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Hsp33, an Escherichia coli cytosolic chaperone, is inac-
tive under normal conditions but becomes active upon
oxidative stress. It was previously shown to dimerize
upon activation in a concentration- and temperature-de-
pendent manner. This dimer was thought to bind to ag-
gregation-prone target proteins, preventing their aggre-
gation. In the present study, we report small angle x-ray
scattering (SAXS), steady state and time-resolved fluores-
cence, gel filtration, and glutaraldehyde cross-linking
analysis of full-length Hsp33. Our circular dichroism and
fluorescence results show that there are significant struc-
tural changes in oxidized Hsp33 at different tempera-
tures. SAXS, gel filtration, and glutaraldehyde cross-link-
ing results indicate, in addition to the dimers, the
presence of oligomeric species. Oxidation in the presence
of physiological salt concentration leads to significant
increases in the oligomer population. Our results further
show that under conditions that mimic the crowded mi-
lieu of the cytosol, oxidized Hsp33 exists predominantly
as an oligomeric species. Interestingly, chaperone activ-
ity studies show that the oligomeric species is much more
efficient compared with the dimers in preventing aggre-
gation of target proteins. Taken together, these results
indicate that in the cell, Hsp33 undergoes conformational
and quaternary structural changes leading to the forma-
tion of oligomeric species in response to oxidative stress.
Oligomeric Hsp33 thus might be physiologically relevant
under oxidative stress.

Oxidative stress generated by the production of reactive ox-
ygen species is an inevitable consequence of aerobic life. In
addition, the extracellular environment can also cause oxida-
tive stress to the cells (1, 2). Heat shock is shown to increase
oxidative stress (3). Oxidative stress, inter alia, results in mis-
folding and aggregation of several cellular proteins. In order to
combat oxidative stress, cells produce proteins that detoxify
reactive oxygen species and repair harmful changes. The Esch-
erichia coli cytoplasm, like that of most other organisms, is
largely reducing in nature although under oxidative stress, the
redox status of the cell changes significantly. Several cellular
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proteins are regulated by redox-dependent post-translational
modifications (4).

Until recently, no molecular chaperone was known that
could be turned on or off by a post-translational event acting as
a switch. Jakob et al. (5) showed that a member of the highly
conserved cytoplasmic prokaryotic molecular chaperones,
Hsp33, is regulated by the redox state of the medium. Under
reducing conditions, Hsp33 is inactive. Hsp33 has four abso-
lutely conserved cysteine residues: Cys-232, -234, -265, and
-268. In the reduced state, they are coordinated to a zinc atom
(6). Oxidizing conditions lead to the release of zinc and forma-
tion of two intramolecular disulfide bonds, Cys-232 with Cys-
234 and Cys-265 with Cys-268 (7). Upon such oxidative activa-
tion, Hsp33 binds to aggregation-prone states of proteins,
preventing their aggregation and acting as a holdase chaperone
(5, 7, 8). We have earlier shown that there are significant
secondary and tertiary structural differences between the re-
duced and oxidized forms of Hsp33. Our studies showed that
conformational changes accompanied by increased exposure of
hydrophobic surfaces, are involved in the oxidative activation
of Hsp33 (9).

Initial studies by Jakob et al. (5), based on gel filtration and
cross-linking data, suggested that Hsp33 might act as a mon-
omer (5). Subsequently, the crystal structure of Hsp33 was
reported by two groups (10, 11). Interestingly, both studies
showed that Hsp33 existed in a domain-swapped dimeric form.
One of the studies suggested that the increase in concentration
of Hsp33, brought about under conditions of heat stress, favors
dimerization (12). It is important to note that the reported
crystal structure lacks about 60 residues in the C terminus.

In the present study, we have used small angle x-ray scatter-
ing (SAXS),! fluorescence, gel filtration, and glutaraldehyde
cross-linking analysis of full-length Hsp33 to investigate struc-
tural and conformational changes in Hsp33 upon oxidation at
different temperatures. Our results show that upon oxidative
stress there are significant structural and conformational
changes in oxidized Hsp33 at different temperatures, leading to
the formation of higher oligomeric species, ranging from dimer to
octamer. Chaperone activity studies show that the oligomeric
species is much more efficient compared with the dimer. Taken
together, our results suggest that in the cell, Hsp33 exists pre-
dominantly as an oligomeric species upon oxidative stress.

L The abbreviations used are: SAXS, small angle x-ray scattering;
PEG, polyethylene glycol; DTT, dithiothreitol; IPTG, isopropyl-1-thio-
B-D-galactopyranoside; BSA, bovine serum albumin; bis-ANS, 1,1'-
bis(4-anilino)naphthalene-5,5'-disulfonic acid; CS, citrate synthase;
FPLC, fast protein liquid chromatography.
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MATERIALS AND METHODS

1,1’-Bis(4-anilino)naphthalene-5,5'-disulfonic acid (Bis-ANS), citrate
synthase (from porcine heart), dithiothreitol (DTT), glutaraldehyde,
PEG 3350, and PEG 8000 were purchased from Sigma. Sephadex G-75,
Superdex G-75, Superose 6, Superose 12 HR 10/30 FPLC columns, and
phenyl-Sepharose CL 6B fast flow were obtained from Amersham Bio-
sciences. Isopropyl-1-thio-B-pD-galactopyranoside (IPTG) was obtained
from Bangalore Genei, Bangalore, India and acrylamide (3X) was from
Sisco Research Laboratory, Mumbai, India. H,O, and other chemicals
used in this study were of analytical reagent grade.

Overexpression and Purification of Hsp33—E. coli Hsp33 was cloned
as described earlier (9). Competent E. coli BL21 (DE3) cells were trans-
formed with the expression plasmid pET21a-Hsp33. Primary culture
was grown overnight from transformed cells at 37 °C, and 1% inoculum
of this primary culture was added to 1 liter of medium containing 100
png/ml ampicillin for the secondary culture at 37 °C and 250 rpm. The
secondary culture was grown until ODgg, .., Of the culture reached
0.6—0.8. The culture was then induced with 1 mm IPTG and grown for
5 more hours. Along with IPTG, ZnSO, was added to a final concentra-
tion of 1 mM. After induction, the cells were harvested by centrifugation
at 6,000 rpm for 10 min. The harvested cells were stored at —20 °C.

The cells were resuspended (3 ml of buffer per gram of pellet) in 50
mM Tris-HCI buffer (pH 7.4) containing 100 mM NaCl, 1 mm EDTA
(TEN buffer), and 10 uMm phenylmethylsulfonyl fluoride was added.
Cells were lysed by sonication, and the cell debris was removed by
centrifugation at 14,000 rpm for 20 min at 4 °C. The cell lysate was
subjected to ammonium sulfate fractionation. Hsp33 precipitated be-
tween 15 and 50% saturation by ammonium sulfate. The precipitate
was dissolved in TEN buffer and the protein solution applied to a
Sephadex G-75 column (150 cm X 1.8 cm diameter) equilibrated with
TEN buffer and was eluted at a flow rate of 20 ml/h using the same
buffer with a fraction size of 2 ml. Fractions containing Hsp33 were
pooled, and 200 mM ammonium sulfate was added to the protein. This
protein solution was applied to a phenyl-Sepharose column previously
equilibrated with 50 mm potassium phosphate buffer (pH 7.0) contain-
ing 200 mM ammonium sulfate. The column was developed using 50 mm
potassium phosphate buffer (pH 7.0). Fractions containing pure Hsp33
were pooled, concentrated, and buffer exchanged with buffer A (40 mm
HEPES-KOH, pH 7.5, containing 20 mM KCI and 200 puM of ZnSO,)
using Amicon ultrafiltration unit and stored at —70 °C.

Preparation of Reduced and Oxidized Hsp33—For chaperone assays,
small angle x-ray scattering studies, and other experiments, purified
Hsp33 was oxidized with 10 mm H,O, for 4 h at different temperatures.
Reduced Hsp33 was prepared by incubating the purified Hsp33 with 10
mM DTT for 2 h. For gel filtration studies, Hsp33 was reduced with 5
mM B-mercaptoethanol for 2 h at 25 °C and subsequently oxidized by 10
mM H,0, for varying durations at different temperatures.

Gel Filtration Studies—Oligomer formation was studied by gel fil-
tration chromatography using a Superdex G-75 or Superose-12 HR
10/30 FPLC column. 80 ul of Hsp33 (1 mg/ml) oxidized in the presence
or the absence of 500 mM NaCl was loaded on the Superdex G-75
column equilibrated with 50 mm Tris-HCI, pH 7.4, with or without 500
mM NaCl, respectively. To study the effect of NaCl concentration,
Hsp33 oxidized at 43 °C in the presence of various concentrations of
NaCl was loaded on a Superose-12 column previously equilibrated with
the Tris-HCI buffer containing the appropriate concentration of NaCl.
Molecular mass standards comprising blue dextran (2,000 kDa), BSA
(67 kDa), ovalbumin (45 kDa), and RNase A (13.7 kDa) were used for
calibration. Oligomer sizes, in the presence of PEG, were determined
using Superose-6 HR 10/30 FPLC column. Hsp33 oxidized at 43 °C in
the presence of 100 mg/ml PEG and 100 mM NaCl was applied to the
column equilibrated with 50 mm Tris-HCI, pH 7.4 and eluted at a flow
rate of 0.3 ml/min. High molecular mass standards comprising BSA (67
kDa), catalase (232 kDa), and thyroglobulin (669 kDa) were used for
calibration.

SDS-PAGE—Glutaraldehyde cross-linking studies on reduced
Hsp33 or Hsp33 oxidized at 43 °C in the presence of 150 or 500 mM NaCl
for 4 h were performed with 0.05, 0.1, 0.2, and 0.5% glutaraldehyde for
2 h at 25 °C. The cross-linked products were loaded onto a 7.5% SDS-
polyacrylamide gel and visualized by silver staining.

To investigate the involvement of intermolecular disulfide bonds in
the formation of higher oligomers, samples of reduced Hsp33 or Hsp33
oxidized at 43 °C in the presence of 500 mm NaCl or 100 mg/ml PEG
8000 for 4 h were loaded on a 12% non-reducing SDS-polyacrylamide
gel, and bands were visualized by Coomassie Blue R-250 staining.

Small Angle X-ray Scattering Studies—The SAXS experiments were
performed at beamline 15A of the Photon Factory at the High Energy
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Accelerator Research Organization, Tsukuba, Japan (13). The experi-
mental details and the analysis of the scattering data were essentially
the same as described earlier (14). The sample solution in 1-mm path
length mica-windowed cell was exposed to a monochromatic x-ray beam
(1.5 A). The temperature of the sample solution was maintained at
25 °C using a circulating water bath. Scattering patterns were recorded
by a CCD-based x-ray detector, which consisted of a beryllium-win-
dowed x-ray image intensifier (Be-XRII) (Hamamatsu, V5445P-MOD),
an optical lens, a CCD image sensor, and a data acquisition system
(Hamamatsu C7300) (14, 15). The camera length was set to be 1485 or
2375 mm depending on the scattering-angle region to be observed.

The R, and I (0) values were obtained using the Guinier approxima-
tion. In I(Q) = In I(0) — (Q® R,*)/3, at small angle regions where In 1(Q)
is linearly dependent on Q2. Q and I (Q) are the momentum transfer and
intensity at zero scattering angle, respectively. Q is defined as Q =
47sin6/A, where 260 is the scattering angle, and A is the wavelength of
the X-rays, 1.5 A (16, 17). The theoretical R, values of Hsp33 monomer
and dimer were calculated from the crystal structure (11) using the
program Crysol (18). To obtain shape information, the scattering data
were converted to P(r) function by GNOM software using a D, value
of 71 A (19). The P(r) function was taken to DAMMIN to generate ab
initio shape data (20). This process was repeated 11 times and then
averaged using DAMAVER. The high resolution, crystal structure data
of Hsp33 (PDB 1HW?7), and the ab initio shape data obtained from
DAMMIN program were matched using SUPCOMB (21).

Chaperone Assays—Citrate synthase is known to undergo aggrega-
tion upon heating at temperatures above 40 °C (22). Citrate synthase
(0.02 or 0.025 mg/ml) in 40 mm HEPES-KOH, pH 7.5, was incubated at
43 °C. Light scattering was monitored in a Hitachi F-4000 fluorescence
spectrophotometer equipped with a thermostatted cell holder and stir-
rer. The measurements were performed by setting the excitation and
emission wavelengths at 360 nm and the excitation and emission band
passes at 3 nm. To study the effect of NaCl, Hsp33 oxidized in the
presence of 150 or 500 mM NaCl was used in the assay. Similarly, to
study the effect of PEG, Hsp33 oxidized in buffer containing 100 mg/ml
PEG 8000 and 100 mM NaCl was used in the assay. Aggregation of
citrate synthase in the presence of required concentrations of NaCl or
PEG alone were used as controls. Percent protection of aggregation was
calculated relative to these controls. Percent protection of aggregation
was calculated as (I s — .o pepas)/l;, X 100, where I, is the intensity of
scattered light for citrate synthase alone at the end of the assay, and
I, 114p35 18 the intensity of light scattered by the citrate synthase in the
presence of Hsp33.

Fluorescence Measurements—All fluorescence spectra were recorded
using a Hitachi F-4010 fluorescence spectrophotometer. Intrinsic pro-
tein fluorescence of reduced and oxidized Hsp33 (0.2 mg/ml) was re-
corded by exciting the sample at 285 nm. The emission spectra were
recorded from 295 to 380 nm by setting the excitation and emission slit
widths at 5 nm and 3 nm, respectively. Time-resolved fluorescence
quenching measurements were performed with the neutral quencher,
acrylamide, using a picosecond time-correlated photon counting setup
described earlier (23). A Ti-sapphire femto/picosecond laser (Spectra
Physics, Mountain View, CA) pumped by an Nd:YLF Laser (Millenia X,
Spectra Physics) was used. 1-ps pulses of 888 nm radiation from the
Ti-sapphire laser were frequency tripled to 295 nm using a frequency
doubler/tripler (GWU, Spectra Physics). Fluorescence decay curves
were obtained using a time-correlated single photon counting setup,
coupled to a microchannel plate photomultiplier (model 2809u;
Hamamatsu Corporation). The instrument response function (IRF) was
obtained at 295 nm using a dilute colloidal suspension of bright non-
dairy coffee whitener. The half-width of IRF was ~40 ps. The samples
were excited at 295 nm, and the fluorescence emission was collected
through a 310-nm cutoff filter followed by a monochromator at 340-350
nm. The cutoff filter was used to prevent the scattering of the excitation
beam from the samples. In fluorescence lifetime measurements, the
emission was measured at the magic angle (54.7°) to eliminate the
contribution from the decay of anisotropy. The fluorescence decay
curves at the magic angle were analyzed by deconvoluting the observed
decay with IRF to obtain the intensity decay function represented as a
sum of three exponentials: I(t) = So; exp(—t/7,) 1 = 1 — 3, where I(t) is
the fluorescence intensity at time ¢ and «; is the amplitude of the ith
lifetime 7,, such that 3,¢; = 1.

Tryptophan time-resolved fluorescence intensity measurements for
reduced Hsp33 and Hsp33 oxidized at 25, 37, and 43 °C were made in
the absence and the presence of various concentrations of acrylamide in
buffer A. The concentration of Hsp33 used was 0.33 mg/ml.

To probe the hydrophobic surfaces of the protein, polarity-sensitive
fluorescent probe bis-ANS was used (24). Stock solution of bis-ANS was
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Fic. 1. Intrinsic fluorescence emission spectra of reduced
Hsp33 (curve 1) and Hsp33 oxidized at 25 °C (curve 2), 37 °C
(curve 3), and 43 °C (curve 4) respectively. The concentration of
Hsp33 was 0.2 mg/ml. The excitation wavelength was 285 nm. Excita-
tion and emission band passes were set at 5 and 3 nm, respectively.

prepared in methanol. To 0.2 mg/ml reduced or oxidized Hsp33 in buffer
A, bis-ANS was added to a final concentration of 5 um. Fluorescence
spectra of the samples were recorded from 400 to 600 nm with the
excitation wavelength set at 390 nm. Excitation and emission band
passes were set at 5 nm. All spectra were recorded in the corrected
spectrum mode.

RESULTS AND DISCUSSION

Temperature-dependent Structural Changes in Hsp33—
Hsp33 is inactive as a chaperone in its reduced form, and
oxidation is known to activate it to prevent the aggregation of
target proteins. It provides an interesting example of a post-
translational event acting as a switch to regulate the chaper-
one-like activity of Hsps. We have shown earlier that oxidative
activation is associated with conformational change and in-
crease in hydrophobicity (9). Many small heat shock proteins
are known to undergo temperature-dependent changes in their
structure, which modulates their chaperone activity. We have
previously shown that a-crystallin undergoes structural alter-
ation above 30 °C, resulting in the re-organization of its hydro-
phobic surfaces and a concomitant increase in its chaperone
activity (25-27). The small heat shock protein, Hsp22 also
exhibits temperature-dependent changes in the tertiary struc-
ture and increase in chaperone activity (28). Earlier studies
have shown increase in chaperone activity of Hsp33 as a func-
tion of temperature; at elevated temperatures, the rate of
Hsp33 dimerization is higher suggesting the involvement of
structural rearrangements (12). We have investigated, using
fluorescence and CD spectroscopy, the structural changes of
Hsp33 as a function of temperature. Fig. 1 shows the intrinsic
fluorescence spectra of reduced Hsp33 and Hsp33 oxidized at
25, 37, and 43 °C. Reduced Hsp33, upon exciting at 285 nm,
exhibits an emission maximum at 351 nm whereas Hsp33
oxidized at 25 °C shows emission maximum at 346 nm. When
Hsp33 is oxidized at elevated temperatures (37 and 43 °C), it
shows larger blue shifts in the tryptophan emission maximum,
the maxima being 335 and 330 nm at 37 °C and 43 °C, respec-
tively. It is evident from Fig. 1 that the lone tryptophan residue
of reduced Hsp33 is exposed to the solvent; oxidation leads to
its burial in the hydrophobic environment. This process is
much more pronounced at elevated temperatures, indicating
conformational and/or quaternary structural changes. Reduced
Hsp33 shows a less intense emission maximum, in addition to
351-nm emission, at around 305 nm (Fig. 1). This fluorescence
(305 nm) is quenched upon oxidation. This result is in conform-
ity with that of Graumann et al. (12) who observed quenched
tyrosine fluorescence accompanied by substantially broadened
fluorescence spectra suggesting an increased energy transfer
between tyrosine and tryptophan residues.

In order to investigate the accessibility of the lone trypto-
phan, we have carried out tryptophan lifetime measurements

Oligomeric Hsp33 with Enhanced Chaperone Activity
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Fic. 2. Stern-Volmer plot of acrylamide quenching of trypto-
phan lifetime fluorescence. Reduced Hsp33 at 25 °C (filled squares),
Hsp33 oxidized at 25 °C (filled diamonds), 37 °C (filled triangles), and
43 °C (filled circles) are shown. 7, and 7 are the fluorescence lifetimes
before and after the addition of acrylamide. Q is the molar acrylamide
concentration. The concentration of Hsp33 was 0.33 mg/ml.

of reduced Hsp33 and Hsp33 oxidized at 25, 37, and 43 °C in
the absence and presence of acrylamide. Fig. 2 shows the effect
of increasing acrylamide concentration on the ratio of 7/t
(where 1, represents the lifetime in the absence of quencher,
and 7is the lifetime in the presence of various concentrations of
quencher) in reduced Hsp33 and Hsp33 oxidized at 25, 37, and
43 °C. Our time-resolved fluorescence data show that oxidation
leads to increased burial of the lone tryptophan residue of
Hsp33. The slopes of these plots yield the Stern-Volmer con-
stants (K,,), and the ratio of K_, and 7 yields the bimolecular
quenching constant, K. Table I shows the average lifetimes,
K, values, and the bimolecular quenching constants of Hsp33
under reduced and oxidized conditions. Upon oxidation, we
have observed a slight increase in the average lifetime of the
lone tryptophan residue and a 3-fold decrease in the bimolec-
ular quenching constants (Table I). These results show that
Hsp33 undergoes structural changes upon oxidation; the lone
tryptophan residue, which is exposed in reduced Hsp33, gets
buried in a relatively more hydrophobic environment upon
oxidation at elevated temperatures.

Near-UV CD spectra of Hsp33 oxidized at 25 and 43 °C show
distinct differences in the 255-290 nm region, suggesting al-
tered conformation upon oxidation at elevated temperatures
(data not shown). Taken together, fluorescence and CD spec-
troscopydataclearlyindicatethat Hsp33undergoestemperature-
dependent conformational change upon oxidation.

Oligomerization of Hsp33—Initial studies by Jakob et al. (5)
suggested that Hsp33 is monomeric even upon activation, but
subsequent biochemical and crystal structure studies on Hsp33
suggested that it forms dimers (10, 11). The dimerization of
oxidized Hsp33 as well as chaperone-like activity is temperature-
dependent (12). However, glutaraldehyde cross-linking of the
truncated Hsp33 (residues 1-235) in the presence of the target
protein, luciferase, suggested the possibility of the formation of
higher oligomers (10). We have investigated in detail the proc-
ess of oligomerization upon oxidation of Hsp33. We have used
gel filtration (Superdex G-75) to investigate the temperature-
dependent dimerization of Hsp33. Fig. 3 shows the effect of
temperature on the dimerization of Hsp33. Panel I in Fig. 3A
shows the chromatogram of reduced Hsp33, whereas panel I1
shows that of Hsp33 oxidized at 25 °C. As can be seen from
these panels, oxidation at 25 °C does not lead to dimerization,
even after 4 h of oxidation (panel I1I). At 37 °C, reduced Hsp33
is monomeric (Fig. 3B, panel I), upon oxidation for 30 min, 1, 2,
and 4 h, the dimer population gradually increases (panels I1I-V).
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TaBLE 1
Lifetimes and quenching parameters obtained from time-resolved
fluorescence studies

Lifetime® Bimolecular

K, quenching

T T600 constant K,

ns w! st

Red Hsp33 2.5 0.62 5.13 2.05 x 10°
Ox Hsp33

25 °C 2.8 1 3.13 1.12 x 10°

37 °C 3 1.19 2.77 0.92 x 10°

43 °C 2.9 1.32 2.02 0.69 x 10°

“ 1, and 74, are the average lifetimes obtained in the absence and in
the presence of 600 mM acrylamide, respectively.

The population of the dimer increases significantly at the heat
shock temperature, 43 °C, with much reduced content of mon-
omer (Fig. 3C, panel II-V). Interestingly, at later time points, a
small population of oligomeric species could also be seen. This
result indicates that Hsp33 could form oligomeric species upon
oxidation at physiological (37 °C) and heat shock temperatures
(43 °C), which might have functional significance. At all the
temperatures studied, reduced Hsp33 remained monomeric
(panel I of Fig. 3, A-C).

Since hydrophobic interactions are enhanced in the presence
of salt, we studied the effect of NaCl on the quaternary struc-
ture of Hsp33 upon oxidation as a function of temperature. Fig.
4A (panel II) shows that Hsp33 oxidized at 25 °C remains
largely monomeric with a small extent of dimerization even in
the presence of salt. Hsp33 oxidized at 37 °C, was a mixture of
monomer, dimer, and higher order species that eluted in the
void volume of the Superdex G-75 column (Fig. 4B). However,
Hsp33 oxidized at 43 °C, eluted almost completely in the void
volume on a Superdex G-75 column, with a small amount of
monomer and dimer (Fig. 4C). These results suggest that
Hsp33 oxidized at elevated temperatures in the presence of 500
mM NaCl undergoes oligomerization and that the oligomeriza-
tion is driven by hydrophobic interactions. Because the oli-
gomers eluted in the void volume, the oligomers should be more
than 75 kDa.

Considering that the oligomeric species elute in the void
volume of the Superdex G-75 column, we have carried out gel
filtration studies using Superose 12 column, which can better
resolve the higher oligomeric species. Fig. 5 shows gel filtration
profiles of reduced Hsp33 and Hsp33 oxidized in presence of
increasing concentrations of NaCl. Reduced Hsp33 elutes from
the column as a monomer. Addition of physiologically relevant
salt concentration (150 mMm NaCl) results in the formation of
predominant amounts of dimeric species in addition to some
amounts of higher oligomers. The elution profile of Hsp33
oxidized in the presence of higher salt concentrations (300 and
500 mm NaCl) exhibits a hump corresponding to a tetramer
(~130 kDa) and even larger aggregates that appear toward the
void volume of the column, which correspond to an octamer
(~300 kDa), the exclusion limit of Superose 12. This suggests
that addition of salt strengthens oligomer formation, which is
polydisperse in nature.

In order to further confirm the oligomerization status of
Hsp33, we performed glutaraldehyde cross-linking of Hsp33
oxidized at 43 °C in the presence of 150 and 500 mm NaCl.
When cross-linked in the presence of 0.05% glutaraldehyde,
Hsp33 oxidized at 43 °C in the presence of 150 mm NaCl exhib-
its bands corresponding to monomer, dimer, and a very small
proportion of higher oligomers, which appears to be at least
more than hexamer (Fig. 6, lane 1). Oligomers, as seen in
SDS-PAGE, increase as the concentration of glutaraldehyde is
increased from 0.05 to 0.5% (Fig. 6, lanes 1-4). On the other
hand, in the case of reduced Hsp33, no cross-linked products
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were observed even when the maximum concentration of glut-
araldehyde (0.5%) was used (Fig. 6, lane 6) showing that re-
duced Hsp33 exists exclusively as monomer. A similar cross-
linking experiment was also performed in the presence of 500
mM NaCl (Fig. 6, lanes 8-10). In conformity with our earlier gel
filtration data, we observed an increased proportion of dimer
and higher oligomers in the presence of 0.05% glutaraldehyde,
and as the concentration of glutaraldehyde is increased, larger
proportions of dimer, tetramer, and higher oligomers are seen
(Fig. 6, lanes 8-10).

Oligomeric state appears to be important for chaperone-like
activity of heat shock proteins. Small angle x-ray scattering is
an excellent tool to investigate the sizes and shapes of biomol-
ecules in solution, which is important for understanding their
physiological roles. We have investigated the scattering profile
of reduced Hsp33 and Hsp33 oxidized in the presence and
absence of added salt. Fig. 7 shows a Guinier plot for reduced
Hsp33. Non-linear least-squares curve fitting of the data to In
I(Q = In I(0) — (Q* R,*)/3 (see “Materials and Methods”) yield
R, value of 22.40 A. This R, value, for reduced Hsp§3, is in
excellent agreement with the expected value of 22.54 A for the
Hsp33 monomer calculated using the crystal structure (PDB
1HW?).

The reported crystal structure of Hsp33 lacks about 60 res-
idues toward the C terminus (10, 11). The structural informa-
tion available on the truncated Hsp33 does not explain why
reduced Hsp33 has no chaperone activity. Our SAXS data are
from full-length Hsp33. Despite this, the R, value estimated
from crystal structure and that of the full-length Hsp33 ob-
tained from SAXS measurements are in excellent agreement.
This suggests that either the reduced form of full-length Hsp33
is more compact or the additional C-terminal region can fold
onto the molecule without increasing the R, value. In order to
explore these possibilities, we have carried out ab initio low
resolution shape calculation as described by Svergun (20). The
low resolution shape data are matched with high resolution
structure data using a procedure described by Kozin and Sver-
gun (21). Fig. 8 shows the superposition of the two matched
structures. The SAXS envelop fits the crystal structure; inter-
estingly, however, the SAXS ab initio profile has unoccupied
regions and exhibits some difference from the crystal structure.
The differences indicate a possibility of minor conformational
changes between the truncated crystal structure and the full-
length protein investigated in SAXS experiments. It is possible
that the unoccupied region might accommodate the remaining
60 residues of the full-length protein, making it a compact
structure without any significant change in the R, value. Thus,
reduced Hsp33 may exist as a monomer with the C terminus
folding over the remaining structure, perhaps masking the
target protein binding site, resulting in the lack of chaperone
activity. Graf et al. (29) showed that the C-terminal zinc bind-
ing domain is fully folded in the reduced zinc-coordinated state,
which masks the dimerization interface and the substrate
binding site. Upon oxidation the C-terminal domain of Hsp33
unfolds, dramatically exposing the substrate binding site and
unmasking the dimerization interface. Our results are in
agreement with the observations of Graf et al. (29).

The simulated scattering profile from the crystal structure,
the Q versus I(Q) plot, of Hsp33 fits well with the measured
scatter profile (Fig. 9A). A similar profile, simulated using a
dimeric structure (from crystal structure coordinates) deviates
from the scatter profile of the oxidized Hsp33 obtained from
SAXS measurements (Fig. 9B). This observation indicates that
the molecular species in the solution of oxidized Hsp33 may
contain dimers and oligomers. Such profile measured from the
sample oxidized in the presence of 500 mm NaCl deviates mark-
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FiG. 3. Gel filtration studies of Hsp33 upon oxidation at various temperatures as a function of time in the absence of NaCl. Reduced
Hsp33 or Hsp33 oxidized at the required temperature, dissolved in 40 mm HEPES buffer, pH 7.5, containing 20 mM KCl, was loaded on a Superdex
G-75 FPLC column. Reduced Hsp33 was oxidized at 25 °C (A), 37 °C (B), or at 43 °C (C). In A, panel I depicts the gel filtration pattern of reduced
Hsp33, while panels IT and III depict the profiles after 2 and 4 h of oxidation at 25 °C. In B and C, panel I depicts reduced Hsp33, whereas panels
II, II1, IV, and V depict the profiles 30 min, 1, 2, and 4 h after oxidation at 37 and 43 °C respectively.

edly from the simulated profile (Fig. 9C), consistent with the
predominant presence of oligomers.

The R, value obtained from SAXS measurements for oxi-
dized Hsp33 is more than 35 A, in contrast to the theoretical
(dimeric) value of 24.1 A. The molecular mass of the oxidized
Hsp33, as measured from SAXS data, is around 85 kDa, which
is different from the expected molecular mass of the dimeric
Hsp33 (66 kDa) suggesting that apart from a major dimer
component, Hsp33 tends to form oligomeric (larger than di-
meric) species under oxidizing conditions. This is in concur-
rence with our gel filtration data. Hsp33 upon oxidation, in the
presence of 200 mm NaCl, shows an R, value of around 50 A
and molecular mass of about 200 kDa. These values suggest
that under salt conditions oxidized Hsp33 forms higher oli-
gomers. This result is in agreement with our gel filtration as

well as glutaraldehyde cross-linking data. Thus, SAXS mea-
surements appear to reveal some valuable structural informa-
tion on the molecular status of Hsp33 in solution.

Inside the cell, the concentration of macromolecules is so
high that a significant proportion of the volume is physically
occupied and, therefore, unavailable to other molecules. Be-
cause of this excluded volume effect, the effective concentration
of each macromolecule increases significantly (30, 31). Crowd-
ing agents such as polyethylene glycol, ficoll, and dextran
mimic the crowded cellular environment and increase the ef-
fective concentration of the protein (32). We investigated
whether Hsp33 could oligomerize in the presence of the crowd-
ing agent PEG, which mimics physiologically relevant condi-
tions in vitro. Fig. 10 shows gel filtration chromatographs of
reduced Hsp33, and Hsp33 oxidized in the presence of PEG
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Fic. 4. Gel filtration studies of Hsp33 upon oxidation at various temperatures as a function of time in the presence of NaCl.
Reduced Hsp33 or Hsp33 oxidized at the required temperature, dissolved in 40 mm HEPES buffer, pH 7.5, containing 20 mm KCI and 500 mm NaCl,
was loaded on a Superdex G-75 FPLC column. Reduced Hsp33 was oxidized at 25 °C (A), 37 °C (B), or at 43 °C (C). In A, panel I depicts the gel
filtration pattern of reduced Hsp33, whereas panel II depicts the profile after 4 h of oxidation. In B and C, panel I depicts reduced Hsp33, whereas
panels II, III, IV, and V depict the profiles 30 min, 1, 2, and 4 h after oxidation at 37 and 43 °C, respectively.

3350 and PEG 8000. As can be seen from the figure, both PEG
3350 and PEG 8000 induce oligomerization of oxidized Hsp33,
the extent of oligomerization is more in the presence of PEG
8000 compared with that in the presence of PEG 3350.

In order to verify whether the formation of higher order
species is caused by formation of intermolecular disulfide bonds
we have performed non-reducing SDS-PAGE of Hsp33 under
different conditions. As expected, reduced Hsp33 yielded a sin-
gle band corresponding to ~33 kDa in the absence of any added
reagents (Fig. 11, lane 1) or in the presence of 500 mm NaCl
(Fig. 11, lane 2) or 100 mg/ml of the crowding agent PEG (Fig.
11, lane 3). The increased mobility of reduced Hsp33 in the
presence of 100 mg/ml PEG (Fig. 11, lane 3) may be caused by

compaction of the molecule. Hsp33 oxidized at 43 °C in the
absence of any added reagents also showed a single band cor-
responding to ~33 kDa. In the presence of 500 mm salt, Hsp33
oxidized at 43 °C also shows a band at 33 kDa. In addition to
this, a very faint band is seen at ~97 kDa; this band represents
a very small fraction of the total protein, suggesting that the
higher order species are held together largely by hydrophobic
interactions. The absence of such higher molecular mass bands
in the presence of 100 mg/ml PEG indicate that in the presence
of the crowding agent, the formation of higher order species is
entirely caused by hydrophobic interactions.

Hydrophobic interactions between the chaperones and target
proteins are known to play an important role in the binding of
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Fic. 5. Gel filtration studies of Hsp33 oxidized at 43 °C as a
function of NaCl concentration. Reduced Hsp33 (curve I) or Hsp33
oxidized at 43 °C in 40 mMm HEPES buffer, pH 7.5, containing 150 mM
(curve 2), 300 mM (curve 3), or 500 mMm NaCl (curve 4) was loaded on a
Superose-12 FPLC column. Solid circles with arrows indicate the elu-
tion positions of molecular mass standards (A, blue dextran; B, BSA; C,
ovalbumin, and D, RNase A).
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Fic. 6. Glutaraldehyde cross-linking of reduced and oxidized
Hsp33. Hsp33 (0.33 mg/ml) was oxidized at 43 °C for 4 h in the presence
of 150 or 500 mM NaCl. Glutaraldehyde was added to a final concen-
tration of 0.05% (lanes I and 8), 0.1% (lanes 2 and 9), 0.2% (lanes 3 and
10), and 0.5% (lanes 4 and 6). The protein samples were incubated for
2 h at room temperature in the presence of glutaraldehyde. Lanes 1-4,
Hsp33 oxidized in the presence of 150 mm NaCl; lane 5, high molecular
mass markers; lane 6, reduced Hsp33; lane 7, low molecular mass
markers, and lanes 8-10, Hsp33 oxidized in the presence of 500 mm
NaCl.
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FiG. 7. Guinier plot of reduced Hsp33 obtained from the scat-
tering curve in the small angle region. The concentration of Hsp33
was 2.8 mg/ml. Hsp33 was dissolved in 40 mm HEPES buffer (pH 7.5)
containing 20 mM KCI and 10 mm DTT. Inset, scattering profile of

reduced Hsp33 in the entire scattering region starting from the
beamstop.
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chaperones to the non-native states of target proteins and pre-
vention of aggregation. We have used bis-ANS to probe the hy-
drophobic surface of Hsp33, in its reduced form and upon oxida-

Oligomeric Hsp33 with Enhanced Chaperone Activity

Fic. 8. Superimposition of reduced Hsp33 ab initio shape with
crystal structure. Ab initio shape was generated from SAXS data
using DAMMIN program (11 independent iterations were performed
and averaged with DAMAVER). The resultant DAMAVER file was
superimposed with monomeric Hsp33 crystal structure using
SUPCOMB.

tion at 43 °C in the presence and absence of 500 mm NaCl.
Reminiscent of our earlier data (9), Hsp33 in the reduced form
shows very little bis-ANS binding at 43 °C. Upon oxidation in the
absence of NaCl, there is significant increase in bis-ANS binding
(9). As can be seen from Fig. 12, there is a 2-fold increase in
bis-ANS binding when the oxidation of Hsp33 is carried out in
the presence of 500 mm NaCl at 43 °C compared with that in the
absence of salt. As mentioned above, Hsp33 oxidized in the ab-
sence of NaCl exists predominantly as a dimer, whereas when
oxidized in the presence of 500 mm NaCl, it is predominantly
oligomeric in nature. Our result thus shows that Hsp33 exhibits
increased hydrophobic surfaces in the oligomer compared with
the dimer as monitored by bis-ANS binding.

Enhanced Chaperone Activity of Hsp33 Oligomer—In order
to investigate whether the oligomeric species is functionally
active, we have studied the chaperone activity of Hsp33 oxi-
dized under conditions that populate largely either the mono-
mer, the dimer, or the oligomer. We have used the thermally
induced aggregation of citrate synthase as the model system to
monitor the chaperone-like activity. Fig. 13A shows the results
of such an experiment. DTT or H,0,, at the concentrations
used for reducing or oxidizing Hsp33, did not affect the aggre-
gation of citrate synthase in control experiments (data not
shown). Reduced Hsp33 did not prevent the aggregation of
citrate synthase even when added in a 5-fold molar excess over
the target protein as reported earlier (5). Hsp33 oxidized at
25 °C also did not prevent aggregation of CS at a chaperone to
CS molar ratio of 0.3:1; it postponed the process by a few
minutes. However, at a higher molar ratio it prevented the
aggregation of CS (data not shown). Under these conditions,
Hsp33 is predominantly in a monomeric state (See Fig. 3A4). On
the other hand, Hsp33 oxidized at 43 °C exhibited ~57% pre-
vention of aggregation at a molar ratio of 0.3:1. Under these
conditions Hsp33 exists predominantly as dimer (Fig. 3C).
Hsp33 oxidized at 43 °C in the presence of 150 mm NaCl pre-
vented the aggregation to an extent of ~85%. Hsp33 oxidized at
43 °C in the presence of 500 mm NaCl prevented the aggrega-
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FiG. 9. Guinier plots of Hsp33 obtained with SAXS measurements fitted with crystal structure data using the CRYSOL program.
A, plot of reduced Hsp33 fitted with monomer crystal coordinates (PDB 1HW7). B, plot of oxidized Hsp33 fitted with dimer crystal structure
coordinates. C, plot of Hsp33 oxidized in the presence of 200 mM NaCl fitted with dimer crystal structure coordinates.
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Fic. 10. Gel filtration chromatography of reduced Hsp33 in
PEG 8000 (curve 1) and Hsp33 oxidized at 43 °C in the presence
of PEG 3350 (curve 2) or PEG 8000 (curve 3). Arrows indicate the
elution positions of molecular mass standards (A, blue dextran; B,
thyroglobulin; C, catalase, and D, BSA).
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Fic. 11. Non-reducing SDS-PAGE of reduced and oxidized
Hsp33. Lane 1, reduced Hsp33; lane 2, reduced Hsp33 in the presence
of 500 mm NaCl; lane 3, reduced Hsp33 in the presence of 100 mg/ml
PEG 8000; lane 5, molecular mass markers; lane 7, oxidized Hsp33; lane
8, Hsp33 oxidized in the presence of 500 mm NaCl; lane 9, Hsp33
oxidized in the presence of 100 mg/ml PEG 8000.
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FiG. 12. Bis-ANS binding to reduced and oxidized Hsp33 in the
presence and absence of 500 mm NaCl. Oxidation of Hsp33 was
carried out at 43 °C, and the fluorescence measurements were done at
25 °C. The excitation and emission bandwidths were set at 5 nm, and
the protein solution containing bis-ANS was excited at 390 nm. The
fluorescence emission spectra represented are as follows: bis-ANS
bound to reduced Hsp33, thick dashed line; Hsp33 oxidized in the
presence of 500 mm NaCl, thick solid line; and Hsp33 oxidized in the
absence of NaCl, thin solid line. Bis-ANS blank spectrum is represented
by a thin dashed line.

tion to an extent of ~98%. Under these conditions, Hsp33 exists
as a polydisperse oligomer (Fig. 5). These results clearly dem-
onstrate that whereas monomers are inactive, dimers are ac-
tive, but the oligomers are significantly more active than the
dimers. Interestingly, the oligomer of Hsp33 formed in the
presence of PEG 8000 also shows significantly more chaperone
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Fic. 13. Chaperone activity of Hsp33 toward the heat-induced
aggregation of CS under various conditions. A, CS (0.02 mg/ml) in
40 mm HEPES-KOH, pH 7.5, was incubated at 43 °C in the absence
(curve 1) or the presence of Hsp33 oxidized at 25 °C (curve 2), 43 °C
(curve 3), 43 °C with 150 mMm NaCl (curve 4), or 43 °C with 500 mm NaCl
(curve 5). All the reactions had the same final NaCl concentration in the
chaperone activity assay. A chaperone to target protein molar ratio of
0.3:1 was used. B, CS (0.025 mg/ml) in 40 mm HEPES-KOH, pH 7.5, was
incubated at 43 °C in the absence (curve I) or the presence of Hsp33
oxidized at 43 °C (curve 2) or 43 °C with 100 mm NaCl and 100 mg/ml
PEG 8000 (curve 3). All the reactions had the same final NaCl and PEG
8000 concentrations in the chaperone activity assay. A chaperone to
target protein molar ratio of 0.2:1 was used.

activity compared with the Hsp33 dimer formed in the absence
of crowding agent (Fig. 13B), Hsp33 dimer offers ~14% protec-
tion, whereas oligomeric Hsp33 offers ~82% protection against
thermally induced aggregation of citrate synthase.

Thus, our results show that oxidized Hsp33 can form large
oligomers either in the presence of NaCl or in the presence of
crowding agents such as PEG; the oligomeric species exhibits
significantly higher chaperone activity compared with the oxi-
dized dimeric Hsp33. Enhancement of chaperone activity upon
oligomer formation has previously been reported in the case of
other chaperones. Hsp90 normally occurs as a dimer. Studies
by Yonehara et al. (33) showed that heating induces the chap-
erone activity of Hsp90, which is latent under normal condi-
tions. They further showed that only the higher oligomers
formed upon heating possess chaperone activity and not the
native dimers. Rogalla et al. (34) demonstrated that large oli-
gomers of Hsp27 are necessary for chaperone activity and re-
sistance against oxidative stress. Upon phosphorylation,
Hsp27 dissociates into tetramers and loses these activities.

Very recently, Graf et al. (29) have shown that the N-termi-
nal region of Hsp33 does not undergo any significant change
upon oxidation; on the other hand, the C-terminal region har-
boring the zinc binding motif, which adopts a predominantly
helical conformation in the reduced, zinc-bound Hsp33, under-
goes significant unfolding with concomitant zinc release and
disulfide bond formation. This unfolding results in the loss of
helicity and renders the C-terminal domain highly unstruc-
tured. The lone tryptophan of Hsp33 present toward the C-
terminal shows blue-shifted fluorescence as oxidation temper-
ature is increased suggesting that there is differential
unfolding at different temperatures. The results obtained in
the present study using SAXS, gel filtration, and glutaralde-
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hyde cross-linking clearly demonstrate that Hsp33, when oxi-
dized at elevated temperatures in the presence of physiologi-
cally relevant concentrations of salt or crowding agents such as
polyethylene glycol, forms higher order oligomers. We specu-
late that the C-terminal domain facilitates higher order oli-
gomerization of Hsp33, because this domain is unstructured
and flexible in solution. Increased oligomer formation in the
presence of high salt concentrations suggests that oligomer
formation is largely driven by hydrophobic interactions; non-
reducing SDS-PAGE indicates that the involvement of inter-
molecular disulfide bonds appears to be minimal in this proc-
ess. The fact that these oligomers of Hsp33 show higher
chaperone activity compared with dimeric Hsp33 indicates that
possibly Hsp33 in the cellular milieu exists as an oligomer
rather than a dimer.
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