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Abstract—Biocatalysts with lipase activity (BLAs) were prepared by adsorptive immobilization of recombi-
nant lipase (rPichia/lip) from thermophilic microscopic fungi Thermomyces lanuginosus produced by a genet-
ically engineered strain of methylotrophic yeast Komagataella phafii (Pichia pastoris). Supports with different
physicochemical properties were used as adsorbents: mesoporous hydrophilic silica (SiO,) and macroporous
hydrophobic carbon aerogel (MCA). The enzymatic activity, substrate specificity and operational stability of
BLAs were studied in the esterification of saturated fatty acids with aliphatic alcohols differing in the number
of carbon atoms in the molecule from 2 to 18. Matrices of relative activities were compiled for more than 60
pairs of substrates, an acid and an alcohol, by comparing the reaction rates of the esterification under identi-
cal conditions, which allowed us to reveal differences in the specificity of adsorbed lipase depending on the
chemical nature of the support. It was found that for both types of biocatalysts, rPichia/lip on SiO, (PLSi)
and rPichia/lip on MCA (PLC), the maximum reaction rate was observed under esterification of heptanoic
acid (C,) with butyl alcohol (C4). Under the same conditions of the synthesis of esters (20 + 2°C, 1 bar, a
mixture of hexane and diethyl ether as an organic solvent), including the synthesis of butylheptanoate, rPi-
chia/lip adsorbed on silica showed an order of magnitude lower activity than lipase adsorbed on carbon aero-
gel. The catalytic constants, equal to 3.7 s ! and 1.1 x 102s~!, respectively, differed by 30 times. It was found
that esters of short chain fatty acids C,—C; and ethyl alcohol C, were synthesized 2—3 times faster using the
hydrophobic PLC type than using the hydrophilic PLSi type of BLAs. At the same time, esters of high-
molecular-weight acids Cy, C;y, C5 and alcohols Cg—C ¢ with pronounced hydrophobicity were synthesized
1.5—2 times faster using of PLSi type BLAs. The operational stability of the biocatalysts was quite high: the
prepared BLAs retained 82—99% of their initial activity after more than 30 reaction cycles, while the duration
of each cycle to reach an acid conversion above 85% was several hours (4—6 h).

Keywords: 7. lanuginosus recombinant lipase, lipase adsorption, silica, carbon aerogel, biocatalysts, catalytic
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INTRODUCTION

The functional properties of immobilized enzymes,
such as catalytic activity, substrate specificity, and sta-
bility, are shown to be determined by the physico-
chemical properties of the adsorbents used to immobi-
lize them, such as surface texture and polarity/hydro-
phobicity. In recent decades, a research area called
enzyme engineering by selecting a method of immobi-
lization, which studies the changes (modulation) of
the functional properties of immobilized enzymes, has
been intensively developed. According to the authors

of the review [1], enzyme engineering is fully compat-
ible with other chemical and/or biological approaches
used to improve functional properties of enzymes, and
the success of this engineering work is determined by
the availability of a wide range of immobilization pro-
tocols. Undoubtedly, the modulation of the functional
properties of enzymes using enzyme engineering is an
interesting and promising direction in the develop-
ment of heterogeneous biocatalysis.

In their early works, the authors, in summarizing
numerous results on the adsorptive immobilization of
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oxidoreductases (lactate and alcohol dehydrogenases,
glucose oxidase, tyrosinase) on pyrocarbon-contain-
ing inorganic supports, including mesoporous 6-alu-
mina, concluded that the mutual geometric and
chemical correspondence of the physicochemical
properties of the enzyme and the adsorbent surface
was a necessary condition for the preparation of active
and stable biocatalysts [2]. For example, geometric
correspondence implied correspondence between
pore sizes that predominate in the adsorbent texture
and the size of the hydrated enzyme molecule (10 nm
on average). This meant that mesopores larger than
10—15 nm were optimal: in such pores, the enzyme
interacted with the pore walls at multiple points, its
conformation became more rigid, and, as a result, its
stability increased. @ Chemical correspondence
implied, first of all, the presence of an optimal hydro-
philic—hydrophobic balance between the properties of
the enzyme and the surface of the adsorbent. For
example, for glucose oxidase, the maximum stabiliz-
ing effect was observed under adsorption of this
enzyme on mesoporous 0-Al,O; containing 7—15 wt
% pyrocarbon. The surface of such an adsorbent
resembled a chessboard: black clusters of hydrophobic
pyrocarbon formed on strong acid—base centers of
alumina oxide and blocked them. The remaining areas
of noncarbonized white Al,O; had slightly acidic,
polar (hydrophilic) properties [2]. On the other hand,
upon adsorption of alcohol dehydrogenase and tyros-
inase on these supports almost complete inactivation
of these enzymes was observed; optimal supports con-
tained 0.5—3.0 wt % carbon [2]. The problem of
selecting the optimal adsorbent was solved individu-
ally for each definite enzyme.

Lipases (glycerol ester hydrolases, EC 3.1.1.3) cata-
lyze a variety of reactions, both direct (hydrolysis of
triglycerides) and reverse (ester synthesis), with the
latter occurring in nonaqueous media where the water
content does not exceed 1 vol %. Biocatalysts with
lipase activity (BLAs) in both homogeneous (soluble)
and heterogeneous (immobilized) states are widely
used in various industries, such as:

1. Production of smart washing powders that
remove oil and grease stains by enzymatic hydrolysis
of triglycerides;

2. Manufacture of methyl/ethyl esters of fatty acids
(FAs), which are part of the triglycerides of vegetable
oils and cooking wastes, for the production of bio-
diesel as an additive to motor fuel by enzymatic alco-
holysis (methanolysis, less often ethanolysis) of tri-
glycerides [3—5];

3. Large scale manufacture of valuable food ingre-
dients for the production of spreads and margarines,
substitutes of cocoa butter and milk fats that do not
contain unwanted trans-isomers of FAs and have the
desired organoleptic and physicochemical properties:
melting point, plasticity, consistency, creamy taste, by
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increased temperatures (60—80°C) [6—9];

4. Synthesis of valuable esters by enzymatic esteri-
fication under very mild conditions (20—50°C, 1 bar).

It is known that esters are in great demand in the
market of flavors, softening and moisturizing ingredi-
ents (emollients), surfactants, and emulsifiers in the
food and cosmetic industries. Biocatalysts prepared
by immobilization of lipases are intensively studied
for performing green processes in organic chemistry
[9—12].

The ability to control and modulate functional
properties of lipases using enzyme engineering,
namely, by selecting a support for immobilization, can
be demonstrated by several examples. The catalytic
properties of Candida antarctica lipase B in the reac-
tion of hydrolytic separation of R- and S-isomers of
(%)-2-O-butyryl-2-phenylacetic acid were changed
(modulated) by immobilization on hydrophobic sup-
ports, such as butyl-(C,)-agarose, octyl-(Cg)-agarose,
and octadecyl-(C,5)-Sepabeads [13]. With an increase
in the hydrophobicity of the modifying fragments
(C4 — Cyy), the reaction rate increased by 2 times, and
the stereospecificity of biocatalysis also changed [13].

In [14], the authors studied the properties of Peni-
cillium sp. lipase immobilized on the supports
described above. For this enzyme, it was also found
that with an increase in the hydrophobicity of the
modifying fragments, the initial rate of p-nitrophenyl-
(C,¢)-palmitate hydrolysis in a buffer solution and sar-
dine oil hydrolysis in a two phase system with cyclo-
hexane increased by many times (by 4.1 and 2.3 times,
respectively) [14]. The authors suggested that supports
that differ in hydrophobicity affect the conformation
of the active site of the lipase and, as a result, provide
enzyme hyperactivation and all the observed differ-
ences in the functional properties of the immobilized
enzyme. In [15], it was shown that the rate of oil etha-
nolysis and the regioselectivity in a completely anhy-
drous medium depended on the nature of the supports
used to immobilize 7. lanuginosus lipase. Thus, when
using Cg-Sepabeads and C,4-Purolite, nonselective
biocatalysts were prepared, while when using supports
modified with divinylbenzene groups, 1,3-selectivity
toward triglycerides was observed [15].

Computer modeling (CM) of the 3D structure of
enzyme molecules, including TLL (Thermomyces
Lanuginosus Lipase), along with calculation and pre-
diction of the effect of mutations introduced into the
protein primary structure on the functional properties
of enzymes, first of all, on thermal stability is a mod-
ern trend in biocatalysis [16]. The subsequent genetic
engineering design of producer strains and the pro-
duction of recombinant enzymes with altered func-
tional properties is a logical continuation of such stud-
ies. Obviously, experimental techniques with modern
CM methods allow solving not only practical, but also
fundamental problems, that is, to reveal mechanisms
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of the process of enzyme immobilization on solid sup-
ports and to conduct a deep analysis of possible con-
formational rearrangements in the enzyme molecule
during its immobilization, as well as the structural and
functional features of the enzyme—support complex.

The authors of this article previously studied BLAs
prepared by adsorption of recombinant lipase rPi-
chia/lip on inorganic supports, in particular various
carbon nanotubes (CNTs) [17] and also studied the
processes of enzymatic low temperature synthesis of
esters using the prepared biocatalysts, including the
selection of an organic solvent for the reaction
medium [18—23]. In this work, the authors continued
the systematic study of BLAs and FAs esterification,
analyzed all the results, and supplemented the
research with modern computer simulation to analyze
the structural and functional features of the lipase—
support complex.

The aim of this work was to continue comparative
studies of the functional properties of recombinant
T. lanuginosus lipase (activity, substrate specificity,
and stability) in the reaction of high-molecular-weight
ester synthesis depending on the chemical nature of
inorganic adsorbents, and to analyze the results in
order to search for correlation dependences and
immobilization regularities. In order to elucidate the
mechanism of the TLL molecule interaction with a
carbon nanotube (CNT), computer modeling using
rigid and flexible molecular docking was performed.

MATERIALS AND METHODS

The recombinant 7. lanuginosus lipase (designated
as rPichia/lip) was produced by the methylotrophic
yeast strain Pichia pastoris X-33, specially designed
using genetic engineering manipulations, as described
in [18]. BLAs were prepared using rPichia/lip buffer
solutions (0.02 M phosphate buffer, pH 7.0) with a

protein concentration of 2—15 mg mL~".

The protein concentration in the solution was mea-
sured by the method [24] using the Coomassie G-250
dye (Sigma, United States). Solutions of bovine serum
albumin (Sigma, United States) were used to con-
struct a calibration curve.

The commercial silica (Si0,) trademark KSK-G
(Karpov Chemical Plant, Russia) had the following tex-
tural parameters: specific surface (S;per) 160 m? g7',
pore volume (V) 0.76 cm? g~'.The porosity was 58%,
mesopores 20 nm in diameter predominated in the
porous structure of the silica. The size of SiO, granules
taken for the preparation of BLAs was 0.5—2 mm. A
macroporous carbon aerogel (MCA) was obtained as a
result of high-temperature pyrolysis of ethylene on a
Fe:Co/CaCOj; catalyst [25, 26]. The bulk density of
aerogel was 0.06 g cm=3. MCA granules were light

black balls formed as a result of chaotic interlacing of
CNTs [19, 25]. MCA had the following textural

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 58

KOVALENKO et al.

parameters: Sg,pgr 100 20 m?g~'; V3 12 £ 3cm? g
the porosity was 98%. Macropores with a diameter of
more than 1 pm predominated in the porous structure
of MCA; the volume of mesopores with a diameter of
2—20 nm did not exceed 0.2% of V5. MCA granules of
3—4 mm in diameter were used to prepare BLAs. The
textural parameters of the adsorbents were measured
using nitrogen and mercury porosimetry on AutoPore
9200 and ASAP 2400 V3.07 equipment (Micromerit-
ics Instrument Corporation, United States). The elec-
tron microscopic studies of original MCA and PLC
type biocatalysts were performed using a JSM 6460 LV
scanning electron microscope (SEM) (JEOL, Japan)
and a JSM 2010 high resolution transmission electron
microscope (TEM) (JEOL, Japan).

All reagents, including lipase substrates (fatty acids
and alcohols), organic solvents (hexane, diethyl ether)
were reagents made in Russia. The starting reagents
and reaction products were analyzed by gas chroma-
tography—mass spectrometry (GC—MS) on an Agi-
lent 7000B GC/MS instrument (Agilent, United
States) [23]. For all analyses, a highly polar column
based on N-propyl-6-methyl-quinolinium-bis(trifluo-
romethylsulfonyl)imide ionic liquid (10 m X 0.25 mm X
0.2 wm) was used. The conditions of chromatographic
analysis were as follows: first, the columns were kept
for 3 min at 100°C, then the temperature was raised to
280°C at a rate of 10°C min~'; the temperature of the
evaporator was also 280°C. The flow rate of the carrier
gas (helium) was 1 mL min~!. The mass spectrometer
operating conditions were electron ionization 70 eV, ion-
ization source temperature 230°C, transition line tem-
perature 250°C. The spectrum was recorded in the scan-
ning mode in the range of 40—450 m/z.

Biocatalysts with lipase activity named as rPichia/lip
on silica (PLSi) and rPichia/lip on carbon aerogel
(PLC) were obtained by adsorptive immobilization of
the recombinant lipase on appropriate supports. To
prepare biocatalysts of the PLSi type, silica granules
were preliminarily dried at 115°C for 4 h. Dried gran-
ules (1.0 g) were impregnated according to their mois-
ture capacity with a lipase solution in buffer (0.02 M
phosphate buffer, pH 7.0) with a protein concentration of
10+ 4mgmL-!, placed in a tightly closed vial, and were
kept there for 5 h at room temperature (20 £ 2°C). The
granules impregnated with a lipase solution were dried
for 1—2 days under ambient conditions to a dry-air
state. The amount of immobilized lipase (in mg g~"')
was calculated taking into account the protein concen-
tration and the volume of the impregnating solution
equal to Vs of silica (0.8 cm? g!).

PLC type biocatalysts were prepared as follows.
MCA granules of 3—4 mm were placed into a lipase
solution in buffer (0.02 M phosphate buffer, pH 7.0)
with a protein concentration of 2 = 1 mg mL~!, in the
ratio of adsorbent weight : vol. solution = 1 : 100 and
kept for 1 day at 20 £ 2°C with occasional stirring. The
lipase solution was decanted, the biocatalysts were
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repeatedly washed with buffer, placed on a paper filter
to remove excess water, and dried for 1—2 days under
ambient conditions to dry-air state. The adsorption
value (in mg g~') was calculated taking into account
the protein concentration before and after adsorption.

The prepared BLAs were studied in the esterifica-
tion reaction of various pairs of substrates, saturated
monocarboxylic acid (S;) and primary aliphatic alco-
hol (S,), differing in the length of the carbon skeleton
with the number of carbon atoms from 2 to 18. Esteri-
fication of substrates (more than 60 pairs) was carried
out under the following conditions: 22 £ 2°C; 1 bar;
the initial concentrations of S; and S, were 0.25 + 0.03
mol L~! and 0.50 £+ 0.04 mol L™, respectively; a sol-
vent was a mixture of hexane and diethyl ether in a
ratio of 1 : 1 (vol/vol). Weighed samples of biocatalysts
were poured with a solution of S| and the initial con-
centration of the acid was determined; S, was then
added to the reaction medium in a two-fold molar
excess. The content of biocatalysts in the reaction
medium was 20.8 wt % for PLSi type and 0.8 wt % for
PLC type biocatalysts. The initial reaction rate was
determined from the linear section of the kinetic curve
of the loss of a weak organic acid (S,), the concentration
of which was analyzed by titrimetry using an ethanol
solution of NaOH with a known molarity (0.0256 *+
0.0006 mol L) using phenolphthalein as an indicator of
the equivalence point. The reaction rate and enzymatic
activity of the biocatalysts were calculated and expressed,
respectively, in umol L~! s~! and activity units (U) per 1 g
of dry biocatalyst (1 U = umol min™!). The results of tit-
rimetric and chromatographic analyzes coincided
within the experimental error of 10%.

The activity of biocatalysts was measured in peri-
odic reaction cycles, the duration of each cycle was
determined by the time it took to reach an acid conver-
sion of at least 85%. In the first cycle, the biocatalysts
passed through the stage of conditioning; their activity
increased by 2—4 times. This was due to the fact that
water formed during esterification was accumulated
inside the biocatalyst and a favorable aqueous micro-
environment was formed for the adsorbed lipase,
which retained the structure of enzyme molecules in a
functional hydrated form. After the completion of
esterification, the reaction mixture containing the
ester, as well as a small amount of substrates S, and S,,
was decanted. The biocatalysts were repeatedly
washed with a solvent, a mixture of hexane and diethyl
ether, and then additionally kept in the same solvent
for at least 20 h. The next reaction cycle was carried
out with the washed biocatalyst under the conditions
described above.

Statistical processing of the results was performed
according to the Student’s 7 test with a confidence
probability of 0.95; the number of measurements
n = 3—6. The relative error did not exceed 10% (min-
imum 6%).
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To calculate the geometry of lipase substrate mole-
cules S, and S,, the method of molecular mechanics
(MM+ Force Field) in the HyperChem 7 software
package (Hypercube, Inc.) was used.

Computer simulation of the interaction of the TLL
molecule with a single-walled carbon nanotube was
carried out using molecular docking. The crystal
structure of TLL with a resolution of 2.3 A was taken
from the PDB database (PDB ID: 4ZGB). For simu-
lation, a form of lipase in which the active site was in
the closed conformation, was used [27]. CNT struc-
tures of various sizes were generated using the Nano-
tube Modeler program and optimized using Avogadro.

Molecular docking of lipase monomer and dimer
with nanotubes of various lengths and diameters was
carried out using the AutoDock Vina 1.1.2 software
package, which allows flexible docking taking into
account the mobility of side amino acid residues, in
particular, GLU1A, LEUG6A, LYS24A, LYS24B,
ASN26B, PRO29A, ARG84A, ARG84B, PRO136A,
ASP137A, LYS237A. These side residues of the lipase
were considered as flexible after rigid docking, during
which the most probable binding sites of CNT with
the lipase were evaluated. The size of the given box
was: x = 126; y = 118; z = 126; the lipase was placed
into it. The spatial center of the lipase was located at
the point with coordinates: x = 20.489; y = 49.005;
z=10.215. The calculation was reduced to automatic
enumeration of spatial conformations and orientations
of nanotubes in the binding site of the lipase in order
to obtain the lipase—CNT complex with the minimum
free energy of the system. The visualization of the sim-
ulation results was carried out in the MGLTools and
PyMol programs.

RESULTS AND DISCUSSION

Studies of BLAs by scanning electron microscopy
showed that the surface morphology of the original
MCA and PLC type biocatalyst were almost the same:
randomly intertwined CNTs were clearly observed,
similarly to that described in [19]. After adsorption of
the lipase, the openwork of the 3D structure of the
carbon aerogel decreased; the interlacing of CNTs,
which were thicker than those of the original support,
became denser; smooth films were formed, probably
of protein origin. As can be seen from the transmission
electron microscope (TEM) images, amorphous
deposits were observed at the junctions of the interlac-
ing CNTs, apparently formed by the adsorbed rPi-
chia/lip (Fig. 1). PLC type biocatalyst granules after
drying decreased in diameter by 1.5—2 times com-
pared with the original MCA granules obtained in a
catalytic setup for high-temperature ethylene pyroly-
sis. After conducting the first two or three reaction
cycles of esterification, BLA granules swelled due to
the formation and accumulation of water formed
during the reaction inside these biocatalysts. Consid-
ering the textural parameters of the support, silica and
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Fig. 1. TEM images of PLC type biocatalyst sectors at various magnifications %20 (a), X10 nm (b). Arrows show amorphous

deposits of protein origin (adsorbed lipase).

carbon aerogel, as well as the size of the hydrated
lipase molecule, the surface area accessible for rPi-
chia/lip adsorption was calculated taking the fact into
account that pores with a diameter of 20 nm and more
were accessible for immobilization. The accessible
surface area (S, .., of silica, equal to 77 m? g~!, was
51% of S;,ppr- For macroporous carbon aerogel, as can
be seen from the textural parameters, the entire surface
of S;,ger, equal to 100 m? g=!, is accessible for lipase
adsorption. Despite similar S, values, the amounts
of adsorbed lipase on the studied supports differed by
an order of magnitude. PLSi type biocatalysts con-
tained 6.2—14.0 mg g~! (the amount of mg of protein
per 1 g of support). The adsorption value of rPichia/lip
on MCA was 100 £ 20 mg g~!.

The catalytic properties of the immobilized lipase
calculated from the complete Michaelis—Menten
kinetic curve using the Origin® software (OriginLab
Corp., United States), such as maximum reaction rate,
Michaelis constants, catalytic constants (k, s=')
depended on the chemical nature of the support: for
lipase immobilized on silica, the catalytic constant was
~30 times lower than for rPichia/lip adsorbed on MCA,
namely, the kvalueswere 3.7 s~ 'and 1.1 X 10?s™!, respec-
tively. The maximum activity of the prepared BLAs,
as measured in the esterification of heptanoic acid
with n-butanol, was 22.3 = 2.0 and 513.9 £+ 444 U g™!
for PLSi and PLC types biocatalysts, respectively [18].

The results of a comprehensive study of the sub-
strate specificity of the adsorbed rPichia/lip depend-
ing on the chemical nature of the support, hydrophilic
silica and hydrophobic carbon aerogel, were presented
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in the form of relative activity (4,,) matrices in
[20, 21], as well as in the present work, in which the
substrate specificity of PLC type biocatalysts toward
high-molecular-weight substrates S; (C, and more)
was the most detailed and fully studied. It was shown
that both types of BLAs were characterized by broad
substrate specificity in the synthesis of a wide range of
esters of saturated monocarboxylic (fatty) acids and
primary aliphatic alcohols under very mild conditions
(20 £ 2°C, 1 bar); acid conversion not lower than 85%
was achieved within 2—4 h.

Comparative analysis of the results also showed
that the following properties were common for two
types of BLAs: (1) the rate of the synthesis of hepta-
noic acid ester with n- or iso-butanol (butylhepta-
noate) was maximum and A4, was taken as 1.0 in cal-
culations; (2) in most cases, the rate of the synthesis of
ethyl esters (S, was ethanol, C,) was minimal com-
pared with the rate of esterification with the participa-
tion of higher-molecular-weight alcohols, such as
propanol C; and butanol Cg; (3) the rate of the synthe-
sis of esters of iso-C,—C; acid isomers was 1—2 orders
of magnitude lower compared with their linear mole-
cules, while the isomerism of C,—C; alcohols had
almost no effect on the esterification rate [22]; and (4)
the rate of the esterification of secondary alcohols was
an order of magnitude lower compared with primary
ones; tertiary alcohols did not participate in the ester-
ification reaction [20, 21].

Overall comparative studies of two types of pre-
pared biocatalysts using a wide range of S; and S, sub-
strate pairs (more than 60) allowed us to obtain
numerous experimental results, analyze them, and
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determine how the chemical nature of the supports
changed (modulated) the substrate specificity of the
immobilized recombinant lipase rPichia/lip. Since the
immobilized lipase was more sensitive to the S, sub-
strate, the fatty acids C,, Cy, C,, C,, C,3 Were consid-
ered individually, and S, substrates (alcohols) were
divided into three groups depending on their polarity,
which was characterized by logP [28]: group 1 (logP < 1)
included C, (ethanol), C; (propanol), C, (butanol);
group 2 (1 < logP < 4) included Cs (pentanol),
C; (octanol); group 3 (logP > 4) included C,, (deca-
nol), C,; (undecanol), C,, (dodecanol), C,4 (hexade-
canol).

The observed differences in the substrate specific-
ity of BLAs depending on the chemical nature (hydro-
philicity/hydrophobicity) of the adsorbents used for
adsorptive immobilization of rPichia/lip are shown in
Fig. 2, where grey columns denoted PLSi type biocat-
alyst and black columns denoted PLC type. Compari-
son of the heights of the columns corresponding to A,
allowed us to find the following. Significant differ-
ences between biocatalysts of different types were
observed in the synthesis of ethyl esters of FAs of var-
ious lengths (S, was ethanol, C,H;OH): the rates of
esterification were significantly higher for biocatalysts
of the PLC type: by 2.4—2.8 times for C,— acids [21]
and by 1.2—1.6 times for C,— acids (Fig. 2). It is
known that ethanol can inactivate various enzymes,
including immobilized rPichia/lip [29]. Since the
hydrophobicity of the original MCA in the presence of
ethanol significantly decreased due to adsorption of
ethanol molecules on CNTs, this adsorbent was
apparently capable of exhibiting a protective effect by
reducing the local concentration of C,Hs;OH in the
lipase microenvironment. For another alcohol from
group 1, butanol, such a protective effect was not
observed. When comparing the values of A4,,, for
example, in the reaction of the synthesis of butyl esters
of heptanoic C, (Fig. 2a) and stearic C;3 acids
(Fig. 2d), it turned out that the relative activity of
BLAs of the PLSi and PLC types decreased by 1.3 (for
C,) and 3.5 (for Cj). If S, belonged to group 2, the rel-
ative rate of esterification of C,— 5 acids using PLC
type was also significantly lower (1.5—2 times)
(Fig. 2), which was a very unexpected result. If S,
belonged to group 3, then, in most cases, no special
differences in the relative rates of ester synthesis were
observed (Fig. 2), which was also an unobvious fact. It
is well known that hydrophobic high-molecular-
weight substrates S, and S, have a higher affinity to the
carbon surface of CNTs compared with SiO,, thereby
their surface concentration increased due to hydro-
phobic interactions with the surface, which can lead to
an increase in the rate of their esterification. However,
the same interactions can reduce the local concentra-
tion of substrates near the immobilized lipase, or hin-
der breakdown of the enzyme—substrate complex, or
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prevent desorption of esters as a higher-molecular-
weight and more hydrophobic reaction product com-
pared with S, and S,. As a result, the rate of the ester-
ification process as a whole did not increase. Thus,
hydrophilic PLSi type were more efficient biocatalysts
for the synthesis of high-molecular-weight esters
compared with hydrophobic PLC type.

In the present work, attempts to find correlations
between the esterifying activity of BLAs and physico-
chemical characteristics of lipase substrates were
made. As seen in Fig. 3a, the polarity of aliphatic alco-
hols (S,), as characterized by the value of logP,
increased linearly with the elongation of the carbon
chain of their molecules. At the same time, no mono-
tonic dependence or correlation of the biocatalytical
activity on the polarity of S, was observed for the stud-
ied C;, Cy, and C, acids (S,) (Fig. 3b). As a result of
repeated experiments, it was found that the rate of syn-
thesis of butanol C, esters for all the studied acids was
at its maximum, and that of decanol C,, esters was
reproducibly minimum (Fig. 3b). It was also shown
that decanol (decyl alcohol, C,,) had a negative effect
on both the activity and stability of PLSi type biocata-
lysts: for example, during seven reaction cycles of
esterification of heptanoic acid C; with decanol, the
initial activity of PLSi type decreased on average by
3 times (Fig. 4a), while the activity of the PLC type
biocatalyst decreased by 1.4 times over six reaction
cycles (Fig. 4b). Biocatalysts of both types showed
high activities and stability in the butylheptanoate syn-
thesis reaction (Fig. 4).

The pronounced negative effect of decanol (S,) on
the functional properties of the immobilized rPi-
chia/lip did not depend on either the nature of the acid
substrate (S;) or on the physicochemical properties of
the adsorbents: for both types of BLAs, similar depen-
dences were observed, for example, minima in the
rates of the esterification reaction with the participa-
tion of decanol C,, (Fig. 3b). The deepest minimum
was characteristic of the esterification of dodecanoic
acid (lauric, C,,) with decanol C,;: for example, the
esterifying activity of BLA in the reaction of the syn-
thesis of decyl dodecanoate (Fig. 3b, 2) was 3.2 times
lower compared with the rate of the synthesis of butyl
esters of this acid. For enanthic (heptanoic, C;) and
nonanoic (pelargonic, Cy) acids (Fig. 3b, 7 and 3), the
difference in the rates of the synthesis of decyl esters of
these acids was 2.2 times. It seemed interesting that the
addition of one CH,-group to the decanol molecule
leads to a 2—4-fold increase in the activity of the bio-
catalyst (Fig. 3b). These data can be explained by the
topology of the active site of the enzyme (E), as well as
the processes of formation and breakdown of the
enzyme-substrate complex (ES;S,). Calculations
using the HyperChem® program showed that the
molecules of decanol and dodecanoic acid in the
stretched form have similar sizes, equal to 1.3 £ 0.2
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Fig. 2. The relative activity (U) of PLSi type (grey columns) and PLC type (black columns) biocatalysts and in the esterification
reaction of saturated fatty acids: a, heptanoic (enanthic, C;); b, nonanoic (pelargonic, Cy); ¢, decanoic (capric, Cg); d, octade-
canoic (stearic, C;g) by aliphatic alcohols with different lengths of the carbon skeleton (# is the number of carbon atoms).

nm. Apparently, the carbon chains of these substrates
interact with each other most effectively due to disper-
sion (hydrophobic) interactions between methylene
(—CH,—) groups. This can lead both to specific block-
ing of the active site and to difficulties in the break-
down of the ES,;S, complex. As shown by numerous
studies, the maximum esterification rates were
observed for heptanoic acid and butanol, possibly due
to the small sizes of their molecules, 0.95 and 0.6 nm,
respectively. With an increase in the length of lipase
substrate molecules, the efficiency of biocatalysis
decreased. The broader specificity of the immobilized
lipase towards the alcohol substrate indicated that the
S,-binding site of the active site of the lipase was wider
in size than the S;-binding site, which allowed us to
confirm the conclusions about the structure of the
active site of the 7. lanuginosus lipase made in [27, 30—
33]: the active site of the RML type lipase, to which

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 58

TLL belongs, is located close to the surface of the
enzyme globule and has a narrow gap for S, (acid), and
a wider one for S, (alcohol).

In order to elucidate the mechanism of interaction
between T. lanuginosus lipase and CNT, computer
simulations were performed. The following objects
were chosen for simulation: TLL monomer and dimer,
single-walled carbon nanotubes 6.785 and 7.834 A in
diameter, with lengths of 50 and 100 A. The following
results were obtained: (1) TLL interacted with CNT
through hydrophobic interactions of the following
amino-acid residues: lysine, arginine, asparagine,
proline, and m-cationic interactions with the lysine
residue (Table 1, Fig. 5); (2) the energy of interaction
between the lipase dimer and the nanotube did not depend
on the CNT length and amounted to —28 kcal mol™';
(3) the energy of interaction between TLL monomer
and a carbon nanotube was 2 times less than that of the
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number of reaction cycles of heptanoic C; acid esterification with: 1, decyl (C,p); 2, hexadecyl (cetyl, Cy¢); 3, butyl C,4 alcohols.

dimer, since the number of bonds decreases propor-
tionally; (4) the in silico consideration of the mobility
of amino acid side residues led to a decrease in the
energy by 3 kcal mol~! (calculated per monomer);
(5) CNT bound in the cleft between two lipase mono-
mers (Fig. 6); and (6) the active sites of TLL dimer,
consisting of monomers A and B, were at a distance of
6.6 and 25.8 A (0.66 and 2.58 nm) from CNT (Fig. 6).
In this case, to explain the observed maximum and
minimum on the curves in Fig. 3b, it can also be
assumed that both active sites of the immobilized lipase
were available for low-molecular-weight C,_; sub-

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 58

strates, whereas for high-molecular-weight substrates
with more than ten carbon atoms, one active site
located at a distance of 2.58 nm from CNT was pre-
dominantly available (Fig. 6a).

Thus, in this work, it was found that the func-
tional properties of the immobilized recombinant
lipase rPichia/lip, such as the activity and substrate
specificity, changed (modulated) depending on the
chemical nature of the adsorbent. The prepared BLAs
differed significantly in catalytic properties: the activ-
ity and catalytic constant for the rPichia/lip on SiO,
biocatalyst (PLSi type) were 20—30 times lower than
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Table 1. Interactions between TLL dimer consisting of two monomers, A and B, and single-walled CNT*

Amino-acid residue Bond length CNT atom Protein atom
Hydrophobic interactions
24A LYS 3.43 5195 226
24A LYS 3.22 5150 227
24B LYS 3.34 5117 2763
29A PRO 3.67 5508 277
84A ARG 3.83 5226 761
84B ARG 3.54 5437 3295
Interaction with asparagine
26B \ ASN | 3.92 \ 5428 \ 2786
nt-Cation interactions
24B | LYS | 5.38 | 5118, 5119, 5120, 5121, 5163, 5165 |

* The length of carbon nanotube was 50 A.

those for rPichia/lip on MCA (PLC type). Despite the
broad substrate specificity of both types of BLAs, the
synthesis of ethyl esters of saturated monocarboxylic
acids proceeded more efficiently with the participa-
tion of hydrophobic BLAs of the PLC type, while the
synthesis of high-molecular-weight esters with pro-
nounced hydrophobicity efficiently proceeded using
the hydrophilic PLSi type. For both types of prepared
biocatalysts, the maximum reaction rate was observed
under esterification of heptanoic C, acid with butyl
alcohol, and the minimum, of butanoic acid with
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decyl C,, alcohol. The prepared active and stable bio-
catalysts of PLSi and PLC types undoubtedly have
high practical potential for green processes of low-
temperature synthesis of various esters.
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Fig. 5. Docking of the TLL dimer with a single-walled CNT 50 A long and 7.834 A in diameter (n = 10, m = 0). Atoms that directly
interact with the CNT are indicated. Atoms 226, 227, 761, 2763, 2786, and 3295 (from Table 1) correspond to carbon atoms in

CH,-group, 277 is carbon atom in CH-group.
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Fig. 6. Docking of TLL dimer with single-walled CNT of 50 A long and 7.834 A in diameter (n = 10, m = 0). The arrow points to
the active site of the enzyme. Distances between the active site of the lipase (Asp96—His110—Ser115) and CNT are indicated.
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