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Abstract

The TRiC/CCT complex assists in the folding of approximately 10% of cytosolic proteins through
an ATP-driven conformational cycle, playing a crucial role in maintaining protein homeostasis.
Despite our understanding of ATP-driven TRiC ring closing and substrate folding, the process and
mechanisms underlying TRiC ring-opening and substrate release remain largely unexplored. In this
study, by determining an ensemble of cryo-EM structures of yeast TRiC in the presence of ADP,
including three intermediate transition states, we present a comprehensive picture of the TRiC ring-
opening process. During this process, CCT3 detects the loss of γ-phosphate and initiates with the
dynamics of its apical protrusion, and expands to the outward leaning of the consecutive
CCT6/8/7/5 subunits. This is followed by significant movements of CCT2, CCT4, and especially
CCT1 subunits, resulting in the opening of the TRiC rings. We also observed an unforeseen
temporary separation between the two rings in the CCT2 side, coordinating the release of the
originally locked CCT4 N-terminus, which potentially participates in the ring-opening process.
Collectively, our study reveals a stepwise TRiC ring-openingmechanism, provides a comprehensive
view of the TRiC conformational landscape, and sheds lights on its subunit specificity in sensing
nucleotide status and substrate release. Our findings deepen our understanding of protein folding
assisted by TRiC andmay inspire new strategies for the diagnosis and treatment of related diseases.

Introduction

The group II chaperonin TRiC/CCT plays a crucial role in maintaining cellular protein homeo-
stasis. Dysfunction of TRiC is closely linked to cancer and neurodegenerative diseases (Bassiouni
et al., 2016; Jin et al., 2019b).TRiC assists in folding approximately 10% of cytosolic proteins,
including essential cytoskeleton proteins tubulin and actin (both of which are obligate substrates
of TRiC) (Llorca et al., 2000; Llorca et al., 1999; Waldmann et al., 1995), cell cycle regulator
CDC20 (Camasses et al., 2003), and the G-protein signaling-related element Gβ (Plimpton et al.,
2015). Additionally, several proteins involved in oncogenesis, including p53, VHL tumor
suppressor, and STAT3 (Kasembeli et al., 2014; McClellan et al., 2005; Trinidad et al., 2013),
as well as retinal developmental factors like transducin α and PEX7, are also substrates of TRiC
(Hunziker et al., 2016; van den Brink et al., 2003).

TRiC is an ATP-dependent macromolecular machine that facilitates substrate binding and
folding through ATP-driven conformational transitions (Reissmann et al., 2012). It consists of two
identical stacked rings, each containing eight paralogous subunits (sharing ~25–40% sequence
identity in the same organism) arranged in a specific order (Kalisman et al., 2012; Leitner et al.,
2012; Zang et al., 2016; Zang et al., 2018). The hetero-oligomeric nature of TRiC is critical for its
functionality, enabling complex substrate-bindingmodes in its open form (Joachimiak et al., 2014)
and the differentiation of nucleotide usage during its ring closure and opening (Jin et al., 2019a;
Reissmann et al., 2012). An individual TRiC subunit comprises three domains: an equatorial
domain (E domain) that contains theATP-binding site and forms intra- and inter-ring contacts, an
apical domain (A domain) that comprises the interaction sites with target proteins, and an
intermediate domain (I domain) that connects the other two domains (Ditzel et al., 1998; Klumpp
et al., 1997;Waldmann et al., 1995).Many key structural elements of group II chaperonins involved
in nucleotide consumption have been delineated. Notably, the nucleotide-sensing loop (NSL)
located in the I domainmonitors the presence of the γ-phosphate of ATP (Pereira et al., 2012; Zang
et al., 2016). TRiC has been shown to exhibit subunit specificity in complex assembly, ATP
consumption, and ring closure (Cong et al., 2012; Jin et al., 2019a; Joachimiak et al., 2014; Liu
et al., 2023; Zang et al., 2018).
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TRiC folds and releases substrate by undergoing conformation
changes driven by ATP binding and hydrolysis. While its ATP-
driven ring-closing mechanism and substrate-folding process have
been extensively investigated (Gestaut et al., 2023; Han et al., 2023;
Hunziker et al., 2016; Jin et al., 2019a; Liu et al., 2023; Llorca et al.,
2000; Llorca et al., 1999; McClellan et al., 2005; Plimpton et al., 2015;
Trinidad et al., 2013; Waldmann et al., 1995; Wang et al., 2023; Zang
et al., 2016), the process and underlying mechanism of TRiC ring-
opening and substrate release after ATP hydrolysis remains poorly
explored. For example, although the structures of murine, bovine,
and human TRiC-ADP have been previously reported (Cong et al.,
2012; Llorca et al., 1998), the limited resolution and/or the capture of
only one conformational state hinder a detailed understanding of the
TRiC ring re-opening process and substrate release.

To capture the TRiC ring-opening process and reveal the under-
lying mechanism, we resolved an ensemble of cryo-EM structures
of yeast TRiC in the presence of 1 mM ADP. Among the five
resolved conformational states, three are unforeseen conform-
ational states, likely representing intermediate states transforming
from closed to open states. We find that CCT3 initiates the TRiC
ring opening, potentially related to its NSL activity. This is followed
by the outward tilting of CCT6/8/7/5, then propagated to
CCT2/4/1. When CCT1 exhibits a pronounced outward tilting,
the TRiC ring fully opens. Overall, we captured a more complete
picture of the TRiC ring-opening process and revealed the stepwise
mechanism of this process, providing a more complete picture of
TRiC’s conformational landscape. Our study enhances the under-
standing of the functional specificities of TRiC subunits and sub-
strate release.

Results

Determination of an ensemble of cryo-EM structures of TRiC in
the presence of ADP

In the ATP-driven conformational cycle of TRiC, after ATP-
hydrolysis and the release of γ-phosphate, TRiC binds with ADP
and re-opens its rings for substrate release from its chamber (Cong
et al., 2012). To capture the intermediate states and understand the
TRiC ring-opening mechanism, we determined an ensemble of
cryo-EM structures of TRiC in the presence of 1 mM ADP. Under
this condition, we resolved five cryo-EMmaps, named TRiC-ADP-
S1 through TRiC-ADP-S5, based on the progression of ring open-
ing (Figure 1A–E). The resolutions of thesemaps are 4.75 Å, 5.64 Å,
6.80 Å, 8.50 Å, and 4.05 Å, respectively (Supplementary Figure S1).
Notably, the fully open S5 state was most dominantly populated
(63.3%), while the S4 state was least populated (1.5%, Figure 1F). As
a control experiment, we also determined the cryo-EMmap of yeast
TRiC in the presence of ATP-AlFx, a nucleotide analog that has
been used to mimic the ATP-hydrolysis transition state and can
trigger TRiC ring closure (Gestaut et al., 2023; Han et al., 2023;
Hunziker et al., 2016; Jin et al., 2019a; Liu et al., 2023; Llorca et al.,
2000; Llorca et al., 1999; McClellan et al., 2005; Plimpton et al.,
2015; Trinidad et al., 2013; Waldmann et al., 1995; Wang et al.,
2023; Zang et al., 2016). The map was resolved at the resolution of
3.58 Å (termed TRiC-ATP-AlFx, Figure 1G and Supplementary
Figure S2), exhibiting a both-ring tightly closed conformation of
TRiC. We were able to assign the subunits in the obtained maps
based on the detection of the inserted CBP affinity tag on CCT3
(for S1/S2/S3 state maps, Supplementary Figure S3A) and the
longer CCT1 E-domain insertion feature (for S1/S2/S3 and TRiC-
ATP-AlFx maps, Supplementary Figure S3B–D), along with a

conformation comparison of S5 with yeast TRiC-AMP-PNP also
in the open conformation (Zang et al., 2016) (Supplementary
Figure S4A), combined with the known subunit ordering of TRiC
(Kalisman et al., 2012; Leitner et al., 2012; Zang et al., 2016; Zang
et al., 2018). We then built a model for each conformational state
except for the S4 map at lower resolution (Figure 1).

Among the five states, TRiC-ADP-S1 (6.4%) exhibits a con-
formation with both rings tightly closed (Figure 1A, F), similar to
the closed TRiC-ATP-AlFx map (Supplementary Figure S4B). This
suggests that when bound with ADP, a minor population of yeast
TRiC can also close both rings. TRiC-ADP-S2, constituting 22.8%
of the population, shows an observable conformational change in
the A-domain helical protrusion of the CCT3 subunit (Figure 1B,
F). As a result, an enlarged hole forms at the top of the dome of
TRiC, making it appear slightly more open compared to the closed
S1 state (Figure 1B). TRiC-ADP-S3, comprising 6.0% of the popu-
lation, appearsmuchmore open than S2, seemingly in themiddle of
the transition from a closed to an open ring (Figure 1C, F). Inter-
estingly, in this state, the E-domain between the two rings on the
CCT2 side appears separated (Figure 1C), a phenomenon not previ-
ously reported. The least populated state, TRiC-ADP-S4 (1.5%), likely
represents a transient intermediate state. It appears mostly open, with
the CCT2/4/1 subunits displaying slightly distinct conformations
between the two rings (Figure 1D, F). Moreover, the dominantly
populated S5 state (63.3%) exhibits a conformation with both rings
widely opened (Figure 1E, F). This conformation resembles that of
yeast TRiC-AMP-PNP (Cong et al., 2012; Zang et al., 2016), and is also
similar to that of the human TRiC-ADP, except for a slight shift of the
A-domain of the CCT6 subunit (Supplementary Figure S4A). Fur-
thermore, its dominant population distribution indicates that this
wide-open TRiC-ADP-S5 state likely represents the most stable state
in the presence of ADP.

It is noteworthy that, to the best of our knowledge, the con-
formations of the TRiC-ADP-S2/S3/S4 states have not been previ-
ously reported (Figure 1B–D). Furthermore, except for the least
populated, highly transient S4 state, the conformations of the cis-
and trans-rings in the other four states are essentially identical. This
observation suggests that, aside from the very transit state, TRiC
rings likely exhibit positive cooperativity during the ring-opening
process (Figure 1B–D, F).

TRiC ring-opening process occurs in a stepwise manner

To capture conformational transitions of TRiC during its ring-
opening process, we conducted a pairwise comparison of the five
TRiC-ADP maps, with each map low-pass filtered to 8 Å. We first
compared the S1 and S2 states and observed that, in the S2 state, the
density of the apical helical protrusion in the CCT3 subunit was
absent (Figure 2A). Corroborating to this, the CCT3 apical pro-
traction exhibited a significantly larger B-factor compared to the
other subunits (Figure 2B). These findings collectively suggest
greater dynamics in this region. Additionally, the absence of this
density distorts the original contact between the iris and constrains
the apical helical protrusions of neighboring subunits. As a result,
the A- and I-domains of CCT3 exhibit an outward tilt from the S1
to the S2 state, with the A-domain tilted up to 16 Å (Figure 2C).
Overall, these dynamic motions of CCT3 appear to initiate the
opening of TRiC’s iris. We therefore propose that CCT3 serves as
the first subunit to initiate TRiC ring opening.

Further structural comparison between the S2 and S3 states
suggests that, in the S3 state, the A-domain of CCT3 loses contact
with its neighboring subunits and appears mostly disordered
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(Figure 2D–E). Meanwhile, its counter-clockwise neighboring sub-
units, including CCT6/8/7/5, expand outward in a coordinated
manner, with the apical helix retracting up to 18 Å (Figure 2D, F,
Supplementary Movie 1). This leads to a partial opening of both

rings of TRiC in the S3 state (Figures 1C and 2D). In themeanwhile,
the remaining three subunits, CCT2/4/1, also exhibit a slight out-
ward tilt due to the loss of interaction in the A-domain with the
other subunits (Figure 2D).

Figure 1.Cryo-EM structures of TRiC in the presence of 1mMADP. (A-E) Cryo-EM structures of yeast TRiC-ADP showing gradual ring opening. Models fitted into themaps are depicted
on the right, except for TRiC-ADP- S4. (F) Population analysis of these TRiC-ADP maps. (G) Control TRiC-ATP-AlFx structure for comparation and analysis. The model fitted into the
map is shown on the right.
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In the minimally populated S4 state (1.5%), although the map
resolution is not high, the trans-ring of TRiC appears to remain in a
similar conformation to that in the S3 state (Supplementary Figure
S4C). However, its cis-ring has opened up further, resembling the
conformation seen in the fully open S5 state (Supplementary Figure
S4D). We then compared the structures between the S3 and the
better-resolved S5 states to capture the conformation transition in
the final stage of ring opening. It appears that the A- and I-domains
of CCT2 tilt up to 21 Å toward CCT5, accompanied by associated
movement of CCT4 (Figure 2G, H). These collective movements of
CCT2 and CCT4 greatly weaken the contacts with CCT1, particu-
larly in the upper two domains, making it much more active. As a
result, CCT1 exhibits a tremendous outward tilting of up to 44 Å,
making TRiC appear wide open (Figure 2G, H, Supplementary
Movies 2 and 3). Taken together, our ensemble of TRiC-ADP
structures suggests that the TRiC ring-opening process occurs in
a stepwise manner (Figure 2).

CCT2 side E-domain detachment between the two rings in the S2
and S3 states

Remarkably, during the TRiC ring-opening process, especially in
the transition from the S2 to S3 state, we observed a detachment
between the E-domains of the two rings on the CCT2 side. As a
result, a significant gap emerged between the two rings on this side
(Figures 2D, 3A, and Supplementary Movie 3). This conform-
ational transition has not been previously reported. Close

inspection of the structures revealed that during the transition from
the S2 to S3 state, the CCT6 subunit drives the consecutive subunits—
CCT8, CCT7, and CCT5—to expand outward as a whole (Figure 2D).
This movement propagates to the distant CCT5, disrupting the inter-
actions between the A- and I-domains of CCT5 and CCT2
(Figure 2D). Consequently, CCT5 exhibits a pronounced upward
movement (SupplementaryMovie 3), breaking the original E-domain
interaction with CCT4’ from the opposing ring (Figure 3A, and
Supplementary Movie 2). Simultaneously, due to the intimate
interactions between the stem-loop of CCT5 and the N- and
C-termini of CCT2, CCT5 drives an obvious upward movement
(up to 10 Å) of CCT2 (Figure 3A). Considering the two-fold
symmetrical axis between the two rings across the CCT2-CCT2’
andCCT6-CCT6’ subunits, thesemovements collectively result in a
significant gap between the equatorial domains of the two rings on
the CCT2 side of the complex (between the CCT5/2/4 and
CCT4’/20/50 subunits) (Figure 3A, and Supplementary Movie 2).

Notably, in the closed S1 and the opening-initiating S2 states, the
N-terminus of CCT4 bents and extends towards the outside of the
ring, potentially forming contacts with the E-domains of CCT5’
and CCT2’ from the opposing ring (Figure 3B). Our previous
structural and functional study suggested that the CCT4
N-terminus contributes to the allosteric cooperativity between
the two rings (Jin et al., 2019a). During the transition to the partially
open S3 state, the density corresponding to the CCT4N-terminus is
not detected (Figure 3C), most likely due to the conformational
dynamics induced by the dramatic upward movement of the

Figure 2. Structural comparison between TRiC maps. (A) Structural comparison between TRiC-ADP-S1 and TRiC-ADP-S2 maps reveals that in the S2 state, the CCT3 apical helical
protrusion becomes disordered. Both rings exhibit similar behavior. All maps in this figure were low-pass filtered to 8 Å for structural comparison. (B) B-factor of TRiC-ADP-S1 and
TRiC-ADP-S2 models. The CCT3 apical helical protrusion (indicated by dotted black ellipsoid) appears more dynamic, particularly in the S2 state, compared to other subunits. (C)
Model comparation of CCT3 between S1 (in grey) and S2 (in color) states shows the A- and I-domain of CCT3 tilted outward, with the A-domain tilted by up to 16 Å. (D) Structural
comparison between TRiC-ADP- S2 and TRiC-ADP-S3maps reveals that the CCT6, CCT8, CCT7, and CCT5 subunits lean outward obviously (indicated by red arrows) in a coordinated
manner. The A-domains of CCT2/CCT4/CCT1 subunits also tilt outward slightly (indicated by blue arrows). Both rings exhibit similar behavior. (E-F) Model comparation between the
S2 (in grey) and S3 (in color) states shows that the CCT3 A-domain becomes disordered (E), and the A-domains of CCT6/CCT8/CCT7/CCT5 exhibit large outward leaning (F). Among
them, CCT5 shows themost pronouncedmovement, distancing itself from the CCT2 subunit. (G) Structural comparison between TRiC-ADP-S3 and TRiC-ADP-S5maps indicates that
the CCT2, CCT4, and CCT1 subunits tilt outward to fully open the TRiC rings. (H) Model comparation between the S3 (in grey) and S5 (in color) states shows that CCT1 exhibits a
tremendous outward tilting of up to 44 Å in its apical protrusion region.
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Figure 4.Nucleotide occupancy statuses of TRiC-ADP structures. (A-B) Nucleotide occupancy statuses of TRiC- ADP-S1 (A), and TRiC-ADP-S5 (B). Shown are slices of the model near
the nucleotide pocket with nucleotide densities highlighted in red. (C) Conformational change of the NSLwith the lysine on it of CCT3 fromTRiC- ADP-S1 (grey) to TRiC-ADP-S2 (red).
(D) In the TRiC-ADP-S2 model, the NSL of CCT3 exhibits a larger B-factor compared to other subunits, with the lysine on it being most dynamic. This suggests that the initial
conformational change in CCT3 subunit may be driven by the NSL and lysine on it. (E) Zoomed-in view of the nucleotide pockets of all TRiC subunits in the TRiC-ADP-S5 state.

Figure 3. Conformational changes between TRiC-ADP-S2 and TRiC-ADP-S3 states. (A) Structural comparison between TRiC-ADP-S2 (transparent grey) and TRiC-ADP-S3 (in color)
states. The view illustrates an unforeseen gap between the two rings on the CCT2 side (involving CCT5/CCT2/CCT4 and CCT4’/CCT2’/CCT5’ subunits) in S3 state. The upward shifts of
the E-domains fromS2 to S3 states are indicated by green arrows. (B-C) A zoom-in view focusing on theN-terminal tail of CCT4,which is resolved in TRiC-ADP-S2map (B, indicated by
a black dashed oval), but appears disordered in TRiC-ADP-S3 map (C).

QRB Discovery 5

https://doi.org/10.1017/qrd.2024.17 Published online by Cambridge University Press

https://doi.org/10.1017/qrd.2024.17


subunits on the CCT2 side. This indicates that the CCT4
N-terminus may retract into the inner chamber to participate in
other functions, such as coordinated ring opening or substrate
release.

In the subsequent S4 state, the gap between the two rings on the
CCT2 side remains (Supplementary Figure S4C). Eventually, as the
conformation transitions to the S5 state, the collective outward
leaning of CCT5, CCT2, and CCT4 occurs, associated with the
tilting of the CCT2 and CCT4 A-/I-domains towards CCT5
(Figure 2G, H). This leads to the resumption of E-domain inter-
actions on the CCT2 side, ultimately closing the gap between the
two rings on this side in the final fully open S5 state (Figure 2G and
Supplementary Movie 2).

The NSL in CCT3 detects the loss of γ-phosphate, facilitating
CCT3 conformational change

We further investigated how the gradual opening of the TRiC rings
is related to the nucleotide status of TRiC subunits. By examining
the nucleotide-binding status of these structures (except for the
TRiC-ADP-S4 state due to its lower resolution), we found that
every subunit in all four structures was bound to a nucleotide
(Figure 4, and Supplementary Figure S5). Since only ADP was
added during incubation, we infer that all subunits are bound to
ADP. This is confirmed in the relatively better resolved S1 and S5
states, which represent the initial and final stages of ring opening,
where all subunits are indeed bound to ADP (Figure 4A, B, E and
Supplementary Figure S5A).

The nucleotide sensing loop (NSL) and a lysine residue on it are
crucial elements for sensing γ-phosphate (Pereira et al., 2012). Dur-
ing the ring-opening process, the NSL of each subunit gradually
detects the loss of γ-phosphate, leading to a conformational change of
the corresponding subunit. A conformation comparison between the
S1 andS2 states reveals amost obvious upwardmovement in theNSL
of CCT3 (up to 5.2 Å in Cα). The NSL detaches from its original
position, where it typically interacts with γ-phosphate in the ATP-
bound or hydrolyzing state (Jin et al., 2019a; Zang et al., 2016)
(Figure 4C). This detachment could facilitate the conformational
transition of CCT3, initiating TRiC ring opening. Indeed, the NSL of

CCT3 exhibits the highest B-factor in the partially open TRiC-ADP-
S2 structure (Figure 4D). Collectively, our data suggest that the NSL
of CCT3 detects the loss of the γ-phosphate and triggers the con-
formational change of the CCT3 subunit, leading to the opening of
theTRiC ring. Thismechanismhighlights the critical role ofCCT3 in
the coordinated process of TRiC ring opening.

Discussion

TRiC/CCT operates through its ATP-driven conformational cycle,
converting chemical energy into mechanical forces to assist in the
folding of cytosolic proteins. However, the TRiC ring-opening
process and substrate release mechanism remain largely uninves-
tigated. In this study, by determining an ensemble of cryo-EM
structures of yeast TRiC in the presence of ADP (Figure 1), we
captured the TRiC ring-opening process and provided a complete
picture of the conformational landscape of TRiC (Figure 2). Among
the five conformational states, the TRiC-ADP-S2/S3/S4 states rep-
resent previously unobserved intermediate states in the TRiC ring-
opening process (Figure 1B–D). We found that TRiC ring-opening
was initiated from the dynamics of the apical-protrusion of the
CCT3 subunit (Figure 2A–C), which may be related to its NSL
sensitivity to the loss of γ-phosphate (Figure 4C–D). Subsequently,
we observed an outward tilting of CCT6/8/7/5, followed by
CCT2/4/1. There is also a detachment of the CCT2 side subunit
E-domain between the two rings, which forms a gap that releases
the originally bent and locked CCT4 N-terminus in this location.
Finally, with the dramatic outward tilting of CCT1, TRiC fully
opens both of its rings. Altogether, we captured the stepwise TRiC
ring-opening process and elucidated the underlying mechanism,
providing a more comprehensive picture of TRiC’s conformational
landscape. Our study could serve as the structural and mechanistic
basis for related pharmaceutical development.

Mechanism of TRiC ring opening

Based on our cryo-EM study on yeast TRiC in the presence of ADP
and the multiple intermediate states obtained from this dataset,
we propose a stepwise ring-openingmechanism of TRiC (Figure 5).

Figure 5. The cartoon diagram illustrates the ring-opening process of TRiC and highlights key structural elements. The extend of conformational changes in the subunits is
proportional to the decreasing portions in the surrounding pie chart from TRiC-ADP-S1 to TRiC-ADP-S5. CCT3 acts as a switch, initiating the TRiC ring- opening process through the
dynamics of its apical protrusion. This movement expands to the consecutive CCT6/8/7/5 subunits, followed by CCT2/4/1, ultimately leading to the opening of the TRiC rings. In the
transient intermediate S2 and S3 states, a gap forms between the two rings, leading the originally bent and locked CCT4 N-terminus to retreat into the chamber.
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Our findings indicate that TRiC opening is initiated by the CCT3
subunit. The NSL of CCT3 acts as a switch for the complex. When
it detects the signal of γ-phosphate release, this switch is activated,
triggering the apical protrusion dynamics of CCT3 in the TRiC-
ADP-S2 state (Figure 5). Subsequently, CCT3 leans outward,
followed by its consecutive subunits CCT6, CCT8, CCT7, and
CCT5, collectively tilting outward. This movement results in
the TRiC ring being halfway open in the TRiC-ADP-S3 state
(Figure 1C).

Interestingly, in the very transient intermediate S2 and S3 states
(sparsely populated at 6.0% and 1.5%, respectively), a gap forms
between the two rings on the CCT2 side due to the detachment of
the E-domains of the CCT2 side subunits (Figure 3A). This gap
releases the originally bent and locked CCT4 N-terminus in this
location, allowing it to retract back into the chamber and poten-
tially participate in coordinated ring opening or substrate release
(Figure 3B). These observations align with our previous study,
which suggested that the CCT4 N-terminus may contribute to the
allosteric cooperativity of the two rings (Jin et al., 2019a).

Subsequently, the gap on the CCT2 side closes, accompanied
by the collective outward tilting of CCT2, CCT4, and CCT1
(CCT5 also involved). Notably, CCT1 exhibits the most dramatic
“ejection” movement in its A- and I-domains. These coordinated
movements ultimately lead to the TRiC ring becoming fully open,
reaching the most populated S5 state. Overall, the opening of the
TRiC rings occurs in a counter-clockwise stepwise manner, with
the two rings being mostly positively coordinated.

TRiC subunit specificity in sensing nucleotide status and
substrate interactions

Interestingly, our study demonstrates that the CCT6 side subunits
play a key role in initiating the ring opening and maintaining the
association of the two rings during this process. Conversely, the
CCT2 side subunits open at a later stage but contribute more to the
allosteric coordination between the two rings. Furthermore, the
obligate substrates of TRiC, including essential cytoskeleton pro-
teins tubulin and actin, fold within the TRiC chamber by attaching
to the CCT6 side subunits (primarily contacting CCT3/6/8 sub-
units) (Gestaut et al., 2019; Gestaut et al., 2023; Han et al., 2023;
Kelly et al., 2022; Liu et al., 2023; Park et al., 2024;Wang et al., 2023).
We postulate that the initial opening of the TRiC chamber on the
CCT6 side could facilitate the release of folded substrates engaged
with these subunits.

In addition, we previously found that in yeast TRiC, the subunits
CCT3, CCT6, and CCT8 are preloaded with ADP from cellular
environments in the NPP state (Zang et al., 2016). During the TRiC
ring opening process, these three subunits form the initial group
that detects the loss of γ-phosphate and initiates the ring opening.
This finding further underscores TRiC’s subunit specificity in
sensing nucleotide status and substrate interactions.

Population shifts of the conformations of TRiC in the ADP state

Based on the current study and previous reports (Cong et al., 2012;
Jin et al., 2019a; Liu et al., 2023;Wang et al., 2023; Zang et al., 2016),
TRiC itself may have been “encoded” to have a large conform-
ational landscape. It has the potential to spontaneously transition
among various conformations. However, many of these states are
highly transient andminimally distributed, making them extremely
challenging to capture. Factors such as nucleotide binding, hydroly-
sis, releasing, and interactions with substrates or cochaperones may

shift the population distribution of TRiC’s conformational states.
For instance, in the nucleotide partially preloaded (NPP) state or the
ATP-bound state (mimicked by AMP-PNP), TRiC remains in an
open conformation, although the A-domain of CCT2 may be more
stabilized in the later condition. In contrast, in the presence of ADP-
AlFx (an ATP-hydrolysis transition state analog) (Jin et al., 2019a).
most TRiC complexes close both rings. When TRiC interacts with
substrates like tubulin, the population of the closed state can be
slightly reduced (Gestaut et al., 2023; Kelly et al., 2022; Liu et al.,
2023). A similar population shift occurs in other macromolecules,
such as integrin, where ligand interactions are associated with global
structural rearrangements involving transitions between bent,
extended-closed and -open forms (Cormier et al., 2018).

In summary, in the presence of ADP, we were able to capture
previously unrevealed intermediate states. These findings shed
light on the TRiC ring-openingmechanism and enrich our under-
standing of its large conformational landscape. Furthermore, we
hypothesize that the TRiC ring-closing process may share certain
aspects with the revere process of ring opening. For instance, there
could be a temporary detachment of the two rings at the equator
on the CCT2 side to coordinate the lockage of the bent CCT4
N-terminus. However, this hypothesis requires further investigation
in future studies. Overall, understanding TRiC’s conformational
transitions in its conformational landscape and its subunit-specific
behavior is crucial for unraveling its role in protein folding and
maintaining cellular hemostasis.

Methods

Protein purification

Yeast TRiC was purified according to our published protocol (Zang
et al., 2016). The supernatant of the yeast lysate was incubated with
calmodulin resin (GE Healthcare) overnight at 4 °C. TRiC was
eluted using an elution buffer containing 2 mM EGTA. The pooled
eluate containing TRiCwas concentrated with aMillipore Ultrafree
centrifugal filter device (100 kDa cutoff).

Cryo-EM sample preparation

To prepare the TRiC sample with 1 mM ADP, the purified yeast
TRiC was diluted to 1 mg/ml in the presence of 1 mM ADP and
5mMMgCl2 for 15min at 30 °C prior to freezing. A 2.2 μl aliquot of
this sample was applied to a glow-discharged holey carbon grid
(Quantifoil, Cu R1.2/1.3, 200 mesh). To address the preferred
orientation problem commonly associated with group II chaperonins,
especially in the open state, the grid was pretreated with polylysine
(Ding et al., 2017; Zang et al., 2016). To prepare the TRiC sample with
1mMATP-AlFx, the purified yeast TRiCwas diluted to 1mg/ml, and
incubated in the presence of 1 mM ATP, 5 mM MgCl2, 5 mM
Al(NO3)3, and 30 mM NaF for 1 hr at 30 °C prior to freezing. A
2.2 μl aliquot of sample was applied to a glow-discharged holey carbon
grid (Quantifoil, Cu R1.2/1.3, 200 mesh). The grid was blotted with
Vitrobot Mark IV (Thermo Fisher Scientific) and then plunged into
liquid ethane cooled by liquid nitrogen.

Data acquisition

Cryo-EM movies were collected on a Titan Krios electron micro-
scope (Thermo Fisher Scientific) operated at an accelerating voltage
of 300 kV with a nominal magnification of 18,000x (yielding a pixel
size of 1.318 Å after binning by 2). The movies were recorded on a
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K2 Summit direct electron detector (Gatan) in the super-resolution
mode under low-dose conditions in an automatic manner using
SerialEM (Mastronarde, 2005). Each frame was exposed for 0.2 s,
with a total accumulation time of 7.6 s, leading to a total accumu-
lated dose of 38 e�/Å2 on the specimen.

Image processing and 3D reconstruction

The image processing and reconstruction procedures and related
information are shown in Supplementary Figures S1 and S2. For
the TRiC-ADP sample, motion correction was performed using the
embedded Motioncor2 (Zheng et al., 2017) in Relion3.0. The CTF
parameters were determined usingCTFFIND4 (Mindell &Grigorieff,
2003). Initially, approximately 1,000 particles were picked utilizing
EMAN2 (Ludtke et al., 1999; Tang et al., 2007), and then subjected to
2D classification in Relion3.0 (Zivanov et al., 2018). Several good class
averages were selected as templates for further automatic particle
picking using Relion3.0. Bad particles and ice contaminations were
then excluded by manual selection and 2D classification.

Good particles were used to build the initial model in Relion3.0.
The entire dataset was first 3D classified into five classes. The class
5, which presented an open conformation and better structural
features, was subjected to auto-refinement. CTF refinement and
Bayesian polishing were applied to the refined particles. Finally, the
polished particles were auto-refined, achieving a resolution of 4.05 Å
after post-processing, referred to as TRiC-ADP-S5. The remaining
class 3 displaying a closed conformation was further subjected to 3D
classification, generating seven classes. Two of these showed distinct
conformations and better structural features, leading to further refine-
ment to obtain TRiC-ADP-S1 and TRiC-ADP-S2 maps. Another
class comprising 18.0% of the particles underwent further 3D classi-
fication, resulting in four classes. Two of these displayed distinct
conformations and better structural features, leading to further refine-
ment to obtain TRiC-ADP-S3 and TRiC-ADP-S4 state maps. For the
TRiC-ATP-AlFx sample, similar procedures were followed as for the
TRiC-ADP sample, but only one closed conformation was detected,
resulting in a 3.58 Å resolution map at closed state. The resolution
estimation was based on the gold-standard Fourier Shell Correlation
(FSC) 0.143 criterion, and the local resolution was estimated using
Resmap (Kucukelbir et al., 2014).

Atomic model building by flexible fitting

We built an atomic model for each of the better-resolved TRiC-
ATP-AlFx, TRiC-ADP-S1, TRiC-ADP-S2, TRiC-ADP-S3, and
TRiC-ADP-S5 maps. For each subunit, we selected an initial model
based on its conformational similarity to our current structures,
using either the closed model (PDB ID: 6KS6) (Jin et al., 2019a) or
open model from TRiC-AMP-PNP (PDB ID: 5GW5) (Zang et al.,
2016). These initial models were simultaneously fitted into the
density map as rigid bodies using UCSF Chimera and then com-
bined to form a complete model (Yang et al., 2012). Subsequently,
phenix.real_space_refine was employed to improve the fitting
(Adams et al., 2010). Finally, real space refinement was performed
using COOT (Emsley & Cowtan, 2004) to eliminate steric clashes,
followed by a last round of flexible fitting on the entire complex
using Rosetta (DiMaio et al., 2015).

B-factor calculation and rendering

We calculated B-factors for the atomic models of TRiC-ADP-S1
and TRiC-ADP-S2 using the phenix.real_space_refine script

(Adams et al., 2010). The B-factor was rendered using the com-
mand rangecolor bfactor in USCF Chimera.

Open peer review. To view the open peer review materials for this article,
please visit http://doi.org/10.1017/qrd.2024.17.

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/qrd.2024.17.

Data availability statement. Electron density maps have been deposited in
the Electron Microscopy Data Bank under accession codes EMD-45889
(TRiC-ATP-AlFx), EMD-45830 (TRiC-ADP-S1), EMD-45886 (TRiC-ADP-S2),
EMD-45887 (TRiC-ADP-S3), EMD-45891 (TRiC-ADP-S4), and EMD-45888
(TRiC-ADP-S5). The associated models have been deposited in the Protein Data
Bank under accession codes PDB-9CSA (TRiC-ATP-AlFx), PDB-9CR2 (TRiC-
ADP-S1), PDB-9CS3 (TRiC-ADP-S2), PDB-9CS4 (TRiC-ADP-S3), and PDB-9CS6
(TRiC-ADP-S5).

Acknowledgements. We are grateful to the staff of the NCPSS Electron
Microscopy facility, Database and Computing facility, and Protein Expression
and Purification facility for instrumental support and technical assistance. This
work was supported by grants from the Strategic Priority Research Program of
CAS (XDB37040103), the NSFC (32130056 and 31670754), and the Shanghai
Pilot Program for Basic Research from CAS (JCYJ-SHFY-2022-008).

Author contribution. Y.C. designed the experiments; M.J., H.W., and
Y.Z. purified the proteins; Y.Z., M.J., and H.W. collected the cryo-EM data;
M.J., Y.Z., and H.W. performed the cryo-EM reconstruction; M.J. did the model
building; M.J. and Y.C. analyzed the data and wrote the paper with the input
from Y.Z.

Competing interest. The authors declare that they have no conflict of interest.

References

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, Headd
JJ,Hung LW, Kapral GJ, Grosse-Kunstleve RW,Mccoy AJ,Moriarty NW,
Oeffner R, Read RJ, Richardson DC, Richardson JS, Terwilliger TC and
Zwart PH (2010) PHENIX: a comprehensive Python-based system for
macromolecular structure solution. (IUCr) Acta Crystallographica Section D 66
(Pt 2), 213–221.

Bassiouni R, Nemec KN, Iketani A, Flores O, Showalter A, Khaled AS,
Vishnubhotla P, Sprung RW JR, Kaittanis C, Perez JM and Khaled AR
(2016) Chaperonin containing TCP-1 protein level in breast cancer cells
predicts therapeutic application of a cytotoxic peptide. Clinical Cancer
Research 22(17), 4366–4379.

Camasses A, Bogdanova A, Shevchenko A and Zachariae W (2003) The
CCT chaperonin promotes activation of the anaphase-promoting com-
plex through the generation of functional Cdc20. Molecular Cell 12(1),
87–100.

Cong Y, Schroder GF,Meyer AS, Jakana J,MaB,DoughertyMT, SchmidMF,
Reissmann S, Levitt M, Ludtke SL, Frydman J and Chiu W (2012)
Symmetry-free cryo-EM structures of the chaperonin TRiC along its
ATPase-driven conformational cycle. The EMBO Journal 31(3), 720–730.

Cormier A, Campbell MG, Ito S,Wu S, Lou J,Marks J, Baron JL, Nishimura
SL and Cheng Y (2018) Cryo-EM structure of the alphavbeta8 integrin
reveals a mechanism for stabilizing integrin extension. Nature Structural &
Molecular Biology 25(8), 698–704.

Dimaio F, Song Y, Li X, Brunner MJ, Xu C, Conticello V, Egelman E,
Marlovits T, Cheng Y and Baker D (2015) Atomic-accuracy models from
4.5-A cryo-electron microscopy data with density-guided iterative local
refinement. Nature Methods 12(4), 361–365.

Ding Z, Fu Z,XuC,Wang Y,Wang Y, Li J,Kong L,Chen J, Li N, Zhang R and
Cong Y (2017) High-resolution cryo-EM structure of the proteasome in
complex with ADP-AlFx. Cell Research 27(3), 373–385.

Ditzel L, Lowe J, Stock D, Stetter KO, Huber H, Huber R and Steinbacher S
(1998) Crystal structure of the thermosome, the archaeal chaperonin and
homolog of CCT. Cell 93(1), 125–138.

8 Mingliang Jin et al.

https://doi.org/10.1017/qrd.2024.17 Published online by Cambridge University Press

http://doi.org/10.1017/qrd.2024.17
http://doi.org/10.1017/qrd.2024.17
http://doi.org/10.1017/qrd.2024.17
http://doi.org/10.1017/qrd.2024.17
https://doi.org/10.1017/qrd.2024.17


Emsley P and Cowtan K (2004) Coot: model-building tools for molecular
graphics. (IUCr) Acta Crystallographica Section D 60(Pt 12 Pt 1), 2126–2132.

Gestaut D, Roh SH,Ma B, Pintilie G, Joachimiak LA, Leitner A,Walzthoeni
T, Aebersold R, ChiuW and Frydman J (2019) The chaperonin TRiC/CCT
associates with prefoldin through a conserved electrostatic interface essential
for cellular proteostasis. Cell 177(3), 751–765 e715.

Gestaut D, Zhao Y, Park J, Ma B, Leitner A, Collier M, Pintilie G, Roh SH,
ChiuW and Frydman J (2023) Structural visualization of the tubulin folding
pathway directed by human chaperonin TRiC/CCT. Cell 186(9), 2038.

HanW, Jin M, Liu C, Zhao Q,Wang S,Wang Y, Yin Y, Peng C,Wang Y and
Cong Y (2023) Structural basis of plp2-mediated cytoskeletal protein folding
by TRiC/CCT. Science Advances 9(11), eade1207.

Hunziker M, Barandun J, Petfalski E, Tan D, Delan-Forino C, Molloy KR,
Kim KH, Dunn-Davies H, Shi Y, Chaker-Margot M, Chait BT, Walz T,
Tollervey D and Klinge S (2016) UtpA and UtpB chaperone nascent pre-
ribosomal RNA and U3 snoRNA to initiate eukaryotic ribosome assembly.
Nature Communications 7, 12090.

Jin M, HanW, Liu C, Zang Y, Li J,Wang F,Wang Y and Cong Y (2019a) An
ensemble of cryo-EM structures of TRiC reveal its conformational landscape
and subunit specificity. Proceedings of the National Academy of Sciences of the
United States of America 116(39), 19513–19522.

JinM,LiuC,HanWandCongY (2019b) TRiC/CCT chaperonin: structure and
function. Subcellular Biochemistry 93, 625–654.

Joachimiak LA, Walzthoeni T, Liu CW, Aebersold R and Frydman J (2014)
The structural basis of substrate recognition by the eukaryotic chaperonin
TRiC/CCT. Cell 159(5), 1042–1055.

Kalisman N, Adams CM and Levitt M (2012) Subunit order of eukaryotic
TRiC/CCT chaperonin by cross-linking, mass spectrometry, and combina-
torial homologymodeling. Proceedings of the National Academy of Sciences of
the United States of America 109(8), 2884–2889.

Kasembeli M, LauWC,Roh SH, Eckols TK, Frydman J,ChiuW and Tweardy
DJ (2014) Modulation of STAT3 folding and function by TRiC/CCT chap-
eronin. PLoS Biology 12(4), e1001844.

Kelly JJ,Tranter D, Pardon E,Chi G,KramerH,Happonen L,Knee KM, Janz
JM, Steyaert J, Bulawa C, Paavilainen VO, Huiskonen JT and Yue WW
(2022) Snapshots of actin and tubulin folding inside the TRiC chaperonin.
Nature Structural & Molecular Biology 29(5), 420–429.

Klumpp M, Baumeister W and Essen LO (1997) Structure of the substrate
binding domain of the thermosome, an archaeal group II chaperonin. Cell
91(2), 263–270.

Kucukelbir A, Sigworth FJ and Tagare HD (2014) Quantifying the local
resolution of cryo-EM density maps. Nature Methods 11(1), 63–65.

Leitner A, Joachimiak LA, Bracher A,Monkemeyer L,Walzthoeni T,Chen B,
Pechmann S, Holmes S, Cong Y, Ma B, Ludtke S, Chiu W, Hartl FU,
Aebersold R and Frydman J (2012) The molecular architecture of the
eukaryotic chaperonin TRiC/CCT. Structure 20(5), 814–825.

Liu C, Jin M,Wang S,HanW, Zhao Q,Wang Y,Xu C,Diao L, Yin Y, Peng C,
Bao L, Wang Y and Cong Y (2023) Pathway and mechanism of tubulin
folding mediated by TRiC/CCT along its ATPase cycle revealed using cryo-
EM. Communications Biology 6(1), 531.

Llorca O, Martin-Benito J, Ritco-Vonsovici M, Grantham J, Hynes GM,
Willison KR, Carrascosa JL and Valpuesta JM (2000) Eukaryotic chaper-
onin CCT stabilizes actin and tubulin folding intermediates in open quasi-
native conformations. The EMBO Journal 19(22), 5971–5979.

Llorca O, Mccormack EA, Hynes G, Grantham J, Cordell J, Carrascosa JL,
Willison KR, Fernandez JJ and Valpuesta JM (1999) Eukaryotic type II
chaperonin CCT interacts with actin through specific subunits. Nature
402(6762), 693–696.

Llorca O, SmythMG,Marco S,Carrascosa JL,Willison KR and Valpuesta JM
(1998) ATP binding induces large conformational changes in the apical and
equatorial domains of the eukaryotic chaperonin containing TCP-1 complex.
Journal of Biological Chemistry 273(17), 10091–10094.

Ludtke SJ, Baldwin PR and Chiu W (1999) EMAN: semiautomated software
for high-resolution single-particle reconstructions. Journal of Structural
Biology, 128(1), 82–97.

Mcclellan AJ, Scott MD and Frydman J (2005) Folding and quality control of
the VHL tumor suppressor proceed through distinct chaperone pathways.
Cell 121(5), 739–748.

Mindell JA and Grigorieff N (2003) Accurate determination of local defocus
and specimen tilt in electron microscopy. Journal of Structural Biology
142(3), 334–347.

Mastronarde DN, (2005). “Automated electron microscope tomography using
robust prediction of specimenmovements.” Journal of Structural Biology 152
(1): 36–51.

Park J,KimH,GestautD, Lim S,Opoku-Nsiah KA, Leitner A, Frydman J and
Roh SH (2024) A structural vista of phosducin-like PhLP2A-chaperonin
TRiC cooperation during the ATP-driven folding cycle. Nature Communi-
cations 15(1), 1007.

Pereira JH,Ralston CY,Douglas NR,Kumar R, Lopez T,McandrewRP,Knee
KM, King JA, Frydman J and Adams PD (2012) Mechanism of nucleotide
sensing in group II chaperonins. The EMBO Journal 31(3), 731–740.

PlimptonRL,CuellarJ,LaiCW,AobaT,MakajuA,FranklinS,MathisAD,Prince
JT, Carrascosa JL,Valpuesta JM andWillardson BM. (2015) Structures of the
Gbeta-CCTandPhLP1-Gbeta-CCTcomplexesrevealamechanismforG-protein
beta-subunit folding and Gbetagamma dimer assembly. Proceedings of the
National Academy of Sciences of theUnited States of America 112(8), 2413–2418.

Reissmann S, Joachimiak LA, Chen B, Meyer AS, Nguyen A and Frydman J
(2012) A gradient of ATP affinities generates an asymmetric power stroke
driving the chaperonin TRIC/CCT folding cycle. Cell Reports 2(4), 866–877.

Tang G, Peng L, Baldwin PR,MannDS, JiangW,Rees I and Ludtke SJ (2007)
EMAN2: an extensible image processing suite for electron microscopy.
Journal of Structural Biology 157(1), 38–46.

Trinidad AG, Muller PA, Cuellar J, Klejnot M, Nobis M, Valpuesta JM and
Vousden KH (2013) Interaction of p53 with the CCT complex promotes
protein folding and wild-type p53 activity. Molecular Cell 50(6), 805–817.

Van Den Brink DM, Brites P,Haasjes J,Wierzbicki AS,Mitchell J, Lambert-
Hamill M, De Belleroche J, Jansen GA, Waterham HR and Ronald Wan-
ders JA (2003) Identification of PEX7 as the second gene involved in refsum
disease. The American Journal of Human Genetics 72(2), 471–477.

Waldmann T, Lupas A, Kellermann J, Peters J and Baumeister W (1995)
Primary structure of the thermosome from Thermoplasma acidophilum.
Biological Chemistry 376(2), 119–126.

Wang S, Sass MI, Kwon Y, Ludlam WG, Smith TM, Carter EJ, Gladden NE,
Riggi M, Iwasa JH, Willardson BM and Shen PS (2023) Visualizing the
chaperone-mediated folding trajectory of the G protein beta5 beta-propeller.
Molecular Cell 83(21), 3852–3868 e3856.

Yang Z, Lasker K, Schneidman-Duhovny D, Webb B, Huang CC, Pettersen
EF, Goddard TD, Meng EC, Sali A and Ferrin TE (2012) UCSF Chimera,
MODELLER, and IMP: an integrated modeling system. Journal of Structural
Biology 179(3), 269–278.

Zang Y, Jin M, Wang H, Cui Z, Kong L, Liu C and Cong Y (2016) Staggered
ATP binding mechanism of eukaryotic chaperonin TRiC (CCT) revealed
through high-resolution cryo-EM. Nature Structural & Molecular Biology
23(12), 1083–1091.

Zang Y, Wang H, Cui Z, Jin M, Liu C, Han W, Wang Y and Cong Y (2018)
Development of a yeast internal-subunit eGFP labeling strategy and its
application in subunit identification in eukaryotic group II chaperonin
TRiC/CCT. Scientific Reports 8(1), 2374.

Zheng SQ, Palovcak E, Armache JP, Verba KA, Cheng Y and Agard DA
(2017) MotionCor2: anisotropic correction of beam-induced motion for
improved cryo-electron microscopy. Nature Methods 14(4), 331–332.

Zivanov J, Nakane T, Forsberg BO, Kimanius D, Hagen WJ, Lindahl E and
Scheres SH (2018) New tools for automated high-resolution cryo-EM struc-
ture determination in RELION-3. Elife; 7 e42166.

QRB Discovery 9

https://doi.org/10.1017/qrd.2024.17 Published online by Cambridge University Press

https://doi.org/10.1017/qrd.2024.17

	The conformational landscape of TRiC ring-opening and its underlying stepwise mechanism revealed by cryo-EM
	Introduction
	Results
	Determination of an ensemble of cryo-EM structures of TRiC in the presence of ADP
	TRiC ring-opening process occurs in a stepwise manner
	CCT2 side E-domain detachment between the two rings in the S2 and S3 states
	The NSL in CCT3 detects the loss of gamma-phosphate, facilitating CCT3 conformational change

	Discussion
	Mechanism of TRiC ring opening
	TRiC subunit specificity in sensing nucleotide status and substrate interactions
	Population shifts of the conformations of TRiC in the ADP state

	Methods
	Protein purification
	Cryo-EM sample preparation
	Data acquisition
	Image processing and 3D reconstruction
	Atomic model building by flexible fitting
	B-factor calculation and rendering

	Open peer review
	Supplementary material
	Data availability statement
	Acknowledgements
	Author contribution
	Competing interest
	References


