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ABSTRACT: The interest in performing enzyme-catalyzed
reactions in amphiphilic systems, e.g., imidazolium-based ionic
liquids (ILs) or surfactants, has been increased over the past
decades. Directed protein evolution has been successful in tailoring
enzymes for desired properties. Herein, nine IL-resistant Bacillus
subtilis lipase A variants, particularly an IL-activated variant M1
(M134N/N138S/L140S), were identified by directed evolution. For
instance, variant M2 (M134R/L140S) showed almost doubled
specific activity (16.9 vs. 9.4U/mg) and resistance (233% vs.
111%) at 9 vol% 1-butyl-3-methylimidazolium trifluoromethane-
sulfonate ([C;mim][TfO]) compared with wild-type. The specific
activities and resistance of purified individual single and double
variants have been studied in five different IL-aqueous mixtures.
The re-activation of lipase variant M1 (not wild-type) at high IL
concentration was attributed to the cooperative effect of three
surface substitutions (M134N, N138S, L140S) near the substrate-
binding cleft. The presence of IL/substrate clusters under assay
conditions was likely related to the re-activation effect. This study
provides first example of IL-activated lipase variant generated by
protein engineering, and helps to better understand the protein-IL
interaction.
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Introduction

Lipases (EC 3.1.1.3) are a sub-class of enzymes within the esterase
family whose natural function is to hydrolyze long chain
triacylglycerols (Schmid and Verger, 1998). Lipases constitute an
important group of biocatalysts for industrial and biotechnological
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applications (Anobom et al., 2014; Hasan et al.,, 2006). Protein
engineering has been successful in generating enzyme variants with
desired property towards non-natural conditions (Hudson et al.,
2005; Liszka et al., 2012; Nordwald and Kaar, 2013). The interest in
performing enzyme-catalyzed reactions in non-conventional media
such as ionic liquid (IL) has increased in recent years (Bose et al.,
2012; Ha et al,, 2013; Lehmann et al., 2012; Nordwald et al., 2014;
Raddadi et al., 2013; Trivedi et al., 2013; Wolski et al., 2011).

ILs are molten salts composed of organic cations and inorganic or
organic anions with melting points typically below 373 K (Freuden-
mann et al., 2011; Moniruzzaman et al., 2010). Over the past decades,
ILs have attracted great attention as possible “green” replacements for
conventional organic solvents in chemical and biocatalytic processes
due to their unique properties, such as negligible vapor pressure, high
thermal stability, good solvation ability and wide electrochemical
potential (Earle et al., 2006; Mora-Pale et al., 2011; van Rantwijk and
Sheldon, 2007; Zhao, 2010). In addition, ILs can be tuned to specific
application demands by changing the anion or/and cation (Giernoth,
2010; Plechkova and Seddon, 2007).

One attractive property of ILs based on 1-alkyl-3-methylimida-
zolium cation [C,mim] " is their inherent amphiphilicity as cationic
surfactants depending on the alkyl chain length (Singh and Kumar,
2007; Wang et al., 2007). The aggregation behavior of ILs in aqueous
solutions has been reported in many articles (Blesic et al., 2007;
Bowers et al., 2004; Mao and Zhu, 2013; Miskolczy et al., 2004; Wang
et al., 2007) and reviews (Chen et al., 2014; Greaves and
Drummond, 2008; Luczak et al., 2008; Sintra et al., 2014). It is found
that the aggregation of ILs is highly dependent on the concentration
and type of ILs (e.g., length of alkyl chain and type of anion) (Singh
and Kumar, 2007), the buffer system (e.g., salt type and
concentration) (Blesic et al., 2007), and other components in the
solution (e.g., proteins and reactants used in enzyme-catalyzed
reactions) (Ventura et al., 2012). For instance, for a given cation, the
ability of anions to promote aggregation of the ILs basically follows
the order I" >Br~ >CI, which can be explained by different
hydration and binding capacity of them to the cation (Vaghela et al.,
2011). In addition, the presence of salts or reactants often
significantly decreases the critical aggregation concentrations

1997

Biotechnology and Bioengineering, Vol. 112, No. 10, October, 2015



(CACs) of the ILs (Blesic et al., 2007; Ventura et al., 2012).
Noteworthy, short alkyl chain ILs (n <4) like [C;mim]Br and
[C4mim]Cl are hard to form aggregates (Goodchild et al., 2007;
Vaghela et al., 2011), nevertheless some studies reported the
aggregates of short alkyl chain ILs, e.g., [Csmim]Cl (Remsing et al.,
2008; Singh and Kumar, 2007), [C;mim][BF,] (Mao and Zhu, 2013;
Singh and Kumar, 2007), [C;mim][C¢SO4] (Miskolczy et al., 2004),
and [C,mim][CH;S0,] (Modaressi et al., 2007). Additionally,
[Cymim]I clusters have been directly observed for the first time
using high-resolution transmission electron microscopy (HRTEM)
(Chen et al., 2011). This leaves the question of whether short alkyl
chain ILs can form aggregates still open, and the conditions
aforementioned should be taken into account.

Since most lipases are activated at the water-lipid interface, their
interaction with amphiphilic molecules (e.g., imidazolium-based
ILs) is expected to affect their catalytic performance (Goldfeder and
Fishman, 2014; Sintra et al., 2014). For instance, Ventura et al. (2012)
reported that the activity of the commercial Candida antarctica
lipase B (CaLB) crude extract could be enhanced up to six fold in
aqueous solutions of the long-chain IL 1-decyl-3-methylimidazolium
chloride, [C;omim]Cl. This phenomenon was explained by the
formation of clusters originated by the self-aggregation of [C,omim]
Cl. However, only CaLB wild-type was tested in one IL [C,omim]Cl,
thus it is difficult to make general conclusions about the influence of
protein-IL interactions on protein activity.

In this study, the Bacillus subtilislipase A (BSLA) (van Pouderoyen
et al., 2001) was chosen as a model enzyme with a solved crystal
structure (PDB code: 116W) and without a “lid” covering the active
site. The BSLA wild-type is deactivated at high concentrations of
short-alkyl chain imidazolium-based ILs, therefore we performed a
directed evolution campaign to identify lipase variants with
enhanced IL-resistance. Here, we report the first example of the
deactivation of lipase variants at low and re-activation at high IL-
concentration. Since this phenomenon is only observed for some
specific lipase double or triple variants, the contribution of individual
substitutions on cooperative effect is further studied.

Materials And Methods

Chemicals

All chemicals were of analytical grade or higher quality and purchased
from Sigma-Aldrich Chemie (Steinheim, Germany), AppliChem
(Darmstadt, Germany) and Carl Roth (Karlsruhe, Germany) unless
specified. All five ILs ([Csmim][TfO], [C,mim][TfO], [C;mim]C],
[C;mim]Br, and [C;mim]L; Fig. S1) used in this study were purchased
from IoLiTec (Ionic Liquid Technologies, Germany) with mass fraction
purity higher than 99%. The [C;mim]Cland [C,;mim]Br were obtained
as solid at room temperature, and were dissolved by adding 8.6% (v/w)
and 10% (v/w) Milli-Q water before use.

Plasmids and Strains

The pET22b( + )-bsla wild-type plasmid was used as PCR template
for construction of random mutagenesis and multiple site
saturation mutagenesis libraries. The modified pET22b( + )-bsla
plasmid harboring an N-terminal His-tag was used as PCR template
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for site directed mutagenesis. Chemically competent Escherichia coli
DH5c and E. coli BL21-Gold (DE3) cells prepared in-house
(3 x 10" and 6 x 10° cfu p,gf1 pUC19) were used as hosts for DNA
manipulation and recombinant protein expression.

Random Mutagenesis

The generation of the random mutagenesis libraries of bsla (epPCR
with a low- and a high-mutation frequency and SeSaM-Tv P/P) was
shown in our previous study (Zhao et al., 2014). The average
number of amino acid substitutions per protein for epPCR-low,
epPCR-high, and SeSaM-Tv P/P library was 1.1, 4.1 and 1.6,
respectively.

Multiple Site Saturation Mutagenesis

Two multiple site saturation mutagenesis (MSSM) libraries, MSSM
138/140 (VDS codon) and MSSM 134/138/140 (MRW codon), were
generated using a modified QuikChange protocol (Wang and
Malcolm, 1999). The PCR protocol and the used primers (Table S1)
are described in supporting information.

Site Directed Mutagenesis

The expression vectors of most improved BSLA variants and their
individual single or double variants were constructed using
QuikChange site directed mutagenesis. The PCR protocol was
modified based on the aforementioned MSSM protocol with some
changes: (i) modified pET22b( + )-bsla plasmid harboring an N-
terminal His-tag was used as PCR template; (ii) annealing
temperature of PCR was optimized for each case (55 °C, 60 °C, or 66
°C in most cases). The primers are shown in Table S2.

Activity Assay in 96-well Microtiter Plate

The activity of BSLA lipase in microtiter plate (MTP) was measured
based on photometric assay of the released p-nitrophenol detected
at410 nm (A4o) using a microplate reader, Tecan Infinite M200 Pro
(Tecan Group Ltd., Switzerland), and p-nitrophenyl butyrate
(pPNPB) was used as substrate. The reaction mixture in MTP per
well was prepared by addition of 90 wL of triethanolamine (TEA)
buffer (50 mM, pH 7.5) and IL mixture (with varying IL content) to
10 L of lipase solution (supernatant of culture or 240 ng of purified
lipase). The MTP was then incubated at room temperature for 2 h at
900 rpm. Subsequently, 100 L of the pre-cooled substrate solution
(0.5mM pNPB final concentration, 10 vol% acetonitrile and 90 vol
9% TEA buffer) was added and A4, values were measured for 8 min.
One unit (U) of enzyme activity was defined as the amount of
enzyme releasing 1.0 wmol of p-nitrophenol per minute under
the assay conditions. The volume fraction used throughout the
manuscript corresponds to the IL concentration at which the lipase
incubated, and it is reduced to half for the measurement.

Screening Procedure with pNPB Assay in 96-well MTP

The mutant libraries were pre-screened for activity on tributyrin
LBsup agar plates. Active transformants which showed halos



surrounding the colonies were picked and grown in LBayp
medium (150 wL per well) in 96-well MTPs. The expression of
BSLA in 96-well MTPs is shown in Fig. S2. The supernatant of
culture was used for activity assay since BSLA is secreted into the
culture when the vector pET22b (+) (harboring pelB-signal
sequence) is employed in E. coli BL21-Gold (DE3) (Kumar et al.,
2014). The resistance of a lipase towards an IL is defined as the
ratio of lipase activity in the presence of IL with its activity in the
absence of IL. The activities of lipase in the presence and absence
of 9 vol% [C,mim][TfO] (0.4 M; leading to 31% of resistance for
BSLA wild-type; Fig. S3) were measured as previously described.
To calculate the activity of the BSLA lipase, the background
activity (supernatant of culture with empty vector) was
subtracted. The standard deviation of the 96-well MTP-based
PNPB screening system was determined using supernatant of
culture with BSLA wild-type (Fig. S4). Only BSLA variants with
increased resistance and clear activity were chosen as the
candidates. All the candidates were rescreened in triplicate to
identify the improved variants.

Expression of BSLA in Flask and Purification

The main expression culture in flask (containing a modified auto-
induction medium) was cultivated at 37°C (250 rpm) for 3 h.
Afterwards the temperature was shifted to 15°C for 72 h. The cells
were then harvested by centrifugation (4°C, 4000 g, 20 min), and
stored at —20°C. The cell pellets were resuspended in lysis buffer
(pH 8.0; 50 mM NaH,P0, and 300 mM NaCl) prior to disruption by
sonication. The His-tagged BSLA wild-type and variants were
purified using the Protino™ Ni-TED 2,000 packed columns
(Macherey-Nagel). Afterwards, PD-10 desalting column (GE
Healthcare, Germany) was used to remove the salts. The purified
lipases were stored at glycine buffer (10mM, pH 10.5) in small
aliquots at —20°C, and each aliquot was used only once after
thawing. Purity was determined using the Experion™ system from
Bio-Rad (Miinchen, Germany).

Electrical Conductivity Measurements

The conductivity of the sample was measured using a Seven
Compact™ $230 (Mettler Toledo Instruments) at 298 K. At least
three measurements were performed for each concentration of IL-
aqueous mixture.

Dynamic Light Scattering

Dynamic light scattering (DLS) was employed to determine the
presence as well as size of aggregates formed in the IL-aqueous
mixtures using a Nano-ZS, ZetaSizer from Malvern Instruments.
The particle size detection range of this Nano-ZS Instrument is
specified by Malvern Instruments with 0.3nm to 10.0 pm. All
sample solutions were passed through 0.22 um PVDF membrane
filters to remove dust. To ensure adequate mixing, the IL-aqueous
mixtures were mixed on a vortex mixer, and incubated at 900 rpm
for 2h. Experiments were performed at 25 °C, and three
measurements were taken for each solution. Samples were
equilibrated for 10 min before data collection.

Molecular Dynamics Simulations

The molecular dynamics (MD) simulations of [C4mim]I aqueous
mixtures were performed with Amber03 and GAFF force field using
YASARA software (Duan et al., 2003; Krieger et al., 2002). The
partial charge of [C;mim] " was computed using HF/6-31G*-RESP.
Electrostatics was calculated using a cutoff of 7.86 A; long-range
interactions were calculated by using the particle-mesh Ewald
integration. MD simulations were carried out at 298 K for 30 ns.

Results And Discussion

Directed BSLA Evolution for Improved Resistance
Towards 9 vol% [C,mim][TfO]

First, two rounds of random mutagenesis campaigns have been
performed to improve BSLA resistance towards an IL-aqueous
solution, nine vol% [Cymim][TfO] (Fig. 1). Three different random
mutagenesis strategies (epPCR-low, epPCR-high, and SeSaM-Tv P/
P) were employed in the first round of evolution. Consequently, four
improved BSLA variants exhibiting 1.3-1.9 fold increase in
resistance to IL were identified after screening of ~3000 clones
in MTP plates. Notably, three of these four improved variants were
screened from the SeSaM-Tv P/P library (Fig. 1 and Table S3) which
has been previously reported to be enriched in transversions and
consecutive nucleotide mutations (Zhao et al., 2014). One variant
F58Y/L140S was identified from the epPCR-high library. These four
improved variants were selected as parents for the second round of
directed evolution using epPCR with a high-mutation frequency
(Fig. 1 and Table S3). As a result, a variant V741/M134K/N138R/
G175D with 1.9-fold increased resistance was identified from the
second round of directed evolution (Fig. 1).

The locations of all observed amino acid substitutions in the
improved variants were mapped on the BSLA structure, and
three structurally-related positions (M134, N138, and L140) were
finally identified as “hot-spots” (Fig. 2). We observed that N138
and L140 are located on a small helix at the entrance of the
substrate-binding cleft (Fig. 2B), while M134 is found on
the connecting loop region and adjacent to the active site residue
D133. Next, two MSSM libraries, MSSM 138/140 and MSSM 134/
138/140, were generated and screened for the improved resistance
towards 9 vol% [Cymim][TfO]. After screening ~1000 clones of
each library, the two most improved variants (M1: M134N/
N138S/L140S; M2: M134R/L140S) (Table S3) were selected for
further analysis.

Specific Activities and Resistance of Purified BSLA
Variants in Five IL-Aqueous Solutions

The variants M1, M2 and their individual single and double variants
(Fig. 1) were purified in preparation for characterization (Fig. S5).
Initially, two important issues needed to be addressed: (i) in order
to maintain the pH of the IL aqueous solutions after reaction:
100 mM TEA buffer (pH 7.5) was selected to control pH shift less
than 0.2; (ii) since IL itself can hydrolyze the substrate pNPB, the
activities of the purified lipases were normalized by subtracting the
autohydrolysis rate.
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Figure 1. Overview of the directed BSLA evolution campaign. Two iterative cycles of random mutagenesis were performed yielding several improved variants. Asterisks
indicate the improved variants screened from SeSaM-Tv P/P library (see details in Table S3). Three structurally-related “hot-spots” (M134, N138, and L140) were identified. Two
multiple site saturation mutagenesis (MSSM) libraries, MSSM 138/140 (VDS codon) and MSSM 134/138/140 (MRW codon), were generated and screened.

The specific activities and resistance of purified BSLA wild-type
and variants were examined in five ILs, [C4mim][TfO], [C,mim]
[TfO], [Cymim]Cl, [Cymim]Br, and [Cymim]I (Fig. S1). A typical
“bell-shaped” resistance curve was observed for BSLA wild-type in
all [Cymim]-based ILs, and similar profiles were reported (Akbari
et al., 2011; Daneshjoo et al., 2011; Yang et al., 2010) in other
enzyme/IL systems. As expected, the purified M1 and M2 showed
enhanced resistance compared to wild-type in almost all studied
[Cymim][TfO] concentrations (Fig. S6), e.g., M2 showed almost
doubled specific activity (16.9 vs. 9.4 U/mg) and resistance (233%
vs. 111%) at 9 vol% [C,mim][TfO] than that of purified wild-type.
However, lower resistance were found for M1 and M2 in all studied
[Cymim]Cl and [C4mim]Br concentrations (Figs. S8 and S9). This
demonstrated that the property of BSLA was highly dependent on
the types of ILs and amino acid substitutions. The specific activities
and resistance of identified IL tolerant/activated variants are
summarized in Table I. We focus on the discussion of [C;mim]I in
the following paragraph.

Figure 3 shows the specific activities of purified BSLA wild-type
and selected variants at 0, 18, and 22 vol% [C,mim]I solutions (see
details in Fig. 4 and Fig. S10). As expected, the specific activity of
wild-type was reduced from 10.9 in 0 vol% (buffer) to 6.0 and
41U/mg at 18 vol% and 22 vol% [Cymim]l, respectively.
Surprisingly, an unusual activity profile was observed in the case
of M1; within a wide range of low [Cymim]I concentrations (5-18
vol%), the specific activity of M1 was almost completely lost,
however, at 20-22 vol% the activity was dramatically regained (up
to ~1.3-fold; 5.9 U/mg compared to 4.6 U/mg in buffer; Fig. S10).
These experimental results clearly demonstrated that M1, but not
wild-type was reactivated at elevated concentrations of [C,mim]I
(>18 vol%) (Fig. 4). Analyzing the specific activities of individual
single variants indicated that M1.2 (N138S) and M1.3 (L140S) were
only slightly activated at concentrations above 20 vol% and 18 vol%
[Cymim]I; no “clear” activation was found for M1.1 (M134N).
Furthermore, all three double variants (M1.4: M134N/N138S; M1.5:
N138S/L140S and M1.6: M134N/L140S) showed only a weak

Figure 2. Locations of structurally-related “hot-spots” highlighted on the crystal structure of BSLA (PDB code: 116W). (A) Three catalytic residues (S77, D133 and H156) are
shown in green spheres, and three substitutions (M134, N138, and L140) in cyan spheres. (B) The BSLA surface is colored from hydrophobic (orange) to hydrophilic (blue). The
substrate-binding cleft is indicated by the red arrow.
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Table I. Summary of the identified ionic liquid tolerant/activated BSLA variants.
Variant Substitution Tonic liquid aqueous solution® Specific activity (U/mg) Resistance relative to WT (%)
Wild-type — [C4mim][TfO] 94402 1006
[C,mim][TfO] 54 403 100+ 10
[C4mim]Cl 221+1.0 100+ 11
[C4mim]Br 1544+ 1.0 100 £ 13
[C4mim]I 41+£03 100 £ 11
M1 M134N/N138S/L140S [C4mim][TfO] 89+ 04 190 + 18
[C,mim]I 59404 340442
MI1.1 M134N [C,mim][TfO] 454+ 0.2 200+ 12
[C4mim]Cl 173+ 0.7 170 +£20
[C4mim]Br 1134 02 160 + 18
ML1.2 N138S [C,mim][TfO] 514 05 230428
ML.3 L1408 [C,mim][TfO] 13.04+ 04 200+ 14
[C,mim][TfO] 83+ 03 270£19
M1.4 MI34N/N138S [C4mim][TfO] 954 0.3 2004+ 15
M1.5 N138S/L140S [C,mim][TfO] 1124+ 0.3 160 10
ML6 MI34N/L140S [Cymim|[TfO] 1.6+ 0.2 240 £11
[C,mim][TfO] 584 03 720 + 64
[C,mim]|T 43+ 0.3 350 +47
M2 MI34R/L140S [Cymim][TfO] 169+ 0.7 210+19
[C,mim][TfO] 105402 340 424

*The concentration of [Cymim][Tf0], [Cmim][TfO], [C4mim]Cl, [C;mim]Br, [C;mim]I aqueous solution is 9 vol%, 22 vol%, 30 vol%, 30 vol%, and 22 vol%, respectively.

activation effect and M1.6 was not “fully” deactivated at low
[Cymim]I concentrations. Interestingly, although single variant
M1.1 (M134N) behaved similar to wild-type, this amino acid
substitution could strengthen the deactivation at low (<18 vol%)
and re-activation at high [C,mim]I concentrations (>18 vol%) of
M1.5 (N138S/L140S) when combining these three substitutions
(M1: M134N/N138S/L140S). Consequently, the triple variant M1
showed the most significant deactivation at low (<18 vol%) and re-
activation at high [C;mim]I concentrations (>18 vol%), suggesting
cooperative effects between the three substitutions (M134N, N138S

and L140S). A 3.4-fold increase in resistance was found for M1 at 22
vol% [C,mim]I compared to wild-type.

Explanation for “Re-Activation Effect”

As mentioned, the imidazolium-based ILs (also the short-chain
ILs) may form clusters at high concentrations. In order to evaluate
whether the observed activation was related to the clusters of
[Cymim]I, electrical conductivity measurements, DLS and MD
simulation study were performed.

s WT = M1.1: M134N =M1.2: N138S mM1.3: L140S mM1: M134N/N138S/L140S

Specific activity (U/mg)

18 22
[C4mim]l concentration (vol%)

Figure 3. Specific activities of purified BSLA wild—type and selected variants in varied concentration of [C;mim]l. All values reported are the average of four experimental
replicates and deviations are calculated from the corresponding mean values. CAC (critical aggregation concentration) of [C;mim]l under assay conditions was determined to be

~16 vol%. See details in Fig. S10.
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Figure 4. Resistance of purified BSLA wild-type and selected variants in varied concentration of [C;mim]I. The CAC of [C,mim]l is ~16 vol%. All values reported are the average
of four experimental replicates and deviations are calculated from the corresponding mean values.

The CAC of [C;mim]I under assay condition (in the presence of
substrate pNPB) was determined by conductivity measurements. As
a result, the CAC was estimated to be ~16 vol% (433 mM, Fig. S11).
Activation of M1 at IL concentrations >18 vol% suggested that the
activation might be related to the presence of clusters of [C;mim]I
and the substrate under assay conditions.

To confirm the formation of [Cymim]I clusters, DLS measure-
ments were performed to determine the presence as well as size of
clusters. It was found that, clusters in the 0.6-2.0 nm size range
were only dominantly present at higher [C;mim]I concentrations
(e.g., 22 and 30 vol%) which are above the CAC (~16 vol%)
(Fig. S12). The size of [C;mim]I clusters was in good agreement
with values from literature (0.9-3 nm as reported for other ILs)
(Ventura et al., 2012; Wang et al., 2008).

MD simulations were performed to study the [C;mim]I behavior
at [Cymim]I concentrations below (5 vol%) and above CAC (25 vol
%). At 5 vol% of [Cymim]L, the [Cymim]™ cations were distributed
over the simulation box in monomeric form, and no formation of
clusters were observed. However, [C;mim]" ions tend to form
clusters at 25 vol% [C,mim]I, and one example of [C,mim]™
clusters is shown in Fig. S13.

We demonstrated that the observed lipase activation by higher
concentration of [Cymim]I (>18 vol%) may be related to the
formation of [C;mim]I clusters under assay conditions. The clear
re-activation effect above CAC only occurred with [Cymim]I, but not
for [Cymim]Br and [C;mim]Cl, which could be explained by the fact
that [Cymim]I is more polarizable and has much lower CAC (433 vs.
706 and 728 mM for [Cymim]Br and [Cymim]Cl, respectively;
Fig. S11), and the significant higher percentage of clusters in the
~0.9 nm size range (97% for 30 vol% [C,mim]I vs. only 36% and
30% for 40 vol% [C,mim]Br and 40 vol% [C,mim]Cl, respectively;
Fig. §12). Since CaLB can be activated by high concentration of
[C1omim]Cl (Ventura et al., 2012), we also tested purified CaLB in
varied content of [Cymim]|I. It was found that CaLB behaved similar
to BSLA wild-type, and only inhibition was observed (Fig. S14).
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This might be due to a very hydrophobic and narrow substrate-
binding channel (10A x 4 A) in the wild-type of CaLB (Fig. S15)
(Uppenberg et al., 1994), which results in easier access of [C4mim] ™
monomers than pNPB/[C,mim] ™ clusters, leading to inhibition
(Fig. S14) and not activation.

One interesting question is why the lipase activation was only
observed for some specific variants (e.g., M1), but not for wild-
type, since [C;mim]I clusters should be formed in both cases.
Previous work (Dwars et al., 2005; Guha and Jaffe, 1996) showed
that hydrophobic compounds preferentially partition into the
micellar phase, resulting in higher substrate concentration in the
vicinity of clusters. Thus, the activity is expected to be enhanced if
the lipase substrate-binding site preferentially interacts with mixed
substrate/IL clusters. Since BSLA contains no “lid” and its
hydrophobic substrate-binding cleft is pre-formed, the substitu-
tions M134N, N138S, and L140S could directly affect the polarity
and size/shape of the substrate-binding cleft. Fig. S16 shows a
model of variant M1 interacting with the pNPB/ [C,mim] ™" clusters.
It suggests that the substitutions M134N, N138S, and L140S result
in a larger and more polar substrate-binding cleft environment,
allowing better accommodation of the mixed pNPB/[C;mim]*
clusters and thus promote substrate access. The cooperative effect of
three substitutions (M134N, N138S, and L140S) might result in
higher residence probability of [C,mim]" cations close to the
substrate-binding cleft, yielding inhibition at medium [C4mim]I
concentrations (< CAC; cleft blocked by monomeric [Cymim]™
cations; Fig. S17A) and activation at higher [C,mim]I concen-
trations (>CAG; Fig. S17B) forming substrate/IL clusters. Although
at concentrations above CAC, a small portion of [C;mim]™ should
still exist in free monomers, variant M1 prefers to contact with
PNPB/[Cymim] ™" clusters (activation occurs) than [Cymim]™
monomers (inhibition) because lipase M1 may preferentially
bind towards the large interface between water and IL/substrate
cluster (Ventura et al., 2012) through cooperative effects within the
area containing three substitutions (M134N, N138S, and L140S)



next to the active site entrance. This can be compared to the
interfacial activation of typical lipases (due to formation of
substrate clusters/micelles) and their preference towards hydro-
phobic interfaces (Reis et al., 2009; Stamatis et al., 1999). A
comparison of the hydrophobicity of BSLA wild-type, M1 and CalB
is shown in Fig. S15. At increased [C,mim]I concentrations above
22 vol%, the specific activity of M1 was gradually reduced likely due
to (i) average size of clusters may become bigger (Fig. S12)
(Goodchild et al., 2007), leading to less access of pNPB/[C4mim]™*
clusters to substrate-binding cleft, and in turn more [C,;mim]™
monomers may block the active site; (ii) fewer substrate molecules
are present per cluster at very high IL concentrations; (iii) lower
water activity and higher viscosity of the reaction mixture may limit
the diffusion of substrates and products (Lou et al., 2006). Thus, the
loop area near the active site seems to play a crucial role on the
lipase-IL interactions and promotes surface contacts with polar IL-
clusters containing a large and polarizable anion like iodide.

Conclusions

In conclusion, here we report one IL-activated and several IL-
tolerant BSLA variants which were generated by directed protein
evolution. The lipase re-activation above CAC of [Cymim]I was
attributed to a cooperative effect of three surface substitutions near
the active site at molecular level, and was likely related to the
presence of IL/substrate clusters. This study reveals first insights
into the interaction of a lipase active site with ILs, and gains a better
understanding of lipase behavior in ILs or surfactants. This
provides a general strategy to improve lipases and other enzymes by
surface engineering near the active site.
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