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Cytosolic chaperonin CCT possesses GTPase activity
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ABSTRACT

Cytosolic chaperonin CCT (also known as TRIC) is a
hetero-oligomeric cage-like molecular chaperone that
assists in protein folding by ATPase cycle-dependent
conformational changes. However, role of the nucleo-
tide binding and hydrolysis in CCT-assisted protein
folding is still poorly understood. We purified CCT
by using ATP-Sepharose and other columns, and
found that CCT possesses ability to hydrolyze GTP,
with an activity level very similar to the ATPase ac-
tivity. CCT was more resistant to proteinase K
treatment in the presence of GTP or ATP. These re-
sults suggest that the GTPase activity of CCT may
play a role in chaperone-assisted protein folding.
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1. INTRODUCTION

Many cellular proteins require assistance with molecular
chaperones to obtain functional conformations [1,2].
Molecular chaperones are also required for refolding of
proteins unfolded or misfolded under stress condition
including heat shock. Chaperonins are large cylindrical
complexes that enhance the efficiency of protein folding
[3]. These complexes are two-ring assemblies that pos-
ses a central cavity to accommodate non-native proteins,
and the substrate proteins are released after completion
of folding. The reaction cycle consists of a nucleo-
tide-regulated conformational alteration between an
open substrate-acceptor state and a closed folding-active
state.

Chaperonins has been divided into two classes: group
I chaperonins are found in prokaryotes and eukaryotic

organelles including mitochondria and cytoplasm [4-6]
whereas group II chaperonins are found in the eukaryotic
cytosol and archaea [7,8]. Group I chaperonins, include-
ing E. coli GroEL and mitochondrial HSP60, consist of
14 subunits and require ring-shaped cofactor GroES for
their chaperone activities [3,9]. Group II chaperonins,
including cytosolic chaperonin CCT (also known as
TRiC) of eukaryotes and archaeal chaperonins, share the
double-ring structure with the group I members. How-
ever, the group II chapronins have several characters
distinct from the group I chaperonins: the former con-
sists of 16 or 18 subunits and uses a built-in lid called
helical protrusion to close the cylindrical structure
[8,10].

CCT assists in folding of proteins in eukaryotic cyto-
sol and has eight different subunits [8,11]. All subunits
have conserved ATPase domain and divergent substrate
binding domain [12]. CCT plays an essential role in
folding a subset of cytosolic proteins. These substrates
include actin, tubulin, WD40 domain [-propeller pro-
teins and other proteins [13-15]. A critical question in
understanding the mechanism of CCT-assisted protein
folding is how ATP binding and hydrolysis drives the
conformational change that stimulates productive fold-
ing. Although CCT has some features common to that of
the type I chaperonin GroEL and roles of nucleotide
binding and hydrolysis is well documented, CCT lacks
the concerted action with co-chaperonin like GroES and
uses built-in lid [16,17]. The existence of eight different
subunits suggests that degree of ATPase activity may
differ between subunit species [18,19]. However, me-
chanisms for controlling ATP binding and hydrolysis by
CCT is still poorly understood.

Here, we purified CCT from porcine testis by a simple
method, and found that CCT possesses a GTPase activ-
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ity in addition to an ATPase activity. We discuss roles of
different nucleotides on CCT-assisted protein folding.

2. MATERIALS AND METHODS
2.1. Antibodies

Rat anti-CCTa antibody (Stressgen, BC, Canada) and
alkaline phosphatase-conjugated anti-rat IgG (Chemicon
International, CA, USA) were obtained from the source
shown.

2.2. Purification of CCT

Large scale purification of CCT was performed as fol-
lows (see supplemental Figure 1). Porcine testis (300 g)
was homogenized in 900 ml buffer A (250 mM sucrose
and 10mM Tris-HCl pH7.4). Soluble fraction was re-
covered after centrifugation (20,000 x g, 15 min, 4°C)
and ammonium sulfate was added to a concentration of
209 g/l. Supernatant was collected after centrifugation
(20,000 x g, 15 min) and ammonium sulfate was added
(63 g/1) again. Precipitates were collected after centrifu-
gation and dissolved in buffer A. Proteins were dialyzed
overnight against buffer A and applied to a 50 ml di-
ethylaminoethyl (DEAE) cellulose (Whatman DE52, GE
Healthcare, Amersham Place, UK) column. Pass-through
fractions were collected and applied to a 10 ml hepa-
rin-Sepharose (GE Healthcare) column in buffer A. Pro-
teins were eluted with a linear gradient of 150-800 mM
NaCl in buffer A. Fractions containing CCT were ap-
plied to a 10 ml ATP-Sepharose (Sigma, St Louis, MO,
USA) column using buffer A supplemented with 5 mM
MgCl, and 1 mM CacCl,, and proteins were eluted with
buffer A supplemented with 5 mM ATP and 10 mM
EDTA. Fractions containing CCT was applied to a 10 ml
Q-Sepharose (GE Healthcare) column in buffer A, and
proteins were eluted with a linear gradient of 50 - 800
mM NaCl in buffer A. For small scale purification, the
DEAE cellulose column was replaced by a Q-Sepharose
column and proteins were purified from pass through
fraction (P-fraction) and separatly from elute fraction
(E-fraction) (supplementary Figure 2). Purified proteins
were analyzed by SDS-PAGE [20] followed by im-
munoblotting with an antibody against CCTa [21], or
two-dimensional gel electrophoresis (isoelectric focusing
at pH 6.0-8.0 followed by SDS-PAGE) according to
O'Farrell [22].

2.3. Nucleotide hydrolysis analysis

CCT (0.05 uM) was incubated with 1 mM ATP or GTP
in buffer D (5 mM MgCl,, 100 mM KCI and 25 mM
HEPES-NaOH pH 7.4) at 37°C, and concentration of
free phosphate was determined by a method utilizing
Malachite green as indicator [23] using Biomol Green
Reagent (Biomol, Plymouth Meeting, PA, USA).

Copyright © 2011 SciRes.

For HPLC analysis, purified CCT (0.14 uM) was in-
cubated with nucleotide (final concentration of 50 puM)
at 37°C. Nucleotides were separated on C;g reverse
phase column (Mightysil PR-18CP, 4.6 mm ID x 150
mm, Kanto Kagaku: Tokyo, Japan) chromatography us-
ing HPLC [4,5]. The liquid chromatographic equipment
consisted of a PU-1580 intelligent HPLC pump,
LG-1580-02 ternary gradient unit (Jasco: Tokyo, Japan),
SPD6A spectrophotometric detector, and CTO6A col-
umn oven (Shimadzu, Kyoto, Japan). Data were re-
corded and analyzed with a LabVIEW software system
Version 7.1 (National Instruments: TX, U.S.A.). Chro-
matographic determination was performed at a flow rate
of 1 ml/min at 37°C, and the detection wavelength was
set at 256 nm.

2.4. Protease Resistance Test

Purified CCT was incubated with proteinase K as de-
scribed previously [15] with following modifications.
Nucleotides (5 mM ATP or GTP) and metal ions (5§ mM
MgCl, or CaCl,) were added to samples in buffer A.
Proteinase K was added to the all samples at a final
concentration of 20 pg/ml. After incubation at 25°C for
5 min, samples were analyzed by SDS-PAGE.

2.5. Electron Microscopy

Purified proteins were adsorbed onto collodion mem-
branes (Nissin EM, Tokyo, Japan) and stained with 4%
uranyl acetate by a double carbon technique modified
from the method of Lake [24]. Observation of samples
was performed by a H7650 electron microscope (Hitachi,
Tokyo, Japan).

3. RESULTS

In the present study, we first tested two different meth-
ods to purify CCT from porcine testis in small scale
(supplementary Figure 2). One uses path through frac-
tion (P-fraction) of Q-sepharose column and further pu-
rification using ATP-Sepharose and mono-Q columns.
The other uses elute fraction (E-fraction) of the same
Q-sepharose column and further purification using hepa-
rin-Sepharose column. Purified proteins were analyzed
by SDS/PAGE followed by Coomassie Brilliant Blue
staining or immunoblotting using an antibody against
CCT (Figure 1). Several bands of approximately 60 kDa
were detected for the protein sample purified from
P-fraction (Figure 1(a)) and one of these bands was
recognized by an anti-CCTa antibody (Figure 1(b)).
These observations are typical of the CCT complex pre-
viously described. On the contrary, a single protein band
with a molecular mass of 60 kDa was detected from the
protein purified from E-fraction (Figure 1(c)). By im-
munoblotting, the single band was recognized by the
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Figure 1. Gel electrophoresis analysis of CCT purified by two
different methods. CCT purified from P-fraction (see supple-
mental Figure 2), (a) and (b) or from E-fraction (c) and (d) were
analyzed by SDS-PAGE (9% polyacrylamide gel) followed by
staining with Coomassie Brilliant Blue; (a) and (c) or im-
munoblotting using an anti CCT-alpha antibody (b) and (d).
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Figure 2. Amino acid sequences of lysyl endopeptidase digests
of CCT purified by Heparin-Sepharose column chromatogra-
phy.Lysyl endopeptidase digests of CCT purified from E-frac-
tion were separated by reverse phase column chromatography.
Peptide number 36, 58 and 8 were sequenced and compared
with the sequence of human CCTa.

anti-CCTo antibody (Figure 1(d)). Amino acid se-
quencing of the protein purified from E-fraction indi-
cated that a peptide fragment (no. 86) has an amino-acid
sequence identical to that of the human CCT (Figure 2).
In addition, amino-acid sequences of peptide no. 36 and
58 were similar to that of the human CCT. These results
strongly suggest that major constituent of the protein
complex purified from E-fraction is CCTa. Analysis of
the subunit composition by two-dimensional gel elec-
trophoresis indicated that the sample purified by ATP-
agarose shows eight protein spots typical of CCT sub-
units (Figure 3(a)). In contrast, one or two protein spots
were detected for the protein purified from E-fraction
(Figure 3(b)). Gel filtration and native-PAGE analyses
indicated that the protein purified from P-fraction has a

Copyright © 2011 SciRes.

relative molecular mass of about 900 kDa, consistent
with known molecular size of the CCT complex (Figure
4). In contrast, CCT purified from E-fraction was ap-
proximately 400 kDa. By electron microscopic analysis,
typical ring-like structure was detected from the sample
purified from P-fraction (Figure 5). In contrast, no
ring-like structure was observed from the sample puri-
fied from E-fraction (data not shown). Based on these
observations, we concluded that the protein purified
from P-fraction was the complete CCT complex com-
posed of eights different subunits, although the protein
purified from E-fraction may be a partial CCT complex
mainly composed of CCTa.
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Figure 3. Two dimensional gel electrophoresis of purified CCT
samples. CCT samples purified from P-fraction (a) or E-fra-
ction (b) were analyzed by two-dimensional gel electorophore-
sis followed by staining with Coomassie Brilliant Blue.
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Figure 4. Gel filtration analysis of the purified CCT. CCT
samples purified from P-fraction or E-fraction were separated
on a TSK G4000SW column. CCT samples purified from
P-fraction (solid line) or E-fraction (dashed line) were load on
the gel filtration column, and elution profiles are shown. Data
of native PAGE analysis are shown with the elution profiles.
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a b
Figure 5. Ele<(:tr)0n microscopic analysis of pflri)ﬁed CCT. For
transmission electron microscopy, samples of CCT purified by
ATP-Sepharose were prepared by negative-staining. Panel (b)
shows a higher magnification view of panel (a).

To test whether the CCT purified from P-fraction has
ATPase activity, ATP was incubated with CCT and ana-
lyzed by HPLC using a reversed phase column (Figure
6(a)). Production of ADP from ATP by CCT indicated
that the purified CCT has ATPase activity. Intriguingly,
CCT was found to possess a GTPase activity (Figure
6(b)). We next investigated whether the presence of GTP
influences protease resistance of CCT. As shown in Fig-
ure 7, the purified CCT was completely digested by
proteinase K in the absence of nucleotides. In contrast,
CCT was more resistant to protease digestion in the
presence of GTP and divalent cations at a level similar to
the presence of ATP. Finally, to measure the ATPase ac-
tivity more exactly, we purified CCT in more large scale
using a modified method (supplementary Figures 1, 3,
4), and concentration of free phosphate produced by ATP
hydrolysis was determined using Malachite green as an
indicator. By this method, the purified CCT showed AT-
Pase activity of 1.21 ATP/CCT/min. The GTPase activ-
ity of CCT was estimated to be 1.24 GTP/CCT/mim by
the Malachite green method.

4. DISCUSSION

In the present study, we established a convenient purifi-
cation method of CCT. This method uses ATP-Sepharose
as a purification step and purified protein had a ring-like
complex with a molecular mass of approximately 900
kDa and contained eight different subunits of approxi-
mately 60 kDa. The ATP-binding form of CCT was very
stable as a complex under various incubation conditions
(-30°C for 1 week, 37°C for 3 h, or pH 6.0-8.8 for 24 h
at 4°C) and freeze drying/thawing (data not shown). In
addition, we could purify a smaller CCT complex rich in
the o subunit using Heparin-Sepharose. This form of
CCT is probably an assembly intermediate or partially
disassembled complex as reported by Liou et al. [25]. Re-
cently, it has been shown that ATP hydrolysis of CCT has a
dual function in the folding cycle, triggering both lid clo-
sure and substrate release into the central chamber [26].

Copyright © 2011 SciRes.
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Figure 6. Nucleotide separation by a Cg-reverse phase column.
CCT purified from P-fraction was incubated with ATP or GTP
at 37°C for 2 h. Samples of time 0 and 2 h were separated by a

Cg-reverse phase column and absorbance at 256 nm was re-
corded.
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Figure 7. Protease resistance of CCT in the presence of GTP or
ATP.CCT purified from P-fraction was incubated and pro-
teinase-K in the presence or absence of the indicated sub-
stances. Samples were analyzed on SDS-PAGE, followed by
staining with Coomassie Brilliant Blue.

More importantly, we found in the present study that
the CCT purified by ATP-Sepharose possesses a GTPase
activity at a level similar to the ATPase activity (1.2 nu-
cleotide/CCT/mim). Recently, GTPase activity of group
II chaperonin from thermophilic archaeca Thermoplasma
acidophilumis was reported [27], and the activity is cal-
culated to be approximately 2.6 GTP/chaperonin/min,
although it was lower than ATPase activity (4.6
ATP/chaperonin/min). Thus, the ability to hydrolyze
GTP in addition to ATP appears to be common to group
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II chaperonins. We also found that GTP induces a con-
formational change that provides protease resistance to
CCT. It has been reported that CCT is protected from
proteinase K in the presence of ATP and that ATP hy-
drolysis induce a conformational change from a open
form to a closed form [17]. In this process, a built-in lid
constructed by helical protrusion is used to close the
chaperonin chamber that accommodates unfolded or
partially folded substrate proteins. These observations
suggest that GTP induces an open-to-close conforma-
tional change in the CCT structure. CCT assists in the
folding of more than several cytosolic proteins and is
essential for tubulin folding in vivo and in vitro [8, 11,
13-15]. As GTP is important for tubulin folding as a
structural constituent and affects dynamic instability of
tubulin assembly, the GTPase activity of CCT may con-
tribute to directly regulate the tubulin folding in vivo.
Thus, the GTPase activity of the CCT may play an im-
portant role in the function of CCT in living cells.
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Supplementary Figure 2. Flow chart of CCT purification in small scale.
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Supplementary Figure 3. SDS-PAGE of fractions eluted from the heparin-Sepharose column for large scale puri-
fication (see Supplementary Figure 1).
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Supplementary Figure 4. SDS-PAGE of fractions eluted from the Q-Sepharose column
for large scale purification (see Supplementary Figure 1).

Abbreviations: CCT, chaperonin containing t-complex polypeptide 1; HSP60, 60-kDa heat shock protein.
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