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Introduction

In the last few years lipases have acquired great importance
in asymmetric synthesis, especially of enantiomerically pure
building blocks for the creation of pharmaceuticals [1-3].
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Figure 1 Acronyms of the considered cis-4-acetamido-
cyclopent-2-ene carboxylic esters
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The lipase from Candida rugosa (CRL) has been found to be
particularly well suited [4, 5]. CRL shows a high enantio-
selectivity not only to the native substrate but also to other
carboxylic acids and esters. It was found recently that the
rate of hydrolysis of (±)-cis-4-acetamido-cyclopent-2-ene-1-
carboxylic esters (1a-f) in Fig. 1 by CRL mainly depends on
their absolute configuration and on the chain length of the
alcohol component [6]. These esters serve as precursors for
the synthesis of aristeromycin, the carbocyclic analogue of
adenosine. Aristeromycin is of interest due to its cytostatic
and antiviral activities.

To understand why CRL shows a high enantioselectivity
over a broad range of substrates, some insights into the mecha-
nism and the structural basis for the chiral preferences are

necessary. Therefore, we have performed PM3 and ab initio
HF-SCF calculations on the reaction pathway using simpli-
fied model systems for the CRL substrate species. The pro-
posed scheme [4] of the catalytic cycle is shown in Fig. 2 for
the hydrolysis of esters by CRL considering only the active
site. The starting structures for the calculation of the simpli-
fied CRL substrate adducts were adapted from X-ray data of
covalent complexes of CRL with the inhibitor O-menthyl
hexylphosphonochloridate [4,7,8,9]. The simplified model
includes the essential groups of the active site of CRL, i.e.
the side chains of the catalytic triad (Ser 209, Glu 341, His
449) and the oxyanion hole, which consists of the backbone
of the amino acid residues Gly 123, Glu 124 and Ala 210, as
well as the model substrate acetic acid methyl ester. The

Figure 2 Suggested catalytic cycle of ester hydrolysis by CRL
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simplifications of the enzyme and substrate parts in the model
system A are illustrated in Table 1 and Fig. 3. A complete
PM3 pathway for the hydrolysis was calculated for the model
system A. The qualitative correctness of the pathway was
verified by ab initio HF-SCF calculations with a 6-31G basis
of significant points on the energy profile. The contribution
of the relevant amino acid residues of the active site of CRL
was investigated by calculations of alternative model sys-
tems.

MD simulations using the AMBER 4.1 program were per-
formed on the diastereomeric CRL substrate adducts with
(±)-cis-4-acetamido-cyclopent-2-ene-1-carboxylic acid hexyl
ester ((±)-1e). All amino acid residues and water molecules
located in a cut-off radius of 1500 pm from the substrate
were considered in the model CRL-(±)1e complexes. Espe-
cially, the trajectories and histograms of significant hydro-
gen bonds in the active site of the diastereomeric CRL-(±)-
1e model complexes were analysed in order to obtain hints
about the enantiodifferentiation in the enzymatic hydrolysis.
Finally, MD simulations on CRL model complexes with the
esters (±)-1a-e (Fig. 1) as substrates were performed. The
aim of these comparative studies was to explain the chain
dependence of the substrates on the rate of hydrolysis found
by kinetic measurements [6].

Methods

The semiempirical PM3 method [10] within the MOPAC 6.0
software package [11] was used for the calculations of the
complete hydrolysis pathway on the simplified CRL substrate
systems. The procedure used in our calculations for a careful
searching of the transition state structure will be described in
the next section of this paper. The comparative ab initio
HF-SCF 6-31G calculations of significant structures on the
reaction profile were performed using the program
TURBOMOLE [12] implemented in the MSI software pack-
age InsightII 4.0.0 [13].

For the MD simulations, we used the AMBER 4.1 soft-
ware package [14]. Atomic net charges for the substrate mol-
ecules were adapted from the fit to reproduce the electro-
static potential within the PM3 method. This procedure is
frequently used to evaluate atomic charges in force field
methods [5,15,16] for comprehending the electrostatic inter-
actions and is consistent with the defined atomic charges for
the used amino acid fragments in the AMBER program
[17,18]. Classical MD studies with the nVp ensemble were
performed at a temperature of 300 K and with a simulation
time of 300 ps using our experiences on simulations of bio-
chemical and mesogenic systems [19,20]. In the first period
(60 ps) the temperature was raised stepwise from 0 to 300 K.
A time step of 0.5 fs was used in all simulations. Interactions
between atoms at distances longer than 1000 pm were not
taken into account to reduce the simulation time. The start-
ing structures of the model enzyme complexes for the MD
simulations are based on X-ray data of the CRL inhibitor
complex with O-(1R, 2S, 5R)-menthyl hexylphosphonate
group (PDB-file 1LPM) [4,9].

The calculations are carried out on IBM RISC 6000 (PM3),
Indigo2 (TURBOMOLE), and HP SPP 2000 (AMBER)
workstations.

Results and discussion

Calculations on the reaction mechanism of hydrolysis

For the PM3 calculation on the catalytic mechanism of the
hydrolysis of esters by CRL, the model system A defined in
Fig. 3 and Tab. 1 was considered. Some constraints were in-
troduced in the optimization process to keep the amino acid

Enzyme part Model system A

Gly 122-Gly 123-Gly 124 2-acetylamino-N-methyl-acetamide
Ser 209-Ala 210 3-hydroxy-N-methyl-propionamide
Glu 341 acetate
His 449 5-methyl-1H-imidazole
menthyl hexylphosphonate acetic acid methyl ester

Table 1 Simplifications of
the active site in CRL sub-
strate complex for the model
system A
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Figure  3 Simplified active site of the model system A (bold
printed systems were not optimized)
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residues of the model system in their enzyme relevant posi-
tions. The heavy atoms of the model enzyme maintained their
original positions. All hydrogen atoms and the atoms of the
model substrate acetic acid methyl ester were fully optimized.
The hydrolysis process was divided in four partial reactions
illustrated in Fig. 4. In each of the partial reactions (a-d), two
bond lengths (red marked in Fig. 4) were varied and the cor-
responding energy hypersurface was calculated. The direct
localization of the transition states was not possible within
the MOPAC 6.0 transition state optimizer because of the fixed
constraints. The positions of the transition states were care-
fully determined as highest points on the two-dimensional
reaction paths using the programs Gridview and Re_view [21]
by a successive decrease of the step size up to 1 pm.

The results of the partial reactions are summarised and
illustrated as a complete reaction profile for the enzymatic
hydrolysis in Fig. 5. The reaction profile contains nine sig-
nificant points, five minima and four transition states. The
obtained energies of the transition states are very high for the
catalytic reaction. Obviously, this is due to the fact that a
constraint optimization was used in the calculation on the
model system. The introduced constraints on the heavy at-
oms of the model enzyme were necessary to keep them in

their enzyme relevant positions. Moreover, the enzyme envi-
ronment was only considered in a limited way. Therefore,
the results should be seen as a qualitative estimation of the
discussed reaction mechanism. The appropriate structures are
shown in Fig. 6 together with the specification of relevant
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Figure 4 Partial reactions of the enzymatic hydrolysis for the model system A (a: Attack of the ester, b: Cleavage of the
alcohol, c: Attack of the water molecule, d: Cleavage of the acid)

Figure 5 Complete reaction profile of the enzymatic hydroly-
sis of acetic acid methyl ester (model system A, PM3)
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bond lengths. They illustrate the function of the amino acid
residues of the catalytic triad and the oxyanion hole in CRL.
The amino acid residues of the oxyanion hole stabilise the
negative charge of the oxyanion and the acetate (Glu 341 in
the enzyme) causes a delocalisation of the formal positive
charge formed at the N3 atom of the 5-methyl-imidazole (His
449 in the enzyme) in the tetrahedral intermediates of the
enzyme substrate and enzyme product complexes. The nearly
symmetric shape of the reaction profile supports the findings
that CRL catalyses both saponification and esterification. The
acylation (a, b) and the deacylation (c, d) in Fig. 5 show re-
markable structural and energetic similarities.

Further model calculations with modified active sites of
CRL were performed to study the function of the oxyanion
hole and Glu 341 on the reaction profile of the enzymatic
hydrolysis in more detail. In the model system B, the amino
acid residues of the oxyanion hole were not included, whereas
in the model system C the acetate was not considered. The
nine significant points of the reaction profile for the two model
systems are shown together with the complete pathway of
the system A in Fig. 7. A comparison of the relative energies
of the significant structures indicates that larger deviations
occur especially in the enzyme substrate and enzyme prod-
uct complexes (steps 18 and 52). Obviously, these charged
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Figure 6 PM3 structures of minima and transition states (TS) on the pathway of the enzymatic hydrolysis (significant bond
lengths in pm)
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tetrahedral intermediates are stabilised in a special way by
the enzyme environment. In the transition states (steps 12,
24, 46, and 58) the effect is lower. The smallest influence
was found in the free enzyme structures (steps 1 and 69) as
well as the acyl enzyme (step 35) in Fig. 7. It is remarkable
that in all structures along the pathway a hydrogen atom re-
mains on the N1 atom of the 5-methyl-imidazole. This is in
agreement with neutron diffraction studies on a trypsin
monoisopropylphosphonyl adduct [22]. Thus, the calculations
support the charge transfer and proton relay function of His
449 in the catalytic triad of CRL.

First ab initio HF-SCF 6-31G calculations were performed
for the nine significant points using the PM3 structures to
verify the PM3 results on the reaction profile for the model
system A in a qualitative way. The results are illustrated in
Fig. 8 . They indicate that the two methods show a qualita-
tively comparable trend in the relative energies of the sig-
nificant points of the reaction profile. Especially the nearly
symmetric shape of the reaction profile was confirmed by
the ab initio calculations. For a more sophisticated compari-
son further ab initio studies and density functional calcula-
tions including geometry optimization will be peformed.

Molecular dynamics studies

Molecular dynamics simulations using the AMBER 4.1 pro-
gram were performed on diasteromeric CRL substrate ad-
ducts to obtain information about on the enantiodifferentiation
of the enzyme in the catalytic hydrolysis. Since structural
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Figure 6 (continued) PM3 structures of minima and transi-
tion states (TS) on the pathway of the enzymatic hydrolysis
(significant bond lengths in pm)

Figure 7 Complete reaction profile and significant points of
the enzymatic hydrolysis for the systems A (þ), B (•) and C
(▲)

Figure 8 Comparison for the PM3 (þ) and ab initio (•) re-
sults for the model system A
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data were not available for the CRL substrate complexes with
the 4-acetamido-cyclopent-2-ene-1-carboxylic esters, suitable
starting structures had to be generated for the MD studies.
Based on the similarity of the serine adducts with O-menthyl
hexylphosphonochloridate and cis-4-acetamido-cyclopent-2-
ene-1-carboxylic hexyl esters (Fig. 9 ) and the available X-
ray data for the enzyme inhibitor complex [4,9], the starting
structures were adapted for the model complexes of CRL with
the esters 1a-e (Fig. 1). In the CRL model complexes an en-
zyme part with a cut-off radius of 1500 pm related to the
atoms of the substrate was used to handle the simulations.
The regarded enzyme part corresponds to about 36 % of the
atoms of CRL.

The atomic charges for the substrate part that are not de-
fined in the fragment library of the AMBER program were
adapted by charges reproduced from the electrostatic poten-

tial (ESP) from PM3 calculations on the corresponding sys-
tems. This method is commonly used to define the atomic
charges in force field methods [15,16]. Moreover, the appli-
cability of the procedure was verified by calculations of the
atomic charges of the tetrapeptide H-Gly-Phe-Ser-Gly-OH.
For the tetrapeptide the atomic charges were calculated within
the Mulliken population analysis as well as from ESP de-
rived point charges using the PM3 method (MOPAC 6.0) and
the ab initio method with STO-31G, 6-31G, and 6-31G* ba-
sis sets (TURBOMOLE). The results indicated that the atomic
charges (ESP) obtained by the PM3 method correlate quite
well with the AMBER reference charges of the tetrapeptide.
Therefore, the ESP derived PM3 atomic charges were used
in the AMBER MD studies on the model enzyme systems.

At first, classical MD simulations are performed on the
diastereomeric model complexes of CRL with the hexyl es-
ters (±)-1e (Fig.1). The MD parameters are given in the pre-
vious section. In order to avoid instabilities during the MD
run, the amino acid residues of the enzyme part were kept in
their enzyme-relevant positions. This was realised by fixing
the coordinates of the N, C, and Cα atoms of the protein
backbone and the oxygen atoms of the internal water mol-
ecules to their locations in the enzyme. From the analysis of
the MD simulations, data were obtained on the conforma-
tional behaviour of the diastereomeric CRL substrate com-
plexes. Especially the seven relevant hydrogen bonds in the
active site of the CRL-(±)-1e model complexes (Fig. 10) were
investigated in more detail. Their relevance and stability was
illustrated by the corresponding trajectories and histograms.

The trajectories and histograms for the hydrogen bonds
Nε(His 449)-H—Oγ(Ser 209) � and Nε(His 449)-H—O(ester)
� are summarized in Fig. 11 for the complexes CRL-(+)-1e
and CRL-(-)-1e. The horizontal and vertical lines at 280 pm
in the diagrams are considered as a distance limit for the
formation of a hydrogen bond XH—Y [23]. The results for
the hydrogen bonds � and � of the complexes CRL-(+)-1e
(blue) and CRL-(-)-1e (red) in Fig. 11 indicate a different
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behaviour of the H bonds in the diasteromeric complexes.
For the CRL-(+)-1e complex in comparison to the CRL-(-)-
1e complex the mean values of the hydrogen bond lengths
are generally smaller. The results predict that the formation
of hydrogen bonds in the enzyme substrate complexes should
be favoured for the (+)-1e ester. These findings are also re-
flected by the histograms. The hydrogen bonds �, �, � in
Fig.10, which represent the interactions of the oxyanion hole,
show no significant differences in the two diastereomeric com-
plexes. In both complexes the three hydrogen bonds are
formed during the complete MD run. Therefore, the trajecto-
ries and histograms of these hydrogen bonds are not illus-
trated.

The trajectories and histograms of the two possible hy-
drogen bonds � and � between His 449 and Glu 341 are
shown in Fig.12 for the CRL-(±)-1e complexes. The results
show that during the total MD run only one of the possible
hydrogen bonds is realised at a time in both complexes. There
are no hints for the formation of symmetrical bifurcated hy-
drogen bonds between His 449 and the carboxylate group of
Glu341. It is remarkable that for the CRL-(-)-1e complex an
exchange is noticed in the formation of the hydrogen bond
after a simulation time of about 10 ps (Fig. 12). A possible
explanation could be the higher flexibility of the imidazole
ring of His 449 in the CRL-(-)-1e complex caused by the
lower stability of its hydrogen bonds to Ser 209 and the sub-
strate in comparison to CRL-(+)-1e.

Finally, the analysis of the MD results of the diastereomeric
CRL-(±)-1e systems indicate that the significant hydrogen
bonds in the active site are generally more stable in the CRL-
(+)-1e model complex. Especially the reduced possibility of
the formation of the hydrogen bond � (Fig. 10) which is
important for the cleavage of the alcohol component of the
substrate could be seen as a reason for the slower saponifica-
tion of the (-)-1e in comparison to the (+)-1e ester by CRL [6].

Kinetic measurements of the enzymatic hydrolysis on 4-
acetamido-cyclopent-2-ene-1-carboxylic alkyl esters (n =
1,2,3,4,6,8) by CRL have shown that the rate of hydrolysis
reaches a maximum for the hexyl ester [6]. Therefore, we
have performed MD simulations on the corresponding CRL
model complexes with the substrates (+)-1a-e. From the analy-
sis of the trajectories and histograms no remarkable devia-
tions were found in the stability of the seven hydrogen bonds
of the active site for the CRL-(+)-1a-e complexes. Obviously,
more sophisticated studies are necessary on CRL-(+)-1a-e
complexes including all significant steps of the mechanism
of the enzymatic hydrolysis to gain more insights on the re-
lation between the rate of hydrolysis and the length of the
alcohol component of these systems. Nevertheless, the mo-
lecular modelling studies on the catalytic mechanism of CRL
represent a contribution for the energetic and structural char-
acterisation of significant points on the reaction path way of
the ester hydrolysis. Moreover, the calculations should be
seen as a first step for an explanation of the enantiodifferen-
tiation of the substrates 1a-e by CRL.

Figure 11 Trajectories and histograms of the hydrogen bonds � (left) and � (right) for the model enzyme adducts with the
esters (+)-1e and (-)-1e, respectively
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Supplementary material available statementPDB files for
some species are attached to this publication. Moreover, the
animation files for the graphical illustration of the calculated
PM3 pathway including diagrams of the changes of signifi-
cant bond lengths and atomic charges along reaction path-
way are given.

0395s01.pdb: Optimized PM3 structure of the model sys-
tem A (enzyme + ester)

0395s02.pdb: Starting structure (AMBER) of the
CRL-(+)-1e model complex

0395s03.pdb: AMBER structure of the CRL-(+)-1e model
complex after a simulation time of 300 ps.

0395s04.pdb: Starting structure (AMBER) of the
CRL-(-)-1e model complex

0395s05.pdb: AMBER structure of the CRL-(-)-1e model
complex after a simulation time of 300 ps.

0395v01.flc: Created file for the animation of the mecha-
nism of the enzymatic hydrolysis for the model system A. It
can be viewed with FLC video players, e.g. AAWIN and
QuickTime Version3.0 or higher.
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