT helps this substrate in
maximizing interactions with the side chain of Met 192
with respect to its alternative enantiomer (2R,3S)-1b.
Indeed, while in the former case the two chains contact
each other at a C�C average distance of about 3.8 A�
during the MD simulation, in the latter case the reason-
ably larger distance (i.e. 6.5 A� ) makes these interactions
weaker.

All the energy terms and estimated free energy of
binding for the two set of complexes of lactams (+)-
and (−)-1a and (+)- and (−)-1b and �-CT, obtained
from the molecular dynamics simulations performed on
the Michaelis–Menten optimized complexes according
to the procedure described in details in the previous
sections, are reported in Table 1. It is worth reminding
at this point, T�S that the term for substrate binding is
not included in Table 1. Given that our goal is a
qualitative comparison of �Gbind for different stereoiso-
mers, as in our previous work50 we assume that the
entropies are similar in magnitude for the close-struc-
tured lactams.

As we can see from Table 1, the calculated free energies
of the �-CT/(2R,3R)-1a (�Gbind=−4.7 kcal/mol) and of
the �-CT/(2S,3S)-1a complex formation (�Gbind=−4.4
kcal/mol) are almost equal, in harmony with the exper-
imentally verified lack of enantioselectivity of this
protease with respect to the cis-configured substrates.67

Accordingly, the components of the free energy of
binding for one complex are essentially unchanged
from those of the corresponding alternative complex.
This result is again not surprising, since the relative
position and the number and type of intermolecular
interactions developed by each lactam enantiomer
within the protein active site are equivalent. On the
other hand, (2S,3R)-1b binds more tightly to �-CT than
its enantiomer (2R,3S)-1b. This molecule has not only
the most favorable van der Waals interaction with the
protein (��GvdW[(2S,3R)-(2R,3S)]=−1.2 kcal/mol),
but also the most favorable total electrostatic contribu-
tion (��G tot

ele[(2S,3R)-(2R,3S)]=−1.4 kcal/mol).

It is very important to consider the electrostatic compo-
nent of the molecular mechanics energy �G int

ele together
with the electrostatic contribution to solvation �G sol

ele

when examining the role of electrostatics in any
protein/ligand complex formation. In fact, as proven by
several studies,101–107 electrostatics generally disfavor
the docking of a ligand/receptor couple because the
unfavorable change in the electrostatic of solvation is
mostly, but not fully, compensated by the favorable
electrostatics within the resulting host–guest complex.
Indeed, the total electrostatic energy contributions,
�G tot

ele, to the binding free energy for both �-CT/(+)-
and (−)-1a and �-CT/(+)- and (−)-1b complexes are not
favorable, with values ranging from 5.1 to 7.2 kcal/mol
(see Table 1).

In particular, the formation of the complex between
�-CT and the (2S,3R)-1b lactam is less unfavorable
than the corresponding, opposite enantiomer complex
because of a less positive, total electrostatic term, in
which the penalty paid by the electrostatic of solvation
is better compensated by favorable electrostatic interac-
tion within the complex. This calculation suggests than
that a crucial factor for the enantioselective hydrolysis
of these �-lactams by �-CT is to achieve an optimal
electrostatic interaction between the ligand and the
protein active site but also to suffer less desolvation
penalty. Thus, even though electrostatics tend to overall
destabilize all complex formation, it is the optimized
balance of opposing electrostatic contributions and a
more favorable dispersion term that leads to a tighter
binding of the trans-(2S,3R)-1b enantiomer to �-CT.

3.2. Gas-phase energies, reaction activation and interac-
tion free energies

As explained above, the reaction activation energies
�Gtot for hydrolysis of the ester bond (MMC�TET)
were estimated from the gas-phase energies of the cor-
responding QM models (�EQM) and the free energies of
interaction (�Gint) between the quantum-mechanical
models and the environment obtained from free energy
perturbation calculations (see Eq. (1)). The calculated

Table 1. Energy terms and binding free energiesa (kcal/
mol) of �-CT/lactam enantiomers (+)- and (−)-1a and (+)-
and (−)-1b

(2S,3S)-1a (2R,3S)-1b (2S,3R)-1b(2R,3R)-1a

−10.0±0.1−9.5±0.1 −11.2±0.1−10.1±0.1�G int
vdW

−71.5±0.1 −72.2±0.1�G intl
ele −71.5±0.2 −70.7±0.2

�GMM −83.4−81.5−81.6 −80.2
−2.6±0.0 −2.4±0.0 −2.4±0.0 −2.5±0.0�G sol

np

79.5±0.2 78.2±0.2�G sol
ele 80.5±0.181.1±0.1

78.7±0.1 78.0±0.175.8±0.2�Gsol 76.9±0.2
�G tot

ele 5.4 5.87.25.1
−4.7 −5.4−2.8−4.4�Gbind

a T�S not included (see text).
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gas-phase energies (�EQM) of the QM models involving
the four different enantiomers of the lactams 1a and 1b
are reported in Table 2.

As we can see from this Table, the values for �EQM are
close to each other for all four QM models. Accord-
ingly, the values of the interaction energies �Gint are to
be responsible for the different �Gtot values and, hence,
for the different enantioselectivity of �-CT towards
these compounds. The corresponding, calculated values
of �Gint and �Gtot [=�EQM+�Gint, Eq. (1)] are reported
in Table 3, from which we readily see that the forma-
tion of the acyl–enzyme intermediate has approximately
the same free activation energy in the case of the two
cis-enantiomers 1a (��Gtot=�Gtot (�-CT/(2R,3R)-1a)−
�Gtot (�-CT/((2S,3S)-1a)=−0.3 kcal/mol) whereas, for
the alternative couple of lactams 1b, the global free
energy change is significantly lower in the �-CT/
(2S,3R)-1b complex than in the �-CT/(2R,3S)-1b
assembly (��Gtot [�-CT/(2R,3S)-1b−�-CT/((2S,3R)-
1b]=+ 3.9 kcal/mol).

Resorting to the thermodynamic integration (TI)
method allowed us to decompose the total values of the
interaction energies �Gint into components involving
different parts of the system. As anticipated in the
Methods section, in this work we considered the contri-
bution to �Gint from the enzyme, substrate (i.e. all
atoms of the lactam enantiomers not included in the
QM model), lactam, link atoms and all water
molecules. All these values are reported in Table 4.

The peptide residues of the enzyme exert a stabilizing
contribution to �Gint (MMC�TET) in excess of 2.1
kcal/mol in the case of the �-CT/(2S,3R)-1b system
with respect to its alternative enantiomer, whereas, for
the cis-couple, the difference in contribution due to the
protein aminoacids is confined to 0.5 kcal/mol. The
contributions brought about by the substrate and link
atoms are all unfavorable (see Table 4). In particular,
the substrate component is 1.9 kcal/mol less favorable
for �-CT/(2R,3S)-1b than for the corresponding, alter-
native �-CT/(2S,3R)-1b.

Interestingly, water lowers the activation free energy of
ester bond cleavage in all cases. This can be ascribed to
the fact that water molecules have almost the same
access to the active site, independent of the relative
position of the aliphatic chain substituent of the lactam
ring within the �-chymotrypsin hydrophobic binding
site hc. Further to this, the atoms of the lactam belong-
ing to the QM model have an unfavorable, average
contribution of 9.5 kcal/mol to the MMC�TET reac-
tion for all four diastereomers. Summarizing the infor-
mation reported in Table 4, whilst the �Gint

components of �-CT, substrate, link atoms, water and
lactam are equivalent in the case of the cis-stereoiso-
mers 1a, for the alternative pair of compounds 1b they
all contribute to increase the total free energy change
�Gtot for the MMC�TET reaction in the case of the
�-CT/(2R,3S)-1b complex by 3.9 kcal/mol with respect
to the corresponding, alternative �-CT/(2S,3R)-1b
assembly (see Table 3).

3.3. MD average structures of TET and AEC
intermadiates

As mentioned above, molecular dynamics simulations
of the tetrahedral intermediates of �-chymotrypsin with
both couples of enantiomeric lactams (TET-1a and
TET-1b) were performed to determine how the reacting
groups involved (i.e. the N�H bond of the protonated
His 57 and hydrolyzing O�CH3 bond) are oriented (see
Fig. 6a). As illustrated in Figure 3, in ester hydrolysis
reactions catalyzed by �-chymotrypsin, the tetrahedral
intermediate forms an acyl–enzyme intermediate by

Table 4. Components of the interaction free energy �Gint

(kcal/mol) for MMC-1�TET-1 model systemsa

(2R,3R)-1a (2S,3S)-1a (2R,3S)-1b (2S,3R)-1b

−52.3 −52.8 −53.0 −55.1Enzyme
8.3 8.4Substrateb 8.5 6.6

Link 5.35.35.1 5.2
atomsc

Water −3.3 −4.0−3.9 −3.7
9.4Lactam 9.6 9.4 9.7

a MMC=Michaelis–Menten complex; TET=tetrahedral intermedi-
ate.

b Atoms of the lactam substrate not included in the QM model,
excluding link atoms.

c Atoms connecting the reacting center atoms of the lactam and the
protein to the remaining atoms, not included in the QM model.

Table 2. Calculated gas-phase energies �EQM (kcal/mol)
for MMC-1�TET-1 model systemsa obtained from ab ini-
tio calculations

MMC�TET �EQM

55.3(2R,3R)-1a
(2S,3S)-1a 55.0
(2R,3S)-1b 55.2
(2S,3R)-1b 54.8

a MMC=Michaelis–Menten complex; TET=tetrahedral intermedi-
ate.

Table 3. Interaction free energies �Gint (kcal/mol) and
total free energy difference �Gtot (kcal/mol) for MMC-1�
TET-1 model systemsa

�Gint
b �Gtot

c

Forward Reverse Average

−33.9(2R,3R)-1a −32.8 −33.4 21.9
−33.3 −32.2(2S,3S)-1a −32.8 22.2
−34.2(2R,3S)-1b −33.4 −33.8 21.4
−37.0 −37.6 −37.3(2S,3R)-1b 17.5

a MMC=Michaelis–Menten complex; TET=tetrahedral intermedi-
ate.

b The values from forward and reverse runs, and the corresponding
averages are reported.

c Calculated from Eq. (1), using average values of �Gint, and the
�EQM values reported in Table 2.
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Figure 6. Definition of the geometrical parameters for the (a,
left) �-CT/1 tetrahedral intermediates and (b, right) �-CT/1
acyl–enzyme intermediates.

distance H�O (2.69 A� ), and average N�H�O (156.9°)
and C�O�H (107.9°) angles relative to the TET(�-CT/
(2S,3R)-1b) complex are globally more favorable for
the reaction than for the TET(�-CT/(2R,3S)-1b)
assembly.

Finally, the dynamics simulations on the AEC(�-CT/
(+)- and (−)-1a) and AEC(�-CT/(+)- and (−)-1b) acyl–
enzyme intermediates were conducted to explore the
relative orientation of the newly formed methanol
molecule and the carbonyl moiety of the AEC ester
group (see Fig. 6b). In this respect, we can once again
safely assume that the eventual reformation of the ester
bond and the corresponding Michaelis–Menten com-
plex can easily occur if one of the oxygen lone pairs of
CH3OH is in a suitable distance (d O�C distance, see
Fig. 6b) with the C�O group of the AEC, and if the
direction by which it approaches the carbon atom is
along perpendicular to the plane generated by the C�O
group itself (i.e. a O�C�O, see Fig. 6b). As further
requirements, (i) the leaving hydrogen of the OH group
in methanol should be in close proximity to the NE2 of
His 57, which will be acting as a base during the
reformation reaction (quantified by the d H�N distance,
see Fig. 6b), and (ii), the same O�H bond should be
directed towards the NE2 of the catalytic His 57, i.e.
the angle O�H�N should approach the ideal value of
180°.

Table 6 lists the values of the geometrical parameters
described above obtained from the MD trajectories of

proton transfer from the protonated His 57 to the
oxygen of the scissile ester bond. We can sensibly
assume that such H-transfer is rather fast if the
involved H atom is close to the oxygen of the O�CH3

hydrolizing group (d H�O distance, Fig. 6a) and also if
the N�H bond of protonated His 57 is directed towards
the same O atom; that is the (His57)N�H�O(CH3)
angle is proximate to the optimum value of 180°.
Moreover, the direction along which the transferring
proton approaches the hydrolyzing OCH3 group should
be suitable for reaction; in other words, the angle
C�O�H (see Fig. 6a) should be close to 120°.

Table 5 reports the results obtained from the geometri-
cal analysis conducted over the relevant MD trajecto-
ries. An inspection of this Table reveals that, for both
cis-lactams (+)- and (−)-1a, all parameters assume simi-
lar values compatible with ester bond cleavage. In the
case of the trans-lactams (+)- and (−)-1b, the average

Table 6. Valuesa of the geometrical parametersb for active-
site groups obtained from MD simulations of the four
acyl–enzyme intermediates of AEC(�-CT/1a) and AEC(�-
CT/1b) complexes

Maximum Minimum Average ASDc

�-CT/(2R,3R)-1a
6.81 3.69d O�C 4.87 0.43

d H�N 7.64 3.44 5.21 0.75
110.8 60.8 86.3 7.4a O�C�O
144.2 37.5a O�H�N 76.1 19.5

�-CT/(2S,3S)-1a
d O�C 6.72 4.813.71 0.41
d H�N 0.815.303.377.88

112.0 58.9a O�C�O 88.2 7.1
145.2 30.6a O�H�N 77.7 21.0

�-CT/(2R,3S)-1b
3.86 2.69d O�C 3.08 0.32

0.622.871.99d H�N 4.36
111.8 55.3a O�C�O 86.8 7.3
177.3 96.3 159.7 18.2a O�H�N

�-CT/(2S,3R)-1b
0.406.44 3.81 4.96d O�C

7.23 3.41 0.585.33d H�N
a O�C�O 111.9 62.3 84.1 7.1
a O�H�N 36.2 76.9 17.9144.8

a Distances (d) are expressed in A� and angles (a) in degrees.
b Refer to Figure 6b and text for the definitions.
c ASD=average standard deviation.

Table 5. Valuesa of the geometrical parametersb for active-
site groups obtained from MD simulations of the four
tetrahedral intermediates of TET(�-CT/1a) and TET(�-
CT/1b) complexes

Maximum Minimum Average ASDc

�-CT/(2R,3R)-1a
2.83 0.35d H�O 2.004.20

9.4148.3107.2a N�H�O 179.3
105.9 7.0132.2a C�O�H 85.8

�-CT/(2S,3S)-1a
0.332.802.01d H�O 4.15

10.3a N�H�O 177.9 105.6 147.9
135.1 88.2a C�O�H 106.4 6.8

�-CT/(2R,3S)-1b
4.03 1.95d H�O 0.312.77

9.90180.5a N�H�O 154.6104.9
a C�O�H 130.3 89.1 106.3 7.2

�-CT/(2S,3R)-1b
d H�O 0.304.00 2.691.96

156.9 9.3a N�H�O 180.8 109.3
a C�O�H 133.1 83.2 107.9 8.6

a Distances (d) are expressed in A� and angles (a) in degrees.
b Refer to Figure 6a and text for the definitions.
c ASD=average standard deviation.
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the corresponding four AEC(�-CT/1a) and AEC(�-CT/
1b) acyl–enzyme intermediates. In accordance with the
results obtained for the TET intermediates, the values
of the geometrical parameters for the AEC complexes
formed by the cis-enantiomers (+)- and (−)-1a are
similar and, in both cases, the general balance is unfa-
vorable to a reverse reaction (see Table 6). On the
contrary, in the case of the trans-1b couple of lactams,
two opposite situations are revealed by an inspection of
the geometrical parameters reported in Table 6. Indeed,
these values show that, in the case of the AEC(�-CT/
(2S,3R)-1b), the carbonyl moiety of the acyl group and
the nitrogen NE2 of His 57 are both quite far apart
from the newly formed methanol molecule (4.96 A� and
5.33 A� , respectively), and hence in an unsuitable posi-
tion to favor backward reaction. In the alternative
AEC(�-CT/(2R,3S)-1b) assembly, the oxygen atom of
CH3OH remains, for the vast majority of time, at
approximately 3 A� from the carbon atom of the C�O
group and within 30° from the ideal value of 90° of the
attack angle (see Table 6).

Moreover, both the distance involving His 57 NE2 and
the hydrogen atom of the alcoholic moiety (d H�N, see
Fig. 6b) and the relevant angle formed by the same two
atoms and the methanolic oxygen (a O�H�N, see Fig.
6b) are suitable to backward reaction, being equal, on
average, to 2.87 A� and 160°, respectively (see Table 6).
Accordingly, the relative orientation of the acyl inter-
mediate and the leaving methanol molecule are appro-
priate for reformation of the broken bond.

4. Conclusions

The interaction of two enantiomeric couples of methyl
5-oxo-2-pentylpirrolidine-3-carboxylates, namely the
cis-(+)- and (−)-1a and trans-(+)- and (−)-1b, with the
�-chymotrypsin active site has been simulated using a
fine-tuned automated docking procedure, subsequently
refined by quenched molecular dynamics. By applying a
combination of molecular mechanics energy derived
from MD simulations in explicit solvent, and solvation
free energy derived from a continuum solvation model,
we have calculated reasonable absolute free energies of
binding for all �-CT/enantiomer complex formations.

In general, the energetic analyses reveal that the van der
Waals interactions and the nonpolar contributions to
solvation always provide the basis for the favorable
absolute free energy of binding. On the other hand, a
delicate balance also exists between the always favor-
able gas-phase electrostatics term and the unfavorable
change in electrostatic contribution to the solvation.
Indeed, by counteracting the favorable electrostatic
interactions that form between the lactam and the
protein binding site, the desolvation of the protein
residues plays an important role in determining the
effect of the electrostatics, as a whole, on the formation
of any �-CT/lactam enantiomer complexes.

Furthermore, we have presented the results obtained by
the application of the quantum mechanical/free energy

perturbation method (QM/FE), coupled with free
energy component analysis, aimed at investigating the
roles played by different parts of the catalytic site in the
experimentally observed enantioselective power of �-
chymotrypsin towards the �,�-disubstituted-�-lactamic
esters (±)-1a and (±)-1b.68 These computational proce-
dures yield insight into the major factors affecting the
enantioselectivity of ester bond hydrolysis by �-
chymotrypsin.

According to the resulting evidence, we speculated that
the enantioselectivity in the hydrolysis of �-CT towards
the (2R,3S)-1b and (2S,3R)-1b compounds may arise
also from the fact that, in the case of the �-CT/(2R,3S)-
1b assembly, the ester bond, once cleaved, is much
more likely to re-ligate to form the intact lactam ester
rather than form the acyl–enzyme and have the newly
formed methyl alcohol molecule diffuse away. We sup-
ported this speculation by means of molecular dynamic
simulations of the tetrahedral intermediate of both
couples of enantiomeric lactams 1a and 1b, and simula-
tions of the cleaved lactam ester attached to �-chy-
motrypsin. These simulations showed that, through
much of the 500 ps trajectory, the -OH end of methanol
is in an excellent position to attack the acyl C�O and
regenerate the ester bond in the case of the (2R,2S)-1b
derivative. In contrast to this, for the alternative enan-
tiomer (2S,3R)-1b, and for both the enantiomers of
cis-1a, the alcoholic moiety of the corresponding
cleaved lactamic ester substrate moved away from the
vicinity of the acyl C�O group, favoring hydrolysis of
the acyl–enzyme intermediate.

The application of free energy component analysis to
the enantioselective hydrolysis of the �,�-disubstituted-
�-lactamic esters (±)-1a and (±)-1b further suggested
that, whilst the amino acid residues of the enzyme,
substrate and link atoms, which are structural groups
common to all �-CT/lactam complexes, afforded a sim-
ilar contribution in the case of the cis-stereoisomers 1a,
they all increase the free energy of forming the transi-
tion state in the �-CT/(2R,3S)-1b reaction by 3.9 kcal/
mol compared to this process in �-CT/(2S,3R)-1b
alternative assembly. Although we must note that free
energy components are sensitive to the pathway chosen
in the corresponding free energy calculations and,
therefore, care should be taken to interpret their values,
we consider that, if properly used, free energy analysis
is a valuable computational tool, which gives useful
physical information on the system studied.
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