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A B S T R A C T

The type II chaperonin CCT is involved in the prevention of the pathogenesis of numerous human misfolding
disorders, as it sequesters misfolded proteins, blocks their aggregation and helps them to achieve their native
state. In addition, it has been reported that CCT can prevent the toxicity of non-client amyloidogenic proteins by
the induction of non-toxic aggregates, leading to new insight in chaperonin function as an aggregate remodeling
factor. Here we add experimental evidence to this alternative mechanism by which CCT actively promotes the
formation of conformationally different aggregates of γ-tubulin, a non-amyloidogenic CCT client protein, which
are mediated by specific CCT-γ-tubulin interactions. The in vitro-induced aggregates were in some cases long
fiber polymers, which compete with the amorphous aggregates. Direct injection of unfolded purified γ-tubulin
into single-cell zebra fish embryos allowed us to relate this in vitro activity with the in vivo formation of in-
tracellular aggregates. Injection of a CCT-binding deficient γ-tubulin mutant dramatically diminished the size of
the intracellular aggregates, increasing the toxicity of the misfolded protein. These results point to CCT having a
role in the remodeling of aggregates, constituting one of its many functions in cellular proteostasis.

1. Introduction

Protein aggregation is an inevitable consequence of cell existence
[1]. In the cytoplasm, proteins can aggregate into amorphous, non-
functional states by polymerization of monomers trapped in kinetically
stable, non-native conformations, or by forming very stable amyloidal-
like structures. Protein aggregation can be triggered by several factors
such as thermal and oxidative stress, alterations in their primary
structure or in the expression of metastable gene products, and aging,
among others [2–6]. Cellular toxicity is one of the most common con-
sequences of intracellular and extracellular protein aggregation [7–10].
The response of the cell against protein aggregate toxicity lies in the
removal of the aggregated protein from the cytoplasm, by forming non-
toxic aggregates or inclusion bodies, or by degradation through the
quality control system [6,9,11], a complex network of mechanisms that
ensure the correct functionality of the proteome [12–14].

Molecular chaperones act as important modulators of protein ag-
gregation and have been linked to the pathogenesis of a variety of
protein misfolding-related disorders [15–17]. The chaperone Hsp70
[18–20] and the eukaryotic chaperonin CCT (also termed TRiC)

[21–26] are prime examples. Despite the biomedical relevance of the
latter, the exact role of this chaperonin in the intracellular protein ag-
gregation process is not clear [27]. At first sight, chaperonins operate
by preventing protein aggregate toxicity by sequestering misfolded
proteins, avoiding their aggregation, and helping them to achieve their
native state. Nevertheless, abundant evidence points towards soluble
misfolded monomers or oligomers as the primary toxic agents under-
lying misfolding disease [15,17], while larger aggregates or their de-
posits may be inert or even protective [5,16,28]. Thus, one of the roles
of chaperonins could be the promotion of the formation of non-toxic
aggregates [23,27]. In the same way, it has been reported that CCT
activity can reduce the toxicity of intracellular amyloidal aggregation of
huntingtin [21,23,25,29] and α-synuclein [30], by altering their ag-
gregation state. Nevertheless, most of the CCT substrate (client) pro-
teins do not conform to any recognizable amyloid aggregation process,
even though they tend to have complex topologies and a strong ten-
dency to aggregate [24], as described for the α/β tubulin heterodimers
[31]. In this paper, we address the hypothesis that under conditions of
high quantities of misfolded protein, CCT may act as a remodeling
factor of aggregates of non-amyloidal client proteins, reducing the
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cellular toxicity of the aggregate. Using γ-tubulin as a tubulin client
model, and a multi-dimensional approach, we consistently demonstrate
that CCT acts as an aggregate remodeling factor of a non-amyloidal
client protein, inducing the in vitro formation of larger fibrillar ag-
gregates, that are associated with a reduction in toxicity in zebra fish
early embryos.

2. Materials and methods

Recombinant γ-tubulin was prepared by insertion of human γ-tu-
bulin 1 cDNA into a pET11a vector (Novagen®) and expression in E. coli
BL21 (DE3) competent cells. The mutagenesis of γ-tubulin was per-
formed by PCR using the pET11a-γ-tubulin plasmid as template. The

resultant plasmids were evaluated by restriction analysis and sequen-
cing. Recombinant γ-tubulin formed inclusion bodies from which the
protein was purified. The protein was then dissolved using 8M urea
buffer (10mM Na2S2O5, 5mM DDT, 20mM Tris, pH 8) according to the
method described by Sambrook et al. [32], and passed through an ion
exchange (Q-Sephadex®) chromatography column and eluting with a
KCl gradient (0–0.5M). Bovine CCT was prepared from fresh testis
tissue, as described by Llorca et al. [33] and Bertrand et al. [34].

For solution light scattering experiments, recombinant γ-tubulin
that had been previously denatured with 6M GdmCl was mixed with
purified CCT by fast dilution in reaction buffer (5 mM MgCl2, 150mM
NaCl, 1 mM DTT, 50mM Tris, pH 7.2). The reactions were incubated for
30min at 30 °C and light scattering was measured in a Shimadzu

Fig. 1. CCT binds γ-tubulin monomers and induces an increase in aggregate formation.
A) Light scattering binding assay. A fixed amount of γ-tubulin (1 μM) was titrated with increasing concentrations of CCT. The γ-tubulin aggregation reaction was followed by light
scattering at 350 nm. All measurements were performed at equilibrium and the data were corrected by the CCT scattering contribution. The data were normalized as fractional change
and fitted with a one-site saturation ligand binding model. B) CCT effect over the apparent critical concentration (Ccapp) of γ-tubulin aggregation. Ccapp were obtained by monitoring
aggregation induction by a series of γ-tubulin dilutions in the presence of increasing concentrations of CCT. All reactions were performed at equilibrium and followed by light scattering at
350 nm. All data were fitted with a linear regression equation (Fig. S1D). Ccapp were calculated from the line equations, normalized and plotted with respect to the γ-tubulin Ccapp in the
absence of CCT. All data were corrected by subtracting the CCT scattering contribution. Three independent experiments were averaged. Error bars indicate standard deviation. C)
Influence of CCT over γ-tubulin aggregate size distribution. Glycerol gradient sedimentation was performed in order to characterize the size distribution of γ-tubulin aggregates in the
absence (1) and the presence (2) of CCT. Co-sedimentation of CCT with γ-tubulin aggregates in the absence (3) and in the presence (4) of γ-tubulin was also investigated by analyzing the
size distribution of CCT particles. The presence of γ-tubulin and CCT was detected by dot-blots using monoclonal antibodies against γ-tubulin and ε-CCT. The densitometry of each dot was
plotted under dot-blot rows.
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Spectrofluorometer RF-5000 U or a Perkin-Elmer Spectrofluorometer
LS50B at 350 nm. Negative controls were performed with purified CCT
in the absence of recombinant γ-tubulin. For each measurement, the
negative control value was subtracted.

For glycerol density gradients, purified CCT (0.05 μM) was mixed
with denatured γ-tubulin (5 μM) in the reaction buffer, and incubated at
30 °C for 30min. The solution was loaded directly in a discontinuous
density gradient (10, 20, 40 and 60%) and centrifuged at 100,000×g in
a Sorvall® swinging bucket AH650 rotor during 3 h. As a negative
control, CCT and γ-tubulin were loaded into the gradients in-
dependently. The gradients were collected in 0.2ml fractions and
subjected to dot blot analysis using monoclonal antibodies against γ-
tubulin (SIGMA Tu88) and the ε-CCT subunit (Santa Cruz
Biotechnologies TCP-1ε (D-6)). For co-precipitation experiments, reac-
tions were precipitated by centrifugation at 15,000×g during 10min,
resolved by SDS-PAGE electrophoresis, stained with Coomassie blue
and finally subjected to western blot analysis.

For in vivo experiments, single-cell zebrafish early embryos were
microinjected with 5 μM carboxytetramethylrhodamine (TAMRA®) la-
beled γ-tubulin (final concentration). The inner cell γ-tubulin behavior
was followed by fluorescence microscopy using an Axiovert 135 Zeiss
microscopy. For density gradient fractionation, 100 microinjected 4 hpf
embryos were lysed in zebrafish lysis buffer (1 mM EGTA, 100mM KCl,
protease inhibitor Complete® Roche, 50mM Hepes, pH 7.6) and cleared
by centrifugation at 15,000×g. The supernatant was fractionated in a
discontinuous glycerol density gradient (5, 10, 20 and 40%) by ultra-
centrifugation at 100,000×g in a Sorvall swinging bucket AH650 rotor
during 4 h. The resulting gradients were separated and analyzed by
westernblot.

For electron microscopy, γ-tubulin aggregation reactions were per-
formed in the presence or the absence of CCT and ATP. The reactions
were incubated for 30min at 30 °C as stated above, and then loaded
into carbon coated copper grids (Ted Pella INC. USA.). Grids were
stained with 2% uranyl acetate (w/v) for 1min. The grids were ob-
served in a PHILIPS TECNAI 12 BIOTWIN operated at 80 kV, at
87.000×magnification. The micrographs were taken under low dose

conditions.

3. Results and discussion

The tubulin folding pathway has been extensively characterized
[35–39]. The α- and β-tubulin isoforms follow a very complex folding
process [40] that includes the chaperonin CCT and more than five
folding factors that act consecutively [41–43]. To our knowledge, these
tubulins have never been refolded in vitro to their functional state in the
absence of their specific folding factors. To avoid problems with other
folding factors, we used γ-tubulin, which only requires CCT for its
proper folding [37]; hence, it is a more suitable model for this study.
The formation of γ-tubulin aggregates can be easily detected in vitro by
light scattering (Fig. S1A). This measurement allows us to detect
changes in the aggregation state since the extent of light scattering
depends directly on particle size [44,45]. We expressed human γ-tu-
bulin in E. coli as inclusion bodies, which were purified and solubilized
in 6M guanidinium chloride. The recombinant human γ-tubulin was
very prone to aggregation in the absence of denaturant agents (see Fig.
S1A). The aggregation showed an apparent critical concentration be-
havior with a value of 33.1 ± 4.2 nM. The term apparent critical
concentration (Ccapp) will be used as the sum of all remaining soluble
species that do not produce light scattering (at the wavelength used) in
a protein aggregation reaction [46,47]. Ccapp is estimated directly by
the intersection of linear curves with the abscissa axis, at a zero value of
light scattering (ordinate) (Fig. S1D).

CCT complexes were purified from bovine testis. In order to de-
termine whether bovine purified CCT effectively binds denatured re-
combinant human γ-tubulin, we performed a two-dimensional gel
electrophoresis assay (Fig. S1B). The resulting band profiles clearly
show that bovine CCT effectively binds unfolded recombinant human γ-
tubulin.

We then performed a prevention-of-aggregation experiment [4],
following the aggregation state of recombinant γ-tubulin by fixed angle
light scattering at 350 nm in order to determine changes in the for-
mation of γ-tubulin aggregates induced by the addition of CCT to the

Fig. 2. Dependence on ATP of CCT-mediated γ-tubulin aggregation.
This reaction was analyzed by A) light scattering at 350 nm and B) co-sedimentation revealed by western-blot (WB). Supernatants (S) and pellets (P) were separated after the sedi-
mentation (10min at 15.000×g) and the presence of γ-tubulin (1 μM) and CCT (0.02 μM) analyzed. The induction of aggregates increases in the presence of ATP (1mM). C) Aggregate
induction reactions (1 μM γ-tubulin +0.02 μM CCT) were titrated with increasing concentrations of ATP. Aggregate formation was revealed by sedimentation (10 min at 15.000×g)
followed by WB (for CCT) and SDS-PAGE stained with Coomassie (for γ-tubulin). D) ATP dependence of γ-tubulin aggregation induction was quantified by densitometry from SDS-PAGE
stained with Coomassie blue obtained in C). Three independent experiments were averaged. Error bars indicate standard deviation.
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reaction. A fixed concentration of denatured soluble γ-tubulin was ti-
trated by increasing concentrations of CCT in independent fast dilution
experiments (see Methods). Surprisingly, the results consistently
showed that the addition of CCT to the γ-tubulin aggregation reaction
increased the light scattering signal (Fig. 1A), until it reached satura-
tion. The calculated parameters of the reaction were
K50= 62.3 ± 8.5 nM, assuming one binding site for γ-tubulin in the
same population of CCT molecules, whose binding followed a hyper-
bolic behavior. Higher γ-tubulin concentrations only increased the
signal intensity without changing the behavior of the aggregation
curves (Fig. S1C). Nevertheless, under a low molar ratio of γ-tubu-
lin:CCT (≤1:1) (indicated by black arrows in Fig. S1C), aggregation
diminished as shown by the small decrease in light scattering. This
result is compatible with a prevention of γ-tubulin aggregation at sub
stoichiometric γ-tubulin concentrations. On the other hand, at a high
concentration of misfolded protein, addition of CCT induces an incre-
ment in the mass or the size of the γ-tubulin aggregates.

Fig. 1B shows that the critical concentration of γ-tubulin aggrega-
tion decreases as CCT is added to the reaction. It is interesting to note
that the Ccapp decreases without altering the slope of the curves (see
Fig. S1D), consistently suggesting that CCT interacts with denatured
monomeric γ-tubulin, probably favoring the aggregation-prone inter-
mediates.

We performed an equilibrium sedimentation assay in glycerol gra-
dients (10–60%) to characterize the relative density of the γ-tubulin
aggregates formed during the aggregation reaction. The results show
that γ-tubulin has a bimodal distribution in the gradient (Fig. 1C), with
a lighter population (probably made of soluble monomers and small
aggregates) and a denser population (made of larger aggregates). Ad-
dition of CCT to the reaction in a 100:1 (tubulin:CCT) molar relation
displaces the lower population of γ-tubulin to higher densities (Fig. 1C;
top fractions). In the same manner, CCT consistently moves towards
denser fractions in the presence of γ-tubulin, even reaching the bottom
in small portions (Fig. 1C; bottom fractions). This result indicates that
CCT induces γ-tubulin aggregates by favoring the intermediates, which
in some cases remain bound to the chaperonin. A similar effect of CCT
binding to protein aggregates was observed using yeast protein ag-
gregate models [48]. Moreover, the GroEl chaperonin stimulates the
aggregation of the prion protein Het-s, as well as binding and dec-
orating the aggregates formed [49].

It has been well described that CCT subunits bind and hydrolyze
ATP during the folding reaction [50–57]. Therefore, we asked whether
addition of ATP could modify the induction of aggregation. Experi-
ments using light scattering (Fig. 2A) and sedimentation (Fig. 2B) re-
veal a significant increase in the extent of aggregation when 1mM ATP
is added to the reaction. Moreover, CCT-γ-tubulin co-sedimentation also
increases in the presence of ATP. Titration with ATP observed by se-
dimentation confirms this latter result, showing a hyperbolic behavior
with a K50 of 40.9 ± 9.2 μM (Fig. 2C and D), a value close to the
binding constant (Kd=62.9 ± 23 μM) obtained in the CCT-ATP
binding experiments (see Fig. S2).

We then analyzed the γ-tubulin aggregation effect, both in the ab-
sence and the presence of CCT, using electron microscopy. Aliquots of
the different samples were negatively stained using uranyl acetate and
observed in the electron microscope (Fig. 3). In the absence of CCT,
most γ-tubulin was found as large, amorphous aggregates (Fig. 3A–B),
in accordance with the results shown previously. The presence of CCT
had only minor effects on the size and shape of the γ-tubulin aggregates

Fig. 3. Transmission electron micrographs of representative γ-tubulin aggregates induced
by CCT.
A) and B) γ-tubulin aggregation reaction in the absence of CCT. C) and D) reactions
performed using a 20:1 γ-tubulin:CCT molar ratio (1:0.05 μM). E) to I) reactions per-
formed using a 100:1 γ-tubulin:CCT molar ratio (5:0.05 μM) plus 1mM ATP. In all cases,
the reaction mixture was prepared by fast dilution and incubated during 30min at 30 °C.
The samples were not filtered before grid preparation. Scale bars= 100 nm.
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(Fig. 3C–D). However, the incubation of γ-tubulin with CCT and ATP
induced a major change: together with some amorphous γ-tubulin ag-
gregates, long and thin (6.7 ± 0.9 nm; n= 108) fibers were also ob-
served (Fig. 3G–H). This behavior is related with a change of shape and
a slight rise in intensity in the emission spectra of the amyloidogenic
probe Thioflavin T, but not with Congo red (Fig. S3). We ruled out the
possibility that the γ-tubulin fibers were made from a native protein
conformation for two main reasons: firstly, the reactions were per-
formed in the absence of GTP, essential for tubulin folding and poly-
merization. Secondly, different in vitro refolding experiments of γ-tu-
bulin performed in the presence of CCT gave monomeric forms of γ-
tubulin [37], rather than filaments. To our knowledge, this is the first
time that long filament-shaped polymers formed from purified or re-
natured γ-tubulin, have been reported. The absence of GTPase activity
of these filaments, discards the presence of native γ-tubulin.

The CCT-induced formation of γ-tubulin aggregates was analyzed by
γ-tubulin mutation experiments. It has been hypothesized that the T7
and M loops, which are involved in tubulin-tubulin longitudinal and
lateral interactions, respectively [58,59], also participate in the re-
cognition of tubulin by CCT [34,36]. Based on this information and on
the analysis of the sequence of both loops, we decided to introduce a
point mutation near the middle of the T7 loop, by replacing the hy-
drophobic Met248 with a negatively-charged Glu (ME mutant). Like-
wise, we considered aspartic D278 as one of the more conserved residues
in the M loop sequence (Fig. S4), located almost in the middle of the M
loop structure. We decided to remove this charged amino acid and re-
place it with Asn (DN mutant). We also constructed a double mutant
(MEDN mutant).

Three different approaches were performed: In the first, a preven-
tion of γ-tubulin aggregation experiment was carried out with the
mutants ME, DN and MEDN in the presence of increasing concentra-
tions of CCT (Fig. 4A). In these experiments, ME and MEDN mutants
consistently diminished the aggregation induced by CCT (about 30% of

the total effect) compared with DN and WT proteins. A second ex-
periment (Fig. 4B), designed to observe the ability of CCT to decrease
the Ccapp of the aggregation of the mutant proteins, again showed a
significant decrease in the effect of CCT over the Ccapp of ME and MEDN
proteins. However, such conditions did not affect the aggregation of the
DN mutant, which was very similar to that of the wild type protein. It is
important to note that the Ccapp of all proteins was about the same in
the absence of CCT (Fig. S4B). This latter observation indicates that
mutations in the T7 or the M loop, do not cause by themselves any
effects on γ-tubulin aggregation, yet they do alter CCT-induced ag-
gregation. In the third experiment, aggregate formation was evaluated
by sedimentation. The results consistently show that mutations ME and
MEDN significantly diminish CCT-induced γ-tubulin aggregation. Al-
together, these results unambiguously demonstrate that the ME muta-
tion in the T7 loop diminishes CCT binding to γ-tubulin. Therefore, the
observed CCT-induced γ-tubulin aggregation depends on specific re-
cognition between γ-tubulin and the chaperonin.

We then evaluated whether the phenomenon observed in vitro is
related to the formation of aggregates within a living cell. We took
advantage of the CCT-binding deficient ME mutant and performed an
experiment in which purified unfolded recombinant γ-tubulin was la-
beled with rhodamine and microinjected inside living single-cell zeb-
rafish early embryos [60]. The behavior of the injected protein was
followed by fluorescence microscopy. Fig. 5A shows two representative
injected embryos during their earliest developmental stages, in which
formation of large intracellular protein aggregates is evident [61].
These γ-tubulin aggregates resemble the well characterized perinuclear
protein aggregation organelles called aggresomes [1,3].

Several embryos were injected with the ME mutant and WT un-
folded γ-tubulin, and the presence of intracellular aggregates was re-
gistered and quantified. The results show that the injection of the ME γ-
tubulin mutant induced the formation of aggregates in 13.8 ± 11.3%
(n= 42) of live embryos, significantly fewer than those found for

Fig. 4. The ME mutation in the γ-tubulin T7 loop significantly decreases CCT-induced aggregation.
A) Binding assays followed by light scattering. A fixed amount (0.1mM) of wild type γ-tubulin (WT) and the DN, ME and MEDN mutants was titrated with increasing amounts of CCT.
Aggregate formation was followed by light scattering at 350 nm. All measurements were performed at equilibrium and the CCT scattering contribution was subtracted. B) CCT effect over
the Ccapp of mutant γ-tubulin aggregation. Increasing concentrations of γ-tubulin were induced to aggregate in the absence and the presence of a fixed concentration of CCT (0.02 μM).
The change in the Ccapp of the γ-tubulin CCT-induced aggregation was calculated for each mutant and normalized with respect to the WT Ccapp change. All reactions were done at
equilibrium and followed by light scattering at 350 nm. C) Sedimentation experiment of mutant γ-tubulin induced to aggregate in the presence (0.02 μM) or the absence of CCT. The
pellets were revealed by western blotting against ε-CCT and Coomassie blue for γ-tubulin detection. D) The γ-tubulin signal of three independent sedimentation experiments was analyzed
by densitometry. ME and MEDN mutants precipitated significantly less than the WT protein. Mutant DN did not show any differences compared to WT. Error bars indicate standard
deviation.

L. Pouchucq et al. BBA - Proteins and Proteomics 1866 (2018) 519–526

523



embryos injected with WT γ-tubulin (66.5 ± 8.1% (n= 53)) (Fig. 5B).
Injection of the ME mutant diminished the survival of the embryos
(35 ± 10.4% (n= 120)) in comparison to those injected with WT γ-
tubulin (66.3 ± 17% (n= 80)) (Fig. S5), highlighting the importance
of CCT in the detoxification of the intracellular protein aggregates.

Finally, we developed an ultracentrifugation experiment with the
aim of qualitatively determining the relative size of the particles that
constitute the intracellular γ-tubulin aggregates formed by WT γ-tu-
bulin and the ME mutant. The injected embryos were incubated for 4 h,
and then lysed, cleared by centrifugation, and the clarified lysate sub-
jected to separation by ultracentrifugation in discontinuous density
gradients. The distribution of injected WT and ME γ-tubulin in the
gradient shows that both proteins overlap only partially with the en-
dogenous protein (Fig. 5E), suggesting that they were not incorporated
into native structures. Thus, the results unambiguously demonstrate
that the injected ME mutant protein forms intracellular aggregates that
are significantly smaller than those formed by WT γ-tubulin, confirming
our in vitro results. Based on the latter, we propose that the detox-
ification of high quantities of misfolded protein mediated by CCT re-
sults in the removal of the misfolded protein, forming larger, less toxic
intracellular protein aggregates.

Information concerning this effect is scarce, although there are a
few reports of similar processes of aggregation for amyloidogenic

proteins that do not seem to form part of the CCT interactome [24] such
as huntingtin [23] or PrP [27]. In the same way, most proteins re-
cognized by CCT show complex topologies [24], which are especially
vulnerable to aggregation [62], usually through the recognition of β-
strand regions. This, together with interactomic information that point
to CCT in the pathogenesis of amyloidal diseases [26], and the cellular
location of CCT in aggresomes [63], strongly suggest that CCT-medi-
ated aggregation could be a more general process involved in the de-
toxification triggered by the accumulation of misfolded proteins in the
cytoplasm, regardless of the nature of the aggregates (in Fig. S6, CCT
also induces the aggregation and co-precipitation with rhodanase and
purified α/β tubulin heterodimers).

4. Conclusion

In this study we investigated a process of aggregation mediated by
CCT on one of the most important CCT client proteins, the tubulins
[24], specifically γ-tubulin. This aggregation phenomenon is mani-
fested as a significant increase in the amount of misfolded γ-tubulin
aggregates, accompanied by the appearance of fibrillar aggregates. This
phenomenon is shown to be ATP dependent and to some extent, se-
quence specific.

To address the in vivo implications of this effect, we performed an

Fig. 5. CCT is related with the formation of intracellular γ-tubulin aggregates.
A) Bright field and fluorescence microscopy of two representative single-cell zebrafish embryos (2 Hours Post Fecundation (HPF)) injected with rhodamine labeled WT γ-tubulin. White
arrows depict γ-tubulin aggregate formation. B) Bright field and fluorescence microscopy of two representative zebrafish embryos (2 HPF) injected with rhodamine labeled ME mutant γ-
tubulin. C) The ME mutation in the γ-tubulin T7 loop significantly decreases the size of γ-tubulin aggregates. WT and ME γ-tubulin were injected into single-cell zebrafish embryos. After
four hours incubation (22 °C), embryos were homogenized, cleared and separated by ultracentrifugation in a discontinuous glycerol density gradient (5–40%). The presence of γ-tubulin
was detected by western blot. The optical density was calculated, normalized and plotted over each individual lane. As negative control (−), a non-injected embryos gradient is shown.
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assay in which we subjected zebrafish embryos to conditions of high
quantities of intracellular misfolded proteins. The embryonic cells re-
sponded by generating large intracellular aggregates, very similar to the
previously-described aggresomes [1]. One point mutation in a critical
region of interaction between tubulin-CCT, significantly decreased the
effect and increased the toxicity of the tubulin aggregates, confirming
this hypothesis. Thus, the presence of an aggregate induced by CCT
competes with the formation of amorphous aggregates, and could
constitute a means to manage toxic intermediates and ensure cellular
proteostasis. Future studies are needed to determine the molecular
mechanism of this CCT function and its real implications in a cellular
context.

Finally, it is obvious that the cellular functions of CCT are more
complex than previously thought, and this complexity is probably re-
lated to its own complex structure [64]. The overall function and the
specificity notion of type II chaperonins must be revisited for a better
understanding of the mechanisms of cytoskeletal protein folding/mis-
folding. Interestingly, the use of single-cell zebrafish embryos as a
model for in vivo protein aggregation assays promises to be a very useful
application for the study of therapies against protein misfolding-asso-
ciated diseases.
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