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Understanding the Plasticity of the a/pf Hydrolase Fold:
Lid Swapping on the Candida antarctica Lipase B Results
in Chimeras with Interesting Biocatalytic Properties

Michael Skjgt,” Leonardo De Maria,” Robin Chatterjee,™ Allan Svendsen,"
Shamkant A. Patkar,”” Peter R. @stergaard,”” and Jesper Brask*"”

The Candida antarctica lipase B (CALB) has found very extensive
use in biocatalysis reactions. Long molecular dynamics simula-
tions of CALB in explicit aqueous solvent confirmed the high mo-
bility of the regions lining the channel that leads into the active
site, in particular, of helices a5 and a.10. The simulation also con-
firmed the function of helix a5 as a lid of the lipase. Replacing it
with corresponding lid regions from the CALB homologues from

Introduction

Candida antarctica lipase B (CALB) has found very extensive
use in biocatalysis reactions."™! Applications include both
aqueous hydrolysis and nonaqueous acylation reactions; these
reactions utilize the enzyme’s high activity on a broad range of
substrates, which is often combined with outstanding chemo-,
regio-, and/or enantioselectivity. Numerous examples from aca-
demia and industry illustrate CALB's versatility in asymmetric
biocatalysis; typically it is used to generate chiral building
blocks by (dynamic) kinetic resolutions or desymmetrizations.*-
8 Substrates in these applications are usually chiral secondary
alcohols (or esters thereof) or the isosteric primary amines
(RCHNH,R), but examples also exist with chiral primary alco-
hols or chiral carboxylic acids (or esters thereof). In the resolu-
tion of secondary alcohols, CALB displays Kazlauskas selectivity,
that is, the R alcohol (or ester thereof) is most often the faster-
reacting enantiomer.”’ Further, the impressive activity of CALB
in acylation reactions under mild conditions has also been uti-
lized for applications not involving stereochemistry, such as en-
zymatic polymerizations®® or chemoselective esterifications."”
Despite its versatility, CALB also has limitations in its accommo-
dation of substrates. Bulkiness, such as branching in the ao-
position of the carboxylic acid, is problematic, and various
functionalized or sterically hindered secondary alcohols™ and
all tertiary alcohols are poor substrates. For such applications,
the other lipase from C antarctica, CALA, is often a much
better starting point."?

Not counting the signal and propeptide sequence (18+7=
25 amino acids), the CALB sequence is 317 aa with the catalytic
serine at S105. We have previously reported thermostability,
activity, and enantioselectivity for a few single point mutated
CALB variants.">' More recently, other groups have also gen-
erated and reported CALB variants with improved properties.!"
A group from Schering-Plough used error-prone PCR to pro-
duce mutants with increased thermostability™® and DNA
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Neurospora crassa and Gibberella zeae resulted in two new
CALB mutants. Characterization of these revealed several interest-
ing properties, including increased hydrolytic activity on simple
esters, specifically substrates with C, branching on the carboxylic
side, and much increased enantioselectivity in hydrolysis of race-
mic ethyl 2-phenylpropanoate (E > 50), which is a common struc-
ture of the profen drug family.

family shuffling to produce other mutants with increased hy-
drolysis activity toward a prochiral diester substrate."” In the
latter work homologous lipases from C. antarctica, Hypozy-
ma sp. and Crytococcus tsukubaensis were shuffled. Mutants
were also identified with increased thermostability relative to
CALB (thermostability close to that of the Hypozyma parent).
Chodorge et al. used error-prone PCR to generate CALB var-
iants, which were screened for enhanced thermostability."®
The variant N292Y showed 7.5-fold increased activity after in-
cubation at 90°C for 15 min. In a series of publications, Hult
and co-workers report the effect of rational single point muta-
tions in the CALB active site. With a T40A or T40V substitution,
enantioselectivity could be dramatically improved for hydroly-
sis of ethyl 2-hydroxypropanoate.'” The authors highlight this
as an example of substrate-assisted catalysis. With a S47A mu-
tation, the enantiomeric ratio (E) was doubled for acylation of
certain racemic secondary alcohols (halohydrins).”” Similarly, a
W104A mutant expanded this pocket and showed increased
activity with alcohols such as heptan-4-ol and nonan-5-ol.?"
Interestingly, Hult and co-workers have also investigated aldol
and Michael additions,”**' and Baeyer-Villiger oxidations®®
with the catalytic serine variant S105A. In a novel approach,
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Understanding the Plasticity of the a/f Hydrolase Fold

Lutz and co-workers reported increased catalytic activity of
CALB variants produced by circular permutation.””? Variants
were identified with increased k., and k./K, for hydrolysis of
4-nitrophenyl (pNP) butyrate and 6,8-difluoro-4-methylumbelli-
feryl (DIFMU) octanoate. One variant, cp283, was further immo-
bilized and assayed in nonaqueous esterification and transes-
terification reactions. This demonstrated in general very similar
E values for the variant and the wild-type (wt) enzyme. Specifi-
cally for esterification of 2-phenylpropanoic acids (profen-like)
approximately twofold increased E and k./K, values were
found.

Here, we describe the design and characterization of novel
CALB mutants in which the entire CALB lid region is substitut-
ed with that of homologues.

Results and Discussion

The CALB structure — molecu-
lar dynamics and alignment

The crystal structure of CALB
was solved already in 1994 by
Uppenberg etal. as only the
sixth lipase structure.® It was
found that CALB is a globular a/
B-type protein composed of
seven central f strands that are
flanked on both sides by ten
o helices. This a/f hydrolase fold
was first identified in 199287
and has been extensively re-
viewed in recent years.'® A
still-growing number of lipases
and esterases are members of
this fold. Although the sequence
similarity between them is low, 2.0

3.0p

2.5

ot
their structures share a signifi- P i 5
cant number of secondary ele- g ’

r
ments arranged in similar tertiary A 1.0

structural motifs. As pointed out
by Heikinheimo etal., the a/f

hydrolase fold is arguably the 0.049
most plastic of protein folds be-

cause it tolerates large insertions 8
into a single-domain protein.®? <
Uppenberg etal. found the g 6
CALB structure in what appeared i i
to be an “open” conformation %

with the active site accessible to 2

the solvent, and the short a-
helix, a5 (defined as residues
142-146), was pointed out as a
putative id.*® The long C-termi-
nal a10 (residues 268-287) was
hypothesized to play a role in
CALB activation and active-site
accessibility. In 1995, Uppenberg
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et al. published the structure of CALB with a covalently bound
phosphonate inhibitor.? It was then suggested that the
a5 helix interacts with the acyl part of a substrate, but does
not act as a proper lipase lid. Hence, it was concluded that
CALB in fact lacks a lid structure—an issue that has been de-
bated ever since.

In this study, we have addressed the mobility of CALB in
aqueous solution. Our molecular dynamics (MD) simulation fol-
lows the enzyme over 10 ns, which is four-times longer than
previously reported simulations.?** The most striking event
that was observed during this investigation is a large motion
of the a5 helix towards the C-terminal part of the a.10 helix. A
representative configuration was extracted from the simulation
and is compared with the crystal structure of CALB in Figure 1.

Figure 1. CALB conformations. Left: the crystal structure 1TCA. The a5/a.10 helices and flanking regions are
shown in orange/blue. The catalytic triad and W104 are shown with sticks and spheres. Right: CALB as obtained
from the MD simulation, with the same color code.
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Figure 2. CALB mobility. Upper graph: the Ca isotropic root mean square fluctuations (iRMSF) as obtained from
the MD simulation, and two representative crystal structures (PDB ID: 1TCA and 1LBS). Lower graph: the Ca-Ca
distance between corresponding residues after optimal superimposition of the CALB structure from Figure 1
(right) onto the crystal structure (1TCA). Regions that are more distant from the crystal structure overlap clearly
with the a5/a10 helices and flanking regions.
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During this motion D145 becomes fully solvated and loses its
interactions with both S150 and T158, and P143 comes in con-
tact with L285 on the C-terminal part of the a10 helix. The
displacement of the a5 helix leaves also parts of the a6 helix
exposed to the solvent.

The isotropic root mean square fluctuations (iRMSF) for the
C, atoms obtained from the above-mentioned simulation are
consistent with those of the monoclinic crystal form of the
enzyme (Figure 2, upper panel) as well as with those obtained
by Trodler and Pleiss in their recent simulation study.?® The a5
and a10 helices are the most mobile elements in the polypep-
tide chain. In Figure 2, lower panel, a detailed comparison of
the average configuration that arises from the simulation and
the crystal structure used to start it, confirms the mobility
data. Taken together with the crystallographic work, our simu-
lation results point to the a5 helix in the CALB structure as a
very mobile element that interacts loosely with the rest of the
polypeptide chain and consequently is not particularly con-
strained from a sequence point of view.

This line of thought is confirmed when CALB and homo-
logues are aligned. From regular BlastP searches, six molecules
can be identified with >30% identity to CALB: Ustilago maydis
(Q4PEP1), Gibberella zeae (Fusarium graminearum) (Q4HUY1),
Debaryomyces  hansenii  (Q6BVP4), Aspergillus  fumigatus
(Q4WG73), Aspergillus oryzae (Q2UE03) and Neurospora crassa
(Q7RYD2). We aligned these molecules as well as the previous-
ly described CALB homologue from Hyphozyma sp.B® to CALB
in their mature forms as determined by SignalP analysis.*” This
clearly indicated a region of high complexity that corresponds
to the CALB a5 helix and flanking residues, which span the
residues from 135 to 155 (Figure 3). Marked differences in lid
regions have previously also been observed among pancreatic
lipases.®

Lid swapping-design, cloning, expression and purification

In their work with circular permutation, Qian and Lutz recently
identified the a5 helix of CALB as a region where backbone
cleavage could be allowed (leading to functional molecules),
but the tested variants did not show significantly improved
activity in hydrolysis of pNP butyrate and DiFMU octanoate.””
The above-mentioned results from MD simulations and the
alignment, however, prompted us to further investigate the
role of this region. We accordingly embarked on a project of
generating CALB variants with this region substituted with the
corresponding regions from the homologues. A similar strat-
egy of “lid swapping” has previously been explored by Secun-
do, Jaeger and co-workers, who mainly worked with Candida
rugosa lipase isoenzymes, but they also investigated lid muta-
tions in the Pseudomonas fragi lipase, as well as insertion of lid
fragments from homologues on the lid-less Bacillus subtilis li-
pase AP In our work with CALB, in particular the transfer of
lids from the N. crassa and G. zeae homologues resulted in chi-
meric lipases with interesting properties. These enzymes were
“CALB-N. crassa” (with a lid from Q7RYD2): Y135F K136H,
V139M, G142Y, P143G, D145C, L147G, A148N, V149F, S150G,
KVAKAGAPC, A151P, W155L, and “CALB-G. zege” (with a lid
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from Q4HUY1): V139, G142N, P143l, L144G, D145G, L147T,
A148G, V149L, S150IN, A151T, S153A, W155V. Variants were
made by splicing by overlapping extension PCR (SOE-PCR)“"
followed by sequence confirmation of the resulting variants.
The inserted regions were designed to be encoded by optimal
Aspergillus codon usage, and the resulting fragments were
cloned into an Aspergillus expression vector and expressed
from recombinant Aspergillus essentially as described by Huge-
Jensen and co-workers.*" Following filtration of the culture
broth, the variants were chromatographically purified and their
identity was confirmed by N-terminal sequencing.

Characterization of CALB-N. crassa and CALB-G. zeae

Initially, for kinetic characterization of these two CALB variants
in comparison to the CALB wt enzyme, hydrolysis assays based
on the pNP esters of butyric acid (1), (R,S)-2-methylbutyric acid
(2) and lauric acid (3) were conducted (Scheme 1). Whereas 1

NO! NO
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1 2
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0 /@/ 2
PN NN .
3

Scheme 1. Structures of pNP substrates.

is the standard substrate of choice, the other two structures
were included to investigate how the variants accommodate
carboxylic C, branching and longer acyl chains. This focus was
based on the earlier observations by Uppenberg et al. that the
a5 helix interacts with the acyl part of the substrate.** Mi-
chaelis-Menten constants of the two variants and the wt
enzyme are shown in Table 1. The assays were performed in
sodium phosphate buffer (0.5m, pH 7.0) that contained Tri-
ton X-100 (1 %) to avoid turbid solutions at high substrate con-

Table 1. Kinetic constants and enantiomeric ratio for hydrolysis of pNP

esters.

Substrate Enzyme Keat K ko/Kw  E

s [um] 5'm™

CALB wt 1641 484+ 11 33000 na.

1 CALB-N. crassa 39+ 11 250+12 160000 n.a.
CALB-G. zeae 8+2 169432 47000 na.
CALB wt 0.09+£0.02 525+99 170 1.05+0.02

2 CALB-N.crassa 1.24+0.2  318+24 3900 2.4+0.2
CALB-G. zeae  0.30£0.03 335+111 900 1.08+0.02
CALB wt 3.1+03 535+32 5800 na.

3 CALB-N. crassa  2+1 4504251 4400 na.
CALB-G. zeae  23+6 170£15 140000 na.
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Figure 3. Alignment of CALB homologues. Black on white: dissimilar residues. Blue on cyan: consensus residues derived from a block of similar residues at a
given position. Black on green: consensus residues derived from the occurrence of greater than 50% of a single residue at a given position. Red on yellow:
consensus residues derived from a completely conserved residue at a given position. Green on white: residues weakly similar to consensus residues at a
given position. The region of high complexity targeted for replacement in CALB is boxed.

centrations. The enantiomeric ratio (E) could be calculated for
hydrolysis of substrate 2 by acidification of the reaction mix-
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ture, followed by extraction into diethyl ether and analysis of
the 2-methylbutyric acid product by chiral GC.
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Our results indicate that under the stated conditions, the
CALB-N. crassa mutant had a five-times higher k./K, ratio
compared to the wt lipase when assayed with pNP butyrate
(1), and a 23-times higher k_/Ky, ratio with the branched sub-
strate 2; however, with the longer substrate 3, CALB-N. crassa
performed much like the wt, whereas CALB-G. zeae had a 24-
times higher k./K,, ratio. Both the wt enzyme and CALB-
G. zeae were almost completely unselective towards substrate
2, but CALB-N. crassa did show very modest enantioselectivity
(E=2.4). For comparison, Gaub et al. recently reported k.=
325" and Ky=4612um for hydrolysis of 1 in phosphate
buffer (50 mm, pH 7.0), NaCl (150 mm), Triton X-100 (0.5%),
iPrOH (5%) by CALB expressed in Aspergillus.*® In the same
publication the authors reported very similar kinetic constants
for CALB expressed in E. coli. Qian and Lutz reported k. =55"
and Ky=410 um for CALB wt with the same substrate in a
pH 7.5 buffer (Triton or cosolvents were not mentioned).””!

Whereas pNP esters are frequently used for assaying enzyme
activity, these activated esters are both electronically and steri-
cally significantly different from the simple alkyl esters that are
typically of interest in biocatalytic reactions. To address this
issue, a second assay was designed with hydrolysis of a small
but diverse set of eight simple esters substrates (Scheme 2). In-
itially a range of additives and cosolvents were evaluated for
their ability to emulsify or dissolve the substrates, and hence
increase accessibility for the enzyme. Two conditions were
found to be favorable for all substrates, 1) 0.1% Triton X-100
and 2) 5% acetone, both in 50 mm Tris buffer pH 7.0. Reactions
were then performed in Eppendorf tubes at 30°C over 24 h,
after which a sample was withdrawn for GC analysis, which
was used to calculate both conversion and enantiomeric ratio.

This simple assay revealed several interesting results
(Table 2). The most striking was the remarkably improved

0 0
o™

/\n/o\)\

IO A

Scheme 2. Structures of ester substrates used for hydrolysis assay.
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Table 2. Conversion (%) and enantiomeric ratio (E)*¥ after 24 h reaction

for the systems with either Triton X-100 (0.1 %) or acetone (5 %).

Substrate Condition CALB wt CALB-N. crassa CALB-G. zeae

4 Triton 92 (1.1) 99 (1.0 97 (1.0)
acetone 92 (1.1) 98 (1.0) 97 (1.1)

5 Triton 0 24 (>50) 26 (>50)
acetone 0 7 (>50) 4 (>50)

6 Triton 30 30 24
acetone 36 38 27

7 Triton 41 (1.0) 24 (>50) 30 (23)
acetone 44 (1.3) 24 (>50) 23 (>50)

s Triton 97 96 96
acetone 97 94 97

9 Triton 38 (>50) 47 (>50) 46 (>50)
acetone 42 (>50) 38 (>50) 40 (>50)

10 Triton 93 73 79
acetone 86 75 67

1 Triton 58 (3.9) 53 (5.1) 40 (15)
acetone 40 (12) 49 (5.5) 33 (14)

[a] E>50 means that only one enantiomer could be detected by the

standard GC analysis. The same amount of enzyme (0.5 mg) was used in

all reactions.

enantioselectivity for hydrolysis of ethyl (R,S)-2-phenylpropa-
noate (7). The wt enzyme showed no enantioselectivity with
this substrate at all; this is also described in the literature.*® In
contrast, both mutants hydrolyzed the substrate with excellent
enantioselectivity (it has not been investigated if the selectivity
is R or S). Because 2-arylpropanoic acid is a common core
structure of the profen drug family (ibuprofen, ketoprofen,
etc.), there is significant interest in finding such selective
enzymes to facilitate resolution of the racemic drugs or inter-
mediates.***! Both variants also showed increased activity
with the difficult C,-branched ethyl (R,S)-2-ethylhexanoate (5),
with which the wt enzyme had no detectable activity. Further,
with this substrate, enantioselectivity was excellent (E>50) for
both variants, and interestingly, conversion was higher with
0.1% Triton X-100 compared to 5% acetone (for all other re-
actions the two media gave very similar results).

The two mutant enzymes were further characterized and
compared by measuring the denaturation temperature (T,) by
differential scanning calorimetry (DSC), and specific activity in
the hydrolysis of tributyrin at pH 7 (the “LU assay”).*® For the
wt enzyme we found a T, of 62°C, which confirms previously
published data.'" The two mutants showed little variation rela-
tive to the wt denaturation temperature: the T, values were
determined to be 60 and 63°C for CALB-N. crassa and CALB-
G. zeae, respectively. For comparison, Lutz and co-workers de-
termined T, for CALB wt to be 53.5°C by fitting thermal dena-
turation CD spectroscopy data, with the circular permutated
variants giving significantly reduced T, values.”® When we
measured the specific activity with the LU assay, CALB wt gave
a familiar bell-shaped pH profile with a optimal specific activity
at pH 7, which is close to what we have previously reported
(Figure 4)." The two variants, on the other hand, yielded sur-
prisingly low specific activities in this assay. Furthermore, the
pH profiles were entirely different: there was no clear opti-
mum, but a tendency to higher activity under more alkaline

ChemBioChem 2009, 10, 520-527
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Figure 4. The pH profiles of the enzymes studied in the LU assay.

conditions. Whether the poorer performance of the variants in
this assay is due to the triglyceride substrate structure or other
reaction conditions, is not certain.

Finally, to investigate the performance of the two mutants in
acylation reactions under nonaqueous conditions, the enzymes
were immobilized on porous polypropylene beads. The enan-
tioselectivity was then evaluated for acylation of a racemic sec-
ondary (hexan-3-ol; 12) and primary (2-ethylhexan-1-ol; 13) al-
cohol in hexane by using vinyl acetate or propionate as acyl
donors (Scheme 3). With the secondary alcohol 12, both wt
and the two variants showed excellent enantioselectivity (E>
50), but the primary alcohol 13 gave poor enantioselectivity, al-
though it was slightly improved in the variants compared to
the wt (Table 3). Reaction rates were similar for the three en-
zymes, though the two variants appeared slightly slower than
the wt in acylation of substrate 13. The increase in enantio-
selectivity for acylation of 13 is small but significant, and indi-

o0F
S i i thd
OH CALB Oj]/\
(0]

12
o (¢]

/\/}AOH 9 e /\/}/\OJ\
CALB
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Scheme 3. Transesterification reactions catalyzed by immobilized CALB.
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Table 3. Enantiomeric ratio (E) determined from nonaqueous transesteri-
fication reactions with alcohols 12 and 13.

12 13
CALB wt >50 1.9
CALB-N. crassa >50 3.0
CALB-G. zeae >50 3.2

cates that the lid plays a role in dictating the selectivity in
apolar nonaqueous media too.

Conclusions

Historically, the significance and even presence of a CALB lid
has been debated, though the a5 and 10 helices originally
were suggested as lid candidates. We have now been able to
establish with MD simulations that a5 and a10 are in fact
highly mobile regions in the CALB structure, and also exhibit a
relative motion between them. The simulations presented in
this work also point at the a5 helix and its flanking residues as
loose regions that have few physical contacts with the rest of
the molecule. This was further confirmed by sequence align-
ments in which this residue stretch was found to have remark-
able low similarity in seven CALB homologues. To investigate
the role of this region, mutant lipases were created in which
this sequence of the wt CALB was replaced with that of the
homologues from the alignment. We succeeded in expressing
several of these molecules in Aspergillus, and from this handful,
two were initially selected to be studied further, based on high
activity measured with a simple pNP butyrate assay directly in
the fermentation broth. These were CALB-N. crassa, which had
a very large lid, and CALB-G. zeae, which had a much smaller
lid structure. The biocatalytic screening of these two mutants
revealed several interesting properties, including increased hy-
drolytic activity with a range of ester substrates, in particular
those with C, branching on the carboxylate, as well as much
increased enantioselectivity in hydrolysis of a 2-arylpropanoic
acid ester. From an application point of view, this positions
CALB-N. crassa and CALB-G. zege as two potentially very inter-
esting enzymes for a range of biocatalytic reactions. The re-
sults also illustrate that the CALB sequence stretch around the
a5 helix can indeed significantly influence the catalytic proper-
ties of the enzyme, including the enantioselectivity, which con-
sequently seems not only to be dictated by the fit of the sub-
strate into the enzyme’s active site pocket. Finally, this work
provides evidence in support of the high plasticity of the a/f8
hydrolase fold, and shows how entire regions of the polypep-
tide chain that are loosely bound to the rest of the protein
matrix can be completely interchanged.

Experimental Section

Molecular dynamics and alignment: CHARMm® was used to pre-
pare the CALB (PDB ID: 1TCA) structure for the simulations, as de-
scribed in previous studies.*** D134 was neutralized by adding a
proton to ensure a neutral enzyme at neutral pH values. Hydrogen
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atoms were added to both protein and waters by using the com-
mand HBUILD. The system was embedded in explicit water mole-
cules and confined to a 90 A cubic box. There were in total 24630
water molecules, including those that were already present in the
1TCA structure. A simulation at constant temperature (300 K) and
constant pressure (102668 Pa) was performed for a total of 10 ns
by using NAMD."” Berendsen’s coupling method® was used to
keep the temperature and the pressure at the desired values. The
temperature coupling constant was set to 0.25 ps ' and the com-
pressibility parameter for the barostat was set to 4.55x 107° bar™".
Hydrogen atoms were constrained by the SHAKE algorithm by al-
lowing for a 2fs time step.”” Long-range interactions were
switched from 8 to 12 A, at which point they were cut off. More
details about the simulation can be found in the Supporting Infor-
mation. The alignment was done by using the AlignX program
from the Vector NTI package (Invitrogen) version 10.3.0 by using
standard parameters.

Cloning and expression: CALB variants were created by SOE-PCR
by using a vector that harbored the wt CALB coding region as
template for the primary PCR. Insertion of Q7RYD2 lid: PCR-A:
primer 387: 5-TGG CGA CCT TGC CGA AGT TGC CGG CGC AGA
GGC CGT AGG CGA GCA TGG TGC CGT GGA AGT CGG GCG CAA
AGG CCA TAA GTC GAT C-3'+ primer 399: 5-CCG GTG ACC CTC
GAG ACC ATG AAG CTA CTC TCT CTG ACC-3' and PCR-B:
primer 388: 5-TCT GCG CCG GCA ACT TCG GCA AGG TCG CCA
AGG CCG GCG CCC CCT GCC CCC CCT CCG TCC TCC AGC AAA
CCA CCG GTT CGG CAC TCA CC-3'+primer 400: 5'-TCA CCC TCT
AGA TCT TCA GGG GGT GAC GAT GCC GG-3'. Insertion of Q4HUY1
lid: PCR-C: primer 398: 5'-GCC AAC ATC GGC GGC GCC ACC GGC
CTC ATC AAC ACC CCC GCC GTC GTC CAG CAA ACC ACC GGT TCG
GCA CTC ACC-3'+ primer 400 and PCR-D: primer 387 + primer 399.
The resulting fragments were gel purified and small aliquots of
PCR-A+B and PCR-C+D were mixed and used as templates for
the generation of the Q7RYD2 and Q4HUY1 lid mutants, respec-
tively, by using primers 399 and 400 for the secondary amplifica-
tion. The Phusion™ High-Fidelity DNA Polymerase (Finnzymes) was
used as described by the manufacturer for all amplifications. Pri-
mers 399 and 400 introduced Bglll/Xhol In-Fusion (Clontech Labo-
ratories, Inc.) capable overhangs. The vector pENI1898Link, which
contained the TAKA promoter and a downstream AMG terminator
that enabled the expression of the variants in Aspergillus,*® was di-
gested with Bglll/Xhol, and the final amplification products were
introduced by In-Fusion™ PCR cloning. The two variants were se-
quenced by using a ABI 373 DNA sequencer (Applied Biosystems)
to confirm that only the desired mutations were introduced. The
two resulting plasmids were transformed into A. oryzae as previ-
ously described.®" A selection of transformants were grown in
YPM (10 g yeast extract (Difco), 20 g peptone (Difco), water to 1L,
autoclaved; added sterile-filtered maltose to 2%, w/w) for four
days at 30°C with vigorous shaking, prior to purification of the
variants.

Purification: The culture broth was first filtered though filtration
cloth and subsequently through a 0.2 um filtration unit (Nalgene)
to remove the Aspergillus host. Solid NaCl was added to 1m final
concentration and the pH was adjusted to 7 with AcOH (20%). The
adjusted lipase solution was applied to a decyl-agarose column
(prepared by immobilizing decyl groups on activated agarose) and
equilibrated in 50 mm HEPES/NaOH, NaCl (1.0m), pH 7.0. After
washing the column with the equilibration buffer, the column was
eluted with 50 mm HEPES/NaOH, pH 7.0. The eluted peak, which
containing the lipase, was dialyzed, overnight, in 20 mm AcOH/
NaOH, pH 4.5 and applied to a SOURCE S column (GE Healthcare)
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that had been equilibrated in 20 mm AcOH/NaOH, pH 4.5. The
column was washed with the equilibration buffer and eluted with
a linear NaCl gradient (0 to 0.5m) over ten column volumes. The
lipase, which eluted as a sharp peak was collected, and the purity
was analyzed by SDS-PAGE; only one band was found on the Coo-
massie-stained gel. Finally, N-terminal sequencing was performed
by Edman degradation by using an Applied Biosystems 494 Procise
system, by following standard procedures recommended by the
manufacturer.

DSC and pH profile: Denaturation temperatures (T,) were deter-
mined by using a MicroCal VP-DSC instrument in HEPES buffer
(50 mm, pH 7) with approximately 1 mgmL~' enzyme concentra-
tion. The scan range was 20-90°C at 90°Ch™". The pH profiles
were based on LU activity measurements. The LU assay is a pH-
stat-based titration of the enzymatic hydrolysis of tributyrin
(0.17 M) emulsified with gum Arabic (0.1%), as previously de-
scribed.“

Determination of Michaelis-Menten constants: The pNP sub-
strates were dissolved in propan-2-ol to make a 100 mm stock so-
lution. This was added to sodium phosphate buffer (0.5wm, pH 7.0)
with Triton X-100 (19%) to obtain substrate concentrations in the
range 0.01-2 mm (high concentrations were not possible for pNP
laurate). Next, the substrate solutions (150 pL) was transferred to a
a microtiter plate, and enzyme (10 pL) was added. Absorption was
measured at 405 nm every 15s over 20 min. Reaction rates
(A4ss™") were converted to ms™' by using an experimentally deter-
mined pNP standard curve (in the given buffer) and the data were
plotted against substrate concentration. Next, v, and Ky, were cal-
culated from a direct fit to the Michaelis—-Menten plot by using the
solve function in MS Excel. Finally, v,,,, was converted to k., by di-
viding with enzyme concentration, which was calculated from
measured A,g, by using a theoretical molar extinction coefficient
that was calculated with GPMAW (http://www.gpmaw.com). The
given standard deviations refer to k.. and K, calculations from
three different batches of each of the three enzymes (individual
fermentations and purifications).

Determination of E for pNP 2-methylbutyrate hydrolysis: Reac-
tions were performed on the 2 mL scale by using 2 mm substrate
and the same buffer system as for the determination of the kinetic
constants. Three reactions were stopped by the addition of HCI
(2m, 0.1 mL) and then extracted into Et,0 (2 mL). After analysis by
chiral GC (Varian CP-Chiralsil-DEX CB 10 m column, temperature
program 80 to 180°C at 2°Cmin™"), E was calculated from Equa-
tion (1):

_Infee,(1—ee;)/(ee,+-ee,)]
" In[ee, (1+ee;)/(ee,+ee,)]

M

Reactions were performed in triplet for each enzyme (stopped at
different conversions) and E is reported as an average.

Hydrolysis reactions with simple ester substrates: Reactions
were performed with substrate (50 ul) in Tris buffer (50 mwm,
pH 7.0) that contained either Triton X-100 (0.1%) or acetone (5%).
Enzyme (0.5 mg, calculated based on A,g,) was added and the reac-
tion was incubated for 24 h at 30°C, 1200 rpm; the total volume
was 1.5 mL. To stop the reactions, HCl (1™, 0.1 mL) was added and
the mixture was extracted with CH,Cl, (0.9 mL). The organic phase
(20 pL) was transferred to a GC vial that contained Et,0 (980 pL).
GC analysis and calculation of E was performed as described
above. Conversion was calculated directly from the GC integrals
without the use of standards.
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Immobilizations and nonaqueous reactions: Enzymes were im-
mobilized on Accurel MP1000 porous polypropylene beads by
physical adsorption (loading 20 mgg™', based on A,). After 18 h
of shaking at room temperature in phosphate buffer (1M, pH 7) no
residual enzyme was found in the supernatant, and the beads that
contained the immobilized enzyme were filtered and dried. Acyla-
tion reactions were performed in Eppendorf tubes with each re-
agent (1 mmol), hexane (0.8 mL) and immobilized enzyme (5 mg)
at 40°C, 1400 rpm. Samples were withdrawn for analysis by NMR
spectroscopy (conversion) and chiral GC at specific time intervals.
The E value was calculated as previously specified.

Keywords: enantioselectivity enzyme catalysis - ester

hydrolysis - gene expression - molecular dynamics
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