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The metal-buffering and stress proteins metallothioneins (MT5) of frog are characterised by unusually
high content of copper as for vertebrate animals and instability that was shown in our previous studies. They
easily lost copper and especially zinc under unfavourable conditions. The aim of this study was to examine the
reactivity of SH groups in the M Ts from the liver of frog Rana ridibunda after the effect of Cu?* (0.01 mg/l) and
Zn?* (0.1 mg/l) ions on the organism during 14 days. The o- and p-domains of MTs with molecular weights of
about 4 kDa were separated by the size-exclusion chromatography on Sephadex G-50. Unlike higher vertebrates,
frogs demonstrated higher reactivity of a-domain than B-domain with the Ellman’s reagent (DTNB). The signs
of partial oxidations in B-domain included the creation of by-products with molecular weight about 12 kDa, low
reactivity of SH-groups, and typical of -S-S-bonds peculiarities of UV-spectra. The effect of both metal ions
on frog provoked the elevation of SH-groups reactivity in a-domain with the appearance of by-product with
molecular weight of 16 kDa and its reduction in p-domain. The incubation of MTs of control animals with 0.5
and 5.0 mM of H,0, did not affect its chromatographic characteristics. In the frogs loaded by Cu** and Zn** the
effect of 5.0 mM H,0, on MTs provoked the release of 4 kDa product. So the a-domain is responsible for the
increased release of metals from injured MTs in frogs, whereas extremely high oxidizability of p-domain makes

its participation in the exchange of metals elusive and provokes the aggregation of MTs.

Key wovrds: copper, zinc, metallothionein, oxidation, frog, Rana ridibunda.

etallothioneins (MTs) are thermosta-
M ble, highly inducible rich in SH-groups

intracellular proteins with conservative
cysteine number and position. They are considered
to participate in the storage and detoxification of
such metals as zinc (Zn), copper (Cu), and cadmi-
um (Cd), and in the scavenging of reactive oxygen
species in a wide range of living organisms [1]. The
vertebrate MTs are composed of two globular do-
mains [2]. The N-terminal right-handed p-domain
binds three bivalent metal ions (usually Zn(II) or
Cd(1I)) and the C-terminal right-handed a-do-
main binds four bivalent metal ions. Each domain
can also bind six monovalent ions, usually Cu(I).
In heterometallic MTs, Cd and Zn are preferen-
tially located in the a-domain, and Cu(I)-binding
is more intrinsic to the p-domain [3]. It is conside-
red that different behaviours of MTs in various
species of vertebrate animals are linked to their
domain structure specificity and interaction bet-
ween the two domains. For example, higher Zn
mobility was demonstrated rather in MTs of fish
than of mouse [4].

Only a few studies have been devoted to the
MTs in amphibians [5—8]. They reflected an unu-
sually high as for vertebrate animals rate of cop-
per in their composition, a high variability of the
chromatographic forms of MTs, especially in the
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animals from polluted area, and a tendency to crea-
te insoluble aggregates. The weakness of the MTs
ability to bind copper and especially zinc under
the effect of ecologically realistic natural pollution
or under the exposure to the thiocarbamate fun-
gicide was demonstrated [7]. Therefore, the aim
of this study was to clarify these peculiarities by
examining the MTs reactivity in frogs loaded by
the ions of Cu?" or Zn?*.

Materials and Methods

Sampling and laboratory setup

The individuals of frog Rana ridibunda were
collected in July at the forestry site near the river-
head of the Seret (Ternopil region). Any sources
of industrial pollution and big farms are absent in
surrounding. The individuals were transported to
the laboratory in the cages with native water, kept
in 40 I plastic containers (8 animals per container)
and fed with commercial sticks “Turtle menu”
(Akvarius). Experiments were performed with per-
mission of the Ministry of Environment Protection
of Ukraine, No. 292/2007. One group was control
and two other treated by 0.01 mg Cu** (CuSO,)/1
or 0.1 mg Zn*" (ZnSO,)/1, correspondingly. The
used concentrations corresponded to situations of
field pollution in the area [9]. Water was renewed
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every two days. The remaining food was always
cleaned out. Animals were anesthetized with ether
and sacrificed after 14 days of exposure. The liver
was dissected out. Each procedure of tissue analysis
was carried out at a temperature of about 4 °C.

Chemicals
5,5-Dithio-bis(2-nitrobenzoic acid) (DTNB),
B-mercaptoethanol, EDTA, chymotrypsinogen,

cytochrome ¢, insulin chain B oxidized, myoglo-
bin, Sephadex G-50 superfine, Sephadex G-25,
subtilisin and trypsin inhibitor were purchased
from Sigma. All other chemicals were of analytical
grade.

Metallothioneins and their
separate domains isolation

MTs were obtained as thermostable proteins
by size-exclusion chromatography on Sephadex
G-50 [10]. Tissue samples from five individuals of
the group were pooled in aliquot quality (total mass
1 g) and homogenized in ice-cold 10 mM Tris-HCI
buffer, pH 8.0, containing 10 mM 2-mercaptoetha-
nol. The obtained 5% homogenate was centrifuged
at 10 000 g for 45 min at 4 °C. The supernatant
was incubated under the 85 °C for 5 min and sub-
sequently centrifuged at 10 000 g for 45 min at
4 °C. The obtained thermostable supernatant was
applied to the MTs purification. The chromato-
graphy on Sephadex G-50 column (1.5 x 80 cm)
was carried out in the same buffer at a flow rate
0.33 ml-min”'. Fractions (5 ml) were collected
and analyzed for absorbance at 280 and 254 nm.
Column calibration was achieved by applying a
mixture of the next standards: chymotrypsinogen
(25.8 kDa), myoglobin (17.0 kDa), cytohrome c
(12.3 kDa), trypsin inhibitor (8.4 kDa), insulin
chain B oxidized (3.5 kDa). The fractions of peak
with high absorbance at 254 nm were pooled (total
10 ml) for the ultraviolet (UV) absorption spec-
tra. MTs-containing fraction was identified based
upon peculiar spectral features (comparatively high
density ratio D,,,/D, ), thermostability, and low
molecular weight [1,2.4].

The a-domain (Cd-saturated form) was pre-
pared by using the Winge and Miklossy procedure
[11]. MTs-containing fraction reacted with 4.5 M
CdCl, and a slight excess of EDTA under argon
(Ar) atmosphere at room temperature. The 10 mM
Tris-HCI buffer, pH 8.0 was used throughout the
isolation process. After 1.5 h of incubation, subtili-
sin was added to the solution in a 20 : 1 protein to
enzyme ratio, and the mixture was incubated for
18 h under Ar atmosphere at 37 °C. A precalibrated
Sephadex G-50 column (1.5 cm x 50 cm) was used
to separate the domain from other smaller diges-
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tion fragments and from the EDTA complexes of
metal ions. To locate the o-Cd-domain, the frac-
tions were analysed for UV spectra at 250 nm.

The B-domain (Cu-saturated form) was pre-
pared according to the method described by Niel-
son and Winge [12]. Firstly, apothionein was ob-
tained by MT incubation at pH 3.0 followed by
Sephadex G-25 chromatography in 0.05 M HCI to
isolate the protein. The verification of apothionein
location was performed by UV absorption at
220 nm. In order to avoid oxidation of apothionein
or the Cu(l)-containing product below, 5.0 mM
B-mercaptoethanol was added to the apothionein
and anaerobic conditions were used. Upon neu-
tralization of the protein solution with solid Tris, it
reacted with 6 equivalents of 0.6% CuCl in 0.1 M
HCI deaerated solution containing 4% NaCl. Af-
ter 1.5 h, subtilisin was added to the solution in a
20 : 1 protein to enzyme ratio, and the mixture was
incubated for 18 h under Ar atmosphere at 37 °C.
B-domain was isolated after chromatography over
Sephadex G-50.

To quantify apoMT concentrations, the UV
absorbance at 220 nm and pH 2, where the me-
tals are completely removed, was used. Under
these conditions the molar absorption coefficient
is 48000 M-".cm!'. To quantify MTs and their sepa-
rate domains concentrations, the UV absorban-
ce at 220 nm and pH 7.4 was used. Under these
conditions the molar absorption coefficients are
for hole MTs — 159000 M-.cm™!, a-Cd-domain —
78900 M-.cm™ and p-Cu-domain — 69100 M-'.cm-!
[13,14]. All MTs chemical analyses were carried
out in triplicate.

Thiol reactivity of the separated domains

The thiol reactivity of the separated domains
was assayed spectrophotometrically at 412 nm
and 25 °C with Ellman’s reagent DTNB [5.5-
dithiobis(2-nitrobenzoic acid)] over time against
an equivalent amount of DTNB as reference, us-
ing the procedure described by Jiang et al. [14]
with slight modifications (10 mM Tris-HCI buffer,
pH 8.0) for the optimization of the reactivity of
DTNB. Reactions were carried out under pseudo-
first-order conditions ([DTNB] >> [SH-MT]) in
10 mM Tris-HCI buffer with 0.1 M KCI at pH
8.0. DTNB concentrations ranged from 0.25 to
6.0 mM, and domains concentrations were kept
constant at 16 uM. Pseudo-first-order plots were
obtained by plotting Ln [(D_ - D] vs DTNB con-
centration.

To determine the effects of the exposure of
MTs to H,O,, the incubation system consisted of

MTs (48 uM) in 10 mM Tris-HCI buffer pH 8.0

ISSN 0201 — §470. Ykp. bioxim. ucypn., 2010, m. 82, No 3



H. I. FALFUSHYNSKA, L. D. ROMANCHUK, O. B. STOLIAR

and H,0,, to a final concentration of 0.5 mM or to
5 mM [15]. After 60 min treatment the incubation
system was chromatographed on Sephadex G-50
column at the same condition for MTs isolation.

Statistical analysis

MTs chemical analysis was carried out in
triplicate on the joint from five animal aliquots.
The UV-spectra were expressed in relative units as
the ratio (D, — D )/D_, where D, and D_, density
of compared samples at the same wavelength. For
detection of correlation between spectra expressed
in relative units, the Pearson’s correlation test was
performed at a 0.05 level of significance.All statis-
tical calculations were performed on the separate
data with SPSS 15.0 software, Statistica v 7.0 and
Excel for Windows-2000.

Results and Discussion

Gel-filtration of a thermostable solution from
the liver of frogs revealed two protein fractions
(Fig. 14). A low molecular weight fraction, which
had an apparent molecular weight of 8 kDa, was
identified as the MTs-containing fraction based
upon its spectral features (comparatively high den-
sity ratio D,,, /D, 4.2 against 1.5 for the high
molecular weight fraction), thermostability, and
molecular weight [16]. Running this fraction on
anion-exchange chromatography gave two peaks
(MT-1 and MT-2) [17], similar to that of the
standard MTII from rabbit liver, confirming this
identification. The UV spectrum of MTs demon-
strated a high level of absorption in the area of
245-255 nm (Fig. 2,A), indicating the presence of
characteristic metals-thiolate clusters [16]. The ef-
fect of Cu?* or Zn?* on frogs did not provoke any
changes in the elution of the thermostable proteins
but caused a shift in the absorbance maximum in
the UV spectra of MTs, specific for each kind of
ions (absence of the correlation between spectra,
r=0.05, p > 0.05).

Incubation of Cd-enriched MTs with EDTA
and subtilisin produced a-domain, whilst the prefe-
rential binding of Cu(I) to the B domain of the
apothionein and the tolerance toward proteolysis
of the Cu(I) bound domain permit the isolation of
B-domain [12]. The eluted a- and p-domains had
the molecular weights of about 4 kDa (Fig. 1,B;
1,C). In the case of p-domain, chromatography of
the proteolytic sample yielded an additional peak
with the molecular weight about 12 kDa. The max-
imum absorption of a- and p-domains in the UV
spectra was about 245-255 nm and 260-270 nm, re-
spectively, with the absence of correlation between
them (r = 0.04, p > 0.05). The by-product with
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molecular weight 12 kDa had the peak as a broader
shoulder in the middle UV (Fig. 2,B; 2,C).

In frogs exposed to Zn?" and Cu?*, separated
domains demonstrated different ability to create
by-products as compared to control frogs. The
a-domain was accompanied by the product with
molecular weight about 16 kDa after both kinds
of exposure. On the other hand, B-domain lost
the ability to create additional form, especially af-
ter the effect of Zn?". In the spectra of 16 kDa,
12 kDa by-products and p-domain after exposure,
the typical of MTs hyperchromic effect in the mid-
dle of the UV spectrum was not indicated.

To study the sensibility of the thiols to oxi-
dation, we treated MTs with the model oxidant,
H,O,. In the case of control frogs, this treatment
did not reveal any changes in the elution profile of
MTs (Fig. 3). In the frogs, affected by Zn?* and
Cu*, the treatment of MTs with higher H,0, con-
centration (5.0 mM) led to the disappearance of
MTs with molecular weight of 8 kDa and appearan-
ce of 4 kDa- and 16 kDa-forms. The UV spec-
tra of all forms obtained under the effect of H,O,
had the typical peak at the middle UV with the
exception of 16 kDa form (Fig. 4). The UV-spec-
trum of 4 kDa product in the frogs loaded by Zn?*
was similar to spectrum of a-domain (r = 0.64, at
r(0.95, 23)=0.42) and differed from the spectrum
of p-domain (r = - 0.59).

In order to characterize the reactivity of the
cysteinyl groups in separate domains, we studied
their reactions with a disulfide (DTNB). The reac-
tion with excess DTNB was complete within 120 s
and was biphasic with some exceptions (Fig. 5, Tab-
le). For the a-domain, a fast reaction phase was
exhibited first, followed by a slow reaction phase.
For the B-domain and 12 kDa form, the slow step
occurred first. The observed rate constants were
clearly DTNB dependent (Table). The order of ki-
netic constants for the first phase was a-domain
> 12 kDa-by-product> B-domain and for the
second phase B-domain = 12 kDa by-product
> o-domain.

The exposure of frogs to Zn>" and Cu?* did
not change the specificity of the first phase in the
reaction of o- and B-domains or high molecular
weight by-products with DTNB. However, the
treatment led to changes in the rates of DTNB
reactions. In the a-domain, the reactivity of thiol
groups was enhanced. In contrast, the thiol groups
of B-domain and 12 kDa by-product lost their re-
activity and the dependence on the DTNB con-
centration of the second phase of the reaction. Low
weight products (4 kDa) obtained after the effect of
5.0 mM of H,O, on MTs of treated frogs had high
reaction rate with DTNB and different dependence
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Fig. 1. The elution profiles on Sephadex G-50 of the thermostable extract (A), separated a- (B) and p- (C)
domains of the metallothioneins from the liver of frogs affected by copper and zinc ions. In this and other Fig.:
arrows highlight the elution volume of markers: 25.8 kDa, 17.0 kDa, 12.3 kDa, 8.4 kDa, 3.5 kDa; C, con-
trol, Cu, Zn, effect of Cu’* and Zn** on the frog correspondingly; Ve, elution volume; Vo, void volume of the

column

on the DTNB concentration for the frogs treated
by Zn?** and Cu?*.

Despite the universality of the metal-buffering
function of MTs in animals, its peculiarities in dif-
ferent organisms should be noted [4]. Our previous
studies reflected that frogs exhibit copper levels in
the liver, some 5 to 50 times above those found in
other vertebrate species (fishes, mammalian) [9].
Consequently, MTs in frog liver bind only a lit-
tle part of this amount (about 1-3%) and do not
play an important role in the buffering of copper
despite high rate of copper : zinc in their composi-
tion [17]. This ability to withstand a high level of
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unbound copper was expected to be reflected by
MTs reactivity.

In our study, the intrinsic for vertebrate ani-
mals presence of both a- and B-domain in MTs
was demonstrated for frog by the well recognized
methods [12,18]. The successful binding of the
appropriate ions in the metal-saturated domain
against apothionein was confirmed by their UV-
spectra in which typical Cd-MT and Cu(I)-MT
maximums [19] were indicated.

MTs react with DTNB to release 5-thio-2-
nitrobenzoate and metal ions. It was shown that
only the simply coordinated cysteinyl groups in
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Fig. 2. UV-spectra of the metallothioneins of frog (A), their separated o-domain (B) and p-domain (C) in the
liver of control animals and after the loading by Cu?* and Zn**

MTs reacted fast with DTNB, whilst slow phase of
the reaction corresponded to the reactions of the
bridging cysteine thiolate ions [13]. Therefore, it
was assumed that the tightly binding of metal ions
in the thiolate cluster decreased the reactivity of
SH-groups. Studies on individual B- or a-domains
of mammalian MTs indicate that the Zn—thiolate
cluster in the a-domain have a lower reactivity of
thiolate groups than that in the B-domain due to
higher stability [20]. Zangger et al. [21] have found
that the exposure of MTs of rat to nitric oxide
leads to a selective release of all three metals from
the B-domain while leaving the four metals in the
a-domain untouched. At the same time, the en-
hanced oxidation of Cu(I)-containing MTs even
in the presence of B-mercaptoethanol and the ina-
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bility of the Cu(l)-bound B-domain to react with
DTNB is also known [18,22]. Therefore, in the
case of MTs of frog, the likely reason for lesser
reactivity of p-domain compared to a-domain is
high susceptibility of its SH-groups to oxidation.
The creation of by-product with M 12 kDa also
seems to be the consequence of partial oxidizing
due to the spectral features of -S-S- bonds and
low SH-reactivity in this form. The evidence for
the oligomerization or aggregation of MTs that is
a feature of partly its oxidation in in vitro and in
vivo metal binding situations was reported for ver-
tebrates [22,23]. The studies devoted to amphibian
MTs indicate especially wide variability of the
numbers of their chromatographic forms and the
tendency of MTs to create high molecular weight
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the liver under the treatment by hydrogen peroxide in control (A) and after the effect of Cu’* (B) and Zn** (C)

on frogs. TE — thermostable extract

forms and insoluble aggregates [6,10,17], even if the
isolation of MTs was performed with the necessary
adjustments needed to avoid their oxidation [18].

In the loaded frogs the susceptibility to the
oxidation of both separate domains was enhanced,
preserving the comparative difference in the reac-
tivity between two domains. However, that was re-
vealed differently for two domains: in B-domain as
a loss of the specific spectral features, SH-groups
reactivity and ability to create by-products, and in
a-domain the oxidative damage provoked the ele-
vation of the SH-groups reactivity and the abili-
ty to create specific for this domain by-products.
This regularity can explain why the reduction of
the metal binding ability of MTs in frog that was
reflected in the unfavorable conditions of being
[7,17] is connected mostly to Zn?" and less to Cu?*.
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Indeed, a-domain is the main source of releasing
Zn** in the injured MTs of frog and its functional
state can determine the distribution of zinc between
MTs and other cellular targets. On the other hand,
the release of copper from the p-domain cannot
change the distribution of copper within the cells
of the frog liver prominently. So the dependence
on the high levels of copper in the tissue and in
MTs in the frog liver makes these MTs sensitive to
the oxidation and unable to tightly bind metals.
The comparison of the effect of Zn?* and Cu?*
indicates a more prominent oxidative consequence
of Zn?** than Cu?*. The utilization of a standard
oxidant, H,O,, revealed weakness in the linka-
ge between domains of treated frogs by releasing
products that had especially high reactivity of SH-
groups and creating of 16 kDa by-product in the
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case of frogs treated by Zn?'. This fact is con-
firmed by our results of the study of Zn?>* and Cu?*
effects in frogs [24]. It was shown that both effects
caused the increase of the MTs content (especially
Cu?") and inhibition of the Mn- and Cu,Zn-super-
oxide dismutase and catalase activities in the liver
of frog. However, only Zn?* provoked the oxidative
damage: increase of the superoxide anion forma-
tion and lipid peroxidation and also the inhibition
of the cholinesterase activity

Taken together, the results of determining re-
activity of domains and their UV-spectra provide
a strong argument in favour of the merely seeming
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stability of the frog MTs even under low, environ-
mentally acceptable concentrations of pollution.
The faults specific to each domain were demon-
strated in the frogs treated with Cu?* or, especially,
Zn** jons and was better revealed under the at-
tendant circumstances (oxidative damage, caused
by H,0,). They seem to be crucial for interaction
with other molecules, metal transfer and redox po-
tentials in the loaded animals. The oxidative stress
may significantly reinforce the injury of MTs pro-
voked by heavy metals and especially affect the
distribution of zinc in the cell, whilst extremely
high oxidizability of p-domain in frog MTs and
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Rates constants (K) of two-phased (I and 1) reaction with DTNB for metallothioneins (MT), their separated
domains (o and B) and by-products in frog treated by Cu?* and Zn’**, (s-1 M-1)

Metallothionein form | K(I) | K(IT)
a-domain 1.3218[DTNB] + 0.6918 0.1704{ DTNB] + 2.4941
a-domain, Cu?* 3.3703[DTNB] + 2.4909 0.2824[DTNB] + 7.3361
a-16 kDa-by-product, Cu?* 3.2693[DTNB] + 2.1922 0.2942[DTNB] + 7.012
a-domain, Zn?* 3.3314[DTNB] + 2.3984 0.4987[DTNB] + 6.9762
a-16 kDa-by-product, Zn?>* 0.9959[DTNB] + 1.0576 1.8367[DTNB] — 1.115
B-domain 0.8176[DTNB] + 0.2335 0.7674[DTNB] + 1.0878
B-12k Da-by-product 0.6135[DTNB] + 0.7219 0.7804[DTNB] + 0.9653
B-domain, Cu2* 0.3942[DTNB] + 0.0992 0.0276[DTNB] + 0.7161
B-12 kDa-by-product, Cu?* 1.3659[DTNB] + 0.8905 0.2528[ DTNB] + 2.9861
p-domain, Zn?* 0.2122[DTNB] + 0.3021 0.043[DTNB] + 0.8919
MT, 0.5 mM “0” 0.5684[DTNB] + 0.253 0.5136[DTNB] + 0.1744
MT, 5.0 mM “0” 0.3979[DTNB] + 0.2733 0.403[DTNB] + 0.7868
MT, 0.5 mM ”0”, Zn2* 4.0041[DTNB] + 0.6509 0.2639[DTNB] + 6.7258
MT, 0.5 mM “0”, Cu2* 3.3078[DTNB] + 2.3043 0.2892[DTNB] + 7.1957
4 kDa product, 5.0 mM”0”, Zn?* 3.1278] DTNB] + 1.3528 0.321[DTNB] + 5.9264
4 kDa product, 5.0 mM “O”, Cu?* 0.9807[DTNB] + 3.6382 0.3444[DTNB] + 4.7865

Footnote. Cu?*, Zn, effect of Cu?>* and Zn?* ions on the frog correspondingly; “O”, the treatment of metallothioneins
by hydrogen peroxide
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——®— 4 kDa products, Cu, ‘O’ ——&— 4 kDa products, Zn, ‘O’

Fig. 5. The plot of absorbance Ln (D - D) at 412 nm vs. concentration of the DTNB for the reaction with
a-domain (A), p-domain (B), their by-products and forms obtained under the effect of H,0, (“O”) on MTs
(in both figures). The concentration of each MTs form was 16.5 uM (in 10 mM Tris—HCI buffer, pH 8.0 with
100 mM KCl at 25 °C)
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PEAKTUBHICTb METAJIOTIOHEIHIB
KABMU Rana ridibunda 3A BIIJIUBY
IOHIB MIJII TA IIMHKY

I. 1. Qanrvpymuncora, J. /. Pomanuyk,
0. b. Cmoasp

TepHoninbCcbKMii HalliOHAJNIBHUIA TIeAAroriyHUi
yHiBepcuteT iMeHi Bomogumupa I'Hatioka, YkpaiHa;
e-mail: Oksana.Stolyar@gmail.com

MeTanaernonyodi Ta CTPECOpPHi OiIKM Me-
tanorioHeiHu (MT) xxabu xapakTepusyrTbCsl He-
3BMYAHO BHUCOKUM, SIK JJISI XpeOETHUX TBapuH,
BMICTOM MiJi Ta BUSBJISIOTh HECTAOIJIBLHICTD, 1O
OyJI0 BCTAHOBJIEHO B HallIMX TOIMepeaHiX podoTax.
3a HecnpUsSTIMBUX YMOB BOHM JIETKO BTpavyaroThb
i ioHu, nepeayciM HUHKY. MeTol0 LIbOro JOCTi-
JIKeHHsI OyJIo BUBUYMUTU peakTUBHicTh SH-rpym B
MT mrewinkm xxabu Rana ridibunda nicng aii Cu?*
(0,01 mr/m) ta Zn** (0,1 mr/m) Ha ixHili opraHi3Mm
npotsirom 14 7ai6. IIasixoM reab-po3MnofiJbHOL
xpoMmarorpadii Ha cedanekci G-50 Oyno Bumine-
HO a- Ta B-goMeHU MT 3 MOJEKYJSIPHOIO Macolo
oam3bko 4 xJa. B peakuii 3 peaktuBoM Ennmana
(ATHB), Ha BiaMiHY Bia BUILUX XpeOETHUX, Y XKad
OyJ10 BCTAHOBJICHO BUIIY PEAKTUBHICTb 0-IOMEHY,
HiX B-moMeHy. [Tpo yacTKoBe OKMCIEHHS B-A0Me-
HY CBilUMTh YTBOPEHHSI 0AATKOBOIO MPOAYKTY 3
MOJIEKYJISIPHOIO Macor 0am3bko 12 k/la, HU3bKa
peakTuBHicTbL SH-rpyn ta Tunosi ajst S-S-3B’13KiB
ocobmmBocTi YD-crekTpa. [isg 060x ioHiB MeTariB
Ha a0 3yMOBJIIO€ 30iJbllIeHHS peaKTUuBHOCTI SH-
rpyn B 0-JOMEHi 3 MOSIBOIO JOJATKOBOI'O MIPOAYKTY
3 M 16 x/la Ta ii 3MeHIIIeHHS B B-IOoMeHi. IHKy06a-
it MT xonTponsHux TBapuH 3 0,5 a6o 5,0 MM
H,O, He 3miHIO€ iXHi XpoMarorpadiyHi xapakre-
puctnku. 3a mii Ha ka6 Cu?' ta Zn?>' iHKyOalis
MT 3 5,0 MM H,O, npusBoauth 10 BUBiJIbHEHHS
npoaykry 3 M 4 xJla. Otxe, y ka6 a-gomeH MT
BiANOBiZa€ 3a 30iJblLIEHHS BUBIJBHEHHS I1OHIB
MeTaJliB 3 YLIKOAXEHOI MOJIEKYJIU, TOAi SIK JyXe
BUCOKA OKMCJIIOBajJibHAa 3[JaTHICTb B-AOMEHY pPO-
OUTH MOro y4yacThb B OOMiHi MeTajiB HEMOMITHOIO
Ta 3yMOBJIt0O€ arperatito MT.

KniouyoBi cinoBa: Mmigb, LIMHK, MeTa-
JIOTiIOHEIH, OKUCJIeHHs, xka0a, Rana ridibunda.
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PEAKTUBHOCTbD
METAJJIOTUOHENHOB JIATYIIKA
Rana ridibunda TIOJ, BO3JIEICTBUEM
MOHOB MEAN U IIUHKA

I U. @anvhywuncxas, JI. JI. Pomanuyx,
0. b. Cmoasp

TepHonoNbCKMIA HAMOHAJBHBIN MeJArOrMYecKui
yHUBepcuTeT uMeHu Bramumupa ['HaTioka, YKpauHa;
e-mail: Oksana.Stolyar@gmail.com

MeTtaii-1enoHupyommre U CTPECCOPHbIE
O0enku MeTtaiagoTruoHeuHbl (MT) ngrymku xa-
paKTEpU3YIOTCS HEOObIYHO BBICOKUM, Kak ISl
MO3BOHOYHBIX XXWBOTHBIX, COAEpKaHUEM Meau
U MPOSIBJSIIOT HECTaOUIBHOCTb, YTO OBLIO ycTa-
HOBJICHO B HallUX Npeawiaymux paborax. B He-
OJIarONpUSITHBIX YCJIOBUSIX OHU JIETKO TEPSIOT
MOHBI Menu M, mpexjae Bcero, nuHka. Lleabto
JIAHHOTO HCCJEeI0BaHUS ObLIO M3YYUTh peakTHB-
HocTb SH-rpynn B MT nedenm asiryumiku Rana
ridibunda nocie Bo3metictusg Cu?* (0,01 mr/n) u
Zn** (0,1 MT/) HAa X OPTaHU3M Ha MPOTIKECHUU
14 cytok. B pesynbrare rejib-pacnpeaeauTesbHON
xpomaTtorpadun Ha cedanekce G-50 ObLIO BbIAE-
JIEHO o~ 1 B-noMeHbl MT ¢ MoJieKyasipHOI Maccoit
okoio 4 xJla. B peakuuu ¢ peaktuBoMm Enxnmana
(ATHB), B omiMuyue OT BBICIIMX TMO3BOHOYHBIX,
y Jsiryuiek Oblja yCTaHOBJEHa 00Jiee BbICOKAs
PEaKTUBHOCTb a-IOMEHA, 4eM [B-momeHa. O yac-
TUYHOM OKMCJIEHUU P-IOMEHa CBUIAETEIbCTBYET
00pa3oBaHKe JOMOJHUTEIBHOTO MPOAYKTa C MO-
JIEKYJISIPHOM Maccoit okojio 12 x/la, Hu3Kast peak-
TUBHOCTH SH-Ipynm u Tunu4HbIie 1s S-S-cBs3eit
ocobeHHOCcTH Y®-criekTpa. [lelicTBre 000MX MO-
HOB ME€TaJIJIOB Ha JISITYLIIEK BbI3bIBAET yBEJIMUECHUE
peakTuBHOCTU SH-rpynn B o-IOMeHe C MOSIBJe-
HUEM [IOMNOJHUTEIbHOrO mpoaykra ¢ M 16 k]la
U ee yMeHblleHUe B B-nomeHe. MHkybauus MT
KOHTPOJIbHBIX XMBOTHBIX ¢ 0,5 naun 5,0 MM H,0,
He M3MEHSIeT UX XpomaTorpaduueckue XapakTe-
puctuku. [lpm geiicTBumM Ha nsgryirek noHoB Cu?t
n Zn** uuky6auusa MT ¢ 5,0 MM H,O, npusonut
K BBICBOOOXAeHUIO TipoayKTa ¢ M 4 x/la. Takum
oOpasom, y nagryuek o-momeH MT orBeuaer 3a
YBEJIMUYEHUE BbICBOOOXAEHUSI MOHOB METAJJIOB
U3 MOBPEXJEHHOW MOJIEKYJIbI, TOrJa KakK OYeHb
BbICOKAsl OKMCJIUTEbHAsI CIIOCOOHOCTh B-A0MEHa
JIeIaeT ero yyactue B OOMEHe METAJIJIOB HECYILIECT-
BEHHbIM U 00ycyioB/MBaeT arperauuio MT.

KnmouyeBbie
TaJJIOTUOHEWH,
ridibunda.

clioBa: Medb, LMHK, Me-
OKHCJIEHME, JIsITyliKa, Rana
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