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Abiotic stresses usually cause protein dysfunction.

Maintaining proteins in their functional conformations

and preventing the aggregation of non-native proteins

are particularly important for cell survival under stress.

Heat-shock proteins (Hsps)/chaperones are responsible

for protein folding, assembly, translocation and degra-

dation in many normal cellular processes, stabilize

proteins and membranes, and can assist in protein

refolding under stress conditions. They can play a

crucial role in protecting plants against stress by re-

establishing normal protein conformation and thus cel-

lular homeostasis. Here, we summarize the significance

of Hsps and chaperones in abiotic stress responses in

plants, and discuss the co-operation among their differ-

ent classes and their interactions with other stress-

induced components.

Molecular chaperones are key components contributing to
cellular homeostasis in cells under both optimal and
adverse growth conditions. They are responsible for pro-
tein folding, assembly, translocation and degradation in a
broad array of normal cellular processes; they also func-
tion in the stabilization of proteins and membranes, and
can assist in protein refolding under stress conditions. A
wide range of proteins has been reported to have chaper-
one activity. Moreover, many molecular chaperones are
stress proteins and many of them were originally identi-
fied as heat-shock proteins (Hsps) [1,2]. Thus, the names of
these molecular chaperones follow their early nomencla-
tures and are referred to here as Hsps/chaperones.

Five major families of Hsps/chaperones are conserva-
tively recognized (Table 1): the Hsp70 (DnaK) family; the
chaperonins (GroEL and Hsp60); the Hsp90 family; the
Hsp100 (Clp) family; and the small Hsp (sHsp) family.
Aside from these major families, there are other proteins
with chaperone functions, such as protein disulfide iso-
merase and calnexin/calreticulin, which assist in protein
folding in the endoplasmic reticulum (ER) (Table 1
footnote a). Molecular Hsps/chaperones are located in
both the cytoplasm and organelles, such as the nucleus,

mitochondria, chloroplasts and ER [3–5]. Different classes
ofmolecularchaperonesappeartobindtospecificnon-native
substrates and states. Chaperone proteins do not cova-
lently bind to their targets and do not form part of the final
product. The two best-studied families are the chaperonins
and the Hsp70 family chaperones [6].

Abiotic stresses, such as drought, salinity, extreme
temperatures, chemical toxicity and oxidative stress are
serious threats to agriculture and result in the deteriora-
tion of the environment. Abiotic stress is the primary cause
of crop loss worldwide, reducing average yields for most
major crop plants by more than 50% [7]. Elucidating the
various mechanisms of plant response to stress and their
roles in acquired stress tolerance is thus of great practical
and basic importance. Much research is devoted to some of
the major tolerance mechanisms, including ion trans-
porters, osmoprotectants, free-radical scavengers, late
embryogenesis abundant proteins and factors involved
in signaling cascades and transcriptional control [7].
However, except for the sHsp family, relatively little
focus has been given to the role of the many other Hsps/
chaperones in plant response to abiotic stress and direct
support for Hsp/chaperone function in plant abiotic stress
tolerance is rather limited [7–12]. This is despite the
fact that Hsps/chaperones are known to be expressed in
plants not only when they experience high temperature
stress but also in response to a wide range of other
environmental insults, such as water stress, salinity and
osmotic, cold and oxidative stress [3–5]. It is most likely,
being supported by experimental data in plants and other
organisms, that Hsps/chaperones play a crucial role in
protecting plants against stress and in the reestablish-
ment of cellular homeostasis.

The Hsps/chaperones Hsp60, Hsp70 and Hsp90 interact
with a wide range of co-chaperone proteins that regulate
their activity or aid in the folding of specific substrate
proteins [6,13–15]. However, the functions of these co-
chaperones are not dealt with here. Although the possible
role of Hsps/chaperones has been unraveled to a great
extent in other organisms, little is known in plants.
Therefore, we summarize recent findings in bacteria,
mammals and yeasts, and then present the available dataCorresponding author: Arie Altman (altman@agri.huji.ac.il).
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in plants. Then, we discuss major recent findings about the
five major plant Hsps/chaperones in relation to abiotic
stress responses (Table 1 footnote b). In addition to their
direct functions in acquired stress tolerance, Hsps/chaper-
ones might, as a major class of stress-responsive proteins,
also play a role via cross-talk with other mechanisms and
function synergistically with other components to decrease
cellular damage. The general aspects of Hsps/chaperones
are dealt with in many previous reviews [3–6,13–18].

Hsp70 family

Hsp70 chaperones, together with their co-chaperones
(e.g. DnaJ/Hsp40 and GrpE), make up a set of prominent
cellular machines that assist with a wide range of protein-
folding processes in almost all cellular compartments.
Hsp70 has essential functions in preventing aggregation

and in assisting refolding of non-native proteins under
both normal and stress conditions [13,14]. They are also
involved in protein import and translocation processes,
and in facilitating the proteolytic degradation of unstable
proteins by targeting the proteins to lysosomes or
proteasomes [13]. Some family members of Hsp70 are
constitutively expressed and are often referred to as Hsc70
(70-kDa heat-shock cognate). These members are often
involved in assisting the folding of de novo synthesized
polypeptides and the import/translocation of precursor
proteins. Other family members are expressed only when
the organism is challenged by environmental assaults.
Therefore, they are more involved in facilitating refolding
and proteolytic degradation of non-native proteins
[13,14,18]. In addition, some members of Hsp70 are
involved in controlling the biological activity of folded

Table 1. Five major classes of plant Hsps/molecular chaperones and their subfamilies, including specific examples for direct

involvement of Hsps/molecular chaperones in plant tolerance to stressa, b

Classes Representative

members

Intracellular localization Major functions Refs

Hsp70 Preventing aggregation, assisting

refolding, protein import and

translocation, signal transduction, and

transcriptional activation

[4–6,13,14,16,18]

Subfamily:

DnaK Hsp/Hsc70 Cytosol

Hsp70 Chloroplast, mitochondria

Bip1 Endoplasmic reticulum

Hsp110/SSE Hsp91 Cytosol

Chaperonin/Hsp60 Folding and assisting refolding [4–6,13,14,17]

Subfamily:

Group I Cpn602 Chloroplast, mitochondria

Group II CCT3 Cytosol

Hsp90 Hsp90 Facilitating maturation of signaling

molecules, genetic buffering

[4,15,49,50,52,56]

AtHsp90-1 Cytosol

AtHsp90-5 Chloroplast

AtHsp90-6 Mitochondria

AtHsp90-7 Endoplasmic reticulum

Hsp100/Clp Hsp1004 Disaggregation, unfolding [4,58,63,64]

Subfamily:

Class I ClpB, ClpA/C

ClpD Cytosol, mitochondria

Class II ClpM, ClpN Chloroplast

ClpX, ClpY Chloroplast

sHsp Preventing aggregation, stabilizing non- [3–5,75–78]

Subfamily: native proteins

I Hsp17.6 Cytosol

II Hsp17.9 Cytosol

III Hsp21

Hsp26.25

Chloroplast

IV Hsp22 Endoplasmic reticulum

V Hsp235 Mitochondria

VI Hsp22.3 Membrane

aAdditional groups of proteins or enzymes are also considered as molecular chaperones, including: peptidyl-prolyl cis/trans isomerase, which catalyzes the isomerization of

peptide bonds of proline residues; protein disulfide isomerase (PDI), which catalyzes disulfide bond formation in the endoplasmic reticulum; calnexin/calreticulin, which

assists the folding of glucosylated proteins in the endoplasmic reticulum. Owing to the limitations of space, these groups of chaperones are not discussed in this article and are

not listed in the table.
bExamples for direct involvement of Hsps/molecular chaperones in plant tolerance to stress:
1Enhanced accumulation of BiP in Nicotiana tabacum protoplast and transgenic plants conferred tolerance to water stress [29].
2Deletion of LEN1 (Cpn60b) triggered cell death in Arabidopsis [47].
3CCTa from the mangrove plant Bruguiera sexangula enhanced the salt and osmotic stress tolerance of Escherichia coli transformants [48].
4Hsp100 functional complementation of the temperature-sensitive yeast hsp104 mutant cells was shown using athsp101 and gmhps101 cDNAs [71,72].
5Zea mays mitochondrial sHsp improved mitochondrial electron transport during salt stress, mainly by protection of the NADH:ubiquinone oxidoreductase activity

(Complex I), but it failed to protect enzymes associated with Complex II [82]. A mutant of the chloroplast sHsp of Agrostis stolonifera grass, sHsp26.2, with a point mutation that

generated a premature stop-codon (sHsp26.2m) was isolated from a heat-sensitive variant; protein product of the mutant was not accumulated upon heat stress [83].
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regulatory proteins, and might act as negative repressors
of heat-shock factor (HSF) mediated transcription. (For
reviewsofthevariousHsp70functions,seeRefs [4,13,16,18].)

Structurally, Hsp70 consists of a highly conserved
N-terminal ATPase domain of 44 kDa and a C-terminal
peptide-binding domain of ,25 kDa. Successive cycles of
substrate binding and release are coupled to the intrinsic
ATPase activity of Hsp70, which requires the participa-
tion of its cohort system, Hsp70 co-chaperones such as
DnaJ/Hsp40 and GrpE [6]. Hsp70 family chaperones are
considered to be the most highly conserved Hsps, with
,50% identical residues between the Escherichia coli
homolog DnaK and the eukaryotic Hsp70. However, based
on similarities in structural and functional properties, a
distinct, more diverse set of proteins (including mamma-
lian cytosolic Hsp110, yeast SSE proteins and their counter-
parts in the ER, and the orthologs of the mammalian
Grp170) are considered to be a subfamily of the Hsp70
family [19–22]. The specific roles of individual Hsp70
proteins are likely to be determined by their location in
different subcellular compartments [14,18], by the differ-
ential expression of Hsp70 s at different stages of devel-
opment [23] or by their interaction with specific sets of
Hsp70-associated proteins [24]. For example, the cytosolic
Hsc70 prevents protein aggregation, assists de novo pro-
tein folding and maintains the organellar precursor proteins
in an import-competent stage, and the ER Bip protein,
mitochondrial and chloroplastic Hsp70 proteins are
involved in precursor protein import and translocation.

In plants, many Hsp70 proteins have been identified in
different species [4,5]. The Arabidopsis genome contains
at least 18 genes encoding members of the Hsp70 family,
of which 14 belong to the DnaK subfamily and four to
the Hsp110/SSE subfamily [25,26]. At least 12 Hsp70
members have been found in the spinach genome [27].
Expression profile analysis of the Arabidopsis and spinach
Hsp70 genes demonstrated that members of Hsp70
chaperones are expressed in response to environmental
stress conditions such as heat, cold and drought, as well as
to chemical and other stresses [25–27].

The overexpression of Hsp70 genes correlates positively
with the acquisition of thermotolerance [28] and results in
enhanced tolerance to salt, water and high-temperature
stress in plants [29–33]. However, the cellular mechan-
isms of Hsp70 function under stress conditions are not
fully understood. The unfolded protein response (UPR) is a
well-defined mechanism described in animals and in yeast,
whereby the Hsp70 BiP proteins could keep the accumu-
lated proteins unfolded, mainly in the ER, thereby avoid-
ing protein aggregation under stress conditions [34].
Overexpression of BiP proteins in tobacco protoplasts
[33] prevented the induction of the UPR-induced genes
and increased cell tolerance to stress induced by tunica-
mycin (a potent activator of the UPR pathway), suggesting
that BiP proteins might directly alleviate cells from stress.
This result was confirmed by the overexpression and the
repression of BiP in tobacco plants following exposure to
water stress and to tunicamycin. As expected, the tobacco
plants with higher BiP levels were more resistant to
drought stress and to tunicamycin than the antisense and
control plants [29]. These results showed that plant BiP

proteins might also be involved in the UPR pathway under
stress conditions. Various members of the Hsp70 molecu-
lar chaperones have also been reported to be involved in
protein import and translocation into chloroplasts and
mitochondria [35], as well as in the cell-to-cell movement of
proteins and viruses through the plasmodesmata [36].

Xiao-Ping Zhang and Elzbieta Glaser [37] proposed a
model of interaction of plant mitochondrial and chloroplast
signal peptides with the Hsp70 molecular chaperones. The
cytosolic Hsc70, in cooperation with other chaperones
(e.g. 14-3-3 proteins, which belong to a family of acidic
soluble proteins, being a novel type of molecular chaperone
proteins that modulate interactions between components
of signal transduction pathways), interacts with the
mitochondrial or chloroplast precursor proteins, keeping
them in an unfolded, yet import competent, state. Hsc70
might be used as a motor for transporting the precursor
protein through the membranes. Once protein arrives in
the matrix or stroma, the mitochondrial or chloroplastic
Hsp70 proteins (mHsp70 and sHsp70, respectively),
together with their co-chaperones, interact with the pre-
cursor protein and allow cleavage of the leader or signal
peptide by the peptidases. Cell-to-cell transport of macro-
molecules and viral ribonuclear complexes also requires a
partial unfolding of the transferred proteins. The Hsc70
chaperone protein appears to have a structural motif that is
necessaryforcell-to-cell transportandwasshownto interact
with the plasmodesmatal translocation pathway [36].

In addition to its general chaperone functions
(i.e. preventing aggregation and assisting in the refolding
of non-native proteins under stress conditions), Hsp70 also
plays a regulatory role in other stress-associated gene
expression [28]. The interaction between Hsp70 and HSF
has been suggested as a negative regulatory mechanism
for HSF-mediated transcriptional activation in the heat-
shock response [16]. It was suggested that the interaction
between Hsp70 and HSF prevents the trimerization and
binding of HSF to HSE (heat-shock element), thereby
blocking the transcriptional activation of heat-shock genes
by their HSFs [38]. Hsp70 is also involved in the modu-
lation of signal transducers such as protein kinase A,
protein kinase C and protein phosphatase [39]. In this
respect, the Hsp70 chaperones might play a broad role by
participating in modulating the expression of many
downstream genes in signal transduction pathways both
during stress and under normal growth conditions.
Unfortunately, the role of Hsp70 in the modulation of
signal transduction has not been yet studied in plants.

Chaperonins (Hsp60)

Chaperonins (Hsp60; the term chaperonin was first
suggested [40] to describe a class of molecular chaperones
that are evolutionarily homologous to E. coli GroEL) are a
class of molecular chaperones found in prokaryotes and in
the mitochondria and plastids of eukaryotes [4,13]. Major
examples of this class of Hsps/chaperones include the
prokaryotic GroEL and the eukaryotic equivalent Hsp60.
Chaperonins are further classified into two subfamilies:
the GroE chaperonins (Group I) are found in bacteria,
mitochondria and chloroplasts (e.g. GroE and chCpn60);
the CCT chaperonins [chaperonins containing t-complex
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polypeptide 1 (TCP1); Group II] are found in Archaea
(e.g. trigger factor 55 and the thermosomes) and in the
cytosol of eukaryotes (e.g. the TCP-1 ring complex TriC)
[17]. Chaperonins play a crucial role by assisting a wide
range of newly synthesized and newly translocated
proteins to achieve their native forms [6,14]. The structure
and function of chaperonins, especially Group I chaper-
onins, have been extensively studied [6,13,14,17,41]. In
prokaryotes, Group I chaperonin (e.g. GroEL of E. coli)
consists of two distinct family members, chaperonin 60
(Cpn60) and chaperonin 10 (Cpn10) as co-chaperone,
which function together in an ATP-dependent manner.
They are double-ring assemblies composed of back-to-back
stacked rings of identical or closely related rotationally
symmetrical subunits [6]. Owing to the high conservation
of the primary sequence among Group I chaperonins, it is
generally accepted that organellar chaperonins function
similarly to the bacterial ones. However, recent studies
indicate that plastid chaperonins possess unique struc-
tural and functional properties that distinguish them from
their bacterial homologs [42]. Plant chloroplast chaper-
onins consist of two distinct polypeptides, Cpn60a and
Cpn60b, which share only ,50% amino acid identity [4].
Another difference that characterizes the chloroplast
chaperonins relates to the structure of their co-chaperonin.
The chloroplast co-chaperonin is composed of two GroES-
like domains that make up a molecular mass of approxi-
mately double the size (20 kDa) of the bacterial Cpn10
(GroES) [43]. In addition to the double domain co-
chaperonins, Arabidopsis genome contains at least one
normal size Cpn10 [44].

In contrast to Group I, Group II chaperonins form eight-
or nine-member rings, each member is encoded by related
but distinct genes, and they are independent of a general
co-chaperone (although a protein cofactor, prefoldin, has
been identified). It has been shown that CCT chaperonins
assist in the folding of tubulin and actin [41].

Seven Arabidopsis genomic sequences have been
identified as having the potential to encode plastid
Cpn60 proteins [44]. Two of these appear to encode
Cpn60a subunits, and four to encode Cpn60b subunits.
The seventh genomic sequence seems to be a Cpn60b
subunit pseudogene. Nine Arabidopsis sequences are
predicted to encode proteins similar to CCT protein
subunits a, b, g, d, e, z, h and u, with two of them
corresponding to CCT-z [44].

Functional characterization of plant chaperonins is
limited. It is generally agreed that they are important in
assisting plastid proteins such as Rubisco [4,40]. It has
been reported that a mutated species of Arabidopsis
chloroplast Cpn60a exhibits defects in chloroplast develop-
ment and, subsequently, in the proper development of
the plant embryo and seedling [45]. Antisense Cpn60b-
transgenic tobacco plants showed drastic phenotypic
alterations, including slow growth, delayed flowering,
stunting and leaf chlorosis [46]. The deletion of LEN1
(encoding Cpn60b) triggers cell death in Arabidopsis,
which leads to the establishment of activated systemic
acquired resistance, a broad-spectrum plant resistance
mechanism normally triggered by necrotic lesions result-
ing from pathogen infection [47]. CCTa from the

mangrove plant Bruguiera sexangula, a Group II chaper-
onin, enhances salt- and osmotic-stress tolerance of E. coli
transformants [48].

Hsp90 family

Hsp90 is distinct from many other molecular chaperones
in that most of its known substrates to date are signal
transduction proteins such as steroid hormone receptors
and signaling kinases [49]. The major role of Hsp90 is to
manage protein folding [14,15] but it also plays a key role
in signal-transduction networks, cell-cycle control, protein
degradation and protein trafficking [49–51]. In addition, it
might also play a role in morphological evolution and
stress adaptation in Drosophila and Arabidopsis [52,53]. A
recent report [54] showed that Hsp90 interacts with the
26S proteasome and plays a principal role in its assembly
and maintenance. Hsp90 is one of the major species of
molecular chaperones that requires ATP for its functions.
It is among the most abundant proteins in cells: 1–2% of
total cellular protein [14]. To fulfill its cellular roles, Hsp90
acts as part of a multichaperone machine together with
Hsp70 and co-operates with a cohort of co-chaperones,
including Hip (Hsp70 interacting protein), Hop (Hsp70/
Hsp90 organizing protein), p23 and Hsp40 (a DnaJ
homolog), the immunophilins FKBP51/54 and FKBP52,
and Cdc37/p50. GmHop-1, a co-chaperone homologous to
the mammalian Hop protein, was isolated from soybean
(Glycine max) and its transcripts were detected under
normal growth conditions but their levels increased upon
stress [55].

In plants, cytosol-, ER- and plastid-localized Hsp90
genes have been isolated from several plant species,
sharing 63–71% amino acid identities with Hsp90 of
yeast and animal origin [56]. In the Arabidopsis genome,
the Hsp90 family includes seven members: AtHsp90-1
to AtHsp90-4 constitute the cytoplasmic subfamily;
AtHsp90-5, AtHsp90-6 and AtHsp90-7 are predicted
to be localized to the plastid, mitochondria and ER,
respectively [56].

Although Hsp90 chaperones are constitutively expressed
in most organisms, their expression increases in response
to stress in both prokaryotes and eukaryotes. Expression
of Hsp90 in Arabidopsis is developmentally regulated and
responds to heat, cold, salt stress, heavy metals, phyto-
hormones and light and dark transitions [56,57].

Interestingly, decreasing the levels of functional Hsp90
in Drosophila by genetic mutation or by treatment with
the Hsp90 inhibitor geldanamycin causes developmental
abnormalities and morphological changes [52]. This work
was the first to link Hsp90 functions with morphological
evolution, a process that often requires the effects of
independent genetic changes. It was suggested in this
work that Hsp90 acts as a ‘buffer’ to sustain the functions
of those mutated proteins that participate in the signaling
pathways of development and morphogenesis. The ‘buffer-
ing’ effect of Hsp90 thus allows the existence of mutated
developmental and morphological controlling proteins.
Under normal physiological conditions, the expression of
genetic variations that are hidden by the Hsp90 ‘buffering’
effect is suppressed or silenced. When the organism
encountersenvironmentalassaultsunderwhichchaperones
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mightbeneededmainlyfortheorganismviability(i.e.Hsp90
surveillance is impaired), the existing hidden mutations/
variants from the Hsp90 ‘buffer’ system are then exposed.
From this work, the authors suggested a powerful evol-
utionary mechanism through which Hsp90 plays an
important role in ensuring genetic stability at normal
physiological conditions, while permitting the accumulation
of mutations that could manifest under stress conditions.
The notion that Hsp90 functions as ‘buffer’ of morphological
evolution was further demonstrated in Arabidopsis, in
which reducing Hsp90 function by treatment with geldana-
mycin produced an array of morphological phenotypes,
presumably because of the release of genetic variations that
are normally buffered by Hsp90 [53]. It appears that Hsp90
chaperones accompany other signaling proteins that control
plant growth and development. Thus, Hsp90 might provide
genetic buffering in Arabidopsis and contribute to the
evolutionary adaptation of this plant, as is the case with
Drosophila [52].

Hsp100/Clp family

The Hsp100/Clp family chaperones are members of the
large AAA ATPase superfamily with a broad spectrum of
diverse functional properties [58–61]. Interestingly,
rather than the regular chaperone function of preventing
protein aggregation and misfolding, the Hsp100/Clp
family functions in protein disaggregation and/or protein
degradation. The removal of non-functional but poten-
tially harmful polypeptides arising from misfolding,
denaturation or aggregation is important for the main-
tenance of cellular homeostasis.

Members of the Hsp100 family were first described as
components of the two-subunit bacterial Clp protease
system [62], which consists of regulatory ATPase/chaper-
ones (such as ClpA and ClpX) and proteolytic (ClpP)
subunits. The family is further divided into two major
classes and eight distinct subfamilies within these classes.
Members of the first class (A–D) contain two nucleotide-
binding domains (also called ATP-binding domains),
whereas those in the second class (M,N,X,Y) have only
one nucleotide-binding domain [58]. Hsp100/Clp proteins
are typically hexameric rings.

The mechanism for rescuing proteins from aggregation
also involves the cooperation of another ATP-dependent
chaperone system, the Hsp70. The Hsp100/Clp family
solubilizes the aggregated protein and releases it in a state
that can be refolded with the assistant of the Hsp70 system
[63,64]. When associated with ClpP, Hsp100 proteins
perform dual chaperone and regulatory activities, thereby
influencing the eventual fate of selected protein sub-
strates, which are either fully degraded [65] or unfolded
and released [66].

Hsp100/Clp proteins have been reported in many plant
species, such as Arabidopsis, soybean, tobacco, rice, maize
(Zea mays), Lima bean (Phaseolus lunatus) and wheat
[61,67,68]. Like many other Hsps/chaperones, Hsp100/Clp
family chaperones are often constitutively expressed in
plants, but their expression is developmentally regulated
and is induced by different environmental assaults, such
as heat, cold, dehydration, high salt or dark-induced
etiolation [61,68–70]. Sharon J. Keeler and co-workers

[68] demonstrated the association of the expression of
cytosolic, as well as the chloroplastic, Hsp100 with heat
response in Lima bean. Genetic evidence indicating a role
for this family of proteins in thermoprotection was
obtained earlier [71,72]. In these studies, functional
complementation of the temperature-sensitive yeast
hsp104 mutant cells was shown using athsp101 and
gmhps101 cDNAs. Further evidence was achieved by
usingmutational [10]andectopicover-andunderexpression
[69,73] approaches. In a recent report [73], rice HSP100
protein production was correlated with the disappearance
of protein granules in yeast cells. It was further shown that
the dissolution of electron-dense granules by Hsp101 takes
place during the post-stress phase, implying a role for
Hsp100 in the recovery of cell stress.

sHsp family

The sHsps are low-molecular-mass Hsps (12–40 kDa). In
plants, sHsps form a more diverse family than other
Hsps/chaperones with respect to sequence similarity,
cellular location and functions [3,5]. sHsps are synthesized
ubiquitously in prokaryotic and eukaryotic cells in
response to heat and other stresses, and some sHsps are
expressed during certain developmental stages [3,4]. sHsps
share a conserved 90-amino-acid C-terminal domain called
the a-crystallin domain (ACD), related to a domain from
the vertebrate a-crystallin proteins of the eye lens [3,5]. It
was shown that the ACDs are organized as trimers of
dimers, forming a dodecamer double ring as revealed by
the crystal structure of the wheat Hsp16.9 [74]

The sHsps are not themselves able to refold non-native
proteins [75–78]. They have a high capacity to bind non-
native proteins, probably through hydrophobic interaction
[75–79], and to stabilize and prevent non-native aggrega-
tion, thereby facilitating their subsequent refolding by
ATP-dependent chaperones such as the DnaK system or
ClpB/DnaK [75–78,80]. Recent findings showed that the
sHsp 18.1 isolated from Pisum sativum, as well as Hsp 16.6
from Synechocystis sp. PCC6803 under in vitro conditions,
binds to unfolded proteins and allows further refolding by
Hsp70/Hsp100 complexes [80]. However, the mechanism of
this refolding process is poorly understood.

Among the five conserved families of Hsps (Hsp70,
Hsp60, Hsp90, Hsp100 and sHsp), sHsps are the most
prevalent in plants [5]. For example, in plants, there are
six recognized families, many of which are highly
expressed [3]. Plants synthesize multiple sHsps encoded
by six nuclear multigene families; each gene family
encodes proteins found in a distinct cellular compartment
(i.e. the cytosol, chloroplast, ER and mitochondrion) [3]. In
Arabidopsis, 13 different sHsps are grouped into six
classes based on their intracellular localization and
sequence relatedness. Six open reading frames encoding
multidomain proteins that contain one or more regions
with homology to the ACD containing proteins were also
identified [81]. The high diversification of plant sHsps
probably reflects a molecular adaptation to stress con-
ditions that are unique to plants. Plant sHsps respond to a
wide range of environmental stresses, including heat, cold,
drought, salinity and oxidative stress. Increasing data
suggest a strong correlation between sHsp accumulation
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and plant tolerance to stress. Maize mitochondrial sHsps
(msHsp) were shown to improved mitochondrial electron
transport during salt stress, mainly by protection of the
NADH:ubiquinone oxidoreductase activity (Complex I),
although they failed to protect enzymes associated with
Complex II [82]. The importance of the chloroplast sHsps
was reported in Agrostis stolonifera grass, from which
sHsp26.2 was isolated in a heat-tolerant variant, An
identical sHsp, sHsp26.2m, with a point mutation that
generated a premature stop codon isolated from the heat-
sensitive variant failed to accumulate upon heat stress
[83]. Moreover, it was recently found that another class of
stress-associated proteins, SP family proteins [84], shares
some of the features of sHsps, yet have additional charac-
teristics and functions. The abundance of sHsps in plants
and their functional characteristics of binding and
stabilizing denatured proteins suggest that sHsps play
an important role inplant-acquired stress tolerance [3,7,85].
Ongoing research on the functional and structural aspects,
and cross-talk with other chaperone systems, should
provide further elucidation of their functions.

Hsp/chaperone network

The protective effects of Hsps/chaperones can be attrib-
uted to the network of the chaperone machinery, in which
many chaperones act in concert. During stress, many
enzymes and structural proteins undergo deleterious
structural and functional changes. Therefore, maintaining
proteins in their functional conformations, preventing
aggregation of non-native proteins, refolding of denatured
proteins to regain their functional conformation and
removal of non-functional but potentially harmful poly-
peptides (arising from misfolding, denaturation or aggre-
gation) are particularly important for cell survival under
stress. Thus, the different classes of Hsps/chaperones
cooperate in cellular protection and play complementary
and sometimes overlapping roles in the protection of
proteins from stress (Figure 1). It was demonstrated
in vitro that sHsps bind to non-native proteins and prevent
their aggregation, thus providing a reservoir of substrates
for subsequent refolding by members of the Hsp70/Hsp100
chaperone families. This has been shown with IbpA and
IbpB from E. coli [77,80,86] and with Hsp16.6 from
Synechocystis sp. PCC6803 [80]. The cooperation between
different classes of chaperones was confirmed by using
plasmid-controlled chaperone expression in thermosensi-
tive E. coli mutants [86]. Another mechanism proposed
that protein aggregates can be efficiently resolubilized
by Hsp100/Clp family chaperones and are then refolded
by the assistance of the Hsp70 system; the final
refolding of solubilized proteins into the native form
might be completed by members of the Hsp60 family
(GroEL–GroES) [87]. Similar observations have been also
reported with plant chaperones. For example, Hsp18.1
from pea (Pisum sativum) can stably bind heat-denatured
protein and maintain it in a folding-competent state for the
further refolding by Hsp70/Hsp100 complexes [78,80].
Additional examples of chaperone networks are presented
in the legend to Figure 1.

Cross-talk between Hsps/chaperones and other stress-

response mechanisms

Abiotic stress evokes multiple responses that involve a
series of physiological, biochemical and molecular events.
Acquired stress tolerance in plant is often a result of
various stress-response mechanisms that act coordinately
or synergistically to prevent cellular damage and to
re-establish cellular homeostasis [7,88]. The ubiquitous
Hsp/chaperone system plays pivotal roles in cells, both
under normal growth conditions and when stressed. An
increasing number of studies suggest that the Hsps/
chaperones interact with other stress-response mechan-
isms (Figure 2). Several examples of possible cross-talk are
discussed below. Osmolytes, or compatible solutes, are a
group of low-molecular-weight organic compounds that
accumulate in organisms in response to osmotic stress. A
study performed in yeast [89] showed that trehalose
suppresses the aggregation of denatured proteins, main-
taining them in a partially folded state from which they
can be reactivated by molecular chaperones. In E. coli, it
was suggested that the studied osmolytes (glycine,
betaine, glycerol, proline and trehalose) can also act as
‘chemical chaperones’ by increasing the stability of native
proteins and assisting in the refolding of unfolded

Figure 1. The heat-shock protein (Hsp) and chaperone network in the abiotic stress

response. Different classes of Hsps/chaperones play complementary and some-

times overlapping roles in protecting proteins from stress. Abiotic stress in plants

often causes dysfunction/denaturation of structural and functional proteins. Main-

taining proteins in their functional conformations and preventing the aggregation

of non-native proteins are particularly important for cell survival under stress con-

ditions. To maintain cellular homeostasis, some members of the Hsp/chaperone

families [e.g. small Hsp (sHsp) and Hsp70] stabilize protein conformation, prevent

aggregation and thereby maintain the non-native protein in a competent state for

subsequent refolding, which is achieved by other Hsps/chaperones (e.g. Hsp60,

Hsp70 and Hsp90). When denatured or misfolded proteins form aggregates, they

can be resolubilized by Hsp100/Clp followed by refolding, or degraded by pro-

tease. Some Hsps/chaperones (e.g. Hsp70, Hsp90) accompany the signal transduc-

tion and transcription activation that lead to the synthesis of other members of

Hsps/chaperones [e.g. those controlled by heat-shock factor (HSFs)] and other

stress-response proteins (e.g. antioxidants).
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polypeptides [90]. Trehalose and an sHsp, p26 from the
primitive crustacean Artemia franciscana, can act syner-
gistically in vitro during and after thermal stress [91].
Interference of high concentrations of trehalose with
chaperone-mediated protein folding was documented in
all three studies mentioned above. It was suggested that
cells specifically control protein stability and chaperone-
mediated disaggregation and refolding by modulating the
intracellular levels of different osmolytes [90]. These
studies give new insight into the cross-talk between
Hsps/chaperones and other stress-protective mechanisms.

In addition to osmolytes, chaperones of the Hsp90 and
Hsp70 families and their co-chaperones were also found to
interact with a growing number of signaling molecules,
including nuclear hormone receptors, tyrosine- and
serine/threonine kinases, and cell-cycle and cell-death
regulators, demonstrating that they play a key role in
cellular signal transduction networks [92]. The redox status
of thiol-containing molecules is important to cellular
functions such as the synthesis and folding of proteins,
and the regulation of the structure and activity of enzymes,
receptors and transcription factors. In mammalian cells, the

sHspsareknowntobeinvolvednotonly inprotectionagainst
stress but also in the modulation of other cellular functions
(suchasapoptosisanddifferentiation)via theirparticipation
in the regulation of cellular redox states [93].

Although most of these studies were carried out in
organisms other than plants, similar cross-talk mechanisms
might operate in plants. For example, heat-shock transcrip-
tion-factor-dependent expression of antioxidants ascorbate
peroxidases in Arabidopsis [94] suggested that HSFs might
be involved not only in Hsp synthesis but also in oxidative
stress regulation of antioxidant gene expression. Further-
more, it was shown in Arabidopsis that several Hsp genes
were upregulated under high light stress, implicating Hsps
in the antioxidative response in addition to their chaperone
function [95]. However, the involvement of Hsps as
regulators of cellular redox states and in other stress-
response mechanisms in plants remain to be established.

Concluding remarks

Individual members of each class of Hsps/chaperones have
particular functions, but the co-operation between different
Hsp/chaperone networks appears to be a central principle of

Figure 2. Suggested cross-talk between the heat shock protein (Hsp)/chaperone network and other stress-response mechanisms in plants. Acquired stress tolerance in

plants is often a result of various stress-response mechanisms that might act coordinately or synergistically to prevent cellular damage and to re-establish homeostasis [7].

There might be cross-talk between Hsps/chaperones and other stress-response mechanisms in plants. For example, the Hsps/chaperones can play a role in stress signal

transduction and gene activation [92] as well as in regulating cellular redox state [93]. They also interact with other stress-response mechanisms such as osmolytes [90,91]

and antioxidants [94,95].
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the integrated Hsp/chaperone machinery. Under normal
growth conditions or during and after stress, the fate of a
particular denatured or non-native protein is determined by
theentireHsp/chaperonesystem.Manyquestionsaboutthis
issue have still to be answered. For example, how does a
specific chaperone recognize its particular substrate
(a nascent peptide or a malfunction protein) in a crowded
cellular environment? How and when is the decision on the
fate of each denatured/non-native protein determined?
What is the fate of a denatured/non-native protein: is it
stabilized or protected from aggregation, refolded, or
eventually aggregated and targeted for degradation? Is
there a central determinant of the Hsp/chaperone network?

We are still far from understanding how Hsps/chaper-
ones, as regulatory molecules, participate in stress sensing,
signal transduction and transcription activation of stress
genes. This is true for many organisms but especially for
abiotic stress tolerance in plants. Most of the current
research in plants and in other organisms is devoted to
detecting changes in Hsps/chaperones (under- or over-
expression) during or following stress. Also, in many cases,
conclusions about the function of Hsps/ chaperones under
stress arebasedon invitroassays,mainlybecauseof the lack
of appropriate mutants in which a specific Hsp/chaperone is
notexpressed.Futureresearchshouldbedevotedtocreating
plantmutants lacking a specific, or several Hsps/chaperones
and to apply results from available mutants (e.g. Refs
[10–12]). Moreover, studies in which changes in one or more
stress response mechanisms in plants are investigated
simultaneously with changes in Hsps/chaperones and
structural changes seem to be especially important in this
respect. We anticipate that active research into the cross-
talk between Hsps/chaperones and other stress-response
mechanisms in plants will provide a further understanding
of acquired stress tolerance.
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