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Abstract Many microorganisms from extreme environ-
ments have been well characterized, and increasing ac-
cess to genomic sequence data has recently allowed the
analysis of the protein families related to stress re-
sponses. Heat shock proteins appear to be ubiquitous in
extremophiles. In this review, we focus on the family of
small heat shock proteins (sHSPs) from extremophiles,
which are a-crystallin homologues. Like the a-crystallin
eye lens proteins, sHSPs act as molecular chaperones
and prevent aggregation of denatured proteins under
heat and desiccation stress. Many putative sHSP ho-
mologues have been identified in the genomic sequences
of all classes of extremophiles. Current studies of shsp
gene expression have revealed mechanisms of regulation
and activity distinct from other known hsp gene regu-
lation systems. Biochemical studies on sHSPs are lim-
ited to thermophilic and hyperthermophilic organisms,
and the only two available crystal structures of sHSPs
from Methanocaldococcus jannaschii, a hyperthermo-
philic archaeon and a mesophilic eukaryote, have con-
tributed significantly to an understanding of the
mechanisms of action of sHSPs, although many aspects
remain unclear.

Keywords a-Crystallins Æ Extremophiles Æ Molecular
chaperones Æ Small heat shock proteins Æ Subunit
assembly

Introduction

Several decades ago, stress responses were first observed
when chromosome puffs and the induction of specific
proteins were observed in Drosophila under heat stress
(Ritossa 1962). This discovery has led to numerous
studies, and inducible stress responses appear to be
pervasive in virtually all organisms. Although stress re-
sponses include all of the processes that organisms have
developed to survive when they are exposed to envi-
ronmental challenges, such as heat stress, desiccation,
chemical stress, or starvation, the effector proteins are
almost all referred to generically as heat shock proteins
(HSPs). HSPs are diverse sets of proteins, usually clas-
sified based on their molecular weights, including, for
example, HSP100, HSP90, HSP70, HSP60, and the
small HSPs (Trent 1996). With some exceptions, each of
these molecular weight classes includes the members of a
single protein family or related protein families. Many of
these proteins function as molecular chaperones, cata-
lyzing the refolding of denatured proteins and assisting
the folding of newly synthesized proteins, or else pre-
venting protein aggregation. HSPs have been identified
and characterized from various Bacteria and Archaea,
and, like most organisms, they generally possess more
than one set of HSPs.

In this review we have focused on the small heat
shock proteins (sHSPs) from extremophiles. These
sHSPs have the smallest subunits of all HSPs, with a
monomeric molecular weight ranging from 15 to
40 kDa, and most of them appear to form multimeric
complexes in vivo. Although they are one of the most
diverse groups of HSPs, the majority of sHSPs share
amino acid sequence similarity with the vertebrate eye
lens a-crystallin proteins. Several lines of evidence
indicate that both a-crystallins and sHSPs are molec-
ular chaperones (Horwitz 1992; Jacob et al. 1993;
Muchowski and Clark 1998; Muchowski et al. 1999;
Haslbeck 2002). Currently, complete genome sequences
from at least 25 extremophiles have been reported
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(Robb 2003) and, through annotation of these ge-
nomes, putative shsp genes have been identified
(Table 1). However, biochemical characterization is still
limited to thermophilic and hyperthermophilic organ-
isms. The deduced amino acid sequences from putative
shsp genes revealed that the sHSPs from extremophiles
share motifs and domain structures such as the amino
terminal and a-crystallin and carboxy-terminal domains
found in other sHSPs.

The expression of sHSPs has been studied in several
extremophiles, and both positive and negative regulation
have been found. Currently, there are a few reports on
the mechanisms of shsp gene regulation in thermophiles
from both Bacteria and Archaea (Kojima andNakamoto
2002; Vierke et al. 2002). These studies reveal novel
regulators and cis-acting sequence elements in shsp gene
expression. It appears that gene expression of sHSPs in
these thermophiles is negatively regulated and that the

process may be analogous to the negative control of shsp
gene expression in other organisms.

Structural analysis has been a critical factor leading
to recent insights into sHSP functions. Currently two
crystal structures from unrelated organisms, Methano-
caldococcus jannaschii and Triticum aestivum (wheat),
have been reported (Kim et al. 1998a; van Montfort
et al. 2001). It appears that although the amino acid
sequence similarity of these two proteins is low and their
quaternary structures are dissimilar, the monomeric
structures of these proteins are almost identical. This
leads to the hypothesis that many sHSPs share a com-
mon building-block structure but that their mechanisms
of action may be defined by their individual quaternary
structures depending on the species and target proteins.
Due to limited experimentation, the mechanisms of
action of sHSPs remain unclear. However, it appears
that most sHSPs from extremophiles are molecular

Table 1 A survey of sHSP
genes and proteins from
organisms in the three
phylogenetic domains. High pI
sHSPs are shown in bold

aArchaea
bBacteria
cEukaryotes

Organism Number of
homologues

Accession
number(s)

Isoelectric
point

Molecular
weight (kDa)

M. thermautotrophicusa 1 AAB85357 4.75 17.0
M. acetivorans STR C2Aa 3 NP_618465 4.82 17.5

NP_615107 4.44 17.7
NP_619401 9.87 31.2

M. mazei Goe1a 4 NP_633443 4.71 17.8
NP_632985 4.70 11.7
NP_632984 4.30 11.0
NP_632507 4.64 17.8

M. jannaschiia 1 Q57733 4.72 16.5
M. kandleri AV19a 1 AAM01219 4.82 19.0
S. solfataricusa 2 NP_343781 4.97 20.1

NP_343935 8.84 14.1
S. tokodaiia 2 NP_376442 5.06 21.01

NP_377625 8.98 15.04
A. pernixa 2 APE1950 5.58 20.9

APE0103 4.86 18.4
P. aerophiluma 3 NP_560543 5.27 20.6

NP_560503 7.53 13.1
NP_559894 6.95 14.4

T. acidophiluma 2 CAC11613 4.58 21.0
CAC11993 9.27 14.4

T. volcaniuma 3 NP_111503 4.57 21.1
NP_393915 5.10 43.9
NP_111294 9.22 14.3

A. fulgidusa 2 G69411 4.64 20.4
B69496 5.02 16.5

P. abyssia 1 NP_126108 4.89 20.2
P. furiosusa 1 NP_579612 5.11 20.2
P. horikoshiia 1 D71196 4.91 20.8
Thermococcus KS-1a 1 BAB40930 5.60 20.0
Halobacterium NRC-1a 5 AAG20020 4.00 18.5

AAG18726 4.06 14.3
AAG20865 4.14 14.2
AAG19995 5.12 12.4
AAG18869 3.94 15.4

A. aeolicusb 1 A70411 5.09 17.2
T. elongatesb 1 NP_681663 5.12 16.6
T. tengcongensisb 1 NP_624099 5.11 17.1
S. entericab 1 NP_456260 5.31 17.7
O. sativac 1 CAA43210 6.55 16.9
T. aestivumc 1 CAA45902 6.56 16.9
H. sapiens a-crystallinsc 2 NP_000385 6.15 19.9

NP_001876 7.37 20.2
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chaperones that can protect denatured proteins from
aggregation under very severe conditions or, in some
cases, are able to refold denatured proteins (Kim et al.
1998c; Roy et al. 1999; Laksanalamai et al. 2001; Usui
et al. 2001). The structures of these sHSPs are discussed
in a subsequent section.

Complete genome sequences reveal putative
sHSPs from extremophiles

By examining the available complete genome sequences,
about 30–40 putative sHSP genes have been identified
from extremophiles (Table 1). As mentioned previously,
small heat shock proteins share significant sequence
similarity with a-crystallin proteins found in vertebrate
eye lenses (Caspers et al. 1995; de Jong et al. 1998). The
copy number of sHSP encoding genes has been found to
be variable among species, and most species contain
more than one subunit (Caspers et al. 1995). Although
sHSPs are ubiquitous proteins found throughout the
three domains, sHSPs or a-crystallin homologues have
not been found in the genomes of pathogenic bacteria
such as Mycoplasma genitalium, Haemophilus influenzae,
and Helicobacter pylori (Fleischmann et al. 1995; Fraser
et al. 1995; Tomb et al. 1997; Narberhaus 2002). Inter-
estingly, most plants appear to encode multiple sHSPs
(Waters and Vierling 1999; Scharf et al. 2001; Sun et al.
2002).

Most thermophilic and hyperthermophilic archaea
contain only one or two sHSP homologues, with the
exception of Pyrobaculum aerophilum, where three sHSP
homologues have been identified. Three sHSPs were also
found in the genome of Thermoplasma acidophilum.
However, one of these sHSPs appears to be related to
the two ATPase domains of ArsA from Escherichia
coli (Ruepp et al. 2001). Two hypothetical proteins
from the Sulfolobus tokodaii genome (NP_377625 and
NP_376442) appear to be small heat shock protein
homologues (Table 1). Sulfolobus solfataricus and
S. tokodaii thus appear to have complements of one
14–15 kDa and one 20–21 kDa sHSP each. Thermo-
philic bacteria reported so far, however, contain only a
single sHSP homologue. The mesophilic methanogens
Methanosarcina acetivorans and Methanosarcina mazei
GoE1 contain three and four sHSP homologues,
respectively. However, the 34-kDa sHSP from M. ace-
tivorans (NP_619401) is a basic protein that does not
appear to belong to the a-crystallin-type HSPs. The
genome sequence of Halobacterium NRC-1 revealed the
highest paralogy (Ng et al. 2000) (Table 1). Although
the five sHSPs from Halobacterium are not highly con-
served, they all belong to the a-crystallin family. Unlike
some other HSPs, such as HSP60, in which heterologous
complex formation between different subunits has been
clearly demonstrated (Waldmann et al. 1995; Nitsch
et al. 1997; Yaoi et al. 1998), there is no evidence
regarding sHSP complexes with heterologous subunit
composition.

Characteristics and relationship of sHSPs
from extremophiles

Various studies of sHSP and a-crystallins reveal that the
proteins contain three distinguishable regions. The
a-crystallin domain containing 80–100 amino acid resi-
dues is flanked by a variable amino terminal and a short
extension of the carboxy-terminal domain (Caspers et al.
1995; de Jong et al. 1998; Kim et al. 1998a). The sHSPs
from extremophiles appear to have this characteristic as
well (Fig. 1). Generally, sHSPs even from closely related
groups of organisms reveal low sequence similarity,
including multiple sHSPs from the same organisms
(Fig. 1). In extremophiles with more than one sHSP
homologue, pairwise comparisons between sHSPs from
the same organisms revealed that the sHSPs are between
20% and 50% identical. On the other hand, closely re-
lated organisms from hyperthermophiles such as the
Thermococcaceae family, Pyrococcus furiosus, Pyrococ-
cus abyssi, Pyrococcus horikoshii, and Thermococcus KS-
1 appear to have sHSPs with amino acid sequence
identity of more than 75% (data not shown). The
N-terminal regions are very diverse and there are several
insertion-deletion regions among sHSPs. The N-termi-
nal domain is also disordered in the crystal structure of
Methanocaldococcus jannaschii sHSP (Mj-sHSP) (Kim
et al. 1998a). Within the a-crystallin domain, according
to the alignment shown in Fig. 1, there are three con-
served regions throughout eukaryotes, bacteria, and
archaea. The most conserved motif of the a-crystallin-
type HSPs (AxxxxGvL) (Caspers et al. 1995; de Jong
et al. 1998; Narberhaus 2002) has also been observed in
all of the sHSPs from extremophiles (Fig. 1). The motifs
PGxxked and the two-residue region (LP), which are
located upstream from the first motif, are also conserved
throughout the sHSPs within the three domains. The
carboxy-terminal extensions are not highly conserved
among sHSPs, but most contain several charged amino
acid residues (E and K). This domain is involved in
multi-subunit assembly.

It has been suggested that there is a shift of the
average isoelectric point (pI) of the proteome toward
basic values as the optimum growth temperature in-
creases to minimize protein aggregation with variable
growth temperature (Kawashima et al. 2000). In ex-
tremophiles, most sHSPs appear to be acidic, with the
pI ranging from 4 to 6 (Table 1). However, a small
number of sHSPs appear to be very basic proteins with
pIs of more than 8 (indicated in bold in Table 1). This
suggests a possible alternative role of these sHSPs as
nucleotide binding proteins as found in the HSP15
from E. coli (Korber et al. 1999, 2000; Staker et al.
2000). Nevertheless, when they occur in extremophiles,
basic sHSPs are always accompanied by at least one
paralogue with an acidic pI in extremophiles with
complete genome sequences (Table 1). Nucleotide
binding by basic sHSPs therefore remains an important
topic to be investigated.
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Regulation of sHSP expression

The patterns of sHSPs and a-crystallin expression ap-
pear to be different in the three domains. For instance, in
mice, aB-crystallin and HSP25 were reported in several

Fig. 1 Amino acid sequence alignment of sHSPs from the archaea
(blue), bacteria (green), and eukaryotes (black). Secondary struc-
tures at the top and bottom were indicated based on the Mj-sHSP
and wheat sHSP crystal structures, respectively. Dimeric interac-
tion domains of Mj-sHSP and wheat sHSP as shown in Fig. 2a, b
are indicated by the two horizontal blue bars. The alignment was
performed with Pileup in GCG Wisconsin Package, version 10
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organs such as eye lenses, heart, stomach, and lung
under non-stress conditions (Klemenz et al. 1991, 1993).
Bacterial sHSPs such as those from the thermophilic

cyanobacterium Synechococcus vulcanus or the anaero-
bic bacterium Clostridium acetobutylicum were not
expressed under normal growth conditions (Sauer and
Durre 1993; Roy and Nakamoto 1998; Roy et al. 1999).

Fig. 1 (Contd.)
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Heat shock gene expression has been well character-
ized in mesophilic bacterial systems. Both positive and
negative modes of regulation of shsp gene expression
have been reported. In some organisms, coordinate
regulation of shsp gene expression with other heat shock
protein expression has been reported (Allen et al. 1992).
However, many organisms have non-coordinate regu-
lation of shsp gene expression (Servant et al. 1999, 2000;
Nocker et al. 2001a, 2001b). In E. coli, the sHSP genes
ibpA and ibpB form an operon and are positively con-
trolled by r32, the sigma factor that regulates many heat
shock genes (Allen et al. 1992). However, even in an r32

defective mutant of E. coli, there is some accumulation
of the sHSP genes ibpA and ibpB, suggesting alternative
mechanisms for ibpA/ibpB regulation (Laskowska et al.
1996). Furthermore, the discovery of a r54 promoter
region between these two ibp genes upstream of ibpB
suggested that in addition to r32, ibpB may also be
regulated by r54 (Kuczynska-Wisnik et al. 2001). Inter-
estingly, mutants of E. coli lacking ibpA and ibpB show
no altered phenotype. Negative control has been shown
in the case of the RheA (Repressor of Hsp Eighteen)
protein from Streptomyces albus, which appears to re-
press transcription of hsp18 by repressing transcription
at temperatures below 30�C. The RheA protein under-
goes a conformational change at elevated temperature
and transcription is no longer repressed (Servant et al.
1999, 2000). In several Rhizobia, translational control of
shsp gene expression has been reported. ROSE
(Repression Of heat Shock gene Expression) is a novel
type of regulatory system that functions by a cis-acting
element positioned in the 5¢-untranslated region. The
ribosome-binding site is protected by formation of the
stem-loop from the 3¢ region of ROSE, and elevated
temperature has been suggested to disrupt the secondary
structure (Nocker et al. 2001a, 2001b).

Although sHSPs have been identified in extremo-
philes from bacteria and archaea, studies of their regu-
lation are mainly limited to thermophilic and
hyperthermophilic organisms. Thermophilic cyanobac-
teria such as Synechococcus vulcanus appear to accu-
mulate sHSP, GroEL, and GroES when cells are
exposed to heat shock from 50�C to 63�C (Roy et al.
1999). Unlike expression of other hsps, the regulation of
shsp expression of cyanobacteria is not under the control
of CIRCE (Controlling Inverted Repeat of Chaperone
Expression) (Roy and Nakamoto 1998; Narberhaus
1999; Kojima and Nakamoto 2002). A recent study in
the thermophilic cyanobacterium Thermosynechococcus
elongatus demonstrated that there is an AT-rich inverted
repeat region upstream of the shsp (hspA) gene. The
putative DNA-binding protein appears to bind the
DNA in this region more efficiently in non-heat shock
than in heat shock conditions (Kojima and Nakamoto
2002). This result indicates that the shsp expression in
thermophilic cyanobacteria may be similar to that found
in S. albus.

Hyperthermophilic archaea such as Pyrococcus
furiosus and Thermococcus KS-1 have a single copy of a

sHSP that is also synthesized only at heat shock tem-
peratures (Laksanalamai et al. 2001; Usui et al. 2001).
These results indicate that sHSPs may not be required at
the optimal growth temperature even when this is near
the boiling point, as in the case of P. furiosus (Laksan-
alamai et al. 2001). In P. furiosus, a putative heat shock
regulator (Phr) and a cis-acting regulatory sequence
have recently been discovered (Vierke et al. 2002). The
Phr is a small protein with a molecular weight of 24 kDa
and is related to Phr homologues from the other two
sequenced genomes of Pyrococcus sp. (PH1744 and
PAB0208). Double-stranded DNA is required as a
binding substrate for Phr. The promoters of hsp20 (Pfu-
shsp) and aaa+ atpase, which are phr-regulated genes,
show highly conserved regions. The transcripts of aaa+

atpase and hsp20 (Laksanalamai et al. 2001) are induced
by heat shock. The Phr regulator appears to regulate the
expression of these genes negatively, as it can block the
formation of RNA polymerase complex. Phr expression
was not induced by heat shock, suggesting that the Phr
protein may be required at both normal and heat shock
conditions.

Structural analysis of sHSPs from extremophiles

Most a-crystallin and small heat shock proteins assem-
ble into high-molecular-weight complexes ranging in size
from 200 kDa to more than 1 MDa (Kim et al. 1998a,
1998b; Ruepp et al. 2001). The number of subunits in
sHSP complexes is extremely variable among species,
and the complexes are polydisperse in size. Conse-
quently, the analysis of sHSP and of a-crystallin struc-
tures is limited due to the continuum of these oligomeric
structures (Haley et al. 1998, 2000). We have previously
reported that the sHSP from the hyperthermophilic ar-
chaeon P. furiosus appears to be polydisperse (Laksan-
alamai et al. 2001) On the other hand, purified Mj-sHSP
is monodisperse and forms a 24-mer with a hollow
center (Haley et al. 2000).

Currently, the two crystal structures of the sHSPs
from the methanogenic archaeon M. jannaschii and the
mesophilic eukaryote (wheat) T. aestivum form the basis
for modeling the activities of sHSPs (Kim et al. 1998a;
van Montfort et al. 2001). The quaternary structures of
these two sHSPs are quite dissimilar; the wheat sHSP is
a dodecamer composed of a double-ring complex,
whereas that of Mj-sHSP is a 24-subunit spherical
complex. However, the comparison of both sHSP crystal
structures reveals strikingly common features of the
sHSPs. Although the amino acid sequences of these
sHSPs from the organisms are divergent with about
33% identity, the dimeric building-block structure is
conserved (Fig. 2a, b). The amino-terminal domain ap-
pears to be disordered in Mj-sHSP, but it is resolved in
the wheat sHSP as two helices (a1/a2 and a3) connected
by a random coil (van Montfort et al. 2001) (Fig. 2b).
From cryo-electron microscopy, it was suggested that
the disordered amino-terminal domain might be located
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inside the cavity (Haley et al. 2000). Another assembly
format has been reported, where oligomeric complexes
of murine sHSP appear to form from tetramers assem-
bled from dimeric complexes (Ehrnsperger et al. 1999).
These findings suggested that the dimeric building block
may be common to sHSPs and may be essential for
many sHSPs functions.

According to the available crystal structures of both
sHSPs, generally, there are at least two critical interac-
tions required to form and stabilize sHSP complexes:
(1)the interactions between each monomer to form a
dimeric building-block structure and (2) the interactions
between each dimeric building block to form higher
multimeric complexes. A long loop domain of approxi-
mately 20 residues has been found in both sHSPs be-
tween two monomers to stabilize the dimeric building
block (Fig. 2a, b). Several types of interactions are in-
volved, including hydrophobic and ionic interactions.
However, the amino acid sequence comparison at this
region does not show significant conservation. The

carboxy-terminal domain appears to be involved in the
interaction between each dimeric building block (Fig. 3).
Two orientations of the carboxy-terminal domain are
found in wheat sHSP, whereas only one is found in Mj-
sHSP. The difference in quaternary structure of both
sHSPs may result from the hinge angle between the
a-crystallin and the carboxy-terminal domains (van
Montfort et al. 2001). The variable orientations of the
carboxy-terminal domains probably contribute to the
different assembly mechanisms and polydisperse prop-
erty of other sHSPs.

Several lines of evidence suggest that subunit inter-
actions, either association or dissociation, play an
essential role in the chaperone functions of a-crystallin
and sHSPs. Mammalian HSP20 is found in two complex
sizes, which are dimeric and multimeric forms depending
on the concentration of the proteins. The multimeric
form appears to be more efficient in chaperone activity
than the dimeric form (van de Klundert et al. 1998). The
HSP16.3 from Mycobacterium tuberculosis forms a tri-
mer of trimers and functions as a molecular chaperone
(Chang et al. 1996). Several mutations of Bradyrhizobi-
um japonicum sHSPs that disrupt large multimeric pro-
tein formations result in the reduction of chaperone
activity (Studer et al. 2002). Interestingly, the HSP12.2,
HSP12.3, and HSP12.6 from Caenorhabditis elegans,
containing very short N-terminal and no C-terminal
tails, are incapable of forming large multimeric com-
plexes and do not posses chaperone activity (Leroux
et al. 1997; Kokke et al. 1998). In P. furiosus sHSP (Pfu-
sHSP), the carboxy-terminal domain appears to be
responsible for the multimeric formation. Recent results

Fig. 2a, b Stabilization of dimeric complexes of sHSP by the loop
domain as indicated by arrows. The pictures were drawn based on
the crystal structures of a Mj-sHSP (1SHS) and b wheat sHSP
(1GME)

Fig. 3 Multimeric complex formation of Mj-sHSP. The arrows
indicate the inter-dimeric interactions via the carboxy-terminal
domain. Figures 2 and 3 were drawn based on the crystal structure
from PDB with ViewerLite 4.2 program, Accelrys
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from the Kim laboratory indicate that non-native pro-
teins are bound on the outside of the 24-mer sphere,
provided that the temperature is above 70�C (Kim et al.
2003). Mutation studies on M. jannaschii sHSP sug-
gested that the N-terminal region had no role in pre-
venting protein aggregation, whereas deletion mutations
to the C-terminal, or extensive (>12 amino acids)
deletions to the N-terminus prevented chaperone activ-
ity in vitro. However, the chaperone activity was undi-
minished in short amino- or carboxy-terminal deletions
(Kim et al. 2003). Laksanalamai et al. (2003) showed
that deletion mutants that were unable to form large
multimeric complexes were also unable to protect E. coli
cells from thermal death. We have previously shown that
only dimeric structures of Pfu-sHSP were formed when
the carboxy and amino-terminal domains were deleted,
whereas an amino-terminal deletion Pfu-sHSP lacking
these residues is still able to form multimeric complexes
(Laksanalamai et al. 2003). The inability to form mul-
timeric complexes of Pfu-sHSP mutants also results in
the loss of in vivo chaperone activity in E. coli
(Laksanalamai et al. 2003). Yeast HSP26, on the other
hand, forms a large complex at physiological tempera-
ture. The complex is subsequently dissociated during
heat shock conditions and the HSP26 enters the func-
tional stage (Haslbeck et al. 1999). These findings indi-
cated clearly that subunit interactions are significant for
chaperone functions of both a-crystallins and sHSPs.
However, the mechanisms and characteristics of subunit
assembly may vary considerably among organisms.

Extremophile sHSPs function as molecular chaperones

Several conclusive studies have established that
a-crystallins and sHSPs from plants, mammals, or
mesophilic prokaryotes are molecular chaperones
(Horwitz 1992; Haley et al. 1998; Haslbeck et al. 1999;
Haslbeck 2002). Currently, several studies are revealing
that sHSPs from extremophiles, including those from
bacteria and archaea, also function as molecular
chaperones. The sHSPs from the hyperthermophiles
M. jannaschii, P. furiosus, and Thermococcus sp. KS-1
appear to prevent other mesophilic enzymes from
aggregation at extremely high temperatures (Kim et al.
1998c; Laksanalamai et al. 2001; Usui et al. 2001). The
Pfu-sHSP and Mj-sHSP can prevent E. coli cellular
proteins from aggregation above 100�C. In addition,
the Pfu-sHSP significantly enhances the viability of
mesophilic organisms such as E. coli at normally lethal
temperatures (Laksanalamai et al. 2001). Interestingly,
protection was not found in the sHSP from Thermo-
coccus sp. KS-1 (Usui et al. 2001). A lesser, but
appreciable, protection of viability in E. coli was re-
ported by sHSPs from mesophilic organisms such as
the chestnut, Castanea sativa (Soto et al. 1999). The
sHSP from the thermophilic bacterium Synechococcus
vulcanus (HspA) has been shown to be heat inducible
and is also able to protect some mesophilic enzymes

from aggregating at elevated temperature (Roy and
Nakamoto 1998; Roy et al. 1999). In addition, when
the S. vulcanus HspA was expressed in the mesophilic
strain of Synechococcus sp. PCC7642, the viability of
the mesophilic strain was greatly enhanced at non-
permissive temperatures. The S. vulcanus HspA also
appears to promote the heat shock resistance of pho-
tosystem II and protect phycocyanin from heat-induced
photobleaching in vivo (Nakamoto et al. 2000).

The trans-acting, protein-folding mechanism of
sHSPs still remains enigmatic. It has been reported that
Mycobacterium tuberculosis and S. vulcanus sHSPs can
suppress thermal aggregation of citrate synthase and
malic dehydrogenase, respectively. However, enzymatic
activity was not recovered following sHSP treatment
(Chang et al. 1996; Roy et al. 1999). A similar effect was
also found in P. furiosus in protection of bovine gluta-
mate dehydrogenase (Laksanalamai et al. 2001). These
results suggest that, in these experiments, the sHSP may
not be promoting protein folding, but merely holding
the denatured proteins in solution. It seems likely that
sHSPs might also function cooperatively with other
chaperone systems. In fact, plant sHSPs restrain pro-
teins from thermal aggregation, and these non-native
proteins are subsequently refolded rapidly by other
ATP-dependent chaperone system such as HSP70 (Lee
and Vierling 2000).

Although it appears that most sHSPs are unable to
refold non-native proteins, there is evidence showing
that denatured proteins can be reactivated by some
sHSPs and a-crystallin. Excessive addition of Thermo-
coccus sp. KS-1 sHSP allows the refolding of chemi-
cally denatured green fluorescent protein (GFP) in an
ATP-independent fashion (Usui et al. 2001). Chemi-
cally denatured citrate synthase and lactate dehydro-
genase can also be reactivated by HSP17.7 and
HSP18.1 from pea in an ATP-independent fashion (Lee
et al. 1995). Human aB-crystallin can reactivate
chemically denatured citrate synthase, and the reacti-
vation can be enhanced by approximately twofold by
the addition of 3.5 mM ATP (Muchowski and Clark
1998).

Functions of sHSPs have been investigated
throughout the three domains. However, the mecha-
nisms of action of several sHSP functions still remain
unclear. Most of the studies reveal that sHSPs tend to
bind non-native proteins and restrain these denatured
proteins from aggregation under stress conditions.
Bacterial sHSPs from E. coli and Vibrio harveyi appear
to bind to cellular proteins under heat shock conditions
(Laskowska et al. 1996; Klein et al. 2001). The studies
using the hydrophobic probe 1,1¢-bi(4-anilino) naph-
thalene-5,5¢-disulfonic acid (Bis-ANS) suggested that
hydrophobic interactions may be involved in the
functions of a-crystallin sHSP (Das and Surewicz 1995;
Lee et al. 1997). The Mj-sHSP crystal structure also
revealed an equivalent Bis-ANS binding site as found
in eukaryotic sHSP (Kim et al. 1998a). Unlike other
larger HSPs in which ATP hydrolysis is required for
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substrate binding and release, most sHSPs appear to
function without addition of ATP (Jacob et al. 1993).
However, there are some reports suggesting that ATP
may enhance the chaperone function of sHSP and
aB-crystallin (Muchowski and Clark 1998; Valdez et al.
2002).

Discussion and conclusions

Most sHSPs are related to vertebrate a-crystallin pro-
teins found in eye lenses, although the overall amino
acid sequence similarity is not high. The a-crystallin
proteins are very important proteins especially in eye
lenses, as they restrain proteins from aggregation,
thereby preventing cataracts (Clark and Muchowski
2000; Derham and Harding 2002). Similar chaperone
functions to those found in a-crystallins appear to be
widespread in sHSPs from all three domains. Most
organisms including extremophiles possess at least one
heat shock-regulated homologue of sHSP, suggesting
that the proteins may be important for organisms to
survive under stress conditions. Their lack of expression
at normal growth temperatures suggests that, in most
cases, sHSPs may not be required unless stress condi-
tions occur (Roy et al. 1999; Laksanalamai et al. 2001).

Currently, although the mechanisms of action of
sHSPs from extremophiles remain enigmatic, multimeric
structures and subunit interactions appear to be
important for chaperone functionality. Several lines of
evidence show that conformational changes or altered
subunit assembly can also modulate the chaperone
functions of sHSPs. The crystal structures of Mj-sHSP
and wheat sHSP have provided new perspectives leading
to insights into the functions of these small molecular
chaperones. The dimeric structure is widely believed to
be the essential basic building block of most sHSP
complexes. Some sHSPs may have monodisperse
assembly, but most of them produce a continuum of
multidimeric complexes covering a wide range of
molecular weights. In addition, novel approaches are
being applied to the analysis of the sHSP functions from
hyperthermophiles. For instance, mutations that sup-
press large-complex formation may allow structural
analysis to be carried out (Laksanalamai et al. 2003).
Genetic analysis and knock-out systems in hyperther-
mophiles, which are essential to future studies of the
functions of sHSP in vivo, are now foreseeable with the
recent development of genetic systems in archaea (Zillig
et al. 1998; Sowers and Schreier 1999; Stedman et al.
1999; Martusewitsch et al. 2000; Stedman et al. 2000;
Cannio et al. 2001; Lucas et al. 2002; Worthington et al.
2003).

Acknowledgements We are most grateful for the support and
assistance of Anchalee Jiemjit and Dennis Maeder. This work
was supported by a grant from the Knut and Alice Wallenberg
Foundation and by grants from the National Science Foundation
(BES96322554, MCB 9809352, and BES0224717) to F.T.R. This is
paper number 584 from the Center of Marine Biotechnology.

References

Allen SP, Polazzi JO, Gierse JK, Easton AM (1992) Two novel
heat shock genes encoding proteins produced in response to
heterologous protein expression in Escherichia coli. J Bacteriol
174:6938–6947

Cannio R, Contursi P, Rossi M, Bartolucci S (2001) Thermoad-
aptation of a mesophilic hygromycin B phosphotransferase by
directed evolution in hyperthermophilic Archaea: selection of a
stable genetic marker for DNA transfer into Sulfolobus solfa-
taricus. Extremophiles 5:153–159

Caspers GJ, Leunissen JA, de Jong WW (1995) The expanding
small heat-shock protein family, and structure predictions of the
conserved ‘‘alpha-crystallin domain’’. J Mol Evol 40:238–248

Chang Z, et al (1996) Mycobacterium tuberculosis 16-kDa antigen
(Hsp16.3) functions as an oligomeric structure in vitro to sup-
press thermal aggregation. J Biol Chem 271:7218–7223

Clark JI, Muchowski PJ (2000) Small heat-shock proteins and their
potential role in human disease. Curr Opin Struct Biol 10:52–59

Das KP, Surewicz WK (1995) Temperature-induced exposure of
hydrophobic surfaces and its effect on the chaperone activity of
alpha-crystallin. FEBS Lett 369:321–325

Derham BK, Harding JJ (2002) Effects of modifications of alpha-
crystallin on its chaperone and other properties. Biochem
J 364:711–717

Ehrnsperger M, Lilie H, Gaestel M, Buchner J (1999) The dynamics
of Hsp25 quaternary structure. Structure and function of dif-
ferent oligomeric species. J Biol Chem 274:14867–14874

Fleischmann RD, et al (1995) Whole-genome random sequencing
and assembly of Haemophilus influenzae Rd. Science 269:496–
512

Fraser CM, et al (1995) The minimal gene complement of Myco-
plasma genitalium. Science 270:397–403

Haley DA, Horwitz J, Stewart PL (1998) The small heat-shock
protein, alphaB-crystallin, has a variable quaternary structure.
J Mol Biol 277:27–35

Haley DA, Bova MP, Huang QL, McHaourab HS, Stewart PL
(2000) Small heat-shock protein structures reveal a continuum
from symmetric to variable assemblies. J Mol Biol 298:261–272

Haslbeck M (2002) sHsps and their role in the chaperone network.
Cell Mol Life Sci 59:1649–1657

Haslbeck M, et al (1999) Hsp26: a temperature-regulated chaper-
one. Embo J 18:6744–6751

Horwitz J (1992) Alpha-crystallin can function as a molecular
chaperone. Proc Natl Acad Sci USA 89:10449–10453

Jacob U, Gaestel M, Katrin E, Buchner J (1993) Small heat shock
proteins are molecular chaperones. J Biol Chem 268:1517–1520

Jong WW de, Caspers GJ, Leunissen JA (1998) Genealogy of the
alpha-crystallin–small heat-shock protein superfamily. Int
J Biol Macromol 22:151–162

Kawashima T, et al (2000) Archaeal adaptation to higher tem-
peratures revealed by genomic sequence of Thermoplasma vol-
canium. Proc Natl Acad Sci USA 97:14257–14262

Kim KK, Kim R, Kim SH (1998a) Crystal structure of a small
heat-shock protein. Nature 394:595–599

Kim KK, Yokota H, Santoso S, Lerner D, Kim R, Kim SH
(1998b) Purification, crystallization, and preliminary X-ray
crystallographic data analysis of small heat shock protein
homologue from Methanococcus jannaschii, a hyperthermo-
phile. J Struct Biol 121:76–80

Kim R, Kim KK, Yokota H, Kim SH (1998c) Small heat shock
protein of Methanococcus jannaschii, a hyperthermophile. Proc
Natl Acad Sci USA 95:9129–9133

Kim R, Lai, L, Lee, H-H, Cheong, G-W, Kim KK, Wu, Z, Yokota
H, Marquese S, Kim SH (2003) On the mechanism of chaper-
one activity of the small heat-shock protein of Proc Natl Acad
Sci USA 100:8151–8155

Klein G, Laskowski RA, Taylor A, Lipinski KS (2001) IbpA/B
small heat-shock protein of marine bacterium Vibrio harveyi
binds to proteins aggregared in a cell during heat shock. Mar
Biotechnol 3:346–354

9



Klemenz R, Frohli E, Steiger RH, Schafer R, Aoyama A (1991)
Alpha B-crystallin is a small heat shock protein. Proc Natl
Acad Sci USA 88:3652–3656

Klemenz R, Andres AC, Frohli E, Schafer R, Aoyama A (1993)
Expression of the murine small heat shock proteins hsp 25 and
alpha B crystallin in the absence of stress. J Cell Biol
120:639–645

Klundert FA van de, et al (1998) The mammalian small heat-shock
protein Hsp20 forms dimers and is a poor chaperone. Eur
J Biochem 258:1014–1021

Kojima K, Nakamoto H (2002) Specific binding of a protein to a
novel DNA element in the cyanobacterial small heat-shock
protein gene. Biochem Biophys Res Commun 297:616

Kokke BP, Leroux MR, Candido EP, Boelens WC, de Jong WW
(1998) Caenorhabditis elegans small heat-shock proteins
Hsp12.2 and Hsp12.3 form tetramers and have no chaperone-
like activity. FEBS Lett 433:228–232

Korber P, Zander T, Herschlag D, Bardwell JC (1999) A new
heat shock protein that binds nucleic acids. J Biol Chem
274:249–256

Korber P, Stahl JM, Nierhaus KH, Bardwell JC (2000) Hsp15: a
ribosome-associated heat shock protein. EMBO J 19:741–748

Kuczynska-Wisnik D, Laskowska E, Taylor A (2001) Transcrip-
tion of the ibpB heat-shock gene is under control of sigma(32)-
and sigma(54)-promoters, a third regulon of heat-shock
response. Biochem Biophys Res Commun 284:57–64

Laksanalamai P, Maeder DL, Robb FT (2001) Regulation and
mechanism of action of the small heat shock protein from the
hyperthermophilic archaeon Pyrococcus furiosus. J Bacteriol
183:5198–5202

Laksanalamai P, Jiemjit A, Bu Z, Maeder DL, Robb FT (2003)
Multi-subunit assembly of the Pyrococcus furiosus small heat
shock protein is essential for cellular protection at high tem-
perature. Extremophiles 7:79–83

Laskowska E, Wawrzynow A, Taylor A (1996) IbpA and IbpB, the
new heat-shock proteins, bind to endogenous Escherichia coli
proteins aggregated intracellularly by heat shock. Biochimie
78:117–122

Lee GJ, Vierling E (2000) A small heat shock protein cooperates
with heat shock protein 70 systems to reactivate a heat-dena-
tured protein. Plant Physiol 122:189–198

Lee GJ, Pokala N, Vierling E (1995) Structure and in vitro
molecular chaperone activity of cytosolic small heat shock
proteins from pea. J Biol Chem 270:10432–10438

Lee GJ, Roseman AM, Saibil HR, Vierling E (1997) A small heat
shock protein stably binds heat-denatured model substrates and
can maintain a substrate in a folding-competent state. EMBO
J 16:659–671

Leroux MR, Ma BJ, Batelier G, Melki R, Candido EP (1997)
Unique structural features of a novel class of small heat shock
proteins. J Biol Chem 272:12847–12853

Lucas S, et al (2002) Construction of a shuttle vector for, and
spheroplast transformation of, the hyperthermophilic archaeon
Pyrococcus abyssi. Appl Environ Microbiol 68:5528–5536

Martusewitsch E, Sensen CW, Schleper C (2000) High spontaneous
mutation rate in the hyperthermophilic archaeon Sulfolobus
solfataricus is mediated by transposable elements. J Bacteriol
182:2574–2581

Montfort RL van, Basha E, Friedrich KL, Slingsby C, Vierling E
(2001) Crystal structure and assembly of a eukaryotic small
heat shock protein. Nat Struct Biol 8:1025–1030

Muchowski PJ, Clark JI (1998) ATP-enhanced molecular chaper-
one functions of the small heat shock protein human alphaB
crystallin. Proc Natl Acad Sci USA 95:1004–1009

Muchowski PJ, Valdez MM, Clark JI (1999) AlphaB-crystallin
selectively targets intermediate filament proteins during thermal
stress. Invest Ophthalmol Vision Sci 40:951–958

Nakamoto H, Suzuki N, Roy SK (2000) Constitutive expression of
a small heat-shock protein confers cellular thermotolerance and
thermal protection to the photosynthetic apparatus in cyano-
bacteria. FEBS Lett 483:169–174

Narberhaus F (1999) Negative regulation of bacterial heat shock
genes. Mol Microbiol 31:1–8

Narberhaus F (2002) Alpha-crystallin-type heat shock proteins:
socializing minichaperones in the context of a multichaperone
network. Microbiol Mol Biol Rev 66:64–93

Ng WV, et al (2000) Genome sequence of Halobacterium species
NRC-1. Proc Natl Acad Sci USA 97:12176–12181

Nitsch M, Klumpp M, Lupas A, Baumeister W (1997) The ther-
mosome: alternating alpha and beta-subunits within the chap-
eronin of the archaeon Thermoplasma acidophilum. J Mol Biol
267:142–149

Nocker A, Hausherr T, Balsiger S, Krstulovic NP, Hennecke H,
Narberhaus F (2001a) A mRNA-based thermosensor controls
expression of rhizobial heat shock genes. Nucleic Acids Res
29:4800–4807

Nocker A, Krstulovic NP, Perret X, Narberhaus F (2001b) ROSE
elements occur in disparate rhizobia and are functionally
interchangeable between species. Arch Microbiol 176:44–51

Ritossa F (1962) A new puffing pattern induced by temperature
shock and DNP in Drosophila. Experientia 18:571–573

Robb FT (2003) Genomics of thermophiles. In: Fraser CM, Nelson
KE (eds) Humana Press, Totowa, N.J. (in press)

Roy SK, Nakamoto H (1998) Cloning, characterization, and
transcriptional analysis of a gene encoding an alpha-crystallin-
related, small heat shock protein from the thermophilic
cyanobacterium Synechococcus vulcanus. J Bacteriol 180:3997–
4001

Roy SK, Hiyama T, Nakamoto H (1999) Purification and char-
acterization of the 16-kDa heat-shock-responsive protein from
the thermophilic cyanobacterium Synechococcus vulcanus,
which is an alpha-crystallin-related, small heat shock protein.
Eur J Biochem 262:406–416

Ruepp A, Rockel B, Gutsche I, Baumeister W, Lupas AN (2001)
The Chaperones of the archaeon Thermoplasma acidophilum.
J Struct Biol 135:126–138

Sauer U, Durre P (1993) Sequence and molecular characterization
of a DNA region encoding a small heat shock protein of
Clostridium acetobutylicum. J Bacteriol 175:3394–3400

Scharf KD, Siddique M, Vierling E (2001) The expanding family of
Arabidopsis thaliana small heat stress proteins and a new family
of proteins containing alpha-crystallin domains (Acd proteins).
Cell Stress Chaperon 6:225–237

Servant P, Rapoport G, Mazodier P (1999) RheA, the repressor of
hsp18 in Streptomyces albus G. Microbiology 145:2385–2391

Servant P, Grandvalet C, Mazodier P (2000) The RheA repressor is
the thermosensor of the HSP18 heat shock response in Strep-
tomyces albus. Proc Natl Acad Sci USA 97:3538–3543

Soto A, et al (1999) Heterologous expression of a plant small heat-
shock protein enhances Escherichia coli viability under heat and
cold stress. Plant Physiol 120:521–528

Sowers KR, Schreier HJ (1999) Gene transfer systems for the Ar-
chaea. Trends Microbiol 7:212–219

Staker BL, Korber P, Bardwell JC, Saper MA (2000) Structure
of Hsp15 reveals a novel RNA-binding motif. Embo
J 19:749–757

Stedman KM, Schleper C, Rumpf E, Zillig W (1999) Genetic
requirements for the function of the archaeal virus SSV1 in
Sulfolobus solfataricus: construction and testing of viral shuttle
vectors. Genetics 152:1397–1405

Stedman KM, et al (2000) pING family of conjugative plasmids
from the extremely thermophilic archaeon Sulfolobus islandi-
cus: insights into recombination and conjugation in Cre-
narchaeota. J Bacteriol 182:7014–7020

Studer S, Obrist M, Lentze N, Narberhaus F (2002) A critical motif
for oligomerization and chaperone activity of bacterial alpha-
heat shock proteins. Eur J Biochem 269:3578–3586

Sun W, Van Montagu M, Verbruggen N (2002) Small heat shock
proteins and stress tolerance in plants. Biochim Biophys Acta
1577:1–9

Tomb JF, et al (1997) The complete genome sequence of the gastric
pathogen Helicobacter pylori. Nature 388:539–547

10



Trent JD (1996) A review of acquired thermotolerance, heat-shock
proteins, and molecular chaperones in archaea. FEMS Micro-
biol Rev 18:249–258

Usui K, Yoshida T, Maruyama T, Yohda M (2001) Small heat
shock protein of a hyperthermophilic archaeum, Thermococcus
sp. strain KS-1, exists as a spherical 24 mer and its expression is
highly induced under heat-stress conditions. J Biosci Bioeng
92:161–166

Valdez MM, Clark JI, Wu GJ, Muchowski PJ (2002) Functional
similarities between the small heat shock proteins Mycobacte-
rium tuberculosis HSP 16.3 and human alphaB-crystallin. Eur J
Biochem 269:1806–1813

Vierke G, Engelmann A, Hebbeln C, Thomm M (2002) A novel
archaeal transcriptional regulator of heat shock response. J Biol
Chem 14:14

Waldmann T, Nitsch M, Klumpp M, Baumeister W (1995)
Expression of an archaeal chaperonin in E. coli: formation of
homo- (alpha, beta) and hetero-oligomeric (alpha+beta) ther-
mosome complexes. FEBS Lett 376:67–73

Waters ER, Vierling E (1999) The diversification of plant cytosolic
small heat shock proteins preceded the divergence of mosses.
Mol Biol Evol 16:127–139

Worthington P, Hoang V, Perez-Pomares F, Blum P (2003) Tar-
geted disruption of the alpha-amylase gene in the hypertherm-
ophilic archaeon Sulfolobus solfataricus. J Bacteriol 185:482–488

Yaoi T, Kagawa HK, Trent JD (1998) Chaperonin filaments: their
formation and an evaluation of methods for studying them.
Arch Biochem Biophys 356:55–62

Zillig W, et al (1998) Genetic elements in the extremely thermo-
philic archaeon Sulfolobus. Extremophiles 2:131–140

11


