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Structural changes in metallothionein
isoforms revealed by capillary
electrophoresis and Brdicka reaction

Metallothionein (MT) as a potential cancer marker is at the center of interest and its

properties, functions and behavior under various conditions is intensively studied. In the

present study, two major mammalian MT isoforms (MT-1 and MT-2) were separated

using capillary electrophoresis (CE) coupled with UV detector in order to describe their

basic behavior. Under the optimized conditions, the separation of both isoforms was

enabled as well as estimation of detection limits as subunits and units of ng per mL for

MT-2 and MT-1, respectively. Further, the effects of thermal treatment and the presence

of denaturing agent such as urea on MT-1 and MT-2 isoforms were studied by CE-UV.

Thermal treatment caused an increase in the signals of both isoforms. A new parameter

called precipitation rate has been defined based on this finding. This parameter can be

expressed as a slope of the linear regression of the time dependency curve recalculated on

the MT concentration. The thermal precipitation rate for MT-1 and MT-2 was determined

as 1.1 and 0.9 ng of MT/min, respectively. The chemical precipitation rate calculated

from the linear regression for both isoforms provided the same value of 0.25 ng of MT/

min. The results were confirmed by manual spectrometric measurements and by

differential pulse voltammetry Brdicka reaction. Based on these results, a model of MT

behavior under the conditions studied was suggested.
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1 Introduction

Metallothioneins (MTs) are a group of small molecular mass

proteins (6–10 kDa) rich in amino acid cysteine [1–3]. Four

mammalian MT isoforms (MT-1, MT-2, MT-3 and MT-4)

and 13 MT-like human proteins have been identified. MT-1

and MT-2 are present almost in all types of soft tissues [4],

MT-3 is expressed mostly in brain tissue but also in the

heart, kidneys, and reproductive organs [5] and MT-4 gene

was detected in epithelial cells [6]. MT ensures a wide range

of functions in the organism including metal homeostasis,

heavy metal detoxification, maintenance of the redox pool,

radical scavenging and/or regulation of transcription [7–9].

Based on the fact that tumor cell alter many biochemical

pathways including those responsible for maintaining of

metal ions, it is not surprising that these proteins attract

scientists as potential tumor disease marker on one side and

as targets for certain treatment strategies on the other side

[10–13]. However, roles of MT isoforms in these pathologi-

cal processes remain still unclear. Therefore, investigation

of properties and behavior of these proteins – total

quantification as well as detection of single isoforms under

various conditions – is of great importance [14–17].

To study MT, there have been suggested numerous

methods and techniques based on various physico-chemical

mechanisms [18, 19]. There are both advantages and

disadvantages in each method, but one of them belongs to

those few enabling to separate single MT isoforms and to

detect them sensitively – CE [20–24]. In the work of Kawata

et al. [25] also the diagnostic potential of MT isoforms was

discussed. The detection of the protein is commonly carried

out with UV detector at 214 or 254 nm; however, there is a

limitation since concentrations of MT are commonly app.

1 mg/mL due to poor absorption characteristics of these

proteins. Mass spectrometers including those connected

with inductively coupled plasma ionization can be also used

for detection of MT [26–28].

In this study, two major isoforms were separated using

CE coupled with UV detector in order to describe their basic

behavior. Further, the influence of thermal treatment and

the presence of denaturing agent such as urea on MT-1 and

MT-2 isoforms were studied by CE-UV. The results obtained
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were compared with those measured by differential pulse

voltammetry Brdicka reaction [29–31] and UV spectrometry

and new constant of precipitation was defined.

2 Materials and methods

2.1 Chemicals

Rabbit liver MT isoforms (MT-1, MT-2) sodium borate and

urea were purchased from Sigma-Aldrich (USA) in ACS

quality. Other chemicals used were also purchased from

Sigma-Aldrich unless stated otherwise. The stock standard

solutions of MT (1 mg/mL) was prepared with ACS water

and stored in the dark at �201C. Working standard solutions

were prepared daily by dilution of the stock solutions with

ACS water. All other solutions used were prepared in

MiliQwater. Deionized water underwent demineralization

by reverse osmosis using the instrument Aqua Osmotic 02

(Aqua Osmotic, Tisnov, Czech Republic) and then subse-

quently purified using Millipore RG (Millipore Corp., USA,

18 MO) – MiliQ water. The pH value and conductivity was

measured using inoLab Level 3 (Wissenschaftlich-Technische

Werkstätten GmbH; Weilheim, Germany).

For chemical denaturation, 0.1 mg/mL MT was prepared

in 7.5 M urea and time dependency was measured by DPV

and CE. Thermal denaturation was carried out in the ther-

momixer (Eppendorf Thermomixer Comfort, USA). The

sample was heated for 991C for 20 min if not stated otherwise.

2.2 Bioinformatics analysis

The phylogenetic tree was created based on the evolutionary

similarities of seven MT sequences from rabbit liver. BIONJ

method was used as a suitable technique for this type of data

[32]. The pairwise distance of the sequences was determined

using Jukes–Cantor evolution model. Sequences were

aligned for the same size using global alignment with

following parameters: score matrix BLOSUM80, inserted

gaps Gi 5 2, extended gaps Ge 5 0 [33]. Subsequently, the

phylogenetic tree was evaluated by bootstrapping of 100

pseudo-samples. The entire phylogenetic analysis including

statistical evaluation and alignment was performed using

application created in Matlab software with bioinformatic

toolbox. The representative sequence logo was created from

the same data set. The change fraction was expressed in

percentage of the ratio of occurrence each amino acid on

certain position. Acidic and basic amino acids were color

coded: neutral-black, acidic-red, basic-blue. Logo was created

in professional application WebLogo3 [34].

2.3 Spectrometric measurements

Spectrophotometric analyses were performed using manual

spectrophotometer Specord 210 (Analytic Jena, Germany).

The sample was placed into the low-volume (40 mL) quartz

cell with optical path length of 1 cm. UV range of spectra

was recorded in operating software (Analytic Jena,

Germany).

2.4 Differential pulse voltammetry – Brdicka reac-

tion

Differential pulse voltammetry (DPV) Brdicka reaction

measurements were performed with AUTOLAB Analyzer

(EcoChemie, Netherlands) connected to VA-Stand 663

(Metrohm, Switzerland), using a standard cell with three

electrodes. A hanging mercury drop electrode (HMDE) with

a drop area of 0.4 mm2 was employed as the working

electrode. An Ag/AgCl/3M KCl electrode served as the

reference electrode. Glassy carbon electrode was used as the

auxiliary electrode. For smoothing and baseline correction

the software GPES 4.9 supplied by EcoChemie was

employed. The Brdicka supporting electrolyte containing

1 mM Co(NH3)6Cl3 and 1 M ammonia buffer (NH3(aq)1

NH4Cl, pH 9.6) was used and changed per each measure-

ment. The DPV parameters were as follows: initial potential

of �0.7 V, end potential of �1.75 V, modulation time

0.057 s, time interval 0.2 s, step potential 2 mV, modulation

amplitude �250 mV, time of accumulation 240 s.

2.5 CE

All analyses were carried out using CE instrument from

Beckman Coulter (P/ACE 5500, USA) equipped with UV

absorbance detector. Separations were performed in an

uncoated fused-silica capillary (Polymicro Technologies,

USA) with an internal diameter of 75 mm and external

diameter of 375 mm. The total length of the capillary was

57 cm and the effective length was 50 cm. The capillary was

flushed with 0.1 M NaOH for 5 min and with background

electrolyte for 10 min prior to the first use. The capillary was

rinsed for 2 min with background electrolyte before each

run to obtain stable and repeatable measurements. Sample

was injected hydrodynamically by pressure of 3.4 kPa

applied for 20 s. Separation voltage was set to 15 kV. Sodium

borate buffer (20 mM, pH 9.5) was used as a background

electrolyte (BGE). The signal was registered at 214 and

254 nm.

3 Results and discussion

As mentioned above, four mammalian isoforms of MT have

been identified. MT-1 and MT-2 are the most abundant one.

It is also most probable that they might be associated with

various pathological processes. Therefore, this study focused

primarily on these two isoforms. Since rabbit MT are

commonly used as a model compound for analytical and

biochemical investigation, the present work is focused on
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bioinformatics analysis of rabbit MT structures based on the

data obtained from bioinformatics database.

3.1 Bioinformatics analysis

Data obtained from the protein database (UniProtKB) were

analyzed using bioinformatics tools employing the Matlab

software. The evolutionary relationships between isoforms

were evaluated by construction of diagrams (phylogenetic

trees) based upon similarities and differences in their

physical and/or biochemical characteristics. Based on the

phylogenetic tree (Fig. 1) seven proteins (MT-1A, MT-2A,

MT-2B, MT-2C, MT-2D, MT-2E and E2GJC7) were included

into the group of MT-1 and MT-2 proteins of rabbit MT

isoforms. It can be concluded from the diagram that

sequences are so similar that their statistic value dropped

under 90% only in the case of the root node. The topology of

the tree shows significant division into clusters with the

identical sequence length. This is caused by the fact that

amino acid substitutions are sporadic and therefore the

highest statistical weight in similarity evaluation is given to

the insertions and deletions occurring during evolution.

Basic bioinformatics data such as protein ID, name, number

of amino acids, molecular weight and theoretical pI are

summarized in Table 1.

The 3D structure of the MT is shown in Fig. 2A. It is

demonstrating the ability of the protein to bind up to seven

metal ions (Zn, Cd, Cu, Hg, Pb, Au and Bi) via the sulfhy-

dryl group of cysteine [35]. Aligned amino acid sequences

are listed in Fig. 2B to express the similarity in amino acid

composition. Differences of constituent forms come mainly

from post-translational modifications, type of incorporated

metal ion and speed of degradation. Despite the physico-

chemical similarity of the forms, their roles and occurrence

in tissues vary significantly. Representative logo (Fig. 2C)

illustrates the probability of certain amino acid to occur at

certain position. The probability increases with the size of

the letter. To highlight the electrophoretic properties, the

number of acidic and basic amino acid as well as theoretical

pI for each isoform and sub-isoform is plotted in Fig. 2D.

The negative charge is distributed by asparagic and glutamic

acid (pKa of the residues are 3.9 and 4.3, respectively). Basic

amino acids are represented by lysine and arginine in the

case of MT-2E and MT-2D sub-isoform. The pKa of lysine

residue is 10.5 and 12.5 for arginine. In this study, pH of the

background electrolyte was 9.5 and therefore basic amino

acids are non-charged and do not contribute significantly to

the net charge of the protein. These results are in good

agreement with Trnkova et al., where authors found negli-

gible electroactivity of MT under the presence of borate

buffer used as background electrolyte in this study due to

non-charged basic amino acids [36]. The theoretical pI of

studied MT-1 and MT-2 is distributed in a very narrow range

from 8.23 to 8.38. Due to the absence of aromatic amino

acids as typical structural feature of MTs, the absorbance in

UV region is closely connected with the presence of amino

acid cysteine, which is highly abundant in these proteins as

can be seen in Fig. 3. Cysteine and its ability to give a peak

can be also used for studying metal-thiolate clusters in MT

[24, 37]. The results shown in Fig. 3 indicate that MT

(0.1 mg/mL) isoforms can be detected using UV spectro-

metry. Thus, the CE-UV was utilized for detection of both

isoforms in the following part of the study.

3.2 CE analysis

As noted previously, a variety of CE methods employing

wide range of electrolytes [38–40] as well as electrolyte

modifiers [41, 42] and capillary surface coatings [23, 43] has

been used for detection of MT. These improvements have

been utilized mostly for analysis of MT in real biological

samples; however, this study is focused on behavior of

standard rabbit MT isoforms and therefore simple method

was established. Sodium borate buffer (20 mM, pH 9.5) was

used as a background electrolyte. Typical electropherograms

of MT-1 (0.1 mg/mL) and MT-2 (0.1 mg/mL) are shown in

Fig. 4A and B. Several signals are depicted in both figures.

In the analysis of MT-2 isoform (Fig. 4B), the minor signals

may be assigned to the MT-2 sub-isoforms. In the case of

MT-1 signals (Fig. 4A), the origin of minor peaks may be

associated with certain MT-like polypeptides, which are the

most common impurities of MT standards. Subsequently,

the separation of MT-1 and MT-2 mixture was successfully

carried out under optimized condition (Fig. 4C). It is

obvious that in spite of structural similarity (shown in

Fig. 2) both isoforms behave differently, which is advanta-

geous for their separation and detection. For all following

calculations and analyses, only the height of major peaks –

P80290 MT2C_Rabbit 62

P18055 MT2A _Rabbit 62

E2GJC7_Rabbit 61

P80289 MT2B_Rabbit 61

P80291 MT2D_Rabbit 61

P80292 MT2E_Rabbit 61

P11957 MT1A_Rabbit 61

Evolutionary distance
0 0.05 0.10 0.15

Figure 1. Phylogenetic tree for rabbit MT-1 and MT-2 isoforms
and sub-isoforms. Sequences were aligned for the same size
using global alignment with parameters: score matrix
BLOSUM80, inserted gaps Gi 5 2, extended gaps Ge 5 0. Subse-
quently, the phylogenetic tree was evaluated by bootstrapping
of 100 pseudo-samples. The entire phylogenetic analysis
including statistical evaluation and alignment was performed
using an application created in the Matlab software with the
bioinformatic toolbox.
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Table 1. Bioinformatic data concerning the MT-1 and MT-2 isoforms and sub-isoforms (protein identification numbers (ID), name,

number of amino acids (AAs), molecular mass, theoretical isoelectric points (pI)), data obtained from UniProtKB database

using ProtParam tool

ID Name Number of AAs Molecular mass (Da) Theoretical pI

P18055 MT2A_RABIT 62 6083.1 8.24

P11957 MT1A_RABIT 61 6103.2 8.38

P80289 MT2B_RABIT 61 6104.1 8.23

P80290 MT2C_RABIT 62 6113.2 8.24

P80291 MT2D_RABIT 61 6173.3 8.38

P80292 MT2E_RABIT 61 6199.3 8.38

E2GJC7 E2GJC7_RABIT 61 5951.0 8.38
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Figure 2. (A) Schematic structure of MT-based crystallography structure from UniProt data. (B) Alignment of amino acid sequences of
MT-1 and MT-2 isoforms and sub-isoforms was performed using application created in the Matlab software with bioinformatic toolbox.
(C) Representative logo – the probability of certain amino acid to occur in certain positions (the probability increases with the size of the
letter). The change fraction was expressed in percentage of the ratio of each amino acid occurrence on certain position. Acidic and basic
amino acids were color coded: neutral-black, acidic-red, basic-blue. Logo was created in professional application WebLogo3. (D) The
number of acidic and basic amino acids and pI value of MT-1 and MT-2 isoforms and sub-isoforms from UniProt data.
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which means MT-1 for MT-1 isoform and MT-2 for MT-2

isoform – was used. Calibration curves for each isoform

exhibit very good linearity with correlation coefficients

higher than 0.99 in the concentration range from 0.01

mg/mL (10 ng per injection as 1 mL) to 1.25 mg/mL (1250 ng

per injection as 1 mL) (Fig. 4D). Figures of merit including

limit of detection (LOD), limit of quantification (LOQ),

migration time and signal relative standard deviation (RSD),

correlation coefficient and linear regression equation are

summarized in Table 2. Limits of detection estimated as 3

S/N according to Long and Winefordner [44] were 1 ng/mL

and 0.1 ng/mL for MT-1 and MT-2, respectively. Relative

standard deviations for migration times and signals were

below 4%.

3.3 Condition-dependent structural changes

Protein denaturation is a complex process [45, 46] and its

complete understanding requires taking into consideration

numerous aspects such as net charge, protein structure,

environmental conditions (e.g. electrolyte pH and concen-

tration) as well as equilibrium of folded and unfolded

protein form. In the case of CE analyses, also applied

potentials have to be considered.

3.3.1 Thermal denaturation

Elevated temperature is one of the most commonly used

approaches for protein denaturation [47]. It is employed as a

sample pre-treatment method for extraction of thermally

stable compounds from the complex real mixtures. MT is

well known for its thermal stability and thermal denatura-

tion belongs to the well-established techniques in MT

determination [48]. The dependency of the CE signal on the

heat treatment of the sample was studied by Kubo et al. [49].

The peak height of MT-1 of the standard MT-1 specimen

decreased gradually from those of the non-heated specimen

by thermal treatment at 1001C until 4 min, but the peak of
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Figure 3. Absorption spectra of MT-1 and MT-2 in borate buffer
(0.1 mg/mL) using double-beam spectrophotometer 210. The
sample was placed into the low-volume (40 ml) quartz cell with
optical path length of 1 cm at 251C.
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Figure 4. Typical electropherograms of (A) MT-1 0.12 mg/mL; 13 ng per inj. and (B) MT-2 0.12 mg/ml; 13 ng per inj. (C) Typical
electropherogram of mixture of MT-1 and MT-2 (0.15 mg/mL; 16 ng per inj. (D) Calibration curves for MT-1 and MT-2 obtained in the
range from 4.2 to 135.9 ng of MT on 1 mL injection. Experimental conditions were as follows: background electrolyte: 20 mM borate, pH
9.5, voltage: 115 kV, capillary: 50/57 cm, 75 mm, UV/VIS detection: 254 nm.
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MT-2 did not decrease. The changes in the signals height

were insignificant. In the present study, longer time of

thermal treatment was selected and the background

electrolyte was different from those used in the above-

mentioned paper. CE signals of both isoforms increased

linearly depending on the duration of the heat treatment at

991C for various time intervals �0, 15, 30, 45 and 60 min

(Fig. 5A). The increase was observed in both MT-1 as well as

MT-2 within the range from 5 to 20 min of the treatment.

The correlation coefficients of the measured dependencies

as 0.9663 and 0.9853 were determined for MT-1 and MT-2,

respectively. Electropherograms obtained are shown in

Fig. 5B, where distinct changes in the signal heights are

also indicated. This phenomenon suggests that the thermal

treatment causes significant changes in the protein struc-

ture. Thermal denaturation is responsible for an irreversible

precipitation leading to the aggregation of the denatured MT

molecules and creating an undefined polymeric structure.

The rate of the precipitation can be expressed as a slope of

the linear regression of the time dependency curve

recalculated on the MT concentration. The slope is

expressed in ng of MT per length of denaturation (min).

Thermal precipitation rate for MT-1 and MT-2 was

determined as 1.1 and 0.9 ng of MT/min, respectively.

These results were compared with those obtained by

DPV method (Fig. 5C). Electrochemical signal called Cat2

related to the concentration of MT in an electrochemical cell

decreased with the increasing time of thermal treatment for

Table 2. Figures of merit (limit of detection (LOD), limit of quantification (LOQ), migration time and signal relative standard deviation

(RSD), correlation coefficient and linear regression equation) obtained by capillary electrophoresis coupled with UV detector

LOD (ng/mL) (S/N 5 3) LOQ (ng/mL) (S/N 5 10) Equation R2 Migration time RSD (%) Signal RSD (%)

MT-1 1 3 y 5 0.0338x�0.0022 0.9968 3.2 0.6

MT-2 0.1 0.3 y 5 0.0486x10.0003 0.9922 3.9 0.8
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Figure 5. Thermal denaturation of MT-1 and MT-2 solution (protein concentration 0.1 mg/mL) at 991C and their simultaneous detection
using 254 nm. (A) Dependencies of MT-1 and MT-2 signal height on time of thermal treatment. Thermal denaturation of MT-1 and MT-2
solution (protein concentration 0.1 mg/mL) at 991C and their detection using DPV Brdicka reaction. (B) Electropherograms of both
thermal-treated isoforms. CE experimental conditions are the same as in Fig. 3. (C) Dependencies of Cat2 peak height of both MT
isoforms on time of thermal treatment. (D) Catalytic peaks 2 (Cat2) of MT-2 isoform. DPV parameters were as follows: initial potential of
�0.7 V, end potential of �1.75 V, modulation time 0.057 s, time interval 0.2 s, step potential 2 mV, modulation amplitude �250 mV, time
of accumulation: 240 s.
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both studied isoforms. The decreasing signals of MT-1

isoform during the thermal treatment are shown in Fig. 5D.

The decrease in the signal observed by DPV is in agreement

with CE results because the precipitation of the molecules

may disable the interaction of electrochemically active

amino acids (mostly cysteine) with the electrode [50–56].

Using the same calculation process, the precipitation rate

for MT-1 and MT-2 was determined as 125 and 37.9 ng of

MT/min, respectively. The precipitation rate is more sensi-

tive in the case of electrochemistry, but one may take into

account that electrochemical detection hardly distinguish

between MT isoforms. Some precise isolation procedure

such as paramagnetic particles must be coupled to enable

MT isoform distinguishing.

The MT spectral behavior during the heat treatment was

monitored also by stationary spectrophotometric method to

support previously mentioned finding about precipitation

rate of MT isoforms under thermal treatment. Significant

spectral changes between heat-treated MT-1 solution and

non-heated solution at the same concentration in the

wavelength range 200–300 nm are clearly seen in Fig. 6A.

On the other hand, in the case of MT-2 solution significant

changes are observed only in the range of 190–220 nm. Only

minor changes in spectral behavior of MT-2 solution are

observed in the range from 220 to 300 nm comparing non-

heated and heat-treated solutions (Fig. 6B). The time

dependency of the absorbance at 214 nm is shown in

Fig. 6C. The precipitation rate calculated at 214 nm was

0.34 ng of MT/min (MT-1) and 0.01 ng of MT/min (MT-2).

Increasing trend can be observed in the case of MT-1, in

contrary to the MT-2 which is exhibiting more stable beha-

vior. However, for higher wavelength (254 nm) the increas-

ing trend is observed in the case of both isoforms (Fig. 6D).

The precipitation rate of 0.33 ng/min (MT-1) and 0.25 ng/min

(MT-2) was calculated at 254 nm. Moreover, significant

difference in the absorbance signal is apparent as expected.

3.3.2 Chemical denaturation

Another type of the treatment is a chemical denaturation.

Commonly used denaturing agents include urea [57]. In this

study, the effect of chemical denaturation by urea was

experimentally tested to suggest the mechanism of MT

behavior. Urea (7.5 M) was applied for various time intervals

�0, 15, 30, 45 and 60 min. Due to the fact that all three

tested methods revealed quite similar results, the structural

changes caused by urea were followed primarily by CE. An

increase in both isoforms signals with the increasing

concentration of urea (Fig. 7A) was recorded. The 32 and

53% increase in the CE signal was observed for MT-1 and

MT-2, respectively, as compared with signal heights at the

beginning and at the end of chemical treatment. It is worth
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Figure 6. (A) Absorption spectra of non-heated and heat-treated MT-1 solution. (B) Absorption spectra of non-heated and heat-treated
MT-2 solution. (C) Time dependency of the absorbance of both studied MT isoforms measured at 214 nm during the heat treatment at
991C. (D) Time dependency of the absorbance of both studied MT isoforms measured at 254 nm during the heat treatment at 991C.
Experimental conditions: (0.1 mg/mL, time 20 min, temperature 991C), other details see Fig. 4.
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noticing that the absorbance of MT-2 isoform in the solution

of 7.5 M urea increases during first 30 min more steeply in

comparison to MT-1 signal. Contrary to the thermal

denaturation providing comparable slope for both isoforms

due to the higher impact of the temperature, chemical

denaturation is much more sequence dependent and

therefore providing significant difference between MT-1

and MT-2. The precipitation rate calculated from the linear

regression for both isoforms provided the same value of

0.25 ng of MT/min. These results were in good agreement

with DPV Brdicka reaction.

Based on the results obtained for both thermal and

chemical denaturation it can be concluded that thermal

denaturation is significantly more powerful and leads to

precipitation independently on the protein sequence. On the

other hand, chemical denaturation by 7.5 M urea solution

differs significantly for each isoform especially in the first

30 min of the incubation. Also, the precipitation rate is
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Figure 7. Chemical denaturation. (A)
Time dependency of MT-1 and MT-2
denaturation by 7.5 M urea
measured by CE (0.1 mg/mL).
(B) Electropherograms of MT-1 in
the presence of 7.5 M urea. Other
experimental conditions are the
same as in Fig. 4.
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Figure 8. Suggested model of MT behavior under studied conditions (temperature of 991C and/or 7.5 M urea). (1) MT in native structure.
Both MT isoforms are denatured under physical (2) and/or chemical (4) treatment. However, the thermal treatment causes irreversible
changes due to precipitation of denatured protein structures (3). In the case of chemical treatment, urea is probably bounded in the
denatured structure of proteins like sodium dodecyl sulfate, which prevents proteins to precipitate (4). Based on this, chemical, but not
physical, treatment is reversible.
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lower for chemical denaturation confirming the slower

mechanism of the denaturation based on the interaction of

urea molecules with the unfolded molecule disabling the

intermolecular reaction and precipitation. Therefore, the

protein molecules restore the original structure when urea is

removed from the solution. In the case of thermal precipi-

tation, the aggregates are irreversible and stable. Based on

the results, a model of MT behavior under studied condi-

tions was suggested in Fig. 8. The thermal treatment causes

irreversible changes due to precipitation of denatured

protein structures. In the case of chemical treatment, urea is

probably bounded in the denatured structure of proteins like

sodium dodecyl sulfate, which prevents proteins to precipi-

tate [58, 59]. Based on this, chemical treatment is reversible,

but physical not.

4 Concluding remarks

It has been recently published that MT is involved not only

in storage and detoxification of heavy metals, but it has also

a regulation function. Its connection with some tumor

processes is very likely. Therefore, methods distinguishing

of MT isoforms are needed. The present paper shows

advantages of capillary electrophoresis as a tool for this

purpose. However, not only concentration of protein, but

also structural state (native or denaturated) is of great

importance. It is a protein’s tertiary, native (folded) structure

that makes it capable of performing its biological function.

Native (folded) and denaturated (unfolded) proteins can be

detected by circular dichroism and by nuclear magnetic

resonance. However, these techniques are expensive and

laborious. We show in this study that capillary electrophor-

esis coupled with UV–VIS detector can be used for studying

of structural changes in low molecular mass protein (MT)

and also for defining the dynamics of these changes. The

optimized method and presented application can be used in

the following research for studying of isoforms of various

proteins and for finding their structural differences.
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