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Abstract

Quantum mechanical, semiempirical (AM1) and ab initio (6-31G*) study of theBurkholderia cepacia lipase (BCL) catalysed reactions of the
secondary alcohol esterification and its ester hydrolysis is presented. We have selected BCL for our study because of numerous experimental results
available, but also because of its broad selectivity and stability that makes it interesting for industrial use. Previously we developed models for
predicting lipase stereo-selectivity towards primary and secondary alcohols according to their structural parameters. In this work we show that not
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ll of the experimentally determined binding modes are catalytically competent and that additional molecular modelling should be acc
n order to find good starting points to study chemical reactions. The binding modes from which chemical modification of a substrate
re the most relevant for understanding enzyme selectivity and for the rational enzyme engineering.
We also investigated the influence of the tetrahedral atom type, C and P, upon the energy barriers in the proton transfer reactions from

istidine (His286) to either the catalytic serine (Ser87) or the alcohol oxygen of the substrate.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Enzymes are important catalysts in the living organisms.
esides their importance in medicine and biology they are
nder the scope of scientists because of their application in
iotechnology, as well. In this respect the most widely studied
nzymes are those from microorganisms, especially microbial

ipases since they are relatively easy available and promote
broad range of biocatalytic reactions. The natural function

f lipase (glycerol ester hydrolases E.C. 3.1.1.3) is to catal-
se ester bond hydrolyses of triglycerides, but they also very
fficiently catalyse esterification, interesterification, alcoholy-
is, acidolysis, and aminolysis[1–5]. Especially important is
heir efficiency in the syntheses of enantiomerically pure prod-
cts. Synthesis of only one enantiomer, instead of racemic
ixtures, is a necessity in pharmaceutical industry because
ften only one enantiomer has the desired activity, whereas

∗ Corresponding author. Tel.: +385 1 456 1025; fax: +385 1 468 0245.
E-mail address: sanja.tomic@irb.hr (S. Tomić).

no activity or even undesirable side effects reside in the o
enantiomer.

Our research has been concentrated on the lipase
Burkholderia cepacia (formerly Pseudomonas cepacia). There
is a large amount of experimental data available forBurkholde-
ria cepacia lipase (BCL): kinetic measurements[1,3–8], crystal
structures of native enzyme and its complexes with the trig
eride like- and secondary alcohol ester like-inhibitors[9–13], but
mechanism of its enantioselective catalysis is still not compl
understood. Our theoretical research is aimed at understa
this mechanism. Previously we developed models for predi
lipase stereo-selectivity towards primary and secondary alc
according to their structural parameters[14–17]. In this work we
concentrate on the BCL active site and, using combined
field and quantum mechanical methods, study the proton tra
reactions. Study of these reactions, namely an alcohol este
tion and an ester hydrolysis, is possible only if the orientatio
a substrate in the active site is known. Determination of the
rect orientation of an enantiomer in the active site is not a tr
task, and there is no consensus between the molecular
elling studies that have been accomplished. The X-ray struc
381-1177/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2005.12.005
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Scheme 1. BCL-catalysed enantioselective transesterification of 1-phenoxy-2-hydroxybutane (1). The product is1-phenoxy-2-acetoxybutane (2).

of transition state analogues bound toCandida rugosa lipase
(CRL) suggested that two enantiomers bind in similar position,
but with different orientation of alcohol oxygen and hydrogen at
the chiral centre[18] (so called H/O permutation). A molecular
modelling study performed by Zuegg et al.[19] for BCL and
CRL suggested permutation of the large (L) and medium (M)
substituents at the secondary alcohol chiral centre, and permuta-
tion of hydrogen and M at the primary alcohol chiral centre. They
suggested that the L substituent of the primary alcohol binds at
the hydrophobic pocket (HA) of the BCL active site. The theoret-
ical study performed by Tomić et al.[20] for BCL with primary
alcohols revealed that both enantiomers bind in similar orien-
tations with the L accommodated into the hydrophilic pocket
(HH) or pointing toward the entrance of the binding site. This
is in accord with recently determined crystal structures of the
transition states of BCL with two phosphonate analogues of the
primary alcohol, 2-methyl-3-phenyl-1-propanol[21]. In these
structures a similar binding of two enantiomers occurs, with the
benzyl group of the alcohol pointing toward the solvent.

Although at first glance some of these results are contradic-
tory, more than one might be correct. The orientation may differ
for different lipases or even for different alcohols binding to the
same lipase.

In our earlier investigations we were mainly focused on the
secondary alcohols with an aryl ring, such as, for example, 1-
phenoxy-2-hydroxybutane (1 in Scheme 1) used in the present
w nce
o ster

fication catalysed by BCL, and to determine the most probable
binding mode for the slow reacting enantiomer of1. Also we
investigate the influence of the tetrahedral atom type, C and P,
on the energy barriers in the proton transfer reactions, from the
catalytic histidine (His286) to either the catalytic serine (Ser87)
or the alcohol oxygen of the substrate.

Kinetic resolution of1 revealed that BCL catalyses acety-
lation of rac-1 with high enantioselectivity (E > 200), with the
(R)-enantiomer being the reactive one[6,7]. Previously we found
a few possible orientations of each enantiomer of1 in the BCL
active site. However, while the fast reacting enantiomer forms
the proposed geometry of the tetrahedral intermediate[19] (TI,
seeScheme 2) in several orientations, the slow reacting enan-
tiomer forms the TI in only one orientation. The main idea
of this study is to investigate the reaction possibilities of the
slow and fast reacting enantiomer in different binding modes.
It is assumed that formation of the substrate TI in the enzyme
active site is necessary for the reaction to occur. However, the
TI formed in the reactions catalysed by lipases is unstable, and
the enzyme–inhibitor complexes, whose crystal structures are
available, are often used to approximate it. In this work we try to
rationalize possible pitfalls and accuracy of such an approach.
In order to elucidate the process of theBurkholderia cepacia
lipase-catalysed esterification of1 we carried out a series of
semiempirical (AM1) and ab initio calculations. The models
used in this study have been derived either by force field based
c l-
l

S ite (or d by
fi stabil )
a d Gln he two p
p rifica
ork as well. In this study we try to elucidate the importa
f the tetrahedral intermediate in the secondary alcohol e

cheme 2. The tetrahedral intermediate (TI) of2 bound into the BCL active s
ve hydrogen bonds important for the proton transfer and the substrate
nd between the substrate and the protonated amide nitrogen of Leu17an
roton transfer paths. Accompanied reactions are hydrolysis (a) and este
i-
onformational searches[17] or determined by X-ray crysta

ography[13].

in other words, TI of1 bound to the acetylated BCL Ser87). The TI is define
isation, formed between the substrate and catalytic triad (Ser87, Asp264 and His286
88 (members of the oxyanion hole). Numbers 1, and 2 are used to label tossible
tion (b), leading to release of1 and2, respectively.
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2. Methods

2.1. Force field

For our study of BCL-catalysed esterification of the sec-
ondary alcohol and its ester hydrolysis we modelled cova-
lent and non-covalent complexes between BCL with acetylated
Ser87, i.e. serine belonging to the catalytical triad, andR and
S enantiomers of 1-phenoxy-2-hydroxybutane. For this pur-
pose we used the crystal structure of the complex of BCL
with the phosphate analogue of 1-phenoxy-2-acetoxybutane
(Protein Data Bank code 1HQD). The bound substrates were
built using the inhibitor in 1HQD as a template in which the
P(CH3)O− group covalently bound to Ser87, was replaced by
the C(CH3)O− group. Hydrogens were added, to correspond
to pH 7.0, histidines were uncharged (mono-protonated), aspar-
tic and glutamic acids were negatively charged, and arginines
and lysines were positively charged. According to the assumed
reaction path the catalytic His286 was doubly protonated in
the case of covalent complex, and neutral with hydrogen
at N� in the case of non-covalent complex. Parameterisa-
tion was performed in the all atom AMBER force field[22]
(for details of the parameterisation see our previous works
[16,17].

All water molecules found in the BCL–inhibitor complex
1HQD, (altogether 291 molecules), were included in the molec-
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According to our previous study[13], the tetrahedral C atom of
the acetyl group is in itsS configuration.

Both binding modesRc, Rm, andSm have the proposed geom-
etry of the reaction intermediate, the tetrahedral intermediate
(TI) as displayed atScheme 2, i.e. they have five hydrogen bonds
important for the substrate stabilisation and the proton trans-
fer: O�2(Asp264)· · ·H�1(His286), H�(His286)· · ·O�(Ser87),
H�(His286)· · ·O(alcohol), and hydrogen bonds between oxyan-
ion (O−) and protonated amide nitrogens of Leu17 and
Gln88 (see Scheme 2). In the Sc binding mode the
H�(His286)· · ·O(alcohol) hydrogen bond is missing, i.e. it does
not have geometry of the proposed tetrahedral intermediate.

2.2. Semiempirical calculations

For the purpose of semiempirical calculations we prepared
a model consisting of 22-amino acid residues and the sub-
strate, starting from the optimised protein–substrate complex.
Besides substrate, the model comprises the amino acid residues
that enclose the BCL binding site: Leu17, Thr18, Tyr23, Tyr29,
His86, Ser87, Gln88, Phe119, Ala120, Val123, Leu164, Leu167,
Ser244, Ala247, Leu248, Thr251, Val266, His286, Leu287,
Ile290, Asn292, and Leu293. The surface of amino acid residues
in the reduced model is shown inFig. 2. Since His286 is pos-
itively, and oxyanion negatively charged, the overall system is
n
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lar modelling procedure, while the bulk water influence
odelled by a distance dependent dielectric constant.
We consider two different orientations for each enantio

ovalently bound in the BCL active site (R is the fast reacting an
is the slow reacting enantiomer). One orientation is equiv

o the orientation of the secondary-alcohol-like inhibitor in
rystal structure (Rc andSc), and the other represents the con
ation determined by molecular modelling,Rm andSm. They
ere determined as the lowest energy BCL-(R)-1 and (S)-1 com-
lexes, independently by the Monte Carlo Multiple Minim
MCMM) [23] and Low Mode Conformational Search (LMC
24] as implemented in the program MacroModel.

While Rc and Sc orientations are practically identical, s
ig. 1, the orientationsRm andSm significantly differ (Fig. 2).

ig. 1. Superposition ofRc (thick) andSc (thin-violet) binding modes of1. This
s a view from the entrance to the active site bottom (Ser87) with His286 sit
bove the substrate. (For interpretation of the references to colour in this

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

e

eutral.
The four different binding modes,Rc, Rm, Sc, andSm were

nergy optimised using the AM1 procedure[25] in the program
OPAC2002[26] and GAMESS[27]. During the optimisation

he backbone atoms of the amino acid residues were fix
rder to preserve the active site shape. In each binding m
oth reactions, hydrolysis of2 and esterification of1, were stud

ed. To set up the input for the MOPAC202 calculations
sed the program Triton[28]. MOPAC calculations were us

o perform a scan search, while GAMESS calculations w

ig. 2. Superposition ofRm (violet) andSm (yellow) binding modes of1. HA
s the hydrophobic, and HH partly hydrophilic pocket in the BCL active
he surface of the amino acid residues used in semiempirical calcula
isplayed. (For interpretation of the references to colour in this figure le

he reader is referred to the web version of the article.)
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Fig. 3. Superposition ofRc (thick) andRm (thin) binding modes of1.

used in an attempt to locate the most interesting transition states
directly.

To model hydrolysis, we defined a reaction coordinate made
up of the distances between the alcohol O atom and the H� atom
of His286, and between the same O atom and the tetrahedral
carbon atom CT of the TI acetyl group. In the hydrolysis reaction,
the H atom moves from His286 to the alcohol oxygen and the
covalent bond between the alcohol oxygen and CT is elongated
until it breaks. The unbound alcohol is then released (Scheme 2).

For the esterification, we defined similar reaction coordinate
from the distance between O� of Ser87 and H� of His286, and
the distance between the same O atom and the tetrahedral carbon
atom CT. During the esterification, the H atom is transferred from
His286 to O�, and the bond between O� and CT breaks. Finally
the ester2 (Scheme 2) is released.

For both reaction pathways the O–H bond formation was
adjusted discretely while the fragmenting C–O bond was
allowed to relax to its optimum value. During the investigation
of the reactions, optimisation of the models by AM1 revealed
changes in side chain orientation for His86, Val123, Leu248 and
His286. This is partly due to the missing protein environment.
To avoid unnatural orientations of the amino acid side chains
during the reactions, the protein part was fixed, while substrate
(acetyl-alcohol) and H� at His286 were free to move.

2.3. Ab initio calculations

To complete the theoretical picture, we also performed ab ini-
tio RHF calculations to get a first principle estimate of energy
differences and barriers. For these calculations we prepared a
further simplified model, which we extracted from the 22-amino
acid models optimised by AM1. It consisted of only two-amino
acid residues, namely His286 and Ser87, and the substrate,
adding up to a total of 63 atoms. The overall system was neutral
(His286+, O−). Energies of these systems were calculated using
the programme GAMESS[27] and the 6-31G* basis set. During
the optimisation, only hydrogen atoms were free to move.

3. Results and discussion

A number of theoretical studies have been performed in
order to understand the molecular basis of lipase selectiv-
ity. One approach, e.g., is to model the average covalent
enzyme–substrate complexes[29–32] using MD simulations,
and to correlate the enantioselectivity with the selected geomet-
rical values, like the HN�–Oalcohol distance[29] or the position
of the catalytic histidine[31]. The most common strategy, how-
ever, is to model the tetrahedral intermediate (TI), covalent
substrate–enzyme complexes, that represent local minima on
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Table 1
Relative energies (kcal/mol) of different binding modes determined by molecular mechanics[13], semiempirical AM1, and 6-31G* RHF ab initio calculations

Binding mode �E (AMBER) �E (AM1) �E (ab initio) H–Oalcohol H–O�

Rc 0.2 30 41 3.23 2.93
Rm 0 0 0 2.83 3.01
Sc 4.1 32 78 3.99 2.75
Sm 2.2 19 24 2.87 2.98

The left column refers to the complete protein with the crystal waters included, the middle one to the 22-amino acid model, and the last column to the two-amino
acid model. In the last two columns distances between the His286 N� hydrogen and substrate and serine oxygen, Oalcohol and O�, respectively are given.Rm andSm

are determined by the molecular modelling andRc andSc are the optimised crystal structures.

Table 2
The results of the secondary alcohol1 esterification modelled by AM1 in MOPAC202

Binding mode �E (TSa–ISb) �E (TS–FSc) O�· · ·CT (Å) O�–H (Å)

Rc 25 61 2.90 0.96
Rm 25 62 2.81 1.00
Sc 15 (6) 59 2.86 1.00
Sm 26 (15) 64 2.85 1.00

In the columns on the left the energy barriers (kcal/mol) for the ester release and for its binding are given. The values in parenthesis are determined by the transition
state searching method. The last two columns comprise the final values of the bond lengths relevant for the reaction coordinate (product).

a Transition state.
b Initial state (covalent complex).
c Final state (non-covalent complex).

the substrate transformation potential energy hyper surfaces.
Molecular modelling and the X-ray structure of the phosphonate
analogue of theR-1 [13] support the tetrahedral intermediate in
Scheme 2as the intermediate in lipase-catalysed esterification
and hydrolysis. However, the X-ray structure of the phospho-
nate analogue of theS-1 [33] does not resemble the proposed
TI topology and, in order to locate a good initial point from
which to model the chemical transformation ofS-1, additional
molecular modelling, conformational search, is needed. Our pre-
vious study[15,17] resulted in different binding modes of the
two enantiomers of1 in the lipase active site. Further more, for
the fast reacting enantiomer, it revealed a few different binding
orientations. The most buried one,Rc binding, is close to the
experimentally determined binding mode of the inhibitor ana-
logue of the secondary alcohol ester (Fig. 1). In this orientation
the phenyl ring (part of the large substituent, Ph–O–CH2) is
situated in the large hydrophobic pocket, HA. By looking into
the active site with Ser87 at the bottom and His286 situated
above the substrate, HA is on the right, and HH on the left side
of His286. In the other binding modes, the phenyl ring is less

buried and in the lowest energy form (Rm) the phenyl ring points
to the entrance of the active site funnel (Fig. 3).

For the slow reacting enantiomer, molecular modelling indi-
cates only one low energy orientation in which the tetrahedral
intermediate is formed,Sm (Fig. 2). The orientations of the L
and M substituents in this binding mode are opposite to their
orientation in the experimentally determinedSc mode (equiva-
lent to theRc mode,Fig. 1), namely the phenyl ring is mostly
buried inside the partly hydrophilic, HH pocket. The current
study does not exclude the possibility ofSc binding, but finds
it unsuitable for developing the tetrahedral intermediate. While
the X-ray structure of the BCL complex with the fast reacting
secondary alcohol like inhibitor can be used as an approxima-
tion of the stable intermediate (TI, atScheme 2), this is not the
case with the X-ray structure of the BCL complex with the slow
reacting secondary alcohol like inhibitor.

According to the semiempirical AM1 calculations, and in
agreement with our molecular modelling results, the lowest
energy binding mode isRm. In the order of increasing energy, the
binding modesSm, Rc andSc follow in this sequence (Table 1).

Table 3
The results of the ester (2) hydrolysis modelled by AM1 in MOPAC202

Binding mode �E (TSa–ISb) �E (TS–FSc) Oalcohol· · ·CT (Å) Oalcohol–H (Å)

Rc 68 48 2.90 0.98
R
S
S

I hol r
t al val
m 40 54

c 88 (∞) 68

m 41 (19) 38

n the columns on left the energy barriers (kcal/mol) obtained for the alco
ransition state searching method. The last two columns comprise the fin

a Transition state.
b Initial state (covalent complex).
c Final state (non-covalent complex).
2.90 0.95
2.62 0.96
2.83 0.99

elease and for its binding are given. The values in parenthesis are determined by the
ues of the bond lengths relevant for the reaction coordinate (product).
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Fig. 4. AM1 energy profile (kcal/mol) for esterification of theR-1 starting from theRm binding mode using the scan method, as a function of distances (Å) between
Ser87:O� and His286:HN� (left), and between Ser87:O� and CT (right). The reaction starts atErel = 38 kcal/mol.

The same ordering is determined by the (6-31G*) ab initio
calculations on the further reduced systems consisting of only
His286, Ser87 and the substrate (see Section2). Energy dif-
ferences between the binding modes increase with decreasing
size of the system. The bigger system can more easily com-
pensate some locally unfavourable interactions, which are most
pronounced in theSc binding mode. Haeffner et al.[34] noticed
the same trend using the energy based subsets in the molecular
mechanics approach.

The results for the esterification of1, and for the hydrolysis
of 2, modelled by the AM1 are summarised inTables 2 and 3,
respectively. The initial state is the covalent enzyme–substrate
complex (Table 1). In the case ofRc, Rm andSm this is a pro-
posed TI (Scheme 2). We should stress that the calculated relative
energies are only a very crude approximation of the real values,
which is already obvious by comparing the relative energies of
the binding modes calculated on systems of different complexity
by different methods (Table 1). However, since the same approx-
imations are used for all the binding modes, we can argue that
the calculated values can be used to extract qualitative conclu-
sions about binding of the two enantiomers in the lipase active
site.

Both reactions, ester formation and hydrolysis start from the
same either experimentally (Rc andSc) or theoretically deter-
mined (Rm and Sm) covalent substrate–enzyme complex (see
Table 1). During the ester formation hydrogen is from His286
t n
i

oth
m
F m-
p e
a
b we
c
w

t, the
b

than in theSc mode, but for the ester formation it is lower in the
Sc binding mode (Tables 3 and 2, respectively). Because of the
high barrier for the reaction of hydrolysis in theSc binding mode
and since it is hard to accomplish reorientation fromSc to Sm,
we can conclude that the ester bound in theSc orientation will
be most probably released unchanged.

In order to investigate the reactions of the slow react-
ing enantiomer beyond the simple grid method, we also per-
formed transition point searches. These searches revealed an
even lower barrier for the ester formation in theSc bind-
ing mode of 6 kcal/mol, but the reaction of hydrolysis from
this binding mode was found to be impossible. The H mov-
ing from N� of His286 to the alcohol oxygen soon turned
into the energetically more favourable direction towards O�,
thus leading to esterification. ForSm, these transition state
searches yielded the following barriers: 19 kcal/mol for the

F
t
S ht.
ransferred to serine oxygen O�. During the hydrolysis hydroge
s from His286 transferred to the alcohol oxygen.

The barriers for the ester formation are similar for b
odes of the fast reacting enantiomer,Rm and Rc (Table 2,
igs. 4 and 5). The reaction of hydrolysis is more easily acco
lished from theRm binding mode (Table 3). However, sinc
ccording to the molecular dynamic results[17], a transition
etweenRm andRc is easily feasible at room temperature,
an conclude that the secondary alcohol1 bound in any of them
ill be transformed to the ester.
The results for the slow reacting enantiomer are differen

arrier for the alcohol formation is much lower in theSm (Fig. 6)
ig. 5. AM1 energy profile (kcal/mol) for esterification of theR-1 starting from
heRc binding mode obtained by scan, as a function of the distance (Å) between
er87:O� and His286:HN�. The reaction starting point is the first on the rig
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Fig. 6. AM1 energy profile (kcal/mol) for hydrolysis of theS-2 starting from theSm binding mode using the scan method, as a function of distances (Å) between
Oalcohol and His286:HN� (left) and between Oalcohol and the acetyl CT (right). The reaction starts atErel = 4 kcal/mol.

ester formation and 15 kcal/mol for the alcohol formation (see
Tables 2 and 3).

To study the whole process, either an ester hydrolysis or an
alcohol esterification, the following series of steps should be
considered. For an ester hydrolysis: entrance of the ester into
the BCL binding site, covalent complex formation, release of the
alcohol. For an alcohol esterification: acylation of the enzyme
(e.g. binding of acetyl to Ser87), entrance of an alcohol into
the BCL active site, covalent complex formation, release of
the ester. If we consider binding of an alcohol and its ester
to BCL (i.e. formation of non-covalent complexes) to be of
equal probability, than we can argue that these two reactions
should not differ. However, the covalent complex formation and
the substrate release, should be considered together as the rate
determining events. In this work we modelled only the covalent
complexes collapse, i.e. substrate, either alcohol or ester release.
However, the reaction of the ester hydrolysis is the reverse to the
covalent binding of the alcohol to the acetylated Ser87 of the
BCL and the energy difference between the final and transition
states gives us an idea about the propensity for the secondary
alcohol and acetylated enzyme system to transform from the
non-covalent to the covalent complex (Table 3, Fig. 6). Simi-
larly, the reaction of alcohol esterification provides hints about
transformation of the non-covalent enzyme–ester complex to the
covalent one (Table 2, Fig. 4). The energy barriers for binding
of the fast reacting enantiomer of both alcohol and ester are sim-
i es
t n tak
p rs fo
b
S ed
T ted
b

t ilar
p tion
a uc-

tive binding modes’. The slow enantiomer,S-2 can also bind in
two different binding modes. The energy difference between the
covalent complexes of BCL andS-2 bound in these two orien-
tations is small withSm being more favourable. According to
the modelled reactions, hydrolysis can be easily accomplished
from this, but not from theSc binding mode. The ester that binds
to BCL in the Sc orientation most probably will be released
unchanged. These results are in agreement with the study of
Nakamura and Tekenaka[35], who found that in the case of
Pseudomonas sp. lipase-catalysed hydrolyses of benzoate esters
with bulky substituents at the alcohol chiral centre addition of
catechines improves the enantioselectivity. Binding of catechins
in the partly hydrophylic, HH, pocket unables the slow reacting
enantiomer to accomodate the productive, ‘m’, orientation. In
this way, the conversion rate is decreased, but the enantioselec-
tivity is increased. In the free protein and in its complex with
the phosphonate analogue of2 there are water molecules bound
in the HH pocket that have to be expelled from it in order to
enableSm binding of the slow enantiomer; hence to estimate a
binding mode probability the protein disolvation should also be
included.Sc appears to be a convenient way for the inhibitor, an
analogue of the slow reacting enantiomer of the ester2 to bind
to the enzyme, but cannot be used as a starting point to study
hydrolysis of the substrate.

This study showed that the experimentally determined bind-
ing mode of the slow reacting enantiomer might be used to
e the
l :H
o tio-
n odes
s ctive
o

3

s of
i digm
lar for the Rm andRc binding modes. In both of these mod
he tetrahedral intermediate is formed, and the reactions ca
lace. In the case of the slow reacting enantiomer the barrie
oth, ester binding and release are lower for theSc than for the
m binding mode. Since theSc binding mode is not a propos
I, the energy barrier for the reaction of hydrolysis calcula
y the simple scan method is very high.

To summarise, the fast enantiomers,R-1 andR-2 bind into
he BCL active site in a few different orientations with sim
robability. Since all of these orientations lead to the reac
nd finally the release of the product, we call them ‘prod
e
r

xplain and predict enantioselectivity, either by considering
arge distance between its alcohol oxygen and the His286N�

r the high barrier for the proton transfer. However, for ra
alize enzyme engineering the all possible binding m
hould be considered with highest weight on the produ
nes.

.1. H transfer ab initio study

The design of enzyme inhibitors as structural analogue
ntermediates is well established. The analogue design para



146 S. Tomić, M. Ramek / Journal of Molecular Catalysis B: Enzymatic 38 (2006) 139–147

Fig. 7. Reduced, two-amino acid model of theSc binding mode (left) and its phosphate analogue (right).

is based on replacing the central substrate functional group in
order to unable reaction. By substitution of the tetrahedral car-
bon, CT, by phosphorous, a scissile C–O bond is transformed
to a non-scissile, P–O bond. Using RHF/6-31G* ab initio cal-
culations we examined influence of the tetrahedral atom on the
proton transfer barriers. Using the two-amino acid models we
determined relative energies for the proton transfer from N� of
His286 to Ser87 oxygen and to the oxygen of the covalently
bound substrate in two cases: with the substrate being (a) the
secondary alcohol ester2, and (b) its phosphate analogue, lipase
inhibitor (Fig. 7).

The results indicate that the replacement of the tetrahedral C
atom with P significantly increases the barriers for the proton
transfer (Table 4). In all cases the proton transfer barrier is 5–10
times higher for the inhibitor than the substrate. Shokhen and
Albeck [36] performed a series of quantum mechanical ab ini-
tio calculations to determine stability factors that discriminate
inhibitors from substrate of serine protease. They found that the
strength of the new covalent bond between the enzyme and a lig-
and is the main source of the huge differences in the stability of
covalent tetrahedral complexes formed by substrate and its tran-
sition state analogue inhibitor. According to our findings another
reason for the large apparent stability of the (1-phenoxybut-2-
yl)-methylphosphonate–BCL complex is the high barrier for the
proton transfer.

In the similar manner to the AM1 semiempirical results,
t ed
t
m erre
t
m

T
T
t ed,
t e
(

H
H

4. Conclusion

The main purpose of this work was to elucidate which of
theoretically and experimentally determined binding modes are
appropriate to be considered as starting points in modelling
chemical reactions, and to rationalize the reasons for high enan-
tioselectivity of BCL towards1.

Force field based and quantum mechanical calculations were
performed for the covalently bound ester2 in the BCL active site.
Both types of calculation indicated that the complex with the
fast reacting enantiomer has lower energy than the one with the
slow reacting enantiomer. However, the enthalpy difference is
not the only reason for high enantioselection. The number of the
catalytically competent binding modes for the fast enantiomer
is significantly larger than for the slow enantiomer, hence the
entropy difference should not be neglected.

According to the quantum mechanical calculations each of
two different binding modes of the fast enantiomer,Rm andRc
(proposed by molecular modelling and X-ray diffraction, respec-
tively) is catalytically competent. Differently, the experimentally
proposed binding mode for the slow enantiomer,Sc is not catalyt-
ically competent. Apparently, the experimentally determined
structure of an enzyme–inhibitor complex should be taken with
caution, since it might not be appropriate starting points for the
chemical reactions. For rational enzyme engineering and/or a
substrate modification, it is necessary that all possible binding
m sem-
b
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s in
he hydrogen from N� of His286 is more easily transferr
o the alcohol oxygen of1 in the Sm than in theSc binding
ode. In contrast, the same protein is more easily transf

o the oxygen of catalytic serine (Ser87) in theSc binding
ode.

able 4
he energy barriers for the proton (H�) transfer from His286 to O� of Ser87 and

o substrate Oalcohol (kcal/mol) obtained by ab initio calculation for the reduc
wo-amino acid model of theSc andSm binding modes of2 and its P-analogu
CT replaced by P)

Sc-inhibitor Sm-inhibitor Sc-substrate Sm-substrate

shifted to O� 45.9 92.5 4.8 16.4
shifted to Oalc 45.9 37.0 9.3 0.5
d

odes are considered, with the highest weight on those re
ling the tetrahedral intermediate geometry.
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Šunjíc, in: H.-D. Holtje, W. Sippl (Eds.), Rational Approaches to Drug
Design: 13th European Symposium on Quantitative Structure–Activity
Relationships, Prous Science S.A., Barcelona, 2001, pp. 69–73.
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