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Abstract: A variant of Candida antarctica lipase A (CalA) was developed for the hydrolysis of R-substituted
p-nitrophenyl esters by directed evolution. The E values of this variant for 7 different esters was 45-276,
which is a large improvement compared to 2-20 for the wild type. The broad substrate scope of this enzyme
variant is of synthetic use, and hydrolysis of the tested substrates proceeded with an enantiomeric excess
between 95-99%. A 30-fold increase in activity was also observed for most substrates. The developed
enzyme variant shows (R)-selectivity, which is reversed compared to the wild type that is (S)-selective for
most substrates.

Introduction

2-Arylpropionic acids are an important class of pharmaceu-
ticals that belong to the so-called “profens”, a group of
nonsteroidal anti-inflammatory drugs (NSAIDs).1 These drugs
are used to treat pain, fever, inflammation, and stiffness, and
examples of substances from this class are Naproxen, Ibuprofen,
and Flurbiprofen.2 Methods for the preparation of enantiomeri-
cally pure “profens” are highly desirable since FDA requires
that most chiral drugs are marketed as single enantiomers today.3

Enzymes are nature’s catalysts working with great efficiency
and selectivity. Unfortunately, the substrate scope of enzymes
is usually quite narrow. However, by applying the tools of
protein engineering, enzymes can be modified to accept un-
natural substrates and to evolve enantioselectivity. Directed
evolution is a strategy which mimics nature’s evolution in the
laboratory.4 This is achieved by performing iterative rounds of
(i) generation of a mutated gene library, (ii) expression of the
library of mutated proteins, and (iii) screening of the mutated
proteins for the desired property. The best protein variant found
in the first round is used as a template in the next round of
mutagenesis. Directed evolution has successfully been used to
improve specific qualities of enzymes.5-7

We have previously demonstrated the advantage of using the
episomally replicating pBGP18 vector in Pichia pastoris for
heterologous expression in directed evolution experiments.9 The
latter technique was used to improve the enantioselectivity of
Candida antarctica lipase A (CalA) toward p-nitrophenyl
2-methylheptanoate. The enzyme variants obtained from this
screening showed a very narrow substrate scope, and we
therefore decided to screen for more interesting analogues such
as 2-arylpropionic acids (profens). In this paper we report on a
triple mutant with a remarkably broad substrate scope10 and
excellent enantioselectivity.

In the present study the aim was to improve the enantiose-
lectivity of CalA toward the R-substituted esters. CalA not only
shows a modest enantioselectivity toward these substrates (E
values 2-20) but also has a very low activity, and therefore
the enzyme is of limited use in synthetic applications. The first
objective was to improve the activity of the enzyme using
p-nitrophenyl 2-phenylpropanoate (1) as a model substrate.
Successful improvement of the activity of Pseudomonas aerugi-
nosa lipase toward R-methyl substituted carboxylic acids by the
use of combinatorial active-site saturation test (CAST) was
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reported by Reetz et al.11 In this approach amino acids
surrounding the active site are varied pairwise which accounts
for synergistic effects. The CAST method has also been
successfully used to improve enantioselectivity.12-14

Results and Discussion

Library Design. Based on the crystal structure of CalA,15

residues situated close to the active site with side chains pointing
toward the substrate cavity were selected for the CASTing
libraries. Since the enzyme was crystallized in a closed
conformation we first had to create a model of the enzyme in
an open conformation; this was done by using Moloc compu-
tational software.16 A molecular dynamics equilibration of the
enzyme revealed that the amino acid region 425-440 (active
site flap) was moving quite substantially, and an equilibrium
conformation was reached after approximately 5 ns. The
equilibrium conformation has a substantially more open entry
to the active site. For the selection of amino acid residues the
covalently bound p-nitrophenyl 2-phenylpropanoate (1) had been
modeled into the structure. The carboxylic acid part of the
substrate was positioned in the model guided by the tetraethylene
glycol already available in the X-ray structure.

For the mutagenic libraries, amino acids surrounding the
nucleophilic serine (Ser184) with the side chains pointing toward
the substrate were chosen, since it is believed that these residues
have a large impact on the enantioselectivity. Furthermore,
according to the CASTing methodology, an approach of
targeting two amino acid positions at the same time was used.
The amino acids at these two positions were randomized
simultaneously. Two libraries were considered to be the most
relevant: (i) library FI (Phe149 and Ile150) with side chains
directed toward the R-methyl group of the substrate and (ii)
library FG (Phe233 and Gly237) with side chains pointing
toward the acyl pocket of the active site (Figure 1).

Reduced libraries were employed to decrease the theoretical
number of enzyme variants. NDT degeneracy, which codes for
12 amino acids (CDFHGILNRSVY), was chosen for the created
libraries. This decreased the colony sampling requirements
significantly. The number of picked colonies was enough to
obtain at least 95% theoretical codon coverage; 600 colonies
were picked for each of the libraries. Mutated variants of CalA
were expressed in P. pastoris and screened using a spectro-
photometric assay, where the release of p-nitrophenol by the
hydrolysis with CalA was followed.

Library Screening. Since a previous study showed that a
library containing Phe233 and Gly237 had a large impact on
the enantioselectivity toward p-nitrophenyl 2-methylheptanoate,9

a library containing these residues was the first to be evaluated
(library FG). The main focus of the initial screening was to
improve the activity of the enzyme since the wild type has very
low activity toward this substrate; screening could therefore be
performed with rac-1. Several enzyme variants from this library

showed a large improvement in activity. Highly active variants
were subsequently used in a kinetic resolution of rac-1 to
determine their enantioselectivity, and several of the variants
showed a great improvement of the enantioselectivity. The best
enzyme variant found, with the mutation Phe233Gly (F233G),
had an E value of 259 (Table 1, entry 2). The F233G variant
showed (R)-selectivity, which is reversed compared to wild type
CalA.

To elucidate if it was possible to improve this enzyme variant
further, a new pair of amino acids in the vicinity of the active
site, Phe149 and Ile150 (library FI), was targeted using the
F233G variant as a template. In this round the focus was on
improving the enantioselectivity, not the activity. Therefore the
screening was performed with single enantiomers of the
substrate separately, and the ratio between the rates of hydrolysis
of the two enantiomers was used to estimate the enantioselec-
tivity (Eapp).

17 The enzyme variants with the best ratio were
subsequently used in a kinetic resolution of the p-nitrophenyl
ester that was analyzed by chiral GC to determine the E value.
With the model substrate, this library gave only a slight
improvement in enantioselectivity, the triple mutant Phe149Tyr/
Ile150Asn/Phe233Gly (YNG) had an E value of 276, with
preference for the (R)-enantiomer (Table 1, entry 3).

Substrate Scope. To determine the substrate scope, similar
substrates were used in the kinetic resolution with the two
enzyme variants F233G and YNG. For the 2-phenylpropanoate
1 the two extra mutations in YNG (Phe149Tyr and Ile150Asn)
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Figure 1. Amino acids selected for the CASTing libraries: library FI
(Phe149 and Ile150) and library FG (Phe233 and Gly237).

Table 1. Results of the Directed Evolution for Increased
Enantioselectivity of CalA toward 2-Phenylpropanoate 1

Entry Enzyme Library origin E value

1 wild type - 20 (S)
2 F233G Lib FG >200

(259) (R)
3 YNG Lib FG/Lib FI >200

(276) (R)
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seemed to play a minor role since the single mutation
(Phe233Gly) gave, within experimental error, the same enan-
tioselectivity. However, the two extra mutations were of crucial
importance for a broad substrate selectivity. Thus, the YNG
variant gave high to excellent E values for all substrates in Table
2, whereas the F233G variant completely failed for the 2-ben-
zylpropanoate 5 (entry 14) and gave a moderate E value of 17
for the 2-methylheptanoate 6 (entry 17). For the 2-ethylhex-
anoate 7 the F233G variant was slightly better than the YNG
variant (entries 20 and 21).

A methyl group in the para-position of the phenyl (2) was
accepted with a high enantioselectivity (Table 2, entry 6).
However, with a larger substituent, such as isobutyl (ibuprofen),
both the F233G and the YNG variant showed low reactivity
and gave an unselective reaction. Larger substituents in the
R-position, ethyl and propyl, were accepted with good enanti-
oselectivity (entries 9 and 12). An aliphatic chain in exchange
for the 2-phenyl substituent was also accepted (entry 18). The
broad substrate scope of the YNG variant is summarized in
Table 2.

The reaction rates for the YNG variant were increased
dramatically compared to wild type CalA. An increase of more
than 30-fold was observed for most substrates. This increase in
reaction rate improves the synthetic utility of the enzyme
significantly, as shorter reaction times and lower enzyme
loadings can be used.

Less Reactive Esters as Substrates. For synthetic purposes it
is of interest to use other esters than the p-nitrophenyl esters.
The latter esters are highly reactive, and changing to an alkyl

ester or a simple phenyl ester will lead to lower reaction rates.
In particular, CalA is known to be very slow in catalyzing
hydrolysis of alkyl esters.18 Three different esters 8, 9, and 10,
the ethyl, nonyl, and phenyl ester analogues, respectively, of
the p-nitrophenyl ester 1, were used as substrates in the kinetic
resolution catalyzed by the YNG variant. The results of the
kinetic resolution show that the enantioselectivity is maintained
for all three esters (Table 3), and for the nonyl and phenyl ester
the E values were even higher than those for the p-nitrophenyl
ester (Table 3, entries 2 and 3 vs Table 2, entry 3). As expected
the hydrolysis of the ethyl and nonyl ester was slower than that
of the phenyl ester but much faster than the corresponding
hydrolysis of alkyl esters by wild type CalA.18,19

Active Site Models. Active site models of the enzyme variants
F233G and YNG were created and compared with a model of
the wild type enzyme to rationalize the improved rate and
selectivity (Figure 2). By examining the models it seems that
substitution of the large phenylalanine (Phe233) for a small
glycine creates more space in the active site. The increased space
in the active site can be used to accommodate the substrate,
and this would explain the observed increase in activity.
Furthermore, the modeling indicates that the space created is

(18) Barbayianni, E.; Fotakopoulou, I.; Schmidt, M.; Constantinou-Kokotou,
V.; Bornscheuer, U. T.; Kokotos, G. J. Org. Chem. 2005, 70, 8730–
8733.

(19) The hydrolysis of related alkyl esters catalyzed by CalA in ref 18
employed a much higher concentration of enzyme (50×) and a higher
concentration of substrate (10×), and still the reactions typically took
24-48 h.

Table 2. Results of the Hydrolytic Kinetic Resolution of p-Nitrophenyl Esters of R-Substituted Carboxylic Acids with Wild Type CalA (wt),
Single Mutant Phe233Gly (F233G), and Triple Mutant Phe149Tyr/Ile150Asn/Phe233Gly (YNG)a

a Reaction conditions: p-nitrophenyl ester (1.25 mL, 2 mg/mL in acetonitrile), enzyme solution (20 µL, 10 µg/µL), potassium phosphate buffer (8.5
mL, 100 mM, pH 8.0). b Mean value of 2-4 reactions; results for the separate reactions are available in the Supporting Information. c Determined by 1H
NMR. d Determined by chiral GC.
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only of advantage for the (R)-enantiomer, which rationalizes
the large effect on the enantioselectivity. The increased enan-
tioselectivity for the triple mutant (YNG) could be explained
by the increase in steric bulk introduced; the elongation of the
Phe149 side chain by a hydroxyl group (Phe149Tyr) creates
congestion with the R-methyl group, which disfavors the (S)
configuration. In addition, two new hydrogen bonds are found
in the YNG variant.

Conclusions

In conclusion, we have used a directed evolution approach
to develop a triple-mutated variant of CalA with a broad

substrate scope that can be used to produce R-substituted acids
in 95-99% enantiomeric excess from ester hydrolysis. Fur-
thermore, a 30-fold increase in activity was observed for most
substrates. The developed enzyme variant shows (R)-selectivity,
which is reversed compared to the wild type enzyme that is
(S)-selective for most substrates.

Experimental Section

Unless otherwise noted, all materials were obtained from
commercial suppliers and used without further purification. GC
analyses were performed using an IVADEX-1 chiral column.

Plasmid Library Construction. The construction of the pBGP1-
CalA vector has been described previously.9 Mutagenic libraries
were created by site-directed mutagenesis using degenerate primers.
The PCRs were performed with the following protocol; a prein-
cubation was performed at 95 °C for 10 min, after which a high-
fidelity DNA polymerase was added. The cycle of denaturation at
98 °C for 10 s, annealing at 58-68 °C for 30 s, and elongation at
72 °C for 3 min was repeated 30 times. A 10 min elongation at 72
°C ended the reaction. The PCR products were purified using a
Cycle-pure kit followed by DpnI treatment to remove the wild type
template. The nicked plasmid was transformed into E. coli DH5R,
and a large fraction of the transformed cells were grown overnight
for a plasmid preparation. In parallel, a fraction of the transformed
cells were plated to prepare for a sequencing assay. All pBGP1-
carrying DH5R were selected using carbenicillin (50 µg/mL) in
LB and LB-agar plates.

Library Expression in P. pastoris. P. pastoris X33 was made
electrocompetent, and until employed, the cells were stored in 40
mL aliquots at -80 °C without any treatment. Library plasmid
preparation was mixed with thawed cells and electroporated. Cells
were incubated at 30 °C with YPDS (1 mL) for 2 h followed by
plating on YPDS-agar plates containing zeocin (100 µg/mL) and
carbenicillin (100 µg/mL). Plates were incubated at 30 °C for 3
days.

Single colonies were picked and inoculated in conical deep 96-
well plates. Each well contained YPD (800 µL), zeocin (100 µg/
mL), and carbenicillin (100 µg/mL). The deep well plates were
shaken at 250 rpm for 5 days at 29 °C, leaning approximately 30°.
The shaking amplitude was 2.5 cm. After the overexpression, the
yeast was pelleted by centrifugation. The supernatant was harvested
by aspiration and used directly for optical screening or stored at
4 °C. The protein concentration of the harvested supernatants was
on average 0.2 mg/mL. Master plates containing the pelleted cells
were stored at -80 °C until further analysis or cultivation.

Optical Screening for Improved Activity. Screening buffer
(165 µL, 100 mM potassium phosphate, 10% v/v acetone, 4% v/v
Triton X-100, 0.2% w/v gum arabic, pH 8.0)20 and rac-1 (10 µL,
2 mg/mL in acetonitrile) were premixed before dispension. Yeast
library supernatant (25 µL) and the premixed buffer and substrate
solution (175 µL) were dispensed into a microtiter plate, and
absorbance was measured at 410 nm for 15 min. Wild type CalA
was used as reference. Variants that showed high activity were
selected for a kinetic resolution experiment to determine the
enantioselectivity (E).

Optical Screening for Improved Enantioselectivity. Separate
enantiomers of the substrate were hydrolyzed in parallel reactions.
Screening buffer (165 µL, 100 mM potassium phosphate, 10% v/v
acetone, 4% v/v Triton X-100, 0.2% w/v gum arabic, pH 8.0)20

and (R or S)-1 (10 µL, 2 mg/mL in acetonitrile) were premixed
before dispension. Yeast library supernatant (25 µL) and the
premixed buffer and substrate solution (175 µL) were dispensed
into a microtiter plate, and absorbance was measured at 410 nm
for 15 min. The ratio between the initial rates of hydrolysis of the
(S)- and the (R)-enantiomer was calculated. Variants that showed

(20) Schulz, N.; Hobley, T. J.; Syldatk, C. Biotechnol. Lett. 2007, 29, 365–
371.

Table 3. Results of Kinetic Resolution of Esters with Different
Alcohol Side Chains by YNG, a Triple-Mutated Variant of CalA
(Phe149Tyr/Ile150Asn/Phe233Gly)a

Entry R Time
(h)

Conv.b

(%)
eep

c

(%) E

1 Et 3 14 98.9 >200 (211)
2 Nonyl 3 21 99.6 >200 (650)
3 Ph 0.5 22 99.6 >200 (657)

a Reaction conditions: Ester (1.25 mL, 2 mg/mL in acetonitrile), enzyme
solution (100 µL (entries 1 and 2) or 20 µL (entry 3), 10 µg/µL), potassium
phosphate buffer (8.5 mL, 100 mM, pH 8.0). b Determined by 1H NMR.
c Determined by chiral GC.

Figure 2. Models of the active site for (a) wild type CalA, (b) Phe233Gly
(F233G) variant, and (c) Phe149Tyr/Ile150Asn/Phe233Gly (YNG) variant.
In all cases (R)-p-nitrophenyl 2-phenyl propanoate ((R)-1) is covalently
bound to the enzyme. Hydrogen bonds are indicated with black lines.
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high ratio and acceptable activity were selected for a kinetic
resolution experiment to determine the enantioselectivity (E). All
samples were measured in duplicates.

Cultivation of Enzyme Variants. The most interesting enzyme
variants were produced in larger batches to yield more enzyme that
could be used for further analysis. Master plates were used to
inoculate shaking flasks containing YPD (50 mL), zeocin (100 µg/
mL), and carbenicillin (100 µg/mL), which were incubated at 250
rpm for 96 h at 29 °C. Supernatant containing the enzyme was
harvested after centrifugation. The enzyme solution was concen-
trated; at the same time the buffer was exchanged to Tris-HCl (25
mL, 20 mM, pH 7.8), to a final enzyme concentration of 10 µg/
µL.

Kinetic Resolution. Potassium phosphate buffer (8.5 mL, 100
mM, pH 8.0), the racemic p-nitrophenyl ester (1-7) (1.25 mL, 2
mg/mL in acetonitrile), and enzyme solution (20 µL, 10 µg/µL in
20 mM Tris-buffer, pH 7.8) were shaken at room temperature until

the reaction had reached 10-40% conversion. The reaction mixture
was acidified by addition of HCl (1 mL, 1 M), extracted twice with
DCM, and concentrated. Conversion was determined by 1H NMR,
and the enantiomeric excess was determined by chiral GC. Optical
rotation was measured, and absolute stereochemistry was deter-
mined by comparison with literature values.

Acknowledgment. Financial support from the Swedish Research
Council, the Swedish Foundation for Strategic Research, and the
K&A Wallenberg Foundation is gratefully acknowledged.

Supporting Information Available: Experimental procedures
and characterization data of all new compounds. This material
is available free of charge via the Internet at http://pubs.acs.org.

JA100593J

7042 J. AM. CHEM. SOC. 9 VOL. 132, NO. 20, 2010

A R T I C L E S Engström et al.


