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Abstract We applied different methods, such as turbidity mea-
surements, dynamic light scattering, differential scanning calo-
rimetry and co-sedimentation assay, to analyze the interaction
of small heat shock protein Hsp27 with isolated myosin head
(myosin subfragment 1, S1) under heat-stress conditions. Upon
heating at 43 �C, Hsp27 effectively suppresses S1 aggregation,
and this effect is enhanced by mutations mimicking Hsp27 phos-
phorylation. However, Hsp27 was unable to prevent thermal
unfolding of myosin heads and to maintain their ATPase activity
under heat-shock conditions.

Structured summary:
MINT-6490863, MINT-6490872:
LC1 (S1) (uniprotkb:P02602), Myosin subfragment 1 (S1)
(uniprotkb:P02562) and Hsp27 (uniprotkb:P04792) physically
interact (MI:0218) by dynamic light scattering (MI:0038)
MINT-6490833:
LC1 (S1) (uniprotkb:P02602), Myosin subfragment 1 (S1)
(uniprotkb:P02562) and Hsp27 (uniprotkb:P04792) physically
interact (MI:0218) by cosedimentation (MI:0027)
MINT-6490770, MINT-6490782:
LC1 (S1) (uniprotkb:P02602), Myosin subfragment 1 (S1)
(uniprotkb:P02562) and Hsp27 (uniprotkb:P04792) physically
interact (MI:0218) by light scattering (MI:0067)

� 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Myosin subfragment 1; Small heat shock proteins;
Thermal denaturation; Protein aggregation; Differential
scanning calorimetry; Dynamic light scattering

1. Introduction

Mammalian small heat shock protein with apparent molec-

ular mass 27 kDa (Hsp27) and aB-crystallin are closely related

members of a large family of small heat shock proteins

(sHSPs) [1]. Almost all sHSPs assemble into large oligomeric

complexes that vary in structure and number of monomers

[2]. The dynamic organization of sHSPs oligomers seems to

be important for regulation of their activity. In vitro, sHSPs

act as molecular chaperones in preventing partially or fully un-

folded proteins from irreversible aggregation and insolubiliza-

tion [2–5], and chaperone activity of sHSPs is dependent on

their quaternary structure [6,7]. Different protein kinases phos-

phorylate sHSPs, and by this means might affect their oligo-

meric structure and chaperone activity [2,8,9]. Hsp27 is

effectively phosphorylated by MAPKAP2 kinase [9], and this

phosphorylation modulates its activity in response to different

stimuli and stress conditions [10,11]. Hsp27 phosphorylation

(or mutations mimicking phosphorylation) was demonstrated

to induce dissociation of large Hsp27 oligomers and formation

of dimers and tetramers [6,7,12–14].

Both Hsp27 and aB-crystallin are highly produced in muscle

tissues and their content is increased upon different types of in-

jury, such as heat shock and ischemia. It seems very likely that

one of the main functions of these sHSPs in muscles is their

interaction with actin and myosin under unfavorable condi-

tions. Myosin and actin are the most abundant muscle proteins

and their interaction coupled with ATP hydrolysis by myosin

heads is the molecular basis of muscle contraction. Many

investigations have been devoted to analyses of the interaction

of sHSPs with actin [8,15–20]. In particular, we have shown

that Hsp27 mutant S15D, S78D, S82D mimicking phosphory-

lation (denoted as Hsp27-3D) does not interact with intact ac-

tin filaments, but prevents heat-induced aggregation of F-actin

by forming relatively small, stable and highly soluble com-

plexes with denatured actin [18,20].

Much less is known about interaction of sHSPs with myosin.

Up until now, the only publication by Melkani et al. [21] has

been devoted to the interaction of aB-crystallin with skeletal

muscle myosin. The authors showed that, upon incubation at

heat-shock temperature (43 �C), aB-crystallin not only pre-

vents the aggregation of myosin, but also suppresses to some

extent the heat-induced inactivation of myosin ATPase. These

Abbreviations: DLS, dynamic light scattering; DSC, differential scan-
ning calorimetry; Hsp27, recombinant human heat shock protein with
apparent molecular mass 27 kDa; Hsp27 wt, wild type Hsp27; Hsp27-
3D, pseudophosphorylated Hsp27 with mutations S15D, S78D and
S82D; sHSP, small heat shock proteins; S1, myosin subfragment 1
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results, together with electron microscopy observations on ro-

tary shadowed myosin molecules, allowed Melkani and coau-

thors to suppose that aB-crystallin and probably other

mammalian sHSPs may interact with the heads of myosin mol-

ecules under heat-shock conditions and suppress their thermal

unfolding leading to aggregation and ATPase inactivation [21].

To check this assumption and to elucidate how sHSPs inter-

act with myosin, we studied the effects of Hsp27 and its

pseudophosphorylated mutant Hsp27-3D on the thermal

unfolding of isolated myosin head termed subfragment 1

(S1), as well as on its aggregation and inactivation of its ATP-

ase under heat-shock conditions. We found that, upon heating

at 43 �C, the wild type Hsp27 and especially Hsp27-3D effec-

tively suppress S1 aggregation. However, in contradiction with

the effect of aB-crystallin described by Melkani et al. [21], we

did not observe any effects of Hsp27 on the S1 thermal unfold-

ing as measured by differential scanning calorimetry (DSC) as

well as on the heat-induced inactivation of the S1 ATPase.

2. Materials and methods

2.1. Proteins
S1 from rabbit skeletal myosin was prepared by digestion of myosin

filaments with a-chymotrypsin [22]. The concentration of S1 was
estimated spectrophotometrically using extinction coefficient E1% at
280 nm of 7.5 cm�1. Recombinant human Hsp27 and its pseudo-
phosphorylated mutant Hsp27-3D were cloned, expressed and purified
as described earlier [16,23]. All proteins were homogeneous according
to SDS–PAGE [24].

2.2. ATPase inactivation
The thermally induced inactivation of S1 ATPase was measured

after heating the protein (0.5 mg/ml) at 43 �C in the medium contain-
ing 30 mM Hepes (pH 7.3), 1 mM MgCl2, and 100 mM KCl, in the
presence or in the absence of Hsp27. S1 aliquots were heated for
appropriate periods of time, then cooled and subjected to ATPase
measurements. The experiments on myosin ATPase were performed
under similar conditions except that lower protein concentration
(0.04 mg/ml) and Tris–HCl (pH 7.5) buffer containing 5 mM CaCl2
was used instead of Hepes. The ATPase activity of S1 (or myosin)
was determined by Pi release [25] at 25 �C in the medium containing
S1 or myosin (0.04 mg/ml), 1 mM ATP, and either 0.5 M KCl,
5 mM EDTA, and 50 mM Tris–HCl (pH 7.5) for K+-EDTA-ATPase,
or 5 mM CaCl2 and 25 mM Tris–HCl (pH 7.5) for Ca2+-ATPase.
Reaction was initiated by addition of ATP and stopped after 10 min
of incubation by addition of HClO4 to final concentration of 2.5%.

2.3. DSC studies
DSC experiments were performed on a DASM-4M differential scan-

ning microcalorimeter (Institute for Biological Instrumentation, Push-
chino, Russia) as described earlier [18,26,27]. All measurements were
performed in 30 mM Hepes-KOH (pH 7.3) containing 1 mM MgCl2
and 100 mM KCl. Protein solution was heated with constant rate of
1 K/min from 5 to 90 �C. The reversibility of the thermal transitions
was tested by checking the reproducibility of the calorimetric trace
in the second heating of the sample immediately after cooling. The
thermal denaturation of S1 was fully irreversible while the denatur-
ation of Hsp27 was completely reversible. Calorimetric traces were cor-
rected for instrumental background by using special DSC approach
described earlier [28]. Transition temperatures (Tm) were determined
from the maximum of the thermal transition.

2.4. S1 aggregation
Thermally induced aggregation of S1 was determined by changes in

either turbidity or light scattering upon incubation of S1 at 43 �C in
the absence or in the presence of Hsp27. Turbidity was measured as
apparent optical density at 360 nm on a 3100 Pro spectrophotometer
(Amercham Pharmacia). Light scattering measurements were
performed at 90� on a Cary Eclipse fluorescence spectrophotometer

(Varian) equipped with a temperature controller and thermoprobes.
The light scattering at 350 nm was measured with both excitation
and emission slits equal to 1.5 nm. All experiments were performed
in 30 mM Hepes (pH 7.3) containing 1 mM MgCl2 and 100 mM KCl.

2.5. Dynamic light scattering (DLS)
DLS measurements were performed on a Photocor Complex appa-

ratus (Photocor Instruments Inc., USA) equipped with a temperature
controller. The sample was illuminated by a 633 nm laser light, and the
scattering signal was observed at an angle of 90�. DLS data were accu-
mulated and analyzed with multifunctional real-time correlator Photo-
cor-FC. DynaLS software (Alango, Israel) was used for polydisperse
analysis of DLS data. The kinetics of S1 aggregation was studied by
measuring an increase in the mean hydrodynamic radius of the parti-
cles (Rh) upon incubation of S1 at 43 �C in the absence or in the pres-
ence of Hsp27 in 30 mM Hepes (pH 7.3) containing 1 mM MgCl2 and
100 mM KCl.

2.6. Cosedimentation experiments
S1 (0.5 mg/ml) in the absence or in the presence of different quanti-

ties of Hsp27-3D was heated at 43 �C in the medium containing
30 mM Hepes (pH 7.3), 1 mM MgCl2, and 100 mM NaCl. During
heating, aliquots of the sample were withdrawn, cooled down, and sub-
jected to ultracentrifugation at 140,000 g for 20 min on Beckman air-
fuge (Beckman Instruments Inc., USA). The protein composition of
the supernatants was determined by SDS–PAGE [24].

Fig. 1. Kinetics of heat-induced inactivation of S1 K+-EDTA-ATPase
(A) and myosin Ca2+-ATPase (B) in the course of incubation of S1
(0.5 mg/ml) or myosin (0.04 mg/ml) at 43 �C in the absence or in the
presence of Hsp27 (or Hsp27-3D). The weight ratios of sHSPs to S1 or
myosin in the incubation mixture varied from 1:8 to 1:1. In all cases,
the inactivation curves obtained in the absence or in the presence of
sHSPs were nearly the same, independently of the concentration of
sHSP added. 100% ATPase activity was 0.49 and 0.44 lmol Pi/min per
mg of protein for S1 and myosin, respectively.
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