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Abstract Temperature-induced conformational changes of re-
duced and oxidized HspBl1 crosslinked by disulfide bond be-
tween single Cys137 of neighboring monomers were analyzed
by means of different techniques. Heating of reduced HspB1
was accompanied by irreversible changes of Trp fluorescence,
whereas oxidized HspB1 underwent completely reversible
changes of fluorescence. Increase of the temperature in the
range of 20-70 °C was accompanied by self-association of
both reduced and oxidized protein. Further increase of the
temperature led to formation of heterogeneous mixture of large
self-associated complexes of reduced HspB1 and to formation
of smaller and less heterogeneous complexes of oxidized
HspBl1. Heat-induced changes of oligomeric state of reduced
HspB1 were only partially reversible, whereas the correspond-
ing changes of oligomeric state of oxidized HspB1 were almost
completely reversible. Oxidation resulted in decrease of
chaperone-like activity of HspB1. It is concluded that oxidative
stress, inducing formation of disulfide bond, can affect stability
and conformational mobility of human HspBI1.
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Introduction

A large family of small heat shock proteins (sHsp) combines a
number of proteins expressed in practically all kingdoms
including viruses, bacteria, plants, and animals (Maaroufi
and Tanguay 2013; Basha et al. 2012; Kriechuber et al.
2010). Monomers of small heat shock protein have small
molecular weight and conservative structure consisting of
the so-called «-crystallin domain (ACD) containing ~90 res-
idues and forming immunoglobulin-like (3-sandwich structure
flanked by less ordered and more variable N- and C-terminal
extensions (Basha et al. 2012; McHaourab et al. 2009;
Mymrikov et al. 2011). As a rule, sHsp tend to form large
homo- or heterooligomers and possess the so-called holdase
activity, i.e., ability to bind improperly folded proteins
preventing their aggregation (Basha et al. 2012; McHaourab
et al. 2009; Mymrikov et al. 2011). The human genome
contains ten genes encoding small heat shock proteins which
slightly differ in molecular weight, stress inducibility, oligo-
meric structure, and tissue distribution (Taylor and Benjamin
2005; Arrigo 2013; Mymrikov et al. 2011). HspB1 (Hsp27) is
ubiquitously expressed in practically all human tissues
(Mymrikov et al. 2011; Taylor and Benjamin 2005). In addi-
tion to its well-recognized holdase activity, HspB1 is involved
in regulation of many vital functions. For instance, HspB1
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seems to participate in regulation and stabilization of cyto-
skeleton (Mounier and Arrigo 2002; Wettstein et al. 2012),
possesses anti-apoptotic activity (Acunzo et al. 2012;
Kampinga and Garrido 2012), and protects the cell against
oxidative stress (Arrigo 2007; Christians et al. 2012).
Expression of HspBl1 is increased upon different stress condi-
tions (Arrigo 2013) including oxidative stress which is ac-
companied by partial oxidation of the single Cys residue and
formation of crosslinked dimer (Zavialov et al. 1998a).
Replacement of the single Cys residue of human or murine
HspB1 by Ala decreases its ability to interact with cytochrome
c and its anti-apoptotic activity (Bruey et al. 2000; Diaz-
Latoud et al. 2005; Pasupuleti et al. 2010). Cardiac ischemia
and reperfusion are accompanied by S-thiolation of the single
SH group and partial dissociation of large HspB1 oligomers
(Eaton et al. 2002a, b). These data indicate that modification
of the single Cys might affect the structure and properties of
HspB1. Thermal transitions were widely used for analysis of
the structure of HspB1 (Dudich et al. 1995; Ehrnsperger et al.
1999; Lelj-Garolla and Mauk 2012; Skouri-Panet et al. 2012).
However, to our knowledge, effect of disulfide crosslinking
on the thermal transitions and the overall structure of HspB1
were not analyzed in detail. Therefore, this paper deals with
investigation of disulfide crosslinking on thermal-induced
changes of HspB1 structure.

Materials and methods
Proteins

Recombinant wild-type human HpsB1 was expressed and pu-
rified as described earlier (Nefedova et al. 2013). Protein sam-
ples in buffer B (20 mM Tris/acetate pH 7.6, 10 mM NaCl,
0.1 mM EDTA, 0.1 mM phenylmethanesulfonyl fluoride
(PMSF), 1 mM dithiothreitol (DTT)) were aliquoted and stored
at —20 °C. According to the SDS gel electrophoresis (Laemmli
1970), the purity of all protein samples exceeded 95 %.

Disulfide crosslinking

Protein (1 mg/ml) was dialyzed against 20 mM 4(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)/
NaOH (pH 7.5) containing 100 mM NaCl, 0.1 mM PMSF,
and 1 mM MgCl, overnight at room temperature. As found
earlier (Mymrikov et al. 2010), this procedure leads to
crosslinking of more than 80 % of the wild-type HspB1 and
formation of crosslinked dimers.

Fluorescence measurements

HspB1 (0.1 or 0.3 mg/ml) in buffer F (20 mM HEPES/NaOH
pH 7.5, 100 mM NaCl) in the presence or in the absence of
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2 mM DTT was heated with a constant rate of 1 °C/min from
20 up to 90 °C and cooled back with the same rate by
automatic Peltier cell holder of Cary Eclipse spectrofluorom-
eter. In some experiments, this procedure, i.c., the cycle of
heating and cooling, was repeated two times. Fluorescence
was excited at 297 and recorded at 320 and/or 365 nm
(slits width 5 nm). In the range of thermal transition, the
intensity of fluorescence (/) is equal to /=(1—a)XI,+ax
14, where [, and Iy correspond to intensity of fluorescence
of native and denatured protein, respectively, and « is
fraction of conversion from native to denatured state. As
described earlier (Bushueva et al. 1980), /, and I3 can be
estimated from the linear portion of the plot 1//t=a+bxT/
1, where It is fluorescence, T is absolute temperature, 7 is
viscosity at given T (in cP), and a and b are constants.
The so-called parametric plots were also used for quanti-
tative analysis of thermal unfolding recorded by Trp fluo-
rescence (Permyakov and Burstein 1984). In this case, we
plotted intensity of fluorescence at 365 nm on the inten-
sity of fluorescence at 320 nm. The experimental curve
consisted of two linear parts corresponding to common
thermal transitions of native and unfolded protein and a
curve connecting these two linear parts and corresponding
to the region of thermal transition. This approach also
provided quantitative determination of the temperature of
half-transition from native to unfolded state of HspBI.
The temperature of half-transition determined by depen-
dence of 1/I on temperature or by parametric plots was
practically indistinguishable. Spectra of fluorescence (ex-
cited at 297 nm and recorded in the range of 300-
400 nm, slits width 5 nm) were recorded before heating
(at 20 °C), immediately after heating up to 90 °C and
after cooling back to 20 °C.

Light scattering

Light scattering was measured on Eclipse spectrofluorometer
with excitation and emission wavelength set to 340 nm (slits
width 2.5 nm). Reduced or oxidized HspB1 (0.3 mg/ml) in
buffer F (in the presence or in the absence of 2 mM DTT) was
heated with constant rate of 1 °C/min from 20 up to 90 °C and
cooled back with the same rate.

Dynamic light scattering (DLS)

Dynamic light scattering was measured on Zetasizer Nano
(Malvern) at protein concentration of 0.3 mg/ml in buffer F
either in the presence of 2 mM DTT (reduced HspB1) or in the
absence of DTT (oxidized HspB1). Each measurement lasted
for 15 s and was repeated five times. Five cycles of these
measurements were repeated and thus collected 25 measure-
ments were analyzed. DLS measurements were performed at
30, 40, 50, 60, 70, 75, 80, 85, and 90 °C, and the protein
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sample was cooled back in the same order. The whole cycle of
DLS measurements lasted for ~120 min, and the total duration
of DLS measurements was comparable with that of fluores-
cence or light-scattering measurements. Particle size was es-
timated from intensity distribution by the build-in instrument
program.

Size-exclusion chromatography (SEC)

One hundred thirty microliter of the HspB1 (0.3 mg/ml) in buffer
F either in the presence of 2 mM DTT (reduced) or in the
absence of DTT (oxidized) was subjected to size-exclusion
chromatography on Superdex 200 HR 10/30 column equili-
brated with buffer S (20 mM Tris/acetate pH 7.6, 150 mM
NaCl with 15 mM -mercaptoethanol (ME) (reduced HspB1)
or without ME (oxidized HspB1) and run at the rate of 0.5 ml/
min). The protein samples were loaded on the column before
heating (sample 1), immediately after heating with the rate of
1 °C/min from 20 up to 90 °C (sample 2), after cooling with
the same rate from 90 to 20 °C (sample 3), 2 h after cooling
and keeping at 20 °C (sample 4), and 24 h after cooling and
keeping at 20 °C (sample 5). In all cases, equal quantities of
protein (~40 pg) were loaded on the column which was
calibrated by protein markers: thyroglobulin (669 kDa), ferri-
tin (440 kDa), rabbit skeletal muscle glyceraldehyde-3-
phosphate dehydrogenase (144 kDa), and bovine serum albu-
min (68 kDa).

Chaperone-like activity

Two substrates, porcine heart mitochondria malate de-
hydrogenase (Serva) and subfragement-1 (S1) of rabbit
skeletal muscle myosin, were used as model protein
substrates. In the first case, HspB1 in 10 mM phosphate
pH 7.4 in the absence or in the presence of 2 mM DTT
was incubated at 45 °C for 20 min. Afterwards, the
incubation was continued for 5 min at 55 °C, and
malate dehydrogenase (dissolved in 10 mM phosphate
pH 7.4 and clarified by centrifugation for 5 min at
14,000g) was added up to the final concentration equal
to 0.2 mg/ml. The weight ratio malate dehydrogenase/
HspB1 was varied in the range of 4:1 up to 10:1.

In the second case, S1 obtained by the method of
Weeds and Taylor (1975) (0.4 mg/ml) in 20 mM
HEPES/NaOH (pH 7.0) containing 115 mM NaCl was
incubated at 42 °C either in the absence or in the presence
of HspBI. All experiments with oxidized HspBl were
performed in the absence of DTT; the same experiments
with reduced HspBl were performed in the presence of
20 mM DTT. In both cases, the heat-induced aggregation
of the model protein substrates was followed by measur-
ing optical density at 340 nm.

Results

Temperature-induced changes of intrinsic fluorescence
of reduced and oxidized HspB1

Heating of reduced HspB1 was accompanied by monotonous
decrease of Trp fluorescence in the range of 20—65 °C, coop-
erative transition in the range of 65-75 °C, followed by farther
monotonous decrease of fluorescence in the range of 75—
90 °C (Fig. 1a). Half-maximal change of intrinsic fluorescence
of reduced HspB1 was detected at 69.7+0.5 °C. Cooling back
from 90 to 20 °C was accompanied by monotonous increase
of fluorescence in the range of 90-75 °C, cooperative transi-
tion in the range of 75-65 °C followed by monotonous in-
crease of fluorescence in the range of 65-20 °C. Half-maximal
changes of cooperative part of fluorescence curve in the
course of cooling were observed at 69.9+0.5 °C, i.e., at the
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Fig. 1 Thermally induced changes of fluorescence intensity at 320 nm
for reduced (a) and oxidized (b) HspB1. The solid lines indicate depen-
dence of fluorescence upon heating, and the dotted lines indicate depen-
dence of fluorescence upon cooling. The data of two cycles of heating and
cooling (numbered 1 and 2) are presented. Data are representative of six
independent experiments
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temperature identical to that measured in the course of heating
of HspB1 sample. Reversion of fluorescence of reduced
HspB1 upon cooling was incomplete (Fig. 1a). If the cycle
of heating and cooling of reduced HspB1 was repeated, we
observed similar dependence of fluorescence intensity on
temperature with small cooperative transitions observed at
the temperatures similar to that determined in the course of
the first heating (Fig. 1a). Again, the changes of fluorescence
were incompletely reversible, and the intensity of fluorescence
after the second heating was lower than that before or after the
first heating. It is worthwhile to mention that in the presence of
2 mM DTT, heating up to 90 °C and cooling back to 20 °C
were not accompanied by oxidation of the single SH group of
HspB1 and formation of any quantities of HspB1 dimers
crosslinked by disulfide bond (see Fig. 4c).

Heating of oxidized HspB1 resulted in monotonous de-
crease of fluorescence without any cooperative transitions and
cooling back from 90 to 20 °C resulted in practically complete
reversion of fluorescence intensity (Fig. 1b). The second cycle
of heating and cooling was accompanied by the same practi-
cally completely reversible changes of fluorescence of oxi-
dized HspB1 (Fig. 1b).

Fluorescence spectra of reduced and oxidized HspB1 at
20 °C were practically indistinguishable and were character-
ized by a broad maximum at about 345 nm (Fig. 2, curves 1
and 2). Heating up to 90 °C resulted in decrease of intensity of
fluorescence and shifting of the maximum of fluorescence
from 345 up to about 355 nm for both reduced and oxidized
HspB1 (Fig. 2, curves 3 and 4). However, at high temperature,
the intensity of fluorescence of reduced HspB1 was smaller
than that of the oxidized sample. Cooling back resulted in
complete reversion of the amplitude and position of maximum
of fluorescence of oxidized HspB1 (Fig. 2, curve 6). At the
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Fig.2 Fluorescence spectra of reduced (, 3, 5, black lines) and oxidized

(2, 4, 6, gray lines) HspB1. Fluorescence spectra were recorded before

heating at 20 °C (curves 1 and 2), immediately after heating up to 90 °C

(curves 3 and 4), and after cooling back to 20 °C (curves 5 and 6).
Representative results of three independent experiments are shown
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same time, the amplitude of fluorescence of reduced
HspBlwas reversed only partially, although the shape of
fluorescence spectra returned to its initial state with maximum
of fluorescence at about 345 nm (Fig. 2, curve 5).

Thermal transitions of reduced and oxidized HspB1 followed
by light scattering

Heating of oxidized HspB1 was accompanied by comparative
small increase, and cooling back resulted in practically com-
plete reversion of light scattering at 340 nm (Fig. 3, curves 2
and 4). In the case of reduced HspB1, the dependence of light
scattering on temperature was more complicate (Fig. 3, curves
1 and 3). In the range of 20-75 °C, the light scattering was
slowly increased and this increase was comparable with that
observed in the case of oxidized HspB1. In the range of 75—
80 °C, the light scattering was sharply increased, whereas in
the range of 80-90 °C, the light scattering was decreased to
the level detected at the beginning of the thermal transition at
75 °C (Fig. 3, curve 1). Cooling back (in the range of 90—
70 °C) was accompanied at first by steep increase of light
scattering (probably reflecting aggregation or self-association)
followed by slow decrease of light scattering in the range of
70-20 °C (Fig. 3, curve 3). In this case, the changes of light
scattering were irreversible and the light scattering did not
return to the level detected before heating (Fig. 3, curve 3).

Temperature-dependent changes of oligomeric structure
of HspB1

Size-exclusion chromatography was used for investigation of
probable changes of oligomeric structure of HspB1 induced
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Fig. 3 Temperature-dependent changes of light scattering of reduced (/
and 3) and oxidized (2 and 4) HspB1. Solid lines (I and 2) represent
dependence of light scattering in the course of heating, and dashed curves
(3 and 4) represent dependence of light scattering in the course of cooling.
Data are representative of five different experiments
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by heating. Unfortunately, we were unable to perform size-
exclusion chromatography at a very high temperature, and
therefore, we analyzed protein samples collected at different
temperatures and performed gel-filtration at constant room
temperature. At low temperature, both reduced and oxidized
HspB1 form large oligomers with an apparent molecular
weight of 650-700 kDa (elution volume 10.3 ml)
(Fig. 4a, b, curve 1). Two peaks were detected in the sample
of reduced HspB1 heated under usual conditions (1 °C/min)
from 20 up to 90 °C. The first small peak was eluted at
exclusion volume of the column (7.9 ml) and probably corre-
sponds to very large oligomers (or aggregates) of HspB1
formed upon heating (Fig. 4a, curve 2). The second peak
eluted at ~10 ml probably corresponds to self-associated olig-
omers formed upon heating of reduced HspB1 (Fig. 4a, curve
2). The chromatographic run takes about 40 min; therefore,
the results obtained under these conditions demonstrate distri-
bution of oligomers resulting from heating and uncontrolled
cooling back to room temperature in the course of chroma-
tography. These processes can be accompanied by irreversible
aggregation and formation of oligomers (aggregates) eluted in
the void volume of the column. The sample collected imme-
diately after cooling to 20 °C was also represented by two

20

peaks on the size-exclusion chromatography (Fig. 4a, curve
3). Cooling was accompanied by an increase of the size of the
peak eluted at exclusion volume (7.9 ml) and decrease of the
size of the second peak with elution volume identical to that of
unheated sample. Further incubation of heated reduced
HspB1 sample at 20 °C for 2 or 24 h was not accompanied
by any significant changes of oligomeric state (Fig. 4a, curve
4).

Heating of oxidized HspB1 was also accompanied by
appearance of two peaks on elution profile. The first small
peak was eluted at exclusion volume (7.9 ml), and the second
broad peak was eluted at ~9.4 ml (Fig. 4b, curve 2). The first
peak probably corresponds to very large oligomeric com-
plexes or aggregates of HspB1, and the second peak corre-
sponds to self-associated oligomers formed upon heating or
upon heating and uncontrolled cooling in the course of chro-
matography of oxidized protein. Cooling back from 90 to
20 °C does not affect position or amplitude of the first peak,
whereas the elution volume of the second peak was shifted
back to 10.3 ml, i.e., to the elution volume characteristic for
unheated sample of oxidized HspB1 (Fig. 4b, curves 3 and 4).

We also analyzed effect of heating on the extent of disulfide
crosslinking. As already mentioned, heating of reduced
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Fig.4 Thermally induced changes of oligomeric structure of reduced (a)
and oxidized (b) HspB1 as determined by size-exclusion chromatogra-
phy. Elution profiles of unheated (1, black line), heated up to 90 °C (2,
dashed line), cooled back to 20 °C (3, light gray), and kept at 20 °C for
24 h after heating (4, dark gray) protein samples. Effect of heating on
disulfide crosslinking of reduced (¢) and oxidized (d) HspB1. Protein
samples were collected before heating (/) after heating up to 90 °C (2),
immediately after cooling back to 20 °C (3), and after keeping for 2 (4) or

24 h (5) after cooling to 20 °C. Heating of oxidized HspB 1 was performed
in the absence of DTT, and heating of reduced HspB1 was performed in
the presence of 2 mM DTT. All samples were subjected to SDS gel
electrophoresis without addition of DTT to the protein samples.
Completely reduced sample of HspB1 was loaded on track marked 0.
Positions of molecular weight markers (in kDa) and monomer (M) and
disulfide crosslinked dimer (D) of HspB1 are marked by arrows
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HspB1 was performed in the presence of 2 mM DTT. The data
of Fig. 4c indicate that heating up to 90 °C, followed by
cooling back to 20 °C, and keeping the protein sample at
20 °C for 2 h were not accompanied by disulfide crosslinking
of preliminary reduced HspB1 (Fig. 4c). Further incubation
for 24 h at 20 °C results in accumulation of crosslinked HspB1
dimers. The extent of crosslinking of preliminary oxidized
HspB1 was not changed upon heating and cooling and further
incubation at 20 °C (Fig. 4d).

Dynamic light scattering of thermal transitions of HspB1

The method of dynamic light scattering was also applied for
investigation of thermal transitions of reduced and oxidized
HspBl1. In the case of reduced HspB1, intensity distribution at
30 °C revealed the main peak with a particle diameter of
~20 nm (Fig. 5a). Heating of reduced HspB1 was accompanied
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Fig. 5 Temperature dependence of size distribution (intensity) of re-
duced HspBl. a Size distribution measured in the sample of reduced
HspB1 (0.3 mg/ml) in the course of heating from 30 to 90 °C. b Size
distribution of the same sample cooled back from 90 to 30 °C. Repre-
sentative results of three independent experiments are shown
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by shifting of a diameter of the main peak to ~80-90 nm
(Fig. 5a). At the beginning, cooling of the sample of
reduced HspBl was accompanied by broadening of the
main peak followed by appearance of two badly separated
peaks, the smaller one with a particle diameter of ~25—
30 nm and the larger one with a diameter of ~100-110 nm
(Fig. 5b).

The data of DLS indicate that at low temperature, the
sample of oxidized HspB1 contained predominantly particles
with a diameter of ~20 nm (Fig. 6a). Heating of oxidized
HspB1 was accompanied by increase of diameter of particles
of the main peak. However, this increase was less pronounced
than in the case of reduced protein, and even at the highest
temperature, the diameter of particles in the main peak was in
the range of 50-60 nm (Fig. 6a). In the course of cooling, the
main peak was shifted back to its original position (~20 nm)
(Fig. 6b)
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Fig. 6 Temperature dependence of distribution (intensity) of oxidized
HspBl. a Size distribution measured in the sample of oxidized HspB1
(0.3 mg/ml) in the course of heating from 30 to 90 °C. b Size distribution
of the same sample cooled back from 90 to 30 °C. Representative results
of three independent experiments are shown
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Chaperone-like activity of reduced and oxidized HspB1

Heating of isolated malate dehydrogenase (MDH) was ac-
companied by protein denaturation and aggregation (Fig. 7a,
curves 1 and 3). Under conditions used, incubation of isolated
HspB1 both in the oxidized or reduced form was not accom-
panied by any changes of the optical density at 340 nm
(Fig. 7a, curve 5). HspB1 retarded and partially decreased
MDH aggregation thus demonstrating the chaperone-like ac-
tivity (Fig. 7a, curves 2 and 4). At all weight ratio analyzed
(MDH/HspBl1 in the range of 4/1 up to 10/1), the reduced

0.8 A

T T
0 20 40 60 80 100 120
Time, min

Fig. 7 Effect of reduced and oxidized HspB1 on the heat-induced
aggregation of malate dehydrogenase (a) or subfragment-1 (S1) of rabbit
skeletal myosin (b). The experiments were performed either in the pres-
ence of 2 mM DTT (/, 2) or in the absence of DTT (3, 4). The incubation
mixture contained either isolated model protein substrates (curves I
(black square) and 3 (black circle)), protein substrates in the presence
of reduced (curve 2 (inverted black triangle)) or oxidized (curve 4 (black
triangle)) HspBl1, or isolated oxidized or reduced HspB1 (curve 5 (black
hexagon)). Concentrations of malate dehydrogenase and HspB1 were
equal to 0.2 and 0.05 mg/ml, respectively, and that of S1 and HspB1
were equal to 0.4 and 0.1 mg/ml, respectively. Results of at least three
independent experiments are shown with errors bars indicating standard
deviation

HspB1 was slightly more effective than its oxidized counter-
part in prevention of MDH aggregation (Fig. 7a, curves 2 and
4, respectively).

Heating of isolated S1 both in the presence and in the
absence of 2 mM DTT was accompanied by thermal denatur-
ation and aggregation recorded by increase of the optical
density at 340 nm (Fig. 7b, curves 1 and 3). The kinetics
and amplitude of aggregation of isolated S1 were similar both
in the presence and in the absence of DTT. Long incubation
(more than 80 min) of isolated S1 either in the absence or in
the presence of DTT was accompanied by formation of large
protein aggregates and their precipitation leading to decrease
of the optical density at 340 nm which becomes very noisy
(Fig. 7b, curves 1 and 3). Addition of reduced HspB1 was
accompanied by significant retardation of S1 aggregation
(Fig. 7b, curve 2). The oxidized HspB1 was less effective,
and although it retarded the onset of aggregation, the optical
density after long incubation in the presence of oxidized
HspB1 was even larger than in the case of isolated S1
(Fig. 7, curve 4). This seems to be due to co-aggregation of
oxidized HspB1 and S1. Thus, using two different model
protein substrates, we found that reduced HspB1 possessed
higher chaperone-like activity than its oxidized counterpart.

Discussion

Increase of the temperature in the range of 20-60 °C is
accompanied by HspB1 seclf-association. This self-
association was recorded earlier by means of light scattering
(Ehrnsperger et al. 1999), sedimentation velocity (Lelj-
Garolla and Mauk 2006, 2012), and small-angle X-ray scat-
tering (SAXS) (Skouri-Panet et al. 2012). Deletion of the first
14 or 24 residues completely prevented temperature-
dependent self-association of HspB1 (Lelj-Garolla and
Mauk 2012), and therefore, it was supposed that the N-
terminal extension plays an important role in HspB1 self-
association. Similar temperature-dependent self-association
was also reported for aB-crystallin (Spinozzi et al. 2006;
Skouri-Panet et al. 2006; Aquilina et al. 2013).

In our case, heating in the range of 20-60 °C was accom-
panied by monotonous decrease of Trp fluorescence and small
increase of the light scattering (Figs. 1 and 3) and the behavior
of reduced and oxidized HspB1 was very similar. According
to the data of DLS, increase of the temperature from 30 up to
60 °C was accompanied by increase of diameter of reduced
HspB1 particles from ~18 up to ~31 nm. In the case of
oxidized HspB1, increase of the temperature from 30 up to
60 °C induced similar increase of particle diameter from ~21
up to ~29 nm (Figs. 5a and 6a).

Further increase of the temperature in the range of 60—
75 °C was accompanied by sharp decrease of Trp fluorescence
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of reduced HspB1, whereas fluorescence of oxidized HspB1
was only monotonously decreased (Fig. 1). Thus, the data of
fluorescence indicate that the reduced HspB1 undergoes ther-
mal transition with the temperature of half-maximal transition
~69.5 °C. Five out of six Trp residues are located in the N-
terminal extension, and therefore, we hypothesize that the
thermal transition observed at 69.5 °C is due either to the
change of location or orientation of the N-terminal extension
of reduced HspB1. At the same time, oxidized HspB1 did not
undergo this thermal transition. Thus, the N-terminal domain
of reduced HspBl1 is less resistant to thermal transitions than
the corresponding domain of the oxidized protein. Earlier,
Zavialov et al. (1998a) also concluded that the disulfide
crosslinking stabilizes the N-terminal domain of HspB1
against urea-induced unfolding.

Further increase of the temperature in the range of 75—
90 °C was accompanied by similar monotonous decrease of
fluorescence of both reduced and oxidized HspB1 (Fig. 1).
The shape of fluorescence spectra of reduced and oxidized
samples was practically identical and was characterized by
shifting of fluorescence maxima from ~345 up to ~355 nm.
However, the intensity of fluorescence of reduced sample was
roughly two times smaller than that of oxidized sample
(Fig. 2). Moreover, the amplitude of fluorescence of reduced
HspB1 did not return back to its initial value upon cooling,
whereas the changes of fluorescence of oxidized HspB1 were
practically completely reversible (Figs. 1 and 2). These facts
agree with a suggestion that the N-terminal domain of the
oxidized protein is more resistant to thermal transitions than
that of the reduced HspB1. The question arises how formation
of disulfide bond in the middle of x-crystallin domain can
affect the structure and properties of remote N-terminal do-
main. At present, there is no a clear-cut answer on this ques-
tion; however, the recently published data obtained on «B-
crystallin clearly show that there are tight allosteric commu-
nications between different parts of aB-crystallin molecules
involved in formation of large oligomers of this protein
(Hochberg and Benesch 2014; Aquilina et al. 2004; Delbecq
and Klevit 2013). In any case, our suggestion that the disulfide
bond affects the thermal transition of the N-terminal domain
requires further experimental verification.

In the range of 2070 °C, the light scattering of reduced and
oxidized HspB1 was similar and the size of particles formed
by reduced HspB1 was only slightly larger than that of oxi-
dized protein (Figs. 3, 5, and 6). However, in the range of 75—
90 °C, the light scattering of reduced HspB1 was dramatically
different from that of oxidized sample. Heating from 75 up to
80 °C was accompanied by sharp increase of the light scatter-
ing and particle size of reduced HspB1 and much smaller
increase of light scattering and particle size of oxidized
HspB1 (Figs. 3, 5, and 6). Further increase of the temperature
from 80 up to 90 °C practically did not affect the light
scattering and particle size of oxidized HspB1 (Figs. 3 and
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6). In this temperature range, the particle size of reduced
HspB1 was not practically changed (Fig. 5), whereas the light
scattering of reduced HspB1 was significantly decreased
(Fig. 3). We hypothesize that this paradoxical behavior can
be due either to the changes in the density, shape, and/or
refractive index of particles formed by reduced HspB1.

In the case of reduced HspB1, cooling from 90 to 20 °C
was accompanied by at first a large increase followed by a
small decrease of light scattering (Fig. 3). In this case, the
changes of light scattering were irreversible and the light
scattering at the end of cooling was about three times larger
than that at the beginning of the experiment (Fig. 3). The data
of DLS indicate that cooling of reduced HspBI1 led at first to
broadening of the distribution curve followed by splitting of
distribution curve into two poorly separated peaks with a
diameter of ~28 and ~105 nm (Fig. 5). These data indicate
that at the beginning of cooling (in the range of 90-70 °C), we
observed either change in the density, shape, and/or refractive
index of reduced HspB1 particles or partial dissociation of
large ensembles formed by these particles. This is reflected by
increase of light scattering and broadening of distribution of
particle size. On the later stages of cooling, large particles
formed by self-associated reduced HspB1 started to dissoci-
ate; however, even at 20 °C, this dissociation was not com-
plete. The data of SEC indicate that upon cooling, the ampli-
tude of the peak eluted in exclusion volume (~7.9 ml) was
significantly increased, thus indicating that the large com-
plexes or self-associated oligomers of reduced HspB1 cannot
completely dissociate and are accumulated in the sample
(Fig. 4).

Cooling of oxidized HspB1 was accompanied by monoto-
nous decrease of light scattering which practically completely
returned to its initial level (Fig. 3). Similar results were ob-
tained by the method of DLS. In this case, upon cooling, the
size of oxidized HspB1 particles decreased from ~43 to
~24 nm, i.e., to level characteristic for the unheated sample
(Fig. 6). Upon cooling of oxidized HspB1, the amplitude of
the peak eluted in exclusion volume was not practically
changed thus indicating that in the case of oxidized HspB1,
heat-induced changes of aggregation state are practically
completely reversible (Fig. 4).

Two different model protein substrates were used for in-
vestigation of chaperone-like activity of reduced and oxidized
HspB1. Under conditions used, reduced HspB1 was more
effective than its oxidized counterpart in prevention of MDH
aggregation, and although this difference was not very large, it
was well reproduced at different weight ratios of MDH/
HspB1 (Fig. 7a). Even a larger difference was observed if
S1 of skeletal muscle myosin was used as a model protein
substrate. In this case, reduced HspBl1 effectively retarded
aggregation of S1 even at long times of incubation. At the
same time, oxidized HspBl1 slightly retarded aggregation of
S1 at short times of incubation but was ineffective at long
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times of incubation, when the amplitude of the optical density
at 340 nm in the presence of oxidized HspB1 became larger
than that in the absence of HspB1 (Fig. 7b, curve 4). Our data
disagree with the earlier published results of Zavialov et al.
(1998a) and Pasupuleti et al. (2010). By using citrate synthase
and insulin as model protein substrates, these groups failed to
detect pronounced difference in the chaperone-like activity of
reduced and oxidized HspB1. Thus, depending on the nature
of protein substrate disulfide crosslinking either does not
affect or decreases the chaperone-like activity of HspBl.
Decrease of the chaperone-like activity of HspBl1 is probably
due to a more rigid and less flexible structure of oxidized
HspB1 making it less able to adopt the structure required for
effective interaction with certain (but not with all) target
proteins.

On the cellular level, oxidative stress is accompanied by
oxidation and disulfide crosslinking of HspB1 (Zavialov et al.
1998a). Therefore, the question arises what is the effect of
oxidation on the structure, properties, and physiological ac-
tivity of HspB1. Under normal conditions, formation of a
disulfide bond does not affect secondary, tertiary, or quaterna-
ry structure of HspB1 (Zavialov et al. 1998a; Pasupuleti et al.
2010; and this investigation) and only minor changes in the
properties of the N-terminal domain of HspB1 were observed
at increased temperature (Figs. 1 and 2) or in the presence of
urea (Zavialov et al. 1998a). Anyhow, under normal condi-
tions, it is difficult to reveal any changes in the structure of
reduced and oxidized HspB1. However, analysis of thermal
stability at very high unphysiological temperatures clearly
discloses the differences in the structure and properties of
reduced and oxidized protein. Indeed, reduced, un-
crosslinked HspB1 possesses higher flexibility and higher
susceptibility to irreversible thermal transition, whereas oxi-
dized HspB1, containing a single disulfide bond, is more rigid
and stable. These minor changes in HspB1 structure might
affect its interaction with certain target proteins and this is
reflected by decreased chaperone-like activity with certain
model protein substrates (Fig. 7). At the same time, replace-
ment of Cys137 by Ala (C137A mutation) is accompanied by
a decrease of anti-apoptotic activity (Bruey et al. 2000;
Pasupuleti et al. 2010) and the oxidized wild-type HspB1 is
more effective than its C137A mutant in prevention of apo-
ptosis induced by oxidative stress in CHO and HeLa cells
(Pasupuleti et al. 2010). This effect can be due to the ability of
oxidized HspB1 specifically interact with certain target pro-
teins (for instance, with cytochrome c) or to the buffering of
sulthydryl groups in the course of oxidative stress. The intra-
cellular concentration of HspB1 is rather high, and therefore, it
can participate in sulthydryl buffering. As already mentioned,
oxidation of SH groups does not dramatically affect HspB1
structure and can be easily reversed by intermediate
thiolations (Eaton et al. 2002a, b; Zavialov et al. 1998b)
followed by complete reduction after ending of oxidative

stress. Thus, reversible oxidation and reduction can be impor-
tant for functioning of HspB1 in the cell.
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