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Abstract

The temperature dependence of the enantioselectivity of Candida antarctica lipase B for 3-hexanol, 2-bu-
tanol, 3-methyl-2-butanol, 3,3-dimethyl-2-butanol, and 1-bromo-2-butanol revealed that the differential
activation entropy, A,_¢AS*, was as significant as the differential activation enthalpy, Az _(AH?, to the
enantiomeric ratio, E. 1-Bromo-2-butanol, with isosteric substituents, displayed the largest Ap (AS*.
3-Hexanol displayed, contrary to other sec-alcohols, a positive A_¢AS*. In other words, for 3-hexanol the
preferred R-enantiomer is not only favored by enthalpy but also by entropy. Molecular dynamics (MD)
simulations and systematic search calculations of the substrate accessible volume within the active site
revealed that the (R)-3-hexanol transition state (TS) accessed a larger volume within the active site than the
(S)-3-hexanol TS. This correlates well with the higher TS entropy of (R)-3-hexanol. In addition, this
enantiomer did also yield a higher number of allowed conformations, N, from the systematic search routines,
than did the S-enantiomer. The substrate accessible volume was greater for the enantiomer preferred by
entropy also for 2-butanol. For 3,3-dimethyl-2-butanol, however, neither MD-simulations nor systematic
search calculations yielded substrate accessible volumes that correlate to TS entropy. Ambiguous results

were achieved for 3-methyl-2-butanol.
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Enzyme-catalyzed reactions have become popular alterna-
tives to classical chemistry, and several industrial processes
using enzymes are now in use (Liese and Filho 1999; Carrea
and Riva 2000). High selectivity and activity under mild
reaction conditions are some of the advantages. The impres-
sive enantioselectivity displayed by many enzymes is a par-
ticularly appealing property that is being exploited as the
need for enantiopure substances has increased dramatically
over the years (Schulze and Wubbolts 1999).

Candida antarctica lipase B (CALB) is a widely used
commercial enzyme proven to be robust and stable and
hence used for many applications (Anderson et al. 1998). In
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particular its very high enantioselectivity to many sec-alco-
hols has been found most useful. In 1998 Orrenius et al.
proposed a model of the mechanism of how this enzyme
distinguishes between the enantiomers of sec-alcohols (Or-
renius et al. 1998). Experimental and molecular modeling
research showed that two different productive binding
modes were necessary to allow both enantiomers to develop
the hydrogen-bonding pattern within the active site that is
required for catalysis. A schematic picture of the active site
and the two productive binding modes are presented in Fig-
ure 1.

In 1992 Phillips pointed out that enantioselectivity is the
result of differences between the enantiomers, not only in
activation enthalpy but also in activation entropy (Phillips
1992):
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Fig. 1. Simplified scheme of the two productive binding modes in the model proposed by Orrenius et al. (1998) that rationalize the
enantioselectivity of Candida antarctica lipase B for sec-alcohols. (A) Fast-reacting enantiomer. (B) Slow-reacting enantiomer. M,

medium-sized substituent; L, large-sized substituent.

By determination of the temperature dependence of the en-
antiomeric ratio, E, the contributions of differential activa-
tion enthalpy, A,_¢AH*, and entropy, A,_¢AS*, to enantio-
selectivity can be determined. Contrary to what was first
assumed, the entropic component of the free energy of ac-
tivation is as important as the enthalpic component for the
enantioselectivity of CALB (Overbeeke et al. 1999; Ottos-
son and Hult 2001; Ottosson et al. 2001). However, the
model of Orrenius et al. (1998) does not include any consid-
erations of the differences in entropy between the enantiomers.

Being able to predict the enantiomeric ratio, E, of an
enzyme with computer modeling would save much time and
resources nowadays spent in screening for the optimal bio-
catalyst. Much research and development has consequently
been aimed at developing computer methods for this (for
review, see Kazlauskas 2000). The contribution of differ-
ential activation entropy has generally been neglected to
date; although the inclusion of entropy in protein modeling
is complex, suggestions of how to handle this component
have recently started to appear in the literature (Strajbl et al.
2000; Villa et al. 2000).

The present investigation presents new experimental and
molecular modeling studies on the enantioselectivity of
CALB towards secondary alcohols. The goal was to inves-
tigate the relation between the substrate-related component
of activation entropy and the spatial freedom of the sub-
strate in transition state. Our goals have been to expand our
knowledge of how this enzyme distinguishes between en-
antiomers and to understand the roles of enthalpy and en-
tropy on a molecular level.

Results

Experimental results

The temperature dependence of the enantiomeric ratio, E,
was determined for transesterification of a series of sec-

alcohols catalyzed by Candida antarctica lipase B, CALB.
The range of the experimental temperatures and observed
E-values are presented in Table 1, along with the R*-values
of the linear relation of InE and T~'. The differential acti-
vation parameters were determined based on these data, and
E values and the thermodynamic components of enantio-
selectivity are summarized in Table 2. One notes that the
enthalpic and the entropic components of the differential
activation free energy, A,_¢AG?, were both important to the
overall success of the kinetic resolution of the enantiomers.
Even 1-bromo-2-butanol, with isosteric substituents, dis-
played a significant entropic term of A ¢AG®. Further-
more, a particularly interesting result was observed with
3-hexanol. For this substrate, contrary to the others,
Ar_sAH* and A,_AS* were of opposite signs.

Molecular dynamics simulations

To be considered a reactive model of the transition state, the
hydrogen-bonding network within the active site must have

Table 1. Range of experimental temperatures and enantiomeric
ratios, E, for CALB-catalyzed transesterifications with
vinyl octanoate

Experimental

temperature Range of E + one

range (°C) Std. dev.

High Low High Low
sec-alcohol temp. temp. temp. temp. R?
1-bromo-2-butanol 18.6 49.8 1239 48 +7 0.998
3-hexanol 20.5 593 362+76  236+21 0.993
2-butanol® 6.1 592 107=x1 5309 0.952
3-methyl-2-butanol® 6.7 703 1430+440 20925 0.985
3,3-dimethyl-2-butanol* 10.5 594 69072 200+40 0.988
The R?-value from the linear regression of InE vs. T~! is given.
* Data from Overbeeke et al. 1999.
® Data partly from Overbeeke et al. 1999.
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Table 2. Enantiomeric ratio, E, and its thermodynamic components for the kinetic resolution of some sec-alcohols
catalyzed by Candida antarctica lipase B

E Ag AG* (298 K) Ag AH* TAg AS* (298 K) Ag AS* Tr
sec-alcohol (298 K) (kJ/mol) (kJ/mol) (kJ/mol) (J/mol, K) (K)
1-bromo-2-butanol 100 -11.4 -23.5+1.0 -12.1+1.0 -40.7 +3.2 580
3-hexanol 340 -14.4 -9.0+£0.7 +5.5+0.7 +183+24 -490
2-butanol® 8.3 -5.26 -10.7+14 -54x14 -18.2+4.6 590
3-methyl-2-butanol” 810 -16.6 -243+1.1 -17+1.0 -26.0+3.4 940
3,3-dimethyl-2-butanol® 460 -15.2 -204+1.3 -52+1.3 -17.6 +4.2 1160

E at 298 K was calculated from the linear relation between InE
regression.

# Data from Overbeeke et al. 1999.

" Data partly from Overbeeke et al. 1999.

one hydrogen bond between Aspl87 and His224; two hy-
drogen bonds from His224, one to Ser105 and one to the
alcohol oxygen; and at least two of the three possible hy-
drogen bonds between the oxyanion and the oxyanion hole
(Uppenberg et al. 1994; Orrenius et al. 1998). During the
500 psec molecular dynamics (MD) simulations, the tetra-
hedral intermediate structures used as models of transition
state (TS) sometimes lost one or two of these essential hy-
drogen bonds. The number of reactive TS structures in the
MD simulations varied dramatically between enantiomers
as well as between different substrates (Fig. 2). Only 39% of
the structures of (S)-2-butanol were reactive, whereas 90%
of the structures of (R)-2-butanol were reactive. For 3-hexa-
nol, 59% of the R-enantiomers and 62% of the S-enantio-
mers were reactive. The nonreactive structures were evenly
distributed over the 500 psec simulations (Fig. 2). The per-
centage of reactive TS structures did not significantly

5009

—_—= f— ﬁ
0] == ==
wo] = —
0] =
——
2 3007 =— ==
e | =
[}
E =
= 200 ===
_—
Tl ——
===
100 = = —_
& = - - Sm—
509 E—— ——
== ==
——3
N R S R S R S
59% 62% 90% 38% 87% B3% 93% B81%
3-hexanol 2-butanol 3-methyl- 3,3-dimethyl-
2-butanol 2-butanol

Fig 2. Visualization of the distribution of reactive transition states in the
molecular dynamics (MD) simulations (10-500 psec). Structures that did
not have the intact hydrogen-bonding network required for catalysis are
marked with a —. The percentage of reactive transition state structures in
the MD simulation (10-500 psec) are given. The reactive structures were
evenly distributed over the simulation time.
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and T~'. Standard errors given were calculated from the linear

change when excluding the initial warm-up phase (10 psec)
or the first 50 psec of the simulation.

Figure 3 displays the atoms from the alcohol part of the
substrates from all of the sampled structures of the MD
simulations of 3-hexanol, 2-butanol, 3-methyl-2-butanol,
and 3,3-dimethyl-2-butanol superimposed on four central
atoms of the ester tetrahedral intermediate (see also Fig. 4
and Materials and Methods). The picture clearly shows that
the ethyl substituent of both enantiomers of 2-butanol had
essentially two distinctly different orientations within the
active site; the y-carbon could be positioned in two different
regions of the active site. This was true for the equivalent
v-carbon in (R)-3-hexanol as well; however, in (S)-3-hexa-
nol this carbon had essentially stayed in one position during
the MD simulation. The three y-carbons of 3,3-dimethyl-2-
butanol had very little freedom to move, in neither the R-
nor the S-enantiomer, and did not interchange positions with
each other during the MD simulation. Some methyl groups
also showed restricted rotation. Including only the reactive
structures gave a practically identical picture, although with
fewer structures, for all the substrates.

The accumulated volumes in the active site that the tet-
rahedral intermediate occupied during the MD simulations
are plotted in Figure 5 as a function of the number of
sampled structures that were included from time 50 psec in
the MD simulations, Vsq 50 psec- One may note that even
after such long simulation times as 500 psec, the substrate
still explored new volumes within the active site. That is,
the accumulated active site volumes that the substrates had
accessed, Vsg 500 psec» Were still increasing at the end of the
simulations. The volumes were also calculated including the
atoms of the alcohol or the acyl part of the substrate sepa-
rately (Fig. 4). The separate volumes of the parts were also
increasing at 500 psec simulation time (data not shown).
Inclusion of only reactive TS structures, Vso so0 psectss
did not particularly change the plots. Obviously, the
Vso-s500 psecs  Values never reached the values of
V50500 psec> €SPecially not in the cases where the fraction of
reactive TS of the total was low. Another intriguing obser-
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Fig. 3. Superpositioned conformations of the alcohol part of the substrates
from the MD simulations. Hydrogens are not displayed. Black, oxygen and
a-carbon atoms; yellow, B-carbon atoms; red, y-carbon atoms; green,
§-carbon atoms. Lines show connectivity between the atoms. (R)-3-hexa-
nol, (R)-2-butanol, (S)-2-butanol, and (R)-3-methyl-2-butanol displayed
several possible orientations as shown by the dashed lines. See fig. 4 for the
basis of superpositioning of structures.

vation is displayed in Figure 6. In the MD simulation, the
S-enantiomer of 3-hexanol occupied a volume in the active
site during the time 10-50 psec that it never returned to,
which is shown by our observation that the level of
V50500 psec NEVer reached the volume calculated from 10
psec, Vig_s00 psec: One may also note that for Vo 509 psecs
the S-enantiomer experienced a larger accessible volume
than R during the first part (n < 500) of the MD simulation
but as the simulation proceeded, the R-enantiomer volume
did overtake the S-enantiomer volume and explored a larger
accessible volume (n > 500). By the end of the simulation,
the R-enantiomer had explored a larger volume of the active
site compared to the S-enantiomer.

Several of the simulations proceeded in a manner yield-
ing a stepwise increase in the substrate accessible volumes.
This was most pronounced for (R)-2-butanol (Fig. 7). After
350 and 750 sampled structures from time 50 psec in the
MD simulation, the alcohol portion suddenly accessed new
volumes of the active site, resulting in jumps in Vsg 500 psec-

Systematic searches

Another approach to investigate the volume within the ac-
tive site accessible for the substrate is systematic search by
incremental rotation of bonds (Fig. 8). The number of al-
lowed conformations, N, produced by the systematic search
routine is displayed in Figure 9. Ten searches were per-
formed for each of the enantiomers of 3-hexanol and five
for each of the enantiomers of 2-butanol, 3-methyl-2-buta-
nol, and 3,3-dimethyl-2-butanol. For 3-hexanol, the R-en-
antiomer gave from all starting conformations more allowed
conformations than did the S-enantiomer. However, 2-bu-
tanol, 3-methyl-2-butanol, and 3,3-dimethyl-2-butanol did
not give equally consistent results but showed for the en-
antiomers overlapping ranges of N. Increasing the number
of increments in the rotations of the systematic search in-
creased the number of allowed structures but did not change
their relative positions (data not shown). The substrate ac-
cessible volumes found by the systematic searches are listed
in Table 3, individually as well as the total volume from all
the searches superimposed. The variation in volume be-
tween the individual searches was significant, with maximal
volume differences between 6 A> for (8)-3-methyl-2-buta-
nol and 61 A3 for (R)-3-hexanol. The total volume of all the
individual systematic searches was between 3 and 59 A®
larger than the largest individual volume for (§)-3,3-di-
methyl-2-butanol and (R)-3-hexanol, respectively.

Discussion

Previous investigations have shown that the differential ac-
tivation entropy observed in CALB-catalyzed enantioselec-

: Alcoho] part
C
B
(@)
Acyl part
Ser—= AO@
Acyl

Fig. 4. During superpositioning of the sampled structures from the MD
simulations, atom B was kept fixed, atom C was given a weight of 100, and
atom A was given a weight of 1.
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Fig. 5. Plots of the accumulated volume of the active site that the tetrahedral intermediate has occupied as a function of the number
of structures from time 50 psec, Vs s psec in the MD simulation. Structures were sampled every 0.4 psec. Filled symbols include
only reactive transition state structures in the calculation Vsq 509 psecrs- 2, R-enantiomer; <, S-enantiomer

tive transesterification of secondary alcohols is influenced
by several factors. Changes in the protein itself (Ottosson et
al. 2001), the sec-alcohol (Overbeeke et al. 1999), the acyl
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Fig. 6. Comparison of the volume occupied by 3-hexanol as a function of
number of sampled structures included from 10 psec, Vg so0 psec (L)), and
50 psec, Vo 500 psec (O), respectively in the molecular dynamics simula-
tion. Open symbols represent the R-enantiomer, filled symbols the S-en-
antiomer. At a point between 10 psec and 50 psec in the MD simulation,
the S-enantiomer occupies a volume that it never returns to during the
simulation.
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chain (Ottosson and Hult 2001), and the solvation of the
active site (Ottosson et al. 2002) are factors that have been
identified. Differences in activation entropy between
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Fig. 7. (a) The accumulated volume of the active site occupied by the
R-enantiomer of 2-butanol displayed stepwise progress as a function of the
number of structures from the MD simulation. (b) Comparison of the
positions of the heavy atoms before (upper panel) and just after (lower
panel) the first jump in Vso_ 500 psec- FOr atom connectivity, compare with
Fig. 3.
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Fig. 8. Bonds marked ‘A’ were rotated in 30° increments between 0° and
119° and bonds marked ‘B’ in 10° increments between 0° and 359° in
systematic search calculations of the substrate accessible volume of the
active site of Candida antarctica lipase B.

enantiomers in enzyme-catalyzed reactions must originate
from transition state, as ground state entropy of enantiomers
are identical in the nonchiral environment of the bulk sol-
vent. In the molecular modeling part of the present inves-
tigation, the contribution of differences in entropy between
the enantiomers related to the restriction of the substrates in
the enzyme-bound TS was studied. With MD simulations
and systematic search calculations, the spatial freedom for
the substrate in TS was analyzed and studied for correla-
tions to A,_¢AS*. The lack of parameters describing bromo-
atoms in the force field obliged us to exclude this substrate
in the modeling part of the present investigation.

Experimental results

The experimental findings obtained in the present study
stress the importance of entropy in enzyme catalysis in gen-
eral and in enantioselectivity in particular, as shown previ-
ously (Pham et al. 1989; Phillips 1992; Galunsky et al.
1997; Sakai et al. 1997; Jonsson et al. 1999; Overbeeke et
al. 1999; Ottosson and Hult 2001; Ottosson et al. 2001). The
five substrates in the present investigation all have entropic
terms of differential activation free energy, TA,_¢AS, that
are 25% to 60% of the enthalpic term (Table 2). Molecular
models that neglect contributions of entropy will thus be
incomplete.

The fact that CALB catalyzes transesterifications of halo-
hydrins enantioselectively was shown by Rotticci et al.
(1997). They later improved the enantioselectivity of halo-
hydrins with halogens on the large substituent through ra-
tional design of the enzyme (Rotticci et al. 2001). This
design was based on the two-mode model of CALB cataly-
sis (Orrenius et al. 1998), and was successful although the
model only takes differential activation enthalpy, Ag_AH*,
into account, neglecting the contribution by differential ac-
tivation entropy, Ap_¢AS*. Thermodynamic analysis of E
for the designed variants showed that the mutations had
effects on both A,_(AH* and A,_AS* and that conclusions
as to the cause of the effects could not be drawn from
observed changes in E alone (Ottosson et al. 2001).
1-Bromo-2-butanol has nearly isosteric large- and me-

dium-sized substituents, which give the opportunity to de-
termine whether nonsteric interactions will yield a differen-
tial activation entropy, A,_¢AS*. This compound’s enantio-
mers were well resolved by CALB with an E of 100, and
Ag_¢AS* was surprisingly large in absolute value (Table 2).
Thus the S-enantiomer has a smaller AS* than does the
R-enantiomer or, in other words, pointing the bromo group
into the stereospecificity pocket, as S does according to the
model, gives a transition state (TS) of higher entropy than
when the bromo group points out towards the enzyme sur-
face. Nonsteric interactions can consequently affect both the
entropic as well as the enthalpic terms of enantioselectivity.
Rotticci et al. (2001) identified interactions between the
halogen and protein residues T42 and S47 that constitute
parts of the boundaries of the stereospecificity pocket. In
contrast to other sec-alcohols, 3-hexanol displayed positive
differential activation entropy. Consequently, the preferred
R-enantiomer was favored by both enthalpy and entropy, or
in other words, the R-enantiomer had a TS of higher entropy
compared to the S-enantiomer. A positive differential acti-
vation entropy is somewhat counterintuitive, as one gener-
ally associates a low activation enthalpy barrier with a low
activation entropy barrier. It is also an unusual result. We
are aware of very few other observations of this result (Jons-
son et al. 1999; Overbeeke et al. 1999, 2000).

Molecular dynamics simulations

A modeled transition state in the active site of the lipase is
considered reactive only if an intact hydrogen-bonding net-
work is fulfilled (Orrenius et al. 1998; Berglund et al. 1999).
When the stereospecificity pocket harbored only a methyl
group, reactive TS structures were easily achieved in MD
simulation. The R-enantiomers of 2-butanol, 3-methyl-2-
butanol, and 3,3-dimethyl-2-butanol all displayed about
90% reactive TS structures in their MD simulation (Fig. 2).
Larger substituents than methyl were more difficult for the
stereospecificity pocket to accommodate. Consequently,
both enantiomers of 3-hexanol and the S-enantiomers of the
2-butanol derivatives had fewer reactive TS structures in
their MD simulations. Because the starting structures for the
MD simulation were made to have an intact hydrogen bond-
ing network, bulkier substrates, which move less in the MD,
more frequently kept the network intact. (S)-2-Butanol that
was relatively flexible within the active site thus broke the
network more frequently than did (S)-3,3-dimethyl-2-buta-
nol, 38% compared to 81% reactive TS.

The volume in the active site occupied by the substrate
during an MD simulation should, if the simulation fully
explores the conformational space of the system, represent
the spatial freedom the substrate has in transition state and
should be related to the activation entropy caused by the
restriction of substrates. In Table 4, the correlation of the
sign of the differential activation entropy of CALB enanti-
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Fig. 9. Number of allowed conformations, N, from several systematic searches of the substrate accessible volume for the alcohol part
of the substrate in transition state. The systematic searches were done with different starting enzyme—substrate conformations sampled
during MD simulations. For 3-hexanol, the starting structures were taken from two separate MD simulations.

oselectivity and which enantiomer occupied the largest vol-
ume in the active site in the MD simulations is summarized.
The enantiomers of 3-hexanol and 2-butanol with highest
TS entropy had the largest Vg 500 psecs V50-500 psecs and
V50-500 psects When we studied the alcohol portion of the
substrate. The largest Vsg 509 psec Was found for the enan-
tiomer favored by entropy when we examined the whole
substrate of 3-hexanol, 2-butanol, and 3-methyl-2-butanol.
In no case did the enantiomer of 3,3-dimethyl-2-butanol
with the highest entropy display the largest substrate acces-
sible active site volume. It is possible that other contribu-
tions to the differential activation entropy, such as protein or
solvation-related contributions, dominated for this substrate.
However, it is more likely that insufficient sampling of the

Table 3. Volume (A°) within the active site explored by the
alcohol part of the substrate in systematic searches

Substrate

3-methyl-  3,3-dimethyl-

3-hexanol  2-butanol  2-butanol 2-butanol

Search R S R S R S R S

1 290 284 138 149 178 170 186 180

2 282 293 142 164 180 168 199 177

3 259 274 164 179 181 167 196 174

4 283 295 147 167 170 173 188 191

5 298 287 145 156 173 171 206 180
6 294 279
7 288 271
8 289 306
9 320 274
10 292 298

Total 379 342 174 188 188 185 210 194

MD (Vsg soopsecy 298 253 182 194 189 173 202 199

The total volume was calculated by superimposing the structures from all
individual systematic searches. A comparison with the substrate accessible
volume determined with molecular dynamics (MD) simulation (V

X X 5(%500;3560)
is shown in the last row.
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conformational space was a major source of error. MD
simulations of 500 psec are relatively long simulation times
in contemporary modeling of enzyme enantioselectivity
(Hwang et al. 2000; Schulz et al. 2000; Raza et al. 2001).
Despite this, the volume within the active site that the sub-
strate had occupied, Vg 500 psec @Nd Vsg 500 psecs Still in-
creased after such a long simulation time. This means that
the simulation still had not fully explored the entire confor-
mational space accessible to the substrate. This could be the
reason for the lack of correlation between TS entropy and
substrate accessible volume for 3,3-dimethyl-2-butanol.
This raises another important question, that is, whether
bulkier substrates or substrates with a lower reaction rate,
such as 3,3-dimethyl-2-butanol, require longer simulation
times than other substrates in order to get a relevant appre-
ciation of their conformational space. The reaction rate of
3,3-dimethyl-2-butanol is several hundred times slower than
that of 2-butanol. Does this mean that in order to get a
relevant appreciation of the substrate accessible volume
within the active site the MD simulation must be corre-
spondingly much longer? It was clear from the structures of
3,3-dimethyl-2-butanol that the fert-butyl group had not
been allowed to rotate during the MD simulation, neither for
the R- nor for the S-enantiomer. The y-carbons did not
interchange positions. Does this mean that this substrate is
so restricted in the active site that it essentially has only one
possible TS conformation or that the MD simulation has not
yet had time or energy to pass the energy barrier to leave
this local minima? The initial docking of the structure and
its relevancy thus become very important. The initial dock-
ing was sensitive, as observed particularly for 3-hexanol.
For this substrate, Vs, 500 psec NEVer reached the value of
V10-500 psec» Which indicates that in the first 40 psec after the
warm-up phase of the simulation the substrate existed in
a conformation that it never returned to during the later
450 psec of the simulation. This substrate may have been
docked initially in a conformation that was not very prob-
able.
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Table 4. Correlation of the volume occupied in a 500 psec molecular dynamics computer simulation by the
substrate parts to the sign of A, ¢AS*

2-butanol
negative A, (AS*

3-hexanol
positive A, (AS*

3-methyl-2-butanol
negative A, (AS*

3,3-dimethyl-2-butanol
negative A, (AS*

al ac es al ac es al ac es al ac es
V10-500 psec Y N N Y — Y N Y Y — N N
V50500 psee Y — Y Y Y Y N Y Y — N N
V50-500 psecTs Y N Y Y N N N Y Y N N N

V10-500 psec> accumulated volume occupied by the substrate from time 10 ps in the MD simulation. Vs, 500 psec» accumulated volume
occupied by the substrate from time 50 psec in the MD simulation. Vsq_sog psects» including only reactive TS sample structures from
the MD-simulations. al, alcohol part of substrate. ac, acyl part of substrate. es, ester part of substrate. Y, yes. N, no. —, volume

difference negligible (=3 A%).

Systematic searches

A systematic search by rotation of the bonds in increments
is another way of estimating the substrate accessible vol-
umes in the active site. The number of allowed conforma-
tions from several such searches for 3-hexanol, 2-butanol,
3-methyl-2-butanol, and 3,3-dimethyl-2-butanol are dis-
played in Figure 9. For 3-hexanol, the R-enantiomer was in
all cases the one with the largest number of allowed con-
formations, which is in good agreement with the experi-
mental finding that this enantiomer was favored by entropy
over the S-enantiomer in transition state. A larger number of
allowed conformations should represent a higher entropy.
For the three 2-butanol derivatives, the results did not as
clearly favor one enantiomer to have more conformations
than the other. However, when overlapping the allowed
structures from one systematic search and comparing the
volumes of those to the volumes of the overlapped struc-
tures from the MD simulation, we noted that the systematic
search generally explored a much smaller volume than did
the MD simulation. This was most likely due to the fact that
in each individual systematic search from a particular start-
ing structure, the enzyme is static and not free to move.
Combining all the systematic searches for each substrate
and comparing the overall volume should yield a better
measure of the substrate accessible volume and its correla-
tion to transition state entropy. The enantiomers preferred
by entropy had in fact also the largest accessible volumes
calculated by systematic searches for 3-hexanol and 2-bu-
tanol. For 3-methyl-2-butanol and 3,3-dimethyl-2-butanol,
however, this correlation did not hold. This could possibly
be because more systematic searches must be superimposed
before a relevant picture of the conformational space can be
achieved.

Conclusions

As in several previous studies, we noted the importance of
differential activation entropy in enzyme enantioselectivity
(Pham et al. 1989; Phillips 1992; Galunsky et al. 1997;

Sakai et al. 1997; Jonsson et al. 1999; Overbeeke et al.
1999; Ottosson and Hult 2001; Ottosson et al. 2001). The
large contribution of differential activation entropy to enan-
tioselectivity for 1-bromo-2-butanol showed that steric fac-
tors alone could not explain the role of entropy in enanti-
oselectivity. Although it is the most common case, the en-
antiomer that is favored by enthalpy is not necessarily
disfavored by entropy, as exemplified in this study by
3-hexanol. The differential activation entropy surely is com-
posed of several components, spatial freedom of the sub-
strate within the active site being one, differences in the
degree of freedom for protein residues and solvation be-
tween the enantiomers others. With MD simulations and
systematic searches, the substrate accessible volume of the
active site can be estimated. The component of A,_AS*
related to restriction of the substrate upon binding should be
related to the substrate accessible volume. The modeled
volumes could in several cases predict the correct enantio-
mer with the higher TS entropy. However, longer dynamics
simulations and more systematic searches as well as a larger
range of substrates are required to verify the actual predict-
ability of the approach.

Materials and methods

Kinetic resolution of sec-alcohols

Immobilized Candida antarctica lipase B, Novozyme 435 (Novo
Nordisk), 5-200 mg, was equilibrated in the reaction vessels to a
water activity of 0.11 [LiCl (sat., aq.) ]. Dried (molecular sieves)
alcohol (0.43 M) and hexane were added to the reaction vessels
and equilibrated in temperature. The reaction was started by the
addition of vinyl octanoate (3-hexanol, 2-butanol, 3-methyl-2-bu-
tanol, 3,3-dimethyl-2-butanol) or vinyl propionate (1-bromo-2-bu-
tanol) (0.43 M). Samples were taken with a syringe at regular
intervals for conversions up to 50%. The samples were subse-
quently analyzed for the enantiomeric excess of the remaining
substrate, ee,, and of the produced octanoate ester, ee,, with chiral
capillary GC. Separation of the enantiomers of 3,3-dimethyl-2-
butanol, 3-methyl-2-butanol, and their corresponding octanoate es-
ters as well as the separation of the enantiomers of 2-butyl-octano-
ate, 3-hexyl-octanoate, and 1-bromo-2-butyl-propionate was car-
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ried out using a Chirasil-Dex CB column from Chrompack.
2-Butanol was derivatized to the hexanoate ester and 3-hexanol to
the propionate ester prior to GC analysis before analysis on the
same column. 1-Bromo-2-butanol was derivatized to the trifluoro-
acetate ester prior to analysis on a Chiraldex y-PN column (Astec).
The enantiomeric ratio, E, was calculated as an average of 3-11,
typically 6, samples at conversions 0%—50% from eeg and eep,
assuming irreversibility of the reaction (Rakels et al. 1993).

Molecular modeling computer calculations

The modeling was performed with the SYBYL molecular model-
ing package 6.7 (Tripos) on SGI Octane UNIX workstations using
the Kollman All Atom force field (Weiner et al. 1984, 1986).
Preparation of the enzyme structure and the tetrahedral intermedi-
ate used as a model of the transition state was as described by Raza
et al. (2001). For 3-hexanol, additional water molecules, all origi-
nating from the protein surface, were removed as they were ex-
pelled from the enzyme structure.

Molecular dynamics simulations

For each of the enantiomers of 3-hexanol, 2-butanol, 3-methyl-
2-butanol, and 3,3-dimethyl-2-butanol, a 500 psec-long MD simu-
lation with an NTV ensemble and a 1 fsec time step was run. Each
run consisted of a 10 psec-long warm-up phase to 300 K in steps
of 2 psec at 50 K intervals. Sample structures were extracted every
1 psec during the warm-up phase and every 0.4 psec after it. For
3-hexanol, an additional 100 psec MD simulation was performed
for each enantiomer. The sampled structures were superimposed
on each other by fitting the alcohol oxygen (fixed), secondary
carbon in the alcohol (weight 100), the carbonyl carbon (weight 1),
and the oxyanion (weight 1) of the substrate (Fig. 4). This super-
position was chosen for easy comparison with the systematic
search structures (see below). The accessible volumes for the sub-
strates, its acyl part, and its alcohol part (Fig. 4) were calculated on
structures where the atom coordinates for the substrate atoms had
been picked out of the sampled structures and combined to one
structure file.

Systematic searches

Structures taken at different time steps in the MD simulations
were after minimization used in systematic searches. The bonds
were rotated in increments (Fig. 7). The scale factors applied to the
van der Waals radius to soften the contacts were 0.8 for general
interactions (longer than 1,4), 0.87 for 1,4 interactions and 0.65 for
interactions with potential hydrogen bonding. To include as many
conformations as possible, a very high value (1,000,000 kcal/mol)
was set as the maximal energy difference between an allowed
conformer and the lowest energy conformer during the systematic
search. The volume in the active site occupied by the allowed
conformations was calculated after the alcohol atoms were picked
out of the structures and combined to one structure file.
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