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Abstract Oligomeric association of human small heat
shock proteins HspB1, HspB5, HspB6 and HspB8 was
analyzed by means of size-exclusion chromatography,
analytical ultracentrifugation and chemical cross-linking.
Wild-type HspB1 and Cys mutants of HspB5, HspB6 and
HspB8 containing a single Cys residue in position
homologous to that of Cys137 of human HspB1 were able
to generate heterodimers cross-linked by disulfide bond.
Cross-linked heterodimers between HspB1/HspB5, HspB1/
HspB6 and HspB5/HspB6 were easily produced upon
mixing, whereas formation of any heterodimers with
participation of HspB8 was significantly less efficient.
The size of heterooligomers formed by HspB1/HspB6 and
HspB5/HspB6 was different from the size of the
corresponding homooligomers. Disulfide cross-linked
homodimers of small heat shock proteins were unable to
participate in heterooligomer formation. Thus, monomers
can be involved in subunit exchange leading to hetero-
oligomer formation and restriction of flexibility induced by
disulfide cross-linking prevents subunit exchange.
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Introduction

More than 8,700 proteins expressed in all domains
including archea, bacteria and eukarya and belonging to
the family of the so-called small heat shock proteins (sHsp)
are at present deposited in protein databases (Kriehuber et
al. 2010). The monomers of small heat shock proteins have
small molecular mass (12–43 kDa) and contain a conser-
vative α-crystallin domain consisting of about 90 amino
acid residues (Haslbeck et al. 2005; Vos et al. 2008;
McHaourab et al. 2009). α-Crystallin domain is considered
an unmistakable hallmark of this protein family (Kappe et
al. 2010). This domain participates in formation of dimers
of small heat shock proteins (Bagneris et al. 2009;
Laganowsky et al. 2010; Baranova et al. 2011). In addition
to the conservative α-crystallin domain, small heat shock
proteins contain a variable in size and structure N-terminal
domain and a short C-terminal extension, both of which are
playing important roles in oligomerization of these proteins
(McHaourab et al. 2009; Stamler et al. 2005; van Montfort
et al. 2001). As a rule, the small heat shock proteins tend to
form high molecular mass oligomers containing variable
number of monomers (Kim et al. 1998; van Montfort et al.
2001; Stamler et al. 2005; Narberhaus 2002; Jehle et al.
2011). These oligomers display a very flexible quaternary
structure (McHaourab et al. 2009; Haley et al. 2000; Jehle
et al. 2011) easily exchanging their subunits (Studer and
Narberhaus 2000; Sobott et al. 2002), thus making detailed
investigation of their structure very complicated.

The human genome contains ten genes encoding for
small heat shock proteins (Fontaine et al. 2003; Kappe et al.
2003). Some of these proteins (i.e. HspB2, HspB3, αA-
crystallin (HspB4), HspB7, HspB9, HspB10) are tissues
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specific, whereas others (i.e. HspB1, αB-crystallin (HspB5),
HspB6 and HspB8) are ubiquitously expressed in practically
all human tissues (Taylor and Benjamin 2005). Some of the
small heat shock proteins are very abundant. For instance,
αB-crystallin (HspB5) comprises up to 3% of cardiac
homogenate (Lutsch et al. 1997), and the concentration of
HspB1 and HspB6 varies from 200 to 12,000 ng/mg of
protein in different types of muscle (Kato et al. 1992, 1994;
Sakuma et al. 1998). Very often, different small heat shock
proteins are simultaneously expressed in the same tissue in
high amounts, making possible formation of heterooligomeric
complexes (Sugiyama et al. 2000; Suzuki et al. 1998). The
data describing the interaction of different small heat shock
proteins for formation of heterooligomeric complexes are
constantly accumulating in the literature. Heterooligomeric
complexes of ubiquitously expressed αA- and αB-crystallin
(Datta and Rao 2000; Horwitz 2003), HspB1 and αA- (Bova
et al. 2000) or αB-crystallin (Zantema et al. 1992), HspB6
and αB-crystallin (Kato et al. 1992, 1994) and HspB1 and
HspB6 (Bukach et al. 2004, 2009) are few examples reported
so far. It is also postulated that HspB8 is able to interact with
practically all known small heat shock proteins (Fontaine et
al. 2005; Sun et al. 2004).

Although formation of heterooligomeric complexes is
universally recognized, many important questions remain
unanswered. For instance, the subunit stoichiometry within
the heterooligomeric complexes, the mechanism of subunit
exchange, as well as the relative interaction preference of
different small heat shock proteins to each other remain
unclear. This paper is devoted to investigate the nature of
heterooligomeric complexes formed by four ubiquitous
human small heat shock proteins (HspB1, HspB5, HspB6
and HspB8) and mechanism of subunit exchange during the
course of formation of heterooligomeric complexes.

Materials and methods

Expression and purification of recombinant proteins

Recombinant wild-type untagged human HspB1 and its 3D
mutant with replacing Ser18, Ser78 and Ser82 with Asp
residues, αB-crystallin (HspB5), HspB6 and HspB8 were
expressed and purified as described earlier (Bukach et al.
2004; Kasakov et al. 2007; Mymrikov et al. 2010). The Cys
mutants (see below) of all above-mentioned small heat
shock proteins were obtained as described earlier (Mymrikov
et al. 2010). Cys mutants were generated by replacing all
endogenous Cys residues with Ser and insertion of a single
Cys residue in position homologous to that of Cys137 of the
wild-type HspB1. All proteins displayed single bands in
sodium dodecyl sulphate (SDS)–gel electrophoresis
(Laemmli 1970) and were stored frozen at −20°C in buffer

B (20 mM Tris–acetate pH 7.6, 10 mM NaCl, 0.1 mM
EDTA, 0.1 mM PMSF and 1 mM DTT). The protein
concentration was determined spectrophotometrically using
A280

0.1% equal to 1.775 for HspB1 (UniProtKB P04792),
0.693 for αB-crystallin (HspB5) (UniProtKB P02489), 0.582
for HspB6 (UniProtKB O14558) and 1.225 for HspB8
(UniProtKB Q9UJY1).

Preparation of reduced and oxidized samples of sHsp

Reduced samples were obtained by incubation of proteins
at 37°C for 30 min in buffer B containing additionally
freshly prepared 15 mM DTT. Thus, prepared samples were
either used directly or subjected to different treatments.
Oxidation of individual proteins (wild-type HspB1 and Cys
mutants of all other sHsp) was carried out by overnight
dialysis against buffer A (50 mM Tris–HCl, pH 7.4,
containing 50 mM KCl, 1 mM MgCl2, 0.1 mM PMSF) at
37°C, which generated disulfide bond cross-linking for
more than 70% of the protein amount (Mymrikov et al.
2010). For preparation of oxidized heterodimers (or
heterooligomers), the wild-type HspB1 or Cys mutants of
αB-crystallin, HspB6 and HspB8 were dialyzed overnight
against buffer A at 15°C.

Formation of heterooligomeric complexes and subunit
exchange

Reduced proteins were mixed pair-wise at the concentration
equal to 0.5 or 1.0 mg/ml for each protein and incubated for
1 h at 42°C in buffer B. Similar procedure was used for the
oxidized proteins, except that buffer A replaced buffer B.
Earlier published results indicate that these conditions are
sufficient for complete subunit exchange of different small
heat shock proteins (Bukach et al. 2009). The subunit
exchange was stopped by placing protein samples at cold
(4°C), which made the subunit exchange negligibly slow
(Bova et al. 1997; Bukach et al. 2009).

In the first series of experiments, reduced wild-type sHsp
or its Cys mutants were pair-wise mixed together, subjected
to subunit exchange and afterwards analyzed by means of
size-exclusion chromatography (SEC) and analytical ul-
tracentrifugation (Fig. 1). In the second series of experi-
ments, reduced Cys mutants of the small heat shock
proteins and the wild-type HspB1 were pair-wise mixed
together, subjected to subunit exchange at 42°C and
oxidized for formation of disulfide cross-links by dialysis
overnight against buffer A at 15°C. The samples thus
obtained were analyzed by means of 10–20% gradient
SDS–gel electrophoresis (Treweek et al. 2005) or size-
exclusion chromatography (Fig. 1). In the third series of
experiments, Cys mutants of small heat shock proteins and
the wild-type HspB1 were firstly oxidized by overnight
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dialysis against buffer A at 37°C for formation of cross-
linked homodimers. Thus, obtained samples of oxidized
proteins were mixed pair-wise, incubated at 42°C for 1 h for
subunit exchange and afterwards analyzed by means of size-
exclusion chromatography and analytical ultracentrifugation
(Fig. 1).

Size-exclusion chromatography

Reduced or oxidized samples of sHsp were subjected to
size-exclusion chromatography performed on Superdex 200
HR 10/30 column equilibrated with buffer C (20 mM Tris–
acetate pH 7.6, 150 mM NaCl, 0.1 mM EDTA, 0.1 mM
PMSF) in the presence or in the absence of 15 mM β-ME.
The sample (200 μl) loaded on the column contained
180 μg of analyzed proteins. The column was run at the
flow rate of 0.5 ml/min, and the fractions (400 μl) were
collected and analyzed by SDS–gel electrophoresis using
either 15% (Laemmli 1970) or 10–20% gradient (Treweek
et al. 2005) polyacrylamide gel. The column was calibrated
by using the following protein markers with Stokes radii
and molecular masses indicated in parenthesis: thyroglob-
ulin (85 Å, 669 kDa), ferritin (61 Å, 440 kDa), catalase
(52 Å, 240 kDa), rabbit skeletal muscle glyceraldehyde-3-
phosphate dehydrogenase (42 Å, 144 kDa), bovine serum
albumin (35 Å, 68 kDa), ovalbumin (26.8 Å, 43 kDa),
chymotrypsin (22.54 Å, 25 kDa) and ribonuclease (17.7 Å,
13.7 kDa).

Analytical ultracentrifugation

Samples of isolated sHsp (each 0.5 mg/ml) or their mixture
(0.5 mg/ml of each) were incubated either at 4°C for 1 h
(negligible slow subunit exchange) or at 42°C for 1 h
(nearly complete subunit exchange) and then dialyzed

overnight at 4°C against phosphate buffer saline (50 mM
phosphate, pH 7.5, 150 mM NaCl) supplemented or not
with 2.0 mM DTT. Sedimentation velocity experiments
were performed in a Spinco model E analytical ultracentri-
fuge (Beckman) equipped with absorbance optics, scanner
and computer on-line. A six-hole AnJ-Ti rotor and 12-mm
double sector cells were used. The protein samples (400 μl)
were subjected to ultracentrifugation at 48,000 rpm at 4°C.
Absorbance at 280 nm was recorded simultaneously every
1.5 min in all cells. Sedimentation coefficients were
estimated from differential distribution of sedimentation
coefficient [C(S20,W) versus S20,W] using SEDFIT program
(Schuck 2000).

Electrophoretic methods

Protein composition of samples was analyzed by SDS–gel
electrophoresis using either homogeneous 15% (Laemmli
1970) or gradient 10–20% (Treweek et al. 2005) polyacryl-
amide gels, under both reducing and non-reducing con-
ditions. In order to separate homodimers of HspB1,
homodimers of Cys mutant of HspB8 and heterodimer
formed by these proteins, SDS electrophoresis was per-
formed on 10% polyacrylamide gels containing 6 M urea.
After staining and destaining, the gels were subjected to the
quantitative densitometry and integral optical density of
each protein band was determined.

For estimation of the quantity of disulfide cross-linked
heterodimers, we performed quantitative densitometry of all
bands corresponding to cross-linked dimers (both homo-
and heterodimers) (lane 2 on Fig. 2). Calculating the ratio
of the integral optical density of the band corresponding to
heterodimers to the sum of integrated optical densities of
homo- and heterodimers, we estimated the portion of small
heats shock proteins involved in heterodimer formation.

Fig. 1 The scheme of three
series of experiments performed
with different small heat shock
proteins and their Cys mutants.
sHsp1 and sHsp2 are two different
small heat shock proteins or their
Cys mutants; mild oxidation was
used for cross-linking of two
neighbouring subunits via
disulfide bond formed by Cys
residues located in the β7 strand
of α-crystallin domain
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Results

Heterooligomeric complexes formed by Cys mutants
of small heat shock proteins and HspB1

The data from literature indicate that the β7 strand of α-
crystallin domain is directly involved in the formation of
intersubunits contacts inside of sHsp dimers (Baranova et
al. 2011; Bagneris et al. 2009; Laganowsky et al. 2010).
Cys137 of human HspB1 is located in the central part of β7
strand. Moreover, two Cys137 residues of neighboring
HspB1 monomers are close enough (less than 8 Å)
(Berengian et al. 1999) to be easily oxidized into a disulfide
bond generating a cross-linked dimer (Zavialov et al. 1998).
Earlier, we obtained Cys mutants of HspB5, HspB6 and
HspB8 lacking endogenous Cys residue and containing a
single Cys in position homologous to that of Cys137 of
HspB1 (Mymrikov et al. 2010). The structure and proper-
ties of these Cys mutants were practically indistinguishable
from the corresponding properties of the wild-type proteins
(Mymrikov et al. 2010); therefore, these mutants were

considered to be suitable for investigation of heterooligo-
meric complexes formed by different small heat shock
proteins.

As reported earlier, mild oxidation of the wild-type
HspB1 (or its 3D mutant mimicking phosphorylation) or of
the Cys mutants of HspB5, HspB6 and HspB8 was
accompanied by their cross-linking via disulfide bond
formed by two neighbouring Cys residues located in the
β7 strand of α-crystallin domain (lanes 1 and 3 on each
panel of Fig. 2). As a rule, more than 70% of isolated small
heat shock proteins generated cross-linked homodimers
(see Fig. 2). When the equimolar protein mixture, contain-
ing either two Cys mutants or a Cys mutant and the wild-
type HspB1, was subjected to mild oxidation, a new band
(marked by arrow on Fig. 2) emerged on the unreduced
SDS–gel. This band had an apparent molecular mass of
intermediate value between the molecular masses of
individual cross-linked homodimers of sHsp subjected to
oxidation and corresponds to the cross-linked heterodimer.
Indeed, sample reduction prior to electrophoresis was
accompanied by disappearance of the cross-linked hetero-
dimer band and accumulation of the bands corresponding to
the monomers of the analyzed small heat shock proteins
(Online Resource 1). The intensity of heterodimer band was
especially high for the following pairs of sHsp: HspB1+
HspB6 (panel A on Fig. 2), HspB5+HspB6 (panel B on
Fig. 2) and HspB1+HspB5 (panel C on Fig. 2). In all these
cases, the intensity of the band corresponding to the
heterodimer was larger or equal to the intensity of the
bands corresponding to homodimers. Quantitative densi-
tometry of the gels indicates that in these pairs of sHsp, no
less than 35% of proteins were involved in formation of
heterodimers. On the contrary, in all pairs containing
HspB8 (Fig. 2d–f), the quantity of heterodimers was
significantly lower, and only 15–25% of sHsp were
involved in formation of heterodimers. The data presented
here indicate that HspB1, HspB5 and HspB6 effectively
interact with each other, easily forming heterodimers. At
the same time, Cys mutant of HspB8 was less effective in
formation of heterodimers than any other sHsp. It is
worthwhile to mention that if oxidation was performed at
high temperature (37°C), then the quantity of heterodimer
formed was increased and at the same time the difference
between different pairs of small heat shock proteins became
less pronounced.

Interaction of the wild-type HspB1, HspB5 and HspB6
and of their Cys mutants

Since HspB8 was less effective in heterooligomer formation
according to our results, we excluded it from further
investigation and focused on the association of three other
sHsp, namely HspB1, HspB5 and HspB6.

Fig. 2 Disulfide cross-linking of the wild-type HspB1 and Cys
mutant of human small heat shock proteins. Non-reducing SDS–
gel electrophoresis of individual oxidized proteins is presented on
lanes 1 and 3 of each panel. The protein composition of the
oxidized mixture of two corresponding proteins is presented on lane
2 of each panel. a HspB1 + HspB6; b HspB5 + HspB6; c HspB1 +
HspB5; d HspB8 + HspB5; e HspB8 + HspB6; f HspB1 + HspB8.
Light arrows indicate position of cross-linked heterodimers. The
positions of molecular mass standards (in kilodaltons) are indicated
by heavy arrows
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Isolated reduced wild-type small heat shock proteins or
their pair-wise mixtures were incubated for 1 h at 42°C to
achieve complete subunit exchange. In the control sample,
the same mixture was incubated for 1 h at 4°C to prevent
any subunit exchange. Thus, obtained samples were
subjected to the size-exclusion chromatography and analyt-
ical ultracentrifugation. Isolated HspB1 and isolated HspB6
were eluted on the size-exclusion chromatography as
symmetrical peaks with apparent molecular masses of
about 660 kDa (10.2 ml) and 55 kDa (14.9 ml), respectively
(Fig. 3a). If the mixture of HspB1 and HspB6 was pre-
incubated at 42°C, then two new peaks with apparent
molecular masses of about 100–150 kDa (13.6 ml) and
250–300 kDa (11.8 ml) appeared on the elution profile
(Fig. 3a). According to the data of the SDS–gel electro-
phoresis, both these peaks contained equimolar amounts of
HspB1 and HspB6 (insert on Fig. 3a). These data agree
with our earlier published results (Bukach et al. 2009) and
indicate that HspB1 and HspB6 form two types of
heterooligomeric complexes.

Similar experiments were performed with the wild-type
HspB1 and Cys mutant of HspB6 (Fig. 3b). As mentioned
earlier, the chromatographic behaviour of Cys mutant of
HspB6 was indistinguishable from that of the wild-type
protein, and the isolated Cys mutant of HspB6 preserved
the peak shape and the apparent molecular mass of 55 kDa
(elution volume 14.9 ml), characteristic to the wild-type
protein (compare curve 2 from Fig. 3a with curve 2 from
Fig. 3b). Incubation of Cys mutant of HspB6 with the wild-
type HspB1 at 4°C followed by oxidation and formation of
disulfide bridge was not accompanied by subunit exchange
and formation of heterooligomers, nor did it produce any
changes in the quaternary structure of these proteins
(Fig. 3b). If in the same setup, pre-incubation of the

above-mentioned protein occurred at 42°C instead of 4°C,
then we were able to record heterooligomer formation
(Fig. 3b). In this case, the main peak eluted at ~13.6 ml
with apparent molecular mass of about 100–150 kDa
contained predominantly cross-linked heterodimers of
HspB1 and HspB6 (insert on Fig. 3b), whereas two
shoulders preceding and following this peak also contained
either cross-linked homodimer of HspB1 (the shoulder
preceding the main peak) or cross-linked homodimer of
HspB6 (the shoulder following the main peak). Overall, the
heterodimer HspB1–HspB6 is predominant within the
oligomeric mixture generated by these two small heat
shock proteins.

Elution profiles of isolated αB-crystallin (HspB5) and
isolated HspB6 and their mixture incubated at 4°C revealed
two peaks with apparent molecular masses of 660 kDa
(10.2 ml) and 55 kDa (14.9 ml) (corresponding to the
homooligomers of HspB5 and HspB6, respectively
(Fig. 4a)). If the mixture of HspB5 and HspB6 was pre-
incubated at 42°C instead of 4°C, then the peaks of isolated
homooligomers became significantly diminished, and a
new peak with apparent molecular mass of 350 kDa
(11.6 ml) appeared on the elution profile (Fig. 4a). This
indicates generation of heterooligomeric complex having
quaternary structure different from that of the individual
HspB5 or HspB6 oligomers. SDS–polyacrylamide gel
electrophoresis (PAGE) analysis of heterooligomer subunit
composition indicated that the 350-kDa peak contained
both HspB5 and HspB6 in the molar ratio close to 2:1
(insert on Fig. 4a).

We performed similar experiments with Cys mutants of
HspB5 and HspB6. Under conditions that prevented
subunit exchange, we detected only two peaks with
apparent molecular mass of 660 and 55 kDa corresponding

Fig. 3 Size-exclusion chromatography of isolated human HspB1,
HspB6 and their heterooligomeric complexes. a wild-type HspB1 +
wild-type HspB6; b wild-type HspB1 + Cys mutant of HspB6
subjected to oxidation after subunits exchange. Elution profiles of
isolated proteins are presented by dash-dotted curves 1 and 2,
algebraic sum of elution profiles of isolated proteins (or elution
profile of the protein mixture incubated at 4°C) is presented as a
dashed curve 3 and elution profile of the mixture of two proteins pre-

incubated for 1 h at 42°C is presented by solid curve 4. The inserts
represent the SDS–gel electrophoresis of the fractions collected from
elution profile indicated by curve 4. SDS–gel electrophoresis was run
either in the presence (a) or in the absence (b) of reducing agents.
Positions of small heat shock proteins on (a) are indicated by arrows.
The single arrow on (b) indicates position of HspB1–HspB6
heterodimer
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to homooligomers of these proteins (Fig. 4b, curve 3). On
the contrary, when mixture of HspB5 and HspB6 was pre-
incubated at 42°C followed by Cys cross-linking, a new
peak with apparent molecular mass of 350 kDa (11.6 ml)
emerged in the elution profile (Fig. 4b, curve 4). Analysis
of the protein composition of this main peak revealed that it
predominantly contained cross-linked homodimers of
HspB5 and cross-linked heterodimers HspB5–HspB6, but
it did not contain cross-linked homodimers of HspB6,
which eluted as a peak with apparent molecular mass of
55 kDa (insert on Fig. 4b). Thus, homooligomers of HspB6
are not a part of large heterooligomeric complexes formed
by HspB5 and HspB6. It seems that heterooligomers of
HspB5–HspB6 consist of homodimers of HspB5 and
heterodimers HspB5–HspB6; however, they are lacking
homodimers of HspB6.

It is well known that both the wild-type HspB1 and
HspB5 form large homooligomers of various sizes, with
apparent molecular masses of more than 600 kDa
(McHaourab et al. 2009; Horwitz 2003; Bukach et al.
2009), which cannot be separated from each other by means
of size-exclusion chromatography. In order to prevent
formation of large homooligomers that interfere with
analysis of heterooligomers, we used a three-aspartate
mutant of HspB1 (S18D, S78D, S82D) or “3D” that
mimicks the MAPKAP2-phosphorylated species of
HspB1.This mutant forms only small-size oligomers
(Rogalla et al. 1999; Hayes et al. 2009). Indeed, in our
experiments, isolated 3D mutant of HspB1 eluted from
size-exclusion column in the form of well-resolved sym-
metrical peaks with apparent molecular masses of 100 kDa
(~13.6 ml), typical for small oligomers (Fig. 5). As
described above, the HspB5 eluted as a large homooligomer
of ~600 kDa (10.2 ml) (Fig. 5). Upon co-incubation of 3D

mutant of HspB1 and HspB5 at 42°C, the 3D mutant peak
shifted almost entirely to a ~660-kDa peak (elution at
10.2 ml), which contained both HspB5 and 3D mutant of
HspB1, as judged by SDS–PAGE. Consequently, the 3D
mutant of HspB1 and HspB5 interact with each other and
form a heterocomplex of size similar or identical to that of
the HspB5 homooligomer.

Continuing our investigation, we have also analyzed
oligomer formation by wild-type HpsB1, HpsB5 and
HpsB6 using analytical ultracentrifugation. Four types of
samples were analyzed in each case, corresponding to
isolated small heat shock proteins incubated for 1 h at 42°C
and to equimolar mixtures of the two small heat shock

Fig. 4 Size-exclusion chromatography of isolated human HspB5,
HspB6 and their heterooligomeric complexes. a wild-type HspB5 +
wild-type HspB6; b Cys mutant of HspB5 + Cys mutant of HspB6
subjected to oxidation after subunits exchange. Elution profiles of
isolated proteins are presented by dash-dotted curves 1 and 2,
algebraic sum of elution profiles of isolated proteins (or elution
profile of the protein mixture incubated at 4°C) is presented as a
dashed curve 3 and elution profile of the mixture of two proteins pre-

incubated for 1 h at 42°C is presented by solid curve 4. The inserts
represent the SDS–gel electrophoresis of the fractions collected from
elution profile indicated by curve 4. SDS–gel electrophoresis was run
either in the presence (a) or in the absence (b) of reducing agents.
Positions of small heat shock proteins on (a) are indicated by arrows.
The single arrow on (b) indicates position of HspB5–HspB6
heterodimer

Fig. 5 Size-exclusion chromatography of isolated human HspB5, 3D
mutant of HspB1 and their heterooligomeric complexes. Elution
profiles of isolated proteins are presented by dash-dotted curves 1 and
2, algebraic sum of elution profiles of isolated proteins (or elution
profile of the protein mixture incubated at 4°C) is presented as a
dashed curve 3 and elution profile of the mixture of two proteins pre-
incubated for 1 h at 42°C is presented by solid curve 4. The insert
represent the SDS–gel electrophoresis of the fractions collected from
elution profile indicated by curve 4. SDS–gel electrophoresis was run
in the presence of reducing agents. Positions of small heat shock
proteins are indicated by arrows
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proteins incubated for 1 h at either 4°C or at 42°C. Results
showed that isolated HspB6 was sedimented in the form of
a sharp peak with sedimentation coefficient of about 2.6 S
(Fig.6a, b curve 1), while isolated HspB1 incubated for 1 h
at 42°C was sedimented in the form of a broad asymmetric
peak with sedimentation coefficients in the range of 12–
20 S (Fig. 6a, curve 2). Unheated mixture of HspB1 and
HspB6 displayed two peaks. One sharp and symmetrical
peak with sedimentation coefficient 2.6 S coincided with
the peak of isolated HspB6 (Fig. 6a, curve 3), while other
asymmetric peak with sedimentation coefficients in the
range of 10–15 S partially overlapped with the peak of
isolated HspB1 (Fig. 6a, curve 3 and data not shown). The
shift of the HspB1 peak maximum to higher sedimentation
coefficients upon heating seems to be due to the changes in
the oligomeric structure of HspB1, as supported by
literature (Lelj-Garolla and Mauk 2006). Finally, if the
heated mixture of HspB1 and HspB6 was subjected to
ultracentrifugation, the peaks corresponding to isolated
HspB6 (2.6 S) and HspB1 (10–18 S) completely disap-
peared and two new peaks with sedimentation coefficients
of about 3.9 and 7.0 S emerged on the sedimentogram
(Fig. 6a, curve 4). These peaks probably correspond to the
two types of heterooligomeric complexes detected on the
size-exclusion chromatography (Fig. 3a, curve 4).

Similar results were obtained in the case of HspB5 and
HspB6. As already mentioned, isolated HspB6 was sedi-
mented in the form of sharp symmetrical peak with
sedimentation coefficient 2.6 S (Fig. 6a, b, curve 1),
whereas isolated HspB5 was sedimented as a very broad
asymmetric peak with sedimentation coefficients in the
range 13–17 S (Fig. 6b, curve 2). On the sedimentogram of
the unheated mixture of HspB5 and HspB6, we detected
two peaks overlapping with the peaks corresponding to
isolated HspB5 and HspB6 (Fig. 6b, curve 3). This means
that at low temperature, subunits of these two small heat

shock proteins were not exchanged. At the same time, if the
heated mixture of HspB5 and HspB6 was subjected to
ultracentrifugation, then the peaks corresponding to isolated
proteins were significantly diminished and two new poorly
resolved peaks with sedimentation coefficients of about 7.9
and 10.4 S appeared on sedimentogram (Fig. 6b, curve 4).
Thus, in good agreement with the data of size-exclusion
chromatography, we found that HspB5 and HspB6 interact
with each other and the size of heterooligomeric complex
formed by these two small heat shock proteins is smaller
than the size of the complex formed by isolated HspB5.

Interaction of oxidized Cys mutants of HspB4, HspB6
and wild-type HspB1

As stated earlier, the detailed mechanism of subunit
exchange of different small heat shock proteins remains
not fully understood, and the question whether monomers
or dimers of small heat shock proteins are exchangeable
remains still unanswered. Trying to elucidate the mechanism
of subunit exchange, we analyzed the interaction abilities
of oxidized Cys mutants of HspB4, HspB5 and oxidized
wild-type HspB1.

In good agreement with the earlier published data
(Mymrikov et al. 2010; Zavialov et al. 1998), we found
that oxidation of the wild-type HspB1 and of the Cys
mutant of HspB6 did not affect their quaternary structure
and that both proteins were eluted as symmetrical peaks
with apparent molecular masses indistinguishable from
those of reduced wild-type proteins (Fig. 7a). As mentioned
earlier, oxidation performed overnight at 37°C was accom-
panied by more than 70% cross-linking of isolated proteins.
Equimolar quantities of thus obtained oxidized wild-type
HspB1 and oxidized Cys mutant of HspB6 were mixed
together and incubated in the absence of reducers for 1 h at
42°C to promote exchange of their subunits. Afterwards,

Fig. 6 Analysis of interaction of the wild type HspB1 and HspB6 (a)
and HspB5 and HspB6 (b) by means of analytical ultracentrifugation.
Distribution of sedimentation coefficients of isolated HspB6 (dash-
dotted curve 1), of isolated HspB1 and HspB5 (dash-dotted curves 2
on (a, b), respectively), of the unheated mixture of two small heat

shock proteins (dashed curve 3) and of the heated mixture of two
corresponding small heat shock proteins (solid curve 4) is presented
on each panel. Insert on (b) represents enlarge part of sedimentogram
in the range of 6–22 S
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the samples were subjected to the size-exclusion chroma-
tography (Fig. 7) and analytical ultracentrifugation (Fig. 8).
The data of Fig. 7a indicate that the oxidized samples of
HspB1 and Cys mutant of HspB6 were unable to exchange
their subunits due to the fact that each protein was eluted
separately in positions exactly corresponding to those of
isolated proteins. This means that cross-linked dimers are
unable to participate in the subunit exchange that was
characteristic for reduced wild-type proteins (see Fig. 3a).

Similar results were obtained in the case of oxidized
mutants of HspB5 and HspB6. Isolated oxidized samples of
Cys mutant of HspB5 and HspB6 were eluted in the form
of symmetrical peaks with apparent molecular mass of
about 660 kDa (10.2 ml) and 55 kDa (14.9 ml), respectively
(Fig. 7b). Oxidized samples of Cys mutants of HspB5 and
HspB6 were mixed together and after heating for 1 h at 42°C
were loaded on the Superdex 200 column (Fig. 7b). The
position and the amplitude of the peak corresponding to
oxidized HspB6 remain unchanged, whereas position of the

peak corresponding to oxidized HspB5 was slightly shifted
to the larger elution volumes (Fig. 7b); however, HspB6 was
not detected in this peak (insert on Fig. 7b). This might
indicate that oxidized HspB6 only weakly interacts with
oxidized HspB5, and due to this weak interaction, the peak
of oxidized HspB5 was slightly retarded on the elution
profile. However, this type of interaction is very weak, and
oxidized proteins cannot form stable heterooligomers.

Analytical ultracentrifugation confirmed the data
obtained by size-exclusion chromatography. Isolated oxi-
dized Cys mutant of HspB6 and wild-type HspB1 were
sedimented as a sharp symmetrical peak with sedimentation
coefficient 2.6 S and as a very broad peak in the range of 8–
22 S, respectively (Fig. 8a). Sedimentation profiles of the
mixture of two oxidized proteins pre-incubated either at 4°C
or at 42°C were practically identical. Independent of the
temperature of pre-incubation, the sedimentation profile
revealed the same two peaks as described above with
sedimentation coefficients of about 2.6 S and a broad peak

Fig. 7 Size-exclusion chromatography of oxidized wild-type HspB1
and oxidized Cys mutant of HspB6 (a) and of oxidized Cys mutants of
HspB5 and HspB6 (b). Elution profiles of isolated proteins are
presented by dash-dotted curves 1 and 2, algebraic sum of elution
profiles of isolated proteins is presented as a dashed curve 3 and

elution profile of the mixture of two oxidized proteins pre-incubated
for 1 h at 42°C is presented by solid curve 4. The inserts represent the
protein composition of the fractions collected from elution profile
indicated by curve 4. Positions of human small heat shock proteins are
indicated by arrows

Fig. 8 Analysis of interaction of oxidized wild-type HspB1 and
oxidized Cys mutant of HspB6 (a) and oxidized Cys mutants of
HspB5 and HspB6 (b) by means of analytical ultracentrifugation.
Distribution of sedimentation coefficients of isolated oxidized Cys
mutant of HspB6 (dash-dotted curve 1), of isolated oxidized HspB1
and oxidized Cys mutant of HspB5 (dash-dotted curves 2 on (a, b),

respectively), of the unheated mixture of two oxidized small heat
shock proteins (dashed curve 3) and of the heated mixture of two
oxidized small heat shock proteins (solid curve 4) is presented on each
panel. Inserts represent enlarged part of sedimentation profiles in the
range of 6–22 S (a) or 12–22 S (b)
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with sedimentation coefficients in the range of 8–22 S
(Fig. 8a). In good agreement with the data obtained by
SEC, the data of analytical ultracentrifugation indicate that
cross-linked dimers of the wild-type HspB1 and of the Cys
mutant of HspB6 cannot form heterooligomers.

Analogous results were obtained with oxidized Cys
mutants of HspB5 and HspB6 (Fig. 8b). In this case,
isolated oxidized Cys mutant of HspB6 sedimented in the
form of sharp peak with sedimentation coefficient of 2.6 S,
whereas oxidized Cys mutant of HspB5 was sedimented as
a broad peak with sedimentation coefficients in the range of
16–21 S (Fig. 8b). Sedimentation of the mixture of two
oxidized proteins pre-incubated at 4°C revealed the same
two peaks as above (Fig. 8b). Pre-incubation of the mixture
of two oxidized proteins at 42°C also did not significantly
affect the sedimentation profile. Position and the amplitude
of the peak corresponding to HspB6 remained unchanged,
whereas position of the peak corresponding to HspB5 was
slightly shifted towards smaller S values (Fig. 8b). Thus,
the fact that the data of ultracentrifugation are in a good
agreement with the results obtained by size-exclusion
chromatography indicates that the cross-linked dimers are
much less effective in formation of heterooligomers than
non-cross-linked reduced HspB5 and HspB6.

Discussion

The wild-type HspB1 contains the single Cys137 located in
the middle of the β7 strand, i.e. at the interface between
two HspB1 neighboring monomers. Therefore, upon
oxidation, two monomers of HspB1 could be easily cross-
linked via disulfide bond, modification that does not affect
the protein structure and properties (Zavialov et al. 1998).
Earlier, we obtained the so-called Cys mutants of three
other human small heat shock proteins (HspB5, HspB6 and
HspB8). These proteins contain only one Cys residue
located in a position homologous to that of Cys137 of
HspB1, while the rest of native Cys residues are substituted
with Ser. The resulting mutations do not affect the structure
and properties of the mentioned small heat shock proteins
(Mymrikov et al. 2010). These mutants seem to be useful
for analyzing subunit exchange between different human
small heat shock proteins.

Pair-wise mixtures of different sHsp were heated for 1 h
at 42°C to ensure rapid subunit exchange. Effective subunit
exchange can also be achieved after incubation at 37°C;
however, longer incubation (3 h) was needed for comple-
tion of this process (Bukach et al. 2009). After formation of
heterooligomeric complexes, they were subjected to mild
oxidation leading to the formation of disulfide bond
between two neighboring monomers. The results obtained
are schematically represented in Fig. 9 and indicate that

three human small heat shock proteins, namely HspB1,
HspB5 and HspB6, effectively exchange their subunits and
easily form disulfide cross-linked heterodimers. This
exchange was especially effective in the case of HspB1/
HspB6 complex, for which about 55% of proteins were
involved in formation of heterodimers, followed by the
HspB1/HspB5 and HspB5/HspB6 complexes, for which
about 40% of proteins participated in formation of hetero-
dimers. Our results agree with the data from literature
indicating that HspB1/HspB5 (Zantema et al. 1992),
HspB5/HspB6 (Kato et al. 1992) and HspB1/HspB6
(Bukach et al. 2004, 2009) effectively form heterooligomeric
complexes.

At the same time, the data of disulfide cross-linking
(Fig. 2) indicate that the probability of subunit exchange in
all pairs containing HspB8 was rather small and also that in
all pairs containing this protein less than 25% of proteins
was involved in formation of heterodimers (Fig. 2).
Detailed investigation of HspB8 performed earlier (Sun et
al. 2004; Fontaine et al. 2005, 2006) showed that this
protein interacted with practically all human small heat
shock proteins, including HspB1, HspB5 and HspB6. Our
data confirmed that under certain conditions HspB8 indeed
interacted with all above-mentioned proteins; however,
HspB8 was much less effective in formation of hetero-
dimers than any other small heat shock protein. This can be
due to certain peculiarities of HspB8 structure. This protein
is lacking the properly folded β2 strand of the α-crystallin
domain and the conservative I-X-I (V) tripeptide in the C-
terminal extension; in addition, it belongs to the group of

Fig. 9 Schematic representation of pair-wise monomer exchange of
different human small heat shock proteins. High probability of subunit
exchange is shown by solid thick line, lower probability of subunit
exchange is indicated by solid thin lines and weak probability of
exchange is indicated by dashed lines. The numbers at the lines
indicate the average percentage of corresponding proteins involved in
heterodimer formation. The composition and the size of heterooligomeric
complexes formed by HspB1, HspB5 and HspB6 are schematically
shown at the arrows connecting the corresponding proteins
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intrinsically disordered proteins (Kasakov et al. 2007,
2009). Therefore, it is possible that HspB8 occurs as a
monomer–dimer mixture at equilibrium with weak affinity
for other human small heat shock proteins. It is worthwhile
to mention that expression of different small heat shock
protein is tissue-specific and is also dependent on the
physiological stage. However, on the average, the levels of
HspB1 and HspB5 expression are comparable, exceeding
by up two times the level of HspB6 and by up to four times
the levels of HspB8, respectively (Kato et al. 1992, 1994;
Louapre et al. 2005; Verschuure et al. 2003; Huey et al.
2004). This fact together with the low probability of subunit
exchange makes participation of HspB8 in the formation of
heterooligomeric complexes with other small heat shock
proteins rather improbable. HspB8 seems to have unique
binding properties as, despite its weak affinity for other
small heat shock proteins, it forms tight complexes with
Bag3 (Bcl2-associated anthanogene) and seems to be
involved in the regulation of degradation of partially
denatured proteins in autophagosomes (Carra et al. 2008;
Fuchs et al. 2010; Vos et al. 2011; Shemetov and Gusev
2011).

As already mentioned, molecular mechanisms underly-
ing heterooligomer formation remain until now poorly
investigated. By using Cys mutants of sHsp, we found that
the β7 strand of crystallin domain plays important role in
formation of homo- and heterodimers interfaces (Fig. 2).
Therefore, the engineering the Cys residue located in the
centre of this strand can be successfully used in obtaining
of the cross-linked homo- (Mymrikov et al. 2010) and
heterodimers of different small heat shock proteins.

In order to delineate the mechanism of subunit exchange,
we analyzed the oligomeric state of heterooligomers formed
by different small heat shock proteins. Interaction of HspB1
with HspB5 was reported earlier (Zantema et al. 1992);

however, the structure and composition of these complexes
were not analyzed in detail. By using size-exclusion
chromatography and ultracentrifugation, we found that the
size of heterooligomeric complexes formed by HspB5 and
3D mutant of HspB1 was identical to that of homoo-
ligomers of HspB5 (Fig. 5). Thus, the subunits of 3D
mutant of HspB1 could replace certain subunits of HspB5
within the large oligomers formed by HspB5, a replacement
that did not affect significantly the overall size of these
oligomers.

On the contrary, subunit exchange between HspB5 and
HspB6 was accompanied by formation of a new type of
oligomers. These oligomers, having apparent molecular
mass of 350 kDa, were smaller than homooligomers of
HspB5 (apparent molecular mass about 660 kDa) and larger
than homooligomers of HspB6 (apparent molecular mass
55 kDa) (Fig. 4a). Formation of a new type of complex was
also confirmed by means of analytical ultracentrifugation
(Fig. 6b). This means that the subunit exchange between
these two proteins leads to formation of a new type of
oligomers. Uniquely, HspB5/HspB6 heterooligomers were
built of homodimers of HspB5 that alternated with
heterodimers HspB5–HspB6, however lacking homodimers
of HspB6. Although interaction of HspB5 and HspB6 was
reported earlier (Kato et al. 1992), to our knowledge,
formation of this new type of heterooligomers was not
described earlier.

Finally, subunit exchange of HspB1 and HspB6 leads to
formation of at least two different heterooligomeric com-
plexes, each containing equimolar quantities of each protein
and having apparent molecular masses of 100–150 and
250–300 kDa, respectively (Fig. 3). These findings also
confirmed by analytical ultracentrifugation (Fig. 6a) agree
well with our earlier published results (Bukach et al. 2004,
2009). Heterooligomeric complexes formed by these

Fig. 10 Proposed mechanism of
heterooligomers formation by
different human small heat
shock proteins. Homooligomers
undergo dissociation leading to
formation of dimers and mono-
mers. Monomers can re-associate
forming homo- or heterodimers,
which can be used as building
blocks for formation of large-size
heterooligomers. Homodimers
cross-linked via disulfide bond
(brackets) became rigid and can
re-associate forming homoo-
ligomers but cannot participate in
formation of heterooligomers.
See text for details
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proteins contain HspB1–HspB6 heterodimers and variable
quantities of homodimers of HspB1 and HspB6. Summing
up, we might conclude that HspB1, HspB5 and HspB6
easily participate to formation of different types of hetero-
oligomeric complexes. The size of these complexes is often
different from the size of the homooligomeric complexes
formed by individual small heat shock proteins.

We analyzed heterooligomeric complexes formed by two
different small heat shock proteins; however, the probability
of existence of heterooligomeric complexes composed of
more than two different species of small heat shock proteins
cannot be excluded. These complexes can be formed by
different human sHsp, which are simultaneously and at high
extent expressed in the same human tissue (for instance, by
HspB1, HspB5 and HspB6). The composition, structure and
properties of these hypothetical complexes remain unknown
and deserve further investigations.

Finding that the small heat shock proteins are able to
form heterooligomers, we tried to analyze the mechanism
of subunit exchange. We determined that reduced Cys
mutants of all small heat shock proteins behave like the
wild-type proteins and easily forms heterooligomers of the
same size and composition as the wild-type proteins (data
not shown). However, formation of heterooligomers was
completely blocked if, before mixing, Cys mutants of
HspB5, HspB6 and the wild-type HspB1 were subjected to
mild oxidation to cross-link the monomers by disulfide
bond (Figs. 7 and 8). It is well-accepted that the oligomers
of small heat shock proteins usually contain an even
number of subunits and that the dimer is the main unit of
exchange between different sHsp homooligomers (Sobott et
al. 2002; Benesch et al. 2008). If this conclusion is
universal and applicable for heterooligomers, then it will
be difficult to explain why in our hands the cross-linked
homodimers of small heat shock proteins are unable to
participate in subunit exchange and to form heteroo-
ligomers. In addition, if only the dimers were the
exchangeable subunits, then it is impossible to explain
formation of heterodimers cross-linked by disulfide bond
(Fig. 2). Therefore, we should postulate that both mono-
mers and dimers are able to be involved in subunit
exchange and in formation of the heterooligomers. Recently
published data agree with this suggestion and indicate that
depending on conditions (temperature and pH value) large
oligomers of αB-crystallin (HspB5) can dissociate forming
both monomers and dimers, which later on can be
reassociated forming polydisperse large oligomers (Baldwin
et al. 2011a, b).

Summing up, we can propose the following mechanism
describing heterooligomer formation of human small heat
shock proteins (Fig. 10). The data from literature indicate
that human sHsp have different oligomeric states. For
instance, HspB1 and HspB5 predominantly form large

heterogeneous oligomers, whereas HspB6 and HspB8 occur
predominantly in the form of small oligomers or even
monomers (HspB8). Homooligomers of sHsp can dissoci-
ate with accumulation of structurally stable dimers and less
structurally stable monomers. Stabilization of dissociated
monomers is achieved by formation of homo- or hetero-
dimers, which can re-associate with each other forming
heterooligomers of different size and different subunit
composition. Homodimers that are cross-linked by disulfide
bond have a restricted flexibility and therefore can re-
associate into large homooligomers; however, they are
unable to form heterooligomers, the formation of which
requires significant structural flexibility. We suppose that
the mechanism proposed can explain the formation of sHsp
heterooligomers earlier described in the literature. For
instance, depending on age, native α-crystallin occurs in
the form of heterooligomer containing αA- (HspB4) and
αB-crystallin (HspB5) in the molar ratio varying from
approximately 3:1 up to 1:1 (Horwitz 2003); in addition,
HspB2 and HspB3 form well-organized heterooligomeric
complexes with an unusual stoichiometry of 3:1 (den
Engelsman et al. 2009). Thus, these heterooligomeric
complexes contain an even number of total subunits,
however preserving an uneven number of individual
subunits. This fact agrees with our suggestion that not only
dimers but also monomers can be involved in the formation
of heterooligomeric complexes. This suggestion is con-
firmed by recently published data indicating that phosphor-
ylation and certain methods of renaturation lead to
rearrangement of substructure of dimers, accompanied by
formation of oligomers with uneven subunit number
(Aquilina et al. 2004; Benesch et al. 2008). Thus, the
monomers might be considered to be the exchangeable
subunits involved in formation of sHsp heterooligomers.
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