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Candida  antarctica  lipase  B (CalB)  displays  moderate  enantioselectivity  when  it catalyzes  the  acetylation  of
(R,S)-propranolol,  favoring  the  faster  transformation  of the  R-propranolol.  With  the  aim  to  better  under-
stand the  enantioselectivity  of  this  reaction,  we  have  performed  a  molecular  dynamics  (MD)  study  of  the
enzyme  substrate  complexes.  Reactive  enzyme  substrate  complexes  were  identified  for  both  enantiomers
of  propranolol,  which  differ in  their  temporal  stability  and  in  their ability  to  reach  the corresponding
transition  states  (TS).  Reactive  complexes  of R-propranolol  present  a  better  ability  to  be transformed
andida antarctica lipase B
-acylation
nantioselectivity
olecular dynamics

ropranolol

by  CalB  than  those  of  S-propranolol.  This  allows  us  to explain  the  enantioselectivity.  Analysis  of  the
enzyme–substrate  interactions  suggests  that  the  CH-�  interactions  between  the  naphthyl  rings  of  propra-
nolol  and  the  residues  of the  CalB  binding  pocket  may  play  an  important  role  in  stabilizing  the  transition
states  involved  in  the  transformation  of the  R-propranolol.  The  residues  Ile189,  Ala282  and  Leu278  were
identified  as  key  residues  for the  enantioselectivity  of CalB.

© 2014  Published  by  Elsevier  B.V.
. Introduction

Propranolol ((R,S)-1-iso-propylamino-3-(1-naphthoxy)-2-
ropanol), a beta-adrenergic blocking agent used for treatment of
rterial hypertension and other cardiovascular disorders [1–3], is
ommercially available as a racemic mixture. However, only the S-
nantiomer has the desired therapeutic effect, and administration
f the racemic propranolol mixture may  cause side effects such as
ronchoconstriction or diabetes [4–6].

Several strategies to obtain S-propranolol in enantiomerically
ure form have been proposed, including chemical, enzymatic
nd chemoenzymatic synthesis routes [7–16]. Recently immobi-
ized Candida antarctica lipase B (CalB) was used as a biocatalyst
o carried out the acetylation of (R,S)-propranolol in toluene.
he enantioselectivity was moderate (E = 57), but higher than or

omparable to the enantioselectivity observed in the kinetic res-
lution of propranolol either via esterification or hydrolysis using
ther enzymes [13]. Using immobilized CalB allows to reuse the
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e  Santander, Cra 27, Calle 9, Bucaramanga, Colombia. Tel.: +57 7 6344000x1420.
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M.  Doerr).

ttp://dx.doi.org/10.1016/j.molcatb.2014.06.010
381-1177/© 2014 Published by Elsevier B.V.
biocatalyst and to simplify its separation from the reaction prod-
ucts. This makes the reaction attractive for industrial applications,
but the enantioselectivity has to be improved for this purpose.

Lipases are characterized by a catalytic triad consisting of Serine,
Histidine and Aspartate (Ser105, His224 and Asp187 in CalB). The
accepted general mechanism of lipase-catalyzed reactions involves
two steps. The first step of the reaction is the addition of an
acyl-group to the catalytic serine of the enzyme, yielding the acyl-
enzyme (acylation step). In the second step, the acyl-group can
react with several nucleophiles, such as water, alcohols, amines
or peroxides (deacylation step) [17]. Acylation as well as deacyla-
tion proceed via an initial noncovalent enzyme–substrate complex
(Michaelis complex; MCC) and a tetrahedral intermediate (TI). The
latter is stabilized by NH and OH functions in the so-called oxyanion
hole of the enzyme, constituted by the residues Thr40 and Gln106
in CalB. According to this mechanism, the deacylation step in the
CalB-catalyzed acetylation of (R,S)-propranolol is expected to be
chemo- (N- or O-acetylation) and stereoselective (acetylation of R-
or S-propranolol) (see Scheme 1).

We previously studied the chemoselectivity of this reac-
tion and found experimentally that the O-acylated product is

formed exclusively [18]. To rationalize this result we applied an
enzyme–substrate docking protocol to model the MCCs of the dea-
cylation reaction, which showed that both R- and S-propranolol
accommodate within the binding pocket of CalB in two  binding

dx.doi.org/10.1016/j.molcatb.2014.06.010
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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cheme 1. Deacylation step in the CalB-catalyzed acetylation of (R,S)-propranolol (
equentially via an initial noncovalent acetyl-CalB (AcCalB) substrate complex (Mich
alB-product complex (PDC). The structure of propranolol with the corresponding 

odes (namely, binding modes I and II). Viewed with the cat-
lytic triad Asp-His-Ser oriented from left to right, the binding
ocket of CalB is constituted by a large hydrophobic pocket above

he catalytic triad and a medium size pocket below it. In binding

ode I the naphthoxy side chain of propranolol is located in the
arge hydrophobic pocket. The isopropylamine side chain is in the

edium pocket and part of it may  extend toward the entrance of the

ig. 1. Characteristic binding modes of propranolol in the CalB binding pocket. The struct
riented from left to right. The binding pocket of CalB is constituted by a large hydrophob
s  lined by Ile189 and Val190 on the left, Val154 on the far right, as well as Leu140 and Le
he  medium pocket is below the catalytic Ser105 and is crowded by Trp104 below it and t
he  naphthoxy side chain of propranolol lies in the large hydrophobic pocket of CalB whi
he  entrance of the binding pocket. Conversely, in binding mode II (down to the right) the
or O, according to the nucleophile groups of propranolol). This reaction step occurs
omplex; MCC) and the second tetrahedral intermediate (TI-2), to give a noncovalent
umbering is shown down at the left.

pocket (i.e. toward the solvent). In binding mode II the orientation
of propranolol is reversed (see Figs. 1 and S1 of the Supplemen-
tary data). Only conformations of the substrate were identified

in which its hydroxyl group is close to the catalytic His224 and
the acetylated serine. This explained the experimentally observed
chemoselectivity of CalB. In addition, to check the reliability of
the complexes identified by docking, they were subjected to short

ure of acetyl-CalB (AcCalB) is shown on the left with the catalytic triad Asp-His-Ser
ic pocket above the catalytic triad and a medium pocket below it. The large pocket
u144 at the top. Deep in this pocket, Asp134 is on the left and Gln157 on the right.
he Leu278–Ala287 helix (helix �10) to the right. In binding mode I (up to the right)
le its isopropylamine side chain in the medium pocket and may  extends to toward

 former lies in the medium pocket and the latter in the large pocket.
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cheme 2. Michaelis complexes (MCCs) between AcCalB and propranolol in the O-
cetylation of propranolol catalyzed by CalB. a–f are the most important interatomic
istances for the catalytic process. The acylated catalytic serine is referred to as SEA.

100 ps) MD  simulations in explicit toluene. Interestingly, a differ-
nt temporal stability was observed for each complex, which is
xpected to play an important role for the enantioselectivity of the
eaction [19].

With the aim to gain a deeper understanding of the molecular
asis for the observed enantioselectivity in the CalB-catalyzed acet-
lation of (R,S)-propranolol, in the present study we perform a more
xtensive sampling of the MCCs of the deacylation step. Starting
rom the optimized Michaelis complexes between acetylated CalB
AcCalB) and propranolol obtained in our previous study by docking
18], multiple 1.5 ns MD  simulations were carried out using differ-
nt initial velocity distributions in order to improve the sampling of
he conformational space [20–22]. The analysis of the MD  trajecto-
ies was focused on the interatomic distances important for the
atalytic process (see Scheme 2), the enzyme–substrate–solvent
nteractions involved in the binding modes of the substrate, the
emporal stability (lifetime) of the reactive MCC  complexes, and the
bility of the propranolol enantiomers to form near attack confor-
ations (NACs). NACs are conformers in which the atoms involved

n the bond formation are at van der Waals distance and the angle
f approach is ±15◦ of the angle of the bond formed in the tran-
ition state (TS). NACs are turnstiles through which the reactants
ust pass in order to reach the TS. A higher population of the
ACs indicates a lower free energy change required to reach the
ACs, thus the population of NACs is indicative of the reaction rate

23–26]. Thereby, based on the analysis of the MD  trajectories, the
eactivities of several conformations of both R- and S-propranolol
ere estimated and the enzyme–substrate interactions which are

ssential for the enantioselectivity were identified.

. Experimental

In our previous study R- and S-propranolol were docked against
cetylated CalB (AcCalB) [18]. The AcCalB structure used as tar-
et for the docking was  prepared using the crystal structure of
alB (entry number 1TCA in the Protein Data Bank [27]) as starting
oint. This structure contains 286 crystal waters. During the dock-

ng procedure seven water molecules (HOH130, HOH136, HOH149,
OH219, HOH238, HOH265, HOH285) were removed from the
ctive site cavity to accommodate the substrate, following simi-
ar studies on lipase-catalyzed reactions [28,29]. Three and four
ossible reactive complexes for R- and S-propranolol were iden-
ified, respectively. For R-propranolol, two complexes in binding

ode I and one complex in binding mode II were found. These
omplexes are referred to as R1–R3, respectively. For S-propranolol
e found three complexes in binding mode I and one complex in

inding mode II. We  refer to these complexes as S1–S4, respec-
ively. These optimized complexes (including the remaining CalB
rystal waters) were used as starting structures for 1.5 ns MD sim-

lations in explicit toluene. They are shown in Section 1 of the
upplementary data. The remaining crystal waters are kept as they
re important for the conservation of the enzyme structure in an
ctive conformation [30].
alysis B: Enzymatic 108 (2014) 21–31 23

The MD  simulations were carried out using the CHARMM pro-
gram (version 35b5) [31] in combination with the CHARMM22
force field [32,33]. For each complex three MD  simulations with
different initial velocity distributions were performed, correspond-
ing to values of the random seed parameter iseed of 314159, 835
and 234. The MD  simulations carried out using the iseed values
835 and 234 are indicated by * and ** respectively. Because there
are no CHARMM force field parameters available for propranolol,
a QM/MM  MD approach was  used. The QM region corresponding
to R- or S-propranolol was  treated by the self-consistent charge-
density functional tight binding (SCC-DFTB) method [34] and the
MM region (acetylated-CalB, toluene and crystal waters) by the
CHARMM22 force field. All distances involving hydrogen atoms
were constrained by SHAKE [35]. The nonbonded interactions were
treated using group-based extended electrostatics [36]. In this
approach, the electrostatic interactions between particles closer
than a cutoff distance (14 Å in our case) are treated by the con-
ventional pairwise additive scheme, while the interactions at larger
distance are approximated by a computationally cheaper multipole
approach.

The protein was placed in a solvent sphere of 40 Å radius
containing 4454 toluene molecules cut out from an equilibrated
simulation of toluene under periodic boundary conditions. This sol-
vent sphere was centered at the alpha carbon of the acetylated
catalytic serine (SEA:CA) and covered the entire complex (see Fig.
S2 of the Supplementary data). All toluene molecules whose non-
hydrogen atoms were within 2.8 Å of any existing non-hydrogen
atom were deleted. An active region including all protein residues
within 30 Å of the SEA:CA atom and the substrate was  defined.
All atoms of protein residues outside this active region were kept
fixed during the MD  simulations. Furthermore, to keep the shape
of the solvent spherical and to prevent evaporation of solvent
molecules in the MD simulations, toluene and water molecules
were restrained by a quartic spherical boundary potential which
is zero until 38.5 Å, has a shallow minimum of -0.25 kcal mol−1 at
39.5 Å and increases at larger distances (parameters FORCE = 0.2,
P1 = 2.25, and DROFF = 38.5). Thereafter the toluene molecules
within the sphere and the crystal waters were geometry-optimized,
performing first 250 steps of steepest descent (SD) followed by
250 steps of adapted-basis Newton–Raphson minimization (ABNR),
keeping all other atoms fixed. We  performed two more minimiza-
tions of 250 steps each (SD and ABNR), optimizing the active region
with the water and toluene molecules, applying a harmonic posi-
tion restraint with force constant k = 30 mol Å−2 to the active region.
Then a molecular dynamics simulation (15,000 steps) was per-
formed increasing the temperature from 50 K to 300 K in steps of
10 K every 100 MD steps. The Verlet algorithm was used with a
time step of 1 fs. This solvation procedure was repeated 12 times,
and in the last two  cycles the number of steps used in the dynamics
was increased to 30,000. During the solvation procedure, harmonic
positional restraints were applied to the atoms in the active region,
which were successively lowered in each of the iterations. Finally,
all constraints were removed and a production molecular dynam-
ics simulation of 1.5 ns was  run. Again, the temperature was raised
from 50 K to 300 K in steps of 10 K every 100 MD  steps. The system
was equilibrated after 10 ps, so we  used the remaining 1450 ps for
analyses.

In these MD simulations the temporal stability of the AcCalB-
propranolol complexes and their ability to lead to the formation of
the second tetrahedral intermediate and then to acetyl-propranolol
were checked. As a measure of the structural stability of the protein,
the root mean square deviations (RMSD) with respect to the initial

structure were calculated by superimposing all backbone heavy
atoms of the protein. The MD trajectories were analyzed based
on four criteria which have been successfully used in previous
studies of lipase-catalyzed reactions for characterizing productive
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inding modes (binding modes of the substrate which lead to
ormation of the product). These criteria are: (a) protein distor-
ion, (b) hydrogen bond interactions between the acetate oxygen
f the acetylated catalytic serine (SEA:O) and the residues of the
xyanion hole (distances d-f in Scheme 2), (c) the distance of the
ydroxyl group of propranolol to the His224:N�  and SEA:C1 (car-
oxylic carbon of the acetylated catalytic serine) atoms (distances

 and c in Scheme 2), (d) steric clashes with the enzyme [37–41].
inding modes were considered as productive if all catalytically
ssential hydrogen bonds were maintained, the substrate avoided
teric clashes with the enzyme, and its hydroxyl group was simul-
aneously positioned close to the catalytic residues His224 and SEA.
he results of all MD  simulations were analyzed using the program
MD  [42].

. Results and discussion

.1. Protein distortion

1.5 ns MD  simulations of the AcCalB-propranolol complexes
ere carried out. The RMSD value for all heavy atoms of the protein

ackbone with respect to the initial structure increased gradu-
lly during heating and equilibration time for the first 10 ps. After
his phase a plateau with a RMSD value of about 1 Å  is reached
n all simulations (see Fig. S3 of the Supplementary data). The
argest movements are observed in several surface loops (residues
50–267, 215–222, 1–12, 22–26, 67–75 and 170–178), a �-sheet
onstituting the C-terminal (residues 310–317), two short �-helix
�2: residues 44–49 and �5: residues 139–150), a long �-helix
�10: residues 267–289) and several residues constituting the
inding pocket of CalB (residues 104, 154, 189, 190 and those
aking part of the �10 and �5 helix) (see Fig. S4 of the Supple-
entary data). This is in agreement with the results reported by

ther authors about the flexibility of CalB in organic solvents (e.g.
hloroform, methanol and cyclohexane) and water [30,43,44]. In
hese studies it has also been reported that the regions with higher
exibility in CalB are the same in water and organic solvents and
hat only the degree of flexibility depends on the solvent [30]. On
he other hand, the average RMSD values with respect to the crys-
al structure of the protein are about 0.90 Å and 1.22 Å (see Table
1 of the Supplementary data), which shows that the CalB struc-
ure is well conserved during the MD  simulations. In particular the
ydrogen bond interaction between Asp187 and His224 is main-
ained (see the next section) and the average distance between the
EA:O� and His224:N�  atoms is about 3.21–3.36 Å  (see Table S2
f the Supplementary data), indicating that the disposition of the
atalytic triad is stable during the simulations.

As found by Vallikivi et al. [39] for acetylation of prostaglandins,
nd as has successfully been used by other researches working with
ipase catalyzed reactions [37,38], a RMSD value of <3 Å between
he protein structures during the MD simulations and the CalB crys-
al structure was chosen as the limit to consider a complex to be
n a productive binding mode. Because this criterion is satisfied in
ll simulations, all complexes formed during the MD  simulations
hich satisfy the other three criteria mentioned above (see Section

) may  be considered productive complexes. Therefore, subsequent
nalysis of the MD  simulations was focused on those criteria.

.2. Hydrogen bonds between the catalytic residues

The MD  trajectories of the AcCalB-propranolol complexes were

rst analyzed with respect to the orientation of the acetylated ser-

ne (SEA) in the oxyanion hole, in order to check if this residue
reserves a catalytic configuration. The average distances d-f (see
cheme 2) for each complex in the MD  simulations are given in
alysis B: Enzymatic 108 (2014) 21–31

the Table S3 of the Supplementary data. In all MD  simulations the
acetylated serine shows a similar behavior. The carbonyl oxygen
(SEA:O) of the acetate points toward the oxyanion hole during the
whole simulation. A strong hydrogen bond is formed between the
SEA:O atom and the side chain–OH of the residue Thr40 (distance
e in Scheme 2) with an average distance between 1.78 and 1.83 Å.
The hydrogen bonds between the SEA:O atom and the NH func-
tions of the residues Gln106 and Thr40 (distances d-f in Scheme 2)
have average distances of 2.12–2.26 Å  and 2.02–2.44 Å  respectively.
In general, the hydrogen bonds with the oxyanion hole are stable
throughout the MD simulations of all complexes. There are only
short periods (less than 2% of the total simulation time in most of the
MD simulations) in which mainly the SEA:O-Thr40:NH hydrogen
bond (distance f in Scheme 2) is disrupted due to the conforma-
tional changes of the substrate during the MD  simulations. Thus at
least two of the hydrogen bonds with the oxyanion hole are formed
throughout the MD trajectory. See Figs. S5–S10 of the Supplemen-
tary data.

The hydrogen bond between the catalytic residues Asp187 and
His224 (distance a in Scheme 2) has an average distance between
1.90 and 2.06 Å and is stable throughout the MD simulations of
all complexes (see Table S3 and Figs. S5–S10 of the Supplemen-
tary data). This hydrogen bond is also important for the catalytic
process as this interaction increases the basicity of the catalytic
histidine, such that proton abstraction from the hydroxyl group of
propranolol becomes likely, facilitating the nucleophilic attack on
the carbonyl group of the acetylated serine (SEA).

The stability of these hydrogen bonds throughout all the sim-
ulations suggests that neither the orientation of the acetyl group
toward the oxyanion hole nor the catalytic role of the residue
Asp187 are determining factors for the formation of reactive com-
plexes between AcCalB and R- or S-propranolol and thus for the
enantioselectivity of the reaction. Instead the enantioselectivity
of the reaction mainly depends on the ability of the propranolol
enantiomers to adopt conformations inside the binding pocket of
CalB which are suitable for a reaction and on the difference of the
reactivities of these conformations.

3.3. The nucleophilic attack

As explained in Section 2, for considering a complex as pro-
ductive the hydroxyl group of propranolol has to be positioned
simultaneously close to the His224:N�  and SEA:C1 atoms and
steric contacts with the protein must not be observed. We  decided
to use a maximal value of 4 Å for the distances b and c (see
Scheme 2), following other authors studying lipase-catalyzed acet-
ylation reactions [37,38,40]. Several conformers satisfying these
distance criteria were identified for R- and S-propranolol, which
exhibit H–H contact distances with the protein which are longer
than 2.6 Å (i.e. no steric clashes are observed). Thus several reac-
tive conformers were identified for both R- and S-propranolol. The
reactivities of these conformers are analyzed below in terms of the
distances b and c, the enzyme–substrate interactions, the temporal
stability and the formation of NACs.

3.3.1. AcCalB-propranolol complexes in binding mode I
In most of the MD simulations of the AcCalB-propranolol com-

plexes in binding mode I propranolol is stabilized with its hydroxyl
group close to the catalytic residues only during some time of
the MD trajectories (see details below). Then the substrate under-
goes conformational changes leading to non-productive complexes
or movement of propranolol from the binding pocket to the sol-

vent. The stabilization of propranolol close to the catalytic residues
is mediated mainly by CH-� interactions established between
its naphthyl group and the aliphatic side chains of the residues
at the large pocket of CalB (Ile189, Ala141, Leu144, Val154 and
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Fig. 2. Predominant conformations of R-propranolol in the MD simulations of the Michaelis complexes between AcCalB and R-propranolol in binding mode I. R1a and R1b
correspond to the major reactive conformers of R-propranolol observed in the MD simulations of the complex R1. The catalytic triad (Asp187, His224 and acetylated Ser105)
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nd  the oxyanion hole (Thr40 and Gln106) are shown in purple. The residues con
ost  important residues contributing to the stabilization of propranolol by CH-� in

egend, the reader is referred to the web version of the article.)

hr138) (see Figs. 2 and 4). On the other hand, the destabiliza-
ion of the complexes is mainly due to hydrophobic interactions
stablished between the isopropyl side chain of propranolol and
he solvent (toluene) during the simulations, which leads to the
oss of the hydrophobic interactions between the isopropyl side
hain of propranolol and the side chains of the residues at the
edium pocket (Leu278, Ala281, Ala282, Ile285). Because the

inding pocket of CalB is accessible to the solvent and in bind-
ng mode I the isopropyl side chain of propranolol may  extends
oward the entrance of the binding pocket, propranolol inter-
cts continuously with toluene, leading to the loss of the CH-�
nteractions between the naphthyl group of propranolol and the

esidues at the large pocket. Thereby, as described in the fol-
owing sections, it is found that the better exposition of the
sopropyl group of propranolol toward the entrance of the bind-
ng pocket the shorter the temporal stability of propranolol close

ig. 3. Time evolution of the N1 H· · ·O1 intramolecular hydrogen bond and the C2 C3
nly  the first 600 ps of the simulations are shown. Simulations with different initial veloc
ng the binding pocket of CalB are shown in wireframe representation (gray). The
ions are shown in yellow. (For interpretation of the references to color in this figure

to the catalytic residues (thus of the reactive complexes) in binding
mode I.

3.3.1.1. R-propranolol complexes in binding mode I. The MD sim-
ulations of the R-propranolol complexes in binding mode I were
carried out using two  initial structures corresponding to the com-
plexes R1 and R2 (see Fig. S1 of the Supplementary data). In these
structures the naphthyl group of propranolol is positioned in the
same plane, but pointing toward the exterior of the binding pocket
of CalB in R1 and toward the interior of the binding pocket in R2.
Propranolol is near to the catalytic residues (SEA and His224) for
a longer time in the simulations of R1 (more than 200 ps) than

in the simulations of R2 (less than 5 ps). This is attributed to the
better ability of the solvent to interact with the isopropyl group
of propranolol in the system R2, as this isopropyl group is more
exposed toward the exterior of the binding pocket in this system

 N1 C4 dihedral angle of propranolol in the MD simulations of the complex R1.
ities are indicated by *.
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ig. 4. Predominant reactive conformations of S-propranolol in the MD simulation
atalytic  triad (Asp187, His224 and acetylated Ser105) and the oxyanion hole (Thr4
re  shown in wireframe representation (gray). The most important residues contri
nterpretation of the references to color in this figure legend, the reader is referred 

see section 4.1 of the Supplementary data for details). The pre-
ominant conformations of R-propranolol in the MD  simulations
f these complexes are shown in Fig. 2. The observed interaction
etween propranolol and the solvent in R2 does not permit the for-
ation of reactive complexes and only for R1 reactive complexes

re found (R1a and R1b). R1a is characterized by the formation of
n intramolecular hydrogen bond between the amino and ether
roups of propranolol (N1 H· · ·O1). The average distance of this
ydrogen bond is 2.43 ± 0.06 Å (see Fig. 3). R1b is similar to R1a, but

n this conformer the N1 H· · ·O1 intramolecular hydrogen bond is
ot formed due to the orientation of the isopropylamine side chain.
ropranolol is switching between R1a and R1b while it is close to
he catalytic residues, by rotation of the C2 C3 N1 C4 dihedral
ngle (see Fig. 3).

The average distances b and c for R1a and R1b are given in
able 1. It can be seen that the distance c is similar for both conform-
rs, while the distance b is remarkably shorter for R1a compared to
1b. This shows that R1a is more accessible to be acylated by the
nzyme, as a stronger hydrogen bond interaction with His224 (dis-
ance b) increases the nucleophilicity of the alcohol oxygen. Visual
nspection shows that this behavior is strongly related to the folding
f the propranolol structure due to the formation of the N1 H· · ·O1
ntramolecular hydrogen bond.

The average distances corresponding to the CH-� interactions
tabilizing the reactive conformers of R-propranolol in binding
ode I are shown in Table 2. Because of their linearity the CH-�

nteractions between the naphthyl group of propranolol and the
ide chains of the residues Ile189, Val154 and Leu144 are expected
o be stronger [45]. The side chains of these residues are pointing
oward the center of the naphthyl rings, especially the side chain

f Ile189. Thus Ile189 is expected to have a large contribution to
he stabilization of the TS involved in the transformation of the
-propranolol in binding mode I (see the next section).
e Michaelis complexes between AcCalB and S-propranolol in binding mode I. The
 Gln106) are shown in purple. The residues constituting the binding pocket of CalB

 to the stabilization of propranolol by CH-� interactions are shown in yellow. (For
 web  version of the article.)

3.3.1.2. S-propranolol complexes in binding mode I. The MD  simula-
tions of the S-propranolol complexes in binding mode I were carried
out using three initial structures corresponding to the complexes
S1, S2 and S3 (see Fig. S1 of the Supplementary data). In S1 and S2
the naphthyl group of propranolol is oriented pointing toward the
exterior of the binding pocket while in S3 it is oriented pointing
toward the interior of the binding pocket. In general, propranolol is
located near to the catalytic residues for a longer period of time in
the simulations of S3 (more than 1300 ps) than in simulations of S2
and S1 (less than 600 ps). This behavior observed for S-propranolol
in binding mode I differs from that of R-propranolol, which is stabi-
lized close to the catalytic residues for a longer time in the system in
which its naphthyl group is oriented pointing toward the exterior
of the binding pocket (R1). This is explained by a better exposi-
tion of the isopropyl group of propranolol toward the exterior of
the binding pocket (facilitating the interaction with the solvent) in
systems S1 and S2 than in S3. This contrasts with what is observed
in R1 and R2, respectively. Details are given in the Section 4.2 of the
Supplementary data.

The predominant conformations of S-propranolol in the MD
simulations of these complexes are shown in Fig. 4. In all MD  sim-
ulations propranolol is able to form reactive complexes. As in the
case of R-propranolol, when the naphthyl group of S-propranolol
is oriented pointing toward the exterior of the binding pocket
(complexes S1 and S2), propranolol switches between two  reactive
conformations during the MD simulations. These conformations
are generated by rotation of the same C2 C3 N1 C4 dihedral
angle, and differ by a N1 H· · ·O1 intramolecular hydrogen bond.
As this behavior is observed in the MD simulations of S1 and
S2, we  refer to these two  conformations as S12a and S12b, S12a

being the conformation in which the N1 H· · ·O1 hydrogen bond is
present. The average distance of this hydrogen bond is 2.46 ± 0.09 Å,
which is close to the value obtained for R1a. A similar behavior
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Table  1
Average distancesa (in Å) between the hydroxyl group of propranolol and the carbonyl carbon of the acetylated serine and the N� atom of the catalytic histidine in the MD
simulationsb of the Michaelis complexes between AcCalB and R- or S-propranolol in binding mode I.

Complex Distance

b c b* c* b** c**

R1a 2.31 (0.30) 3.77 (0.17) 2.26 (0.38) 3.67 (0.21) 2.25 (0.31) 3.71 (0.17)
R1b  2.86 (0.40) 3.60 (0.21) 3.06 (0.45) 3.70 (0.12) 2.70 (0.47) 3.61 (0.21)
S12ac 2.47 (0.42) 3.61 (0.22) 2.31 (0.48) 3.60 (0.23) 2.22 (0.37) 3.49 (0.26)
S12bc 2.38 (0.29) 3.71 (0.24) 2.28 (0.44) 3.51 (0.29) 2.27 (0.38) 3.49 (0.24)
S3a  2.15 (0.31) 3.28 (0.21) 2.19 (0.30) 3.63 (0.24) 2.29 (0.35) 3.42 (0.23)
S3b  2.18 (0.35) 3.25 (0.20) 2.18 (0.28) 3.28 (0.23) 2.20 (0.31) 3.37 (0.22)

a Distances b and c correspond to those shown in the Scheme 2. Only periods during which the distances b and c were simultaneously less than 4 Å were taken into account.
Numbers in brackets correspond to standard deviations from average values.

b MD simulations with different initial velocity distribution are indicated by *.
c Averages have been performed over the MD  simulations of S1 and S2.

Table 2
Average distancesa (in Å) of the interactions between the carbon atomsb of the naphthyl rings of propranolol and the residues of the binding pocket of the surrounding
protein, in the MD simulations of the Michaelis complexes between AcCalB and R- or S-propranolol in binding mode I.

Non polar interactions Complex

R1a R1b S12a S12b S3a S3b

Val154 C�2···C2′ 4.27 (0.08) 4.20 (0.06) 4.26 (0.14) 4.32 (0.25)
Val154 C�2···C7′ 4.22 (0.03) 4.22 (0.05)
Val154  C�1···C3′ 4.10 (0.07) 4.08 (0.04) 3.90 (0.03) 4.00 (0.11)
Val154 C�1···C4′ 4.24 (0.33) 4.21 (0.38) 3.78 (0.04) 3.71 (0.05)
Val154 C�1···C10′ 4.37 (0.12) 4.33 (0.08) 4.38 (0.04) 4.27 (0.10) 4.54 (0.16) 4.64 (0.01)
Val154  C�1···C5′ 3.97 (0.07) 4.02 (0.02)
Val154  C�1···C6′ 3.68 (0.03) 3.70 (0.04)
Leu144  C�1···C5′ 4.18 (0.16) 4.15 (0.11) 4.00 (0.10) 4.14 (0.16)
Leu144 C�1···C6′ 3.88 (0.09) 3.85 (0.06) 3.96 (0.22) 4.00 (0.22)
Ala141 C�···C5′ 3.99 (0.06) 3.99 (0.06) 4.14 (0.17) 4.22 (0.06) 4.21 (0.17) 4.35 (0.13)
Thr138  C�2···C4′ 4.05 (0.08) 3.99 (0.03) 3.93 (0.21) 3.98 (0.23)
Thr138 C�2···C6′ 3.82 (0.11) 3.87 (0.06)
Ile189  C�2···C10′ 3.92 (0.07) 3.88 (0.06) 4.09 (0.06) 4.10 (0.11) 3.96 (0.00) 3.97 (0.03)
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Ile189  C�2···C9 3.76 (0.05) 3.74 (0.05) 

a Averages have been performed over the three MD simulations with different see
b Labels for the carbon atoms of propranolol are given in Scheme 1.

s observed in the simulations of S3, where two major reactive
onformers of propranolol are observed (S3a and S3b) differing
n the C2 C3 N1 C4 dihedral angle, but without formation of a
1 H· · ·O1 intramolecular hydrogen bond. This hydrogen bond
annot be formed because the oxygen atom O1 is positioned far
rom the amino group (N1 H) when the naphthyl group of pro-
ranolol is oriented pointing toward the interior of the binding
ocket.

The average distances b and c for the reactive complexes
f S-propranolol in binding mode I are also shown in Table 1.
hese complexes present a different dynamic behavior com-
ared to the R-propranolol complexes. Reactive complexes of
-propranolol in which the naphthyl group is oriented point-
ng toward the exterior of the binding pocket (S12a and S12b)
resent a similar ability to be transformed by the enzyme,
s in these complexes the hydroxyl group of propranolol is
imultaneously positioned near to His224 and SEA at similar dis-
ances. Furthermore, the S-enantiomer is also able to form reactive
omplexes when its naphthyl group is oriented pointing toward
he interior of the binding pocket, which is not the case for
-propranolol, due to the destabilization of the corresponding com-
lex (R2) by the solvent (see the previous section).

The hydroxyl group of propranolol is closer to the cat-
lytic residues in the S-propranolol complexes than in the
-propranolol complexes, especially in comparison to the R1b
omplex. This means that in binding mode I S-propranolol fits

nto the CalB binding pocket in conformations in which its
ydroxyl group is in a better position to be acetylated by CalB
han the R-propranolol. This suggests a faster transformation of
he S-propranolol over R-propranolol. However, analysis of the
 (0.04) 3.66 (0.09) 3.79 (0.05) 3.73 (0.01)

cities. Numbers in brackets correspond to standard deviations from average values.

CH-� interactions contributing to the stabilization of the reactive
S-propranolol conformers shows that these conformers are more
weakly stabilized by this type of interaction (according to the aver-
age distances and standard deviations, and to the linearity of the
interactions) in comparison to the reactive R-propranolol conform-
ers (see Table 2). This suggests a better stabilization of the TS
involved in the transformation of the R-enantiomer, which would
enhance the reactivity of this enantiomer. Particularly it should
be noted that S3a and S3b loose the interaction with Leu144 (see
Fig. 4). Furthermore, as is reflected in the average distances and
standard deviations, R1a and R1b are more strongly stabilized by
the residues Leu144, Ala141, Thr138 and Ile189 in comparison to
S12a and S12b. For example, the average distances between the
atom C�2 of Ile189 and the atoms C10′ and C9′ of propranolol are
3.92 ± 0.07 Å and 3.76 ± 0.05 Å in case of R1a, while in case of S12a
(specular binding mode of R1a) are 4.09 ± 0.06 Å and 3.66 ± 0.04 Å,
respectively. The average distance between the atom C� of Ala141
and the atom C5′ of propranolol is 3.99 ± 0.06 Å in case of R1a,
while in case of S12a it is 4.14 ± 0.17 Å. Finally, the average distance
between the atom C�1 of Leu144 and the atom C6′ of propranolol,
which is 3.88 ± 0.09 Å for R1a and 3.96 ± 0.22 Å for S12a.

Several studies have been reported showing experimental and
theoretical evidence of a major stabilization of the transition
state involved in the transformation of the faster enantiomer by
hydrophobic interactions. One example is the resolution of methyl
(±)-3-hydroxypentanoate catalyzed by C. antarctica lipase B using

ammonia and benzyl amine as nucleophiles. Molecular dynamics
simulations carried out over the second tetrahedral intermediate
revealed that the higher number of contacts involving non-polar
atoms of both the acyl chain (substrate) and some of the residues
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f the CalB binding pocket (including Ile189) are responsible for the
igher enantioselectivity observed in the aminolysis reaction [46].
nother good example showing specifically the contribution of the
H-� interactions to the enantioselectivity is the improvement of
he catalytic activity and enantioselectivity of Burkholderia cepacia
oward secondary alcohols through the I287F/I290A double muta-
ion. Substrate mapping analysis strongly suggested that Phe287
ontributes to enhancement the reactivity of the R-enantiomer
y a CH-� interaction with the substrate, of which the estimated
nergy was −0.4 kcal mol−1 [47]. The CH-� interactions have also
hown to be responsible for the enantioselectivity observed in
ther reactions such as the transfer hydrogenation of aromatic
arbonyl compounds catalyzed by chiral n6-Arene-Ruthenium (II)
omplexes [48].
.3.2. AcCalB-propranolol complexes in binding mode II
In contrast to binding mode I, in the MD  simulations of the

cCalB-propranolol complexes in binding mode II the substrate
e Michaelis complexes between AcCalB and R-propranolol in binding mode II. The
 Gln106) are shown in purple. The residues constituting the binding pocket of CalB

 to the stabilization of propranolol by CH-� interactions are shown in yellow. (For
 web  version of the article.)

never leaves the binding pocket. This is because in this binding
mode the solvent interacts mainly with the naphthyl group of pro-
pranolol, which is strongly stabilized by CH-� interactions with
the residues at the medium pocket of CalB (Ile285, Val286, Ala282
and Leu278, see Figs. 5 and 6). As the strength of a CH-interaction
depends on its linearity [45], the temporal stabilization of propra-
nolol (in binding mode II) with its hydroxyl group close to the
catalytic residues depends on the orientation of its naphthyl group
in the medium pocket. Generally speaking, the better the stabiliza-
tion of the naphthyl rings by the residues of the surrounding protein
and the less exposed they are to the solvent, the longer the tempo-
ral stability of propranolol close to the catalytic residues (thus of
the reactive complexes) in binding mode II (see Section 4.3 of the
Supplementary data for details).
3.3.2.1. R-propranolol complexes in binding mode II. In the MD sim-
ulations of R3 a total of six reactive complexes of R-propranolol
are found (R3a–R3f in Fig. 5). Interestingly, not all complexes are
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Fig. 6. Predominant reactive conformations of S-propranolol in the MD simulations of the Michaelis complexes between AcCalB and S-propranolol in binding mode II. The
catalytic  triad (Asp187, His224 and acetylated Ser105) and the oxyanion hole (Thr40 and Gln106) are shown in purple. The residues constituting the binding pocket of CalB
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bserved in all MD  simulations, except R3a and R3b. R3c and R3d
ccur in two of the three MD simulations while R3e and R3f only
n one MD  simulation. These results show the versatility of using

ultiple MD  simulations with different initial velocity distributions
or sampling the conformational space in this type of systems. See
ection 4.3 of the Supplementary data for details.

Similar to the simulations of the complexes in binding mode
, a rotation of the C2 C3 N1 C14 dihedral angle of propranolol
s observed, resulting in a temporal formation of the N1 H· · ·O1
ntramolecular hydrogen bond. R3a, R3c and R3e are characterized
y the formation of this hydrogen bond, with an average distance
f 2.60 ± 0.21 Å, 2.41 ± 0.07 Å and 2.47 ± 0.24 Å, respectively. The
ain difference between these complexes is the orientation of

he naphthyl group of propranolol in the medium pocket of CalB.
3c is generated from R3a by the simultaneous rotation of the
1 C1 C2 C3 and C1′ O1 C1 C2 dihedral angles, from 44 ± 6◦

o 57 ± 1◦ and from 139 ± 0.3◦ to 102 ± 0.9◦, respectively. These
otations move the naphthyl group of propranolol from a plane
lmost perpendicular to the Leu278-Ala287 helix (helix �10) in
3a to an orientation parallel to this helix in R3c. In turn R3e is
enerated from R3c by the simultaneous rotations of the same dihe-
ral angles, from 57 ± 1◦ to 79 ± 9◦ and from 102 ± 0.9◦ to 69 ± 11◦,
espectively. These rotations move the naphthyl group of propra-
olol toward the interior of the medium pocket. R3b, R3d and R3f
re structural analogs of R3a, R3c and R3e, respectively. They only
iffer in the orientation of the amino group of propranolol, which
oes not favor the formation of the N1 H· · ·O1 hydrogen bond in
3b, R3d and R3f.

The average distances b and c for the reactive complexes of
-propranolol in binding mode II are given in Table 3. In the
omplexes R3a–R3d the hydroxyl group of propranolol is simul-
aneously positioned closer to the catalytic residues when the
1 H· · ·O1 intramolecular hydrogen bond is formed. While in R3e
nd R3f the hydroxyl group is positioned at a similar distance, sug-
esting that these complexes have the same ability to be acetylated
y CalB. In general, the distances b and c in R3e and R3f are shorter
han the ones observed in R3a–R3d. Furthermore, even though R3e
nd R3f are only found in one of the MD  simulations, they are tem-
orally more stable than the other R-propranolol conformers (more
han 500 ps; see Table 4 and Section 4.3 of the Supplementary data).
his is attributed to the higher number of protein residues con-
ributing to the stabilization of these conformers through CH-�
nteractions as well as to a reduced exposition of the naphthyl group

f propranolol to the solvent. In R3a–R3d propranolol is mainly
tabilized through CH-� interactions between their naphthyl rings
nd the residues Ile285, Ala282, Leu278 and Val286, while in R3e
nd R3f it is also stabilized by the residues Ile189 and Glu188 as
 to the stabilization of propranolol by CH-� interactions are shown in yellow. (For
 web  version of the article.)

shown in Fig. 5 (see also Table S4 of the Supplementary data for
details). The larger number of CH-� interactions contributing to
the stabilization of these conformers may  also play an important
role in stabilizing the corresponding transition states. Thus these
results suggest that the acetylation of R3e and R3f by CalB is favored
compared to the other R-propranolol conformers.

3.3.2.2. S-propranolol complexes in binding mode II. In the MD  sim-
ulations of S4 two reactive complexes of S-propranolol could be
identified (S4a and S4b in Fig. 6). S4a and S4b are specular binding
modes of R3c and R3d, respectively. They are also stabilized in the
binding pocket of CalB by the residues Ile285, Ala282, Leu278 and
Val286 by CH-� interactions. S4a and S4b differ in the orientation
of their amino group, which forms an N1 H· · ·O1 hydrogen bond
only in S4a. This hydrogen bond is stronger than in the other reac-
tive conformers of R- and S-propranolol, with an average distance
of 2.29 ± 0.03 Å.

The average distances b and c of the S4a and S4b complexes are
shorter than in the R3a–R3d complexes (see Table 3). According to
this, the transformation of S4a and S4b is favored over R3a–R3d.
In contrast, in terms of these distances, R3e and R3f display a sim-
ilar ability to S4a and S4b to be acetylated by CalB. However, as
observed in the complexes in binding mode I, the reactive con-
formers of R-propranolol are more strongly stabilized (by CH-�
interactions with the surrounding protein residues) than the reac-
tive conformers of S-propranolol in binding mode II (see Table S4 of
the Supplementary data). For example, it can be seen in Figs. 5 and 6
that R3e and R3f are stabilized by a larger number of CH-� inter-
actions than S4a and S4b. This suggests that these interactions
are also responsible for a better stabilization of the transition
states involved in the transformation of the R-propranolol com-
plexes in binding mode II, leading to a faster transformation of
this enantiomer, which would explain the experimentally observed
enantioselectivity.

It is important to note that from the MD  simulations of the
Michaelis complexes between AcCalB and propranolol we cannot
quantitatively estimate the contribution of the hydrophobic inter-
actions between the substrate and CalB to the stabilization of the
corresponding transition states, and therefore to the enantiose-
lectivity. However, at least a qualitative idea is obtained, which
may help to improve the enantioselective synthesis of propranolol
through a rational redesign of CalB. The actual contribution of these

interactions to the stabilization of the TS can be estimated from
hybrid quantum chemical/molecular mechanical (QM/MM) calcu-
lations [49]. We  are currently carrying out these calculations. The
results will be published in a separate paper.
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Table  3
Average distancesa (in Å) between the hydroxyl group of propranolol and the carbonyl carbon of the acetylated serine and the N� atom of the catalytic histidine in the MD
simulationsb of the Michaelis complexes between AcCalB and R- or S-propranolol in binding mode II.

Complex Distance

b c b* c* b** c**

R3a 2.87 (0.33) 3.55 (0.21) 2.82 (0.69) 3.63 (0.27) 2.69 (0.56) 3.69 (0.21)
R3b  2.81 (0.41) 3.61 (0.19) 3.11 (0.52) 3.74 (0.21) 3.08 (0.56) 3.65 (0.21)
R3c  2.74 (0.51) 3.70 (0.18) 2.34 (0.46) 3.60 (0.24)
R3d  3.11 (0.57) 3.76 (0.19) 2.99 (0.54) 3.76 (0.21)
R3e  2.20 (0.36) 3.43 (0.24)
R3f  2.39 (0.40) 3.15 (0.21)
S4a  2.18 (0.34) 3.28 (0.21) 2.18 (0.28) 3.62 (0.23) 2.28 (0.35) 3.41 (0.23)
S4b  2.14 (0.31) 3.24 (0.20) 2.18 (0.29) 3.45 (0.30) 2.23 (0.32) 3.39 (0.22)

a Distances b and c correspond to those shown in the Scheme 2. Only periods during which the distances b and c were simultaneously less than 4 Å  were taken into account.
Numbers in brackets correspond to standard deviations from average values.

b MD simulations with different initial velocity distribution are indicated by *.

Table 4
Lifetime and percentage of NACsa of each reactive conformer of R- and S-propranolol in the MD simulations of the AcCalB-propranolol complexes carried out with the third
initial  velocity distribution.

Binding mode I Binding mode II

Conformer Lifetime** (ps) NACs** (%) Conformer Lifetime** (ps) NACs** (%)

R1a 116.7 0.09 R3a 9.5 1.05
R1b  118.4 1.18 R3b 24.5 0.41
S12ab 372.5 4.00 R3c 38.7 0.78
S12bb 715.8 13.90 R3d 214.4 0.05
S3a  1024.9 13.01 R3e 520.6 26.89
S3b  465.1 21.29 R3f 679.4 36.74

S4a 577.4 1.52
S4b 912.6 1.89
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a The percentage of NACs formation is given related to the lifetime of each reacti
b Averages have been calculated over the MD simulations of S1 and S2 (see Sectio

.3.3. Formation of near attack conformers (NACs)
Finally we analyze the ability of the reactive conformers of

ropranolol to form near attack conformers (NACs). Because the
eactants must pass through the NACs in order to reach the TS, the
opulation of NACs is an indicative of the reaction rate [23]. We
efined the NACs for the AcCalB-propranolol complexes as those in
hich the distances b and c are simultaneously ≤2.7 Å and ≤3.2 Å,

espectively. We  analyzed the fraction of the lifetime of each reac-
ive conformer of propranolol in which NACs are formed during
he MD  simulations. All reactive conformers are able to form NACs
nd thus will reach the TS. The percentage of NACs of the two  pro-
ranolol enantiomers is similar in all MD  simulations with different

nitial velocity distributions. Therefore only the results of the analy-
is of the MD  simulations with the third initial velocity distribution
iseed 234) are shown in Table 4. In this simulation all reactive pro-
ranolol conformers are present. It can be seen that in binding mode

 the reactive conformers of S-propranolol occur more frequently
nd have a better ability to form NACs than the reactive conformers
f R-propranolol. The lifetime of the reactive conformers of R-
ropranolol is <120 ps and the percentage of NACs is <2%, while for
he reactive conformers of S-propranolol the lifetime is >300 ps and
he percentage NACs is >4%. In contrast, in binding mode II, the per-
entage of NACs in the reactive complexes of S-propranolol is higher
han in the R3a–R3d complexes but lower than in the R3e and R3f
omplexes. This is explained by the strong binding of propranolol
o the active site of CalB in the R3e and R3f complexes (see Section
.3 of the Supplementary data). The percentage of NACs in these
omplexes is higher than in the other complexes. This means that
his stage of the reaction is kinetically favored for R-propranolol,
hich is in agreement with the experimental results. The moder-
te enantioselectivity of CalB may  be partly attributed to the high
ercentage of NACs formation observed for the S-propranolol. See
ables S5 and S6 of the Supplementary data for details on the other
imulations.
former.
.1.2).

4. Summary and conclusions

In this work, the dynamic behavior of the Michaelis complexes
of the deacylation reaction of the O-acetylation of propranolol cat-
alyzed by CalB has been studied by multiple molecular dynamics
simulations in explicit toluene. The analysis of the MD trajectories
shows that different reactive conformations of R- and S-propranolol
exist, which may  be transformed to the corresponding second tetra-
hedral intermediate. These reactive conformations differ in their
temporal stability and ability to reach the corresponding transition
states. In binding mode I, the reactive conformers of S-propranolol
are temporally more stable and have a better ability to form NACs
than those of R-propranolol. On the other hand, in binding mode II,
reactive conformers of R-propranolol are identified, which have a
better ability to form NACs than all reactive S-propranolol conform-
ers (either in binding mode I or II). This explains the preference of
CalB to transform R-propranolol. The moderate enantioselectivity
of CalB is explained by the frequency of NACs observed for several
reactive S-propranolol conformers, which is just slightly lower than
the frequency of NACs for the R-propranolol conformers.

The CH-� interactions established between the naphthyl group
of propranolol and the surrounding protein residues are the major
source of the stabilization of propranolol with its hydroxyl group
near to the catalytic residues. These interactions are in general
stronger in the reactive complexes of R-propranolol than in those
of S-propranolol. Thus these interactions are expected to play an
important role in stabilizing the corresponding transition states
involved in the transformation of the R-propranolol, enhancing the
reactivity of this enantiomer. Based on the strength of their inter-
actions with the naphthyl group of R-propranolol, Ile189, Ala282

and Leu278 have been identified as key residues for the enantiose-
lectivity of CalB. Ile189 is particularly important as this residue is
involved in CH-� interactions with R-propranolol both in binding
mode I and II. These results suggest key residues for improving
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