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Abstract: Estimation of the active site dimensions of lipase PS (Amano) has been carried
out for the first time through molecular modelling studies. The proposed model has been
based on secondary alcohols, which are efficiently enantiodifferentiated by the enzyme
as substrates. Some molecules which are not good substrates for the enzyme have also
been used to define more precisely the limits of the active site. The model comprises
three well-defined pockets: a large hydrophobic pocket of 7x6.6x4.4 A’ to interact with
large hydrophobic substituents, a more hydrophilic pocket of ca 1.8x1.8x1.5 A% 10 bind
the hydroxyl group and a tunnel-shaped hydrophobic pocket (2 A wide and 1.9 A high)
able to accomodate long side chains. The latter pocket is unique among the active site
models described so far for other enzymes, which are essentially cubic in space. The
model is of predictive value and accounts for the enantioselectivity shown by the enzyme
in transesterification reactions of secondary alcohols. © 1997 Elsevier Science Ltd

Introduction

There has been a growing interest among organic chemists to utilize enzyme-catalyzed reactions
to prepare enantiomerically pure compounds.' Lipases and esterases are the most widely employed
among synthetically used enzymes since they induce high enantioselectivity, possess high activity
and stability both in aqueous medium and organic solvents and can be applied to a large variety
of substrates.!®!* The desirable wide application of a specific enzyme requires knowledge of the
factors which control the enantioselectivity of the recognition process by the enzyme. In this context,
substrate models have been reported to determine which structures may be suitable for recognition
by a specific enzyme. These models have been developed by substrate screening processes or by
empirical rules.'"'*!5-2! This approach is generally limited to substrates structurally related to those
from which the model has arisen. Therefore, more general models have appeared very recently to more
precisely define the dimensions of the active site of the enzyme. Thus, active site models for pig liver
esterase,’2?> cyclohexanone monooxygenase (CMO),**> lipase YS (Pseudomonas fluorescens), 262"
and lipase AK (Pseudomonas sp.)*® have been reported. For lipase PS (Pseudomonas cepacia) a very
preliminary account on the maximum width of the hydrophobic pocket has also been reported.? X-
ray crystallography, which provides important information on the active site of enzymes, has allowed
the determination of the crystal structures of only five lipases, i.e. Mucor miehei,*® human pancreatic
lipase,’! Geotrichum candidum,”* Candida rugosa®® and Pseudomonas glumae.> In this paper the
first estimated dimensions of the active site of lipase PS, one of the most widely used enzymes for
enantiodifferentiation of racemic secondary alcohols in transesterification reactions,'*!%20 is reported
by a molecular modelling approach. Our study is expected to provide further insight on the structural
requirements of the active site of this enzyme in order to predict and expand the scope of new
enantioselective applications of the enzyme.

* Corresponding author. Email: igorl @cc.uab.es

3675



3676 X. GRABULEDA er al.

cH,

oy

1R (E>200) 2R (E>300) 38 (E=9) 4S (E=6)
CH,
‘\/ «_ R
SOR% @ °
7S: R=Me (E=281)
5S (E=150) 65 (E=45) ss; ]1::5;: =79
OH H QH H
A O/R o e ~(Bu
[
108 (E=59) 11R (E>300) 12R (E=58) 13
OH H
i N OH OH
~ = : -
©\ « | A, /\/‘\CH3 r\
(6}
14S (E>50) 15R (E=5) 158 16

Figure 1. Structures of compounds used in this work. Numbering containing specification of the fast reactive enantiomer
towards lipase PS are followed by E (enantiomeric ratio) values in parenthesis, except for compounds 158 (not cited by
Nakamura et a/.*?) and 9, 13, and 16 which are not good substrates for the enzyme.

Results and discussion

The substrates selected in this study are the following: (R)-1-(1’naphthylethanol 1R,%
(R)-1-(2’-naphthyl)ethanol 2R,*S (S)-2-(1’-naphthyl)propanol 3S,*® (S)-2-(2’-naphthyl)propanol
48,%  (S)-3-(1'-naphthyl)isopropanol 5S,® (5)-3-(2"-naphthyl)isopropanol 68, (S)-1-acetoxy-
3-phenoxy-2-propanol  7S,'®  (S)-1-isobutyryloxy-3-phenoxy-2-propanol 8S,'? (S)-3-phenoxy-1-
pivaloyloxy-2-propanol 98,'° (S)-2-hydroxy-4-phenylbutanoic acid 10S,%7 (R)-2-(ethoxycarbonyl)-2-
cyclopenten-1-ol 11R,*® (R)-1,2,3,4-tetrahydro-1-naphthol 12R,*#C rert-butylphenylmethanol 13,%
(S)-cyano-4-(phenoxy)phenylmethanol 14S,*! (R)-2-pentanol 15R,*? (S)-2-pentanol 158 and sec-
butylphenylmethanol® 16. Chirality of the reactive enantiomer towards the enzyme is also indicated
in the numbering of the compound, and the E value reported is included in Figure 1.

Most of the selected compounds were good substrates for the enzyme, but poor substrates 3S, 48,
15R, 158 and nonsubstrates 98, 13 and 16 were also considered to gain insight into the limitations
imposed by the active site of the enzyme

Computational studies

Computations have been carried out on a Silicon Graphics INDY computer with R4600PC processor
using Still’s MacroModel v.4.0 molecular modelling package.*> MM3* was the selected force field.*
A tandem of E. Polak and G. Ribiere conjugate gradient (PRGC)* and full matrix Newton Raphson
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Figure 2. Generalized structure showing the numbering used throughout this work.

(FMNR) was used as a minimization algorithm allowing enough cycles to ensure the convergence in
both steps.

Modelling of the active site.

All the studied substrates are conformationally flexible along their side chains. A generalized
structure, showing the numbering used on all compounds of this work for the torsion angles definition,
considering that the hydroxyl groups are the active centers of our target molecules, is given in Figure 2
(number 1 is given to the next atom in the clockwise direction around the ring).

A conformational analysis on molecules 1R-7S and 10S-11R was initially undertaken with the
final aim of obtaining the global minimum energy for each structure. The number of torsion angles
driven depends on the substrate, and changes from 1 to 6. The torsional energy coverage was done
at increments of 15° and varying torsion angles from +180° to —180°. Structures showing the global
minimum energy were further minimized without any restraint. Details on the energy minima obtained
for the studied molecules in this conformational analysis are contained in Table 1. The global minima
were superimposed with the aid of the SuprA and RigSA options of MacroModel. The strategic atoms
chosen for this superimposition were the hydroxylic oxygen, the carbon atom supporting the hydroxyl
group, and its neighbour carbon atom closer to the ring. A very diffuse cavity was obtained by using
these minima, presenting a volume too large to be reasonable (largest pocket was about 5.8X7x6.9
A%). In a second step, one of the less flexible molecules, 1R, was taken as the model structure. It
was considered as the molecule suffering the smallest geometrical changes when complexed with the
enzyme, because apart from the energy minimum in Table 1 presents another conformation (1.5 kJ/mol
higher in energy) which only differs in the spatial disposition of the Hy, cavity but not in its dimensions.
Since any molecule can be included into the active site of an enzyme in a conformation different from
that showing the global minimum energy,” molecules 2R-7S and 10S-12R were superimposed on
our model structure 1R forcing the requirement of the smallest possible deviation. Molecules had to
change their torsion angles adopting more energetic conformations to fulfill this requisite, increasing
their energy up to about 100 kJ/mol.

Nevertheless, and to further approach the real situation of enzyme-ligand interactions, the fully
superimposed structures were, thus, allowed to freely minimize their energies by changing the
necessary torsion angles. Final torsion angles and energy values for these optimized well-fitting
conformers are shown in brackets in Table 1. The largest energy difference between the global energy
minimum calculated above and the one finally obtained is of about 16 kJ/mol for compound 10S. If
we consider that one single hydrogen bond offers a stabilization of about that amount, the differences
obtained in steric energy values appeared to be very reasonable and easy to compensate by the
formation of some attractive intermolecular interactions (hydrogen bonds or Tt-Tt enzyme-substrate
interactions).

Figure 3 shows a stereoview image for the superimposition of molecules 2R, 55—7S and 108-12R
used to define the cavity with a calculated global volume of 394.4 A3. Structures 3S and 4S, which
presented low E values (9 and 6, respectively),*® were used to delimit dimensions and the shape of our
active site model, since the naphthalene ring is forced to adopt a conformation clearly distorted with
regard to the others. Figure 4 shows a stereoview image of the volume occupied by structures 3S and
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Table 1. Dihedral angles (in degrees), and steric energies (in kJ/mol) for the minimum energy conformations of molecules
1R-7S, 108 and 11R as obtained by driver calculations with the MacroModel package. In brackets are dihedral angles (in
degrees), and steric energies (in kJ/mol) for conformations of molecules 1R-7S. 10S and 11R which superimpose molecule

1R better
Comp.| 4321 | 4432 | 5432 | 6543 | 7654 | 8765 | 9876 | 5556 | SeericE.
IR | 258 54.48
T1402 5020
2k 1 (400 (50.38)
s | B0 [ 577 68.94
c1728) | ©2.1) (7827)
s | 1800 | 1200 56.93
(180.0) | (1200) (56.93)
< | 620 | 20 1008 58.58
55 | c1ma0) | 610 (-78.0) (63.36)
614 | 596 777 5219
65 | 1740) | (-600) (106.4) (54.80)
s | 1195 12 | 512 | 667 | 194 | 1792 6791
(180.0) 1792) | 1748) | (653) | (1796 | ©7) (74.56)
1779 983 | 1780 | 601 | 1024 263 | 33.57
105 | 1796) a6s) | oy | ar6s) | 943) 294) | (49.35)
R | 1800 1800 | 60 7021
(179.5) 1796) | (6.1) (70.21)

4S which exceeds the global volume of the cavity. As depicted in Figure 4, the main differences come
from the aromatic rings and afford an excess volume of 58.2 A?. Moreover, both enantiomers of 3 and
4 show similar spatial conformation indicating a poor enantiodifferentiation process by the enzyme.

Combining the data from the superimposition of molecules 2R-7S and 10S-12R on 1R as a rigid
model, the active site of lipase PS is predicted to have the dimensions and shape as depicted in Figure 5.
The active center should contain a large cubic hydrophobic pocket Hy of ca 7x6.6x4.4 A3, able to
accommodate the aromatic rings, and a second tunnel-shaped hydrophobic pocket Hs, able to interact
with long side chains such as those for compounds related to 7S.'° This long tunnel or hole might be
2 A wide and 1.9 A high and is in agreement with a proposed “long flat tube” reported by Theil and
coworkers.!® Besides these two well defined hydrophobic pockets, one smaller and more hydrophilic
pocket Hy of ca 1.8x 1 8x1.5 A? appears 1o be also necessary to bind the hydroxyl group.

In order to validate our proposed active site model, several compounds were selected and their
structures tried to fit into the model taking into account the following guidelines. First, the catalytic
essential region has been considered to be located into the more hydrophilic pocket Hy, and therefore
the secondary hydroxyl groups to be acylated have been placed into this region. Second, the largest
hydrophobic portion of the substrate has been located into the large hydrophobic pocket Hy , while
the smaller substituting group of the carbinol occupies the narrower hydrophobic pocket Hs. Under
these criteria a compound is not a good substrate for the enzyme if the considered structure does not
fit into the model.

Compound 8 can thus be well enantiodifferentiated by the enzyme.!® The phenoxymethyl group
of compound 8S and the ester part of the molecule can be clearly accommodated into the Hy and
Hs pockets, the isobutyryloxy group occupying the complete width of the tunnel. Following a similar
rationale, compound 7 with an acetoxy group (R=Me) and other related compounds (R=long chain
alkyl groups, n=1-15) could also be predicted as good substrates for the enzyme as experimentally
observed.'®

However, the pivaloyloxy derivative 9 (R=r-Bu) cannot fit into the Hs pocket showing that the
compound is not suitable as a substrate for the enzyme. The projection on the x—y plane of the C-C
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Figure 3. Stereoview of the superimpositon of molecules 2R, 55~7S and 10S-12R on 1R as model siructure and the Van
der Waals volume as obtained by the MM3* calculations.

Figure 4. Stereoview of molecules 2R-78 and 108-12R as model structure. Molecules 3S and 4S are drawn in black to
better show their larger volume.
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Figure 5. Dimensions and shape of the proposed active site of lipase PS. Important binding regions for substrate specificity
are the large hydrophobic pocket Hy, a smaller tunnel-shaped hydrophobic pocket Hs, and a more hydrophilic cavity for
the hydroxyl group Hy: (a) front perspective; (b) side perspective; (c) three dimensional representation.

bond of the methyl group which run out of the cavity limits in molecule 9S is 0.4 A larger than
the analogous value in molecule 88 which can be differentiated by the enzyme. Figure 6 shows, in
terms of excess volume, the fragments of molecule 9S which go out of the global cavity volume and
which can be valued in 51.7 A3, In this case, the alternative binding mode, which is the basis for a
reversal of stereoselectivity shown by the enzyme,*’ i.e. placing the pivaloyloxy group into Hy, and the
phenoxymethyl moiety into Hs, is not favored either since the latter group cannot be accommodated
into the smaller pocket. The same rationale can account for the lack of recognition of compounds 13
and 16, with a t-butyl and sec-butyl group directly joined to the carbinol, by the enzyme (no reaction
after 69 h at 37°C in the presence of 2 mg of lipase PS per mmole of substrate and 10 mmole of vinyl
acetate). For example, in molecule 13 the extra volume is about 45.1 A3 for enantiomer S and 16.4
A3 for enantiomer R with t-butyl being the the most important fragment which goes out. With regard
to compound 14, the phenoxyphenyl group almost fills up the large hydrophobic pocket Hy, therefore
providing a high e.e. for the S enantiomer (E>50) (Figure 7) as experimentally found.*! When the
small molecule 15 was considered, both enantiomers easily enter into either of the two hydrophobic
pockets of the model. The excess of room left by each enantiomer implies no clear preference in the
binding mode in either case, and therefore no enantiodifferentiation by the enzyme could be expected
(Figure 7). This has also been experimentally shown.*?

Conclusions

In summary, and for the first time, the active site model of lipase PS has been estimated based on
molecular mechanics calculations using secondary alcohols as substrates. The model comprises three
well-defined pockets: two hydrophobic to accomodate the large and small hydrophobic substituents
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Figure 6. Stereoview of molecules 2R~7S and 10S-12R as model structure showing the Van der Waals volume differences.
Molecule 98 is drawn in black to better show its larger volume.
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Figure 7. Top perspective views of the active site model illustrating the binding modes with the structures shown.

and a more hydrophilic tunnel-shaped pocket. The latter pocket is unique among the active site models
described so far for other enzymes, which are essentially cubic in space.?22326:2848 Our model does
not take into account possible modifications of the lipase PS conformations in the presence of different
organic solvents, which may affect the enantioselectivity of the enzyme.*>*® The model has predictive
value for resolution of most secondary alcohols in transesterification processes by lipase PS, but it
is likely that the dimensions provided herein could be refined in the near future when more data
is accumulated from the literature. Experiments are in progress in our laboratory in this direction,
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paying particularly attention to the so far unknown length of the tube-shaped hydrophobic pocket,
unprecedented in other lipases. Also, homology modelling of lipase PS using the reported X-ray
structure of Pseudomonas glumae®* should also be useful to predict more precisely the active site
shape of lipase PS.
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