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Abstract

Subtilisin 72 was immobilized on cryogel of poly(vinyl alcohol), the macroporous carrier prepared by the freeze-thaw-treatment of con-
centrated aqueous solution of the polymer. The obtained biocatalyst was active and stable in aqueous, aqueous-organic, as well as in low
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ater media. The stability of immobilized biocatalyst was substantially higher than that of native enzyme in all mixtures especially in
uffer containing 5–8 M Urea and in acetonitrile/60–90%DMF mixtures. The ability of native and immobilized subtilisin to catalyze
ond formation between Z-Ala-Ala-Leu-OMe and Phe-pNA was studied in non-aqueous media. Considerable enzyme stabilizat

onitrile/90%DMF mixture, induced by the immobilization, resulted in higher product yield (57%) than in case of native subtilisin su
32%). Detailed study of synthesis reaction revealed that notable increase in product yield could be reached using increase in bo
oncentrations up to 200 mM.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Various organic reactions catalyzed by enzymes are up-
o-date, basis of biotechnology[1]. Rational application of
nzymes requires detailed investigations of their properties,
uch as substrate specificity, activity and stability under var-
ous conditions. Hydrolases, in particular lipases and pro-
eases, i.e. enzymes, which catalyze the transfer of an acyl-
onor to a water molecule, have been recently widely used in
ynthetic reactions[2,3]. The equilibrium shift is frequently
rovided by performing the reactions in non-aqueous envi-
onment. To ensure high enzyme activity, it is necessary to
hoose optimal enzyme stabilization technique among the
ultitude known nowadays[4]. There are a lot of articles
ealing with enzyme stabilization, but only in few of them

∗ Corresponding author. Tel.: +7 95 939 5529; fax: +7 95 932 8846.
E-mail address:irfilipp@genebee.msu.su (I.Yu. Filippova).

clear comparison of different stabilization ways has bee
complished[5–7]. In previous studies we compared in d
ferent media the catalytic properties of native subtilisin
non-covalent complex with poly(acrylic acid) and subtilis
immobilized on cryogel of poly(vinyl alcohol)[8]. It has bee
shown that the most efficient biocatalyst was the immobil
subtilisin. The aim of this work was to study hydrolytic a
synthetic activities of native and immobilized subtilisin
different aqueous/organic mixtures in details.

2. Experimental

2.1. Materials

Serine proteinase fromBacillus subtilisstrain 72 (sub
tilisin 72 [9,10], specific activity on chromogenic substr
Z-Ala-Ala-Leu-pNA 9�mol/min per mg protein) was is

381-1177/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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lated and purified according to Gololobov et al.[11]. Ace-
tonitrile was of HPLC grade (Lekbiofarm, Russia) containing
no more than 0.01% water; dimethylformamide was of ana-
lytical grade (Reakhim, Russia) additionally purified accord-
ing to a procedure[12]; substrates Glp-Ala-Ala-Leu-pNA
(where Glp- is pyroglutamil residue) and Z-Ala-Ala-Leu-
pNA were obtained according to the procedures described
by Lyublinskaya et al.[13] and Yakusheva et al.[14], re-
spectively; poly(vinyl alcohol) (PVA, MW 69,000) was from
NPO “Azot” (Ukraine), other chemicals were of analytical
grade.

2.2. Instrumentation

Reverse-phase HPLC analyses were performed on liquid
chromatograph Altex Model 110A (United States) with col-
umn Microsorb-MV C8 (4.6 mm× 250 mm, Rainin Instru-
ment Company, Inc., USA) at the elution by linear gradients
of acetonitrile 10–70% for 26.2 min in 0.1% TFA at the rate
of 1 ml/min and the detection at 220 and 280 nm.

Amino acid analyses were performed on Hitachi-835
amino acid analyzer (Japan) after samples hydrolysis in 5.7 M
HCl at 105◦C in evacuated ampoules for 48 h. The results
well agreed with those calculated for the product peptides.

The optical absorbance was measured on Specord UV–vis
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for 30 min. Then solid support was filtered off, mixed with
5 ml of subtilisin solution in the same buffer (2 mg/ml) and
incubated at constant shaking for 5 h. In the case of immo-
bilization with competitive inhibitors, a 100-fold molar ex-
cess of Bz-Tyr-NH2 or Ac-Trp-OH over enzyme was used.
Thereafter the beads of immobilized biocatalyst were filtered,
washed with 0.05 M Na-phosphate buffer pH 8.2 and treated
with 3–4 ml of 0.05 M Tris–HCl buffer pH 8.2 containing
2 mM CaCl2 for 1.5–2 h to block remaining CHO, vinyl or
epoxy groups on cryoPVAG. The amount of immobilized
protein was calculated from the data of amino acid analy-
sis.

2.3.2. Determination of native subtilisin and
immobilized subtilisin hydrolytic activity against
Glp-Ala-Ala-Leu-pNA

Glp-Ala-Ala-Leu-pNA solution in DMF (50�l, 5 mg/ml)
was added to 2 ml of 0.05 M Tris/HCl buffer (pH 8.3) con-
taining 1.5 mM CaCl2, and the mixture was incubated at
20◦C for 10 min. Then, 10–20�l of the enzyme solution
(or 40 mg of the cryoPVAG-attached subtilisin) was added,
and the mixture was incubated at 37◦C (at 20◦C for im-
mobilized enzyme) and absorbance at 410 nm was mea-
sured. For native enzyme the reaction was stopped with
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Germany) and Shimadzu UV-1601 (Japan) spectrophot
ers.

.3. Methods

.3.1. Preparation of subtilisin immobilized on
oly(vinyl alcohol) cryogel

Beaded poly(vinyl alcohol) cryogel (cryoPVAG) were o
ained as described elsewhere[15]; bead size was 0.8–1.0 m
n diameter.

.3.1.1. Activation of cryoPVAG.

a) Activation of cryoPVAG using glutaraldehyde: this w
performed as described in[15].

b) Activation of cryoPVAG by divinylsulfone: 0.6 ml of d
vinylsulfone and 2 ml of 0.1 M NaOH were added to
of wet cryoPVAG beads. Reaction mixture was sha
vigorously for 1 h, then the granules were washed
dilute NaOH and excess amount of distilled water.

c) Activation of cryoPVAG using epichlorohydrine: 1 g w
cryoPVAG was suspended in 1 ml of 2 M NaOH, th
1 ml of dioxane and 1 ml of epichlorohydrine were add
Reaction mixture was shaken at 40◦C for 24 h. After this
the beads were washed with distilled water down to
7, then with 0.1 M Na-phosphate buffer pH 8.2 and a
with distilled water.

.3.1.2. Subtilisin immobilization on activated cryoPV
ctivated cryoPVAG (0.5–1 g) was suspended in 2–3 m
.05 M Na-phosphate buffer pH 8.2 and stirred intensi
ml of 50% acetic acid. In control samples there was
erse order of addition of the enzyme solution and a
cid.

.3.3. Kinetic study of Z-Ala-Ala-Leu-pNA hydrolysis by
ative and immobilized subtilisin

(a) Dependence of initial hydrolysis rate on enzyme
centration: to 3 ml of substrate solution (1 mM) in 6
DMF/0.05 M Tris–HCl buffer pH 8.2 containing 2 m
CaCl2 the subtilisin solution in the aqueous Tris–H
buffer (0.05–0.3 mg/ml, 0.094–1.13�M) was added. I
the case of immobilized enzyme substrate solution
added to freshly filtered granules of immobilized b
catalyst (12–32 mg, 0.755–2.17�M) and was quickly
shaken. The mixture was incubated at room temper
and release ofp-nitroaniline was followed. The initia
rates of substrate hydrolysis were determined from
slopes of the straight lines of obtained optical absorb
at 410 nm versus time plots using molar extinction
efficient of p-nitroaniline in 60%DMF/buffer mixtur
(11,385 M−1 cm−1).

b) Dependence of initial hydrolysis rate on substrate
centration: the reactions were performed similarly (a
ing 2.5–20 mM substrate solutions in 60% DMF/0.05
Tris–HCl buffer pH 8.2 containing 2 mM CaCl2 and
0.366�M subtilisin solution in the aqueous Tris–H
buffer or freshly filtered granules of immobilized b
catalyst (15 mg, 0.963�M). The Vmax/KM × [E] values
were determined from linear gradient of reaction
against substrate concentration.
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2.3.4. Stability of the native and immobilized subtilisin
in the presence of urea
(a) Native subtilisin (1.4 mg) was dissolved in 70�l

Tris–HCl buffer pH 8.2 containing 1.5 mM CaCl2, then
10�l aliquots were taken and diluted with 190�l of
Tris–HCl buffer pH 8.2 containing 1.5 mM CaCl2 and
0, 1, 3, 5 or 8 M urea. After 1.5 h storage at room temper-
ature 10�l aliquots from each solution were withdrawn
for activity measurement as described in Section2.3.2,
but in this case the buffer used was the same as for in-
cubation (i.e. containing 0, 1, 3, 5 or 8 M urea). The ac-
tivity was calculated using molar extinction coefficients
of p-nitroaniline in buffers used (8900, 8900, 9500 and
10,000 M−1 cm−1 in buffer containing 0, 1, 3, 5 or 8 M
urea, respectively).

(b) The beads of immobilized biocatalyst (10 mg, 5 portions)
were washed with Tris–HCl buffer pH 8.2 containing
1.5 mM CaCl2 and 0, 1, 3, 5 or 8 M urea (3× 2 ml), then
2 ml of corresponding buffer was added and mixture was
incubated for 1.5 h at room temperature at constant shak-
ing. After this the buffer was removed and activity of
biocatalyst was measured as described in Section2.3.2,
but in this case the buffer used was the same as for incu-
bation (i.e. containing 0, 1, 3, 5 or 8 M urea). The activity
was calculated using molar extinction coefficients ofp-
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2.3.8. Synthesis of Z-Ala-Ala-Leu-Phe-pNA by native
subtilisin suspension

To the solution of Z-Ala-Ala-Leu-OMe (5.1 mg, 12�mol)
and Phe-pNA (3.4 mg, 12�mol) in the mixture of 240�l
dry DMF and 140�l acetonitrile, 20�l subtilisin solution
(5 mg/ml, 2.4 nmol) in 0.05 M Tris–HCl buffer (pH 7.8) con-
taining 1.5 mM CaCl2 was added. The reaction mixture was
stirred at 20◦C, and 10�l aliquots were periodically with-
drawn for HPLC analysis. The reaction in the mixture with
95% DMF was performed similarly. Retention time: Z-Ala-
Ala-Leu-Phe-pNA 19 min.

2.3.9. Synthesis of Z-Ala-Ala-Leu-Phe-pNA by
immobilized subtilisin

A portion of cryoPVAG-immobilized subtilisin (80 mg,
15 nmol of protein) was added to the solution of Z-Ala-Ala-
Leu-OMe (5.1 mg, 12�mol) and Phe-pNA (3.4 mg, 12�mol)
in the 380�l of the mixture of organic solvents used. The
reaction suspension was shaken at 20◦C, with 5�l samples
being periodically taken for HPLC analysis.

2.3.10. Study of Z-Ala-Ala-Leu-Phe-pNA synthesis
catalyzed by native and immobilized subtilisin

Z-Ala-Ala-Leu-OMe (75 mg, 0.16 mmol) and H-Phe-
pNA (46 mg, 0.16 mmol) were dissolved in 400�l 40% ace-
t di-
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nitroaniline in buffers used.

.3.5. Preparation of subtilisin suspension in
cetonitrile/DMF mixtures

Lyophilized subtilisin 72 (1 mg, 35 nmol) was dissolv
n 200�l 0.05 M Tris–HCl buffer pH 8.2 containing 1.5 m
aCl2, then 40�l of this solution was added to 760�l of the
orresponding acetonitrile/DMF mixture with stirring on
agnetic stirrer.

.3.6. Stability of native subtilisin suspension in
on-aqueous media

Subtilisin suspension in mixture acetonitrile/DMF/wa
as incubated at 20◦C and aliquots (100�l) were period

cally withdrawn to determine the activity as described
ection2.3.2.

.3.7. Stability of immobilized subtilisin in non-aqueous
edia
A portion of immobilized biocatalyst was washed w

cetonitrile (1× 0.5 ml), with acetonitrile/DMF mixture o
espective composition (70/30, 60/40 or 90/10) (2× 0.5 ml),
hen 1 ml corresponding mixture was added and the resu
ixture was incubated at 20◦C for 24 h at constant shakin
fter this, the solvent was decanted and the biocatalyst a

ty against Glp-Ala-Ala-Leu-pNA was measured as descr
n Section2.3.2.
onitrile/60% DMF mixture then prepared mixture was
uted consecutively with 40% acetonitrile/60% DMF mix
btain series of 2–200 mM substrates solutions. To im
ilized biocatalyst granules (8 mg, 0.04 mg protein) fre
insed by 40% acetonitrile/60% DMF mixture (2× 1 ml)
50�l solution of substrates was added. Reaction mix
as shaken at room temperature and aliquots were pe
ally taken for HPLC analysis.

. Results and discussion

.1. Biocatalytic features of native and immobilized
ubtilisin in predominantly aqueous media

PVA cryogel is a very prospective and convenient sup
or enzyme immobilization due to its macroporosity, po
ility of activation by different reagents and good phys
nd mechanical properties. Poly(vinyl alcohol) cryogels
ydrophilic gel matrixes with heterogeneous macropo
tructure which is the result of gelation in two-phase m
onsisting of ice polycrystals and liquid microphase. T
arrier was prepared by freezing, keeping in the frozen s
nd subsequent thawing of the concentrated aqueous

ions of poly(vinyl alcohol). The characteristic feature
hese supports is their ability to keep water inside the
atrix even if it was placed into non-aqueous organic

ents[16]. Immobilization of several proteases and hog p
reas lipase on PVA cryogel was described in detail ea
17–19]. In our work we used subtilisin, protease of se
ype, which is a very promising catalyst for amide and
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Table 1
Characteristics of immobilized subtilisin preparations

Immobilized biocatalyst Sample number Loading of enzyme on
support (mg/g)

Activity, αspec/mg protein
(�mol min−1 mg protein−1)

cryoPVAG-ECH-subtilisin 1 0.1 2.2
2 0.46 0.83

cryoPVAG-DVS-subtilisin 3 6 0.11
4 1.43 1.3

cryoPVAG-GA-subtilisin 5 3.7 0.37
6 4.5 0.19
7 5.4 0.46
8 13.7 0.041

cryoPVAG-GA-subtilisin + Ac-Trp-OH 9 2.0 0.65
cryoPVAG-GA-subtilisin + Bz-Tyr-NH2 10 2.3 0.50

ter bond formations due to wide substrate specificity along
with high stereo- and regioselectivity. Different activation
reagents, such as epichlorohydrine (ECH), divinylsulfone
(DVS) and glutaraldehyde (GA), have been employed to en-
zyme immobilization. Some characteristics of obtained bio-
catalysts are presented inTable 1.

Various samples of biocatalyst differed in loading (from
0.1 to 13.7 mg protein per g support) and in specific activity
(αspec), which was 0.1–5% of that shown by native enzyme
(0.041–2.2 U/mg). Substantial loading increase greatly de-
creased specific activity of enzyme (e.g. samples 1 and 2,
or 5 and 8). Low hydrolytic activity of immobilized enzyme
in aqueous solution comparing to the native subtilisin could
be explained by two different factors: (1) by the restriction
of conformation mobility due to the covalent enzyme fixing
and (2) partly by the limiting of substrate diffusion to those
molecules of subtilisin which were attached to support near
enzyme’s active site. Diffusion of the substrate to enzyme
environment inside pores cannot limit the hydrolysis rate be-
cause of macroporosity of PVA cryogel[20]. Immobilization
in the presence of competitive inhibitors (Table 1, samples
9, 10) of serine proteases gave slightly more active and more
stable biocatalysts probably due to bounding in the active site
and fixing its conformation (active site protection).

Previously it was shown that immobilized subtilisin was
e ese
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Fig. 1. Dependence of initial rate of hydrolysis of Z-Ala-Ala-Leu-pNA on
enzyme concentration for native (1) and immobilized (2) subtilisin (sample
7) in 60% DMF/Tris–HCl buffer pH 8.2 containing 2 mM CaCl2.

that specific activity measured under equal conditions (at 4%
of DMF) differed more than in 100 times (αspecwere 45 and
0.46 U/mg protein for native and immobilized enzyme, re-
spectively). Therefore, the immobilization considerably pro-
tected the enzyme against the inactivation by DMF.

In order to compare catalytic properties of na-
tive and immobilized subtilisin we calculated the ratios
Vmax/[E]app× KM which are presented inTable 2.

It was shown that there is practically no difference in
Vmax/[E]app× KM values for the hydrolysis of Z-Ala-Ala-
Leu-pNA by native and immobilized subtilisin in buffer con-
taining 60% of DMF. This fact proves our hypothesis that en-
zyme active site is not distorted upon immobilization stage.
Moreover, to increase enzyme efficiency and to overcome
diffusion limitations in hydrolysis reaction the substrate con-

Table 2
Kinetic constants of hydrolysis of Z-Ala-Ala-Leu-pNA by native and im-
mobilized (sample 7) subtilisin in 60% DMF/40% 0.05 M Tris–HCl buffer
pH 8.2 containing 2 mM CaCl2

Enzyme Vmax/[E]app× KM, s−1 M−1

Native subtilisin 25± 2
Immobilized subtilisin 15± 1
ffective in media with high DMF content. Based on th
romising results we decided to study kinetics in 6
MF/buffer mixture. Besides, the solubility of the substr
as moderate in DMF/aqueous mixtures with lower D
oncentration. The dependence of initial hydrolysis rat
he highly specific chromogenic substrate Z-Ala-Ala-L
NA by native and immobilized subtilisin on the enzy
oncentration was examined in Tris–HCl buffer contain
0% DMF (Fig. 1). Obtained dependences were linear o
ll the range studied. Concentrations of 0.366�M for native
ubtilisin and of 0.963�M for immobilized subtilisin were
hosen as optimal as they were the minimum concentra
hich provide reasonable and measurable hydrolysis
he concentration of immobilized biocatalyst was calcul
ccording to amino acid analysis data on protein loading

ocities of hydrolysis at the same enzyme concentratio
ative and immobilized subtilisin differed by 6.6 times. N
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centration should be increased. The decreased activity of bio-
catalyst could be explained by influence of immobilization
on access of substrate to active pocket rather than on struc-
ture and conformation changes of active site. We believe that
most of enzyme molecules quite probably have, to some ex-
tent, difficult access of substrates to active site due to random
orientation of enzyme molecules and matrix flexibility. The
last mentioned property of carrier could allow enzyme to im-
merse slightly into PVA cryogel.

Immobilized enzyme has superior stability (as function
of enzyme activity on storage time) in water compared with
native subtilisin. Since it has been demonstrated earlier that
Ca2+ ions play crucial role and stabilize subtilisin against
inactivation in aqueous media[8] we used Tris–HCl buffer
containing 1.5 mM Ca2+ for storage experiments. Native sub-
tilisin was shown to be inactivated 60% in the same buffer
during 72 h of incubation[8]. For immobilized biocatalyst
prepared using glutaraldehyde no leaching of enzyme and no
substantial loss of its activity was observed during 10 months
of storage (for all samples). Hydrolytic activity of immobi-
lized biocatalyst was high for at least 2 years with only 40%
of initial activity loss in that time, while being continuously
incubated in buffer solution at +4oC [8,15,17]. Dependence
of residual activity on storage time for samples 4, 7 and 10
is shown onFig. 2. The most stable biocatalyst turned out
t the
p is
b ths
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m ctiv-
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s was
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g

her
s res-
e n
b or re-

F ple
7 mM
C

actants[21]. Activity of cryoPVAG-GA-subtilisin was about
67% from initial after 1.5 h storage in 8 M urea, whereas na-
tive enzyme almost completely lost its activity already in 5 M
urea during 1.5 h incubation. Note that activity was measured
in the same buffer, where biocatalyst has been incubated for
1.5 h.

3.2. Biocatalytic features of native and immobilized
subtilisin in low water media

Application of water-miscible organic solvents as the re-
action media to favor synthesis over hydrolysis and to prevent
side processes in reaction (1) is rather routine procedure.

R1-(Xaa)n-OH + H2N-Yaa-R2

→ R1-(Xaa)n-Yaa-R2 + H2O (1)

Usually enzymes in a non-aqueous solvent are in form of
suspension and quite often quickly lose their activity. Var-
ious ways of stabilization of structure and activity of en-
zymes in such environment were developed during last 35–40
years and in many cases profound stabilization was claimed
[22,23]. Enzyme stability and efficiency in non-aqueous me-
dia can be improved using suitable additives or chemical
modification. Besides that the enzyme immobilization is one
of the common strategies to achieve stable and active biocat-
a

rate
w ous
e que-
o ghly
w ter-
m bvi-
o from
s lyst
r ed
t he
a icin-

F after
1 tions
o

o be the sample 10, when subtilisin was immobilized in
resence of Bz-Tyr-NH2, inhibitor of serine proteases. Th
iocatalyst retained 75% of initial activity during 16 mon
torage. In the case of sample 4 prepared by DVS activ
ethod the stability of enzyme was lower and loss of a

ty was about 60% during 3 months incubation. Neverthe
pecific activity after 2 years storage (U/mg of protein)
qual or even exceeded activity of biocatalysts obtained u
lutaraldehyde.

Subtilisin immobilized on cryoPVAG also showed hig
tability and residual activity than native enzyme in the p
nce of denaturing reagent – urea (Fig. 3). This reagent ca
e used in some cases for better solubility of substrates

ig. 2. Residual activity of immobilized subtilisin: (1) sample 10; (2) sam
; (3) sample 4 after storage in Tris–HCl buffer pH 8.2 containing 1.5
a2+.
lyst.
PVA cryogel is the hydrophilic matrix and can concent

ater that enables subtilisin to act effectively in non-aque
nvironment. Immobilized biocatalyst was prepared in a
us media and to remove the excess of water we thorou
ashed the biocatalyst by acetonitrile/DMF mixture (wa
iscible solvents) prior to use in non-aqueous media. O
usly, organic solvents cannot strip all water molecules
upport and immobilized enzyme as activity of biocata
emains at high level (Fig. 4). No extra water was add
o acetonitrile/DMF mixture for immobilized subtilisin. T
ccurate measurement of water content in immediate v

ig. 3. Residual activity of native and immobilized subtilisin (sample 7)
.5 h storage in Tris–HCl buffer pH 8.2 containing various concentra
f urea.
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Fig. 4. Relative activity of native and immobilized subtilisin (sample 6) in
acetonitrile/DMF mixtures with different DMF content after 2 and 24 h of in-
cubation; (1) native subtilisin, 2 h; (2) native subtilisin, 24 h; (3) immobilized
subtilisin, 2 h; (4) immobilized subtilisin, 24 h.

ity of immobilized enzyme molecule cannot be provided
but amount of water in reaction volume was not more than
0.2% measured using Karl Fischer water titration technique
[15].

Native enzyme could be mixed with reaction medium with
low water content by different ways. It has been shown by
several independent research groups[24,25] that the form,
in which enzyme is introduced into the non-aqueous sol-
vent, is of great importance. Addition of the enzyme as a
concentrated aqueous solution with suitable pH value to a
mixture of organic solvents usually provides higher reaction
rates rather than direct suspending (by stirring or swirling)
of lyophilized powder of catalyst[24]. Both methods give
enzyme suspension, but size of obtained solid particles and
conformation of enzyme molecules could be different. Since
in aqueous environment enzyme molecules have optimal hy-
dration and ionization level we chose this approach and in-
troduced enzyme in the preformed catalytically active state.
The water concentration is quite crucial parameter and in
the case of low water media regulates the compromise be-
tween low synthetic/hydrolytic process ratio and high en-
zyme activity. The narrow range of water concentrations,
which is necessary to retain catalytic activity, is the enzyme-
and solvent-dependent. Previously it was reported that subtil-
isin stability and activity are greatly increased when the final
m ater
[

l
b s
1 a-
t vity
( n
6 out
4 x-
t in-
t ing

Fig. 5. The dependence of the Z-Ala-Ala-Leu-Phe-pNA yield on DMF con-
centration in acetonitrile/DMF mixtures after 2 and 24 h of synthesis cat-
alyzed by native and immobilized subtilisin (sample 6): (1) native subtilisin,
2 h; (2) native subtilisin, 24 h; (3) immobilized subtilisin, 2 h; (4) immobi-
lized subtilisin, 24 h.

some residual activity (∼5%) after 24 h in this media. Un-
like these data the immobilized subtilisin showed extremely
high stability not only in 60%DMF/acetonitrile, where ac-
tivity was about 80% during 24 h storage, but even in 90%
DMF/acetonitrile mixture, where biocatalyst loosed less than
30% of initial activity after the same time of incubation.
Since stability of native and immobilized enzyme in low
water media was high we decided to test activity of sub-
tilisin in the reaction of peptide bond formation under these
conditions.

3.3. Synthetic properties of biocatalysts in low water
media

The ability of enzyme to realize biotransformations in low
water solvents is more valid evaluation of its biocatalytic
properties in such an environment than hydrolytic activity
measured after transfer of enzyme from organic to aqueous
media. In addition, the synthesis of hydrophobic compounds,
which are not soluble in aqueous media, is of our particular
interest. Synthesis of Z-Ala-Ala-Leu-Phe-pNA (Scheme 1)
was chosen as a typical example and studied in detail, be-
cause carboxyl- and amino components fit well in terms of
enzyme specificity. This peptide (Z-Ala-Ala-Leu-Phe-pNA)
precipitates in the mixture DMF/acetonitrile/5% water with
D lubil-
i soil
p ning
6

esis
p ized
b MF
( tive
s m of
p ater

-Ala-Le
ixture DMF/acetonitrile/water contained about 5% of w
26].

Activity of native or immobilized biocatalyst in Tris–HC
uffer pH 8.2 containing 1.5 mM CaCl2 was assumed a
00%. In the mixture of 30% DMF/acetonitrile both n

ive and immobilized subtilisin possessed high acti
more than 80%) and stability (Fig. 4). Native enzyme i
0%DMF/acetonitrile had moderate stability retaining ab
0% of initial activity during 24 h of incubation. In the mi

ure with 90%DMF content the unmodified subtilisin ma
ained about 15% activity after 2 h of incubation, still keep

Scheme 1. Synthesis of Z-Ala
MF content less than 60% because of its moderate so
ty. In case of immobilized enzyme the precipitate can
ores of support, so in this work we used mixtures contai
0% DMF and more.

In this part we compared the product yields in the synth
erformed by native subtilisin suspension and immobil
iocatalyst in reaction media contained 60 and 95% of D
Fig. 5). Concentration of substrates was 30 mM. For na
ubtilisin suspension high reaction rates and maximu
eptide yield can be reached in triple DMF/acetonitrile/w

u-Phe-pNA catalyzed by subtilisin.
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Fig. 6. The time dependence of Z-Ala-Ala-Leu-Phe-pNA yield in reaction
catalyzed by cryoPVAG-subtilisin (sample 7), with different substrate con-
centrations in 60% DMF/40% acetonitrile mixture; [E] = 8.8�M.

mixtures with DMF content up to 60–70% and enzyme con-
centration 6�M (and higher)[26]. In the mixture with 60%
DMF content the 95% yield of product was obtained after 2 h
reaction. In the same mixture the immobilized enzyme gave
80–90% yield in 2 h reaction with 20�M enzyme concen-
tration for all samples (Fig. 5). Despite the great difference
in hydrolytic activity of native and immobilized subtilisin,
time needed to achieve the maximal product yield using both
enzymes’ forms was almost the same.

The most significant difference in reaction progress was
observed in the mixture with 95% DMF. In this media re-
action catalyzed by native subtilisin suspension was shown
to stop at 30% product yield after 2–3 h[26]. Unlike this,
the immobilized biocatalyst was capable to perform peptide
synthesis in 95%DMF/5% acetonitrile mixture and product
yield achieved 58% after 24 h reaction and 74% in 72 h. In
last case excellent stability of immobilized subtilisin resulted
in the prolonged functioning of enzyme.

The effect of substrates concentration on degree of their
conversion in 60% DMF/40% acetonitrile mixture was stud-
ied using equimolar amounts of amino- and acyl components.
The course of synthesis was monitored using RP HPLC.
Fig. 6 shows the dependences of the product yield on the
reaction time in the range of substrate concentrations from 2
to 200 mM.

rates
c mple,
t
( was
2 ter
1

4

in
P bility

in aqueous media during long-term storage, as well as
in buffers containing denaturing reagent in high concen-
tration. Immobilized biocatalyst was extremely stable in
low water media and the most profound effect was ob-
served in mixtures with high DMF content. Synthetic ac-
tivity of native and immobilized subtilisin in non-aqueous
media was found to be comparable in spite of valuable
difference in hydrolytic activity of these two enzyme’s
forms. In the solvent mixtures containing 95% DMF peptide
synthesis performed by immobilized subtilisin run signifi-
cantly better than with native enzyme suspension. To con-
clude, the immobilized enzyme was found to be most ef-
fective biocatalyst in synthetic reactions in low water me-
dia.
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