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a b s t r a c t

Small heat shock proteins (sHSPs) are ubiquitous chaperones that play a vital role in protein homeostasis.
sHSPs are characterized by oligomeric architectures and dynamic exchange of subunits. The flexible
oligomeric assembling associating with function remains poorly understood. Based on the structural
data, it is certainly agreed that two dimerization models depend on the presence or absence of a b6
strand to differentiate nonmetazoan sHSPs from metazoan sHSPs. Here, we report the Sulfolobus sol-
fataricus Hsp20.1 ACD dimer structure, which shows a distinct dimeric interface. We observed that, in the
absence of b6, Hsp20.1 dimer does not depend on b7 strand for forming dimer interface as metazoan
sHSPs, nor dissociates to monomers. This is in contrast to other published sHSPs. Our structure reveals a
variable, highly polar dimer interface that has advantages for rapid subunits exchange and substrate
binding. Remarkably, we find that the C-terminal truncation variant has chaperone activity comparable
to that of wild-type despite lack of the oligomer structure. Our further study indicates that the N-ter-
minal region is essential for the oligomer and dimer binding to the target protein. Together, the structure
and function of Hsp20.1 give more insight into the thermal protection mechanism of sHSPs.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Protein damage resulting from stress causes breakdown of
protein homeostasis [1]. There are multiple response mechanisms
that protect cells against environment stress [2,3]. A ‘protein
quality control’ network consisting of molecular chaperones and
proteases is responsible for limiting and repairing protein aggre-
gation [1]. The small heat shock proteins (sHSPs) are considered its
important components. sHSPs are ubiquitous, diverse molecular
chaperones that contribute to maintain protein homeostasis by
preventing protein aggregation during heat shock [4]. The sHSPs'
chaperone function is crucial to the cell's tolerance to stress, and
their malfunction is implicated in a range of human pathologies
d Food Sciences, South China
District, Guangzhou 510641,
[5,6]. Defects in sHSPs are linked to multiple inherited human
diseases that are associated with protein misfolding, such as cata-
ract, neuropathies, Alzheimer's disease, Parkinson's disease and
multiple sclerosis [4].

sHSPs share a common architecture, which is characterized by
the presence of a signature a-crystallin domain (ACD). This central
domain is flanked by highly variable N- and C-terminal extensions
[7]. A bioinformatics analysis of multiple sHSP sequences has
revealed that the ACD with an average length of 94 residues typi-
cally composes the bulk of the sequence [5]. Despite low sequence
identity, the ACD is the most conserved region of the sHSP
sequence. The C-terminus with an average length of 10 residues
contains a conserved IXI motif, which is defined as two Ile (or Val)
residues separated by one residue. Nuclear magnetic resonance
(NMR) and crystal structural studies reveal that the IXI motif on the
C-terminal tail can interact with a hydrophobic region on an
adjacent ACD [8]. The interaction takes place among neighboring
dimers, facilitating the oligomer structure formation. Mutations or
deletions of the C-terminal IXI motif residues result in a loss of
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higher order oligomeric structure in multiple sHSPs by abrogating
the ACD-IXI/V interaction [9]. The N-terminal region displays
sequence variation and almost no sequence conservation between
different sHSPs [10]. The structural data indicate that the N-ter-
minal arm is an intrinsically flexible or disordered domain that may
contribute to recognize and bind a wide range of target proteins
[11,12]. Mutations or deletions of the N-terminal arm appear to
affect the chaperone activities of sHSPs, implicating the N-terminal
arm in substrate protection [13,14].

The molecular mass of the sHSP monomer is between 12 and
43 kDa [15]. The subunits of oligomers range from approximately
12 to >48. Although sHSPs show diversity of oligomer architecture,
the dimer of ACD is the building block in all sHSP oligomers [16].
However, The ACD dimers of metazoan sHSPs show different
dimerization model with that of nonmetazoans. In most deter-
mined plant, archaeal, and bacterial sHSPs structures, dimerization
depend on the presence of a long loop that contains a b6 strand. The
b6 strand exchanges between partner chains at the dimer interface
[5,17]. In contrast, a very short loop is apparent in the mammalian
sHSPs. The b6 strand has fused with b7 into an elongated “b6þ7”
strand, which forms the dimer interface in antiparallel orientation
with the “b6þ7” strand of the other monomer [18,19].

We have solved the X-ray structure of the ACD dimer of Sulfo-
lobus solfataricus Hsp20.1, which exhibits model of dimerization
different from that of metazoans and nonmetazoans. Although in
the absence of b6, Hsp20.1 does not depend on b7 for forming
Fig. 1. Crystal structure of Hsp20.1. (A) The ACD dimer structure of Hsp20.1 is shown as a ribb
secondary structures is labeled in accord with Methanocaldococcus jannaschii Hsp16.5. (B) Su
code 3AAB). The A and B chains in the Hsp20.1 dimer are colored green and cyan, while th
structure, b2 strand of A chain and b6 strand of B chain are noted. (C) Sequence alignment of
at the top and bottom were indicated based on the SsHsp20.1 and StHsp14.0 crystal struc
(Triticum aestivum Hsp16.9); MjHsp16.5 (Methanocaldococcus jannaschii Hsp16.5); SsHsp14
pretation of the references to color in this figure legend, the reader is referred to the web
dimer interface. We have observed variable dimer interfaces in
sHSPs. In this study, we also determine that both the oligomer
(wild-type) and the dimer (the C-terminal truncation variant) of
Hsp20.1 can inhibit the thermal aggregation of malate dehydro-
genase (MDH). Further functional investigation indicates that the
long and disorder N-terminus is important for the chaperone ac-
tivity of Hsp20.1 oligomer and dimer. Our structural and functional
study of Hsp20.1 provides significant information for understand-
ing the sHSP thermal protection mechanism.

2. Materials and methods

2.1. Expression, purification, crystallization, and data collection

Hsp20.1 wild-type and Hsp14.1 wild-type were expressed in
Escherichia coli BL21 (DE3). Both proteins were soluble and existed
in the supernatant of cell lysate. The supernatant was first heated at
75 �C for 30 min to remove thermally unstable host proteins. Then,
the sHsps were successively purified by ion-exchange chromatog-
raphy on a Resource Q 1/6 column (GE Healthcare Life Sciences)
followed by size-exclusion chromatography on a Superdex 200 10/
300 GL column (GE Healthcare Life Sciences). Variants were
expressed and purified in the same way as the wild-type proteins.

Crystals of Hsp20.1 ACD (77-164) were grown at 20 �C by using
the hanging-drop vapor diffusion method. Crystallization drop was
a 1:1 mixture containing protein solution (16 mg/ml protein in
on model. The A and B chain s are colored green and cyan, respectively. The notation of
perposition of the dimers of Hsp20.1 and Sulfolobus tokodaii Hsp14.0 (Protein Data Bank
e A and B chains in the Hsp14.0 dimer are colored purple and orange. In the Hsp14.0
sHsps. Alignment was generated using Promals3D and ESPript.3.0. Secondary structures
tures. Abbreviations for sHSPs: SsHsp20.1 (Sulfolobus solfataricus Hsp20.1); TaHsp16.9
.1 (Sulfolobus solfataricus Hsp14.1); StHsp14.0 (Sulfolobus tokodaii Hsp14.0). (For inter-
version of this article.)



Fig. 2. Dimer interfaces of sHSPs. (A) The dimer of human aB-crystallin is formed by
the interactions of b6þ7 strands between two monomers (Protein Data Bank code
2WJ7). (B) Salt bridges are shown in the dimer interface of Hsp20.1. (C) Salt bridges are
shown in the dimer interface of Hsp14.0.
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20mM TriseHCl,150mMNaCl pH 8.0) and reservoir solution (2% v/
v tacsimate pH 7.0, 0.1 M HEPES pH 7.5, 16% w/v polyethylene glycol
3350). Crystals were mounted in loops and flash frozen in a nitro-
gen stream at 100 K in mother liquor containing 25% glycerol as
cryoprotectant. Diffraction data were collected at the Shanghai
SSRF BL17U1 beamline at 100K. The data were processed with
HKL3000.

2.2. Structure determination

Hsp20.1 ACD structure was solved by molecular replacement
using Phaser and the crystallographic structure of StHsp14.0 (PDB
code 3AAB) as a search model. CNS/simulated-annealing was first
performed for numbers of runs to improve the model quality. Then
Phenix was used to refine the model and to obtain less biased 2Fo-
Fc and Fo-Fc maps for model manual inspection and adjustment.
Repeated rounds of manual refitting and crystallographic refine-
ment were performed using COOT. Statistics of diffraction data
processing and structure refinement are summarized in
Supplementary Table 1.

2.3. Size exclusion chromatography assay

Oligomeric states of both wild-type proteins and variant pro-
teins of Hsp20.1 and Hsp14.1 were examined with size-exclusion
chromatography (SEC). SEC was performed using a Superdex 200
10/300 GL column (GE Healthcare Life Sciences) at a flow rate of
0.5 ml/minwith absorbance monitored at 280 nm. The columnwas
first equilibrated with the assay buffer (20 mM TriseHCl, 150 mM
NaCl pH 8.0), and then 200 ml of samples (1.0 mg/ml) were applied
to the column. Standard proteins (ferritin, BSA and b-lactoglobulin)
were used as molecular mass marker for calibration.

2.4. Analysis of chaperone activity

Chaperone activities of both wild-type proteins and variant
proteins of Hsp20.1 and Hsp14.1 to inhibit MDH thermal aggrega-
tion were monitored by measuring the light scattering at 360 nm
with a spectrophotometry. For eachmeasurement, native MDHwas
incubated at 50 �C in the assay buffer (20 mM TriseHCl, 150 mM
NaCl pH 8.0) buffer in the presence or absence of sHsp (wild-type
proteins or variant proteins). The molar ratio of sHsp (wild-type
proteins or variant proteins) and MDH was 24:1.

3. Results

3.1. Structure of ACD of Sulfolobus solfataricus Hsp20.1

The Hsp20.1 structure was solved by the molecular replacement
method, and refined at a resolution of 2.68 Å (Supplementary
Table 1). There are two Hsp20.1 monomers in the asymmetric
unit cells to form a dimer in crystal (Fig. 1A). Two monomers in a
dimer have equivalent conformation; they can be well-
superimposed on each other with the root mean-square de-
viations (RMSD) of 1.2 Å for the ACDs (residues 78e163). Each ACD
of monomer possesses a typical b sandwich-fold configuration that
consists of two antiparallel b-sheets, one b-sheet contains b-
strands 2, 3, 9, and 8, the other b-sheet is form by b-strands 7, 5 and
4. However, the b6 strand is not observed in Hsp20.1 ACD structure
(Fig. 1B). Almost all nonmetazoan sHSPs possess the b6 strand that
locates in an extended loop and forms part of the dimeric interface
(Fig. 1C). The b6 strand in the one subunit can interact with the b2-
strand in the partner subunit through hydrogen bonds to stabilize
nonmetazoan sHSP dimer. In the amino acid sequence of Hsp20.1,
there are only four residues between strands b5 and b7. These
residues form a much shorter loop that result in the loss of the
distinct b6 strand.
3.2. Dimer interface of Hsp20.1

The b6 strand is also absent in all solved crystal structures of
metazoan sHSPs, instead, a fused “b6þ7” strand forms the dimer
interface by interacting with the equivalent strand in the other
subunit (Fig. 2A). However, dimer-forming interaction is not seen
between “b6þ7” strands of sHsp20.1 dimer. Hsp20.1 dimerization
depends on ionic interactions as well as interbackbone hydrogen
bonds that involve multiple charged or polar residues of ACD
(Fig. 2B). Salt bridges betweenE101 in one subunit andR83 andR130
in the other subunit play a key role in monomeremonomer inter-
action to form the dimer. E101, R83 and R130 are not conservative
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amino acids in nonmetazoan sHSP sequences (Fig. 1C). In some
nonmetazoan sHSPs, thereareother charged residues that involve in
forming salt bridges. As shown in Fig. 2C, D41, R66 and R79 partic-
ipate in subunit contact in Sulfolobus tokodaii Hsp14.0 structure.

3.3. Characterization of IXI truncation mutant

To investigate the effect of the IXI motif on oligomer formation
and chaperone activity, we prepared a mutant of Hsp20.1 DC8 (the
last 8 residues including the IXI motif in the C-terminal extension
were deleted). At first, the oligomeric states of Hsp20.1 wild-type
(WT) and DC8 were examined by size exclusion chromatography
(SEC). Hsp20.1 WT eluted in a symmetric peak about 480 kDa,
consistent with an oligomer of 24 subunits. Whereas Hsp20.1 DC8
shown a peak of 40 kDa, corresponding to a dimer (Fig. 3A). Then,
chaperone activity was examined by Light-scattering measure-
ment. Hsp20.1 WT was able to protect porcine mitochondrial ma-
late dehydrogenase (MDH) from thermal aggregation at 50 �C.
Interestingly, Hsp20.1 DC8 could also inhibit the aggregation of
MDH with efficiency comparable with that of the Hsp20.1 WT
(Fig. 3C). These results indicate that the Hsp20.1 IXI motif is
important for oligomerization but not for chaperone activity.

In contrast, we detected the influence of the IXI motif on qua-
ternary structure and chaperone activity of the other Sulfolobus
solfataricus small heat shock protein (Hsp14.1). Hsp14.1 wild-type
(WT) formed a 24-mer that exhibited good chaperone activity at
50 �C, while Hsp14.1 DC8 (the last 8 residues including the IXI motif
in the C-terminal extension were deleted) existed as small sub-
oligomeric species that had lost the ability to suppress MDH ther-
mal aggregation (Fig. 3B and D). These observations suggested that
Fig. 3. The effect of IXI motif on the oligomeric states and chaperone activities of Hsp20.1 and
Elution peak positions of the marker proteins were labeled above the profiles: ferritin (440
the Hsp14.1 wild type and Hsp14.1 DC8. (C) Chaperone activities of the Hsp20.1 wild type
the IXI motif is essential for oligomerization and chaperone activity
of Hsp14.1.

3.4. The N-terminal region is involved in binding clients

To determine whether the N-terminal region could affect the
chaperone activity of Hsp20.1 WT and DC8, firstly, we constructed
N-terminal truncation mutants of Hsp20.1 WT and DC8 (Hsp20.1
DN43 and DN43DC8), then we examined the thermal protection
abilities of Hsp20.1 DN43 and DN43DC8 toMDH. As shown in Fig. 4,
both Hsp20.1 DN43 and DN43DC8 could not prevent MDH thermal
aggregation at 50 �C, considering that the N-terminal region is
needed for Hsp20.1 WT and DC8 to bind substrates.

4. Discussion

Nonmetazoan sHSPs and metazoan sHSPs exhibit two very
different dimer interfaces dependent on the presence or absence of
b6 strand. In all determined nonmetazoan sHSP structures, such as
Methanocaldococcus jannaschii Hsp16.5 and Sulfolobus tokodaii
Hsp14.0, the b6 strand from one subunit forms dimeric interface
through strand swapping with the b2 strand of the other subunit
[7,9]. It has been shown that the b6 strand is required for dimer-
ization. However, in our structure of the Sulfolobus solfataricus
Hsp20.1 ACD, although the b6 strand is absent, the Hsp20.1 ACD
also exists as a stable dimer. The Hsp20.1 ACD dimeric interface is
formed by multiple charged or polar residues of ACD. Although
several key residues in this interface are not fully conserved in
nonmetazoan sHSP sequences, there are other charged or polar
residues at their position that involve in subunit contacts in other
Hsp14.1. (A) Size exclusion chromatographs of the Hsp20.1 wild type and Hsp20.1 DC8.
kDa), BSA (67 kDa) and b-lactoglobulin (35 kDa). (B) Size exclusion chromatographs of
and Hsp20.1 DC8. (D) Chaperone activities of the Hsp14.1 wild type and Hsp14.1 DC8.



Fig. 4. The effect of N-terminal arm on the chaperone activities of Hsp20.1 oligomer
and dimer. MDH was incubated at 50 �C in the presence or absence of Hsp20.1 DN43 or
Hsp20.1 DN43DC8. The molar ratio of sHsp (Hsp20.1 DN43 or Hsp20.1 DN43DC8) and
MDH was 24:1.
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nonmetazoan sHSPs (Fig. 1C) [9,10]. Obviously, these observations
may suggested that the b6 strand is not essential for forming
dimeric interfaces in all nonmetazoan sHSPs. The presence of the
b6 strand only contributes to additional stabilization of sHSP
dimers.

The structures and chaperone activities of sHSP are usually
strongly effected by environmental conditions. Therefore, the
Hsp20.1 structure lacking the b6 strand may possess more struc-
tural variability. It has been shown that dimers are assembled by
“b6þ7” stands in metazoan sHSPs because of the absence of the b6
strand. Three different antiparallel (AP1, AP2 and AP3) dimer in-
terfaces have been observed in vertebrate sHSP structures [20]. AP1,
AP2 and AP3 dimer interfaces are likely sensitive to pH. Recent
structure data revealed that pH may regulate a shift from AP2 to
AP1 in aB-crystallin [18]. Therefore, it is believed that there are
variations in the AP interface. The dynamic AP interface may
contribute to the polydispersity and chaperone activity of aB-
crystallin. Similarly, the Hsp20.1 dimer interface appears to have
significant flexibility. On the one hand, Hsp20.1 comes from sulfo-
lobus solfataricus P2 that grows in the optimal pH (2e4) and opti-
mum temperature (80 �C) [21]. Ionic interactions and hydrogen
bonds in the Hsp20.1 dimer interface can be influenced by the low
pH and the high temperature. Flexible structure is certainly needed
for Hsp20.1 to tolerate extreme environment. On the other hand,
dynamic exchange of subunits between oligomers allow sub-
oligomers to bind to client. It is reported that dimer and monomer
are important for initial complex formation in pea Hsp18.1 [22]. In
the absence of b6 strand, Hsp20.1 is able to exchange subunits more
rapidly, forming dimers or monomers capable of immediately
recognizing and binding the unfolding proteins.

We have observed that the deletion of the IXI motif resulted in
the disassembly of Hsp20.1 oligomers. Similar results were re-
ported for almost all sHSPs, such as Sulfolobus solfataricus Hsp14.1
and Sulfolobus tokodaii Hsp14.0, except Taenia saginata Tsp36,
which lacks the IXI motif (Fig. 3B) [23,24]. These findings indicate
that interaction of the IXI motif with the b4-b8 groove is essential
for connecting dimers to assemble higher order oligomer. Inter-
estingly, the C-terminal truncation variant of Hsp20.1 (Hsp20.1
DC8) existed as a dimer but could also exhibit good chaperone
activity suppressing MDH thermal aggregation at 50 �C. This
observation coincides with the results of Mycobacterium tubercu-
losis Hsp16.3 and Methanocaldococcus jannaschii Hsp16.5 [14,25].
However, it is inconsistent with the findings of Sulfolobus solfatar-
icus Hsp14.1 and Sulfolobus tokodaii Hsp14.0, in which the chap-
erone activity was significantly decreased once the oligomer was
disrupted by deleting the IXI motif (Fig. 3D) [23]. It is possible that
there are two substrate binding models that exist in different sHSPs
under the thermal stress. One model depends on the oligomeric
architecture to hold substrate, while the other just needs only a
dimer to bind the substrate.

Our data also indicate that the N-terminal region is involved in
binding of the substrate. The removal of the 43 N-terminal residues
significantly affected the chaperone activities of Hsp20.1 WT and
Hsp20.1 DC8. Both Hsp20.1 DN43 and Hsp20.1 DN43DC8 failed to
protect MDH from thermal aggregation at 50 �C, revealing that both
oligomer (Hsp20.1 WT) and dimer (Hsp20.1 DC8) used the N-ter-
minal regions to interact with unfolded substrates. Understanding
in detail how these interactions are accomplished is crucial to
explaining clearly the thermal protection mechanism of sHSP
[11,26]. Unfortunately, we were not able to obtain the Hsp20.1
structure that contained the full N-terminal region, although we
attempted to crystalize a lot of constructs. The inability to obtain
structural information is certainly resulted by the flexibility of the
N-terminal arm [27]. Of the available X-ray structures, full or half of
N-terminal arms are also not resolved [1]. However, the N-terminal
arm appear to exist as helix that is suggested by the partial N-ter-
minal region structure of Triticum aestivum Hsp16.9 as well as the
cryo-electron microscopy study on Methanocaldococcus jannaschii
Hsp16.5 [10,28]. Recent report indicates that the N-terminal region
is likely to undergo a disorder-to-helix transition that is regulated
by environment conditions [9]. The amphiphilic helices have ad-
vantages for adapting substrates of various sizes and shapes.
Therefore, further studies should put more emphasis on the N-
terminal conformation transitions.
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