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Background: The subunit-specific roles of the CCT subunits in the chaperonin, TRiC, have not been elucidated.
Results:When expressed in E. coli, CCT4 and CCT5 form TRiC-like homo-oligomeric rings.
Conclusion: TRiC does not require all eight CCT subunits to form functional rings.
Significance:The unexpected formation of homo-oligomeric CCT rings provides clues into the assembly of TRiC as a complex.

Chaperonins are a family of chaperones that encapsulate their
substrates and assist their folding in an ATP-dependent man-
ner. The ubiquitous eukaryotic chaperonin, TCP-1 ring com-
plex (TRiC), is a hetero-oligomeric complex composed of two
rings, each formed from eight different CCT (chaperonin con-
taining TCP-1) subunits. Each CCT subunit may have distinct
substrate recognition and ATP hydrolysis properties. We have
expressed each human CCT subunit individually in Escherichia
coli to investigate whether they form chaperonin-like double
ring complexes. CCT4 and CCT5, but not the other six CCT
subunits, formed high molecular weight complexes within the
E. coli cells that sedimented about 20S in sucrose gradients.
WhenCCT4 andCCT5were purified, they were both organized
as two back-to-back rings of eight subunits each, as seen by neg-
ative stain and cryo-electron microscopy. This morphology is
consistent with that of the hetero-oligomeric double-ring TRiC
purified from bovine testes and HeLa cells. Both CCT4 and
CCT5 homo-oligomers hydrolyzed ATP at a rate similar to
human TRiC and were active as assayed by luciferase refolding
and human �D-crystallin aggregation suppression and refold-
ing. Thus, both CCT4 and CCT5 homo-oligomers have the
property of forming 8-fold double rings absent the other sub-
units, and these complexes carry out chaperonin reactionswith-
out other partner subunits.

In the cell, molecular chaperones guide misfolded and nas-
cent proteins to their native states or shield misfolded proteins
from detrimental aggregation (1, 2). There are two main types
of chaperones that bind to newly synthesized proteins and
influence their folding in an ATP-dependent manner: the heat
shock protein (Hsp) 70 family and the chaperonin or Hsp60
family (3). Hsp70 chaperones bind to proteins immediately

after exiting the ribosome and hinder the proteins from form-
ing improper interactions in the cell cytoplasm (3). Substrate
folding by chaperonins occurs in a cavity within the chaperonin
where the substrate is isolated, in part or in whole, away from
the environment of the cell (4, 5).
Chaperonins are composed of two back-to-back rings with

seven to nine subunits each (2). Each subunit is divided into
three domains: equatorial, which contains the site of ATP bind-
ing and subunit-subunit contacts; intermediate, which acts as a
hinge region; and apical, which recognizes and binds substrates
(6). Chaperonins are classified as group I (found in prokaryotes
and in the mitochondria and chloroplasts of eukaryotes) or
group II (found in the archaeal and eukaryotic cytosol) (3). The
archaeal group II chaperonins consist of rings that have one to
three different subunits (7). Due to their decreased complexity
compared with the eukaryotic chaperonins, most of the group II
chaperonin research has focused on archaeal chaperonins such as
Methanococcus maripaludis chaperonin (Mm-Cpn).2 Themech-
anismof lid closure and substrate release has been elucidated, and
high resolution structures ofMm-Cpn are available (8–11).
The eukaryotic group II chaperonin TRiC, TCP-1 (tailless

complex polypeptide-1) ring complex, consists of two identical
rings, each with eight different CCT (chaperonin containing
TCP-1) subunits (12). Through a variety of structural, func-
tional, and cell biology methods, interactions between TRiC
and its main substrates, actin and tubulin, have been well char-
acterized (13–19). However, TRiC binding is not limited to
actin and tubulin; TRiC binds 9–15% of newly synthesized pro-
teins in [35S]methionine pulse-labeled baby hamster kidney
cells (4). Recent research has focused on the arrangement of the
eight CCT subunits in TRiC, the binding and hydrolysis of ATP
in TRiC, and the recognition of substrates by specific CCT sub-
units of TRiC.
The arrangement of CCT subunits in TRiC has been a source
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has established a consistent arrangement for bovine and yeast
TRiC (23, 24). This does not explicitly exclude the existence of
otherCCT subunit arrangements.With the eightCCT subunits
expressed from seven different genes, the assembly of TRiC
must be regulated to ensure one of each subunit permature ring
(25). In fact, TRiC could contain a different arrangement and
ratio of CCT subunits in different tissues or in different
stages of embryonic development. Furthermore, there is evi-
dence that TRiC variants containing specific subunits may
have different roles (26) and that the CCT subunits may have
additional functions in the cell independent of TRiC chap-
eronin function (27).
It has recently been found that the different CCT subunits of

TRiC bind ATP with different affinities (28). For the TRiC
chaperonin to close, every subunit does not need to bind ATP,
unlike the ATP-binding mechanism in GroEL/ES (2), where
every GroEL subunit has to bind an ATP for closure. Only four
of the CCT subunits (CCT1, CCT2, CCT4, and CCT5) seemed
to bind ATP at physiological concentrations, representing high
ATP-affinity subunits (28). Introducing ATP binding-deficient
andATPhydrolysis-deficientmutations into the other subunits
(CCT3, CCT6, CCT7, and CCT8) in yeast did not affect yeast
growth (28). Combining this information with the recent con-
sistent arrangement of CCT subunits around TRiC (where the
high ATP-affinity subunits are located together on one half of
the ring) suggests that the high ATP-affinity subunits regulate
an asymmetrical power stroke that drives ATP hydrolysis
(23, 28).
The apical substrate-recognition domain exhibits the largest

divergence of sequence among the CCT subunits, suggesting
that this heterogeneity among CCT subunits evolved to recog-
nize and refold a variety of substrates in the eukaryotic cytosol
(1, 29, 30). Although only a limited number of substrates have
been investigated, binding of non-native state substrates to
TRiC may not involve all CCT subunits (13, 14, 30, 31). Many
substrates appear to bind across the ring, thus contacting sub-
units on either side of the ring (32, 33). The apical domains of
CCT1 and CCT4 have been implicated in TRiC binding to a
construct made up of exon one of the huntingtin protein (34,
35), whereas CCT1 and CCT7 were shown to bind von Hippel-
Lindau tumor suppressor protein (pVHL) (30). Although it
seems that not all CCT subunits bind a substrate, it is uncertain
whether only those specific CCT subunits can bind that partic-
ular substrate.
Eukaryotic TRiChas been purified fromyeast (22, 23, 36) and

from bovine (18, 31, 37) andmouse (20, 32, 38) testes, andmore
recently fromHeLa cells (39). The potential of TRiC as a target
of therapeutic agent will benefit from access to human TRiC
(39). However, purification of human TRiC from HeLa cells is
expensive (39), and recombinant co-expression of all eightCCT
subunits has resulted in very low yields (40). To understand
how individual humanCCT subunits function (both in terms of
ATP binding and hydrolysis, and substrate recognition and
folding), we have successfully expressed single subunits inEsch-
erichia coli. When we purified two of the CCT proteins, CCT4
and CCT5, to our surprise, they were organized into chaper-
onin-like homo-oligomeric rings that exhibited chaperonin
activities.

EXPERIMENTAL PROCEDURES

CCT Subunit Expression—The pET21b vector was modified
(pET21b*) to include a TEV protease cleavage site between the
end of the inserted gene and the C-terminal His6 tag. The
human CCT genes were synthesized by Genescript (Piscat-
away, NJ) and inserted into the pET21b* vector using the fol-
lowing restriction sites per gene: CCT1, NdeI and NheI; CCT2,
NdeI and BamHI; CCT3, SacII and BamHI; CCT4, NdeI and
BamHI; CCT5, NdeI and BamHI; CCT6, NdeI and BamHI;
CCT7, SacII and BamHI; CCT8, SacII and BamHI. Each plas-
mid was confirmed by sequencing (Genewiz). Recombinant
single CCT subunits were prepared by plasmid transformation
into E. coli BL21 (DE3) RIL cells. The cells were grown in Super
Broth to A600 of 5.0 at 37 °C and then shifted to 18 °C and
induced with 0.5 mM isopropyl 1-thio-�-D-galactopyranoside.
After an overnight induction, cultures were pelleted by centrif-
ugation for 15 min. The cells were resuspended in CCT-A (20
mM HEPES/KOH, pH 7.4, 300 mM NaCl, 10 mM MgCl2, 10%
glycerol, 1 mM DTT, 1 mM ATP) with addition of one EDTA-
free cOmplete protease inhibitor (Roche Applied Science) per
liter of culture.
CCT Subunit Purification—After the addition of 1 mMDTT,

5 mM MgCl2, and 5 �g/ml DNase, the cells were lysed via
French Press at a pressure of 16,000 pounds per square inch.
The lysate was centrifuged at 20,000� g for 45min. The super-
natant was removed by pipetting, 0.45-�m filtered, and passed
over a nickel-nitrilotriacetic acid column (Pierce). After load-
ing, the column was first washed with 100% CCT-A, then the
CCT single subunit was eluted off the column in a linear gradi-
ent from 10 to 100% CCT-B (CCT-A but with 250 mM imidaz-
ole). The fractions containing the CCT single subunit were
combined and concentrated using Vivaspin ultraconcentrators
(Satorius Stedim). The protein was diluted with CCT-A down
to 25 mM imidazole. After the addition of TEV protease, the
CCT single subunit was incubated overnight at 4 °C with gentle
rocking.
TheHis tag-cleavedCCT single subunitwas 0.45-�mfiltered

and applied again to the nickel-nitrilotriacetic acid column, to
which it no longer bound. The flowthrough fractions contain-
ing the CCT single subunit were combined, further concen-
trated, and passed over a Superose 6 10/300 GL size exclusion
column (GE Healthcare). CCT4 and CCT5 single subunits
eluted by CCT-SEC (CCT-A but with 5% glycerol and no ATP)
around 12–14.5 ml off the size exclusion column, consistent
with that of a 1-MDa complex. These fractionswere pooled and
concentrated, and the protein concentration was measured
using the BCA assay (Pierce) with BSA as the standard. The
purified CCT subunit band was cut out, trypsin-digested, and
LC-MS/MS analysis was run on a Qstar mass spectrometer by
Biopolymer and Proteomics Core Facility at the Koch Institute
(Cambridge, MA). Peptides were identified by searching for
hits in the Mascot database. N-terminal sequencing was con-
ducted by Tufts University Core Facility (Boston, MA).
Human TRiC and Mm-Cpn Purification—The human TRiC

control samplewas purified as described at length byKnee et al.
(39). Mm-Cpn was purified as described by Knee et al.with the
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slight variation that the protein was grown up in Super Broth
(41).
Sucrose Gradient Sedimentation—Isokinetic 5–40% sucrose

(in CCT-SEC buffer) gradients were prepared via the gradient
master (BioComp Instruments) and ultracentrifuged at 4 °C
using a SW50 rotor for 18 h at 28,000 rpm (Beckman). Twenty-
four fractions were collected using a gradient fractionator (Bio-
Comp Instruments).
SDS-PAGE and Immunoblotting—Proteins were separated

by SDS-PAGE (14% or 10% gel) at 165 V for 1 h after boiling in
reducing buffer (60 mM Tris, pH 6.8, 2% SDS, 5% �-mercapto-
ethanol, 10% glycerol, bromphenol blue for color) for 5 min.
The gels were stainedwithCoomassie Blue or Krypton (Pierce).
Transfer was conducted for 1.5 h at 300 mA in transfer buffer
(10% methanol, 25 mM Tris, 192 mM glycine) onto 0.45-�m
polyvinylidene difluoride (PVDF) membranes (Millipore). The
primary antibodies used for CCT1–8 were from Santa Cruz
Biotechnology: CCT1, sc-53454; CCT2, sc-28556; CCT3,
sc-33145; CCT4, sc-48865; CCT5, sc-13886; CCT6, sc-100958;
CCT7, sc-130441; and CCT8, sc-13891. The secondary anti-
bodies were alkaline phosphatase-conjugated (Millipore), and
themembranes were visualized using the alkaline phosphatase-
conjugate substrate kit (Bio-Rad).
Electron Microscopy—Copper grids with Formvar carbon

coating (400 mesh; Ted Pella) were glow-discharged for 20 s,
and 5 �l of purified chaperonin was placed on the grids for 5
min. Excess sample on the grids was blotted off using filter
paper, and the grids were floated onto a drop of filtered 1.5%
uranyl acetate (Sigma-Aldrich) for 45 s. Grids were visualized
under a JEOL 1200 SX transmission electron microscope, and
digital micrographs were taken using an AMT 16000S camera
system.
Cryo-electron Microscopy—For the apo state, 0.5 mg/ml

CCT4 or CCT5 was used for cryo-EM sample preparation. For
the closed state, 0.35 mg/ml CCT5 was incubated for 30 min at
37 °C with 5 mM Al(NO3)3, 30 mM NaF, and 1 mM ATP. A
volume of 2.5 �l was applied onto a plasma-cleaned grid (R1.2/
1.3; Quantifoil Micro Tools) and plunge-frozen into liquid eth-
ane operated automatically by Vitrobot Mark III device (FEI).
Images for both states were taken at 71,361� detector magni-
fication on a JEM 2200FS microscope (JEOL) with Omega in-
column energy filter (energy slit, 20 eV) and recorded on a
Gatan 4K�4K CCD with a dose of 20 e/A2. A total of 54 (apo
state CCT5) and 160 (ATP-AlFx state CCT5) CCD frameswere
taken with defocuses ranging from 2 to 3.5 �m.
A total of 5,000 particles (apo) or 6,307 particles (ATP-AlFx

state) were boxed out semiautomatically by e2boxer.py (EMAN2)
(42). The reference-free two-dimensional class averageswere gen-
erated byusing e2refine2d.py (EMAN2) to group5,000particles in
each dataset into 100 classes. For three-dimensional reconstruc-
tion, all of the 6,307 particles in ATP-AlFx state were fit using the
automatic CTF fitting program fitctf.py (EMAN), and thenmanu-
ally examined and adjusted using the EMAN program ctfit.py. A
C8 symmetry-imposed multiple model refinement approach was
used initially to separateconformationallyheterogeneousparticles
into different groups usingmultirefine as describedpreviously (43,
44). The initial model was generated from the dataset by startc-
sym.py (EMAN). Three initial models for refinement were gen-

erated by adding different randomnoise at a level of� � 0.15 to
the initial model, and the dataset is divided into three sub-
classes. After iterative refinements, the refined models con-
verged, and one refined model was associated with 2,974
(�47%) particles. This subset of particle images was repro-
cessed from scratch without imposing any symmetry.
An initial asymmetric model was generated for this subset of

particle images and no symmetrywas applied during the refine-
ment process. When the refined map converged, a Gaussian
low pass filter with cut-off frequency of 0.04 Å�1 (25 Å) was
applied to interpret the low resolution features of the map. A
rotational correlation plot was used to assess the symmetry of
the map, and a strong 8-fold symmetry was observed.
After C8 symmetry was observed in the map, it was

imposed during another round of three-dimensional refine-
ment (EMAN)providing aC8-symmetrized initialmodel. After
refinement, the final resolution wasmeasured to be 22 Å (0.143
criterion (45)). To further validate themap, the dataset of 2,974
particles was divided into two independent sub-datasets, with
1,487 particles each. Two phase-randomized symmetry-free
models were used as initial models for these two datasets. The
phase-randomizedmodels were generated as follows. The sym-
metry-free refinedmodel was subject to a phase randomization
process by using a low pass phase randomization filter in
EMAN2 to randomize the Fourier phases below 33 Å. Fourier
shell correlation (FSC) between these two template models
demonstrated the expected zeromean correlation beyond 33 Å
resolution. The choice of 33Åwas based on an expectation that
the final resolution would be better than this. The two inde-
pendent datasets were then refined independently from these
two starting models. This “gold standard” resolution (46) was
measured as 22Åbased on the Fourier shell correlation� 0.143
cut-off criterion (45).
Thermal Denaturation by CD—The secondary structure of

the chaperonins was assayed at 100 �g/ml protein in filtered
and degassed 10 mM Tris, 20 mM KCl. For protein in the closed
state, 1 mM ATP�S was added to the buffer. The temperature
was raised from 25 to 100 °C in 5 °C steps and equilibrated for 5
min at each temperature. Far-UV CD spectra from 260 to 195
nmwere obtained for each chaperonin, and the buffer using an
AVIV model 202 CD spectrophotometer at each temperature.
The buffer was subtracted at each temperature, and the signal
at 227 nmwas selected for thermal denaturation analysis. Tran-
sition midpoints were determined using a two-state unfolding
fit in Prism (GraphPad).
ATPHydrolysis Assay—TheATP hydrolysis assays were per-

formed as described by Reissmann et al. (47). Briefly, 250 nM
chaperonin was incubated for 5 min at 30 °C in 1.25� reaction
mix. At time zero, ATP was added to a final concentration of 2
mM with [�-32P]ATP (PerkinElmer Life Sciences) at a concen-
tration of 0.002 �Ci/�l, and the reaction proceeded at 30 °C. At
each indicated point, 2 �l of the sample was taken out of the
reaction and spotted onto a PEI-cellulose TLC plate (Mach-
erey-Nagel). The plates were run using a mobile phase of 1 M

LiCl and 2 M formic acid, air-dried, and exposed to a phosphor
screen. After 24 h, the screenwas scanned by aTyphoon imager
(GEHealthcare), and the amount of [�-32P]ADPwas quantified
using ImageJ.
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Luciferase and Human �D-Crystallin (H�D-Crys) Refolding
Assays—The luciferase refolding assay was performed as
described by Knee et al. (39). The H�D-Crys aggregation sup-
pression assay is described in detail by Acosta-Sampson and
King (48) andKnee et al. (41) andwasmodified in this study by
use of a decreased chaperonin concentration of 145 nM.

RESULTS

Expression andPurification of CCTSubunits—TheCCT sub-
units were successfully cloned into a modified pET21b vector
that included a TEV protease site before the C-terminal His6
tag. Due to the variations in DNA sequences of the CCT sub-
units, two of four different restriction enzymes were used to
insert eachCCT subunitDNA sequence into the vector.Of four
different E. coli expression lines (BL21 (DE3) Gold, BL21 (DE3)
pLysS, Rosetta (DE3) pLysS, BL21 (DE3) RIL), BL21 (DE3) RIL
was found to express full-length CCT subunit protein to the
highest level. The CCT subunit sequences were nonoptimized
human sequences and the BL21 (DE3) RIL cell line is enhanced
for expressing human sequences in E. coli. Some of the CCT
subunits accumulated at much higher levels than other CCT
subunits as seen by the cell lysates electrophoresed through
10% SDS-PAGE and Coomassie-stained (Fig. 1A). The expres-
sion levels were verified by immunoblots of the cell lysate pro-
teins probed by each of the respective CCT antibodies (Fig. 1B).

For a number of the subunits, lower molecular species were
clearly visible in the immunoblots. Four of these antibodies are
monoclonal, CCT1, CCT4, CCT6, and CCT7, indicating that
the lower molecular weight species are CCT fragments pro-
duced by degradation. These fragment levels were not sensitive

to time of incubation of the lysates, suggesting that proteolysis
was happeningwithin the expressing cells. Variation of temper-
ature of cell growth, conditions of induction, and treatment of
the lysed cells, did not have a significant effect on the differ-
ences in expression among the eight subunits. A 53-kDa frag-
ment was present in the CCT4 expression. Mass spectrometry
and N-terminal sequencing identified the fragment as lacking
the first 60 amino acids of CCT4.We considered that fragment
might be the result of late translation initiation, but mutations
of the suspected methionine did not significantly decrease the
level of the fragment (data not shown). Therefore, the fragment
might be the result of a specific protease acting within the cell.
In our attempts to express subunits without aHis tag, we had

difficulty separating the CCT subunits from the endogenous
GroEL/S complexes. Although we cannot rule out differences
in transcription or translation, we suspect that the differences
in subunit accumulation may reflect whether or not the trans-
lated CCT chains are able to utilize the E. coli chaperone/chap-
eronin apparatus to assist their folding and assembly.
To test whether the expressed CCT subunits formed higher

order complexes, lysates of cells expressing the CCT subunits
were fractionated on sucrose gradients. Use of the lysates rather
than purified proteins allowed us to verify that these complexes
are forming within the E. coli cells and that that the C-terminal
His tag did not impede subunit assembly. The sedimentation of
the CCT subunits in the sucrose gradients was compared via
immunoblots due to the low expression of some of the subunits
and the abundance of E. coli proteins present in the lysate (Fig.
2). Whereas CCT4 and CCT5 formed higher order complexes
of similar sedimentation to human TRiC and Mm-Cpn, the
other CCT subunits did not. CCT2 was the only other CCT
subunit possibly forming very low levels of a �20S complex;
however, we did not observe rings in these samples by electron
microscopy (EM). CCT1 and CCT6 subunits were found
throughout the sucrose gradients; these may represent aggre-
gated states or association with ribosome subunits. Mass spec-
trometry and EM of purified CCT1 showed that CCT1 associ-
ated with ribosomes, consistent with its position in the sucrose
gradients (data not shown). The rest of the subunits, CCT2,
CCT3,CCT7, andCCT8,were recovered as slowly sedimenting
species.
CCT4 and CCT5 were chosen for further purification due to

their assembled state and high expression level. The purifica-
tion of the CCT subunits followed a standard His6-tagged pro-
tein purification. The cells were lysed with a French Press; this
was found to be most effective in maximizing CCT subunit
protein yield, compared with sonication or chemical lysis.
Supernatant/pellet separation of the lysed species did show that
a fraction of the CCTprotein ended up in the pellet.We did not
investigate the nature of these chains but believe that they
resided in inclusion bodies.
The lysates were passed over a nickel-nitrilotriacetic acid

column and eluted off with a gradient of imidazole concentra-
tions from25 to 250mM. The proteinwas concentrated, diluted
to a lower imidazole concentration (25mM) and incubatedwith
TEV protease overnight. The TEV-cleaved CCT subunit pro-
tein was passed again over the nickel-nitrilotriacetic acid col-
umn to which it no longer bound. The resulting protein frac-

FIGURE 1. Expression of human CCT subunits in BL21 (DE3) RIL E. coli
cells. A, cells expressing each of the eight subunits (CCT1– 8), an Mm-Cpn
control (Mm-Cpn), and an uninduced control (UI) were electrophoresed
through 10% SDS-PAGE and stained with Coomassie Blue. Arrows indicate the
major overexpressed band in each lane that has an induced plasmid. B, the
same samples in A were separated by 10% SDS-PAGE, transferred, and
probed with each of the eight CCT antibodies. We saw no cross-reaction of
each of the CCT antibodies with any other CCT subunit. Arrows mark the
antigenic band. Antibodies to CCT2, CCT3, CCT5, and CCT8 were polyclonal,
whereas antibodies to CCT1, CCT4, CCT6, and CCT7 were monoclonal. Filled
circles designate bands that are CCT subunits whereas open circles designate
bands that may not be CCT subunits.
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tions were concentrated and passed over a size exclusion
column. Themajor protein peak eluted between 12 and 14.5ml
(CCT5 shown in Fig. 3). This elution was consistent with a
1-MDa complex and corresponding to the elution volume of
both human TRiC andMm-Cpn (39, 41). The symmetry of the
distribution and absence of a trailing edge indicate that the
complexes were not dissociating into subunits under the con-
ditions of the fractionation. Sucrose gradients on purified pro-
tein confirmed the existence of a complex with no dissociated
monomers (data not shown).
The final yield was �2 mg/liter of lysate for CCT4 and 5

mg/liter of lysate for CCT5. Interestingly, CCT5 was concen-
trated up to 10 mg/ml without issues whereas CCT4 tended to

precipitate above 1.5 mg/ml. The purified CCT4 and CCT5
subunits were verified by immunoblots and mass spectrometry
(data not shown). From the mass spectrometry, there was no
detectable GroEL/ES in the preparations of purified His tag-
cleaved CCT single subunits complexes.
Structural Characterization of the CCT4 and CCT5

Homo-oligomers—When viewed by negative stain EM, both
CCT4 and CCT5 homo-oligomers formed rings (Fig. 4, A and
B). These rings were �160 Å wide and 180 Å tall, consistent
with those of other group II chaperonins, such as human TRiC
and Mm-Cpn (39, 41). The rings seen for CCT4 and CCT5
homo-oligomers were similar to those of humanTRiC (Fig. 4C)
but distinctly different from those of GroEL/ES from E. coli
(Fig. 4D). The difference was seen in not only the top views of
the rings (eight in CCT4/CCT5/human TRiC and seven in
GroEL, shown as insets), but also in the side views (as shown
with open arrows). The CCT4 homo-oligomer structure looked
hollow in the center, butCCT5 seemed to contain extra density.
This extra density was present throughout the three steps of
purification and persisted with or without the ATP presence
(data not shown).
Additionally, we observed end-to-end homo-oligomer poly-

mers in EM for CCT4 but not CCT5 homo-oligomers. Trent et
al. reported similar filaments formed by the chaperonin of the
archaea Sulfolobus shibatae and postulated cytoskeletal or reg-
ulatory roles for such polymers (49). Whereas these were pres-
ent at low level in negative stain EM, they were common when

FIGURE 2. Sucrose ultracentrifugation gradients of CCT subunits. BL21
(DE3) RIL cells expressing each of the eight subunits (CCT1– 8) were lysed,
fractionated through sucrose gradients, separated by 10% SDS-PAGE, trans-
ferred, and probed with their respective antibodies. Fractions from the top
(5%) through two-thirds (27%) of the sucrose gradients are shown. For each
CCT subunit, on the left, the immunoblot region between 75 kDa (top line)
and 50 kDa (bottom line) is shown. Some CCT subunits were sedimenting as
soluble subunits, others as complexes, and some were sticking to ribosomes.

FIGURE 3. CCT5 purified by size exclusion chromatography as a 1-MDa
complex. The input (Input) and various elution volumes (10 –16 ml) were
electrophoresed through 14% SDS-PAGE and stained with Coomassie Blue.
CCT5 appeared as a band �60 kDa in size eluted in volumes of 12–14.5 ml
consistent with a 1-MDa complex.

FIGURE 4. Negative stain transmission electron microscopy of purified
CCT4 and CCT5 homo-oligomers showed morphology similar to human
TRiC and distinct from GroEL/ES. The morphology of CCT4 (A) and CCT5 (B)
was consistent with that of group II chaperonins. The complexes were �160
Å in diameter and �180 Å in height and shown here at �200,000 magnifica-
tion. The morphology of human TRiC (C) and GroEL/ES (D) is shown as a con-
trol to the CCT4/CCT5 morphology. These GroEL/ES complexes can be distin-
guished due to their subunit per ring differences (seven for GroEL, eight for
TRiC; shown as insets) and unique side view morphology (shown by open
arrows). Scale bars, 100 nm.
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CCT4 was viewed in cryo-EM (Fig. 5A). The presence of these
polymers impeded structural study of CCT4 by cryo-EM.
To further understand the quaternary structure of CCT5

homo-oligomers, we performed cryo-EM of this complex in
both the apo and ATP-AlFx states. In the apo state (Fig. 5B), a
reference-free two-dimensional class average approach was
taken to demonstrate that the top view class average (inset)
displayed eight density blobs without imposing any assumption
on the symmetry in the analysis. The apo state resulted in pre-
ferred orientation of end-on views, which has been encoun-
tered in the cryo-EM studies of TRiC or Mm-Cpn in their apo
states (11, 44). When incubated with ATP-AlFx, similar fea-
tures were also seen in the raw images and two orthogonal
views of two-dimensional class averages of CCT5 (Fig. 5C and
insets). However, the density became more continuous from
the end-on view of the two-dimensional class average, which
was also observed with TRiC/CCT or Mm-Cpn in ATP-AlFx
states compared with their apo states (11, 44). This suggests
that CCT5 homo-oligomer is capable of hydrolyzing ATP and
closing the complex. To carry out the three-dimensional recon-
struction of CCT5 homo-oligomers, we used the ATP-AlFx
condition because it allowed us to obtain sufficient number of
particle images in different orientations needed for a three-
dimensional structure determination.
In the image reconstruction of CCT5 particle images, we

noted significant conformational heterogeneity, not unusual
for reconstructions of group II chaperonins. However �47% of
particles could be sorted out computationally to have homolo-
gous conformation. This data subset was reprocessed from
scratch with a symmetry-free initial model (Fig. 6, A and B). A
symmetry-free reconstruction of this subset of particle images

(Fig. 6C) clearly showed that the CCT5 complex had similar
quaternary structure as TRiC or Mm-Cpn (10, 12, 38).
A rotational correlation analysis was carried out for the sym-

metry-free reconstructed map and eight peaks were observed
with �45° spacing when the structure was rotated along the
central axis from 0° to 360°, indicating the presence of 8-fold
symmetry in the complex along the central axis (Fig. 6D). With
C8 symmetry imposed, the reconstructedmap (Fig. 6E) further
improved to 22 Å resolution based on phase randomized reso-
lution test with two independent datasets (Fig. 6F). Interest-
ingly, the CCT5 complex had a more elongated conformation
along the symmetry axis comparedwithTRiC and the two rings
were not exactly identical (i.e. lack of 2-fold symmetry). One
possibility is that the heterogeneous subunits of TRiC have
stronger intra-ring interactions that could be conducive to a
more compact closed state.
To investigate this further, we performed thermal denatur-

ation studies by circular dichroism (CD) on human TRiC,
CCT4, and CCT5. All three chaperonins had similar far UVCD
scans with human TRiC having a minimum at 225 nm whereas
CCT4 andCCT5hadminima at 228 nm (Fig. 7A). Occasionally,
CCT4 and CCT5 had an unusual minimum at 247 nm, attrib-
uted to ATP or ADP self-association (50). This signal was
reduced during purification of CCT5; however, CCT4 samples
retained this signal, but the stoichiometry of the nucleotide was
�1% of the protein chains (50).
Both CCT4 and CCT5 melted at lower temperature than

humanTRiC (53 °C forCCT4; 60 °C forCCT5; 68 °C for human
TRiC) (Fig. 7B). This suggested that subunit-subunit interac-
tions within TRiC stabilized its secondary structure more than
the structures of CCT5 and CCT4. The transition was much
more cooperative for CCT4 and CCT5 than for human TRiC.
Whereas no aggregation was visible upon heating with any of
these chaperonins, the denaturation process was not reversible,
and rings were not observed by EM after sample denaturation.
When ATP was added in the form of ATP�S, we saw a very

small decrease in melting temperature (2 °C for CCT5 and 5 °C
for human TRiC and CCT4), primarily attributed to increased
cooperativity ofmelting (data not shown). Although addition of
ATP should not change the actual secondary structure, and
therefore melting temperature, our results are consistent with
the loss of flexibility in the apical domains of the closed struc-
ture, resulting in a more symmetric, uniform structure.
Functional Characterization of the CCT4 and CCT5

Homo-oligomers—The hydrolysis of ATP is an important func-
tional characteristic of the chaperonins. The ATP hydrolysis
properties of CCT4 and CCT5 were assayed using radioactive
ATP. Surprisingly, CCT4 and CCT5 hydrolyzed ATP at a rate
comparable with human TRiC (Fig. 8).
CCT4 andCCT5homo-oligomerswere assayed for refolding

of luciferase (51), whichwe previously used to test the substrate
refolding activity of human TRiC (39). In the experiment,
unfolded luciferase was diluted into buffer with chaperonin
(51). Addition of luciferin and subsequent monitoring of lumi-
nescence production assayed the presence of refolded lucifer-
ase in the mixture. At a concentration of 400 nM, human TRiC,
and CCT4, and CCT5 homo-oligomers refolded luciferase to
about the same level, leveling off after 2 h (Fig. 9A). When the

FIGURE 5. Raw cryo-EM images of CCT5 homo-oligomers and two-dimen-
sional class averages indicated two rings of eight subunits per ring.
A, raw cryo-EM image of CCT4 homo-oligomers end-on-end polymers. B, raw
cryo-EM image of the apo/open state CCT5 homo-oligomer with an inset of
the two-dimensional classification in the top view, showing eight subunits
per ring. C, raw cryo-EM image of the ATP-AlFx/closed state CCT5 homo-
oligomer with an inset of the two-dimensional classification of the top and
side view, showing that the CCT5 chaperonin complex consisted of two back-
to-back rings with eight subunits per ring. Scale bars, 50 nm.
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concentration of chaperonin was varied, CCT4 and CCT5
homo-oligomers showed higher activity at higher concentra-
tions, as evidenced by higher luciferase activity (Fig. 9B).
Whereas the range of chaperonin concentrations (measured as
a 16-mer) varied from 0 to 300 nM, luciferase concentrationwas
constant at �10 nM. The luciferase refolding activity of CCT4
and CCT5 homo-oligomers over this range indicated that the
folding could be attributed directly to these two chaperonins
and not to any buffer component.
Whereas luciferase is a model substrate for the chaperonins,

a more stringent human substrate is H�D-Crys (39, 41). H�D-
Crys is found in the lens of the eye, and its folding and unfolding
have been studied extensively (52, 53). Whereas some chaper-
ones, such as the major lens chaperone, �-crystallin, can only
suppress H�D-Crys aggregation, group II chaperonins have
been shown to actively suppress and refold H�D-Crys mole-
cules in vitro (39, 41, 48, 54). Knee et al. found that this suppres-
sion and refolding ability was strictly ATP-dependent (41). In

this assay, when unfolded H�D-Crys was diluted from high
concentration of guanidiniumhydrochloride into buffer at con-
centrations of 50 �g/ml, partially folded intermediates parti-
tioned between productive refolding and off-pathway aggrega-
tion. This aggregation was monitored by sample turbidity
(A350).
Under the conditions of this assay, containing residual 0.55 M

guanidinium hydrochloride, both CCT4 and CCT5 homo-olig-
omers exhibited slow polymerization by themselves (data not
shown). Therefore, the concentration of the chaperonin was
decreased (16-fold) to 145 nM, compared with the 2.3 �M used
in previous studies, but the concentration of H�D-Crys was
unchanged (41). When CCT4 or CCT5 homo-oligomers were
added to the reaction, aggregation of partially foldedH�D-Crys
was significantly suppressed (Fig. 10A). Whereas turbidity in
the H�D-Crys aggregation suppression by CCT4 homo-oli-
gomer reached a plateau, H�D-Crys aggregation suppression
by CCT5 homo-oligomer showed continuing increase in tur-

FIGURE 6. Cryo-EM reconstructions of CCT5 homo-oligomers suggested TRiC-like structures. A, symmetry-free initial template of CCT5 homo-oligomers
in the ATP-AlFx state is shown from three different views (top, bottom, and side). B, rotational correlation analysis of the symmetry-free reconstructed map
along the central axis from 0° to 360° shows only C2 symmetry. C, three different views show the symmetry-free three-dimensional reconstruction map of
ATP-AlFx state of CCT5 homo-oligomers. D, rotational correlation analysis of the symmetry-free reconstructed map along the central axis from 0° to 360° shows
eight peaks with �45° spacing, suggesting 8-fold symmetry of the reconstruction. E, three-dimensional reconstruction of CCT5 homo-oligomers in the
ATP-AlFx/closed state with C8 symmetry imposed shows a TRiC-like structure in three views. F, resolution measured at 0.143 cutoff in the Fourier shell
correlation between the two initial models with random phase was �33 Å (blue) whereas between the two C8 symmetry imposed final maps was �22 Å (red).
The maps shown in A, C, and E are radially colored.
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bidity. We attributed this to CCT5 homo-oligomer polymeri-
zation. Previous studies showed that Mm-Cpn and human
TRiC suppress H�D-Crys aggregation by 60–80% (39, 41). At
the significantly reduced concentrations used in this study,
both CCT4 and CCT5 homo-oligomers still suppressed H�D-
Crys aggregation by �50%. When CCT5 homo-oligomer was
assayed without ATP, there was less H�D-Crys aggregation
suppression, and the CCT5 homo-oligomer polymerization
was evenmore distinct. The initial curve of H�D-Crys aggrega-
tion suppression by CCT5 homo-oligomer without ATP was

consistent with that seen for H�D-Crys aggregation suppres-
sion by Mm-Cpn without ATP (41). At the conclusion of the
assay, the samples were filtered to remove large aggregates and
electrophoresed through 14% SDS-PAGE. A 20-kDa band con-
sistent with H�D-Crys was seen in the sample with CCT4 and
CCT5 homo-oligomer, but not in the H�D-Crys alone or BSA
control samples, indicating that a fraction of the partially folded
H�D-Crys was refolded to native-like state specifically by the
chaperonins (Fig. 10B; only CCT4 and controls are shown for
clarity). The activity of human TRiC to refold H�D-Crys is
reported in Knee et al. and is consistent in levels seen here with
CCT4 and CCT5 (39).

DISCUSSION

To our surprise, CCT4 and CCT5 subunits purified out of
E. coli formed homo-oligomeric chaperonin-like complexes.
These novel complexes not only possessed morphology con-
sistent with human TRiC, but were also active in refolding two
different substrates. Because these homo-oligomeric com-
plexes lack many of the wild type subunit-subunit interactions
and are less stable than the complete endogenous complex, they
may not have the structural integrity of the complete com-
plexes. However, they are clearly active double 8-fold barrels.
The differential expression levels of CCT subunits have been

observed in fibroblasts and mouse tissues (25, 55), but may be
present in many other tissues and cell types. The expression
differences we saw for the CCT subunits in E. coli cells may
reflect differential folding efficiency or stability of theCCT sub-
units in these cells. The expression of CCT4 and CCT5 may
have been robust in part because the CCT subunit proteins
folded successfully and were assembled into rings inside the
cells and were therefore resistant to degradation. Cheng et al.
showed that the folding and assembly of Hsp60 after import
into mitochondria depended on the existence of preassembled
Hsp60 complexes (56). That result implied that folding of
Hsp60 depends on Hsp60 chaperonin function. The human
CCT subunits may also require chaperone or chaperonin assis-
tance in their folding, at least within the E. coli cytoplasm.
Most of the CCT5 particles contained density within the

chaperonin. Although there are minor contaminating bands
seen by SDS-PAGE, no one impurity could account for the den-

FIGURE 7. Human TRiC is more stable than CCT4 and CCT5 homo-oligom-
ers by thermal denaturation using CD. A, CD scans of CCT4 (orange), CCT5
(green), and human TRiC (blue) are shown from 260 to 200 nm. CCT4 and CCT5
had minima at 228 nm whereas human TRiC had a minimum at 225 nm. B, CD
signal at 226 nm was monitored while CCT4 (orange), CCT5 (green), and
human TRiC (blue) were thermally denatured from 25 to 100 °C. The denatur-
ation midpoint of CCT4 was 53 °C and CCT5 was 60 °C whereas that of human
TRiC was 68 °C, suggesting that CCT4 and CCT5 complexes were less stable
than that of human TRiC. CCT4 had the most cooperative transition, followed
by CCT5 and then human TRiC consistent with the hetero-oligomeric wild
type nature of human TRiC. Adding ATP slightly decreased the denaturation
midpoint of the chaperonins, primarily due to the increase in cooperativity.

FIGURE 8. CCT4 and CCT5 homo-oligomers hydrolyze ATP at a similar rate
to human TRiC. The generation of [�-32P]ADP was quantified over time for
250 nM CCT4 (orange), CCT5 (green), human TRiC (blue), and BSA (magenta),
and a water control (cyan). CCT4 and CCT5 show very similar ATP hydrolysis
properties as human TRiC.

FIGURE 9. CCT4 and CCT5 homo-oligomers were active in refolding lucif-
erase. A, CCT4 (orange), CCT5 (green), and human TRiC (blue) at 400 nM were
active in refolding luciferase compared with the BSA (magenta) control for �2
h at room temperature. B, when the chaperonin concentration was varied,
CCT4 (orange) and CCT5 (green) homo-oligomers are more active in refolding
luciferase with increasing concentration. The luciferase concentration was
constant at 10 nM. For this experiment, n � 3, and the error bars shown are S.E.
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sity seen within most of the particles. One hypothesis is that
many different newly synthesized E. coli proteins may be rec-
ognized and bound by the CCT5 homo-oligomers. Another
explanation for that density is that CCT5 chains synthesized
within the E. coli cells or damaged during the purification are
recognized by the CCT5 homo-oligomeric chaperonin and
bound. Further cryo-EM and mass spectroscopy studies may
distinguish between these hypotheses.
TheATP hydrolysis properties of CCT4 andCCT5were sur-

prising because recently Reissmann et al. revealed that CCT4
and CCT5 have higher affinity for ATP than the other CCT
subunits (28). The authors postulated that CCT4 and CCT5,
which in the latest consistent TRiC arrangement are on one
side of the ring (23), drive an asymmetrical power stroke ofATP
hydrolysis that pushes the folding cycle. For CCT4 and CCT5
homo-oligomers to have ATP hydrolysis properties similar to
those of human TRiC may mean that in these complexes, each
subunit binds ATP as in GroEL/ES or that the identical sub-
units take turns hydrolyzing ATP as seen with the ClpX prote-
ase rings (2, 57). The ATP hydrolysis properties of the homo-
oligomers should be further explored to better understand the
mechanism involved in folding cycle in these chaperonins.
In response to the model that specific CCT subunits recog-

nize particular substrates, we were interested to see whether
one CCT subunit homo-oligomer but not the other could rec-
ognize and refold our tested substrates. However, both CCT4
andCCT5homo-oligomers recognized and refolded both lucif-
erase and H�D-Crys. To study accurately the specificity or
redundancy of the CCT subunits, we plan to study substrates
that are proposed to only interact with some of the subunits
such as actin, tubulin, huntingtin, and pVHL (14, 30, 34).
All reported structures of TRiC purified from tissues

describe rings of eight different subunits. It had been assumed
that all eight were obligatory for assembly. Machida et al. have
co-expressed all eight subunits in baby hamster kidney cells and
showed that they formed a TRiC-like complex (40). Although
they showed that the CCT subunits were in equal stoichiome-

try, the complexes they observed could have contained some
CCT4 or CCT5 homo-oligomers.
The results reported here raise the question of what prevents

homo-oligomers from forming in cells. There is no evidence for
regulation at the level of transcription or translation that would
prevent this. Recently, work with the V0 ring of the V-ATPase
showed that the specific arrangement of subunits evolved due
tomutations in interfaces between subunits, rather than evolu-
tion of subunit function (58). In light of thatwork, itmay be that
CCT4 and CCT5 retained the ability to form homo-oligomer
contacts but the rest of the CCT subunits did not. Therefore,
TRiC may only be regulated at the level of assembly, as in bac-
teriophage, where the interactions of soluble subunits with
growing complexes drive the specificity of association (59).
More recently, Zhang et al. showed that the chaperonin-like
Biedel Bradet syndrome subunits help assemble the final Biedel
Bradet syndrome complex by sequential addition of each sub-
unit (60). This needs to be explored for TRiC through direct in
vitro dissociation and reassembly experiments.
In summary, we have successfully purified CCT homo-oli-

gomer subunit complexes fromE. coli. These subunits haveTRiC-
like morphology and are active in refolding two substrates. This
novel system will be employed to further study the subunit speci-
ficity and redundancy of the CCT subunits within TRiC and to
further provide insight into the assembly of TRiC in the cell.
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