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Heat shock proteins (Hsps) are adiverse set of proteins that mediate the correct folding, assembly, transport and degrada-
tion of other proteins. The Hsps have thus appropriately been termed as molecular chaperones. The 60kDa heat shock
proteins (Hsp60s) form a sub-group of Hsps and are found to exist in all domains of life. In bacteria Hsp60s are encoded
by the essential hsp60 genes arranged on the bicistronic groESL operon. Interestingly, in addition to their role as molecu-
lar chaperones, Hsp60s have also been shown to play a variety of important roles in immunity and represent prominent
antigens in the humoral and cellular immune response. Mycobacterium tuberculosis contains two copies of the hsp60
genes. The cognate partner of Hsp60 is the 10kDa protein, Hsp10 and exists in a single copy in M. tuberculosis. The
existence of a duplicate set of hsp60 genesin M. tuberculosis has been perplexing. Interestingly, both the Hsp60s of M.
tuberculosis have been shown to be highly antigenic in nature, eliciting strong B and T cell immune responses. Recent
work has shown interesting structural, biochemical and signaling properties of the M. tuberculosis Hsp60s. This review
details the recent developments in the study of the M. tubercul osis Hsp60s.
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I ntroduction

Cells from virtually all organisms respond to a variety
of stresses by effecting rapid synthesis of a highly
conserved set of polypeptides, termed as heat shock
proteins (Hsps). Most of these proteins are expressed at
significant levelsin all eukaryotic and prokaryotic cells
under normal conditions and are often essential for
cellular growth at physiologically relevant temperatures.
However, upon exposure to conditions of stress such as
hypoxia, nutrient deprivation, oxygen radicals, metabolic
disruption, viral infection, phagocytosis and
transformation, an increase in the synthesis of Hsps
occursin prokaryotes and eukaryotes [1-3]. As much as
15% of the prokaryotic cellular protein mass is
congtituted by Hspsunder stressconditions. Thisincrease
inthecellular content of Hsps enablesthe cellsto protect
themselves from the various lethal assaults.

Hsps serve to prevent protein misfolding and
aggregation in the crowded environment of the cell, thus
promoting efficient folding of many newly synthesized
proteins[4-6]. TheHspsareasoinvolved intrand ocation
of proteinsacrossdifferent cellular compartmentsaswell
as in the assembly of protein complexes. During
conditionsof stressthe Hsps stabilize and refold substrate
proteins that have been partialy denatured and guide
the irreversibly denatured substrate polypeptides to
degradation. The Hsps have thus been appropriately
termed as molecular chaperones.

In addition to their role as chaperones, Hsps have

been shown to play a variety of important roles in
immunity. For many pathogenic species, Hsps represent
prominent antigensin the humoral and cellular immune
response [7, 8]. In addition, these proteins also play an
important role in presentation of antigenic peptides to
the immune system [9]. Although Hsps are widely
distributed in nature, and are highly homol ogous among
different species, the extent of their immunogenicity is
different suggesting that the immunological properties
of Hsps are dependent on their sequence and structure.

Hspsthusplay adua roleinthecells, asantigensin
a wide spectrum of infections and as molecular
chaperones. This review details the biochemical,
structural and immunogenic properties of Hspsin general
and the Hsp60s of Mycobacterium tuberculosis in
particular.

Heat Shock Proteins and the Immune System

Hsps have been shown to play a variety of important
rolesinimmunity. The Hsp10, Hsp60, Hsp70 and Hsp90
classes play a key role in eliciting strong immune
responses in the host with the chaperonins, Hsp10 and
Hsp60, being the most potent stimulators of theimmune
system. Thedifferent rolesthat the Hsps play inimmunity
are discussed below.

Role asAntigens

Invasion of a foreign host by a pathogen results in
aterations in the cellular environment of both the host
and the pathogen. This results in an increase in the
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cellular content of Hsps within the pathogen. The host
reacts to the assault by pathogens by rapidly degrading
the foreign Hsps. The pathogen derived proteins are
degraded into peptides within the host antigen-presenting
cells (APCs) and are presented to the immune system.
Efficient presentation of the pathogen derived
determinants by host APCs therefore promotes
recognition of infected cells by the immune system [7,
8]. Since Hsps constitute the bulk of the proteins present
inthe pathogen upon infection, the Hsp-derived peptides
over-represent the repertoire of peptides presented to the
host immune system. The pathogen derived Hsp
determinants therefore form a major group of antigens
inducing strong humoral and cellular immune responses
from the host [8].

While the abundance of the pathogen derived Hsps
are responsible for eliciting strong immune response
from the host, the high sequence homol ogy that the Hsps
share across different species contributes to their strong
cross-reactivity. High conservation bestowsthe presence
of cross-reactive epitopes on different Hsps and is
responsi blefor the generation of immunol ogical memory
[10]. As a result, the immune system of an infected
individual is geared to react quickly to any subsequent
infections.

Among the members of the Hsp family that have
been described as dominant antigensin severa infectious
diseases are Hsp60, Hsp70 and Hsp90. Immune
responses to Hsp60 are frequently found in awide range
of microbial infections. This Hsp family has been found
to elicit humoral as well as cell mediated immune
responses. For example, direct involvement of Hsp60-
specific T cellshas been demonstrated in amurine model
of yersiniosis[11]. Inthiscase, CD4* of3-T cellsspecific
for Hsps mediate significant protection. Similarly, levels
of antibodies against Hsp60 were shown to increase
significantly after vaccination with a trivalent vaccine
against tetanus, diphtheria and pertussisin infants[12].
Therefore, the Hsp60 family isclassified asan important
immunological determinant in several pathogenic
organisms.

Hsp60 from various bacteria induce the release of
certain pro-inflammatory cytokines and adhesion
molecules. Chlamydia pneumoniae induces the
expression of adhesion molecules such as intercellular
adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) in human endothelial
cells[13]. C. pneumoniae al so stimulatesthe production
of pro-inflammatory cytokines such as Tumor Necrosis
Factor-o. (TNF-or) and interleukin-6 (I1L-6) uponinfection
of human monocyte derived macrophages [14].
Moreover, human Hsp60 has been shown to elicit apotent
pro-inflammatory response. The pro-inflammatory

response results in the induction of TNF-o. and Nitric
oxide (NO) formation in cells of the innate immune
systeminaToll likereceptor 4 (TLR4) dependent manner
thereby suggesting that Hsp60 also serves as a cell
signaling molecule [15].

Another member of the Hsp family that has been
shown to play a mgjor role in immunity is the 70kDa
heat shock protein, Hsp70. Increased antibody levelsto
Hsp70 have been identified in sera of patients suffering
from malaria, leishmaniasis, schistosomiasis, filiariasis
and candidiasis [16]. Responses to pathogen derived
Hsp70 are morerestricted and are sometimes exclusively
species specific. Moreover, recombinant Hsp70 has
recently been shown to up-regulate the expression of pro-
inflammatory cytokines TNF-a., interleukin-13 (IL-1B)
and IL-6 in human monocytes in a CD14 dependent
pathway, transduced by Toll like receptor 2 (TLR2) and
TLRA4 [17]. Thus, Hsp70 also constitutes an important
immunological determinant.

Similar to Hsp60 and Hsp70 families, Hsp90 has
been shown to be involved in elicitation of the immune
response. Hsp90-specific antibodies contribute to
protection against Candida albicans infection [18].
Hsp90 has also been shown to play acrucial rolein LPS-
mediated macrophage activation [19].

Interestingly, an immune network among Hsp60,
Hsp70 and Hsp90 has been shown to be responsible for
the T cell immunity in the arthritogenic response in
adjuvant induced arthritis [20]. Thus, due to their wide
distribution in nature and a high homology among
different species, Hspsrepresent important immunogenic
components of different pathogens.

Rolein Antigen Presentation

The Hsps mediate several other important roles that
engage theimmune system. Many Hsps have been shown
to be associated in vivo with alarge repertoire of cellular
peptides generated by degradation of proteins within a
cell. For example, during bacteria infection, host cells
are activated by the bacterial Hsp60 proteins that may
be secreted or expressed on the outer surface of bacteria
[21]. The host responds to this assault by producing
cytokines and other intercellular signals. Further, the
Hsp—peptide complexes are taken up by the APCs
through the cell surface receptors. The peptides thus get
presented by the Major-Histocompatibility Complex
(MHC) class | and class Il molecules resulting in the
stimulation of thehost T cells[9]. Further, recent studies
in murine tumor models have shown that transfection
with the mycobacterial Hsp60 reducesthetumorigenicity
of amurine macrophage tumor cell line. Hsp60 has thus
been suggested to play a role in delivery of
immunodominant tumor antigensto the cell surface[22].
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In addition to their role in T cell activation, the
mycobacterial Hsp60s activate the host B cellsto produce
antibodies. The various studies suggest that Hsps have
an interesting role as antigen presenters and carriers.

Vaccination with Hsps

As Hsps represent dominant antigens in numerous
microbial infections, a potential use of the pathogen
derived Hsps for vaccination has been suggested.
Different vaccination strategies using Hsps have been
successful in inducing significant protection in various
infectious disease models. Immunization of mice with
recombinant Hsp10 and Hsp60 from Helicobacter pylori
has been shown to protect the animal s against subseguent
infection and development of gastro duodenal disease
[23]. Similarly, protection against pulmonary
histoplasmosis was induced upon vaccination of mice
with recombinant Hsp60 from Histoplasma capsulatum
[24]. Protection has a so been achieved by administration
of naked DNA encoding the different Hsps. Mice
receiving plasmid DNA encoding mycobacterial Hsp60
showed partial protection against subsequent challenge
with M. tuberculosis [25]. Similar protection was
achieved with plasmid DNA encoding mycobacterial
Hsp70 [26]. Hsps thus appear to be potential vaccine
candidates due to their potent antigenic properties.

M. tuberculosis Hsps and the |mmune System

Tuberculosis, caused by M. tuberculosis, is the second
highest infectious cause of human mortality after HIV/
AlIDS and isresponsible for aimost 9 million new cases
and 1.6 million deaths [27]. Approximately one-third of
theworld’s population harbors M. tuberculosisand is at
arisk of developing the disease.

In mycobacterial infections, reactivity to Hsps has
been shown to predominate. Most of the antigens
identified upon mycobacterial infection or vaccination
in mice or humans are involved in the T cell response.
The 10 kDa heat shock protein (Hsp10) from M.
tuberculosis and Mycobacterium leprae has been found
to be strongly immunogenic and is an important T cell
antigen [28, 29]. The M. tuberculosis Hsp10 has been
shown to be one of the most abundant proteins found in
the bacterium culturefiltrates [30]. Thisprotein has been
postulated to be a major factor responsible for bone
resorption in Pott’s disease, one of the most striking
pathologies resulting from local infection with M.
tuberculosis [31]. It has been hypothesized that upon
secretioninto the extracel lular medium the mycobacterial
Hsp10 becomesavailablefor chelation of calcium at bone
joints resulting in an overall depletion of calcium ions
from the bone matrix and hence the severe deformities
in the bone [32]. In M. leprae, approximately one third
of the reactive T cells cross react with Hsp10. Among

the immune responses elicited against Hspl0 are
production of antibodies, T cell proliferation and delayed-
type hypersensitivity [33]. Recent structural studies have
mapped the immunodominant T cell epitopes of the M.
lepraeand M. tuberculosisHsp10[34-36]. Interestingly,
while the mycobacterial Hsp10s exhibit strong
immunogenicity, their homologuesfrom Escherichia coli
and humans do not elicit strong immune responses[37].
It is thus believed that conformational differences
between the mycobacterial and human Hspl0 are
responsible for differences in the immunoreactivity of
these proteins[32, 38, 39].

Themycobacterial Hsp70 isalso adominant antigen
during the human T cell response to infection despite
the conserved sequence with the human homologue. T
cell recognition of the M. leprae Hsp70 antigen occurs
in the context of multiple HLA-DR phenotypes and has
been shown to be species specific [40]. Moreover, the
mycobacterial Hsp70 has been proposed to be utilized
in subunit vaccine design since it contains avariety of T
cell epitopes presented with multiple HLA-DR molecules
[41]. Further, it has recently been revealed that the
mycobacterial Hsp70 impairs maturation of dendritic
cells from bone marrow precursors, induces IL-10
production and inhibits T-cell proliferationinvitro [42].
These results are suggestive of the role of the M.
tuberculosis Hsp70 in immunosuppression.

Interestingly, mycobacterial Hsps have also been
implicated in alarge number of autoimmune disorders.
Increased level s of antibodiesto Hsp60 of M. tuberculosis
have been demonstrated in various autoimmune disorders
such assystemic sclerosis, rheumatoid arthritis, psoriasis
and ankylosing spondylitis[43-45]. Similarly, Hsp10 has
been suggested to be an immunomodulator in
experimental arthritis. Mycobacterial Hspl10 has been
shown to delay the onset and severity of adjuvant induced
arthritis in rodents when administered after disease
induction [46]. These observed autoimmune responses
have been attributed to the extensive sequence homol ogy
between Hsps from M. tubercul osis and humans. Thus,
in addition to their role as antigens, the Hsps from M.
tuberculosis appear to suppress the immune system
probably by modulating T cell function.

M. tuberculosis Hsp60s and the | mmune System

The mycobacterial Hsp60s are known to be
immunodominant targets of the humoral as well as the
T cell response in mice and humans [3]. Hsp60-specific
antibodies have been detected in patients with
tuberculosis and leprosy, and also in mice after infection
with M. tuberculosis [16, 47]. In fact, the content of
Hsp60 proteins of M. tuberculosisincreases from 1-10%
or more under conditions of stress such as are likely to
occur during infection [33].
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Interestingly, M. tuberculosis genome codes for a
duplicate set of hsp60 genes, hsp60.1 and hsp60.2 with
the gene products designated Hsp60.1 and Hsp60.2
respectively [48]. Hsp60.2, also known as the 65kDa
antigen, wasfirst identified for itsrole in autoimmunity.
Earlier studies have shownthat, CD4* a3-T cellsspecific
for the mycobacterial Hsp60 are present in patientswith
leprosy or those vaccinated with Mycobacterium bovis
Bacille Calmette-Guerin, the BCG vaccine [49].
Surprisingly, about 20% of al mycobacterium-reactive
CD4* af-T cells in mice immunized with killed M.
tuberculosis have been observed to be specific for
Hsp60.2 [50]. Hsp60.2 is also a very potent cytokine
inducer and stimulates the synthesis and secretion of a
range of pro-inflammatory cytokines and the anti-
inflammatory cytokine IL-10 [51]. Moreover, Hsp60.2
plays a mgjor role in autoimmunity and arthritis and as
anantigen of yo-T cells[52]. Thisprotein has been shown
to activate human peripheral blood mononuclear cells
in a CD14 independent mechanism. Thus, the various
studies suggest a protective role for Hsp60.2-specific T
cells in mycobacterial infection.

Similar to Hsp60.2, the second copy of Hsp60in M.
tuberculosis, Hsp60.1, was recently shown to result in
the production of a large number of potent pro-
inflammatory cytokines including IL-13, TNF-o., IL-6
and IL-12. This protein is able to stimulate human
peripheral blood mononuclear cells to synthesize and
secrete cytokines in a CD14 dependent manner [51].
Interestingly, the Hsp60s from M. tuberculosisare highly
potent immunogens, unlike their homologs from E. coli
or humans. However, reasons for the difference in the
immunogenicitiy among these homologous Hsp60s
remains unknown.

Earlier studiesreveaed that the hsp60.1 gene of M.
tuberculosis has evolved considerably more rapidly at
non-synonymous nucleotide sites than the hsp60.2 gene
[53]. Since, this difference is not seen at synonymous
sites, it has been speculated to be due to a differencein
selective constraint on the proteins encoded by the two
genes, rather than to adifference in mutation rate. The
differences between Hsp60.1 and Hsp60.2 have been
observed to bestriking in the regions containing epitopes
recognized by T cells of thevertebrate host. It has thus
been suggested that these differences are correl ated with
differencesin the manner in which the duplicate Hsp60s
of M. tuberculosisinteract with the host immune system
[53].

M. tuberculosis Hsp60s as Potential Vaccine
Candidates

Currently, the only available vaccine against tuberculosis
is the M. bovis BCG vaccine. The extent of protection
offered by BCG against tuberculosis is currently

intensely debated, thus soliciting search for a better
vaccine. Hsps of mycaobacteria have been shown to be
potential candidates in the development of subunit
vaccines. Recently, promiscuous epitopes from the
mycobacterial Hsp60 were identified. These epitopes
were responsible for recognition by the CD4* T cellsin
association with the HLA-DR molecules [54]. These
have thus been implicated in the design and devel opment
of vaccine against mycobacterial diseases. Immunization
with the mycobacterial Hsp60.2 antigen induces
protection against M. leprae and M. tuberculosis in
mouse models of infections [55, 56]. In addition, DNA
vaccinationin micewith M. tuberculosis Hsp60.2 antigen
has been shown to provide protection against challenge
with M. tuberculosis [57].

Mycobacterial Hsp70 has also been shown to act as
avaccine vehicle capable of eliciting both humoral and
cell-mediated immune response. Importantly, Hsp70
fusion proteinsinduced these immune responses without
adjuvants thus suggesting that Hsp70 functions as an
exceptionally powerful carrier, capable of eliciting both
T cell and B cell responses [58].

It is thus clear that Hsps play an important role in
host immunity and pathogen virulence. Bacterial Hsps
induce expression of pro-inflammatory cytokines and
intercellular cell adhesion molecules on host endothelial
cells. In addition, these proteins promote antigen
presentation to the immune system by chaperoning
peptides to the antigen presenting cells. These
immunoregulatory activities are observed due to the
secretion of the Hsps to the extracellular matrix of the
cell. However, Hsps are essentially intracellular
molecules possessing a range of housekeeping and
cytoprotective functions. Within the cellular
environment, the Hsps interact with the unfolded or
misfolded polypeptides and prevent their aggregation.
Thus, intheintracellular matrix, Hsps play an important
role as molecular chaperones and promote the correct
folding and assembly of other cellular proteins under
normal and stress conditions.

Heat Shock Proteins as Molecular Chaperones

The classic experiments of Anfinsen and his associates
established that the primary sequence of a polypeptide
contains all the information needed for a polypeptide to
fold into its native, fully active, tertiary structure [59].
However, certain polypeptides need additional steric
information from other proteinsin order to fold properly.
This is especially true under physiologic conditions
inside the cell where the folding process for many
proteinsis prone to production of avariety of misfolded
speciesand aggregates. Thus, withinacell, severa helper
proteins play essential rolesin enabling polypeptidesto
reachtheir biologically active state[4-6]. The specialized
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proteins, known as molecular chaperones, prevent the
aggregation of newly synthesized proteins and
circumvent any off-pathway folding intermediates.

Molecular chaperones are protein machines that
recogni ze non-native states of other proteins. Chaperones
bind to hydrophobic regions of the substrate polypeptides
that might become exposed during their synthesis and
folding under normal growth conditions [60]. Thus, by
controlled binding and rel ease, the molecular chaperones
assist the substrate proteins to fold properly [5]. While
molecular chaperones assist the non-covalent assembly
of proteins in vivo, they themselves are not permanent
components of these proteins [61].

Role as molecular chaperones

During normal conditions of growth, several Hsps play
an important role as molecular chaperones and aid the
folding, assembly and transport of proteins within the
cell. However, during stressthe Hsps are over-expressed
and areinvolved in binding and stabilizing other cellular
proteins at intermediate stages of folding and assembly.
Thus, the Hspsfunction to promote protein folding within
the cell both during normal and stress conditions by
preventing the misfolding and aggregation of the
substrate polypeptides.

Several classes of Hsps function as molecular
chaperones. The Hsp60 and Hsp70 classes of chaperones
are a family of highly conserved ATPases found in
prokaryotes as well as in eukaryotes. The Hsp60
chaperones are essential for the survival of cellsin al
conditions of growth. These proteins occur as large
cylindrical protein complexes composed of two stacked
ringsof 7-9identical or closely related subunits. Hsp60s
promote the proper folding and assembly of cellular
proteins by enclosing the substrate polypeptide in their
large cylindrical cavity in an ATP dependent manner.

Hsp70s play essential roles under normal cellular
conditions, including de novo protein folding, membrane
translocation, disassembly of oligomeric protein
structures, facilitating proteol ytic degradation of unstable
proteins as well as controlling the biological activity of
certain regulatory proteins and transcription factors [6].
Under conditions of stress the Hsp70 proteins prevent
aggregation and assist refolding of misfolded proteins
[62]. Hsp70isaided initsrole asamolecular chaperone
by the co-chaperones, Hsp40 and GrpE. The major
function of the Hsp70-Hsp40-GrpE system isto prevent
the premature misfolding of growing polypeptide chains
on ribosomes.

Hsp90 is an abundant cytosolic protein present in
both prokaryotes and eukaryotes. Levels of Hsp90
amount to as much as~1% of soluble proteinsin the cell
even in unstressed conditions. This proteinis postul ated

to have an ATP dependent role in the refolding of
misfolded proteinsthat accumulatein responseto various
stress conditions.

Hsp60s as molecular chaperones

One of the best characterized molecular chaperones is
the bacterial Hsp60 from E. coli, also known as GroEL .
GroEL was originally identified as the host factor
responsiblefor phage A and T4 capsid proteins assembly,
and was subsequently shown to be essential for cell
viability [63, 64]. Under normal conditions, GroEL aong
with its co-factor GroES, the 10kDa heat shock protein
from E. coli, assists folding of about 10 to 15% of the
cytosolic proteins, among which some are known to be
essential for cell viability [4, 65-67]. During conditions
of stress however, more than 30% polypeptide chains
interact with GroEL for proper folding [67].

GroEL exists as a homo-tetradecamer forming two
isologous rings of seven identical subunits each and
harbours a large central cavity where the substrate
proteins are sequestered for proper folding [68-70].
GroES, on the other hand, exists as a heptamer of seven
identical subunits. GroES adopts a dome-like structure
that can bind to either of the GroEL ringsto form acap
on the central cavity [69, 71-73]. During the protein
folding cycle, GroEL prevents aggregation of
polypeptides by binding to collapsed, partialy structured
folding intermediates in the central channel. Further,
GroEL facilitates substrate folding within the central
cavity in the presence of ATP resulting in the
polypeptides achievetheir native state[74]. Thefraction
of polypeptides that fails to reach a committed state
rebinds to GroEL for another attempt at folding.

GroEL-GroES Complex and the Protein Folding
Cycle

Structural and biochemical studies, combined with
electron microscopy, have revealed a wealth of
information about the structural composition and the
functional cycle of GroEL [74-76]. GroEL exists as a
cylindrical complex with fourteen subunits assembled
into two heptameric rings stacked back-to-back to form
the native tetradecameric assembly (Fig. 1). The GroEL
subunits exhibit a three-domain architecture with the
distinct domains termed as the equatorial, intermediate
and apical domains[75, 77].

The equatorial domain is the largest of the three
domains and is highly a-helical and well ordered. This
domain provides most of the intra-ring and al of the
inter-ring contacts across the equatorial plane. The
equatorial domain harbours the ATP binding site and is
responsible for the AT Pase activity essential for protein
folding. Theapical domainisresponsiblefor interactions
with GroES and the substrate polypeptides. Thisdomain
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Fig. 1. Structure of the asymmetric GroEL-GroES complex from E. coli GroESis shown in green. The GroESbound ring is known as
the cis-ring while the other isreferred to as the trans-ring. The apical, intermediate and equatorial domains of GroEL are colored
purple, blue and pink respectively. Figure generated using coordinates of 1aon from PDB [75]

possesses an intrinsic flexibility that is functionally
necessary to accommodate binding of alarge variety of
different polypeptides in the central channel. The
intermediate domain is the smallest and forms the link
between the apical and equatorial domains. The
intermediate domain formsamajor scaffold for alosteric
communication between the equatorial and apical
domains, either within a single subunit or through non-
covalent contacts between different subunits.

The Hspl0 of E. coli, GroES, exists as a heptamer
and adopts a dome-like structure, 70-80A in diameter
[69, 71-73]. The GroES heptamer can cap either one or
both ends of GroEL resulting in either an asymmetric
(GroEL,,:GroES,) [75] or a symmetric (GroEL ,):
(GroEs,), complex [78]. The GroES monomer consists
of a highly conserved hydrophobic core arranged in an
irregular B-barrel with a B-hairpin extending from the
top, named the domeloop [38, 79]. In addition, asecond
loop, known as the mobile loop, interacts with a GroEL
subunit, in a 1:1 stoichiometry with residues in the
GroEL’s apical domain. Both the loops are highly
disordered and flexiblein the unbound GroES; however,
the mobile loop becomes highly structured upon
interaction with GroEL [80].

GroEL interacts with GroES to form the GroEL-
GroES complex and facilitates protein folding in an ATP

dependent manner. Interaction of GroES with one of the
GroEL rings leads to the formation of the asymmetric
complex, with the GroES bound ring referred to as the
cis-ring and the unbound ring known asthetrans-ring. As
per the current understanding of the protein folding cycle,
GroEL functions as a two-stroke engine whereby the
binding and hydrolysisof ATP by one GroEL ring controls
the release of GroES from the opposite ring [81, 82].

GroEL hasahigh affinity for thenon-native polypeptide
subgtrates. During the protein folding cycle the unfolded
protein first bindsto one of the GroEL rings[81, 82]. Next,
ATP binds with positive co-operativity to the same ring
producing an atered conformation with reduced substrate
afinity. Subsequently, the ATP-bound ring rapidly binds
GroES resulting in a massive conformation change in the
cis-ring leading to the folding of the substrate inside the
chamber and ATP hydrolysis. Following ATP hydrolysisin
the cis-ring, ATP binds to the trans-ring thus priming the
release of GroES and the trapped substrate from the cis-
ring. The next protein folding cycle then begins when a
new substrate gets encapsulated in the trans-ring and the
second GroES associates with the trans-ring of GroEL to
form anew cis-ring. In brief, GroES binds to each ring of
GroEL aternatively (two stroke model) and promotes
proteinfolding with the centra cavity of the GroEL-GroES
complex.
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Although well established afew studies have debated
this model of protein folding. A recent study showed
that protein folding in the GroEL -GroES complex might
occur in both therings simultaneously. As per thismodel,
binding of two substrate proteinsin the rings of GroEL,
their folding and the subsequent release of the folded
proteins into solution occurs simultaneously [83]. Thus,
despite studies over the past several years, the protein
folding cycleby the GroEL-GroES complex still remains
to be completely understood.

M. tuberculosis Hsp60s as M olecular Chaperones

A single copy of the hsp60 gene has been reported in
most of the eubacteria with the gene arranged on the
bicistronic groESL operon along with hsp10. This
operonic arrangement allows a co-ordinated expression
and regulation of the two genes by several promoter
elements.

Intriguingly, recent annotation of several genomes
has identified multiple copies of the hsp60 gene within
an organism [84-86]. Thiswasfirst reported by Mazodier
et al. [87] who showed the presence of two hsp60 genes
in Sreptomyces albus of which only one, named groEL 1,
was adjacent to an hsp10 gene. Such multiple copies of
hsp60 geneswere confirmed in 12 Streptomyces species.
L ater studiesreveal ed that the presence of multiple copies
of hsp60 was not restricted to Sreptomyces alone. Two
hsp60 genes were found in the genome of M. leprae[88]
as also in M. tuberculosis [48]. This existence of a
duplicate set of hsp60 genes on the genome is common
to the mycobacterial class.

The two copies of the hsp60 in M. tuberculosis are
designated as hsp60.1 and hsp60.2. hsp60.1 is arranged
on the groESL operon with hspl0 while hsp60.2 exists
separately on the genome [48, 89]. The two hsp60 genes
bear ~66% sequence identity; with the gene products
displaying 61% sequence identity and 76% sequence
similarity. Upon comparison with other members of the
Hsp60 family, the M. tuberculosis Hsp60.2, consistently
shows 5-10% greater sequence identity and similarity
than Hsp60.1. Hsp60.1 and Hsp60.2 display 53% and
59% sequence identity and 70% and 76% similarity to
the E. coli GroEL, respectively.

The E. coli GroEL is known to be essentia at all
temperatures of growth [64]. Ubiquitous presence of
Hsp60s and their high conservation suggests a similar
indispensable role that these proteins play in al life
forms. A high sequence similarity that M. tuberculosis
Hsp60s exhibit with GroEL, suggests that these might
also perform similar role in this organism. Recent
biochemical and structural characterization of the M.
tuberculosis Hsp60s reveal ed interesting features of the
two proteins. Qamra et al. [90] showed that the two

Hsp60s are distinct from the canonical Hsp60s as both
the proteinsdid not form atetradecameric assembly. The
proteins rather existed as dimers under a variety of
conditionsinvitroand in vivo. Similar to M. tuberculosis,
plant chloroplasts also possess two copies of Cpn60s.
Interestingly, these are known to form a hetero-
oligomeric assembly [91]. Reconstitution of the two M.
tuberculosis Hsp60s into a hetero-oligomer, however,
failed to ater the oligomeric state of the reconstituted
proteins. Thus, the M. tuberculosis GroEL homologues
behave as dimeric proteins, unlike their E. coli
counterpart [90].

Closer analysis of the sequence and structural
features revealed that many of the highly conserved
residues among Hsp60s were different in the M.
tuberculosis proteins. Interestingly, several of these
aterations were observed to occur at the interface of
Hsp60.1, at positionsimportant in maintaining the inter-
subunit interactions. Further, mutational analysis showed
that the dimeric state of existence of the M. tuberculosis
Hsp60s was a result of the natural differences in the
residues at the oligomeric interface of Hsp60.1 [90].
Interestingly, crystal structure analysis of Hsp60.2
confirmed the existence of this protein as a dimer (Fig.
2) [92]. Since the current understanding of the Hsp60
function assumes a strict oligomeric assembly (a
tetradecameric state) of GroEL asthe functional unit for
protein refolding [93, 94], existence of the M.
tubercul osis Hsp60s as dimerswas surprising. However,
thefunctional relevance of the dimeric states of Hsp60.1
and Hsp60.2 from M. tuberculosis was understood in
light of the other important features observed in the two
proteins and is discussed below.

In addition to the absence of the tetradecameric state,
an important feature observed about the M. tuberculosis
Hsp60s was the loss of the most crucia activity for
protein folding, the ATPase activity [90]. Interestingly,
however, despite the loss of the canonical oligomeric
state and ATPase activity, the M. tuberculosis Hsp60s
retained their ability to suppress aggregation of substrate
proteins, although to a reduced extent in comparison to
the E. coli GroEL . Remarkably, the protein folding ability
of the M. tuberculosis Hsp60s was independent of the
presence of the co-chaperonin, GroES[90]. Thisfeature
of the M. tuberculosis Hsp60s was unlike the canonical
GroEL homologues which exhibit a strict requirement
of GroES during the protein folding cycle.

The extent to which the two Hsp60s suppressed
aggregation was different. The study indicated that
Hsp60.1 was more potent in preventing aggregation than
Hsp60.2. For substrate proteins such rhodanese, Hsp60.2
was ableto bind the protein reversibly, hence giving them
a chance to fold to their native conformation. Hsp60.1,
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Fig. 2. Mode of dimerization of the M. tuberculosis Hsp60.2 Dimerization of Hsp60.2, showing the inter-monomer association mediated
via the apical domains. The two monomers are indicated in pink and green. A, | and E represent the apical, intermediate and equatorial

domains respectively

on the other hand, was suggested to remain tightly bound
to the substrate protein, thereby preventing it from
aggregation but not favoring its refolding to the native
state. Substrates such as citrate synthase, on the other
hand, were observed to refold more efficiently by
reversibly binding to the Hsp60s [90]. Intriguingly,
Santosh et al. (personal communications) have used the
directed evolution approach to study the oligomeric state
of the M. tuberculosis Hsp60s and have demonstrated
that the much reduced chaperoning ability of the M.
tuberculosis Hsp60s is indeed due to their inability to
form canonical tetradecamers. They further illustrate that
E. coli GroEL loses its chaperonin activity by atering
its oligomerization capabilities. Thus, the mode of
protein refolding in the M. tubercul osis Hsp60s appears
to be different from the canonical protein folding cycle
established for the E. coli GroEL.

Crystal structure analysis of Hsp60.2 showed that
hydrophobic regions of the equatorial and apical domains
remain exposed to the solvent (Fig. 3). Sinceit isunusual
for proteins to expose hydrophobic regions, these
exposed regions were speculated to have functional
significance. In E. coli GroEL, the hydrophobic residues

of the apical domain are known to bind unfolded
polypeptides in the central cavity. The corresponding
exposed residuesin Hsp60.2 were suggested to similarly
bind unfolded polypeptidesand prevent their aggregation
and misfolding. Intriguingly, Hsp60.1 has been shown
to be more potent in preventing aggregation of substrate
proteins than Hsp60.2 [90]. As Hsp60.1 also exists as a
dimer, the mechanism of binding of the substrate
polypeptides might be similar to that observed for
Hsp60.2. Thus, the two Hsp60s of M. tuberculosis have
been suggested to bind the unfolded substrate
polypeptides through exposed hydrophobic regions and
prevent their aggregation in an AT P-independent manner.

The ability of M. tuberculosis Hsp60s to promote
refolding in the absence of ATP was similar to that
observed for other known chaperones. For example,
functionally active monomeric minichaperones
containing part of the polypeptide binding domain of
GroEL areknownto be effectiveinvitro andin vivo [96,
97]. Also, monomeric Hsp60 from Thermusther mophilus
has been shown to possess the ability to suppress
aggregation and promote protein folding with no
requirement for ATP or Hspl0 [98]. Thus, M.
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Fig. 3. Comparison of surface properties of the M. tubercul osis Hsp60.2 monomer with those of the E. coli GroEL monomer hydrophobic
regions exposed on the surface of GroEL and Hsp60.2 are indicated in green. While in GroEL, hydrophobic surfaces of a monomer bury
upon oligomeric assembly of the protein, in Hsp60.2 these regions remain exposed even upon dimerization. The regions might thus serve
to bind non-native polypeptides preventing their aggregation. This Figure was generated using GRASP [95]

tubercul osis Hsp60s too, in asimilar fashion might have
evolved to function in the lower oligomeric state with
no ATP requirement.

Judicial utilization of energy sources in a cell is
important to an organism for its survival. The protein
folding cycle by the Hsp60s in al life formsis an ATP
dependent pathway utilizing seven ATP molecules in
each reaction cycle [99]. Ability of an organism to
promote protein folding without energy utilization would
prove to be economical. It has thus been hypothesized
that the slow metabolic rate and hence a high demand of
energy in M. tubercul osis have led the pathogen to devise
an aternate route to protein folding. Hsp60s, through
such aroute, continue to fold substrate proteins within
the cytosol sparing ATP for other crucia processes of
the cell. It is pertinent to note in this context that other
ATP-dependent enzymes, such as RecA, also have
reduced ATPase activity in M. tuberculosis[100]. Further
analysisof therole of GroEL homologueswould lead to
abetter understanding of theimportance of the presence
of two Cpn60sin M. tuberculosis.

A recent study shows the presence of the
mycobacterial Hsp60s in the plasma membrane fraction
although the major functional role of these proteinslies
in the cytosol [101]. Moreover, various other reports
suggest alternativerolesfor the GroEL homologues. For
example, a GroEL homologue in Buchnera, an
intracellular symbiotic bacterium of aphids, is not only

amolecular chaperone but also aphosphocarrier protein,
suggesting that the protein plays a role in a signal
transducing system [102]. The M. leprae Hsp65
(Hsp60.2) has been shown to display proteolytic activity
that is catalytically related to the Hd VU protease [103].
By similarity, the M. tuberculosis Hsp60.2 too may have
gained such arole.

Interestingly, the two Hsp60s of M. tubercul osishave
also been implicated in eliciting immune responses in
the host [51, 104]. One of the functions attributed to
Hsp60s is to bind cellular peptides. Hsp60s in complex
with the bound peptides are taken up by the APCs and
after intracellular processing the peptides get presented
to the host T cells via the MHC molecules [9].
Intriguingly, the hydrophaobic patches revealed on the
protein surface of Hsp60.2 have been implicated in
possibly binding unfolded polypeptides[92]. It hasthus
been hypothesized that Hsp60.1 and Hsp60.2 might bind
antigenic peptides on the protein surface viathe exposed
hydrophobic patches and act astheir vehicles presenting
the peptidesto the T cell receptors [105].

Conclusions

The M. tubercul osis Hsp60s have previously been shown
to be secreted in the extracellular environment although
their role as molecular chaperones is limited to the
cytosol [106]. Their existence in extracellular
environment is suggestive of a possible alternate
function. Interestingly, there has been a speculation of
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the functional divergence of M. tuberculosis Hsp60s
through bioinformatics analysis due to the duplication
of the hsp60 gene [107]. This has further been
corroborated by a recent study which showed that the
hsp60 gene has undergone multiple events of gene
duplication followed by sequence divergence. The study
reveal ed that functional variations by Hsp60s have been
acquired by incorporating chemically dissimilar
substitutions at functionally important residue positions
[108]. It is thus possible that both the M. tuberculosis
Hsp60s have moonlighting functions.

Various studies in the past suggest that the M.
tuberculosis Hsp60s are unique among the Hsp family
and have important roles in different physiological
aspects. Our recent studies showed that the Hsp60sfrom
M. tuberculosis exist as dimers and exhibit loss of the
crucial ATPase activity. However, the proteins retained
their chaperoning ability although to areduced extent in
comparison to the canonical GroEL [90, 92]. It wasalso
shown that the hydrophobic regions exposed on the
surface of the M. tuberculosis Hsp60s were possibly
involved in the chaperoning function, unlike that
observed in GroEL. The earlier paradigm of the protein
folding cycle by Hsp60s and its strict dependence on
ATP and the partner, Hsp10, thus does not appear to hold
for the M. tuberculosis Hsp60s.

Interestingly, both the Hsp60s in M. tuberculosis
differ in their rolesin pathogenesis[109]. In the closely
related Mycobacterium smegmatis genome, hsp60.2 has
been shown to be an essential gene whereas hsp60.1 has
been predicted to be non-essential [110]. Intriguingly, a
recent study revealed the ability of the M. tuberculosis
Hsp60.1 to bind DNA at the CIRCE elements and possess
important regulatory functions (Basu and Mande,
personal communications). Further, Hsp60.1 has been
shown to play animportant rolein the cytokine dependent
granuloma formation in M. tuberculosis [111]. M.
tuberculosis Hsp60.1 has al so been shown to be apotent
and novel inhibitor of osteoclastogenesis both in vitro
and invivo and apotential therapeutic for boneresorptive
diseases like osteoporosis [112]. It thus appears that
Hsp60.2 is the molecular chaperone in M. tuberculosis
while Hsp60.1 continues to diverge to evolve other
alternate roles.

The two Hsp60s of M. tuberculosis show very
distinct biochemical and structural properties in
comparison to the canonical Hsp60s. Moreover, the cell
signaling properties of the two Hsp60s are also different
in terms of potency and cellular receptors, despite high
sequence similarity [51]. Thus, studiesin the past reveal
that minor alterations in the sequence can result in
profound and distinct effects on the biological activities
of the M. tuberculosis Hsp60s. It therefore becomes

important to study the mode by which the protein
sequence and hencethetertiary and quaternary structures
confer unique biological properties to these
mycobacterial proteins. Further, with the wide variety
of aternate functions that have now become apparent
for the M. tuberculosis Hsp60s and the differences
exhibited by the two Hsp60s, it becomes important to
understand the association of the Hsp60s with the other
cellular proteins at the structural and functional level to
gain further understanding of their importance in the
pathogen’s physiology.
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