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StHsp14.0, a small heat shock protein of Sulfolobus tokodaii
strain 7, protects denatured proteins from aggregation in
the partially dissociated conformation
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The small heat shock protein (sHsp), categorized into a
class of molecular chaperones, binds and stabilizes de-
natured proteins for the purpose of preventing aggrega-
tion. The sHsps undergo transition between different
oligomeric states to control their nature. We have
been studying the function of sHsp of Sulfolobus toko-
daii, StHsp14.0. StHsp14.0 exists as 24meric oligomer,
and exhibits oligomer dissociation and molecular chap-
erone activity over 80°C. We constructed and charac-
terized StHspl14.0 mutants with replacement of the
C-terminal IKI to WKW, IKF, FKI and FKF. All
mutant complexes dissociated into dimers at 50°C.
Among them, StHsp14.0FKF is almost completely dis-
sociated, probably to dimers. All mutants protected cit-
rate synthase (CS) from thermal aggregation at 50°C.
But, the activity of StHspl4.0FKF was the lowest.
Then, we examined the complexes of StHsp14.0 mu-
tants with denatured CS by SAXS. StHsp14.0WKW
protects denatured CS by forming the globular com-
plexes of 24 subunits and a substrate. StHsp14.0FKF
also formed similar complex but the number of subunits
in the complex is a little smaller. These results suggest
that the dimer itself exhibits low chaperone activity,
and a partially dissociated oligomer of StHsp14.0 pro-
tects a denatured protein from interacting with other
molecules by surrounding it.

Keywords: assembly and dissociation/chaperone/small
angle X-ray scattering/small heat shock protein/
Sulfolobus tokodaii.

Abbreviations: CS, Citrate synthase from porcine
heart; EM, electron microscopy; SAXS, small angle
X-ray scattering; sHsp, small heat shock protein;
StHsp14.0, small heat shock protein of Sulfolobus
tokodaii with a molecular weight of 14.0 kDa;
StHsp14.0WKW, StHsp14.0 with the mutations of
1120W and 1122W; StHsp14.0FKF, StHsp14.0 with
the mutations of I120F and 1122F; StHsp14.0IKF,

StHsp14.0 with the mutation of 1122F;
StHsp14.0FKI, StHSp14.0 with the mutation
of T120F.

Small heat shock proteins (sHsps) belong to the mem-
bers of the ubiquitous molecular chaperones. They
exist in all types of organisms, including archaea, bac-
teria, and eukarya (/). They endow cells with thermo-
tolerance (2, 3), protect proteins from thermal
aggregation, and in some cases, promote refolding of
proteins (4—6). Compared with other chaperones, the
overall amino acid sequence homology among sHsps is
rather low. Their common feature is the o-crystallin
domain, which is named after the a-crystallin of the
vertebrate eye lens (7). The a-crystallin domain is
flanked by a highly variable N-terminal region and a
short, partially conserved C-terminal extension (8, 9).
All sHsps exist as large oligomeric complexes com-
posed of 9—40 subunits (/0). Crystal structures of
two sHsps in large oligomeric states have been re-
ported (11, 12). The sHsp from Methanocaldococcus
jannaschii (MjHsp16.5) forms a spherical oligomer
consisting of 24 subunits with the diameter of
~120A (PDB-ID: 1SHS). On the other hand, the
sHsp from wheat (wHspl16.9) forms a double-ring-
shaped oligomer consisting of 12 subunits (PDB-ID:
1GME). The oligomers consist of dimerized sHsps ir-
respective of difference in oligomeric structures as well
as in amino acid sequences. The a-crystallin domain
folds into a compact B-sandwich fold. The N-terminal
regions are packed in the centre of oligomeric struc-
tures. The conserved short IXI/V motif at the
C-terminus has a propensity to participate in inter—
subunit interactions. These interactions are important
in the structure and function of sHsps (/3).

Under physiological temperatures, sHsps exist as
large oligomeric structures and do not interact with
denatured proteins. When sHsps are exposed to ele-
vated temperatures, the large oligomeric structure dis-
sociates into small oligomers, in most cases dimers,
and exhibit chaperone function. Therefore, the hydro-
phobic sites are thought to be controlled by transitions
between different oligomeric states (/4, 15). Basha
et al. (16) have shown that substrate-binding sites com-
prise both the newly exposed hydrophobic surfaces on
the a-crystallin domain of the sHsp, along with hydro-
phobic residues of the N-terminal arm. The exposed
hydrophobic surfaces interact with the hydrophobic
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surfaces of denatured proteins to protect them from
aggregation.

Our previous study has shown that a sHsp of
Schizosaccharomyces pombe, SpHspl6.0, interacts
with denatured proteins as dimers at elevated tempera-
tures, suggesting that sHsps protect denatured proteins
from aggregation through transient interactions in the
dissociated state (/7). However, cross-linking experi-
ments using Hsp26 have shown inconsistent results
(18). The cross-linked Hsp26 does not dissociate into
dimers at higher temperatures, but its chaperone activ-
ity remains unaffected. Basha ez al. (16) has also shown
that stability of the oligomer does not correlate with
substrate protection ability.

The sHsp of the acidothermophilic archaeon
Sulfolobus tokodaii with a molecular mass of 14kDa
(StHsp14.0) protects denatured proteins from aggrega-
tion formation at high temperatures around 87°C (19).
Mutations of the IXI/V motif of StHspl4.0 (IKI)
affect the stability of oligomers (20). In particular,
the FKF variant, StHsp14.0 with the mutations of
[120F and 1122F, is defective in oligomer formation.
Contrary to our expectations, the FKF variant did not
exhibit chaperone function at the same temperature at
which they exist primarily as dimers. The result sug-
gests that the dimer is not the real functional state of
StHsp14.0.

Here, we report further characterization of
StHsp14.0 C-terminal variants of StHspl4.0 and dis-
cuss the relationship between function and oligomeric
states of the protein.

Materials and Methods

Preparation of StHsp14.0 variants and substrates

The wild-type and variants of StHsp14.0 were constructed, expressed
and purified as described previously (79, 20). Citrate synthase (CS)
from porcine heart and a-lactalbumin were obtained from Sigma.

Thermal aggregation measurements
The aggregation of CS was monitored by measuring light scattering
at 500 nm with a spectrofluorometer (FP-6500, Jasco) at 50°C. CS
was diluted to a final concentration of 150 nM (as a monomer) in the
assay buffer (50 mM Tris—HCI, pH 8.0), with or without StHsp14.0
variants, at the specified monomeric concentrations. The reaction
mixtures were continuously stirred throughout the experiment.
Aggregation of bovine a-lactalbumin was also monitored by mea-
suring light scattering at 500nm with a spectrofluorometer
(FP-6500) at 25°C. a-Lactalbumin (2,400 nM, monomer) was incu-
bated in the assay buffer (50 mM Tris—HCI, pH 6.8, 2mM CaCl2)
with or without StHsp14.0 variants (2,400 nM as monomers). After
preincubation for 5Smin, aggregation was induced by the addition of
DTT (final concentration 360 nM). The reaction mixtures were con-
tinuously stirred throughout the experiment.

SAXS measurements

All SAXS data were measured at the BL40B2 in the SPring-8 (27).
Scattering profiles were collected by a detector system using imaging
plates, R-axis VII (Rigaku). X-ray wavelength and camera length
were 1.000A and 2,116 mm, respectively. Concentrations of
StHsp14.0 in the sample solution were kept at 1.0 mg/ml, regardless
of CS addition. Before data collection, sample solutions were incu-
bated in a sample cell of 3mm path length at 25 and 50°C. The data
collection time was 60s. The two-dimensional data was circularly
averaged after buffer subtractions and divided by the relative con-
centration of total protein. The innermost portion of I(Q) was fitted
under a Guinier approximation (22) to the equation [(Q)=
1(0)exp[—Rg2Q2/3], where I(0) and Rg are the forward scattering
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intensity (Q =0) and the radius of gyration, respectively. The data
in the range of Qi =0.008—0.01 to Qmax=1.3/Rg A—1.were used
for calculation.

The 1(0) value is proportional to the averaged molecular weight of
the particles in solution (22).

1(0) = «CM = BNM?

where C is concentration (weight/volume), N is the number of par-
ticles, M is the molecular weight and o, B is constant. The average
molecular weight of wild-type was calculated from the 7(0) value
using ovalbumin as a standard. Radius of gyration, Rg, is the z-
average value (22), thus Rg of polydisperse solution, including the
solution of a complex of StHsp14.0 variants and CS, is difficult to
interpret. The low-resolution model was constructed from the SAXS
data of the wild-type (5.0 mg/ml) in the Q range of 0.010—-0.112 A",
by DAMMIF (23) without symmetrical constrains. Ten independent
models were averaged by DAMAVER (24).

According to Guiner and Fournet (22), the I(0) of a
multi-component system is described by the summation of the for-
ward scattering intensity of all components. If StHsp14.0 consists of
both 24-mers and dimers, the 1(0) is, therefore, described as follows:

4N 2 N 2
10) = A[24 P24Mmono)” + = (1 = P)2Mimono) }

where A is a constant, N is the number of StHspl4.0 monomers,
M mono 18 the molecular weight of the monomer, and P is the prob-
ability of StHsp14.0 to form the 24-mer. Because the probability P of
wild-type StHsp14.0 is estimated to be 1 at 25°C, the probabilities of
other variants and temperatures were calculated.

Electron microscopy

Complexes of StHsp14.0 variants with CS were adsorbed onto a thin
carbon film covering a grid at the room temperature and stained
with 2% uranyl acetate. The carbon film was augmented for greater
hydrophilicity with n-pentylamine. The grid was then observed in a
transmission electron microscope (EF-2000, Hitachi) operated at an
accelerating voltage of 200 kV. The electron micrographs were taken
using a CCD camera with a pixel size of 24 um at direct magnifica-
tion of 140,000; the sampling steps were 0.17 nm. The electron dose
was ~1,500 electron/nm,. Then the image contrast was modified by
defocusing (0.7—2 pm underfocus) and corrected by Eos (25), using
contrast transfer functions calculated following their defocusing
values, accelerating voltage, etc.

Results

Molecular chaperone activity of StHsp14.0 variants

Our previous results show that StHsp14.0FKF could
not protect CS (citrate synthase from porcine heart)
from thermal aggregation at 50°C (20). This result con-
tradicts the hypothesis that the dimer is the active
conformer. Then we examined whether chaperone
function remains in StHsp14.0FKF at all by optimiz-
ing the assay conditions. Unlike previous observations,
StHsp14.0FKF was capable of preventing CS aggre-
gation (Fig. 1la). The chaperone activity of
StHsp14.0FKF was the weakest among the tested vari-
ants (data not shown), and a >32-fold excess amount
was required to show recognizable effect. The amount
of StHspl4.0FKF used in the previous experiment
(24-fold molar excess) seems not to be enough to ob-
serve a significant effect (20). At 25°C, neither the wild-
type nor any of the StHsp14.0WKW (StHsp14.0 with
the mutations of 1120W and 1122W), StHsp14.0IKF
(StHsp14.0 with the mutation of 1122F) and
StHsp14.0FKI (StHsp14.0 with the mutation of 1120F)
variants were able to protect against aggregation of
a-lactoalbumin, but only StHspl4.0FKF exhibited
protection ability (Fig. 1b). These results suggest that
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Fig. 1 Effects of StHsp14.0 variants on aggregation of CS and a-lactalbumin. Thermal aggregation of CS from porcine heart was monitored by
measuring light scattering at 500 nm using a spectrofluorometer at 50°C with continuous stirring. (a) Effect of StHsp14.0FKF on thermal
aggregation of CS. Open circle, without StHsp14.0FKF; closed circle, 2,400 nM; open square, 4800 nM; closed square, 7,200 nM; closed dia-
mond, 9,600 nM. (b) Aggregation of a-lactalbumin was also monitored at 25°C using a spectrofluorometer. Open circle, without StHsp14.0;
closed circle, the wild-type StHsp14.0; open square, StHsp14.0FKF; closed square, StHsp14.0WKW; closed diamond, StHsp14.0IKF; closed

triangle, StHsp14.0FKI.

the partially dissociated complex of StHspl4.0 is a
more active conformer than the dimer.

Oligomer structures examined by small angle
X-ray scattering
Subsequently, these oligomeric conformations of
StHsp14.0 variants were examined by small angle
X-ray scattering (SAXS) (Fig. 2a—c). The scattering
profiles of the wild-type at both 25 and 50°C have a
clear peak and a valley, which were typical of spherical
particles (26) (Fig. 2a). The average molecular weight
of the wild-type from its /(0) value at 25°C were esti-
mated to be 317kDa, which is close to 336 kDa, the
molecular weight of an oligomer composed of 24 sub-
units (/9). A low-resolution structure of the wild-type
was constructed from the diffraction data of SAXS by
DAMMIF (23). It is a distorted spherical structure,
and fits well with the predicted structure of the
StHsp14.0 oligomer (Fig. 2d). This result supports
the idea that StHspl4.0 wild-type exists as the
24-mer similar to the modelled structure.
StHspl14.0WKW takes almost the same profile as
the wild-type at 25°C (Fig. 2b). But a change was ob-
served at 50°C (Fig. 2b), which indicated some portion
of the oligomers dissociate into dimers. StHsp14.0FKF
also formed spherical oligomers mainly at 25°C, but
they dissociated into dimers at 50°C (Fig. 2¢). Table 1
shows the forward scattering intensities, 7(0)s, of the
wild-type and the variants at 25 and 50°C. 1(0) repre-
sents a measure of the averaged molecular weight.
Assuming that the wild-type exists as a spherical oligo-
mer composed of 24 subunits at 25°C, the contents
of the spherical oligomers of the variants at 25 and
50°C were calculated (Table I). In the case of
StHsp14.0WKW, ~20% has dissociated into dimers at
50°C. Although 72% of StHsp14.0FKF exists as spher-
ical oligomers at 25°C, most of the oligomers dissociated
into dimers at 50°C. This result partially contradicts the

previous observation that StHsp14.0FKF is eluted as
small oligomers (probably dimers) during gel filtration
at 25°C (20) and is a dimer in the crystal structure (27).
As gel filtration experiments were done at a concentra-
tion lower than that used for SAXS measurements,
StHspl14.0FKF should have dissociated into dimers
during gel filtration at 25°C. Only StHsp14.0FKF in
the dimeric conformation was likely to crystallize
under the crystallization condition (27).

Complex of StHsp 14.0 variants with denatured
proteins

Next, we examined oligomeric states of StHspl4.0
variants complexed with denatured CS using SAXS.
When CS was mixed with a 24-fold molar excess of
the wild-type StHspl14.0 at 50°C, a sharp peak ap-
peared at very low angles and increased with time
(Fig. 3a). Since a similar peak was observed in the ex-
periment without StHspl4.0 (data not shown), it
should correspond to aggregates of CS. On the con-
trary, in the presence of StHspl4.0WKW, no such
sharp peak appeared, presumably from its chaperone
activity (Fig. 3b). Similar results were observed with
StHsp14.0FKI and StHsp14.0IKF (data not shown).
In the case of StHsp14.0FKF, no sharp peak appeared,
as in the case for other variants, but the profile signifi-
cantly changed from those without CS (Fig. 3c). After
10 min, the forward scattering increased and reached a
plateau, suggesting the generation of a complex of
StHsp14.0FKF and CS. [(0) values of the complexes
were calculated based on the data after 30 min (Table I).
The 1(0) of StHsp14.0WKW with CS was a little smal-
ler than that of the wild-type in the initial state, and
gradually increased up to about 176, reflecting com-
plex formation with CS. The value is almost the
same as the calculated value for the complex of the
24-mer and one CS molecule, 181. The 7(0) of FKF
with CS significantly increased up to 131. Although the
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Fig. 2 SAXS profiles of StHsp14.0 variants at 25 and 50°C. SAXS curves of StHsp14.0 variants at 25°C (Red) and 50°C (Blue). (a) wild-type
StHsp14.0, (b) StHsp14.0WKW, (c) StHsp14.0FKF. (d) A smooth envelope of a low-resolution structure of StHsp14.0 wild-type without N
terminal and C-terminal regions (1-25 and 115—123) superposed on the oligomeric structure of StHsp14.0 at atomic resolution reconstituted
from the dimeric structure (27). The envelope was calculated with the SITUS package (28). This figures (Left, the view from the 3-fold sym-
metrical axis; Right, the view from the 4-fold symmetrical axis) were prepared using VMD (29).

Table 1. Forward scattering intensities, /(0)s and Radii of gyration,
Rgs, of the wild-type and the mutants of StHsp14.0 at 25 and 50°C
and calculated dimer contents.

Wild-type StHsp14.0WKW  StHsp14.0FKF

1(0) Rg (A) K(0) Rg (A) K(0) Rg (A)
25°C 158 (1.00) 48.3 155(0.98) 48.8 120 (0.72) 459
50°C 156 (0.99) 482 127 (0.79) 48.5 16 (0.02) 31.0
50°C (+1/24 CS) — — 176 61.5 131 61.2

The values in parentheses are the ratio of subunits existing as
24-meric oligomers.

value is smaller than that of the 24-meric oligomer of
StHsp14.0, formation of StHsp14.0FKF—CS complex
is suggested. The electron microscopic images of the
complexes of StHspl4.0WKW and StHspl4.0FKF
with denatured CS prepared in the same manner
(Fig. 3d and e). The complexes look round in shape
in both cases, but differ in size. The image also sup-
ports the idea that StHsp14.0FKF protects denatured
CS from aggregation by forming a similar complex to
that of StHsp14.0WKW.
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Discussion

The fact that StHsp14.0FKF is capable of preventing
aggregation of CS at 50°C and a-lactoalbumin at 25°C
supports the idea that the dimer is an active conformer
of sHsp. However, activity of StHspl14.0FKF to pro-
tect CS from aggregation at 50°C was lower than
other mutants that dissociate only partially at that
temperature. These results coincide with previous re-
ports that dissociation does not correlate with chaper-
one activity (/8). SAXS experiments showed that
StHspl14.0FKF was almost completely dissociated
but StHsp14.0WKW was only partially dissociated at
50°C (Table I). At 25°C, StHsp14.0FKF was only par-
tially dissociated (Table I). These results suggest that
dissociation of the oligomer is required for chaperone
activity but the activity of the StHsp14.0 dimer is small
(20). These results coincide well with previous obser-
vations and support the idea that the partially disso-
ciated oligomer is likely to be the active conformer of
StHsp14.0 (27).

Oligomeric states of the complexes of StHspl4.0
variants with denatured CS were examined by SAXS
and EM. StHspl4.0WKW formed complexes with
denatured CS, and these complexes are larger than
the complex between StHsp14.0 24-mer and denatured
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Fig. 4 Schematic model for chaperone function of StHsp14.0. At the moderate temperature, StHsp14.0 s exist as 24-meric oligomers, which have
no affinity for denatured proteins. At the elevated temperature, StHsp14.0 oligomers dissociate and some dissociate completely into dimers. The
partially dissociated oligomers expose their N-terminal regions, which have high affinity to denatured protein. The N-terminal region changes its
conformation to an amphiphilic helix by the interaction with the denatured protein. The complex between StHsp14.0 and the denatured protein
is strong due to multiple interactions. The dimer has affinity with the denatured protein, but the complex is unstable. The interaction is stabilized

by formation of a large complex via the interaction between dimers.
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CS (Table I). StHspl14.0FKF protected denatured CS
from aggregation in the dissociated conformation in
the beginning, but, interestingly, StHsp14.0FKF also
gradually changes its oligomeric state from dimers to
large complexes in the presence of denatured CS. EM
images show that the complex is similar to that of
StHsp14.0WKW and denatured CS.

Figure 4 shows the model for conformational
change and chaperone function of StHspl4.0. At
physiological temperature, StHsp14.0 exists as a spher-
ical complex composed of 24 subunits (/9), and does
not have chaperone function. At elevated tempera-
tures, it partially dissociates to expose its hydrophobic
surface. A denatured protein is captured by the par-
tially dissociated StHspl4.0 complex and protected
from aggregation. The N-terminal region should be
responsible for the interaction with denatured proteins
in the amphiphilic helix conformation (27).

At the more elevated temperatures, StHsp14.0 com-
pletely dissociated into dimers. The dimer itself has the
ability to interact with denatured proteins. However,
the interaction between the dimer and the denatured
protein is not strong enough to protect the substrate
from aggregation. StHsp14.0 dimers gradually formed
globular complexes with denatured proteins. The inter-
action with the denatured protein might induce the
formation of globular complexes via an interaction at
the C-termini. Thus, interaction between dimers was
enhanced by the presence of denatured proteins.
From these results, we concluded that StHsp14.0 pro-
tects denatured protein molecules from interacting
with other denatured protein molecules by surround-
ing it in the partially dissolved conformation that is
maintained by the interaction between dimers through
their C- termini. Multiple interactions with denatured
protein in the complex seem to be important for sta-
bility of the complex.
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