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Abstract 
      The Hsp60 family proteins, also known as 
“chaperonins”, are a highly conserved subgroup of
molecular chaperones found in all organisms with 
many species having multiple forms. This family 
includes the bacterial GroEL, mitochondrial Hsp60, 
plastid Rubisco subunit binding protein, 
archaeagroup II chaperonins and eukaryotic cytosolic 
TCP-1 proteins. These proteins are usually expressed 
constitutively but some of these are also stress 
inducible. Apart from being essential for correct 
folding of the nascent polypeptides, Hsp60 proteins 
have critical roles in sorting/refolding and stabilizing 
proteins denatured during stress. Likewise, the 
cytosolic Hsp60/TCP-1 complex is vital for the folding
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and assembly of tubulin and actin cytoskeletal components. Besides the 
chaperoning activities, Hsp60 family proteins have important roles in 
immunity, cell signaling, apoptosis and fertility. Multiple forms of Hsp60 
family proteins in different species have acquired novel functions that appear 
to be independent of their basic chaperoning activities. Hsp60, thus, is a 
typical example of “moonlighting proteins” essential for life as well as death 
of the cell. 
 
Introduction 
 Heat shock genes and heat shock proteins (Hsps) have continued to be 
fascinating models for studies on of transcriptional regulation, stress response, 
protein folding and evolution since their discovery [1,2]. In addition to being 
induced by heat shock and other abiotic and biotic stresses, most Hsps are 
present even under normal conditions [3,4]. These constitutively expressed 
Hsps make upto 5-10% of the total cellular proteins. The Hsps facilitate and 
stabilize macromolecular structures by their activities as molecular chaperones 
[5] that assist the folding of nascent polypeptides and refolding of denatured 
proteins or which function as proteases for degradation and removal of 
denatured/misfolded proteins [6,7,8,9]. In general, chaperones function as 
oligomers or complexes of chaperones, co-chaperones, and/or nucleotide 
exchange factors. Because of their involvement in diverse essential cellular 
functions like metabolism, growth, cellular signaling, fertility, differentiation 
and programmed cell death, Hsps are examples of moonlighting proteins. They 
also influence activation of enzymes and receptors [10]. Therefore, Hsps or 
chaperones are essential “molecules of life”. The Hsps are broadly classified, 
on the basis of their apparent molecular weights, amino acid sequences and 
functions [11] into seven families, viz., Hsp110/Hsp100, Hsp90, Hsp70, 
Hsp60, Hsp40, small Hsps (sHsp) and Hsp10. In the present chapter, we 
briefly describe the functions of the chaperonins or the Hsp60 family proteins 
and examine their “moonlighting” or non-chaperonic functions. Their roles as 
chaperones have been reviewed extensively [6,7,8,9,12]. 
 
General features of Hsp60 or chaperonins 
 The Hsp60 family includes bacterial GroEL, mitochondrial Hsp60, plastid 
Rubisco subunit binding protein, archaea group II chaperonins and eukaryotic 
cytosolic TCP-1 proteins which are generally constitutively expressed but 
some are stress inducible as well [13,14]. They are commonly called 
“chaperonins” [15]. The mammalian Hsp60 (also called CPN60) was first 
identified as a mitochondria-associated protein whose mutation conferred 
resistance to anti-mitotic drugs [16,17]. The Hsp60 family proteins are a well-
characterized, highly conserved sequence-related subgroup of molecular 
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chaperones, found in all organisms from bacteria to human, with many species 
showing multiple forms. The only organisms known to lack Hsp60 are 
microsporidia and mycoplasma group parasites, which have very small 
genomes [18,19]. The eukaryotic Hsp60 family includes the organelle Hsp60 
(GroEL homolog) and the cytosolic TCP-1 (also called TriC, CCT or c-cpn). 
All of them form oligomeric complexes of 50 to 65kDa Hsp60 family 
polypeptides [20,21,22,23,24,25,26,27,28,29,30].  
 The Hsp60 chaperonins assist correct folding of most proteins in the cell 
under both normal and stress conditions. It is estimated that under normal 
growth conditions in bacteria, GroEL folds 10-15% of all cytoplasmic proteins 
and under heat stress, this increases to ~30% [31,32]. Chaperonin mediated 
folding is achieved by sequestration of the misfolded protein in a secluded 
hydrophobic environment of oligomers of Hsp60 subunits associated with 
Hsp10 [6,33].  
 The higher order structure of Hsp60 chaperoning complexes is well 
studied. These ring-shaped oligomeric complexes are composed of fourteen 
60kDa subunits, which are arranged in two stacked heptameric rings to form a 
barrel like structure with a large central cavity in which the unfolded protein 
substrate binds via hydrophobic interactions [34,35]. To be functional, the 
Hsp60 oligomers associate with chaperonin 10 oligomers. Chaperonin 10 
forms single-ring heptamers that have a dome-like structure [36,37,38,39]. 
When ATP is bound to Hsp60, the chaperonin 10 forms a lid on top of the 
barrel structure [40,41] causing the central cavity to enlarge to provide 
appropriate conditions for protein folding. Each GroEL/Hsp60 polypeptide has 
three domains (Fig. 1), viz., an apical domain, which facilitates the binding of 
the substrate as well as the co-chaperone GroES, an equatorial domain, which 
contains a binding site for ATP and the contacts for ring binding, and the 
intermediate domain, which acts as a hinge to bring about conformational 
changes following ATP binding [6]. When the surface is in hydrophobic state, 
the protein substrate can bind to GroEL, thus preventing its misfolding or 
incorrect association of the substrate with other proteins. Binding of ATP with 
GroEL opens the hinge and alters the substrate-binding surface such that it 
becomes hydrophilic and the protein substrate is released [6,12,43,44].   
 The cytosolic TCP-1 complex is critical for maintenance of cellular 
architecture. The first indication of this function came from the presence of an 
abnormal cytoskeleton in a cold sensitive TCP-1 mutant in yeast [45]. Eight 
TCP-1 family genes are known in Saccharomyces cereviseae and at least four 
of these genes, TCP1, BIN2, BIN3, and ACN2 (or CCT1-CCT4), are 
necessary for normal functions of tubulin and actin [46,47,48,49,50]. All the 
bin (binucleate) mutants display defects in microtubule and actin assembly 
[46]. The different TCP-1 members in yeast have evolved to perform separate 
functions since mutant alleles of these genes do not complement each other [46]. 
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Figure 1. Predicted 3D-structure of one of the Hsp60 proteins (Hsp60C) of Drosophila 
melanogaster, generated with 3D-PSSM [42], showing the three characteristic GroEL 
domains.  
 
In vitro [51] as well as in vivo [52] studies show that nascent tubulin and actin 
polypeptides enter a 900 kDa TCP-1 complex and emerge as assembly-
competent forms. While additional protein cofactors are required for the 
folding of α and β tubulin, only TCP-1 complex can fold the actin [53,54]. 
Besides the α and β tubulins and actin, TCP-1 complex is also critical for 
folding of centrosome related proteins like γ-tubulin and centractin [27]. 
Continuous presence of tubulin and actin in the TCP-1 complexes suggests that 
they are its major substrates [51,52]. TCP-1 subunits selectively bind with F-actin 
at the microfilament assembly site [55,56,57]. Unlike the archetypal GroEL 
chaperonin, which has a rather general range of substrates [14], the main 
substrates in vivo of TCP-1 seems to be the major cytoskeletal proteins like 
actin and tubulin [52]. However, some other reports [58,59,60,61] have 
suggested a wider range substrates for eukaryotic TCP-1 proteins. The preference 
of TCP-1 complex for cytoskeleton proteins seems to be related to the presence 
of abundant proline and other hydrophobic residues in the β-tubulin peptide, 
which may provide a region for its binding with the TCP-1 complex [62]. All 
the cytoskeletal components that interact with TCP-1 complex, share a high 
sequence homology in a carboxy-terminal peptide with that in the TCP-1 
proteins. These sequences appear to explain specificity of association of the 
nascent substrate with the TCP-1 and the displacement of the chaperone from 
the substrate as its synthesis progresses [63]. However, a more complex mode 
of interaction of TCP-1 and actin during folding has also been suggested [64].  
 The TCP-1 complex is also associated with tubulin during its transport 
along neurites [55,65]. The CCTα component of TCP-1 complex enters 
neuritic processes and co-localizes with G-actin at the leading edge of the 
growth cone, while CCT-β, ε and γ remain largely in the perikaryal cytoplasm 
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[55]. In Tetrahymena, TCP-1 subunits and tubulin are co-synthesized during 
cilia recovery [66]. Our studies in Drosophila melanogaster (Sarkar and 
Lakhotia, in preparation) also suggest a role for of Hsp60 in maintenance of 
cytoskeletal integrity (see later). The TCP-1 complex medulla cells has been 
identified as chromobindin A, which associates with the chromaffin granules 
and thus seems to have a role in vesicle transport and/or fusion [67]. 
 

Non-chaperone activities of Hsp60 family members 
 Initial studies on Hsp60 chaperonin in animal cells established this protein 
to be localized to the mitochondrial matrix [16]. However, the variety of 
cellular activities performed by Hsp60 family proteins is inconsistent with an 
exclusive mitochondrial location of Hsp60. The first indication of non-
chaperone activities of Hsp60 followed the observation that cells could be 
activated to synthesize and secrete cytokines if Hsp60 was delivered onto their 
external surfaces [68,69]. It was estimated that in a variety of cells and tissues, 
15-20% of Hsp60 reactivity is present at discrete extra-mitochondrial sites, 
including the cell surface, unidentified cytoplasmic vesicles and granules, 
peroxisomes and endoplasmic reticulum and in zymogen granules of 
pancreatic acinar cells, on the surface of human endothelial cells and in 
circulating serum [17,70,71,72,73,74,75]. Hsp60 is also highly expressed in 
germ cells of several organisms [76,77,78,79,80,81]. Further, the Hsp60 
members have been shown to participate in a variety of other activities, like 
amino acid transport, signal transduction, peptide presentation etc 
[8,82,83,84,85,86]. Mutations in Hsp60 family members are also known to 
cause several genetic diseases [87,88]. These diverse observations suggest 
multiple roles of Hsp60 family proteins independent of their chaperonic 
activities. These are considered below. 
 

Hsp60 in immunity and cellular signaling  
 Prior to the discovery of a protein-folding role for bacterial Hsp60, it was 
identified as a ‘common antigen’ [74,89,90]. GroEL is highly immunogenic 
and is capable of eliciting innate as well as acquired immune responses in the 
host. Stefan et al [91] showed that following infection of mice with 
Mycobacterium tuberculosis, one fifth of T-cells were reactive to the bacterial 
Cpn60.2. Moreover, children immunized against DPT (Diphtheria, Pertussis, 
Tetanus) also carry high titers of anti-Cpn60 antibody [92]. The immune 
response following exposure to pathogenic Hsp60 recognizes the mammalian 
homologue because of its sequence similarity and this has been implicated in 
the pathogenesis of several autoimmune diseases like type I diabetes [93], 
Crohn’s disease [94], atherosclerosis [95,96] and juvenile chronic arthritis 
[97,98]. Antibodies against Chlamydia trachomatis cross react with human 
Hsp60 and may result in female infertility and embryo or fetal loss [99].  
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 In vitro studies have revealed binding of exogenous Cpn60 to cell through 
specific receptors like ‘Monocyte specific lipopolysaccharide receptor’, CD14 
[100], and ‘Toll-like receptors’ (TLRs) [101]. Both human and chlamydial 
Cpn60 proteins activate the Toll–IL-1 receptor signaling pathway by binding 
with TLR2 and TLR4 [102]. On the other hand, an immunosuppressive role of 
Hsp60 has also been reported [103,104]. Although the role of Hsp60 in 
immune processes is still to be clearly elucidated, it is clear that this protein is 
not merely an antigen but a potent immunoreactive molecule that directly 
modulates the immune response. 
 Hsp60 family members have been found to play a critical role in epithelial 
remodeling and cell migration by triggering various signaling cascades. Epithelial 
migration is a complex and essential phenomenon for organogenesis/tissue 
repair and is controlled by cross-talks between cell surface receptors, extra-
cellular matrix molecules and growth factors. It has been demonstrated that 
levels of Hsp60 increase in migrating epithelial cells during tissue regeneration 
[105,106]. Exogenous bacterial Hsp60 was shown to enhance cell proliferation 
by 25-75% [107]. Hsp60 induces activation of p38 MAP kinase and ERK 
signaling cascades implicated in cell motility [107,108,109]. p38 activates 
MAP kinase-activated protein kinase-2 (MAP kinase AP kinase-2), which in 
turn phosphorylates and activates Hsp27 [110]. The activated Hsp27 regulates 
actin polymerization resulting in cytoskeletal reorganization and mitogenic 
activity [111]. 
 An important part of cellular signaling is autocrine activation of the EGFR 
cascade, which controls cell survival, proliferation, and motility [112]. 
Blockage of EGFR activation can completely inhibit both bacterial and human 
Hsp60 induced cell migration [108,109] suggesting that exogenous Hsp60 may 
transduce its role in epithelial remodeling through the EGFR pathway. 
 
Hsp60 in apoptosis 
 Various Hsps have been implicated in cell death [113,114]. Anti-apoptotic 
as well as pro-apoptotic roles of Hsp60 are reported. The bacterial homologues 
of Hsp60 and Hsp10 were found to have a protective role in cell survival 
[115,116]. Hsp60 seems to have an anti-apoptotic role in neonatal cardiac 
myocytes presumably because in combination with Hsp10 it prevents cell 
death by maintaining the mitochondrial integrity and function [117]. The pro-
apoptotic members of bcl-2 family, viz. Bak and Bax, are unable to trigger the 
apoptotic machinery when bound to Hsp60 [118]. Shan et al [119] reported 
that over expression of Hsp60 in normal heart leads to increased levels of the 
anti-apoptotic Bcl-XL, resulting in a reduced level of the pro-apoptotic Bax. 
 A proapoptotic role of mitochondrial Hsp60 has also been suggested 
[120,121]. Samali et al [122] and Xanthoudakis et al [123] independently 
reported evidence for a direct interaction between Hsp60 and pro-caspase-3 in 
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Jurkat and HeLa cell lines and thus the involvement of Hsp60 and Hsp10 in the 
activation of apoptosis. These studies suggested that binding of Hsp60 to pro-
caspase-3 maintains it in a protease sensitive state and thus makes it more 
susceptible to the action of cytochrome-c and dATP; this facilitates subsequent 
induction of the downstream apoptotic cascade. Esophageal squamous cell 
carcinomas have elevated levels of Hsp60 and in agreement with Hsp60’s 
proapoptotic role, the apoptotic index in tissues from patients of esophageal 
squamous cell carcinomas was high [124]. 
 
Chaperonins in fertility 
 The three phases of spermatogenesis, viz., mitotic proliferation of 
spermatogonia, meiotic development of spermatocytes and post-meiotic 
development/maturation of spermatids into spermatozoa [125], represent 
situations where dramatic transformations and cellular differentiation along 
with mitochondrial remodeling take place. It is, therefore, not surprising that 
spermatogenesis is accompanied by expression of different Hsps [126,127]. 
Hsp60 is dynamically expressed during germ cell development and 
embryogenesis [76,77,78,128]. Relationships between developmental 
expression of Hsp60 and fertility have been demonstrated in several organisms 
like Cenorhabditis, Drosophila, rat, mouse, monkey, human etc. In some 
organisms like Heliothis viresens (moth) and Drosophila melanogaster (see 
later), testis specific isoforms of Hsp60 have been reported [76,129]. 
Knockdown of Hsp60 in Cenorhabditis elegans causes sterility [81]. During 
mouse and rat spermatogenesis, Hsp60 shows cell-type specific dynamic 
expression pattern [130]. The number of Hsp60 expressing spermatogonia in 
an infertile man parallels the spermatogenic function [78]. It seems that the 
early stages of spermatogenesis may be less protected when the levels of 
Hsp60 are low and this in turn may result in lower spermatogenic efficiency. In 
addition to their abundant presence during germ cell development, Hsp60 is 
also seen in mature sperms, on head of ejaculated spermatozoa and on the 
surface of oocytes [79,80]. Tyrosine phosphorylation is suggested to activate 
Hsp60 on the head of ejaculated spermatozoa during capacitation and the 
phosphorylated Hsp60 is believed to trigger conformational changes, which 
facilitate the formation of a functional zona pellucida receptor complex on the 
surface of spermatozoa; this finally brings about sperm-egg interaction [79].  
 Tabibzadeh et al [131] reported Hsp60 in endometrium of healthy women. 
It was also detectable in the decidua during the first trimestar of pregnancy 
[99]. Hsp60 has been demonstrated in follicular fluid of patients undergoing in 
vitro fertilization [99]. Immunity to Hsp60 epitopes is associated with a poor 
prognosis for reproductive outcome and impaired IVF results [99]. Hsp10, the 
co-chaperonin of Hsp60, is well known as an early pregnancy factor, which is 
required for successful establishment of pregnancy and for proliferation of 
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both normal and neoplastic cells [132]. Nakahara et al [133] identified Hsp60 
as one of the highly expressed genes during Drosophila oogenesis. Recent 
studies in our laboratory also show that the Hsp60C of Drosophila 
melanogaster is essential for spermatogenesis [134] as well as oogenesis 
(Sarkar and Lakhotia, in preparation).  
 
Hsp60 in Drosophila melanogaster 
 It is interesting that although activation of heat shock genes and the new 
synthesis of heat shock proteins were originally described in Drosophila 
[1,2,135], initial studies on heat shock proteins in Drosophila [2,135,136,137,138] 
did not identify any Hsp60 family member in this organism. The first report of 
the existence of a Hsp60 family protein in Drosophila came from our 
laboratory in 1989, when it was demonstrated that heat shock elicits synthesis 
of Hsp60 as a major member of a novel set of induced polypeptides in 
Malpighian tubules of Drosophila larvae [139,140,141]. It is interesting to note 
that in several other species of insects also, induction of Hsp60 family proteins 
in heat shocked Malpighian tubules shows variations [142,143]. An intriguing 
feature of the induced synthesis of Hsp60 in Malpighian tubules of Drosophila 
is that control and heat shocked Malpighian tubule cells maintain a constant 
level of Hsp60 since its level is maintained whether the heat shock induced 
new synthesis is allowed or prevented by transcriptional or translational 
inhibitors [144]. This suggests a tight coupling between new synthesis and 
turnover of existing Hsp60 [144].  
 
Multiple Hsp60 genes in Drosophila melanogaster 
 The first member of the Hsp60 gene family (Hsp60A) in D. melanogaster 
was localized to the 10A4 cytogenetic region of the X chromosome by 
Kozlova et al [145,146], who found it to be identical with the “essential gene 
at 10A” which was studied earlier by Zhimulev’s group [147]. Subsequently, 
the Berkeley Drosophila Genome Project revealed the presence of three more 
Hsp60-like DNA sequences at different cytogenetic positions [148,149]. We 
have recently named these four genes as Hsp60A at 10A4 polytene band, 
Hsp60B at 21D2 band, Hsp60C at 25F2 band and Hsp60D at 34C1 band [134]. 
Interestingly, nucleotide sequence homologies among these four Hsp60 genes 
are restricted to the protein coding sequence with little homology in their 5’ 
and 3’ UTRs [134]. This suggests differential regulation and expression of 
these four Hsp60 genes. A summary of the general features of the four Hsp60 
genes in Drosophila melanogaster is presented in Table 1 and the predicted 
phylogenetic relationship between these four genes is shown in Fig. 2. 
Characteristic features of the four members of the Hsp60 family in Drosophila 
melanogaster are discussed below. 



Chaperonins: In life and death 51 

Table 1. General features of the four Hsp60 Genes in Drosophila melanogaster*. 
 

Predicted protein Gene 
Name 

Polytene 
chromosome 

site 

Gene size 
(kb) 

 

Number 
of exons 

 Number of 
amino acids 

Molecular 
weight 

     (kDa) 

Relative 
homology 
with the 
Hsp60A 
protein 

Hsp60A 10A4 3.83 3 573 60.80 100 
 Hsp60B 21D2  2.15 1 648 68.63 ~60% 
Hsp60C 25F2 7.99 3 576 61.58 ~80% 
 Hsp60D 34C1 2.15 2 558 60.21 ~50% 

(*based on information at www.flybase.org) 

 

 
 
Figure 2. Dendrogram, generated by ClustalW alignment of amino acid sequences 
[150], showing the predicted phylogenetic relationship between the four Hsp60 genes 
of Drosophila melanogaster. 
 
Hsp60A 
 The first identified Hsp60 gene, localized at the 10A4 polytene band [145], 
is ~3.8 kb long and codes for two transcripts. It is not heat inducible and a heat 
shock factor binding domain is also absent [145,146]. Hsp60A is dynamically 
expressed during embryogenesis with its mRNA being more abundant in 0 to 
4h embryos than in later stages [145]. Expression of Hsp60A is significantly 
reduced in adult flies and the transcripts are not maternally contributed [145]. 
During embryogenesis, the distribution of Hsp60 protein is dynamic. Some 
cells, like pole cells, cells of the cephalic furrow etc, show higher amounts of 
Hsp60 protein [145]. 
 Earlier studies by Zhimulev et al [147] identified a number of mutant 
alleles at the 10A locus; these mutations were later shown to correspond to the 
Hsp60A gene [145,146]. Pre-gastrulation embryonic lethality associated with 
homozygosity for the Hsp60A mutant alleles shows that its product is essential 
for embryogenesis. The Hsp60A protein seems to be the constitutively 
expressed chaperonin in Drosophila cells. 
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Hsp60B 
 Hsp60B, a second member of the Drosophila melanogaster Hsp60 gene 
family, maps to the 21D2 cytogenetic position and shows ~60% sequence 
similarity with Hsp60A. It codes for a single 2.15 kb long transcript and seems 
to have male germ cell specific expression [129,151]. This gene is not heat 
inducible [151]. So far, only one P-transposon insertion allele of this gene has 
been reported. Male flies homozygous for this mutant allele are sterile. 
Although the early stages of spermatogenesis are reported to be normal in 
these mutant individuals, the individualization complex is abnormally 
assembled so that the spermatids fail to individualize and finally degenerate 
[129,151]. It seems that Hsp60B gene product is required for structural 
integrity of the individualization complex and/or for coordinating the 
movement of actin cone during individualization process. It is notable in this 
context that multiple caspases and caspase regulators are required for removal 
of much of the cytoplasmic contents of maturing bundles of spermatids and the 
surrounding cyst cells by a non-apoptotic process during individualization of 
sperm bundles [152]. In view of the earlier discussed role of Hsp60 in caspase 
maturation [121,122], it is possible that Hsp60B may be involved in regulating 
some aspect of caspase maturation/activity during sperm individualization.  
 
Hsp60C 
 This is the longest (~ 8 kb) Hsp60 gene of the family, which is located at 
the 25F2 cytogenetic position and which codes for three transcripts, differing 
in their 5’UTRs. Bioinformatic analysis suggests that Hsp60C shows 
maximum (~80%) similarity with the Hsp60A gene and only ~60% and ~50% 
homology with Hsp60B and Hsp60D genes respectively (Table 1).  
 Studies in our laboratory [134] showed that this gene’s expression begins 
in late embryonic stages (stage 14 onwards), particularly in the developing 
tracheal system and salivary glands. In parallel with its tracheal expression, a 
loss of function P-transposon insertion mutant allele of this gene, Hsp60C1, 
causes abnormal tracheal development and impaired liquid clearance [134]. 
Majority of Hsp60C1 homozygotes die as 1st instar larvae. However, ~10% 
survive as sterile and weak adults. The Hsp60C gene shares its tracheal 
expression and the mutant tracheal phenotype with those of genes like 
DEG/Enac pickpocket, d-VHL etc [153,154], and, therefore, it is likely that the 
Hsp60C interacts with products of these genes involved in tracheal 
morphogenesis. Hsp60C may be involved in signaling pathways during 
tracheal morphogenesis and its ATPase activity may also have a role in cation 
transport across the tracheal membrane [134].  
 Besides the strong tracheal expression, the Hsp60C gene is also expressed 
in most of the larval and adult tissues, which suggests wider functions [134]. 
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This gene is not inducible by heat shock in any tissue except for a low 
induction in larval testes and accessory glands of adult male reproductive 
system (unpublished data). 
 In adult tissues, Hsp60C is most strongly and dynamically expressed in 
developing and differentiating germ cells which is in agreement with complete 
sterility of the rare surviving Hsp60C1 homozygotes [134]. Compared with 
male sterility due to Hsp60B mutation, Hsp60C1 mutation causes more severe 
defects prior to formation of spermatids themselves. Thus, unlike most of the 
“classic” male sterile mutations, Hsp60C1 mutation affects pre-meiotic and 
meiotic stages in males [134]. 
 During oogenesis also, Hsp60C transcripts show a dynamic and stage 
specific distribution in ovarian follicles (Sarkar and Lakhotia, in preparation). 
Hsp60C transcripts are present at low levels in the germarium but their 
abundance increases in nurse cells as they develop and beginning with stage 7, 
Hsp60C transcripts appear in oocyte cytoplasm, presumably through transport 
from nurse cells. The Hsp60C transcripts in oocyte continue to increase till 
stage 11, but quickly disappear following stage 12. Sterile Hsp60C1 
homozygous females show severe abnormalities in the progression of 
oogenesis. The first abnormality in the Hsp60C1 mutant egg chambers is an 
irregular arrangement of follicle cells, particularly the posterior group of 
follicle cells at stage 7. In view of the close association seen between Hsp60 
and actin filaments in wild type, it appears that these and other defects like 
abnormal cytoskeleton, premature apoptosis of nurse cells, loss of polarity of 
oocyte etc seen in later stages of the mutant ovarian follicles result from 
abnormal cytoskeleton in the absence of Hsp60C (Sarkar and Lakhotia, in 
preparation).  
 
Hsp60D 
 Hsp60D is located at 34C1 band on the cytological map of polytene 
chromosomes. This gene is about 2 kb long and produces two transcripts. 
Initial studies in our lab (Richa Arya and Lakhotia, unpublished) on expression 
of the Hsp60D gene reveal a differential expression of this gene in various 
developmental stages of the fly. Transcripts of this gene accumulate in 
cytoplasm of all embryonic and larval cells but with a significantly high 
expression in the tracheal system. This gene appears to be moderately heat 
inducible in several larval tissues, especially in some regions of gut and the 
Malpighian tubules.  
 A mutant allele of this gene is not yet available. However, transgenic lines 
have been generated to either over express this gene or to ablate its transcripts 
in specific cell types and preliminary results (Richa Arya and Lakhotia, 
unpublished) with these transgenic lines suggest a pro-apoptotic role for the 
Hsp60D gene. 
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 The multiple Hsp60 genes in Drosophila melanogaster thus show 
functional divergence with important roles in viability, apoptosis and fertility 
of the fly. Betran et al [155] proposed that multiple copies of Hsp60 genes in 
Drosophila evolved from the X-linked Hsp60A gene by retrotransposition on 
autosomes and that many such “out-of-X” retrotransposed duplicated genes 
often express in testis. In agreement with this proposal, it is already known that 
the Hsp60B and Hsp60C have essential functions in spermatogenesis, although 
only Hsp60B has a testis-specific expression. Apparently, the duplicated 
Hsp60 genes acquired new UTRs and upstream regulatory sequences, which 
allowed them to perform novel functions in different developmental pathways. 
 
Concluding remarks 
 The Hsp60 family in higher organisms is now known to comprise of 
multiple members with varying levels of diversification in structure and, 
therefore, in their functions. Typically, the Hsp60 family members are believed 
to be important chaperoning machines of any cell. However, it is clear that, 
like multiple members of the other Hsp gene families, the Hsp60 family 
proteins have also evolved and acquired novel functions, which may or may 
not depend on their basic chaperoning activities. In keeping with 
“moonlighting” functions of Hsps, the Hsp60 family proteins also show altered 
expression in cancer cells [156]. Intriguingly, however, Hsp60 and Hsp10 
expression may be elevated or reduced, in concert or independently, in 
different types of cancer [157]. In the absence of genetic data, it is not clear in 
many cases if the diverse functions ascribed to Hsp60 in a given species are 
performed by the same protein or related products of different genes. 
Combined genetic, cell biological and molecular analyses in various model 
systems in future are expected to provide significant understanding of the 
diverse roles of Hsp60 family. Comparable studies in mammalian (including 
human) systems would help in a better understanding and management of 
disorders resulting from Hsp60 dysfunctions. It is clear that Hsp60 family 
proteins have important roles in life as well as death of cells. 
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