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2
Engineering Enantioselectivity in Enzyme-Catalyzed Reactions

Romas Kazlauskas

2.1
Introduction

Enantioselective enzyme reactions are enzyme-catalyzed reactions that discrimi-
nate between enantiomeric substrates or products. For example, the kinetic resolu-
tion of a lactam is an enantioselective enzyme reaction (see Scheme 2.1). The
lactamase catalyzes the hydrolysis of the (+)-lactam, leaving the unreacted
(-)-lactam in high enantiomeric purity [1]. This (-)-lactam serves as the starting
material for the synthesis of carbocyclic nucleosides such as abacavir. The enanti-
oselectivity for this reaction is >400, which means that the (+)-lactam reacts more
than 400 times faster than the (—)-enantiomer.

This chapter focuses on the use of protein engineering to increase enzyme
enantioselectivity, and also provides a review of our current understanding of
enantioselectivity and successes in protein engineering. The focus is on unnatural
substrates such as the lactam shown in Scheme 2.1, because organic synthesis
requires such reactions for the manufacture of pharmaceutical intermediates and
fine chemicals. At this point, enantioselective inhibition, which is an important
consideration in drug design because it involves only binding and not a chemical
reaction, will not be considered.

Natural enzyme-catalyzed metabolic reactions may show very high selectivity
because natural selection favors more efficient metabolic reactions. For example,
L-lactate dehydrogenase from Bacillus stearothermophilus favors L-lactate over
D-lactate by a ratio of more than 25000: 1 [2]. The evolutionary reason for this high
enantioselectivity is probably not to discriminate against D-lactate, which is the
end product of anaerobic metabolism where the formation of either enantiomer
fulfills the biochemical role. The high enantioselectivity is most likely the byprod-
uct of evolving a highly efficient catalyst for L-lactate. A catalyst perfectly fitted for
L-lactate will be a poor fit for D-lactate.

As enzyme-catalyzed reactions involving unnatural substrates have not faced
any evolutionary pressure, their enantioselectivities vary widely. Although the
lactam example in Scheme 2.1 shows excellent enantioselectivity, many examples
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Scheme 2.1 Lactamase-catalyzed kinetic resolution of
2-azabicyclo(2.2.1)hept-5-en-3one (lactam) yields an
enantiopure intermediate for synthesis of abacavir, an anti-
AIDS drug.

demonstrate minimal enantioselectivity. For synthetic use, the enantioselectivity
should be >50, although values as low as 20 may be synthetically useful if the
product is very valuable and there are no alternative routes.

Enantioselective enzyme reactions can be either kinetic resolutions or enantioselec-
tive syntheses. Kinetic resolutions are separations (or partial separations) of enan-
tiomers in a racemate due to a faster enzyme-catalyzed reaction for one of the two
enantiomers. The lactamase example described above is a kinetic resolution.
Because kinetic resolutions are separations, they produce a maximum of 50% yield
of one enantiomer. The enantioselectivity in a kinetic resolution is the ratio of the
specificity constants for the fast- and slow-reacting enantiomers (Equation 2.1).
The measurement of all four kinetic constants is tedious, but the enantioselectivity
can also be calculated from the measured enantiomeric purity of the products or
starting materials at known extents of conversion [3]. The enantiomeric purity of
the product decreases during a kinetic resolution because the starting material
becomes enriched in the slow-reacting enantiomer as the reaction proceeds.

kinetic resolution:

E= (kcat /Km )fast enantiomer /(kcat /Km )slow enantiomer (21)

Enantioselective syntheses start with a prochiral” substrate and form predomi-
nantly one enantiomer of the product. Two examples of enantioselective syntheses
(see Scheme 2.2) are a lipase-catalyzed hydrolysis of a diester to yield a chiral
monoester [4, 5] and a dehydrogenase-catalyzed reduction of a prochiral ketone to
yield a secondary alcohol [6]. Enantioselective syntheses can produce a 100% yield
of one enantiomer. The disadvantage of enantioselective syntheses is the more
limited range of starting materials as there are fewer prochiral molecules than
racemates [7]. Chiral molecules typically have four different substituents, while
prochiral molecules typically have only three different substituents. If n is the
number of possible substituents, then there are n* chiral molecules, but only n’
prochiral molecules.

1) A prochiral moleculeis an achiral molecule which becomes chiral in a single desymmetrization
step. The desymmetrization may be: (i) addition to one face of a double bond; or (ii)
replacement or modification of one of two identical ligands.
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Scheme 2.2 Two examples of enzyme-catalyzed
enantioselective syntheses. (a) A lipase-catalyzed hydrolysis
of the prochiral diacetate favors hydrolysis to the
(S)-monoacetate; (b) A dehydrogenase-catalyzed reduction of
a diaryl ketone yields the (S)-diaryl secondary alcohol. The
reduction of NADP* by glucose regenerates the NADPH.

For an enantioselective synthesis, the enantioselectivity is the ratio of the
product enantiomers, which corresponds to their relative rates of formation (Equa-
tion 2.2). (The equation using enantiomeric excess (ee) is mathematically equiva-
lent, but more convenient to use.) This ratio is constant in an enantioselective
synthesis:

Asymmetric synthesis: E=amount of major product enantiomer/amount of
minor product enantiomer or

E=(1+ee)/(1—ee) (2.2)

Another method of grouping enantioselective enzyme-catalyzed reactions is to
group those that create a stereocenter, and those that only preserve an existing
stereocenter. Reactions that create a stereocenter involve bond-making or bond-
breaking at the stereocenter, whereas those that only preserve a stereocenter
involve reactions adjacent to a stereocenter. The enantioselective reduction of a
ketone to a secondary alcohol involves reaction at the stereocenter and falls into
the first group, while the hydrolysis of an ester or lactam does not involve reaction
at the stereocenter and falls into the second group. Reactions in the first group
presumably require precise positioning of the stereocenter to allow reaction there,
whereas those in the second group may tolerate a range of positions for the ste-
reocenter. Many of the examples in the second group are kinetic resolutions, such
as that in Scheme 2.1, but they can also include enantioselective syntheses such
the desymmetrization of the diacetate in Scheme 2.2.
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2.2
Molecular Basis for Enantioselectivity

2.2.1
Transition-State, Fast-Reacting Enantiomers Fit in the Active Site Better than
Slow-Reacting Enantiomers

Enzymes are enantioselective because they stabilize the transition state for
fast-reacting enantiomers more effectively than for slow-reacting enantiomers.
Identification of the molecular basis for enantioselectivity requires the reacting
orientations to be identified for both the fast- and slow-reacting enantiomers, as
well as differences in their orientations. Orienting the fast-reacting enantiomer is
usually straightforward; the reacting atoms are oriented to best interact with the
catalytic machinery of the enzyme, while the remaining nonreacting substituents
are placed to best fit any nearby pockets.

Orienting the slow-reacting enantiomer is less straightforward because different
compromises are possible. For example, the slow enantiomer will clash with some
features of an active site meant for the fast-reacting enantiomer. Moreover, differ-
ent orientations will create different clashes, but may have similar energies. Typi-
cally, the slow enantiomer will react via the lowest energy orientations, although
several orientations with low energy may contribute. The lowest energy orienta-
tions may differ for different substrates, and perhaps even for the same substrate
under different conditions. Thus, any difficulties in identifying the molecular basis
of enantioselectivity usually stem from problems in identifying the orientation of
the slow-reacting enantiomer—that is, how the enzyme makes mistakes.

222
The Slow-Reacting Enantiomer Fits by Exchanging Two Substituents

One way to fit the slow enantiomer into a site matching the fast enantiomer is to
exchange the location of two substituents. This exchange creates two mismatches
between substituents and binding site. For example, (S)-2-hydroxyisocaproate
dehydrogenase from Lactobacillus confusus shows high enantioselectivity toward
o-hydroxycarboxylic acids [8]. The X-ray crystal structure [9] reveals an active site
that could fit the substrate o-ketocarboxylic acid in two ways (Figure 2.1). In both
cases, the catalytic groups are positioned for reaction: two hydrogen bonds to the
carbonyl oxygen polarize the carbonyl group, and the hydride from nicotinamide
is positioned for attack. The difference between the two orientations is the exchange
between the R-group and the carboxylate, which leads to opposite enantiomers
after the hydride transfer.

Two experimental results on reversing enantioselectivity support this
proposed exchange of substituents. First, overlaying the X-ray structures of (S)-
hydroxyisocaproate dehydrogenase and (R)-hydroxyisocaproate dehydrogenase
from Lactobacillus casei, which favors the opposite enantiomer, shows that the
two active sites differ by a reversed location for the hydrophobic pocket and the
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Figure 2.1 Schematic of an o-ketocarboxylic
acid in the active site of (S)-
hydroxyisocaproate dehydrogenase
Lactobacillus confusus in two possible
orientations, based on computer modeling of
the substrate starting from the X-ray crystal
structure (pdb code Thyh). Addition of the
hydride to the re face (left) yields the major
(S)-alcohol, while addition to the si face
(right) yields the minor (R)-alcohol. In both
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Arg174 4
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ADP-ribosy:
H-bonds from Asn143 and His198. The
orientation of the two substituents differs.
In the orientation leading to the major
enantiomer, the carboxylate form hydrogen
bonds to Arg174 and the hydrophobic R
group sits in a hydrophobic pocket,
represented by a semicircle. In contrast, the
orientation leading to the minor enantiomer
places the R group near Arg174 and the
carboxylate in the hydrophobic pocket.

cases, the a-carbonyl oxygen is positioned by

carboxylate-binding site [10] (see also Ref. [11]). Second, Jones and coworkers used
site-directed mutagenesis to switch locations of the hydrophobic pocket and the
carboxylate-binding site in a similar dehydrogenase, namely lactate dehydrogenase
[2]. As expected, the enantioselectivity decreased but did not reverse, most likely
because the mutagenesis did not completely switch the two sites. However, in
several other cases described below, mutagenesis to exchange substituent sites did
reverse the enantioselectivity.

Fitting the slow enantiomer into the active site by exchanging two substituents
preserves the location of the stereocenter. This preservation is likely important for
all reactions that involve bond breaking or bond making at the stereocenter. This
exchange-of-substituents concept is the working hypothesis for most research
groups investigating how enzymes ‘make mistakes’. In order to increase enanti-
oselectivity it is necessary to increase the ability of the enzyme to distinguish the
substituents at the stereocenter; in the example above this is carboxylate and the
hydrophobic R group in the dehydrogenase.

223
The Slow Enantiomer Fits by an Umbrella-Like Inversion

Despite this working hypothesis, the X-ray crystal structures of enantiomers
bound to the active site of an enzyme usually do not show the exchange-of-two-
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Figure 2.2 Two ways in which the slow example; there are five other possibilities.
enantiomer can fit into an active site that Only two substituents can match their
matches the fast-reacting enantiomer. For the = binding sites. Another way to fit the slow
fast enantiomer (left) all four interactions enantiomer is via an umbrella-like inversion

between the substituents (H, A, B, C) and the (bottom right) that leaves one site empty.
binding sites (H’, A’, B’, C’) match. To fit the  This second possibility creates only one
slow enantiomer while preserving the location mismatch, but displaces the stereocenter
of the stereocenter (top right) requires slightly.

exchanging two substituents, H and B in this

substituents orientation, but instead an umbrella-like inversion where only one
substituent (usually hydrogen) lies in a new location [12]. (For details of earlier
studies and an historical context, see Ref. [13].) One can imagine this orientation
as follows. First, an inversion through the stereocenter creates the enantiomer by
moving all four substituents to new locations. Second, a displacement moves three
substituents into their previous locations, leaving one substituent (usually hydro-
gen) pointing in a new direction and the stereocenter slightly displaced from its
original location (Figure 2.2). This umbrella-like-inversion orientation for the two
enantiomers is most likely lower in energy because it creates only one mismatch
between the substituents and the binding site, rather than two mismatches when
the enantiomers adopt the exchange-of-substituents orientation.

This umbrella-like-inversion orientation may well be important only for reac-
tions adjacent to the stereocenter, but not for those that make or break a bond at
the stereocenter. The umbrella-like inversion shifts the position of the stereocen-
ter, typically by 1A. This shift likely prevents catalysis when making or breaking
a bond at the stereocenter (e.g. reduction of an o-ketocarboxylic acid, as above).
However, when the reaction occurs adjacent to the stereocenter (hydrolysis of an
ester of a secondary alcohol), then placement of the stereocenter is less critical and
the umbrella-like inversion may be a catalytically productive orientation.

One example of X-ray structures showing such an umbrella-like-inversion are
phosphonate transition-state analogues bound to the actives site of Candida rugosa
lipase (CRL)” [14] (Figure 2.3). The phosphonates mimic the transition states for

2) Microorganism names may change as investigators learn more about them. Candida rugosa is

the same microorganism as Candida cylindracea; Pseudomonas cepacia is the same as
Burkholderia cepacia.

c02.indd 20 @ 6/24/2008 7:01:47 PM



c02.indd 21

2.2 Molecular Basis for Enantioselectivity | 21

large hydrophobic
pocket

o
medium k

pocket Ser 195

o s
Figure 2.3 X-ray structure of the phosphonate medium pocket for the corresponding
transition-state analogue (sticks substituents in the substrate. The large
representation) for the hydrolysis of (1R)- substituent of the menthyl moiety (top half of

menthyl heptanoate (fast-reacting enantiomer) cyclohexyl ring including the isopropyl
in the active-site lipase from Candida rugosa  substituent) binds in the large hydrophobic
(space-filling representation). Top: a generic ~ pocket (green), while the medium substituent

structure of the fast-reacting enantiomer (bottom part of the cyclohexyl ring including
(L = large substituent; M = medium the methyl substituent) binds in the medium
substituent) and a transition-state analogue ~ pocket. The catalytic residues are Ser 209
for the fast-reacting enantiomer of menthol.  (orange) and His 449 (purple).

Bottom: The active site contains a large and a

hydrolysis of the menthyl heptanoate esters. The CRL isoenzyme shown in the
X-ray structure is highly enantioselective (E > 100) towards the (1R)-enantiomer
of menthyl esters [15]. (Crude CRL is only moderately enantioselective (E ~ 15),
most likely due to contaminating hydrolases with lower or reversed enantioselec-
tivity.) The substituents at the alcohol stereocenter are: the alcohol oxygen; the
isopropyl-substituted side of the cyclohexyl moiety (the large group, L); the unsub-
stituted side of the cyclohexyl moiety (the medium substituent, M); and hydrogen.
The structures reveal an alcohol-binding site in the lipase that has one large and
one medium pocket that match the relative sizes of the substituents.

A comparison of the X-ray crystal structure of transition-state analogues for the
fast- and slow-reacting enantiomers of menthol bound to the active site of CRL
shows an umbrella-like-inversion orientation (Figure 2.4). For both enantiomers,
three substituents lie in similar locations: the large group remains in the large
pocket, the alcohol oxygen lies near the phosphorus, and the medium substituent
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His 449
(1R)-menthol (1S)-menthol
Figure 2.4 Comparison of transition-state enantiomer of menthol (1R) shows the
analogues for the fast and slow enantiomers  expected hydrogen bonds for catalysis. In
of menthol bound the active site of lipase contrast, the slow-reacting enantiomer lacks a
from Candida rugosa. Top: X-ray structures key hydrogen bond, in part because the
reveal an umbrella-like-inversion orientation.  isopropyl substituent bumps the catalytic

The L, M and O substituents adopt similar histidine. This lack of a hydrogen bond can
locations, while the hydrogens lie in different  account for the slower reaction.
locations. Bottom: The fast-reacting

lies in the medium pocket. The hydrogen locations differ as they point in opposite
directions.

High enantioselectivity requires that CRL prevents all catalytically productive
orientations of the slow-reacting enantiomer. For substituent-exchange, the most
likely orientation is an exchange between the large and medium substituents, but
the restricted size of the medium pocket likely prevents placement of the large
substituent there. For the umbrella-like inversion orientation, the X-ray structures
show a missing key hydrogen bond for the slow enantiomer. This bond cannot
form for the slow enantiomer for two reasons. First, although the oxygen atom
positions are similar, the oxygens are displaced by 0.7A. Second, the isopropyl
group in the fast enantiomer lies to the right out of the way, while the isopropyl
group in the slow enantiomer lies to the left and bumps the catalytic histidine,
causing the imidazole ring to turn by ~60°. These two differences break a key
hydrogen bond. Thus, by preventing reaction of the slow enantiomer via both
substituent exchange and mirror image orientations, the lipase achieves high
enantioselectivity.

Nonetheless, the slow enantiomer does react, albeit much more slowly than the
fast enantiomer. Even in this well-studied example, it is not known how the slow
enantiomer reacts. For example, it may crowd the large substituent into the
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medium pocket, it may distort the orientation seen in the X-ray structure to restore
the missing hydrogen bond, or it may use a water molecule bridge to restore the
hydrogen bond. Several other possible orientations are discussed below. The exact
pathway that the slow enantiomer takes to react most likely differs for different
substrates and for different lipases.

The steady-state kinetics for enantioselective lipase-catalyzed resolutions fit
either of the enantioselectivity mechanisms, and thus cannot distinguish between
them. In most cases, the enantioselectivity stems primarily from differences in
k.., the turnover number, with only small differences in the Michaelis constants,
K.,.. Examples include both chiral alcohols [16, 17] and chiral acids [18, 19]. This
observation fits an umbrella-like inversion where both enantiomers bind similarly
and thus with similar affinity, but subtle differences in the positioning of the
substituents disrupt the catalysis. This observation also fits an exchange of sub-
stituents because K,, includes both the productive and nonproductive binding.
Nonproductive binding lowers the value of k,; thus, if the fast enantiomer binds
in a catalytically productive orientation, the slow enantiomer may bind similarly
but cannot react in this orientation. The slow enantiomer then adopts a switched
substituent orientation with poor binding via which it reacts. The measured kinet-
ics will provide similar K, values for both enantiomers and a lower k., for the slow
enantiomer. There are, however, exceptions to this generalization, where enanti-
oselectivity stems primarily from differences in K,, (for examples, see Refs [15,
17]). These differences in kinetic behavior suggest that there may be different
enantioselectivity origins for different cases.

23
Qualitative Predictions of Enantioselectivity

2.3.1
Comparing Substrate Structures Leads to Empirical Rules and Box Models

Based on the observed enantioselectivity, various research groups have created
generalizations that attempt both to summarize the observations and predict how
a new substrate would behave. These generalizations were either generalized
structures of substrates (e.g. a large or small substituent) or box models that sug-
gested a shape for the active site [20]. Most of the models have focused on the size
and shape of the substituents, most likely because a steric clash between atoms is
the strongest intermolecular interaction. However, many of the models have also
mentioned the polar or nonpolar character of substituents, indicating that size and
shape is not the only feature that is important for high enantioselectivity.

One example of such a rule predicts which enantiomer of a secondary alcohol
reacts fasters in lipase-catalyzed reactions (Figure 2.5). The rule is based on the
size of the substituents, and applies to both hydrolysis and acylation reactions. For
acylation, the enantiomer shown reacts faster, whereas for hydrolysis the ester of
the enantiomer shown reacts faster.
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Figure 2.5 Empirical rules predict the fast- a large substituent such as phenyl. In
reacting enantiomer for lipases. Both acylation reactions, the enantiomer shown
secondary alcohols and amines of the type reacts faster; in hydrolysis reactions, the ester
RR’CHNH, have similar structures, so similar of the enantiomer shown reacts faster;

rules apply. (a) Rules to predict the fast- (b) Examples of pure enantiomers prepared
reacting enantiomer for lipase-catalyzed by lipase-catalyzed reactions showing the fast-
reactions. M represents a medium-sized reacting enantiomer.

substituent such as methyl, while L represents

The advantage of this rule is that it is simple to apply. First, draw the substrate
so that the alcohol (or ester) group points out of the page towards the reader.
Second, imagine a line extending the C—O bond so that it divides the molecule
into two parts. The enantiomer with the larger group on the right side of the line
is the one that will react faster. Keep the flexibility of molecular structures in mind
when comparing the sizes of the substituents. For instance, an alkyl chain can
fold so that its effective size is smaller than a substituent which cannot fold, such
as phenyl.

The rule for secondary alcohols applies to all lipases tested so far. These include
cholesterol esterase (CE) [21], Burkholderia cepacia lipase (BCL) [2], lipases from
several Pseudomonas species, including Pseudomonas fluorescens lipase (PFL) [22,
23], Pseudomonas aeruginosa lipase (PAL) [24], Rhizomucor miehei lipase (RML) [25],
lipase B from Candida antarctica (CAL-B), and porcine pancreatic lipase [26]. The
rule also works for CRL, but only for cyclic secondary alcohols [2], such as the
menthol example discussed above.

This rule also applies to primary amines of the type RR*CHNH, because their
shape is similar to that of secondary alcohols [27]. The lipases tested included
CAL-B, BCL and PAL. Although lipases are very poor catalysts for the hydrolysis
of amides, these lipases catalyze the reverse reaction, namely the acylation of
amines.
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23.2
Computer Modeling Based on X-Ray Structures of Enzymes

The X-ray structures of enzymes have revealed the extraordinary detail of the active
site, and most current investigations utilize these structures or homology models
to plan experiments. In many cases, computer modeling is used to rationalize
behavior that could not be predicted by empirical rules because such rules lack
detail or they apply only to certain classes of substrate.

For example, Chromobacterium viscosum lipase (CVL) catalyzes an enantioselec-
tive and regioselective kinetic resolution of a chiral bisphenol [28] (Figure 2.6).
This phenol differs significantly from previously resolved molecules, so no empiri-
cal rule is available. Modeling shows that the alcohol-binding pocket of CVL tilts
to one side, with the direction of this tilt matching the shape of the fast-reacting
enantiomer. This modeling also shows that the butanoyl group best fits this tilt in
the alcohol-binding pocket, which was consistent with the highest enantioselectiv-
ity for substrates with a butanoyl substituent. Smaller acyl groups would not fill
the pocket, while larger groups would extend out of it. A similar rationalization
based on modeling for chloroperoxidase (CPO) [29] shows how the shape of the
active site favors the epoxidation of cis-1-phenyl-1-propene to the major 1S5,2R-
epoxide, and not to the minor 1R,2S-epoxide.

Figure 2.6 Line drawing of the phosphonate  orientation shown. In the minimized
transition-state analogue for the CVL-catalyzed structure for the other enantiomer the 4’-

hydrolysis of favored butanoyl group: 5- butanoyloxyphenyl group lies to the left,
position of the (S)-enantiomer. This outside the large hydrophobic pocket. This
regioisomer and enantiomer is favored by difference in the orientation of the 4’-
>30:1 over other possibilities. Energy butanoyloxyphenyl group likely accounts for
minimization of the structure yielded the the faster reaction of the (S)-enantiomer.
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Modeling has explained several puzzling observations about the resolution of
carboxylic acids using CRL. Carboxylic acids with a stereocenter at the o-position
orient the stereocenter near the mouth of a tunnel, with the large substituent
inside the tunnel [30, 31]. Long-chain alcohols can also bind to the tunnel and
compete with the favored enantiomer, thus lowering the enantioselectivity [12]. If
the large substituent is extensively branched, then it no longer fits in the tunnel
and the enantioselectivity reverses [32].

Modeling has also helped to explain how mutations can increase enantioselectiv-
ity. By using directed evolution, Reetz and coworkers discovered a lipase variant
with a higher enantioselectivity towards 2-methyldecanoate esters. The wild-type
was almost nonselective (E=1.1), while the variant lipase with six amino acid
substitutions showed an impressive increase to E=51. Modeling suggested that
one mutation—L162G —creates a pocket, while the other mutation—S53P-allows
a nearby histidine side chain to stabilize the intermediate for the fast-reacting
enantiomer. Modeling also suggested that the remaining four mutations either
have no effect on enantioselectivity or even lower it. In agreement with this
modeling, removing the other four mutations gave a double mutant with a slightly
higher enantioselectivity (E=64) than the variant from directed evolution
33, 34].

Although the relative energies of the modeled transition states for enantiomers
rarely correspond to the measured enantioselectivities (see below), Pleiss and
coworkers qualitatively correlated a calculated hydrogen bond distance with enan-
tioselectivity [35]. BCL was shown to have a high enantioselectivity toward second-
ary alcohols. A comparison of models of the tetrahedral intermediate for
enantiomeric secondary alcohols showed a long distance corresponding to an
incomplete hydrogen bond for the slow enantiomer of well-resolved secondary
alcohols (E > 100), but shorter distances corresponding to a catalytically productive
hydrogen bond for moderately or poorly resolved secondary alcohols (E < 20).

233
What Is Missing from Current Computer Modeling?

Although computer modeling often provides a qualitative explanation of enanti-
oselectivity, it remains very difficult to predict quantitatively the degree of enanti-
oselectivity. This difficulty stems from the need to include a large number of
conformations to create an accurate model; a single ‘snapshot’ cannot accurately
describe a reaction.

One reason to include many conformations in a model is to include entropy.
The activation energy for a chemical reaction is given by AG*. Enantioselectivity
compares two reactions (those for each enantiomer), and is thus given by AAG*.
The latter term is related to the enantioselectivity, E, as AAG* = —RTInE. This free
energy difference consists of an enthalpic part, AAH* and a temperature-
dependent entropic part, AAS%:

AAG* =—-RTInS=AAH* —TAAS*
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Although most investigators ignore the entropic term, assuming that it is
small, experimental measurements (by measuring how enantioselectivity
varies with temperature [36]) show that both entropy and enthalpy contribute
similar amounts to enantioselectivity [37—40]. The entropic part is small only when
both transition-state complexes for the enantiomers are equally rigid (both the
substrate and enzyme side chains) and when the solvent interacts equally with
both. Thus, modeling that omits entropy is unlikely to match experimental
results.

Entropy calculations require additional steps beyond normal computer model-
ing, and are often combined with other modeling improvements. For example,
Columbo et al. included both entropy calculations and a better assignment of
partial charges in the transition state [21]. Their calculated enantioselectivity
of AAG* = 1.25 £ 0.5 kcal mol™ was close to the experimental value (0.4 kcal mol™),
but still inexact. These authors attributed the more accurate result mainly to
partial charges, and not to the free energy calculation. Improved computational
methods to calculate free energy continue to be an active area of research
[41-43].

Another reason to include multiple conformation is to account for solvent
effects. A solvent can change—and even reverse—the enantioselectivity of an
enzyme (for examples, see Refs [44—46]). This change may be due to different sol-
vation of the enantiomers by, for example, leaving different substituents exposed
to a solvent. Enantiomers may also leave different parts of the active site exposed
to solvent [47] or displace different numbers of solvent molecules from the active
site [48]. Modeling normally uses approximations, such as continuum models, to
account for solvent effects. Solvent water is usually treated as a distance-dependent
dielectric—that is, the dielectric shielding increases with distance, mimicking sol-
vation. Some computer modeling calculations include the individual water mole-
cules found in the crystal structure, but not additional solvent water molecules.
The most accurate (and most time-consuming) calculations surround the protein
with individual solvent molecules and consider multiple orientations of solvent
molecules.

Although quantum mechanics correctly describes electron configurations during
reactions, these calculations are too complex for enzyme-catalyzed reactions. The
alternative is molecular mechanics, where the calculations are fast but they rely
on an approximate molecular description. Molecular mechanics treats molecules
as balls attached to springs, where the force constants for the springs have been
adjusted so they give the correct answer for known molecules. This physical
picture of molecules is incorrect, as it is the delocalized molecular orbitals that
hold the molecules together. The two solutions to this problem are: (i) the model-
ing of stable transition-state analogues with molecular mechanics; or (ii) a combi-
nation of quantum mechanics for the reactive portion and molecular mechanics
for the rest of the model.

Phosphonates are an example of a stable transition-state analogue, as they
mimic the transition state for ester hydrolysis and can be modeled using molecular
mechanics. Although phosphonates [49] and other transition-state analogues only
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approximate the true transition state, these approximations are minor compared
to the other elements that are often missing from a computer model.

The modeling of a transition state directly requires a quantum mechanical
description, and researchers combine quantum mechanics for the reactive region
and molecular mechanics for the remainder of the protein in different ways. One
approach is stepwise: here, quantum mechanics are used to model the transition
state in the gas phase, after which the model is transferred to the enzyme and the
calculation continued using molecular mechanics. A possible improvement is to
calculate the transition state in the active site, using quantum mechanics. However,
the distribution of partial charges changes significantly and the subsequent calcu-
lations more closely match the experimental results [50]. The most complex and
accurate approach is to use simultaneous quantum mechanics for the active site
region and molecular mechanics for the remainder of the protein [51]. These cal-
culations also include the effects of the dynamic fluctuating electrostatic field from
the protein and solvent.

Related to the problem of multiple conformations is the difficulty in finding the
best conformations—that is, the conformations that have the lowest energies
and catalytically productive orientations. The most common methods used are
a systematic search (for a substrate with three or fewer rotatable bonds), the
Monte Carlo method (which generates random conformations) and—most often—
molecular dynamics (which creates a very short movie of molecular motion). Most
problems are too large for a systematic search, while Monte Carlo methods are
often inefficient because conformational change in enzyme complexes usually
involves cooperative motion, which Monte Carlo methods model only poorly.
Although molecular dynamics is the best way to search for alternate conformations
of enzyme-transition-state complexes, it can also miss conformations. As the
model mimics only a few nanoseconds of real time, any conformations that are
separated from the starting conformation by a significant energy barrier, which
requires infrequent motions to cross, may be missed.

As discussed above, the slow enantiomer may adopt an umbrella-like inversion
orientation for reactions that do not involve bond making or bond breaking at the
stereocenter, such as lipase-catalyzed reactions. In principle, a good conforma-
tional search will find these orientations, but in practice modeling has focused on
the exchange of substituent orientations. Some research groups have suggested
that BCL, CRL and CAL-B make mistakes via an M/L permutation [27, 52-54],
while Nakamura et al. [SS5, 56] suggested that BCL makes mistakes via an M/H
permutation (Figure 2.7). In the figure the X-ray structures of phosphonate transi-
tion-state analogues bound to CRL suggest that the umbrella-like inversion orien-
tation is important. Clearly, if the conformation of the slow enantiomer is incorrect,
then the predicted enantioselectivity will also be incorrect.

Although some of these proposals contradict each other, more than one may be
correct. The orientation may differ for different lipases, or even for different sec-
ondary alcohols, with a single lipase. For example, it is reasonable that CRL with
its large, open alcohol-binding site and CAL-B with its narrow, deep alcohol-
binding site, might make mistakes by different pathways.
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the active site of lipase. The fast-reacting the oxygen and catalytic histidine. Accurate
enantiomer orients with the large substituent  prediction of enantioselectivity requires

into the page, the medium substituent into knowing which orientations contribute to the
the page, and the hydrogen in the plane of reactivity of the slow enantiomer.

the page. The slow enantiomer may fit into

A more subtle problem in finding the global minimum occurs when two calcula-
tions yield the ‘same’ structure, but with slightly different energies. The energies
differ because of small, presumably unimportant, differences far from the active
site. For example, water molecules or side-chain orientation may differ on the
surface of the enzyme. Minimization/molecular dynamics do not relax all such
differences. One solution to this problem is careful model building; if the intention
is to compare two structures, then one structure should be built and minimized,
and then carefully modified to the other structure in a manner that does not
introduce any unwanted differences. Heffner et al. [57] suggested another solution
to this problem. Instead of calculating the energies for the whole enzyme-transi-
tion-state complex, they calculated interaction energies only for the transition state
and selected nearby residues. This approach eliminated presumably unimportant
differences far from the active site and gave a closer agreement with measured
enantioselectivities.

Finally, some reactions—electron or hydride transfer—may involve quantum
mechanical tunneling, which is a new reaction path not included in classical tran-
sition state theory. The inclusion of quantum mechanic tunneling and the effects
of protein motion on catalysis is an active area of research (e.g. see Ref. [58]),
although others argue that that transition state theory can include all of these
effects [59]. Monsan and coworkers have suggested that it is access to the active
site, and not the transition state, which explains the enantioselectivity of a lipase
towards 2-bromophenylacetic acids [60], although quantitative modeling of access
also did not match the enantioselectivity.
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Mutations Closer to the Active Site Increase Enantioselectivity More Effectively than
Mutations Far from the Active Site

Despite the incomplete understanding of enzyme enantioselectivity and the inabil-
ity to quantitatively model enantioselective reactions, research groups have
successfully engineered many dozens of enzyme variants with increased
enantioselectivity. Some examples involve rational design, and others random
mutagenesis and screening of the resultant variants. Although the molecular
details differ in each case, it is possible to draw one simple generalization—
that mutations closer to the active site lead to higher enantioselectivity
increases than those far from the active site. This is not to say that distant muta-
tions cannot increase enantioselectivity; there are some distant mutations that
increase enantioselectivity, but the increases are smaller than the best examples
lying closer to the active site. Furthermore, whilst not all close mutations increase
enantioselectivity, the most effective mutations are found close to the active
site.

These conclusions were derived from a survey of single amino acid substitutions
in enzymes with known three-dimensional structure (Figure 2.8 and Table
2.1). The list includes both rational design and directed evolution experiments.
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Figure 2.8 Location of single amino acid acid. Enantioselectivity increases—expressed
substitutions that increase enzyme as activation free energy differences
enantioselectivity. The distances plotted along (~AAAG*) -lie along the
the x-axis are the distances from the y-axis. The biggest increases in
stereocenter of the substrate to the closest enantioselectivity occur when the
nonhydrogen atom of the mutated amino substitutions are close to the substrate.
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The increases in enantioselectivity from wild-type to variant are given as free ener-
gies using ~AAAG* = RTIn(E,uant/ Evilaype)- The distances are from the key active
site residue (or the stereocenter of the substrate) and closest nonhydrogen atom
of the original amino acid. These distances are an upper limit as the substrate
extends beyond the stereocenter or key active site residue. In addition, induced-fit
or enzyme motion may move them toward one another. Distances of 5-8 A indi-
cate that the mutated amino acid probably contacts the substrate directly.

The enzymes in which the mutations caused the largest increase in enantiose-
lectivity were a phosphotriesterase, horseradish peroxidase and a lipase [49, 52,
63]. For the phosphotriesterase, the most successful single mutation was Gly60Ala
(amino acid residue at position 60 changed from glycine to alanine), which
increased the enantioselectivity from 21 to 11 000 (520-fold, ~AAAG* = 3.7 kcalmol ™)
for the hydrolysis of p-nitrophenyl ethyl phenyl phosphate [63] (Figure 2.9).
This mutation was chosen rationally from the crystal structure with a bound
substrate analogue to decrease the size of the small binding pocket of the active
site. Although, the phosphorus stereocenter of a bound inhibitor lies 7.7 A
from the Gly60, this overestimates the interaction distance. The isopropyl group
of the inhibitor lies only 4.3A away, and the methyl side chain in the Ala
variant will lie even closer. For horseradish peroxidase, a Phe41Leu mutation,
also chosen by rational design, increased enantioselectivity up to 35-fold (-AAAG*
= 2.1kcalmol™) for the sulfoxidation of thioethers [49]. This mutation was also
chosen rationally, based on structures of related peroxidases to increase the acces-
sibility of the substrate to the active site. The crystal structure of horseradish per-
oxidase has since been solved and shows that Phe41 is 3.1 A from the hydroxamate
oxygen of a bound inhibitor. For PAL, the best mutation was Leu162Gly, identified
through directed evolution. This single mutation increased the enantioselectivity
from 1.1 to 34 (-AAAG* = 2.0kcal mol™) towards p-nitrophenyl 2-methyldecanoate
[52]. This amino acid residue was only 3.8A from the stereocenter of the
substrate.

This survey also shows that distant mutations (>10A from the substrate) can
improve enantioselectivity (19 of 71 examples in Table 2.1), albeit less effectively.
The molecular mechanism for these changes may be a propagation of structural
changes to the active site where they cause subtle structural changes. A chemical
example of such a ‘domino effect’ showed that a series of conformational changes
in amides controlled the stereochemistry of a bond 25A away [86]. A few of the
‘distant’ mutations may be an artifact of the distance definition. As mentioned
above for horseradish peroxidase, the distance between substrate substituents and
amino acid side chains is likely shorter than the distance to the substrate stereo-
center. The distance also shortens when the introduced amino acid is larger than
the original one. However, the amount of data available differs for each experiment
and this imperfect definition of distance allows inclusion of a wide range of
experiments.

Several other lines of evidence also suggest that closer mutations are more effec-
tive than distant ones in increasing enantioselectivity. First, the proportion of
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variants with increased enantioselectivity was higher when the changes were close
to the active site. Mutations of the entire Pseudomonas fluorescens esterase (PFE)
using error-prone PCR yielded <1% of catalytically active variants with increased
enantioselectivity. These mutations were far (13-15A) from the substrate-binding
site [69]. In contrast, focusing the mutations into the substrate-binding site using
saturation mutagenesis yield 13% improved variants. There were a total of 76 pos-
sible mutants, of which approximately half were catalytically active. Five of these
(13%) showed increased enantioselectivity and the increases in enantioselectivity
were much higher (up to fivefold to E = 61) [53]. Another line of evidence is that
computations and experiments with organometallic catalysts show that stereodi-
recting groups close to the reaction center give higher enantioselectivity than
distant ones [87]. Organometallic catalysts and enzymes use the same physical
principles to distinguish enantiomers, so these conclusions most likely also apply
to enzymes. Lastly, the hypervariable region of antibodies lies in the antigen-
binding site, which also suggests that closer mutations are the best way to change
the binding specificity. As antibodies do not normally catalyze reactions this
example might not apply to enzymes.

2.4.2
Reversing Enantioselectivity by Exchanging Locations of Binding Sites or
a Catalytic Group

In approximately a dozen cases, research groups have achieved a more challenging
goal, namely to reverse the enantioselectivity of an enzyme using protein engineer-
ing (Table 2.2) [10]. This reversal usually involves multiple amino acid substitu-
tions, the most likely molecular basis for the reversal being either exchanged
locations for two substituents or a switch in the location of a catalytic residue.
Table 2.2 includes only examples where the enantioselectivity for both wild-type
and variant is >5, and so omits partial successes where protein engineering mainly
destroyed the enantioselectivity.

One example of exchanging locations for two substituents is the engineered
reversal of enantioselectivity of organophosphorus hydrolase (OPH) (see Figure
2.9). OPH shows moderate enantioselectivity (E = 21) toward phosphate triesters
such as p-nitrophenyl ethyl phenyl phosphate [63]. The hydrolysis favors the S,
enantiomer of the substrate but yields an achiral product,a phosphorus diester.
The substrate-binding pocket contains a small and a large subsite. As mentioned
above, decreasing the size of the small subsite by making a Gly60Ala mutation
increases the enantioselectivity from E = 21 to >100. In order to reverse the enan-
tiopreference, Raushel and coworkers first increased the size of the small subsite
with three amino acid substitutions, which eliminated the enantioselectivity. Next,
they decreased the size of the large subsite with a histidine to tyrosine substitution
to increase the enantioselectivity to >100, favoring the R, enantiomer. A similar
mutant showed a reversed enantiopreference to methyl phenyl phosphinate esters
[97].
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o Phe132Gly 0
Gly60Ala @>P<0Ph Ser308Gly PhO-P<@ His257Tyr
! 1le106Gly !
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NO, NO,
leaving leaving
group group
E =21 Sp (wild-type) E > 100 Rp (mutant)

E > 100 Sp (Gly60Ala mutant)

Figure 2.9 Organophosphorus hydrolase catalyzes the
enantioselective hydrolysis of phosphate triesters. The wild-
type enzyme favors the S, enantiomer of p-nitrophenyl ethyl
phenyl phosphate (E = 21). Decreasing the site of the small
site using a Gly60Ala mutation increased enantioselectivity to
E > 100. Reversing the relative sizes of the subsites using the
four mutations shown reverses the enantiopreference.

Such pairwise mutagenesis in the active site may be the best strategy for revers-
ing enantiopreference because reversal involves cooperativity, switching the loca-
tion of not a single substituent but two substituents of the chiral substrate. Indeed,
multiple mutations have reversed the enantioselectivity of horseradish peroxidase,
BCL (two examples) and esterase from Burkholderia gladioli. Of the 11 examples
listed in Table 2.2, only two used a single mutation: a Phe352Val mutation in the
active site of naphthalene dioxygenase, which reversed its enantiopreference in
the hydroxylation of biphenyl [32]; and the Trp104Ala mutation in the active
site of CAL-B, which reversed its enantiopreference in the acylation of 1-
phenylethanol. In both cases, enantioselectivity was decreased from high (E > 100)
to moderate towards the other enantiomer (7.7 and 6.6, respectively). This sug-
gested that additional mutations on the other side of the active site might increase
enantioselectivity towards the newly preferred enantiomer. Changing the reaction
solvent can also reverse the enantioselectivity [35], most likely due to solvation
changes in the solvent-exposed portions of the substrate. However, this approach
affects only the solvent-exposed substituent and has been less effective than protein
engineering.

Although directed evolution has also reversed the enantioselectivity of enzymes,
it required multiple mutations, possibly due to the difficulty of discovering
cooperative mutations. Reetz and coworkers dramatically reversed the enantio-
preference for PAL [64]. The wild-type lipase was nonselective towards 2-
methyldecanoate esters (E = 1.1), but repeated random mutagenesis with different
strategies, combined with screening, yielded two variants with good selectivity for
opposite enantiomers. The (R)-selective lipase (E = 30) differed from the wild-type
by 11 amino acid substitutions, while the (S)-selective lipase (E = 51) differed in
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six other substitutions. Thus, the reversal in this case requires 17 amino acid
substitutions.

The last two entries in Table 2.2 repositioned catalytic groups to reverse enan-
tiopreference. Vanillyl-alcohol oxidase (VAO) catalyzes the enantioselective oxida-
tion of 4-ethylphenol to (R)-1-(4-hydroxyphenyl)ethanol (E=32), while the
structurally related p-cresol methylhydroxylase (PCMH) forms the (S)-enantiomer
(E ~ 2). The oxidation involves oxidation of the phenol to the quinone methide
intermediate by the flavin cofactor, followed by the addition of water to one face
of the quinone methide to form the product alcohol. The X-ray structures revealed
an aspartate residue in VAO near one face of the intermediate, and a glutamate
residue in PCMH near the opposite face. It was hypothesized that these catalyti-
cally equivalent carboxylate groups positioned a water molecule to form the (R)-
alcohol in VAO and the (S)-alcohol in PCMH. Van den Heuvel and coworkers
tested this hypothesis by reversing the enantiopreference of VAO. They prepared
a double mutant of VAO, Asp170Ser/Thr457Glu, which removed the aspartate
from one side of the intermediate and introduced a glutamate on the other side.
As predicted, this double mutant showed opposite enantioselectivity and formed
(S)-1-(4"-hydroxyphenyl)ethanol (E =9).

In another example, Ohta and coworkers reversed the enantiopreference of an
arylmalonate decarboxylase by moving the cysteine residue to the other side of the
active site.

2.5
Concluding Remarks

The enantioselectivity of enzyme-catalyzed reactions will continue to be important
because it raises fundamental scientific questions, and because of the practical
importance of pure enantiomers to the pharmaceutical industry. Enantioselectivity
is a fundamental property of biological systems; indeed, pure enantiomers are all
derived from biosynthesis either directly as natural products or as products of
enzyme-catalyzed syntheses or indirectly via chemical synthesis using auxiliaries
derived from biosynthesis. A rare exception to this statement is the direct crystal-
lization of enantiomers, similar to the first resolution of tartrate salts by Pasteur,
which uses the crystal lattice for enantiomer recognition.

Enantioselectivity is also an excellent place to test our understanding of molecu-
lar recognition because enantiomers have identical physical and chemical proper-
ties, and differ only in their shape. In contrast, selectivity between different
molecules or diastereomers can be complicated by solubility differences, con-
former distribution differences, and even reactivity differences.

Protein engineering can improve and even reverse the enantioselectivity of
enzymes. Currently, the approach is qualitative and still relies on the chemical
insights of the researcher as well as a little luck. Reliable predictions will require
not only the quantitative prediction of enantioselectivity, as discussed above, but
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also a prediction of protein folding, reactivity and stability so that the variant pro-
duced is a good and stable catalyst.
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Abstract

Enantioselective enzyme reactions are enzyme-catalyzed reactions that discrimi-
nate between enantiomeric substrates or products. Enzymes are enantioselective
because they stabilize the transition state for fast-reacting enantiomer more ef-
fectively than for the slow-reacting enantiomer. Orienting the fast-reacting enanti-
omer in the active site is usually straightforward, but the slow-reacting enantiomer
orientation is more difficult to predict because several orientations are possible.
Some orientations involve exchanged locations of two substituents; other orien-
tations involve an umbrella-like inversion where only one substituent (usually
hydrogen) lies in a new location. High enantioselectivity requires the destabiliza-
tion of all possible orientations for the slow-reacting enantiomer and different ori-
entations require different strategies for destabilization. Protein engineering using
rational design or random mutagenesis shows that mutations closer to the active
site increase enantioselectivity more effectively than those far from the active site.
Protein engineering can also reverse enantioselectivity by moving binding sites or
key catalytic residues.
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