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A highly combinatorial structure-based protein engineering meth-
od for obtaining enantioselectivity is reported that results in a
thorough modification of the substrate binding pocket of Candida
antarctica lipase A (CALA). Nine amino acid residues surrounding
the entire pocket were simultaneously mutated, contributing to
a reshaping of the substrate pocket to give increased enantio-
selectivity and activity for a sterically demanding substrate. This
approach seems to be powerful for developing enantioselectivity
when a complete reshaping of the active site is required. Screening
toward ibuprofen ester 1, a substrate for which previously used
methods had failed, gave variants with a significantly increased
enantioselectivity and activity. Wild-type CALA has a moderate
activity with an E value of only 3.4 toward this substrate. The best
variant had an E value of 100 and it also displayed a high activity.
The variation at each mutated position was highly reduced, com-
prising only the wild type and an alternative residue, preferably
a smaller one with similar properties. These minimal binary varia-
tions allow for an extremely condensed protein library. With this
highly combinatorial method synergistic effects are accounted for
and the protein fitness landscape is explored efficiently.

kinetic resolution | library design | protein design | enzyme catalysis

he employment of enzymes in industrial processes is steadily

increasing, which reflects their attractiveness as catalysts.
Enzymes show high substrate specificity, good enantioselectivity,
and high activity and, furthermore, they can be used under mild
reaction conditions. The high enantioselectivity displayed by many
enzymes is useful for the preparation of enantiomerically pure
compounds, which is increasingly important for the production
of pharmaceuticals (1).

A major focus of applied biocatalysis today is to develop en-
zymes for increased enantioselectivity in organic transformations
(2, 3). Various protein engineering methods for improving or
altering the catalytic properties of enzymes have been developed
during the past two decades (4-10). Directed evolution is a power-
ful tool in modern protein engineering (4-6) and is based on itera-
tive cycles of mutagenesis and selection. It is a highly useful
method to climb stepwise in activity, enantioselectivity, or some
other phenotypic property (11). In directed evolution a random
mutagenesis approach has often been used (12, 13). A current
trend in protein engineering is to move away from methods incor-
porating random mutations over a whole gene sequence toward
more semirational approaches (14) using site-directed mutagen-
esis, introducing focused mutations at defined sites. In random
and semirational methods a library of protein variants is generated,
which subsequently is screened for a defined property.

The number of sites changed and the number of amino acids
varied at each site are important parameters when deciding what
protein engineering strategy to use (15), because it is desirable
to keep time-consuming and labor-intensive screening to a mini-
mum (16). Iterative saturation mutagenesis (ISM), a rational
based method where saturation mutagenesis is performed itera-
tively at chosen sites in an enzyme, has been particularly success-
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ful in improving properties such as thermostability, substrate
acceptance or enantioselectivity (17, 18). These methods gener-
ally create small libraries, as only a few amino acid residues are
targeted. Protein engineering methods that focus on the active
site has a higher chance of influencing catalytic properties (19).
Such active-site-focused libraries have been used with good re-
sults for the improvement of activity and enantioselectivity (3).
Two or three amino acid positions are generally subjected simul-
taneously to mutagenesis to account for the potential synergistic
conformational and electrostatic effects that may appear. This ap-
proach is called combinatorial active-site saturation test (CAST)
(20) and may also be used in an iterative manner. It has also been
shown that enzyme libraries with highly reduced amino acid alpha-
bets can be used for attaining excellent enantioselectivity (21).
Combinatorial mutagenesis with variations at many sites simul-
taneously has also been used for broadening the protein func-
tional diversity. Typically, each site is substituted with a small set
of amino acid residues, and the suggested composition of these
sets is usually based on bioinformatics. The degree of amino acid
residue conservation derived from a multiple sequence alignment
(MSA) can give an indication whether it is permissible to substi-
tute a residue (22). Also, the structure-based MSA 3DM database
have been used for suggesting mutational sites and allowed resi-
dues (23). Combinatorial libraries with small sets of amino acid
residues have been used for the generation of consensus libraries
for the development of thermostable enzymes (22, 24, 25).
Candida antarctica lipase A (CALA) is a highly thermostable
enzyme displaying unusual properties such as activity toward
tertiary alcohols (26), high enantioselectivity toward p-amino
acids (27), and sn-2 fatty acid preference of triglycerides (28).
The X-ray structure of CALA has been reported (29), and its fold
belongs to a mostly unexplored subfamily of lipases (30). We have
recently studied the directed evolution of CALA toward esters
of a-substituted carboxylic acids (31, 32) using CAST (20) and
developed a highly active and enantioselective variant (32). This
variant, a triple mutant, showed remarkably broad substrate
scope. However, although this variant showed excellent selectivity
toward 2-phenylpropanoate esters, we had difficulties in obtain-
ing improved variants for a more sterically demanding analogue,
2-(4-isobutylphenyl)propanoate ester 1 (ibuprofen ester, see
Fig. 1). Six libraries with the CAST approach with pairwise mu-
tagenesis led to no significantly improved variants toward hydro-
lysis of 1. Instead of exploring more pathways, it was decided to
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use an approach that radically restructures the active-site pocket.
Highly combinatorial approaches with binary amino acid sets
have previously been used for creating functional diversity of
proteins (22, 25, 33). Combinatorial libraries using only alanine
as substitution residue was recently used for enabling the accep-
tance of larger substrates (34). However, structure-based combi-
natorial mutagenesis employing binary sets has to our knowledge
never been used for creating enantioselective enzymes. We there-
fore decided to test this approach for obtaining enantioselectivity
for a case that failed with previously used methods.

The best protein engineering strategy is stated to be the one
that reaches the desired goal with the least effort (15). Here we
describe a powerful, yet simple, semirational combinatorial
protein engineering technique customized for the creation of a
tailor-made substrate pocket. With this method highly enantiose-
lective variants of CALA for sterically demanding substrate 1
were obtained.

Results

Substrate Walking. Previously, we have reported on a CALA
enzyme variant developed by directed evolution (CASTing). This
variant, designated CALA-YNG (32) after the new amino acids
introduced, had the following substitutions: Phel49Tyr,
Ile150Asn, and Phe233Gly. CALA-YNG was found to be highly
active and enantioselective toward various a-substituted esters
such as 2-phenylpropanoate esters (e.g., 2) as well as the para-
methyl analogue 3 (Fig. 1). Also, 2-methylalkanoate esters such
as 4 gave high enantioselectivity. Yet the similar para-isobutyl
analogue, ibuprofen ester 1, displayed poor reactivity and essen-
tially no enantioselectivity. It was assumed that an active variant
toward ibuprofen could be obtained via directed evolution using
CALA-YNG as template. This assumption is reasonable as direc-
ted evolution has been used for stepwise enzyme adaptation,
where a slightly different substrate was employed in each iteration
of the screening compared to the preceding iteration. This ap-
proach is called substrate walking (35, 36). Even the best variants
isolated from these libraries showed only moderate improvement
of activity, and unsatisfying enantioselectivity toward 1.*

Strategy Outline. Instead of exploring more possibilities along the
line of varying two amino acids simultaneously, a highly combi-
natorial approach for reshaping the substrate pocket was devised.
Inspired by the insights from: (7) the strong synergistic effects ob-
served when combining several mutations, (if) the highly reduced
sampling requirements when using condensed libraries, (iii) the
mutability of amino acid residues, and (iv) the proximity of amino
acid residues to the docked substrate in enzyme models, we have
now developed a structure-based protein engineering method
with variation of many sites simultaneously for obtaining enantio-
selective variants toward substrate 1.

The approach is outlined in Fig. 2: (i) First, a close inspection
of the substrate binding pocket is performed (Fig. 3) using a com-
puter model where the target substrate is bound into the enzyme.
All the surrounding residues close to the substrate are examined
by their mutability by comparing the residue conservation (based
on MSA). The composition of mutations proposed for each site
was the original wild-type (WT) residue and an alternative residue
with similar properties, preferably smaller than the WTresidue and
thereby enabling the possibility of enlarging the substrate pocket
(Fig. 3). (i) Potential mutations are introduced in PCR-formed
fragments using degenerate oligonucleotides. (iii) Gene assembly
is performed via overlap extension-PCR (OE-PCR) (37), which
results in a combinatorial gene fragment. (iv) Homologous recom-
bination of the mutagenized gene fragment and the vector frag-
ment is performed in the yeast host, Pichia pastoris.

*Details regarding the design of these libraries are included in the S/ Text.
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Fig. 1. a-Methylcarboxylate esters of interest for the project with different

steric bulk. CALA-YNG has high enantioselectivity and activity toward 2, 3,
and 4, but poor enantioselectivity and activity toward 1.

Combinatorial Library Design. The ibuprofen ester (S)-1 was
docked inside the CALA X-ray model in the tetrahedral inter-
mediate form, covalently bound to the nucleophilic Ser184, using
molecular dynamics. The model was allowed to settle in a low
energy state (Fig. 3). Several residues in the substrate binding
pocket were forced to move aside to accommodate the sterically
demanding 4-isobutylphenyl group during the energy relaxation.
In the selection of mutable amino acids, all residues lining the
acyl chain tunnel were considered as potential mutable positions,
determined by selecting all residues within 4 A from the bound
ester 1. According to the model, many WT residues within this
distance are experiencing sterical clashes with substrate 1.
Phe431, located in an active-site flap over the entrance of the sub-
strate tunnel was also included in the set as it has been shown that
large hydrophobic bottleneck residues can limit the size range of
substrates (38, 39). The degree of residue conservation among
related enzymes was determined by MSA of a PSI-BLAST (40)
of CALA. Residue sites with strong conservation over a broad
family range have fundamental importance for activity or stability
(41), and therefore no longer considered as potential targets.
After this reduction, the library consisted of nine mutable resi-
dues, a manageable number.

Each selected position was set to randomize between the wild-
type and another smaller residue with similar properties, unless
some other prior knowledge indicated that another substituent is
more suitable. Phe149Tyr and Ile150Asn were included because
we previously found that the 149Tyr/150Asn pair contributed to
strong enantioselectivity toward a broad range of substrates (32).

Modeling/bioinformatics-
based determination of
mutable residues

PCR using degenerate { —e——

primers in several
individual reactions

C
Gene assembly via
overlap extension PCR

Homologous recombination
in Pichia pastoris to form <
yeast expression
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\

Fig. 2. Flowchart of combinatorial substrate pocket reshaping.
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Fig. 3. The active site of CALA with the tetrahedral intermediate (S)-1
docked in the active site. The nucleophilic Ser184 is covalently bound to
the carbonyl of the ester. Surrounding the substrate are the nine sites that
were selected for mutagenesis. The residues forming the combinatorial
mutagenesis set are displayed with the wild-type residues underlined.
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These studies also suggested that 233 is an important position
(a hot spot) and we wanted to be able to access several amino
acids at this site. Glycine was found to be crucial at this site for
the acceptance of a-arylpropanoate esters (32). Also, valine and
cysteine which are intermediate in size between phenylalanine
and glycine were included. Cysteine brings about an intriguing
electrostatic environment.

The final set that was used for the mutagenesis is shown in
Table 1. The number of possible variants that could be generated
with this set is 28 x 4! = 1,024.

Mutagenesis and Homologous Recombination. Because of sequence
proximity, the nine mutations were clustered into four primer
pairs. Using those, together with primers for the ends of the gene,
five fragments partly overlapping with one another were gener-
ated in five individual PCR reactions (see Fig. 2 B and C). The
five fragments were simultaneously assembled in a modified
OE-PCR (42, 43). A vector fragment with ends homologous to
the combinatorial library gene fragment was also produced. The
template vector pPBGP1 is an episomally replicating plasmid, use-
ful for constitutively expressed enzyme libraries (44). The gene
and vector fragments were transformed into P, pastoris, taking ad-
vantage of the yeasts’ internal homologous recombination system
(45) to generate the secretory vector (Fig. 2D). Transformants
were sequenced to validate that the diversity of the library was
adequate, confirming no observed bias toward wild-type residues.

Screening Toward Ibuprofen Ester 1. Expression of the generated
enzyme variants was followed by screening for increased hydro-
Iytic activity, as described previously (32). According to our pre-
vious experience, most of the variants with an increased activity
also displayed a significantly improved enantioselectivity (31, 32).
The ester (rac)-1 was used as screening substrate for the spectro-

Table 1. Combinatorial substrate pocket library set

Position WT residue Alternative residue(s)
149 Phe Tyr

150 lle Asn

215 Pro Ala

221 Thr Ser

225 Leu Val

233 Phe Cys/Gly/Val

234 Ala Gly

237 Gly Ala

431 Phe Val

80 | www.pnas.org/cgi/doi/10.1073/pnas.1111537108

photometric activity assay. We assayed 2,400 transformants,
which corresponds to a sequence coverage of 90% (46). Of all the
screened variants, only a small group displayed good activity
toward substrate 1. Two of these enzyme variants showed high
enantioselectivity with E values of 53 and 100. Sequencing of the
corresponding transformants showed that the former has the
four following substitutions: Thr221Ser/Leu225Val/Phe233Cys/
Phe431Val. It was designated SV, CV, after the new amino acids
introduced (Table 2). The latter variant was found to have five
substitutions of which four were identical to those of the first
variant and the fifth was a Gly237Ala substitution. This pentasub-
stituted variant was designated SV, CAV,. Both variants showed
a higher specific activity compared to wild-type CALA, SV,CV,
being approximately four times as active and SV;CAV, being
more than six times as active (Table 2).

Functional Diversity of the Library. To investigate the quality of the
protein library, the activity toward different 4-nitrophenyl esters
of a small subset of the library was compared. These esters have
different steric demands on the enzyme variants and in this way
the functional diversity of the library is explored (Fig. 4). The en-
zyme variants were screened for hydrolytic activity, using racemic
esters 1, 2, and 4. Several interesting aspects were observed: (i)
The library had large functional diversity, i.e., it contained var-
iants that were more active than the wild type as well as variants
that were less active than the wild type. This functional diversity is
an indication that the library was of good quality. (i7) Only a small
minority of the library had increased activity toward ibuprofen
ester 1. (iii) There seemed to be some correlation between activ-
ities toward different substrates. (iv) There were some enzyme
variants that deviate from this correlation. Several enzyme variants
showed distinguished activity toward one of the esters. One of
these variants was the SV, CAV, variant, which displayed unique
strong activity toward 1. At the same time, the enzyme variants
that displayed the strongest activity toward 2 and 4 displayed lower
activity toward 1. This observation implies it would have been
difficult to reach a high activity of 1 by using 2 and 4 as model
substrates.

Deconvolution of Substitutions. To explore whether all substitutions
in the SV,CAV, variant are necessary, remutations to the wild-
type residues were performed. These experiments are crucial for
determining whether some of the substitutions were redundant
(17). Five individual variants were created, where each variant
had one of the five residue substitutions mutated back to the wild-
type amino acid (one of these, SV;CV,, was already accessible;
Table 2).

Each remutation showed a decreased activity compared to the
SV,CAV, variant, indicating that each substitution is important
for activity (Table 3). Two substitutions Thr221Ser (S) and
Leu225Val (V) are crucial for enantioselectivity based on the
fact that the E values of V{CAV, and SCAV, dropped from
100 to 4-5. Also Phe233Cys (C) is of importance because

Table 2. Specific activity and enantioselectivity of selected variants
from the screening

NO.
0 /@/ ?  CALA variant a
_ > (S)
(0] Phosphate buffer, OH
pH 8.0
1
Variant Specific activity (nmol min~! mg~") E*
WT 21 1 3.4
SV, CV, 81+ 0.3 53
SV, CAV, 1332 100

*Enantioselectivity factor, calculated from ee, and conversion according to
Sih and Wu (47). All variants have (S) enantiopreference.
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Fig. 4. Comparison of activity toward different a-methylcarboxylate esters
for a small subset (89 transformants) of the combinatorial library. The
transformants are ordered after increasing activity toward substrate 2. The
highest activity for each substrate in this subset was normalized to 100. P
pastoris X33 supernatants were used as blank. The highest activity toward
1 found in this subset is an SV;CAV, variant. For comparison, in this subset
the initial rates for the best variants toward 1, 2, and 4 are 1.1, 22, and 32
mOD,;0 min~', respectively.

SV,|AV, gave an E value of 22, with a significant decrease in
activity. However, SV, and SV, C gave low E values (4.0 and 10.2,
respectively). The high enantioselectivity found in the SV,CAV,
variant therefore appears to be a merging of many cooperative
effects.

Our initial attempts to find selective CALA variants toward
ibuprofen by variation of two amino acid residues at the same
time were unsuccessful. An interesting question is whether it
would have been possible at all to find the SV;CAV, (E = 100)
variant with iterative CASTing. Success with this approach re-
quires that there are any single or double mutations in SV, CAV,
that have good enough E values for being considered as im-
provements.

To provide information whether iterative CASTing could have
reached SV CAV,, all possible double mutations as well as all
single mutants of this variant, were prepared by site-directed
mutagenesis. As can be seen from Table 4 all the double mutants
and single mutants of SV;CAV, showed very poor E values. The
conclusion is therefore that with the present screening method it

Table 3. Specific activity and enantioselectivity of remutated

variants

/©/ CALA variant 9

(S)
Phosphate buffer, OH
pH 8.0
1

Variant Specific activity (nmol min~! mg~") E*
WT 21 = 3.4 +0.5"
SV,CAV, 1332 100 + 5"
V,CAV, 43+ 03 5.2 + 0.8'
SCAV, 31 +0.1 39+0.5"
SV,AV, 1120 22+ 2
SV, CV,* 8103 53+ 3'
SV,CA 96 = 1 80 + 4"
SV, C ND$ 10.2 £ 1.77
sV, NDS 4.0+ 0.9"

*Enantioselectivity factor, calculated according to Table 2. All variants have
(S) enantiopreference. Several independent reactions were performed to
validate the reported E values.

"Estimated error.

*This variant was obtained from the screening (Table 2).

SND, not determined.

Standard error of the mean is reported.
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Table 4. Enantioselectivity of single and double mutants of CALA

CALA variant o
(S
Phosphate buffer OH

Variant E*t Variant E**

SV, 40+09 CcV, 1.2 0.1

SC 39038 AV, 1.3 0.1 (R)
SA 1.9+05 S 2.1+03
A 1.4 02 Vi 1.1+ 0.1 (R)
V,C 5.1+08 C 1.3+0

VA 1.4 £ 0.3 (R) A 1.5+ 0.2 (R)
(VAYA 2.0 £0.2 v, 1.1+ 0 (R)
CA 1.3 0.1

*Enantioselectivity factor, calculated according to Table 2. At least three
independent reactions were performed to validate the reported E
values. Standard error of the mean is reported.

"Unless otherwise noted the selectivity was in favor of the S enantiomer.

would not have been possible to find the SV;CAV, variant by
iterative CASTing with variation of only two amino acid residues
at the same time.

Enzyme Models. Enzyme models were prepared with the substitu-
tions found in the SV, CAV, variant introduced, using molecular
dynamics, and letting the system settle in a low energy state
(Fig. 5). The model shows that several substitutions in the
SV, CAV, variant appear to influence the acceptance of the bulky
ibuprofen moiety. The Thr221Ser/Leu225Val (V) substitutions
contributed to a better accommodation for the isobutyl branch.
From this model it is more difficult to determine if the Phe431Val
(V,) substitution contributes to substrate specificity, as this
residue is located on a loop that is most likely to fluctuate dyna-
mically.

Discussion

Protein Fitness Landscapes. A protein fitness landscape (11) is a
conceptual multidimensional sequence space landscape with to-
pology based on fitness, a variable based on the protein pheno-
type (48). The fitness is often a property such as thermal stability,
activity, or enantioselectivity. Directed evolution is a highly useful
method to explore and climb in protein fitness landscapes. One
interesting phenomenon observed when combining several muta-
tions in ISM (18) is the high degree of epistatic effects (49). These
effects imply that it is possible to bypass valleys in the fitness land-
scape by utilizing strong synergistic effects (50). If the sequence
space close to the starting point (point A in Fig. 6) on the fitness
landscape has a topology that is neutral, it is not possible to make
an upward fitness climb by traditional directed evolution meth-
ods, such as error-prone PCR. In such a situation it is imperative
to develop methods that can probe the fitness landscape effec-
tively to discover topologies with higher fitness.

Traversing a Neutral Landscape. The site-directed mutagenesis of
CALA using CAST did not result in any improvement for hydro-
lysis of ibuprofen ester 1. Also, the single and double mutants in
Table 4, which simulated an initial walk from the wild-type toward
the SV,CAV, variant, did not display any significant improve-
ment of enantioselectivity. This observation suggests a fitness
landscape with a mostly neutral topology (50), but with a distant
peak. To be able to reach a far-away peak on the fitness landscape
simultaneous variation of many mutations in the substrate pocket
is required. The highly combinatorial approach can be described
as pole vaulting in the fitness landscape (illustrated by the jump
in Fig. 6).

We do not claim that the SV;CAV, variant represents a fitness
peak maximum. Rather, it is most likely that the SV;CAV, var-
iant is located on a patch with a peak (point B on Fig. 6), with a
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Fig. 5. Models of CALA variants with the tetrahedral intermediate (5)-1 seen in the active site. The variants shown are (4) WT, and (B) SV;CAV,. SV,;CAV,

provides more space than WT to accommodate the substrate.

local maximum somewhere higher up. We propose that this var-
iant can be used as a starting point for a stepwise climb upward,
using established directed evolution methods, and this approach
will be the subject of a subsequent study.

Conclusions

We have developed a method for radically reshaping the active
site of an enzyme for improved activity and enantioselectivity.
The method was tested for creation of an enantioselective variant
of CALA toward a difficult substrate (ibuprofen ester 1) for
which previously used methods for evolving CALA were unsuc-
cessful. Using this unique method, a CALA variant, SV;CAV,,
was obtained that has an enlarged substrate pocket and displays
highly improved enantioselectivity. We demonstrated that the
simultaneous incorporation of mutations to gain synergistic epi-
static effects was necessary to find the enantioselective variant
SV,;CAV,. We propose that this highly combinatorial protein en-
gineering approach can be utilized for the development of useful
focused libraries that can reach regions that are hard to access on
the fitness landscape. This approach should be validated toward
other enzymes to determine its generality to obtain enantioselec-
tivity. We believe that the demonstrated method has a place in
the future protein engineering toolbox for obtaining enantiose-
lective enzyme variants.

Experimental Methods

General equipment, chemicals, media recipes, molecular biology
techniques, primers, enzyme purification, kinetic analysis, and
kinetic resolution are described in SI Text.

Bioinformatics. An iterative PSI-BLAST (40) was performed using
2VEO (29) as template. Four iterations were performed with a
cutoff of 500 entries. Sequences were collected and an MSA
was generated using CLUSTAL-W (51). Conservation was deter-

Fitness

Sem

Fig. 6. A greatly simplified illustration of a protein fitness landscape that is
mostly neutral but with a distant peak. Point A represents a starting point
with neutral surroundings. B represents a point in a distant patch with in-
creased fitness compared to point A. To be able to directly jump from A
to B the fitness landscape has to be probed radically.
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mined using WebLogo (52) and conservation was ranked for all
sites that were considered for mutagenesis.

Molecular Modeling. Molecular dynamics (MD) simulations were
performed using Moloc computational package (53). The used
crystal structure [Protein Data Bank (PDB) ID code 2VEO] is
crystallized in a closed conformation and therefore the enzyme
was allowed to equilibrate by performing a 10-ns MD simulation
with the intention to create a more open conformation. After the
equilibration the enzyme was considerably more open in the sub-
strate entrance pocket and thus was able to accommodate the
4-nitrophenyl moiety. The acid part of the substrate was modeled
using the polyethylene glycol available in the crystal structure as
reference.

Selection of Residues for Mutation. The selection of residues was
determined as follows: (i) All residues lining the acyl tunnel close
to the potential substrate were considered, and formed a set of
potential mutable residues. This selection was done by choosin
all amino acids with some part of the side chain (or C,) within 4 A
from the acyl moiety. The following 12 residues became part of
the set: Asp95, Phel49, Ile150, Ser184, Pro215, Thr221, Leu225,
Phe233, Ala234, Gly237, 1le336, and His366. (ii) Phe431, located
in the entrance of the substrate tunnel, was included in the set as
it has been shown that large hydrophobic bottleneck residues can
limit the size range of substrates (38). (iii) Amino acids that are
crucial for the catalytic machinery were removed from the set.
The catalytic residues Ser184 and His366, as well as the oxyanion
hole contributor Asp95 were removed. (iv) Conserved residues
were removed from the set. Only Ile336 was removed from
the set.

Selection of Mutagenic Residue Set. The selection of the composi-
tions of the residue sets is described in Results. Set suggestions are
included in the SI Text.
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