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Abstract

The regioselective acylation of different phenylalkanediols catalysed by porcine pancreatic lipase (PPL) was used for
modelling the enzymatic substrate recognition. Thus, different racemic or prochiral (1,n)-diols, with n ranging from 2 to 6,
were resolved via transesterification with vinyl acetate, and the results obtained (yield, reaction rate, enantioselectivity) were
explained according to the microcrystalline enzyme structure. A logical model for explaining the enzyme regio-and
stereoselectivity is proposed, based on literature data reporting similar recognition patterns for some other lipases; our model
is built on three residues of the active site (Ser153, Phe216 and His264), which turned out to be crucia for the substrate
binding and transformation. Furthermore, some other tentative models proposed for PPL recognition are explained with our

criterion. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lipase-mediated resolution of chiral alcohols, ei-
ther by acyl transfer methods or by hydrolysis of
their corresponding esters, is probably the biotrans-
formation most commonly described in modern liter-
ature [1-3]. If there are two hydroxy groups, the
possibility of exploiting both the regio- and the
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394-1822.
E-mail address: andresr@eucmax.sim.ucm.es
(A.R. Alcantara).

enantioselectivity of the biocatalyst makes the pro-
cess even more attractive. When the diol includes a
primary and a secondary hydroxy group, the primary
one is resolved much faster than the secondary,
which generally remains unatered [4—6]. On the
other hand, in the lipase regioselection between two
primary hydroxy groups, the discrimination normally
is high for prochiral diols [7], although only moder-
ate for racemic mixtures [8], while between two
secondary hydroxylic functions, the stereobias gener-
ally is acceptable for meso [9,10] or prochiral diols
[7,11,12], although some meso diols are very poor
substrates for enzymatic-catalysed transesterification
with vinyl acetate [13].
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Severa references in lipase literature propose em-
pirical rules (trial and error) for the prediction of the
enantiopreference of different lipases on chiral sec-
ondary [14-24] or primary acohols [25-27], gener-
ally based upon the relative site of the substituents
around the substrate stereocentre. More recently,
some structural basis for explaining these empirical
rules have been published, either by studying the 3D
structure of different lipases complexed with transi-
tion-state mimicking inhibitors (determined by X-ray
diffraction) [28,29] or by molecular modelling [30-
33

Nevertheless, the rules proposed for explaining
the stereobias of porcine pancreatic lipase (PPL) on
primary alcohols are not very convincing because
enantiomeric models are proposed [34-37]. Re-
cently, the crystal structure of the ternary porcine
lipase—colipase—tetraethylene glycol monoocty! ether
(TGME) complex has been determined by X-ray
diffraction at 2.8 A resolution [38,39]. We present
the results obtained in the resolution of 1, n-phenylal-
kanediols (n = 2,3,4,5,6) by means of PPL-catalysed
transesterification with vinyl acetate. The regio- and
enantioselectivity is discussed, introducing an active
site model based on the crystalline enzyme structure.
This qualitative model enables a rational explanation
of the enzymatic stereocontrol at a higher level than
other previously proposed models.

2. Experimental
2.1. Materials

Lipases (E.C.3.1.1.3) from Porcine Pancreas,
crude (Steapsin), type 1, and purified, type VI, were
obtained from Sigma. The racemic alcohol 1-phenyl-
1,2-ethanediol ((+)-1) (for numeration of products
see Fig. 1) and all the reagents and solvents used
were purchased from Aldrich Chemical, Alcobendas,

Spain.

2.2. PPL-catalysed transesterification of racemic 2-
phenyl-1,n-alkanediol

2.2.1. General procedure
A solution of diols 1-5 (6 mmol) and vinyl
acetate (48 mmol, 4.4 ml), in diisopropy! ether (15

OAc
-
/ OH
OH n=2 10 \

-OAc
Ph n=3 13 Ph
OH n=4 16 OAcC
n=0 (1) \ OH/ n=1 8
n=1 2 Bh n=2 11
n=2 (x3) n=3 14
n=3 (4) OAc n=4 17
n=4 (5) n=0 6
n=1 7
n=2 9
n=3 12
n=4 15

Fig. 1. Overall reaction scheme for the PPL-catalysed transesteri-
fication of the substrates.

ml) was stirred at 25°C with PPL (300 mg commer-
cial powder). The water activity of this system,
measured using a rotronic hygroscop BT-RS1, was
0.159. This low value, maintained throughout the
reaction course as long as no water is produced in
transesterifications, ensures the irreversibility of the
acyl-transfer process, avoiding any undesired hydrol-
ysis of the esters produced. Then, aliquots of 0.1 ml
were taken from the solution (at different times) and
added to 0.9 ml of a 80/20 n-hexane/isopropanol
mixture; after microfiltration, they were analysed by
HPLC, using a chiral column Chiralcel OD (cel-
lulose carbamate, 25 cm X 0.46 c¢cm i.d.). The spec-
trophotometrical quantification (A =254 nm) of
product concentration and the enantiomeric excess of
the products were calculated using an externa stan-
dard method.

The following are analysis conditions for the
products.

(i) For the resolution of mixtures of (+)-1, R-6
and S6: isocratic mixture of n-hexane/isopropanol
(97/3), flow rate= 0.7 ml /min (P_400 psi). Reten-
tion time; S1, t=46 min; R-1, t=41 min; R-6,
t=34 min; S6, t = 30 min.

(i) For the resolution of mixtures of 2, (+)-7 and
8: isocratic mixture of n-hexane,/isopropanol (97 /3),
flow rate = 0.7 ml /min (P_400 psi). Retention times:
2, t=34 min; R-7, t=24 min; 8, t =13 min.

(iii) For the resolution of mixtures of (4 )-3,
R-10, S10, S9, R-11 and S11: n-hexane/isopro-
panol gradient: t=0 min, flow rate= 0.5 ml /min,
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98/2 n-hexane/isopropanol; t =30 min, flow rate
=1 ml/min, 97/3 n-hexane/isopropanol. Reten-
tion times: R-3, t =58 min; S3, t =56 min; R-10,
t=42min; S10, t =40 min; S9, t = 48 min; R-11,
t=28 min; S-11, t =21 min.

(iv) For the resolution of mixtures of (4)-4,
R-13, S13, S12, R-14 and S-14: n-hexane/isopro-
panol gradient: t=0 min, flow rate= 0.5 ml /min,
98/2 n-hexane/isopropanol; t =25 min, flow rate
= 0.6 ml /min, 97 /3 n-hexane/isopropanal; t = 29
min, flow rate =1 ml /min, 97 /3 n-hexane/isopro-
panol. Retention times: 4, t=57 min (only one
peak); 13, t =40 min (only one peak); S-12, t = 46
min; R-14, t =22 min; S14, t =20 min.

(v) For the resolution of mixtures of (+)-5, R-16,
S16, R-15, S15, R-17 and S17, the same above
mentioned solvent gradient was used. Retention
times: S5, t =68 min; R-5, t = 64 min; S16, t = 47
min; R-16, t=45 min; S15, t=53 min; R-15,
t=50 min, S17, t =19 min; R-17, t = 17 min.

At a convenient fixed reaction time, the crude
reaction mixture, after removal of the enzyme by
filtration, was concentrated and the remaining residue
was chromatographically separated on a silica gel
column (hexaneEtOAc, 1:2), obtaining fractions
containing the monoacetates (major and minor), the
diacetates and the remnant diols, structures of which
were confirmed by ‘H-NMR and *C-NMR and
microanalysis. The absolute configuration of the re-
action product was established by comparison with
literature data, by ‘H-NMR spectra of the corre-
sponding MTPA  (a-methoxy-a-(trifluoromethyl)-
phenylacetate) esters and by chiroptical methods (CD
technique), as we have recently described [40].

3. Results and discussion

Fig. 1 shows the overall reaction scheme, with the
numeration of al the products cited throughout the
paper. As can be seen, these compounds may be
divided in three groups:

(a) racemic diols possessing two chemically
different (primary and secondary) hydroxy
groups, such as (+)-1

(b) prochira primary diols, such as 2-phenyl-
1,3-propanediol (2), and

(o) racemic diols possessing two primary hy-
droxy groups, placed at different distance from
the stereocentre, such as 2-phenyl-1,4-butanediol
((4+)-3), 2-phenyl-1, 5-pentanediol ((+)-4) and
2-phenyl-1, 6-hexanediol ((+)-5).

Therefore, because of their distinct nature, their
resolution (or desymmetrisation) will be differently
considered.

3.1. Resolution of racemic (+)-1

Different compounds possessing the 1,2-diol func-
tionality are useful as synthetic intermediates [8] or
as drug intermediates [41,42]. As a consequence, in
the literature some enantioselective chemical meth-
ods for their preparation can be found [43-45]. The
enzymatic preparation of homochiral 1,2-diols have
also been reported, either catalysed by lipases [4,46—
48] or epoxide—hydrolases [49,50]. In the enantiose-
lective acylation of racemic diols, two cases are
described in literature: reaction termination after the
first acylation step [51,52], or a first acylation step
that quickly leads (with low enantioselectivity) to a
racemic monoacetate, which is a better substrate for
the enzymatic catalysis, therefore obtaining (with
better enantioselectivity) a monoacylated derivative
and the corresponding diacylated compound [53,54].

In our case, Fig. 2 shows the progress curves
(yield vs reaction time) obtained for the PPL-cata-
lysed acylation of racemic (+)-1 with vinyl acetate;
for a better visual following of the reaction course,
the generation of monoacetate 6 is displayed as two
separate curves, corresponding to the single enan-
tiomers, R-6 and S-6, as calculated by chiral HPLC
measurements. As can be seen, we are reporting an
example of the above-mentioned first case, due to
the fact that no diacetate was observed, and because
of the low enantioselectivity obtained in the monoa-
cylation. In fact, from the progress curve of both
enantiomers it can be deduced that both enantiomeric
monoacetates (R-6 and S-6) are simultaneously be-
ing produced through the parallel and competitive
pathway depicted in Fig. 3. As can be seen, the
monoacylation of (+)-1 only takes place on the
primary acohol, leaving the secondary hydroxy
group unaltered, without any trace of diacetate. Al-
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Fig. 2. Progress curve for the resolution of +-1. Conditions as
described in Section 2.

though some examples of resolution of secondary
alcohols catalysed by PPL can be found in literature
[55-57], in the presence of both —OH groups only
the primary one is acylated.

3.2. Desymmetrisation of 2

Prochiral diols (meso-compounds or molecules
possessing pseudo-asymmetric centres) are very use-
ful synthetic intermediates due to the fact that the
maximum feasible yield upon its enzymatic transfor-
mation is not limited to 50%, as what happens when
resolving racemic mixtures. In particular, 2-sub-
stituted 1,3-propanediols have been extensively used
as substrates in lipase-catalysed acylation [7,12,58—
60].

In Fig. 4 we present the progress curve obtained
in the acylation of 2 with vinyl acetate, following the
path shown in Fig. 5. This acylation showed a high
R-stereopreference in the monoacylation (ee > 98%
R-monoacetate (R-7), detecting only traces of S
monoacetate (S-7); the fitting shown in Fig. 4 for
S-7 would be explained posteriorly), in agreement
with the data reported in the literature [61]. Compar-
ing Figs. 2 and 4, we can observe that 2 is more
reactive than (+ )-1 because the prochiral compound

is completely consumed after 24 h, while 40% of
(+)-1 remains unaltered after 80 h (Fig. 2). Thus,
we can assume that 2 has better steric and electronic
properties for being recognized by the active site of
the lipase. On the other hand, R-7 could be consid-
ered as an unstable primary compound, following the
classical nomenclature of Campbell and Woj-
ciechowski [62] because it is produced from the
earlier reaction steps and consumed as the reaction
progresses, as deduced from the slow decrease of its
concentration at t > 20 h; the diacetate 8, using the
same above-mentioned nomenclature, is a stable pri-
mary compound because it is produced from the very
beginning of the reaction, and its yield increases with
the reaction time. Therefore, we must conclude that
R-7 and 8 are consecutively produced, but the first
acylation is faster than the production of 8.

3.3. Resolution of (+)-3, (+)-4 and (+)-5

The resolution of racemic acyclic (1,n)-diols, with
n> 3, is not very well documented. Many references
can be found in the literature dealing with the asym-
metrisation of cyclic primary meso-diols, cyclic
(generdly six- and seven-membered cycles) sec-
ondary meso-diols, or acyclic meso diols possessing

H, OAc
Ph
o OH e
H. not detected W, OAc
Ph p
(o]
R-1 . H, OH £ Ph OAc
2R /<' R not detected
Ph OAc
R-6
H OAc
Ph"
k1S OH k3S

not detected

N OH H OAc
Ph""/\ o X
S-1 H_ OH Ph OAc

kas p h\<, Kes not detected
OAc

S-6
Fig. 3. Reaction pathway for the resolution of both enantiomers of
1
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Fig. 4. Progress curve for the desymmetrisation of 2. Conditions
as described in Section 2.

hydroxy groups separated by more than two carbon
atoms (for an excellent review about al these com-
pounds, see the work of Kazlauskas and Bornscheuer
[63]); nevertheless, the resolution of these «long-dis-
tance» racemic diols has only been studied in depth
for cyclic compounds [64,65] and very little is de-
scribed about the resolution of racemic acyclic diols
[66,67]. Thus, the resolution of (+)-3, (+)-4 and
(+)-5 may help contribute to this field.

First, these diols were synthesized as described in
a previous paper [40] and subsequently used as sub-
strates for the PPL-catalysed acylation with vinyl
acetate. The reaction progress was followed by chiral
HPLC (See Section 2), and the overall pathway is
depicted in Fig. 6.

In al this cases, the regioselective acylation in the
primary hydroxy group that is further from the stere-
ocentre was the main process, yielding the monoac-
etates (major products) 10, 13, and 16 (see Fig. 6),
with dight R-stereopreference, athough this de-
creases as 1,4 goes to the 1,6-diol. On the other
hand, the acylation of the primary hydroxy group
that is closer to the stereogenic centre rendered the
«minor» monoacetates 9, 12 and 15 (Fig. 6), in
lower yields compared to the major compounds,
although with higher optical purity (S-stereoprefer-

ence, with no traces of the R-compounds except for
15). A second acylation in their free —OH groups led
to the S-enriched diacetates 11, 14 and 17 (Fig. 6).
Only in the acylation of (+)-3, the concentration of
the major monoacetate 10 dightly decreased with the
reaction time, which was mainly due to the S-10
transformation into S11, because R-10 remained
unaltered at high reaction time. In the other diols
(+)-4 and (+)-5, both major monoacetates achieve
a stable yield (55—-60%). Thus, comparing the global
reactivity of (+)-3, (£)-4 and (+)-5 with (£)-1
and 2, we deduced this relative activity:

2> (£-3),(£-4),(£-5) > (£-1)

In order to quantify the stereoselectivity of PPL in
the asymmetrisation of the prochiral diol 2, we used
the mathematical model proposed by Kroutil et al.
[68] for sequential two-step asymmetrisation /kinetic
resolutions, which is summarised in Fig. 7. In this
scheme, Sis a prochiral (or meso) substrate, P and
Q are the enantiomeric products obtained in the
asymmetrisation step, while R is the prochiral (or
meso) product obtained via the enzymatic kinetic
resolution of P and Q. The selectivity of this type of
reaction is solely governed by the so-called selectiv-
ity factor (a), which is equal to the ratio of the
apparent first-order constants k; and k,, while E,
(the ratio of ky and k,) is the enantioselectivity ratio
of the kinetic resolution. Thus, by simply fitting the
experimental data to the equations shown in Fig. 7
(the fittings are those indicated in Fig. 4), the values
of @ and E, for the PPL-catalysed asymmetrisation
of 2 could be estimated, and they are shown in Table
1. In Fig. 4 we have presented the calculated curve
for S-7, obtained by Eq. 3 (shown in Fig. 7), because

PK
K OAc
/<:OAC
OAc
0“__/

OAc

}<: H
Ph
2 OH

Ph

(traces)

Fig. 5. Reaction pathway for the desymmetrisation of 2.
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n=3, $-12
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Fig. 6. Reaction pathways for the resolution of 3, 4 and 5.

as we indicated before, the low amount of this
compound made its determination impossible.

Fitting the curves obtained for the resolution of
the racemic diols with this same model, due to the
similarity of the Kroutil’s model equations and the
behaviour of the catalysed system, some similar
constants can be obtained, but now with different
meanings, which can be envisaged as follows (taking
Fig. 6 as reference):

E, = (kip/kyg) and E, = (kyp/Kys) represents
the enantiosel ectivity ratios for the formation of
the major and minor monoacetates (acetoxy
group further or closer from the stereocentre,
respectively).

Epiac = (Kzs + Kyg)/(Kap + Kyr) would quan-
tify the enantioselectivity of the diacetates, be-
cause it describes the ratio between the two
pathways leading to them.

rr = (ki + kg /(kyr + kyg) stands for the re-
gioselectivity ratio, as a quantification of the

overall ratio between the formation of the major
and minor monoacetates.

The values of the constants and these three pa-
rameters are shown in Table 1, and they are useful to
describe the stereo and regioselectivity of the trans-
esterifications. Thus, the acylation of the prochira
diol 2 leads to a R-enriched monoacetate 7, because
only traces of S7 (<5%) were detected. So, in
order to explain the formation of 8, we assumed the
double-step kinetics shown in Fig. 5. In these kind of
processes, an «opposite» selectivity is always ob-
served for the second kinetic step compared to that
of thefirst step [68] that is, if k; > k3 then k, > k,.
This would mean that 8 is formed mainly from the
Smonoacetate, which is transformed into 8 so
quickly that the accumulation of S7 is impossible
(and, because of this fact, only traces of S7 are
obtained), (k, > k,). The formation of 8 from the
R-monoacetate is produced only when the first acyla-
tion step is reaching the end, and, because of this
fact, the concentration of R-7 decreases at long
reaction times, as experimentally observed (Fig. 4).
This means that k, > k;. Thus, PPL displays an
excellent asymmetrisation capability, and the best
enantiomeric excess of the R-monoacetate would be
obtained by simply stopping the reaction before its
consumption gets noticeable (t,,, = [1/(k; — (k, +
k)1 < In[kg/(k; +k,)], 17.2 h).

k P_k
8/105v §‘R
}*Q/ki

4

S =S, e-(kitk2)t Equation 1
ki
P= Som[ e-(kitk)t - e-k3t | Equation 2
0= So._—kz [ e-(k1+k2)t - e-k4t] Equation 3
k4-(ki+k2)
R=S,-S-P-Q Equation 4

Fig. 7. Model and mathematical equations of Kroutil et al. [68] for
the desymmetrisation of pro-chiral compounds.



Table 1

Kinetic constants for the PPL-catalysed transesterification of (1,n)-diols

Prochiral diol

Diol  k;,h7?! k,, h™t a kg, h™t ky, h™t E,

2 22x10°1  18x107% 123 42x107% 32x10°2 013

Racemic diols

Diol  k;g, h7? Kog, h71 Ksp, h™1 Ksro h71 ki, h™? kys, h™1 kg, h71 kys h™1 E, E, Epiac IT
1 55x 1072 <1075 <1075 <1075 1.7x10°2 <1075 <1075 <1075 32 - - > 1000
3 9.0x 1072 <107° 1.3x1073 <107° 71%x10"2  76x107%2 29x10°? 80x10"% 13 >1000 29 21
4 1.4x1071 <1075 1.8X 1072 <1075 54%x1072 57x1072 <1075 55x1072 26 >1000 31 25
5 6.9x 1072 6.9%x1072 <107° 36x107%  6.1x1072  4.0x1072 <10°° 11x1072 11 11 31 12
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If we try to explain the first acylation of the
racemic diols, we observe how k, >k, in al the
diols, that is, there is a dlightly higher R-stereobias
in the discrimination between the major monoac-
etates, which is reversed (S-stereopreference) if we
consider K, and k,g, except for the resolution of 5.
On the other hand, k;g > k, g, While k,¢> k, g, that
is, the process leading to the major monoacetates is
faster than that leading to the minor ones, specially
for 4 (rr = 25). It is noticeable that k, is practi-
caly 0 for 1, 3 and 4, (no formation of minor
R-monoacetates), which obviously implies that k,g
=0 in these cases. In the Sreaction pathway (Fig.
6) kyg ispracticaly O for 4 and 5. This fact indicates
that these Smajor monoacetates do not suffer a
second acylation process.

If we try to explain the second acylation, we must
consider that the diacetates can be obtained through
two different pathways, that is, from the acylation of
both the major and the minor monoacetates, so that
in Table 1, for quantifying the enantioselectivity of
this second step, we must use Ep,,c. On the other
hand, the second acylation is governed by the first
step, as we indicated in the previous paragraph. As a
genera rule, we could establish that this second
acylation step is generally slower than the first one.

The results obtained for the enzymatic transesteri-
fication of the different (1,n)-diols are thus demand-
ing a qualitative explanation of the mechanism of the
enantiorecognition for this enzyme.

3.4. Proposal of a qualitative model for the interpre-
tation of the PPL regio- and stereoselectivities

With this aim, in order to explain the good regios-
electivity in the enzymatic acylation of the OH groups
further from the stereocentre, the minimum-energy
conformers of the different (1,n)-diols were calcu-
lated using the HY PERCHEM program [71] (with an
AMBER Force Field, and Fletcher—Reeves algo-
rithms (RMS gradient of 0.01 kcal /(A mol)) to
minimise the energy), and were compared with the
dimensions of the PPL active site, recently described
in literature [38,39]. Fig. 8 shows the geometry of
the active site of this enzyme (taken from the PDB
structure of the enzyme) highlighting two of the

Ser-153

His-264

Phe-216
Fig. 8. Dimensions of the active site of PPL [38].

three essential residues from the catalytic triad
(Ser153 and His264) as well as Phe216.

Thus, it is possible, according to the dimensions
shown in this figure, to postulate the enzymatic
recognition of the substrates as exemplified in the
structure shown in Fig. 9, obtained by a manual
docking of the previously minimised structure of 2
into the active site pocket, keeping the reported
geometries [38,39] of the complexes pancreatic li-
pases—substrates; in this sense, the recognition would
be caused by aface to face mw—m stacking interaction
between Phe216 and the aromatic moiety of the
substrates (red colour), as well as by the creation of
hydrogen bonds between the non-acylated hydroxy
group of the diol and the imidazole ring of His264
(green colour). With these interactions, the —OH
group to be acylated should be placed near the
catalytic Ser 153 (blue colour). This hypothesis is
solidly based on literature data, because from the
study of the crystalline structure of different pancre-
atic lipases (human [70,71] and porcine [38,39])
complexed with different substrates or inhibitors, it
can be noticed how in all cases the only residue of
the active site that suffers a change upon binding
with the inhibitors is Phe216 for pancreatic lipase
[38,39] and its equivalent residue Phe215 for human
lipase [69,70]. Therefore, these facts indicate the
crucial role of this residue for the correct binding of
the substrates. On the other hand, in literature some
other evidences can be found for the interaction (face
to face m—m stacking) of aromatic residues nearby
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the active sites of lipases with the aromatic moiety of
different substrates, e.g., 2-aryl or 2-aryloxipropionic
acids with Trp-88 residue of Rh. miehei lipase [72]
or with Phe216 for C. rugosa lipase [70,72]. Further-
more, the interaction of substrates with His263 of
human pancreatic lipase (equivalent to His264 for
the porcine lipase) has also been described [70] via a
hydrogen bond between oxygen atoms of inhibitors
and the Ne of the imidazole ring.

Good enantiosel ectivities are obtained only for the
monoacetate R-7 and the minor monoacetates S-9
and S12. Nevertheless, the high optical purity of
S9 and S12 may be caused by kinetic reasons due
to the low concentration detected, and fitting 2 in the
active site would be the most appropriate, because
the distances between the three points that we are
using as references are very similar to the triangle of
the active site. The first acylation of 2 takes place on
the pro-R hydroxy group because, as can be seen
from Fig. 9, even in vacuum (where the modelling of
the substrates was carried out), both —OH groups are
not placed at the same distance from the aromatic
ring, and therefore the substrate does not have to
suffer any distortion when reaching the active site.
We think that this is the reason why PPL is the most

5.0°A

His-26

Phe-216 Phe-216

Fig. 10. Schemes for the acylation of 1. (A) Observed acylation on
the primary hydroxy group. (B) Not detected acylation of the
secondary hydroxy group.

effective catalyst for the enantiotopic asymmetrisa-
tion of 2-substituted 1,3-propanediols [63].

Thus, using our qudlitative model, the high re-
gioselectivity in the acylation of (+)-1 can be under-
stood comparing their distances with those of the
active site; thus, as represented in Fig. 10, the acyla
tion takes place only at the primary acohol because
it is the only possibility for the correct fit: in fact, in
the hypothetical acylation of the secondary —OH
group (Fig. 10B), while the distance between the

Fig. 9. Manual docking of 2 into the active site of PPL. Red colour, face to face aromatic interaction. Green, H-bonding. Blue, Catalytic

Ser153.
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aromatic ring and the primary —OH (5.1 A) could
emulate that one between Phe216-His264 (6.1 A),
the distance between the aromatic ring and the sec-
ondary —OH (5A) is absolutely fixed because of the
complete lack of conformational flexibility of that
moiety, and this distance would never be close to
that required for the acylation (around 8.4 A, accord-
ing to Fig. 8). On the contrary, the acylation of the
primary alcohol of R-1 (Fig. 10A) would be pro-
duced because this —OH group can reach the acy-
lated serine without any problem.

For the rest of the substrates, their conformational
flexibility would allow them to be acylated in the

I. Borreguero et al. / Journal of Molecular Catalysis B: Enzymatic 11 (2001) 1013-1024

active site on both hydroxy groups, although the
preference observed in the transformation of the
longer hydroxyalkyl chain is produced by the best
matching of the distance between the aromatic ring
and the shorter hydroxyalkyl moiety and the distance
between the residues Phe216 and His264; this first
recognition of the substrates would enable the larger
hydroxyalkyl chain to rotate and flex to reach the
acylated serine. This is possible due to the large
dimensions of the PPL active site [38].

Aswe show in Fig. 11, the stereobias observed in
the PPL-catalysed transesterification of (1,n)-diols
would favour the previously reported model A of the

A
site B
Acyl (hydrophobic)
B O/ C (I interactions)
9 OAd < site A
v o catalytic site
Apolar'
R site D
Polar N Y (hydrophobic)
\H < (minor steric
interactions)
site C
(hydrophilic)y —™
(hydrogen bonds) s

Fig. 11. (A) Our «Box-type» model for the substrate recognition by PPL. (B) Model A of Wimmer [36]. (C) Model of Guanti et al. [37].
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PPL active site proposed for hydrolytic processes by
Wimmer [36] (Fig. 11B), assuming that the benzene
ring is the apolar residue and the hydroxyalkyl group
which will not be acylated in the first enzymatic step
is the polar moiety; on the other hand, the model
defined by Guanti et al. [37] (Fig. 11C) for the
hydrolysis of different Z or E-alkenyl-1,3-di-
acetoxypropanes could also be explained in terms of
our active site study, which is depicted in Fig. 11A
for the theoretical transition state structure of 2
covalently linked to PPL via the acylated Serl53,
where we propose the residues which would be
correlated with the classical subsites models.

Thus, from all the experimental results presented,
we propose the following criteria for determining the
correct fitting of the diols in the enzymatic active
site, based upon its structure:

() Correct orientation of the longer hydrox-
yakyl moiety facing the acylated serine and the
shorter one facing His264. This criterium would
explain the regioselective acylation of the —OH
group further from the stereocenter.

(b) Correct orientation of the phenyl group over
the Phe216, which would lead to mainly R-
compounds in the first acylation (monoacetates)
and Scompounds in the second step (di-
acetates).

For the second step in the acylation (leading to
the diacetates), the criteria are not that straightfor-
ward. Although it seems clear that an acetoxyalkyl
group can be also recognized in the polar subsite
(His264), as described, [37] this recognition must be
poorer than that observed for a hydroxyalkyl moiety,
because the second acylation step generally proceeds
more slowly than the first one. Nevertheless, this
could induce some modifications of the previously
mentioned criteria.

As a fina conclusion, we have proposed a ratio-
nal hypothesis for understanding the enzymatic
recognition of substrates for PPL, and located the
residues responsible for the lipase regio- and stereo-
bias. In order to confirm all these hypothesis, differ-
ent experiments of molecular dynamics, minimising
the enzyme—substrate transition state binding ener-
gies, are currently in progress.
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