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One often-cited weakness of biocatalysis is the lack of mirror-image
enzymes for the formation of either enantiomer of a product in
asymmetric synthesis. Enantiocomplementary enzymes exist as the
solution to this problem in nature. These enzyme pairs, which catalyze
the same reaction but favor opposite enantiomers, are not mirror-
image molecules; however, they contain active sites that are function-
ally mirror images of one another. To create mirror-image active sites,

nature can change the location of the binding site and/or the location of
key catalytic groups. In this Minireview, X-ray crystal structures of
enantiocomplementary enzymes are surveyed and classified into four
groups according to how the mirror-image active sites are formed.

1. Introduction

Synthetic routes to pure enantiomers involve either
resolution or asymmetric synthesis. Both enantiomers are
obtained by the resolution of a racemic mixture, albeit in only
50% theoretical yield. Asymmetric syntheses yield one
enantiomer with a theoretical yield of 100%. This higher
theoretical yield of asymmetric syntheses can lower costs and
minimize environmental impact.
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A weakness of asymmetric synthe-
sis is the 50 % chance that the product
enantiomer is the wrong enantiomer. If
chemical reagents or catalysts are
involved, then the solution is simple:
the reagent or catalyst must be used in
the appropriate enantiomeric form to
yield the desired enantiomer. In the
case of biocatalysis, this solution is not possible: enantiomeric
biocatalysts do not exist in nature. Researchers often cite this
limitation of biocatalysis as a major disadvantage.

Although enantiomeric biocatalysts do not exist in nature,
we show herein that enantiocomplementary biocatalysts are
surprisingly common. Enantiocomplementary biocatalysts
contain active sites that are functionally mirror images of
one another. They catalyze the same reaction to yield
opposite enantiomers and thus overcome the limitation
derived from the lack of true mirror-image biocatalysts.

Another reason to study enantiocomplementary enzymes
is to identify the molecular basis of catalysis. Enantiocomple-
mentary enzymes catalyze the same reaction, but may have
different protein structures and/or different functional groups
within the active site. The identification of common elements
in both enzymes may reveal elements essential to catalysis.

Herein, we survey and classify 14 naturally occurring pairs
of enantiocomplementary enzymes (Table 1). The focus is on
synthetically useful enzymes for which an X-ray crystal
structure is available for at least one of the enzymes in the
pair. We also describe the discovery or engineering of new
enantiocomplementary enzyme pairs. On the basis of a
classification system, we suggest pairwise mutagenesis in the
active site as a promising route to new enantiocomplementary
enzymes.
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2. Proposed Classification

A classification of enantiocomplementary enzyme pairs is
proposed in Figure 1. Previously, enantiocomplementary
enzymes have been compared case by case; until now, no
systematic classification of the strategies of nature has been
attempted. In all cases, the active sites of enantiocomple-
mentary enzyme pairs function as mirror images, as the
substrates are mirror images of one another. However, if one
uses the protein fold or a cofactor as a reference, then one can
identify the relationship between these mirror-image active
sites in terms of the active-site positions that are exchanged to
create the enantiocomplementary active site. The molecular
basis for the reversed enantiopreference is classified by
defining which positions are exchanged. The Supporting
Information includes a flow chart for the classification of
enantiocomplementary enzymes.

Group 1 (Figure 1) contains cases of the recreation of
mirror-image active sites in different protein folds."! As the
protein structures differ, there is no reference point for

Same protein fold

Different protein fold

mirror plane mirror plane in plane of page
Group 1 Group 3
X /\ B/
; CQ -mirror “4 "S- mirror
plane plane
mirror plane in plane of page
Group 2 Group 4

Figure 1. Classification of enantiocomplementary enzyme pairs accord-
ing to the relationship between the mirror-image active sites. X
represents a substituent directly involved in bond making and bond
breaking; A, B, and C represent nonreacting substituents. The benzene
ring in the schematic illustration for group 2 represents a cofactor,
such as flavin, pyridoxal, or nicotinamide.
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comparison, and one can not identify the specific differences
in the two active sites. Examples include true mirror images
created by the chemical synthesis of enzymes from D-amino
acids (e.g., HIV protease, ent-HIV protease) and naturally
occurring functional-mirror-image active sites in which the
amino acid residues may differ, although their chemical roles
remain similar (e.g., R- and S-selective hydroxynitrile lyases).
If the enzymes contain a cofactor, then the active sites are on
opposites sides of the cofactor in the two enzymes so that the
active sites in combination with the cofactor are mirror
images.

Group 2 also contains examples in which the protein folds
differ; however, a cofactor serves as a reference point (e.g.,
o-hydroxy acid dehydrogenases with nicotinamide as a
reference point). As the active sites are on the same side of
the cofactor, the active sites in combination with the cofactor
are not mirror images; instead, the active sites without the
cofactor are mirror images. As the reacting substituents must
face the cofactor in both enzymes, the active site must
exchange two nonreacting substituents to create a mirror
image. The domains that position the cofactor are often
related even when the active-site domains are not. In these
cases, a new active site has been added to an existing cofactor-
binding domain.

The last two groups, groups 3 and 4, comprise enzymes
with the same protein fold, which serves as a reference that
can be used to determine how these proteins diverged to
create functionally enantiomeric active sites. In group 3, the
binding sites for substituents not directly involved in catalysis
are exchanged (e.g., in amino acid oxidases), as described for
enzymes in group 2. In group 4, a catalytic group changes its
location (e.g., a carboxylate residue in vanillyl-alcohol
oxidase/p-cresol methylhydroxylase).

3. Examples

3.1. Group 1: Different Protein Folds Recreate Mirror-Image
Active Sites

The most evident enantiocomplementary enzyme is the
true enantiomer of an enzyme. True mirror-image enzymes
can not be created from pD-amino acids through ribosome-
mediated biosynthesis, but they can be produced by chemical
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Table 1: Some structurally characterized naturally occurring enantiocomplementary enzyme pairs.

Enzymes Reaction(s) catalyzed Same protein fold > Group
R- and S-selective hydroxyni-  addition of hydrogen cyanide to aldehydes and no; oxidoreductase fold with flavin versus a/p 1
trile lyases; ketones (mandelonitrile, E=200 (R); hydrolase fold
pdb Tju2 and 1ybé 2-cyclohexyl-2-hydroxyethanenitrile, E=200 (S))
methionine sulfoxide reduc- reduction of methionine sulfoxides to no; rolled mixed 3 sheet flanked by three a helices 1
tases A and B; methionine; MsrA: E =10 (S), MsrB favors R, no versus antiparallel 3 strands organized in two sheets
pdb 1fvg and 111d quantitative data available that face each other to form a barrellike core
lipase and subtilisin; hydrolysis of esters of secondary alcohols; acylation no; a/f hydrolase fold versus subtilisin fold 1
pdb 1lpm and 1cse of secondary alcohols in non-aqueous media (e.g.,
hydrolysis of menthyl acetate with CRL, E>100 (1R);
acylation of 1-phenylethanol with subtilisin Calsberg
in dioxane, E=25 (S))
p-amino acid oxidase and fla-  flavin-dependent oxidation of p-alanine to the imine no; p-hydroxybenzoate hydroxylase topology versus 1
vocytochrome b,; pdb 1cOp and oxidation of L-lactate to pyruvate, E high (a/P)s barrel topology for FCB
and 1fcb
L-aspartate aminotransferase  pyridoxal-dependent transfer of ammonia between  no; aminotransferase fold | versus fold IV 1
and p-amino acid aminotrans- amino acids and the corresponding 2-keto acids;
ferase; pdb 1ajs and 3daa L-AAAT: L-aspartate, E~10°% D-AAAT: E high
hydratase 1 (crotonase) and  addition of water to trans-2-enoyl-CoA; no; crotonase fold for hydratase 1 and hotdog fold for 1
hydratase 2; crotonyl-CoA: E>20 (L); hydratase 2
pdb 1m;j3 and 1pn4 trans-2-decanoyl-CoA: E high (D)
R- and S-a-hydroxyacid reduc- nicotinamide-dependent reduction of no; limited similarity only in the nicotinamide-bind- 2
tases; pdb 1dxy and Thyh 2-ketoisocaproic acid to 2-hydroxyisocaproic acid, ing domain (7% sequence identity, Z score 6.1 for
£>200 (R), E high (S) 120 of 330 aa)
L- and D-lactate dehydrogen-  nicotinamide-dependent reduction of no; limited similarity only in the nicotinamide-bind- 2
ases; pdb lez4 and 2dId pyruvate to lactate, E=46 (p), E high (L) ing domain (13 % sequence identity, Z score 6.0
for 119 of 333 aa)
D-lactate dehydrogenase and  flavin-dependent oxidation of lactate to no, seven-stranded 3 sheet surrounded by seven 2
flavocytochrome b,; pdb 1fOx  pyruvate, E high o helices versus (a/P)s barrel topology for FCB
and 1fcb
D- and L-amino acid oxidases; flavin-dependent oxidation of amino acids to imines, no; p-amino acid oxidase domain versus amine 2
pdb 1cOp and 2iid E high oxidase domain; limited similarity only in the flavin-
binding domain (13 % sequence identity, Z score 13
for 247 of 484 aa)
naphthalene dioxygenase and non-heme iron-catalyzed dihydroxylation of 1,2-dihy- very likely; 35% sequence identity, but no structure 3
toluene dioxygenase; dronaphthalene; sulfoxidation of alkyl aryl sulfides; solved for TDO
pdb 107p benzylic hydroxylation of indan-2-ol, E>50 (1R,2S)
for NDO and E>50 (15,2R) for TDO
aminotransferases for pyridoxal-dependent transfer of ammonia between  yes; both fold IV (19% sequence identity, Z score 27 3
branched-chain L- and p-ami- amino acids and the corresponding 2-keto acids, for 269 of 365 residues, 2.1 A mean deviation of C*
no acids; pdb 1kt8 and 3dda  E> 100 for isoleucine positions)
D- and L-hydantoinases; pdb  hydrolysis of 5-monosubstituted hydantoins to yes; both contain a TIM barrel and urease-subunit 3
1k1d and Tgkr N-carbamoyl a-amino acids, E> 50 (D) for the C domain (34% sequence identity, Z score 52 for 435
phenylalanine precursor and E> 50 (L) for the of 460 aa, 2.1 A mean deviation of C* positions)
tryptophan precursor
vanillyl-alcohol oxidase and flavin-dependent benzylic hydroxylation of yes; 33 % sequence identity, Z score 48 for 513 of 555 4

p-cresol methylhydroxylase;
pdb 2vao and 1diq

4-ethylphenol, E=32 (R), E~2 (S)

aa; 1.5 A mean deviation of C* positions

[a] The structures were compared by using DALI Lite: http://www.ebi.ac.uk/DaliLite/.
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synthesis. In the 1990s, the b forms of HIV protease
(99 amino acids)®? and oxalocrotonate tautomerase
(62 amino acids)®! were synthesized. The enantio-
meric HIV proteases catalyzed the hydrolysis of
enantiomeric peptides, and the enantiomeric oxaloc-
rotonate tautomerases catalyzed allylic 1,3-proton
shifts in D,O, with opposite enantiopreference.
Similarly, Seelig et al.! synthesized the non-natural
L form of a 49-mer ribozyme; the synthetic polynu-
cleotide catalyzed a Diels—Alder cycloaddition with
opposite enantioselectivity to that of the natural
D form. The folding of these enzymes is enantiomeric
(e.g., left- versus right-handed helices), so the protein
folds differ. The chemical synthesis of enantiomeric
enzymes is currently too expensive and too slow tobe ~ ¢)
a practical solution for synthesis. In the future, the
creation of an enantiocomplementary ribosome
could provide a practical synthetic route to enzymes
from p-amino acids.

The naturally occurring proteins in group 1 are
not true mirror-image proteins, but are different
protein structures that have converged to create
active sites that are functionally mirror images
(Table 1). For example, enantiocomplementary hy-
droxynitrile lyases catalyze the addition of hydrogen
cyanide to aldehydes and ketones to form enantio-
meric cyanohydrins.”) The R-selective hydroxynitrile
lyases come from the Rosaceaea family (almond,

Angewandte

His497

cherry, plum, etc.), are distantly related to the “sH S -
. . | s C=N

glucose-methanol-choline (GMC) oxidoreductases, 0 +
and contain the redox cofactor flavin adenine dinu- He F Ry HyN—Lys361

. . I HO "
cleotide (FAD). The flavin cofactor plays (.)nly a N\] \Tyr457 Lys236—NH, OH
structural role and seems to be an evolutionary \ |
remnant. The S-selective hydroxynitrile lyases come Hie 497HN e

from Hevea brasiliensis (rubber tree), Manihot escu-
lenta (cassava), Sorghum bicolor (millet), and Linum
usitatissimum (flax). They lack FAD and adopt the o/
B-hydrolase fold. The X-ray crystal structures of the
Hevea® and Prunus”® hydroxynitrile lyases show
that both catalyze cyanohydrin formation by general
acid-base catalysis and that they position the car-
bonyl compound similarly; however, the cyanide
nucleophile attacks the opposite face of the carbonyl
group in each enzyme to generate enantiomeric
cyanohydrins (Figure 2).

Enantiocomplementary methionine sulfoxide re-
ductases (MsrA and MsrB) reduce methionine sulf-
oxides formed by air oxidation in proteins. This
reduction restores the original catalytic activity and
conformation of the protein. MsrAs reduce methionine
sulfoxides with the S configuration at the sulfur center ((S)-
MetO), whereas MsrBs reduce methionine sulfoxides with
the R configuration at the sulfur center ((R)-MetO).’l The
two Msr types differ in their protein folding but have mirror-
image active sites!'”! (see Figure S1 in the Supporting In-
formation). Both active sites contain a tryptophan residue to
bind the methyl substituent on the sulfoxide, hydrogen-bond
donors to bind the sulfoxide oxygen atom, and a catalytic
cysteine residue that attacks the sulfoxide sulfur atom. In
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most cases, MsrA and MsrB are separate enzymes; however,
in Neisseria gonorrhoeae, one protein contains both active
sites in separate domains.

Lipases and subtilisins are examples of enantiocomple-
mentary enzymes with non-natural substrates. Both are serine
hydrolases, contain a Ser-His-Asp catalytic triad and an
oxyanion hole, and react by a similar mechanism involving an
acyl enzyme intermediate. Both enzymes catalyze the hydrol-
ysis of non-natural substrates, such as esters of secondary
alcohols, but with opposite enantiopreference.'!! This enan-

www.angewandte.org
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Figure 2. a,b) Active-site environment of the R-selective hydroxynitrile lyase (HNL) from
the almond tree (PDB entry: 1ju2; a) and the S-selective hydroxynitrile lyase from the
rubber tree (PDB entry: 1yb6; b) with mandelonitrile in the active site. c,d) Close-up view
of the substrate binding of R- and S-selective hydroxynitrile lyases. Different sets of
hydrogen bonds (Cys328, His497, and Tyr457 in R-HNL/Ser80; Thr11 in S-HNL) position
the mandelonitrile hydroxy group (or the benzaldehyde carbonyl oxygen atom for the
reverse reaction). A hydrophobic binding site (yellow, back) positions the phenyl group of
the substrate (SUB). The positively charged pockets for the cyanide nucleophile lie on
opposite sides of the mirror-image active sites. In S-HNL, this pocket involves direct
hydrogen bonds to Lys236 and His235; however, for R-HNL, the positively charged
residues, Arg300 and Lys361, are farther away and do not make hydrogen bonds to the
cyanide group. e,f) Schematic illustration of the coordination sphere of R- and S-HNL: The
nucleophilic attack of cyanide occurs from opposite sides of the prochiral substrate,
although the substrate is positioned in the same way in both enzymes.

8785


http://www.angewandte.org

Minireviews

8786

tiocomplementary behavior of lipases and subtilisins has been
used to synthesize opposite enantiomers of secondary alco-
hols.'?! When dynamic kinetic resolution was used in a
method equivalent to asymmetric synthesis, one enantiomer
was obtained in high yield and high enantiomeric purity."!

Although lipases and subtilisins have a different protein
structure, the three-dimensional arrangements of their cata-
lytic triads are mirror images of one another!'¥ (see Figure S2
in the Supporting Information). Both active sites have limited
space for one of the substituents of the secondary alcohol, but
the mirror-image orientation of the catalytic centers favors
opposite enantiomers. (Figure S2 in the Supporting Informa-
tion shows catalytically productive orientations for the
S enantiomer of an ester of a spirocyclic secondary alcohol
in the active site of subtilisin Carlsberg!"™! and a (1R)-menthyl
ester in the active site of Candida rugosa lipase.!'*)

Two examples of cofactor-containing enantiocomplemen-
tary enzyme pairs in group 1 are amino acid aminotransfer-
ases (AAATS) with the cofactor pyridoxal and p-amino acid
oxidase/flavocytochrome b2 with the cofactor flavin. L-As-
partate aminotransferase!'” and Bacillus p-amino acid amino-
transferase!'® have different protein folds and mirror-image
active sites (see Figure S3 in the Supporting Information).
The substrate and catalytic lysine residue lie on opposite faces
of the pyridoxal cofactor in the two aminotransferases, so that
the combinations of active site and cofactor are mirror
images. (Another pair of enantiocomplementary AAATS
belong to group 2; see Section 3.2.) D-Amino acid oxidase
(0-AAO)™ and flavocytochrome b2 (FCB)*?! catalyze
mechanistically similar reactions: the oxidation of alanine
(D-AAO) and lactate (FCB), whereby an NH,-CH and an
OH-CH group are oxidized. The X-ray crystal structures
reveal active sites that are functionally mirror images for
alanine in D-A AO and for pyruvate in FCB (see Figure S4 in
the Supporting Information).

Hydratases 1 and 2 catalyze a Michael addition of water to
opposite faces of trans-2-enoyl-coenzyme A.”?! The protein
folds are unrelated and the active sites are functionally mirror
images. (There is a good picture that compares the two in
reference [23].)

3.2. Group 2: Different Protein Folds with Exchanged Locations of
Binding Sites

Group 2 also comprises cases involving different protein
folds, but with the active site on the same face of the cofactor
(Re or Si) in the enantiocomplementary enzymes. The
catalytic groups of the proteins are approximate mirror
images; however, the entire active sites are not approximate
mirror images, because the orientation of the cofactor has not
changed accordingly. The mirror plane that relates the two
active sites (in the plane of the paper in Figure 1) does not
apply to the cofactor.

S- and R-o-hydroxyacid dehydrogenases, like 2-hydroxy-
isocaproate dehydrogenases (2-HicDHs), catalyze the enan-
tiocomplementary reduction of a broad range of a-ketocar-
boxylic acids,* but have different protein structures. (R)-2-
HicDH belongs to the family of tetrameric L-lactate-dehy-
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drogenases,”! whereas (S)-2-HicDH belongs to the family of
D-specific NAD*-dependent 2-hydroxycarboxylate dehydro-
genases.’ The two HicDHs bind the nicotinamide cofactor
similarly and position the a-carbonyl moiety of the substrate
through hydrogen bonds (to Asn143 in (S)-HicDH, to Arg234
in (R)-HicDH; Figure 3). A large hydrophobic pocket
positions the hydrophobic side chain of the substrate, and
the carboxylate group of the substrate is bound by either a salt
bridge (to Argl74 in (S)-HicDH) or an array of hydrogen
bonds (involving Gly78, Asn76, and Tyr100 in (R)-HicDH).
By exchanging the locations of the carboxylate-docking
groups and the hydrophobic pocket, the substrate is turned
around so that the opposite face of the carbonyl group faces
the nicotinamide. In both cases, the dihydronicotinamide
transfers the pro-R hydrogen atom to the carbonyl group. A
similar exchange of carboxylate- and substituent-binding sites
accounts for the enantiocomplementarity of NAD-dependant
lactate dehydrogenases,”” which catalyze the same reaction
but favor smaller substituents, such as R = methyl.

In group 1, we paired yeast D-AAO with flavocytochro-
me b2 as an example of mirror-image active sites in different
protein folds. Yeast D-AAO and snake venom L-AAO also
form an enantiocomplementary pair, which serves of an
example for group 2. The amino acid sequences and domain
folds of p-AAO and L-AAO differ. In the X-ray crystal
structures of yeast D-AAO and snake venom L-AAO,*! the
substrate is bound on the same side of the flavin cofactor. The
o C atom of the amino acid substrate sits above the Re face of
N5 for direct hydride transfer (see Figure S5a in the
Supporting Information). To accommodate the enantiomeric
configuration of the substrate, the substrate-binding groups—
arginine and the hydrophobic region—have exchanged loca-
tions.

The other flavin oxidase from group 1, flavocytochro-
me b2, also forms an enantiocomplementary pair with
membrane-bound D-lactate dehydrogenase (D-LDH) from
E. coli.”! The lactate-binding site is on the same face of the
flavin cofactor in both enzymes, so this example probably also
belongs in group 2.

3.3. Group 3: Same Protein Fold with Exchanged Locations of
Binding Sites

Naphthalene dioxygenase (NDO) and toluene dioxyge-
nase (TDO) both catalyze the dihydroxylation of unsaturated
compounds; however, in the dihydroxylation of 1,2-dihydro-
naphthalene they yield opposite enantiomers with excellent
enantioselectivity (E>100, Figure 4a).”) Presumably, the
favored substrate orientation differs in the two dioxygenases
to expose opposite faces of the substrate to the catalytically
active iron center. No X-ray crystal-structure analysis of TDO
has been reported; however, the two enzymes show 35%
sequence identity and thus probably adopt the same three-
dimensional structure. Eight amino acid residues in the
substrate-binding site differ in NDO and TDO (Figure 4c),
and these differences most likely cause opposite substrate
orientations. NDO and TDO also show an opposite enantio-

Angew. Chem. Int. Ed. 2008, 47, 8782-8793
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a) oH (S)-2-HicDH 0 (R)-2-HicDH OH preference in the oxidation of alkyl aryl
A~ - : 7 sulfides to sulfoxides®! and in the benzylic

R CO,H NADH recycling R CO,H NADH recycling R COH i A =
S R hydroxylation of indan-2-o0l.*?

Consistent with this notion of different
substrate orientations, site-directed mutagen-
esis of NDO reversed its enantiopreference in
the 3,4-dihydroxylation of biphenyl. Wild-
type NDO catalyzes the highly enantioselec-
tive dihydroxylation of biphenyl at both the
2,3-position (87 %, major product, not shown)
and the 3,4-position (13 %, minor product,
E>100; Figure 4b). The replacement of
Phe352 with valine in NDO altered the
regioselectivity, so that the 3,4-dihydroxylat-
ed product was formed as the major product
(96%), and reversed the enantioselectivity
(albeit with just E=7.7)."% This reversal in
the enantioselectivity presumably results
from an altered substrate orientation, as
Phe352 forms part of the substrate-binding
site (Figure 4b).5

Bacillus p-amino acid aminotransferase
(see group 1, Section3.1) also forms an
enantiocomplementary pair with branched
chain L-amino acid aminotransferase.*! Both
enzymes have the same protein fold (type IV)
and position the substrate on the same face of
pyridoxal phosphate (PLP; Re face; see Fig-
Tyr100 ure S5b in the Supporting Information). An

exchange of the binding sites for the o car-
boxylate and the side chain reverses the
enantiopreference.
f) a) Recently, Andexer et al. reported an R-
Argl74 His295 selective hydroxynitrile lyase with an amino
WHz, lgiBs Z‘ acid sequence—and presumably a 3D struc-
) 3 ture—similar to that of the S-selective hy-
N droxynitrile lyase from Hevea brasiliensis.*®
GIVTS—NH They suggested that the reversal in enantio-
IR:face S, Arg234 o o o
HN.__.O 2[ Hzﬁ selecFlVlty stems from a switch in the binding
HPoR  aci1aa o NHg_ H pro R H,N locatlor.l o.f the l}ydrogen atom and the
CONH, i CONH, aromatic side chain of the substrate (e.g.,
| Asn76 ol benzaldehyd.e). .
NADH hned NADH Hydantoinases adopt the TIM (triose-
phosphate isomerase) barrel fold and cata-
lyze the enantioselective hydrolysis of
Figure 3. a) Enantiocomplementary reduction of a-ketocarboxylic acids with (R)- and (S)- 5-monosubstituted hydantoins to yield N-
2-hydroxyisocaproate dehydrogenase. Active-site environment of b) (S)-2-hydroxyisocap- carbamoyl derivatives of o-amino acids.””
roate dehydrogenase containing the modeled substrate (PDB entry: Thyh) and c) (R)-2-
hydroxyisocaproate dehydrogenase (PDB entry: 1dxy), in which the substrate 2-oxoiso-
caproate occupies the opposite orientation. d,e) Focus on the active sites. The a-carbonyl

>95% ee R = Et, n-C;H;, n-CHg, n-CgH, 4, >95% ee
Me,CH, Me,CH(CH,), PhCH,

~F

| o
ADP-ribosyl ADP-ribosy!

Most hydantoinases are D selective; however,
the hydantoinase from Arthobacter aurescens

moiety is positioned by H bonds (Asn143 and His198 in (S)-2-HicDH; Arg234 and favors the 1 enantiomer of 5-(3'-indoylme-
His295 in (R)-2-HicDH) in superimposable positions. The large side chain is accommo- thyl)hydantoin, a precursor of L-tryptophan.
dated in a lipophilic pocket (yellow) in opposite orientations in the two enzymes Modeling based on the X-ray crystal struc-
(towards the front and towards the back, respectively), whereas the carboxylate terminus tures suggests that the hydantoin side chain

is fixed in opposite orientations by a salt bridge or a tight network of H bonds (Arg174 in  pinds at different locations in the two en-
(5)-2-HicDH; Gly78, Asn76, and Tyr100 in (R)-2-HicDH). The attack of the pro-R hydride 38]

from NADH (the reduced form of nicotinamide adenine dinucleotide) onto C* occurs in
both enzymes from the bottom (indicated in green). The substituents of NADH are
simplified by spheres. f,g) Schematic illustration of the coordination sphere of an
a-ketocarboxylic acid bound to (S)- and (R)-2-hydroxyisocaproate dehydrogenase.

Zymes.
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Figure 4. Enantiocomplementary oxidation reactions catalyzed by naphthalene

dioxygenase (NDO) and toluene dioxygenase (TDO). a) NDO catalyzes the
dihydroxylation of dihydronaphthalene with high enantioselectivity for the

1R,2S enantiomer, whereas the related enzyme toluene dioxygenase (TDO) favors
the 1S,2R enantiomer. The two different product orientations shown in brackets
present opposite faces of the substrate to the catalytic iron center and probably
account for the opposite enantiopreference. b) NDO catalyzes the 3,4-dihydrox-
ylation of biphenyl to give the minor product (shown) with high stereoselectivity

(E>100; 3R,4S). The Phe352Val mutation reverses the enantiopreference

(E=7.7; 35,4R). ) X-ray structure of a naphthalene dioxygenase (green) com-
plexed with a dihydroxylated product (1,2-dihydronaphthalene-1,2-diol, orange
carbon atoms) at the active-site iron atom (magenta sphere; PDB entry: 107p).
The substrate-binding site of toluene dioxygenase differs from that of NDO at
eight amino acid positions, seven of which are shown with gray bonds (sticks).
(One such residue, Phe224, lies outside this view; see the 3D computer model in
the Supporting Information). Phe352 (cyan) is the mutation that reverses the
enantioselectivity of NDO for the 3,4-dihydroxylation of biphenyl.
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3.4. Group 4: Same Protein Fold with Different Locations of a
Catalytic Group

Vanillyl-alcohol oxidase (VAO) catalyzes the enantiose-
lective oxidation of 4-ethylphenol to (R)-1-(4'-hydroxyphe-
nyl)ethanol (E =32),”" whereas structurally related p-cresol
methylhydroxylase (PCMH) forms the S enantiomer (E~2;
Figure 5).4%] The two enzymes share 32 % sequence identity
and X-ray crystal structures show similar active sites and
suggest similar reaction mechanisms.*” Both enzymes contain
a flavin cofactor, which oxidizes the phenol to a quinone
methide intermediate. Next, water adds to one face of the
quinone methide to form the product alcohol. The X-ray
crystal structures revealed an aspartate residue in VAO near
one face of the intermediate and a glutamate residue in
PCMH near the opposite face. It is thought that these
(catalytically equivalent) carboxylate groups position a water
molecule appropriately to form the R alcohol in VAO and the
S alcohol in PCMH. The location of these carboxylate groups
on opposite sides of the substrate suggests that the opposite
enantiopreference stems from this reversed arrangement of
catalytic amino acid residues. This hypothesis was tested by
van den Heuvel et al. by reversing the enantiopreference of
VAO by site-directed mutagenesis.*”) They prepared a double
mutant of VAO (Asp170Ser/Thr457Glu), whereby the aspar-
tate residue was removed from one side of the intermediate,
and a glutamate residue was introduced on the other side. As
predicted, this double mutant showed opposite enantioselec-
tivity and formed (S)-1-(4-hydroxyphenyl)ethanol (E=9;
Figure 5).

All four classifications are based on the assumption that
the enantiocomplementary active site is created by exchang-
ing the locations in the active site of the binding sites for two
groups at the stereocenter formed in the enzymatic reaction,
as this hypothesis is compatible with the available examples. It
may possible to create an enantiocomplementary enzyme by
changing the location of only one binding site; however, no
structurally characterized examples currently exist. The
Supporting Information includes a discussion of this hypoth-
esis.

4. Discovery and Creation of New Enantiocomple-
mentary Enzymes

4.1. Why Enantiocomplementary Enzymes Exist

Nature may create enantiocomplementary enzymes to
confer an evolutionary advantage, but may also create them
accidentally. One evolutionary advantage would be the ability
to use both enantiomers of a carbon or nitrogen source by
using enantiocomplementary amino acid oxidases or amino-
transferases. Similarly, the ability to activate both epimers of
proteins containing methionine sulfoxides is probably also an
evolutionary advantage. Enantiocomplementary epoxide hy-
drolases may be involved in the detoxification of chiral
xenobiotics.*” A nonenantioselective enzyme would confer
similar advantages; however, nature rarely uses this ap-
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Figure 5. The flavin-containing enzymes vanillyl-alcohol oxidase (VAO)
and p-cresol methylhydroxylase (PCMH) both catalyze the oxidation of
4-ethylphenol, but yield enantiomeric alcohols. a) In this transforma-
tion, the oxidation of 4-ethylphenol to a quinone methide is followed
by the addition of water to form the alcohol. b) The X-ray structure of
wild-type VAO (PDB entry: 2vao) shows the flavin cofactor (gray
sticks), the substrate analogue 2-methoxy-4-vinylphenol (orange
sticks), and two key catalytic residues, Asp170 and Thr457 (gray
sticks). c) Site-directed mutagenesis of a catalytic group inverts the
enantiopreference. The overlaying of the X-ray crystal structures of
wild-type VAO (gray sticks) and the Asp170Ser/Thr457Glu double
mutant (blue sticks; PDB entry: 1eQy) shows the carboxylate groups
on opposite faces of the substrate analogues. d) The reaction mecha-
nism involves the addition, catalyzed by the Asp170 carboxylate group,
of a water molecule to the Re face (back) of the carbon—carbon double
bond to form the R alcohol. Site-directed mutagenesis moved the
carboxylate group to the opposite face of the quinone methide
intermediate and reversed the enantiopreference.

proach. Perhaps nonenantioselective enzymes would be poor
catalysts as a result of imprecise substrate positioning.*!
One case in which enantiocomplementarity offers no
evident evolutionary advantage (or disadvantage) is when the
synthesis of either enantiomer achieves the metabolic goal.
For example, the catabolism of aromatic compounds by
naphthalene or toluene dioxygenases or the oxidation of
vanillyl alcohol by vanillyl-alcohol oxidase or p-cresol meth-
ylhydroxylase proceeds to achiral catabolites regardless of
which enantiomer is formed in the initial oxidation. Similarly,
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hydratases produce chiral intermediates for the synthesis and
oxidation of fatty acids, the configuration of which is lost in
subsequent reaction steps. Indeed, Filppula et al. replaced the
yeast enzyme that catalyzes the second and third reactions of
the f oxidation of fatty acids via D-3-hydroxyacyl-CoA
intermediates with the corresponding rat enzyme, which
catalyzes the same reactions via L-3-hydroxy intermediates.”’!
Both stereochemical alternatives enabled the yeast cells to
grow on oleic acid. The defensive release of cyanide from
hydroxynitriles is similarly effective from R or S hydroxyni-
triles; the metabolic purpose of lactate dehydrogenase in
glycolysis is the regeneration of NAD". Lactate is a waste
product, so either enantiomer of the substrate is suitable.

Reactions involving non-natural substrates are another
case in which enantiocomplementarity offers no obvious
evolutionary advantage (or disadvantage), as evolutionary
pressures do not play a role. For example, the natural role of
lipases is lipid hydrolysis, and that of subtilisins is peptide
hydrolysis; their enantiocomplementary behavior toward
secondary alcohols is irrelevant to their natural function and
simply fortuitous. Similarly, the natural function of hydantoi-
nases (“dihydropyrimidinases”) is probably the degradation
of purine and pyrimidines (achiral substrates); therefore, the
enantioselectivity of these enzymes toward hydantoins is
irrelevant in nature.

4.2. Discovery of New Enantiocomplementary Enzyme Pairs in
Nature

Besides the structurally characterized enantiocomple-
mentary enzymes discussed in previous sections, there are
many examples for which structural details are unknown.
Enantiocomplementary terpene cyclases produce either en-
antiomer of a-pinene!*”! or bornyl pyrophosphate.*s! Baker’s
yeast!*] and other yeasts™ contain both L-selective and
D-selective reductases, which reduce o- and p-ketoesters,
often with high enantioselectivity. Different bacterial strains
contain enantiocomplementary Baeyer—Villiger monooxyge-
nases.P!!

This surprisingly common occurrence of enantiocomple-
mentary enzyme pairs suggests that many more natural
examples exist and that the screening of environmental
samples is likely to yield new examples. Recent genome
mining for nitrilases identified 137 new R- and S-selective
nitrilases. The grouping of these nitrilases into clades showed
that most members of a clade tended to have the same
enantiopreference.””

4.3. Engineering Enzymes with Reversed Enantiopreference

It has been possible to reverse the enantiopreference of
synthetically useful enzymes by protein engineering, either by
exchanging the location of binding sites or by changing the
location of a catalytic group (Table 2). For example, Raushel
and co-workers reversed the enantioselectivity of organo-
phosphorus hydrolase (OPH) by exchanging the binding sites
(Figure 6). OPH shows moderate enantioselectivity (E =21)
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Table 2: Examples of the use of protein engineering or directed evolution to reverse enantiopreference (E>5).

Enzyme Substrate Product Mutation(s) Enantioselectivity Group
reversal
organophosphorus ethyl phenyl 4-nitrophenyl  ethyl phenyl diphosphate His257Tyr E=21 (Sp) to 3, changes substrate
hydrolase phosphate (achiral) Phe132Gly E>100 (Rp) orientation
Ser308Gly
1le106Gly
naphthalene biphenyl (achiral) cis-3,4-dihydroxy-3,4-dihydro-  Phe352Val E>100 (3R,4S) to 3, changes substrate
dioxygenase biphenyl E=7.7 (354R) orientation
horseradish peroxidase thioanisole methyl phenyl sulfoxide Leud1His E=66 (S)" to 3, changes substrate
His42A E>100 (R) orientation
lipase from 1,4-dihydropyridine diester  1,4-dihydropyridinecarboxylic Phe221Leu E=6.5 (R) to 3, changes substrate
Burkholderia cepacia acid monoester Val266Leu E>100 (S) orientation
Leu287lle

lipase from
Burkholderia cepacia

ethyl 3-phenylbutyrate 3-phenylbutyrate

esterase from
Burkholderia gladioli

methyl 2-hydroxy-2-methyl-
propanoate acid

esterase from Bacillus
subtilis

1,1,1-trifluoro-2-phenyl-but-
3-yn-1-yl acetate yn-1-ol
lipase from Pseudomo-
nas aeruginosa

p-nitrophenyl 2-methyl-
decanoate

lipase B from Candida
antarctica

1-phenylethanol

vanillyl-alcohol
oxidase

4-ethylphenol (achiral)

arylmalonate
decarboxylase

a-methyl-a-(2-thienyl)-
malonic acid

2-hydroxy-2-methylpropanoic

1,1,1-trifluoro-2-phenylbut-3-

2-methyldecanoate

1-phenylethyl butyrate

4-(1"-hydroxyethyl) phenol

a-(2-thienyl) propionic acid

Leul17Phel E=33(S) to 3, changes substrate

Phel19Leu E=38 (R) orientation
Leu167Gly

Leu266Val

Leu135Phe E=6.1 (S) to 3, changes substrate
Ile152Asn E=29 (R) orientation
Val351Ser

His253Phe

Asp188Trp E>100 (R) to 3, changes substrate
Met193Cys¥  E=64 (S) orientation

17 substitu- E=51 (S) to 3, changes substrate
tions!® E=30 (R orientation
Trp104Ala E>200 (R) to 3, changes substrate

E=13 (S) orientation

Asp170Ser E=32 (R) to
Thr457Glu E=9 (S)

4, moves key catalyt-
ic group

Gly74Cys
Cys188Ser

E>100 (S) to
E=32 (R)

4, moves key catalyt-
ic group

[a] Raushel and co-workers also increased the S, selectivity of the wild-type enzyme to more than 100 with a Gly60Ala mutation, which decreased the
size of the small subsite. [b] The S-selective enzyme is the Phe41Leu mutant. Wild-type horseradish peroxidase shows a lower enantioselectivity of E=
6. [c] Both variants with reversed enantioselectivity contained the four mutations listed. One contained an additional Thr251Ala mutation, whereas the
other contained an additional Asp21Asn mutation. The authors suggest that these additional mutations have little effect on enantioselectivity. [d] The
wild-type enzyme has Glu188, not Asp188, but the Asp188 variant shows higher enantioselectivity for the R-configured substrate: E > 100 versus E =42
for the wild type. [e] The wild-type enzyme showed almost no enantioselectivity (E=1.1). Of the amino acid residues present in the wild-type enzyme,
11 were substituted to form the R-selective mutant, and a different set of six were substituted to form the S-selective enzyme. None of the mutations

involved active-site residues.

toward phosphate triesters, such as ethyl phenyl 4-nitrophenyl
phosphate.™™ The hydrolysis favors the S, enantiomer of the
substrate, but yields an achiral product, a phosphorus diester.
The substrate-binding pocket contains both a small and a
large subsite.’ To reverse the enantiopreference, Raushel
and co-workers first increased the size of the small subsite
through the substitution of three amino acid residues, where-
by the enantioselectivity was eliminated. Next, they de-
creased the size of the large subsite through the substitution
of a histidine residue for a tyrosine residue, whereby the
enantioselectivity was increased to £ > 100 in favor of the Rp
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enantiomer. A similar mutant showed a reversed enantiopre-
ference toward methyl phenyl phosphinates.

Such pairwise mutagenesis in the active site may be the
best strategy for reversing enantiopreference, as reversal
involves cooperativity, and in this way the locations of two
substituents of the chiral substrate can be changed. Indeed,
multiple mutations have reversed the enantioselectivity of
horseradish peroxidase,” the lipase from Burkholderia
cepacia,”*¥ and esterases from Burkholderia gladioli™ and
Bacillus subtilis.* Of the nine examples in Table 2, only two
involved a single mutation: A Phe352Val mutation in the
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Figure 6. Organophosphorus hydrolase catalyzes the enantioselective
hydrolysis of phosphate triesters. The wild-type enzyme favors the

Sp enantiomer of ethyl phenyl 4-nitrophenyl phosphate (E=21). The
enantioselectivity was increased by decreasing the size of the small
subsite through a Gly60Ala mutation. In contrast, when the sizes of
the subsites were reversed through the four mutations shown, the
enantiopreference was reversed.

active site of naphthalene dioxygenase reversed its enantio-
preference in the hydroxylation of biphenyl,” and a
Trpl04Ala mutation in the active site of lipase B from
Candida antarctica reversed its enantiopreference in the
acylation of 1-phenylethanol.®l In both cases, the enantiose-
lectivity decreased from a high enantioselectivity (£ > 100) to
a moderate enantioselectivity for the other enantiomer (7.7
and 6.6, respectively). Additional mutations on the other side
of the active site might increase the selectivity for the new
enantiomer. Some attempts to reverse enantioselectivity by
exchanging the positions of the binding sites were only
partially successful or led to low enantioselectivities (E <
5).65] These examples are not included in Table 2; nor are
numerous examples that involve diastereomers, even if
mutations reversed the enantioselectivity with respect to
one center, as the presence of additional stereocenters
complicates the interpretation. A change of solvent can also
reverse the enantioselectivity (see, for example, refer-
ence [66]), an effect most likely due to solvation changes in
the solvent-exposed portions of the substrate. This approach
affects only substituents exposed to the solvent and has been
less effective than protein engineering.

Directed evolution has also been used to reverse the
enantioselectivity of enzymes; however, multiple mutations
were required, possibly because of the difficulty in discover-
ing cooperative mutations. Reetz and co-workers dramati-
cally altered the enantiopreference of lipase from Pseudo-
monas aeruginosa.!’’’ The wild-type lipase was nonselective
toward a 2-methyldecanoate ester (E=1.1). Repeated ran-
dom mutagenesis by different strategies combined with
screening yielded two variants with good selectivity for
opposite enantiomers. The R-selective lipase (E=30) dif-
fered from the wild type at eleven amino acid positions,
whereas the S-selective lipase (E=>51) differed in six other
substitutions.

The repositioning of catalytic groups is another effective
strategy for the reversal of enantiopreference. The reversal of
the enantiopreference of vanillyl-alcohol oxidase by a double
mutation was mentioned in Section 3.4. In another example,
Ohta and co-workers reversed the enantiopreference of an
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arylmalonate decarboxylase by moving the cysteine residue to
the other side of the active site.[*’]

5. Summary and Outlook

Although some researchers have viewed enantioselectiv-
ity as a fundamental property of biological catalysis that is
difficult to alter, these examples show that a few changes in
amino acid residues can reverse the enantiopreference of an
enzyme. Given that screening for a naturally occurring
enantiocomplementary enzyme is also possible, it is no longer
correct to cite the lack of readily available mirror-image
enzymes as a disadvantage of biocatalysis.
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