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    Abstract     Around two thirds of genome sequenced bacteria encode one chaperonin 
60 protein with the other third encoding between two and eight chaperonin 60 para-
logues. A surprising fi nding is that these bacterial proteins have a wide, and growing, 
range of additional functions both within the bacterium, but principally when the 
Cpn60 protein exits the cell and exists on the bacterial cell wall or in the bacterium’s 
external milieu. These fi ndings have occurred at the same time that it has been 
realised that bacterial Cpn60 proteins can assume lower oligomeric forms than that 
of the prototypic tetradecameric  E. coli  GroEL. It is possible that lower oligomeric 
forms of Cpn60 may more readily be secreted and interact with biopolymers in a 
distinct manner to that of the tetradecameric homologues and paralogues. How the 
Cpn60 moonlighting functions evolved is a key question to be addressed. To address 
this question we postulate that the chaperonin genes have been subject to different 
selective constraints over evolutionary time. Gene duplication, followed by sequence 
divergence, resulted in the evolution of paralogous Cpn60 proteins that have distinct 
moonlighting activities. Moreover, these functional variations might be acquired by 
incorporating chemically dissimilar substitutions at functionally important residues.  

7.1         Introduction 

 The central dogma of molecular biology outlines three steps in the transfer of 
information present in the genetic material to the synthesis a polypeptide chain. 
These polypeptides perform a predestined function. However, for the proteins to 
be functional, they need to be folded in an appropriate conformation. Cells have 
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evolved a family of proteins, aptly known as molecular chaperones, to assist the 
folding of other proteins. The chaperone proteins are ubiquitous, highly conserved 
and have been demonstrated to bind naïve and unfolded substrate proteins via 
exposed hydrophobic patches, which otherwise are buried in the native folded con-
formation (Hartl  1996 ; Hartl and Hayer-Hartl  2003 ). Molecular chaperones were 
initially identifi ed as a group of proteins that are abundantly expressed during heat 
stress. Therefore, these proteins are also known as Heat Shock Proteins (HSPs) and 
consequently classifi ed according to their molecular masses such as Hsp100, 
Hsp90, Hsp70, Hsp60, small Hsp families. See Chaps.   1     and   2     for more detailed 
discussions of the molecular chaperones of prokaryotes and eukaryotes. 

 One of the best characterized families of HSPs is the Hsp60 family, which is 
commonly referred to as the chaperonin (GroEL or Cpn60) family. Chaperonins 
form a characteristic cylindrical assembly whereby they assist misfolded or 
unfolded substrate proteins to reach their native state upon encapsulation in the 
cylindrical cavity in ATP dependent cycles of binding and release (Hartl and 
Martin  1995 ). Chaperonins are classifi ed into two classes based on their systematic 
occurrence, cellular localization and co-chaperonin dependence. The group I 
class includes members from the cytosol of prokaryotes and endo-symbiotically 
related membrane bound eukaryotic organelles such as mitochondria and chlo-
roplasts. These chaperones require assistance of the co-chaperonin, Hsp10 as a 
lid for encapsulating the substrates. On the other hand, group II chaperonins 
include members from the eukaryotic cytosol and from archaea. These chapero-
nins possess a protrusion in their apical domain, which acts like a built-in lid for 
substrate encapsulation and therefore are independent of the co-chaperonin 
(Fig.  7.1 ). Examples of group I chaperonins include GroEL from  Escherichia 
coli  and several eubacteria (Horwich et al.  2007 ), while CCT chaperonins and 
the well-studied thermosome from the archaeal branch of life are members of 
group II chaperonins. Whereas the group I chaperonins form homo- tetradecameric 
complexes, some members of the group II family form hetero oligomers 
(Fig.  7.1a ). Moreover, the two groups differ in their subunit movements; while 
the subunit movement in group I chaperonins is sequential, for group II it is 
concerted. This review focuses on the structure, function and evolutionary 
aspects of the group I chaperonins.

7.2        Structure and Function of the Chaperonins 

 Understanding of the biology of chaperonin function is dominated by studies on  
E. coli  GroEL and its co-chaperonin GroES. Since the discovery of chaperonin 
function, genetic, biochemical and structural studies on  E. coli  GroEL-GroES have 
led to systematic knowledge on various aspects of its function (Hartl  1996 ; Hartl 
and Hayer-Hartl  2003 ; Hartl and Martin  1995 ; Horwich et al.  2007 ). From these 
studies GroEL-GroES have emerged as the panacea in preventing all the undesirable 
consequences of intracellular protein misfolding. 
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  Fig. 7.1     Architecture      of group I and II chaperonins . ( a ) Crystallographic models of  E. coli  
GroEL, GroES and GroEL-GroES representing the Group I chaperonins and the thermosome from 
 T. acidophilum , representing the Group II chaperonins, are presented. Individual domains in one 
subunit of GroEL and thermosome are indicated.  Api  apical domain,  Int  intermediate domain,  Equ  
equatorial domain. GroES acting as a lid binds to GroEL asymmetrically, at the cis GroEL ring, 
wherein the general substrate polypeptides are encapsulated. Other open ring is termed the trans 
ring. Thermosome forms a symmetric complex, showing a “closed” cavity. Illustrations are gener-
ated using Pymol 1.3 (DeLano Scientifi c LLC, USA). Co-ordinates for the molecules GroEL 
(1OEL), GroEL-GroES and GroES (1AON) and thermosome (1A6E) were obtained from PDB. 
( b ) Crystallographic models of GroEL and thermosome monomers as indicated depicting colour 
coded individual domains. The built-in lid in thermosome is shown that replaces GroES as cap       
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 Structurally, GroEL possesses a three-domain architecture. The central region 
of the polypeptide, spanning amino acid residues 191–376, constitutes the apical 
domain. This domain is rich in hydrophobic residues and thus binds substrates 
and GroES. The equatorial domain spans two extremities of the GroEL polypep-
tide, that is, residues 1–133 and 409–523. This domain is responsible for the 
ATPase activity and bulk of the inter-subunit and inter-ring interactions. The 
hinge forming intermediate domain spans two regions on the polypeptide namely, 
residues 134–190 and 377–408, and transmits signals between the equatorial 
domain to the apical domain owing to nucleotide and substrate binding, respec-
tively (   Hayer-Hartl et al.  1995 ; Kumar et al.  2009 ; Mayhew et al.  1996 ; Xu et al. 
 1997 ) (Fig.  7.1b ). 

 GroEL’s chaperoning ability is dictated by the formation of a tetradecamer con-
stituting two isologous heptameric rings, each enclosing a cavity for substrate pro-
teins to bind (Fig.  7.1  see also Chap.   2    ). The substrate-bound  cis  cavity is expanded 
upon capping by GroES and thus forms a sequestered environment of ~175,000 Å 3  
to enable the substrate polypeptides to fold. The  trans  cavity, on the other hand, 
remains constrained with a capacity of ~85,000 Å 3  (Fig.  7.1 ). The volume of the 
cavity in group II chaperonins is ~130,000 Å 3 , which is signifi cantly smaller than 
the  cis  cavity of GroEL but larger than the  trans  cavity (Lars et al.  1998 ). GroEL’s 
wide substrate repertoire constitutes about 10–15 % of the cellular proteins in 
 E. coli . Thus, the major intracellular function of GroEL is understood to be as an 
essential folding machine (Horwich et al.  2007 ).  

7.3     Multiple Copies of GroELs/Chaperonin 60 in Bacteria 

 The ubiquitous occurrence of GroEL, or more correctly chaperonin (Cpn)60 (as 
GroEL is the Cpn60 protein of  E. coli ), across species might be explained by its 
essential role in the protein folding process. High architectural conservation among 
Cpn60s from different species indicates that the mechanism of GroEL is universally 
conserved. Moreover, several Cpn60 homologues from other bacteria have been 
shown to function in  E. coli , suggesting that the substrate spectrum of the respective 
Cpn60s must overlap considerably (Goyal et al.  2006 ; Lund  2009 ). Since Cpn60 
needs to interact with a wide range of substrate proteins, sequence analysis of the 
substrate-binding apical domain has revealed signifi cant plasticity in its sequence 
and structure (Dekker    et al. 2000; Goyal et al.  2006 ) (Fig.  7.3 ). On the other hand, 
the equatorial domain required for oligomerization through inter-subunit interac-
tions exhibits higher conservation. 

 The availability of complete genome sequences of various bacteria has revealed 
the presence of multiple copies of  groEL  genes; with one (or more) of the multiple 
genes in operonic arrangement with the cognate co-chaperonin,  groES . Examples of 
bacteria hosting multiple  groEL  genes include actinobacteria, α-proteobacteria, 
cyanobacteria and chlamydiae (Lund  2009 ). The discovery of multiple copies of 
Cpn60s poses interesting questions about the function of these extra copies. First, 

S.C. Mande et al.

http://dx.doi.org/10.1007/978-94-007-6787-4_2


105

whether all the copies of Cpn60 retain their function as protein chaperones? Second, 
do they distribute the substrate pool either temporally or based on factors such as 
function and/or composition of the substrates? Such a distribution has been demon-
strated in the case of the rhizobial Cpn60s, wherein different Cpn60 copies play 
different roles in nitrogen fi xation, probably by encountering different substrates 
(see Lund  2009 ). Third, do the extra copies of chaperonins acquire additional func-
tions, owing to their substrate promiscuity? 

 Multiple chaperonin genes in different bacteria and subcellular organelles 
might have arisen through either gene duplication in different lineages or by hori-
zontal gene transfer (Goyal et al.  2006 ; Lund  2009 ). Invariably such evolutionary 
events lead to functional divergence, and it is interesting to address if paralogous 
Cpn60s too have acquired new functions. It is well known that apart from the role 
as a protein- folding chaperone, several Cpn60 proteins exhibit non-chaperonin 
activities, such as binding to other biopolymers, eliciting immune responses and 
functioning as insecticides as explained in the following sections (Joshi et al. 
 2008 ) and in other chapters of this volume. The presence of multiple copies of 
chaperonins in different bacterial lineages are therefore believed to have intro-
duced new functional roles for the different copies of the chaperonins (Piatigorsky 
and Vistow  1989 ). Exerting multiple roles by a single protein is known as moon-
lighting and has been widely observed in Nature and thus understanding the 
molecular basis of moonlighting is important to appreciate its implications for the 
function of Cpn60 proteins.  

7.4     Moonlighting in Proteins 

 Moonlighting, initially known as gene-sharing (Piatigorsky and Vistow  1989 ), is 
defi ned as the ability of a single polypeptide to perform multiple unrelated functions 
(Jeffery  2004a ). The defi nition, however, excludes the polypeptides that have 
resulted from gene-fusion, alternative splicing or inherently promiscuous enzymes. 
One of the earliest moonlighting functions was discovered by identifi cation of 
 carbohydrate metabolic functions in certain vertebrate eye lens proteins (Piatigorsky 
and Vistow  1989 ). Since then, it is estimated that several hundred moonlighting 
proteins have been identifi ed with around two dozen of these proteins performing 
multiple unrelated biological functions. Accumulation of the number of moonlighting 
proteins identifi ed has added another dimension to the complexity of cellular networks. 
Although, moonlighting in eukaryotic proteins is well documented, evidences for 
the prokaryotic proteins have only been described recently (Muro-Pastor et al.  1997 ; 
Ostrovsky de Spicer and Maloy  1993 ; Walden et al.  2006 ). Different mechanisms 
have been proposed for moonlighting, including secretion into extracellular space, 
interactions with nucleic acids, changes in physico-chemical parameters such as 
temperature or redox condition of the cell, changes in oligomeric status or changes 
in the cellular concentration of ligands, substrates, co-factors or products (Jeffery 
 2009 ; Kumar and Mande  2011 ). 
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 The evolution of moonlighting might be a result of two fundamental cellular 
phenomena. One, moonlighting is typically exhibited by proteins which occur ubiq-
uitously (Jeffery  1999 ). For example, many of the enzymes involved in carbohy-
drate metabolism are ubiquitous and hence during evolution an extra function might 
have been incorporated into these proteins. Examples include several glycolytic 
enzymes (Fig.  7.2a ). Two, moonlighting has been proposed for the proteins that are 
constitutively overproduced in the cell, such as crystallins (Piatigorsky  1998 ; Jeffery 
 2004b ) (Fig.  7.2b ). Chaperonin 60 turns out to be a good candidate for exhibiting 
moonlighting activity since it fi ts both of these features well: high sequence conser-
vation and elevated cellular expression levels.

   In addition, two models of the evolution of moonlighting activity have been 
proposed which are based on the fundamental structural aspects of the proteins: (i) 
the  allostery model  and (ii) the  adaptability model . The allostery model arises 
out of the common observation in proteins, namely the larger-than-required size of 
many of enzymes. Since the majority of proteins exhibit a larger structure than is 
necessary for performing their specifi c function, the apparent unused large surface 
areas exposed on proteins might have evolved new pockets and active sites for 
performing novel function (Jeffery  1999 ). Examples for the allosteric model 
include the glycolytic enzymes (Huberts and van der Klei  2010 ; Jeffery  2004b ). On 
the other hand, the adaptability model is based on the location of a protein in 
 different cell types. Proteins expressed in different cell types might exhibit differ-
ent activities owing to the local necessity and the binding partners encountered 
Piatigorsky  1998 ). The examples for this model include the classical lens proteins 
and several molecular chaperones such as Hsp60, Hsp70 etc. Therefore, one pro-
tein performing several functions would be advantageous for the cell in terms of 
energy conservation (Jeffery  2004b ). We discuss here two examples of moonlighting 
proteins: crystallins and phosphoglucoisomerase (PGI). Complete discussion on 
the biology of moonlighting with more examples is provided in Chap.   3    , written by 
Connie Jeffery. 

7.4.1     Crystallins 

 Crystallins were the fi rst proteins to be discovered to show moonlighting function 
(Piatigorsky and Vistow  1989 ). Crystallins are the principal structural proteins in 
the lens of the vertebrate eye, constituting about 90 % of the lens protein content. 
Crystallins are principally represented by α, β and γ variants, while other variants 
assist assembly of the principal crystallins in certain vertebrates. However, certain 
crystallins also have been demonstrated to display additional functions in other 
locations of the body. These examples include the δ-crystallin from ducks, which is 
the enzyme, argininosuccinate lyase, while the ε and η-crystallins have been shown 
to exhibit lactate dehydrogenase activity (Bateman et al.  2003 ; Hendriks et al. 
 1988 ) (Fig.  7.2b ). Moreover, turtle τ-crystallin shows α-enolase activity (Wistow 
et al.  1998 ). Due to their high concentrations in the eye lens, however, such 
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metabolic role is unlikely and thus they might have only the structural function in 
the lens (Wistow and Piatigorsky  1988 ). Therefore, the crystallins expressed in 
different cell types might have evolved additional functions in accordance with the 
cell type requirement.  

  Fig. 7.2     Examples of moonlighting . ( a ) Phosphoglucoisomerase ( PGI ) is glycolytic enzyme 
involved in the reversible isomerization of glucose-6-phosphate to fructose-6-phosphate. PGI 
assumes several extracellular cytokine functions. Presented is PGI in complex with its natural 
substrate, glucose-6-phosphate (1U0F), the cytokine activity inhibitor, erythrose-4-phosphate iso-
citrate (1IRI) and n-bromoacetyl-aminoethyl phosphate (1C7Q). The ligands glucose-6-phosphate 
(G6P), glycerol, inhibitors Erythrose-4-phosphate isocitrate (E4P) and n-bromoacetyl-aminoethyl 
phosphate (BE1) are presented as space fi lled in red/blue, gold, pink and green, respectively. 
( b ) Moonlighting activity of crystallins. Cartoon representations of duck δ-crystalline monomers 
are presented in the apo (1U15) and holo (1U16) conformations. Apo form exists as a tetramer and 
is involved in the lens function, while the holo form is involved in the argino succinate lyase activity. 
Ligands 2-(N-morpholino)-ethanesulfonic acid (MES), chloride ions and sulphate ion are presented 
as space fi lled in cyan, pink and maroon, respectively       
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7.4.2     Phosphoglucoisomerase 

 Phosphoglucoisomerase (PGI) is a glycolytic enzyme which catalyses the reversible 
isomerization of glucose-6-phosphate to fructose-6-phosphate (Read et al.  2001 ). 
Moonlighting activity in PGI has been widely documented (Cao et al.  2000 ; 
Chaput et al.  1988 ; Gurney et al.  1986 ; Hansen et al. 2005; Schulz and Bahr 
 2003 ; Tanaka et al.  2002 ; Watanabe et al.  1996 ; Xu et al.  1996 ). Apart from its 
original glycolytic function in the cytosol, PGI has been demonstrated to perform 
several unrelated cytokine-like extracellular functions: (a) When secreted from 
T-cells, PGI promotes the survival of nerve cells, and thus is known as a neu-
roleukin (Chaput et al.  1988 ; Gurney et al.  1986 ); (b) as the well-known auto-
crine motility factor (AMF), which promotes cell migrations, and is believed to 
be involved in cancer metastasis (Watanabe et al.  1996 ; Tanaka et al.  2002 ) 
(Fig.  7.2a ); (c) as a maturation factor (MF), promotes myeloid cell differentiation 
and may play some role in leukaemia (Xu et al.  1996 ); (d) as a serine protease 
inhibitor when bound to myofi brils (Cao et al.  2000 ) and; (e) as an implantation 
factor activity in the ferret (Schulz and Bahr  2003 ,  2004 ). PGI, therefore, appears 
to have acquired several diverse biological functions depending on its location in 
different cell types. 

 With the examples such as those described above, proteins are believed to evolve 
moonlighting functions either due to the development of additional binding sites, 
other than their original active site (allostery model), or alteration of functions based 
on the requirements of the expressing cell type (adaptability model).   

7.5     Moonlighting in Chaperonin 60 Proteins 

 Chaperonin 60, as described above, is a 900 kD cylindrical assembly of 14 monomers 
in two rings, which encloses cavities for the non-native protein substrates to bind 
(Fig.  7.1 ). The non-specifi c binding is a consequence of recognition of substrates by 
the hydrophobic surfaces of Cpn60 presented by the apical domains. Therefore 
Cpn60 has been attributed the protein folding function of the bacterial cytosol and 
intracellular organelles. However, recent discoveries on the Cpn60 molecules from 
other bacteria and eukaryotic organelle have been expanding the substrate repertoire 
and imparting new functions to Cpn60 (Basu et al.  2009 ; Kumar et al.  2009 ; Kumar 
and Mande  2011 ). Yeast mitochondrial Hsp60 has been shown to act as a protein 
chaperone  in vitro  and  in vivo . However, this same chaperone has been demon-
strated to bind single stranded DNA  in vitro  and play a role in stability and transmis-
sion of nucleoids  in vivo  (Kaufman et al.  2003 ). Moreover, Cpn60 homologues from 
several insect symbionts such as  Enterobacter aerogenes  (Yoshida et al.  2001 ) and 
 Xenorhabdus nematophila  (Joshi et al.  2008 ) have been shown to exhibit insect 
toxicity. The toxicity of Cpn60 from  X. nematophila  has been demonstrated to be 
alleviated upon its interaction with α-chitin. Mutational analysis, followed by bio-
chemical characterizations of these Cpn60s showed that the amino-acid residues 
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critical for toxicity are distinct from those essential for chaperone activity, suggest-
ing that the two functions are independently operated. Furthermore, several patho-
gen-borne Cpn60s, such as the surface-associated Cpn60 from the proteobacterial 
pathogen,  Legionella pneumophila  (Garduño et al.  1998  – see Chap.   9    ) and several 
mollicute pathogens (Clark and Tillier  2010 ), have been implicated in host cell inva-
sion, owing to their association with the cell surface. A more detailed analysis of the 
Cpn60 of  L. pneumophila  is given in Chap.   9    . Moreover, Cpn60 from pathogenic  E. 
coli  (Reddi et al.  1998 ) and  from Aggregatibacter actinomycetemcomitans  (Kirby 
et al.  1995 ) have been implicated in bone resorption. Taken together, these observa-
tions suggest that Cpn60s from different organisms have evolved moonlighting 
functions, probably to support the organism either at different stages of growth or 
for the purposes of virulence. 

 The substrate repertoire of Cpn60 has been found to be expanded from polypep-
tides to various biopolymers. Since binding to different biopolymers is independent 
of each other, and that Cpn60 might encounter different macromolecules in the cell, 
this protein might have evolved the capability to distinguish between the protein and 
non-protein substrates. The ability to differentiate between polypeptides and other 
biopolymers might be conferred upon Cpn60 by its specifi c conformational features 
such as the hydrophobic surfaces of the apical and equatorial domains. Moreover, 
employing mass spectrometry and NMR coupled with hydrogen-exchange tech-
niques, it has been shown that  E. coli  GroEL is ineffi cient in binding to extended 
polypeptides but is able to bind the collapsed, molten globule-like folding interme-
diates of the substrates effectively (Gervasoni et al.  1996 ; Goldberg et al.  1997 ; 
Robinson et al.  1995 ; Zahn et al.  1994 ). Furthermore, Cpn60’s preference to interact 
with α/β proteins without any sequence similarity suggests that the discrimination 
among the substrates by this protein might be by the formation of central cavities 
enclosed in the heptameric rings and thus a lower oligomeric form might not dif-
ferentiate different biopolymers (Kumar and Mande  2011 ). The moonlighting 
Cpn60s from different prokaryotic species might indeed exhibit different oligo-
meric species and thereby be involved in distinct biochemical functions, as observed 
in  Helicobacter pylori ,  Mycobacterium tuberculosis  and several intracellular patho-
genic bacteria (Basu et al.  2009 ; Kumar et al.  2009 ; Lin et al.  2009 ). The moonlight-
ing functions of Cpn60 homologuess might arise due to subtle alterations in substrate 
specifi city as a consequence of differences in the oligomeric states of these proteins. 
Such an ability to differentiate between polypeptides and non-protein substrates by 
modulating their oligomeric properties appears promising to us from our recent 
studies on the paralogous Cpn60s of  M. tuberculosis  (Basu et al.  2009 ; Kumar et al. 
 2009 ; Qamra and Mande  2004 ; Qamra et al.  2004 ). 

7.5.1     Moonlighting by  M. tuberculosis  Cpn60 Proteins 

  Mycobacterium tuberculosis , the causative pathogen of tuberculosis, encodes two 
chaperonin homologs; GroEL1 (Cpn60.1 or Hsp60) and GroEL2 (Cpn60.2 or 
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Hsp65). Sequence identity between the two GroELs is about 60 % (Kong et al. 
 1993 ). GroEL2, the fi rst to be discovered (Henderson and Martin  2011 ), is essential 
(Stewart et al.  2002 ) and has been implicated in inducing host cytokine responses 
(Friedland et al.  1993 ; Lewthwaite et al.  2001 ). On the other hand, Cpn60.1 is 
dispensable (Stewart et al.  2002 ). Deletion of the  cpn60.1  gene in mycobacteria 
shows similar growth patterns as the wild type,  in vitro  and  in vivo  (Hu et al. 2008; 
Ojha et al.  2005 ). A Cpn60.1 deletion mutant in  Mycobacterium smegmatis  is 
defi cient in formation of biofi lms (Ojha et al.  2005 ). In contrast, deletion of the 
same gene in  M. tuberculosis  fails to have much effect on biofi lm formation but 
the mutant fails to be able to induce granuloma formation in mice or guinea pigs 
(Hu et al. 2008). In  M. smegmatis , biofi lm formation is implicated for its chaperone 
function and thus requires the interaction of Cpn60.1 with KasA, an enzyme 
involved in membrane lipid metabolism (Ojha et al.  2005 ). Moreover, both myco-
bacterial Cpn60 proteins are secreted and consequently are involved in eliciting 
several host cell immune responses via macrophage and monocyte stimulation 
(Friedland et al.  1993 ; Khan et al.  2008 ; Lewthwaite et al.  2001 ; Riffo-Vasquez 
et al.  2012 ). For more information on the extracellular roles of  M. tuberculosis  
Cpn60.2 the reader should consult Chap.   8     by Richard Stokes. 

 Biochemical and biophysical studies showed that the recombinant  M. tuberculosis  
Cpn60s exist as dimers unlike  E. coli  GroEL and consequently, are ineffective as 
chaperones (Kumar et al.  2009 ; Qamra and Mande  2004 ; Qamra et al.  2004 ). 
Moreover, recombinant Cpn60.1, the dimeric form, was demonstrated to co-localize 
with the nucleoids isolated from  M. tuberculosis  extracts (Basu et al.  2009 ). 
In addition, structural studies on the apical domains of  E. coli  GroEL (Xu et al. 
 1997 ),  M. tuberculosis  GroEL1 (Sielaff et al.  2011 ) and GroEL2 (Qamra and Mande 
 2004 ) showed identical substrate binding cleft (Fig.  7.3 ). Furthermore, using 
peptide arrays, GroEL1 has been shown to bind polypeptides derived from 
GroEL1’s native substrate, KasA, indicating that GroEL1 is a  bona fi de  chaperonin 
(Ojha et al.  2005 ).

   Chaperonin 60.1 has been demonstrated to exist in different oligomeric forms, 
as a dimer, heptamer and tetradecamer and the conversion between the heptamer 
and the tetradecamer is mediated by a phosphorylation switch (Kumar et al.  2009 ). 
Considering that the tetradecameric form of Cpn60.1 might be an active chapero-
nin, it has been proposed that the phosphorylation event might act as an energy 
(ATP pool) conservation mechanism in slow growing  M. tuberculosis  (Kumar 
et al.  2009 ; Kumar and Mande  2011 ). Furthermore, such multiple oligomeric forms 
of chaperonins were observed in the chloroplast (Dickson et al.  2000 ) and mito-
chondrial chaperonins (Levy-Rimler et al.  2001 ), wherein they existed in the 
monomeric, single ring heptameric and double ring tetradecameric forms and the 
conversion from single ring to the double ring form is concentration and GroES 
dependent. Moreover, as described earlier, yeast mitochondrial Cpn60 proteins 
were demonstrated to associate with the stability and transmission of the nucleoid 
DNA (Kaufman et al.  2003 ). Taken together, these observations tend to suggest 
that the Cpn60 protein might switch between different functional forms by modu-
lation of its oligomeric status.  
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7.5.2     Functional Dichotomy in  M. tuberculosis  Cpn60 
Proteins 

 Structural features which confer substrate dichotomy on Cpn60 proteins would be 
interesting to study. The equatorial domain in GroEL is responsible for its oligomer-
ization (Xu et al.  1997 ). While the equatorial domain is principally buried in the 
tetradecameric form, it gets increasingly exposed in the lower oligomeric forms. 
However, the substrate interacting face of the apical domain remains exposed inde-
pendent of the oligomeric status. Therefore, it might be possible that different func-
tions of  M. tuberculosis  Cpn60.1 arise out of different oligomeric forms; dimer 
interacting with DNA via its nucleotide binding equatorial domain and the tetra-
decamer being involved in the chaperone function. Chaperonin 60.1 therefore presents 
a unique way of moonlighting – distributing its distinct functions into different 
oligomeric forms. The evolutionary signifi cance of the functional divergence is 
therefore essential to understand the basis such a behaviour.   

7.6     The Evolution of the Chaperonin 60 Protein 

 As stated before, the chaperonins are distributed into two different groups based on 
their phylogenetic distribution. While the group I belongs to prokaryotes and 
eukaryotic organelles, the group II belongs to archaea and eukaryotes. Although the 
evolution of group II chaperonins from eukaryotes (Archibald et al.  2000 ,  2001 ) and 
archaea (Archibald et al.  1999 ; Archibald and Roger  2002 ) is well documented, that 

  Fig. 7.3     Conserved substrate binding clefts in GroELs . Apical domains and the substrate binding 
clefts of the indicated GroEL homologues are presented. Co-ordinates for  E. coli  GroEL (1AON), 
 M. tuberculosis  GroEL1 (3M6C) and GroEL2 (1SJP) were obtained from PDB       
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of group I chaperonins is still in its infancy (Dekker et al.  2011 ; Goyal et al.  2006 ; 
Hughes  1993 ; Levy-Rimler et al.  2001 ; Techtmann and Robb  2010 ). We have 
attempted to address evolutionary aspects of GroELs in our laboratory based on 
sequence analysis, functional studies and biochemical experiments (Goyal et al. 
 2006 ; Kumar et al.  2009 ; Kumar and Mande  2011 ). 

 Two experimental studies on the directed evolution of GroEL have delineated the 
functional signifi cance of individual domains of GroEL. In one study, employing 
random mutagenesis to derive GFP-folding GroEL variants resulted in mutants with 
diminished ability to recognize its natural substrates and, consequently defi cient in 
functioning as a general chaperone (Wang et al.  2002 ). In another study based on 
random mutagenesis of GroELs, apical domain has been shown to be capable of 
absorbing large insertions or deletions, unlike the highly conserved equatorial 
domain (Kumar et al.  2009 ). Therefore, GroEL, even as it encounters a wide range 
of substrates by maintaining plasticity in the apical domain, it requires conserved 
architecture anchored by the equatorial domain to be functional as a chaperone. 

 Conserved residues among group I chaperonins map onto ATP binding pseudo- 
Walker motif and the substrate binding sites on  E. coli  GroEL structure (Brocchieri 
and Karlin  2000 ). Highly conserved charge clusters line the central cavity and the 
intra subunit interfaces, and thus are presumed to play a role in interacting with the 
substrate and constituting the quaternary structure. Interestingly, the less conserved 
segments were mapped outside wall of the cylinder (Brocchieri and Karlin  2000 ). 
Furthermore, the residues mapped to the functionally important regions on GroEL 
have been predicted to be selected by positive selection (Fares et al.  2002a ,  2005 ). 

 Phylogenetic studies on the two groups of chaperonins predicted the divergence 
of the two groups at a Last Universal Common Ancestor (LUCA), which further 
diverged in terms of type and number of subunits in a ring and requirement of the 
co-chaperonin (Dekker et al.  2011 ). Co-occurrence of paralogous chlorophyll and 
nucleomorph chaperonins in the same eukaryotic cells has been implicated in the 
divergent evolution of the organellar chaperonins (Wast et al.  1999 ). Similarly, sev-
eral mycobacterial species host multiple paralogues of GroEL (Kong et al.  1993 ; 
Qamra and Mande  2004 ). Phylogenetic studies on chaperonins predicted single 
gene duplication event in the common ancestor of  M. tuberculosis ,  M. leprae , and 
 Streptomyces albus  that might have duplicated the chaperonin genes. In addition to 
evolving novel functions, Cpn60 has also been implicated to play role in evolution 
of several proteins by buffering mutations and elevated temperatures (Fares et al. 
 2002b ; Rudolph et al.  2010 ). 

 To understand the basis for the divergence of multiple copies of chaperonins in 
bacteria we have performed divergence analysis on GroEL homologues from com-
pletely sequenced bacterial genomes (Table  7.1 ). Homologues of  M. tuberculosis  
Cpn60.1 were identifi ed using BLAST against 1,129 bacterial genomes (Cummings 
et al.  2002 ), aligned using ClustalW and an unrooted phylogenetic tree was generated 
from the 1859 Cpn60 homologues using MEGA 5.0 (Tamura et al.  2011 ). The tree 
depicts Cpn60 proteins from bacteria belonging to eight phyla, wherein multiple cop-
ies of Cpn60 proteins are identifi ed for actinobacteria,  cyanobacteria and chlamydia.
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    Phylum Proteobacteria:  The phylum proteobacteria is divided into fi ve classes: 
α-, β-, γ-, δ- and ε- proteobacteria. Three of the fi ve classes of proteobacteria; γ-, 
δ- and ε- proteobacteria show the presence of a single copy of the  groEL  gene, while 
α- and β-proteobacteria possess two or more copies of this gene. Interestingly, the 
conserved C terminal (GGM) 4 M repeat sequence has been observed in all the Cpn60 
proteins in this phylum (Farr et al.  2007 ; Suzuki et al.  2008 ; Tang et al.  2006 ). 
Examples for this phylum include rhizobiaceae family, members of which have 
GroEL copies ranging from one to seven (Lund  2009 ). Interestingly,  Bradyrhizobium 
japonicum  hosts fi ve  groESL  operons. Among these,  groESL2 ,  groESL4  are con-
stitutive and the other stress induced (Fischer et al.  1993 ). Moreover,  Buchnera 
aphidicola , a member of γ-proteobacteria, hosts a single copy of  groEL  in operonic 
arrangement with  groES , typically overexpressed at elevated temperatures (Baumann 
et al.  1996 ) (85). 

  Phylum Actinobacteria  :  Actinobacteria clade represents another Gram positive 
bacterial phylum hosting multiple copies of  groEL  gene (Goyal et al.  2006 ) .  The 
comparison of the protein sequences across different lineages showed that the dupli-
cated copies of chaperonin 60s, Cpn60.1 and Cpn60.2, are distributed to different 
phylogenetic branches (Fig.  7.4 ), suggesting that the duplication event might have 
occurred in the common ancestor of actinobacteria. Interestingly, unlike the rhizobia-
ceae family, only one of the actinobacterial  groEL  genes is in operonic arrangement 
with  groES  (Goyal et al.  2006 ). The absence of a  cpn10  copy with the other  cpn60 (s) 
could be either due to a duplication (or multiplication) of  cpn60  alone or loss of a 
 cpn10  copy after duplication of the operon. For example,  M. smegmatis  hosts three 
copies of  cpn60 , namely  cpn60.1 ,  cpn60. 2 and  cpn60.3 , but only a single copy of 
 cpn10  that is associated with  cpn60.1  (Ojha et al.  2005 ; Rao and Lund  2010 ). 
 M. smegmatis  Cpn60.2 exhibits greater sequence identity (93 %) with  M. tuberculosis  
Cpn60.2 than with other copies. Some of the actinobacteria host single  cpn60  genes, 
such as in  Bifi dobacterium longum  and  Tropheryma whipplei , which is homologus to 
the actinobacterial Cpn60.2 and the gene is located away from  cpn10  on the chromo-
some. Moreover,  Gordonia bronchialis DSM 43247  hosts three Cpn60 copies, which 
are distributed to three different clades of phylogenetic tree.  G. bronchialis  Cpn60.1 

   Table 7.1    Number and distribution of  M. tuberculosis  GroEL1 homologues in Bacteria   

 Phylum 
 Number of completely 
sequenced genomes 

 Number of sequences with 
expect value less than e −10  

 Actinobacteria  138  326 
 Bacteriodetes/Chlorobi  81  98 
 Chlamydiae  12  83 
 Cyanobacteria  28  62 
 Firmicutes  212  415 
 Mollicutes  32  10 
 Proteobacteria  500  1,011 
 Spirochaetales  35  36 

 Total number of sequences with Expect Value less than e −10   2,041 
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and Cpn60.2 are homologous to the mycobacterial Cpn60.1 and Cpn60.2, respectively, 
while Cpn60.3 is phylogenetically distant from these two copies.

    Phylum Cyanobacteria:  Members of cyanobacteria phylum are characterized by 
multiple copies of  cpn60 s and a single copy of  cpn10  (Huq et al.  2010 ).  Nostoc 
punctiforme  PCC 73102 has three copies of  cpn60  with only one  cpn10  gene (Ran 
et al.  2007 ). Analogous to actinobacterial Cpn60s, these copies are similar in 
sequence to the corresponding homologues across the species, but are distant from 
the other copies within the species. Likewise, bacteria belonging to synechocystis 
species host two copies of  cpn60 , encoding Cpn60.1 and Cpn60.2, and one copy of 
 cpn10  (Lehel et al.  1993 ). Cpn60.1, but not Cpn60.2, has been demonstrated to 
complement the loss of GroEL in an  E. coli  mutant (Tanaka et al.  1997 ), while 
Cpn60.2 is essential under stress conditions (Tanaka et al.  1997 ).  

7.7     Inference on Cpn60 Evolution 

 The size of the bacterial genomes ranges between 1.5 and 13 Mb (Cummings 
et al.  2002 ; McCutcheon et al.  2009 ; Schneiker et al.  2007 ). Owing to the absence 
of introns, the size of a bacterial genome can be logically correlated with the 

  Fig. 7.4     Unrooted phylogenetic tree of bacterial chaperonins . A phylogenetic tree was gener-
ated using the 1,129 complete bacterial genomes. Protein sequences that are homologus to  
M. tuberculosis  GroEL1 were aligned using the ClustalW program and an unrooted tree was 
constructed using MEGA 5.0. The bacterial phyla are colour coded as indicated. Regions corre-
sponding to mycobacterial GroEL1 and GroEL2 are indicated in blue. Inset shows the actinobacte-
rial branch expanded with individual bacterial families color-coded. Branches of the tree 
corresponding to GroEL1 and GroEL2 sequences are indicated in orange and purple, respectively       
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number of cistrons. Since the number of protein families is limited, it is reasonable 
to imagine that the genome size variation probably correlates with the number of 
paralogous genes. While several bacteria with average genome size host one 
 cpn60  gene ,  bacteria with large genome sizes have been shown to encode multiple 
copies of the  cpn60  gene; up to fi ve copies in  B. japonicum  harbouring a 9.2 Mb 
genome (Fischer et al.  1993 ) .  

 The process of evolution of multiple genes might be due to either horizontal 
gene transfer (xenologues) or gene duplication (paralogues). To understand the 
basis of the evolution of Cpn60 paralogues we need to understand the process of 
gene duplication. Two models have been proposed on the consequences of gene 
duplication: (i) neofunctionalization model and (ii) subfunctionalization model. 
The neofunctionalization model, as the name suggests, assumes that the duplicated 
gene acquires a new function upon acquiring adaptive mutations. The model is 
supposed to be free of the selection pressure since the ancestral gene continues to 
function normally (Ohno  1970 ). Contrariwise, the subfunctionalization model 
assumes that the duplicated gene acquires neutral mutations and consequently 
retains one of the ancestral functions. Therefore, each of the ancestral functions 
(sub-function) is acquired by the duplicated genes (Force et al.  1999 ; He and Zhang 
 2005 ; Lynch and Force  2000 ). Although, examples for both the models have been 
identifi ed, the subfunctionalization model has been widely observed (He and 
Zhang  2005 ). The phylogenetic distribution of the Cpn60 sequences has been 
observed in agreement with the 16S rRNA tree. The Cpn60 sequences were clus-
tered according to the host bacteria in the phylogenetic tree, suggesting duplication 
and rapid evolution of the genes (Fig.  7.4 ). Thus, the duplication event of  cpn60  
genes seem to have occurred in ancestors of certain clades, rather than being hori-
zontally transferred across different species.  

7.8     Domain Conservation in Cpn60 

 In the duplicated Cpn60 proteins of clades such as mycobacteriacea, the two paralo-
gous classes of the Cpn60s: Cpn60.1 and Cpn60.2, are distinguished by the charac-
teristic C-terminal sequence. While the proteobacterial and cyanobacterial Cpn60s 
display a hydrophobic GGM tripeptide repeat motif, the actinobacterial Cpn60.1 
and Cpn60.2 display histidine rich and GGM repeat motifs, respectively. 

 The apical domain, which spans the central part of the Cpn60 primary structure, 
is responsible for binding a wide range of substrate molecules (Kumar and 
Mande  2011 ). Owing to its wide range of substrate interactions, this domain appears 
less conserved. Only six residues in proteobacterial Cpn60s and 12 residues in acti-
nobacterial Cpn60s are conserved (Table  7.2 ). Interestingly, the apical domains of 
cyanobacterial Cpn60s displayed 40 conserved residues. Moreover, the equatorial 
domain, which spans two extremes of the Cpn60 polypeptide, and is responsible for 
the inter-subunit interactions, the formation of essential Anfi nsen cage and ATPase 
activity, exhibits higher conservation. Five point residues and three peptide stretches 
in proteobacterial Cpn60s and 15 residues and one peptide stretch in actinobacterial 

7 Evolution of Bacterial Chaperonin 60 Paralogues…



116

Cpn60s are conserved. Moreover, 48 residues are conserved in equatorial domains 
of cyanobacterial Cpn60s. The intermediate domain, which connects the apical and 
equatorial domains in the primary and tertiary structure, shows moderate conserva-
tion. Since the domain is responsible for the  en bloc  movement of the substrate 
recognition domain, a few conserved residues were identifi ed in Cpn60s from three 
phyla. Eight residues in the proteobacterial Cpn60s and four residues in actinobac-
terial Cpn60s were conserved. As expected, cyanobacterial Cpn60s displayed 33 
conserved residues in intermediate domains (Table  7.2 ).

   In a nut shell, these observations imply that the apical domain, owing to its promis-
cuity in substrate interactions, is less conserved. Moreover, displaying structural simi-
larity, this domain has been attributed the promiscuous peroxiredoxin origin (Dekker 
et al.  2011 ). The equatorial domain, on the other hand, is greatly conserved owing to 
the inter-subunit interactions, thereby, the formation of the essential Anfi nsen cage 

    Table 7.2    Conserved residues among GroEL1 homologues   

 Phylum  GroEL domains  Conserved residues 

 Proteobacteria  Apical domain  Ser200, Pro276, Gly279, Asp288, Gly315, Arg365 
 Equatorial domain  Gly52, Gly436, Asn454, Gly489, Val496, Ser506, 

Gly85-Asp-Gly-Thr-Thr-Thr90, Gly411-Gly- 
Gly413 Asp492-Pro493 

 Intermediate
 domain 

 Gly172, Gly191, Gly377, Gly407, Ala402, Ala403 

 Actinobacteria  Apical domain  Gly197, Gly281, Gly317; Leu220, Leu258; Pro278; 
Arg284, Arg344, Arg367 and Asp290 

 Equatorial domain  Gly69, Ala77, Gly85-Asp-Gly-Thr-Thr-Thr90, Gly102, 
Gly109, Gly118, Gly409, Gly413, Gly414, Pro448, 
Asn455, Gly457, Gly475, Asp493, Val497, Ser507 

 Intermediate
 domain 

 Gly158, Gly381, Thr384, Asp397 

 Cyanobacteria  Apical domain  Gly196, Ser199-Pro-Tyr201, Arg208, Leu219, Lys224, 
Leu231, Leu235-Glu236, Ala256-Leu257, 
Thr259-Leu-Val-261, Asn263, Gly267, Ala276- 
Pro277, Phe279-Gly280, Arg283, Asp289, 
Leu293-Thr294, Glu301, Gly316, Lys325, Arg343, 
Ser356, Lys362, Arg366, Ala368, Leu370, 
Gly372-Gly373, Ala375 

 Equatorial domain  Arg12, Leu15-Glu-Gly17, Thr29, Gly31-Pro32, Ala56, 
Asn67, Gly69, Leu72, Thr80, Gly85-Asp-Thr-Thr-
Thr- Ala91, Gly102, Asn105, Gly109, Gly118, 
Gly412-Gly-Gly414, Pro450, Asn457, Gly459, 
Gly462, Gly477, Gly492, Asp495, Val499, Ser509, 
Thr516-Thr-Glu518 

 Intermediate
 domain 

 Asp153, Gly157, Ala163, Val167, Gly171-Val-Ile173, 
Glu176-Glu177, Ser180, Thr183, Glu189-Gly- 
Met191, Lys378-Val-Gly-Ala381, Thr383-Glu-Thr- 
Glu386, Lys388, Lys391-Leu392, Glu395-Asp396, 
Asn399, Thr401, Ala403-Ala404, Glu407-Gly408 
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and the ATP binding for its activity. The intermediate domain is fairly conserved, 
since it needs to regulate the  en bloc  movement of the apical domain in response to the 
presence of nucleotide in the equatorial domain. Therefore the conservation profi le for 
the Cpn60 monomer is the highest for equatorial domain, followed by the intermediate 
domain, while the apical domain shows the least conservation.  

7.9     Conclusions 

 Chaperonin 60 functions as the constitutional protein chaperone in several bacteria. 
Recent studies have discovered additional novel functions for paralogous Cpn60 
proteins in certain pathogenic bacteria. Moreover, these studies have expanded the 
substrate catalogue for Cpn60s from the polypeptides to other biopolymers and 
therefore, the resulting functional divergence has been attributed to different oligo-
meric status and cellular localization. Lower oligomeric forms are implicated in 
binding and transport of extended polymers such as DNA, while the higher oligo-
meric forms might be involved in the protein folding function. Considering the 
dimensions, it is reasonable to assume that the lower oligomeric form might be 
secretory and involved in eliciting the immunological responses and transport of 
biopolymers, while the higher oligomeric forms might be confi ned to the cytoplasm 
and protein folding actions. 

 In addition, we propose that chaperonin genes have been subjected to different 
selective constraints during evolution. Gene duplication followed by sequence 
divergence resulted in paralogous Cpn60s that can perform different functions. 
Moreover, these functional variations might be acquired by incorporating chemi-
cally dissimilar substitutions at functionally important residue positions.     
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