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secondary alcohols: A quantitative model

TANJA SCHULZ, JURGEN PLEISSsND ROLF D. SCHMID
Institute of Technical Biochemistry, University of Stuttgart, Allmandring 31, D-70569 Stuttgart, Germany

(ReceIVED October 13, 1999FINAL REvisioN January 21, 2000AccepTED March 20, 2000

Abstract

The lipase fromPseudomonas cepaciapresents a widely applied catalyst for highly enantioselective resolution of
chiral secondary alcohols. While its stereopreference is determined predominantly by the substrate structure, stereose-
lectivity depends on atomic details of interactions between substrate and lipase. Thirty secondary alcohols with pub-
lished E values using. cepacialipase in hydrolysis or esterification reactions were selected, and models of their
octanoic acid esters were docked to the open conformatiéh oépaciaipase. The two enantiomers of 27 substrates
bound preferentially in either of two binding modes: the fast-reacting enantiomer in a productive mode and the
slow-reacting enantiomer in a nonproductive mode. Nonproductive mode of fast-reacting enantiomers was prohibited by
repulsive interactions. For the slow-reacting enantiomers in the productive binding mode, the substrate pushes the active
site histidine away from its proper orientation, and the distatiéf,. — O, ) between the histidine side chain and the
alcohol oxygen increases(Hy. — O4c) Was correlated to experimentally observed enantioselectivity: in substrates for
which P. cepacidipase has high enantioselectivitf > 100), d(Hne — Oaic) is >2.2 A for slow-reacting enantiomers,

thus preventing efficient catalysis of this enantiomer. In substrates of low enantioseledvity20), the distance

d(Hne — Oge) is less than 2.0 A, and slow- and fast-reacting enantiomers are catalyzed at similar rates. For substrates
of medium enantioselectivitf20 < E < 100), d(Hne — Oaic) is around 2.1 A. This simple model can be applied to
predict enantioselectivity dP. cepacialipase toward a broad range of secondary alcohols.

Keywords: enantioselectivity; lipase; model; molecular dynamid®seudomonas cepagiasecondary alcohol;
stereopreference

Lipase fromPseudomonas cepaci&C 3.1.1.3 is a popular cat- linked to side-chain oxygen fof catalytic serine. The crucial
alyst in organic synthesi&azlauskas & Bornscheuer, 199%®r hydrogen bonds from {4 of catalytic histidine to serine and
the kinetic resolution of racemic mixtures of secondary alcohols inthe oxygen of the alcohol moiety are formed. Transfer gf té the
hydrolysis(Laumen & Schneider, 1988; Liang & Paquette, 1990; oxygen of the alcohol moiety splits away the alcohol and an acyl—
Caron & Kazlauskas, 1991; Schneider & Georgens, 1992; Banenzyme complex is forme@), which is then hydrolyzed by water
ziger et al., 1993; Itoh et al., 1993; Partali et al., 1993; Takanato the second tetrahedral intermedigte Quantum-chemical meth-
et al.,, 1993; Waldinger et al., 1996esterification(Burgess &  ods identified the transition staf@’) that initiates the breakdown
Jennings, 1991; Uejima et al., 1993; Chadha & Manohar, 1995¢f the first tetrahedral intermediate as crucial reaction sE&pa
Gaspar & Guerrero, 1995; Hamada et al., 1996; Petschen et akt al., 1998.
1996, and transesterificatiofikaminska et al., 1996; Takagi etal.,  X-ray structures ofCandida rugosdipase complexes with en-
1996. The mechanistic details of the catalytic reaction of serineantiomeric inhibitors showed the structural basis for chiral recog-
hydrolasegChapus et al., 1976; Chapus & Sémériva, )H@e  nition of secondary alcohol€Cygler et al., 1994 The different
been well investigated by quantum-chemical methods like the alinteractions of the two enantiomers with the lipase resulted in a
initio and density functional theor§Hu et al., 1998 and by semi-  conformational change of the catalytic histidine, preventing effi-
empirical methodgMonecke et al., 1998 The reaction mecha- cient catalysis of analogues slow-reacting enantiomers of sub-
nism of ester hydrolysigFig. 1) starts with the formation of a strates. MNDO-PM3 calculation€Ema et al., 199Balso showed
Michaelis complex followed by a first transition stat¥) to the  the tendency of slow-reacting enantiomers to disturb the orienta-
first tetrahedral intermediat®), where the substrate is covalently tion of catalytic histidine and the surrounding hydrogen-bonding
network, thus resulting in severe lipase-induced strain at the tran-

Reprint requests to: Rolf D. Schmid, Institute of Technical Biochemistry, sition state, compared to fast-rea_ct_lng_engntlomers.
University of Stuttgart, Allmandring 31, D-70569 Stuttgart, Germany; e-mail: Based on the observed selectivity in lipase-catalyzed conver-
Rolf.D.Schmid@rus.uni-stuttgart.de. sions of secondary alcohols and on mechanistic details, models to
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Fig. 1. Educts, products, intermediat€k 2, 3, 4, 5, and transition stated’, 2, 3/, 4') of lipase-catalyzed hydrolysis of secondary
alcohols(R = acid chain and R* secondary alcohol partPartial reactions of the enzymatic hydrolysis are attack of the &ster
cleavage of the alcohdP’), attack of the wate(3’), and cleavage of the acid’). The modeled intermediat®) is shaded gray.

@

predict stereopreference were developed. A reliable empirical rulgess & Jennings, 1991; Naemura et al., 1994, 19BSeudomonas

for all lipases was proposeKazlauskas et al., 1991which is fluorescendipase and of electronic effectéHonig et al., 1994 (P.
simply based on a classification of the relative size of the sub-cepacialipase of the substituents have also been reported. How-
stituents at the stereocenter of the secondary alcohol. Effects ogver, the quantitative effects of substrate modifications on enan-
enantioselectivity of substituent modification were investigated ex{ioselectivity are still not predictable.

perimentally by modifying the size of the larg®otticci et al., Attempts to calculate enantioselectivity using force-field meth-
1997 (Candida antarcticaipase B and the medium-sized sub- ods have been mad®eTar, 1981; Bemis et al., 1992; Faber et al.,
stituent(Shimizu et al., 199R Investigations on size limiteBur- 1994; Orrenius et al., 1998for example, calculations of energy
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differences using molecular dynamics and molecular mechanicscheuer, 1998 Secondary alcohols consist of two substituents of

of substrate—lipase complexes have been successfully used to pdifferent size at the stereocenter: a large substityentand a

dict stereopreference. However, the calculated values of potentiahedium-sized substitueiM ). The investigated substrates varied

energy differences between the diastereomeric substrate—lipase coim-physicochemical properties of these two substituents. For each

plexes did not correlate with experimental enantioselectivigeff- investigated substrate, both enantiomers were evaluated. They were

ner et al., 1998 classified as fast- and slow-reacting enantioni&azlauskas et al.,

To circumvent the limitations of free energy and entropy calcu-1991).

lations, we combined flexible docking based on structural infor-

matlon_ of inhibited I|pa§e fronP. cepaciaLang _et al., 1998yv|th Binding pockets

a ranking strategy, which evaluates geometrical properties of the

enzyme—substrate complexes and correlated them to experimeRer all investigated substrates, the fatty acid chain was docked to

tally determined enantioselectivity E. the hydrophobic crevicéFig. 3). The oxyanion of the tetrahedral
substrate—lipase intermediate was placed within the oxyanion hole,
which is composed of residues L17 and Q88. Further binding

Results pockets to which a secondary alcohol moiety could kiRid). 3)
were identified by docking studies using molecular dynamics sim-
Substrates and classification of substituents ulations and characterized by their size, shape, and physicochem-

. . . ) ical properties:
Thirty octanoic acid esters of secondary alcohd¥sy. 2) were

investigated, which differed over a wide range of enantioselectiv-l. Thehydrophobic dents a large, shallow, hydrophobic binding
ity in P. cepacidipase catalyzed conversigikazlauskas & Born- pocket with a diameter of 4.3 A, formed by side chains of

A Classification of enantiomers:

/\/\/\)LO

fast-reacting

slow-reacting

B Types of substituents:
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Fig. 2. A: Classification in fast- and slow-reacting enantiomers in lipase catalyzed convefiKamiauskas et al., 1991B: Substit-
uents(M = medium-sized substituent ahd= large substituentof investigated substrates in the conversion of secondary alcohols
catalyzed byP. cepacidipase. The carbon at the stereocenter is indicated with an *. The three outliers in Figure 5B are shaded gray.
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Fig. 3. Calculated surface of the alcohol binding site Rfcepacialipase, colored by physico-chemical propertigdue—polar,
red—hydrophobitincluding a fast-reacting enantiom@apped sticks Substituents at the stereocenter of the secondary alcohol are
abbreviated withVl for the medium-sized substituent for the large substituent, arRirepresents the fatty acid chain. Atom colors of
substrate atoms are gray for carbon and red for oxygen atoms. The hydrogen atom at the stereocenter is displayed and colored white.

residues L248, L287, and V266, and backbone atoms of cata- Whether the oxyanion stop or the His stop interacts with hy-
lytic H286. Due to its size and hydrophobicity, this pocket is drogen atoms or substituents at the stereocenter depends on the
appropriate to bind a large, hydrophobic substituent. binding mode.

2. Theentrance to the hydrophilic trends a sphere of 4.5 A in
diameter, of medium hydrophobicity and composed of side chain§&eometry of the substrate—lipase complexes (binding modes)

of residues T18, Y29, H86, L287, and 1290. It preferentially . . . .
. . ) . Due to geometric constraints of a secondary alcohol, its physico-
binds the medium-sized substituent of the secondary alcohols; . ; ) T : -
hemical properties, size, shape, and position in the lipase binding

Side chains at the entrance to the hydrophilic trench adjust wel ite, and the localization of binding pockets in the binding site of

to the shape of the medium-sized substituent. The entrance %' i the number of ible orientations of bstrat
separated from the hydrophilic trench bycantractioncom- . - cepacidipase, the number of possibie orientations ofa substrate
is limited. During molecular dynamics simulation, the side-chain

Egisnegd tﬁfe t?:?tesrlgﬁ n;??g;ﬁg c:rezlg gaetsaleﬁg 3226L287’ the Iattegr;eometry of the lipase and the conformation of the substrate adapted;

in some cases the substrate underwent a conformational change.
3. Medium-sized substituents of investigated secondary alcoholkinally, two preferred geometries of substrates within the lipase

are not large enough to reach the hydrophilic trench. Thus, thi®inding site(binding modeswere obtainedFig. 4).

binding pocket plays no crucial role in the investigated binding

modes of secondary alcohols. Binding mode | (productive)

Binding mode | is characterized by a short distance between the
hydrogen atom K. of catalytic H286 and the alcohol oxygen of
the substrate §.. Becausal(Hy, — Oac) is less than 3 A, K. and
Ogqc are in hydrogen bond distance, which is prerequisite to cata-

1. Theoxyanion stofis situated next to the oxyanion hole close to Yti¢ activity. Binding mode | was therefore assumed to be pro-
the alcohol moiety and is composed of rigid backbone atoms oflUctive. For the fast-reacting as well as for the slow-reacting
L17 and neighboring T18. Atoms at the stereocenter other tha§nantiomer, the large hydrophobic substituent was placed in the

hydrogen atoms cause repulsive interactions, when they poirﬁydrophobic dent. For the fast-reacting enantiomer the medium-
toward the oxyanion stop. sized substituent was placed at the entrance to the hydrophilic

trench with the hydrogen atom at the stereocenter pointing toward
2. TheHis stopis near to the hydrophobic dent and composed ofthe rigid oxyanion stop of the lipase. For the slow-reacting enan-
side chains of H86 and catalytic H286 as well as of backbondiomer, the medium-sized substituent and the hydrogen s\itaka-
atoms of H286. It is favorable to place the hydrogen atom at thenura et al., 1994 The medium-sized substituent points toward the
stereocenter directing toward this stop. oxyanion stop of the lipase, thus causing strong sterical repulsion

In addition to these binding pockets, two rig&tops are
present, which limit the size of the binding site wittin cepacia
lipase:
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Fig. 4. Binding pockets and binding modes for each case of fast- and slow-reacting enantiomermspacidipase including essential

hydrogen bond$—) and repulsive interactions between medium-sized substituents of the alcohol moiety of substrates and rigid parts
of the lipase: the oxyanion stop and the His stop. The entrance of the hydrophilic trench is separated from the hydrophilic trench by
a contradiction composed of side chains of residues Y29 and L287. The large and medium-sized substituent are represented by phenyl
and methyl, respectively.

between lipase and substrate. This high potential energy was con- For all fast-reacting enantiomers, the optimal binding mode is
cluded to result in a low equilibrium concentration of the slow- represented by the productive mode I, while the optimal binding
reacting enantiomer in productive mode | and thus explainsnode for the slow-reacting enantiomers is nonproductive mode II.
experimentally observed stereopreference.
A third binding mode?

Binding mode Il (nonproductive) A third binding mode could be possible, where the large sub-

Binding mode 1l is characterized by a distarndéHy. — Oaic) stituent at the stereocenter points toward the hydrophilic trench.
longer tha 3 A and thus was assumed to be nonproductive. As inWhile medium-sized substituents only reach the entrance to the
mode I, for both enantiomers the hydrophobic dent accommodatedydrophilic trench, most of the large substituents are large enough
the large, hydrophobic substituent of the secondary alcohol moiety© Pe accommodated by the hydrophilic trench. However, this bind-
In contrast to mode I, the medium-sized substituent of the slowiNgd mode led to unfavorable interactions of large hydrophobic
reacting enantiomer points toward the entrance of the hydrophiligubstituents with the hydrophilic bottom of the hydrophilic trench.
trench and the hydrogen atom at the stereocenter points toward tH1erefore, we concluded this binding mode to be less populated in
rigid His stop of the lipase. In mode I, repulsive interactions werethe reaction equilibrium, and we did not consider this third binding
observed for the fast-reacting enantiomer, where the medium-size@ode in further investigations of enantioselectivity.
substituent was pointing toward the rigid His stop. These inter-
act_lons were proba_lbly Fhe reason for a confqrmatlona_l chang dentification of a crucial geometrical parameter d(H— Ogc)
which occurred during simulations of fast-reacting enantiomers o . ) X o

) . . . and correlation to experimental enantioselectivity

all substrates: starting structures of fast-reacting enantiomers, docked
in nonproductive mode I, underwent a conformational changeSubstrates were covalently docked to the side-chain oxygen of
during molecular dynamics simulations to an orientation close tccatalytic S87, and molecular dynamics simulations were per-
productive mode |. We concluded that the equilibrium concentraformed. The distancé(Hy. — Ogc) between the hydrogen atom of
tion of fast-reacting enantiomer in binding mode Il should be low. catalytic H286 and the oxygen of the alcohol moiety was selected
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as crucial geometrical parameter and was analyzed for each bindbecause for most substrates the distatidén. — Oac) is about

ing mode. It is a crucial geometrical parameter for enzymatic2.5 A and was not correlated to experimentally determined enan-
hydrolysis, because it promotes the collapse of the first tetrahedraioselectivities. This made the analysis @fHy. — Ogc) in pro-
intermediatg Fig. 1) by a fast hydrogen transfer and, therefore, the ductive mode | less appropriate for a prediction of enantioselectivity.
cleavage of the ester. For enzymatic esterification, it promotes the

formation of the second tetrahedral intermediefte. 1). Slow-reacting enantiomers in productive binding mode |
) ) _ _ o Distancesd(Hy. — Ogc) for slow-reacting enantiomers had an
Fast-reacting enantiomers in productive binding mode | average value of 2.3 0.3 A. The extreme values were 1.6 and

Distancesd(Hy. — Ogc) for fast-reacting enantiomers had an 3.2 A. Correlation of this parameter showed a clear trend in all
average value of 2.5 Amean-square deviatiorr 0.2 A). The regions of enantioselectivit{Fig. 5B): substrates with low enan-
smallest and largest values were 2.0 and 2.9 A, respectively. Aioselectivity (E = 20) resulted in distances @f(Hy. — Ogc) =
single outlier shows a distance shorter than 2.0 A. A short distanc&.0 A, and substrates with high enantioselectiiey= 100) re-
d(Hne — Oaie) for fast-reacting enantiomers should promote a fastsulted in distances al(Hy. — Oac) = 2.2 A. The twilight zone,
conversion, and thus result in high enantioselectivity. However, navhich includes substrates of low, medium, and high enantioselec-
correlation was observed for fast-reacting enantionieig. 5A), tivity, was limited to a narrow zone between 2.0 and 2.2 A. Dis-
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Fig. 5. A: Correlation of the distancé(Hy. — Oy) of fast-reacting enantiomers in productive mode | to experimentally determined
E values.E values> 100 were displayed at the ordinatefat= 100. The mean-square deviatih5 + 0.2 A) is indicated. Strong
correlation is not observed for fast-reacting enantiomers, because for most substrates the diietgneeO,) is about 2.5 A and

not correlated to experimentally determined enantioselectiviBesCorrelation of the distance(Hy. — Og) of slow-reacting
enantiomers in productive mode | to experimentally determiBedlues.E values> 100 were displayed at the ordinateEat 100.
Substrates were classified into three categories of enantioselectivity: substrates with low enantiosdlectivi§) show distances
d(Hye — Oaie) < 2.1 A and substrates with high enantioselectiyiy= 100) show distanced(Hye — Oac) > 2.1 A. The twilight zone
includes substrates of low, medium, and high enantioselectivity, and is limited to a zone of B@tA 2.2 A. The three outliers are
shaded gray in Figure 1.
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tancegd(Hy. — Oac) =2.0 A in slow-reacting enantiomers promote flexibility is restricted due to two well-defined binding pockets
a fast conversion of slow-reacting enantiomers, and therefore slowwithin the active site of the lipase, the hydrophobic dent and the
and fast-reacting enantiomers were assumed to be converted emtrance to the hydrophilic trench, and two rigid stops, the oxy-
similar rates, resulting in a decrease of enantioselectivity. A dis-anion stop and the His stop.
tanced(Hye — Oac) = 2.2 A, however, is preventing efficient Comparison of X-ray structures of fré8chrag et al., 1997and
catalysis of slow-reacting enantiomers and facilitates highinhibitedP. cepacidipase(Lang et al., 1998has shown that back-
enantioselectivity. bone atoms do hardly move upon substrate bin@@igroot-mean-
Three out of 30 investigated substrates failed in the correlationsquare 0.4 A and thus follow the lock and key modgFischer,
These substrates have in common a polar 4-gREHgroup at the 1894, while side chains reorientate and show induced fit behavior
large substituentshaded in gray in Fig.)2which is at least five  (Koshland & Thoma, 1960Accordingly, we performed molecular
atoms away from the stereocenter, whereas none of the other subynamics simulations by constraining the position of backbone

strates have a polar group in this position. atoms and allowing the side chains and the substrate to move.
) o Two binding modes, a productive and a nonproductive one,
Nonproductive binding mode Il were identified, which differed in the distan@#Hy. — Ogic).

Due to strong sterical repulsion, the nonproductive mode Il wasNhich binding mode is preferentially populated by each enantio-
not observed for fast-reacting enantiomers. For slow-reacting emmer depends on sterical and physico-chemical properties of the
antiomers, the distana{Hy. — Oy) laid beyond 3.5 A and was  substituents. For both modes, the large substituent was situated in
too far to allow formation of a productive hydrogen bond betweenthe hydrophobic dent, whereas for the medium-sized substituent
Hye of catalytic histidine and the alcohol oxygen. However, thethere were two possibilities where it could be accommodated—in
alcohol oxygen of the substrate in nonproductive mode Il is stathe entrance to the hydrophilic trench or directing toward either of
bilized by residue L17, and the oxyanion is hydrogen bonded tadwo rigid lipase stops, which then led to atomic clashes. This
L17 and Q88. Therefore, tetrahedral intermediates of slow-reactingccurred for fast-reacting enantiomers in nonproductive mode I
enantiomers are stabilized without repulsive interactions. This modand for slow-reacting enantiomers in productive mode I. We as-
was assumed to be highly populated in the reaction equilibrium obumed that these repulsive interactions are the reason for a high
slow-reacting enantiomers. population of fast-reacting enantiomers in productive and slow-
reacting enantiomers in the nonproductive mode.

Our model is supported by X-ray structures@frugosalipase
complexes with either enantiomer of menthyl hexylphosphonate
(Cygler et al., 1994 The analogue of the fast-reacting enantiomer
was bound in productive modg@listanced(Ne — Ogc) 3.1 A),
Stereopreference toward chiral secondary alcohols has been relithile the analogue of the slow-reacting enantiomer was bound in
ably predicted by the structure of the secondary alcohol moietya nonproductive binding modeistanced(Ne — O,c) 4.4 A). The
(Kazlauskas et al., 1991However, the atomic details of factors analogue of the slow-reacting enantiomer distorted the orientation
that mediate enantioselectivity are largely obscure, and there is naf the imidazole ring of catalytic histidine and broke the hydrogen
general quantitative correlation between structure and enantioselebend between the imidazole and the oxygen of the menthyl. This
tivity like “the larger theL and the smaller théV, the higher is in accordance with our observation of the side-chain flexibility
enantioselectivitfg”: E has been shown to be high fbt = CHs; of catalytic H286 inP. cepacialipase upon binding of slow-
andL = CgHs, but low for the more bulkyL = CgH4-p(OCHz) reacting enantiomers, where the imidazole ring flipped toward the
(Laumen & Schneider, 1988for L = CH=CHCsHs and M = side chains of V266 and V267. This resulted in an increase in the
CO,H, enantioselectivitf is medium(Chadha & Manohar, 1995  distanced(Hy. — Oac), Which explains a slow conversion of slow-
but for the biggeMM = CO,CH,CHj; enantioselectivityE is high reacting enantiomers.

(Bornscheuer et al., 1993t is therefore necessary to include the  Investigations of stereopreference in lipase-catalyzed conver-
alcohol binding pocket of the biocatalyst into the model. We havesion of secondary alcohols and of lipase binding sites have been
selected 30 secondary alcohols from over 100 experimentally inperformed(Kazlauskas, 1994 This model also argued with bind-
vestigated exampledKazlauskas & Bornscheuer, 1998anging  ing of substituents to well-defined binding pockets. The binding
from low enantioselectivityf E = 20) to high enantioselectivity site that accommodates the medium-sized ligand was called the
(E = 100. Only substrates consisting of C, H, N, O, and halogenM_ region and is identical to the entrance to the hydrophilic
atoms were selected, because these atoms are most reliably geench. This pocket was identified as crucial for discriminating
rameterized in molecular dynamics force fields. As a further cri-between medium-sized and large substituents. The model also
terion, substrates varied over a broad range of size, shape, ameported rigid parts, which limit the size of the binding site—
physicochemical properties of substituents at the stereocentethe His loop and the oxyanion loop, which are identical to His
medium-sized substituents ranged from small, spherical, and hystop and oxyanion stop in our model. The importance of restric-
drophobic(e.g., —CH) to larger and more hydrophilic substituents tions of the lipase binding site by residues of the oxyanion hole
(e.g., —CQCHy), large substituents were saturated and unsaturatednd the imidazole ring have also been observedGorugosa
aliphatic as well as aromatic substituents, including three rigidipase(Zuegg et al., 19917 where residues of the oxyanion hole
cyclic systemdFig. 2. restrict the available space in such a way that only a hydrogen
atom fits in. Therefore, the hydrogen of the asymmetric carbon
always directed to the same site and both enantiomers were inves-
tigated in a productive binding mode.

Alcohol moieties include at least three rotatable bonds; therefore, However, the importance of considering different binding modes
the conformational space of the alcohol moiety is large. Howeverhave been pointed out in a modeling studyQofantarcticalipase

Discussion

Substrates

Docking
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B (Haeffner et al., 1998 The two enantiomers of a secondary The model
alcohol were shown to bind in two different orientations, and the

binding modes were classified as productive and nonproductiv?_"jleffner et al., 1998and is exclusively based on structural prop-

gﬁgv\tlﬁ t:ﬁ 3:2?”;?;;;“ _re?glrcr)é dFreOe Slr::i?r:/ gf lcﬂgﬂggjeh?n\/: deerties of tetrahedral intermediates. As previous works have already
9 yp pop P shown, the applied docking methods are reliable and sufficiently

by fast-reacting enantiomers and of nonproductive mode by slow- recise to correctly predict stereoprefereri@eheib et al., 1998,

reacting enantiomers. In many cases, trapping of slow-reactin 999. However, problems occur currently in the application of

enantiomers in productive mode resulted in a nonactive hydrogein” "~ . . )
bond pattern. scoring strategies, which are general enough to predict substrate

ranking. Therefore, our model is based on common docking meth-
ods, butincludes a new approach of structure-based scoring strategy.
In our model, experimentally determined enantioselectivity was
always selected from most optimized experimental reaction con-
Although previously reported models allow a correct prediction ofditions. Solvent engineering studiesPfcepacidipase have shown
stereopreference, they fail in the quantitative prediction of stereothat solvent can contribute significantly to enantioselectivity: con-
selectivity. In this work we deflect from energy calculations and version of a secondary alcoh@Fig. 2: M = CF;, L = naphthy)
focus on a new scoring strategy, which is exclusively based orshowed low enantioselectivitfe = 22) in t-butyl methyl ether,
geometrical parameters of substrate—lipase complexes. Quantumredium enantioselectivityE = 60—70 in diethyl ether, toluene,
chemical method¢Hu et al., 1998; Monecke et al., 199Bave  dodecane, and hexane, and high enantioselectifty 100 in
identified the tetrahedral substrate—lipase complex and the catalytetrahydrofuran, acetone, and benzé@aspar & Guerrero, 1995
ically important distanced(Hy. — Ogc) as crucial to catalytic  In other cases, however, solvent had no effect on enantioselectivity
activity. Since the ratio between lipase activityakamura et al., (Petschen et al., 19%6enantioselectivity foM = CF; andL =
1996; Nishizawa et al., 1997oward fast- and slow-reacting en- C;,H,s (Fig. 2) could not be increased abo%#e= 13 in hexane,
antiomers results in experimentally observable enantioselectivityetrahydrofuran, benzene, acetone, diethyl ether, @} CHCl,
(E = (Keat/Km)iast/ (Kea/Km)siow), the hydrogen-bonding network vinyl acetate, and toluene. These observations suggest that increas-
(Ema et al., 199Babove all the distanceé(Hye — Ogc) for both ing enantioselectivity by solvent engineering is limited by the struc-
enantiomers should be relevant to enantioselectivity. Because disdre of lipase and secondary alcohol. If based on the structure, the
tancesd(Hy. — Og) oOf fast-reacting enantiomers were about 2.5 A two enantiomers are well differentiated by the lipase, using opti-
for most of investigated substrates with less variation, we focusednal solvent results in high enantioselectivity, while using sub-
on distancesl(Hy. — Ogc) of slow-reacting enantiomers. This in  optimal solvent decreases enantioselectivity. If, however, the
accordance with kinetic studiéEma et al., 1998 which demon-  structure-based enantioselectivity between lipase and substrate is
strated that differences in the conversion of both enantiomers dtow, solvent engineering is not expected to be able to increase
not result from enhanced reactivity of fast-reacting enantiomergnantioselectivity above this limit.
but from reduced reactivity of slow-reacting enantiomers. Protein engineering offers a way to increase enantioselectivity
An appropriate orientation of catalytic H286 in slow-reacting beyond these limits by modifying sequence and structure of the
enantiomers should accelerate hydrogen transfer and lead to lipase. Thus, the model might be used to predict mutantB. of
decrease in enantioselectivity. The correlatidfig. 5B) of the cepacialipase with increased enantioselectivity toward secondary
identified structural parametet(Hy. — Ogc) Of slow-reacting  alcohols.
enantiomers in productive mode | showed good correlation of
calculated and experimental data, and allowed a correct alloca{:onclusion
tion of 27 of 30 investigated substrates into three categories o
enantioselectivity. In the present study, a simple and general model was presented,
which allows the classification of secondary alcoholPiepacia
lipase-catalyzed conversion into three categories of enantioselec-
Outliers—A third binding mode? tivity: zones for low and high enantioselectivity, separated by a
narrow twilight zone. The values of a single geometrical param-

Thre_e secondar_y alcoho(shade(_j grey m F.'g'>2fa'|. n the cor- eter, the distance(Hy. — Ogac), Of the tetrahedral substrate—lipase
relation to experlmentally determined enantioselectivity. These thre?ntermediates of 27 of 30 selected substrates served as an indicator
subst_rates have in common a polar gre¢fDCH,Ph) at the large for enantioselectivity and correlated well with experimentally de-
substituent, at least five atoms away from the stereocenter. In Oth%rmined enantioselectivity. Based on this study, it is possible to
alcohols, which correlate, polar residues at the large SUbStitueeredict enantioselectivit 6P cepacialipase tov’vard a broad
are situated closer to the stereocenter. In our model, the Iarg% y '

substituent always situated in the hydrophobic dent. While polaurr‘?1nge of secondary alcohols by performing molecular dynamics

residues close to the stereocenter are situated near the polar Sicflr_nulatlons.

chain imidazole of catalytic H286, polar residues, which are more

than five atoms away from the stereocenter reach far into théaterials and methods

hydrophobic dent and are close to hydrophobic residues of L248,

V266, and L287. For the three substituents, which did not fit to ourMolecular modeling

model, a third binding mode could be possible, where the large

substituent hinds to the hydrophilic trench for both enantiomers, Hard- and software

and the polar residue at the large substituent is close to polar Molecular modeling studies were carried out on Silicon Graph-
residues T18, E28, Y29, and Q292. ics Workstations IndigoZR10000. The software for energy mini-

The model avoids energy calculati@Morin et al., 1993, 1994;

Scoring
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mization and molecular dynamics simulations was Sybyl 6.3 andished enantioselectivities were selected. In cases of asymmetric
Sybyl 6.5(Tripos, St. Louis, Missouyiusing the Tripos force field  synthesis, wherE values generally are given for only one reaction
(Clark et al., 1988 Docking of substrates was performed with the condition, we assumed that such reactions had been optimized with
commercial docking tool FlexXRarey et al., 1996 regard to enantioselectivity.

Molecular dynamics simulations

X-ray structures were obtained from the Protein Data B&iXB)
(Bernstein et al., 1977 The structure of the open form &!.  \we thank Aventis Research & Technologies for financial support.
cepacialipase(Schrag et al., 1997has been taken from the PDB
(PDB entry 3lip and the water molecules were removed. Docking
was guided by the crystal structureRfcepacidipase complexed References

with the substrate a_nalogues InhIbltc(BP'SP)_l'Z_dIOCtylcarpa_ Banziger M, Griffiths GJ, McGarrity JF. 1993. A facile synthesis(2R,3B-
moylglycero-3-O-p-nitrophenyl octylphosphon&RDB entry 5lip 4-jodobut-3-en-2-ol and2S,3B-4-iodobut-3-en-2-yl chloroacetat@etra-
(Lang et al., 1998 Covalently docked substrates mimicked the  hedron: Asymmetry:223-726.

first tetrahedral transition state, which is the rate-limiting step ofBe“?;S GtWaCi;‘?ﬁg'ﬁg{?abegazer;‘gt”enb%gzg ﬁnlg?nzégx r;‘]f"gﬁg:zfgggam'
. . ics study stability ymotrypsi yl enzy :
lipase-catalyzed hydrolysis of esters of secondary alcohols. The ;7,570 578

oxyanion was oriented to the oxyanion hole7 and Q88and the  Bemstein FC, Koetzle TF, Williams GJB, Meyer EF Jr, Brice MD, Rodgers JR,
tetrahedral carbon of the substrate was covalently linked to the Kennard O, Shimanouchi T, Tasumi M. 1977. The Protein Data Bank: A

A . ; ; computer-based archival file for macromolecular structudesdol Biol
side-chain oxygen §of catalytic S87. The acid chain was docked 112525542

to the hydr_OphObiC CreViCGSCheit_’ et al., 1998 Docking of the  pomscheuer UT, Herar A, Kreye L, Wendel V, Capewell A. 1993. Factors
alcohol moiety was performed with FlexX. Because FlexX keeps affecting the lipase catalyzed transesterification reactions of 3-hydroxy es-
the receptor fixed during docking, large alcohol moieties could not_ ters in organic solventSetrahedron: Asymmetry:#007-1016.

. Lo . S L Burgess K, Jennings LD. 1991. Enantioselective esterifications of unsaturated
be docked into the binding site of uninhibited cepaciaipase as alcohols mediated by a lipase prepared frBseudomonas sp. J Am Chem

taken from the PDB. To circumvent manual docking and to enable  soc 1136129-6139.
FlexX, we performed substrate docking within an enlarged bindingCaron G, Kazlauskas RJ. 1991. An optimized sequential kinetic resolution of

site. Therefore, a single selected substrate with large substituen&at:j"?]r;s’iz'%gggﬁ;?”&diofgg;g Cé‘rfg‘/ n?g{iﬂr_egii}on of 2-hydroxy-4-

was manua:”y modeled into the_ bindi_ng siteRifcepacialipase, phenylbutanoic acid and 2-hydroxy-4-phenylbutenoic adietrahedron:
covalently linked to @ of catalytic serine, and molecular dynam- Asymmetry 651—652.
ics simulations were performed. An average structure was createfghapus C, Sémériva M. 1976. Mechanism of pancreatic lipase action. 2. Cat-

; ; : . alytic properties of modified lipaseBiochemistry 15988-4991.
by superimposing and averaging 25 substrate Ilpase structures epapus C, Sémériva M, Bovier-Lapierre C, Desnuelle P. 1976. Mechanism of

the production phase, and the substrate was removed. This struc- pancreatic lipase action. 1. Interfacial activation of pancreatic lifige.
ture with the enlarged binding site was used as template for further chemistry 154980-4987.

substrate dockinas using FlexX. Appropriate dockin Structure§|ark M, Cramer RD I, van Opdenbosch N. 1989. Validation of the general
h g. h 3 b zp P 9 purpose TRIPOS 5.2 force field. Comp Chem 1.082-1012.
must show an active hydrogen bond pattern. Cygler M, Grochulski P, Kazlauskas RJ, Schrag JD, Bouthillier F, Rubin B,

Because the substrate—lipase complex mimics the first transition  Serreqi AN, Gupta AK. 1994. A structural basis for the chiral preferences of
state of the lipase catalyzed hydrolysis of esters of secondary al- lipases.J Am Chem Soc 118180-3186.

- : eTar DF. 1981. Computation of enzyme-substrate specifiBitychemistry
cohols, the protonation state at H286 and the partial charges dt 20:1730-1743.
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