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ABSTRACT: This study presents a combined protein rowacty
immobilization, directed mutagenesis, and site-selective chem- y

ical modification approach, which was used to create a A L 3
hyperactivated semisynthetic variant of BTL2. Various alkane - -
chains were tethered at three different positions in order to L' .
mimic the lipase interfacial activation exogenously triggered by ¢
detergents. Optimum results were obtained when a dodecane

chain was introduced at position 320 by solid-phase site-

selective chemical modification. The resulting semisynthetic variant showed a 2.5-fold higher activity than the wild-type
nonmodified variant in aqueous conditions. Remarkably, this is the maximum hyperactivation ever observed for BTL2 in the
presence of detergents such as Triton X-100. We present evidence to suggest that the endogenous dodecane chain hyperactivates
the enzyme in a similar fashion as an exogenous detergent molecule. In this way, we also observe a faster irreversible enzyme
inhibition and an altered detergent sensitivity profile promoted by the site-selective chemical modification. These findings are
also supported by fluorescence studies, which reveal that the structural conformation changes of the semisynthetic variant are
different to those of the wild type, an effect that is more pronounced in the presence of detergent. Finally, the optimal
immobilized semisynthetic variant was successfully applied to the selective synthesis of oxiran-2-yl butyrate. Significantly, this
biocatalyst is 12-fold more efficient than the immobilized wild-type enzyme, producing the S-enantiomer with higher
enantiospecificity (ee = 92%).

Solid-phase site-selective
chemical modification
(SPSCM)

PO

A g

he design of novel biocatalysts with new properties by
tailoring their catalytic sites with non-natural molecules

has been exploited in recent decades. Such techniques have
allowed researchers to tune enzyme selectivity or specificity in
order to better accommodate unnatural substrates.' > This
technology represents an alternative to the directed evolution
of enzymes to improve their performances in nonconventional
applications. The synthetic groups introduced in the protein
core may act to modulate or enhance a desirable property of
the enzyme in the same fashion as in vitro genetic evolution.*
The introduction of unnatural groups in the protein structure
may be carried out in either a nonspecific or a specific
approach. The nonspecific approach mainly involves mod-
ification of aspartate, glutamate, or lysine residues on the
protein surface.' Most examples of random chemical
modification involve the improvement of enzyme stability,
although chemical modification may also be used to improve
the activity and even the selectivity of an enzyme.’ One
limitation of this technique is that it is difficult to predict the
effect of the chemical modifications, due to its unspecific
nature. On the other hand, site-selective chemical modification
allows researchers to fine-tune a protein by rational design. The
main residue selected to chemically tether a synthetic molecule
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to a protein scaffold is cysteine due to the selectivity and
versatility of the thiol chemistry. This approach is not suitable
for proteins containing native cysteine that cannot be replaced
since those mutations would drive to the inactivation or
destabilization of the resulting variant. The incorporation of
non-natural amino acids would be the alternative for such
proteins.6

Luckily, the low abundance of cysteine in the protein primary
sequences favors the extensive use of this residue for site-
selective chemical modification.” However, the cysteine is not
always located at the position required to tune the enzyme
properties; therefore a combinatorial approach of site-selective
chemical modification and protein engineering is often applied.
The increase in availability of structural data for many enzymes
has facilitated the rational design of novel semisynthetic
biocatalysts.

A number of studies have been published in which
immobilized enzymes have been site-selectively chemically
modified with synthetic groups; however, few of these cases
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Figure 1. Interfacial activation of lipase 2 from G. thermocatenolatus. The figure shows the crystal structures of both open (PDB 2W22) and closed

(model based on structure 1JI3) conformations of BTL2.'S

The interfacial activation in the presence of Triton X-100 promotes a large

conformational change. Such structural movement mainly involves 64 residues (176—240) from the lipase lid (green). The remainder of the tertiary
structure is mostly unaltered during the interfacial activation. In the open conformation, two molecules of Triton X-100 (cyan sticks) are found
inside the binding cavity. The catalytic triad (S114, D318, H359) (yellow sticks) is located at the bottom of the substrate binding cavity. We propose
three positions surrounding the catalytic triad (F17, L24S, and 1320 colored in blue sticks) to be mutated to cysteine residues in order to tether
thiolated alkanes. Structures were analyzed and images created with Pymol 0.99v software.

involved modifications within the catalytic cavity.*® Chemical
modification in solid phase simplifies the modification protocol
since the tedious dialysis steps are eliminated, avoiding protein
inactivation by aggregation under the sometimes harsh
chemical modification conditions. Moreover, once the immo-
bilized enzyme is chemically modified, it is ready to be used as a
heterogeneous biocatalyst.

Lipases have been extensively used as biocatalysts in industry
for the last four decades thanks to their versatility, selectivity,
and robustness.'® They are serine/threonine hydrolases, as well
as proteases, and have been successfully used as the template to
create semisynthetic enzymes with improved properties.""'>
The catalytic mechanism of the vast majority of lipases relies on
an interestin§ structural reorganization known as interfacial
activation.">** In the presence of hydrophobic interfaces, an
important structural domain, known as the “lid”, undergoes a
conformational change that exposes the catalytic cavity to the
media, consequently increasing the lipase activity (Figure
1)."°7'® The equilibrium between closed and open conforma-
tions of the lid is dependent upon the media conditions. The lid
acts to control access of the substrate to the lipase active center.
In this study, we have used a lipase from Geobacillus
thermocatenulatus (BTL2) to tune its performance by site-
selective chemical modification. This lipase has recently been
crystallized in its open form, revealing two molecules of Triton
X-100 interacting with the inner face of the hd and thus
stabilizing the open and more active conformation.'® Using this
open form structure as our model, we have selectively
introduced a highly hydrophobic alkane chain to artificially
freeze an open and highly active conformation of BTL2. The
site-selective chemical modification has been carried out in
solid-phase and different positions of the active center have
been tested. The resulting semisynthetic heterogeneous
biocatalysts have been applied to different industrially relevant
reactions.

B EXPERIMENTAL PROCEDURES

Materials. Cyanogen bromide 4B Sepharose was from GE
Healthcare (Uppsala, Sweden). Triton X-100, S,5'-dithiobis-2-
nitrobenzoic acid (DTNB), dithiotreitol (DTT), p-nitrophenyl
butyrate (p-NPB), p-nitrophenyl caprylate (p-NPC), p-nitro-
phenyl palmitate (p-NPP), 1-dodecanethiol, 1-octanethiol, rac-
glycidol, methyl mandelate were purchased from Sigma Chem.
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Co (St. Louis, MO, USA). Other reagents were of analytical
grade.

Bacterial Strains, Plasmids and Enzyme Expression.
Escherichia coli strain DHSa (laboratory stock) was used for
routine cloning procedures. Overproduction of BTL2 variants
was carried out using BL21 (DE3) (laboratory stock). The E.
coli strains were routinely cultured at 37 °C in Luria—Bertani
(LB) broth using ampicillin (150 pg/mL) as a resistance
marker. The overexpression and purification of BTL2 variants
were carried out as previously described by Godoy et al."’

Site-Directed Mutagenesis of BTL2. All site-directed
mutagenesis experiments were carried out by PCR using
mutagenic primers. The resulting PCR products were further
digested with endonuclease Dpnl to eliminate template DNA.
Three single mutations, F17C, L245C, and I320C, were made
using as template the plasmid pT1BTL2(WTCL), which codes
for a BTL2 gene lacking two native cysteines.'” The primer
pairs for each mutation are described in Table S1, Supporting
Information. The resulting mutated plasmids were validated by
sequencing.

Enzymatic Activity Assays. Esterase activity of BTL2
variants was spectrophotometrically assayed using as substrates
p-nitrophenyl butyrate (p-NPB), p-nitrophenyl caprylate (p-
NPC), or p-nitrophenyl palmitate (p-NPP).*” The substrate
concentration was 025 mM in 25 mM sodium phosphate
buffer at pH 7 and 25 °C.

Protein Immobilization on Cyanogen Bromide 4B
Sepharose. The immobilization was carried out by adding 2 g
of matrix to 20 mL of enzyme solution (5—60 U/mL) dissolved
in 25 mM sodium phosphate buffer at pH 8. The suspension
was maintained for 1 h with gentle stirring at 25 °C. Afterward,
the support was filtered and washed with 25 mM sodium
phosphate buffer at pH 8 and incubated for 2 h in 1 M
ethanolamine at pH 8 to block the remaining cyanogen
bromide groups. Finally, the immobilized preparation was
washed with distilled water.

Solid-Phase Site-Selective Chemical Modification
(SPSCM) of Monocysteine BTL2 Mutants. The immobi-
lized preparation of each BTL2 variant was reduced in a 1:10
(w/v) ratio with a solution containing S mM DTT and 0.02%
Triton X-100 at pH 8 and 25 °C for 30 min. Then, the
derivatives were exhaustively washed, using vacuum filtration,
with distilled water and finally equilibrated with 25 mM sodium
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Figure 2. Solid-phase chemical modification of monocysteine BTL2 mutants with thiol-alkanes (A). The BTL2 mutant with one single cysteine at
the active center is primarily immobilized through its N-terminus on agarose beads activated with cyanogen bromide groups (CNBr-Ag). The
resulting immobilized protein is reduced in the presence of DTT in order to ensure that all the cysteine residues are in their fully reduced state.
Then, the thiol group of the cysteine is activated with Ellman's reagent (DTNB) forming a disulfide bridge. This bond finally reacts with the thiol-
alkane, leaving the protein modified with the non-natural group at its active site. All steps are carried out in presence of Triton X-100 to facilitate the
access of thiolated synthetic group to the cysteine located at the active center. The modification in the solid phase enables a simpler protocol because
washing steps may be carried out under vacuum filtration. Moreover, this methodology is quantitative since both activation and tethering processes
release 2 mol of S-mercapto-2-nitrobenzoid acid (colorimetrically monitored at 405 nm) per mol of cysteine modified. Hydrolytic activity of different
BTL2 immobilized and site-selectively modified with different alkanes (B). Three different monocysteine mutants (F17C, L245C, and 1320C) were
first activated with DTNB and then tethered with two different thiol-alkanes, octadecane-1-thiol and dodecane-1-thiol. The effect of the synthetic
group tethered to BTL2 on the hydrolytic activity depends on the location of the cysteine. BTL2 wild-type without cysteines (WTCL) immobilized
on CNBr-Ag was used as a reference in all graphs. The hydrolytic activities were measured at 25 °C using 0.5 mM pNP-butyrate at pH 7 as substrate
solution. One IU is defined as the hydrolysis of 1 ymol of pNPB per minute. Each point in the plot is the main value of a triplicate experiment, the
standard deviation being no higher than 5% of the mean value.

phosphate at pH 8. The reduced derivatives were activated by trations of Triton X-100 (0—1%) in 25 mM sodium phosphate
thiol-exchange with a 1 mM DTNB solution prepared in 25 at pH 7 and 25 °C.

mM sodium phosphate and 0.02% Triton X-100 at pH 8 and Fluorescence Spectroscopy. Fluorescence measurements
25 °C. This incubation was carried out with gentle stirring for 1 were performed in a Varian Cary Eclipse fluorescence
h. Afterward, the absorbance of the supernatants was measured spectrophotometer (Agilent Technologies), monitoring the
in 96-well plates at 412 nm in order to determine the moles of intrinsic tryptophan fluorescence of immobilized BTL2
5-thiol-2-nitrobenzoic acid (¢ = 14150 M~'cm™) concom- variants, using an excitation wavelength of 280 nm with
itantly released to the moles of cysteine activated with DNTB. excitation and emission bandwidths of S nm and recording
Following the activation step, the immobilized samples were fluorescence emission spectra between 300 and 500 nm. All
washed with distilled water and finally equilibrated in 17.5 mM spectroscopic measurements were made in 25 mM sodium
Tris-HCl buffer with 0.02% Triton X-100 and 60% of phosphate at pH 7 with or without 0.02% Triton X-100.
acetonitrile. At this point, the immobilized and activated Irreversible Inhibition of BTL2 Variants with Para-
enzymes were ready to tether with the different alkane-thiols. A oxon. The activity of different immobilized BTL2 variants was
solution of 1 mM alkane-thiol (1-dodecanethiol or 1- measured in the presence of 1 mM of paraoxon in short
octanethiol) was prepared in 17.5 mM Tris-HCl buffer with intervals (100 s). The initial pNPB hydrolytic rate was
0.02% Triton X-100 and 60% of acetonitrile at pH 8, and this determined for each short interval.
solution was incubated with gentle stirring at 25 °C with the Kinetically Controlled Synthesis of S-Oxiran-2-yl
immobilized BTL2 variant already activated in a ratio 1:10 (w/ Butyrate. Different immobilized BTL2 variants (0.1 g) were
v) for 2 h. A supernatant sample was withdrawn and incubated with 2 mL of a reaction mixture consisting of 90%
spectrophotometrically measured at 412 nm to quantify the rac-glycidol in 10 mM Tris-HCI buffer and 50 mM methyl
concomitant release of S-thiol-2-nitrobenzoic acid to the butyrate at pH 7. The reaction was carried out with gently
activation of the cysteine with the corresponding alkanes. stirring at 25 °C, and samples of supernatants were withdrawn
Finally, the BTL2 variants modified with the alkanes were at different times. The samples were analyzed by HPLC
exhaustively washed with distilled water and equilibrated with (Spectra Physic SP 100 coupled with a Diodos detector Spectra
25 mM Tris-HCl at pH 7. All samples were subsequently stored Physic SP 8450) using a Kromasil C8 column (15 cm X0.46
at 4 °C. cm) supplied by Andlisis Vinicos (Spain). The mobile phase
Determination of the Hyperactivation Profiles of was 30% acetonitrile—70% water with 0.025% of acetic acid at
BTL2 Variants. The activity of the immobilized derivatives pH 3.7. The analyses were performed at a flow of 0.7 mL/min
was determined as previously described at different concen- by recording the absorbance at two wavelengths of 225 and 210
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nm. The enantiomeric excess (ee) of the different enantiomers
was also determined by HPLC analysis on a chiral column
(OD-H) using a mixture 98:2 hexane/isopropanol as mobile
phase. The analyses were performed at a flow of 0.4 mL/min by
recording the absorbance at 210 nm.

B RESULTS

Chemical Modification of Immobilized BTL2 Mono-
cysteine Mutants with Thioalkanes. Recent structural
studies have revealed that the poly(ethylene oxide) chain of
Triton X-100 molecules appears to stabilize the open
conformation of BTL2 (Figure 1). This information enabled
us to design semisynthetic lipases with medium-long aliphatic
carbon chains tethered to their active sites, in an attempt to
affect the lipase's interfacial activation mechanism in a similar
fashion to detergent.'”> We therefore set out to create
semisynthetic BTL2 variants with only one cysteine located
at their active center. Three monocysteine BTL2 variants were
created in this study, with a single cysteine located at positions
17, 24S, and 320 (Figure 1). These positions surround the
catalytic serine (S113) and are located higher in the active site
cavity than the catalytic residues. Such active site architecture
enabled us to utilize this unique position to tether alkane-thiols
and therefore direct the open conformation of the active site
lid. Additionally, we had previously created a BTL2 cysteine-
less variant (WTCL),"® which was shown to have retained
activity. Therefore, using WTCL as template, residues Phel7,
Leu24S, and Ile320 were replaced by cysteine residues by
directed mutagenesis to create the three monocysteine variants.

The monocysteine variants were chemically modified with
two alkane-thiols, 1-dodecanethiol and 1-octanethiol. Before
the chemical modification, the monocysteine variants were
immobilized via their N-termini on CNBr-activated Sepharose
gel (Figure 2A). The immobilized proteins were chemically
modified in three steps: (1) reduction of the f-thiol of the
cysteine, (2) activation of the reduced cysteine with DTNB,
and (3) tethering of the alkane chain to the protein by thiol—
disulfide exchange between the thiol group from the alkane and
the disulfide bond from the protein. The process was carried
out in the presence of Triton X-100 to maintain an open BTL2
conformation, thereby ensuring the accessibility of any reagent
to the cysteine residue at the active center. The efficiency of the
process could be determined because two molecules of S-thiol-
2-nitrobenzene were released per molecule of cysteine
modified. The first molecule is released in the activation step,
and the second molecule is released during the tethering step.
S-Thiol-2-nitrobenzene is colored and can be spectrophoto-
metrically quantified. Derivatives loaded with 56 + 4 nmol of
I320C mutant per gram of support released 62 + 4 mol of $-
thiol-2-nitrobenzene in both the activation and tethering steps.
A similar observation was recorded for the F17C and L245C
mutants. Therefore, the chemical modification of each of the
monocysteine variants yielded an immobilized catalyst where
one molecule of alkane was tethered to each lipase molecule.

Effect of the Directed Chemical Modification on the
Lipase Activity. The specific activities in fully aqueous media
of six different semisynthetic lipases tethering either 1-
octanethiol (Cg) or 1-dodecanethiol (C,,) (F17C-Cg, L245C-
C,, 1320C-C, F17C-C,,, L245C-C,, I320C-C,,) were
compared with those observed for the wild-type cysteine-less
lipase (WTCL); for the monocysteine mutants with the free
cysteine (nontethered) (F17C, L245C, and 1320C), and for the
monocysteine mutants activated with DTNB (F17C-DTNB,
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L245C-DTNB, and 1320C-DTNB) (Figure 2B). Whereas the
monocysteine variants F17C and I320C were slightly less active
than WTCL, the L245C mutant had roughly 2-fold higher
activity than WTCL. In the semisynthetic variants, the tethering
position determined their final activities as summarized in
Figure 2B. The introduction of alkanes at position 245
diminished the enzyme activity by more than 2-fold compared
with L245C, whereas the introduction of alkanes at position
320 increased the specific activity of the resulting semisynthetic
variants. 1320C-C,, displayed 4- and 2.5-fold higher specific
activity than its corresponding monocysteine mutant (1320C)
and WTCL respectively. However, tethering of an octane
molecule resulted in a specific activity that was only 1.6 times
higher than the monocysteine mutant and similar to WTCL.
On the other hand, in the case of position 17, tethering of a
dodecane molecule resulted in a slightly higher specific activity
compared with WTCL.

Michaelis—Menten constants for both immobilized WTCL
and 1320C-C,, toward the substrate p-nitrophenyl butyrate
(pNPB) were calculated. K, values of 1320C-C;, and WTCL
were 0.17 + 0.07 and 0.36 + 0.01 mM, respectively.

Effect of the Site-Selective Chemical Modification on
the Response of BTL2 to Detergents. Figure 3 shows the
lipase activity for each BTL2 variant at different detergent
(Triton X-100) concentrations. The activity profile, with
respect to the Triton X-100 concentration, was affected by
both position and type of the chemical modification. Both the
immobilized WTCL variant and the monocysteine variant
F17C underwent a 2.7-fold hyperactivation. However, when 1-
octanethiol was tethered to position 17, the resulting
semisynthetic lipase was 4.5-fold hyperactivated. For position
245, the monocysteine mutant was 1.4-fold hyperactivated,
resulting in a variant less sensitive to detergent. The sensitivity
to detergent of this particular monocysteine mutant could be
recovered by tethering an alkane-thiol, an effect that appeared
to be independent of carbon chain length. In the case of
position 320, the mutant I320C, in contrast to L245C,
underwent a hyperactivation of 3.9-fold. However, when this
variant was modified with alkanes, the lipase became less
sensitive to detergent, and this insensitivity was more
pronounced with longer alkanes (1320C-C,,) (Figure 3).

The irreversible inhibition of the different BTL2 variants is
summarized in Figure 4 and Table S2, Supporting Information.
Among the semisynthetic lipases, 1320C-C;, was the only
variant in which the inhibition rate did not increase when
Triton X-100 was added to the reaction (Table S2, Supporting
Information). As can be seen in Figure 4, the inhibition of the
I320C-C,, variant was consistent, regardless of the presence of
detergent in the inhibition media, while the inhibition rate for
WTCL increased in the presence of Triton X-100, as one might
expect.15

Fluorescence Studies of Immobilized 1320C-C,, and
WTCL Preparations. To better understand the effect of the
introduced C,, aliphatic chain on the interfacial activation of
semisynthetic BTL2, we carried out fluorescence analysis of the
immobilized 1320C-C,, and WTCL variants. Fluorescence was
measured under two conditions: (1) in buffer solution, in which
the lid of the lipase is expected to shield the active site and (2)
in a 0.02% Triton X-100 solution in which we expect the lipase
to be interfacially activated and therefore the catalytic residues
to be exposed to the media (further details are described in the
Experimental Procedures). Since the excitation wavelength
used for the fluorescence spectroscopy was 280 nm, the
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Figure 3. Hyperactivation profiles of different BTL2 variants
immobilized and site-specifically modified with different alkanes. The
hyperactivation profiles of different BTL2 variants were evaluated by
increasing the Triton X-100 concentration in the reaction media. A
higher concentration of detergent promotes an increase in hydrolase
activity due to the underlying interfacial activation of the enzyme. Each
monocysteine BTL2 mutant is indicated in the upper left corner of
each graph. The traces represent untethered monocysteine mutant
(M), monocysteine mutant activated with DTNB (A), and
monocysteine mutant tethered to octane-1-thiol (X) or dodecane-1-
thiol (@). BTL2 cysteineless (WTCL) was plotted as a reference (<,
———). The hydrolytic activities were measured at 25 °C using 0.5 mM
pNP-butyrate at pH 7 as substrate solution and different
concentrations of Triton X-100 (0.001—1%). Each point in the plot
is the main value of a triplicate experiment, the standard deviation
being no higher than 5% of the mean value.

differences in fluorescence are due mainly to any conforma-
tional changes in Trp9 and Tyr19 residues under the different
measurement conditions.

The corresponding fluorescence emission spectra for both
immobilized 1320C-C;, and WTCL variants under different
media conditions are shown in Figure S. The detergent (Triton
X-100) had a different effect on the fluorescent behavior of
each variant. The WTCL variant exhibited higher total
fluorescence intensity in the presence of detergent than when
Triton-X100 was not in the media. However, the fluorescence
spectrum of I320C-C, was unaffected by the presence or lack
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Figure 4. Irreversible inhibition of immobilized 1320C-C,, (®) and
WTCL (<) under different conditions. The immobilized preparations
of the different BTL2 variants were incubated with 1 mM paraoxon
(irreversible inhibitor of serin/threonine hydrolases). The hydrolytic
rate was monitored over time in the presence of the inhibitor. The
rates were calculated in 100 s intervals. The irreversible inhibition was
determined without (—) and with 0.1% Triton X-100 (———) at pH 7
and 25 °C. One IU is defined as the hydrolysis of 1 gmol of pNPB per
minute. Each point in the plot is the main value of a triplicate
experiment, the standard deviation being no higher than 5% of the
mean value.

1000

800 -

600

400 -

Fluorescence Intensity

200

0 T
280 330 380
Wavelenght (nm)

Figure 5. Fluorescence spectra of immobilized WTCL and 1320C-C,
under different conditions The fluorescence spectra were recorded
without Triton X-100 (gray solid line for the WTCL and black solid
line for I320C-C,) and with 0.02% Triton X-100 (dashed gray line for
the WTCL and dashed black line for 1320C-C,,)). Fluorescence
intensity of I320C-C;, does not vary upon addition of Triton X-100 to
the reactions, while the fluorescence intensity of WT'CL does. In the
case of the A, there was a more significant shift observed for WI'CL
than for I320C-C,. These fluorescence data suggest that the insertion
of a dodecane chain into the binding pocket of BTL2 reduced the
structural rearrangements induced by detergents and measured by
fluorescence spectroscopy.

of detergent. The wavelength for the maximum fluorescence
emission (4,,,,) of immobilized WTCL variant was shifted from
338 to 304 nm in presence of the detergent; representing a 34
nm shift. However, in the case of the immobilized I320C-C,,
variant, the detergent promoted a smaller shift, 26 nm, of its
Amax (Table S3, Supporting Information).

Reversibility of Site-Directed Chemical Modification.
We studied different conditions to optimally remove the
tethered group and confirmed the efficiency of its removal by
analyzing the lipase activity of the immobilized 1320C-C,, at
different detergent concentrations. After incubation of immo-
bilized 1320C-C;, with 50 mM DTT and 0.2% Triton X-100,
the hyperactivation profile of the immobilized derivative was

dx.doi.org/10.1021/bi300799v | Biochemistry 2012, 51, 7028—7036
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similar to that of the nonmodified I320C variant (Figure 6).
However, lower concentrations of both reducing agent and
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Relative hyperactivation

0,0

3 2 A 0
log Triton X-100 [%]

Figure 6. Hyperactivation profile of monocysteine I320C mutant
unmodified and modified with dodecane-1-thiol incubated with
reducing agents. The immobilized semisynthetic variant 1320C-C,,
was incubated for 24 h in buffer 25 mM sodium phosphate at pH 8
(@), in 1 mM DTT, 0.01% Triton X-100 dissolved in 25 mM sodium
phosphate at pH 8 (A), or in S0 mM DTT, 0.2% Triton X-100
dissolved in 25 mM sodium phosphate at pH 8 (A). The immobilized
monocysteine mutant 1320C (M) is plotted as a reference. The
chemical modification only could be reverted when the semisynthetic
variant was incubated with both 0.2% Triton X-100 and 50 mM DTT.
Each point in the plot is the main value of a triplicate experiment, the
standard deviation being no higher than 5% of the mean value.

detergent were not sufficient to reduce the disulfide bridge
between the Cys320 and the dodecane chain. This result
indicates that the disulfide bond between the alkane and the
protein only can be broken if the lipase active site is accessible
and if the environment is sufficiently reduced.

Substrate Specificity toward Different Aliphatic Esters
with Differing Chain Length. Activity of the semisynthetic
lipase I1320C-C;, and WTCL were assayed in the presence of
different p-nitrophenol esters in a very hydrophilic media. A
low concentration of the esters (0.25 mM) was used in order to
avoid any interfacial activation effect induced by either the
substrate or the media. Table 1 summarizes the observed
activities for each lipase variant toward each ester. The
hydrolytic activity of the semisynthetic lipase was reduced
from 4.2-fold higher than WTCL toward a short-chain ester like
pNPB to 3.1-fold lower than WTCL toward a long-chain ester
like p-NPP. Therefore, the C;, chain tethered to the lipase

Table 1. Relative Activity of WI'CL and 1320C-C,, Variants
toward Different p-NP Esters with Different Side Chain
Lengths

relative activity”

enzyme pNP-butyrate pNP-caprylate pNP-palmitate

derivative (Cy) s ()
WTCL? 1 0.19 0.03
1320C-C,,” 42 0.12 0.01

“The relative activity is defined as the activity of each sample divided
by the activity of the WT'CL derivative toward p-NP butyrate (C,).
YAll the enzymes (tethered and nontethered with synthetic groups)
were used in their immobilized forms. The relative activities are the
mean value of three separate experiments with standard deviation no
higher than 5%.
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active site may be causing steric hindrances that reduce its
hydrolytic activity toward long-chain esters when compared
with the activities observed for the WT'CL variant.

Application of the Immobilized Semisynthetic Cata-
lyst 1320C-C,, to Different Biotransformations. The
semisynthetic lipase 1320C-C,, was used as a heterogeneous
biocatalyst in two industrially relevant kinetic resolutions of
secondary alcohols by hydrolysis of rac-1-phenyl acetate §
(Table S4, Supporting Information) and synthesis of oxiran-2-
yl butyrate 3 (Table 2). Activity and selectivity of the catalyst
were analyzed for both biotransformations. In the case of the
hydrolysis of S, the insertion of the C,, chain yielded a more
active biocatalyst; however it lacked selectivity (Table S4,
Supporting Information). In contrast, for the synthesis of S-(3),
the semisynthetic 1320C-C,, variant displayed excellent
catalytic behavior, being 12-fold more active and more
enantioselective than the immobilized WTCL variant. Immo-
bilized 1320C-C,, synthesized preferentially S-(3) with an
enantiomeric excess of 92%. Moreover, because of the
kinetically controlled character of the reaction, the semi-
synthetic lipase presented a roughly 6 times higher synthesis/
hydrolysis ratio than WTCL. Therefore, the synthase activity
was improved relative to the esterase activity by introducing the
alkane chain in the active center.

B DISCUSSION

Solid-Phase Site-Selective Chemical Modification
(SPSCM) as a Tool To Alter Enzymatic Mechanisms.
Altering enzymes to improve their catalytic properties is one of
the current demands in biocatalysis.>> In this study, we have
established a robust procedure to site-selectively modify the
active center of enzymes with non-natural chains in order to
improve their catalytic properties. We have successfully
developed and optimized a highly efficient protocol for solid-
phase site-selective chemical modification (SPSCM) (Figure
2A). This approach enables the straightforward in vitro
production of a heterogeneous semisynthetic, selectively
modified biocatalyst in only four steps: immobilization,
reduction, activation, and site-selective tethering (Figure 2A).

Mimicking the Natural Interfacial Activation of
Lipases by SPSCM. The interfacial activation of BTL2, as
well as other lipases,'*™"® is induced by hydrophobic interfaces
(oil—water mixture, organic solvents), by hydrophobic
surfaces,”! or by cletergents.22 In the case of detergents (e.g,
Triton X-100), adding them to the media drives the lipase to an
open conformation resulting in a hyperactivated enzyme
(Figure 1). This hyperactivation is dependent upon the
detergent concentration in the media.’**® This response of
lipase activity to Triton X-100 concentration is known as the
hyperactivation profile, and the hyperactivation factor can be
described as the ratio between the activity at a given detergent
concentration and the activity without detergent. Hyper-
activation factors higher than 1 result in lipase activation,
while hyperactivation factors lower than 1 result in lipase
inhibition.

The open 3D structure of BTL2 revealed two molecules of
Triton X-100 bound to its active center. Using this information,
we have mimicked the action of the detergent molecules by
selectively tethering alkane chains to specific positions of an
immobilized BTL2 preparation. The effect of the selective
chemical modification is reliant not only upon the position to
which the synthetic group is tethered but also upon the nature
of the group. The highest increase in activity was obtained by
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Table 2. Kinetically Controlled Synthesis of S-Oxiran-2-yl Butyrate”

Q 0
O
/ 5,\\‘\\\ */\ + %OH +
(0]
§-3 s-1

o}

O, 0
A’\’L\/OH + _/_< -
O_
1 2

_/—< + CH3OH
4 OH
Vror®(U/mg) Vg© (IU/mg) Vi (1U/mg) Ve/ Vi ee (%) (8)°
‘WTCL 0.032 0.028 0.004 7 79
1320C-C,, 0.34 0.33 0.008 41.25 92

“The molecules depicted in the reaction are (1) glycidol, (2) methyl butyrate, (3) oxiran-2-yl butyrate, and (4) butyric acid. bVror = total velocity
defined as the sum of both hydrolysis and synthesis velocity. “Vg = synthesis rate where 1 IU is the production of 1 ymol of 3 per minute. dVH =
hydrolysis rate where 1 IU is the production of 1 ymol of 4 per minute. “ee(3) (enantiomeric exces of 3) (%) = {([S;] — [R3])/([S;] + [Rs])} X 100.
The numbers in the table are the mean value of three separate experiments with a standard deviation no higher than 5%. All the enzymes (tethered
and nontethered with synthetic groups) were used in their immobilized forms. The reaction conditions were pH 7 and 25 °C (more details are
described in Experimental Procedures).

A B

Open

Tyr225
(15.4 A)

aB-helix

Triton X-100 N

Figure 7. Underlying structural changes in WT'CL and 1320C-C,, variants during the interfacial activation mechanism. The structural rearrangement
of the lid during the transition from the closed (red) to the open (green) conformation mainly involves the residues Tyr200, Tyr205, Tyr22S, and
Trp235. The dragging distance for each residue is indicated between parentheses. These aromatic residues are located in the lid of BTL2 (176—240).
The spatial positions of the remaining tryptophans and tyrosines forming part of the primary sequence of BTL2 do not change noticeably during the
structural transition triggered by the interfacial activation (see Figure S1, Supporting Information). (A) Conformational change exogenously induced
by Triton X-100 (cyan). Detergent molecules enable the displacement of the @6-helix to unveil the binding site. (B) Structural model of
semisynthetic 1320C-C, variant adopting an open conformation. The dodecane chain (cyan) is not expected to be located at the same position as
detergent molecules. Hence, the tertiary structure adopted by the chemically modified enzyme will likely be different from the unmodified protein
structure in presence of detergents. More details about the structural model of the semisynthetic I320C-C,, are provided in the Supporting
Information.

inserting a C,, aliphatic chain at position 320. The resulting of the chemically modified active site than its native
immobilized variant 1320C-C;, was 2.5-fold more active than counterpart. Furthermore, this semisynthetic variant was
the immobilized WTCL in the absence of detergents (Figure significantly insensitive to the hyperactivation triggered by
2B). Remarkably, the maximum hyperactivation factor found detergents. Interestingly, such insensitivity to Triton X-100 may

for the WT'CL lipase has been 2.5 in presence of 0.01% Triton
X-100. These data suggest that the alkane chain promotes a
similar hyperactivation to that promoted by Triton X-100. In
functional terms, the tethering of the C,, chain at position 320
of BTL2 may be driving the lipase to an open conformation, in
a similar effect to that observed for the wild-type variant in
presence of detergent. The higher activity observed by insertion
of an alkane chain at the active center of BTL2 is also

be associated with the higher specific activity in fully aqueous
media.

On the other hand, immobilized I320C-C,, was irreversibly
inhibited much more rapidly than the unmodified enzymes.
The inhibitor would have better access to the catalytic serine of
those enzymes whose active centers were more accessible to the
media, as would be the case of the WTCL in the presence of

supported by the lower apparent K, values found for 1320C- Triton X-100 and the variant 1320C-C;, under any condition.
C,, variant toward pNPB. Hence, the 2-fold lower K, For this reason, the inhibition rate of the semisynthetic variant
determined for 1320C-C,, suggests a higher substrate affinity was not affected by the detergent, suggesting once again a more
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accessible active site in the site-selectively chemically modified
enzyme.

Some Light on the Structural Rearrangements
Induced by the Site-Selective Chemical Modification.
The structural rearrangements induced by the interfacial
activation of different immobilized BTL2 variants have been
determined by monitoring their intrinsic fluorescence. Inter-
facial activation conditions were simulated by performing the
fluorescence spectroscopy in the presence of 0.02% Triton X-
100. X-ray crystallographic studies of soluble BTL2 with and
without Triton X-100 have shown how the detergent induces a
conformational change that mainly involves the lid region and
drives the li%)ase to be hyperactivated (interfacial activation
mechanism). > As one might expect, a similar conformational
change was also observed for immobilized preparations of
WTCL lipase through fluorescence spectroscopy. Low
concentrations of Triton X-100 increase the maximum intrinsic
fluorescence, and the A, is shifted to lower wavelengths.
These spectroscopic changes are most likely due to the different
exposures of mainly Tyr200, Tyr20S, Tyr22S, and Trp23S (lid
region) in the open conformation compared with the closed
conformation (Figure 7A). Nevertheless, in the case of the
immobilized 1320C-C,, variant, the intrinsic fluorescence was
not affected by detergent, and the resulting A,,,, shift is smaller.
These data suggest that (1) the insertion of a C;,-alkane chain
in the BTL2 active center modifies the tertiary structure of the
enzyme in the absence of detergents and (2) the detergents
trigger different structural rearrangements in the chemically
modified enzyme compared with the unmodified and
immobilized WTCL variant. If this was the case, it would
also explain the higher activity (under aqueous conditions), the
more rapid inhibition, and the lower detergent sensitivity (in
terms of activity) observed for the chemically modified lipase
(1320C-C,y).

Hence, the insertion of C,,-alkane chain at position 320 of
BTL2 is likely mimicking the role of detergent molecules in the
lipase active center. However, it would be unlikely that the
dodecane chain would adopt the same position and
conformation inside the BTL2 binding pocket as the Triton
X-100 molecules, because both are chemically and sterically
different. Nevertheless, the alkane chain could interact with the
hydrophobic face of the lid forcing a pseudo-open con-
formation, in the same way as alkane chains (butyl, octyl, or
decaoctyl) on the hydrophobic su%)port surfaces trigger the
interfacial activation of the lipase ' by interaction with the
hydrophobic face of the “lid”.

In light of these functional and structural insights, we
propose a molecular model of the semisynthetic BTL2
modified with a Cj, chain located at position 320 (Figure
7B). This model reveals how the alkane chain might be located
in the hydrophobic cavity where a6 helix would be
accommodated in the closed conformation of the lipase (Figure
7B and Figure S2, Supporting Information). Hence, the C,,
chain tethered to the active site could act as a “door stopper”,
making the structural transition from the open to the closed
conformation difficult. In this scenario, the lipase would present
a pseudo-open conformation stabilized by molecular inter-
actions between the alkane chain and the amino acids in the
binding cavity. This less shielded conformation would explain
both the high activity, and the faster irreversible inhibition
found in fully hydrophilic media where interfacial activation
would normally not be possible. Therefore, the more active
lipase conformation would be endogenously stabilized by the
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site-selective chemical modification rather than exogenously
triggered by a hydrophobic substrate, an organic solvent, a
detergent, or a hydrophobic surface."*'>*° (Figure 7)

Biotechnological Applications of the Immobilized
1320C-C,, Variant. The chemical modification was shown to
be reversible by adding both reducing agents and detergents to
the media. The disulfide bond that tethers the dodecane thiol
to the single cysteine is located in the vicinity of the catalytic
triad; therefore the chemical modification could theoretically be
reverted by simply incubation the semisynthetic lipase in
reducing media. Detergent was required to ensure an open
lipase conformation that would enable access of DTT
molecules to the active center where the disulfide bridge is
located. In this system, the chemical modification is reversible
unlike other site-selective modification protocols where
resulting bonds between the protein and the synthetic group
are irreversible.* > The reversibility of the site-directed
chemical modification of immobilized enzymes would allow
modification of the properties of the biocatalyst by the simple
addition of reducing agents and detergents to the reaction
media. This feature, together with the insoluble nature of the
final preparation of the catalyst, is a highly valuable asset in
modern biocatalysis because they provide the user with “the
functional switch”. Therefore, the reversible nature of this bond
is most certainly an advantage. Moreover, this technology also
enables the easy transformation of the disulfide bond to an
irreversible thioeter bond, thereby allowing the user to create
an irreversible semisynthetic biocatalyst when the case
requires.”* This solid-phase site-selective chemical modification
may be also envisioned using maleimide or a-halocarbonyl-
containing compounds that are able to directly react with
cysteine forming an irreversible bond that cannot be cleaved
under reducing conditions.”

Finally, we have evaluated the biotechnological potential of
this semisynthetic enzyme in the synthesis of glycidyl esters.
We found that our biocatalyst was more efficient and selective
than the unmodified lipase. We have been able to alter the
substrate selectivity of the semisynthetic lipase in a similar
fashion to other semisynthetic proteins.””~>* Moreover, this is
one of the few examples where the rationalization of single site-
selective chemical modification of an enzyme also improves its
enantioselectivity.>” This work therefore presents a completely
novel strategy to rationally modify the catalytic mechanism of
BTL2, and the resulting heterogeneous semisynthetic bio-
catalyst can be applied to an industrially relevant biotechno-
logical process.’® This is the first example of the manipulation
of the interfacial activation mechanism of an immobilized lipase
by a tailor-made chemical modification.

B ASSOCIATED CONTENT

© Supporting Information

Information about the primers used for directed mutagenesis to
create the monocysteine variants of BTL2, inhibition constants
of different immobilized BTL2 preparations tethered to
different alkanes and untethered, maximum emission fluo-
rescence peaks of immobilized WTCL and 1320C-C, variants,
different parameters about the enzymatic hydrolysis of rac-1-
phenyl acetate, and in silico structural studies. This material is
available free of charge via the Internet at http://pubs.acs.org.
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