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ABSTRACT

Thermococcus kodakarensis grows optimally at 85°C and possesses two chaperonins, cold-inducible CpkA and heat-inducible
CpkB, which are involved in adaptation to low and high temperatures, respectively. The two chaperonins share a high sequence
identity (77%), except in their C-terminal regions. CpkA, which contains tandem repeats of a GGM motif, shows its highest
ATPase activity at 60°C to 70°C, whereas CpkB shows its highest activity at temperatures higher than 90°C. To clarify the effects
of changes in ATPase activity on chaperonin function at lower temperatures, various CpkA variants were constructed by intro-
ducing single point mutations into the C-terminal region. A CpkA variant in which Glu530 was replaced with Gly (CpkA-E530G)
showed increased ATPase activity, with its highest activity at 50°C. The efficacy of the CpkA variants against denatured indole-3-
glycerol-phosphate synthase of T. kodakarensis (TrpC,), which is a CpkA target, was then examined in vitro. CpkA-E530G was
more effective than wild-type CpkA at facilitating the refolding of chemically unfolded TrpC; at 50°C. The effect of cpkA-E530G
on cell growth was then examined by introducing cpkA-E530G into the genome of T. kodakarensis KU216 (pyrF). The mutant
strain, DA4 (pyrF cpkA-E530G), grew as well as the parental KU216 strain at 60°C. In contrast, DA4 grew more vigorously than
KU216 at 50°C. These results suggested that the CpkA-E530G mutation prevented cold denaturation of proteins under cold-
stress conditions, thereby enabling cells to grow in cooler environments. Thus, a single base pair substitution in a chaperonin
gene allows cells to grow vigorously in a new environment.

IMPORTANCE

Thermococcus kodakarensis possesses two group II chaperonins, cold-inducible CpkA and heat-inducible CpkB, which are in-
volved in adaptation to low and high temperatures, respectively. CpkA might act as an “adaptive allele” to adapt to cooler envi-
ronments. In this study, we compared the last 20 amino acids within the C termini of the chaperonins and found a clear correla-
tion between the CpkA-type chaperonin gene copy number and growth temperature. Furthermore, we introduced single
mutations into the CpkA C-terminal region to clarify its role in cold adaptation, and we showed that a single base substitution
allowed the organism to adapt to a lower temperature. The present data suggest that hyperthermophiles have evolved by obtain-
ing mutations in chaperonins that allow them to adapt to a colder environment.

haperonin, also known as heat shock protein 60 (HSP60),

belongs to an evolutionarily conserved protein family that
enables host cells to survive under stressful conditions, including
restricted temperature, high/low salinity, and high/low hyperos-
motic pressure. Chaperonins are classified into two subfamilies,
group I and group II, on the basis of sequence homology and
structural differences (1). The thermosome is a group II chaper-
onin found in hyperthermophilic archaea, in which it plays a key
role in thermal adaptation. Unlike bacterial chaperonins, which
function as homotetradecamers, archaeal chaperonins form a het-
erohexadecamer comprising two back-to-back rings; each of these
rings comprises eight heterogeneous chaperonin subunits. Like
bacterial chaperonins, archaeal chaperonin monomers comprise
three domains: the apical domain (which binds unfolded pro-
teins), the intermediate domain (which acts as a hinge, thereby
allowing the movement of the apical domain as well as the transi-
tion between trans and cis conformations needed for chaperonin
function), and the equatorial domain (which is responsible for the
ATPase and refolding activities in the central cavity of the ringed
complex). However, thermosomes do not have cochaperonins,
such as GroES. Rather, there is a conserved protrusion from the
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apical domain, which may play a role in guiding unfolded pro-
teins. Phylogenetic analyses revealed that bacterial chaperonin
genes have undergone many rounds of duplication to generate
these diverse structures (2). The hyperthermophilic archaeon
Thermococcus kodakarensis possesses two gene copies of a chaper-
onin: cpkA and cpkB (3, 4). CpkB is a classic thermosome, which is
an essential heat-inducible factor that enables the cells to survive
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TABLE 1 Strains and plasmids used for this study

Source or
Strain or plasmid Relevant characteristic(s) reference
Strains
E. coli
DH5« F~ $80lacZAMI15 A(lacZYA-argF)U169 recAl endAl hsdR17(r my ) phoA
supE44 N~ thi-1 gyrA96 relAl
BL21(DE3)pLysE F~ ompT hsdSy(ry~ my~ ) gal dem (DE3)pLysE Cam”
T. kodakarensis
KU216 pyrF 24
DA4 pyrF cpkA-E530G This study
Plasmids
pUD2-cpkAfr Plasmid used to replace the cpkA gene in T. kodakarensis 5
pUD2-cpkA-E530G pUD2-cpkAfr derivative; cpkA-E530G This study
pCPAE Expression vector for cpkA in E. coli 20
pCPAE-E530G pCPAE derivative; carries cpkA-E530G mutation; expression vector for E. coli This study
pCPAE-E530M PpCPAE derivative; carries cpkA-E530M mutation; expression vector for E. coli This study
pCPAE-Q533G pCPAE derivative; carries cpkA-Q533G mutation; expression vector for E. coli This study
pCPAE-Q533M pCPAE derivative; carries cpkA-Q533M mutation; expression vector for E. coli This study
pCPAE-P538G PCPAE derivative; carries cpkA-P538G mutation; expression vector for E. coli This study
pCPAE-P538M pCPAE derivative; carries cpkA-P538M mutation; expression vector for E. coli This study
pCPAE-D545G PCPAE derivative; carries cpkA-D545G mutation; expression vector for E. coli This study
pCPAE-D545M pCPAE derivative; carries cpkA-D545M mutation; expression vector for E. coli This study

at high temperatures (>85°C). A relative of T. kodakarensis, Pyro-
coccus sp., has only one chaperonin, which is an orthologue of
CpkB; therefore, this organism has a narrow but high growth tem-
perature range (80 to 100°C). However, CpkA is an atypical ar-
chaeal group II chaperonin, which is cold inducible at the station-
ary phase of cell growth and is not found in Pyrococcus sp. A cpkA
disruptant strain showed poor cell growth at 60°C but no signifi-
cant growth defect at 85°C and 93°C (5). T. kodakarensis indole-
3-glycerol-phosphate synthase (TrpCy or InGPS) was identified
as one of the specific target proteins for CpkA in T. kodakarensis.
The refolding of partially cold-denatured TrpCy; was accelerated
by the addition of CpkA but not by adding CpkB (6).

CpkA and CpkB are highly homologous (77%), except for their
C-terminal regions. The C-terminal region of CpkA harbors tan-
dem repeats of a GGM motif. Such coding tandem repeats are
usually involved in protein-protein interactions (7). For example,
in Escherichia coli, the C-terminal region of GroEL (which is also
rich in GGM motifs) is involved in ATP hydrolysis and protein
binding (8-12). Langer et al. found that removing the 50 C-termi-
nal amino acid residues of GroEL resulted in a loss of ATPase
activity (9). McLennan et al. found that although the 16 C-termi-
nal residues of GroEL were dispensable for E. coli cell growth, the
truncated protein could not complement the groEL(Ts) mutation
in E. coli (13). Machida et al. reported that the 23 C-terminal
residues of GroEL (which are hydrophilic) were not required for
chaperonin function (10). However, when the last 6 residues (526-
KNDAAD-531) were replaced by a neutral (neither hydrophobic
nor hydrophilic) sequence (526-GGGAAG-531) or a hydropho-
bic sequence (526-IGIAAI-531), chaperonin function was defec-
tive both in vitro and in vivo. Suzuki et al. used a special micro-
scopic method, called zero-mode waveguides, to show that the
integrity of the C terminus of the chaperonin region facilitates the
transition from the first to the second rate-limiting step (14).

Studies of the C-terminal regions of group II chaperonins have
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just begun. Luo and Robb mutated the 15 to 25 C-terminal resi-
dues of the Pyrococcus furiosus chaperonin, which is highly homol-
ogous to CpkB, in an attempt to modify its thermostability and
activity (15). An EK-rich motif (528-EKEKEKEGEK-537) was the
key domain responsible for increased stability at around 100°C.
Zhang et al. found that flexible interwoven termini determined
the thermal stability of thermosomes, especially in the 8 subunit,
which has more charged amino acids than the o subunit (16).
However, the function of the CpkA C-terminal region remains
unknown. In the present study, we found a clear correlation be-
tween the CpkA-type chaperonin gene copy number and growth
temperature. We introduced single mutations into the CpkA C-
terminal region to increase the number of GGM motifs to clarify
its role during the evolution of T. kodakarensis.

MATERIALS AND METHODS

Microorganisms, media, and growth conditions. The microorganisms
(strains) used in this study are listed in Table 1. T. kodakarensis strains
KU216 (ApyrF) and DA4 (ApyrF; carries a cpkA variant which encodes
Gly in place of Glu530 [cpkA-E530G]) were precultivated anaerobically
overnight (18 h) at 85°C in 100 ml of MA-YT medium containing the
following (per liter): 30.4 g of Marine Art SF reagent, 5 g of yeast extract
(Nacalai Tesque, Kyoto, Japan), 5 g of tryptone (Nacalai Tesque), and 5 g
of pyruvate (Wako Pure Chemical Industries, Ltd., Osaka, Japan). The
culture was added to 20 ml of MA-2YTP medium (30.4 g/liter Marine Art
SF reagent, 10 g/liter yeast extract, 10 g/liter tryptone, and 10 g/liter pyru-
vate) and incubated at a given temperature. All growth studies were car-
ried out three times. For solid medium, 1% Gelrite (Wako, Osaka, Japan)
was mixed with 2 ml/liter polysulfide solution (10 g of Na,S - 9H,O and 3
g of sulfur flowers in 15 ml of H,0). E. coli DH5a strains were routinely
cultivated at 37°C in lysogeny broth (LB) medium. Ampicillin (50 p.g/ml)
was added to the medium to select transformants.

Alignment of protein sequences and modeling of protein structure.
All chaperonin (amino acid) sequences used for sequence alignment were
identified and retrieved from the public National Center for Biotechnol-
ogy Information (NCBI) database (17). The 20 C-terminal amino acids of
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TABLE 2 Primers used for this study

Primer

Sequence (5" to 3")°

cpkA-E530G-Fw
cpkA-E530G-Rv
cpkA-E530M-Fw
cpkA-E530M-Rv
cpkA-Q533G-Fw
cpkA-Q533G-Rv
cpkA-Q533M-Fw
cpkA-Q533M-Rv
cpkA-P538G-Fw
cpkA-P538G-Rv
cpkA-P538M-Fw
cpkA-P538M-Rv
cpkA-D545G-Fw
cpkA-D545G-Rv
cpkA-D545M-Fw
cpkA-D545M-Rv

CCCGGAGGCGGCCAGGGCGGCGGAATGCC
GCCTCCGGGCTTGGTGGCCTTTGCAGCTATGACGTCGTC
CCCATGGGCGGCCAGGGCGGCGGAATGCC
GCCCATGGGCTTGGTGGCCTTTGCAGCTATGACGTCGTC
AGGCGGCGGCGGCGGCGGAATGCCCGGCGGAATGGGCGGAATGGACATGG
TCCGCCGCCGCCGCCGCCTTCGGGCTTGGTGGCCTTTGCAGCTATGA
GGCATGGGCGGCGGAATGCCCGGCGGAATGGGCGGAATGGA
GCCCATGCCGCCTTCGGGCTTGGTGGCCTTTGCAGCTATGACGTCGTCGAT
ATGGGCGGCGGAATGGGCGGAATGGACATGGGCATGTG
TTCCGCCGCCCATTCCGCCGCCCTGGCC
ATGATGGGCGGAATGGGCGGAATGGACATGGGCATGTG
TTCCGCCCATCATTCCGCCGCCCTGGC
GGAATGCCCGGCGGAATGGGCGGAATGGGAATGGGCATGTGA
CATTCCCATTCCGCCCATTCCGCCGGGCATTCCGCCGCCCTG
GGAATGCCCGGCGGAATGGGCGGAATGATGATGGGCATGTGA
CATCATCATTCCGCCCATTCCGCCGGGCATTCCGCCGCCCTG

cpkA-singlechecking

AATCCCGAAGACCCTCGCTGAAAACGCTGGCCTTGACACCGTCGAGATGCTCGTCAAAGT

cpkA-Fw TTCGAATTCGAATTCTCGCTTCCCTTACG
cpkA-Rv GAGGAATTCCTCCCTTGACCTGCTTATCG
SNP-E530-Fw CGCCATAGAGAACTTCGCCGAT
SNP-E530-Rv GGCATTCCGCCGCCCTGGCCGCCAT
SNP-E530G-Rv GGCATTCCGCCGCCCTGGCCGCCAC

“ The mutated nucleotides within the cpkA gene are indicated by underlining. Introduced restriction sites are indicated in bold.

each chaperonin were then aligned using ClustalW2, supported by the
European Bioinformatics Institute.

A three-dimensional (3D) structural octamer of full-length CpkA was
built in MODELLER 9.12 (18), using the chaperonin a subunit of Ther-
mococcus strain KS-1 (PDB identifier [ID] 1Q2V) as the template. The
protein sequence of CpkA was retrieved from the NCBI sequence data-
base. The construction generated three models, and the one with the low-
est discrete optimized protein energy score was selected.

DNA manipulation. DNA was isolated and handled according to the
standard techniques described by Sambrook and Russell (19). A small-
scale preparation of plasmid DNA was prepared from E. coli cells by using
a GenElute plasmid miniprep kit (Sigma-Aldrich, St. Louis, MO). DNA
sequencing was performed using a BigDye Terminator cycle sequencing
ready reaction kit, version 3.1, and a model 3130 capillary DNA sequencer
(Applied Biosystems, CA). The plasmids and primers used are listed in
Tables 1 and 2, respectively.

Construction of expression plasmids encoding cpkA variants. pC-
PAE (20) was used as a template. Briefly, expression plasmids for the cpkA
variants (encoding E530G, E530M, Q533G, Q533M, P538G, P538M,
D545G, and D545M mutations) were generated by site-directed mu-
tagenesis. To construct pPCPAE-E530G, PCR was performed using prim-
ers cpkA-E530G-Fw and cpkA-E530G-Rv and the amplified DNA was
ligated into pCPAE. E. coli DH5a cells were transformed with the ligated
DNA, and plasmid DNA was extracted from positive transformants. Plasmid
construction was confirmed by nucleotide sequencing with the primer cpkA-
singlechecking (Table 2). Mutant plasmids pCPAE-E530M, -Q533G,
-Q533M, -P538G, -P538M, -D545G, and -D545M were constructed using
primers cpkA-E530M-Fw and cpkA-E530M-Rv, cpkA-Q533G-Fw and
cpkA-Q533G-Rv, cpkA-Q533M-Fw and cpkA-Q533M-Rv, cpkA-P538G-Fw
and cpkA-P538G-Rv, cpkA-P538M-Fw and cpkA-P538M-Rv, cpkA-
D545G-Fw and cpkA-D545G-Rv, and cpkA-D545M-Fw and cpkA-
D545M-Ry, respectively. The plasmids were then transformed into E. coli
BL21(DE3) RIL cells.

Protein expression and purification. Recombinant CpkA and its
variants were expressed in E. coli BL21(DE3) RIL at 25°C as previously
described (20). CpkA and its variants remained in the soluble fraction
after heat treatment at 85°C for 30 min. Further purification was carried
out by anion-exchange chromatography (MonoQ HR 5/5; GE Health-

2644 jb.asm.org

Journal of Bacteriology

care, Tokyo, Japan) followed by gel filtration on a Superdex 200 col-
umn (GE Healthcare). Recombinant TrpC.y (T. kodakarensis indole-3-
glycerol-phosphate synthase; InGPS) was expressed and purified as
previously described (21).

Thermostability of CpkA and its variants. The secondary structures
of chaperonins were measured using a far-UV circular dichroism (CD)
spectroscopy method in wavelength scan mode (220 nm to 260 nm) at
20°C in a J-820 spectrometer (Jasco, Japan), as described previously (6).
The thermostability of CpkA and its variants was measured by far-UV CD
spectroscopy using a J-820 spectrometer (Jasco, Japan) set in temperature
scan mode. Chaperonins were dissolved in 25 mM Tris-HCI (pH 7.8)
buffer containing 300 mM KCl (final concentration, 50 pgml™ 1), and the
change in absorption at 222 nm was monitored from 30 to 100°C. The
temperature scan rate was 1°C min "

Enzyme assay to examine ATPase activity. ATPase activity was mea-
sured by monitoring the amount of phosphate released from ATP by
chaperonins. The temperature dependency of the ATPase activity of
CpkA and its variants was examined by incubating each chaperonin at 80
nM in HKM butffer (25 mM HEPES-NaOH, 100 mM KCl, 5 mM MgClL,,
pH 7.5) at different temperatures (20, 40, 60, 80, and 93°C). The reaction
mixtures were preheated to the test temperature for 5 min prior to the
addition of 2 mM ATP to trigger the reaction. After 10 min, the reaction
was terminated by cooling on ice, and the amount of released phosphate
was measured using a Biomol Green kit (Enzo Life Science, NY) (22, 23).
One unit of ATPase activity was defined as the amount of enzyme that
liberated 1 nmol of inorganic phosphate from ATP in 1 min.

Examination of chaperonin activity. Purified TrpC [, was chemically
unfolded and used as a substrate for chaperonins in a refolding assay as
previously described (6). TrpCy (16 M) was denatured on ice for 3 days
in 50 mM Tris-HCI buffer (pH 8.0) containing 7 M urea. Next, 2 pl of
unfolded TrpCyy, (8 M) was added to 198 pl of HKM buffer (100-fold
dilution) containing 2 mM ATP in the presence or absence of wild-type or
variant CpKA. The solutions were incubated for 30 min at 50 or 60°C, and
the refolding rates were determined by monitoring the amount of InGPS
activity at 50 or 60°C as previously described (6). One unit of InGPS
activity was defined as the amount of activity that resulted in the forma-
tion of 1 wmol of InGPS in 1 min.
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Plasmids used to construct mutant strain DA4. The gene disruption
strategy has been described previously (24). Briefly, plasmid pUD2-cpkA-
E530G was first constructed by amplifying PCR fragments from the
pUD2-cpkAfr plasmid by using primers cpkA-E530G-Fw and cpkA-
E530G-Rv. The ligated PCR products were then used to transform E. coli
DH5a cells. Plasmid DNA was extracted from transformants, and the
nucleotide sequence of the cpkA region was confirmed by sequencing
using the primer cpkA-singlechecking (Table 2). The resulting plasmid
was named pUD2-cpkA-E530G and used to construct mutant strain DA4.

Transformation of T. kodakarensis. To construct mutant strain DA4
(pyrF cpkA-E530G), KU216 was used as the parental strain, and plasmid
pUD2-cpkA-E530G was introduced into this strain. Transformation was
performed as described in our previous work (6). Genotypes of positive
candidates were confirmed by sequencing. The correctly constructed mu-
tant was named strain DA4.

Growth profiles of DA4 and KU216. The growth of strains DA4 and
KU216 was monitored by measuring the optical density at 600 nm
(ODyg¢) in an automatic Bioshaker (BR-43FH; Taitec, Japan). Cells were
first precultured overnight (18 h) at 85°C in MA-YT medium followed by
culture in MA-2YTP medium, with a 1% inoculation ratio. The cells were
then cultured at the indicated test temperature (50, 60, or 85°C) for several
days.

Competitive cell growth assay. KU216 and DA4 were grown in
MA-YT medium in separate cultures overnight (18 h) at 85°C. The two
strains were then inoculated into fresh MA-2YTP medium (20 ml) at
KU216/DA4 ratios of 1:1, 10:1, 10%1, and 10*:1. The mixtures were then
cultured at 50°C for 2 days. Each mixed culture was then inoculated into
another 20 ml of fresh MA-2YTP medium and incubated at 50°C for
another 2 days. Finally, the cells were spread on the MA-2YTP solid me-
dium and incubated at 85°C overnight. Next, 106 colonies were picked at
each KU216/DA4 ratio, and the genotypes of the cells were checked. The
genotype of cells harboring wild-type cpkA was confirmed by PCR using
primers SNP-E530-Fw and SNP-E530-Rv, whereas the genotype of cells
harboring cpkA-E530G was confirmed using primers SNP-E530-Fw and
SNP-E530G-Rv. To increase the specificity of the PCR, an extra mis-
matched nucleotide was introduced into the 3’ ends of primers SNP-
E530-Rv and SNP-E530G-Rv (Table 2) according to previously described
principles (25); this was done to avoid amplification of mismatches
caused by the tandem repeats within the C-terminal region of the cpkA
gene. The PCR conditions were as follows: initial denaturation for 2 min
at 94°C followed by 20 cycles of denaturation at 94°C (15 s), annealing at
62°C (30 s), and extension at 68°C (1 min). GoTaq Green master mix
(Promega, WI) was applied to perform the PCR described above.
Genomic DNAs were extracted from 10 colonies randomly selected at
each KU216/DA4 ratio to test the validity of the PCR described above.
Briefly, the cpkA gene region was enriched in the first PCR amplifica-
tion by using primers cpkA-Fw and cpkA-Rv. The genotypes were then
confirmed by sequence analysis with the primer cpkA-singlechecking
(Table 2).

RESULTS

Sequence alignment and temperature-dependent distribution
of chaperonins. Although CpkA and CpkB share high overall se-
quence identity (77%), they harbor unique differences within the
C-terminal region. To examine the role of the C-terminal region,
we compared the last 20 amino acids within the C termini of
chaperonins expressed by microorganisms at different growth
temperatures (Fig. 1). The aligned sequences are shown in Fig. 1A.
The C-terminal regions of chaperonins fell into three general clus-
ters: CpkA type, CpkB type, and C type. The CpkA-type chaper-
onin had a mildly hydrophobic and flexible C terminus comprised
primarily of GGM motifs, whereas the CpkB-type chaperonin had
a more hydrophilic C-terminal region comprising glutamic acid
(Glu [D]), serine (Ser [S]), lysine (Lys [K]), and aspartic acid (Asp
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[E]). More interestingly, there were some “promiscuous” chaper-
onins that fell between these two clusters (C type) (Fig. 1A). C-
type chaperonins contained more glycine (Gly [G]), alanine (Ala
[A]), and methionine (Met [M]) residues but also retained a con-
siderable number of charged or polar amino acids. In other words,
two major types of C-terminal region were identified: one show-
ing increased hydrophobicity and flexibility (CpkA type) and the
other showing an increased electrical charge (CpkB type). Some
hyperthermopbhiles, such as Pyrococcus furiosus and Aeropyrum
pernix, harbor only CpkB-type chaperonins. CpkB-type chaper-
onins seem to be indispensable for the preferred high growth tem-
perature of these organisms. The copy number of the CpkA-type
chaperonin tended to increase as the optimal cell growth temper-
ature decreased. This tendency was not unique to archaea (Fig.
1B). The extremely psychrophilic bacterium Psychromonas ingra-
hamii, which shows maximal growth at 15°C and minimal growth
at 0°C or lower, harbored two CpkA-type chaperonins and one
C-type chaperonin, whereas Psychrobacter cryohalolentis, which
grows optimally at 22°C, harbored only a CpkA-type chaperonin.
Therefore, the appearance of CpkA-type chaperonins appears to
be related to adaptation to low temperatures. Microorganisms
harboring the CpkA-type chaperonin might adapt to lower
growth temperatures more readily than those in which it is absent.
Variant construction and protein stability. The C-terminal
tail of GroEL is rich in GGM motifs; however, five of the residues
in the tail region of CpkA are neither Gly nor Met (these residues
are Pro529, Glu530, GIn533, Pro538, and Asp545). Therefore, to
make this region resemble that of GroEL, we replaced Glu530,
GIn533, Pro538, and Asp545 with Gly or Met. Pro529 was not
replaced because mutation of this residue to Met or Gly would not
result in successive GGM motifs. The variant proteins were then
expressed in E. coli BL21(DE3) RIL and purified as described in
Materials and Methods. The molecular masses of the chaperonins
were around 60 kDa (see Fig. S1A in the supplemental material).
CpkA and its variants showed almost identical CD profiles within
the far-UV region (220 nm to 260 nm) at 20°C, suggesting that all
possessed very similar secondary structures (see Fig. S1B). Next,
we examined the thermostability of each purified protein. The
thermal denaturation curves of the purified proteins were deter-
mined by monitoring the change in the CD value at 222 nm as the
temperature increased from 20 to 100°C at a rate of 5°C min ™', All
spectra were corrected to allow for the contribution of the buffer
to the signal (Fig. 2A to H). All of the chaperonins showed a major
unfolding event at around 90°C. The thermal unfolding plots for
CpkA-E530M, -Q533M, -P538M, and -D545G were very similar
to that for wild-type CpkA. CpkA-E530G and -Q533M showed
slightly lower thermal stabilities, while CpkA-P538G and -D545M
showed slightly higher stabilities than that of wild-type CpkA.
Effects of mutations on ATPase activity. Next, we examined
the temperature dependency of the ATPase activity of each vari-
ant. The results are shown in Fig. 3. CpkA showed the highest
ATPase activity between 60 and 70°C. Figure 3A shows that CpkA-
E530G showed optimal ATPase activity at 50°C; the value was
almost 4-fold higher than that of CpkA at the same temperature.
CpkA-E530M showed the most activity at 70°C, although the
value was almost half that of wild-type CpkA. The ATPase activity
of CpkA-E530M at 50°C was a little lower than that of wild-type
CpkA. CpkA-Q533G showed the most activity at 50°C, although it
was similar to that of wild-type CpkA. The optimum activity of
CpkA-Q533M was displayed at 80°C and was 4-fold higher than
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A

E.coli-GroEL
P.cryohalolentis-GroEL
P.ingrahamii-Ping_0844
P.ingrahamii-Ping_2493
M.thermolithotrophicus-Cpn

M.thermautotrophicus-MTH794
M.thermautotrophicus-MTH218

M.burtonii-Mbur_2146
M.mazei-MM_1379
M.acetivorans-MA0086
T.kodakarensis-CpkA
S.tokodaii-ST0820
T.acidophilum-Ta0980
T.volcanium-TVN1128
P.torridus-AAT43320
M.mazei-MM_1096
M.acetivorans-MA4413
C.aurantiacus-Caur_2736
M jannaschii-ths

A fulgidus-AAB89798
A.fulgidus-AAB89014
P.aerophilum-PAE3273
S.tokodaii-ST0321
M.acetivorans-MA4386
M.acetivorans-MA0857
C.aurantiacus-Caur_2888
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S. tokodaii 1/2/0

A. fulgidus 11110 >—
T. kodakararensis 11/0 —
M. jannaschii 1/0/0 Q@

S. solfataricus 0/2/1 @

T. aquaticus 0/0/1 @—»

P. torridus 1110

T. acidophilum 1110 $:

M. thermoautotrophicus 2/0/0 @—»
T. volcanium 1110 @——

C. aurantiacus 1110

M.thermolithothrophicus 1/0/0 8:&
M. mazei 211 @_.

M. acetivorans 2/311 @_.

E. coli 1/0/0 ‘l')—’

M. burtonii 1/0/2 0—»

P. cryohalolentis
P. ingrahamii

11010 y———
21011

FIG 1 Three types of chaperonin and their distribution in prokaryotes. (A) Alignment of the C-terminal regions (last 20 amino acids) of chaperonins from
Pyrococcus, Thermococcus, Methanococcus, Sulfolobus, Thermus, and E. coli. Chaperonins whose C-terminal regions do not belong to the CpkA or CpkB type are
labeled “C type.” (B) Distribution of chaperonins according to growth temperature. Prokaryotes examined included Aeropyrum pernix (37), Archaeoglobus
fulgidus (38), Chloroflexus aurantiacus (39), Escherichia coli (40), Methanosarcina acetivorans (41), Methanococcoides burtonii (38), Methanocaldococcus jannaschii
(38), Methanopyrus kandleri (38), Methanococcus mazei (42), Methanothermobacter thermautotrophicus (43), Methanothermobacter thermolithotrophicus (44),
Picrophilus torridus (45), Psychromonas ingrahamii (46), Pyrobaculum aerophilum (38), Pyrococcus abyssi (38), Psychrobacter cryohalolentis (47), Pyrococcus
furiosus (48), Pyrococcus horikoshii (38), Sulfolobus solfataricus (38), Sulfolobus tokodaii (49), Thermus aquaticus (50), Thermococcus kodakarensis (51), Thermo-
plasma acidophilum (38), and Thermoplasma volcanium (38). The numbers in the middle column represent the numbers of CpkA-type, CpkB-type, and C-type
genes. The circled numbers indicate the lowest growth temperatures, and the arrows indicate the growth temperature ranges.

that of wild-type CpkA at this temperature (Fig. 3B). CpkA-
P538G showed a temperature-dependent profile similar to that of
CpkA, although its ATPase activity was almost 2-fold lower.
CpkA-P533M showed optimal activity at 70°C, with a value
similar to that of wild-type CpkA (Fig. 3C). Finally, CpkA-
D545G showed its highest activity at 60°C, with a value equal to
that of wild-type CpkA. The optimal activity of CpkA-D545M
was detected at 70°C, with a value equal to that of wild-type
CpkA (Fig. 3D).

Effects of mutations on chaperonin activity. InGPS from T.
kodakarensis (TrpCyy.) is a target protein for CpkA (6). Because the
refolding of unfolded TrpC; requires the assistance of CpkA, we
performed an in vitro refolding assay using chemically unfolded
TrpCyy as the substrate. Purified TrpCy (25.4 kDa) (see Fig. STIA
in the supplemental material) was denatured in 7 M urea on ice
and then refolded at either 50 or 60°C in the presence or absence of
wild-type or mutant CpkA. The recovered InGPS activity is shown
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in Fig. 4. At 60°C, the InGPS activities recovered by CpkA and
CpkA-E530G were almost the same (0.66 and 0.67 U/mg, respec-
tively), but they were only 28% of the native activity (2.39 U/mg).
The InGPS activity recovered by CpkA-D545G (0.63 U/mg) was a
little lower than that recovered by CpkA and CpkA-E530G. The
InGPS activity of refolded TrpCyy, (assisted by these three chaper-
onins) was almost 7-fold higher than that of spontaneously re-
folded TrpCy; (0.1 U/mg). CpkA-E530M, -Q533G, -Q533M,
-P538G, -P538M, and -D545M were also able to assist in the re-
folding of TrpCy, but the recovered InGPS activities were lower
than those obtained with CpkA, CpkA-E530G, and CpkA-D545G.
There were significant differences between the chaperonin activi-
ties at 50°C. When TrpCyy was refolded in the absence of CpkA,
the specific activity of the refolded TrpC; was 0.06 U/mg (about
10% of the native activity [0.58 U/mg]). This increased to 0.25
U/mg (43% of native activity) in the presence of CpkA. Moreover,
refolded TrpCyy showed 1.5-fold higher activity (0.38 U/mg) in
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FIG 2 Thermostability of CpkA and its variants. Each sample contained 50 wg ml~" of chaperonin dissolved in 25 mM Tris-HCI (pH 7.8) containing 300 mM
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(H) CpkA-D545M.

the presence of CpkA-E530G than in the presence of CpkA. Re-
folded TrpCy also showed a slightly higher activity (0.3 U/mg) in
the presence of CpkA-E530M than in the presence of CpkA. In
general, the chaperonin activities of the variants were consistent
with their ATPase activities (Fig. 3); i.e., a higher ATPase activity
equated to a higher chaperonin activity and vice versa. The InGPS
activity of refolded TrpC was not significantly higher in the pres-
ence of CpkA-Q533G, -Q533M, -D545G, and -D545M than in the

August 2015 Volume 197 Number 16

Journal of Bacteriology

presence of wild-type CpkA. Moreover, CpkA-P538G and
-P538M were less effective than CpkA in terms of refolding of
TrpCyys their ATPase activities were also much lower than that of
CpkA.

Growth profiles of strains KU216 and DA4 and growth com-
petition assay results. To observe the effect of the E530G muta-
tion on T. kodakarensis in vivo, we constructed strain DA4 (pyrF
cpkA-E530G) and compared its growth profile with that of the
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FIG 3 ATPase activities of CpkA and its variants. The temperature-dependent ATPase activities of CpkA (triangles) and its variants (glycine substitutions are
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parental strain KU216. At 85°C, DA4 showed a little higher growth
rate during log phase than that of KU216 (Fig. 5A). At 60°C, DA4
showed a slightly shortened lag period in the growth curve (Fig.
5B). However, at 50°C, the lag period of DA4 was much shorter
than that of KU216. Strain DA4 started to propagate 30 h earlier
and reached the stationary growth phase nearly 80 h earlier than
strain KU216 (Fig. 5C). These results indicate that strain DA4 has
a growth advantage in a cold-stressed environment.

To examine how dominant the growth of DA4 was at 50°C, we
performed a cocultivation experiment. KU216 and DA4 were cul-
tured separately to an ODyg, of ~0.6. The two cultures were then
mixed at different KU216/DA4 ratios (1:1, 10:1, 10%:1, and 10*:1),
and cell growth was monitored at 50°C. When growth entered log
phase (after about 2 days), the cultures were inoculated into fresh
medium and cultured for a further 2 days at 50°C. The cultures
were then spread onto solid medium and incubated at 85°C over-
night until colonies appeared. Finally, 106 colonies were picked
and genotyped for each KU212/DA4 ratio. The final results are
shown in Fig. 6. At a ratio of 1:1, DA4 was the dominant (~87%)
population. However, the percentage of DA4 gradually decreased
as the DA4/KU216 ratio decreased (83.5% at a ratio of 10~ ":1,
76.5% at 10~ %1, and 64.5% at 10~ %1, respectively). It is striking
that DA4 was the dominant strain throughout, even when the
starting population was 10*-fold smaller than that of KU216.

DISCUSSION

The duplication and divergence of a and 8 chaperonin subunit
genes, such as cpkA and cpkB, in T. kodakarensis were thought to
have occurred in a common ancestor; the o subunit was subse-
quently lost from the Pyrococcuslineage (26). However, the results
of the present study suggest another possibility. The natural hab-
itat of Thermococcus organisms is a solfatara, which fluctuates be-
tween intermediate (around the solfatara; ~60°C) and high (at the
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center of the solfatara; ~100°C) temperatures; therefore, these
thermophiles have evolved an extra chaperonin that allows them
to adapt to a colder environment. Living in an environment that
moves between temperature extremes facilitates natural selection;
therefore, such thermophiles can evolve quickly (27). Thus, the
Thermococci adapted to lower temperatures by duplicating the
chaperonin a subunit (CpkA). CpkA acts as an “adaptive allele”
and enables T. kodakarensis to adapt to its changing habitat. In the
absence of the ¢pkA gene, it is difficult to grow T. kodakarensis at
60°C (5).

Cold tolerance and cold adaptation are related but different
behaviors. Cold tolerance usually occurs in response to a tempo-
rary drop in temperature, whereupon cold shock proteins (CSPs)
enable their hosts to survive. Cold adaptation refers to a longer
period of low temperature, triggering a response not only by CSPs
but also by many nonstress proteins. However, these nonstress
proteins are unstable and incorrectly folded under cold-stress
conditions. Chaperonin plays an important role in protein folding
and refolding; however, CpkB is not suited to this task under cold-
stress conditions, because it has low ATPase activity at tempera-
tures below 60°C (6). Thus, CpkA evolved as a unique cold-induc-
ible chaperonin. CpkA and CpkB differ at the C terminus, which
forms part of the equatorial domain. The C-terminal region of
CpkA has characteristics similar to those of E. coli GroEL in terms
of amino acid sequence. CpkA, a cold-inducible thermosome, was
classified as a CpkA-type chaperonin belonging to group I chap-
eronins (which include GroEL of E. coli) (Fig. 1A). In contrast,
MM_1798 encodes a mesophilic chaperonin that was classified as
a CpkB-type chaperonin, along with thermosomes from Pyrococ-
cus. Moreover, the growth temperature-dependent distribution of
chaperonins (Fig. 1B) and the growth profile of the cpkA dis-
ruptant (7. kodakarensis strain DA1) suggest that CpkA-type
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FIG 4 Effects of chaperonins on TrpC; refolding. The InGPS activity of
refolded TrpC,, was measured at 60°C (A) and 50°C (B) in the absence or
presence of chaperonins. Columns 1 to 9 show the InGPS activities of refolded
TrpCyy in the presence of CpkA, CpkA-E530G, CpkA-E530M, CpkA-Q533G,
CpkA-Q533M, CpkA-P538G, CpkA-P538M, CpkA-D545G, and CpkA-
D545M, respectively. Column 10 shows the InGPS activity of spontaneously
refolded TrpC; in the absence of chaperonin. Column 11 shows the activity of
native TrpCp,.. One unit of specific activity was defined as the amount of
activity resulting in the formation of 1 pmol of InGPS in 1 min. All analyses
were conducted in triplicate, and mean values are shown.

chaperonins play a key role in cold adaptation. An extra C-type
chaperonin in microorganisms might respond to other situations;
an example is the TCP1 (CCT)-containing chaperonin in eukary-
otic cells, which has up to eight different subunits that interact
with different substrates (28). The wide variation in the C-termi-
nal regions of chaperonins enables microorganisms to adapt to
changing environments.

In the present study, we constructed eight CpkA variants har-
boring single amino acid substitutions in the C-terminal region,
leading to an increase in the number of GGM motifs. Purified
CpkA-E530G showed increased ATPase and chaperonin activities
at 50°C in vitro. Cold adaptation of T. kodakarensis is a multilocus-
controlled phenomenon which is fine-tuned by chaperonins (5),
transcription factors (29), the composition of the cell membrane
(30), and DEAD-box RNA helicase (31). It is thought that bene-
ficial mutations accumulate incrementally via each of these mech-
anisms and act synergistically to enable adaptation to cold envi-
ronments. However, when we introduced cpkA-E530G into the
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FIG 5 Growth profiles of KU216 and DA4. KU216 (O) and DA4 (@) were

cultured in MA-2YTP medium at 85°C (A), 60°C (B), and 50°C (C), and their
growth profiles were monitored by measuring the OD,.

genome of T. kodakarensis, we were surprised to see that a single
base pair substitution enabled T. kodakarensis to adapt to a tem-
perature of 50°C; indeed, it showed a shorter lag phase than that of
its parental strain (KU216) (Fig. 5C). We believe that the increased
ability to adapt to colder conditions correlates with the improved
chaperonin activity of CpkA-E530G at 50°C. The C-terminal re-
gion of GroEL also plays a role in ATPase activity (9) and substrate
binding (12). CpkA has a substrate preference similar to that of
GroEL (6). Here we showed that the ATPase and chaperonin ac-
tivities of CpkA were dependent on the C-terminal region (Fig. 3
and 4). However, because the high flexibility of the C-terminal
region means that it cannot be observed within the crystal struc-
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FIG 6 Dominant growth of DA4 at lower temperatures. KU216 and DA4 cells
were precultured separately at 85°C. The two cultures were then mixed at
different KU216/DA4 ratios (1:1, 10:1, 10*:1, and 10*:1) and cultured at 50°C
for 2 days. The cultures were then added to fresh growth medium and cultured
for another 2 days. The log-phase cultures were spread onto solid medium and
cultured overnight at 85°C. Over 100 colonies for each KU216/DA4 ratio were
randomly picked and genotyped by PCR, using primer pairs SNP-E530-Fw/
SNP-E530-Rv and SNP-E530-Fw/SNP-E530G-Rv. (A) Genotypes of colonies
confirmed by PCR and sequencing. The results for 10 representative colonies
for each KU216/DA4 ratio are shown. The results were confirmed by sequenc-
ing (shown at the bottom of gels). K, KU216 genotype; D, DA4 genotype. (B)
Proportions of DA4 and KU216 cells in cocultures at each KU216/DA4 ratio
after culture at 50°C. DA4 and KU216 are indicated by black and white bars,
respectively.

ture of the a subunit of the chaperonin from Thermococcus sp.
strain KS-1 (PDBID 1Q2V) (32), it is difficult to discuss the struc-
ture-function relationships of CpkA, which is an orthologue of the
chaperonin in Thermococcus sp. KS-1 (99% identical). We did,
however, construct a 3D structural model of a full-length CpkA
octamer in MODELLER 9.12, using the 1Q2V structure as a tem-
plate. The results showed that the C-terminal tail of CpkA is fully
extended to form the floor of a cleft within the octamer structure
(see Fig. S2A in the supplemental material) and that Glu530 faces
a short loop between 1 and 32 which is adjacent to the catalytic
residue Asp64 (see Fig. S2B). A cryo-electron microscopic study
using chaperonins from Acidianus tengchongensis also revealed a
flat-bottom shape of chaperonin (cpn-a complex) (16). Accord-
ing to the results presented herein, it is not arbitrary to say that the
location of the amino acids within the C-terminal region is the
primary factor affecting chaperonin function. Replacement of
Glu530, which is ~20 A from the functional ATPase domain of
CpkA (see Fig. S2B), by either Gly or Met plays an important role
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in increasing chaperonin activity at low temperatures. This dis-
tance was also an ideal mutation area in a directed evolution ex-
periment (33). We also found that particular amino acids within
the C-terminal region play another important role in cold adap-
tation. For example, Gly enhanced the ATPase activity at 50°C to a
greater extent than that seen with Met. Pro, Ser, and Ala are the
most common amino acids in tandem repeats, whereas Met, Ile,
and Trp are largely absent (7). Replacing Gly with polar residues
(E530G, Q538G, and D545G) increased the ATPase activity at
50°C, whereas replacing Met maintained the ATPase activity
above 60°C. Functional movement of the catalytic core responsi-
ble for ATPase activity determines the catalytic rate and substrate
binding of the chaperonin a subunit of Thermococcus KS-1 (32).
The replacement of Glu530 with Gly in CpkA increased the
ATPase activity and would remove any possible blemish between
the intermediate domain and the equatorial domain, such that the
functional movement would occur easily compared to that of the
wild type (see Fig. S2B). Pro is usually thought of as a “turn maker”
or “helix breaker,” and it dictates the local structure of a protein by
providing extra rigidity (i.e., resulting in lower entropy). Replac-
ing Pro538 with either Gly or Met (CpkA-P538G or CpkA-
P538M) would alter the structure of the peptide backbone and
push the C-terminal tail in the wrong direction, resulting in re-
duced ATPase activity. We also tried to replace both Glu530 and
Asp545 with Gly (CpkA-E530G/D545G); however, this double
mutant (CpkA-E530G/D545G) did not show any additional in-
crease in ATPase activity at 50°C. An alternative evolutionary path
would be to increase the copy number of CpkA-type chaperonin
genes, thereby increasing chaperonin activity at lower tempera-
tures; indeed, this is the evolutionary pathway taken by some
mesophiles and psychrophiles (Fig. 1B).

The final cell yields of DA4 and KU216 were almost similar
when the growth entered the stationary phase (Fig. 5). However,
DA4 showed a shorter lag phase than that of KU216 at 50°C, sug-
gesting that CpkA-E530G in DA4 could perform its function on
target proteins from the very start of the growth cycle, whereas
KU216 would take much longer to accumulate correctly folded
proteins.

In summary, we identified two growth temperature-depen-
dent trends (correlation between the CpkA-type chaperonin gene
copy number and growth temperature) in group II chaperonins,
both of which are driven by the initial duplication and subsequent
mutation of a chaperonin gene. The tandem repeats within the
C-terminal region of CpkA are a mutational hot spot (34). Here
we showed that a single base pair substitution (E530G) in the
C-terminal region of T. kodakarensis CpkA allowed the organism
to adapt to a lower growth temperature (50°C). Because chaper-
onins regulate protein-protein interactions within cells, especially
under stress conditions (35), changes in the activity of chaper-
onins will lead to changes in cell properties, such as cold adapta-
tion. GroEL has a marked effect on the refolding of proteins called
mutators, which are involved in DNA repair (36); thus, GroEL
might indirectly increase the mutation rate of the host cell. Be-
cause GroEL and CpkA have similar substrate biases (6), we expect
the role of CpkA in T. kodakarensis to resemble that of GroEL.
Further in vivo studies should aim to derive a mesophilic lineage
from hyperthermophiles to better understand cold-adaptive
mechanisms in archaea.
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