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Abstract

Small heat shock protein is a ubiquitous molecular chaperone, which consists of a non-conserved N-terminal region followed by
a conserved a-crystallin domain. To understand the role of the N-terminal region, we constructed N-terminal truncation mutants of
StHsp14.0, the sHsp from Sulfolobus tokodaii strain 7. All the mutants formed a stable oligomeric complex similar to that of the wild
type. Electron microscopy and size exclusion chromatography-multiangle light scattering showed that the N-terminal region should
locate in the center of the oligomeric particle. The mutants exhibited reduced chaperone activity for the protection of 3-isopro-
pylmalate dehydrogenase from thermal aggregation. This reduction correlates with lowered subunit exchange efficiency. The
oligomeric structure was retained even after incubation at 90 °C. These results suggest that the N-terminal region of StHsp14.0

functions in the thermally induced disassembly of the complex.

© 2004 Elsevier Inc. All rights reserved.
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Small heat shock proteins (sHsps) are ubiquitous
molecular chaperones, which exist in all three domains,
archaea, bacteria, and eukarya [1]. Their expression is
induced by cellular stress [2,3]. They display chaperone
activities in vitro, protecting model proteins from ther-
mally induced aggregation and in some cases promoting
renaturation [4-7]. In spite of a relatively low overall
sequence homology, they have been grouped together
based on a conserved domain, the a-crystallin domain,
which is named after the a-crystallin of the vertebrate
eye lens [8].

SHsps form large multimeric complexes of 9-—40
subunits (12-42 kDa monomer size). The three-dimen-
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sional crystal structures of MjHsp16.5, a sHsp from the
hyperthermophilic archaeon Methanococcus jannaschii,
and TaHspl6.9, a sHsp from wheat, have been deter-
mined [9,10]. MjHspl6.5 forms a hollow spherical
complex of 24 subunits, while TaHsp16.9 exists as a
dodecameric double disk. The crystal structures show
that the a-crystallin domain is composed of B-strands
and the two sHsps use a similar dimer as a higher as-
sembly building block but differ in their quaternary
structure. In contrast, some members of the sHsp family
like a-crystallin are reported to be remarkably polydis-
persed [11]. The quaternary structures of sHsps repre-
sent very dynamic systems. Rapid inter-subunit
exchange between oligomeric complexes was observed in
several sHsps [12,13]. It has been suggested that sHsps
bind to their substrate proteins at denaturing tempera-
tures and form a stable complex with folding interme-
diates [14]. It was reported that oligomers of TaHsp16.9
and Hsp26, a sHsp of Saccharomyces cerevisiae, un-
derwent a reversible temperature-dependent dissociation
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into smaller species, and can form high molecular weight
complexes with a model substrate as the temperature
increased [10,15].

One major characteristic of this protein family is the
presence of a central a-crystallin domain, flanked by an
N-terminal region and a C-terminal extension. The
highest degree of amino-acid similarity is found within
the a-crystallin domain, while the N-terminal region and
the C-terminal extension are variable in length and se-
quence [8]. The N-terminal region appears to take a
disordered structure in MjHsp16.5 [9]. In the crystal
structure of the dimeric building block in TaHspl6.9,
one N-terminal region is disordered and the other re-
solved to be the helices connected by a random coil [10].
From the finding of cryo-electron microscopy, it was
suggested that the disordered N-terminal region is lo-
cated inside the cavity [11]. Naturally occurring sHsps
lacking these flanking regions exist as monomeric to
tetrameric structures with poor or no chaperone activity
[16,17]. A wide variety of truncations within the N-ter-
minal region were reported to affect chaperone activity
or complex formation [12,18-23]. However, the role of
the N-terminal region in the chaperone activity and
complex formation is poorly understood.

Recently, we have found that StHsp14.0, a sHsp from
the thermoacidophilic crenarchaeon Sulfolobus tokodaii
strain 7, binds unfolded proteins and prevents their
thermal aggregation [24]. StHsp14.0 exists as a stable
spherical oligomer, but subunit exchange between the
oligomers was observed at elevated temperatures, which
correlates well with the molecular chaperone activity [24].

In this study, we constructed N-terminal truncation
mutants of StHspl14.0 and examined their characteris-
tics. The results showed that the N-terminal region is
required not for oligomerization but for the tempera-
ture-dependent complex dissociation and molecular
chaperone activity.

Materials and methods

Enzymes and reagents. Ex Tag DNA polymerase and other reagents
for gene manipulation were obtained from TAKARA Bio (Shiga,
Japan). Citrate synthase (CS) from porcine heart was purchased from
Sigma Chemical (MO). Wild-type StHspl4.0 and 3-isopropylmalate
dehydrogenase from Thermus thermophilus HBS (IPMDH) were
expressed and purified as previously described [24].

Expression and purification of truncated StHspl4.0 variants. The
N-terminal deletion mutants of StHsp14.0 (StHsp14.0ANS, StHsp14.0
AN15, and StHsp14.0AN21), whose N-terminal 8, 15, and 21 amino
acids were replaced by a methionine residue, respectively, were
expressed in Escherichia coli and purified.

The DNA fragments encoding truncated StHsp14.0 variants were
amplified from the total DNA of S. tokodaii strain 7 by PCR using
N-terminal primers (5-GGG-AAT-TCC-ATA-TGA-AGA-GAA-GT
G-AAG-AAC-3, 5-GGG-AAT-TCC-ATA-TGA-GAG-GTT-TCT-A
TG-AGC-3, and 5-GGG-AAT-TCC-ATA-TGG-TCT-ATC-CAC-C
AG-TTG-3) in combination with a C-terminal primer (5-GG
G-ATC-CTC-ATT-CTA-TCT-TTA-TAA-CA-3') and then subcloned

into pT7Blue T vector. After sequence confirmation, the genes were
excised with Ndel and BamHI, and then introduced into the Ndel/
BamHI site of pET23a. The plasmids were introduced into E. coli
BL21(DE3). All mutants were expressed in the soluble fraction of E. coli.

The soluble fractions of cells expressing StHsp14.0 variants were
heated at 75°C for 30min to denature host proteins, and then the
proteins were further purified by anion exchange and gel filtration
columns using almost the same procedure as that for the wild type [24].

Size exclusion chromatography of StHsp14.0 variants. Size exclusion
chromatography was performed using a TSKgel G4000SWy (Tosoh,
Tokyo, Japan) with buffer (50 mM Tris—HCI, pH 7.3, 150 mM NaCl, and
I mM dithiothreitol) at a flow rate of 0.8 ml/min with absorbance
monitored at 280nm. Standard proteins were obtained from Bio-
Rad (CA).

Electron microscopy. The sample solution of StHspl4.0AN21
(0.1 mg/ml) or StHsp14.0 (0.1 mg/ml) was applied onto specimen grids
covered with a thin carbon support film, which had been made hy-
drophilic by the ion spattering device (JEOL HDT-400), and then
negatively stained with 1% uranyl acetate for 30s. Images were re-
corded by making use of the slow scan CCD camera (Gatan Re-
tractable Multiscan Camera) under low electron dose conditions at a
magnification of 50,000x in the electron microscope (Philips Tecnai
F20) operated at 120kV. Images were analyzed on computers using
Digital Micrograph. The electron microscopic specimen grids of both
wild type and the mutant were prepared identically and examined with
TEM at the same defocus value of —1.5 um.

Size exclusion chromatography-multiangle light scattering. The puri-
fied sHsps complexes were analyzed using a size exclusion chromatog-
raphy-multiangle light scattering (SEC-MALS) on Shodex PROTEIN
KW-804 and KW-803 columns (Shoko, Tokyo, Japan) connected with a
UV detector (Shodex UV-41, Shoko), a multiangle light scattering de-
tector (Wyatt DAWN EOS), and a differential refractive index detector
(Shodex RI-71, Shoko). A 50 mM Tris-HCI buffer (pH 7.3) containing
150 mM NacCl and 1 mM dithiothreitol was used as a mobile phase at
1.0 ml/min. An aliquot (100 pl) of sample was injected into the column.
The molecular weight and protein concentration were determined ac-
cording to the instruction manual [25].

Thermal aggregation measurements. The effect of the mutants of
StHsp14.0 on the thermally induced aggregation of a 600 nM solution
of IPMDH from T. thermophilus HB8 in 50mM Tris—HCI (pH 8.0)
buffer was monitored by measuring light scattering at 360 nm using a
UV-1600PC spectrophotometer (Shimadzu Biotech, Kyoto, Japan)
equipped with a thermostatted cell compartment preheated to 87 °C.

Labeling of StHspl4.0AN21 with fluorescent dye or biotin and
measurements of subunit exchange. The labeling of StHspl4.0AN21
with a fluorescent dye or biotin probe was performed as described [24].
The labeling efficiency of Alexa Fluor 488 was estimated to be 0.3 mol/
mol of subunit. That of biotin was calculated to be 1.7 and 1.9 mol of
the wild and the mutant StHsp14.0 subunits, respectively.

To initiate the subunit exchange reaction, 3.6 uM (as monomer)
each of fluorescence-labeled and biotin-labeled samples in buffer A
(50 mM sodium phosphate, pH 7.5, 150 mM NaCl) was mixed together
in a reaction tube at various temperatures for 20 min and cooled on ice.
Magnetic beads covalently coupled with streptavidin (Dynabeads
M-280 Streptavidin, DYNAL, Oslo, Norway) in an equivalent volume
were added to the reaction solution. The suspension was kept on ice for
Smin with occasional pipeting. The magnetic beads were separated
from the solution using a magnet, suspended in buffer A, and then
transferred to a well on a microtiter plate. The fraction was subse-
quently excited at 532 nm, and the fluorescence emission cut-off below
526nm by a filter was measured using a Typhoon 8600 (Amersham
Bioscience).

Other methods. Proteins were analyzed by SDS-PAGE [26]. The
separated proteins were visualized by staining with Coomassie brilliant
blue R-250. The protein concentration was measured by the Bradford
method with a protein assay kit (Bio-Rad) using bovine serum albumin
as the standard [27].
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Results
Construction of truncated StHspl14.0 derivatives

In order to study the role of the N-terminal region of
StHsp14.0, we constructed a series of N-terminal trun-
cated StHspl4.0 variants (StHspl4.0ANS, StHspl4.0
AN15, and StHsp14.0AN21) as described in “Materials
and methods.” In StHsp14.0AN21, approximately all the
N-terminal region was eliminated. All StHsp14.0 variants
were stable enough to remain soluble even after heat
treatment at 75 °C for 30 min. The proteins were further
purified to homogeneity and then analyzed by SDS-—
PAGE (data not shown).

Oligomeric structures of the N-terminal truncated
StHspl4.0 variants

As previously demonstrated, wild-type StHspl4.0
exists as a spherical oligomer [24]. We examined the
oligomeric characteristics of the truncated mutants by
size exclusion chromatography. The results showed that
the truncated mutants exist as oligomers similar to the
wild-type StHsp14.0 (data not shown). The elution times
were almost the same as that of the wild type in spite of
the decreased molecular weight of the subunits.

Then, we determined the molecular weight of the
oligomers of StHsp14.0 by SEC-MALS. StHsp14.0 exists
as a uniform oligomer with a molecular weight of 349.3
kDa (Fig. 1A). Since the deduced molecular weight of the
StHsp14.0 monomer is about 14.0kDa, StHsp14.0 is a
uniform complex of 24 subunits like other hyperthermo-
philic sHsps [3,9]. In spite of the elution time, the molecular
weight of StHsp14.0AN21 was lower than that of the wild
type and estimated to be 315.3 kDa (Fig. 1A). The elution
time in gel filtration chromatography depends on the mo-
lecular configuration. Thus, deletion of the N-terminal
region should cause a change not in the configuration of
the oligomeric particle but in the interior of the particle.

Electron microscopy showed that StHsp14.0AN21, in
which the N-terminal region was completely removed,
existed as a spherical particle (Fig. 1B). The size of the
particle was similar to that of wild-type StHsp14.0 [24].
The difference is the emergence of a cavity at around the
center of the particle, which seems to correspond to the
loss of the N-terminal region (Fig. 1C).

Thus, it is suggested that the N-terminal region of
StHsp14.0 should be located inside of the StHspl4.0
spherical complex and that the region is not required for
oligomerization.

The effect of N-terminal truncation on molecular chaper-
one activity and subunit exchange efficiency

StHsp14.0 possesses chaperone activity to prevent the
thermal aggregation of IPMDH from the thermophilic
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Fig. 1. Complex formation of N-terminal truncated StHspl4.0 vari-
ants. (A) The molecular weight and protein concentration were de-
termined by SEC-MALS as described in “Materials and methods.”
The molecular weight of wild-type StHsp14.0 and StHsp14.0AN21 is
indicated by open circles and closed triangles, respectively. The protein
concentration of wild type and StHsp14.0AN21 is indicated by a solid
line and dashed line, respectively. (B) Electron microscopic images of
negatively stained StHspl14.0AN21. (C) Galleries of the enlarged
electron micrographs of negatively stained single-particles typically
seen for wild type and StHsp14.0AN21, respectively.

bacterium 7. thermophilus HBS at around 90 °C [24]. We
examined the effects of N-terminal truncations on the
chaperone. StHsp14.0ANS efficiently protected IPMDH
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from thermally induced aggregation similar to wild-type
StHspl14.0 (Fig. 2). However, StHspl4.0AN15 and
StHsp14.0AN21 showed less chaperone activity (Fig. 2).
Thus, the N-terminal region is likely to be required for
the molecular chaperone activity.

In a previous report, subunit exchange between
StHsp14.0 complexes and its relation with the molecular
chaperone activity were demonstrated [24]. Then, we ex-
amined the subunit exchange of StHsp14.0AN21. Equi-
molar amounts of fluorescence-labeled StHsp14.0AN21
oligomers and biotin-labeled StHsp14.0AN21 oligomers
were incubated at specified temperatures and captured
with streptavidin-linked magnetic beads. The fluorescent
intensity of the captured StHspl14.0AN21 gradually in-
creased with the incubation temperature (Fig. 3A).
However, whereas the subunit exchange efficiency of the
wild type reached a maximum, of around 43% of the total
intensity at 90 °C, that of StHsp14.0AN21 at 70, 80, and
90 °C was almost constant around 16% (Fig. 3A). These
results suggested that StHsp14.0AN21 lost subunit ex-
change activity at elevated temperatures. These findings
exhibit that the N-terminal region in StHsp14.0 is im-
portant for the exchange of subunits.

To confirm that the decrease in subunit exchange is not
due to the instability of the complex at higher tempera-
tures, we examined the oligomer of StHsp14.0AN21 after
heat treatment at 90 °C by size exclusion chromatogra-
phy. The elution profile of StHspl14.0AN21 did not
change even after the heat treatment (Fig. 3B). There was
also no significant change in CD spectra between before
and after heat treatment (data not shown). These results
suggest that StHsp14.0AN21 is thermally stable and the
loss of subunit exchange activity is not due to the
denaturation.
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Fig. 2. Effect of N-terminal truncations on chaperone activity of
StHsp14.0. IPMDH at 0.6 uM as a monomer was incubated at 87°C
with or without StHsp14.0 derivatives at 14.4 uM as a monomer. The
aggregation of IPMDH was monitored by measuring apparent light
scattering at 360 nm with a spectrophotometer.
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Fig. 3. Effect of temperature on subunit exchange and thermal stability
of StHsp14.0AN21. (A) The subunit exchange reaction was performed
with or without incubation at 45, 70, 80, or 90°C for 20 min. The
fluorescence intensity of the magnetic beads fraction was measured as
described in “Materials and methods.” The fluorescence intensities of
the fluorescence-labeled StHsp14.0 and StHspl4.0AN21 captured by
streptavidin-linked magnetic beads were designated in black and white
bars, respectively. The percentage indicated is the ratio of the intensity
of the magnetic beads fractions in the total intensity. (B) Size exclusion
chromatography was performed using a TSKgel G4000SWx;. column
as described in “Materials and methods.” StHsp14.0A21 was incubated
for 20 min at 90 °C, cooled on ice for 5min (dashed line) or not heat
treated (solid line), and then centrifuged at 15,000g for Smin at 4 °C.
The supernatant was applied to the column. The column was stan-
dardized with the following markers as indicated above the figure:
thyroglobulin (670kDa); vy-globulin (158kDa); and ovalbumin
(44kDa).

Discussion

SHsps contain a conserved a-crystallin domain and a
non-conserved N-terminal region and C-terminal exten-
sion. We characterized N-terminal truncated StHsp14.0
variants. The truncated proteins formed oligomeric
complexes indistinguishable from that of the wild type by
size exclusion chromatography. SEC-MALS showed that
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the wild-type StHspl4.0 exists as a 24 mer form. The
molecular weight of the StHsp14.0AN21 oligomer was
estimated to be a little smaller than that of the wild type.
Although the molecular weight estimated by SEC-MALS
was a little larger than 24 mer, we speculated that the
deletion mutant formed a homologous complex with
the wild type. In the electron microscopic images,
StHsp14.0AN21 resembled the wild type except for a
cavity in the oligomer. From the cryo-electron micro-
scopic reconstruction of MjHsp16.5, the 32 disordered
N-terminal residues that were not observed in the crystal
structure extend into the central cavity of the assembly
[11]. The six ordered N-terminal arms in the crystal
structure of TaHsp16.9 were also located inside of the
dodecamer [10]. Thus, we concluded that the N-terminal
region of StHsp14.0 is also located in the center of the
oligomeric particle.

The truncation mutants, especially StHsp14.0AN21,
exhibited weak chaperone activity for the protection of
IPMDH from thermal aggregation (Fig. 2). Although
similar results have been reported for Hspl6-2 from
Caenorhabditis elegans and sHsp from Bradyrhizobium
Jjaponicum [18,19], the role of the N-terminal region in
the molecular chaperone activity could not be elucidated
because of impairment of the oligomer formation.

As observed in our previous study, the molecular
chaperone activity correlates with the subunit exchange
efficiency [24]. The subunit exchange efficiency of
StHsp14.0AN21 was found to be low, especially at ele-
vated temperatures, compared with the wild type
(Fig. 3A). Since the oligomeric structure of the mutant
was not affected by heat treatment (Fig. 3B), the change in
subunit exchange efficiency would not be due to instability
or a problem with the reassembly, but to a decrease in the
efficiency with which the oligomer is disassembled. The
N-terminal region of sHsp is located in the center of the
cavity and has a flexible conformation. Thus, the thermal
fluctuation in the N-terminal region resulted in the dis-
assembly of the oligomeric complex, which induced the
molecular chaperone function of the sHsp.

The results are contradicting the previous observations
with a-crystallin or other sHsps [12,18-23]. Among them,
the deletion of the conserved RLFDQXFG sequence in
the N-terminal region of a-crystallin reduced the higher
order assembly and structural stability but increased the
chaperone activity and rate of subunit exchange [23]. We
think that the result should be caused by the instability of
the mutant a-crystallin complex. The hydrophobic region
of the sHsp is shielded from outside to suppress binding
activity under unstressed condition. Thus, it is reasonable
that the mutant exposing the hydrophobic region exhibits
the higher chaperone activity. The subunit exchange ac-
tivity should also be due to the non-specific interaction
between the mutants. Another explanation is the differ-
ence between mammalian sHsp and archaeal sHsp. Al-
though they are classified into sHsp family, they share

only slight sequence homology in the a-crystallin region.
Thus, it is also plausible that there is a difference in the role
of N-terminal domain between them. Almost all of
N-terminal deletion mutants of other sHsps also failed to
assemble the native conformation [12,18-22]. Thus, we
cannot exclude the importance of the N-terminal region in
the assembly of the complex in other sHsps. Even though,
the structural stability of StHsp14.0 and its N-terminal
deletion mutants gave clear insights into the role of the
region.
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