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ABSTRACT: Enzyme promiscuity attracts the interest of the
industrial and academic sectors because of its application in the
design of biocatalysts. The amidase activity of Candida antarctica
lipase B (CALB) on two different substrates has been studied by
theoretical quantum mechanics/molecular mechanics methods,
supported by experimental kinetic measurements. The aim of the
study is to understand the substrate promiscuity of CALB in this
secondary reaction and the origin of its promiscuous catalytic
activity. The computational results predict activation free
energies in very good agreement with the kinetic data and
confirm that the activity of CALB as an amidase, despite
depending on the features of the amide substrate, is dictated by
the electrostatic effects of the protein. The protein polarizes and activates the substrate as well as stabilizes the transition state,
thus enhancing the rate constant. Our results can provide guides for future designs of biocatalysts based on electrostatic
arguments.
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■ INTRODUCTION

Enzymes have evolved along millions of years to catalyze
specific chemical transformations on specific type of
substrates.1 However, some enzymes conserve secondary
activities other than the primary one, although their catalytic
efficiency is almost always very poor compared to the primary
reaction. This fact is due to the lack of the selective pressure
over the evolution period.2 The presence of these secondary
reactions, known as catalytic promiscuity, can be the starting
point for the evolution of enzymes in vivo,3 which has become
a very interesting field from the industrial and the academic
points of view.4−10 In addition, many enzymes show substrate
promiscuity, which involves the ability to accept a range of
different substrates. Having tools to enhance the rate constant
of a secondary reaction on a particular substrate can be used to
obtain high-value chemicals, which is nowadays of vital
importance.11,12 In addition, understanding the molecular
basis of enzyme promiscuity is crucial for the rational design of
new environmentally friendly catalysts.
It is reported that many lipases show promiscuous behavior,4

and Candida antarctica lipase B (CALB) is one of the best well-
known highly promiscuous enzyme. CALB’s primary activity
comprises the hydrolysis of the ester bond in triacylglycerides
(Figure 1A), but it is also capable of catalyzing a plethora of
different reactions such as the synthesis of esters and amides,
transacylation of alcohols,13 epoxidation reactions,14 aldol
additions, Michael-type additions,4,15 among many others.16

As a carboxylic ester hydrolase, CALB performs its activity
by a characteristic catalytic triad composed of Ser−His−Asp
(Figure 1B). Here, the His224 residue has a very relevant role
in the activity by acting as an acid/base residue during the full
catalytic process. This acid/base character of histidine is
governed by the aspartate residue that modulates its pKa.
Additionally, an oxyanion hole formed by the residues Thr40
and Gln106 is also present in the active site pocket. As
confirmed by computational studies, this oxyanion hole has a
double role: first, it is responsible for orienting the substrate in
the active site, and second, it stabilizes the negative charge
accumulated on the substrate during the hydrolysis.18 The
hydrolysis of ester natural substrates is proposed to be a four-
step reaction18 that involves, in the first step, the attack of the
catalytic serine to the carbonyl carbon of the amide. In the
second step, the release of the leaving group occurs as an effect
of the acid−base character of His224. The products are
released due to the hydrolysis of the acyl−enzyme complex in
the third and the last chemical steps.
Among all of the secondary reactions that CALB is capable

to catalyze, the hydrolysis of the amide bond has special
interest (Figure 1A). This reaction is present ubiquitously in
nature, from the proteolysis to the inhibition of some
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antibiotics by the molecular machinery of pathogens.19 CALB
has been widely studied, rendering a significant amount of
experimental data that is available in the literature.4,5,20−22 In
particular, the hydrolysis of the amide bond catalyzed by
CALB was experimentally studied by Loṕez-Munguiá and co-
workers,23 providing evidence that the enzyme is capable to
hydrolyze the amides of several vanillyl derivatives. Obviously,
the catalytic efficiency of the amidase reaction on these type of
substrates is considerably lower than that of the native ester
hydrolysis. Thus, CALB is an appropriate candidate that can
serve as a good example to understand the origin of
promiscuity in enzymes and to propose mutations that can
enhance the rate constant of secondary reactions. The present
work is focused on the study of the reaction mechanism of the
hydrolysis of the amide bond carried out by CALB on two
different substrates, combining experimental kinetic studies
and theoretical quantum mechanics/molecular mechanics
(QM/MM) methods. The description of the full reaction
mechanism at atomistic level derived from the simulations
sheds light on the substrate promiscuity of CALB in this
secondary reaction, and on the origin of its catalytic activity.
We believed that the obtained results will not only allow
understanding its promiscuity but also exploring the possibility
of using this protein as a scaffold to design new improved and
more efficient biocatalysts.

■ COMPUTATIONAL METHODS
An initial equilibrated system was taken from a previous study
on the primary reaction catalyzed by CALB,18 prepared from
the crystal structure available in the Protein Data bank under
PDB ID 1TCA.17 Further details of the setting up of the
system are reported in the Supporting Information.
The amidase reaction was studied with two different

substrates, benzylbutyramide (1) and N-(4-nitrophenyl)-
butyramide (2). Compound 1 is a derivative of vanillyl with
a short acyl chain of four carbons, which was proposed by

Loṕez-Munguiá and co-workers.23 In 2, the lone pair of the
aniline nitrogen can be delocalized into the aromatic ring,
making it a far weaker base and better leaving group compared
to benzylamine where the nitrogen lone pair cannot delocalize
due to the presence of an additional sp3 carbon that, a priori,
can increase the positive charge character on the anilide C1
compared to benzylamide. After equilibration of the systems by
classical molecular dynamics (MD) simulations, the full system
was partitioned into a QM and a MM region (see Figure 2).
AM124 and M06-2X25 Hamiltonians were selected to describe
the QM region, while the OPLS-AA force field26,27 was used to
describe the residues of the protein (4625 atoms) and TIP3P28

was the force field selected to describe the water molecules

Figure 1. (A) General scheme of the primary and secondary reactions, ester and amide hydrolysis, catalyzed by CALB. (B) Crystal structure of
CALB (PDB ID 1TCA)17 together with the detail of the active site indicating the key residues.

Figure 2. Schematic representation of the active site of CALB with
substrate 2. The QM region is represented as a shaded region. Black
dots represent link atoms between QM and MM regions. The
interaction between 2 and the oxyanion hole (Thr40 and Gln106) is
shown as dashed lines.
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(60 014 atoms). The standard 6-31+G(d,p) basis set was
employed when the density functional theory (DFT)
Hamiltonian was used to describe the QM subset of atoms.
Hydrogen link atoms were placed in the QM−MM frontier
bonds, as depicted in Figure 2.
QM/MM free energy surfaces (FESs) were obtained, in

terms of two-dimensional potentials of mean force (2D-
PMF),29−31 for every step of the reaction using the umbrella
sampling approach29,32 combined with the weighted histogram
analysis method (WHAM)33 with the fDYNAMO library.34 To
correct the possible source of error derived from the low level
of theory used to describe the QM region during the MD
simulations, in this case, the AM1 semiempirical Hamiltonian,
spline under tension corrections were used, based on the
original work of Truhlar and co-workers.35−37 As described in
previous papers,38,39 a correction term is interpolated to any
value along the reaction coordinates in the FES based on
multiple structures derived from the AM1/MM simulations. A
continuous energy function is used to obtain the corrected
PMFs using the hybrid M06-2X functional with the standard 6-
31+G(d,p) basis set (see the Supporting Information for
details). These calculations were carried out using the
Gaussian09 program.40

Kinetic isotope effects (KIEs) were calculated, at M06-2X/
MM and AM1/MM levels, from isotopic substitution of the
key atoms in the reactants and the different transition state
structures, as described in previous papers.18,41,42 Details and
further discussions are provided in the Supporting Information.

■ EXPERIMENTAL METHODS

Experimental kinetic studies in CALB were performed to
evaluate the hydrolysis of the amide bond of both substrates.
For that, compound 1 was synthetized using an enzymatic
approach (see the Supporting Information for details). Briefly,
equimolar solution of benzylamine and butyric acid was
incubated in 2-methyl-2-butanol and the reaction was followed

by thin-layer chromatography (TLC). The final product was
then purified by a silica column and characterized by mass
spectrometry (m/z = 178.2) and NMR. A final overall yield of
48% was obtained. 2 was chemically synthesized from a
solution of butyryl chloride, 4-nitroaniline, and pyridine (with
a molar ratio of 1.2:1:2) in anhydrous dichloromethane. The
product was purified by the silica column, and it was finally
characterized by NMR. The overall yield was 74%.
Kinetic parameters of amidase reaction were determined for

both substrates (see the Supporting Information for details).
Only summarizing here, kinetic assays were performed with the
commercial free form of CALB. Reactions were carried out at
increasing concentrations of substrates in 20 mM phosphate
buffer at pH 7 and 37 °C with 10% organic solvent due to the
poor solubility of substrates. The progression of the reaction
was followed by high-performance liquid chromatography
(HPLC) in the case of substrate 1 and by spectrophotometric
techniques (increment of the absorbance at 405 nm) in the
case of substrate 2.

■ RESULTS AND DISCUSSION

Hydrolysis of the Amide Bond of 1 Catalyzed by
CALB. As mentioned, the first goal of this work is to study the
substrate promiscuity in the hydrolysis of the amide bond
catalyzed by CALB. The exploration of the differences in the
kinetics over two substrates can lead to find the key features
that control the reaction rate that will serve as a starting point
to obtain more efficient biocatalysts. Thus, first, the hydrolysis
of the amide bond of substrate 1 was studied by kinetic
experiments and by computational methods. This compound is
a vanillyl derivative that was previously proposed by Loṕez-
Munguiá23 and co-workers but no kinetic constants were
reported, so no experimental data was available to be directly
compared with theoretical results.

QM/MM Simulations. Following the molecular mechanism
suggested for the primary reaction of CALB,18 the first step of

Figure 3. 2D-PMF of the first chemical step of the hydrolysis of 1 (A) and 2 (B) computed at the M06-2X:AM1/MM level. (C) Free energy
profiles derived from the 2D-PMFs. Distances are in ångstroms, and energies of isoenergetic lines are in kcal mol−1. Maps of electrostatic potential
computed at the M06-2X/6-31+G** level in the gas phase for the two substrates of the CALB secondary reaction, 1 (D) and 2 (E), and for the
substrate of the CALB primary reaction methyl acrylate (3) (F). Charge values in panels (D)−(F) (in au) were computed in the gas phase (white
squares) and in the active site of the protein (brown squares).
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the enzymatic hydrolysis of 1 is proposed to involve the attack
of the catalytic Ser105 to the carbonyl carbon of the amide.
The FES of this chemical step, computed in terms of 2D-PMF
at the M06-2X:AM1/MM level, is depicted in Figure 3A, and
its corresponding free energy profile in Figure 3C. In this step,
the His224 residue acts as a base, allowing the activation of
Ser105 and permitting consequently the formation of a
tetrahedral intermediate, INT1. The negative charge of the
oxygen of the amide is stabilized by strong hydrogen bond
interactions in the oxyanion hole, formed by the HN of the
backbone of Gln106 and Thr40, and the hydroxyl group of the
lateral chain of Thr40. The FES shown in Figure 3A reveals a
concerted mechanism where the transition state, TS1, is
displaced close to the region of the slightly stable INT1. The
free energy barrier computed for this first step is equal to 35.4
kcal mol−1 (Figure 3C). According to the transition state
theory,43 this barrier would correspond to a kcat = 1.9 × 10−13

s−1 at 303 K. This rate constant is definitely too low for a
reaction occurring in mild conditions similar to those of
biological systems. Consequently, this means that the
hydrolysis of the amide bond on 1 cannot take place in a
reasonable time scale. Despite this computational prediction,
experimental evaluation of the amidase reaction on this

substrate was carried out to confirm that CALB is not capable
to hydrolyze this short-acyl chain amide.

Experimental Evaluation. To assess the enzymatic
hydrolysis of the amide bond, commercial wild-type CALB
in its free form was used. As mentioned before, as a result of
the poor solubility of 1, 10% acetonitrile was used in the
reactions. A tributyrin assay in microtiter plates was performed
to confirm that CALB was active in this conditions. The
reactions at increasing concentrations of substrate 1 (from 0 to
5 mM) were followed by HPLC during 48 h. The kinetic
measurements reveal no hydrolysis of this substrate in any of
the reactions under these conditions. Thus, this result is in
agreement with the high energy barrier predicted by our QM/
MM calculations.

Hydrolysis of the Amide Bond of 2 Catalyzed by
CALB. To explore the amidase activity of CALB with a
different substrate, the specific features of the initial substrate 1
were modified. Assuming that the efficiency of CALB can be
substrate-dependent, modifications on originally used com-
pound 1 were explored to try to find a more reactive substrate.
In particular, and taking into account the character of the first
step of the hydrolysis deduced from our QM/MM simulations,
the inclusion of chemical groups that could increase the
positive charge on the carbonyl carbon of the substrate was

Figure 4. 2D-PMFs surfaces for the hydrolysis of 2 obtained at the M06-2X:AM1/MM level of theory. The surfaces represent the last three steps of
the reaction, as depicted in Figure 5. Distances are in ångstroms, and energies of isoenergetic lines are in kcal mol−1.

Figure 5. Schematic representation of the hydrolysis of the 2 catalyzed by CALB. The reaction yields a molecule of 4-nitroaniline (second step,
INT2) and butyric acid (last step, product state).
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proposed. Thus, the idea was to generate a better electrophilic
center on C1 position to facilitate the attack of Ser105. After
analysis of possible substitutions on the benzyl ring, a nitro
group was introduced in the para position, together with a
shortening of the acyl chain. Prior to the complete analysis of
this new substrate by experimental and QM/MM methods, the
change of the charge generated by the introduced substitution
on the atoms of the amide bond was computed in the gas
phase, and inside the active site of the enzyme, using the
CHelpG44 method at the M06-2X level with the standard 6-
31+G** basis set. The resulting maps of electrostatic
potentials are shown in Figure 3D,E. These preliminary results
confirmed the more positive character of the carbonyl carbon
of the amide in 2, compared to that in 1. An increase in the
negative charge on the nitrogen atom of the peptide bond is
additionally observed. It is important to point out the
additional electrostatic effects of the protein on the charge
distribution of the substrate, as can be deduced from the
comparison between the charges computed in the gas phase
and in the active site of the enzyme. Thus, we proceed to study
the hydrolysis of 2 catalyzed by CALB by following the same
strategy as the one carried out with substrate 1.
QM/MM Simulations. The FES of the first step of the

hydrolysis of 2, shown in Figure 3B, renders a free energy
barrier of 19.5 kcal mol−1, which represents a dramatic
decrease of 15.9 kcal mol−1 with respect to 1. As expected, this
meaningful decrease can be associated with the change in the
charge of the carbonyl carbon of the amide that increases the
electrophilic character of the carbon atom and facilitates the
attack of the Ser105. Additionally, it was also observed that
INT1 is more stable than in the case of 1. This is due to the
specific interaction between the substrate and the oxyanion
hole, which stabilizes the formation of the tetrahedral
intermediate and the negative charge developed on the oxygen
atom.
These results convert 2 into an interesting substrate to study

the full mechanism of hydrolysis catalyzed by CALB. Thus, on
the basis of these encouraging results, the subsequent steps of
the reaction were explored. The corresponding FESs are shown
in Figure 4, and a scheme of the full reaction is displayed in
Figure 5. Key distances on all different states, structures of the
different TSs localized at M06-2X/MM level, averaged values
of key interatomic distances obtained at AM1/MM level, and a
list of charges computed at DFT/MM level on the key atoms
for all structures appearing along the reaction are presented in
the Supporting Information.
The second step of the reaction involves the proton transfer

from His224 to the nitrogen atom of the amide. This leads to
the breaking of the C−N bond and the formation of the 4-
nitroaniline leaving group (INT2). Interestingly, the ampho-
teric character of His224 is modulated by the interaction with
Asp187, revealed by the analysis of the interatomic distances
reported in Table S4 of the Supporting Information. Thus, the
HD1His224−OD2Asp187 distance was significantly shorter during
the first step (including reactants state, 2.02 Å) than in the
second step. This result suggests that the protein adopts a
conformation favoring the basic character of His224 that has to
accept the proton from Ser105, originally protonated in
reactants. In the second step, where His224 is releasing the
proton to N4 and thus acting as an acid, this distance reaches
the largest value (2.19 Å). The His224−Asp187 distance will
be reduced in the third step when the former residue acts as
base to abstract a proton from an active site water molecule.

Finally, and perhaps unexpectedly, the protein adopts a
conformation in products where, despite His224 is neutral,
the distance between this two residues of the dyad is really
close (2.00 Å). This suggests that the enzyme is regenerated
and ready to accept again the proton from Ser105. Turning to
the analysis of second step, the position of TS2 on the FES
(Figure 4) reveals that the C−N bond breaking takes place
almost spontaneously after the proton transfer, thus evolving to
a very stable INT2. The remainder of the substrate is
maintained anchored to the protein through a covalent
interaction with Ser105 and a very strong hydrogen bonding
network established between the O2 oxygen atom and the
Thr40 and Gln106 residues.
The third and fourth steps involve the regeneration of the

enzyme through the hydrolysis of the acyl−enzyme complex.
The third step is initiated by the attack of a water molecule to
the activated C1 atom. In fact, the charge on C1 carbon atom
in INT2 is 0.82 ± 0.03 au, which is noticeably higher than its
value in the gas phase, 0.78 au. As occurred in the reactant
state, where the C1 atom reached a high positive value favoring
the nucleophilic attack of Ser105 (Figure 3E), the protein has
an active electrostatic effect in this step, making C1 a better
electrophile for the attack of the water molecule in INT2. The
increase of the positive charge on C1 is assisted by the
polarization of the C1−O2 bond through the interactions
between O2 and the oxyanion hole of the active site. As shown
in Tables S4 and S5, the negative charge accumulated on O2 in
INT1 (−1.104 ± 0.017 au) is stabilized by strong interactions
with Gln106 and Thr40, and especially with the OH of the
later, whose interatomic distance reaches one of the shortest
value (1.66 Å) in INT2. The distance between C1 and N4 of
the substrate in INT2 is 2.84 Å, but it is elongated up to 3.81 Å
to leave space enough for the water to be correctly posed.
Interestingly, the polarization of the substrate is achieved not
only by the oxyanion hole (Thr40 and Gln106) but also by the
contribution of the catalytic triad (Ser105, His224, and
Asp187) that appears to be essential to reach the final values
obtained when the full enzyme is considered into the
calculations (see Table S6 of the Supporting Information).
The water is anchored in the active site by a hydrogen bond
interaction with His224 that, in turn, activates it for the attack
to the C1 carbonyl carbon. During this process, a new
tetrahedral intermediate, INT3, is formed (see Figure 5). The
release of the butyric acid and the regeneration of the active
site take place in the last step. Interestingly, the breaking of the
bond between the acyl chain of the substrate and Ser105 (C1−
OG), thus generating a molecule of butyric acid, is assisted by
the transfer of the proton from His224 to Ser105.
From the free energy landscape of the whole reaction, as

shown in Figure 6, we can conclude that the rate-limiting step
is the regeneration of the enzyme, determined by the TS4 in
the case of the amidase activity. Nevertheless, the breaking of
the amide bond rendering the 4-nitroaniline (reactant state to
INT2), which is the step we are experimentally monitoring
since initial velocities are measured, is kinetically controlled by
the second step of the reaction, in which the C−N bond of the
amide is broken. This step gives a total activation free energy
(ΔG‡) of 23.1 kcal mol−1, which corresponds to a kcat = 1.4 ×
10−4 s−1. By comparison with the free energy profile of the
primary reaction of CALB,18 both the amidase and the esterase
reaction mechanisms proceed by a four-step mechanism but, as
expected, the free energy barrier of the C−N bond breaking of
the substrate in the secondary reaction is noticeably higher

ACS Catalysis Research Article

DOI: 10.1021/acscatal.9b04002
ACS Catal. 2020, 10, 1938−1946

1942

http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b04002/suppl_file/cs9b04002_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b04002/suppl_file/cs9b04002_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b04002/suppl_file/cs9b04002_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b04002/suppl_file/cs9b04002_si_001.pdf
http://dx.doi.org/10.1021/acscatal.9b04002


than that of the C−O bond breaking in the primary reaction
(see the red profile in Figure 6).
Experimental Evaluation. Experimental kinetics using

commercial CALB was studies to confirm the predictions
derived from the theoretical simulations with compound 2 as a
substrate. Specific activities as a function of the concentration
of substrate were fitted in a Michaelis−Menten curve. The
derived kinetic constants (Table 1) were determined to be kcat

= (2.9 ± 0.6) × 10−4 s−1 and Km = (4.2 ± 1.3) × 10−3 M. A
total activation free energy of ΔG‡ = 22.7 kcal mol−1 can be
derived from the measured kcat within the framework of the
transition state theory, which is in extraordinary good
agreement with the theoretical predicted value derived from
the exploration of the FES (ΔG‡ = 23.1 kcal mol−1). Either
theory or experiment suggests that CALB is capable to break
the amide bond, but it is very dependent on specific features of
the substrate. This result can be considered in agreement with
kinetic studies of Bornscheuer and co-workers, who measured
esterase and amidase activities of an esterase from Bacillus
subtilis (BS2, E.C. 3.1.1.3.) on p-nitro-phenyl butyrate and the
corresponding anilide.45 We herein show that the impact of
introducing a nitro group in the phenyl group and the
shortening of the acyl chain of the substrate is dramatic on the
first step of the reaction that leads to an improvement of the
promiscuous amidase reaction carried out by CALB. The free
energy profile, as deduced from our QM/MM calculations,
shows that despite the first step is not determining the rate of
the hydrolysis of the substrate the stabilization of this TS1 and
the INT1 has an effect on the energy of the TS2 relative to the
reactant state. In addition, the protein appears to have
significant electrostatic effects on different states of the
reaction as deduced from the comparison of the atomic
charges in the gas phase and in the protein active site.

Kinetic Isotope Effects. To support the proposed reaction
mechanism, as summarized in Figures 5 and 6, the localized TS
structures at M06-2X/MM were used to compute KIEs after
isotopic substitution of key heavy atoms involved in the
reaction, i.e., 12/14C, 14/15N, and 16/18O of the amide bond. The
use of different TSs appearing along the reaction path allows
computing KIEs by assuming different possible rate-determin-
ing steps. It is important to point out that the inherent broad
distribution of enzyme configurations dictates that values such
as geometrical coordinates, tunneling and recrossing trans-
mission coefficients, KIEs, etc. should be reported as ensemble
averages at a certain temperature.46 In this case, while the KIE
values at a high level were obtained from a combination of a
single couple of structure of TS and reactants, due to
computational limitations, the use of 10 different structures
of each TSs and reactants state at AM1/MM level allows
obtaining an arithmetic mean and reporting the corresponding
standard deviations (deposited in the Supporting Information).
These suggest that the uncertainty on the M06-2X/MM
values, as reported in Table 2, can be on the third decimal
place.

From the values of the KIEs computed at the M06-2X/MM
level, the 12/14C isotopic substitution of C1 presents a normal
KIE (>1) when using any of the TSs. As deduced from the
scheme of the reaction depicted in Figure 5, a change of sp2

hybridization to sp3 on C1 occurs in TS1 and TS3, while an
inverse rehybridization, sp3 to sp2, takes place in TS2 and TS4.
Thus, an inverse 14C-KIE could be expected if TS1 or TS3 was
the rate-limiting step, and a normal KIE in TS2 and TS4.
Nevertheless, multiple changes occur on C1 in every step. For
instance, in the first step, formation of the C1−OG bond is
associated with the elongation of the C1−O2 distance (from
1.26 to 1.29 Å) and an elongation of the C1−N4 bond (from
1.36 to 1.44 Å). All of these changes render a normal KIE of
5.0%. In TS3, similar changes occur and thus again a normal
5.6% KIE is observed. In TS2, the C1−N4 bond is broken and
consequently a normal, and expected, effect of 3.9% is
observed, the same as in the last step where the breaking of
the bond between C1 and Ser105-OG governs the KIE,
leading a normal 5.6% KIE. In the case of the 14/15N
substitution, the force constants associated with the N4 atom
are almost invariant in the first step, where the C1−N4 bond is
just slightly elongated (from 1.36 Å in reactants state to 1.44 Å
in TS1). Consequently, a very small 0.9% normal 15N-KIE is
obtained by considering the first step as the rate-limiting step.
In the second step, the C1−N4 bond is broken but a hydrogen
transfer takes place from His224. In all, a slightly higher normal
15N-KIE of 1.7% is obtained for the second step. Since N4
belongs to the leaving group and does not participate in steps 3
and 4, no KIEs for last two steps were computed. Finally, the
16/18O substitution renders normal KIEs for any of the four TS
structures selected as possible rate-determining steps. As
observed in Table 2, and despite the O2−C1 bond is changing

Figure 6. Free energy profile of the hydrolysis of 2 catalyzed by CALB
obtained at the M06-2X:AM1/MM level (black lines). Energies are
derived from the FESs displayed in Figures 3 and 4. The free energy
profile of the primary reaction of CALB with 3 (Figure 3F), from ref
18, is shown by red lines.

Table 1. Substrate Dependency on Kinetic Values of the
Hydrolysis of the Amide Bond by CALB Derived from
Experimental Studies1

substrate
benzylbutyramide

(1)
N-(4-nitrophenyl)-
butyramide (2)

Vmax × 10−4 (U mg−1) n/a 5.24 ± 1.07
kcat × 10−4 (s−1) n/a 2.9 ± 0.6
Km × 10−3 (M) n/a 4.2 ± 1.3
kcat/Km × 10−2 (M−1 s−1) n/a 6.90 ± 2.60

1No activity could be determined on substrate 1.

Table 2. KIEs Computed at the M06-2X/MM Level for the
Reaction of Hydrolysis of 2 Using the Different TS
Structures Located along the Reaction Path

TS1 TS2 TS3 TS4

[1-14C] 1.050 1.039 1.056 1.052
[4-15N] 1.009 1.017
[2-18O] 1.008 1.010 1.002 1.015
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from double to single, or vice versa, in the different chemical
steps of the proposed mechanism, a normal KIE is obtained in
all cases. This can be rationalized based on the strong
hydrogen bond interactions established between the O2 atom
and the oxyanion hole formed by Gln106 and Thr40. In those
steps where the O2−C1 bond is becoming a single bond (TS1
and TS3), the negative charge accumulated in O2 favors the
establishment of stronger interactions with the oxyanion hole
and, consequently, stiffer force constants that compensate the
loss of the C1−O2 force constant. These results suggest that
measurements of KIEs would not provide conclusive values
that allow determining the rate-determining step.
Amidase vs Esterase Activity of CALB. Our computa-

tional results, summarized in Figures 5 and 6, combined with
our previous study on the CALB primary reaction,18 show how
the promiscuous esterase CALB employs the same molecular
mechanism to catalyze the hydrolysis of 2 as the natural ester
substrate. Thus, in both cases, the reaction is initiated by the
attack of the hydroxyl oxygen atom of Ser105 on the carbonyl
carbon atom of the substrate, followed by the C−N or C−O
bond breaking, for the amidase or esterase activity,
respectively. The comparison of the free energy profiles for
both reactions (Figure 6) shows how these two first steps
determine the decomposition of the substrate. In the case of
methyl acrylate, the relative free energy of the TS associated
with the C−O bond breaking with respect to reactants was
19.7 kcal mol−1,18 while in the present study, the TS of the C−
N bond breaking is 23.1 kcal mol−1, higher than the energy of
reactants state. This result is in agreement with the
experimentally evidence of a higher initial velocities of CALB
for the primary reaction (as esterase) than for the secondary
reaction (as amidase). The population analysis of both
substrates computed in gas phase, as reported in Figure
3E,F, shows how the positive charge on C1 carbonyl carbon is
significantly higher in compound 3 (0.83 au) than in 2 (0.78
au), which is in agreement with a more favorable electrophilic
attack of the hydroxyl oxygen atom of Ser105 in the first step
of the reaction for the primary reaction. However, the
understanding of catalysis by CALB is not limited to the
discussion of the electrostatic nature of the substrates in the
gas phase. Once the substrates are posed in the active site of
CALB, the charge of C1 atom is increased in the amide and in
the ester, to 1.11 and 1.08 au, respectively. Thus, this
promiscuous enzyme is able to activate both substrates,
which explains its catalytic activities as esterase and amidase
(despite for certain amides, as proved above). Nevertheless,
the larger positive charge of C1 in the amide substrate than in
the ester reveals that the higher esterase activity cannot be
rationalized based on just the polarization of the substrate. The
protein is also polarizing the breaking bond in the first
intermediate, stabilizing the TS2 and thus facilitating the
second step by an adequate charge distribution of the active
site residues and a synchronized reorganization. In both cases,
the positive charge on C1 atom is increased, as well as the
negative charge of the departing N atom (see the Supporting
Information and charges reported in ref 18). Interestingly, the
electrostatic effects of the protein decomposed by residues
reveal how the total effect of the enzyme is basically due to
short-distance electrostatic interactions with the residues of the
oxyanion hole and the catalytic triad of the active site.

■ CONCLUSIONS

In this work, the promiscuous amidase activity of CALB has
been studied with two different short-acyl chain substrates.
The results derived from experimental kinetic studies and
QM/MM molecular dynamics (MD) simulations are in
excellent agreement and show how the secondary activity of
CALB is very dependent on specific features of the substrate.
In particular, CALB can present amidase activity when
introducing a nitro group into the para position of the
substrate phenyl group, together with a reduction of the acyl
chain. This conclusion is in agreement with the studies of
Bornscheuer and co-workers45 and Hult and co-workers,47

who proposed compound 2 as a substrate for an esterase of
Bacillus subtilis and for CALB, respectively. This is due to the
electrophilic character of the nitro group that causes the
displacement of the electrons toward the direction of the ring
and the proximity of the lone pair of the aniline nitrogen to the
ring that facilitates the electron delocalized into the aromatic
ring. Nevertheless, our QM/MM simulations reveal the
remarkable role of the protein in the catalysis by generating
an electric field in the active site that polarizes and activates the
substrate, as well as stabilizes the charge distribution on the
rate-determining TS of the decomposition of the substrate.
Our results show how arguments based on just the features of
the substrate in the gas phase cannot explain the substrate
dependence of the activity of CALB as amidase.48

CALB uses the same molecular mechanism to catalyze the
secondary reaction and the primary reaction previously studied
in our laboratory.18 Our QM/MM simulations indicate that
the breaking of the C−N bond of substrate 2 and the
regeneration of the protein take place by a four steps
mechanism, with an overall activation free energy for the
decomposition of the amide molecule of 23.1 kcal mol−1. This
barrier is very close to the one derived from our rate constant
corresponding to the measurements of the initial velocities
that, within the frame of the transition state theory, gives a free
energy of activation of 22.7 kcal mol−1. CALB activates both
kind of substrates by increasing the electrophile character of
the carbonyl carbon atom, thus facilitating the attack of the
Ser105 and stabilizing the negative charge developed in the
oxygen atom of the original carbonyl group. In addition, the
protein polarizes the scissile bond, thus reducing the free
energy barrier of the following and decisive breaking bond
step. Interestingly, while this is an almost a barrierless process
in the primary reaction, the C−N bond breaking costs ca. 8
kcal mol−1, thus explaining the different activities of CALB at
short times.
QM/MM simulations show that measurements of heavy

atoms KIEs would render small normal effects, which could
confirm our predicted description of the reaction at the atomic
level. However, they are not able to differentiate the rate-
limiting step 2 from the other steps described in this
mechanism.
The analysis of geometries, energies, and electronic features

of the stationary states appearing along the reaction path of the
hydrolysis of the natural substrate (primary reaction) or the
promiscuous amide substrate (secondary reaction) explains the
way CALB is catalyzing both reactions. Our computational
results suggest that the barrier that determines the rate
constant of the formation of the first product (the 4-
nitroaniline) could be reduced by specific mutations on the
protein. In particular, as deduced from the analysis of the
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corresponding FESs, mutations should be oriented in
producing electrostatic effects that favor the rate-determining
proton transfer from His225 to the N4 atom of the substrate
that precedes the C1−N4 bond breaking. Further studies
should be also focused in trying to stabilize the TSs of the
second stage of the reaction (i.e., the regeneration of the
enzyme) that, in both primary and secondary reaction consist
in the attack of a water molecule and the departure of the acid
(acrylic or butyric acid in the case of the primary or secondary
reactions, respectively). In all, the present study illustrates how
merging experimental and computational techniques can speed
up our understanding of these complex biological catalysts and
how to modify them to generate new biotechnological tools.
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