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Abstract

Immobilization of recombinant Thermomyces lanuginosus lipase (designated as rPi-
chiallip) was carried out by moisture capacity impregnation of mesoporous silica
granules followed by drying, and forcible adsorption of enzyme occurred. Eventu-
ally prepared lipase-active heterogeneous biocatalysts were systematically studied
for enzymatic esterification performed at ambient conditions (20 + 2 °C, 1 bar) in
unconventional anhydrous media of organic solvents such as hexane and diethyl
ether. The saturated fatty acids differing in the number of carbon atoms (C2-CI10,
C18), and aliphatic alcohols differing in the structure of the molecules, namely both
the number of carbon atoms (C2-12, C16), and the isomerism of the carbon skel-
eton (n- and iso-), and OH-group position (prim-, sec-, tert-) were studied as sub-
strates for enzymatic esterification. The specificity of the heterogeneous enzymatic
esterification was determined by comparing the reaction rates for various pairs of
substrates; and the matrix of relative units of activities was composed. The immo-
bilized on silica rPichia/lip was found to have sufficiently wide specificity toward
saturated fatty acids and aliphatic alcohols. High reaction rates were measured in
esterification of fatty acids and primary n- and iso-aliphatic alcohols possessing
more than four carbon atoms in the molecules. The enanthic acid (heptanoic, C7:0)
reacted with butanol (C4) with the highest rate; and the kinetic parameters such as
Michaelis constant (Ky,) for acid and maximal reaction rate (V ,,,) were determined
under the studied conditions of esterification. Substrates containing aromatic resi-
dues did not participate in esterification. The lipase-active heterogeneous biocata-
lysts possessed considerably high operational stability, and the catalytic activity was
completely retained for several tens of reaction cycles in a periodic batch process of
low-temperature synthesis of various fatty acid esters.
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Introduction

Nowadays, enzymatic esterification is considered as a competitive alternative to
the chemical organic synthesis of various esters which are valuable commercial
products commonly used in manufacturing flavors, fragrances, emollients, lubri-
cants, antimicrobial agents and non-toxic surfactants for food, cosmetic and phar-
maceutical industries. The requirements of consumers for such natural products is
constantly increasing. Compared with organic synthesis using strong liquid and
solid acids as catalysts and temperature above 100 °C (usually, at 120-150 °C),
enzymatic esterification is currently of great commercial interest since this
method of ester production proceeds efficiently at a low temperature (usually,
at 20-40 °C) with 100%-selectivity without formation of any by-products and
with very high specificity toward substrates. The heterogeneous biocatalysts for
the low-temperature ester synthesis were prepared by the immobilization of the
unique enzymes such as lipases on solid supports. The heterogeneous biocatalyti-
cal processes were realized in periodic or continuous modes and fully satisfy the
requirements of “green” chemistry, so they are promising for implementation into
the organic synthesis industry [1-3].

Nowadays, the lipase-active heterogeneous biocatalysts are intensively stud-
ied for enzymatic esterification of different organic acids including saturated and
unsaturated fatty acids (substrate S;). Substances containing OH-group(s) (sub-
strate S,) are commonly used in a molar excess. The S, are aliphatic alcohols
[4-12], and carbohydrates (glucose, fructose, mannose, lactose) [13—-17], and
ascorbic acid [18], and polyols, in particular glycerol [19, 20] and trimethylol
propane (2-(hydroxymethyl)-2-ethylpropane-1,3-diol) [21-24]. Some parameters
of ester synthesis were described in literature. For example, the productivity of
Staphylococcus warneri lipase immobilized on silica was 230 mmol of hexyl
decanoate for 24 h-long reaction cycle [4]. The highest activity of the biocata-
lyst prepared by immobilization of Candida antarctica lipase B inside core—shell
polystyrene particles was observed to be 800 pmol min~! g=! in the esterifica-
tion of oleic acid (18:1) with ethanol at 40 °C [6]. Using commercial NOVO-
ZYMES biocatalysts (Novozym®, Lypozyme® types) production of esters of
caprylic acid (C10:0) with C4-C16 aliphatic alcohols reached 0.8 mmol for 3 h
[9]. The modulation of the regio-selectivity of T. lanuginosus lipase via engineer-
ing of heterogeneous biocatalysts was described in [7], and alteration of regio-
specificity toward position of acyl groups in vegetable oils’ triglycerides depend-
ing on hydrophobicity of the supports was observed. In [25], it was shown that
the specific activity and regio-specificity of lipase changed upon immobilization
on hydrophobic (octadecyl) methacrylate beads The best biocatalyst produced
diacylglycerols enriched in linolenic acid (C18:3) with a ratio of regio-isomers
sn-1,3/sn-1,2 equal to 21.8; the highest conversion of conjugated linolenic acid
was observed to be 54% for 3 h at 40 °C [25].

Comparing two methods of synthesis of valuable market products such as fatty
acid esters, namely traditional organic and biocatalytic synthesis, the following
main features of enzymatic esterification can be noted: (1) 100%-selectivity of
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reactions performed at very low reaction temperatures (20-40 °C) without by-
products and pollutants, as mentioned above (2) a possibility to produce esters
which are difficult or impossible to obtain by conventional methods of organic
chemistry, for example, esters with carbohydrates and polyols; (3) no need in
special apparatus in order to remove water formed during esterification from
the reaction medium, like in organic chemistry, for enhancement of the product
yield by shifting the equilibrium toward ester synthesis. Relatively low concen-
trations of substrates (acid and alcohol) and, consequently, product (ester) in an
organic solvent (less than 2.0 M) is regarded as the main disadvantage of the
enzymatic esterification, since this makes the procedure of purification of the
target product more time-consuming per unit of weight of the purified substance.
But this problem can be solved by optimizing technology.

It was found that the specificity of microbial lipase depended on the taxon-
omy of microorganisms from which the enzyme was isolated. The hydrolysis of
various substrates by various microbial lipases was studied in [26], and authors
explained the observed differences in specificity by differences in the structure
of active sites of enzyme. For example, R. miehei, T. lanuginosus and Fusar-
ium oxysporum lipases have wide alcohol binding cleft but a narrow acyl bind-
ing cleft, whereas C. antarctica and C. rugosa lipases have a narrow tunnel for
accommodation of acyl group but wider alcohol binding site [26]. It was found
that Candida sp. lipases had a wider specificity toward substrates than R. mie-
hei and T. lanuginosus lipases; the latter lipases hydrolyzed esters of aromatic/
cyclic acids with aromatic/cyclic alcohol at a very low rate [26]. In reactions
of esterification, microbial lipases exhibited wide specificity for substrates S,
and S, with 4-16 carbon atoms [9, 27]. The study of esterification specificity
of recombinant 7. lanuginosus lipase immobilized on mesoporous silica was
started by us, and matrix of relative units of the catalytic activities began to be
composed [28, 31].

In this work the systematic comparative study on the specificity of recom-
binant 7. lanuginosus lipase immobilized onto mesoporous silica via forcible
adsorption was continued; the all obtained results were summarized. The esteri-
fication of saturated fatty acids with aliphatic alcohols differing in the structure
of the molecules, namely both the number of carbon atoms (C2—C18), and the
isomerism of the carbon skeleton of alcohols (n-, iso-), and position of OH-
group (prim-, sec-, tert-alcohols), and the presence of aromatic or cyclic resi-
dues was performed in anhydrous media of organic solvents (hexane and diethyl
ether) at ambient conditions. By comparing the reaction rates, a matrix of rela-
tive units of enzymatic activity was fully composed. The kinetic parameters such
as Michaelis constant (K, ) and maximal rate (V,,) were determined for the
ester synthesis occurred with the highest reaction rate, namely, for the n-butyl
heptanate—ester of enanthic acid (C7:0) and n-butanol (C4). The catalytic prop-
erties of rPichia/lip lipase immobilized by impregnation onto mesoporous silica,
such as enzymatic activity and operational stability, were studied in the periodic
process of low-temperature synthesis of valuable esters differing by molecular
structure.
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Experimental
Materials and methods

Commercial silica KSK-G® type (Karpov manufacturing plant, Russia) with
granules of 1-2 mm diameter was used as support for immobilizing recombi-
nant 7. lanuginosus lipase and preparing lipase-active heterogeneous biocatalyst.
The texture parameters measured by Hg-intrusion porosimetry using ASAP 2400
V3.07 and AUTO-PORE IV 9500 V1.09 devices (Micrometrics Instrument Cor-
poration, USA) were following: the specific surface area was 157 m? g~!; total
pore volumes (Vy) was 0.76 cm® g~!, average pore diameter was 19.4 nm, poros-
ity was 58%.

Reagents such as substrates (fatty acids, alcohols), solvents (hexane, diethyl
ether) with analytical grade purity were produced in Russia. Bovine serum albu-
min and Coomassie G-250 dye were purchased from Sigma.

The studied recombinant lipase designated as rPichia/lip was produced by the
methylotrophic yeast Pichia pastoris X-33 strain specially constructed by the fol-
lowing genetic engineering manipulations such as (1) design and synthesis of the
nucleotide sequence for the gene of a mature 7. lanuginosus lipase (Protein Data
Bank, PDB-database), (2) cloning of the synthesized gene into a plasmid vec-
tor and the production of the constructed recombinant plasmid in E. coli cells,
(3) transformation of competent P. pastoris cells with the obtained plasmid and
selection of recombinant yeast clones, (4) analysis of the selected clones for the
ability to produce and secrete recombinant 7. lanuginosus lipase into the cul-
ture medium. Finally, conditions for the cultivation and intensive growth of the
strain-producer were optimized in order to increase the medium concentration of
the target lipase to 2 g L™!. The lab-scale production of rPichial/lip lipase was
preformed in a 10-L BIOK gas—vortex bioreactor (ZAO Sayany, Russia). Partial
purification of enzyme was carried out by precipitation of secreted recombinant
lipase with ammonium sulfate (up to 75% saturation) at 4 °C for 16 h. The pre-
cipitates were dissolved in distilled water, and further dialysis against a 25 mM
acetate buffer pH 4.0 was carried out. The samples of dialyzed and lyophilized
rPichiallip were used for the study.

Immobilization of rPichia/lip and preparation of lipase-active heterogeneous
catalysts were carried out by two type of adsorption such as spontaneous and
forcible types. Spontaneous adsorption of recombinant lipase was carried out
by physical adsorption of lipase from its solutions under condition described in
[29]. Forcible adsorption was performed by impregnation of dry granules of sil-
ica with lipase solutions. The lipase concentration in these solutions was meas-
ured by modified method based on Coomassie G-250 dye-peptide bond interac-
tion [30], and bovine serum albumin was used as standard for calibration curve.
The immobilization by impregnation was carried out as follows. At first, gran-
ules of mesoporous silica were dried at 115 °C for 4 h. Then, the support sam-
ples were impregnated by moisture capacity with the buffered (phosphate buffer
pH 7.0) solutions containing lipase at various concentrations, from 7.7 till to
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17.4 mg mL™!, and were stayed in a closed container for 5 h at room tempera-
ture (20 + 2 °C). After finishing impregnation, the prepared biocatalysts were
dried at ambient conditions for 1 day to a dry-air state. During drying, the lipase
molecules lost their hydrated shell, and forcible adsorption of the enzyme on the
silica surface occurred. The amount of the immobilized lipase was calculated per
1 g of silica (mg g™') taking into account the total pore volume of silica (0.8 cm?
g~ 1) and the lipase concentrations in impregnating solutions.

Enzymatic activity of the prepared biocatalysts was measured in the two-sub-
strate reaction of esterification; the products of this reaction were an ester and water.
The first substrate (S;) was saturated fatty acid with a number of carbon atoms in
molecules from 2 to 18. The second substrate (S,) was aliphatic alcohol with a num-
ber of carbon atoms in molecules from 2 to 16, and with different isomerism of
the molecular carbon skeleton, i.e. n- and iso-alcohols, and with the various posi-
tion of OH-group, i.e. primary, secondary and tertiary alcohols. A binary mixture
of organic solvents such as hexane and diethyl ether in the volume ratio of 1 : 1
was used for dissolving substrates. The concentration of enanthic acid (S;) was
varied from 0.05 M till 1.5 M. Alcohols (S,) were used in double molar excess;
the concentration of alcohol was varied from 0.1 M till 3.0 M. The biocatalyst
(0.5 g) was immersed into reaction medium (3.0 mL) containing S, i.e. the content
of the biocatalyst was 20.8 wt%. The reaction was started by adding substrate S,,
namely, liquid (C2-C11) or solid (C16) alcohols. Periodic process of esterification
was carried out in a batch reactor at room temperature (20 + 2 °C). Aliquots of
reaction medium were taken periodically. The initial and current concentrations of
organic acids were measured by titration; NaOH solution with known concentration
was used. The one reaction cycle was carried out till full conversion of fatty acid
occurred, and then samples of biocatalyst were washed by solvent for 20 h. Analy-
sis of esterification products were performed by both a thin layer chromatography
(TLC) and a two-dimensional gas chromatography using an Agilent 7890A Series
GC System chromatograph equipped with a flame ionization detector and an Agi-
lent flow modulator gas as described [31], as well as a gas chromatography with
mass-spectrometry using an Agilent 7000B GC/MS Series; a column ZB-WAX,
30 mx0.25 mmx0.25 pm was used. The carrier gas was high purity helium with
flow rate 1.0 mL min~!. Oven program was 8°/min from 50 to 260 °C, electron ioni-
zation is 70 eV, scan is 40-500 m/z. The results of titrimetric and chromatographic
analyzes agreed within experimental error of less than 10%.

The rate of the esterification (in umol L™ s7!) was determined using initial linear
segment of kinetic curve of S; concentration decrease in time. Taking into account
reaction rate, enzymatic activity of the biocatalysts was calculated and expressed in
an amount of international Units of activity (I U=pumol min~!) per 1 g of dry bio-
catalyst (in U g™1). The specific activity of adsorbed rPichia/lip lipase was expressed
inUmg™".

All the experiments were carried out at least by triplicate. Standard deviations of
replicates were calculated using statistics model based on normal Gauss—Laplace
probability distribution. Experimental results were represented as X + t—il, where X is

the mean; 7 is the Student coefficient, for example, equal to 4.30 for 3 measurements;
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—X)2 .
s—dispersion calculated according to the formula, s = 4/ fo'flx); n is the number

of measurements, n=3-6. Relative experimental error (S,) was estimated trice using
5-6 identical measurements; S, was estimated to be less than 10% (min 6%).

Results and discussion
Impregnation versus physical adsorption of lipase on mesoporous silica

As described in “Experimental” section, the lipase-active biocatalysts were prepared
by both spontaneous and forcible adsorption using rPichia/lip lipase solutions at
the same concentration. The adsorption was close in magnitude and equal to 4.2
and 5.4 mg g~! respectively. It was found that under exactly the same conditions
of the synthesis of n-butyl heptanate, the stationary activity of the spontaneously
adsorbed lipase was twofold less than the activity of forcibly adsorbed enzyme, for
example, 2.4 vs. 5.0 U g~!. This method of impregnation was characterized not only
by comparatively high enzymatic activity, but simplicity of its implementation and
economical enzyme consumption. For example, a minimal volume of lipase solution
used for spontaneous adsorption on 1 g of silica was 3.0 mL, whereas for forcible
adsorption was 0.8 mL equal to Vy of silica.

From the results obtained it may be concluded that the forcible adsorption by
impregnation was appropriate and promising method for preparing the most active
heterogeneous lipase-active biocatalysts. All results described below were obtained
for forcibly adsorbed recombinant lipase.

Texture parameters of the lipase-active biocatalysts

The texture parameters of the biocatalyst with maximal content of forcibly
adsorbed lipase, equal to 14.0 mg g™, were following: surface area was 143 m? g~}
(vs. 157 m? g7! for initial silica), the total pore volume was 0.67 cm® g~!
(vs. 0.76 cm® g™!), the average pore diameter was 18.8 nm (vs. 19.4 nm), the poros-
ity was 56% (vs. 58%). One can see that texture parameters decreased insignificantly
after immobilization of rPichia/lip on silica.

Peculiarities of biocatalysis by immobilized lipase in anhydrous media

The stage of considerable increase of activity (in 2—4 times) of dried biocatalysts
during the first 1-3 reaction cycles, named pre-conditioning stage, was observed
in all experiments. It was found that the greater the activity of the biocatalyst, the
shorter the pre-conditioning stage. This stage was probably due to the ongoing accu-
mulation of formed product—water, in the vicinity of the adsorbed lipase inside the
silica-based biocatalyst. Calculation showed that upon full conversion of fatty acid
(in average 85%), a volume of 0.1 mL of water was formed under studied conditions.
Since the total pore volume of this supports (Vy) was multi-fold greater than the
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volume of the water formed inside for one reaction cycle, this water was firmly held
inside KSK-G® type silica applied as a dehumidifier for industrial gases. Therefore,
during esterification the favorable aqua microenvironment was created for adsorbed
lipase; and the activities of the dried biocatalysts increased in several times.

It was found, that after the pre-conditioning stage the catalytic activity (named
as stationary activity) of the biocatalysts was fluctuated slightly in magnitude dur-
ing the next 38 cycles (~900 h) of the periodic esterification process (Fig. 1), i.e.
the operational stability was a sufficiently high. Also, the prepared biocatalysts pos-
sessed a high long-term stability under storage in the used solvent (hexane and die-
thyl ether) at 20 + 2 °C, as well as under storage in dried state in a refrigerator for
9 months.

Specificity of esterification by immobilized recombinant T. lanuginosus lipase

In order to determine the specificity of immobilized recombinant T. lanuginosus
lipase, the matrix of relative catalytic activities was composed by comparing the
rates of esterification of various pairs of substrates (Table 1). The following observa-
tions were drawn from the experimental data: (1) the rate of esterification of acetic
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Fig. 1 Operational stability of the biocatalysts in periodic esterification of various fatty acids such as
butyric (C4:0), enanthic (C7:0), capric (C10:0), stearic (C18:0) with n-butanol as a function of enzy-
matic activities in dependence of a number of reaction cycle. The content of rPichia/lip on silica was
14.0 mg g~'. Concentrations of acid and alcohol were 0.25 and 0.50 M. Ambient conditions: 20 + 2 °C,
1 bar
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Table 1 Matrix of relative s~ 2 C3 C4 C5 C8 CI0 Cll CI2 Clé6
activities of the immobilized Sl

rPichiallip in reaction of
esterification of various pairs €20 000 - - 003 002 - - - 0.02

of substrates—saturated fatty C40 008 021 021 019 015 0.9 008 006 0.04
acid (S;) and aliphatic primary C5:0 0.09 023 028 0.5 0.17 028 0.10 0.08 0.07
n-alcohol (S,) C6:0 008 026 031 023 0.19 047 009 007 0.07
C7:0 054 098 1.00 088 085 081 072 053 047
C9:0 027 0.64 054 052 056 0.59 028 024 0.19
C10:0 030 0.57 0.64 063 058 054 032 026 027
CI180 039 057 078 061 057 — 039 034 039

acid (C2) was very low, (2) the rate of synthesis of ethyl esters of fatty acids using
ethanol (C2) was 1.3-2 times lower than the rate of the synthesis of esters with alco-
hols possessing more than 3 carbon atoms, (3) the more the number of carbon atoms
in the molecule of fatty acid, the more the rate of esterification; thus, the rates of
esterification of C7, C10 and C18 fatty acids were in 2-5 times higher than ones
for the C4—C6 fatty acids, (4) the highest rate was observed in the esterification of
enanthic acid C7:0 with C3, C4-alcohols (Table 1). The maximum ratio of relative
difference in reaction rates for various fatty acids was 5.9, whereas for alcohols it
was 1.8 only (Fig. 2). Consequently, the immobilized on silica rPichia/lip was more
sensitive to the molecular structure of fatty acid (S) than to the structure of aliphatic
alcohol (S,).

The activities of the biocatalysts in esterification of enanthic acid with ali-
phatic alcohols differing in carbon skeleton isomerism and OH-group posi-
tion were presented in Table 2. One can see, that the rates of esterification of
enathic acid with of iso-butanol and iso-pentanol were insignificantly higher
(in 1.1 times) than ones with n-isomers. It should be noted that the most pro-
nounced specificity was observed with respect to the position of the OH-group in

a b
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E Toca
E S c5 J
c 38
c L2
g cs I
S e
—
°8 c11 : ]
3] : Cc12
£ Ecg cT0
2 C10:0

C18:0
C16 }
10 20 30 40 50 2 4 6 8 10 12 14
Activity of the biocatalyst, U/g Activity of the biocatalyst, U/g

Fig.2 Activities of the biocatalysts in reaction of esterification a of various fatty acids with n-butanol
(C4) and n-octanol (C8) and b of enanthic acid (C7:0) with various primary n-alcohols (C2-C16). The
content of rPichiallip on silica was a 140 mg g™ and b 6.2 mg g~!
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Table2 Activities of the immobilized on silica rPichia/lip in esterification of enanthic (heptanoic, C7:0)
acid with aliphatic alcohols in dependence of isomerism of carbon skeleton and position of OH-group

Alcohol Isomerism  Position of OH-group Activity of Relative activity
biocatalyst®, of biocatalyst,
Ug! units
Propanol C3  n- Primary 56.1+3.4 1.0
OH-CH,—CH,-CH;
Secondary 0.36+0.04 0.006
CH,—CH(OH)-CH;
Butanol C4 n- Primary 64.4+3.2 0.91
OH-CH,-CH,-CH,—CHj,4
iso- Primary 70.5+4.1 1.00
OH-CH,~CH—(CH,),
Secondary 0.15+0.01 0.002
CH3-CH,-CH(OH)-CH3
Ternary 0 0
OH-C—(CHj;)5
Pentanol C5 n- Primary 59.2+3.6 0.91
OH-CH,—CH,-CH,—CH,-CH,
iso- Primary 65.1+3.9 1.00

OH-CH,-CH,~CH—(CH,),

2The content of rPichia/lip lipase immobilized on silica was 14.0 mg g~!. Concentrations of acid and
alcohol were 0.35 and 0.70 M respectively

the alcohol molecule. Thus, the rates of esterification of fatty acids with second-
ary alcohols were two orders of magnitude lower than those of primary alcohols
(Table 2). The esterification of fatty acids with fert-butanol did not occur; the
reaction rate was zero. The biocatalysts tested in the esterification of fatty acids
with sec- and ferz-butanol were washed with a solvent and then examined in the
esterification of enanthic acid with n-butanol. It was found that the 91% of initial
catalytic activity was restored.

It was found that the esterification of acids and alcohol possessing cyclic or
aromatic residues occurred with very low rates. For example, the rate of esteri-
fication of benzoic acid with n-butanol was equal to zero; and any traces of the
ester on TLC-plates were not observed. The rate of esterification of enanthic acid
with methyl cyclohexanol was lower in 240 times than the rate of esterification of
enanthic acid with n-butanol; and the catalytic activities were equal 0.07 and 16.9
U g~ respectively under the same conditions. Also, the full conversion of enan-
thic acid did not exceed 50% when S, was methyl cyclohexanol, whereas the con-
version of enanthic acid reached 90% when S, was n-butanol. The biocatalysts
tested in the esterification of aromatic acid and cyclic alcohol were washed with a
solvent and then examined in the esterification of enanthic acid with n-butanol. It
was found that the ~80% of initial biocatalytic activity was restored. Thus, these
substrates were neither substrates nor irreversible inhibitors of immobilized rPi-
chia/lip lipase. These results are consistent with the literature data described in
[26].
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Kinetics of esterification of enanthic acid with n-butanol

The esterification reaction of enanthic acid with a double excess of n-butanol obeyed
the kinetic equation for the reaction of the Ist order, C=C, exp (—2.3X 107x1),
where C;, and C are the initial and current concentration of acid, mol L% tis the
time of reaction, s. According this equation, the rate constant was 2.3x107™* s7..
The maximum conversion of fatty acid, in average 85%, was achieved after 2—4 h of
esterification at ambient conditions (20 + 2 °C, 1 bar).

The selectivity of enzymatic esterification was 100%, and only one product, an
ester n-butyl heptanate, was detected by gas chromatography (Fig. 3). Chromato-
graphic peak 3 corresponding to the ester increased in height with increasing acid
conversion in time, while the chromatographic peaks 2 and 4 corresponding to
n-butanol and enanthic acid decreased (Fig. 3). Purification of the produced ester,
for example, iso-pentyl decanoate, using conventional vacuum distillation, was quite
a suitable method, and the content of the main substance was 99.0% [28, 31].

The biocatalyst with lipase content of 6.2 mg g~! was used for determining
kinetic parameters such as Michaelis constant (K,,) for enanthic acid and maxi-
mal reaction rate (V,,,,) under studied conditions of the esterification of enan-
thic acid with a double excess of n-butanol. The kinetic curve (Fig. 4) was satis-
factory described by the classic hyperbolic equation at an acid concentration

lower than 1.0 mol L™}, V = VL:S”, where V and V., were the initial observed
M 0
and maximum reaction rates pmol L!tsh C, was the initial substrate concen-

tration, mol L™, Ky was the Michaelis constant, mol L~". Then, at a concentra-
tion of enanthic acid above 1.0 mol L™! the reaction rate decreased perhaps due
to inactivation of enzyme by high concentration of n-butanol as described previ-
ously for esterification of capric acid with iso-pentanol [29]. The values of Ky
and V. were determined using Lineweaver—Burke linear approximation and
the regression of hyperbolic equation by ORIGIN programs. These parameters
were equal to 0.22 +0.05 mol L™! and 66.7 +4.0 pmol L™! s7!, respectively. The

AL Scan1‘ alhohol /st acid 4
Y 2 3
1.8 2 3
16 4
14
12
1
08 ‘
06 ‘
04
02
o | l r ‘A NI |
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18

Counts vs. Acquisition Time (min)

Fig.3 Chromatogram of the reaction medium with the identification of main components and their
content in dependence of conversion of enanthic acid: 1—hexane and diethyl ether as solvent, 2, 3, 4—
conversion 21.9%, *2,*3,*43—conversion 61.9%. Contents of main compomemts in reaction medium,
in wt%: 2,%*2—n-butanol (42.8—36.5), 3,*3—n-butyl heptanate (29.3—47.8), 4,*4—heptanoic acid
(15.7—17.3 wt%)
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V, 10°mol " I s™

0 T T T T
0.2 0.4 0.6 0.8 1.0 1.2 14

C, mol I

Fig.4 Initial reaction rate of synthesis of n-butyl heptanate as a function of initial concentration of enan-
thic (heptanoic) acid. The content of rPichia/lip immobilized on silica was 6.2 mg g~

values of Ky, and V_,, estimated from the full Michaelis—Menten kinetic curve
presented in Fig. 4 were close to these magnitudes. Comparison of the obtained
results with data published earlier in [29, 31] showed that the Michaelis constant
for enanthic acid (heptanoic, C7:0) was 3 times less than Ky, for capric acid
(decanoic, C10:0) for esterification with C4—C5 aliphatic alcohols. This means,
that the affinity of immobilized on silica recombinant lipase to heptanoic acid
was higher, and the maximum reaction rate V was achieved at lower initial
substrate S, concentrations.

It was found that the enzymatic activity of the biocatalysts was directly pro-
portional to the content of immobilized lipase. The maximum biocatalytic activ-
ity (A, was calculated using V.  value (Fig. 4). For the biocatalysts with
content of adsorbed lipase 6.2 mg g~' A_. was equal to 22.3+2.0 U g~!. The
specific activity of forcibly adsorbed rPichia/lip lipase was 3.3 +£0.3 U per 1 mg
of lipase. From the data in Fig. 1, the maximal observed activity (A,,,) of the
biocatalyst with adsorption of 14.0 mg g~! was measured to be 50.4+4.0 U g™!,
and the specific activity of immobilized lipase was 3.6+0.3 U mg~!. From the
results above, the specific activity of immobilized lipase was the same for both
biocatalysts and independent on amount of adsorbed enzyme. Comparison with
literature data showed that maximum reaction rate (V,,,) measured here with
forcibly adsorbed recombinant 7. lanuginosus lipase in the synthesis of fruit fla-
vor esters (n-butyl acetate, n-propyl acetate) was in 3—4 times higher than V.
measured with Rhizopus oligosporus lipase immobilized on activated silica [32].

max
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Conclusions

The lipase-active heterogeneous biocatalysts were prepared by impregnating the
moisture capacity of dry silica granules with recombinant 7. lanuginosus lipase
solutions; and forcible adsorption of enzyme occurred. During the research of these
biocatalysts in esterification of different pairs of substrates—saturated fatty acids
and aliphatic alcohols differing in the structure of the molecules, namely both the
number of carbon atoms (C2-18) and the isomerism of the alcohols’ carbon skel-
eton (n- and iso-) the matrix of relative enzymatic activity was composed. Accord-
ing to this matrix, the forcibly adsorbed on silica recombinant lipase demonstrated
the relatively wide specificity. The high reaction rates were observed when saturated
fatty acids with 7 (or more) carbon atoms were esterified with primary »- and iso-
alcohols with more than 3 carbon atoms; and the highest reaction rate was observed
in the synthesis of ester of enanthic (heptanoic, C7:0) acid and n- or iso-butanol in
a batch reactor at ambient conditions (20 + 2 °C, 1 bar). The Michaelis constant for
enanthic acid was determined to be equal to 0.22+0.05 mol L~! in the reaction of
n-butyl heptanate synthesis. It was found that the esterification of fatty acids with
tert-alcohol did not occur, and substrates with aromatic and cyclic restudies reacted
with very low rates.

The lipase-active heterogeneous biocatalysts had a considerably high operational
stability. Thus, catalytic activity did not change during 38 reaction cycles (900 h)
under conditions of low-temperature synthesis of various esters in unconventional
anhydrous media of organic solvents (hexane and diethyl ether mixture).

Analyzing our own and literature data, it was concluded that due to the prominent
catalytic properties, such as enzymatic activity and operational stability, in combi-
nation with simplicity of the immobilization method, the biocatalysts prepared by
forcible adsorption of recombinant lipase onto mesoporous silica are promising for
practical implementation for reactions of organic synthesis, in particular for produc-
tion of fatty acid esters.
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