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Abstract

Lipases and subtilisins are versatile enzymes capable of showing high enantioselectivity and broad substrate specificity
simultaneously. The transition-state models previously proposed to rationalize this important feature were intensively exam-
ined from kinetic and thermodynamic viewpoints. Kinetic measurements reaffirmed that chiral discrimination originates from
the transition state and that the enantioselectivity results from the reduced activity of the enzymes for the slower-reacting
enantiomer, but not from the enhanced activity for the faster-reacting enantiomer relative to a reference alcohol, cyclopentanol.
The larger substituent of the slower-reacting enantiomers interacts repulsively with the protein in the transition state, and even
the larger substituent of the faster-reacting enantiomers interacts unfavorably to some degree with the protein. A number of
thermodynamic parameters,��H‡ and��S‡, for the subtilisin-catalyzed acylations of secondary alcohols were determined.
A linear compensation effect was found between the��H‡ and��S‡ values. As the��H‡ value becomes negatively
large, the��S‡ value also becomes negatively large. This observation is explained in terms of the transition-state model.
Because the widely accepted concepts such as the lock-and-key mechanism and the induced-fit mechanism cannot account
for the peculiar behavior of these enzymes toward unnatural substrates, a new category, the non-lock-and-key mechanism,
has been proposed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lipases are currently one of the best biocatalysts
for the preparation of a wide range of optically active
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secondary alcohols[1–6]. They show high enantios-
electivity and broad substrate specificity simultane-
ously. Uncovering the origin of this unique feature
of lipases is an important subject. Several methods
have been used to disclose the mechanism of enan-
tioselectivity: (i) substrate mapping[7–16], (ii) X-ray
crystallographic analysis[17–20], (iii) computational
calculations[21–27], (iv) kinetic analysis[28–31], (v)
thermodynamic analysis[32–34], (vi) site-directed or
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Fig. 1. (a) Empirical rules for the lipase- and subtilisin-catalyzed kinetic resolutions of secondary alcohols. L and M represent the larger and
smaller substituents, respectively. Typically, (R)- and (S)-enantiomers react faster in the lipase- and subtilisin-catalyzed kinetic resolutions,
respectively. (b and c) Transition-state models for the (b) lipase- and (c) subtilisin-catalyzed kinetic resolutions of secondary alcohols. In
both models, (i) the C–O bond of a substrate takes thegauche conformation with respect to the breaking C–O bond, which is due to the
stereoelectronic effect, and (ii) the H atom attached to the asymmetric C atom of the substrate issyn-oriented toward the carbonyl O atom
of the acetyl group. When such a locally favorable conformation is taken, the faster-reacting enantiomer can direct the larger substituent
(R1 in (b) andR2 in (c)) toward external solvent without severe steric hindrance, whereas the slower-reacting enantiomer directs the larger
substituent (R2 in (b) andR1 in (c)) toward the protein wall, causing a severe steric repulsion. Even if any other conformation is taken,
the slower-reacting enantiomer necessarily becomes less stable than the antipodal enantiomer. For details, see[42].

random mutagenesis[35–40], and (vii) mass spec-
troscopy[41]. Because any of the methods has merits
and demerits, the validity of a proposed mechanism
should always be examined and evaluated by using
different methods.

Previously, we have proposed a stereo-sensing
mechanism of lipases (Fig. 1b) [42]. In this model,
enantioselectivity is explained only by the confor-
mational requirements and repulsive interactions in
the transition state, and no binding interaction be-
tween enzyme’s pockets and substrate’s substituents
is involved. In this sense, lipases are considered to
be “chemical reagent-like”[43]. Further studies have
indicated that such a concept can be applied to sub-
tilisins (Fig. 1c) [44]. These transition-state models
can rationalize (i) the simultaneous achievement of
high enantioselectivity and broad substrate speci-
ficity, (ii) the opposite enantiopreferences of lipases
[7–16] and subtilisins[44–47] for secondary alcohols

(Fig. 1a), (iii) low activity for secondary alcohols hav-
ing bulky substituents on both sides[42], (iv) little or
no activity for tertiary alcohols[42], and other exper-
imental observations. These transition-state models
have been derived on the basis of molecular orbital
calculations and molecular modeling[42] and have
been supported by the kinetic[42,44] and thermody-
namic[48] studies. The local conformation shown in
the transition-state models has been experimentally
supported by using an extremely large secondary
alcohol, 5-[4-(1-hydroxyethyl)phenyl]-10,15,20-tri-
phenylporphyrin, as a substrate[44,49,50].

Among several methods listed above, kinetic and
thermodynamic analysis as well as substrate mapping
can rapidly provide fundamental and useful data for
elucidating the origin of enantioselectivity. We there-
fore employed these methods to examine further the
validity of the transition-state models shown inFig. 1b
and c. The preliminary papers have been reported
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elsewhere[44,48]. Although lipases and subtilisins
are entirely different kinds of enzymes, we present
the results for both enzymes together in this paper to
demonstrate the validity of the common mechanism
represented byFig. 1. We also propose a new term,
the “non-lock-and-key mechanism”, to represent a
new category of enantioselective enzymatic reac-
tions because the traditional lock-and-key paradigm
cannot account for the unusual behavior of these
synthetically useful enzymes toward unnatural sub-
strates.

2. Experimental

2.1. General

1H NMR spectra were measured in CDCl3 at
200 MHz. Thin layer chromatography (TLC) was
performed on Merck silica gel 60 F254. Silica gel
column chromatography was performed using Fuji
Silysia BW-127 ZH (100–270 mesh). Lipase PS was
a gift from Amano Enzyme Inc., and ChiroCLEC-BL
was purchased from Altus Biologics Inc. Dryi-Pr2O
was distilled from sodium. Substrates1–11 are com-
mercially available. Enantiomerically pure alcohols
(>99% ee) were prepared by the lipase-catalyzed
kinetic resolutions of racemic alcohols according
to the previously reported procedure[42]. The ki-
netic measurements for the lipase-catalyzed reactions
were performed as described previously[42]. The
reaction conditions for the PCL- and SC-catalyzed
kinetic resolutions of12 have been reported in
[50].

2.2. Determination of enantiomeric purity

The enantiomeric purities of alcohols1, 5, and
8–11 were determined without derivatization. All
the other alcohols were converted to the corre-
sponding acetates. The enantiomeric purities of1–5
and 7 were determined by capillary GC using a
CP-cyclodextrin-�-2,3,6-M-19 column (Chrompack,
φ 0.25 mm × 25 m). GC for 1: Inj. 250◦C, Col.
100◦C, Det. 220◦C, (R) 22 min, (S) 25 min. GC for1
(acetate form): Inj. 250◦C, Col. 100◦C, Det. 220◦C,
(S) 20 min, (R) 22 min. GC for2 (acetate form): Inj.
250◦C, Col. 100◦C, Det. 220◦C, (S) 18 min, (R)

20 min. GC for 3 (acetate form): Inj. 300◦C, Col.
100◦C, Det. 220◦C, (S) 30 min, (R) 33 min. GC for4
(acetate form): Inj. 300◦C, Col. 110◦C, Det. 220◦C,
(S) 40 min, (R) 45 min. GC for5: Inj. 250◦C, Col.
100◦C, Det. 220◦C, (R) 16 min, (S) 18 min. GC for7
(acetate form): Inj. 250◦C, Col. 80◦C, Det. 220◦C,
(S) 11 min, (R) 14 min. The enantiomeric purities of
6 and 8–11 were determined by HPLC using chi-
ral columns (Daicel Chemical Industries). HPLC for
6 (acetate form): Chiralpak AD, hexane/i-PrOH =
100:1, flow rate 0.5 ml/min, detection 254 nm, (S)
12 min, (R) 13 min. HPLC for 8: Chiralcel OD-H,
hexane/i-PrOH = 100:1, flow rate 1.0 ml/min, de-
tection 260 nm, (S) 17 min, (R) 19 min. HPLC for
9: Chiralcel OB-H, hexane/i-PrOH = 9:1, flow rate
0.5 ml/min, detection 254 nm, (R) 13 min, (S) 18 min.
HPLC for 10: Chiralcel OB-H, hexane/i-PrOH =
9:1, flow rate 0.5 ml/min, detection 254 nm, (S)
24 min, (R) 27 min. HPLC for11: Chiralcel OB-H,
hexane/i-PrOH= 9:1, flow rate 0.5 ml/min, detection
254 nm, (R) 29 min, (S) 33 min.

2.3. Kinetic measurements for subtilisin-catalyzed
reactions

A stock solution of 5.0 M vinyl acetate in dryi-Pr2O
was prepared beforehand. A heterogeneous solution of
(enantiomerically pure) alcohol (typically, 5–60 mM),
ChiroCLEC-BL (typically, 20 mg for (R)-enantiomer
and 3–10 mg for (S)-enantiomer), and MS 4A (80 mg)
in dry i-Pr2O (3.6 ml) in a test tube with a rubber
stopper was stirred at 450 rpm in a water bath ther-
mostated at 30◦C. After 5 min, the stock solution of
vinyl acetate (0.40 ml) was added to the heterogeneous
solution to start the reaction (0.50 M vinyl acetate).
At an appropriate time interval, aliquots (50–100�l)
were withdrawn and centrifuged at 6400 rpm for 30 s.
The supernatant was analyzed by GC to obtain the
conversion,c (c < 15%, calibrated). Five data points
were routinely collected to determine the initial rate
(ν0) at each substrate concentration [S]0. Plot of ν0
against [S]0 afforded a saturation curve, and the ap-
parentVmax andKm values were obtained by the non-
linear least-squares method applied to the Michaelis–
Menten type of equation:ν0 = Vmax(E)mg[S]0/(Km +
[S]0), where Vmax is normalized by the weight
of the lipase (E)mg because of the heterogeneous
system.
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2.4. Thermodynamic measurements for
subtilisin-catalyzed kinetic resolutions

A mixture of alcohol (0.82 mmol), ChiroCLEC-BL
(40 mg) and MS 4A (400 mg) in dryi-Pr2O (5 ml) in a
test tube with a rubber septum was stirred for 23 h in
a water bath thermostated at 30◦C. After the mixture
was stirred for 1 h at the reaction temperature (10, 20,
30, or 40◦C), vinyl acetate (141 mg, 1.64 mmol) was
added. The progress of the reaction was monitored by
TLC. The reaction was stopped by filtration through
Celite, and the filtrate was concentrated under re-
duced pressure. Alcohol and acetate were separated
by silica gel column chromatography and analyzed
by HPLC or GC to determine the enantiomeric pu-
rities. TheE values were calculated according to the
literature[51]. TheE values were measured at several
reaction temperatures, and the thermodynamic pa-
rameters were calculated according toEq. (1) shown
later.

2.5. Thermodynamic measurements for
lipase-catalyzed kinetic resolutions

Because we observed that a small amount of water
or moisture can affect theE value, slight differences
in experimental conditions may lead to different
thermodynamic parameters. A mixture of alcohol
(0.82 mmol) and lipase PS (270 mg) in dryi-Pr2O
(5 ml) in a test tube with a rubber septum was stirred
for 30 min in a water bath thermostated at the re-
action temperature (20, 30, 40, 50, or 60◦C). The
reaction was started by adding vinyl acetate (141 mg,
1.64 mmol). The subsequent procedure was done as
described above.

3. Results and discussion

3.1. Substrate mapping

Pseudomonas cepacia lipase (PCL, lipase PS) and
subtilisin Carlsberg (SC, ChiroCLEC-BL) were em-
ployed as biocatalysts. The PCL- and SC-catalyzed
kinetic resolutions of secondary alcohols1–11
(Scheme 1) were performed with vinyl acetate in
dry i-Pr2O at 30◦C. In the case of the SC-catalyzed
reactions, molecular sieves (MS) 4A was added to im-

Scheme 1.

prove the apparent reaction rates, which was probably
due to removal of water from the cross-linked en-
zyme crystals. The results are shown inTable 1. The
E values for12 are taken from the literature[49,50].

PCL and SC exhibited the opposite enantioprefer-
ences for1–5, 7–9, and12. Because an approximate
mirror-image relationship exists between the catalytic
residues (the catalytic triad and the oxyanion hole)
of lipases and those of the serine proteases[52], the
opposite enantiopreferences of PCL and SC can be
rationalized by the transition-state models using the
local conformational requirements and repulsive in-
teractions (Fig. 1b and c). In contrast, it is difficult to
ascribe the opposite enantiopreferences to binding in-
teractions between enzyme’s pockets and substrate’s
substituents because the potential binding pockets
of PCL and SC do not appear to be disposed in a
mirror-image fashion. From practical viewpoints, an
impure lipase preparation that contains serine pro-
tease (vice versa) should be avoided particularly for
the purpose of kinetic resolution of secondary alco-
hols, because the enantioselectivity will be decreased
by their opposite enantiopreferences.
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Table 1
PCL- and SC-catalyzed kinetic resolutions of1–12 in i-Pr2O at
30◦Ca

Alcohol PCL SC

E value R/Sb E value R/Sb

1 >317 R 10 S
2 138 R 8 S
3 >331 R 40 S
4 >307 R 28 S
5 >307 R 59 S
6 –c – 6 S
7 13 R 13 S
8 >321 R 28 S
9 340 R 3 S

10 66 S 7 S
11 9 R 2 R
12 >298d R 140e S

a For detailed reaction conditions, seeSection 2.
b Enantiopreference.
c No reaction.
d Data taken from[49].
e Data taken from[50].

There is a clear tendency that theE values for the
SC-catalyzed reactions are much lower than those for
the corresponding PCL-catalyzed reactions (Table 1).
This reduced enantioselectivity of SC is probably due
to the lack of a protein wall. PCL has the “triangular
wall” (Fig. 1b) that has been proposed to be impor-
tant for enantiomer discrimination[42], whereas SC
has the shallow depression (S′

1) that is made up of the
�-strand, the�-helical turn, and the histidine imida-
zole of the catalytic triad (Fig. 1c) [53–55]. Owing to
this S′

1 depression, the steric repulsion point in SC is
distant from the stereocenter of the secondary alco-
hol in the transition state as compared to the case of
PCL. Visual inspection of the crystal structure of SC
suggested that this space is as large as a benzene ring.
SC may therefore have poor ability to discriminate the
chirality of 1, 2, and9–11.

Table 1exhibits another trend for the SC-catalyzed
reactions: as the bulkiness of the two substituents is
unbalanced, the enantioselectivity is higher. For ex-
ample, theE values increase in the order of1, 3, 5,
and 12. The transition-state model suggests that one
substituent is directed toward the protein and that the
other substituent is directed toward external solvent.
Therefore, as the bulkiness of the two substituents
is unbalanced, the difference in the steric repulsion

caused in the transition state between the enantiomers
becomes large, leading to higher enantioselectivity. In
the case of10 and 11 having bulky substituents on
both sides, however, it is difficult to judge unambigu-
ously which of the two substituents is more bulky. Ac-
tually, PCL and SC exhibited the same enantioprefer-
ence for10 and11, suggesting that PCL disfavors the
phenyl group rather than the ethoxycarbonyl group,
while SC disfavors the ethoxycarbonyl group rather
than the phenyl group. The transition-state model may
be too simple to explain the lowE value for6 in com-
parison to that for3. Factors that are not shown in
Fig. 1c may also be important for6. The result that
PCL showed no activity for6 suggests that even (R)-6
cannot approach the active site because of a steric re-
pulsion between the diphenyl moiety of (R)-6 and a
protein moiety that is not shown in the transition-state
model (Fig. 1b).

3.2. Kinetic study

Kinetic analysis can clearly reveal the enantiomer-
discriminating step and the relative stability of the
enantiomers in distinct steps. The enantiomerically
pure alcohols1–5 and 8 were prepared according to
the reported procedure[42]. The kinetic measure-
ments for the enzyme-catalyzed transesterifications
were performed with 0.5 M vinyl acetate in dryi-Pr2O
at 30◦C in the presence of MS 4A. The kinetic pa-
rameters,Vmax and Km, for enantiomerically pure
alcohols, cyclopentanol, and cyclohexanol were de-
termined by fitting the data to the Michaelis–Menten
type of equation,v0 = Vmax(E)mg[S]0/(Km + [S]0), as
reported previously[42]. It is known that a caution is
necessary for approximation ofKm = (k−1 + kcat)/k1;
whenkcat is comparable tok−1, Km cannot be equal
to Ks, the dissociation constant (Briggs–Haldane ki-
netics)[56]. This is known to hold for some efficient
enzymatic reactions toward physiological substrates
[56]. In our case, however, because of the reactions
toward unnatural substrates, secondary alcohols, and
because of the enzymatic reactions in an organic
solvent,kcat is considered to be much smaller than
k−1, which allows us to takeKm as Ks approxi-
mately (Michaelis–Menten kinetics). We neglected
the contribution of non-productive binding because
non-productive binding does not alter the specificity
constant,kcat/Km, and hence enantioselectivity[56],
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Table 2
Kinetic parameters for PCL-catalyzed transesterifications of secondary alcoholsa

Alcohol Vmax (M min−1 mg (enzyme)−1) Km (M)

R S R S

1b (3.7 ± 0.4) × 10−5 (6.6 ± 0.9) × 10−8 (1.0 ± 0.2) × 10−1 (9.9 ± 3.8) × 10−2

2b (3.4 ± 0.1) × 10−5 (3.1 ± 0.4) × 10−7 (1.4 ± 0.1) × 10−1 (2.6 ± 0.6) × 10−1

3b (1.3 ± 0.2) × 10−5 (3.2 ± 0.7) × 10−8 (1.4 ± 0.4) × 10−1 (4.6 ± 1.6) × 10−1

4 (9.2 ± 0.2) × 10−6 (1.0 ± 0.1) × 10−8 (1.7 ± 0.1) × 10−1 (5.1 ± 1.3) × 10−2

5 (1.4 ± 0.7) × 10−6 –c 1.2 ± 0.9 –c

8 (2.1 ± 0.2) × 10−6 –c (9.2 ± 1.8) × 10−2 –c

Cyclopentanolb (1.4 ± 0.1) × 10−4 (1.7 ± 0.2) × 10−1

Cyclohexanol (4.7± 0.8) × 10−5 (1.8 ± 0.5) × 10−1

a Conditions: lipase PS (typically, 20–300 and 300 mg for the (R)- and (S)-enantiomers, respectively), alcohol (typically, ca. 0.02–0.3 M),
vinyl acetate (0.50 M), three pieces of MS 4A, dryi-Pr2O (2.0 ml), 30◦C. Because of the heterogeneous reaction, the nonlinear least-squares
method was applied to the Michaelis–Menten type of equation:v0 = Vmax(E)mg[S]0/(Km + [S]0), whereVmax is normalized by the weight
of the enzyme (E)mg.

b Data taken from[42].
c No reaction even in the presence of a large amount (300 mg) of lipase PS.

and because very largeKm values, as shown below,
strongly suggested very weak binding. TheVmax
value, which is normalized by the weight of the en-
zyme powder (E)mg, corresponds to thekcat value
in homogeneous enzymatic reactions, but theVmax
value cannot be compared among different enzymes
because the enzyme preparations contain a different
amount of supporting material. Despite some ambi-
guity in steady-state kinetics, we used theVmax and
Km values separately to estimate the relative stability
of distinct steps. Although 2-propanol can serve as an
ideal reference standard for1–5, attempts to separate

Table 3
Kinetic parameters for SC-catalyzed transesterifications of secondary alcoholsa

Alcohol Vmax (M min−1 mg (enzyme)−1) Km (M)

R S R S

1 (1.1 ± 0.2) × 10−5 (1.1 ± 0.2) × 10−4 (2.2 ± 0.8) × 10−2 (2.0 ± 0.7) × 10−2

2 (2.2 ± 0.1) × 10−6 (3.6 ± 0.4) × 10−5 (1.6 ± 0.2) × 10−1 (2.2 ± 0.5) × 10−1

3 (5.3 ± 0.2) × 10−7 (6.1 ± 0.3) × 10−5 (1.7 ± 0.1) × 10−2 (1.7 ± 0.2) × 10−2

4 (8.5 ± 1.2) × 10−7 (3.5 ± 0.5) × 10−5 (3.7 ± 1.0) × 10−2 (1.7 ± 0.6) × 10−2

5 (1.1 ± 0.3) × 10−7 (5.0 ± 0.2) × 10−6 (6.8 ± 2.6) × 10−2 (1.3 ± 0.1) × 10−2

8 (5.4 ± 0.7) × 10−8 (5.4 ± 0.1) × 10−6 (2.2 ± 0.9) × 10−2 (2.5 ± 0.1) × 10−2

Cyclopentanol (2.2± 0.1) × 10−4 (1.5 ± 0.2) × 10−1

Cyclohexanol (5.7± 0.5) × 10−5 (2.9 ± 0.9) × 10−2

a Conditions: ChiroCLEC-BL (typically, 20 and 3–10 mg for the (R)- and (S)-enantiomers, respectively), alcohol (typically, ca.
0.005–0.06 M), vinyl acetate (0.50 M), MS 4A (80 mg), dryi-Pr2O (4.0 ml), 30◦C. Because of the heterogeneous reaction, the nonlinear
least-squares method was applied to the Michaelis–Menten type of equation:v0 = Vmax(E)mg[S]0/(Km + [S]0), whereVmax is normalized
by the weight of the enzyme (E)mg.

the GC peak of 2-propanol from the solvent peak
were unsuccessful. Cyclopentanol was therefore used
as a reference alcohol for all the chiral secondary al-
cohols. For more accurate comparisons, cyclohexanol
can be used as a reference alcohol for8. The results
are listed inTables 2 and 3.

Tables 2 and 3clearly show the following signif-
icant points: (i) the difference in theVmax value be-
tween the enantiomers is much larger than that in the
Km value between the enantiomers, which indicates
that chiral discrimination originates from the transi-
tion state, but not from the substrate-binding step, and
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(ii) the Vmax values for the faster- and slower-reacting
enantiomers are somewhat smaller and considerably
smaller, respectively, than those for the reference al-
cohols, indicating that the enantioselectivity results
from the greatly reduced activity of the enzymes for
the slower-reacting enantiomers, but not from the en-
hanced activity for the faster-reacting enantiomers.
Clearly, the larger substituent of the slower-reacting
enantiomers interacts repulsively with the protein in
the transition state, and even the larger substituent of
the faster-reacting enantiomers interacts unfavorably
with the protein. Although this conclusion holds for
both enzymes, PCL has a stronger tendency to hin-
der the reaction of the slower-reacting enantiomers as
compared to SC, which accounts for the higher enan-
tioselectivity of PCL as compared to SC (Table 1).

To see the poor binding capacity of the enzymes,
the binding energies (�G◦) and the differential bind-
ing energies (��G◦) were estimated fromRT ln Km
and were then compared with the chiral discrimina-
tion energies (��G‡) calculated from−RT ln E. The
values are listed inTable 4. The�G◦ values are rela-
tively large, ranging from+0.1 to−1.8 kcal mol−1 for
PCL and from−0.9 to−2.6 kcal mol−1 for SC. The
��G◦ values, ranging from+0.7 to−0.7 kcal mol−1

for PCL and from+0.2 to−1.0 kcal mol−1 for SC, are
trifling as compared to the��G‡ values, ranging from
−3.0 to <−3.5 kcal mol−1 for PCL and from−1.3
to −2.5 kcal mol−1 for SC. Thus, the binding capac-

Table 4
Binding energies and chiral discrimination energies at 30◦C

Enzyme Alcohol �G◦ (R)a (kcal mol−1) �G◦ (S)a (kcal mol−1) ��G◦b (kcal mol−1) ��G‡c (kcal mol−1)

PCL 1 −1.4 −1.4 0.0 <−3.5
PCL 2 −1.2 −0.8 −0.4 −3.0
PCL 3 −1.2 −0.5 −0.7 <−3.5
PCL 4 −1.1 −1.8 +0.7 <−3.4
PCL 5 +0.1 –d –d <−3.4
PCL 8 −1.4 –d –d <−3.5
SC 1 −2.3 −2.4 −0.1 −1.4
SC 2 −1.1 −0.9 +0.2 −1.3
SC 3 −2.5 −2.5 0.0 −2.2
SC 4 −2.0 −2.5 −0.5 −2.0
SC 5 −1.6 −2.6 −1.0 −2.5
SC 8 −2.3 −2.2 +0.1 −2.0

a Calculated fromRT ln Km.
b Calculated from�G◦ (R) − �G◦ (S) for PCL and from�G◦ (S) − �G◦ (R) for SC.
c Calculated from−RT ln E.
d No reaction.

ity (�G◦) and the chiral recognition ability (��G◦)
of PCL are too poor to drive the high degree of enan-
tiomer discrimination (��G‡). Although, in the case
of the SC-catalyzed reactions, the�G◦ values are
comparable to the��G‡ values, it is difficult to at-
tribute the good enantioselectivity (��G‡) to the low
chiral recognition ability (��G◦).

There are no indications, not only in the substrate-
binding step but also in the transition state, that the
faster-reacting enantiomers are stabler than the ref-
erence alcohol.Tables 2 and 3indicate that, in the
transition state, even the faster-reacting enantiomers
are destabilized to some extent as compared to the
reference alcohol. Taken all together, we conclude
that binding interactions are not important at all for
enantioselectivity. This conclusion, which may appear
unusual for enzymatic reactions, is quite reasonable,
because it is unlikely that the enzymes have binding
pockets to recognize unnatural substrates that have
nothing to do with evolutionary pressure, and be-
cause it is also unlikely that hydrophobic interactions
work well in organic solvents[57]; the substrate,
solvated well by organic solvent molecules, must be
desolvated in entering the active site of the enzyme,
which is not advantageous. It should also be noted
that many mechanisms proposed by other researchers,
explaining the enantioselectivity by using binding in-
teractions between enzyme’s pockets and substrate’s
substituents, are inconsistent with these kinetic data.
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3.3. Thermodynamic study

Since the low to moderate enantioselectivity of SC
for a variety of alcohols (Table 1) enabled us to deter-
mine the reliableE values at a range of temperatures,
the thermodynamic parameters for SC were first de-
termined. The��H‡ and��S‡ values were deter-
mined according toEq. (1), where��H‡ = �H

‡
fast−

�H
‡
slow and��S‡ = �S

‡
fast − �S

‡
slow [58–60]. The

thermodynamic parameters determined are listed in
Table 5, together with the differential activation ener-
gies (��G‡) calculated from��H‡ − T��S‡. The
data for12 are taken from the literature[50].

ln E = −��H‡

RT
+ ��S‡

R
(1)

There is a tendency that theE value decreases with
increasing temperature (data not shown). In all cases
except1, 2, and9, the��H‡ value contributes pre-
dominantly to the��G‡ value (Table 5), indicat-
ing that enantiomer discrimination is enthalpy-driven.
There is also a tendency that the��H‡ value de-
creases as the two substituents of the secondary alco-
hols are more unbalanced in bulkiness. In terms of the
transition-state models, the��H‡ value can be re-
garded as the difference in the degree of repulsive in-
teractions with the enzyme between the enantiomers.

Table 5
Thermodynamic parameters for SC-catalyzed kinetic resolutions
of 1–12 in i-Pr2Oa

Alcohol ��H‡

(kcal mol−1)
��S‡

(cal K−1 mol−1)
��G‡b

(kcal mol−1)

1 −0.21 ± 0.33 +4.0 ± 1.1 −1.4
2 −0.50 ± 0.30 +2.4 ± 1.0 −1.2
3 −3.0 ± 0.5 −2.4 ± 1.7 −2.3
4 −3.9 ± 0.3 −6.2 ± 0.9 −2.0
5 −5.2 ± 0.6 −9.3 ± 2.1 −2.4
6 −2.9 ± 0.4 −6.0 ± 1.4 −1.1
7 −1.5 ± 0.1 +0.32 ± 0.44 −1.6
8 −6.3 ± 1.3 −14 ± 4 −2.1
9 −0.10 ± 0.18 +1.7 ± 0.6 −0.6

10 −2.4 ± 0.6 −4.2 ± 2.1 −1.1
11 −1.2 ± 0.5 −2.1 ± 1.7 −0.6
12c −6.8 ± 0.8 −13 ± 3 −2.9

a Determined by applying the least-squares method toEq. (1).
b Calculated from��G‡ = ��H‡ − 303��S‡.
c Data taken from[50].

Fig. 2. Correlation plot for the��H‡ and ��S‡ values. The
data for SC- and PCL-catalyzed kinetic resolutions are shown by
circles and squares, respectively. The data for12 is taken from
[50]. The line is drawn with respect to all data for SC.

Therefore, that tendency observed for the��H‡ val-
ues is reasonable because the difference in the degree
of repulsive interactions between the enantiomers will
increase as the two substituents of the secondary al-
cohols are more unbalanced in bulkiness.

Interestingly, a linear relationship was found be-
tween the��H‡ and��S‡ values for1–12 (Fig. 2).
As the ��H‡ value becomes negatively large, the
��S‡ value also becomes negatively large. Similar
linear relationships between the��H‡ and ��S‡

values have been observed for diastereomeric com-
plexation between an optically active crown ether and
a variety of amines and for asymmetric photochem-
ical reactions using optically active photosensitizers
[61,62]. Eq. (1)indicates that a negative��H‡ value
contributes to an increase in theE value, whereas
a negative��S‡ value contributes to a decrease in
the E value. This partial compensation effect can
be understood by considering repulsive interactions
between the slower-reacting enantiomer and the en-
zyme. In general, although repulsive interactions are
unfavorable in terms of enthalpy, they are favorable
in terms of entropy because the degree of disorder
(or freedom) increases. Because the degree of the
disorder of the amino acid residues and the substrate
moiety will increase with an increase in the degree of
repulsive interactions, the entropy gain will increase
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Table 6
Thermodynamic parameters for PCL-catalyzed kinetic resolutions
in i-Pr2Oa

Alcohol ��H‡

(kcal mol−1)
��S‡

(cal K−1 mol−1)
��G‡b

(kcal mol−1)

2 −2.5 ± 0.8 +1.4 ± 2.6 −2.9
7 −0.74 ± 0.15 +2.6 ± 0.5 −1.5

10 −6.4 ± 0.7 −13 ± 2 −2.5
11 −1.8 ± 1.0 −1.5 ± 3.1 −1.3

a Determined by applying the least-squares method toEq. (1).
b Calculated from��G‡ = ��H‡ − 303��S‡.

proportionally with an increase in enthalpy loss. This
opposite but proportional relationship between en-
thalpy and entropy can remain even after the�H‡

and �S‡ values for the slower-reacting enantiomer
are subtracted from the corresponding values for the
faster-reacting enantiomer. Thus, the entropic behav-
ior can be partially explained by the enthalpic event.

As for the PCL-catalyzed kinetic resolutions of1,
3–5, 8, 9, and 12, the E values were too high to
determine the thermodynamic parameters (Table 1).
The transition-state model (Fig. 1b) suggests that the
slower-reacting enantiomers of them cannot get over
the transition state at all because of very high ac-
tivation energies. The��H‡ and ��S‡ values for
the PCL-catalyzed kinetic resolutions of2, 7, 10, and
11 were determined, and the results are shown in
Table 6. Lipases are known to take open, closed, and
intermediate conformations[63]. If the lid conforma-
tion is changed with temperature,Eq. (1) cannot be
valid because it is based on the assumption that the
transition-state structure is kept constant over the reac-
tion temperatures. We therefore assume that the effect
of the lid on the enantioselectivity is unchanged with
temperature. As observed for SC, enantiomer discrimi-
nation is enthalpy-driven, and there is a linear relation-
ship between the��H‡ and��S‡ values (Fig. 2).

3.4. Non-lock-and-key concept

Owing to their extreme significance in life-sustaining
enzymatic processes, the lock-and-key and induced-fit
mechanisms[64–66], which are based on binding
interactions, have been widely believed to operate
in enzymatic reactions even toward unnatural sub-
strates. However, these concepts cannot account

for the unusual behavior of lipases and subtilisins
[42,44,48–50], capable of showing high enantioselec-
tivity and broad substrate specificity simultaneously.
In this paper, no sign indicating a complementary
relationship like a lock and its key could be found
as a mechanistic origin of enantioselectivity. Binding
is very weak, and both enantiomers are destabilized
more or less as compared to the reference. Fisher’s
original lock-and-key hypothesis[64] and common
sense nowadays[65] for explaining stereoselectiv-
ity are based on the idea that attractive interactions
work between an enzyme and a favored isomer hav-
ing complementary shapes to increase affinity and
catalytic efficiency, whereas steric repulsions are im-
plicitly assumed for a disfavored isomer. We agree
that the lock-and-key and induced-fit mechanisms
work in enzymatic reactions toward their physio-
logical substrates. They are, however, not universal.
The principle of enantioselectivity of lipases and
subtilisins toward unnatural substrates, involving no
binding interactions as revealed by our studies, is
rather similar to that of organic reagents and cannot
be classified into the lock-and-key category. A new
category that differs from the traditional lock-and-key
paradigm is therefore necessary for these versatile
biocatalysts. We propose a new term representing the
third category, the “non-lock-and-key mechanism”.

Simplified energy diagrams for the lock-and-key
mechanism and the non-lock-and-key mechanism
are drawn in Fig. 3. In an extreme case of the
lock-and-key mechanism, chiral discrimination is
driven by preferential binding of the faster-reacting
enantiomer in either the enzyme-substrate complex
or the transition state (Fig. 3a). In the case of the
non-lock-and-key mechanism, as found for the lipase-
and subtilisin-catalyzed reactions, the slower-reacting
enantiomer is destabilized by repulsive interactions
and/or strains caused in the transition state, and even
the faster-reacting enantiomer is not stabilized at
all as compared to the reference substrate (Fig. 3b).
Binding of the substrate to the enzyme is weak, as
can be seen inTable 4. Despite weak binding, the
subsequent reaction can be well accelerated by the
great catalytic power of the enzyme, and a high de-
gree of chiral discrimination can be achieved by a
stereo-sensing mechanism operating in the transition
state. It is well-known that some enzymes bind a sub-
strate strongly to cause strains and/or to freeze out
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Fig. 3. Simplified energy diagrams representing (a) the lock-and-key mechanism and (b) the non-lock-and-key mechanism of
enzyme-catalyzed kinetic resolutions. The energy diagram for the faster-reacting enantiomer is shown in a thick line, that for the
slower-reacting enantiomer is in a thin line, and that for the reference substrate is in a broken line. ES and TS designate the enzyme-substrate
complex and the transition state, respectively. (a) An extreme case of chiral discrimination based on the lock-and-key mechanism. The
downward arrow represents the stabilization of the faster-reacting enantiomer due to binding interactions between enzyme’s pockets and
substrate’s substituents. (b) Chiral discrimination based on the non-lock-and-key mechanism. The upward arrow represents the desta-
bilization of the slower-reacting enantiomer due to repulsive interactions and/or strains caused in the transition state. Note that even
the faster-reacting enantiomer is not stabilized at all as compared to the reference substrate. The lipase- and subtilisin-catalyzed kinetic
resolutions of secondary alcohols can be represented by (b).

motions, promoting the subsequent reaction[67,68].
In such a case, tight binding with cooperative in-
teractions is essential, which will however narrow
substrate specificity. We consider that lipases and
subtilisins, possessing the highly active catalytic
residues (the catalytic triad and the oxyanion hole),
can cleave/form the ester bond without causing strains
and/or freezing out motions and that binding inter-
actions between enzyme’s pockets and substrate’s
substituents are therefore not essential for catalysis as
well as enantioselectivity.

The non-lock-and-key concept can be consistent
with both high stereoselectivity and broad substrate
specificity if a stereo-sensing mechanism based on a
definite chemical principle operates in the transition
state. Because common sense that “enzymes have
a great degree of specificity with respect to their
substrates”, found in textbooks[65], is being broken
gradually by exhaustive studies in the field of biotrans-
formation and biocatalysis, there may be other bio-
catalysts that can be classified into this new category.
In other words, a biocatalyst of the non-lock-and-
key type will be versatile and useful for organic
synthesis.

4. Conclusions

It has long been believed that binding interactions
between enzyme’s pockets and substrate’s substituents
are essential for enantiomer discrimination. However,
it is unlikely that lipases and subtilisins have binding
pockets for discriminating the enantiomers of a vari-
ety of unnatural chiral compounds that have nothing
to do with evolutionary pressure. Actually, there are
no signs of preferential binding of the faster-reacting
enantiomer in both the ground state and the transition
state of the lipase- and subtilisin-catalyzed acylations
of chiral secondary alcohols. Although the binding
ability of these enzymes is poor in an organic solvent,
the subsequent reaction is accelerated well by the
great catalytic power of the enzymes which originates
from the catalytic triad and the oxyanion hole, and a
high degree of chiral discrimination is achieved by the
stereo-sensing mechanism operating in the transition
state. Enantioselectivity results from the suppression
mechanism working on the slower-reacting enan-
tiomer in the transition state. In an extreme case, the
unfavorable enantiomer cannot pass over the transition
state at all because of a very high activation energy



T. Ema et al. / Journal of Molecular Catalysis B: Enzymatic 22 (2003) 181–192 191

[50]. The “chemical reagent-like” feature (conforma-
tional requirements and repulsive interactions in the
transition state) is predominant over the “enzymatic”
feature (binding interactions at binding pockets). A
new category of enzymatic reactions that is different
from the traditional lock-and-key paradigm has been
proposed for the enzymatic reactions toward unnat-
ural substrates. Stereoselective enzymatic reactions
can be classified into the following three types: (i)
the lock-and-key type, (ii) the induced-fit type, and
(iii) the non-lock-and-key type. The transition-state
models are useful for explaining the behavior of the
hydrolase-catalyzed enantioselective reactions toward
unnatural substrates.
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