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Abstract

A major problem in predicting the enantioselectivity of an enzyme toward substrate molecules is that even
high selectivity toward one substrate enantiomer over the other corresponds to a very small difference in free
energy. However, total free energies in enzyme-substrate systems are very large and fluctuate significantly
because of general protein motion. Candida antarctica lipase B (CALB), a serine hydrolase, displays
enantioselectivity toward secondary alcohols. Here, we present a modeling study where the aim has been to
develop a molecular dynamics-based methodology for the prediction of enantioselectivity in CALB. The
substrates modeled (seven in total) were 3-methyl-2-butanol with various aliphatic carboxylic acids and also
2-butanol, as well as 3,3-dimethyl-2-butanol with octanoic acid. The tetrahedral reaction intermediate was
used as a model of the transition state. Investigative analyses were performed on ensembles of nonmini-
mized structures and focused on the potential energies of a number of subsets within the modeled systems
to determine which specific regions are important for the prediction of enantioselectivity. One category of
subset was based on atoms that make up the core structural elements of the transition state. We considered
that a more favorable energetic conformation of such a subset should relate to a greater likelihood for
catalysis to occur, thus reflecting higher selectivity. The results of this study conveyed that the use of this
type of subset was viable for the analysis of structural ensembles and yielded good predictions of enanti-
oselectivity.
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A number of modeling studies have been performed with
the aim of rationalizing and/or predicting enantioselectivity
of triacylglycerol lipases toward substrate molecules. Ex-
amples of such studies include those on triacylglycerol li-
pases from Candida antarctica (Heffner et al. 1998), Can-
dida rugosa (Holmquist et al. 1996), Humicola lanuginosa
(Berglund et al. 1999), Pseudomonas cepacia (Tuomi and
Kazlauskas 1999; Schulz et al. 2000), Rhizopus oryzae, and
Rhizomucor miehei (Scheib et al. 1999). These lipases fall
into the serine hydrolase class of enzymes and catalyze the
reversible hydrolysis of esters to carboxylic acids and alco-
hols (Fig. 1). Modeling studies of enzyme enantioselectivity
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have also been performed on serine proteases, including
chymotrypsin (Norin et al. 1993; Ke et al. 1998) and sub-
tilisin (Colombo et al. 1999). All of these studies incorpo-
rate molecular dynamics (MD) simulations of modeled tran-
sition-state systems and, aside from the work of Heffner et
al. (1998), which is further discussed in the following, enan-
tiopreference is explained or determined from the resulting
structural ensembles on the basis of either (1) potential en-
ergy differences corresponding to the whole enzyme or (2)
distance and angle geometry comparisons at the active site.

Enantioselectivity is generally measured by using the en-
antiomeric ratio, E, which is given by the ratio of k_,/Ky,
values between the enantiomers (Equation 1; Chen et al.
1982). That is,
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Fig. 1. Reaction mechanism of serine hydrolase catalyzed hydrolysis or esterification.

E is related to the difference in free energy of activation
between the two enantiomers, AAG” (Equation 2).

E= efGii#) )

Because the ground-state free energy is the same for both
R and S enantiomers, the difference in free energy of acti-
vation between the enantiomers equates to the difference in
absolute transition state energy between the enantiomers
(Fig. 2; equation 3)

AAG” = AG};, - AGZ =G} -GZ (3)

It is clear from equation 2 that even a large value for E
corresponds to a very small free energy difference in the
order of a few kJ/mole. In comparison to this, the energy of
the whole enzyme-substrate system, several thousand kJ/
mole, is very large and undergoes fluctuations associated
with general protein motion. This highlights the difficulty in
achieving quantitatively reliable predictions of enantios-
electivity.

The entropic contribution to enantioselectivity can be sig-
nificant (Overbeeke et al. 1999), and the experimental re-
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sults of Ottosson and Hult (in press) convey that focusing on
the enthalpic contribution alone will not be sufficient for
correctly predicting enantioselectivity. Therefore, in the
present study, the investigative analyses were performed on
ensembles of nonminimized structures from the MD simu-
lations to reflect the inclusion of the entropic component of
the system, and so relate the potential energies of the system
to free energies.

Experimental work by Ottosson and Hult (in press) on
Candida antarctica lipase B (CALB) in organic solvent
(hexane) reveals that the enantioselectivity toward the alco-
hol 3-methyl-2-butanol is affected by the chain length of the
acyl substrate in the hydrolysis/esterification reaction. In the
present modeling study, we have focused on the prediction
of enantioselectivity of CALB toward 3-methyl-2-butanol
with various acyl moieties as well as toward 2-butanol and
3,3-dimethyl-2-butanol with the octanoyl moiety (Fig. 3).

In serine proteases the structures of the transition states
closely resemble those of the tetrahedral intermediates
(Kraut 1977). This should also be the case for lipases that
possess a similar “catalytic triad” of residues. The present
MD study was based on the modeled CALB-substrate tran-
sition states of the acyl alcohol, which were described by the
corresponding tetrahedral intermediates (see “tetrahedral in-
termediate with alcohol” in Fig. 1). Additionally, the free
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Fig. 2. Free energy profile for the conversion of the serine hydrolase acyl enzyme and alcohol to the free enzyme and ester. The figure
shows the energy profiles for the fast R enantiomer (dark) and the slow S enantiomer (light) of the substrate. The ground-state energy
of the reactants, G°, is the same for both enantiomers. The activation free energies for R and S enantiomers are given by AG% and AGZ,
respectively, and the absolute free energies for the corresponding transition states are given by GZ and Gj. The difference in free
energy between the transition state and its corresponding tetrahedral intermediate is negligible (Hu et al. 1998). Therefore, AAG” can

be approximated to the difference in absolute free energies between the tetrahedral intermediates of the R and S enantiomers, AAG

energy difference between the transition state and the cor-
responding tetrahedral intermediate is very small (Hu et al.
1998). Thus, the difference between the free energies of the
tetrahedral intermediates approximates to AAG” (Fig. 2).
Similarly, we have taken the difference between the average
MD ensemble potential energy, Eyp,, for each enantiomeric
configuration to be the modeling-derived value for AAG”
(Equation 4) (The dynamics simulations performed under
constant temperature and volume actually give Helmholz
free energy F. The relation between G and F is given by
G=F+pV.)

R~ EMD,S

AAGZ
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As in the study of Heeffner et al. (1998), investigative analy-
ses of MD simulations in the present study focused on the
potential energies described by subsets within each system.
The subsets presented in this study were classed into three
categories based on the method by which their constituent
atoms were selected. These categories are (1) function-
based subsets, which focused on the small number of atoms
in the system that comprise the core elements of the tran-
sition state; (2) structure-based subsets, which focused on
the substrate as well as enzyme residues in close proximity
to it; and (3) energy-based subsets, which focused on the

#

calc*

substrate as well as regions with differences in interaction
energy between the enzyme and substrate when switching
the enantiomeric configuration (R/S) of the substrate. The
last two subsets were the focal points of the study of
Heffner et al. (1998), who found that structure-based sub-
sets were not good predictors of enantioselectivity, whereas
the use of energy-based subsets yielded better predictions.
For the present study, function-based subsets provided a
new way of representing the system, and yielded good pre-
dictions of enantioselectivity.

The present study has developed on the work of Haffner
et al. (1998) and, aside from the experimental data set on
which the modeling was based, there are three major dif-
ferences between these studies. These are as follows: (1) the
present study focused on the analysis of structures nonmini-
mized to reflect the inclusion of the entropic component
within the MD simulations, whereas Haffner et al. (1998)
focused on analyzing energy-minimized structures; (2) the
present work was based on the analysis of 250 structures
taken at regular intervals from each simulation whereas
Heffner et al. (1998) selected 10 low energy structures from
each simulation, which were subsequently energy mini-
mized; and (3) although both studies are based on modeling
of the enzyme-substrate system in the transition state, the
present study focused explicitly on the key components of
the transition state in the analysis of structures.
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Fig. 3. Substrates modeled for present study on Candida antarctica lipase
B. (A) Variation in acyl moiety with alcohol moiety remaining constant.
(B) Variation in alcohol moiety with acyl moiety remaining constant. The
experimentally derived enantiomeric ratios, E, for temperature 300 K with
hexane as solvent (Ottosson and Hult, in press; J. Ottosson, unpubl.) and
corresponding values of AAG” are also specified.

Results

The modeled transition state

The alcohol moieties were modeled in both R and S con-
figurations. Their modeled positions coincided with the pro-
ductive binding mode for each enantiomer as described by
Orrenius et al. (1998). For the sake of completion, the non-
productive binding modes of the alcohols, as described by
Orrenius et al. (1998), were also built as a test set for all
three alcohols in both R and S configurations, with octanoyl
being used as the acyl moiety. For these nonproductive
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binding modes, one of the following two outcomes were
observed in each case: (1) the hydrogen bond between His
224 and the substrate alcohol oxygen was lost; (2) the al-
cohol moiety switched conformation to that of the produc-
tive binding mode. For the remaining substrates (i.e.,
3-methyl-2-butanol with other acyl moieties), only the pro-
ductive binding mode was modeled for each alcohol enan-
tiomer.

For the case where a propanoyl group was used as the
acyl moiety, the terminal aliphatic carbon of the acyl chain
was poorly packed and subject to a high degree of mobility
within the acyl cavity when positioned in the same confor-
mation as longer acyl chains. Therefore, this terminal car-
bon of the propanoyl group was remodeled so that it pointed
out of the acyl binding cavity where it packed closely to the
alcohol moiety and between residues from both of the side
walls of the substrate-binding cavity. The results presented
for the propanoyl substrate refer to the latter case.

Potential energies relating to the whole enzyme

The calculated values for AAG”, derived by taking the po-
tential energies of the whole of the modeled systems, are
shown in Figure 4A. Examples of the mean energies and
standard deviations for R and S enantiomers are given in
Table 1. The results conveyed R-preference (negative val-
ues of AAG”) for some of the substrates and S-preference
(positive values of AAG™) for others. The exclusion of wa-
ter molecules in the calculation of AAG” yielded similar
results (data not shown).

These results were not in line with the experimental val-
ues, which show R-preference toward the alcohol.

The experimentally derived AAG” was not available for
3-methyl-2-butanol with the ethanoyl moiety. However, it is
reasonable to consider that the enantiopreference toward the
alcohol in this case is the same as for 3-methyl-2-butanol
with the longer chained acyl moieties.

Potential energies relating to subsets within the enzyme

Function-based subsets

We have defined a function-based subset to be one that
represents the core structural elements of the modeled tran-
sition state. For the system under study, we have taken one
instance of a function-based subset to be that illustrated in
Figure 5, which consists of the sum of the following two
groups of atoms. (1) The “tetrahedral center,” that is, the
substrate’s tetrahedral carbon (the first carbon of the acyl
moiety) and the four atoms to which it is covalently bound
and which produce the tetrahedral configuration, namely,
the second carbon of the acyl moiety, the substrate oxy-
anion, the substrate alcohol oxygen, and the Ser 105 side-
chain oxygen. (2) The hydrogen bond donor atoms, includ-
ing the corresponding hydrogen atoms, associated with
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Fig. 4. Comparison of calculated AAG” values for various subsets (M, black bars) with experimental values from Candida antarctica
lipase B-catalyzed esterification in hexane (L], white bars). Parts A, B, C, E, and F refer to 3-methyl-2-butanol with variation in the
acyl chain moiety. *4i’ refers to iso-butanoyl; all other acyl moieties are straight chained. Part D refers to variation in the alcohol moiety
(2B, 2-butanol; 3M2B, 3-methyl-2-butanol; 33D2B, 3,3-dimethyl-2-butanol); in each case octanoyl is used as the acyl moiety. The
graphs denote potential energies for the following cases. (A) Whole of modeled system including waters. (B) and (D) Function-based
subset describing the core structural elements of the transition state, as illustrated in Figure 5, for variation in acyl and alcohol moieties
of the substrate, respectively. (C) Smaller function-based subset describing the substrate alcohol oxygen to His 224 hydrogen bond
only, and consisting of the alcohol oxygen of the substrate, His 224:N_ and the corresponding hydrogen atom. (E) Structure-based
subset consisting of full substrate and residues lining the active-site cavity, as given in Figure 6. (F) Energy-based subset consisting
of the full substrate and those residues possessing a difference in interaction energy of =0.42 kJ mole™" (0.1 kcal mole™") between R

and S enantiomers of the substrate.

Examples of mean energies and standard deviations for R
and S enantiomers are given in Table 1. The results indicate
that this subset is a good predictor of enantioselectivity.

the tetrahedral center, namely, His 224:N_, Gln 106:N, Thr
40:N, and Thr 40:0,,. The calculated values for AAG” by
using this function-based subset are given in Figure 4B.
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Table 1. Examples of potential energy mean and standard
deviation values for selected subsets

Potential energy EMD,
Mean =+ standard deviation (kJ mol™")

Subset R-enantiomer S-enantiomer
Whole system -23370 + 180 -23090 = 192
Function-based -102 + 10 8112
Structure-based +515 + 65 +562 + 66
Energy-based +600 + 54 +596 + 52

The substrate here comprises of 3-methyl-2-butanol and octanoyl moieties.
A set of 250 non-minimized structures, taken over the last 50 ps of the
corresponding MD simulation, were used for each calculation. “Whole
system” refers to the full enzyme-substrate structure with waters included.
The “function-based” subset refers to that described in Figure 5. the “struc-
ture-based” and “energy-based” subsets refer to those described in Fig-
ure 6.

Smaller function-based subsets focusing exclusively on
one or two of the catalytic hydrogen bonds were also in-
vestigated. For example, one subset consisted of only the
alcohol oxygen of the substrate, its hydrogen bond donor,
that is, His 224:N_, and the corresponding hydrogen atom.
The calculated values for AAG” by using this subset are
shown in Figure 4C. Such smaller instances of function-
based subsets were not found to be satisfactory predictors of
enantioselectivity.

The function-based subset illustrated in Figure 5 was also
tested for its ability to predict enantioselectivity for two
additional alcohol substrates in CALB, namely, 2-butanol
and 3,3-dimethyl-2-butanol (both illustrated in Fig. 3B) by
using the octanoyl group for the acyl moiety in each case.
As with 3-methyl-2-butanol, the productive and nonproduc-
tive binding modes were modeled for both 2-butanol and
3,3-dimethyl-2-butanol, and it was determined that the fa-
vourable conformation for each alcohol enantiomer corre-
sponded to the productive binding mode. Each of the non-
productive binding modes fell into one of the following two
outcomes: either the position of the alcohol moiety was
unstable and switched conformation to that of the produc-
tive binding mode, or the hydrogen bond between His
224:N, and the alcohol oxygen was lost. The selected func-
tion-based subset was able to correctly predict enantiopref-
erence for all of the tested alcohols (Figure 4D).

Structure-based subsets

A structure-based subset is one where the system is rep-
resented by the selection of the substrate in conjunction with
those regions of the system in close spatial proximity to it.
Here we have defined two instances of a structure-based
subset. The first of these consisted of the full substrate and
residues that line the active site. The residues defining this
subset are given in Figure 6. The values for AAG” yielded
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Fig. 5. Function-based subset (dark) that describes the core structural el-
ements of the modeled transition state in Candida antarctica lipase B.

by this subset are given in Figure 4E. Examples of mean
energies and standard deviations for R and S enantiomers
are given in Table 1. The second structure-based subset
investigated was defined as consisting of the full substrate
along with those residues in close proximity to the alcohol
moiety (results not shown). Based on these results, struc-
ture-based subsets were not considered to be satisfactory
predictors of enantioselectivity.

Energy-based subsets

This category of subset is selected on the basis of a dif-
ference in interaction energy between enzyme and substrate
for each enantiomeric configuration of the substrate. In this
study interaction energies were calculated between the sub-
strate and individual amino acids lining the active site for
each enantiomeric configuration of the substrate (the se-

Alcohol

«f

Fig. 6. Molecular surface representation of the Candida antarctica lipase
B active-site cavity. The inset figure illustrates the size of the active-site
(dark patch) as compared with the whole enzyme. The residues selected as
lining the active site are as follows: 38-42, 47, 73, 104-109, 132-134, 138,
140, 141, 144, 150, 151, 153, 154, 157, 188-190, 224, 225, 278, 281, 282,
285. The main figure shows the modeled transition state for 3-methyl-2-
butyl octanoate. The residues forming the energy-based subset with a dif-
ference in interaction energy of =0.42 kJ mole™" (0.1 kcal mole™") with the
whole of this substrate were as follows: 38—40, 73, 104—106, 134, 140, 144,
153, 154, 157, 188-190, 224, 278, 285. The dark patches of the molecular
surface in the main figure correspond to residues excluded from the latter
subset.
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lected active site residues are given in Fig. 6). Of these
interactions, the amino acids with differences greater than a
given cutoff constituted a particular subset. Subsets based
on different cutoff values (0.21, 0.42, and 1.26 kJ mole™';
that is, 0.05, 0.1, and 0.3 kcal mole™", respectively) were
investigated. Here we defined two subtypes of an energy-
based subset. The first was generated on the basis of inter-
action energies with the full substrate. The residues making
up such a subset with an interaction energy cutoff of 0.42 kJ
mole™" (0.1 kcal mole™") are given in Figure 6. The values
of AAG” for this subset are given in Figure 4F. Table 1
gives examples of mean energies and standard deviations
for R and S enantiomers for this subset. The second subtype
of an energy-based subset was based on interaction energies
with the alcohol moiety only (results not shown). On the
basis of these results, energy-based subsets were not con-
sidered to satisfactorily predict enantioselectivity. Addition-
ally, different levels of cutoff energy for each subtype of
energy-based subset yielded significantly different patterns
of AAG” (results not shown).

Discussion

The aim of this study has been to develop a methodology for
predicting enantioselectivity in CALB, a serine hydrolase,
by using an MD approach. The study focused on the CALB-
substrate system in the transition state. The structures of the
transition states for the catalyzed acyl transfer reaction in
serine proteases are closely approximated by those of the
tetrahedral intermediates (Kraut 1977). This must be
equally true for lipases that possess a similar catalytic
mechanism.

Because the enantiomeric ratio is dependent on tempera-
ture (equation 2), we simulated at a temperature that corre-
sponded to the experimental conditions (300 K). The analy-
sis of structures following the MD simulations was per-
formed directly on structures from the dynamics simulation,
because they can be considered to include the entropic con-
tribution within the modeled systems. The entropic contri-
bution to enantioselectivity can be significant (Overbeeke et
al. 1999) and, according to the results of Ottosson and Hult
(in press), focusing on the enthalpic contribution alone (i.e.,
using energy-minimized structures) will not be sufficient for
the correct prediction of enantioselectivity. An incidental
benefit of using nonminimized rather than minimized struc-
tures is that computation times are significantly reduced.

Although the experimentally derived enantiomeric ratio
was not available for 3-methyl-2-butanol with the ethanoyl
moiety, we have included this substrate in the present mod-
eling study. It seems very unlikely that the enantioprefer-
ence toward the alcohol in this case would be the reverse of
that corresponding to 3-methyl-2-butanol with the longer
chained acyl moieties.

The transition-state models and the importance of
free energy

The crystal structure of free CALB (PDB code 1TCA; Up-
penberg et al. 1994) was used as the starting point for mod-
eling the CALB-substrate transition states. The conforma-
tions of the substrates were based on the structures of CALB
with a phosphonate inhibitor that mimics the transition state
(PDB code 1LBS; Uppenberg et al. 1995) and with an ester
that contains an acyl chain long enough on which to base the
acyl moiety of the substrate to be modeled (PDB code
ILBT; Uppenberg et al. 1995). The free enzyme crystal
structure of CALB (1TCA) is the CALB crystal structure
with highest resolution (1.55 A). Furthermore, there is no
significant difference between the structures of free and
complexed CALB (the Co RMSD is 0.3 A and the all-atom
RMSD is 0.4 A between 1TCA and 1LBS).

It has been shown that in CALB the alcohol moiety can
be modeled into two binding modes, one that is productive
(possessing all catalytically essential hydrogen bonds) and
one that is nonproductive (one or more of the catalytically
essential hydrogen bonds absent) for each alcohol enantio-
mer (Orrenius et al. 1998). In the present study, manual
docking of each alcohol enantiomer revealed that the best fit
for each enantiomer of the alcohol moiety coincided with
the productive binding mode described by Orrenius et al.
(1998). The nonproductive binding mode was also investi-
gated for each alcohol enantiomer (with the octanoyl group
used as the acyl moiety) but was found either to undergo
conformational repositioning of the substrate to that of the
productive mode or to lose the catalytic alcohol oxygen to
His 224:N, hydrogen bond.

In the case where a propanoyl group was used for the acyl
moiety (and 3-methyl-2-butanol for the alcohol moiety), the
third carbon of the propanoyl chain did not fit snugly into
the acyl binding cavity when modeled in the same configu-
ration as the longer acyl chains but was subject to a rela-
tively high degree of conformational freedom. The pro-
panoyl moiety was therefore remodeled with its third carbon
pointing out of the cavity such that it packed closely against
the alcohol moiety and residues forming the side walls of
the CALB active site cavity.

Subsets within the modeled system

The potential energies of the whole of the modeled enzyme
and their fluctuations (Table 1) are very large compared to
the AAG” values for enantioselectivity, which are only a
few kJ mole™". Thus, it is hardly surprising that the calcu-
lated values of AAG” based on the whole of the modeled
system (Figure 4A) or the modeled system without waters
(results not shown) were not satisfactory and yielded incor-
rect predictions for enantiopreference in some cases. Much
of the energy fluctuation corresponds to general protein mo-
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tion away from the catalytic region. Even though this gen-
eral motion may average out over time, the MD simulations
performed in this study are too short to allow for this result.
The use of subsets to represent the system in the analysis of
MD structures addresses this issue and allows us to focus on
the structural regions that are most important in determining
enantioselectivity.

Function-based subsets

Selectivity of the enzyme toward one enantiomeric con-
figuration of the substrate over the other corresponds to a
lower free energy of activation and therefore to a more
favorable conformation of the transition state. The transition
state of an enzyme—substrate system for a particular reaction
can be thought of in terms of its essential or core structural
elements. These structural elements reflect the mechanistic
function of the enzyme. We use this region of the transition
state system to define what we term a “function-based sub-
set”’. The positions of all of the remaining atoms in the
system outside the selected subset contribute in varying de-
grees, either directly or indirectly, to the positions of these
core atoms. Because this subset focuses explicitly on the
bond-making and bond-breaking regions, we consider that a
more favorable energetic conformation of this subset should
correspond to a greater likelihood for catalysis to occur, thus
reflecting enantiopreference.

The validity of function-based subsets is supported by the
idea that enzyme—substrate interactions can be thought of in
terms of “dynamic” and “passive” binding (Kirby 1996).
Dynamic binding refers to the interactions at the reaction
center that are associated with the mechanistic bond-making
and bond-breaking processes. These interactions change
substantially as bonds are made and broken during the en-
zymatic reaction. Passive binding refers to interactions in-
volved in ordinary molecular recognition and which include
hydrophobic interactions and noncatalytic hydrogen bonds.
Thus, passive interactions focus primarily on the general
enzyme—substrate fit, whereas dynamic interactions focus
primarily on the catalytic mechanism. If we consider selec-
tivity in terms of dynamic and passive binding, then for the
fast-reacting enantiomer, a better fit between enzyme and
substrate through passive interactions corresponds to con-
formationally (and therefore energetically) more favorable
dynamic interactions, thereby relating to higher catalytic
turnover. However, for the slow-reacting enantiomer, a bet-
ter fit through passive interactions can be seen to correspond
to conformationally (and energetically) less favorable dy-
namic interactions, thus relating to a lower catalytic turn-
over.

We have defined one instance of a function-based subset
to be that illustrated in Figure 5, consisting of the substrate’s
tetrahedral center and the atoms involved in the catalytic
hydrogen bonds. The His 224:N; to Asp 187:0,, hydrogen
bond in CALB is not directly involved with the tetrahedral

336 Protein Science, vol. 10

center and was excluded from this subset. The selected sub-
set is a good predictor of enantioselectivity (Figure 4B).

Smaller function-based subsets focusing exclusively on
one or two of the catalytic hydrogen bonds were not satis-
factory predictors of enantioselectivity. For example, Figure
4C conveys the results for the subset consisting of three
atoms that form a single catalytic hydrogen bond; the com-
prising atoms are the alcohol oxygen of the substrate (hy-
drogen bond acceptor), His 224:N_ (hydrogen bond donor),
and the associated hydrogen atom. This particular hydrogen
bond corresponds to that which Schulz et al. (2000) use as
the focal point for MD-derived enantioselectivity predic-
tions in Pseudomonas cepacia lipase (their enantioselectiv-
ity prediction is based on the Hy O, oo hydrogen bond
distance in an average minimized structure for the slow
enantiomer). We consider that the poor predictions we ob-
served in the present study for the smaller function-based
subsets were due to inadequate representation of the key
elements of the transition state.

The function-based subset described in Figure 5 also cor-
rectly predicts enantiopreference when varying the alcohol
moiety (Figure 4D). The substrates tested here are 2-buta-
nol, 3-methyl-2-butanol and 3,3-dimethyl-2-butanol, with
the octanoyl group as the acyl moiety in each case (see
Figure 3B).

Other subsets

Heffner et al. (1998) have previously studied two cat-
egories of subset, the first of which is based on the selection
of regions that are spatially close to the substrate (i.e., struc-
ture-based subsets), and the other of which is based on
difference in interaction energies between the substrate and
individual residues in the enzyme with respect to each sub-
strate enantiomer (i.e., energy-based subsets). They found
that energy-based subsets (using minimized structures) were
more useful than structure-based subsets for predicting
enantioselectivity.

In the present study, where the analysis of structures was
performed on nonminimized structures, we found that nei-
ther structure-based subsets nor energy-based subsets were
good predictors of enantioselectivity (for example, see Fig-
ure 4, E and F, respectively). However, it should be noted
that the energy-based subset results of Haeffner et al. (1998)
and those of this study are not directly comparable as a
result of the aforementioned differences in the methodolo-
gies used.

Nevertheless, a serious setback when attempting to use
energy-based subsets as a method for predicting enantios-
electivity is knowing where to take the cutoff energy for any
given substrate, especially because the resulting calculated
values for AAG™ are very sensitive to this cutoff (results not
shown). Furthermore, calculating interaction energies be-
tween the substrate and individual amino acids within the
enzyme involves a computational time investment that is
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not required when using structure- or function-based sub-
sets.

Materials and methods

The modeling was performed by using the SYBYL molecular
modeling package version 6.6 (Tripos Inc.) on an SGI Octane
UNIX workstation. The enzyme—substrate system was described
by using the Kollman All Atom force field (Weiner et al. 1984,
1986) for the purposes of energy-minimization calculations, MD
simulations, and potential energy calculations when analyzing
structures. The Kollman All Atom types for the substrate were
assigned as follows: carbon, CT; hydrogen, HC; oxyanion oxygen,
OH; nonoxyanion oxygen, OS. Nonstandard partial charges were
calculated by using the Pullman method (Berthod and Pullman
1965; Berthod et al. 1967) with a formal charge of —1 for the
substrate oxyanion.

A nonbonded cutoff distance of 8 A and a distance-dependent
dielectric function with a scaling factor of one were used in all
calculations. An NTV ensemble (i.e., constant number of atoms,
temperature, and volume), a temperature of 300 K (aside from a
short warm-up phase; see following) and a time step of 1 fs was
used in all MD simulations. Energy minimizations were performed
by using the Powell method (Powell 1977). Nonstandard Kollman
All Atom forcefield parameters were assigned in analogy to the
existing parameters for angle bending as follows: (1) OH-CT-OS,
109.5°, force constant 250 kJ mole™! degree’z; (2) OS-CT-0S,
109.5°, force constant 250 kJ mole™" degree™.

All crystal structure coordinates were from the Protein Data
Bank (Berman et al. 2000).

Preparation of the free enzyme

The crystal structure of the free CALB enzyme (PDB code 1TCA;
Uppenberg et al. 1994) was used as the starting point for the
modeled transition-state system. The substrate was built into the
free enzyme rather than into the transition state analog crystal
structure (PDB code 1LBS; Uppenberg et al. 1995) because the
crystal structure of the former has been solved to a higher resolu-
tion (i.e., 1.55 A in 1TCA compared with 2.6 A in 1LBS), and
there is no significant conformational difference between the two
structures (Cae RMSD 0.3 A, all atom RMSD 0.4 A). The two
N-acetyl-D-glucosamine (NAG) moieties in the free CALB struc-
ture were removed.

Hydrogen atoms were then added to the enzyme and water
molecules. The positions of the water hydrogens and then the
enzyme hydrogens were optimized by using a consecutive series of
short (1 ps) MD runs and energy minimizations. This series of
optimization steps was repeated until the energy of the system was
stable. Thereafter, an iterative series of energy minimizations were
performed on the water hydrogens, enzyme hydrogens, and full
water molecules. Finally, the whole system was energy minimized.
Such a rigorous optimization of hydrogen atom positions was per-
formed because the positions of many of the enzyme hydrogens
and all of the water hydrogens are ambiguous in protein structures
that contain only heavy atoms.

Preparation of the transition-state system

The tetrahedral intermediate form of the substrate was manually
modeled on the basis of crystal structures of CALB with (1) a
phosphonate inhibitor, that is, a transition state analog (PDB code

1LBS; Uppenberg et al. 1995) and (2) an ester with a sufficiently
long acyl chain on which to base the conformations of the acyl
moieties in the models (PDB code 1LBT; Uppenberg et al. 1995).
The alcohol moiety was modeled in both R and S configurations.
For each enantiomeric configuration of the alcohol moiety, two
binding modes (i.e., “productive” and “nonproductive”) described
by Orrenius et al. (1998) were modeled for the case where the
octanoyl group was used as the acyl moiety.

The catalytic histidine, His 224, was defined as protonated. Four
water molecules (HOH130, HOH149, HOH238, and HOH285)
were removed from the active site cavity to make room for the
substrate. The optimization of the substrate and catalytic Ser 105
side-chain oxygen positions consisted of a consecutive series of
short (1 ps) MD runs and energy minimizations. Three other water
molecules (HOH136, HOH219, and HOH265) in the active-site
cavity close to the acyl chain were ejected from the active site well
beyond the surface of the enzyme during subsequent optimization
steps for the octanoyl group and were thus excluded from this and
all the other systems modeled in this study. The remaining water
molecules were considered to be strongly bound to the enzyme.
Such waters can play an important role in stabilizing the structure
of the enzyme in organic solvent. Finally, energy minimization of
the whole system was performed to produce the starting structure
for the subsequent MD simulations.

Molecular dynamics simulations

Each energy-minimized CALB-substrate system was run through
an MD warm-up phase to a temperature of 300 K in a series of six
steps at 50 K intervals, where the simulated duration of each
interval was 2 ps. Thereafter, a 100-ps MD simulation was per-
formed at 300 K for each system. A sample structure was extracted
at every 0.2 ps from each simulation. Investigative analyses were
performed on the last 50 ps of each simulation, yielding an en-
semble of 250 nonminimized structures for each system.
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