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Inverting the Enantiopreference of Nitrilase-Catalyzed Desymmetric
Hydrolysis of Prochiral Dinitriles by Reshaping the Binding Pocket
with a Mirror-Image Strategy
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Qiaqing Wu,* Jianping Lin,* and Dunming Zhu*

Abstract: A mirror-image strategy, that is, symmetry analysis
of the substrate-binding pocket, was applied to identify two key
amino acid residues W170 and V198 that possibly modulate the
enantiopreference of a nitrilase from Synechocystis sp.
PCC6803 towards 3-isobutyl glutaronitrile (1a). Exchange of
these two residues resulted in the enantiopreference inversion
(S, 90% ee to R, 47 % ee). By further reshaping the substrate-
binding pocket via routine site-saturation and combinatorial
mutagenesis, variant E8 with higher activity and stereoselec-
tivity (99 % ee, R) was obtained. The mutant enzyme was
applied in the preparation of optically pure (R)-3-isobutyl-4-
cyanobutanoic acid ((R)-2a) and showed similar stereoprefer-
ence inversion towards a series of 3-substituted glutaronitriles.
This study may offer a general strategy to switch the stereo-
preference of other nitrilases and other enzymes toward the
desymmetric reactions of prochiral substrates with two iden-
tical reactive functional groups.

Introduction

Chiral g-amino acids are important building blocks used
for the synthesis of pharmaceuticals.[1] Among them, the g-
aminobutyric acid derivatives, (S)-3-aminomethyl-5-methyl-
hexanoic acid and (R)-4-amino-3-(4’-chlorophenyl) butyric
acid, are effective components of anticonvulsant Pregabalin
(Lyrica)[2] and the muscle relaxant and antispastic agent
Baclofen (Lioresal)[3] They are also valuable intermediates
for synthesizing other related drugs such as arbaclofen
placarbil[4] and (R)-rolipram.[5] Enzymatic desymmetrization
involving lipase,[6] amidase,[7] nitrilase[8] and one-pot cascade
reaction including artificial Michaelase[9] has been applied in
the synthesis of g-aminobutyric acid derivative. However,

highly stereoselective and efficient enzyme catalysts remain
greatly desired for these biotransformations.

The active pharmaceutical ingredients (S)-Pregabalin
((S)-4a) or (R)-Baclofen ((R)-4b) can be prepared from
chiral cyanocarboxylic acid (2 a or 2b) through two routes
dependent on the absolute configuration of 2a or 2b :
hydration and subsequent Hofmann rearrangement of (R)-
2a or (R)-2b (Scheme 1, Route 1),[7b] or Curtius rearrange-
ment followed by hydrolysis of (S)-2a or (S)-2b (Scheme 1,
Route 2).[8a] In terms of reaction conditions and atomic
economy, the Hofmann rearrangement route has some
advantages,[10] searching for the (R)-selective nitrilase was
thus pursued.

Nitrilase-catalyzed desymmetric hydrolysis of 3-substitut-
ed glutaronitrile is an important method for the preparation
of chiral cyanocarboxylic acids. The desymmetric hydrolysis
of 3-benzoyloxy glutaronitrile with high enantiomeric excess
(> 99% ee, S) was reported by Ohta et al. using Rhodococcus
rhodochrous IFO 15564 in 1991.[11] Since then, numbers of
microorganisms and nitrilases have been applied for the
selective hydrolysis of prochiral dinitrile compounds. Wang
and co-workers reported desymmetrization of 3-substituted
glutaronitriles by Rhodococcus sp. AJ270 with low enantio-
meric excess,[8b,12] and the ee value of (S)-2b was improved

Scheme 1. Synthesis of the active pharmaceutical ingredients (S)-
Pregabalin ((S)-4a) and (R)-Baclofen ((R)-4b) via enzymatic desym-
metrization.
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from 26 % to 63 % by adding acetone.[13] By screening a large
number of nitrilases from various environmental samples, the
scientists at Diversa (Verenium) identified numerous nitri-
lases for the desymmetric hydrolysis of 3-hydroxyglutaroni-
trile, providing (S)-4-cyano-3-hydroxybutyric acid with 98%
ee or (R)-4-cyano-3-hydroxybutyric acid with 95% ee.[14]

Then, a variant A190H of the most effective (R)-nitrilase
from environmental samples was obtained to catalyze the
hydrolysis of 3-hydroxyglutaronitrile to give (R)-4-cyano-3-
hydroxybutyric acid in 98% ee at high substrate concentra-
tions,[15] but generate (S)-2a and (S)-2b in 85% ee and 67%
ee, respectively.[8a] Furthermore, we also tested the desym-
metrization of various 3-substituted glutaronitriles using
other nitrilases.[8a, 16] Among them, (S)-configuration products
were obtained except AtNIT3, which produced (R)-2b in
78% ee but no activity for 1a. To the best of our knowledge,
the (R)-selective nitrilase for desymmetric hydrolysis of 3-
alkyl- or aryl substituted glutaronitriles remains rare.

The enantiopreference of an enzyme can be successfully
inverted by enzyme engineering,[17] but it is still quite
challenging to rapidly achieve it with excellent enantioselec-
tivity and without activity trade-off. Enantiocomplementary
enzymes exist in nature to serve as biocatalysts for the
synthesis of opposite enantiomers. Although these enzyme
pairs are not mirror-image molecules, the active sites of some
enantiocomplementary enzymes such as subtilisin Carlsberg
and lipase from Candida rugosa are identified to be func-
tionally mirror images of one another.[18] By analyzing the
crystal structures of vanillyl-alcohol oxidase (VAO) and its
enantiocomplementary enzyme p-cresol methylhydroxylase
(PCMH), D170, a critical residue for the hydration of the
initially formed p-quinone methide intermediate, was relo-
cated to the opposite face of the active site cavity, creating
a D170S/T457E for the transformation of 4-ethylphenol into
1-(4’-hydroxyphenyl)ethanol with an inverted stereoprefer-
ence.[17q] Thus designing a functional mirror image of an
enzyme active site should greatly facilitate the creation of its
enantiocomplementary counterpart. Recently, the crystal
structure of nitrilase (PDB ID: 3WUY) from Synechocystis
sp. PCC6803 (SsNIT) has been reported.[19] We found that
wild-type enzyme SsNIT exhibited high stereoselectivity
toward 1a (90% ee, S) and 1b (97 % ee, S),[8a] and its triple
mutant (SsNIT-P194A/I201A/F202V) displayed significantly
enhanced catalytic activity and stereoselectivity toward 1b
(99 % ee, S) and other 3-substituted glutaronitriles.[16] Herein,
the stereoselectivity of SsNITwas inverted from S to R toward
the desymmetrization of 3-substituted glutaronitriles by
a “mirror-image” strategy, that is, symmetry analysis of
substrate-binding pocket, followed by site-saturation muta-
genesis and combinatorial mutagenesis.

Results and Discussion

To invert the enantioselectivity of SsNIT toward 1a,
alanine scanning of the amino acid residues in the substrate-
binding pocket, and subsequent semi-saturated and combi-
natorial mutagenesis were performed, giving a best (R)-
selective mutant with 50% ee (Supporting Information,

Section 1.3, Figure S1, Tables S3–S5). The unsatisfactory
results promoted us to seek for different mutation strategies.

High-energy intermediate (HEI) state can reflect early
stereoselective recognition of enzymes, which can be treated
as the proxies for the typically unknown transition state
structure for its chemical similarity with the transition state.[20]

Hence, we simulated the HEI state of the hydrolysis reaction
by restriction covalent docking based on the reaction
mechanism of nitrilase and the crystal structure of nitrilase
SsNIT (Figure 1 A; Supporting Information, Section 1.9).[19,21]

Since 1a is a symmetrical dinitrile, the ligand molecule was
rotated by immobilizing the prochiral center to exchange the
positions of two cyano groups, leading to the HEI state for the
formation of (R)-2a (Figure 1B). Herein, we found that the
isobutyl of 1a was blocked by W170.

As such, a mirror-image strategy was proposed as follows:
the substrate is centered on the chiral carbon, and its four
substituent groups are numbered A, A’, C, and D (as shown in
Figure 1C, A and A’ are two identical cyano groups, C and D
are isobutyl and hydrogen atom). We speculated that when we
interchanged the positions of A and A’, the other two
substituent groups C and D will also exchange their positions,
leading to the other enantiomeric product after CN hydrol-
ysis. We thus envisioned that the configuration of product 2a
would be inverted by exchanging the two residues (W170 and
V198) which interacted with C and D, respectively. Therefore,

Figure 1. The substrate molecule was restricted covalent docking to
the catalytic pocket based on the reaction mechanism. The dotted
green line indicates hydrogen bonding interaction, the dotted yellow
line indicates hydrophobic interaction, and the solid red line indicates
conflict between atoms. A) The HEI state of 1a (cyan) for formation of
(S)-2a. B) The HEI state of 1a (yellow) for the formation of (R)-2a in
the catalytic reaction. C) A cartoon of the mirror-image strategy: A, A’,
C, and D respectively represent four substituent groups of the
prochiral substrate, wherein A and A’ are the two identical CN group,
and C, D are two different substituents. The rotation axis (dotted
green line) is formed by a tetrahedral structure in accordance with the
vertical line of the A-A’ line and the C-D line. Blue blocks, red balls,
orange triangles and silver balls represent protein residues.
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W170 and V198 were dou-
bly mutated to give W170V/
V198W. The resulting mu-
tant enzyme catalyzed the
hydrolysis of 1 a to give (R)-
2a with 47% ee. Further
reducing the bulkiness of
residue W170 and adjusting
V198 led to mutants
W170A/V198W, W170G/
V198W (E2) and W170G/
V198F, which hydrolyzed
1a to afford (R)-enantio-
mer in 17% ee, 60 % ee
and 82 % ee, respectively
(SI Table S6). Variants
W170G/V198W (E2) and
W170G/V198F were thus selected for further studies.

To further improve the stereoselectivity, mutants W170G/
V198W (E2) and W170G/V198F were, respectively combined
with N118A, H141A and F202A, which showed preference to
the formation of (R)-enantiomer compared to wild-type
enzyme in the alanine scanning studies. Six mutants were
constructed and evaluated for the hydrolysis of 1 a (Figure 2;
Supporting Information, Table S6). The best mutant W170G/
V198W/F202A (E3) led to pronouncedly inverted stereose-
lectivity in favor of the (R)-configuration with 90% ee. Other
variants included N118A/W170G/V198W (no activity),
N118A/W170G/V198F (79% ee, R), H141A/W170G/V198W
(76 % ee, R), H141A/W170G/V198F (34% ee, R), and
W170G/V198F/ F202A (85 % ee, R). The results indicated
positive synergistic effects between mutants H141A, F202A
and W170G/V198W (E2), and negative effects between
variants N118A, H141A and W170G/V198F. Further
combinatorial mutants N118A/W170G/V198W/F202A (E4),
H141A/W170G/V198W/F202A, and N118A/H141A/W170G/
V198W/F202A (E5) were constructed and tested for the
hydrolysis of 1a, and (R)-2a was obtained in 96%, 93 % and
95% ee, respectively (Figure 2; Supporting Information,
Table S6).

To better understand the evolution of stereoselective
inversion, molecular dynamic simulations of wt-1 a, E2-1a

and E5-1a were performed based on HEI states. The steric
hindrance exchange at W170G and V198W made a major
contribution to the stereo-preference inversion (Figure 3A).
As shown in Figure 3B, residues A141 stabilize the unreacted
cyano group by hydrogen bond interactions, while A118 led to
the disappearance of hydrogen bonding with E53 enhancing
the swing of the catalytic triplet and improved the affinity
between mutants and 1a (Supporting Information, Table S8).
Furthermore, the F202A provided more space for isobutyl of
1a, leading to the orientation of the large steric hindrance
group of W198 inclining into binding-pocket and the un-
reacted cyano group and isobutyl adjusting their orientation.
Thus, compared with E2, mutant E5 showed higher stereo-
selectivity (95 % ee values) and 8.3- and 23.6-fold improve-
ment in kcat and kcat/Km, respectively (Supporting Information,
Table S8). Furthermore, two distances of sulfydryl of C169
with cyano carbon of 1 aHEI and amino of K135 with hydroxyl
of 1aHEI, which support catalysis, in the MD trajectory were
calculated as shown in Figure 3C. For wt-1a, the proportions
of stable HEI-S states with both d(SGC169-C11 a-HEI) , 2.0 c
and d(HZK135-O11 a-HEI) , 3.5 c were 0.460 %, more than 1.7-
fold than that observed in stable HEI-R state (0.272%). On
the contrary, the stable HEI states (0.540%) in E5-1aHEI-R

were 2.6-fold of that observed in E5-1aHEI-S (0.208%). The
results indicate that wt-1aHEI-S and E5-1aHEI-R are favorable in
the formation of HEI states to give corresponding (S)- and
(R)-2a, respectively.

To further improve the activity and stereoselectivity of
variant E5 towards 1a, 14 amino acid residues (Y59, F64,
T137, P138, T139, Y140, E142, W146, A168, E171, H172,
Y173, F193, P194) located within a distance of 6 c of 1a in the
docking structure of E5-1a (Supporting Information, Fig-
ure S2) were selected for site-saturation mutagenesis. Screen-
ing of these libraries using 1a as a substrate by phenol
hypochlorite colorimetry method,[22] followed by measuring
the ee value and the amount of by-product with GC analysis,
resulted in three beneficial mutants E5-T137C (E6, 4.3-fold
more active relative to E5, 96% ee, R), E5-A168E (3.23-fold
relative to E5, 95% ee, R) and E5-F193W (2.93-fold relative
to E5, 98 % ee, R). Subsequent combinatorial mutagenesis of
these beneficial mutants resulted in E5-T137C/A168E (9.7-
fold relative to E5, 97% ee, R), E5-T137C/F193W (E7, 11-

Figure 2. Activity and enantioselectivity of mutants toward the hydrol-
ysis of 1a. Blue and green bars represent ee values with (S)- or (R)-
enantiomer, respectively and red triangle means relative activity. The
relative activity of wild-type defined as 100%. The detailed results are
presented in the Supporting Information, Tables S6 and S7.

Figure 3. Comparison of catalytic cavity conformations of E2 (yellow) with A) wt SsNIT (blue) and B) E5
(cyan) based on MD analysis. The dotted green line indicates hydrogen bonding interaction. The carbon
atoms of substrate in wt-1a, E2-1a and E5-1a are represented by magenta, orange and green, respectively.
C) Conformation maps of wt-1a and E5-1a in dynamical trajectory simulations.
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fold relative to E5, 98% ee, R) and mutant E5-T137C/A168E/
F193W (E8) which exhibited 27.2-fold activity improvement
relative to E5 and generated (R)-2a in 99 % ee (Figure 2;
Supporting Information, Table S7). It is worth noting that
variant E8 not only improved the activity and stereoselectiv-
ity, but also reduced by-product 3-(cyanomethyl)-5-methyl-
hexanamide (5a) to only 0.9% yield.

The kcat and kcat/Km of mutant E8 were 55.22 min@1 and
9.34 min@1 mM@1 respectively, which exhibited a 23- and 13-
fold improvement compared to E5 (Supporting Information,
Table S8). The excellent stereoselectivity and activity of E8
could be attributed to a synergistic effect of the three residues.
To shed light on the enhanced catalytic activity of E8, the
binding modes of E8-1 a and E5-1a were simulated by
molecular dynamics, and the HEI state binding energy[23] of
E8-1a and E5-1a was @43.81 kcalmol@1 and @39.94 kcal
mol@1, respectively. It is notable that the computed binding
energy of E8-1a is approximately 3.87 kcalmol@1 smaller than
that of E5-1a. Through further binding energy analysis, we
found that the binding energy of catalytic triplet with 1a in
mutant E8 was approximately 4.5 kcalmol@1 smaller than that
of E5-1a, implying that mutation of residues T137, A168 and
F193 in mutant E8 play a significant role in the difference of
binding energy (Supporting Information, Table S9). Addi-
tionally, Q192 could form a hydrogen bond with C169 to
stabilize catalytic triplet during MD simulation (Supporting
Information, Figure S3), but the respective probabilities to
form the hydrogen bond in mutant E8 (74.3 %) and E5
(22.7 %) were dramatically different. Variation in amide 5a

formation was studied by MD sampling of the wt SsNIT and
three mutants. The results showed that NH2 group in the
tetrahedral intermediate for the mutant was more easily
protonated and resulted in less amide 5a formation, being
consistent with the studies by Jiang et al.[24] (Supporting
Information, Table S10).

Specific activity and enantioselectivity of wt SsNIT, and
mutants E2, E5 and E8 toward sixteen 3-substituted gluta-
ronitriles were determined. The activity and enantioselectiv-
ity were both greatly affected by the amino acid residues in
the substrate-binding pocket and the 3-substitutient of
glutaronitriles. As shown in Table 1, the variants exhibited
similar effects on enantiopreference inversion towards all the
tested substrates although they had lower stereoselectivity
towards 3-aryl substituted glutaronitriles. Compared to wt
SsNIT, variant E8 showed substrate preference to aliphatic
dinitrile substrates since E8 exhibited high activity and (R)-
stereoselectivity toward 1c–1 f. The HEI docking study of 3-
(4-(trifluoromethyl)phenyl) glutaronitrile (1 p) showed that
for mutant E8, the aromatic ring of (R)-configuration
interacts with W198, while that of (S)-configuration has
interaction with Y140 and Y173 (Supporting Information,
Figure S4), thus possibly leading to low enantioselectivity.
This is reasonable because the substrate-binding pocket was
reshaped using 1a as the model substrate. Therefore, reshap-
ing the substrate-binding pocket to its mirror image to some
extent could switch the enzyme stereopreference for a range
of similar substrates.

Table 1: Activity and enantioselectivity of wt SsNIT and its variants in the asymmetric hydrolysis of various 3-substitued glutaronitriles 1a–1p.

Entry Substrate R Specific activity[a] [mUmg@1] and ee[b] [%]
WT E2 E5 E8

1 1a ((CH3)2CHCH2) 22 91S 2 60R 15 95R 457 99R

2 1b (4-Cl-C6H4) 210 97S 3 48R 15 16R 63 23R

3 1c (CH3CH2CH2) 103 95S 8 28R 28 77R 310 91R

4 1d (CH3CH2CH2CH2) 141 96S 4 51R 63 93R 682 97R

5 1e (CH3CH2CH2CH2CH2) 106 96S 3 80R 109 99R 565 99R

6 1 f ((CH2)5CH) 16 98S 10 29R 41 99R 278 99R

7 1g (C6H5) 457 96S 6 52R 38 64R 122 50R

8 1h (4-CH3-C6H4) 208 98S 5 38R 20 8R 124 29R

9 1 i (4-(CH3)2CH-C6H4) 10 95S 0 ND[c] 4 91R 45 70R

10 1 j (4-F-C6H4) 443 99S 3 54R 13 49R 79 34R

11 1k (4-Br-C6H4) 137 97S 2 47R 10 12R 46 11R

12 1 l (2-Cl-C6H4) 142 74S 10 35R 167 49R 205 38R

13 1m (3-Cl-C6H4) 397 93S 4 32R 60 41R 169 31R

14 1n (4-CH3O-C6H4) 87 98S 5 71R 36 88R 129 76R

15 1o (4-CH3S-C6H4) 14 97S 1 50R 7 94R 66 66R

16 1p (4-CF3-C6H4) 281 97S 1 31R 3 53R 705 49R

[a] The activity was determined by the phenol hypochlorite colorimetry reaction. [b] The ee value was determined by HPLC on a chiral stationary phase.
The absolute configurations of 2a and 2b were determined by converting them into the corresponding amino acids and then comparing their retention
times with those of the standard samples. The configurations of other products were estimated by comparing their elution sequence in HPLC analysis
with those of 2b. [c] ND= not detected.
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The synthesis of (R)-2a was performed by using whole
E. coli cells overexpressing variant E8. To investigate the
substrate inhibition, various concentrations of 1 a from
100 mM to 500 mM were examined. A complete conversion
of 400 mM 1 a was achieved with 99 % ee (Supporting
Information, Figure S6). The synthesis of (R)-2 a was per-
formed at 40 mL scale with substrate loading of 400 mM
(60 g L@1). The time course showed that the conversion
reached 99% within 24 h and only 0.9% by-product 5 a was
detected (Supporting Information, Figure S7). After simple
centrifugation and extraction, the desired product (R)-2a was
isolated as yellow oil in > 99% ee and 97 % yield.

Conclusion

The nitrilase SsNIT was engineered for inverted stereo-
selectivity from S to R toward 3-substituted glutaronitriles by
directed evolution. A mirror-image strategy was performed to
identify key residues responsible for stereo-recognition in the
substrate binding pocket, and a simple switch of the two key
residues resulted in variant with inverted stereopreference
(47 % ee, R). Further reshaping the substrate-binding cavity
by site-saturation mutagenesis and combinatorial mutagene-
sis led to variant E8 with high catalytic efficiency and
stereoselectivity (99% ee, R). MD simulations showed that
the mutations changed the probabilities of catalytically active
conformations leading to (S)- or (R)-enantiomer. This is in
agreement with the experimental observations. This study
provides valuable information for our understanding on how
nitrilase controls the enantioselectivity for the desymmetric
hydrolysis of various prochiral dinitriles, and the mirror-
image strategy may be applicable to other nitrilases and other
enzymes for selective desymmetric reactions of prochiral
substrates with two identical active functional groups, that are
currently tested in our continuing pursue.
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