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Investigations of the influence of chemical and physical factors on the conformational and functional
properties of enzymes make a significant contribution to the study of the mechanism of action of industrially
important proteins. The aim of the work was to evaluate the effect of chemical reagents and UV irradia-
tion on the catalytic properties of Penicillium canescens o-galactosidase. Enzyme activity was assessed with
p-nitrophenyl-a-D-galactopyranoside. Studies of the functionally active glycosidase groups were carried out
on the basis of inhibitory and kinetic analysis using Dixon and Luinuiver-Burke methods with help of specific
chemical reagents. A significant decrease in the activity of a-galactosidase in the presence of carbodiimi-
des, diethylpyrocarbonate, the reagents on sulfhydryl groups was shown. A UV-induced decrease in enzyme
activity in the dose range of 900-7200 J/m? was noted. Based on the data obtained, the imidazole group of
histidine, carboxyl groups of C-terminal amino acids and the SH-groups of cysteine are assumed to play an

important role in the manifestation of the activity of P. canescens a-galactosidase.
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tudy of the influence of chemical and physi-

cal factors on conformation and functional
properties of proteins can answer numerous
questions of enzymology, in particular, help in de-
termining the role of the quaternary structure of the
active centers of enzymes in their action mechanism.
Chemical modification with the help of group-
specific reagents is an important tool both for the
investigation of catalytically active enzyme groups
and for studying the functions of their active centers.
Enzymes, as is known, are polyfunctional com-
pounds and each amino acid residue in them per-
forms a certain function either in the maintenance
of active conformation of a molecule or in the mani-
festation of catalytic properties. A rather broad range
of specific reagents capable of modifying the lateral
groups of amino acids with different efficiency is

known nowadays. Most of them are used for finding
out the functionally active groups of enzymes and
for studying their structure; in certain cases, such an
approach helps in obtaining more active and stable
groups of proteins.

The establishing of the mechanism of ultravio-
let (UV) irradiation effect on proteins is of great
general biological importance [1, 2]. The destruc-
tive-modifying effect of the ultraviolet light is con-
nected with photochemical damages of a protein
macromolecule. Besides, as a result of energy mi-
gration the light absorbed by protein may be used
for the initiation of photochemical reactions in other
chromophores [3]. The main chromophores of pro-
teins are residues of aromatic amino acids (trypto-
phan, tyrosine, phenylalanine), to a less extent — cys-
tine and histidine. Since the velocity of the substrate
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hydrolysis is determined by the enzyme structure,
so any even insignificant conformational changes
of a protein molecule, in particular under the ef-
fect of denaturating factors, may be accompanied
by the change in catalytic properties of the enzyme.
Study of aftereffects of such changes can extend
considerably the range of the effect of practically
important biopolymers.

a-Galactosidase (EC 3.2.1.22) is the enzyme
hydrolyzing a-bound nonreducing residues of ga-
lactose in natural and synthetic oligosaccharides,
as well as different glycoconjugates. The study of
physico-chemical, catalytic, structural peculiarities
of a-galactosidases depending on micro-surrounding
is of great theoretical and applied significance since
the given enzyme has a high biotechnological poten-
tial [4] for food industry and medicine.

Nowadays a-galactosidases have been found
in a broad range of microorganisms and divided, as
based on the structure of the catalytic domain and
amino acid sequences, into 7 families (GH4, GH27,
GH31, GH36, GH57, GH97, GH110) due to hierar-
chic classification of glycosyl hydrolases (http://
www.cazy.org/). Various forms of a-galactosidases
are described: monomeric enzymes of thermophylic
bacteria and Tricholoma matsutake [5, 6], dimeric
Bacillus coagulans a-galactosidase [7], homotrimers
of Bacillus megaterium [8], tetramers of Bacillus
stearothermophilus [9] and Aspergillus nidulans
[10]. In accordance with modern notions [11], the en-
zymatic hydrolysis with glycosidases is realized as a
result of consistent actions of the basic components:
nucleophilic agent, activating water and electrophilic
activator of the reaction center. Electrophilic-nucle-
ophilic system of the active center has been studied
in a limited circle of a-galactosidases. It is noted
(http://www.cazy.org/) that residues of asparaginic
acid (GH27, GH31, GH36) and residues of glutamic
acid (GH57, GH97) may appear as a donor of pro-
tons and nucleophiles. The importance of trypto-
phan (Tricholoma matsutake), methionine, cysteine
(Trichoderma reesei) and histidine (Cladosporium
cladosporioides) residues [6, 12, 13] for the manifes-
tation of catalytic properties of a-galactosidases has
also been shown.

Some changes of functional properties of
Penicillium canescens a-galactosidase as a result of
the action of chemical reagents and UV-light were
studied in the work with the aim of revealing cata-
lytically significant sites of the protein molecule.
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Materials and Methods

The investigation object was a preparation of
P. canescens a-galactosidase. Homogeneous frac-
tions of the enzyme were obtained by purification
using the methods of gel filtration and ion exchange
chromatography on TSK-gels from supernatant
of the cultural fluid of micromycete as described
earlier [14]. Specific activity of the enzyme prepa-
ration was 30 U/mg of protein. To obtain N-modi-
fied a-galactosidase the P. canescens culture was
preliminarily grown in standard conditions for 48 h,
micelium was separated by centrifugation and trans-
ferred to the medium with a standard composition
which contained 15 pg/ml of tunicamycin. After 3
days cultivation the enzyme was isolated from the
supernatant of the cultural fluid and purified accor-
ding to the standard method.

Protein content in the sample was deter-
mined by the Lowry method [15], as well as re-
corded spectrophotometrically at 280 nm. Activity
of a-galactosidase was determined using synthetic
n-nitrophenyl substrate [16]. One unit of enzyme ac-
tivity was defined as the amount of enzyme, which
hydrolyses 1 umol of the substrate for 1 min under
the experiment conditions.

Gel filtration of the native and UV-treated en-
zyme preparations was carried out on Sepharose 6B
column, in 0.01 M phosphate buffer pH 7.0, the elu-
tion rate — 0.2 ml/min.

UV irradiation of the enzyme solutions (2 mg/
protein in 0.01 m phosphate-citrate buffer (PCB)
pH 5.2) was performed with the help of a mercury-
quartz lamp of the type BUF-15, =254 nm in dark-
ness at 20 °C and continuous mixing. Irradiation
doses were 450, 900, 1350, 1800, 2100, 2400, 2700,
3000, 3600, 5400 u 7200 J/m?.

UV-spectra of absorption of native and irra-
diated preparations of the enzyme were studied by
spectrophotometer-fluorimeter DeNovix DS-11 in
the range of 240-340 nm, concentration of the en-
zyme preparation 1.2 mg of protein/ml.

Functionally active groups of glycosidase
were investigated with the help of specific chemi-
cal reagents: 1-[3-(dimethylamino)propyl]-3-ethyl-
carbodiimide methiodide, p-toluol sulfonic-1-cy-
clohexyl-3(2-morpholinoethyl)carbodiimide,
diethylpyrocarbonate (DEPC), p-chlormercuryben-
zoate (p-ChMB), N-ethylmaleimide (Sigma-Aldrich,
USA), H,0,, potassium ferricyanide. Cations Ag*
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and Hg?* were used in the form of nitrate and sul-
fate, respectively. Chemical reagents were used in
concentration 103-10° M, the enzyme concentra-
tion was 0.2 mg of protein/ml. All the manipulations
were carried out in 0.01 M PCB, pH 5.0, if it was not
indicated otherwise. Aliquots were taken at regular
intervals and their enzymatic activity was measured.

Linewiver-Berk and Dixon graphic methods
were used to calculate the inhibition constants [17].

Photooxidation in the presence of methylene
blue (5-10® M) was also performed. Photoinactiva-
tion was carried out at 30 and 40 °C, pH 4.0 u 6.0,
in a light-proof heat chamber and in an open ther-
mostat. An incandescent lamp (200 W) with a red
light filter at the distance of 15 cm from the solution
surface was used as the light source. The samples,
which contained a photosensibilisator, but incubated
in darkness, or illuminated but without methylene
blue serve as control. After the incubation time com-
pletion, the aliquots were taken and their residual ac-
tivity was determined.

All investigations were repeated no more than
thrice. Statistical processing of the results of ex-
perimental series was performed by the standard
methods using Student’s #-criterion at a 5% signifi-
cance level with the help of MS Exel 2007 program.

Results and Discussion

The inhibitory analysis of the effect of specific
chemical reagents and physical factors on catalytic
activity of enzymes allows intensifying certain ami-
no acid residues in the substrate-binding centers of
the enzyme molecule, as well as judging of their sig-
nificance in displaying functional activity and con-
formation stability of the biocatalyst.

Modification of the carboxyl group of as-
paraginic or glutamic amino acids with the help
of carbodiimides 1-[3-(dimethylamino) propyl]-
3-ethylcarbodiimide methiodide and p-toluol sul-
fonic-1-cyclohexyl-3(2-morpholinoethyl)carbo-
diimide has shown a considerable inhibition of
a-galactosidase activity under the effect of the given
effectors (Fig. 1). The results obtained indicate the
importance of carboxyl groups for manifestation of
enzyme activity. The observed incomplete inhibi-
tion can evidence for availability of other residues
of these amino acids which are important for the
proceeding of enzymatic reaction, but in these con-
ditions are inaccessible for the inhibitor. Carboxyl
groups of asparaginic and glutamic acids were found
in the active center of a-galactosidases referred to
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Fig. 1. Dynamics of oa-galactosidase inactivation

by carbodiimides. Reagent concentration 1-10° M,
pH 5.0

the families GH27, GH31, GH36, GH57, GH97
(http://www.cazy.org/).

Several methods were used to modify. These
were, in particular, photooxidation in the presence
of histidine residues methylene blue and inhibition
DEPC which reacts specifically with histidine resi-
dues at pH 5.5-7.5.

It was shown that P. canescens a-galactosidase
is inactivated in the light in the presence of methy-
lene blue like C. cladosporioides a-galactosidase
[13]. The observed photoinactivation is accelerated
with the increase of temperature and pH values
(Fig. 2). The last fact confirms the effect of histidine
on the catalytically important group, since the rate of
photooxidation of tyrosine and tryptophan residues,
which can also be subject to photooxidation, does
not depend on the medium pH.

The reaction with DEPC is the most selective
method of chemical modification of histidine resi-
dues in proteins. The use of DEPC in studied con-
centrations decreased the rate of hydrolysis of a
synthetic substrate, acceleration of a-galactosidase
thermoinactivation was also observed at 55 °C
(Fig. 3, A). The given effects may be explained by the
inactivation of reaction-capable residues of histidine.
Interaction of the latter with DEPC results in forma-
tion of N-ethoxyformylidazole that is recorded as the
increase of the absorption indices at a wavelength of
240 nm (Fig. 3, B).

The important role in displaying functional
activity of numerous proteins belongs to sulfhydryl
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groups of cysteine residues since they are the most
reactive ones in the protein [2]. They can be effective
nucleophilic agents in conditions close to physiologi-
cal ones. Thus, there appears a necessity in modifi-
cation of these groups at the initial stages of studying
the enzyme structure. Modification of a sulfhydryl
group of cysteine was performed with the help of
the reaction with p-ChMB by H,O, oxidation to de-
rivatives of cysteine acid, the oxidation in soft con-
ditions with formation of inter- and intramolecular
disulphide bonds under the effect of ferricyanide,
condensation with N-ethylmaleimide at pH 7.0.

The investigation results evidence for a
considerable contribution of free SH-groups
to displaying catalytic activity of P. canescens
a-galactosidase (Table). Thus, the effective thiol in-
hibitors (p-ChMB and N-ethylmaleimide) and H,O,
inactivated the enzyme more than by 90%. The in-
hibition constants for ChMB, silver and mercury
ions were 2.8:10, 1.5-10-%, and 3.0-107 M, respec-
tively. It was shown before [19] that inhibition of
P. canescens a-galactosidase by thiol inhibitors is
of noncompetitive character, and consequently, the
given groups rather make their contribution to the

Fig. 2. Photoinactivation of P. canescens maintenance of the active molecule conformation
a-galactosidase in the presence of methylene blue that are present in the active center. Inactivation of
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Fig. 3. A. Inactivation of a-galactosidase at treatment with DEPC (20 and 55 °C, pH 5.5). B. Dynamics of
change of a-galactosidase solution absorption in the presence of 5:10° M DEPC at 240 nm
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Inhibition of activity of P. canescens a-galactosidase
in the presence of some chemical reagents (pH 5.2)

Reagent con- Res'id.ual
Reagent centration. M activity,
’ % of control
p-ChMB 1-104 10.0 £ 0.1
1-103 0
N-ethylma- 5-10° 5.0+0.1
leimide 1-10° 8.00 £ 0.05
H,0, 1-10° 5.00 £0.08
Potassium 5-1073 2.00 £ 0.03
ferricyanide 1-10° 10.0£0.2
Ag’ 1-10° 0
Hg** 1-10° 0

the enzyme by silver and mercury ions evidences for
the important role of both sulfhydryl and carboxyl
and imidazole groups in activity of P. canescens
a-galactosidase. Inactivation of enzymes by the sil-
ver and mercury ions is shown for a great many of
the studied a-galactosidases [5-8, 13], and herewith
most of them demonstrate resistance to the effect of
p-ChMB and N-ethylmaleimide [6, 7].

Along with the chemical modification, which
permits revealing catalytically significant residues
of amino acids, the investigations of the effect of
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physical denaturating factors, including UV-effect,
permit establishing the limits of mobility of a pro-
tein molecule and revealing the groups responsible
both for the display of functional properties and for
the preservation of active conformation. Protein
chromophores (tryptophan, tyrosine, phenylalanine,
histidine, cysteine) and their arrangement in the en-
zyme molecule play a leading role in the mechanism
of UV-inactivation. The destruction of amino acid
residues involved in the active center of the enzyme
or affecting their conformation will finally result in
the loss of functional activity of the given protein.

Study of the changes in catalytic activity of
a-galactosidase under the effect of UV-light has
shown that during the first 30 min of irradiation in
a dose of 900 J/m? a true 20% decrease of activi-
ty was observed (Fig. 4). The dose is increased to
7200 J/m?, a 2-fold decrease of activity was observed
as compared to the control.

The process of inactivation of native enzyme
is a sum of several exponents that is probably
connected with quaternary structure of the enzyme
molecule and availability of comparable quantities
of protein sites modified and unmodified by UV-
light. High resistance of N-modified P. canescens
a-galactosidase to UV irradiation should be noted.
We have already shown [20] that the above enzyme
was glycosylated by the mixed type, and the presen-
ce of O-bound carbohydrates is critical for display-
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Fig. 4. UV-induced changes of activity of native and N-modified P. canescens a-galactosidase
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ing activity and stability, while the inhibition of
N-glycosylation did not result in the considerable
change of catalytic properties of the enzyme. The
resistance of N-deglycosylated a-galactosidase to
UV-action confirms once more the existing hypothe-
sis on the important role of O-bound carbohydrates
in supporting the active structure of the enzyme.
Protein inactivation is accompanied by such
effects as the structure unrolling or aggregation of
protein molecules. This, in its turn, can determine
both a decrease and an increase of activity. As a re-
sult of the splitting of disulphide bonds the protein
can lose the quaternary structure that will also lead
it to denaturation. It has been already established
that P. canescens a-galactosidase is a homohexamer
with the molecular mass 400 kDa [14]. The enzyme
functions in the oligomer state, while separate subu-
nits do not display activity [14], and aggregates of
P. canescens a-galactosidase cross-linked by glutar-
aldehyde [19] are considerably inferior in activity to
the native preparation. The complete loss of activity
of the monomer form as a result of dimmer decay is
also shown for B. coagulans [7]. Data of gel filtra-
tion on Sepharose 6B it was demonstrated (Fig. 5)
that the protein elution profiles and activity of native
and irradiated sample practically coincided. There-
with one could observe a certain decrease of protein
concentration and appearance of the fractures with
a lower molecular mass that can be a result of si-
multaneous existence of two enzyme forms: active
hexamer and inactive di- and monomers. But, since

0.30 +
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0.20
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o o
S o
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a rather high resistance to photodestruction was re-
vealed, we suppose that the mechanism of UV-inac-
tivation is rather mainly realized through the effect
on aromatic amino acids and cysteine than through
the break of disulfide bonds.

A decisive factor of macromolecule resistance
to irradiation is, certainly, the number and arrange-
ment of residues of aromatic amino acids, as well as
the amount and accessibility of cysteine. The con-
siderably less number of aromatic amino acids and
cysteine for a protein molecule is often observed in
fungal glycosidases, their resistance to UV irradia-
tion being connected with this fact [21]. Thus, an
increased resistance to the effect of UV-light in the
range of 75-6040 J/m?* was shown for fungal in-
ulinase as compared with inulinases of yeast and
plants [21] against a background of a lower content
of tyrosine, phenylalanine and cysteine. In the case
when aromatic amino acids enter the active center,
or their destruction is accompanied by the rupture
of the tertiary and quaternary structure of protein,
a rapid photoinactivation of enzyme preparations is
observed. It is shown that 4. awamori glucoamylase,
containing tryptophan residue in the active center, is
subject to practically full denaturation already in a
dose of 1500 J/m?, while the examined P. canescens
a-galactosidase is resistant to the action of twice
higher doses.

It was established that the absorption spec-
tra of the native and UV-inactivated P. canescens
a-galactosidase are similar in form (Fig. 5). It is
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Fig. 5. Gel chromatography of native and UV-inactivated a-galactosidase on Sepharose 6B
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known that in the range of 200-230 and 270-300 nm
protein absorption is mainly determined by the
presence of aromatic amino acids, and in the range
of 240-250 nm — of cysteine sulfhydryl groups and
cysteine disulfide groups. It may be noted that in our
case the absorption efficiency in the range of aromat-
ic amino acids (probably tyrosine and tryptophan,
and to a less extent histidine) is higher than in the
absorption range of SH-groups.

The obtained results are in line with the present
concepts on the mechanism of photoinactivation of
oligomer proteins, P. canescens a-galactosidase be-
longing to them. The effect of the doses to 600 J/m?
does not lead to significant changes in the enzyme
activity. At the doses above 900 J/m? one can ob-
serve true changes of functional activity of the en-
zyme, which can be caused both by the photochemi-
cal destruction of aromatic amino acids and rather
by the destruction of the grouping, which reacted
with the primary photoproduct, than by the group
which had absorbed light. As a result of the latter
reaction one can observe the enzyme inactivation as
a consequence of the change of the spatial protein
structure.

Thus, in accordance with our data on inhibition
of P. canescens a-galactosidase the important role
in the enzyme activity realization belongs to imida-
zole group of histidine and carboxylic groups of C-
terminal amino acids. Cysteine SH-groups also play
a foremost conformational role. It may be supposed
that photodestruction of active center does not occur
as a result of UV irradiation, while photomodifica-
tion of aromatic and sulfur-containing amino acids
results in conformational rearrangements accompa-
nied by a decrease of catalytic activity of P. canes-
cens o-galactosidase at high irradiation doses.

BIIJIMB XIMIYHUX PEATEHTIB
TA YO-OIIPOMIHEHHS HA
AKTUBHICTD o-TAJTAKTO3UJA3U
Penicillium canescens
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IHCcTHTYT MiKkpOOioJIOTii 1 Bipycosorii
im. /1. K. 3abomotrHOoro HAH Vkpainu, Kuis;
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JochimkeHHsT BIUTMBY XIMIYHUX 1 (QI3UIHUX
(hakTopiB  Ha  KoH(pOpMamiifHO-()yHKITIOHATBHI
BIIACTUBOCTI €H3WMIiB BHOCATH ICTOTHHUU JOPOOOK
O BUBYECHHSA MEXaHI3My Ail HPOMHCIOBO Ba-
JTUBUX TIpoTeiHiB. MeToto poboTn Oylo OMiHUTH
BIUIMB XIMIYHUX peareHTiB Ta Y®D-ompomiHEHHS
Ha KaTaJiTW4HI BJIACTUBOCTI O-TaJaKTO3MAA3H
Penicillium  canescens. ~ AXTHBHICTh  €H3UMY
BH3HA4Yaj W 3a JONOMOror n-HiTpodeHin-o-D-
rajakromipano3uay.  JocmikeHHs — (QyHKITO-
HajJbHO AKTUBHHMX TIpyH TIJIIKO3UAAa3d IPOBO-
MU Ha OCHOBI IHTIOITOPHOTO Ta KiHETHYHOTO
aHamizy wmetomamu Jlikcona Ta JlaiiHyiBepa-
bepka 3a momomororo crenudiuHEX XIMIYHHUX
peareHTiB. bynmo moka3aHO BIpOTiJiHE 3HWKEH-
HsI aKTHUBHOCTI O-TaJlaKTO3WAa3u B IPUCYTHOCTI
KapOoIiiMiTiB, TIETHIITIpOKapOOHATY, peareHTiB Ha
cynbrigpmibHi rpynu. Binmiverno YO-iHmykoBaHe
3HWKEHHsSI aKTHBHOCTI €H3UMY B Jiala3oHi J03
900-7200 [Ix/m>. Ha OCHOBI Omep)KaHUX TaHHX
repe0avacThCsl BXKINBA POIb 1Miga30JIbHOI TPY-
A TICTUANHY, KapOOKCHIBHOI Tpynu C-KiHIIEBUX
aMiHOKMCJIOT, a Takok SH-rpynu wnucreiny

y TpOSBIEHHI aKTHUBHOCTI  O-TaJIaKTO3H/Ia3U
P. canescens.
Kamo4yoBi cJIoBa: O-raJlakTo3uaasa,

Penicillium canescens, Y®-onpoMiHEeHHs, XiMIUHa
1HAKTHUBAIli.
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BJAUSHUE XUMHNYECKUX
PEATEHTOB U YO-OBJIYUYEHUS HA
AKTUBHOCTD o-TAJIAKTO3UJA3bI
Penicillium canescens

H. B. bopsosa, JI. /[. Bapbaney

[HCTUTYT MEUKPOOHOIOTHH U BUPYCOJIOTHH
M. JI. K. 3abonotHOrO
HAH Vkpaunsi, Kues;
e-mail: nv_borzova@bigmir.net

HccrienoBanus BIMSHUS XUMHYCCKUX U (PH-
3MYEeCKUX (aKTOPOB Ha KOH(OPMAITMOHHO-(PYHK-
LIMOHAJIbHBIC CBOMCTBA SH3MMOB BHOCAT BECOMBII
BKJIQJ] B H3yYCHHEC MEXaHW3Ma JEHCTBHS IIPO-
MBINIUIEHHO Ba)KHBIX MPOTEWHOB. Llenmbio paboTh
OBLJIO OICHUTH BO3JICHCTBHE XMMHUYECKUX pearcH-
ToB U Y®-00ydeHHsI HAa KaTaJTUTHYECKHE CBOK-
CcTBa o-rajakrosugassl Penicillium canescens.
AKTHBHOCTh DJH3WMa ONPENCISUIA C TIOMOIIBIO
n-auTpodeHmn-o-D-ranakronupanosuna. Hccie-
JIOBaHMST (PYHKI[MOHAJILHO AKTHBHBIX TPYII IJIH-
KO3W/1a3bl TIPOBOJIMIIA HAa OCHOBE WHTHOWTOPHOTO
U KMHETHYECKOr0 aHajdu3a MeTonamu JukcoHa u
JlyitnynBepa-bepka ¢ moMoOmbIO CriernUIecKux
XUMHUYECKUX peareHToB. llokazaHo AocTOBEpHOE
CHIKEHUE aKTUBHOCTH (-TAJIAKTO3UIA3bI B IIPUCYT-
CTBUU KapOOJUUMHUJIOB, TUATHUINUPOKApOOHATa,
peareHTOB Ha CylIb(TrUApUiIbHbIC Tpymibl. OTMe-
yeHo Y®-UHAYIUPOBAHHOE CHU)KEHUE aKTUBHOCTHU
sH3MMa B nranasone 103 900-7200 Ix/m?. Ha ocHo-
BAHUU MOJTYUYSHHBIX TAHHBIX MOYKHO ITPEATIONOXKHUTh
Ba)XXHYIO POJIb UMUJIA30JIbHON IPyNIbI TUCTUINHA,
KapOOKCUITBHBIX TPy C-KOHIIEBBIX aMUHOKHUCIIOT,
a takxke SH-rpynnel mucTenHa B NPOSIBJICHUU aK-
TUBHOCTH O-TaJaKTO3UAA3Hl P. canescens.

KnioueBrle cmoBa: o-raJakTo3uaasa,
Penicillium canescens, Y®-obmydeHne, XuUMuIe-
CKas HHAKTUBAIH.
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