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Chlamydomonas plastid chaperonin subunits expressed in
E. coli can interact with one another inside the bacterial cell
and putatively confer enhanced tolerance toward singlet
oxygen
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ABSTRACT: Chaperonins are a group of molecular chaperones with a primary role in assisting folding of other proteins.
The most recognized member of the chaperonins is the GroEL/GroES complex. While most eubacteria as well as
mitochondria of eukaryotes have a single copy of the groEL gene, plants and algae contain multiple versions that have
been shown to assemble into a hetero-oligomeric complex. We report here evidence suggesting that Chlamydomonas
plastid chaperonin 60 subunits, when expressed in E. coli cells, can interact with each other and assemble into a high-
molecular-weight protein complex. Stress challenge assays also revealed that exogenous expression of all alpha, beta1,
and beta2 subunits of Chlamydomonas chaperonin 60 in E. coli also confer additional tolerance and recovery of cells
from singlet oxygen stress.
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INTRODUCTION

Chaperonins, a group among many types of molecular
chaperones, are ubiquitous and have a primary role
in assisting folding of other proteins [1]. Group 1
chaperonins are found in prokaryotes (GroEL), mito-
chondria (Hsp60 or mtCpn6), and plastids such as
chloroplast (Cpn60 or chCpn60), while group 2 chap-
eronins are found in Achaea (thermosome) and the cy-
tosolic compartment of eukaryotes (CCT/TriC) [2, 3].
Group 1 chaperonins with GroEL being a notable ex-
ample consist structurally of a large double-ring or
barrel-like protein complex requiring ATP hydrolysis
for operation [4]. Each of the rings is composed of
7 identical subunits of about 60 kDa in size. It has a
co-chaperone called GroES also consisting of 7 homo-
subunits, which functions like a lid for the core barrel
complex. In contrast to group 1, group 2 chaperonin
does not require any co-chaperone for operation.

While most eubacteria as well as mitochondria of
eukaryotes have a single copy of the groEL chaperonin
gene, cyanobacteria usually have 2 or 3 groEL genes
in their genome [5]. Chloroplasts of algae and plants
also possess multiple or more diversified versions of the
chaperonin 60 subunits. For example, the green alga
Chlamydomonas reinhardtii contains one gene coding
for an α subunit and 2 genes for β subunits of the
plastid chaperonin 60 in its genome [3]. Arabidopsis
thaliana has 2 genes encoding α subunits along with
4 β genes [6]. Bacterial and cyanobacterial GroELs
or plant Cpn60 subunits not only share high sequence
similarity [7], but their structures are also similar [8].

With such similarity, it is not beyond expectation that
Cpn60 subunits could compensate for the loss of GroEL
function in bacteria. Indeed, complementation of
GroEL mutants of E. coli with cyanobacterial GroEL
or Chlamydomonas Cpn60s has been demonstrated
[9–12].

It has been proposed that evolution brings about
novel functions for the additional copies of the chap-
eronins. While most bacteria have a single copy
of the groEL chaperonin gene, cyanobacteria usually
have 2 genes (groEL1 and groEL2). The groEL1
gene, which is in operonic arrangement with its co-
chaperonin groES, is essential for cell survival. On
the other hand, the non-essential groEL2, which is
located outside the operon, is believed to be non-
essential under physiological conditions but can pro-
vide protection from stresses [13–16]. Chloroplast
Cpn60 has also been shown to confer divergent func-
tions other than refolding its natural substrate, the
RuBisCo enzyme [2, 17, 18]. Genetic studies revealed
that Arabidopsis mutants defective in the cpn60A or
cpn60B genes manifested defective phenotypes such as
aberrant growth [19] and abnormal development of
chloroplasts [20] or the embryo [21].

From evidence in the literature, it can be specu-
lated that the diversified versions of the chaperonin
60 proteins may provide additional fitness for photo-
synthetic organisms to proliferate and to cope with
additional oxidative and environmental stresses. We
hypothesized that the plastid version of chaperonin 60
could also provide extra benefit when expressed in bac-
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teria. In this study, Chlamydomonas cpn60 genes were
exogenously expressed in E. coli. Interactions among
subunits as well as their abilities to confer enhanced
tolerance against imposed environmental stresses were
investigated.

MATERIALS AND METHODS

Vector cloning and protein preparation

Total RNA was extracted from the Chlamydomonas
reinhardtii strain CC503 cw92 mt+, using TRIzol
reagent (Thermo Fisher Scientific, USA). ProtoScript®
II reverse transcriptase (New England Biolabs, USA)
and Oligo-dT primers were used to reverse transcribe
the mRNA to cDNA. The CrCpn60α, CrCpn60β1, and
CrCpn60β2 genes were amplified using PCR from the
cDNA (with primers shown in Fig. 1) and cloned into
pETduet-1 vectors (Merck Millipore, USA) using the
restriction sites presented in Fig. 1 under standard
ligation conditions (4 °C overnight). The constructed
vectors were subjected to DNA sequencing verification
before being transformed into BL21(DE3) E. coli. The
transformed cells were cultured at 37 °C until reaching
an OD600 value of about 0.6 before adding IPTG to the
final concentration of 1 mM. The cultures were further
incubated at 25 °C for another 3 h before harvesting
using centrifugation at 5000× g for 5 min. The cell
pellets were stored at−80 °C until use. To obtain crude
proteins, cell pellets were thawed at room tempera-
ture, followed by the addition of lysis buffer (30 mM
Tris-HCl pH 7.5, 30 mM NaCl, and 1 mM EDTA) and
1 mM PMSF. The mixture was suspended and sonicated
for 30 s (5 s on and 9 s off for 6 repeats). Centrifugation
at 12 000× g and 4 °C for 15 min yielded the super-
natant containing crude protein, which was collected
and kept at −80 °C.

Co-immunoprecipitation

Total “crude” proteins of about 500 µg were mixed
with pull-down antibody at 50:1 v/v ratio and incu-
bated for 16 h. Protein A agarose bead (40 µl) was
added to the mixtures and incubated for a further
3 h. After that, the mixtures were centrifuged at
12 000× g for 5 min. The supernatants were col-
lected as “unbound” fractions. The bead-containing
precipitates were washed 5 times with 500 µl wash
buffer (30 mM Tris-HCl pH 7.5 and 50 mM NaCl),
followed by centrifugation at 12 000× g for 1 min, the
supernatants of which were discarded. One additional
washing step was carried out, and the supernatants
were collected as the “last wash” fraction. The washed
bead pellets were added with 40 µl 5×SDS loading
dye, followed by vigorous vortexing and incubation in
a boiling water bath for 10 min. The “eluted” fractions
were collected from supernatants after centrifugation
at 12 000× g for 5 min. All steps were carried out at
4 °C.

Gel filtration

Superdex-200 beads, ∼30 ml, were soaked with
20 mM MOPS-NaOH pH 7.2 and 100 mM NaCl and
packed into a 1.0 cm diameter column. The column
flow rate was set at 0.5 ml/min. A standard curve was
created using thyroglobulin 669 kDa, catalase 232 kDa,
aldolase 158 kDa, and albumin 66 kDa. To separate
the proteins, about 22.5 mg protein (approximately
100 µl of the standards and 500 µl of the crude
isolated proteins) was loaded onto the column. Then,
the fractions were collected every 1 min and detected
by measuring absorbance at 280 nm. The collected
fractions were subjected to further analyses.

Native PAGE, SDS-PAGE, and Western blot

Native gels (6% acrylamide separating gel and 4%
acrylamide stacking gel) were prepared from a typical
29:1 acrylamide:crosslinker stock solution and run in
buffer containing 25 mM Tris-HCl pH 7.6 and 192 mM
glycine at 120 V for 90 min at 4 °C. SDS gels (7.5%
acrylamide separating gel and 4% acrylamide stacking
gel) were run in buffer containing 25 mM Tris-HCl
pH 7.6, 192 mM glycine, and 0.1% SDS at 120 V for
90 min at room temperature. The proteins in the gel
were transferred to a PVDF membrane using Trans-
Blot® Turbo™ (Bio-rad, USA) at 25 V and 1.0 A for
20 min. Next, the membrane was incubated in a
blocking buffer (5% skimmed milk in TBST) at room
temperature for 1 h. After that, the membrane was
incubated with primary antibody dissolved in a new
blocking buffer at 1:3000 fold. Then, the membranes
were washed twice with TBST (20 mM Tris-HCl pH 7.6,
0.8% NaCl, and 1% Tween) for 10 min and then for
10 min with TBS (20 mM Tris-HCl pH 7.6 and 0.8%
NaCl) before and after adding a secondary antibody.
The primary antibodies used in this study were HA
tag rabbit mAb (C29F4, Cell Signaling, USA), His tag
mouse mAb (ab1818, Abcam, UK), S tag rabbit mAb
(D2K2V, Cell Signaling, USA), and GroEL mouse mAb
(ab82592, Abcam, UK). Goat anti-rabbit conjugated to
HRP (AP132P, Merck Millipore, USA) and goat anti-
mouse conjugated to HRP (62-6520, Thermo Fisher
Scientific, USA) were used as secondary antibod-
ies. Detection substrates, enhanced chemiluminescent
(ECL) HRP substrate, were purchased from Thermo
Fisher Scientific, USA.

Stress response: time-course assays

The transformants were inoculated in 5 ml of LB con-
taining 100 µg/ml ampicillin and incubated with shak-
ing at 37 °C overnight. The overnight cultures were
pipetted into 10 ml of new LB medium (ratio 1:70)
and allowed to grow at 37 °C in a shaking incubator for
3.5 h. After that, the cultures were added with IPTG
at a final concentration of 1 mM before incubation at
25 °C until reaching an OD600 value of approximately
1.25 (after about 1 h). Then, the transformant cells
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Fig. 1 Diagram showing vector map of CrCpn60 subunit expression vectors and primer sequences used for construction. Genes
encoding for the CrCpn60 proteins are illustrated as A for α, B1 for β1, and B2 for β2 subunits, respectively. Each construct
contains the ampicillin-resistant gene as a selectable marker, and the transgene is individually driven by T7 promoter except
for AB1B2 where Cpn60α and β1 genes share the same promoter. GroEL serves as a control where 2 additional copies of the
groEL genes are expressed. Empty represents negative control. Positions of T7 promoters, epitope tags, and restriction sites
used for cloning are also illustrated.
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Fig. 2 Western blot analyses showing specificity of antibodies
used in this study. (A) Anti-GroEL antibodies were tested
against proteins from C. reinhardtii and untransformed E. coli
cells. (B) Each epitope tag-specific antibody as well as
GroEL antibodies were used to probe co-IP experimentation
of untransformed E. coli cells.

were challenged with specified stresses, namely, expo-
sure to heat at 50 °C, 0.5 µM methyl viologen (MV),
1.5 mM hydrogen peroxide (H2O2), 5 mM tert-butyl
hydroperoxide (TBHP), and 0.5 mM Rose Bengal (RB).
Cells were collected after 1, 2, and 3 h of treatment for
cell density analysis at OD600.

Stress response: spot-test assays

For the spot-test assays, the transformant cultures
were serially diluted (10×dilution for each step) to
reach final concentrations of 109, 108, 107, and 106

cells/ml according to the Agilent E. coli cell culture Bio-
calculator (OD600 of 1.0 is 8 × 108 cells/ml). About
3 µl of the serially diluted cultures above were spotted
on LB plates containing 100 µg/ml ampicillin plus
one of the following: 150 mM NaCl, 300 mM sorbitol,
0.05 mM Cd2+ (cadmium), 0.05 mM Pb2+ (lead), 5 µM
Hg2+ (mercury), 1 mM Cu2+ (copper), or 5 mM Rose
Bengal. The spotted plates were incubated at 37 °C for
16 h.

RESULTS

CrCpn60 subunits expressed in E. coli could
interact with one another

To verify that the Chlamydomonas CrCpn60 subunits
could interact with one another inside the E. coli cells,
we tagged each of the proteins with different epitopes:
histidine tag (His), HA tag (HA), or S tag (S) as shown
in Fig. 1. The first 2 copies of the same CrCpn60
subunits, each tagged with different epitopes, were
generated to test the possibility of self-interaction and
named 2A, 2B1, and 2B2, respectively, as shown in

Fig. 1. Alternatively, we also created constructs with
combinations of the 3 subunits as: AB1, AB2, B1B2,
and AB1B2. In the combination constructs, the α
subunit was tagged with the HA tag, while β1 and
β2 were tagged with the His and S tags, respectively.
Notably, the N and C termini of GroEL and the chaper-
onins are located in the same area in the 3-dimensional
structure, and their tagging has previously been re-
ported not to affect the overall structure of the protein
[10, 22, 23].

Interaction between each of the subunits was as-
sessed using co-immunoprecipitaion. E. coli cells ex-
pressing each of the vector constructs were harvested
and subjected to protein isolation. Antibodies against
one of the tags were used to pull-down the tagged
proteins before separation using SDS-PAGE and detec-
tion using Western blot analysis. We also performed
the reverse pull-down step using antibodies against
another tag present in each construct. To ensure
that the Western blot signals observed in this study
had not originated from a nonspecific cross-reaction,
all antibodies were subjected to verification. As it
could be argued that antibodies specific to GroEL could
also detect chaperonin proteins due to their relatively
high sequence similarity, we tested the antibodies with
total proteins isolated from Chlamydomonas as well as
E. coli. The result in Fig. 2A clearly showed that the
GroEL antibodies could only detect a protein band of
about 60 kDa from E. coli with no discernible cross-
reaction being identified with proteins from Chlamy-
domonas. In addition, antibodies against the tag
epitopes were tested with proteins isolated from un-
transformed E. coli cells (Fig. 2B). Total proteins from
the untransformed cells were subjected to the im-
muno pull-down assay as described in the methods
section above with anti-His, anti-HA, and anti-S anti-
bodies. Collected individual fractions were subjected
to SDS-PAGE, followed by Western blots using the
tag-antibodies. It was clear (Fig. 2B) that none of
the tag antibodies could recognize any protein around
60 kDa from untransformed E. coli cells in any of the
collected fractions (Crude, Unbound, Last Wash, and
Elute). Notably, when anti-GroEL was used to probe
the same immuno pull-down blots, a faint protein
band of about 60 kDa could be observed in the Elute
fraction, suggesting that the GroEL protein could bind
nonspecifically with either the agarose beads or with
other proteins bound to the beads (Fig. 2B).

For the E. coli transformant 2A, we first pulled
down the CrCpn60 α subunit with anti-His antibodies.
The pulled-down proteins were separated and detected
by Western blot analyses using anti-His, anti-HA, and
anti-GroEL (Fig. 3A). In the crude total protein and
unbound fractions, the presence of both copies of the
CrCpn60 α subunit and GroEL could be expected,
while no protein was observable in the Last Wash
fraction. After elution, both copies of the α subunits
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Fig. 3 Co-immunoprecipitation assays of E. coli transformants expressing CrCpn60 subunits. Total crude proteins “crude” from
each transformant were isolated and incubated with pulled-down antibodies specific to the tag epitope attached to CrCpn60
subunits (Pull-down ab). Unbound fraction “unbound” was obtained after adding Protein A agarose beads to the mixture
followed by centrifugation. Agarose beads containing bound proteins were washed 5 times before collecting the “last wash”
fraction. Bound proteins were “eluted” from the beads by incubating with 5-SDS loading dye. All collected samples were
subjected to SDS-PAGE followed by Western blot analyses using specified antibodies. Individual panels represent proteins
isolated from transformant 2A (A), 2B1 (B), 2B2 (C), AB1 (D), AB2 (E), B1B2 (F), and AB1B2 (G).

were clearly discernible by the cross-reactions of the
antibodies (Fig. 3A), suggesting that the 2 copies could
interact with one another. To verify this, we performed
the reverse pull-down using anti-HA antibodies, and
the same result was observed. As GroEL could also
be detected in the negative control experiments in
Fig. 3B, we have refrained from further discussion on
its detection in Fig. 3. The same experiments were
repeated for the E. coli transformants 2B1 (Fig. 3B),
2B2 (Fig. 3C), AB1 (Fig. 3D), AB2 (Fig. 3E), B1B2
(Fig. 3F), and AB1B2 (Fig. 3G). In all tested combina-
tions, the CrCpn60 subunits were able to co-precipitate
among themselves (α-α, β1-β1, and β2-β2) or be-
tween subunit combinations (αβ1, αβ2, β1β2, and
αβ1β2). However, notably, this immunoprecipitation
experiment could not distinguish whether such ob-
servable interactions originated from protein dimeriza-
tion, trimerization, oligomerization, or from the full-
functional complex. To address this, further analyses
were performed showing the high-molecular-weight
complex assembly.

CrCpn60 subunits are assembled into a large
protein complex in E. coli

The native complex of GroEL is a tetradecameric struc-
ture consisting of 14 homo-subunits, and that of the
CrCpn60 is very similar. Gel filtration is one of the
classical methods to determine the size and to purify a
native complex of proteins. Therefore, this technique
was applied to assess whether CrCpn60 subunits could
assemble into a large protein complex inside the E. coli
cell. As the calculated tetradecameric structure of the
CrCpn60 is about 840 kDa, it was expected that its

native complex would be eluted at around fraction
#12 compared to the elution standard curve (Fig. 4A).
From the elution chromatogram (Fig. 4B), high MW
proteins could be detected by measuring absorbance
at 280 nm from fraction #10 onward. Thus, we col-
lected eluted proteins from fractions #12–16 for fur-
ther investigation. The native PAGE profile (Fig. 4C)
showed a distinct high-molecular-weight band above
the 669 kDa native marker (noted as * in Fig. 4C).

To ensure that such a high-molecular-weight band
really contained the CrCpn60 subunits, immunoblot-
ting was carried out using antiserum against the epi-
tope tag present in each of the proteins. From the im-
munoblots of the native PAGE, we could not detect any
cross-reaction with any of the antibodies. However, it
has been shown that immunoblots of proteins resolved
by native PAGE could be complicated due to hindrance
of the epitopes by protein conformation [24]. In this
case, both N and C terminal tags are located inside
the tetradecameric barrel structure and thus could not
be readily accessed by the antibodies on the native
immunoblot. To verify this, we excised the high-
molecular-weight band(s) from the native PAGE of
representative transformants (2α, 2β1, and 2β2) and
placed them on top of a denaturing SDS-PAGE followed
by Western blot analysis. This time, we could detect
the presence of the CrCpn60 α subunit (Fig. 4D), β1
subunit (Fig. 4E), and β2 subunit (Fig. 4F). Notably,
such cross-reaction could not be detected in the lane
where the high-MW native band was excised from the
transformants carrying the empty vector (empty) that
served as the negative control. The total cell lysates
from the transformants were also used as the positive
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Fig. 4 Investigation of high-molecular-weight native complex in E. coli transformants expressing CrCpn60 subunits. (A) Gel
filtration standard curve. (B) Gel filtration chromatogram of total proteins isolated from 2B2 transformant. (C) Native PAGE
profile of fraction numbers 12–16. * denotes the presence of a high-molecular-weight protein complex (D-F) 2nd-dimension
SDS-PAGE of excised high-molecular-weight band marked as * from native PAGE followed by Western blot analyses using
specific antibodies against corresponding tag epitopes of 2A transformant (D), 2B1 transformant (E), and 2B2 transformant (F).

control (+Ctrl in Fig. 4D-F). Detection of GroEL in this
experiment was not surprising as the native structures
of GroEL and CrCpn60s are similar in size. Such a high
MW protein band appearing in native PAGE could con-
tain both the native GroEL as well as the protein com-
plex containing the CrCpn60 subunits. These results
strengthened our hypothesis that CrCpn60 subunits
could putatively cross-assemble into a high-molecular-
weight protein complex in E. coli.

E. coli expressing CrCpn60 subunits can tolerate
environmental stresses

We further investigated our hypothesis regarding
whether the exogenous expression of the CrCpn60
subunits could provide any additional tolerance to the
E. coli cells in response to environmental stresses. We
subjected the E. coli transformants carrying combina-
tions of the CrCpn60 subunits as well as the empty vec-
tor to common stresses that photosynthetic organisms
often encounter such as heat and oxidative stresses
from H2O2, superoxide, hydroxyl radicals, and singlet
oxygen. To rule out the beneficial effects of having
extra copies of the molecular chaperone proteins, we
also created a transformant containing 2 extra copies
of the groEL gene (GroEL) for comparison. For this
experiment, we challenged each of the transformants
with stress inducers at specified concentrations. Cells
were collected at time 0 and after 1, 2, and 3 h

of treatment, and their relative cell densities were
assessed via OD600. It was expected that the cell den-
sities of all cultures would decrease as the treatment
times progressed. First, cells were challenged with a
high temperature of 50 °C. We could clearly see that
the cell density of E. coli containing only the empty
vector (no exogenous expression of any molecular
chaperone) dropped significantly faster than the others
(Fig. 5A). In this experiment, no significant differences
in terms of cell density kinetics were observed among
the transformants exogenously expressing the chaper-
onin proteins. This finding suggested that extra copies
of the heat shock proteins, regardless of GroEL or
CrCpn60s, could help protect cells from heat stress.
Treating the transformants with H2O2 (Fig. 5B), TBHP
(a hydroxy radical generator, Fig. 5C), and MV (or
paraquat, a superoxide generator, Fig. 5D) resulted
in similar observations to those from the heat stress.
Although not statistically significant, we noticed that
transformants harboring all 3 types of the CrCpn60
subunits (AB1B2) performed best in terms of H2O2 and
superoxide tolerance.

Next, we attempted to challenge the transformants
with a unique ROS often faced by photosynthetic or-
ganisms, namely, singlet oxygen. Treating the cells
with Rose Bengal (RB) under low light intensity could
generate such ROS, leading to protein and cell damage.
However, the experiment was not successful when per-
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Fig. 5 Short-term stress treatment of E. coli transformant expressing combinations of CrCpn60 subunits as well as extra copies
of the groEL genes. Cells were challenged with stress conditions for 0, 1, 2, and 3 h. (A) Heat treatment at 50 °C, (B) 1.5 mM
H2O2, (C) 5 mM TBHP, and (D) 0.5 µM MV. Cell densities at each time point were assayed at OD600 and normalized to initial
cell densities. Data are averages of 3 independent experiments±SD.

formed in solution as in the preceding studies probably
due to the interference of the RB spectral absorption
shift in the membrane environment [25]. Then, we
used an alternative approach by challenging the cells
in solution before spotting them onto LB plates and
allowing them to grow for 16 h. As RB is very toxic
and could quickly kill the cells, we only challenged
them for up to 90 min. Notably, the results in Fig. 6A
showed that most transformants were effectively killed
after 30 min of treatment as no growth could be
observed, except for the AB1B2 E. coli transformant
for which several colonies of bacteria were discernible
even after 60 min. Extending the treatment time
to 90 min surprisingly allowed additional CrCpn60
transformants such as AB1, AB2, and B1B2 to recover
and grow as well. We further verified this study by
spotting serial dilution of the transformant cells (108,
107, and 106 cells/ml) onto LB plates containing 5 mM
of RB. Cells were allowed to grow at 37 °C for 16 h
under dim light. At 108 cells/ml density, there was
growth observed in most transformants except 2A with
the AB1B2 transformants being the best performer
(Fig. 6B, 108 lane). Only growth of AB1 and AB1B2

could be detected when the cell density was diluted
to lower than 107 and 106 cells/ml (Fig. 6B). These
results strongly suggested that exogenous expression
of CrCpn60 subunits could confer enhanced tolerance
of E. coli cells to singlet oxygen.

We also performed assays for other common envi-
ronmental stresses by spotting the transformant cells
onto LB plates containing stress inducers such as
290 mM NaCl (salt stress), 300 mM sorbitol (osmotic
stress), 0.05 mM cadmium, 0.05 mM lead, 5 µM
mercury, and 0.1 mM copper (heavy metal stress). At
108 cells/ml density, 190 mM NaCl did not affect the
viability of any transformants, including the empty and
+GroEL controls (Fig. 6C, 108 lane). Nevertheless, at
107 cells/ml, deteriorated growth was observed for all
transformants, albeit AB1B2 performed slightly better
than the others (Fig. 6C, 107 lane). At 106 cells/ml,
none of the transformants could grow on LB plates
containing 190 mM NaCl (Fig. 6C, 106 lane). For
sorbitol (Fig. 6D), a clear effect was observed when
cells were diluted to 106 cells/ml with the AB1B2
and GroEL transformants having higher growth than
the others. Treating the cells with cadmium, lead, or
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Fig. 6 Spot test assay after challenging E. coli transformants
expressing combinations of CrCpn60 subunits. Cells were
grown and challenged with stress conditions as described in
the material and methods. (A) In-solution time-course of
RB challenge before being spotted on regular LB-ampicillin
plates, (B) transformants serially diluted before being spotted
onto LB-ampicillin + 5 mM RB, (C) + 0.05 mM cadmium,
(D) + 300 mM sorbitol, (E) + 0.05 mM lead, (F) + 5 µM
mercury, and (G) + 0.1 mM copper. Images are representa-
tive of 3 independent replicates.

mercury did not result in any significant difference in
terms of growth for all transformants. Copper chal-
lenge showed that transformants containing additional
copies of the chaperonin protein could tolerate the
metal better than the empty vector control with the
GroEL transformant being the best.

DISCUSSION

The evidence provided here showed that chloroplast
chaperonin 60 subunits from the model green alga
Chlamydomonas reinhardtii could interact with each
other and assemble into a high-molecular-weight com-
plex when expressed in E. coli. In the co-IP exper-
iment (Fig. 3), regardless of the antibodies used for
the pull-down step, one or more other subunits were
always co-precipitated, supporting the hypothesis that
they interact with each other. As the immuno pull-
down assay requires that the epitope for the antibodies
needs to be accessible, one could assume that the
interactions among CrCpn60 subunits observed in this
experiment may not be the fully assembled complex,
of which the N- and C-termini are hidden inside the
barrel structure. As the IPTG-induced expression of

the CrCpn60 proteins in our transformants yielded a
vast abundance of the transgene products (results not
shown), it is possible that the observed interaction
from the co-IP could be the unassembled or partially
assembled subunits. However, one could argue that
the chaperonin subunits could unspecifically bind to
the agarose beads like that of the GroEL shown in
Fig. 2. Yet, in most experiments, relative band intensity
between the eluted and the crude/unbound fractions
of the co-IP CrCpn60 proteins were significantly higher
than that of the unspecific GroEL binding to the beads
shown in Fig. 2. Furthermore, the results from the
native PAGE band excision followed by SDS-PAGE
and Western blot also supported the hypothesis that
the exogenously expressed proteins could assemble
into a high-molecular-weight protein complex of the
same electrophoretic mobility as that of GroEL (Fig. 4).
Assembly of the chloroplast Cpn60 in E. coli into a
functional tetradecameric native complex is not with-
out precedence. Cloney et al [26] demonstrated that
Cpn60 α and β subunits from Brassica napus could
also assemble in E. coli and function to refold RuBisCO
enzyme.

Notably in our study, we observed the high-
molecular-weight native complex in the 2A transfor-
mant expressing 2 copies of the CrCpn60 α sub-
unit. As it has been shown in the literature that
the Cpn60 α subunit cannot assemble into a stable
homo-tetradecameric structure without the β subunit
[18, 26], there are 2 possible explanations for this
observation. First, it is possible that the observed high-
molecular-weight protein complex in the 2A transfor-
mant may not be stable enough to function. Indeed,
the stress-test experiments in Fig. 6 also revealed that
on many occasions, the 2A transformants exhibited
similar response to that of the transformant carrying
the empty vector. The second plausible explanation is
that the Cpn60 α subunit in the 2A transformant could
cross-assemble with GroEL. Hybrid assembly between
the GroEL and Cpn60 subunits has previously been
demonstrated [27]. However, whether the GroEL and
the Cpn60 α subunit could actually assemble into the
functional tetradecameric structure still needs further
investigation.

Functionally, the primary role of the GroEL/GroES
complex in bacteria is to assist in folding and refolding
other proteins. In plants and algae, diversification of
the chloroplast Cpn60 subunits could be crucial for
evolution. Recent reports have shown the involvement
of the chloroplast chaperonin 60 in various activities
beyond protein folding and refolding. Examples in-
clude RNA maturation [28] and protein targeting into
the thylakoid membrane [29]. Our results from in the
current study strongly suggest that E. coli expression of
all types of CrCpn60 subunits (AB1B2 transformant)
could tolerate and recover from singlet oxygen stress
imposed by RB better than the others (Fig. 6A and 6B).

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


504 ScienceAsia 48 (2022)

This could suggest another aspect of the Cpn60 func-
tion in plant chloroplasts. As a site of photosynthesis,
the chloroplast is frequently exposed to singlet oxygen
generated in photosystem II, which is an unnatural
situation for E. coli. Glatz et al [30] reported that
expression of groEL in cyanobacteria was modulated
by darkness-to-light transition. Such a condition also
promotes singlet oxygen formation, especially imme-
diately after the transition from darkness to light. It
could be possible that the protein damage inflicted by
the singlet oxygen attack might have unique properties
recognizable by the Cpn60s. Thus, E. coli expressing
the CrCpn60 subunits could readily deal with such a
condition and help refold the protein faster, leading
to better tolerance and recovery from singlet oxygen
stress.

In conclusion, this paper has provided additional
evidence for the interaction between chaperonin 60
subunits from Chlamydomonas chloroplasts when ex-
pressed in E. coli cells. In addition, we also showed that
E. coli expressing combinations of CrCpn60 subunits
could tolerate and recover from singlet oxygen better
than the control cells.
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