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We applied different methods (differential scanning calorimetry, circular dichroism, Fourier transform
infrared spectroscopy, and intrinsic fluorescence) to investigate the thermal-induced changes in the
structure of small heat shock protein Hsp22. It has been shown that this protein undergoes thermal-induced
unfolding that occurs within a very broad temperature range (from 27 °C to 80 °C and above), and this is
accompanied by complete disappearance of a-helices, significant decrease in 3-sheets content, and by
pronounced changes in the intrinsic fluorescence. The results confirm predictions that Hsp22 belongs to the
family of intrinsically disordered proteins (IDP) with certain parts of its molecule (presumably, in the a-
crystallin domain) retaining folded structure and undergoing reversible thermal unfolding. The results are
also discussed in terms of downbhill folding scenario.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Small heat shock proteins (sHsp) play an important role in protecting
the cell from various unfavorable conditions [1]. sHsp comprise a large
and diverse family of proteins with molecular masses from 12 to 43 kDa.
The members of this protein family share so-called a-crystallin domain,
consisting of 80-100 amino acid residues, which is located in the C-
terminal part of the protein, whereas the N-terminal part differs in
sequence and length. In vitro, sHsp act as molecular chaperones in
preventing denatured proteins from irreversible aggregation [1-3].

A recently described protein with apparent molecular mass of 22 kDa
(Hsp22, also denoted as HspB8 or H11 kinase) shares structural
properties typical to all members of the family of sHsp [4]. Hsp22
possesses chaperone-like activity [5,6] and appears to be involved in the
regulation of many processes such as proliferation, myocardium
hypertrophy and apoptosis [7,8].

The far-UV CD data [9,10] have indicated that human Hsp22 contains
about 36% of 3-sheets, about 5% of a-helices, and about 58% of turns and
unordered structures. These data agree with prediction of the secondary
structure 6], and together with the results on extra high susceptibility of
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Hsp22 to proteolysis [10] indicate that Hsp22 has a predominantly
unordered structure. According to the predictions of a structural
disorder, it was assumed that Hsp22 belongs to the growing family of
intrinsically disordered proteins (IDP), although some parts of its
molecule are more or less ordered (residues 90-120 and 140-170 in
the a-crystallin domain) [10]. The proteins of the IDP family are
characterized by complete or partial lack of folded tertiary structure
under physiological conditions in vitro [11,12]. Therefore, one of the
common features of these proteins is the absence of cooperative thermal
transitions on their melting curves [11-14].

In this study, we applied different techniques to investigate structural
changes that occur in the Hsp22 molecule upon heating. In good
agreement with the earlier made predictions [10], our results indicate
that Hsp22 belongs to the IDPs family, although some parts of its molecule
(presumably, in the oi-crystallin domain) demonstrate thermal unfolding
within a wide temperature range. The results of the thermal unfolding of
Hsp22 are also discussed in terms of downhill folding scenario.

2. Materials and methods
2.1. Expression and purification of small heat shock proteins (sHsp)

Recombinant human Hsp22 and its K141E mutant were expressed
in E. coli BL21-DE3 strain and purified by two successive chromato-
graphic steps consisting of hydrophobic chromatography on Phenyl-
Sepharose and size-exclusion chromatography on Sephacryl S100 as
described earlier [5,9,10]. Hsp27-3D (recombinant human Hsp27 with
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mutations S15D, S78D and S82D mimicking the naturally occurring
phosphorylation) was obtained as described earlier [15,16].

2.2. Intrinsic fluorescence

Fluorescence studies were performed on a Cary Eclipse spectro-
fluorimeter (Varian) equipped with a Peltier-controlled cell holder
and thermoprobes. Intrinsic tryptophan fluorescence was measured
at two different Hsp22 concentrations (0.1 and 0.6 mg/ml) in 50 mM
Na-phosphate buffer, pH 7.5, containing 150 mM NaCl and 5 mM -
ME. Fluorescence was excited at 297 nm (slit width 5 nm) and
recorded in the range of 300-400 nm (slit width 2.5 nm). Correction
for inner filter effect at high protein concentration was made using the
formula
Feor = Fops * antilog[(Aex + Aem) /2]
where Aqx and A, are the absorbance values measured on a Cary 100
spectrophotometer (Varian) at the excitation and emission wave-
length, respectively [17]. Spectrofluorimetric temperature scans were
performed stepwise allowing the sample to equilibrate at each
temperature. The average heating rate was 1 °C/min. The position
and form of the fluorescence spectra were characterized by the
parameter A = I3,0/l365, Where 339 and I35 are fluorescence intensi-
ties at Ae;y =320 and 365 nm, respectively [18-20]. In order to
determine the fraction of conversion of the native form of the protein
to its unfolded state (parameter o) we used the fluorescence phase
plots (the dependence of fluorescence intensity at 320 nm on the
intensity of fluorescence at 365 nm obtained at different tempera-
tures) [21].

2.3. CD spectroscopy

Far-UV CD spectra of Hsp22 (1.2 mg/ml) were recorded on Chirascan
Circular Dichroism Spectrometer (Applied Photophysics) in 0.02 cm cells
at different temperatures with a constant heating rate of 1 °C/min. Each
CD plot was an average of 3 accumulated scans. Plots were baseline
corrected for buffer (50 mM Na-phosphate, pH 7.5, containing 150 mM
NaCl and 2 mM DTT).

2.4. Differential scanning calorimetry (DSC)

DSC experiments were performed on a DASM-4M differential
scanning microcalorimeter (Institute for Biological Instrumentation
RAS, Pushchino, Russia) at a 1 °C/min heating rate in 50 mM Na-
phosphate buffer, pH 7.5, containing 150 mM NaCl and 2 mM [3-ME.
Protein concentrations were 0.6-1.2 mg/ml. The reversibility of the heat
sorption curves was assessed by reheating of the sample immediately
after cooling from the previous scan. The DSC scan obtained from the
first heating of the 3-ME-containing sample was omitted as this heating
was specially destined to reduce SH-groups of the protein and to prevent
disulfide cross-linking, and all following scans (up to five) were
identical. The heat sorption curves were baseline corrected in two
different ways: either by subtracting a scan with buffer in both cells, or
by using a special DSC approach, which was successfully applied in
earlier studies to reveal small and low-cooperative thermal transitions in
non-muscle tropomyosins [22]. Briefly, DSC measurements were
performed not only in the usual way, when the protein was placed
into the sample cell and the buffer was placed into the reference cell, but
also vice versa, with the same protein sample in the reference cell and the
buffer in the sample cell. This inverted curve was then subtracted from
the curve obtained by the usual way. The above DSC approach allows us
to subtract the instrumental baseline with very high precision [22].
Protein-specific heat capacity (C,) was calculated as described by
Privalov and Potekhin [23], and C, of fully unfolded Hsp22 was
estimated according to Hackel et al. [24].

2.5. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded on a Tensor 27 FTIR spectrophotom-
eter (Bruker) equipped with BioATR II cell with the silicon crystal.
Approximately 20 ul of Hsp22 (7 mg/ml) in 50 mM Na-phosphate
buffer, pH 7.5, containing 150 mM NaCl and 5 mM [-ME, was applied
on the crystal. The spectra were recorded at different temperatures
using a resolution of 4 cm™' and 500 accumulations. Secondary
structure content was determined by using OPUS 6.0 software
(Bruker) from curve fitting to spectra (amide I region) deconvoluted
using second derivatives to identify component band positions. The
data were automatically corrected for water (liquid and vapor) and
CO, components by the OPUS 6.0.

2.6. Chaperone-like activity

The chaperone-like activity of Hsp22 and its K141E mutant was
determined by their ability to prevent heat-induced aggregation of F-
actin as described previously for experiments with small heat shock
protein Hsp27 and its 3D mutant [25,26]. Thermally induced aggrega-
tion of F-actin was measured by light scattering on a Cary Eclipse
spectrofluorimeter (Varian) equipped with a Peltier-controlled cell
holder and thermoprobes. F-actin in the absence or in the presence of
sHsp was heated at a constant rate of 1 °C/min from 30 °C up to 90 °C.
The light scattering at 350 nm was measured with excitation and
emission slits of 2.5 and 1.5 nm, respectively.

3. Results
3.1. Temperature-induced changes in the intrinsic fluorescence of Hsp22

Hsp22 contains four Trp residues (Fig. 1A) and at room temperature
the Trp fluorescence spectrum of Hsp22 is characterized by the red-
shifted maximum (Ap.x =341 nm) (Fig. 1B). It is known that a Trp
emission maximum is highly dependent on the polarity of its
environment: a Trp residue in a non-polar environment (i.e., buried
inside a protein), has an emission maximum close to 320 nm, while in a
polar environment (i.e., solvent-exposed) it has the maximum close to
350 nm. Therefore the red-shifted maximum of fluorescence indicates
that a large portion of Hsp22 Trp residues is solvent-exposed. This
conclusion agrees with the prediction of disordered regions in Hsp22
[10] indicating that three Trp residues are located in presumably
unordered regions and only Trp96 is located in a more or less ordered
region (residues 90-120 of a-crystallin domain). If this prediction is
correct, we might suppose that at least for one Trp residue the
temperature-induced unfolding will be accompanied by more or less
cooperative changes of fluorescence parameters.

Upon heating from 20 °C to 80 °C, the Trp fluorescence spectrum of
Hsp22 demonstrates significant red shift of its emission maximum from
341 nm up to 351 nm (Fig. 1B). An increase of the A,ax value occurs within
a wide temperature range, from 30 °C to 80 °C, and it is accompanied by a
decrease of parameter A = I350/I35, With a mid-transition temperature of
57 °C for both curves (Fig. 1C). Both these parameters cannot be used for
quantitative determination of the fraction of conversion from native to
denatured state. However, both these parameters indicate that there is
more or less co-operative transition at about 57 °C. It is worthwhile to
mention that this transition was completely reversible and that the mid-
transition temperature was not dependent on the protein concentration
in the range of 0.1-0.6 mg/ml (Fig. 1C).

For quantitative analysis of the thermal-induced unfolding of Hsp22
we applied the method of parametric plots [21]. Fig. 2 shows the
dependence of fluorescence intensity at 320 nm on the intensity of
fluorescence at 365 nm obtained at different temperatures. In this case,
the fluorescence intensities at 320 and 365 nm were used as independent
extensive characteristics (as opposed to intensive characteristics such as
parameter A and Anax), and the temperature was taken as a parameter.
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Fig. 1. (A) Localization of four Trp residues in Hsp22 primary structure. The a-crystallin
domain is shown in dark gray and variable N-terminal part in white. (B) Intrinsic Trp
fluorescence spectra as measured during heating of Hsp22 from 20 °C to 80 °C (the
temperature values are indicated in squares for each spectrum). (C) Temperature-
induced changes of the Hsp22 intrinsic fluorescence measured by the changes of the
spectrum position (Amax) and of the value of parameter A= I350/I3¢s. Filled and empty
symbols on the curve of parameter A correspond to the data obtained at Hsp22
concentration equal to 0.1 and 0.6 mg/ml respectively.

The linear parts of the plot extrapolated to zero correspond to the
common thermal fluorescence quenching without any change in the
protein structure, and the curve between these lines corresponds to
thermal transition in the protein structure. The lines indicated as N and U
(native and unfolded states of Trp-containing regions, respectively)
represent extrapolations of the linear parts of the phase plot to the thermal
transition region. This approach allowed quantitative determination of the
so-called parameter o, the fraction of conversion from native to denatured
state [21]. The temperature dependence of this parameter (Fig. 3) clearly
demonstrates that Hsp22 undergoes thermal unfolding within a
temperature range from 39 °C to 74 °C, showing cooperative thermal
transition with a mid-point temperature of 58 °C. Cooperative character of
this transition even permits estimation of Van't Hoff enthalpy of this
transition (Fig. 3). It is important to note that mid-point of this transition
(58 °C) is very similar to the mid-transition temperature of 57 °C obtained
by measuring intensive characteristics, Ajax and parameter A (Fig. 1C).
Previous studies have shown that mutation K141E induces
destabilization of Hsp22 structure increasing susceptibility of Hsp22
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Fig. 2. Parametric dependences of fluorescence intensity at 320 and 365 nm,
characterizing the temperature-induced unfolding of Hsp22. The variable parameter
is the temperature. Fluorescence characteristics of native (N) and completely unfolded
(U) Trp-containing regions of Hsp22 are indicated. Values of fluorescence intensities
are expressed in relative units.

to trypsinolysis [9]. In good agreement with these data, we found that
mutation K141E strongly decreases the thermal stability of Hsp22 as
measured by Trp fluorescence. This mutation shifts the curve of the
temperature dependence of parameter o by ~7 °C to the lower
temperature, from 58 °C to 51 °C (Fig. 3).

3.2. DSC studies of the thermal unfolding of Hsp22

DSC results show that Hsp22 undergoes thermal-induced unfold-
ing (Fig. 4). At low temperature the specific heat capacity (C,) of
Hsp22 significantly exceeds the heat capacity expected for a globular
protein having stable, fully folded structure and the same molecular
mass as Hsp22, as calculated according to Privalov and co-authors
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Fig. 3. Temperature-induced changes in the fraction of unfolded state (o) for the wild
type Hsp22 (filled symbols) and its K141E mutant (empty symbols). The fractions of
unfolded state were calculated from parametric dependences of fluorescence intensity
at 320 and 365 nm. Vertical dotted lines indicate the temperatures of half-maximum
changes in parameter o (58 °C for wild type Hsp22 and 51 °C for its K141E mutant). The
values of Van't Hoff enthalpy estimated for these transitions of wild type Hsp22 and its
K141E mutant were equal to 150 and 130 kJ/mol, respectively.
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Fig. 4. The thermal-induced unfolding of Hsp22 monitored by DSC. Solid curves 1 and 1'
represent the temperature dependence of specific heat capacity of Hsp22 estimated
from two independent DSC experiments. Dashed curve 2 corresponds to the heat
capacity of fully unfolded Hsp22, as estimated according to Hackel et al. [24]. Dotted
line 3 represents the expected heat capacity of a globular protein having a stable and
rigid structure: it was calculated according to Privalov and co-authors [27,28], using the
molecular mass of Hsp22. The absolute error of specific heat capacity () did not
exceed +£0.1]Jg 'K~ L

[27,28]. At the same time at room temperature, the C; values of Hsp22
are less than the values of fully unfolded Hsp22, as estimated
according to Hackel et al. [24]. These DSC data unambiguously
indicate that at low temperature a significant portion of the Hsp22
molecule lacks rigid tertiary structure and therefore possesses
properties of intrinsically disordered proteins. However, under these
conditions Hsp22 is not completely unfolded. Upon heating, the heat
capacity of Hsp22 steeply increases, starting from 27 °C, and it
becomes close to the C, values of fully unfolded Hsp22 above 80 °C
(Fig. 4). This indicates that the largest part of the Hsp22 molecule is
disordered and lacks rigid tertiary structure, and therefore its thermal
unfolding is expressed as a continuous transition within a wide
temperature range. Such type of transition was recently observed by
DSC for intrinsically disordered apo-parvalbumin [29] and for artificial
miniprotein FSD-1ss [30]. It should be noted, however, that in the last
case the thermally-induced unfolding started from completely folded
state and reached completely unfolded state at high temperature [30].

Although we were unable to detect large sorption peaks on the
curve of temperature dependence of specific heat capacity, careful
investigation of this curve indicates the presence of a small peak with
an apparent half-transition temperature of about 52—54 °C (Fig. 4).
This temperature is similar (although slightly lower) to that
determined for half-maximal transition of the thermal unfolding of
Hsp22 obtained from fluorescence experiments (Figs. 1C, 3) and
might correspond to the melting of certain parts of a-crystallin
domain, probably containing Trp96. It is worthwhile to mention that
the thermal-induced unfolding of Hsp22 was independent of protein
concentration in the range of 0.6-1.2 mg/ml and was completely
reversible, as DSC curves of the same Hsp22 sample can be repeated
many times, without any changes, during re-heatings of the sample.

3.3. Temperature-induced changes in the secondary structure of Hsp22

Far-UV CD and FTIR were used to analyze the thermally-induced
changes in Hsp22 secondary structure. Fig. 5A represents the far-Uv
CD spectra of Hsp22 measured at different temperatures. At 20 °C, the
protein possesses a far-UV CD spectrum typical of an essentially un-
folded polypeptide chain [13,14,31]. The spectrum has an intense

minimum in the vicinity of 200 nm, with the absence of characteristic
bands in the range of 210-230 nm. It is noteworthy that the ratio of
ellipticity at 222 nm ([0],22 = —2140 deg cm? dmol~ ') to that at
200 nm ([f]o00 = — 5756 deg cm? dmol™!) on the CD spectrum of
Hsp22 is equal to 0.37. According to “double wavelength” plot, [0]22 Vs
[0]200, proposed by Uversky [13], the CD spectrum of Hsp22 roughly,
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Fig. 5. Thermal-induced changes in the secondary structure of Hsp22, as measured by CD
(A) and FTIR (B,C). The far-UV CD spectra (A) and normalized FTIR spectra of the amide I
region (B) were measured at 20 °C (solid curves), 50 °C (dashed curves), and 70 °C (dotted
curves). (C) Normalized second derivatives of the corresponding FTIR spectra shown in
(B). The curves are shifted for clarity of presentation. The vertical dashed-and-dotted lines
indicate the peaks assigned to 3-sheets (the peaks at 1620 and 1631 cm™ '), a-helices (the
peak around 1651 cm™!), disordered random-coil structure (the broad peak around
1641 cm™ '), and turns (peaks at 1660, 1667 and 1681 cm™1!).
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but not entirely, corresponds to that of a protein in the pre-molten-
globule-like state. These CD data indicate that the structure of Hsp22 is
more ordered than that typical for proteins in the pre-molten-globule-
like state. As the temperature is increased, the spectrum changes: the
minimum becomes more intense, and the negative intensity of the
spectrum around 222 nm increases (Fig. 5A). At 70 °C, the ratio [6]222/
[6]200 becomes equal to 0.47 ([0]222 = —4353 deg cm* dmol ™' and
[0]200= —9207 deg cm? dmol~!). This means, according to the
“double wavelength” plot [13], that under these conditions Hsp22
reaches the pre-molten-globule-like state. It is worthwhile mention-
ing that similar temperature-induced changes of the far-UV CD spectra
are typical for many IDPs [14] and that in the case of Hsp22 these
changes of the secondary structure were completely reversible. The
molar ellipticities at 200, 209 and 222 nm were linearly dependent on
the temperature and we were unable to observe any pronounced
thermal transitions (data not shown).

We also applied the FTIR method to analyze the temperature-
induced changes in the secondary structure of Hsp22. We have used
this method since FTIR provides a more reliable determination of the
p-structure than the CD spectroscopy [32]. Fig. 5B shows the FTIR
(amide I region) spectra of Hsp22 measured at 20 °C, 50 °C, and 70 °C.
An increase in temperature leads to significant spectral changes,
which are reflected in the shift of the maximum from 1637 cm~! to
1644 cm~ ! and the appearance of a shoulder in the vicinity of
1660 cm™ ! (Fig. 5B). These changes of the FTIR spectrum are due to
the changes in the intensity of certain peaks corresponding to
different elements of the secondary structure. These peaks were
assigned by using second derivative of FTIR spectra (Fig. 5C).
Independent of the temperature we detected seven negative peaks
around 1621, 1631, 1641, 1651, 1661, 1667, and 1681 cm™ ' on the
second derivative of FTIR spectra. These peaks correspond to [>-sheets,
a-helices, turns, and random-coil disordered structure, as indicated
on Fig. 5C. Deconvolution of the FTIR spectra based on the assignment
of corresponding peaks and performed by OPUS 6.0 software (Bruker)
provides information on the secondary structure of Hsp22 at different
temperatures. The data of FTIR indicate that at 20 °C Hsp22 contains
about 33% of B-sheets, about 12% of a-helices, about 34% of turns, and
about 21% disordered random-coil structures. This estimation
correlates well with the corresponding data obtained earlier by CD
spectroscopy [9]. According to predictions, almost all 3-strands of
Hsp22 are located in the a-crystallin domain, while a-helices are
mainly localized in the N-terminal part of the molecule [10]. Increase
of the temperature up to 50 °C was accompanied by slight decrease of
the percentage of a-helices (1650 cm™!) and B-sheets (1620 and
1630 cm™ ') and increase of the random-coil and turns (1642, 1660,
1667, and 1681 cm™ !) in the structure of Hsp22. As the temperature
is further increased up to 70 °C, the peak of a-helices completely
disappears and the content of (3-sheets decreases from 33 down to
18%. At the same time, the percentage of turns and disordered
random-coil structures increases up to 45% and 37%, respectively.
These data indicate that Hsp22 undergoes thermal unfolding that is
accompanied by decrease of the ordered and increase of the
unordered structure, with the main changes in its secondary structure
occurring above 50 °C.

3.4. Effect of Hsp22 and its K141E mutant on heat-induced aggregation
of F-actin

We studied the chaperone-like activity of Hsp22 and its K141E
mutant by determining their ability to prevent aggregation of F-actin
induced by its thermal denaturation. This test-system was success-
fully used in the previous studies to investigate the chaperone-like
activity of other recombinant human sHsp [25,26]. In the present
work, we used this test-system to investigate the chaperone-like
activity of Hsp22 and its K141E mutant in comparison with that of
Hsp27-3D (Fig. 6).

F-actin (0.1 mg/ml) was heated at a constant rate of 1 °C/min up to
90 °C in the absence or in the presence of the wild type Hsp22, its
K141E mutant, or Hsp27-3D at weight ratio of sHsp to actin equal to
1:1. As it was shown earlier by DSC studies, F-actin was fully
denatured above 70 °C both in the absence and in the presence of sHsp
[25]. In the absence of sHsp, thermal denaturation of F-actin was
accompanied by a strong increase in light scattering (Fig. 6, curve 1).
Hsp27-3D effectively prevented aggregation of denatured actin and
shifted the aggregation curve to the higher temperatures, above 80 °C
(Fig. 6, curve 4). It is worthwhile to mention that, in the presence of
Hsp27-3D, F-actin started to aggregate at about 70 °C, ie. the
temperature, at which the thermal unfolding of Hsp27-3D occurred
[25]. Hsp22 also retarded the thermal-induced aggregation of F-actin,
however its chaperone-like activity was less pronounced than in the
case with Hsp27-3D. For instance, in the presence of Hsp22, the
increase of light scattering started below 60 °C, and the aggregation
curve was shifted by 10-12 °C to the higher temperature in
comparison with the corresponding curve for isolated F-actin
(Fig. 6, curve 2). K141E mutant of Hsp22 was less effective than the
wild type protein in retarding thermal-induced aggregation of F-actin
and the aggregation curve was shifted by only 5-6 °C to the higher
temperature in comparison with the curve for isolated F-actin (Fig. 6,
curve 3).

The efficiency of prevention of thermal-induced aggregation
correlates with thermal stability of sHsp. For instance, Hsp27-3D
that unfolds at temperature higher than 70 °C [25,33,34] is the most
effective, whereas the wild type Hsp22 and especially its K141E
mutant undergoing thermal unfolding at about 58 and 51 °C are less
effective in retarding F-actin aggregation that starts at about 55 °C
(Fig. 6).

4. Discussion

The results presented here indicate that Hsp22 belongs to the IDPs
family. The red-shifted fluorescence spectrum (Fig. 1B) indicates that
the largest part of Trp residues of Hsp22 is solvent-exposed. This
conclusion agrees with the earlier made prediction [10] indicating
that among four Trp residues of Hsp22 the only one, namely Trp96, is
located in one of the two partially ordered parts (residues 90-120 and
140-170) in the a-crystallin domain of Hsp22. The heating is
accompanied by the changes in fluorescence parameters with mid-
transition temperature of about 58 °C and by significant decrease in
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Fig. 6. Effects of Hsp22, its K141E mutant, and Hsp27-3D on the heat-induced
aggregation of F-actin. F-actin (0.1 mg/ml) was heated at a constant rate of 1 °C/min in
the absence (curve 1) or in the presence of wild type Hsp22 (curve 2), its K141E mutant
(curve 3) or Hsp27-3D (curve 4), and aggregation was followed by light scattering at
350 nm. The concentration of all sHsp was equal to 0.1 mg/ml.
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the content of B-sheets. These changes probably correspond to the
thermal-induced unfolding of certain parts of a-crystallin domain
containing Trp96. Mutation K141E destabilizes the «-crystallin
domain [10] and probably therefore thermal-induced changes of the
fluorescent parameters of K141E mutant of Hsp22 occur at lower
temperature than the corresponding changes of the wild type protein
(Fig. 3).

DSC results have shown that the thermal unfolding of Hsp22
occurs within a very broad temperature range, and it is characterized
by the absence of a pronounced excess heat sorption peak (Fig. 4). In
this respect, Hsp22 is quite different from all other mammalian sHsp
studied by DSC, e.g. Hsp27 and a-crystallin, which demonstrated
cooperative thermal transitions at ~70 °C for Hsp27 [25,33,34] and at
~60 °C for a-crystallin [35,36]. This indicates that Hsp22, in contrast
with Hsp27 and a-crystallin, lacks rigid tertiary structure. This can be
due to some peculiarities of Hsp22 primary structure. For instance, the
position that is occupied by 32-strand in the structure of other human
sHsp is presented in Hsp22 by the sequence TPPPFP that prevents
formation of the 3-strand [10]. This might induce destabilization of
the whole a-crystallin domain. Moreover, the p2-strand seems to
play an important role in the intersubunit interaction of different sHsp
[37] and therefore the lack of this strand might impede formation of
stable dimers of Hsp22. It seems likely that formation of stable dimers,
provided by interaction of a-crystallin domains of two neighboring
monomers [1,3,37], plays an important role in the stabilization of the
sHsp molecule, and this may explain, at least partly, why Hsp22 is
intrinsically disordered. The inability to form stable dimers as well as
the absence of conservative I-X-(I/V) sequence in the flexible C-
terminal end [37] makes improbable formation of high molecular
mass oligomers of Hsp22. Therefore unlike the most other sHsp,
Hsp22 is presented only in the form of monomers or small oligomers
[4-6,8,9]. All these factors probably lead to further destabilization of
the Hsp22 structure.

Intrinsically disordered nature and low stability of the structure
affect the chaperone-like activity of Hsp22 measured by heat-induced
aggregation of F-actin (Fig. 6). In this respect, it is worthwhile to
mention that mutation K141E, which strongly decreases the thermal
stability of Hsp22 (Fig. 3), simultaneously decreases its chaperone-
like activity (Fig. 6). These data suggest that a relationship may exist
between thermal stability and chaperone-like activity of Hsp22, at
least with respect to its ability to prevent heat-induced aggregation of
F-actin. This might be another explanation why intrinsically disor-
dered Hsp22, which is less thermostable than Hsp27-3D and is unable
to form large oligomers, is less effective than Hsp27-3D in preventing
thermal-induced aggregation of F-actin. In any case, the stability of
tertiary and/or quaternary structure of sHsp appears to be of great
importance for their chaperone-like activity.

Thus, our results indicate that Hsp22 belongs to the IDPs family.
However, the results of the Hsp22 thermal unfolding can be also
considered from another viewpoint, namely in the light of recently
described downhill behavior of some proteins. The energy landscape
theory predicts that under certain conditions, protein folding can
proceed without crossing free energy barriers (the downhill scenar-
io). A characteristic feature of this scenario is the existence of a unique
thermodynamic state consisting of an ensemble of conformations that
loses structure gradually as protein stability decreases. Therefore, the
folding/unfolding process is non-cooperative in this case, and the
apparent transition depends on the method probing certain structural
properties of the protein as it unfolds. According to the downhill
folding/unfolding scenario, various techniques applied to investigate
protein unfolding give different characteristics of the thermal
transition [38,39]. It seems to us, this is just the case with the thermal
unfolding of Hsp22. DSC results have shown a continuous transition
without pronounced heat sorption peak, and only very small peak at
52-54 °C was observed (Fig. 4). Similarly, CD experiments on the
Hsp22 thermal unfolding did not reveal any pronounced thermal

transitions (data not shown). On the other hand, the results of
fluorescence studies clearly demonstrated the cooperative thermal
transition at 58 °C, for which it was even possible to estimate the Van't
Hoff enthalpy (Fig. 3). Our data agree with the main criteria of the
downhill folding scenario [38,39]. Such type of behavior was earlier
predicted from simulation analysis of the thermal unfolding of a
model protein [39], and our experimental data confirm this
prediction.

In conclusion, it should be noted that both points of view, i.e.
thermal unfolding of Hsp22 as IDP or as a downhill folder, are not in
contradiction but supplement each other. Analysis of the thermal
unfolding of Hsp22 as IDP examines structural traits of the protein,
whereas consideration of Hsp22 as a downhill folder allows to clarify
its thermodynamic properties.
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