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Abstract HspB3, an as yet uncharacterized sHsp, is
present in muscle, brain, heart, and in fetal tissues. A point
mutation correlates with the development of axonal motor
neuropathy. We purified recombinant human HspB3. Cir-
cular dichroism studies indicate that it exhibits [-sheet
structure. Gel filtration and sedimentation velocity experi-
ments show that HspB3 exhibits polydisperse populations
with predominantly trimeric species. HspB3 exhibits
molecular chaperone-like activity in preventing the heat-
induced aggregation of alcohol dehydrogenase (ADH). It
exhibits moderate chaperone-like activity towards heat-
induced aggregation of citrate synthase. However, it does
not prevent the DTT-induced aggregation of insulin, indi-
cating that it exhibits target protein-dependent molecular
chaperone-like activity. Unlike other sHsps, it has a very
short C-terminal extension. Fusion of the C-terminal
extension of oB-crystallin results in altered tertiary and
quaternary structure, and increase in polydispersity of the
chimeric protein, HspB3aB-CT. The chimeric protein
shows comparable chaperone-like activity towards heat-
induced aggregation of ADH and citrate synthase. How-
ever, it shows enhanced activity towards DTT-induced
aggregation of insulin. Our study, for the first time, pro-
vides the structural and chaperone functional character-
ization of HspB3 and also sheds light on the role of the
C-terminal extension of sHsps.
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Introduction

Small heat shock proteins (SHSPs) play important roles in
stress tolerance, prevention of aggregation of target pro-
teins, degradation of cellular proteins as well as in regula-
tion of other cellular functions such as cell cycle, apoptosis,
differentiation, signal transduction and in maintaining
cytoskeletal integrity [1-7]. Based on sequence homology,
ten mammalian sHsps have been identified so far [§, 9]. Of
these, only Hsp27, aA-crystallin, aB-crystallin, Hsp20, and
Hsp22 have been characterized for their structural and
chaperone functional aspects. Many point mutations have
been identified in members of the mammalian sHsp family
that cause cataracts, several neuropathies and myopathies
[10].

Muscle cells express many sHsps [11]; however, the
reason for the recruitment of so many sHsps is not known.
Moreover, the individual functions of these sHsps are not
completely understood. The monomeric molecular masses
of sHSPs range from 12 to 43 kDa [1-3]. Some members
(Hsp27, a-crystallins) form large oligomeric assemblies
ranging from 150 to 800 kDa [1-3], whereas other sHsps
such as HspB2, HspB6 exhibit small oligomeric populations
and HspB8 exists as monomer or dimer [12—-15]. A hallmark
feature of the SHSPs is the presence of a conserved sequence
of 80-100 amino acids, referred to as the “wa-crystallin
domain” [16]. However, the flanking N-terminal domains
and C-terminal regions (called “C-terminal extension”) of
sHsps vary both in length and sequence [16].
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HspB3 is expressed in adult smooth muscle, brain and
heart as well as in several other fetal tissues [17, 18]. A
point mutation, R7S, in HspB3 correlates with development
of axonal motor neuropathy [19]. However, the structural
and functional aspects of HspB3 are not known so far. In
order to address these aspects, in this study we have cloned
its coding sequence in pET21a vector, expressed the protein
in Escherichia coli and purified it to homogeneity. We have
performed biophysical characterization for its structural
aspects and investigated its molecular chaperone property.
A striking feature of HspB3 is the almost complete
absence of the C-terminal extension [17; see Fig. 1a]. The
C-terminal extension in sHsps has many polar and charged
residues, and is believed to play a solubilizing role in
keeping the chaperone-target protein complexes in solution
[20]. The C-terminal extension also has a conserved IXI/V
motif [16] that makes inter-subunit contacts with the
hydrophobic groove in the f-sandwich of the a-crystallin
domain [21, 22] and has a propensity to engage in alternate
inter-subunit contacts [23]. These interactions are important
in determining the oligomeric size and chaperone activity of
sHsps [24, 25]. The C-terminal extension encompassing the
IXI motif in aB-crystallin, in addition to other regions, has
been shown to interact with microtubules and desmin [26,
27]. Mutations in the IXI motif of plant and prokaryotic
sHsps or truncations spanning this region were shown to
dissociate the oligomeric structure of the proteins and result
in loss of chaperone-like activity [28, 29]. Intrigued by the
lack of a C-terminal extension in HspB3, we have also
investigated the effect of fusing the C-terminal extension of
the well-studied sHSP, aB-crystallin to HspB3 on its
structural and chaperone functional aspects.

Materials and Methods

Cloning of Human HspB3 and the Chimeric Protein,
HspB3aB-CT

Since HspB3 is an intronless gene (Genbank accession:
NM_006308.2 GI: 306966173), we have isolated genomic
DNA from IMR32 human neuroblastoma cells to clone
HspB3. IMR32 cells were harvested and lysed in 10 mM
Tris—HCl buffer, pH 7.5 containing 10 mM EDTA, 150 mM
NaCl, 0.5 % SDS, 200 pg/ml of proteinase K. Aqueous layer
containing genomic DNA was separated upon extraction
with phenol:chloroform:isoamyl alcohol (25:24:1), followed
by isopropanol precipitation. HspB3 gene was PCR-ampli-
fied from the genomic DNA using the forward primer
5'-ACTCATATGGCAAAAATCATTTTGAGGCAC-3’
(Ndel site underlined) and reverse primer 5'-ATAGA
ATTCGATACGATGTCACTTAGTCCC-3’ (EcoRI site
underlined). The PCR amplicon was cloned into pET21a
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vector (Novagen, Madison, WI, USA) using the restriction
sites present in the primers and the vector. The sequence of
the HspB3 pET21a construct was verified and found to be
identical to that reported earlier [17].

The DNA sequence corresponding to amino acids 1-145
of HspB3 was amplified using the forward primer 5'-ACTC
ATATGGACATCGCCATCCACCACCC-3’ and reverse
primer 5-GGGATTTGCCTTCTCGGGGTGGTGAGAGT
CCAGTGTCAAACC-3'. The DNA fragment correspond-
ing to the C-terminal extension (amino acids 150-175) of
oB-crystallin (HspB5) was amplified using forward primer
5'-CCACCCCGAGAAGGCAAATCCC-3' and reverse
primer 5'-ATAGAATTCTCACTTAGTCCCAACTGGAT
C-3’ from an oB-crystallin clone, already present in the
laboratory as template. Amplicons were gel purified and
allowed to extend via overlapping regions, followed by PCR
using extreme end forward and reverse primer, thereby
yielding the amplicon for the chimeric protein. The amplicon
was further cloned into the pET21a vector and sequenced for
validation.

Expression and Purification of Recombinant Human
HspB3 and HspB3aB-CT

Escherichia coli strain BL21DE3 (Novagen, Madison, WI,
USA) was transformed with pET21a expression vector
containing the human HspB3 coding sequence. Protein
expression profile was investigated at three temperatures
(37, 30, and 20 °C) and at various isopropyl f-p-thioga-
lactoside (IPTG) concentrations 1, 0.75, 0.5, and 0.25 mM
and a combination of both—low temperature and low
IPTG concentrations. It was found that under all the con-
ditions of temperature and IPTG concentrations, HspB3
was expressed in the insoluble fraction.

For purification of HspB3, the transformed cells were
cultured in Luria—Bertani medium at 37 °C in a rotary
shaker at 250 rpm. Protein expression was induced with
1 mM IPTG. Cells were harvested after 4 h of induction
and lysed by 40 min incubation in buffer A (20 mM
phosphate buffer, pH 7.4, containing 100 mM NaCl, 2 mM
DTT), containing 150 pg/ml lysozyme and 1 mM PMSF
on ice, followed by sonication. HspB3 partitioned into the
insoluble inclusion body. After centrifugation, the inclu-
sion body was washed with 20 mM phosphate buffer, pH
7.4, containing 100 mM NaCl and 0.05 % Triton X-100. It
was further washed twice with buffer A to remove Triton
X-100. The inclusion body was then solubilized in buffer A
containing 6 M urea. The sample in 6 M urea was first
diluted twofold with buffer A (to 3 M urea) and then
fivefold from the sample in 3 M urea (to 0.6 M urea),
followed by dialysis. The refolded protein thus obtained
yielded a clear solution and was homogeneous as judged
by SDS-polyacrylamide gel electrophoresis. We further
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Fig. 1 aSequence alignment of human HspB3 with other human sHSPs.
The sequence alignment shows the N-terminal domain, the conserved
a-crystallin domain and the variable C-terminal extension. The C-termi-
nal extension of HspB3 is replaced by that of «B-crystallin (HspB5) to

create the chimeric protein HspB3aB-CT. The C-terminal extensions of
HspB3 and aB-crystallin (HspB5) are shown in the box. b SDS-PAGE
showing marker (lane I), purified proteins HspB3 (lane 2), and
HspB3aB-CT (lane 3)
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subjected this sample to gel filtration on a Sephacryl S-300
column (90 x 1 cm? diameter) to remove trace contami-
nation, if any. Fractions containing the protein were
pooled, concentrated by ultrafiltration and stored at 4 °C
for further experiments. A similar procedure was followed
for the purification of HspB3oB-CT.

Fluorescence Studies

Fluorescence measurements were carried out on a Hitachi
F-4500 fluorescence spectrophotometer. For intrinsic fluo-
rescence studies, a (0.2 mg/ml solution of HspB3 or
HspB3aB-CT in buffer A was used. Intrinsic tryptophan
fluorescence spectra were recorded with the excitation
wavelength set at 295 nm and the excitation and emission
band passes set at 2.5 nm. In bis-ANS-binding studies, the
hydrophobic probe, bis-ANS, was used at a final concen-
tration of 10 pM. The samples were excited at 390 nm and
emission spectra were recorded with the excitation and
emission band passes set at 2.5 nm. All spectra were
recorded in the corrected spectrum mode.

Tryptophan Fluorescence Quenching Studies

KI quenching to study the accessibility of the lone tryp-
tophan of HspB3 and HspB3u«B-CT were performed using
a Hitachi F-4500 fluorescence spectrophotometer with the
excitation wavelength set at 295 nm and fluorescence
emission spectra were scanned from 300 to 400 nm.
Fluorescence quenching titration was performed at room
temperature by sequentially adding aliquots of concen-
trated KI solution (7 M) to a 0.2 mg/ml HspB3 solution.
Sodium thiosulphate was added to the KI stock solution to
prevent 1> formation.

The fluorescence quenching data in the presence of KI
were analyzed by fitting to the Stern—Volmer equation:

Fo/F =1+ Ksy - [0]

where F and F are fluorescence intensities in the absence
or presence of KI, respectively, Kgy is the Stern—Volmer
quenching constant, and Q is the KI concentration. Per-
centage accessibility of tryptophan to the quencher was
calculated using the Lehrer plot.

Circular Dichroism (CD) Spectroscopy

CD spectra of HspB3 or HspB3uB-CT were recorded on a
Jasco J-815 spectropolarimeter. Near-UV CD spectra were
recorded at protein concentration of 1 mg/ml in buffer A in
a 1 cm path length cuvette, and far-UV CD spectra were
recorded with a 0.2 mg/ml sample of protein in a 0.1 cm
path length cuvette. Each spectrum is the average of four
accumulations.
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Gel Filtration Chromatography

The quaternary structure of HspB3 and HspB3aB-CT was
investigated by gel filtration chromatography. Human
HspB3 or HspB3aB-CT (200 pl of 1 mg/ml solution) in
buffer A was loaded on to a Superose-6 HR 10/30 FPLC
column from Amersham Biosciences previously equili-
brated with buffer A. The proteins were eluted with the
same buffer with a flow rate of 0.5 ml/min. Molecular mass
standards thyroglobulin (669 kDa), ferritin (440 kDa),
catalase (232 kDa), aldolase (158 kDa), bovine serum
albumin (67 kDa), ovalbumin (45 kDa), chymotrypsinogen
A (25 kDa), and ribonuclease A (13.7 kDa) were used for
calibration.

Sedimentation Velocity Measurements

Sedimentation velocity measurements were performed
using an Optima XL-I analytical ultracentrifuge (Beckman
Coulter, Fullerton, CA, USA). HspB3 and HspB3aB-CT
protein samples at 1 mg/ml in phosphate buffer pH 7.4 were
subjected to centrifugation at 40,000 rpm at 20 °C, using
An50Ti rotor. The sedimentation coefficient Sy, and
molecular mass of the protein was calculated using the
program SEDFIT [30], which uses nonlinear regression fit-
ting of the sedimenting boundary profile with Lamm
equation,

de 1 d de 22

a:;*a {rD—r—sw r c}

which describes the concentration distribution c(r, t) of a
species with sedimentation coefficient s and diffusion
coefficient D in a sector-shaped volume and in the cen-
trifugal field w?r.

Chaperone-Like Activity

The chaperone-like activity of HspB3 or HspB3aB-CT was
investigated against the heat-induced aggregation of yeast
alcohol dehydrogenase (ADH) and citrate synthase (CS), as
well as the DTT-induced aggregation of insulin. The thermal
aggregation of yeast ADH (100 pg/ml) in the absence or the
presence of different concentrations of HspB3 was
monitored at 48 °C in 50 mM phosphate buffer, pH 7.2,
containing 100 mM NaCl. Thermal aggregation of CS (at
43.5 °C) was monitored in 20 mM HEPES—KOH buffer, pH
7.4. The buffer containing different concentrations of
HspB3 was incubated at 43.5 °C for 4 min, before the
addition of CS at a final concentration of 25 pg/ml.
Aggregation was monitored by measuring light scattering at
right angles in a Hitachi 4000 fluorescence spectrophotom-
eter. The excitation and emission wavelengths were set at
465 nm and excitation and emission band passes were set at
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3 nm. The chaperone-like activity of HspB3 and HspB3uB-
CT was also investigated against aggregation of CS at 48 °C.

DTT-induced aggregation of insulin was monitored in
10 mM phosphate buffer, pH 7.2, containing 100 mM
NaCl at 37 °C in the absence or presence of human HspB3.
The buffer containing required concentrations of HspB3 (to
obtain different target protein to HspB3 ratios) was incu-
bated for 4 min with constant stirring in a cuvette at 37 °C,
using a thermostatically maintained Julabo water bath.
Insulin was added at a final concentration of 0.2 mg/ml.
Aggregation of insulin was initiated by the addition of 1 M
DTT to a final concentration of 20 mM. Aggregation was
monitored by measuring light scattering as described
above. Percentage protection was calculated using the
formula: (/;—I chaperone)/Iy X 100, where I, is the intensity
of light scattering of the target protein at the end of the
assay and I chaperone 18 the intensity of light scattering of
the target protein in the presence of chaperone at the end of
the assay.

Results

Cloning, Expression and Purification of HspB3
and HspB3aB-CT

We have cloned human HspB3 gene in pET2la and
expressed the recombinant protein in E. coli BL21DES3.
HspB3 was purified from inclusion bodies as described in
“Materials and Methods”. HspB3 refolded thus was
essentially homogeneous as judged by electrophoresis on a
12 % SDS-polyacrylamide gel (Fig. 1b). Since HspB3
lacks a prominent C-terminal extension, we cloned and
expressed the chimeric protein, HspB3aB-CT that lacks 5
amino acids from the C-terminus of HspB3 but has the
C-terminal extension of aB-crystallin fused. C-terminal
extensions, due to the presence of large number of polar
residues, are considered to perform a solubilising role [20].
Despite having the C-terminal extension of aB-crystallin,
the chimeric protein also partitioned to the inclusion bodies
and was refolded and purified using the procedure descri-
bed for the wild type protein.

Structural Characterization of HspB3 and HspB3aB-CT

We have studied the secondary structure of the proteins by
far-UV CD spectroscopy. The far-UV CD spectrum of
HspB3 exhibits a minimum at 218 nm and another at
208 nm (Fig. 2a). Analysis of the far-UV CD spectrum
using the CDNN program [31] indicates that HspB3 has
~29.6 % antiparallel and 5.4 % parallel f-sheet, 20.5 %
p-turns, 10.8 % a-helix and ~35.9 % random coil. Thus,
the CD study indicates significant f-sheet structure for the
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Fig. 2 CD spectroscopy of HspB3 and HspB3u«B-CT. a Far-UV CD
spectrum of HspB3 (curve a) and HspB3aB-CT (curve b). b Near-UV
CD spectrum of HspB3 (curve a) and HspB3aB-CT (curve b). [0]nm
represents the mean residue mass ellipticity

protein as in the case of other sHsps such as a-crystallins.
HspB3aB-CT exhibits an almost similar far-UV CD
spectrum as the wild type protein, except for a slight dif-
ference in the ellipticity in the 210-220 nm region
(Fig. 2a). CDNN analysis of the far-UV CD spectrum of
HspB3aB-CT also reflects the similarity in the structure
and yields 30.6 % antiparallel and 5.4 % parallel f-sheet,
20.5 % f-turns, 10.3 % o-helix, and 35.9 % random coil.

We have studied the tertiary structure of the proteins by
near-UV CD and fluorescence spectroscopy. The near-UV
CD spectrum of HspB3 (Fig. 2b) exhibits peaks in the
270-290 nm region corresponding to tryptophan and tyro-
sine residues and in the 255-265 nm region corresponding to
phenylalanine residues. HspB3 has a single-tryptophan res-
idue in its sequence located at the 93rd position. The sig-
nificant chiral structure shown by the near-UV CD spectrum
of HspB3 indicates tight packing of the side chains of the
aromatic amino acids in the tertiary structure of HspB3. The
near-UV CD spectrum of HspB3aB-CT shows significant
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difference from that of the wild type protein (Fig. 2b),
indicating differences in the tertiary structural packing upon
fusing the C-terminal extension of aB-crystallin to HspB3.
Figure 3a shows the fluorescence emission spectrum of
HspB3 and HspB3aB-CT upon excitation at 295 nm. The
spectra exhibit emission maximum at ~344.6 and 343.8 nm,
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«Fig. 3 Intrinsic tryptophan fluorescence and surface hydrophobicity
of HspB3 and HspB3uB-CT. a Intrinsic tryptophan fluorescence of
0.2 mg/ml sample of HspB3 (curve a) and HspB3aB-CT (curve b) in
20 mM phosphate buffer (pH 7.4) containing 100 mM NaClL
b Modified Stern—Volmer plot of the quenching of tryptophan
fluorescence of HspB3 (dark circle) and HspB3oB-CT (open circle)
by the polar quencher molecule, KI. Fluorescence spectra were
recorded by setting the excitation wavelength at 295 nm and the
excitation and emission band passes at 2.5 nm. ¢ Fluorescence spectra
of the hydrophobic fluorescent probe, bis-ANS in the presence of the
well-characterized sHsp, aB-crystallin (curve a), HspB3 (curve b),
HspB3aB-CT (curve c¢) and in buffer alone (curve d). The excitation
wavelength was 390 nm and excitation and emission band passes
were set at 2.5 nm

respectively, indicating that the sole tryptophan residue in
both proteins is in a polar environment. This was further
confirmed by quenching studies using the dynamic quencher,
KI. Figure 3b shows the Stern—Volmer plot of the quenching
of tryptophan fluorescence by the polar quencher molecule,
KI. The fractional accessibilities of the sole Trp residue of
HspB3 and HspB3aB-CT to the quencher molecules obtained
from the Lehrer plot (modified Stern—Volmer plot) are 1.009
and 0.83, respectively, indicating that Trp is almost com-
pletely accessible to the polar environment in HspB3, while
that in HspB3aB-CT is in polar environment, but its accessi-
bility to the quencher is slightly decreased compared to that of
HspB3.

Bis-ANS Binding Studies

Hydrophobic interactions between the chaperone and target
protein play an important role in the binding of the chaperone
to the target protein. Molecular chaperones bind to the non-
native states of target proteins and prevent their aggregation
[32]. We have used bis-ANS, a hydrophobic probe, to probe
the hydrophobic surfaces of HspB3. Upon binding to the
hydrophobic surfaces of a protein, the fluorescence intensity
of bis-ANS increases several-fold accompanied by a blue
shift in the emission maximum [33]. An increase in the
fluorescence intensity of bis-ANS accompanied by a blue
shift in its emission maximum to ~ 502 nm could be seen
when bound to HspB3, suggesting that HspB3 has exposed
hydrophobic surfaces (Fig. 3c). A comparison of the bis-
ANS binding to HspB3 with that to another sHSP,
oB-crystallin, shows that the extent of surface hydropho-
bicity of HspB3 is lower than that of oB-crystallin (Fig. 3c).
The emission maximum of bis-ANS upon binding to
HspB3aB-CT was also found to be 502 nm; however, the
fluorescence intensity of bis-ANS bound to HspB3aB-CT is
slightly less compared to that bound to HspB3 (Fig. 3c).

Gel Filtration Studies

sHSPs are known to have monomeric molecular masses
ranging from 12 to 43 kDa, but some members of the
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family form large oligomeric assemblies with molecular
masses ranging from 150 to 1,000 kDa. We have investi-
gated the quaternary structure of HspB3 by Superose-6 gel
filtration chromatography. The elution pattern of HspB3
from the Superose-6 column exhibits a peak corresponding
to a molecular mass of ~70 kDa, suggesting that HspB3
may predominantly exist as a tetramer (Fig. 4a). It may be
noted that a small fraction of higher molecular mass spe-
cies are also observed, but a distinct peak is not seen in the
chromatogram (Fig. 4a). We have used samples of HspB3
at different protein concentrations (1, 0.5, and 0.25 mg/ml)
and found that the overall profiles do not differ signifi-
cantly (data not shown).

Sedimentation velocity measurement study (Fig. 4b)
shows that HspB3 exhibits polydispersed populations with
the major population exhibiting a molecular mass of
57 kDa. Considering the sequence-based theoretical
molecular mass of the subunit as 17 kDa, the ratio of the
molecular mass obtained by the sedimentation velocity
method to the theoretical subunit molecular mass is cal-
culated to be 3.35. This result suggests that the major
population of HspB3 is trimeric. Thus, there seems to be a
discrepancy in the oligomeric state of HspB3 revealed by
gel filtration and sedimentation velocity measurements.
Since sedimentation velocity measurements yield relatively
more precise determination of molecular mass, we presume
that HspB3 predominantly forms trimeric population.
However, we cannot completely rule out the existence of
some tetrameric population which is not resolved in the
technique used.

HspB3aB-CT exhibits relatively more polydispersed
species. In gel filtration chromatography (Fig. 4a), it yiel-
ded a peak corresponding to a dimeric species (35.3 kDa);
in addition it also exhibited peaks corresponding to peak
molecular masses of 152 and 668 kDa. Sedimentation
velocity measurement reveals a major population having a
molecular mass of 36 kDa, indicating a dimeric species and
other species of various indicated molecular masses
(Fig. 4b). The apparent differences in the relative amounts
of different species reflected by gel filtration chromatog-
raphy and sedimentation velocity measurements could be
due to the intrinsic differences in the resolution of these
two different techniques.

Chaperone-Like Activity of HspB3 and HspB3aB-CT

We used heat-induced aggregation of yeast ADH and CS as
well as the DTT-induced aggregation of insulin as model
systems to assay chaperone-like activity. Yeast ADH aggre-
gates at a temperature of 48 °C. Figure 5a shows the effect of
HspB3 on the heat-induced aggregation of yeast ADH. At a
target protein to chaperone ratio of 1:1 (w/w), HspB3 offers
~7T8 % protection; on the other hand HspB3aB-CT offers
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Fig. 4 Quaternary structure studies of HspB3 and HspB3oB-CT.
a Gel filtration chromatography of HspB3 (curve a) and HspB3aB-CT
(curve b) on a Superose 6 HR gel filtration column. The elution
positions of molecular mass standards: / thyroglobulin, 2 ferritin, 3
catalase, 4 aldolase, 5 albumin, 6 ovalbumin, 7 chymotrypsinogen A,
and 8 ribonuclease A, are shown by down arrows. The y-axis
(absorbance at 280 nm) is normalized to highlight the differences in
the polydispersity of the wild type and chimeric HspB3. b Distribution
of sedimentation coefficients of HspB3 (open circles) and HspB3oB-
CT (closed squares). The molecular masses of the species determined
from the sedimentation velocity data by solving Lamm’s equation
(see “Materials and Methods” for details) are also indicated. Numbers
on the peak represent the molecular weight in kDa of that species

slightly lesser protection (~ 60 %) at the same target protein
to chaperone ratio. A comparison of the chaperone-like
activity of HspB3 and HspB3uB-CT as a function of their
concentration shows that at all the ratios, HspB3 exhibits
higher chaperone-like activity than HspB3aB-CT (Fig. 5b);
however, at a target protein to chaperone ratio of 1:1 (w/w),
the extent of difference in their chaperone-like activities is
much less.

Interestingly, a very high concentration of HspB3 was
required to prevent the heat-induced aggregation of another
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Fig. 5 Chaperone-like activity of HspB3 and HspB3a«B-CT. a Chap-
erone-like activity of HspB3 against heat-induced aggregation of
yeast ADH at 48 °C. Heat-induced aggregation of yeast ADH
(0.1 mg/ml) alone (curve 1), in the presence of 0.1 mg/ml of
HspB3oB-CT (curve 2) and in the presence of 0.1 mg/ml HspB3
(curve 3). b The percentage protection of thermal aggregation of
ADH by HspB3 (hashed bar) and HspB3uB-CT (closed bar) at
various target protein to chaperone weight ratios. ¢ Chaperone-like
activity of HspB3 against heat-induced aggregation of citrate synthase
(CS) at 43.5 °C. Aggregation of CS (25 pg/ml) alone (curve 1) and in
the presence of the chaperones: at weight ratio of 1:1 CS to HspB3aB-
CT (curve 2), 1:1 CS to HspB3 (curve 3), 1:8 CS to HspB3aB-CT
(curve 4), and 1:8 CS to HspB3 (curve 5). d The percentage
protection of thermal aggregation of CS by HspB3 (hashed bar) and

protein, CS. At a target protein to chaperone ratio of 1:1
(w/w), HspB3 delayed the aggregation of CS. However, it
eventually aggregated to almost the same extent as CS
alone, thus offering little or no protection (Fig. 5c¢). At 1:1
ratio (w/w) of CS to HspB3aB-CT, the aggregation kinetics
of CS was similar to that in the presence of HspB3. At a
target protein to chaperone ratio of 1:4 (w/w), HspB3
prevented the aggregation of CS to an extent of ~44 %,
whereas HspB3aB-CT exhibited only 21 % chaperone-like
activity, indicating that the chimeric protein has lesser
chaperone-like activity than the wild type protein (Fig. 5d).
At a higher concentration of chaperone (target protein to
chaperone ratio of 1:8, w/w), the difference between the
chaperone-like activities of HspB3 and the chimeric pro-
tein decreased and were 80 and 72 %, respectively
(Fig. 5C). It is interesting to note that ~80 % protection
was offered by HspB3 against CS at a target protein to
chaperone ratio of 1:8 (w/w), while a comparable extent of
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CS : Chaperone (w/w)

Insulin : Chaperone (w/w)

HspB3oB-CT (closed bar) at various target protein to chaperone
weight ratios. e Chaperone-like activity of Human HspB3 towards
DTT-induced aggregation of insulin. Curve I aggregation profile of
insulin (0.2 mg/ml) alone; curve 2 in the presence of 1:1 ratio of
insulin to HspB3, curve 3 in the presence of 1:1 and curve 4 in the
presence of 1:2 ratios of insulin to HspB3aB-CT (w/w). f Chaperone-
like activity of HspB3 and HspB3aB-CT towards DTT-induced
aggregation of insulin represented by hashed and closed bars,
respectively, at insulin to chaperone protein ratio of 1:1 and 1:2. It is
to be noted that the light scattering values of the sample of insulin in
the presence of HspB3 eventually reaches higher than that of the
control (insulin alone; see e). Since there is no prevention of
aggregation, we considered the percentage protection in this case as
Zero

protection was offered against ADH at a target protein to
chaperone ratio of 1: 0.5 (w/w) (Fig. 5b, d).

HspB3 failed to prevent the aggregation of DTT-induced
aggregation of insulin at a 1:1 (w/w) ratio (Fig. 5e), as well
as 1:2 (w/w) ratio of insulin to HspB3 (data not shown). In
fact, the aggregation of insulin in the presence of HspB3
was higher than that of insulin alone, suggesting that HspB3
co-precipitated out with insulin. On the other hand,
HspB3aB-CT offered ~31 % protection at a 1:1 ratio
(Fig. Se). At a 1:2 ratio (w/w) of target protein to chaper-
one, the chimeric protein prevented the DTT-induced
aggregation of insulin to an extent ~75 % (Fig. 5f). We
have also performed gel filtration chromatography and
collected the peaks corresponding to the dimeric population
and the higher oligomeric populations of the chimeric
protein separately and investigated their chaperone property
against CS and insulin. The dimeric and other oligomeric
species showed 69 and 70 % protection, respectively,
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against CS aggregation at a weight ratio of 1:8 of CS to the
chimeric protein, while they showed 24 and 23 % protec-
tion, respectively, against insulin aggregation at a weight
ratio of 1:1 of insulin to the chimeric protein. Thus, the
dimeric and higher oligomeric populations of the chimeric
protein do not significantly differ in their chaperone activity
towards these target proteins.

Thus, our results show that HspB3 does not prevent the
aggregation of insulin significantly, while it prevents the
aggregation of ADH efficiently and prevents the aggrega-
tion of CS only moderately. In order to investigate if the
temperature difference at which ADH and CS aggregation
assays are carried out is responsible for the observed dif-
ferences in the chaperone activity, we have performed the
chaperone assay at 48 °C (aggregation temperature for
ADH) using the temperature-dependent aggregation model
of CS. The percentage protection obtained for HspB3 and
HspB3aB-CT at a 1:1 weight ratio of CS to the chaperone
was 9 and 5, respectively, which are comparable to those
obtained at the experimental temperature of 43.5 °C
(Fig. 5d). Thus, these results clearly show that HspB3
exhibits target protein-dependent chaperone-like activity.

Discussion

As mentioned earlier, HspB3 is expressed in adult smooth
muscle, brain and heart as well as in several other fetal
tissues [17, 18]. A point mutation, R7S, in HspB3 results in
axonal motor neuropathy [19]. Though HspB3 seems to
have an important biological role, its structural and func-
tional aspects have not been addressed so far.
Sequence-based comparison of HspB3 with other
members of the sHsp family reveals many interesting
variations. It has been found to be the most deviating
member of the sHSP family. Firstly, it has an exceptionally
short “C-terminal extension”. The C-terminal extension in
sHsps has many polar and charged residues, and is believed
to play a solubilizing role in keeping the chaperones or the
chaperone-target protein complexes in solution [20, 34].
Swapping the C-terminal extension between oA- and «B-
crystallin results in altered oligomeric size and modulation
of chaperone function [35]. It has been shown that deletion
of 17 amino acids from the C-terminal end of aA-crystallin
results in the formation of large insoluble aggregates and
appreciable decrease in chaperone activity [36]. Notably,
the C-terminal extensions in sHsps have a conserved IXI/V
motif, which provides important subunit contacts and plays
a role in oligomerization. In oA- and oB-crystallin this
region makes alternative interactions involving inter-
subunit interactions [23]. Mutation of the motif to GXG in
both ¢A- and aB-crystallin results in the formation of lar-
ger oligomers with enhanced chaperone property [23].

Solid state NMR and SAXS studies on aB-crystallin show
that the IXI motif is involved in interdimeric and inter-
molecular interactions, which play an important role in the
determination of oligomeric size and chaperone activity
[24]. The NMR study revealed intermolecular interactions
between the IXI motif (I159-P160-1161) and the substrate
binding groove (/4 and 8 strands) which is released upon
decrease in pH, potentially leading to chaperone activation
[24]. Studies on another sHsp, StHspl14.0 showed that
hydrophobicity and size of amino acids in IXI/V motif are
responsible not only for assembly of the oligomer but also
for the maintenance of f-sheet rich secondary structure and
hydrophobicity [25].

Interestingly, as opposed to the observation in the case
of mammalian sHsps described above, mutations in IXI
motif of plant and prokaryotic sHsps or truncations span-
ning this region were shown to dissociate the oligomeric
structure of the proteins and result in loss of chaperone-like
activity [28, 29]. Thus, the IXI motif, and hence the
C-terminal extension, may have different types of inter-
actions, modulations of oligomerization and chaperone
function in different sHsps. The understanding on the exact
details on the structural aspects and functional outcome,
therefore, needs further studies. It needs to be reiterated
that HspB3 lacks this motif. Secondly, HspB3 also shows
deviation in the N-terminal domain. The N-terminal
domain of sHsps is important in the formation of higher
order oligomers [37, 38]. HspB3 has very poor conserva-
tion in a stretch of sequence in the N-terminal domain
(SRLFDQFFG motif) which is otherwise well conserved
among the other mammalian members. This motif is
important in higher order oligomerization [39]. It is,
therefore, intriguing as to whether HspB3 can form oligo-
meric assembly and exhibit chaperone property like other
known members of the sHsp family. In this context, our
present study provides information, for the first time, on the
structural and chaperone properties of HspB3.

Our study shows that HspB3 exhibits f-sheet confor-
mation as exhibited by many members of the SHSP family.
However, there are distinct differences in terms of quater-
nary structure and the chaperone property. Despite lacking a
proper C-terminal extension and exhibiting poor sequence
conservation in the N-terminal domain, HspB3 forms
polydispersed oligomeric species with a major population
of trimer, indicating the possibility of alternative subunit
interaction sites. The well-conserved “o-crystallin” domain
is known to make contacts in the dimeric interface [24].
Thus, it appears that potentially the o-crystallin domain and
some parts of the N-terminal domain of HspB3 interact to
form the oligomeric assembly.

Our study shows that HspB3 exhibits chaperone-like
activity; however, it is target protein-dependent. Whereas it
shows fairly good activity against temperature-induced
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aggregation of yeast ADH, it prevents the temperature-
induced aggregation of CS only at very high target protein
to HspB3 ratios and does not prevent the DTT-induced
aggregation of insulin. Several studies have shown that the
C-terminal extension of sHsps is important for keeping the
chaperone-target protein complex in solution [34], and
truncation of the C-terminal leads to a drastic reduction or
loss of chaperone-like activity [36]; the fact that HspB3
has a very short C-terminal extension may explain the
moderate chaperone-like activity of HspB3. Various fac-
tors such as oligomeric size, surface hydrophobicity and
subunit exchange are believed to affect the chaperoning
ability of sHsps. Based on our studies, we conclude that
HspB3 forms a major population of trimer and exhibits a
target protein-dependent chaperone-like activity. This
property of HspB3 appears to be different from that of
other sHsps, such as Hsp27, aA- and oB-crystallin. Thus,
there seem to be two broad classes among the mammalian
sHsps: one class includes those like Hsp27 (HspB1), oA-
crystallin (HspB4), and oB-crystallin (HspBS5) that exhibit
general chaperone property in preventing the aggregation
of large number of target proteins and the other includes
those that exhibit observable target protein-dependence in
their chaperone property (such as HspB3 as revealed by
this study). Interestingly, an earlier study of Sugiyama
et al. [11] has shown that five members of the sHsp family
present in the muscle cells form two types of mutually
exclusive oligomers/complexes: one comprises Hsp27,
oB-crystallin and p20 (Hsp20 or HspB6) and another
comprises HspB2 and HspB3 with apparent molecular
mass of 150 kDa. A study of den Engelsman et al. [40]
shows that co-expression of HspB2 and HspB3 in E. coli
and subsequent purification yielded a series of hetero-
oligomers consisting of 4, 8, 12, 16, 20, and 24 subunits
with HspB2:HspB3 subunit ratio of 3:1; the complex
exhibited poor chaperone property. A recent study from
our laboratory [12] showed that HspB2 exhibits concen-
tration-dependent oligomerization property and exhibits
target protein-dependent chaperone property. However, as
opposed to HspB3 (present study), HspB2 prevents the
aggregation of insulin significantly, while both of them
prevent the aggregation of ADH very effectively. Thus, it
appears that HspB3 or HspB2 may form distinct oligo-
merization pattern and functionally distinct species com-
pared to other sHsps. The sequence and structural features
that determine specific oligomerization patterns or differ-
ences among sHsps and their importance in the functional
modulations are not yet completely understood. Therefore,
characterization of individual sHsps for their structural
and chaperone properties would be useful. In this context
understanding and further designing experiments to
address specific sequence and structural features of sHsps
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that determine the formation of oligomeric assemblies and
their functional significance are important.

Since HspB3 lacks a C-terminal extension, it would be
of interest to address the effect of fusion of a C-terminal
extension to HspB3. The chimeric protein, HspB3aB-CT,
having the C-terminal extension of «B-crystallin shows a
predominantly dimeric population; however, it also
includes some proportions of higher order oligomeric
populations. The fact that the trimeric populations are
diminished in the chimeric protein indicate the dominant
role of the C-terminal extension in dictating subunit
assembly of HspB3. It is possible that the potential inter-
subunit contacts by the C-terminal extension in dimer
exclude other inter-subunit contacts necessary for trimeric
assembly. Conceivably, the C-terminal extension also
affects the chaperone property of the system. The chimeric
protein exhibits chaperone property towards DTT-induced
aggregation of insulin, an activity that HspB3 lacks. Our
study indicates that the C-terminal extension plays an
important role in the prevention of aggregation of insulin.
Interestingly, similar results of modulation of chaperone
activity by C-terminal extension have been reported in the
case of mouse Hsp25 and Xenopus Hsp30C [41, 42]. There
are two possible mechanisms by which C-terminal exten-
sion exerts it effect on the chaperone property. It may
either improve the solubilization of the complex due to its
preponderance of charged residues or may exhibit direct
interaction with the target protein, or both. For instance, it
has been shown that the region 155 PERTIPITRE 164 of
the C-terminal extension of oB-crystallin directly interacts
with desmin [26] and microtubules [27].

Thus, our study for the first time describes the structural
and chaperone functional properties of the sHSP, HspB3. It
demonstrates that though it shows certain properties that are
characteristic of SHSPs, such as significant -sheet structure
and chaperone activity, it differs from them in terms of its
small oligomeric structure and target protein-dependent
chaperone activity. Our study further reinforces the
important role of C-terminal extensions in sHsps in structural
and chaperone properties. Thus, this study reports a
candidate of the mammalian sHsp family that exhibits target
protein-dependent chaperone-like activity. The partial
structural and chaperone functional differences exhibited by
individual sHsps, in addition to their shared properties, may
be important for the shared as well as diverse functional role
of sHsps in cell survival and stress tolerance, which may
explain why cell expresses many sHsps differentially and
temporally.
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