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Abstract. The chaperonins, GroEL and GroES, are
present ubiquitously and provide a paradigm in the
understanding of assisted protein folding. Due to its
essentiality of function, GroEL exhibits high se-
quence conservation across species. Complete gen-
ome sequencing has shown the occurrence of
duplicate or multiple copies of groEL genes in
bacteria such as Mycobacterium tuberculosis and
Corynebacterium glutamicum. Monophyly of each
bacterial clade in the phylogenetic tree generated for
the GroEL protein suggests a lineage-specific dupli-
cation. The duplicated groEL gene in Actinobacteria
is not accompanied by the operonic groES despite the
presence of upstream regulatory elements. Our anal-
ysis suggests that in these bacteria the duplicated
groEL genes have undergone rapid evolution and
divergence to function in a GroES-independent
manner. Evaluation of multiple sequence alignment
demonstrates that the duplicated genes have
acquired mutations at functionally significant posi-
tions including those involved in substrate binding,
ATP binding, and GroES binding and those involved
in inter-ring and intra-ring interactions. We propose
that the duplicate groEL genes in different bacterial
clades have evolved independently to meet specific
requirements of each clade. We also propose that the
groEL gene, although essential and conserved, accu-
mulates nonconservative substitutions to exhibit
structural and functional variations.
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Introduction

Chaperonins are large multisubunit proteins that as-
sist proper folding of misfolded or unfolded poly-
peptides in an ATP-dependent manner. The 60-kDa
chaperonins are classified into two groups, Group I
and Group II, on the basis of amino acid sequence
similarity. Group I chaperonins occur in bacteria and
the endosymbiotic organelles of eukaryotes, and
Group II chaperonins occur in archaea and the
eukaryotic cytosols. Although chaperonins in both
groups function as an oligomeric assembly, they
possess distinct structural differences. Group I chap-
eronins form a seven-member ring, whereas Group 11
chaperonins assemble to form an eight- or a nine-
member ring (Gutsche et al. 1999). Also, the bacterial
chaperonins require a co-chaperonin for their func-
tion, whereas a similar role in group II chaperonins is
played by a helical extension of the apical domain.
One of the best-studied chaperonins, GroEL, be-
longs to the 60-kDa group I chaperonin class. GroEL
is required for the proper folding of many proteins in
vitro and ~10% of newly translated polypeptides in
vivo (Houry et al. 1999). GroEL is known to be
overexpressed during varied stress conditions and has
been shown to be indispensable during heat stress and
thus named a heat shock protein. Moreover, GroEL



782

has been shown to be essential for growth at all
temperatures (Fayet et al. 1989).

GroEL functions as a tetradecamer of two hepta-
meric rings that stack back to back with a hydro-
phobic central cavity where substrate polypeptides
are folded through alternate binding of the substrate
and the co-chaperonin GroES (Braig et al. 1994).
Each subunit of GroEL is comprised of three do-
mains, viz., the equatorial, the intermediate, and the
apical domains. The equatorial domain is involved in
ATP binding and hydrolysis and provides most of the
intra- and inter-ring contacts. The apical domain is
involved in interaction with the substrate and the co-
chaperonin, GroES. The intermediate domain links
the apical and the equatorial domains and acts as a
hinge for movement of the apical domain in response
to signals provided by the equatorial domain.

With the advent of genome sequencing, more than
300 putative groEL homologues have been identified
in several eubacteria and a few archaebacteria. Most
of the bacteria possess a single copy of the groEL
gene arranged on an operon along with the groES
gene. However, analysis of several completely se-
quenced genomes that are available has shown that
certain Gram-positive bacteria such as M. tubercu-
losis and C. glutamicum and a few Gram-negative
bacteria, such as Bradyrhizobium japonicum and
Mesorhizobium loti possess duplicate or multiple
copies of the groEL genes. In Gram-positive bacteria,
the second copy of the groEL gene mainly occurs as a
stand-alone copy, while in Gram-negative bacteria
almost all the multiple copies of groEL genes are
preceded by the corresponding groES genes, and
hence, all are bi-cistronic.

In many Gram-positive bacteria, the Controlling
Inverted Repeat for Chaperonin Expression (CIRCE)
element controls regulation of the groESL operon.
These elements occur upstream of the groESL operon
and regulate the operon through binding of the HrcA
repressor (Narberhaus 1999). HrcA negatively regu-
lates the operon, thus, at low temperature it remains
bound to the CIRCE element, thereby preventing
expression of the groESL operon. However, at high
temperatures it dissociates from the repeat region and
allows overexpression of the groESL operon.

Gene duplication is an important evolutionary
force that provides an organism an opportunity to
evolve new functions. Known examples of gene
duplication include instances of one of the duplicated
copies diverging to acquire differential regulation.
Many times mutations occur in one of the duplicated
genes, followed by its evolution into a protein with a
new function. In the case of oligomeric proteins, the
duplicate copies sometimes evolve to function as
hetero-oligomers (Dickson et al. 2000). In some cases,
duplication is also used as a mechanism to
acquire varied substrate spectrum, as in the case of

immunoglobulins, where multiple copies respond to
different substrates (Eason et al. 2004). Thus, func-
tional variations and differential regulation obtained
as a result of gene duplication provide organisms an
adaptive advantage and a better chance of survival.

In the present study, phylogenetic analysis of
GroEL was carried out to understand the evolu-
tionary significance of the groEL gene duplication in
different lineages and the functional implications of
the duplication event. Because GroES is essential for
the proper functioning of GroEL (Fenton et al.
1994), we also analyzed the duplication of groESL
operons in the available bacterial sequences.

Materials and Methods

BLAST (Altschul et al. 1997) search was carried out using the
amino acid sequence of GroEL1 (Rv3417c) of M. tuberculosis with
a cutoff E-value of 107* against the Swiss-Prot database (Bairoch
and Apweiler 1997). Three hundred one hits, representing a wide
range of the phylogenetic spectrum, were obtained in the BLAST
output. Protein sequences of GroEL2 and GroEL3 of Chlamydia
trachomatis were added manually. Sequences were retrieved and
aligned using the ClustalW program (Thompson et al. 1994). The
multiple sequence alignment was edited to remove redundant se-
quences. Sequences sharing less than 20% identity with the query
were also removed from the set. As large gaps cause discrepancy in
distance calculation and in inference of evolutionary relationships,
sequences containing large insertions and deletions were removed
from the alignment. The sequence set was realigned using Clu-
stalW. The highly variable C-terminal region from all the sequences
was not considered for further analysis.

Phylogenetic Analysis

The phylogenetic tree was generated using the distance-based and
the maximume-likelihood (ML) methods of tree construction. For
distance analyses, the PROTDIST program of the PHYLIP (v 3.5)
package was used (Felsentein 1993), with the distances estimated
from the Dayhoff PAM matrices. The tree was generated using the
neighbor-joining (NJ) algorithm as implemented in the NEIGH-
BOR program of the PHYLIP package. One hundred bootstrap
cycles were carried out to obtain statistical support for the phy-
logeny. The majority-rule consensus tree was determined from
the bootstrapped trees using the CONSENSUS module within
PHYLIP.

The PROTTEST (Abascal et al. 2005) program was used to
determine the empirical model of amino acid substitutions that best
fits the GroEL multiple protein sequence alignment. PROTTEST
tests for 72 amino acid substitution models. The best substitution
matrix suggested by PROTTEST, the WAG matrix (Whelan and
Goldman 2001), was used for ML analyses, using PHYML
(Guindon and Gascuel 2003). The ML analysis was used to correct
the consensus tree considering a 0.016 fraction of the total sites
as invariant and used a gamma distribution with o = 0.908 as
obtained from PROTTEST.

Assessment of Functional Divergence

The DIVERGE program (Gu and Zhang 1997) was used to
determine functionally divergent nodes (clusters) in the final
ML tree. It was also used to assess the posterior probability of



divergence of each amino acid site in the alignment for the two
clusters that are compared.

Results and Discussion

The final sequence alignment used for evolutionary
analysis contained a total of 249 sequences. After the
removal of ambiguous regions, the alignment con-
tained 565 amino acid positions. Conservation was
found to be high at 55 positions in the alignment,
suggesting conserved chemical similarity of these
residues across all 249 protein sequences.

Evolutionary Analysis of Multiple GroELs

In order to determine the basic phylogenetic rela-
tionship among the 249 sequences, a NJ tree was
generated using the Dayhoff PAM matrix. The dis-
tances tested using PROTTEST showed that the
WAG + I + G model best fits the present multiple
sequence alignment. The +1 feature considers a
fraction of amino acid sites to be invariable due to
functional and structural constraints (Reeves 1992).
The + G feature infers evolutionary information by
taking into account the probability of each site to
belong to the given rate categories (Yang 1993). The
model was selected with the minimum Akaike (1973)
value of 134,688.19. It was selected with a weight of
0.94, suggesting a high probability of this model to fit
the given alignment.

It was observed that the overall phylogenetic dis-
tribution was generally in agreement with the distri-
bution in the 16S rRNA tree. Sequences belonging to
the same class of bacteria were clustered together.
Each bacterial clade was clearly separated in the
phylogenetic tree. This therefore suggests that there
has been little horizontal transfer of the groEL genes
across different bacterial clades. However, duplica-
tion and rapid evolution are still evident from the
phylogenetic tree.

Paralogy of the chaperonin gene has been ob-
served in the archaeal and eukaryotic chaperonins
(Archibald et al. 2001). Similarly, duplication of the
groEL gene was also observed in many bacterial
species. For example, Chlamydia, Cyanobacteria,
Actinobacteria, and Rhizobiales each possessed two
or more copies of the groEL gene, which were
referred to as groELI, groEL2, and groEL3, etc.
Comparison of the GroEL protein sequences across
different lineages showed that the duplicated copies
of GroEL are more similar to each other within each
lineage than across different lineages. In other words,
the tree topology, supported by high bootstrap val-
ues, indicated that the duplication of the groEL gene
might not have occurred in the common ancestor of
Chlamydia, Cyanobacteria, and Actinobacteria. Ra-
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Cyanophora paradoxa Cpn60

— Synechocystis sp. PCC 6803 Cpn60_1

Synedhococcus elongatus PCC 7942 Cpn60

Anabaena sp. L-31 Cpn60

Nostoc sp. PCC 7120 Cpn60_1

Thermosynechococcus vulcanus Cpn60_1

Synechococcus elongatis Cpn60

Cyanidium caldarium Cpn60

Odontella sinensis Cpn0
Galdieria sulphuraria Cpn60
Guillardia theta Cpn60
93

Porphyra purpurea Cpn60

Synechococcus elongatus Cpn60_2

Synechocystis sp. PCC 6803 Cpn60_2

Nostocsp. PCC 7120 Cpn60_2

Fig. 1. The cyanobacterial clade. The tree topology strengthens
the view that lineage-specific duplication has occurred in Cyano-
bacteria. Each branch is supported by a bootstrap value. Along
with the species name, the copy number is also indicated. Cpn60_1
is GroEL1 and Cpn60_2 is GroEL2.

ther, an independent lineage-specific duplication
might have occurred in each of the clades. For
example, the cyanobacterial node is bifurcated into
GroEL1 and GroEL2 branches with a bootstrap
value of 93 (Fig. 1). The GroEL1 protein sequences
of all the cyanobacterial species are substantially
closer to each other than to their corresponding
GroEL2 sequences. The two branches, one consisting
of the GroEL1 sequences and the other comprising
the GroEL2 sequences, therefore form separate
groups originating from a single cyanobacterial node.
This suggests that the duplication of the groEL
gene occurred in the common ancestor of all the
cyanobacterial species.

In the case of Actinobacteria (Fig. 2), groEL gene
duplication was observed only in the taxa Actinom-
ycineae and Corynebacterineae and was not observed
in other taxa. The GroELIls of Actinomycineae and
Corynebacterineaec form a single cluster, while the
GroEL2s form a separate cluster. The clustering is
supported by a bootstrap value of 94, thereby sug-
gesting that a single duplication event occurred in the
common ancestor of all Actinobacteria (Fig. 2).
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Nocardia farcinica Cpn60_1

100 Mycobacterium tuberculosis Cpn60_1

100
100

Mycobacterium avium subsp. paratuberculosis Cpn60_1
Mycobacterium leprae Cpn60_1
Corynebacterium glutamicum Cpn60_1

SS{OCorynebacterium effcens Cpn60_1

— Streptomyces albus G Cpn60_1
Streptomyces avermitilis Cpn60_1

‘IE[ Streptomyces lividans Cpn60_1
1oosmptomyces coelicolor Cpn60_1

r— Propionibacterium acnes Cpn60_1

Rhodococcus equi Cpno0

Nocardia farcinica Cpn60_2

Nocardia asteroides Cpn60

94

Mycobacterium avium subsp. paratuberculosis Cpn60_2
Mycobacterium leprae Cpn60_2

Mycobacterium tuberculosis Cpno0_2

Tsukamurella tyrosinosolvens Cpno0

Tsukamurella paurometabola Cpn60
Streptomyces albus G Cpn60_2

100 Streptomyces avermitilis Cpn60_2
Streptomyces coelicolor Cpn60_2
_E" Tropheryma whipplei str. Twist Cpn60

98 Tropheryma whipplei TW08 27 Cpn60
_EOScadovia inopinata Cpn60

Parascardovia denticolens Cpn60
— 100

Bifidobacterium animalis Cpn60
‘IE‘E Gardnerella vaginalis Cpn60

Bifdobacterium longum Cpn60

Fig. 2. The actinobacterial clade. The bootstrapped NJ tree
topology clearly suggests that duplication occurred in the common
ancestor of Actinobacteria. GroEL copy number is indicated as
described in the legend to Fig. 1.

Interestingly, the duplicated groEL gene (groEL2)
in Actinobacteria is not accompanied by the groES
gene. The groES gene typically occurs between the
CIRCE regulatory element and the groELI gene. In
the duplicated copies of the groEL genes in Actino-
bacteria, the CIRCE element is indeed present up-
stream of the groEL2 gene (Hecker et al. 1996), but
the groES gene is missing between the CIRCE ele-
ment and the groEL2 gene. Thus, the selective ab-
sence of the groES gene upstream of the groEL2
genes was intriguing.

There are two possible explanations for such a
gene inventory: (a) the groEL gene and its CIRCE
regulator duplicated independently, maintaining a
single copy of the groES gene, and (b) the entire
operon was duplicated, followed by selective loss of
the groES gene due to the absence of selection pres-
sure from the second copy of groEL. In order to
understand the possible evolutionary event we ana-
lyzed the distance between the CIRCE element and
the duplicated genes and, also, explored the func-
tional dependence of GroEL on GroES. It was ob-
served that in M. tuberculosis H3TRv the
distance between the groELI gene and its CIRCE
element (—168 nucleotides) is approximately equal to

the distance between groEL2 and its corresponding
CIRCE element (-153 nucleotides) (Stewart et al.
2002). This suggested that the entire operon might
have been duplicated in the common ancestor of
Actinobacteria. Furthermore, it is known that GroES
is strictly required for GroEL-mediated protein
folding in bacteria such as E. coli (Ranson et al. 1998)
but might not be required in M. tuberculosis for the
proper functioning of GroELs (Qamra et al. 2004;
Qamra and Mande 2004). The lack of GroES
requirement for proper functioning of GroEL2 might
thus have led to the loss of selection pressure on the
groES gene. Thus, the similar distance between the
regulator CIRCE and the duplicated groEL genes
and the ability of M. tuberculosis GroELs to function
in a GroES-independent manner together suggested
that the complete groESL operon might have been
duplicated in the ancestor of Actinobacteria, with the
subsequent loss of the second copy of the groES gene.

Interestingly, it was observed that not all the spe-
cies belonging to Actinobacteria possessed two groEL
copies. Species such as Bifidobacterium longum and
Tropheryma whipplei possessed only one copy of the
groEL gene. The only copy of the groEL gene in these
organisms is significantly more similar to the groEL2
of other Actinobacteria. For example, the similarity
between T. whipplei GroEL and M. tuberculosis
GroEL1 is 69%, whereas the similarity between the
former and the M. tuberculosis GroEL2 is 79%.
Moreover, the only GroELs of these species cluster
with the GroEL2 sequences of other Actinobacte-
ria with a bootstrap value of 98. Furthermore, in
B. longum and T. whipplei, the groES gene does not
accompany the only groEL gene on the chromosome,
thus indicating that these organisms lack the canon-
ical groESL operon. The groES gene in B. longum
and T. whipplei is present elsewhere on the genome
independent of the groEL gene, suggesting possible
loss of the groELI gene due to redundancy. This
observation is further supported by studies in Strep-
tomyces albus (Servant et al. 1993), M. smegmatis
(Kim et al. 2003), and C. glutamicum (Barreiro et al.
2005), where the groELI gene was found to be dis-
pensable, while the groEL2 gene was shown to be
essential for the growth and survival. It therefore
appears that after the gene duplication event in the
ancestor of Actinobateria, GroEL1 underwent
accelerated evolution (Hughes 1993) and was finally
lost from B. longum and T. whipplei due to the
redundancy of GroEL function. It also appears that
the only GroELs of T. whipplei and B. longum might
not require GroES for their function. Based on these
observations, we propose that in Actinobacteria, the
complete groESL operon was duplicated and the
groEL2 gene evolved to function in a GroES-inde-
pendent manner. This was followed by a selective loss
of the groES gene from the duplicated operon.



Analysis of the distribution of GroELs of organ-
isms belonging to the Chlamydiae clade showed
complex events of gene duplication. The esti-
mated distances showed that the groEL2 genes of
Chlamydophila caviae and Chlamydophila pneumoniae
have undergone accelerated evolution (Supplemen-
tary Figure). The same also holds true for the groEL2
and groEL3 genes of Chlamydia trachomatis. Thus the
GroEL phylogeny, in Chlamydiae, appears to be
complex, with the events of duplication followed by
higher rates of substitutions in the second and the
third copies of groEL genes. Besides, GroEL2 and
GroEL3 of these organisms have many mutations
even at functionally important sites, suggesting pos-
sible loss of the chaperonin function. For example, the
conserved ATP-binding motif GDGTTT has ac-
quired mutations in GroEL2 (T89A and T90K) and
GroEL3 (G86A, T89V, and T90I) of C. trachomatis.
Further, a recent report suggests that GroEL2 and
GroEL3 from C. trachomatis are not able to com-
plement a temperature-sensitive E. coli groEL mutant,
although GroEL1 from C. trachomatis does comple-
ment the same (Karunakaran et al. 2003). Thus,
GroEL2 and GroEL3 of C. trachomatis might not
function as the canonical chaperonins or might be in
the process of evolving a hitherto unknown function.

In addition to Chlamydiae, rapid evolution of the
groEL genes was also observed in the case of rick-
ettsials. This observation was intriguing, as duplica-
tion was not seen in this clade. When the rickettsial
chaperonins were compared with the chaperonins
from rhizobials (the nearest neighbors of rickettsials),
the coefficient of functional divergence (0,,)) between
rickettsial and rhizobial clades was ~0.512 as esti-
mated by DIVERGE. In order to identify the variant
amino acid sites in the rickettsial chaperonins, the
posterior probability of divergence was determined
for each site. These values were mapped on the
monomeric template of E. coli GroEL (1AON) (Xu
et al. 1997) (Fig. 3). It was noticed that these muta-
tions are mostly clustered in the apical and the
equatorial domain. As the equatorial domain is in-
volved in inter-ring interactions, variations in this
domain suggest probable loss of the double-ring
formation. It is therefore not surprising that the
mitochondrial chaperonins that are derived from
Rickettsia (Emelyanov 2001) function as single-ring
structures (Nielson et al. 1999). Further, the apical
domain is responsible for substrate binding and
folding. Thus, digression in some of the residues from
this domain suggests that the rickettsial chaperonins
might not recognize identical set of substrate proteins
as identified by Rhizobiales. These variations in
intermediate and equatorial domains together suggest
that the Rickettsiales chaperonins have undergone
divergence mediating the transition from prokaryotic
chaperonins to mitochondrial chaperonins.
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Substrate/ GroES binding site

1

Inter-ring interaction site

Fig. 3. Variation in the rickettsial chaperonins as mapped on the
E. coli GroEL structure (1AON). Residues having a posterior
probability of <0.5 (i.e., less diverged) are shown in gray, and
those with a high value (i.e., divergent) in black.

Finally, multiple duplication events were observed
in the case of the rhizobial subclass. This led to a
multifaceted clustering in this subclass, as each
organism possessed five or six copies of the groEL
genes. The tree topology (Fig. 4) clearly indicated
numerous instances of gene duplication within the
rhizobial subclass. However, the complex clustering
suggests that, apart from gene duplications, a few
horizontal transfer events also might have occurred in
these organisms. Different copies of groELs might
have diverged sequentially in a later event to attain the
ability to function under different conditions of stress.
Indeed it has been reported that in B. japonicum
expression of the groELS5 gene is regulated by cellular
oxygen and that of groEL3 is regulated by the nitro-
gen fixation system (Fischer et al. 1993). However,
inferences regarding the chain of evolutionary events
within the rhizobial clade cannot be drawn due to
weak statistical support.

Conclusions

Our results indicate that the heat shock protein
GroEL has been subjected to different selective con-
straints during its evolution. groEL, an essential gene,
has undergone multiple events of gene duplication
followed by sequence divergence. It is apparent from
the study that the functional variations have been
acquired by incorporating chemically dissimilar sub-
stitutions at functionally important residue positions.
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Rhizobium leguminosarumbv. viciae Cpn60
Agrobacterium tumefaciens str. C58 Cpn60
Sinorhizobitm melitoti Cpn60_4
Sinorhizobitum melifoti Cpn60_1
Brucella melitensis biovar Suis Cpn60
Bnucella melitensis Cpn60

Bnucella melitensis biovar Abortus Cpn60
Mesorhizobium foti Cpn60_4

Mesorhizobium loti Cpn60_3
Mesorhizobium loti Cpn60_5S

Bartonella bacilliformis Cpn60
P _E@ Bartonella henselae Cpn60
Bartonella quintana Cpn60

Cattlobacter vibrioides Cpn60
25 —— Rhodopseudomonas palustris Cpn60_1

3 Mesorhizobium loti Cpn60_1
_‘IE‘E Rhizobiumleguminosarum Cpn60_3
Sinorhizobium meliloti Cpn60_3

Bradyrhizobium japonicum Cpn60_1
Rhodopseudomonas palustris Cpn60_2
Bradyrhizobium japonicum Cpn60_3
Bradyrhizobium japonicum Cpn60_2
Mesorhizobium loti Cpn60_2

Sinorhizobium méiloti Cpn60_2
Rhizobium leguminosarum Cpn60_2
Sinorhizobium meliloti Cpn60_5
_E Zymormonas mobilis Cpn60

85 Acetobacter aceti Cpn60

Rhodobacter sphaeroides Cpn60_2

Rhodobacter capsulatus Cpn60

Paracoccus denitificans Cpn60
Rhodopsetdomonas palustris Cpn60
Rhodobacter sphaeroides Cpn60_1

Fig. 4. The rhizobial clade. Depicting the complex evolution of
multiple GroEL protein sequences supported by 100 bootstrap
values in the NJ tree. Copy number is also indicated as described in
the legend to Fig. 1. Cpn60_1 is GroEL1 and Cpn60_2 is GroEL2.

Actinobacteria appear to have lost the bi-cistronic
groESL, retaining the mono-cistronic paralog
that has evolved to function in the absence of the
co-chaperonin GroES.
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