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Abstract—As a result of cloning of the inuA, inul, ag/C, and fopA genes encoding endoinulinase (endoINU),
exoinulinase (exoINU), a-galactosidase C (AGLC) and sucrase (SUC), respectively, into the recipient strain
Penicillium verruculosum B1-537 (AniaD), recombinant producer strains were obtained that are capable of
producing target recombinant enzymes with a high yield (32—50% of the total extracellular protein). Enzyme
preparations of endoINU, exoINU, AGLC, and SUC were obtained and characterized. Using chromato-
graphic methods, endoINU, exoINU, SUC, and AGLC with a molecular weights of 62, 56, 67, and 76 kDa,
respectively, were isolated in a homogeneous form (according to polyacrylamide gel electrophoresis). The
homogeneous endoINU had a high specific activity against Jerusalem artichoke inulin (56 U/mg). ExoINU
was active towards inulin (17 U/mg), sucrose (850 U/mg), raffinose (41 U/mg), and stachyose (15 U/mg).
SUC decomposed sucrose (10.5 U/mg), raffinose, and stachyose (3.8 and 1.4 U/mg, respectively). AGLC
had raffinase and stachyase activities (31 U/mg and 30 U/mg, respectively), exhibited no activity towards
sucrose, but had a high level of activity towards the synthetic substrate, p-nitrophenyl-o-D-galactoside
(311 U/mg). The kinetic parameters (k.,; and K,) of the hydrolysis of the corresponding substrates by homo-
geneous enzymes were determined. The temperature optimum was 50—55°C for endoINU, 55—65°C for
exoINU, 65°C for AGLC, and 35°C for SUC. EndoINU, exoINU, AGLC and SUC exhibited its maximum
activity at pH 6.5, 4.5, 4.5—5.0, and 5.5—6.0, respectively. The thermal stability of the enzymes was studied
at different temperatures. EndoINU exhaustively hydrolyzed inulin with the formation of fructooligosaccha-
rides with a degree of polymerization of 3—8. ExoINU quantitatively converted inulin into glucose-fructose
syrup (GFES) with a Glu : Fru ratio of 1 : 3, and sucrose into GFS with a Glu : Fru ratio of about 1 : 0.63 (SUC
provided the same results in the sucrose hydrolysis). Soy galactooligosaccharides (raffinose and stachyose)
were converted to sucrose and monosaccharides (glucose, galactose, and fructose) under the action of AGLC.
The combined action of SUC, and AGLC resulted in a complete conversion of raffinose, stachyose and
sucrose to monosaccharides. The same results were achieved using ExoINU. This enzyme can be considered
promising for biotechnological applications due to its broad substrate specificity, which allows it be used both
for the production of GFS from inulin and sucrose, and for the destruction of soybean galactooligosaccha-
rides.
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INTRODUCTION have similar substrate specificities and hydrolyze o-

and B-glycosidic bonds in various oligo- and polysac-

Enzymes find broad application in food industry to  charides. This group also includes endoinulinase

process agricultural products [1, 2]. Among them, a (endoINU), exoinulinase (exoINU), sucrase (SUC),
group of carbohydrases should be highlighted that and a-galactosidase C (AGLC).

Abbreviations: AGLC, a-galactosidase C; CBH, cellobiohydrolase; CL, culture liquid; EG, endoglucanase; endoINU, endoinulinase;
ESM, extruded soybean meal; exoINU, exoinulinase; FOS, fructooligosacharide; Fru, fructose; Gal, galactose; GFS, glucose-fruc-
tose syrup; GH, glycoside hydrolase family; Glu, glucose; HPLC, high-performance liquid chromatography; MALDI-TOF mass
spectrometry, matrix-assisted laser desorption/ionization time-of-flight mass-spectrometry; MCC, microcrystalline cellulose;
PNPG, p-nitrophenyl-o- D-galactoside; PAGE, polyacrylamide gel electrophoresis; RS, reducing sugars; SUC, sucrase.
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EndoINU  (2,1-B-D-fructanfructanohydrolase,
EC 3.2.1.7, glycoside hydrolase family 32 (GH32))
randomly cleaves the internal bonds of polyfructan
(inulin) from Jerusalem artichoke, chicory, agave, and
other inulin-containing plants to form fructooligosac-
charides (FOSs) as main products that are used to
obtain functional products and medicines [3].

ExoINU (2,1-B-D-fructanfructohydrolase, EC
3.2.1.80, GH32) processively hydrolyzes the terminal
B-2,1-fructoside bonds of inulin, degrades sucrose,
and is used in the production of fructose and glucose—
fructose syrups (GFS) with high fructose content from
Jerusalem artichoke, chicory, agave and other inulin-
containing plants. Sugars obtained using the exoINU
activity can serve as raw materials for obtaining a wide
range of products of microbial synthesis: ethanol,
butanol, lactic, citric and fumaric acids, etc. [3, 4].

Sucrase (invertase, P-fructofuranosidase, EC
3.2.1.26, GH32) hydrolyzes 1,2-3-D-glycosidic bonds
in sucrose producing glucose and fructose, and also
cleaves 1,2-B-glycosidic bonds in galactooligosaccha-
rides. SUCs are used for the hydrolysis (inversion) of
sucrose and the production of GES [5].

o-Galactosidase (EC 3.2.1.22, GH36C) hydro-
lyzes terminal nonreducing o- D-galactosidic bonds in
natural galactoologosaccharides (among which
raffinose (o-D-Gal-p-(1—6)-0- D-Glu-p-(1—-2)-p-
D-Fru-f) and stachyose (o-D-Gal-p-(1—6)-0-D-
Gal-p-(1—-6)-0- D-Glu-p-(1—2)-B-D-Fru-f) are the
most widespread), as well as synthetic substrates.
Galactoologosaccharides are found in soybeans and
other legumes used as feed ingredients for animals and
birds; they are not practically assimilated and cause
flatulence, reduced nutrient absorption, and intestinal
hypertrophy. In this regard, to improve the nutritional
value of feed, it is necessary to remove or decompose
galactooligosaccharides, for which AGLC is used [6, 7].

The goal of the present work was to create highly
active producer strains of exoINU, endoINU, SUC,
and AGLC based on the Penicillium verruculosum B1-
537 (AniaD) recipient strain. It seemed appropriate to
compare the activities, compositions, and properties
of enzyme preparations obtained using these producer
strains, as well as the characteristics of enzymes iso-
lated in a homologous state, and to evaluate their
potential in various fields of biotechnology.

MATERIALS AND METHODS
Reagents

As substrates, the following compounds were used:
inulin from Jerusalem artichoke (Reakhim, Russia),
sucrose, raffinose, stachyose and #-nitrophenyl-o.- D-
Gal (p)NPG) (Sigma-Aldrich, United States).

To prepare buffer solutions and fermentation
media, chemically pure, pure for analysis and especially
pure reagents were used (Helicon (Russia), Reakhim),
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as well as Pharmacia (Sweden) and Sigma-Aldrich
products.

Genetic Constructs

All genetic constructs were designed according to
the same pattern and consisted of sequentially linked
nucleotide sequences corresponding to the promoter
region of the P. verruculosum cellobiohydrolase gene
cbh 1, a full-length target gene plus the terminal area of
this gene. Regulatory segments of the chhl gene were
amplified previously [8] and served as the basis for
creating the main vectors of the pCBHI series for
cloning and expression of heterologous genes [8—12].
The nucleotide sequences of the full-length target
genes for INU A (inuAd), exoINU (inul), SUC (forpA)
and AGLC (agl/C) were amplified by PCR using DNA
of Aspergillus sp. strains as a template. The genomic
DNA of these strains was isolated using the QIAGEN
kit according to standard protocols. The amplified tar-
get genes were inserted into the pCBHI vector by liga-
tion-independent cloning [13]. In this way, four con-
structs for the recipient strain transformation were
obtained and the absence of mutations in them was
confirmed by bidirectional Sanger sequencing [14].

Recipient Strain Transformation

Transformation of the P. verruculosum 537 (AniaD)
strain and obtaining protoplasts were conducted by the
previously described method [8]. For co-transforma-
tion, the pSTA10 plasmid bearing the nitrate reductase
gene was used, which provided the complementation
of the defective niaD gene in the recipient strain. This
allowed transformants to be selected on a medium
with sodium nitrate.

The resulting transformants were analyzed for the
presence and level of biosynthesis of the target pro-
teins, as well as for the concentration of extracellular
protein in the culture liquid (CL) after fermentation in
Erlenmeyer flasks [15]. The most productive strains in
terms of the target activity were selected and used for
obtaining dry enzyme preparations by fermentation in
1-L fermenters (Prointech, Russia) [15]. Dry enzyme
preparations were produced by lyophilization (Virtis
Benchtop 9L Pro dryer, SP Scientific, United States).
A dry preparation obtained from the P. verruculosum
537 (AniaD) recipient strain was used as a control.

Analysis of Enzyme Activities

The activities of enzyme preparations and homog-
enous enzymes against inulin, raffinose, stachyose,
and sucrose were determined by the initial rate of
hydrolysis of these substrates at their concentration in
the reaction mixture of 5 g/L, temperature 50°C and
pH 5.0 with a reaction time of 5 min. The activity was
expressed in international units; 1 unit (U) corre-
sponded to the amount of the enzyme catalyzing the
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formation of 1 umol of the product (reducing sugars,
RS) per 1 min of action on the corresponding sub-
strate. RS were determined by the Somogyi—Nelson
method [16].

The activity towards pNPG (at its concentration of
0.9 mM) was determined by the rate of the p-nitrophe-
nol formation in 10 min at 50°C and pH 5.0. The reac-
tion was stopped by the addition of 1 M Na,CO;. The
amount of the enzyme catalyzing the formation of
1 umol of p-nitrophenol per 1 min was taken as a unit
of activity [16].

Protein Content

This component was determined by the Lowry
method using bovine serum albumin as a standard
[17].

Polyacrylamide Gel Electrophoresis

PAGE under denaturing conditions was carried out
in a Miniprotean Tetra cell with a Model 300Xi power
supply (Bio-Rad Laboratories, United States) accord-
ing to the manufacturer’s protocol. Proteins were gel
stained with Coomassie-Brilliant Blue R-250 (Ferrak,
Germany). A commercially available mixture
(#26612, Thermo Fisher Scientific) was used as a pro-
tein molecular weight marker.

Identification of Enzymes

Enzymes were identified by peptide mapping after
hydrolysis with trypsin (Promega, United States) of a
protein band in the gel after PAGE. MALDI mass
spectrometry of the trypsin hydrolysate was carried
out on an UltrafleXtreme time-of-flight mass spec-
trometer (Bruker Daltonik GmbH, Germany) at the
Industrial Biotechnologies Common Use Center of
the Fundamentals of Biotechnology Federal
Research Center (Russian Academy of Sciences).
The resulting mass spectra of the trypsin-treated
peptides were analyzed using the MASCOT program
(http://www.matrixscience.com), PeptideMass pro-
gram  (http://expasy.org/tools/peptide-mass.html)
and the known target enzyme sequences.

The Composition of Enzyme Preparations

To determine the composition of the enzyme
preparations, the resulting electrophoregrams were
subjected to densitometry using the GelAnalyzer2010a
software.

pH Profile of Activity

This profile for homogenous enzymes and enzyme
preparations was analyzed by measuring their activity
in the pH range of 2.5—7.5 with a step of 0.5 pH units
at 50°C using the following substrates: inulin for exo-
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and endoINU; sucrose for SUC and pNPG for
AGLC. Citrate buffer (0.1 M) with different set pH
values was used. The results were reflected in a per-
centage of the maximum activity at optimal pH.

Temperature Profile of Activity

The temperature profile was studied in homoge-
nous enzymes and enzyme preparations by measuring
their activity towards appropriate substrates (see previ-
ous subsection) at various temperatures from 4 to 80°C
with a step of 5—10°C at pH 5.0. The results were
expressed as a percentage of the maximum activity at
the optimal temperature.

The Stability of the Enzymes

To analyze their stability, homogenous enzymes
and enzyme preparations were incubated at various
temperatures and pH 5.0 with sampling of the reaction
mixture at specified time intervals (15—30 min). The
appropriate substrates indicated above were used to
assess enzyme activities.

The results were reflected as the dependency of the
residual activity (% of the initial value) on the incuba-
tion time at a certain temperature.

Kinetic Parameters

The kinetic constants of the enzymes were deter-
mined using the following substrate concentrations in
the reaction mixture: inulin, 1—10 g/L; sucrose,
0.018—0.090 M; and pNPG, 0.45-8.10 M. The
enzyme concentrations were as follows: endoINU,
0.034 mg/mL; exoINU, 0.28 mg/mL; SUC,
0.36 mg/mL; and AGLC, 0.12 mg/mL. The experi-
ments were carried out at 50°C and pH 5.0. The
Michaelis—Menten constants were obtained by pro-
cessing the experimental data in the Lineweaver—Burk
coordinates.

Enzymatic Hydrolysis of Inulin, Sucrose,
and Soybean Galactooligosaccharides

Inulin (100 g/L) was hydrolyzed at 50°C and pH
5.0 (in 0.1 M acetate buffer) on a magnetic stirrer
(250 rpm). In preliminary experiments, the optimal
enzyme doses were selected: 5 U/g of substrate for
endoINU and 0.5 U/g of substrate for exoINU.

Hydrolysis of sucrose (200 g/L) was performed at
50°C and pH 5.0; the latter parameter was controlled
by citric acid at constant stirring on a magnetic stirrer
(250 rpm). As shown in preliminary experiments, the
optimal dose for SUC is 25 U/g.

Extruded soybean meal (ESM; Food Industries,
Russia) was obtained using a twin-screw extruder
(Werner & Pfleiderer Continua, Germany) at 120°C
and used as a source of galactooligosaccharides. The
preliminary experiments showed the effectiveness of
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enzymatic treatment under the following conditions:
40°C; pH 5.0; hydromodule 1 : 1; and periodic mixing.
An enzyme content of 5 mg of protein per 1 g of ESM
(dry weight) was optimal for both exo- and endoINU.

Analysis of Carbohydrates

The hydrolysis products of inulin, sucrose, and
galactooligosaccharides were analyzed by HPLC (Agi-
lent Technologies, United States) with an ESA Coulo-
chem III electrochemical detector (Conquer Scien-
tific, United States) and an online registration system.
An immobile phase was represented by a Carbopak
PA100 anion-exchange column (Thermo Fischer Sci-
entific); 100 mM NaOH served as a mobile phase.
Elution was performed with a sodium acetate concen-
tration gradient from 0 to 500 mM within 20 min. Cal-
ibration plots were built using glucose, galactose, fruc-
tose, sucrose, raffinose, and stachyose (Sigma-
Aldrich and Merck, Germany). The eluent solutions
were passed through a membrane filter with a pore
diameter of 0.45 um (Millipore, United States) and
thoroughly degassed. Before chromatography, the
samples were preliminarily centrifuged at 14000 g for
4 min.

Isolation of Homogenous Enzymes

Target proteins were isolated by liquid chromatog-
raphy using NGC Chromatography Systems (Bio-
Rad Laboratories) with a UV detector. Protein
(100 mg in 10 mL) was precipitated with a (NH,),SO,
solution (80% of saturation), desalted on a BioGel P4
column (Bio-Rad Laboratories) and applied to a
Source 15Q column (10 mL, Pharmacia), equilibrated
with 0.02 M Tris-HCI buffer, pH 6.8. Carrier-bound
proteins were eluted by a NaCl concentration linear
gradient (0 — 0.4 M) with a flow rate of 5 mL/min.
The target enzyme activity was analyzed in fractions,
after which they were subjected to PAGE.

Hydrophobic chromatography on a Source 15 Iso-
propyl column (10 mL, Pharmacia) of the fractions
containing the target enzymes was carried out. A sam-
ple was preloaded with ammonium sulfate up to a con-
centration of 1.7 M and loaded on a column equili-
brated with 0.05 M Na-acetate buffer, pH 5.0, con-
taining 1.7 M (NH,),SO,. Carrier-bound proteins
were eluted with a 1.7 — 0 M ammonium sulfate
reverse gradient at a flow rate of 1.5 mL/min. The tar-
get enzyme activity was determined in fractions and
they were subjected to PAGE.

RESULTS AND DISCUSSION
Obtaining Producer Strains

The P. verruculosum B1-537 (AniaD) strain was
used as a recipient in obtaining recombinant strains
that produce target enzymes. To provide the expres-
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sion of the target genes, genetic constructs were used
that contained target coding sequences linked with a
strong inducible promoter and terminator of the gene
for cellobiohydrolase 1 (cbhl), one of the main
enzymes synthesized by P. verruculosum [9].

A highly active producer of endoINU, P. verruculo-
sum-endoINU, was created as a result of transforma-
tion of the recipient strain with a plasmid containing
the heterologous Aspergillus niger inuA gene encoding
endoINU (62 kDa, pl 2.8). Cultivation of this strain in
laboratory 1-L fermenters resulted in a yield of inuli-
nase activity of 400 U/mL (determined using Jerusa-
lem artichoke inulin as a substrate).

Transformation of the recipient strain with a plasmid
containing the heterologous A. awamori exoINU-1 gene
(56 kDa, pl 4.3) led to the creation of a P. verruculo-
sum-exoINU strain producing this enzyme. The culti-
vation of the strain in 1-L laboratory fermenters
resulted in the release 2500 U/mL of inulinase activity
towards Jerusalem artichoke inulin.

Using plasmids containing a heterologous gene for
A. niger AGLC (76 kDa, pl 4.8), a high-active P. ver-
ruculosum-AGLC strain was created, which produced
o-galactosidase activity in an amount of about
28 000 U/mL of CL (determined with pNPG as a sub-
strate) when cultured in 1-L laboratory fermenters.

Finally, using a plasmid with a heterologous A. ory-
zae gene for SUC (67 kDa, pl 6.2), a highly productive
P. verruculosum-SUC strain was constructed, which
produced 400 U/mL of sucrase activity when cultured
in laboratory fermenters.

Activity of Enzyme Preparations

Laboratory enzyme preparations were represented
by lyophilized CLs of the corresponding producer
strains obtained by cultivation in 1-L fermenters. The
activity of dry CLs in terms of endoINU, exoINU,
SUC, and AGLC, as well as that of the dry CL of
P. verruculosum 537 (AniaD), a recipient strain, used as
a control, is shown in Table 1.

The endoINU enzyme preparation exhibited high
hydrolytic activity against Jerusalem artichoke inulin
as a substrate and low activity against sucrose, galac-
tooligosaccharides, and pNPG.

In comparison with other enzyme preparations,
exoINU had the highest activity towards Jerusalem
artichoke inulin, sucrose, raffinose, and stachyose,
and low activity against pNPG.

The SUC enzyme preparation showed low activity in
inulin hydrolysis, high activity towards sucrose, and
decreasing activity in the series raffinose — stachyose —
PNPG.

The AGLC enzyme preparation was highly and
almost equally active in relation to raffinose and
stachyose, extremely active against pNPG and had
very low activity towards inulin and sucrose.
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Table 1. The activities of enzyme preparations
Enzyme activity, U/g
Code Preparation Protein, substrates
name mg/g
inulin sucrose raffinose stachyose pPNPG

3.420H |Control B1-537 873+ 15 39+3 8§+£0.5 171 25+2 26 £2
3.615.1 |EndoINU 269 £ 10 | 12900 £ 100 78 + 4 235+ 10 72+2 7+1
3.413.1 |ExoINU 467 £ 12 | 29300 £ 200 | 59000 £ 300 | 36400 % 200 9290 £ 50 137+ 7
3.368.H | SUC 405+ 12 41 3 4240 + 50 1540 £+ 20 550 £ 15 53+4
3.518.3 |AGLC 399 + 12 74 + 4 25+2 12400 % 100 12100 £ 100 124300 £ 500

Table 2. The specific activities of enzyme preparations

Specific hydrolytic activity, U/mg of protein
Code Preparation substrates
name
inulin sucrose raffinose stachyose pNPG

3.420H | Control B1-537 0.04 = 0.003 0.01 = 0.001 0.020 £ 0.001 0.030 = 0.002 0.030 = 0.002
3.615.1 |EndoINU 48 £ 3 0.29 £ 0.03 0.87 £ 0.05 0.27 £0.03 0.030 = 0.002
3.413.1 | ExoINU 63+4 126 +7 78 £5 202 0.29 +0.03
3.368.H [SUC 0.100 = 0.005 11.0 £ 0.5 3.8+0.3 1.4 £ 0.1 0.13+£0.01
3.518.3 |AGLC 0.19 £ 0.01 0.060 £+ 0.004 31£3 303 312+ 10

We note that the control enzyme preparation
obtained from the recipient strain exhibited low activ-
ity towards substrates used for the analysis of recombi-
nant enzyme preparations.

Table 2 shows the specific activities of the resulting
enzyme preparations (U/mg of protein). The highest
activity towards Jerusalem artichoke inulin was
demonstrated by the exoINU preparation; the endo-
INU enzyme preparation had lower activity (by 23%).
Among the studied enzyme preparations, the greatest
sucrase specific activity was observed in exoINU; it
significantly exceeded that of SUC. In addition, the
exoINU enzyme preparation showed a considerably
higher specific activity towards raffinose and stachy-
ose than the AGLC enzyme preparation. Among the
studied enzyme preparations, the latter had the high-
est specific activity against the pNPG synthetic sub-
strate.

The Compositions of Enzyme Preparations

Figure 1 shows the results of the PAGE analysis of
enzyme preparations endoINU, exoINU, SUC, and
AGLC, as well as a control enzyme preparation from
the recipient strain. Major bands corresponding in
MW to the target recombinant proteins can be seen on
the electrophoregrams of the recombinant enzyme
preparations. We note that these MW values strongly
differ from those in the recipient strain electrophore-
gram.
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Protein bands corresponding to the target enzymes
were excised, treated with trypsin, and the resulting
hydrolysates were analyzed by MALDI-TOF mass
spectrometry. It was found that the electrophoregram
bands (Fig. 1) corresponding to proteins with MW of
62 kDa, 56, 67, and 76 kDa are endoINU, exoINU,
SUC, and AGLC, respectively (data not shown).

Data on the composition of the dry recombinant
and control enzyme preparations obtained by densi-
tometry of PAGE electrophoregrams are shown in
Table 3. It is important that the control preparation of
the recipient strain contained a significant amount
(60% of the total protein) of cellobiohydrolases
(CBH1 and CBH2), endoglucanases (EG, 12%), and
other enzymes (28%). The recombinant strains had
strongly different enzyme composition due to the
presence of the target recombinant proteins. As an
example, the corresponding enzyme preparations
contained the following amounts of the enzymes:
endoINU, about 40% of the total protein; exoINU,
50%; SUC, about 30%; and AGLC, 40%. The content
of their own enzymes inherited by the recombinant
strains from the recipient strain was reduced (in total):
CBH, up to 40—45%; EG, up to 6—8%; and other
enzymes, up to 3—20%. The change in the composi-
tion of the recombinant enzyme preparations in terms
of the occurrence of a significant amount of target
enzymes correlated well with the level of their activities
towards specific substrates.
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Fig. 2. Electrophoresis of homogeneous enzymes:
ey 14.4 (1) exoINU, (2) endoINU, (3) AGLC, and (4) SUC. M,

Fig. 1. Electrophoresis of the following enzyme prepara-
tions: (/) exoINU, (2) endoINU, (3) AGLC, (4 SUC,
and (5) control (enzyme preparation produced by the
P. verruculosum B1-537 (AniaD) recipient strain). M, pro-
tein MW markers. Target recombinant enzymes on tracks
1—4 are marked by arrows. Track 5: a, B-glucosidase;
b, CBHI1 (heavy form); ¢, CBHI1 (light form); d, CBH2
(heavy form); e, CBH2 (light form); and £, endoglucanase-2.

Isolation and Properties of Homogenous Enzymes

Target homogenous enzymes were isolated from
the corresponding enzyme preparations. At the first
stage, the desalted enzyme preparations were fraction-
ated on the Source 15Q anion-exchanger. Fractions
with target activities were processed by hydrophobic
chromatography on a Source 15 Isopropyl column; as
aresult, the target enzymes were obtained in a homog-
enous state (Fig. 2).

The specific activity of the homogenous enzymes
against various substrates is shown in Table 4. The
endoINU specific activity towards Jerusalem arti-
choke inulin was about 3 times higher than that of
exoINU. When using sucrose as a substrate, the spe-
cific activity of exoINU was 50 times as high as that
against inulin. It is important that the specific activity
of homogenous SUC towards sucrose was 13 times
lower than that of exoINU. The specific activity of
exoINU against raffinose and stachyose was compara-

Table 3. Enzyme content in various enzyme preparations

protein MW markers.

ble with that of AGLC. We also note the high specific
activity of AGLC with respect to pNPG. In general,
the data on the specific activities of the homogenous
enzymes were in full agreement with the results in
Tables 1 and 2 that give the activities of the corre-
sponding enzyme preparations.

The kinetic parameters of the hydrolysis of the
appropriate substrates by the homogenous enzymes
were determined (Table 5). When using inulin as a
substrate, the k.,/K,, ratio, which characterizes the
efficiency of the potential substrate hydrolysis, was an
order of magnitude higher for exoINU than for endo-
INU. When sucrose was used, k../K,, for exoINU
more than 300 times exceeded the value for SUC. Spe-
cial attention should be paid to the high 4.,,/K,, value
characteristic of AGLC using pNPG as a substrate.

The temperature optimum (7,,) for endoINU was
50—55°C (Table 6); the temperature range in which
the activity of this enzyme was at least 80% of the max-
imum (7y,) was 40—60°C. For exoINU, the tempera-
ture optimum was observed at 55—65°C and Ty, within
45—70°C; the corresponding numbers for AGLC were
60°C and 45—62°C. The lowest T, was noted for
SUC (35°C) with Ty, = 30—40°C.

All the studied enzymes exhibited the maximum
hydrolytic activity in a neutral or slightly acidic

Enzyme content, % of total protein
Producer strain
EndoINU | ExoINU SuUC AGLC CBH EG others
P. verruculosum B1-537 — - — - 60 12 28
P. verruculosum-endoINU 38 — — — 45 6 13
P, verruculosum-exoINU 50 — 40 7 3
P. verruculosum-SUC — — 32 — 40 8 20
P. verruculosum-AGLC — — — 40 40 7 13
APPLIED BIOCHEMISTRY AND MICROBIOLOGY Vol.59 No.7 2023
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Table 4. The specific activities of homogeneous enzymes

Specific hydrolytic activity*, U/mg of protein
Enzyme substrates
inulin sucrose raffinose stachyose pNPG

EndoINU 56+ 3 0 0 0 0
ExoINU 17+ 1 850 £ 20 41 £2 15+1 0
SucC 0 78 +4 0 0 0
AGLC 0 0 20+ 1 27+ 1 387 £ 11
* The reactions were carried out at 50°C and pH 5.0.
Table 5. The kinetic parameters for the homogeneous enzymes

EndoINU ExoINU ExoINU SuUC AGLC

Parameter? . .

(by inulin) (by inulin) (by sucrose) (by sucrose) (by pNPG)
Keg> 87 60+ 3 82+4 760 £ 30 0.34 £0.02 773 £ 18
K., g/L, MP 39+2 52103 0.10 £ 0.01 0.014 = 0.001 0.001 £ 0.0001
keo/ K, L/(gs), M1 s71¢ 1.5%+0.1 15.8+ 1.0 7600 = 50 243+ 1.5 773000 = 500

8 The reactions were carried out at 50°C and pH 5.0.
b g/L, for inulin as a substrate; M, for sucrose and pNPhG.
€L/(gs), for inulin; M~! s_l, for sucrose and pNPhG.

medium. The highest activity of endoINU was
observed at pH 6.5 with a pHg, (the pH range, in
which enzyme activity was at least 80% of its maxi-
mum) of 6.0—7.0. The pH optimum for exoINU was
4.5 with pHg, 4.0—5.5; the corresponding parameters
for AGLC and SUC were 4.5—5.0 (pHg, 4.0—6.0) and
5.5—6.0 (pHg, 5.0—-6.5).

We note that the values of temperature and pH
optima, as well as Ty, and pHg,, were the same for
homogenous enzymes and enzyme preparations.

Thus, the studied homogenous enzymes and the
corresponding enzyme preparations have close ranges
of Ty, and pHg, (except for SUC, whose temperature
optimum was much lower than that of other enzymes).

We analyzed the stability of the homogenous
enzymes at various temperatures (Table 7). EndoINU
manifested relatively high stability; upon incubation at
40°C and 50°C, its activity was almost unchanged for
180 min and decreased up to 40% and 30% of the ini-

tial value only at 60 and 70°C, respectively. The
exoINU activity remained practically at the same level
(90—100% of the initial value) for 180 min at 40—50°C
and decreased to 65 and 10% at 60 and 70°C, respec-
tively. AGLC turned to be less stable; its activity was
reduced to 30—20% of the starting value when Kept at
40—50°C for 180 min; at 60 and 70°C, 7% of the initial
activity and complete inactivation, respectively, were
observed. SUC had extremely low stability: 15 min at
40°C resulted in a residual activity of 30%, at 50°C,
5%, and at higher temperatures the enzyme was
unstable.

It should be noted that the thermal stability charac-
teristics were similar in the homogenous enzymes and
the corresponding enzyme preparations.

Complete substrate hydrolysis was observed after
treatment of Jerusalem artichoke inulin (100 g/L) with
homogenous endoINU (5 U/g of substrate) for 3 h.
According to HPLC data, the products of this hydro-

Table 6. The optimal temperature and pH values for homogeneous enzymes

Enzyme Topt’ °C Ty, °C pHopt pHgy
EndoINU 50-55 40—60 6.5 6.0-7.0
ExoINU 55—65 45-70 4.5 4.0-5.5
AGLC 60 45—62 4.5-5.0 4.0—-6.0
SuC 35 30—40 5.5-6.0 5.0—6.5

* Enzyme activity as a function of temperature was measured at pH 5.0; pH dependence was determined at 50°C. As substrates, inulin
for exolNU and endoINU, sucrose for SUC, and pNPhG for AGLC were used.
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Table 7. The stability of homogeneous enzymes at different
temperatures (pH 5.0)*

Residual
Enzyme Temperature, °C activity after 3 h
of incubation, %

40 100

50 100
EndoINU

60 40

70 30

40 100

50 90
ExoINU

60 65

70 10

40 30

50 20
AGLC

60 7

70 —

40 30 (15 min)

50 5 (5 min)
SUC

60 —

70 —

* Substrates used: inulin for exoINU and endoINU, sucrose for
SUC, and pNPhG for AGLC.

lytic reaction were FOSs with a degree of polymeriza-
tion of 3—8 (predominantly) and FOSs with a higher
MW (to a lesser extent). In addition, sucrose (at a low
concentration), fructose, and glucose were also iden-
tified in the reaction mixture (Fig. 3). The initial sub-
strate contained FOSs, sucrose, fructose, and glucose
at low concentrations.

Glucose
Fructose

1015

Inulin (100 g/L) was quantitatively hydrolyzed by
homogenous exoINU (0.5 U/g of substrate) for 3 h at
50°C and pH 5.0; GFS was formed with a Glu:Fru
ratio of about 1 : 3 (HPLC, data not shown). Under the
same conditions, using sucrose as a substrate
(200 g/L), exoINU (25 U of sucrase activity per 1 g of
substrate) quantitatively converted sucrose to GFS
with a Glu : Fru ratio of about 1 : 0.63 (HPLC, data
not shown). Therefore, GFS derived from inulin was
significantly more enriched in fructose compared to
the product obtained from sucrose.

Like exoINU, homogenous SUC quantitatively
converted sucrose (200 g/L, 25 U of sucrase activity
per 1 g of substrate, 50°C, pH 5.0) for 3 h to produce
GFS similar in composition to that obtained under the
action of exoINU (due to its lower thermal stability,
the reaction with SUC was performed at a lower tem-
perature than for exoINU; moreover, the SUC con-
sumption was about 11 times greater than that of
exoINU due to differences in the specific activities of
these two enzymes (Table 4).

The capacity of homogenous enzymes for hydro-
lyzing soybean galactoologosaccharides was studied
using extruded soybean meal (ESM) as a substrate; the
enzymatic treatment was carried out for 6 h at 40°C
and pH 5.0 with a concentration of each enzyme of
5 mg/g of substrate. The reaction products were ana-
lyzed by HPLC.

The initial ESM sample contained stachyose,
raffinose, and sucrose, as well as monosaccharides
(glucose and fructose) (Table 8). Treatment with
AGLC resulted in almost complete decomposition of
raffinose and stachyose, as well as in the formation of
monosaccharides (glucose, fructose, and galactose)
and a large amount of sucrose (AGLC has no sucrase
activity, Table 4). The combined use of AGLC and
SUC led to complete conversion to monosaccharides

-
|
’[ , FOSs > 8

10

12

14 16 18 20

Time, min

Fig. 3. HPLC of products of Jerusalem artichoke inulin hydrolysis by homogeneous endoINU. The reaction mixture, 100 g/L
inulin, and 5 units of endoinulinase activity per 1 g of substrate, was incubated at 50°C and pH 5.0 for 3 h. /, inulin, //, inulin

hydrolysis products.
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Table 8. The composition of sugars in enzymatic hydrolysates of extruded soybean meal obtained under the action of homo-

geneous enzymes

SINITSYNA et al.

Content?
Enzyme
monosaccharides? sucrose raffinose stachyose
Control 9.9 75.8 17.2 58.1
AGLC 86.6 90.5 0.3 0.8
AGLC + SUC 186.1 0.2 0.1 0.3
SucC 89.0 0.2 17.1 58.0
ExoINU 186.3 0.2 0.1 0.3
4 Calculated by dry weigh (mg/g of ESM).
Glucose, galactose and fructose.
of raffinose, stachyose, and sucrose (Table 8). We note REFERENCES

that the application of SUC alone provided the hydro-
lysis of sucrose, but did not change the contents of
raffinose and stachyose in ESM, since SUC does not
hydrolyze these oligosaccharides (Table 4). Finally,
the ESM treatment with exoINU alone gave the same
result as the combined use of AGLC and SUC: com-
plete destruction of raffinose, stachyose, and sucrose
to monosaccharides (Table 8).

CONCLUSIONS

It can be concluded that exoINU is the most valu-
able enzyme preparation in terms of biotechnological
potential due to a broad specificity and high hydrolytic
activity. Exoinulinase efficiently hydrolyzes inulin and
also exhibits high oi-galactosidase and sucrase activity.
In this regard, exoINU can be used with equal success
for obtaining glucose—fructose syrup from inulin,
sucrose inversion, and for the destruction of soybean
galactooligosaccharides and the control of anti-nutri-
ents in feed for farm animals and poultry.
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