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Abstract

Conformational analysis of the proposed tetrahedral transition state of different model esters in the active sites of the
lipases of Candida rugosa and Pseudomonas cepacia are used to analyze structural reasons for the unique enantiomeric
preference of lipases towards the cleavage of esters of chiral primary and secondary alcohols. The results are compared with
the existing rules for the preference of one specific enantiomer in the hydrolysis of esters of chiral alcohols. Interesting
results on the dynamics behaviour of some enantiomers within the lipases are reported.
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1. Introduction

Lipases and esterases are enzymes hydrolyz-
ing a variety of different esters. Although the
original function of lipases is to hydrolyze
triglycerides into glycerol and fatty acids [1],
they are widely used in the synthesis of organic
compounds for the preparation of chiral inter-
mediates [2]. The enantiomeric differentiation of
lipases is used to separate racemic mixtures of
chiral esters by hydrolyzing preferentially one
enantiomer of the ester or in esterification reac-
tions of chiral acids and/or chiral alcohols.
Mapping of the specificity of different lipases
revealed unique tendencies, which led to simple
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rules to predict which enantiomer reacts faster.
These rules are either based on the size of the
substituents at the stereocenter of the substrate
by defining favored orientations of large and
medium sized substituents, or by defining boxes
for the supposed binding site and then trying to
fit in the respective substrates. In that way, rules
for the selectivities of hydrolases towards sec-
ondary alcohol esters [3—~7] and chiral primary
alcohol esters [7-9] have been developed for
several lipases and esterases. While the rules for
secondary alcohols are consistent, the models
for primary alcohols are not that convincing.
Even by including into the rules binding proper-
ties by defining hydrophobic and polar pockets
[10-12] no satisfactory general principle for
most of the observed experimental results was
found. For chiral primary alcohols there are for
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e.g. different rules with or without oxygen at the
asymmetric center, respectively, reflecting the
ambiguous nature of those rules. For the selec-
tivity of hydrolases towards chiral acids only
rules for pig liver esterase [13—16] and candida
rugosa lipase [17,18] are developed by now.

Common to those empirical rules is the fact
that they are based on the mapping of many
different chemical structures of esters hydro-
lyzed by the enzymes. Recent determinations of
crystal structures of several lipases now open
the possibility to extend and unify these rules by
structural information of the active sites.

The reaction mechanism catalyzed by lipases
is assumed to be analogous to that of serine
proteases [19]. This mechanism involves the
formation of two tetrahedral intermediates,
where the first (TI,) is leading to an acyl en-
zyme and the second (TI,) leads either to the
acid (with water) or to the transesterificated
ester [20] (see Fig. 1). Therefore, the first tetra-
hedral intermediate TI, determines the selectiv-
ity of the lipase towards alcohols because the
alcohol leaves the acyl enzyme at this step. The
selectivity towards carboxylic acids is deter-
mined by both tetrahedral intermediates as both
contain the carboxylic acid moiety. The inter-
mediate itself is formed by a hydrogen transfer
from the serine to the imidazole ring of the
histidine residue thus forming a positively
charged imidazole ring [21] which is stabilized
by the nearby aspartate and glutamate residues.

In addition to a common sequence pattern
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around the active site serine (Gly—X-Ser—X-
Gly), the known three-dimensional structures of
the lipases show a unique framework in their
tertiary structures. This conserved fold, called
a/B hydrolase fold [22,23], is believed to im-
pose a common stereoselectivity pattern for the
catalytic activity of the entire superfamily [24].
Strictly, this can be applied only to the attack of
the serine oxygen at the carbon atom of the
carbonyl group [25] and thus to the orientation
of the whole substrate (ester) with respect to the
catalytic triad. This is also reflected in our
modeling of triglycerides within Candida ru-
gosa lipase [26], which gave a unique orienta-
tion of the carbonyl group. But this fact does
not reflect the preferred orientation of the alco-
hol part of the ester within the active site,
because the asymmetric center of the alcohol is
too far away from the serine residue. Thus we
believe that other steric and/or electronic fea-
tures are responsible for the enantioselectivity
of lipases within the reactions mentioned above.

Many lipases have a flexible loop (lid) which
can cover the active site. Brownian-dynamic
simulations on a triose phosphate isomerase with
glyceraldehyde 3-phosphate as substrate [27]
show no influence of the flexible loop on the
access of substrates because the lid’s opening
and closing is faster then the diffusion of sub-
strates into the active site [28]. Thus the loop
could close while the substrate is in the binding
site. On the other hand, cutinase from Fusarium
solani, which has no lid, shows the same enan-

Ti,: R=alcohol
Tl R=H

Fig. 1. Proposed tetrahedral intermediates (TI) for the catalytic reactions of esters. (1) Forward reaction TI,: R = alcohol residue, formation
of the acyl enzyme and free alcohol. (2) Reverse reaction TI,: R = H, nucleophilic attack of water to form the free acid and the regenerated

enzyme.
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tiopreference as Candida rugosa lipase [28,29].
These facts suggests that the lid in any lipase
will not have a significant influence on the
enantioselectivities in the hydrolysis of esters of
chiral alcohols. Therefore we used in this work
the structures with open lids.

There exist many different approaches to pre-
dict the enantioselectivity. Apart from the im-
provement of an empirical quantitative model
for the hydrolysis of bicyclic secondary alcohols
[30] using the CoMFA-method [31], most at-
tempts to model the enantioselectivity have been
made by analyzing the conformations of the
enantiomers in the binding site of the enzymes
and comparing either their structures or their
energies. For structural comparison parameters,
like numbers of close contacts of the substrate
to the enzyme [32] or its relative position within
the enzyme [33], are taken from molecular dy-
namics simulations and used for prediction of
enantioselectivities. In energy based analysis,
molecular dynamics simulations are used to find
minimum energy conformations of diastere-
omeric complexes [34] or of intermediates [35]
which are then used to compare the probabilities
of the reaction of the two enantiomeric sub-
strates under consideration.

In the present work, we have first evaluated
the minimum energy conformation of the first
tetrahedral intermediate, TI,, of several model
esters of secondary and primary alcohols in the
binding sites of two different enzymes, namely
the lipases from Candida rugosa (CRL) [36]
and from Pseudomonas cepacia (PCL) [37].
These intermediates are considered to be close
to the transition states of the reactions and to
constitute key structures for the discrimination
between the two enantiomeric esters of chiral
alcohols. The analyzed model esters are esters
of simple chiral secondary and primary alcohols
which represent the minimum elements of the
known empirical rules for enantioselectivity, the
substituents at their asymmetric center differing
in size and polarity. As in the work of Norin et
al. [35], we used the energy differences between
the diastereomeric transition states to estimate

enantioselectivities. For this approach to work,
the global minimum of the energy for a given
model has to be found. Therefore the whole
conformational space should be explored in the
investigation. Usually, molecular dynamics cal-
culations over a long time span are used [34]. In
this work we first used a systematic search to
investigate the whole conformational space of
the tetrahedral intermediates in the binding sites
of the lipases and then a Monte-Carlo type
method to sample for minimum conformations
within this space. This combination of system-
atic search and Monte-Carlo minimization
method (SsMcm) is very useful for the investi-
gation of constrained systems such as rings or
loops in proteins, or small ligands docked in a
protein cleft [38] and was already used by us for
conformational analysis of triglycerides inside
the binding site of CRL [26].

As the energy is just a calculated target func-
tion and the energy minimization is a way to
find a reasonable three-dimensional arrange-
ment of atoms, very similar structures may show
quite different energies. This invariably leads to
the phenomenon that the minimization proce-
dure is trapped in a local minimum conforma-
tion which differs quite significantly in its en-
ergy value with respect to the structurally very
close global minimum. To overcome this prob-
lem, a short low temperature molecular dynam-
ics calculation was made after the minimization
and the resulting structure then minimized again.
Using these methods, in most cases a decrease
of 2—4 kcal /mol for the different TI,-structures
was obtained without significant changes in the
respective structures (RMS differences of the
coordinates were about 0.1 A).

Some of the predicted enantioselectivities did
not match the experimental results on similar
substrates. Therefore, for model ester 2 with the
largest discrepancy we investigated in a second
step the enzyme—substrate complex, without a
covalent bond between the serine residue and
the carbonyl carbon. Although the relative ener-
gies obtained by simulated annealing calcula-
tions did not yield better matches, the behavior
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in a dynamics simulation of both enantiomers of
2 within the binding site showed some striking
differences.

2. Methods
2.1. Molecular modeling equipment

All calculations were performed on Silicon
Graphics workstations. The manipulations of
molecules, the graphic evaluations, the energy
minimizations and the conformational analysis
by the Monte-Carlo method were performed
using the molecular modeling program-package
SYBYL [39].

2.2. Structures of lipases

In this work the X-ray crystal structures of
the open lid form of Candida rugosa lipase
(CRL) [36] (Brookhaven Protein Data Bank en-
try number 1CRL) and the structure of Pseu-
domonas cepacia lipase (PCL) [37] were used
for the conformational analysis of the tetrahe-
dral intermediate in the binding site. All water
molecules in the crystal structures were in-
cluded in the calculations and the hydrogen
positions were calculated using the BIOPOLY-
MER module of SYBYL.

2.3. Force field parameters

For all energy, minimization and dynamics
calculations the ‘all-atom’ AMBER force field
[40] in SYBYL [39] was used. Only amino acid
residues within an 8 A distance from the active
site serine were allowed to move during the
minimization. This way, all residues forming
the inner surface of the binding site were al-
lowed to move. The remaining parts of the
lipases were constrained to the positions found
in the X-ray crystal structure. The minimization
was performed by means of the Powell mini-
mizer in SYBYL. In all energy calculations a
distance dependent dielectric constant using a

factor of 2 (=2 Xr1) was used. Non-bonded
interactions were truncated at 8 A.

2.4. Models for the tetrahedral intermediates

All tetrahedral intermediates were modeled
by forming a single bond between the reactive
carbonyl carbon and the Oy of the serine residue
in the active site. The respective active site
serine residues are Ser209 in CRL and Ser87 in
PCL (see Fig. 2). The carbonyl carbon atom
thereby changes to a tetrahedral sp>-hybridized
configuration. According to the assumed mech-
anism [21], the hydrogen atom of the serine is
transferred to the imidazole ring of the respec-
tive histidine residue. The carbonyl oxygen atom
changes to a negatively charged single-bonded
oxyanion. The non-standard structural features,
such as the bond angles and bond lengths of this
tetrahedral intermediate were calculated by the
semi-empirical MNDO method in MOPAC [41].
The partial charges of the atoms were calcu-
lated, according to the method used for the
standard AMBER atom-types [40], from the
molecular electrostatic potential using the ESP
module in MOPAC. The bond lengths, bond
angles and partial charges thus obtained were
then used to define a new atom type in the
‘all-atom’ AMBER force field and to build a
serine—substrate complex residue which re-
places the corresponding active site residue. For
the protonated histidine the existing parameters
in the AMBER force field were used. For the
model esters (1-11) standard AMBER atom
types were assigned to the alcohol and acid
parts, respectively. The partial charges were
also derived from ESP calculations.
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Fig. 2. Used bond lengths (bold) and partial charges (italic) of the
tetrahedral intermediate (TI,).
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2.5. Systematic search—Monte-Carlo minimiza-
tion method (SsMcm)

The Monte-Carlo minimization method [42—
44] was successfully applied in the simulation
of structural changes of flexible structures. A
significant problem with this method lies in the
fact, that atomic movements in most directions
involve collisions, resulting in large increases in
energy. This is especially the case for con-
strained systems such as rings, loops in proteins
or small ligands docked in a protein cleft. This
generation of high energy conformations leads
to the problem that the overriding factor for the
energy minimization becomes the relief of steric
strain or satisfaction of defined constrains and
therefore long minimization calculations must
be used. To overcome this difficulty, we re-
stricted the number of generated conformations
allowing the Monte-Carlo minimization to take
its ‘new’ conformations only from a defined set
of conformations. In this work the set was
generated by a systematic search, carried out
over all torsional angles of the serine-bound
intermediate complexes and constrained by the
binding site of the respective lipase, generating
only sterically tolerable conformations. There
are amino acid residues within the active sites
of the two lipases which could stabilize the
negative charge of the oxyanion of TI,. Thus
we could have further reduced the number of
conformations to be investigated by predefining
such transition states. However, in order to in-
vestigate the possible influence of the type of
the substrate on the conformation of the serine
side chain, the whole conformational space of
the serine-bound intermediate complex was ana-
lyzed.

The systematic search in SYBYL was carried
out by a systematic variation of all selected
torsion-angles with increments of 10°. As the
atoms are handled like hard spheres, a softness
(flexibility) was introduced in the calculation of
close contacts by including reductive scaling
factors for the van der Waals radii (vdW-inter-
actions), 1-4 van der Waals interactions and

H-bond interactions. For the 1-4 vdW interac-
tions and for the H-bond interactions always the
same scaling factors of 0.87 and 0.65, respec-
tively, were used. In order to obtain a statisti-
cally reasonable number of conformations (be-
tween 10* and 10°) different scaling factors for
the general vdW-interactions were used in the
calculations, varying between 0.90 and 0.80.

In the subsequent Monte-Carlo minimization
a random conformation from this set was taken
and the structure was minimized for 100 steps.
A Boltzman weighted decision at 300 K deter-
mined whether the new structure was accepted.
The new starting conformation was then gener-
ated by selecting randomly at least 2 torsion
angles to be changed and then to look in the set
for a conformation which differs from the ‘cur-
rent’ conformation in these selected torsion an-
gles. All accepted conformations were com-
pared and only unique conformations were saved
in a database, giving a set of minimum confor-
mations. The calculations were performed until
further calculations did not lead to new confor-
mations with lower energies.

This combination of systematic search and
Monte-Carlo Minimization (SsMcm) developed
by Purisima and Hogues [38] has been imple-
mented with the SYBYL macro language SPL,
using the systematic-search and minimization
modules in SYBYL.

2.6. Molecular dynamics

A short low temperature molecular dynamics
calculation was carried out on each of the mini-
mum conformations of the SsMcm method and
was intended to move the model to a more
relaxed structure with a lower energy value, if
possible. Therefore in the dynamics simulations
the temperature was raised from 0 to 200 K and
kept there for 0.1 ps. The temperature was then
decreased to 0 K with time steps of 0.05 ps and
temperature steps of 50 K. Using higher temper-
atures and/or longer simulation periods could
lead to completely new conformations. The RMS
changes in atomic positions during the dynam-
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ics simulations ranged between 0.05 and 0.30
A.

For the simulated annealing and dynamics
calculations of the non-bonded enzyme-—sub-
strate complex of 2, the tetrahedral intermediate
was changed into a normal carbonyl group, the
hydroxyl group of the active serine residue
protonated and the imidazole ring of the histi-
dine residue transformed in its neutral form. As
a starting conformation, the corresponding coor-
dinates of the lowest energy conformation of the
intermediate 2 from previous calculations were
used and minimized. The simulated annealing
simulation had 10 times a heating period of 500
fs to 300 K and a cooling period of 250 fs to 0
K. The resulting conformations after each cool-
ing period were minimized separately. As the
simulated annealing calculation gave a migra-
tion of the substrate out of the binding site, a
dynamics simulation of 15 ps at 300 K was
calculated to analyze the migration for both
enantiomers.

3. Results and discussion

The model esters (see Fig. 3) were chosen in
such a way as to represent the principles of the
existing rules of predicting which enantiomer
reacts faster. In that way 2, 3, 6 and 7 represent
model esters where the substituents differ mostly
in size. Models 3 and 7 are included, because of
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possible interactions of aromatic substituents.
The other models all exhibit a polar group, such
as an alcohol or an ether on one side of the
asymmetric center of the alcohol residue. The
rules presented in the literature are less reliable
in the prediction of the preferred enantiomer
when there is a polar substituent [8,45]. The
lipases of Candida rugosa and Pseudomonas
cepacia, which are widely used in organic
chemistry, by far outnumber other enzymes in
terms of rules developed for predicting the
enantiopreference. Crystal structures for both
enzymes have been determined recently [37].

3.1. Comparison of modeling with crystal struc-
ture

The analysis of the crystal structures of the
inhibitor complexes of CRL with the (R)- and
(S)-menthyl esters of n-hexylphosphonochlori-
date (MPC, PDB entry code 1LPM and 1LPS)
[24] show different orientations of the imidazole
ring of the histidine residue in the active site
(His449) (see Fig. 4a and Table 1). It was also
shown [46], that only one orientation of the
asymmetric center at the phosphorus atom (S,
configured) was able to bind. In the following,
(R)- and (S)- will be used to discriminate the
enantiomeric menthyl residues which are of in-
terest for this investigation. In the (R)-MPC-
complex the imidazole ring is rotated by around
60° as compared to the (S)-isomer and in the
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Fig. 3. Model esters of chiral secondary (1-5) and primary (6—11) alcohols. The asterix (* ) marks the asymmetric center.
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b

Fig. 4. (a) X-ray crystal structure of (R)}-MPC (bold) and (S)-MPC (thin lines) and (b) minimum energy structure calculated by
conformational analysis of (R)-1 (bold) and (S)-1 (thin lines) in the binding site of CRL. Although the residues in the binding site were
allowed to move during minimization, they remained nearly at the same position, only the phenylalanine residue changed slightly. These
phenyl rings had also different orientation in the two X-ray crystal structures.

latter structure, no hydrogen bond is formed
between the serine alcohol oxygen and Ne2 of
the imidazole ring. This leads to a high energy
complex structure. We did energy calculations
of the tetrahedral intermediate-enzyme complex
1 using the given coordinates of both crystal
structures (1ILPM and 1LPS) and replacing the
phosphorus atom by the carbonyl carbon of the
ester. The minimization with the method de-
scribed above, resulted in a remarkable energy
difference of 18.3 kcal /mol between these di-
astereomeric complexes. Thereby the difference
in the imidazole ring orientation between both
diastereomeric complexes decreases to a value
of about 18°. The conformational change of the

Table 1

imidazole ring forced by a large substituent was
suggested to be responsible for the discrimina-
tion between enantiomers [24]. Superposing both
structures, the large and the medium substituent
of the asymmetric C atom were pointing to-
wards the same pocket.

An extended conformational search by the
SsMcm method of 1 for the ( R)-diastereomer
yielded essentially the same minimum confor-
mation as in the crystal structure, but for the
(8)-diastereomer a different conformation with
a lower energy than the corresponding crystal
structure (see Fig. 4b) was found. In this confor-
mation, which exhibits a higher energy of only
3.9 kcal/mol as compared to the (R)-di-

Torsion angles of the imidazole ring of His445 in the X-ray structure of (R) and (§)-MPC, compared to this for (R) and (S)-1 calculated by
minimizing the corresponding orientation of the analogue MPC (X-ray + Min) and by extended conformational analysis (SsMcm). The
energy differences (A E) between both diastereomers of 1 of the whole modeled system (Lip + TI-Ser) and only of the serine—intermediate

complex (TI-Ser) are printed

Structure Torsion angle of imidazole ring AE (R-—S) (kcal /mol)

of His449 (C a-C B-Cg-N51)

(R) «* Lip + TI-Ser TI-Ser
MPC: X-ray -123.1 —~60.0 — —
1: X-ray + Min —-93.9 —75.5 —18.26 —21.88
1: SsMcm —84.5 —85.8 —-391 —2.61
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astereomer, the hydrogen at the asymmetric car-
bon is oriented towards the same direction as in
the other diastereomer and the imidazole ring of
His449 has a similar torsion angle. The crystal
structures of MPC thus show what we call a
LM-alignment (large and medium substituent
pointing in the same direction for both enan-
tiomers), whereas the calculated structures of 1
show a H-alignment (hydrogen pointing in the
same direction).

It has to be mentioned that for 1, as in the
MPC-complexes, a hexyl residue was placed at
the acid part of the model ester, while for all
other models (2 to 11) a propyl chain was used
in the calculations in order to reduce the number
of degrees of freedom. Using shorter chain
length was considered to be justified by the fact
that a detailed analysis of the respective contri-
butions of the various residues of the esters
(acid part, alcohol residue etc.) to the overall
energies of the substrates revealed that the acyl
chain plays only a minor role (0.3 kcal /mol as
compared to 1.5 kcal/mol for the alcohol
residue).

The results of the calculations for the menthyl
ester, although surprising at first sight, do not
necessarily represent contradictions to experi-
mental results, since the crystal structures repre-
sent low energy conformations of stable com-
plexes, which in the case of the (§)-MPC-lipase
complex would not necessarily lead directly to
hydrolysis. First, the imidazole ring would have
to twist again in order to stabilize the alcohol
oxygen and to favor by this the breaking of the
bond to the carbonyl carbon. Whereas, by mod-
eling the tetrahedral intermediates TI, men-
tioned above, we are analyzing substrates
and/or complexes, respectively, which would
lead to successful hydrolyses. However, a dis-
crimination of one enantiomer over the other
one is guaranteed in both cases.

Apart from the residues on the surface of the
binding site, the structure of the lipase is con-
strained to the position found in the correspond-
ing X-ray structure. Due to limitation of the
computer methods and computer resources

larger conformational changes of enzyme do-
mains can not be simulated in an accurate way.
For an estimation which part of the enzyme
provides the discrimination between the enan-
tiomers, the contributions of the substrate alone
to the energy difference of the enantiomers are
shown in the tables. However, for the complex
1 the energy differences between the two di-
astereomeric intermediate—serine complexes and
the energy differences between the whole bind-
ing site—intermediate complexes are nearly
equal. In that sense the energy difference is 2.61
and 3.91 kcal/mol. Using the relationship be-
tween free energy difference and enantiomeric
ratio [31] this would corresponding to an enan-
tiomeric ratio (E) of about 80 and > 100,
respectively, at room temperature. The experi-
mental ( E)-value for the hydrolysis of menthyl
ester by CRL is about 13 [24].

3.2. Oxyanion hole of CRL and PCL

All the conformations revealed a unique ori-
entation of the oxyanion in the binding site of
the lipases. In both lipases this negatively
charged oxygen is stabilized by two hydrogen
bonds, one originating from the neighbouring
residue to the serine within the active site. In
PCL the protonated amide nitrogens of Leul7
and GIn88 and in CRL those of Ala210 and
Gly124 are forming this so called oxyanion
hole.

3.3. Secondary alcohol esters

In case of the model of the esters of sec-
ondary alcohols, the unique orientation of the
tetrahedral intermediate leads also to very unique
positions of the alcohol oxygens as well as of
the asymmetric carbon. Additionally the hydro-
gen of the asymmetric carbon atom is always
directed to the same side. This restriction is due
to the steric features which are part of the
catalytic machinery of an esterase. One side is
formed by the residues forming the oxyanion
hole (see Fig. 5), the other by the imidazole ring
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CRL

PCL

Fig. 5. Minimum energy conformation of the secondary alcohol (R)-3 (grey lines) and of the primary alcohol (R)-7 (dark lines) in the
binding site of CRL and PCL. Thereby, the residues of the three restrictive parts of the binding site, the hydrophilic pocket (light grey), the
oxyanion-hole (dark grey) and the rtesidues of the catalytic triad (grey) are shown as ball and stick.

of the histidine (Fig. 5), and the third part is the
so-called hydrophilic pocket. The latter is
formed in CRL by a glutamic acid and in PCL
by a histidine residue, both next to the active
site serine. Several lipases or esterases exhibit
next to their active site serine a polar group
such as Glu, Asp or His. This structural subunit
is supposed [47-49] to trap a water molecule
needed for the hydrolysis of the substrate. This
water does not influence the conformation of
triglycerides within the active site [26] but it
does restrict the available space of the pocket in
such a way that no big substituent can fit.
These three restrictions can be considered as
similar to a three point attachment of any sub-
strate [50], necessary for chiral recognition of a
tetrasubstituted carbon. This leads for both in-
vestigated lipase structures to a unique orienta-
tion of hydrogen (H-alignment) and to low en-
ergy conformations in which the medium sub-
stituent is near the hydrophilic pocket and the
large substituent extends towards the solvent or
into the hydrophobic pocket. The orientation
would correspond to the rule for preferred enan-
tiomer hydrolyses of secondary alcohol by Ka-

zlauskas et al. [3]. The residues of the oxyanion
hole restrict the available space in such a way
that only a hydrogen can fit. As a matter of fact,
only a few enzymatic hydrolyses of esters of
tertiary alcohols are known [51]. The imidazole
ring of the histidine opposing the oxyanion has
to adopt the optimal orientation to form the
hydrogen bonds to the oxygens of serine and of
the respective alcohol. The energy differences
obtained show the same enantiopreferences as
the experimental results [7,52-57] for the model
3. For model 2 the calculations showed lower
energies for the wrong enantiomer (see Table
2).

For the polar model esters with hydroxyl or
methoxy groups (4 and 5) the experiments re-
ported in the literature show for most substrates
a preference for the enantiomer with the (R)-
configuration at the asymmetric carbon [58—61].
But for substrates with bigger substituents the
preference seems not to be governed by the
polar oxygen but by the steric demand of the
large substituent [45], leading to a preference
for (S)-configured esters. The calculations for
model ester 4 (with a hydroxyl group) predicts
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Torsion angles of the imidazole ring of the active His in the calculated minimum energy conformation of the model ester of chiral
secondary alcohols in the binding site of CRL and PCL. The energy differences (A E) between both diastereomers of the whole modeled
system (Lip + TI-Ser) and only of the serine—intermediate complex (TI-Ser) are printed. The overlay present which substituent is oriented
in the same direction when both enantiomers are superpositioned (L-large substituent, H-hydrogen)

Structure AE (R-—5) (kcal /mol) Torsion (C a-C 8-Cg-N&1) Overlay (alignment of R—S)
Lip + TI-Ser TI-Ser (R) (&))]

2-crl 0.439 —1.385 —-99.8 —94.6 LH

3-crl —4.867 —17.811 ~91.6 —88.6 H

4-crl 2.331 7.037 -100.7 —-92.7 H

5-crl —-2.793 —2.568 —-99.9 —-94.7 H

2-pcl 5.871 4.349 —-102.0 —147.5 H

3-pcl —-2.160 —1.531 —-113.5 -118.1 H

4-pcl 1.124 3.033 —-122.6 —-129.0 H

S-pcl 3.817 2.909 —-121.6 —1249 H

preference for the (§)-configured ester in both
investigated enzymes, whereas for the model
ester with a methoxy group (5), the enantio-
preference changed in the CRL binding site (see
Table 2). The superposition of the enantiomers
for all cases shows H-alignment.

3.4. Primary chiral alcohol esters

The conformations of the model esters of
apolar chiral primary alcohols like 6 and 7
revealed a similar picture for the carbon next to
the alcohol oxygen as in the model esters of

Table 3

chiral secondary alcohols. This carbon has a
rather fixed position (within 0.8 A) and one
hydrogen is pointing in the same direction as in
the case of the secondary alcohols, whereas the
other hydrogen is directed towards the hy-
drophobic pocket. The asymmetric carbon is
situated somehow between the large and medium
substituent of the secondary alcohol model. This
asymmetric carbon has a greater variety of con-
formations, but the lowest energy conformations
for the energetically favored enantiomer show
the large substituent extending towards the hy-
drophobic large pocket or into the solvent. The

Torsion angles of the imidazole ring of the active His in the calculated minimum energy conformation of the model ester of chiral primary
alcohols in the binding site of CRL and PCL. The energy differences (A E) between both diastereomers of the whole modeled system
(Lip + TI-Ser) and only of the serine—intermediate complex (TI-Ser) are printed. The overlay present which substituent is oriented in the
same direction when both enantiomers a superpositioned (L-large substituent, M-medium sized substituent, H-hydrogen)

Structure AE (R-—S) (kcal /mol) Torsion angle of imidazole ring of Overlay
active histidine (C a-C B-Cg-N&1)
Lip + TI-Ser TI-Ser (R) s) (alignment of R-S)
6-crl 0.694 0.971 -96.6 —96.6 L
7 —ecrl —0.063 —-0.313 —-100.4 —98.5 H
8-crl —3.523 —2.892 —-96.7 —-97.9 H
9-crl 0.319 0.463 -96.5 ~96.9 H
10-crl —0.254 0.001 —94.6 —98.0 M
11-cri -0.558 —0.386 —-100.7 —93.2 L
6-pcl 1.130 0.842 —1235 —123.2 L
7-pcd 3.552 4,104 —1133 —131.2 L
8-pcl —8.226 —-9.076 —131.2 —128.3 H
9-pcl 1.664 1.615 —-121.5 —-120.9 H
10-pcl 4.266 3.305 —-117.5 —121.6 M
11-pcl 4.106 -~119.3 —126.3 H

1.718
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energetically preferred enantiomers show (S)-
configuration in agreement with the experiment
[10,62—-64]. This orientation leads to a predomi-
nant L-alignment (large substituent pointing in
the same direction for both enantiomers), in
which the large substituents are found roughly
in the same area for secondary and primary
alcohol models respectively.

In the primary model esters with a hydroxyl
(8, 10) or methoxy group (9, 11) the alignment
of the two enantiomers is different (see Table
3). Most of the calculated polar models show
H-alignment. For the ester with a hydroxy-
methyl group (8) at the asymmetric carbon, the
calculations revealed the (R)-configured sub-
strates as preferred enantiomers. This agrees
with the limited experimental data reported in
the literature for this class of compounds [65].
Surprisingly, the calculated preference changed
by replacing the hydroxyl group by a methoxy
residue as in 9. The only reported experimental
values were of substrates with an ester group
[66,67] instead of the ether group and showed a
similar ( R)-preference with PCL.

By reducing the space between the asymmet-
ric carbon and the hydroxyl group as in 10, the
calculations resulted in (§)-preference only for
PCL (see Table 3) and remaining the same by
adding a methyl group. In case of the CRL a
(R)-preference resulted in the calculations for
both 10 and 11. The position of the oxygens of
the hydroxyl or methoxy groups is similar to the
secondary alcohol models 4 and 5. As with 4
and 5, experimental results for substrates similar
to 10 and 11 [9,67-71] show no unique prefer-
ence for one configuration, but it seems that the
enantiopreference is determined primarily by
the size of the substituents. For polar substrates
with small substituents the experimental pre-
ferred configuration is (R).

3.5. Comparison with rules and experimental
results

The comparison of the computational results
with the experimental results and the prediction

by different rules are summarized in Table 4 for
CRL and in Table 5 for PCL.

For chiral secondary alcohols in the binding
site of CRL the calculations revealed a better
agreement with experiments than the prediction

Table 4

Enantiopreference calculated by conformational analysis, by ex-
periments and predicted by the different rules for the hydrolysis of
esters of chiral secondary and primary alcohols by the lipase of
Candida rugosa. Green values correct, red values incorrect, blue
values ambiguous

Calculations Experimentsb Rules
Conf (E) {Conf (E) | bysize®?
1 Lo R >100 [R 93°13 R
/\(J
2 on S 2 IR" 30 R
3 on R >100 |R® - R
-
|
4 oH S 50 |- (S)
SN
5 ow R >100 |{R"" 230 S)
O

Experiments\’ Rules
Conf (E)' |Conf  (E) | (norules)

S 3

8 R >100
\/L/OH
o

10 O R 2 |-

11

Values in parenthesis (R) and (S) indicate that for model 4 and 5
size derived models are not really applicable.

*(E) calculated by the energy difference of the minimum energy
conformation of both enantiomers.

b Experimental value of similar alcohols.

© Ref. [3]. ¢ Ref. [5]. © Ref. [72]. * Ref. [52]. & Ref. [54]. " Acetyla-
tion with vinyl acetate: Ref. [S8]. ' Ref. [59]. ! Ref. {73]. ¥ Ref.
[24].
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Table 5

Enantiopreference calculated by conformational analysis, by experiments and predicted by the different rules for the hydrolysis of esters of
chiral secondary and primary alcohols by Pseudomonas cepacia lipase

Calculations Experimentsb Rules
Conf (E) [Conf (E) by site ®
2 o s >100 |R' 12-20 R
3 o R 37 |R"™" 50->99 R
=
- |
4 o S 7 |[R*"  2->100 R
S~
5 oH S >100 {R** 2 R
SO s° 42
Calculations Experiments’ Rules .
Conf (E)* |Conf (E) | bysize™ ™ box model® 2 rules
6 >r("" S 7 {s™ 3->100 S S S
7 \% S >100 |S" 2 S S S
8 o R >100 |S' 4 R) ? (R)
\/L/OH
9 oK S 16 |S** 10-20 (R) ? )
/0\/L/
10 OH S >100 |- (S) ? S
L,
11 on S >100 |R®" 40-60 ) ? S
- L/ sk 8-42
o)

Values in parenthesis (R) and (S) indicate that for model 8, 9, 10 and 11 size derived models are not really applicable.
*? indicates that both enantiomers fit into the box model with no restrictions.
* (E) calculated by the energy difference of the minimum energy conformation of both enantiomers.

b Experimental value of similar alcohols.

° Ref. [3]. “ Ref. [74]. © Ref. [6]. " Ref. [75]. ® Ref. [61]. " Ref. [8]). ' Ref. [73]. ’ Ref. [9]. * Ref. [67). ' Esterification with propionic
anhydride in benzene: Ref. [53], esterification with vinyl acetate, neat solution: Ref. [76]. ™ Refs. [55,56]. * Ref. [7]. ® Refs. [45,59]. ® Refs.
[60,77].  Refs. [62,63]. Kinetic: Ref. [78]. © Vinyl acetate: Ref. [65]. * Ref. [66].  Refs. [68,71]. * Ref. [58].

by the rules. Only 2 gave the wrong enantiomer
but with a low enantiomeric ratio (E). For
chiral primary alcohols experimental values are
available only for 11 and CRL exhibits a low
enantioselectivity. This was reflected also in the
calculations, by low energy differences.

As with CRL, the calculations on 2 in PCL
gave the wrong preference. The calculations
with 4 gave also a different preference as the
experimental results, but these were all resolu-
tions of 1,2 cyclohexanediols, which may have

different steric properties compared with model
ester 4. For 5 and 11, no unique preference
exists within the experimental data for PCL.
The calculations gave in both cases a strong (.S)
preference, whereas the rules are somewhat di-
vergent. On the other hand, the simulation for 5
and 11 for CRL gave the same (R) preference
as the experimental data.

For model esters of primary alcohols only 8
gave a significant different preference as the
experimental value. The structure of the pre-



J. Zuegg et al. / Journal of Molecular Catalysis B: Enzymatic 3 (1997) 83-98 95
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Fig. 6. Distance of the 03“209 and the carbonyl C atom in the
substrate 2* of both enantiomers in the binding site of CRL
during the dynamics simulations.

ferred (R)-8 revealed that the hydroxyl group
was turned back into the hydrophilic pocket. As
this pocket is suggested to hold water molecules
for the hydrolysis [47-49] this pocket could be
filled not only by one water molecule as seen in
the crystal structure of CRL, but could contain
more molecules, reducing space available for
any substrate.

3.6. Investigation of engyme—substrate complex

As the wrong enantiomer of 2 was the pre-
ferred enantiomer in all calculations, we tried

another approach: the difference between the
tetrahedral intermediate and the enzyme-non-
bonded substrate complex was investigated.
Therefore, the tetrahedral intermediate 2 was
changed into its free complex, consisting of the
ester 2° and the serine residue. The histidine
was thereby changed to its neutral form. As the
position of the substrate 2" had no predefined
position, the coordinates of the lowest energy
conformation of (R)-2 and (5)-2, respectively,
were transferred to (R)-2” and (S)-2", mini-
mized and followed with a short simulated an-
nealing calculation to find the low energy con-
formations. In this calculation the simulation
with (S$)-2" gave a conformation with a 0.215
kcal /mol lower energy than in the (R)-2" sim-
ulation, still not in agreement with experimental
results.

With increasing time, the substrate 2* moved
outside the binding site towards the solvent. A
dynamics simulation longer than 15 ps at 300 K
showed that 2" was moving out quite fast and
after 2 ps had for both enantiomers already a
distance of more than 6 A from the serine 0,.
Fig. 6 shows a plot of the distance between
serine O, and the carbonyl carbon of 2” versus
simulation time. Surprisingly, the two enan-
tiomers were not moving out in the same way.

(R)-2*

(5)-2*

Fig. 7. Trace of the carbonyl C atom position of (R)-2" and ($)-2" in the binding site of CRL during dynamic simulations.
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Fig. 8. Orientation of the favored and disfavored enantiomers of
chiral secondary and primary alcohol, which have no polar sub-
stituents at the asymmetric center.

disfavored

(8)-2* moved to a more distant position as seen
in Fig. 7. Kinetically this could play a role in
the discrimination between the two enantiomers.
As long dynamics calculations are extremely
computer intensive, no further dynamics simula-
tions on the other substrates have been done yet,
but will be the subject of future investigations.

3.7. Alignments

Analyzing the molecular structure of the fast
and slow reacting enantiomers constitute the
basis for most of the empirical rules for enan-
tioselectivity [3,8]. In this work we describe a
similar way by a systematic analysis of the low
energy conformations of both enantiomers.
Thereby a unique orientation of the favored and
disfavored enantiomers in the binding site of
both lipases could be detected in the series of

g8

D]
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the model esters of chiral secondary and pri-
mary alcohols with substituents differing mostly
in their size (2, 3, 6 and 7). The orientations of
the respective enantiomers changed between the
secondary and the primary alcohols (see Fig. 8).

While the secondary alcohols showed H-
alignment (the hydrogens at the asymmetric
center of both enantiomers are directed towards
the same site), the primary alcohols exhibit
more an L-alignment (the large substituents are
pointing to the same site). Additionally the large
substituents for primary and secondary model
esters occupy the same pocket, which has been
named as the hydrophobic pocket. This pocket
is larger than the hydrophilic pocket. The
medium substituents for the secondary models
are pointing into this hydrophilic pocket,
whereas in case of the disfavored enantiomers
the large substituents have to fit in this pocket.
For primary alcohols, the orientations of the
large and medium substituents for the preferred
enantiomers are similar to those of the sec-
ondary alcohols, leading to opposite configura-
tions at the stereocenter. But for the disfavored
enantiomers the medium substituents are par-
tially out of the hydrophilic pocket and more
exposed to the solvent.

3.8. Difference between PCL and CRL

Pseudomonas cepacia lipase has a smaller
binding site as compared to the lipase from
Candida rugosa. This results in a greater restric-

Fig. 9. Topology of the binding site of CRL (a) and PCL (b). Site A marks the hydrophilic pocket, B the hydrophobic pocket and C the
acid pocket. Note that in CRL (a) the acid part is found in a tunnel whereas in PCL (b) the acid part is located close to the hydrophobic

pocket.
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tion for the esters of secondary alcohols, which
is also reflected in larger differences between
the energies of the respective enantiomers in
PCL (see Tables 2 and 3). This smaller binding
site could also enhance the influence of the acid
part of the esters on the selectivity of the en-
zyme. Longer acid parts are located close to the
hydrophilic pocket and extend towards the sol-
vent along to the large substituents of the pre-
ferred enantiomers (see Fig. 9). Large or
branched acids will limit the available space
within the hydrophobic pocket and can thereby
influence the interactions of the alcohol part
with the binding site. No influence of the acid
part on the binding of the alcohol part can be
seen in case of CRL, as this lipase exhibits a
separate gorge or tunnel [46] for the acid part of
the substrates.
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