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Abstract

Enzymatic deramnosylation of flavonoids is a convenient tool for improving the qual-
ity of citrus juices. a-L-rhamnosidase with a specific activity of 33.1 units/mg was
isolated and characterized from the culture liquid of Penicillium tardum. The molecu-
lar weight of the enzyme was 95 kDa according to the data of gel filtration on Sepha-
rose 6B and gel electrophoresis in SDS-PAGE. The pH optimum of the enzyme activ-
ity was 5.0, and the thermo optimum was 60 °C. Enzyme showed high stability in the
temperature range of 45-50 and at 60-70 °C. It retained 80 to 50% of the initial activ-
ity for 90 min. The half-life of a-L-rhamnosidase at 70 °C increased twofold in the
presence of 20-40% glycerol and 2.3-fold in the presence of 4 M sorbitol. The enzyme
was completely inhibited in the presence of 1073 M Ag* and Cd>* and approximately
by 90% in the presence of Fe?*, Fe3*, and AI** jons. More than 60%, the enzyme
activity was inhibited by Hg?*, Co**, and 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide methiodide. Activating effect of Ca®* ions was also noted. K, and V,,,, for
the hydrolysis of p-nitrophenyl-a-L-rhamnopyranoside and naringin were 0.7 mM and
38.3 uM/min/mg and 1.34 mM and 43.7 uM/min/mg, respectively. Penicillium tardum
a-L-rhamnosidase hydrolyzed naringin, neohesperidin, hesperidin, rutin, and nariru-
tin at high rate, which allowed us to consider it as an effective tool for transformation
of bioflavonoids in food industry.

Keywords o-L-rhamnosidase - Penicillium tardum - Purification - Thermal stability -
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Introduction

Plant flavonoids have long been widely present in the human diet. They can be
found in fruits and vegetables as flavonols, flavonones, and their glycosides. The
most common flavonoids include quercetin and its glycosyl rutin, isorhamnetin and
its glycoside narcissin, and naringenin and its glycosides prunin and naringenin

P4 Nataliya Borzova
n.borzova@imv.org.ua

Department of Biochemistry of Microorganisms, Zabolotny Institute of Microbiology
and Virology, National Academy of Sciences of Ukraine, 154 Zabolotny st, Kyiv 03143, Ukraine

@ Springer


http://orcid.org/0000-0003-0769-794X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-022-04008-1&domain=pdf

4916 Applied Biochemistry and Biotechnology (2022) 194:4915-4929

[1]. Biological properties of these compounds are very diverse, and they have anti-
inflammatory, antioxidant, antimutagenic, antiproliferative, and antiatherogenic
effects [2]. Also, flavonoids are used in the treatment of neurodegenerative and car-
diovascular diseases [3].

Glycosylated forms of flavonoids often have limited bioavailability and activity com-
pared to deglycosylated ones [4, 5]. Removal of the carbohydrate component of such
compounds (rthamnose, glucose, rutinose, neohesperidoside) improves their digestibility
and active influence on the human body [6]. To facilitate recovery of active flavonoids,
various enzymes are used: a-L-rhamnosidases, f-glucosidases, and naringinases [7—10].
a-L-rhamnosidase (a-L-rhamnoside rhamnohydrolase, EC 3.2.1.40) cleaves terminal
non-reducing o-1,2, a-1,4, and a-1,6-linked L-rhamnose residues from a wide range of
rhamnoglycosides, rhamnolipids, and glycoconjugates. Highly purified enzyme prepara-
tions with a-rhamnosidase activity can be used in various food industries to obtain high-
quality raw materials and dietary products [5]. The use of a-L-rhamnosidase to release
aromatic compounds from terpene glycosides (rutinosides) enhances the aroma of grape
juices and wines, and derhamnosylation of flavonoid glycosides improves the quality of
fruit juices and purees [10, 11]. The ability of a-L-rhamnosidase to modify the bitter
component naringin (naringenin-7-neohesperidoside) into the sweeter prunin (narin-
genin-7-O-glucoside) has been used to eliminate bitterness in citrus juices. Enzymatic
deglycosylation of hesperidin (hesperetin-7-rutinoside) avoids crystallization during the
production of orange and tangerine juices [13]. The use of a-L-rhamnosidases for the
processing of green tea, berry, and vegetable juices makes possible to obtain functional
drinks with a high content of bioavailable glucoside flavonoids [14].

o-L-rhamnosidase is found in different groups of organisms: bacteria, fungi, higher
plants, and animals [15-20]. Bacteria and fungi are known to be the most technologically
advanced sources of a-L-rhamnosidases, since they are able to multiply extremely quickly
and synthesize extracellular metabolites, making production at scale economical. Active
a-L-rhamnosidases producers are described among many representatives of the micromy-
cete genera Aspergillus and Penicillium [8, 12, 21-26]. Previously, the glycosidase activity
of 135 strains of the genus Penicillium was studied, and a culture of Penicillium tardum
3024 with high extracellular rhamnosidase activity was isolated [27]. The selected strain, in
addition to high a-L-rhamnosidase activity, favorably differentiates from other tested strains
by a relatively narrow spectrum of other glycosidases and insignificant proteolytic activity.

The aim of this work was to obtain purified a-L-rhamnosidase from P. tardum, to study its
properties and substrate specificity, and to evaluate feasibility of its use in the food industry.

Materials and Methods
Strain, Medium, and Growth Conditions

P. tardum 3054, from the collection of living cultures of the D. K. Zabolotny Institute
of Microbiology and Virology NAS of Ukraine, was grown in medium containing
(g/1) 5.0 rhamnose, 2.0 yeast autolysate, 1.0 KH,PO,, 0.5 MgSO,-7H,0, 0.5 KClI, and
0.015 FeSO,-7H,0. pH of the liquid medium was adjusted to 5.0, and culture was
incubated at 25 °C in an orbital shaker at 220 rpm for 5 days until the maximum of
L-rhamnosidase activity was achieved.
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Enzyme Activity Assays

o-L-rhamnosidase, p-D-glucosidase, p-D-galactosidase, and p-N-acetylglucosaminidase activi-
ties were determined using as a substrate p-nitrophenyl-a-L-rhamnopyranoside (p-NPRham),
p-nitrophenyl-p-D-glucopyranoside (p-NPGlu), p-nitrophenyl-B-D-galactopyranoside (p-NPGal),
and p-nitrophenyl-B-N-acetylglucosaminide (p-NPNAcGlu), respectively (Sigma-Aldrich, USA)
[28]. To determine the activity, 0.1 ml of the enzyme solution was mixed with 0.2 ml 0.1 M phos-
phate-citrate buffer (PCB) pH 5.0 and 0.1 ml 0.01 M substrate solution in PCB. Reaction mixture
was incubated for 10 min at 40 °C. The reaction was stopped by adding 2 ml of 1 M sodium
bicarbonate. The amount of released nitrophenol as a result of hydrolysis was determined colori-
metrically by the absorption at 400 nm. One unit of enzyme activity was defined as the amount of
enzyme that releases 1 umol of p-nitrophenol per min at 40 °C in 0.1 M PCB, pH 5.0.

Enzyme Isolation and Purification

Culture filtrate of P. tardum grown on rhamnose for 5 days was mixed with ammo-
nium sulfate to achieve final concentration of 90% saturation. The mixture was
incubated for 24 h at 4 °C followed by centrifugation at 3.5 X g, 30 min, 4 °C. Pre-
cipitate was removed and dissolved in 3 M ammonium sulfate (threefold of vol-
ume). 0.01 M of sodium azide was added for conservation. Precipitate resulted
from fractionating with ammonium sulfate was dialyzed against 10 mM phosphate
buffer (pH 6.0). The dialyzed enzyme solution was applied to an Toyopearl HW-60
(“TOSON,” Japan) column (2.5X 65 cm), equilibrated with 0.01 M phosphate
buffer, pH 6.0. Fraction exhibiting a-L-rhamnosidase activity was collected and
concentrated by evaporating under vacuum. The resultant preparation was applied
to Toyopearl DEAE-650 M (“TOSON,” Japan) column (3 xX45 cm), equilibrated
with 0.01 M Tris—HCI buffer, pH 7.0. Elution was performed by the NaCl linear
gradient (0—1 M, of 300 ml each) at 20 ml/h rate. Collected fractions were screened
for protein content (A280) and a-L-rhamnosidase activity. Active fractions (67-82
fractions; 0.8-ml fractions) were combined and dialyzed against 0.1 M PCB, pH
5.0, and the dialysate was used as the purified enzyme throughout this study. For
dialysis, membrane tubing Spectra/Por 3 Dialysis Membranes, MWCO 3500 was
used at all stages.

Molecular Weight Determination

Determining of the enzyme molecular weight (MW) in the native system was performed
by the gel filtration on the column (1.3X50 cm) with Sepharose 6B. Elution was performed
by the 0.01 M phosphate buffer (pH 5.0) with 0.1 M NaCl. Standard curve for MW calcu-
lations was plotted using high-molecular protein markers (“Pharmacia,” Sweden): ribonu-
clease (13.7 kDa), proteinase K (25 kDa), ovalbumin (43 kDa), and bovine serum albumin
(67 kDa). Sodium dodecyl sulfate (SDS)-denatured proteins were separated by electrophoresis
(Phast-System; Pharmacia, Uppsala, Sweden) on commercially available polyacrylamide gels
(Pharmacia, Uppsala, Sweden) and were stained with a 0.1% Coomassie Brilliant Blue R-250
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(Sigma-Aldrich, USA). The protocols for the separation methods and gels are described by the
manufacturer’s instructions (Phast-System; Pharmacia, Uppsala, Sweden). For MW estimation
was used PageRuler Plus Protein Molecular Weight Marker (10-250 kDa (Thermo Scientific).

Enzyme Characterization

The optimum pH for the activities of a-L-rhamnosidase was determined by incubating the
enzyme preparation with p-NPRham in 0.1 M citrate, PCB, and 0.01 M Tris—-HCl buff-
ers at the pH range from 2 to 9. The pH stability was evaluated by preincubation of the
enzymes in PCB over a pH range from 4 to 6 at 40 °C. Activities were measured at 24 h
using the standard protocol. The optimum temperature of o-L-rhamnosidase was deter-
mined by incubating the assay mixture for 30 min at temperature ranging from 5 to 80 °C.
Thermal stability was measured by preincubation of the enzymes at the optimum pH at dif-
ferent temperatures (30, 40, 50, 60, 65, 70, and 75 °C) with the exposition time of 210 min.

Thermal inactivation of a-L-rhamnosidase was studied at 60-75 °C, pH 5.0 (0.1 M
PCB). The enzyme samples (8 U/ml) in 3 ml of the appropriate buffer were kept at
given temperature for 30-210 min; the aliquots in 0.1 ml were collected in definite
intervals (10-30 min) for measurement of residual activity. Enzyme treatment with
glycerol and sorbitol was carried out as follows: to 5-40% glycerol or 0.1-5.0 M sorb-
itol in 0.1 M PCB was added enzyme solution (8 U/ml) and the mixture was incubated
at room temperature for 60 min. Thermal inactivation was carried out as described
above. Half-life was calculated from the first-order rate constants of inactivation,
which were obtained from linear regression in logarithmic coordinates.

Enzyme treatment with glutaraldehyde was carried out as follows: 10, 20, 30, 40, and 50 pl of
25% glutaraldehyde solution was added to 1 ml of the purified enzyme solution (8 U/ml), and the
mixture was incubated at room temperature for 60 min. The remaining reagent was removed by
gel filtration on Sepharose 6B. Thermal inactivation was catried out at 70 °C as described above.

Effect of Various Reagents on the Enzyme Activities

The effects of various chemical reagents and cations (EDTA, o-phenanthroline, dithi-
othreitol, L-cysteine, P-mercaptoethanol, p-Chlormercuribenzoate, N-ethylmaleimide,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide methiodide, Ag*, Hg**, Cd**, Ca**,
Co?, Pb>*, Fe**, Fe**, AI**) on enzyme activity were investigated by their incorporation
at a concentration of 0.01 M in standard assay. Reactions were carried out for 60 min at
40 °C and pH 5.0 (0.1 M PCB) in the presence or absence of the compounds examined.

Kinetic Characteristics of Enzyme

Kinetic experiments were carried out at 37 °C at the pH 5.0. The maximum rate (V,,,)
and Michaelis constant (K ) were determined according to Lineweaver—Burk from curves
defining dependence of the enzyme reaction rate on the p-NPRham or naringin level (from
0.1 to 8 mM). Inhibition studies were performed using L-rhamnose at concentrations rang-
ing from 1 to 10 mM.
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Substrate Specificity

Naringin, rutin, neohesperidin, hesperidin, and narirutin (0.5-1 mM), the five flavo-
noids, and synthetic p-nitrophenyl substrates p-NPRham, p-NPGlu, p-NPGal, and
p-NPNAcGlu (1 mM) were used to find the a-L-rhamnosidase substrate specificity.
One milliliter of diluted enzyme solution (3 U) was incubated with 1.0 mL of 1 mg/mL
substrate (naringin, neohesperidin, and p-nitrophenyl-a-L-rhamnopyranoside) buffered
with 0.1 M PCB (pH 5.0). The above assay mixture was incubated at 40 °C for 60 min
followed by measuring the changes in the concentration of substrates by HPLC. Hydrol-
ysis efficiency (%) is the residual concentration of substrates after enzymatic hydrolysis.

Enzymatic Hydrolysis of Citrus Juice

Grapefruit, pomelo, orange, and mandarin juice samples were obtained from fresh
fruits. The juice samples were extracted and filtrated to remove the seeds and pomaces.
Stock solution of flavonoids (naringin, rutin, narirutin, neohesperidin, hesperidin, and
naringenin) was prepared at a concentration of 1 mg/ml by dissolving in 50% aque-
ous ethanol. Enzyme solutions were prepared by dissolving a-L-rhamnosidase in 0.1 M
PCB (pH 5.2) at a concentration of 2 mg/ml. 0.1 ml of an enzyme solution was added
to 2 ml of the juice sample. The reaction was performed at 40 °C and 50 °C for 60 min.
After reaction, 1 ml juice or hydrolyzed sample was pipetted and vigorously mixed
with 1 ml anhydrous ethanol. The mixture was then centrifuged at 6 X g for 10 min.
The collected supernatant (1 ml) was filtered through a 0.45-pm nylon membrane and
further analyzed by HPLC. Standard curve was plotted using different flavonoids.

HPLC Analysis

An Agilent 1200 HPLC coupled with a Zorbax SB C18 reverse phase column
(2.5% 150 mm, 3.5 pm) and diode-matrix detector was used for analysis. The mobile
phase was acetonitrile-water (25:75, v/v) programmed at a flow rate of 0.3 ml/min, the
injection volume was 3 pL, and the column was at ambient temperature. Naringin, rutin,

neohesperidin, hesperidin, and narirutin in samples were detected at 280 nm and identi-
fied by comparison of retention times with standard.

Statistical Analysis

All experiments were replicated 3—5 times. Data are expressed as mean+SD. Analysis of
the data was done using Student’s t-criterion. Values were considered significant at p <0.05.
Results and Discussion

Purification and Characterization of Enzyme

An a-L-rhamnosidase preparation was isolated from the supernatant of the culture liquid of P.
tardum micromycete. The main stages of purification are presented in Table S1. As a result of
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27-fold purification, a protein fraction of a-L-rhamnosidase with specific activity of 33.1 U/
mg of protein was obtained. The purified preparation lacked p-glucosidase, p-galactosidase,
and (-N-acetylglucosaminidase activities, which were noted at the initial stages of purification.
On the electrophoregram in the SDS-PAGE system, there was one band with MW 95 kDa
(Fig. S1). The molecular weight of a-L-rhamnosidase, obtained on the basis of gel filtration
data on Sepharose 6B, was also 95 kDa. Based on these results, a conclusion can be drawn
about the monomeric structure of the resulting enzyme. Most of the registered MW for fun-
gal a-L-rhamnosidases is also in the range of 40—-100 kDa. Thus, Aspergillus clavatonanicus
MTCC-9611 a-L-rhamnosidase purified on CM-cellulose was represented by one subunit with
MW 82 kDa [21]. The MW of a homogeneous preparation of Aspergillus niger DLFCC-90
o-L-rhamnosidase was 66 kDa [26], native a-L-rhamnosidase of Aspergillus terreus 98 kDa
[24], Aspergillus kawachii 90 kDa [29], and Aspergillus tubingensis 110 kDa [12]. The extra-
cellular a-rhamnosidase of Pichia augusta, obtained as a result of a 4-step purification, also
had an Mm of 90 kDa [15]. In deglycosylated a-L-rhamnosidase of Aspergillus oryzae, MW
was set at 60 kDa, while for the glycosylated form, MW was 90-130 kDa [23].

Thermal and pH-Stability

The pH optimum for micromycete a-L-rhamnosidases is usually in the acidic region.
Thus, it was shown that for the majority of a-L-rhamnosidases from different Asper-
gillus species, the pH optimum was in the range of 4.0-5.0 [12, 16, 23, 26, 29]. a-L-
rhamnosidases are also described for which the pH optimum is shifted to the neutral
and slightly alkaline region, as in A. terreus with a pH optimum of 6-8 [8, 24]. There
are also data on alkaline tolerant a-L-rhamnosidases of A. clavato-nanicus MTCC-9611
and Fusarium moniliforme MTCC-208 with a pH optimum of 10.0 and 10.5 [6, 21].
For P. tardum o-L-rhamnosidase, it was shown that the pH optimum of activity is at
5.0 (Fig. 1a), and in the pH range of 4.0-6.0 at 37 °C, the enzyme retains activity at the
level of 90-100% for 300 min and at 20 °C more than 48 h.

P. tardum o-L-rthamnosidase has a rather high thermal optimum of 60 °C (Fig. 1b). Close
values of thermo optimums have also been shown for a number of a-L-rhamnosidases from other
mesophilic micromycetes, for example, Trichoderma longibrachiatum, A. kawachii, Penicillium
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Fig. 1 a pH optimum for a-L-rhamnosidase P. tardum (pH 2—4 0.1 M citrate buffer, pH 5-7 0.1 M PCB, pH
8-9 0.01 M Tris—HCl buffer, 40 °C). b Thermal optimum for a-L-rhamnosidase P. tardum (0.1 M PCB, pH
5.0). The mean values and standard errors are shown (n=4)
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aurantiogriseum, A. tubingensis, and A. oryzae [8, 12, 16]. Higher indicators of thermal opti-
mums are noted only for enzymes of thermophilic bacteria and fungi. So, in a-L-rhamnosidase of
the thermophilic bacterium Dictyoglomus thermophilum [10] with an activity range of 37-95 °C,
the thermo optimum is at 95 °C and in Thermotoga maritima MSBS8 at 86.5 °C [17].

P. tardum a-L-rhamnosidase retained up to 100% activity for 3 h in the temperature
range from 45 to 55 °C at pH 4.0-6.0 and for 90 min retained from 50 to 80% of the
initial activity at a temperature of 60-70 °C (Fig. 2). With temperature rise up to 75 °C
in 60 min, the activity decreased by 50%, and after 2.5 h of incubation under these con-
ditions, no more than 5% of the initial activity remains. The high stability of proteins in
response to the action of various factors of the reaction medium is associated with their
structural features. Thermostable enzymes are usually characterized by high hydrophobic-
ity and increased ionic interaction. These properties are ensured by the presence of a high
content (more than 30%) of hydrophobic amino acids. The presence of O-linked carbohy-
drates also contributes to the thermal stabilization of proteins and enzymes in particular.

Thermal stabilization of proteins in the presence of certain chemicals and proteins allows
in many cases to increase the half-life of the enzyme and the efficiency of hydrolysis. It was
shown that the use of sorbitol and glycerol can reduce the rate of thermal inactivation of the
enzyme at 65-75 °C. This effect is especially pronounced in the first 120 min of incubation.
The half-life of the enzyme increased from 90 to 180 min in the presence of 20-40% glyc-
erol at 70 °C (Fig. 3a), from 60 to 75 min at 75 °C, and from 90 to 210 min at 70 °C in the
presence of 4 M sorbitol (Fig. 3b). The use of polyhydric alcohols to stabilize enzymes is a
fairly simple and effective way to stabilize proteins. The exact stabilization mechanism has
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Fig.2 Thermal stability of a-L-rhamnosidase (0.1 M PCB, pH 5.0; 0.01 M p-NPRham). The mean values

and standard errors are shown (n=5). The percentage of residual activity was calculated by comparing to
the non-incubated enzyme
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at 70 °C, pH 5.0. b Thermal stability of a-L-rhamnosidase with and without 4.0 M of sorbitol incubated at
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and standard errors are shown (n=4). The percentage of residual activity was calculated by comparing to
the non-incubated enzyme
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not been fully studied, but it is speculated that it is implemented at the level of hydrophobic
and hydrogen bonds of the protein molecule [30]. Thermal stabilization and of enzymes
in the presence of sorbitol was noted for A. terreus a-L-rhamnosidase [8], and half-life of
enzyme with addition of 2.0 M sorbitol at 70 °C were increased by 17.2-fold.

It was also shown that treatment of the protein with glutaraldehyde at a concentration of 1040 pl
contributed to an increase in the thermal stability of P. tardum o-L-rhamnosidase (Fig. S2). The
formation of cross-links between amino groups of a protein with the help of glutaraldehyde can
lead to the fixation of the active conformation of the molecule and the formation of aggregates with
increased stability compared to native enzymes, which was shown for a-L-rhamnosidase Brevundi-
monas sp. Cil9 [11], naringinase A. niger [31], and other hydrolytic enzymes [32].

The obtained data on the high stability of P. tardum o-L-rhamnosidase in the range from 45
to 60 °C at neutral and slightly acidic pH is a strong argument in favor of the feasibility of fur-
ther use of this enzyme preparation in the food industry. Observed thermal stabilization of the
enzyme in the presence of sorbitol and glycerol, as well as after treatment with glutaraldehyde,
indicates the possibility of obtaining industrial preparations of prolonged action on its basis.

Inhibition of a-L-rhamnosidase by Several Chemical Compounds

The influence of certain metal cations and chemical compounds on the activity of P. tar-
dum a-L-rhamnosidase was studied. It was shown that chelating agents at a concentration
of 1073 M did not affect the activity of P. tardum a-L-rhamnosidase (Fig. 4), in contrast to
Lactobacillus plantarum a-L-rhamnosidase, which was activated by 10 mM EDTA and
inhibited by 50% 10 mM o-phenanthroline [33]. Reagents that reduce disulfide bonds had
different effects on the enzyme. In the presence of f-mercaptoethanol, the activity of the
enzyme did not change; however, dithiothreitol activated P. tardum a-L-rhamnosidase by
41%, while L-cysteine inhibited the activity by 32%, which may be due to conformational
changes involving sulfide groups (Fig. 4). f-Mercaptoethanol also did not inhibit L-rham-
nosidase from A. luteo albus, L. plantarum, and P. angusta [15, 33, 34].

Thiol inhibitors had little effect on P. tardum o-L-rhamnosidase under experimental conditions.
At the same time, a significant inactivation (>60%) of the enzyme was observed under the influ-
ence of the carboxyl group modifier 1-[3-(dimethylamino) propyl]-3-ethylcarbodimide method.
These data are consistent with those of structural studies of the family GH78 enzymes for which
the important role of conserved negatively charged residues Asp and Glu was shown [23, 29].

Inactivation of o-L-rhamnosidase sulfhydryl oxidant metal Hg?* and p-CMB was
observed in enzymes from P. tardum (Fig. 4) and other enzyme from A. oryzae [8], B. the-
taiotaomicron [18], P. angusta [15], Bacillus sp. [35], and T. stercorarium [36]. These data
may indicate the importance of sulthydryl groups for maintaining the active conformation
and activity of a-L-rhamnosidases from various sources.

A number of metal cations (K*, Li*, Na*, Mg?*, Mn?*, Cu*, Ba>*) had virtually no effect
(loss activity <5%) on the activity of P. tardum o-L-rhamnosidase. It was shown that Ag* and
Cd* ions completely inhibited the activity of the enzyme. Hg**, Co**, Pb**, Fe**, Fe**, and
AP at concentration of 10 M reduced the activity by 60-90% within 60 min. Activity inhi-
bition (by 50-99%) in the presence of Cu**, Fe?*, Fe **, Hg?*, and Ni** was shown for alpha-
L-rhamnosidase from Bacteroides thetaiotaomicron [18] and A. oryzae [8]. Co**, Cu?t, Ni*t,
and 0.2 mM Zn?* completely inactivated alpha-L-rhamnosidase from A. alternata [19] and A.
luteo albus [34]. 100 mM Fe?* completely inhibited the enzyme from A. niger, while 10 mM
caused activation by 1.1 times [25]. P. angusta o-L-rhamnosidase was also inhibited by Cu>*
and Hg>" at a concentration of 107> M by 89 and 94% [15], and also activation of the enzyme
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Fig. 4 Effect of different chemicals on a-L-rhamnosidase P. tardum. Concentration of additives 0.01 M, pH
5.0, 37 °C, time exposition 60 min. The mean values and standard errors are shown (n=35)

in the presence of Ca’* by 1.63 times was noted. a-L-rhamnosidase from B. thetaiotaomicron
was activated by Ca?* and Mg?* by 30 and 26%, respectively [18], and a-L-rhamnosidase A.
alternata was activated by 1.35 and 1.2 times by Ba®* cations and AI**, respectively [19].
Ca**, Co**, and Cu** at a concentration of 100 mM activated A. niger a-L-rhamnosidase by
1.4-1.6 fold [25], but did not affect the activity of a-L-rhamnosidase from A. luteo albus [34].
The effect of the Ca?* cation may be related to the stabilization of the tertiary structure of the
described proteins. Forming ionic bonds with two different amino acid residues, Ca>* ions can
act as a stabilizing bridge similar to disulfide bonds. It has also been reported that Ca2+ may
bind to conserved residues in the active site of enzymes of the GH106 family [37].

Kinetic Characteristics and Substrate Specificity of P. tardum a-L-rhamnosidase

The kinetic parameters for o-L-rhamnosidase toward naringin and p-NPRham were deter-
mined at pH 5.0 and at 37 °C (Table 1). Activity on rhamnosyl flavonoid naringin was high
than its enzymatic activity on unnatural rhamnoside. The high catalytic efficiency (k,/Km)
of o-L-rhamnosidase toward p-NPRham was a result of low K, value for this substrate. The
Km value of different a-L-rhamnosidases varies in the range of 0.057-2.8 mM and for naringin
0.021-1.9 mM. Similar K, values for p-NPRham were shown for A. terreus thamnosidase [8].
Inhibition by end-product (L-rhamnose) was also studied. L-rhamnose was found to be a com-
petitive inhibitor of the P. tardum o-L-rhamnosidase, K; values of 2.5 mM and 4.2 mM when
using p-NPRham and naringin as substrates, respectively.

The affinity of a-L-rhamnosidases to different substrates for different enzymes can vary
greatly depending on their specificity. The substrate specificity of a-L-rhamnosidase with
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Table 1 Kme.tlc parameters of Substrate K, (mM) V. (uM/min/mg) kg (s KoKy (5717

a-L-rhamnosidase P. tardum mM)
p-NPRham  0.7+£0.03  38.3+1.15 294+8.65 420
Naringin 1.34+0.05 43.7+1.51 336+1021 250

respect to synthetic substrates and some flavonoids was studied (Fig. 5, Table 2), and a high
affinity for natural and synthetic rhamnoglycosides was noted. Thus, a-L-rhamnosidase effec-
tively hydrolyzed naringin, neohesperidin, hesperidin, rutin, narirutin, and p-NPRham. Effi-
ciency of hydrolysis of substrates containing a-1,2-linked rhamnose was the highest under
experimental conditions. The rate of hydrolysis of narirutin and hesperidin was slightly lower,
but also high, and P. tardum o-L-rhamnosidase hydrolyzed rutin least efficiently. The enzyme
showed no activity toward synthetic substrates with p-linked carbohydrates, which indicates
the ability to derhamnosylate plant flavonoids, but not completely deglycosylate them.

Thus, based on the data on the substrate specificity of P. tardum o-L-rhamnosidase, it can
be concluded that it is highly selective for terminal a-1,2-linked rhamnose. This property of P.
tardum o-L-rhamnosidase can be useful in fine studies of the structure of glycosides of vari-
ous nature, as well as in the production of deglycosylated flavonoids. Deramnosylation of nar-
ingin by P. tardum rhamnosidase predominantly results in prunin formation, which is sweeter
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Fig.5 Structure of natural glycosylated flavonoids used as substrates. The arrows highlight to the sessile
bond

Table 2 Substrate specificity of

L —thamnosidase P. tardum Substrate Hydrolyzed linkage ;I)ydrolysis efficiency,

Naringin a-1,2 98+1.8
Neohesperidin a-1,2 97+1.5
Rutin a-1,6 10+£0.5
Narirutin a-1,6 65+2.5
Hesperidin a-1,6 70+£3.3
p-NPRham a-1 91+3.7
p-NPGal p-1 0

p-NPGlu p-1 0

p-NPNAcGlu p-1 0
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than naringin and glucosylated naringenin. Enzymes of precisely this specificity are most suit-
able for removing the bitterness of citrus juices. However, in terms of its ability to hydrolyze
rutin, this enzyme is significantly weaker compared to the rhamnosidases from A. niger [8] or
Novosphingobium sp. [36].

Degradation of Citrus Juice Flavonoids by P. tardum Rhamnosidase

The presence of flavonoids in citrus fruits can have a significant effect on the qual-
ity of citrus juices, especially grapefruit and orange. The use of a-L-rhamnosidase
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Fig.6 HPLC chromatograms of products obtained from the biotransformation of juices flavonoids with
a-L-rhamnosidase. a Grapefruit juice, b Pomelo juice, ¢ Orange juice, d mandarin juice. Solid line, juice
sample before hydrolysis by the a-L-rhamnosidase; dotted line, after hydrolysis at 50 °C 60 min
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in the production of such juices allows the degradation of flavonoids such as nar-
ingin, thereby greatly improving the taste of the product. In Fig. 6, the HPLC chro-
matograms show results of enzymatic hydrolysis of pomelo, grapefruit, orange, and
mandarin juices with P. tardum a-L-rhamnosidase. It was demonstrated that after
treatment of grapefruit juice with a-L-rhamnosidase, the concentration of naringin
decreased by 84% at 40 °C and 98% at 50 °C after 60 min of incubation (Fig. 6a). A
similar pattern was observed after enzyme treatment of pomelo juice samples, with a
decrease in the concentration of naringin from 950 to 10.5 ug/ml within 60 min. In
both cases, in parallel with the decrease in the concentration of naringin, an increase
in the concentration of prunin was observed (Fig. 6b). It was also shown that P. rar-
dum a-L-rhamnosidase actively hydrolyzed narirutin, naringin, and hesperidin in
orange and tangerine juice (Fig. 6¢,d). By its ability to transform the flavonoids of
natural juices, this enzyme is close to a-L-rhamnosidases of A. aculeatus [14] and A.
niger [38]. The bioconversion yields, concentrations, and productivities of flavonoid
glycosides in this study are high. a-L-rhamnosidase of P. tardum may be useful for
the industrial hydrolysis of flavonoids in citrus extracts.

Conclusion

Thus, a-L-rhamnosidase from P. tardum with high biotechnological potential was isolated
and characterized. The effectiveness of the use of polyhydric alcohols and modification
with glutaraldehyde to increase the stability of the enzyme has been shown. The enzyme’s
high thermal stability and broad substrate specificity for a-1,2 and a-1,6-rhamnosylated fla-
vonoids characterize the enzyme as a valuable tool for use in food technologies to improve
the quality of citrus juices.
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