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ABSTRACT: Chaperonin (GroEL, Hsp60) is a molecular chaperone involved in maintaining cellular protein homeostasis.
It interacts with unfolded and misfolded proteins to assist in their folding. In this article, structures, functions,
regulation, and significance of chaperonin in cyanobacteria will be reviewed. There are multiple kinds of groEL genes
in cyanobacteria in contrast to the Escherichia coli chaperonin paradigm. The cyanobacterial groEL1 gene forms an
operon with the single groES gene, similar to the E. coli groESL operon. In contrast, the cyanobacterial groEL2 gene
is monocistronic. The regulation of expression and function of the groEL1 and groEL2 genes are mutually distinct.
Transcription of the groESL1 operon and groEL2 gene is induced not only by heat but also by light. Unlike the E. coli
groESL operon, the expression of the cyanobacterial groESL1 operon and groEL2 is not controlled by the transcription
factor sigma32. Cis-regulatory elements such as K-box and CIRCE regulate it positively and/or negatively. Combinations
of the elements in groESL1 and groEL2 are evolutionarily diversified. Functional studies suggested that GroEL1 is
equivalent to E. coli GroEL, which is essential, whereas GroEL2 is nonessential but plays an important role under stress.
The absence of GroEL2 affects proteome and phosphoproteome under stress conditions. Moreover, GroEL1 and GroEL2
are structurally different. We propose that the groEL2 gene is an outcome of neofunctionalization after groESL operon
duplication. The groEL1 gene retains the original function essential for cellular activities under both normal and stress
conditions, whereas groEL2 acquires a novel, beneficial function required under stress.
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INTRODUCTION ON MOLECULAR CHAPERONES

Molecular chaperones are involved in a wide variety
of cellular processes including regulation of gene ex-
pression, de novo folding of proteins that are newly
synthesized in ribosomes, assembly and disassembly of
multimeric proteins and protein complexes, transport
of proteins into mitochondria and chloroplasts, protein
degradation in the ubiquitin-proteasome pathway and
autophagy [1, 2].

Under normal and especially under stress condi-
tions such as heat shock, proteins unfold, misfold,
and aggregate. Molecular chaperones interact with
unfolded, misfolded, and aggregated proteins and
assist in the (re)folding of unfolded and misfolded
polypeptides. They prevent aggregation and reactivate
(disaggregate) aggregated proteins [1, 2].

These evolutionarily conserved molecular chaper-
ones are classified into several families according to
their molecular mass and/or protein structure/func-
tion. These families include the small heat shock pro-
teins (sHsp), Hsp60, Hsp70, Hsp90, and Hsp100 [2].
Except for sHsp, they exhibit ATP-binding/hydrolysing
activity, which is required for facilitating protein fold-
ing or protein disaggregation, in contrast to sponta-
neous protein folding. It is thought that a protein
forms its three-dimensional structure that is defined

by its amino acid sequence spontaneously [3]. This
principle, or Anfinsen’s dogma, is true when the pro-
tein is present in a dilute protein solution. However,
total macromolecular concentrations in the cellular
milieu are 0.3 to 0.4 g/ml [4]. Thus, macromolecular
species occupy a significant fraction of the volume of
the cellular medium, and such media are referred to as
“crowded” [5]. Crowding affects the association equi-
libria of macromolecules. Macromolecular crowding
in a cell is thought to increase the tendency of proteins
to aggregate [6], which necessitates molecular chaper-
ones in a cell as described below.

The GroEL/CHAPERONIN 60/Hsp60 FAMILY

GroEL, present in the bacterial cytosol, is a member
of the Hsp60 family. It is also called chaperonin 60
and is classified as a Type I chaperonin. Chaperonin
60 in chloroplasts and Hsp60 in mitochondria are also
Type I chaperonin. Type II chaperonin is found in the
cytosol of eukaryotes and archaea [7, 8]. Both Type I
and Type II form a barrel-like structure consisting of
two rings arranged back to back. Each ring contains a
central cavity in which a non-native protein is isolated
for folding into the native state. Type I chaperonins are
homo-oligomers with seven subunits per ring, whereas
type II chaperonins are homo or hetero-oligomers with
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eight or nine subunits per ring. Type I requires a co-
chaperonin GroES but Type II has a protrusion extend-
ing from the apical domain of each subunit which acts
as a built-in co-chaperonin [7, 8].

E. coli GroEL

The E. coli GroEL has been extensively studied, estab-
lishing a foundation for the development of chaperone
research. GroEL, which is an essential protein [9], is
a major heat shock protein (Hsp) of E. coli. It is heat-
induced with other Hsps, including GroES, DnaJ, GrpE,
DnaK, HtpG and ClpB [10]. These Hsps function as
chaperones and co-chaperones. Their induction/ex-
pression is turned on or off in response to heat or other
stress signals. The transcription factor sigma 32 (σ32)
is involved in this induction. σ32, one of the sigma
factors or a subunit of RNA polymerase, recognizes the
heat shock promoters of genes encoding various Hsps.
Upon heat shock, the synthesis and stabilization of σ32

are enhanced [11], leading to a rapid and transient
increase in the cellular σ32 level. This σ32 increase
results in an increase in the transcription and thus
translation of heat shock genes. Among Hsps, there
are proteases as well as molecular chaperones. These
Hsps form a protein quality controlling system that
prevents protein denaturation, disaggregates protein
aggregates, and removes/digests denatured proteins.
When the cellular protein quality is restored, molec-
ular chaperones and proteases are freed from non-
native/denatured proteins (their substrates). Then,
they interact with σ32, which is one of the substrates
of these chaperones and proteases, resulting in its
inactivation and degradation. Thus, these molecular
chaperones and proteases exert negative feedback on
the heat shock response [11].

The E. coli GroEL is a homotetradecamer of 57 kDa
subunits made of two nearly sevenfold rotationally
symmetrical rings stacked back-to-back, as shown in
Fig. 1. Inside each ring, there is a cavity. The opening
of the central cavity binds a non-native polypeptide
and GroES. GroES, the ∼10 kDa co-chaperonin for
GroEL, forms a homoheptameric ‘dome’. GroES bind-
ing releases a bound polypeptide from GroEL and
closes the cavity of the GroEL ring to generate a
folding chamber. The folding chamber quarantines
the non-native polypeptide so that it does not interact
with other non-native polypeptides. This process is
facilitated by ATP binding/hydrolysis to GroEL. The
chamber can accommodate a protein up to ∼60 kDa
in size [7, 8].

The captured non-native protein folds in the fold-
ing chamber during the time when GroEL hydrolyses
its bound ATP to ADP (∼10 s). After hydrolysis of ATP
in the GroES-bound ring (cis ring), ATP binds to the
opposite ring (trans ring), which triggers discharge of
the protein, ADP, and GroES from the cis ring (Fig. 2).
If the released substrate is not correctly folded it can

rebind for further cycles of chaperoning [7, 8].
The isolation of a non-native protein in the GroEL

ring is important for the protein to avoid interac-
tion with other non-native proteins in a cell. When
a non-native protein is isolated individually in the
GroEL cavity, whose inner wall is hydrophilic, it can
escape from aggregating environments due to macro-
molecular crowding inside a cell. Non-native pro-
teins are thermodynamically more prone to aggregate
than to refold back to their native structure [1], and
macromolecular crowding in a cell increases this ten-
dency [6]. Molecular chaperones, including GroEL,
interact with aggregation-prone proteins and lower the
risk of protein aggregation.

MULTIPLE GroELs IN CYANOBACTERIA

groEL1 and groEL2 genes in cyanobacterial
genomes

The groEL gene in E. coli forms an operon with
the groES gene, the groESL operon. Thus, the two
genes are transcribed together under the control of
the heat shock promoter and the sigma factor σ32

described above. It is reasonable for these genes cod-
ing for chaperonin and co-chaperonin to be clustered
and regulated together because the co-chaperonin
GroES cooperates with GroEL (Fig. 2). The groESL
(designated as groESL1) operon is also conserved in
cyanobacteria. Interestingly, some cyanobacteria, such
as Chlorogloeopsis fritschii PCC 6912, contain multiple
groESL operons. In contrast to E. coli, cyanobacte-
ria have a groEL (designated as groEL2) gene that
is not associated with a groES gene [12, 13]. Our
transcriptional analysis indicates that the groEL2 gene
is not co-transcribed with any other genes and thus
monocistronic [13]. The amino acid sequences of the
translation products of the two groEL genes are ∼60%
identical. Amino acid sequence comparison shows that
E. coli GroEL is equally similar to GroEL1 and GroEL2.
E. coli GroEL, GroEL1 and GroEL2 are all acidic pro-
teins of ∼58 kDa in size. Interestingly, chloroplasts of
algae such as Chlamydomonas reinhardtii and higher
plants also possess multiple chaperonin 60s [14–16].

Among 141 cyanobacterial genomes, 115 genomes
encode a single groESL operon and a monocistronic
groEL (without groES closely located) [17]. Hereafter,
a groEL gene with the operonic gene structure and a
monocistronic groEL are called as groEL1 and groEL2,
respectively. Most of the other cyanobacterial genomes
encode two groESL1 operons and a single groEL2
gene. For example, C. fritschii PCC 6912, as well as
other filamentous-type cyanobacteria, has two groESL
operons (groESL1, groESL1.2) and a single groEL2. A
phylogenetic tree constructed from all cyanobacterial
groEL DNA sequences reveals two main clades that
correspond to the groESL1 operon and groEL2, indi-
cating that the duplication of groESL1 and groEL2 is
ancient and occurred at the base of the cyanobacterial
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Fig. 1 Structure of the E. coli GroEL heptamer ring, the GroEL-GroES-ADP complex, and a GroEL monomer bound by ADP in
the GroEL heptamer. (A) GroEL heptamer ring viewed from above down the axis of sevenfold symmetry. (B) Double rings of
the GroEL heptamer capped with the GroES heptamer viewed from the side of the GroES-GroEL-ADP complex. (C) Illustration
of ADP binding to a GroEL monomer. Constructed from PDBID: 1SVT [55].

Fig. 2 Chaperone cycle of E. coli GroEL. ATP and polypeptide binding to one of the two GroEL heptamer rings is followed by
binding of GroES. Concomitant with GroES binding, the polypeptide is ejected into the central cavity, where it begins to fold
in this chamber. Folding continues during ATP hydrolysis in the cis ring (∼10 s). ATP hydrolysis weakens the cis complex and
permits ATP (and non-native polypeptide) binding to the trans ring. This discharges ADP, substrate polypeptide, and GroES
from the cis ring, regardless of the folding state of the substrate polypeptide. The released polypeptide may fold to its native
state. When it is unable to reach the native state, it can bind to GroEL again for another folding attempt. The previous trans
ring forms a new cis ring to begin the chaperone cycle again.
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Fig. 3 Phylogenetic tree analysis of the groEL genes from 271 cyanobacterial genomes using the Interactive Tree of Life (iTOL)
tool. All groES (10 kDa chaperonin) and groEL (60 kDa chaperonin) genes were retrieved directly from their annotations in
GenBank. In this analysis, a groEL with groES nearby is defined as groEL1, while a groEL with no groES nearby is defined as
groEL2. In the tree, groEL1 (in blue) and groEL2 (in green) originate from the same root, and diverge at the early stage of the
evolution.

tree [17].
In this review, we reanalysed the groESL1 operon

and groEL2 of the updated cyanobacterial genomes
as of September 2022. The majority, approximately
85% of the cyanobacterial genomes, represent a sin-
gle groESL1 operon and one monocistronic groEL2,
supporting the analysis by Weissenbech et al [17].
However, many combinations between the number
of groESL1 and groEL2 were found among the 271
cyanobacterial genomes, as shown in Table 1(a). The
number of groE genes present in plasmids are not
counted in the table although some cyanobacteria in-
cluding Acaryochloris species/strains, Trichormus vari-
abilis, and Nostoc sp. were found to contain multi-
ple groE genes in their plasmids. Acaryochloris has
been reported to be unique cyanobacteria containing
chlorophyll d as the predominant pigment [18]. Tri-
chormus variabilis, and Nostoc sp. are nitrogen-fixing
cyanobacteria with heterocysts. Calothrix sp. strain
PCC 7716 which has a huge genome was found to
contain 3 groESL1 operons. A few cyanobacteria in-
cluding Gloeobacter violaceus PCC 7421 has two groESL
operons but no monocistronic groEL. Moreover, the
phylogenetic tree constructed from the cyanobacterial
groESL1 operon and groEL2 sequences clearly shows
two main patterns of the groESL1 operon and groEL2
(Fig. 3).

Control of transcription of groESL1 and groEL2 in
cyanobacteria

Negative regulation

A distinctive feature of the heat shock response in
cyanobacteria is that it is modified not only by heat
but also by light. Light accelerates the heat induction
of groESL1 and groEL2 as well as genes encoding
other molecular chaperones in Synechocystis sp. PCC
6803. In the dark, the heat shock response of the groE
genes is not as rapid and intense as in the light. An
inhibitor of photosynthetic electron transport, 3-(3,4-
dichlorophenyl)-1,1-dimethylurea strongly suppressed
heat induction of the groE genes in the light [19–21],
suggesting that the light acceleration is closely linked
to the operation of photosynthetic electron flow. The
increase in the cellular level of molecular chaperones
in the light is important for the survival of cells be-
cause exposure to high temperatures in the light be-
comes much more lethal to cells than heat-exposure
in the dark [20]. In the light, heat may cause more
damage/denaturation of cellular proteins than in the
dark. What mechanism(s) underlies this unique and
physiologically important heat shock response?

It is unlikely that a σ32 homologue is involved in
the heat- and light-mediated regulation of cyanobac-
terial groE transcription because it is not conserved
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in cyanobacterial genomes [21]. Alternative sigma
factors such as SigB and SigH in the cyanobacterium
Synechocystis sp. PCC 6803 are heat-induced, similar
to E. coli σ32 [22–24]. However, it is not known
whether these sigma factors transcribe the groEL genes
in cyanobacteria under heat stress as major regulatory
factors.

Transcription of the groESL1 and groEL2 genes of
Synechocystis sp. PCC 6803 is initiated from the same
and only one transcriptional start site under normal
and heat shock conditions [25], suggesting that the
same promoter is used regardless of the conditions.
This eliminates the involvement of a stress-response
alternative sigma factor acting on special heat shock
promoters for groE heat induction and suggests that
the heat shock response is regulated by the principle
sigma factor RpoD1 without switching to an alternative
sigma factor upon heat shock.

In Bacillus subtilis, groESL transcription is heat-
induced depending on the principal sigma factor
SigA [26]. It is regulated negatively in contrast to the
positive regulation by σ32 in E. coli. Downstream of
a SigA-dependent promoter, there is a perfect inverted
repeat of 9 bp separated by a 9 bp spacer, designated
the CIRCE element (controlling inverted repeat of
chaperone expression) [27]. CIRCE acts as an operator
to which the HrcA repressor binds to suppress groE
transcription under normal condition [28]. Upon heat
shock, HrcA inactivates or changes its conformation so
that it dissociates from the CIRCE element, resulting in
the heat induction of the groESL operon [29].

The HrcA-CIRCE system is the most widespread
among eubacteria [29]. CIRCE is present in upstream
regions of groEL genes from approximately 80% of
cyanobacterial genomes (Table 1(b)). It is shown that
both groESL1 and groEL2 from some cyanobacterial
species including Synechocystis sp. PCC 6803 and An-
abaena sp. PCC 7120 have CIRCE [25, 30–32]. Our
present analysis reveals that CIRCE is present in 179
out of total 290 groESL1s from 271 genomes whereas
it exists in 125 out of total 260 groEL2s. Thus CIRCE is
not associated with all groE genes. The gene encoding
the HrcA repressor protein that binds directly to CIRCE
is also conserved in cyanobacterial genomes [33].

To demonstrate whether the HrcA-CIRCE system
regulates cyanobacterial groEL gene expression, we
disrupted the hrcA gene in Synechocystis sp. PCC
6803 [25]. In this cyanobacterium, CIRCE is present
upstream of both the groESL1 operon and the groEL2
gene as already described. Immediately after the -
10 promoter sequence of groESL1, the CIRCE operator
is present. Most of the groEL2 promoter overlaps
with CIRCE. Thus, CIRCE is present around the tran-
scription start sites of the Synechocystis groESL1 and
groEL2 genes. The transcription of the groE genes
is derepressed (or greatly enhanced) in the mutant
under normal growth conditions at 30 °C. Similarly, the

expression of both groESL1 and groEL2 is elevated in
an hrcA null mutant of Anabaena sp. PCC 7120 under
normal growth compared with the wild type [30].
The electrophoretic mobility shift assay shows that the
isolated HrcA repressor protein from Anabaena sp. L-31
specifically binds to a DNA fragment containing CIRCE.
These results strongly suggest that CIRCE and HrcA
constitute a negative regulatory mechanism in the heat
induction of the groE genes in these cyanobacteria.

Conservation of the CIRCE and HrcA sequences
in cyanobacterial genomes does not necessarily mean
that it constitutes a ‘negative’ regulatory mechanism in
the groE expression. To our surprise, a hrcA mutant
of Synechococcus elongatus PCC 7942 did not show
derepression of the groESL1 transcription under nor-
mal growth conditions [33]. Instead, the groESL1
mRNA levels at 30 °C and a heat shock temperature
45 °C are lower in the mutant than that in the wild
type. In S. elongatus PCC 7942, a novel heat shock
protein, Orf7.5, is involved in positive regulation of
the groESL1 transcription [34]. Orf7.5 is not con-
served in some cyanobacteria, including Synechocystis
sp. PCC 6803. Orf7.5 interacts physically with RpoD1
which is expected to be involved in the transcription of
groESL1 [33]. We suggest that the CIRCE/HrcA system
is functionally affected/modified by Orf7.5.

Positive regulation by K-Box

In addition to the negative regulation mediated by
the CIRCE/HrcA system, we obtained evidence for the
operation of another mechanism for regulation of the
cyanobacterial groEL gene expression: transcriptions of
the groESL1 and groEL2 genes in the hrcA mutant of
Synechocystis sp. PCC 6803 were still induced by heat
shock at 42 °C [25]. To study the hrcA-independent
regulatory mechanism(s), we collected and compared
conserved sequences present upstream of groE genes
of various cyanobacterial species. Further upstream
from CIRCE there was a conserved sequence that we
designated the K-box. Involvement of K-box in the
heat- and/or light-induction of groESL1 transcription
in Synechocystis sp. PCC 6803 is shown by reporter
assays. In the absence of the K-box, groESL1 promoter
activity is completely abolished under low and high
light at a normal or a high temperature. Results with
the assays indicate that the K-box is essential not only
for heat and/or light induction but also for the basal
transcription of the groESL1 operon [21].

Herein, we found that K-box is present in upstream
regions of groESL1 genes from approximately 35%
of cyanobacterial genomes (Table 1(b) and Fig. 4(a)).
The K-box is also conserved in the upstream regions
of dnaK2 from various cyanobacterial species [21, 35].
There are three homologues of dnaK in cyanobacteria
including S. elongatus PCC 7942 and Synechocystis sp.
PCC 6803. The dnaK2 genes from S. elongatus PCC
7942 and Synechocystis sp. PCC 6803 are heat- and/or
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Fig. 4 Alignments of nucleotide sequences of the region from +50 bp to −250 bp from ATG of the groESL1 operon (a) and the
monocistronic groEL2 (b) from various cyanobacteria. The MEME suite tool for detecting motif logos was used to search for
conserved motifs. CIRCE and K-box were searched for with the following sequences. CIRCE, -TTAGCACTC-N9-GAGTGCTAA-;
K-box, -GT-N2-GG-N4-CCGAAC-, -GTTCGG-N4-CC-N2-AC-. A motif is statistically significant when p-value is less than 0.05.
Some cyanobacteria including G. violaceus PCC 7421 contain two groESL1 operons. Note that the Gloebacter groESL1 operon
has no K-box. Note also that K-box is not conserved in the upstream regions of groEL2s. (a) Upstream sequence alignments
of some groESL operons. Three conserved motifs are shown: motif 1 (CIRCE) in red, motif 2 (K-box) in blue, and motif 3 (a
novel motif found in this study) in green. (b) Upstream sequence alignments of some groEL2 genes. Three conserved motifs
are shown: motif 1 (CIRCE) in red, motif 2 (a novel motif) in yellow, and motif 3 (a novel motif) in purple.

light-induced [35, 36]. DnaK2 is the most abundant
DnaK protein in the cyanobacteria. Thus, the K-box is
an important DNA element that regulates genes encod-
ing highly conserved, major molecular chaperones in
cyanobacteria whose expression is modulated by heat
and light.

Differential regulation of groESL1 and groEL2 upon
heat induction

As described above, heat induction of the groESL1 and
groEL2 genes is modulated by light. Transient induc-

tion is more rapid and intense in the light than in the
dark. However, this tendency is much more apparent
in groEL2 than in groESL1. Thus, it is suggested that
light differentially affects the heat induction of each of
the two groE genes [19, 20]. An underlying mechanism
for this difference is not known. To obtain a clue for
this, we analysed the upstream regulatory regions of
groESL1 and groEL2 from various cyanobacteria. We
found that K-box is not well conserved in upstream re-
gions of groEL2s [31, 32]. In fact, our present analysis
showed that only 2 out of 271 cyanobacterial genomes
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Table 1 Distribution of multiple groEL genes among 271
cyanobacterial genomes (a) and that of CIRCE and K-box in
upstream regions of groEL with groES (groEL1) and groEL
without groES nearby (groEL2) (b). In (a), groES and
groEL genes were retrieved directly from their annotations
in GenBank. These annotations are either gene names
or functional domains, i.e., 10 kDa chaperonin (cpn-10)
and 60 kDa chaperonin (cpn-60) domains. In (b), CIRCE
and K-box were searched for in the region from +50 bp
to −250 bp from ATG of groE genes with the following
sequences. CIRCE, -TTAGCACTC-N9-GAGTGCTAA-; K-box, -
GT-N2-GG-N4-CCGAAC-, -GTTCGG-N4-CC-N2-AC-.

(a) No. of groEL1s No. of groEL2s No. of organisms

3 1 1
2 1 13
2 – 4
1 2 7
1 1 232
1 – 14

(b) No. of CIRCE and K-box in upstream regions No. of
of groESL1s of groEL2s organisms

CIRCE K-box CIRCE K-box

2 – 1 – 1
2 – – – 3
1 1 1 – 37
1 1 – – 44
1 – 1 1 1
1 – 1 – 42
1 – – – 47
– 1 1 – 5
– 1 – – 9
– – 1 1 1
– – 1 – 38
– – – – 43

have K-box in their groEL2s (Table 1(b)). We also
found novel DNA elements (motifs 2 and 3 in Fig. 4(b))
which appear to be unique to groEL2. In addition to the
conserved regulatory elements/motifs, species-specific
ones such as N-box [21] and H-box [30] have been
reported to be involved in Synechocystis and Anabaena
groESL1 transcription, respectively.

The evolution of regulatory mechanisms in
cyanobacterial groEL paralogues

Almost all cyanobacterial genomes encode at least one
groESL (groESL1) operon and a single (two or more in
rare cases) monocistronic groEL (groEL2) gene [17, 35,
Table 1(a)]. It is notable that G. violaceus has two
groESL operons but no groEL2. G. violaceus is an
exceptional cyanobacterium because it lacks thylakoid
membranes [38] and is suggested to be a member of
an early branching lineage [39]. In terms of regulatory
elements, both groESL operons contain CIRCE. The
cyanobacterium also has a gene coding for HrcA. How-
ever, there is no K-box upstream of either of the two
groESLs. Based on the information we have gathered

so far, we hypothesize that the cyanobacterial ancestor
had only one groESL operon. It duplicated to produce
two operons. These groESL paralogues had the CIRCE-
HrcA system to regulate the expression of these genes,
similar to G. violaceus. CIRCE is widespread/con-
served among bacteria [29] including cyanobacteria
(Table 1(b)), which suggests that CIRCE and CIRCE-
HrcA system are ancient. During evolution, one of the
paralogues lost the groES gene, resulting in the groEL2
gene. Furthermore, the other one (groESL1) acquired
a K-box in addition to CIRCE (Fig. 5). The acquisition
of K-box after CIRCE is supported by the fact that K-box
is almost always associated with CIRCE (Table 1(b)).

The preservation of the monocistronic groEL2 gene
in cyanobacteria during evolution is suggested to result
from neofunctionalization. It is known that duplicated
genes will have different fates, including nonfunction-
alization, subfunctionalization, and neofunctionaliza-
tion [40]. In nonfunctionalization, one copy becomes
silenced or lost by degenerative mutations, whereas
two copies lose functions complementarily in sub-
functionalization. In neofunctionalization, one copy
acquires a novel, beneficial function, with the other
copy retaining the original function. The preservation
of multiple functional groEL genes in cyanobacteria
during evolution suggests that they resulted from ei-
ther subfunctionalization or neofunctionalization. Dif-
ferential regulation of groESL1 and groEL2 upon heat
induction and difference in regulatory elements (e.g.
the presence or absence of K-box) between groESL1
and groEL2 suggest that the groEL2 paralogue is an
outcome of neofunctionalization. If it is an outcome
of subfunctionalization, then the expression of groEL1
and groEL2 is expected to be regulated by the same
mechanism.

Structure and function of translation products of
the groEL paralogues

If the groEL2 paralogue were an outcome of neofunc-
tionalization, groEL2 would acquire a novel, beneficial
function with groESL1 retaining the original function.
In general, the function of a protein is related to or
governed by its structure. Thus, a novel function must
come from a novel structure. We have been working to
show that GroEL1 and GroEL2 have mutually different
structures and functions.

Functional difference between GroEL1 and GroEL2

GroEL1 is functionally equivalent to E. coli GroEL,
whereas GroEL2 is not. To evaluate whether groEL1
and groEL2 are equivalent to E. coli groEL, comple-
mentation tests with E. coli groEL mutants were car-
ried out. In early complementation tests, the mutant
strain groEL44, which carries the E191G mutation in
GroEL, was used. It exhibits a temperature-sensitive
phenotype, growing at 30 °C or 37 °C but not at 42 °C.
The mutant is transformed with a plasmid harbouring
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Fig. 5 Hypothetical model for the evolution of groESL1 and groEL2 in majority of cyanobacteria. Ancient cyanobacteria have
two groESL operons with CIRCEs around their promoters, similar to G. violaceus PCC 7421 which is thought to have diverged
very early during the evolution of cyanobacteria. During evolution, one of the duplicated genes lost groES to become the
groEL2 gene. In some cyanobacterial species, groEL2 has acquired a new regulatory element(s). The other groESL operon has
a conserved groES gene, CIRCE, and further acquired a K-box.

groESL1, groEL1, or groEL2 from the thermophilic
cyanobacterium Synechococcus vulcanus or Synechocys-
tis sp. PCC 6803 [13, 41, 42]. The level of complemen-
tation is evaluated by the recovery of thermotolerance.
In more recent complementation assays, the mutant
strain MGM100 [43] was used. The expression of the
native groESL operon in MGM100 is controlled by an
arabinose-inducible pBAD promoter. The groES and
groEL genes are essential [9], so the strain is kept
viable in the presence of arabinose. Growth/survival
of MGM100 takes place if groES/groEL introduced by
a plasmid can complement the native groESL gene in
the MGM100 strain in the absence of arabinose.

The results thus far show that the groEL1 gene
from the thermophilic unicellular cyanobacterium
S. vulcanus or the mesophilic unicellular cyanobac-
terium Synechocystis sp. PCC 6803 can complement the
native E. coli groEL gene [41, 42]. Furthermore, the
groEL1 or groEL1.2 gene expressed with the groES1
gene from the filamentous heterocystous cyanobac-
terium C. fritschii PCC 6912 can complement the native
E. coli groESL operon [17]. Thus, both GroEL1 and
GroEL1.2 require GroES to play the essential role of
native GroEL and GroES in E. coli cells. On the
other hand, the groEL2 genes from S. vulcanus and
C. fritschii PCC 6912 are unable to do so under normal
or heat-stressed conditions regardless of the presence
or absence of a groES gene [13, 17]. The groEL2 gene
from Synechocystis sp. PCC 6803 can complement the
native E. coli groEL gene, but only partially [42]. In
contrast, the groEL1 or groEL2 gene from Anabaena sp.
strain L-31 can complement the native groESL gene
in the MGM100 strain without co-expression of the

groES gene at a high temperature [44]. Although there
may be exceptions, we infer that GroEL1 is functionally
equivalent to E. coli GroEL, whereas GroEL2 is not.

GroEL1 is essential, whereas GroEL2 plays an impor-
tant role under stress. There is a report that it is impos-
sible to disrupt the groEL1 gene in all genome copies of
S. elongatus PCC 7942 [35], suggesting that the gene
is essential. This essentiality indicates that GroEL1
plays an essential role for which GroEL2 is unable to
substitute. On the other hand, the groEL2 gene in
all genome copies of the thermophilic cyanobacterium
T. elongatus can be disrupted [45], indicating that
groEL2 is nonessential under normal growth conditions
at 50 °C. The groEL2 mutant strain grows similarly
to the wild type at 50 °C. However, it is unable to
grow at 62 °C or at 40 °C, indicating that it is high-
and low-temperature sensitive. Thus, GroEL2 plays a
crucial role under the temperature stresses. In other
words, GroEL2 exerts beneficial effects under stress
conditions. We must point out that GroEL1 is present
at the same or even higher level at low temperature in
a groEL2 mutant cell [45]. This suggests that GroEL1
is unable to substitute for the function of GroEL2.
Consistent with GroEL2 function under temperature
stresses, the wild type induced the groEL2 gene at
both 40 °C and 63 °C. The groEL2 gene in all genome
copies of the mesophilic cyanobacterium S. elongatus
PCC 7942 is also disruptable (Huq and Nakamoto,
unpublished data). As shown in Fig. 6, growth at a
slightly high temperature of 42 °C is greatly impaired
due to the mutation, although there is no difference
in growth between the mutant and the wild type at
30 °C. The groEL2 mutant strain also shows higher
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sensitivity to high light and high salt than the wild-
type strain (Fig. 6). Thus, we conclude that GroEL2
is nonessential in both mesophilic and thermophilic
cyanobacteria, in contrast with the essential GroEL1
and E. coli GroEL. However, we hypothesize that
GroEL2 confers cell tolerance to various stresses, such
as heat, cold, high light, and high salt. GroEL2 exerts
beneficial effects under various abiotic/environmental
stresses. Cyanobacteria must have encountered vari-
ous environmental stresses, and thus, we suggest that
GroEL2 has played an important role during evolution
of cyanobacteria.

In vitro chaperone function of GroEL1 and GroEL2.
Prevention of protein aggregation is characteristic of
evolutionarily conserved molecular chaperones, in-
cluding GroEL. Non-native/denatured proteins are
specifically recognized and captured by molecular
chaperones, which usually results in suppression of
aggregation of the proteins. Prevention of protein
aggregation forms a first line of cellular defence under
stress. This anti-aggregation activity can be quantified
by measuring the increase in apparent absorbance, tur-
bidity or light scattering in a solution where denatured
proteins aggregate.

Both Synechococcus GroEL1 and GroEL2 suppress
the aggregation of heat (45 °C)-denatured malate de-
hydrogenase (MDH), similar to E. coli GroEL at pH
8.0 [46]. Anabaena GroEL1 also suppresses the aggre-
gation of heat (55 °C)-denatured MDH at pH 7.4 [44].
These results do not show any difference in the anti-
aggregation activity between GroEL1, GroEL2, and
E. coli GroEL. However, we have observed differential
effects of pH on the anti-aggregation activity of each
GroEL [47]. When the pH decreases from 8.5 to
7.0, GroEL1 loses its ability to suppress the aggrega-
tion of heat-denatured MDH most sharply, whereas
the activity of E. coli GroEL is most resistant to pH
changes. Compared with GroEL1, GroEL2 shows a
modest response to the change. Thus, cyanobacterial
GroELs are more sensitive to pH changes than E. coli
GroEL. It is known that the pH in the cyanobacterial
cytosol and chloroplast stroma increases one pH unit
upon illumination [48, 49]. Our in vitro observations
suggest that GroEL1 exerts more chaperone activity
in the light when ATP-producing photosynthesis takes
place. GroEL1 has much higher ATPase activity than
GroEL2 [46]. In other words, GroEL1 consumes more
ATP than GroEL2. The differential effect of pH on
the anti-aggregation activity of GroEL1 and GroEL2
may indicate that cells distinguish chaperone usage
depending on the cellular energy status.

Structural difference between GroEL1 and GroEL2

Oligomer structure of GroEL: E. coli forms a 14-mer or
double ring of the 7-mer (Fig. 1). This oligomer struc-
ture is essential for GroEL to build a folding chamber.
Therefore, the functional difference between GroEL1

and GroEL2, if any, may be reflected in the oligomer
state. There is a technical hurdle in the analysis of
the oligomer states of cyanobacterial GroELs. To the
best of our knowledge, GroEL1 and GroEL2 from Syne-
chocystis sp. PCC 6803 and S. elongatus PCC 7942 are
much more unstable than E. coli GroEL, which hampers
reliable determination of their oligomer states and
chaperone functions. Perhaps due to this instability,
oligomer states of cyanobacterial GroEL1 and GroEL2
are reported to vary depending on cyanobacterial
species, analytical methods, and experimental condi-
tions. GroEL1, GroEL2, or both from Synechocystis sp.
PCC 6803 is detected in native PAGE as a tetradecamer
only in the presence of glycerol which is known to
stabilize proteins [42]. In S. elongatus, analysis using
native PAGE showed that GroEL1 and GroEL2 do not
form a 14-mer, whereas the E. coli GroEL gives a clear
band of the 14-mer under the same conditions [46].
Oligomers ranging from pentamer to dimer of GroEL1
are detected. On the other hand, GroEL2 always forms
a dimer. Glycerol and MgATP, which stabilize a 14-mer
of Synechocystis GroELs, do not affect the oligomeric
state of GroEL1 and GroEL2. High salt and/or high
protein concentrations often stabilize some proteins.
We also analysed the oligomeric state of GroELs in the
presence of 300 mM NaCl and varying concentrations
of GroEL1 and GroEL2 using gel filtration chromatog-
raphy. The results showed that GroEL1 can form a 14-
mer at a high protein concentration, but the largest
oligomer of GroEL2 is a heptamer under the same con-
ditions. The nitrogen-fixing cyanobacterium Anabaena
L-31 also has two kinds of GroELs. Anabaena GroEL1
shows two peaks in gel filtration chromatography [44].
The calculated sizes of the oligomers are >700 kDa
and 61.7 kDa, corresponding to a large oligomer (>12-
mer) and a monomer, respectively. Based on these
results, we conclude that only GroEL1 and not GroEL2,
is able to form a 14-mer, although it is less stable than
the E. coli GroEL.

Recently, bacterial two-hybrid analysis was em-
ployed to study interactions between GroEL and
GroES [17]. In this study, GroELs and GroESs were
from C. fritschii, whose genome contains two groESL1
operons (groESL1 and groESL1.2) and one groEL2
gene. This study indicated that GroEL2 does not
interact with either itself or with GroEL1/GroEL1.2.
GroEL1 can self-interact, but it does not interact with
GroEL1.2. These results suggest that GroEL1 forms
homo-oligomer(s), whereas GroEL2 is a monomer.
Such finding is noteworthy, although further biochem-
ical analysis with isolated GroELs and GroESs is neces-
sary to verify these physical interactions.

Interaction of GroEL1 and GroEL2 with GroES:
E. coli GroEL cooperates with GroES to assist in the
folding of non-native proteins as described. GroES acts
like a lid to close the folding chamber of the GroEL
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Fig. 6 Growth of the wild-type S. elongatus PCC 7942 and its groEL2 deletion mutant under various conditions.

heptamer (Fig. 1). Synechocystis GroES physically in-
teracts with GroEL1 and/or GroEL2 when analysed
using sucrose gradient centrifugation and gel filtra-
tion column chromatography [42]. Chlorogloeopsis
GroEL1 and GroEL1.2 interact with GroES1/GroES1.2
and GroES1, respectively, as shown by bacterial two-
hybrid analysis [17]. In contrast, GroEL2 interacts
with none of the GroESs. The ‘functional’ interaction
of Chlorogloeopsis GroEL1 and GroEL1.2 with GroES1
is confirmed using complementation analysis in which
groEL1 or groEL1.2 can complement the native groEL
in E. coli MGM100 only when the groES1 gene is co-
expressed [17].

Structural difference in relevance to functional dif-
ference: These structural and protein-interaction stud-
ies indicate that GroEL1 and GroEL2 have mutually
different oligomer structures. GroEL1 appears to con-
serve ‘the original structure’, similar to E. coli GroEL,
whereas GroEL2 acquires a novel structure that is very
different from E. coli GroEL or GroEL1. It is yet to
be determined whether the lower oligomer state of
GroEL2 than GroEL1 is related to a beneficial function,
such as stress tolerance, in cells. When the GroEL
oligomer is dissociated, it loses the chaperone activity
to facilitate protein folding as well as ATPase activity. In
fact, the ATPase activity of GroEL2 is much lower than
that of GroEL1 [46]. However, as described above,
GroEL2 retains its anti-aggregation activity. Under
stress, chaperone-assisted refolding of a denatured
protein may be useless because the refolded protein
may be denatured again. Chaperone-assisted refold-

ing is costly or energetically unfavourable because it
consumes a large amount of ATP. In contrast, ATP is
not required for GroEL to prevent protein aggregation
at least in vitro. One of the benefits for a cell in
maintaining GroEL2 may be to protect and prevent
aggregation of a denatured protein with less energy
under stress. The denatured protein may be kept in
a folding-competent state by forming a complex with
GroEL2 under stress. When stress is gone, the dena-
tured protein is transferred from GroEL2 to the other
chaperone system, such as DnaK, and refolds back to
its native state with the assistance of the chaperone
system [31].

PROTEOMIC ANALYSIS OF THE WILD TYPE AND A
groEL2 MUTANT OF S. elongatus PCC 7942

As described, GroEL1 appears to be essential and
equivalent to E. coli GroEL. It has been shown that
there are ∼80 proteins in E. coli, some of which are
essential proteins and are dependent on GroEL/GroES
[50, 51]. GroEL substrates range from 21 to 68 kD
in size [51]. The size of the GroEL/GroES folding
chamber is thought to limit the size of the substrates.
GroEL2 does not form a folding chamber, thus, the
sizes of substrates for GroEL2 may not be restricted.
GroEL2 is not indispensable but is required for (better
or competitive) growth under stresses, including heat
and cold. To determine how GroEL2 plays a role
under stress, proteins in S. elongatus PCC 7942 wild
type and a groEL2-deletion mutant grown under low-
and high-temperature stresses were examined using
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quantitative proteome and phosphoproteome analysis,
representing protein regulation at the translational
and posttranslational levels, respectively. The proteins
regulated at both levels were identified and desig-
nated regulatory hub proteins [52]. It was found
that 64 proteins, including 6 molecular chaperones
(GroEL1, GroEL2, ClpB2, DnaK3, DnaJ and HtpG),
are involved in the hub. In addition to chaperones,
proteins involved in signal transduction, photosynthe-
sis, energy production, CO2 concentration, nitrogen
metabolism, the Calvin cycle, protein biosynthesis and
protein transport were regulated at both translational
and posttranslational levels.

According to the proteome and phosphoproteome
data, GroEL2-dependent proteins are thought to be
those whose expression level and/or phosphorylation
state are altered in the absence of GroEL2. Proteins
involved in DNA repair (such as GyrA), chlorophyll
biosynthesis (such as ChlN), and the cytochrome b6f
complex which mediates electron transfer from PSII to
PSI, were found in the absence of GroEL2 [52].

In addition to the regulatory hub proteins reported
earlier [52], the protein expression level was con-
sidered and the significantly up- and down-regulated
proteins compared between the wild-type and mutant
strains can be classified as shown in Table 2. In the ab-
sence of GroEL2, the metabolic pathway affected under
low-temperature stress was energy production via pho-
tosynthesis. However, proteins involved in nitrogen
assimilation, carbohydrate and coenzyme transport,
signal transduction and posttranslational modification
were regulated at the protein expression level under
high temperature. It should be noted that the in-
creased or decreased levels of phycobiliproteins might
be due to its denaturation under heat stress [53].

Taken together with the data concerning the regu-
latory hub proteins, in the absence of GroEL2, the cells
responded to cold stress by controlling their energy
storage, carbon metabolism and circadian clock, prob-
ably via the two-component transcriptional regulator
Synpcc7942_1453. However, the response to high-
temperature stress in the absence of GroEL2 involved
carbohydrate/coenzyme transport, cell wall biogenesis
and protein turnover, probably controlled by universal
stress protein and diguanylate cyclase (GGDEF do-
main).

Moreover, it is noteworthy that glutamate syn-
thase (GltB), which synthesizes glutamate from 2-
oxoglutarate (2-OG), the compound at the intercon-
nection of C and N metabolism, was identified in
the regulatory hub of both the wild type and groEL2
mutant under temperature stress. Its level is well
known as a signal for nitrogen regulatory protein
PII (GlnB) phosphorylation in response to N limita-
tion [54], which was found to be downregulated in
the groEL2 deletion mutant after exposure to high
temperature. Thus, despite the absence of GroEL2, the

Fig. 7 Comparison of E. coli GroEL, cyanobacterial GroEL1,
and cyanobacterial GroEL2.

quantitative and phosphoproteome analysis indicate
that the regulation of the C/N ratio under temperature
stress is similar to that under N starvation.

CONCLUDING REMARKS

Fig. 7 compares the characteristics of cyanobacteria
GroEL1 and GroEL2 with those of E. coli GroEL. Clearly,
GroEL2 is different from GroEL1 and E. coli GroEL.
We conclude that the groEL2 gene is the outcome of
neofunctionalization. It has acquired a novel, bene-
ficial structure and function and has been preserved
by natural selection, with the groEL1 gene retaining
its original function. GroEL2 may have played an
essential function under environmental stress condi-
tions, as we proved in GroEL2 from the thermophilic
cyanobacterium T. elongatus, and thus has become
preserved by natural selection.
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