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Abstract—Human small heat shock protein with molecular mass 22 kD (HSP22, HspBS8) contains two Ser residues (Ser24
and Ser57) in consensus sequence RXS and is effectively phosphorylated by cAMP-dependent protein Kinase in vitro.
Mutation S24D did not affect, whereas mutations S57D or S24,57D prevented phosphorylation of HSP22 by cAMP-
dependent protein kinase thus indicating that Ser57 is the primary site of phosphorylation. Phosphorylation (or mutation)
of Ser57 (or Ser24 and Ser57) resulted in changes of the local environment of tryptophan residues and increased HSP22 sus-
ceptibility to chymotrypsinolysis. Mutations mimicking phosphorylation decreased dissociation of HSP22 oligomer at low
concentration without affecting its quaternary structure at high protein concentration. Mutations S24D, S57D, and espe-
cially S24,57D were accompanied by decrease of chaperone-like activity of HSP22 if insulin and rhodanase were used as
substrates. Thus, phosphorylation by cAMP-dependent protein kinase affects the structure and decreases chaperone-like

activity of HSP22 in vitro.
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Small heat shock proteins (SHSP) form a large fam-
ily of ubiquitous proteins expressed in all kingdoms
(archae, bacteria, lower and higher eukaryotes) except of
some pathogenic bacteria [1, 2]. These proteins differ in
their molecular mass that ranges from 12 to 43 kD and
possess a conservative a-crystallin domain containing 80-
100 amino acid residues and usually located in the C-ter-
minal part of the molecule [1, 2]. The a-crystallin
domain is flanked by highly mobile, variable, and differ-
ent in size N-terminal and C-terminal ends [3]. Small
heat shock proteins tend to form high molecular mass
oligomers [4, 5] composed of identical or non-identical
subunits that under certain conditions can be easily
exchanged [6, 7].

The human genome encodes ten different small heat
shock proteins (HspB1-HspB10) [8, 9]. These proteins
differ in abundance and tissue specificity. Many human

Abbreviations: PMSF) phenylmethanesulfonyl fluoride; sHSP)
small heat shock proteins; TLCK) N,-tosyl-L-lysine
chloromethyl ketone hydrochloride; TPCK) N, -tosyl-L-
phenylalanine chloromethyl ketone.

* To whom correspondence should be addressed.

small heat shock proteins undergo phosphorylation, and
this modification affects their structure and properties.
HSP27 (HspBl1) is phosphorylated at Serl5, Ser78, and
Ser82 by MAPKAP2 kinase [10], and phosphorylation of
Ser78 and Ser82 affected formation of oligomeric com-
plexes, whereas phosphorylation of Serl5 might be
important for chaperone-like activity [11]. Human aB-
crystallin (HspB5) is phosphorylated by MAPKAP2
kinase at Ser59, by p44/42 MAPK at Ser45, and at Ser19
by an unknown kinase [12]. Phosphorylation of Ser19 did
not significantly affect the quaternary structure and chap-
erone-like activity of aB-crystallin, whereas phosphory-
lation of Ser45 (or mutations mimicking phosphoryla-
tion) decreased the size of oligomers or destabilized
dimeric substructure of aB-crystallin and affected chap-
erone-like activity of this protein [13, 14]. Human
HSP20 (HspB6) can be phosphorylated by several differ-
ent protein kinases, and phosphorylation of Serl6 by
cyclic-nucleotide-dependent protein kinases modulated
HSP20-dependent relaxation of smooth muscle [15],
cardioprotective action of HSP20 [16], and its chaperone
activity [17]. Recently published data indicate that phos-
phorylation (or mutations mimicking phosphorylation)
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might affect intersubunit interaction between different
small heat shock proteins [18].

Initially human HSP22 (HspB8) was described as a
protein similar to the protein kinase domain of the large
subunit of herpes simplex virus type 2 ribonucleotide
reductase and was designed as H11 kinase that was postu-
lated to possess endogenous protein kinase activity [19].
Later it was shown that HSP22 is a typical small heat
shock protein possessing a conservative o-crystallin
domain [20] and able to interact with many other small
heat shock proteins [18]. Some properties of HSP22 were
investigated [21, 22], and its endogenous protein kinase
activity was questioned [23]. Although intrinsic protein
kinase activity of HSP22 remains questionable, the data
of the literature [20] indicate that in the cell HSP22 is
present in multiple forms that differ in isoelectric points
and that probably correspond to differently phosphorylat-
ed species. HSP22 can be phosphorylated by protein
kinase C and by p44 MAP kinase in vitro [20] and is co-
immunoprecipitated [24] and weakly phosphorylated by
casein kinase 2 [20].

In addition to its well-documented chaperone-like
activity [21, 22, 25], HSP22 seems to be involved in reg-
ulation of apoptosis [24, 26], myocardial hypertrophy
[27], or cell proliferation [28]. It is possible that all these
activities can be somehow regulated by HSP22 phospho-
rylation. However, the effect of phosphorylation on
HSP22 properties remained uninvestigated. Therefore,
this presentation deals with investigation of in vitro phos-
phorylation of HSP22 by cyclic AMP-dependent protein
kinase and the effect of HSP22 phosphorylation on some
of its properties.

MATERIALS AND METHODS

Obtaining HSP22 mutants. Point mutations mim-
icking phosphorylation of S24D, S57D, and S24,57D of
HSP22 were generated according to the two-step PCR-
based “megaprimer” method [29]. S24D was obtained
using S24D 5'-TTCCGGGACGACCCCCTCTCC as
forward primer, standard T7-terminator primer as
reverse, and pET23-hHSP22 [21] as a template at the
first step PCR. The resulting 620-bp PCR product was
purified in 1% agarose gel and then used at the second
step PCR as reverse “megaprimer” together with stan-
dard T7-promoter primer and pET23-hHSP22 plasmid.
The final 760-bp PCR product was purified in 1%
agarose gel, treated with Ndel and Xhol restrictases, and
ligated into pET23b vector treated with the same restric-
tases.

The S57D mutation was obtained with the same
approach as S24D, using S57D 5'-CTCGTCTCGACTC-
CGCCTGGC and T7-terminator primer at the first step.
At the second step, the resulting 520 bp “megaprimer”
was extended using standard T7 terminator primer.
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Double mutant S24,57D was generated in the same
way as S57D but using pET23-hHSP22-S24D as tem-
plate in PCR. Pfx DNA polymerase (Invitrogen, USA)
was utilized according to manufacturer’s instructions. In
all cases the presence of mutation and integrity of HSP22
coding sequence was confirmed by DNA sequencing.

Expression and purification of HSP22. Wild type
human HSP22 and its pseudophosphorylation mutants
were expressed in E. coli BL21(DE3) and purified as
described earlier [21, 30]. All proteins were concentrated
to 4-6 mg/ml and stored frozen in buffer B (20 mM Tris-
acetate, pH 7.6, containing 10 mM NacCl, 15 mM mer-
captoethanol, 0.1 mM EDTA, and 0.1 mM phenyl-
methanesulfonyl fluoride (PMSF)).

Protein phosphorylation. The wild type HSP22 and
its mutants (0.5-0.7 mg/ml) in buffer P (15 mM potassi-
um phosphate, 15 mM Tris (pH 7.3) containing 5.5 mM
MgCl,, 1.5 mM dithiothreitol, and 0.1 mM PMSF) were
phosphorylated by the catalytic subunit of cAMP-
dependent protein kinase (Sigma, USA) (0.02 unit/ul).
The incubation mixture (230-250 pl) contained [y-
32PJATP (3.5 MBg/ml), and the final concentration of
ATP was 200 uM. The samples were incubated at 37°C,
and aliquots of 20 pl were spotted on Whatman 3MM fil-
ters at different time of incubation, washed in 10%
trichloroacetic acid containing 5 mM sodium phosphate
and 5 mM sodium pyrophosphate, and after drying
counted on a scintillation counter.

Electrophoretic methods. SDS-electrophoresis on
gradient (7-20%) or homogeneous 15% polyacrylamide
gels was performed according to Laemmli [31]. Native gel
electrophoresis was run on 15% polyacrylamide gels in
80 mM Tris-glycine, pH 8.6. In the case of radioactive
samples, electrophoresis was followed by autoradiography
[32].

Fluorescence spectroscopy. Fluorescence measure-
ments were performed in buffer F (50 mM phosphate
(pH 7.5) containing 150 mM NaCl and 2 mM dithiothre-
itol) on a Hitachi F3000 spectrofluorometer (Hitachi,
Japan) at 25°C. The fluorescence of protein samples
(0.06 mg/ml) was excited at 295 nm (slit width 5 nm) and
recorded in the range 300-400 nm (slit width 1.5 nm).
The fluorescence spectra were decomposed into individ-
ual components corresponding to Trp residues located in
different environment [33].

Limited proteolysis. Trypsinolysis of HSP22 and its
pseudophosphorylated mutants was performed in 20 mM
Tris-acetate (pH 7.6) containing 10 mM NaCl and
30 mM mercaptoethanol at 37°C at protein concentra-
tion 0.6-0.7 mg/ml and at weight ratio HSP22/TPCK-
treated trypsin (Sigma) equal to 12,000 : 1. Chymo-
trypsinolysis was performed under identical conditions
except of the ratio HSP22/TLCK-treated chymotrypsin
that was equal to 1200 : 1. The reaction was started by
addition of protease and after different time of incubation
was stopped by addition of PMSF to the final concentra-
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tion 0.1 mM. The composition of the samples was ana-
lyzed by SDS gel electrophoresis. The apparent rate con-
stant of proteolysis was determined by plotting In(A4,/A,)
(where A, and A, correspond to the intensity of the band
of intact protein at zero time of incubation and at time 7)
against time of incubation.

Chemical crosslinking. Chemical crosslinking was
performed at fixed concentration of dimethylsuberimi-
date (3 mM) and at protein concentrations varying from
0.08 to 1.6 mg/ml. Protein samples (20 pl) in buffer B
(20 mM Tris-acetate, pH 7.6, 10 mM NaCl, 0.1 mM
EDTA, 15 mM mercaptoethanol, 0.1 mM PMSF) were
mixed with equal volume of 6 mM dimethylsuberimidate
dissolved in 0.4 M triethanolamine-HCI, pH 8.0, con-
taining 30 mM mercaptoethanol. After incubation at
37°C for 1 h, the reaction was stopped by addition of SDS
sample buffer, and the protein composition was deter-
mined by SDS gel electrophoresis [31].

Size-exclusion chromatography. Oligomeric struc-
ture of HSP22 and its pseudophosphorylated mutants was
analyzed by size-exclusion chromatography performed
on a Superdex 75 HR 10/30 column in buffer S (20 mM
Tris-acetate, pH 7.6, containing 150 mM NacCl, 0.1 mM
EDTA, 15 mM mercaptoethanol, and 0.1 mM PMSF)
using an ACTA FPLC chromatograph (Pharmacia,
Sweden). The protein sample (150 pl) containing 10-
200 pg of HSP22 or its mutants was loaded in a 500 pl
loop and subjected to chromatography at the flow rate
0.5 ml/min. The column was calibrated with the follow-
ing protein standards: bovine serum albumin (68 kD),
ovalbumin (43 kD), chymotrypsinogen (25 kD), and
RNase A (13.7 kD).

Chaperone-like activity. Chaperone-like activity of
HSP22 was determined by its ability to prevent aggrega-
tion of partially denatured protein. In the first case, 130 pl
of insulin (0.4 mg/ml) in 100 mM phosphate (pH 7.2)
containing 100 mM NaCl was mixed with equal volume of
buffer B (20 mM Tris-acetate, pH 7.6, 10 mM NacCl,
0.1 mM EDTA, 15 mM mercaptoethanol, 0.1 mM
PMSF) containing variable quantities of HSP22 or its
mutants. The sample was incubated at 37°C and reaction
was started by addition of dithiothreitol to the final con-
centration 20 mM. Reduction of insulin disulfide bonds
results in dissociation and aggregation of B-chain that was
followed by increase in the optical density at 360 nm. In
the second case, rhodanase (Fluka, Switzerland) was dis-
solved in 100 mM phosphate (pH 7.0) containing 100 mM
NaCl to the final concentration 0.4 mg/ml. A 120-pl sam-
ple of rhodanase was mixed with equal volume of buffer B
containing variable quantities of HSP22 and 20 pul of
320 mM solution of dithiothreitol and incubated 10 min
at 37°C. Afterwards the samples were transferred to ther-
mostatted cell holder heated to 44°C and heat-induced
aggregation of rhodanase was followed by increase of opti-
cal density at 360 nm. All optical measurements were per-
formed on an Ultrospec 3100 Pro spectrophotometer.

SHEMETOV et al.

RESULTS

Phosphorylation of HSP22 by cAMP-dependent pro-
tein kinase. Data in the literature [20] indicate that in vitro
HSP22 is phosphorylated by p44 MAP-kinase, protein
kinase C, and to a smaller extent by casein kinase 2.
Analyzing the primary structure of human HSP22 by
the NetPhos program (http://www.cbs.dtu.dk/services/
NetPhos), we detected two sites that could be phosphory-
lated by cAMP-dependent protein kinase. The primary
structure at Ser24 (RDSPL) and at Ser57 (RLSSA) of
HSP22 correlates with consensus sequence (RXS) recog-
nized by cAMP-dependent protein kinase in different
substrates. Indeed, incubation of HSP22 with the catalyt-
ic subunit of cAMP-dependent protein kinase was
accompanied by rapid incorporation of radioactive phos-
phate (Fig. 1a), and after prolonged incubation the extent
of phosphorylation was close to 1 mole of phosphate per
mole of protein.
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Fig. 1. Phosphorylation of HSP22 by cAMP-dependent protein
kinase. a) Kinetics of phosphorylation of wild type (WT) HSP22
and its S24D and S57D mutants. b) Native gel electrophoresis of
the wild type HSP22 and its S24D and S57D mutants before (—)
and after (+) phosphorylation. ¢) Autoradiography of the same
gel.
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To determine the sites phosphorylated by cAMP-
dependent protein kinase, we obtained three mutants
(524D, S57D, and S24,57D) mimicking phosphorylation
at these sites and phosphorylated the wild type protein
and phosphomimicking mutants of HSP22 with cAMP-
dependent protein kinase under identical conditions. The
rate and extent of S24D mutant phosphorylation was
indistinguishable from that of the wild type protein (Fig.
la). At the same time, both S57D (Fig. 1a) and S24,57D
(data not shown) mutants were poor substrates for
cAMP-dependent protein kinase.

Phosphorylation of the wild type HSP22 by cAMP-
dependent protein kinase is accompanied by increase of its
electrophoretic mobility under non-denaturing condi-
tions. After incorporation of 1 mole phosphate per mole of
HSP22 the band of unphosphorylated protein completely
disappeared and was replaced by a new band having higher
electrophoretic mobility (Fig. 1b). Replacement of neutral
Ser24 by negatively charged Asp in S24D mutant results in
increased electrophoretic mobility compared with unphos-
phorylated wild type HSP22 (Fig. 1b). Phosphorylation of
S24D mutant by cAMP-dependent protein kinase result-
ing in incorporation of 1 mole phosphate per mole of pro-
tein is accompanied by disappearance of the band corre-
sponding to the unphosphorylated protein and appearance
of a new radioactive band with higher electrophoretic
mobility (Fig. 1, b and c¢). Incubation of S57D mutant of
HSP22 with cAMP-dependent protein kinase resulted in
incorporation of only a trace amount of radioactive phos-
phate (Fig. 1, a and ¢), and we did not observe any signifi-
cant change in the electrophoretic mobility of this protein
(Fig. 1b). Similar results were obtained with S24,57D
mutant (data not shown). The data presented indicate that
Ser57 is the primary site phosphorylated by cAMP-
dependent protein kinase in HSP22 in vitro.

Effect of phosphorylation and mutations mimicking
phosphorylation on HSP22 structure. Human HSP22
contains four Trp residues, three of which (Trp48, 51, 60)
are located in the N-terminal part of protein molecule
close to the potential sites of phosphorylation. Therefore
we might suppose that phosphorylation or mutations
mimicking phosphorylation will somehow affect intrinsic
fluorescence of HSP22. Indeed, phosphorylation by
cAMP-dependent protein kinase or mutation S57D
induced about 20% increase of intrinsic fluorescence of
HSP22, whereas mutations S24D or S24,57D induced
even larger (about 30%) increase of Trp fluorescence (Fig.
2a). These changes of fluorescence can be evoked by
alterations in Trp environment.

Analysis of spectra of a number of different proteins
under different conditions results in formulation of the
so-called model of discrete state of Trp residues in the
protein molecule [34]. According to this model, there are
at least five different discrete states of Trp that differ in
hydrophobicity of the environment, accessibility to the
solvent and quenchers, and in position of fluorescence
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maxima [33]. Decomposition of the fluoresce spectrum
of the wild type HSP22 reveals three different classes of
Trp residues belonging to the so-called classes I, II, and
I11. Spectral form I corresponds to Trp located inside the
protein globule, forming 2 : 1 exciplex with a neighboring
polar group and having fluorescence maximum around
330-332 nm. Spectral class II corresponds to Trp residues
located on the protein surface in contact with a bound
water molecule and having fluorescence maximum at
340-342 nm. Finally, Trp belonging to class III are locat-
ed on the protein surface, contact with free water mole-
cules, and have fluorescence maximum at 350-353 nm
[33]. The fluorescence spectrum of HSP22 can be repre-
sented as a sum of three polynomial distributions (of the
fourth or fifth order) corresponding to three classes of Trp
residues. Varying portion of each class one can estimate
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Fig. 2. Intrinsic fluorescence of the wild type HSP22 and its
pseudophosphorylated mutants. a) Fluorescence spectra of the
wild type HSP22 (1) and its S24D (2), S57D (3), and S24,57D
(4) mutants. Fluorescence spectra of HSP22 phosphorylated by
cAMP-dependent protein kinase (0.9 mole phosphate per mole
of protein) were indistinguishable from that of mutant S57D.
Protein concentration was 0.06 mg/ml. b) Decomposition of flu-
orescence spectra of HSP22 and it pseudophosphorylated
mutants into components based on the model of discrete states of
Trp residues in proteins. Distribution of Trp residues of phospho-
rylated HSP22 was similar to that of S57D mutant.
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contribution of each class of Trp residues in the overall
protein fluorescence spectrum. We found that in the wild
type protein about 45-50% of the Trp residues belong to
class I, about 12-17% to class 11, and about 40% to class
IIT Trp fluorophore (Fig. 2b). These data are in good
agreement with our earlier results [30] and with the
recently published data of Chowdary et al. [35] that were
obtained by time-resolved fluorescence measurements.
Phosphorylation by cAMP-dependent protein kinase or
mutations mimicking phosphorylation lead to redistribu-
tion of Trp residues between the three above-mentioned
spectral classes. The portion of Trp residues belonging to
classes I and III decreased from 45-50 to 35-37% and
from 45-50 to 23-26%, respectively, and simultaneously
the portion of Trp residues belonging to class II was
increased from 12-17 to 43-47% (Fig. 2b). These data
indicate that phosphorylation or mutations mimicking
phosphorylation affect the structure of the N-terminal
part of HSP22.

Limited proteolysis was used for further analysis of
the structure of HSP22 and its pseudophosphorylated
mutants. HSP22 and its mutants are very susceptible to
trypsinolysis, and even at weight ratio HSP22/trypsin
equal to 12,000 : 1 we observed rapid cleavage of intact
protein and formation of peptides with apparent molecu-
lar masses of 23.0, 22.0, 19.0, 18.0, and 16.5 kD (data not
shown). These data agree with earlier published results
[30]. We did not observe significant difference in the rate
of trypsinolysis or in the pattern of tryptic peptides for the
wild type protein or its pseudophosphorylated mutants
(data not shown). If HSP22 was subjected to chy-
motrypsinolysis at the weight ratio HSP22/chymotrypsin
equal to 1200 : 1, we observed rapid accumulation of pep-
tides with apparent molecular masses of 24.0, 23.5, and
21.8 kD (data not shown). The pattern of chymotryptic
peptides was identical for the wild type protein and its
pseudophosphorylated mutants, but the rate of chy-
motrypsinolysis was higher for S57D and S24,57D
mutants than for the wild type protein or its S24D
mutant. These data correlate with our observation that
the double mutant (S24,57D) is very unstable and under-
goes proteolytic degradation in the course of purification.
The pattern of chymotryptic peptides indicates that the
sites of chymotrypsinolysis are located close to the N- or
C-terminal ends of HSP22 and that phosphorylation (or
mutations mimicking phosphorylation) affects suscepti-
bility of these sites to proteolysis.

Effect of phosphorylation on quaternary structure of
HSP22. The majority of the small heat shock proteins
tend to form oligomers, and their phosphorylation is often
accompanied by dissociation of these oligomers [10, 13].
This makes desirable investigation of phosphorylation (or
mutations mimicking phosphorylation) on the quaternary
structure of HSP22. Two methods, i.e. chemical crosslink-
ing and size-exclusion chromatography, were used for
investigation of the quaternary structure of HSP22.

SHEMETOV et al.

Crosslinking with dimethylsuberimidate was per-
formed at three protein concentrations (0.08, 0.40, and
1.60 mg/ml). Untreated HSP22 migrated as a band with
an apparent molecular mass of 25 kD on the SDS gel
electrophoresis. At low protein concentration, crosslink-
ing leads to formation of a new band with apparent
molecular mass 50 kD that probably corresponds to
crosslinked dimer (data not presented). In addition, the
band with apparent molecular mass 25 kD corresponding
to monomeric HSP22 became more diffuse, probably due
to formation of different intramolecular crosslinks. At
low protein concentration (0.08 mg/ml) the intensity of
the band of crosslinked dimer for all mutants mimicking
phosphorylation was slightly larger than the intensity of
the corresponding crosslinked dimer of the wild type pro-
tein. After crosslinking at high protein concentration the
band with apparent molecular mass 25 kD became very
faint, and in addition to the band with apparent molecu-
lar mass 50 kD we observed new bands with molecular
mass more than 100 kD that probably correspond to
crosslinked high molecular mass oligomers of HSP22
(data not shown). At high protein concentrations muta-
tions mimicking phosphorylation do not significantly
affect crosslinking of HSP22 with dimethylsuberimidate.
These data might indicate that at high concentration the
quaternary structure of the wild type HSP22 and its
mutants mimicking phosphorylation is similar or identi-
cal. At the same time, at low protein concentrations small
oligomers of HSP22 start to dissociate, and the wild type
protein dissociates more easily than the mutants mimick-
ing phosphorylation. Therefore, at low protein concen-
tration crosslinking of the wild type protein is less proba-
ble than crosslinking of its mutants mimicking phospho-
rylation.

Size-exclusion chromatography was used to check
this suggestion. Loading on the column of 70-120 pg of
the wild type HSP22, we detected a single peak with
apparent molecular mass 33-34 kD (Fig. 3a). In good
agreement with the earlier published results [21], we
found that in the narrow range of concentrations the elu-
tion volume of this peak was only weakly dependent on
the quantity on protein loaded on the column. If the same
quantities of phosphorylated (or mutated) HSP22 were
loaded on the column we also observed a single peak that
was eluted slightly earlier than the corresponding peak of
the wild type protein and the apparent molecular mass of
proteins eluted in this peak was in the range 36-37 kD
(Fig. 3a). Although the difference in elution volume was
minimal, it was reproduced in three independent experi-
ments. Decrease of the protein load from 100 to 10 pug was
accompanied by increase of elution volume of HSP22,
and this increase was larger for the wild type protein than
for S57D mutant (Fig. 3b). Increase of elution volume
might reflect dissociation of HSP22 oligomers. Indeed,
decrease of the protein load from 100 to 10 ug resulted in
decrease of the apparent molecular mass of the wild type

BIOCHEMISTRY (Moscow) Vol. 73 No. 2 2008
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Fig. 3. Analysis of the quaternary structure of HSP22 by size-
exclusion chromatography. a) Elution profiles of the wild type
HSP22 (1), phosphorylated HSP22 (2), or S24D (3), S57D (4), or
S24,57D (5) mutants. Equal volumes (130 pl) containing 90 pg
proteins were loaded on Superdex 75 HR 10/30 column. For clar-
ity, elution profiles are shifted from each other by 20 mAU. b)
Dependence of elution volume on the quantity of the wild type
HSP22 (1) orits S57D (2) mutant loaded on the column.

protein from 33-34 to 25-27 kD. Under identical condi-
tions the apparent molecular mass of the S57D mutant
was decreased from 36-37 to 30-32 kD, and similar results
were obtained with S25,57D. These data might indicate
that at high concentration HSP22 and its mutants form
similar low molecular mass oligomers (probable dimers)
that dissociate upon dilution. Mutations mimicking
phosphorylation decrease the probability of dissociation
and therefore at low protein concentration the size of
oligomers formed by the wild type HSP22 is smaller than
the size of corresponding oligomers formed by its
pseudophosphorylated mutants.

Chaperone-like activity of HSP22. Chaperone-like
activity of HSP22 was determined by its ability to prevent
aggregation of partially denatured insulin and rhodanase.
Reduction of disulfide bonds of insulin results in dissoci-
ation of insulin chains and aggregation of chain B, which
is accompanied by increase of light scattering (Fig. 4,
curve /). Addition of the wild type HSP22 results in retar-
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dation of insulin aggregation and decrease of the ampli-
tude of light scattering (Fig. 4, curve 2). This effect was
concentration dependent and was especially large if the
weight concentration of HSP22 was equal to that of
insulin (Fig. 4c, curve 2). Phosphorylation by cAMP-
dependent protein kinase or mutations mimicking phos-
phorylation decreased the chaperone-like activity of
HSP22, and at equal concentrations phosphorylated (or
pseudophosphorylated) HSP22 was less effective than
unphosphorylated wild type protein (Fig. 4, a-c). The
double mutant S24,57D was especially ineffective in pre-
venting insulin aggregation (Fig. 4c, curve 6). This
mutant retarded the onset of aggregation, but on the later
stages of incubation the rate and the maximal amplitude

D360

Time, min

Fig. 4. Chaperone-like activity of HSP22 with insulin as a model
substrate. Aggregation of insulin (0.2 mg/ml) was induced by
reduction of disulfide bonds and was followed by increase of the
optical density at 360 nm in the absence of HSP22 (curve /) or in
the presence of the wild type HSP22 (curve 2), phosphorylated by
cAMP-dependent protein kinase HSP22 (curve 3), or S24D
(curve 4), S57D (curve 5), or S24,57D (curve 6) mutants of
HSP22. Experiments were performed at the final concentration
of HSP22 equal to 0.10 (a), 0.15 (b), or 0.20 (¢) mg/ml. Curve 7
represents the lack of changes in the optical density of the sample
containing 0.20 mg/ml of any HSP22 sample in the absence of
insulin.
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of aggregation became larger than in the control without
addition of chaperone. This might indicate that instead of
preventing this mutant provokes aggregation of partially
denatured insulin B chain or aggregation of the complex
formed between insulin B chain and chaperone.

Rhodanase was used as a second substrate for ana-
lyzing chaperone-like activity of HSP22. In this case,
heating to 43°C induced denaturation and aggregation of
rhodanase, and this process was accompanied by increase
in light scattering. Addition of increasing quantities of the
wild type HSP22 was accompanied by decrease of the rate
and amplitude of rhodanase aggregation (data not
shown). S24D and S57D mutants of HSP22 were less
effective than the wild type protein in inhibition of rho-
danase aggregation, and the double mutant S24,57D
demonstrated only very weak chaperone effect (data not
presented). These data indicate that phosphorylation or
mutations mimicking phosphorylation of certain sites
located in the N-terminal domain decreases the chaper-
one activity of HSP22.

DISCUSSION

Many members of the superfamily of human small
heat shock proteins undergo phosphorylation catalyzed
by a number of different protein kinases. The sites of
sHSP phosphorylation are usually located in the N-ter-
minal part of their structure. Indeed, Ser19 of aB-crys-
tallin [12], Ser16 of HSP20 [15], Serl5 of HSP27 [10],
and Serl4 and Ser27 of HSP22 [20] are located in the
very N-terminal end of the corresponding small heat
shock proteins. Ser45 of aB-crystallin [12], Ser57 (this
paper), and Thr63 of HSP22 [20] are located in the cen-
tral part of the N-terminal domain of the corresponding
small heat shock proteins. And finally, Ser59 of aB-crys-
tallin [12], Ser78 and Ser82 of HSP27 [10], as well as
Thr87 of HSP22 [20] are located at the end of the N-ter-
minal domain close to the beginning of the o.-crystallin
domain.

Phosphorylation of the sites located close to a-crys-
tallin domain affects intersubunit interaction of the small
heat shock proteins. Phosphorylation (or mutation) of
Ser45 (and probably Ser59) destabilizes intersubunit con-
tacts and results either in dissociation [13] or in reorgani-
zation of the aB-crystallin oligomers [14]. Phosphoryla-
tion (or mutations) of Ser78 and Ser82 of human HSP27
or homologous Ser90 of Chinese hamster HSP27 also
leads to destabilization and dissociation of large
oligomers of these proteins [36, 37].

Phosphorylation of the sites located at the very N-
terminal end of small heat shock proteins usually does not
affect their quaternary structure. For instance, phospho-
rylation (or mutation) of Serl9 has only marginal effect
on the quaternary structure of aB-crystallin [14].
Phosphorylation of Ser15 has practically no effect on the
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oligomeric structure of human or Chinese hamster
HSP27 [36, 37]. Finally, phosphorylation (or mutation)
of Serl6 has no effect on the quaternary structure of
human HSP20 [17].

The functional role of the sites of small heat shock
proteins located in the middle of the N-terminal domain
remains unknown. In this respect, human HSP22 seems
to be especially interesting. The data of Benndorf et al.
[20] indicate that in vitro HSP22 can be phosphorylated
at Thr63 and Thr87 by protein kinase C and p44 mitogen-
activated protein kinase, respectively. Our results present-
ed in this paper indicate that HSP22 can be phosphory-
lated in vitro by cAMP-dependent proteins kinase at
Ser57. All these sites (Ser57, Thr63) are located in the
middle of the N-terminal domain of HSP22, and there-
fore it was reasonable to analyze effect of phosphorylation
(or mutations mimicking phosphorylation) on some
properties of HSP22.

We found that phosphorylation of Ser57 was accom-
panied by increase of intrinsic Trp fluorescence and by
the change in distribution of Trp residues between three
classes that differ in their accessibility to the solvent (Fig.
2). Similar changes in Trp fluorescence were observed for
aB-crystallin with mutation in the N-terminal domain
[13]. These changes can be explained by the fact that
three out of four Trp residues of HSP22 and two Trp
residues of aB-crystallin are located in the N-terminal
domain of these proteins, often very close to phosphory-
lated (or mutated) Ser residues. In any case, the data pre-
sented indicate that phosphorylation somehow affects the
structure of the N-terminal domain of HSP22.

The effect of phosphorylation on HSP22 structure
was confirmed in experiments with limited chymotrypsi-
nolysis. Mobile N-terminal and C-terminal ends of the
small heat shock proteins contain the primary sites of
trypsinolysis and chymotrypsinolysis [38, 39]. In the case
of aB-crystallin trypsin preferentially cleaves peptide
bonds locate in the C-terminal part, whereas chy-
motrypsin predominantly cleaves peptide bonds located
in the N-terminal part of the protein [38]. We found that
mutations mimicking phosphorylation of Ser24 and
Ser57 of HSP22 had no effect on limited trypsinolysis,
but increased the apparent rate of chymotrypsinolysis.
The double mutant S24,57D was especially unstable and
undergoes rapid degradation even in the process of purifi-
cation. Although we have not determined exact sites of
chymotrypsinolysis, we might suppose that the primary
sites of chymotrypsinolysis are located in the N-terminal
part of HSP22 and phosphorylation (or mutation) of cer-
tain sites located in this domain affect susceptibility to
proteolysis.

Chemical crosslinking and size-exclusion chro-
matography were used to analyze effect of phosphoryla-
tion of the quaternary structure of HSP22. Mutations
mimicking phosphorylation of Ser24 and Ser57 do not
significantly affect crosslinking by dimethylsuberimidate
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at high protein concentration. Independent of site muta-
tions, we observed formation of dimer of HSP22 with
apparent molecular mass 50 kD as well as small quantities
of crosslinked oligomer with high molecular mass. At the
same time, at low protein concentration the wild type
HSP22 was less effectively crosslinked than its mutants
mimicking phosphorylation. Therefore, we supposed that
the wild type HSP22 is more easily dissociated to
monomers than its mutants mimicking phosphorylation.
On the size-exclusion chromatography, the elution vol-
umes of phosphorylated or mutated HSP22 were slightly
smaller than the elution volume of the wild type protein
(Fig. 3a). This difference was very small at high protein
concentrations and became much larger at low protein
concentration (Fig. 3b). Therefore, we suppose that at
high protein concentration both the wild type HSP22 and
its mutants are present in the form of low molecular mass
oligomers (probably dimer). Dilution results in dissocia-
tion of HSP22, and this dissociation is more probable for
the wild type protein than for its mutants mimicking
phosphorylation. Thus, at low protein concentration
phosphorylation (or mutations mimicking phosphoryla-
tion) can stabilize the oligomeric structure of HSP22.

All data presented indicate that phosphorylation (or
mutations mimicking phosphorylation) affects tertiary
and quaternary structure of HSP22, but these changes are
not very large. In this respect, the question arises whether
phosphorylation (or mutation) affects chaperone-like
activity of HSP22. The chaperone-like activity was esti-
mated by the ability of HSP22 to prevent reduction-
induced aggregation of insulin and thermal-induced
aggregation of rhodanase (Fig. 4). We found that phos-
phorylation (or mutation) of Ser57 (or Ser24) leads to
decrease of chaperone-like activity of HSP22. The double
mutant S24,57D possessed especially low chaperone-like
activity (Fig. 4). The data of the literature indicate that the
small heat shock proteins contain several sites involved in
the interaction with partially unfolded proteins. In the
case of aB-crystallin, two of these sites are located
between residues 9-20 and 43-58 [40], and the N-terminal
part of aB-crystallin is shielded from proteolysis by addi-
tion of substrate proteins [38]. Although the sites of inter-
action of HSP22 with substrate proteins are unknown, we
might suppose that the N-terminal end is also somehow
involved in the binding of client proteins, and therefore
phosphorylation of the sites located in this domain might
affect the chaperone-like activity of HSP22.

According to predictions of the NetPhos program
[41], located in the N-terminal Ser24, Ser27, Ser47,
Ser57, Thr63, and Thr87 of HSP22 can be phosphorylat-
ed with the highest probability. The same program [42]
predicts that Ser24 can be phosphorylated by glycogen
synthase kinase 3 and cyclin-dependent protein kinase 5
(cdk5), Ser57 is phosphorylated by cAMP-dependent
protein kinase, and Thr87 by p38 MAP-kinase, cdk5, and
glycogen synthase kinase 3. These predictions to some
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extent agree with experimental results obtained in vitro.
Indeed, the data of Benndorf et al. [20] indicate that
Ser27 and Thr87 are phosphorylated by p44 MAP-kinase
and Thr63 is phosphorylated by protein kinase C. The
data of this paper indicate that Ser57 is phosphorylated by
cAMP-dependent protein kinase. Summing up, we con-
clude that HSP22 contains several potential sites of phos-
phorylation (Thr63 [20] and Ser57 (this investigation))
located in the central part of its N-terminal domain. It is
still unknown whether these sites are phosphorylated in
vivo. However, the data presented indicate that phospho-
rylation (or mutations mimicking phosphorylation) of
these sites might affect the tertiary and quaternary struc-
ture of HSP22 and probably by this means influence its
chaperone-like activity that might be important for real-
ization of multiple functions ascribed to HSP22 in the lit-
erature.
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