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Abstract. The catalyzed reaction of (R,S)-1-phenylethanol and S-ethyl thio-octanoate
by lipase B from Candida antarctica is studied using density functional theory. Quantum
mechanics cluster approach is used to model the enzyme's active site. The results show
that the catalytic triad amino acids of the enzyme do not abstract the alcoholic proton
of 1-phenylethanol before a nucleophilic attack from the alcohol to the ester. A two-
step mechanism is proposed for the reaction of R-enantiomer of the alcohol with the ester.
However, the results show no path for the S-enantiomer. We showed that enantioselectivity
of the enzyme is due to di�erent hydrogen-bonding patterns of the two enantiomers of the
alcohol in the enzyme's active site. The OH group of R-enantiomer is directed toward
Ser-105, while the OH group of S-enantiomer is far from Ser-105 and is directed toward
Thr-40.
© 2015 Sharif University of Technology. All rights reserved.

1. Introduction

Enzymes are macromolecules which play a vital role
in catalyzing chemical reactions inside living cells. The
rate of most biochemical reactions would be very slower
than the required rate for proceeding life processes.
They are biocatalysts which support almost all kinds
of chemical reactions. Enzymes have special character-
istics such as stereoselectivity and enantioselectivity.
These unique properties make them an important
subject for experimental and theoretical studies.

Lipases are a big family of enzymes which catalyze
the breakdown or hydrolysis of fats. They are a
subclass of esterases and perform essential roles in
digestion, transportation, and processing of dietary
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lipids in most living organisms. In addition, lipases are
of general interest within many industrial applications.
They are used within the industries, e.g. detergents,
oil and fats, baking, organic synthesis, hard surface
cleaning, leather industry, and paper industry [1-5].

Many lipases contain one or more �-helixes, which
form a lid. These lipases are usually inactive when
this lid covers the active site. When a lipase ap-
proaches a hydrophobic surface, the lid uncovers the
active site, exposing it to the substrate and making
it active [6,7]. Lipases are usually active not only
at a water/hydrophobic interface but also in organic
solvents [8]. They are surprisingly exible biocatalysts
for the acylation or deacylation of a wide range of
unnatural substrates.

Lipase B from Candida antarctica (CalB) is one of
the most widely used biocatalysts in industry [3]. CalB
has a molecular mass of 33 kDa and a pI of 6.0. The
structure of CalB has been resolved by X-ray di�rac-
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tion [9,10]. The polypeptide chain of CalB consists of
317 amino acids, which fold into an �=�-hydrolase fold.
Like other lipases, CalB is a serine hydrolase, and the
active site contains a Ser-His-Asp catalytic triad. It
is known that lipases function by the arrangement of
catalytic triad residues in the active site. The e�ect of
this arrangement of the residues is presumably to make
the serine oxygen su�ciently nucleophilic in catalytic
reactions [11-13]. The Asp residue of catalytic triad is
important in catalytic activity of lipases. Theoretical
studies of Brinck et al. on Serine Hydrolases revealed
that removal of Asp raises the activation barrier of
the ester hydrolysis reactions about 10.0 kcal/mol [13].
Experimental observations showed that replacing Asp
by a neutral one increases the activation barrier by
about 6 kcal/mol [14-16]. Furthermore, CalB has a
limited amount of space available in the active-site
pocket and thus exhibits a high degree of selectivity.
Like other lipases, CalB shows a high degree of chemos-
electivity, regioselectivity, and enantioselectivity. For
example it shows 105 times higher selectivity for al-
cohols than for thiols in transacylation reactions [17].
It is regioselctive in reactions of rutin, isoquercitrin,
and quercetinacetylation [11]. CalB enantioselctivly
catalyzes the transesteri�cation reactions of racemic
1-phenylethanol (1-PE) and S-Ethyl Thiooctanoate
(SET) into 1-phenylethyl octanoate (Scheme 1). This
transesteri�cation reaction (the subject of this work)
strongly favors the R-enantiomer of alcohol with an
observed enantiomeric ratio greater than 200 [18].

A better understanding of the molecular founda-
tions for the increase rate achieved by enzymes will
allow us to design better catalysts for the selective
enhancement of chemical transformations and to design
stronger and more selective inhibitors. Scheme 1 shows
the reactions of 1-PE and SET catalyzed by CalB.
As shown in the scheme, CalB only catalyzes the
reaction of R-enantiomer of 1-PE with SET. Our goal

Scheme 1. Schematic view of 1-PE and SET reactions
catalyzed by CalB.

with this study is to increase understanding of the
mechanistic aspect and enantioselectivity of CalB using
DFT approaches.

Enzymes are huge molecules and it is impossible
to treat a whole enzyme by Quantum Mechanics (QM).
The molecular mechanics method is an alternative to
treat the whole enzyme. However, this method is
not appropriate to study enzymatic reactions where
bonds are broken or formed. Therefore, to study the
enzymatic reactions through QM methods, we have to
use a model of the enzyme. The QM cluster method has
been extensively used to study the catalytic mechanism
and structure of enzymes [19-30]. In the QM cluster
approach, a number of groups are cut out from the
active site of enzyme as a model of the whole protein.
It reduces the number of atoms of the protein to 50-
200, which makes it possible to treat by QM or DFT
methods. In order to avoid the possible signi�cant
changes in the starting crystal structure of model dur-
ing geometry optimization, some atoms are kept �xed
at their crystal-structure positions. In addition, the
surrounding protein can provide long-range polariza-
tion that can a�ect the computed energies. To account
for this e�ect, polarizable continuum techniques are
usually used. These assume that the surrounding is
a homogenous polarizable medium with some assumed
dielectric constant. The choice of this constant is
somewhat arbitrary, but "=4 is usually considered to
be a good representation of surrounding protein [31-
37]. In this work, we use the crystal approach to model
CalB and study its enantioselectivity and catalytic
mechanism in transesteri�cation reactions.

2. Active site models and computational
methods

2.1. Active site models
To study the catalytic mechanism and enantioselec-
tivity of CalB, two models of its active site were
constructed based on the crystal structure of native
enzyme (Protein Data Bank entry 1LBS) [10]. The
�rst model (M1) consists of the catalytic triad amino
acids (Asp-187, His-224 and Ser-105) and one more
residue (Thr-40). The second model (M2) is bigger
than M1 and consists of the amino acids of M1
and two additional residues, Gly-39 and Trp-104, as
well. The amino acid residues were truncated so that
only the functional groups were kept in the models
(see Figure 1 for details). Following the preceding
discussion in introduction, Asp-187 was modeled in its
ionized form. The R and the S enantiomers of 1-PE
were constructed manually, and then each enantiomer
was inserted independently into the active site, next to
the catalytic triad amino acids in the models. SET
was modeled as S-ethyl thiobutanote by modifying the
inhibitor molecule (n-hexylphosphonate ethyl ester) in
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Figure 1. The optimized structures of the constructed models of the active site with the substrates (a) M1 and (b) M2.
The models are shown with the R-enantiomer of 1-PE. The �xed atoms are marked with asterisks. The amino acid
residues are shown with tubes and the heteroatoms are shown with balls.

the crystal structure. To modify the inhibitor, we
replaced the phosphor and O2P atoms (the atom names
are according to their corresponding names in the PDB
entry) by a carbon and a sulfur atom, respectively,
and removed the propyl group from the terminal of the
acyl chain (n-hexyl group) of inhibitor. The model of
SET was inserted into the same place of the inhibitor,
next to Thr-40. Hydrogen atoms were added manually.
The total numbers of atoms are 76 and 99 in M1 and
M2, respectively, and the overall charge of models is
�1 because of the deprotonated Asp-187. To maintain
the overall structure of active site, the carbon atoms,
bound to the truncated H atoms of the active site
amino acids, were �xed at their corresponding positions
in the crystal structure during geometry optimizations.
Figure 1 shows the optimized structures of the models
with the substrates; the �xed atoms are marked with
asterisks.

Thus, we have studied the reaction mechanism
and enantioselectivity of CalB using the active-site
models and with either the S- or the R-enantiomer
of 1-PE and the model of SET, as well. These
models result four di�erent states in the calculations.
The reactants of these states are denoted as M1R-R,
M1S-R, M2R-R, and M2S-R; M1R-R and M1S-
R denote the reactant states in M1 with the R- or
the S-enantiomer of 1-PE and the model of SET,
respectively. M2R-R and M2S-R denote the reactant
states in M2 with the R- or the S-enantiomer of 1-PE
and the model of SET, respectively (Figure 1).

2.2. Computational methods
All calculations were performed using the density
functional B3LYP [38] implemented in Gaussian 03 [39]
program. Geometrical structures of the stationary

points along the reaction path were optimized using
6-31+G(d) basis set. More accurate energies were
then calculated from single-point calculations on the
optimized structures using the 6-311++G(2d,2p) larger
basis set.

The Polarized Continuum Model (PCM) is an
implicit solvation model which models the solvent
as a polarizable continuum, rather than individual
molecules. Two types of PCMs have been popularly
used: Dielectric PCM which deals with the contin-
uum as a polarizable dielectric, and Conductor-like
PCM (CPCM) which deals with the continuum as a
conductor-like picture. Indeed, there is no individual
solvent molecule in the model to interact with the
reactants directly. To consider the surrounding protein,
solvation e�ects were evaluated at the same level of
theory of the geometry optimizations using CPCM
solvation model [40,41]. We used a number of dielectric
constants ("=1, 2, 3, 4, 6, 8, 10, 20, 30, 40, 50, 60,
70, and 80) to calculate the protein medium-e�ect-
convergence by increasing the size of the model.

Frequencies of the stationary states on the poten-
tial energy surfaces were calculated to obtain zero point
energies. The frequency calculations were performed at
the same level of theory of the geometry optimizations.
The transition states were obtained by scanning a
given distance along the reaction path as well as the
structures with the highest energy along the path.

The energies discussed herein include zero-point
energy and solvation energy e�ects.

3. Result and discussion

To propose a mechanism and to investigate enantios-
electivity of the studied reaction, we have to examine
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Scheme 2. Atom naming we used herein. The atom names are represented inside parentheses next to the corresponding
atom.

possible paths for the reaction. We now discuss the
studied paths for both R- and S-enantiomers of the
alcohol with SET, catalyzed by CalB.

3.1. Abstraction of the alcoholic proton of
1-PE by Ser-105

We �rst consider abstraction of the alcoholic proton
of 1-PE (Ha) by OG of Ser-105 (Ose). (The atom
names we use herein are represented in Scheme 2.)
We expect the abstraction of this proton to make 1-
PE more nucleophilic than the natural alcohol. Then,
the deprotonated alcohol would attack the electrophilic
site of SET (carbonyl carbon) more conveniently. We
transferred Ha in �ve steps, each step by shortening the
Ha-Ose distance by 0.2�A. After transferring Ha to the
serine residue, the hydrogen on OG of Ser-105 (Hse)
transferred to NE2 of His-224 (NEhi), and the hydro-
gen on ND1 of the histidine (Hhi) transferred to OD1
of Asp-187 (Oas), concertedly. However, we could not
�nd this path - the energy only increased and even after
releasing the bond constraint between Ha and Ose, Ha
transferred back to the alcohol. This phenomenon has
happened for both R- and S-enantiomers and in both
models of the enzyme. Figure 2 shows the selected
structures for this path. When the bond constraint
(Ha-Ose) is 1.2�A, Hse has transferred toward His-224
and Hhi has transferred toward Asp-187 (Figure 2(a)).
When the bond constraint is 1.0�A, the alcoholic proton
is on Ser-105, Hse is on the histidine, and Hhi is on the
aspartic acid (Figure 2(b)). The optimized structure
after releasing the bond constraint (Figure 2(c)) is like
that in the starting point (Figure 1(a)). Therefore, we
can disregard this path.

3.2. Transferring Hse to NEhi
Next, we considered another path, transferring Hse
to NEhi. This proton transferring will make Ose

a stronger base than a protonated alcoholic oxygen.
Then, Ose can abstract the alcoholic proton of 1-PE
easier than the protonated Ose. After transferring
Hse to NEhi, Hhi moves to Oas and 1-PE moves
toward Ose, concertedly. However, the energy only
increases and even after releasing the bond constraint
(Hse-NEhi), everything returns to the starting point,
like the previous case (transferring Ha to Ose). This
phenomenon has happened for both enantiomers of
1-PE in both models of the active site. Therefore,
we considered a direct path, transferring the alcohol
toward the thioester.

3.3. Transferring the alcohol toward the ester
The paths of transferring Ha to Ser-105 and Hse
to His-224 have not been found. In other words,
the catalytic triad amino acids cannot abstract and
hold the alcoholic proton, at least before nucleophilic
attack of the alcohol to the ester. After rejecting the
mentioned two paths, the reasonable way to perform
the reaction is moving the substrates directly toward
each other. We studied this path by transferring the
alcohol toward the ester. The bond constraint was
between Oa and Cc. We now discuss the obtained
results for this path.

3.3.1. Reaction of the R-enantiomer and the thioester
The reactant states of R-enantiomer in M1 (M1R-R)
and M2 (M2R-R) models are shown in Figure 1(a)
and (b), respectively. The Oa-Cc distances are 4.12
and 4.11�A in M1R-R and M2R-R, respectively. The
results show that at the structures with maximum
energy (M1R-TS for M1 and M2R-TS for M2),
the Cc-S distance has elongated from 1.80 to 2.06
and 1.96�A with respect to M1R-R and M2R-R,
respectively. Shortening Oa-Cc and elongating Cc-S
in M1R-TS and M2R-TS with respect to M1R-
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Figure 2. Selected structures in transferring the alcoholic proton of the R-enantiomer of 1-PE to OG of Ser-105: (a)
When Ha-Ose distance is 1.2�A; (b) when Ha-Ose distance is 1.0�A; and (c) the �nal sate after releasing the bond constraint.

R and M2R-R show the true reaction path. In
the reaction path, by making the alcohol approach
the thioester, a new ester is formed (1-phenylethyl
octanoate) and the ethyl sul�de group leaves the
thioester. The optimized structures along the reaction
path show that by transferring the alcohol toward
the thioester, Ser-105 abstracts the alcoholic proton
of 1-PE, the serine's proton moves to NEhi, and
Hhi moves to Oas. These four steps has happed
concertedly. On the other hand, the catalytic triad
amino acids gradually increase nucleophility of the
alcoholic oxygen of 1-PE as the reaction proceeds (as
the alcohol goes toward the thioester). In the product
(M1R-P for M1 and M2R-P for M2), the new ester
has formed and the ethyl sul�de group has drifted
away from the carbonyl group (Cc-S distances are
4.35 and 5.10�Ain M1R-P and M2R-P, respectively).
Figure 3 shows the optimized structures of M1R-TS
and M1R-P. The drifted away ethyl sul�de group
can abstract a proton from the protein medium to
complete its valance. The same thing has happened
in the R-enantiomer reaction in M2. In conclusion,

we can suggest a two-step mechanism for the CalB
catalyzed reaction of 1-PE and SET. The reaction
starts by a concerted step (transferring the alcohol
toward the thioester, abstracting the alcoholic proton
by the catalytic triad amino acids, and drifting the
ethyl sul�de group away from the thioester). After
this concerted step, the new ester is formed and the
ethyl sul�de group can abstract a proton from the
protein medium. Then, the products can leave the
active site. The selected distances for the stationary
structures of R-enantiomer reaction and their standard
deviations in the three Stationary Structures (SD) are
shown in Table 1. The SDs of three distances (Ha-
Oa, Oa-Cc, and Cc-S) are bigger than 1.0. These
bigger SDs represent a signi�cant change in the cor-
responding distances during the reaction. In other
words, these three distances su�er the main changes
in the reaction path due to the signi�cant participa-
tion of them in the reaction mechanism. Scheme 3
shows our proposed mechanism for the reaction of R-
enantiomer of the alcohol with the thioester, catalyzed
by CalB.
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Figure 3. The structure of (a) M1R-TS, and (b) M1R-P.

Scheme 3. The proposed mechanism for the reaction of R-enantiomer of the alcohol and the thioester.

Table 1. The selected distances of the stationary structures of the R-enantiomer reaction and their standard deviations in
the three stationary structures. SDs bigger than 1.0 are shown in bold face.

M1R-R M1R-TS M1R-P SD M2R-R M2R-TS M2R-P SD

Ha-Oa 0.99 1.09 2.89 1.07 0.99 1.03 3.13 1.22

Ha-Ose 1.82 1.44 0.99 0.42 1.83 1.60 0.99 0.43

Hse-Ose 1.00 1.03 1.79 0.45 0.99 1.00 1.76 0.44

Hse-NEhi 1.77 1.66 1.03 0.40 1.84 1.77 1.04 0.44

Hhi-NDhi 1.07 1.08 1.65 0.33 1.08 1.09 1.67 0.34

Hhi-Oas 1.59 1.57 1.03 0.32 1.55 1.53 1.02 0.30

Oa-Cc 4.12 1.40 1.34 1.59 4.11 1.51 1.35 1.55

Cc-Oc 1.22 1.28 1.24 0.03 1.22 1.28 1.23 0.03

Cc-S 1.80 2.06 4.35 1.4 1.80 1.96 5.10 1.86

Htr-NEhi { { { { 1.96 2.02 2.82 0.48

HOth-Oth 0.98 0.98 0.97 0.01 0.98 0.99 1.02 0.02

Hth-Oc { { { { 4.85 3.28 4.71 0.87

Hth-Oth { { { { 2.37 2.38 2.28 0.06
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3.3.2. Reaction of the S-enantiomer of the alcohol
and the thioester

To study the S-enantiomer reaction, we performed
the same distance (Oa-Cc) scanning as for the R-
enantiomer. However, we could not �nd any path for
the S-enantiomer { the energy only increased and even
after releasing the bond constraint between Oa and Cc,
the alcohol moved back to the reactant state. In con-
clusion, we can discard all paths for the S-enantiomer.
In other words, CalB cannot catalyze the S-enantiomer
reaction, in line with the experimental observation [18].
This result can be explained by a series of geometrical
di�erences between the optimized structures of R-
and S-enantiomers in the active site. In M1R-R
and M2R-R, the alcoholic group of 1-PE is directed
toward Ose (the Ha-Ose distance is 1:82�A). In other
words, there is a strong hydrogen bond between the R-
enantiomer and Ser-105. However, the alcoholic group
in the reactant state of S-enantiomer (M1S-R and
M2S-R) is directed toward Thr-40 (see Figure 4 for
an optimized structure of M1S-R) and is far from
Ser-105 (the Ha-Ose distances are 5.52 and 5.00�A in
M1S-R and M2S-R, respectively). The side chains
of Thr-40 and Ser-105 are alcoholic functional groups.
However, Thr-40 is not basic enough to abstract the
alcoholic proton of 1-PE. While, the histidine and the
aspartic acid residues of the catalytic triad help Ser-105
to abstract the alcoholic proton of 1-PE more easily.
In a molecular dynamic study, Hae�ner et al. [42]
showed that the R- and S-enantiomers of larger and
bulky alcohol substrates (3-methyl-2-butanol, and 3,3-
dimethyl-2-butanol) have di�erent hydrogen-bonding
patterns in the active site of CalB. Only the hydrogen
bond between the alcoholic oxygen of the substrates
and the backbone of Thr-40 can be formed in two of
10 structures of S enantiomer of 3-methyl-2-butanol.
However, this hydrogen bond cannot be formed in
any of the R-enantiomers. In another molecular

Figure 4. The optimized structure of the S-enantiomer of
1-PE and SET in M1.

mechanics study, Jones et al. [10] showed that in the
R-enantiomer, the methyl group of 1-PE �ts nicely
into a small pocket in the active site. However, in
the S-enantiomer, the methyl group is pointed toward
the main chain atoms of Gly-39 and Thr-40. These
make many close van der Waals contacts and these
steric clashes make the S-enantiomer interaction highly
unfavorable. However, in our results, the R-enantiomer
reacts favorably because of its convenient hydrogen
bonding with the side chain of Ser-105.

3.4. Comparison between M1 and M2 results
The two additional residues (Gly-39 and Trp-104) in
M2 do not a�ect the reaction mechanism. However,
the two models give energetically di�erent results. The
activation energy of reaction for the R-enantiomer
is 51.3 and 43.8 kcal/mol (dielectric constant=4) in
M1 and M2, respectively. The reaction energy is
positive, and is 9.2 and 7.1 kcal/mol in M1 and M2,
respectively. These energy di�erences could be related
to the di�erence between hydrogen-bonding patterns
in the models, which in turn are related to the two
additional residues of M2. There is a hydrogen bond
between HE1 of Trp-104 (Htr), and NEhi and there is
a hydrogen bond between H (Hth) and OG1 of Thr-
40 (Oth) in M2. Among these hydrogen bonds, only
Hth-Oc has changed signi�cantly from the reactant
to the product (from 1.96 to 2.82�A). Elongation of
this hydrogen bond could be the reason of relative
destabilization of M2R-P with respect to M1R-P
(greater reaction energy of M2 with respect to M1).
On the other hand, the additional two residues in M2
(Gly-39 and Trp-104) do not directly participate in the
reaction, but a�ect the energy pro�le of the reaction,
electrostatically.

3.5. Solvation e�ects on the potential energy
pro�le

The resulting energy pro�les for R-enantiomer in var-
ious dielectric constants for the two models are shown
in Figure 5. In fact, one of the important results
in the last couple of years was that the solvation
e�ects decrease very quickly with the model size.
Systematic studies have shown that when the model
reaches a size of 150-200 atoms, the solvation e�ects are
saturated [22,24,43]. This observation means that at a
certain model size, addition of polarizable continuum
makes no di�erence in relative energies. Figure 5
shows the resulting energy pro�les in various dielectric
constants for the reaction of R-enantiomer. According
to Figure 5, the solvation e�ects are saturated very
quickly by increasing the model size (the e�ects com-
pletely vanished in M2). The energy pro�les in various
dielectric constants are closer to each other in M2. In
conclusion, M2 is big enough to represent the protein
medium electrostatic e�ects.
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Figure 5. The resulting energy pro�les in various
dielectric constants for the reaction of R-enantiomer in (a)
M1 and (b) M2.

4. Conclusion

Our results show that the catalytic triad amino acids
of CalB play the key role in catalyzing the studied
reaction. The amino acids do not abstract the alcoholic
proton of 1-PE before the nucleophilic attack of alcohol
to the ester. The results show that there is no path
for proton abstraction of the alcohol by the active site
of CalB before the catalytic reaction. The reaction of
R-enantiomer of the alcohol and the ester is a direct
reaction. It is a nucleophilic attack of the alcohol
to the carbonyl carbon of the ester. On the other
hand, the catalytic triad amino acids gradually increase
nucleophility of the alcoholic oxygen of 1-PE as the
alcohol goes toward the thioester. In other words,
the catalytic triad amino acids abstract Ha by making
the alcohol approach the thioester. We suggested a
two-step mechanism for the CalB catalyzed reaction of
R-enantiomer of the alcohol and the thioester. The
reaction starts by a concerted step, transferring the
alcohol toward the thioester, abstracting the alcoholic
proton by the catalytic triad amino acids, and drifting
the ethyl sul�de group away from the thioester. Then,
the ester product is formed and the ethyl sul�de
group abstracts a proton from the protein medium.
However, we could not �nd any path for the S-
enantiomer. In conclusion, we can discard all paths
for the S-enantiomer. In other words, CalB cannot
catalyze the S-enantiomer reaction. We proposed that
the enantioselectivity of CalB is due to the di�erent
hydrogen-bonding pattern of the enantiomers of alcohol
in the active site. The alcoholic proton is far from the

catalytic triad amino acids in S-enantiomer. There is
no hydrogen bond between the alcoholic hydrogen of
1-PE and Ser-105.

Both models of the active site have the same
results for the reaction mechanism. The di�erences
are only in their predicted energy. The bigger model
has less activation and bigger reaction energy than the
smaller one. The energy di�erences could be related
to the di�erent hydrogen-bonding pattern between
the two models, which in turn is related to the two
additional residues of M2. The CPCM calculations
showed that the solvation e�ects are saturated very
quickly by increasing the model size. In conclusion,
a model of 99 atoms (M2) is big enough to represent
the protein medium electrostatic e�ects. The two
additional groups in the bigger model do not a�ect
the reaction mechanism. They just slightly change the
energy pro�le or their e�ects are just electrostatic.
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