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Abstract

The eukaryotic chaperonin TRiC/CCT assists the folding of ~10% cytosolic
proteins. The essential cytoskeletal proteins tubulin and actin are the obligate substrates
of TRiC and their folding involves cochaperone and co-factors. Here, through cryo-EM
analysis, we present a more complete picture of yeast TRiC-assisted tubulin and actin
folding in the ATPase-cycle, under the coordination of cochaperone plp2. Our structures
revealed that in the open C1 and C2 states, plp2 and substrates tubulin/actin engage
with TRiC inside its chamber, one per ring. Noteworthy, we captured a ternary TRiC-
plp2-tubulin complex in the closed C3 state, engaged with a full-length B-tubulin in the
native folded state even loaded with a GTP, and with a plp2 occupying the opposite
ring, not reported before. Another closed C4 state revealed an actin in the intermediate
state of folding and a plp2 occupying the other ring. Intriguingly, along with TRiC ring
closure, we captured a large translocation of plp2 within TRiC chamber coordinating
substrate translocation on the CCT6 hemisphere, potentially facilitating substrate
stabilization and folding. Our findings provide structural insights into the folding
mechanism of the major cytoskeletal proteins tubulin/actin under the coordination of
the complex biogenesis machinery TRiC and plp2, and could extend our understanding

on the links between cytoskeletal proteostasis and related human diseases.
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Introduction

The eukaryotic group II chaperonin TRiC/CCT assists the folding of about 10%
cytosolic proteins, including many key structural and regulatory proteins. TRiC plays
an essential role in maintaining cellular protein homeostasis, and dysfunction of TRiC
is closely related to cancer and neurodegenerative diseases (/-3). The key cytoskeletal
proteins actin and tubulin, the most abundant and highly conserved proteins in
eukaryotic cells, are obligate substrates of TRiC (4-7). This chaperonin is also essential
for the folding of cell cycle regulator CDC20 (8), and many proteins involved in
oncogenesis, such as p53, VHL tumor suppressor, and STAT3 (9-17). TRiC undergoes
large conformational changes to encapsulate and release bound substrate proteins

during its ATP-dependent folding cycle (/2-14).

TRiC is the most complex chaperonin system, consisting of two octameric rings
that stacked back-to-back. Each ring of TRiC encompasses eight paralogous subunits,
CCTI1-CCT8 (sharing ~23%-35% sequence identity for yeast TRiC), arranged in a
specific order (/5-20). Corroborate to this, TRiC displays subunit specificity in ATP
consumption, ring closure, and substrate recognition and folding (75, /8, 21). Each
TRiC subunit consists of an equatorial domain (E domain) that contains the ATP-
binding site and forms the 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 (22-24).

The filament-forming actin and tubulin are abundant cytoskeletal proteins that
support diverse cellular processes. Owing to the unique properties of these proteins, a
remarkably complex cellular machinery consisting minimally of the chaperonin TRiC,
prefoldin (PFD), phosducin-like proteins, and tubulin cofactors has evolved to facilitate
their biogenesis (25). TRiC cooperates with co-chaperone PFD in the folding of actins
and tubulins (26, 27), in which process PFD stabilizes substrate proteins and delivers
them to the open TRiC cavity (25, 26, 28-31). Phosducin-like protein, including three
homologue families (PhLP1, PhLP2, and PhLP3), shares an N-terminal helical domain,
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a central thioredoxin fold domain (TRDX domain), and a C-terminal extension (32, 33).
It has been shown that PhLP2 is essential for ciliogenesis and microtubule assembly
(34, 35), and temperature sensitive alles of plp2, the homologue of PhLP2 in S.
cerevisiae, caused defective in TRiC-mediated actin and tubullin function (35).
Mammalian PhLP2A modulates the TRiC chaperonin activity during folding of
cytoskeletal proteins, and yeast plp2 considerably accelerates actin folding rate than
that assisted by TRiC alone (36-38). It has been indicated that the ciliary precursor
tubulin needs to be folded by TRiC with assistance of PhLP2 (34). On the basis of
previous structural studies on TRiC-actin and TRiC-tubulin complexes at intermediate
or relatively low resolutions (6, 7, 39-42), a recent study reported cryo-EM structures
of human TRiC-PhLP2A-actin and TRiC-tubulin both in the closed state at near atomic
resolution, and an open TRiC structure with potential substrate density located in the
inter-ring septum (43). Still, how PhLP2 coordinates with the TRiC-assisted
tubulin/actin folding, especially the role of PhLP2 in TRiC-assisted tubulin folding, in

the undergoing ATP-driven TRiC conformational cycle remains to be further explored.

In the present study, we present an ensemble of cryo-EM structures of S. cerevisiae
TRiC along its ATPase cycle, with simultaneously engaged plp2 and substrate actin or
tubulin inside its chamber, one per ring, in the resolution range of 3.05 A to 4.55 A. In
the open Cl and C2 states, we observed plp2, with detectable TRDX domain,
contacting the CCT3/1/4 subunits of TRiC and the substrate density in opposite ring
mostly located in the CCT6 hemisphere. Our structural analyses further revealed the
upward translocation of both plp2 and substrates alone with TRiC ring closure, and the
molecular details of the unique TRiC-plp2 interaction mode. Strikingly, we captured
the TRiC-plp2-tubulin tertiary complex, with tubulin reached the fully folded state and
loaded with a GTP since its “born”, not observed before. Collectively, our study
suggests that plp2 serves a cochaperone of TRiC-assisted substrate tubulin/actin folding,
and reveals stepwise substrate folding process within TRiC chamber accompanying its
ATP-driven conformational cycle, providing mechanistic insights on how plp2

participates in the substrate tubulin/actin folding process assisted by TRiC.
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Results

Simultaneous binding of plp2 and substrates inside open-state TRiC chamber

To capture a complete picture of TRiC-assisted substrate folding and to reveal the
role of plp2 in this process, we purified S. cerevisiae TRiC, plp2, and actin, respectively
(Fig. STA). We then incubated them together without adding nucleotide, which were
confirmed to form a complex by native gel analysis (Fig. SIB). Our mass spectrometry
result further suggested that TRiC co-exists with actin and plp2, in addition to
endogenous yeast B-tubulin, which could be co-purified with TRiC from yeast in a
lesser amount (Table S2). Here we followed a previous report to pretreat actin and plp2
with EDTA that could unfold actin (37). Under this condition, actin was indeed

unfolded while plp2 not, suggested by the thermo-stability assay (Fig. SIC-F).

Our cryo-EM study on such system revealed an open-state TRiC map loaded with
two extra densities inside its chamber, one in each ring, at the resolution of 4.55A
(termed “C1” state, Fig. 1A-B, S2A-C, Table S1). The two densities appeared distinct
(Fig. 1B). Overall, the TRiC conformation is comparable to our previous yeast TRiC
structure in the nucleotide partially preloaded (NPP) state (Fig. S2D) (/8), both
displaying the following characteristic features: (1) CCT1 being the most outward tilted
subunit (Fig. 1A), a feature common in yeast, bovine, and human open-state TRiC (12,
18, 39, 44); (2) the A and I domains of CCT2 as a whole displaying a bent feature (Fig.
1A), unique for yeast TRiC-NPP state (/8); (3) CCT7 also being slightly outward tilted
(Fig. S2D). These features allowed us to assign the TRiC subunits and build an atomic
model for the C1 map (Fig. S2E). In this map, CCT3/6/8 subunits also bear pre-loaded
nucleotides as in the free TRIC-NPP map (Fig. S2F) (/8). Collectively, these data
indicate that the C1 TRiC is in the NPP state.

Further inspection of the C1 map revealed that in the cis-ring chamber, the extra
density attaches to the consecutive CCT3/1/4 subunits, including the A domain of
CCT3/4 and the E domain of CCT3/1 (Fig. 1C). The lower portion of the extra density

matches well with the TRDX domain of yeast plp2 (Fig. 1E), indicating the cis-ring
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extra density most likely belongs to plp2. Corroborate to this, our chemical cross-
linking and mass spectrometry (XL-MS) analysis also detected XLs between plp2 and
CCT3/1/4 (Fig.1G, C, Table S3). Regarding the extra density in the trans-ring chamber,
it attaches to the CCT8/6/3 subunits, involving the A domain of CCT6/3 and the E
domain of all the three subunits (Fig. 1D, F). Still, this extra density is less well resolved,
and hardly to judge it belongs to actin or tubulin. Moreover, our XL-MS analysis
revealed a XL between actin and CCT6 (Fig. 1G, D, Table S3). Combined with our
mass spectrometry result, indicating the co-exitance of endogenous tubulin with TRiC
although in a lesser amount (Table S2), we then postulate that the trans-ring extra
density may correlate to the bound substrates actin and tubulin, which are in the initial
stage of folding and remain very dynamic. Therefore, our C1 map suggests that in the
open NPP state, yeast TRiC can simultaneously engage with plp2 in one ring and the
essential cytoskeletal proteins actin or tubulin in the opposite ring. This is distinct from
the recent human open state TRiC structure, with potential substrate (tubulin/actin)

density in the inter-ring septum (43).
Plp2 remains in the same location after ATP binding to TRiC

To capture a thorough picture of plp2-mediated tubulin/actin folding assisted by
TRiC conjugated with its ATPase-cycle, we incubated the above-mentioned system
with ATP-AIFx, a nucleotide analog has been used to mimic ATP-hydrolysis-transition
state in previous structural studies on TRiC and TRiC-substrate complexes (12, 19, 28,
39, 43, 45, 46). Our cryo-EM study on this system revealed two conformational states
of TRiC, one in the open state (Fig. S3A), and the other in the closed state (discussed
later, Fig. S3A). The open and closed state of TRiC displayed a population distribution
of 27% and 73%, respectively (Fig. S3A-B). This population distribution is very distinct
from that of our previous substrate-free yeast TRiC in the same chemical condition, in
which almost all TRiC complexes are in the closed conformation (/9). Moreover, our
NADH-coupled assay suggested that the ATPase activity of TRiC remains the same
regardless of the presence or absence of plp2 and actin (Fig. S5). Taken together, the

presence of plp2 and actin does not alter the TRiC ATPase activity, instead, it may tune
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the allosteric network of TRiC, with 27% of TRiC particles delayed transferring to the

closed state (more in discussion).

Further focused classification of the TRiC-open dataset led to an open state map,
with TRiC engaged with two extra densities, one inside each chamber (termed “C2”
state, Fig. 2A-B, S3A, C-D, S4A-B). In the C2 map, all the TRiC subunits load with
nucleotide densities that match ATP reasonably well (Fig. S4D). Also, the overall open
TRiC conformation resembles that of TRiC-AMP-PNP (Fig. S4C) (18), with the A-I
domains of CCT2 unbent and CCT7 tilt inwards, making the complex less asymmetric
and stabilized slightly. Altogether, these data suggest that the C2 map represents TRiC
in the ATP-bound state. Further inspection of this map showed that the cis-ring extra
density attaches to the A domain of CCT3/4 and the E domain of CCT3/1, and this
density matches the TRDX domain of plp2 well (Fig. 2C-D), overall similar to the plp2
observed in the C1 map (Fig. 1C, E). The trans-ring extra density appears distinct in
size and shape to that in the cis-ring, and most likely represents substrate tubulin/actin
(Fig. 2E-F). It forms contacts with CCT3/1/4 subunits, implying a potential substrate
translocation upon ATP binding to TRiC. Taken together, our C1 and C2 maps both
suggest that, in either the NPP or the ATP-bound open-state yeast TRiC, plp2 and
substrate actin or tubulin can simultaneously occupy TRiC chamber, one per ring, not

seen in the open state human TRiC structure (43).

TRIiC cooperates with plp2 in the folding of tubulin/actin accompanying TRiC ring

closure

For the closed-state TRiC dataset of the ATP-AIFx incubated sample, we performed
further focused 3D classifications on the inner chamber of each of the two TRiC rings,
and obtained three cryo-EM maps, termed C3, C4, and CS5 state at the resolution of 3.39,
3.20, and 3.05 A, respectively (Fig. S3A, C, E). Specifically, for the C3 and C4 maps,
the two extra densities, one inside each chamber, appear in distinct shape (Fig. 3A-B,
4A-B); while for the C5 map, it displays two almost identical extra densities, one in
each ring (Fig. SA-B). For the closed TRiC maps, a characteristic kink feature in the

apical domain a-helical protrusion of one subunit (Fig. S4E), corresponding to the
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unique feature of CCT6 (/35), and a protruding density corresponding to the inserted
CBP-tag on the A domain of CCT3 could be directly visualized (Fig. S4F). These
characteristics allowed us to identify the subunits and build a model for each of the C3,

C4, and C5 maps (Fig. S4G-L).

In the C3 map, the cis-ring extra density matches the plp2 model well, with the
TRDX domain and about half of the N-terminal helical domain and C-terminal
extension being resolved (Fig. 3C-D). It appeared that the plp2 lies underneath the dome,
interacting with the CCT6/3/1/7/5/2 subunits of TRiC (Fig. 3B-C, detailed TRiC-plp2
interactions will be presented later). Collectively, our structures suggested that
accompanying TRiC ring closure, the plp2 TRDX domain displays obvious
translocation from the CCT6 hemisphere (in the open C1 and C2 states) to the CCT2
hemisphere (in the closed C3 state, Fig. 1C, 2C and 3C). In addition, the trans-ring extra
density matches the structural features of full-length folded tubulin very well (Fig. 3C,
E-G). Noteworthy, this TRiC-plp2-tubulin ternary structure has not been captured
before, although being detected biochemically (35). Conjugating with TRiC ring
closure and plp2 translocation, tubulin also upward shifted and appeared stabilized,
although remained on the CCT6 hemisphere as in the open C1/C2 states. Also, the
folded tubulin density exhibits structural features of the S355-A364 loop, usually used
to distinguish B-tubulin from a-tubulin (47, 48), confirmed the resolved tubulin is
indeed B-tubulin (Fig. 3F, H), in line with our mass spectrometry result (Table S2).
Surprisingly, this folded B-tubulin also revealed a bound nucleotide density matched
GTP very well (Fig. 3H), indicating that the newly made B-tubulin already loaded with
a GTP before released from TRiC chamber. Inspection of the interaction between TRiC
and tubulin revealed that the N- and C-domain of tubulin attached to the A- and E-
domain of CCT8/6/3/1 subunits, mainly with the Helix11 of CCT8/6/3, loop™!! of
CCT8/6/3/1, loop™!? of CCT6, the protrusion loop of CCT8/6/1, and the E-domain stem
loop of CCT6/3/1 subunits (Fig. 31, S4N, Table S4). Further inspection of the surface
property showed that the abovementioned interaction footprint on TRiC is more

positively charged, compensate the overall negatively charged tubulin in the interaction
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interface (Fig. 3J), and tubulin also interacted with TRiC through hydrophilic
interaction (Fig. 3K). Collectively, our yeast TRiC-plp2-tubulin structure enabled us to
capture unexpected features compared with previous TRiC-tubulin structures (Kelly et
al., 2022; Munoz et al., 2011), including a plp2 molecule co-existed with substrate
tubulin in TRiC chamber (one per ring), a bound GTP in the newly made -tubulin, and
the fully folded tubulin to its native state, whereas the tubulin I domain remains
disordered in the human TRiC-tubulin structure in the absence of plp2 (43). Therefore,

the presence of plp2 could play a role in stabilizing and folding the substrate tubulin.

In the C4 map, the cis-ring extra density was also identified as plp2, displaying the
same conformation and binding location as that in C3 (Fig. 4C-D, S4M). For the trans-
ring extra density, it mainly occupies CCT6 hemisphere, as that in the open C1 and C2
states. This density overall matches the actin model although being less well resolved,
indicating a relative dynamic status of actin potentially in the intermediate state of
folding (Fig. 4E-F). It appeared that actin mainly attaches to CCT8/6/3/1, with the
unstructured portion stretching into the chamber (Fig. 4E). Our C4 map is overall
similar to the recent structure of human TRiC-actin-PhLP2A also in the closed state

(43), whilst here actin is more in the intermediate status of folding (more in discussion).
Interactions between plp2 and closed state TRiC

Regarding the C5 map resolved at the resolution of 3.05 A, the plp2 model fits in
the extra densities in both rings very well (Fig. 5C-E, S3E), indicating plp2 could
occupy both chambers of TRiC, potentially depending on the concentration of plp2.
Moreover, in the cis-ring of C3/C4 and both rings of C5 map, the engaged plp2 exhibits
similar architecture and orientation within closed TRiC chamber (Fig. S4M), thus we
used the better resolved cis-ring plp2 in C5 for subsequent structural analysis. Here,
other than the TRDX domain, several a-helixes of the N-terminal helical domain and
part of its flexible C-terminal extension were well resolved (Fig. 5D-E). Specifically,
the N-terminal helical domain and the C-terminal extension of plp2 attaches to
CCT6/3/1 subunits from the CCT6 hemisphere, and the TRDX domain of plp2,

originally engaged with CCT3/1/4 subunits in the open C1/C2 states, now translocated
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and engaged with CCT2/5/7 from the CCT2 hemisphere across the inner chamber (Fig.
5C, F). Collectively, our data suggest that both plp2 and cytoskeletal substrates
tubulin/actin translocate within TRiC chamber accompanying TRiC-ring closure, with
plp2 stretching across the inner chamber of TRiC, while tubulin and actin interacting

mainly with the CCT6 hemisphere subunits.

Our further structural analysis revealed salt bridges and hydrogen bonds (H-bound)
formed mainly between the A-domain of CCT6/3/1/2/5/7 and the corresponding plp2
structural elements (Fig. SF-G, Table. S5). Moreover, inspection of the electrostatic
interaction between plp2 and TRiC revealed that the more positively charged CCT6
hemisphere is complementary with the plp2 N-terminal helical domain, and the more
negatively charged CCT2 hemisphere complementary with the lower edge of the plp2
TRDX domain (Fig. 5H). In addition, plp2 and TRiC both display hydrophilic
properties in their interaction interface (Fig. 51). Taken together, TRiC and plp2 interact

through a combination of electrostatic and hydrophilic interactions.

Moreover, as a control experiment, we performed further cryo-EM study on yeast
TRiC-actin in the presence of ATP-AIFx but in the absence of plp2. We found that there
is no detectable extra density inside closed TRiC chamber (Fig. S6), indicating no
engaged substrate in TRiC in the absence of plp2. This is in line with a previous study
on bovine TRiC-actin, which suggested that actin may be very dynamic and cannot be
resolved even within the closed TRiC chamber (39). Taken together, plp2 may serve as

a cochaperone facilitating substrate stabilization and folding within TRiC chamber.

Discussion

Chaperonin TRiC and the phosducin-like proteins play critical roles in mediating
the biogenesis of major cytoskeletal proteins actin and tubulin, thus with their activity
being linked to any cellular process that depends on the integrity of the microfilament
and microtubule-based cytoskeletal systems (25, 49). Still, how PhLP2 coordinates
with TRiC in the folding of cytoskeletal proteins, especially tubulin, accompanying

ATP-driven TRiC ring closure remains to be further explored. Here, we present ternary
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yeast TRiC-plp2-tubulin and TRiC-plp2-actin structures in the closed state (Fig. 3, 4),
with the first structure not reported before; and also TRiC-plp2-substrate structures in
the open NPP (C1) and ATP-bound (C2) states, with plp2 and substrate occupying
different chambers (Fig. 1, 2), distinct from the recent report (43). Strikingly, our TRiC-
plp2-tubulin (C3) structure suggested that with the assistant of plp2, yeast B-tubulin
reaches the fully folded state with an ordered I domain and even loaded with a GTP
since its “born” before released from TRiC chamber (Fig. 3). Our structural analyses
combined with biochemical and mass spectrometry data depict a more complete picture
of the plp2-mediated folding of major cytoskeletal proteins tubulin/actin by TRiC alone
with its conformational cycle, reveal the role of plp2 potentially as a cochaperone in
stabilization and folding of substrates tubulin/actin within TRiC chamber. Our study
sheds lights on the structural basis of biogenesis of tubulin and actin mediated by TRiC

cooperated with plp2.

Mechanism of plp2 and TRiC coordinated tubulin/actin folding accompanying

TRIC ring closure

Based on our results, we put forward a mechanism of plp2-mediated tubulin/actin
folding by TRiC accompanying its ATPase cycle (Fig. 6). First, free NPP state TRiC
can spontaneously engage with plp2 and substrates tubulin or actin in their initial
folding state, one per ring, forming the C1 state (Step 1). In this stage, the plp2 TRDX
domain engages with CCT3/1/4 subunits, and substrate mainly interacts with CCT8/6/3
on the CCT6 hemisphere. Subsequently, ATP binding makes TRiC more symmetrical
and stabilized, and plp2 remains in the original location, forming the C2 state (Step 2).
Afterwards, accompanying TRiC ring closure driven by ATP-hydrolysis, both plp2 and
substrates tubulin/actin translocate upwards to lie underneath the dome, with plp2
stretching across the TRiC chamber, forming C3/C4 states (Step 3). With TRiC ring
closure, the complex becomes more symmetrical and the generated mechanical force
could assist substrate to overcome the energy barrier towards correct folding. Indeed,
in this state, the substrate is better structured especially for tubulin with the assistance

of plp2. Eventually, after TRiC releasing y-phosphate and reopening its chamber, we
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postulate substrate and plp2 could be released from the chamber (Step 4). After this,
plp2 could be reused by TRiC, and for the released not fully folded substrate (such as
actin), they may need multiple rounds of binding and folding within TRiC to reach it

native folded state (50).

We found that in the open C1 (NPP) state, substrates tubulin/actin engage with the
CCT6 hemisphere subunits (CCT8/6/3, Fig. 1D), and in the closed C3/C4 states,
tubulin/actin remain in the CCT6 hemisphere (Fig. 3E and 4E). Consistently, previous
studies also suggested other substrates (including AML1-ETO, Gf3, and mLST8) prefer
to bind CCT6 hemisphere, especially in open-state TRiC (5/-53). We have previously
showed that in the NPP state TRiC, CCT8/6/3 in the CCT6 hemisphere have preloaded
ADP from the environment of cells (/8), which may stabilize these subunits making
them serve as an anchor for substrate engagement. Collectively, the asymmetry or
specificity of TRiC subunit in nucleotide binding may contribute to substrate

engagement and processing.
Potential roll of plp2 in TRiC-assisted tubulin/actin folding

Our data indicate that in yeast, plp2 coordinates with TRiC assisting the folding of
major cytoskeletal proteins tubulin/actin, with plp2 serving as a cochaperone. Still,
compared with other cochaperones, plp2 exhibits more complex interaction mode with
TRiC in the following aspects: (1) plp2 engages with TRiC inside its chamber in both
open and closed states (Fig. 6), while other cochaperones, such as Hsp70, PFD, and
PhLP1, usually bind open state TRiC outside the chamber (15, 28, 33, 44, 51, 54-56);
(2) plp2 and substrate occupy opposite TRiC chambers, instead of in the same ring as
in the TRiC-prefoldin-actin and TRiC-PhLP1-Gf cases (44, 51); (3) plp2 engages with
TRiC through a combination of electrostatic and hydrophilic interactions (Fig. SH-I),
more complex than that of the electrostatic prefoldin-TRiC interaction (44). Intriguingly,
along with TRiC ring closure, we captured plp2 translocation within TRiC chamber
coordinating substrate translocation, not reported before, potentially facilitating

substrate stabilization and folding.

Here, we captured the ternary complex of TRiC-plp2-tubulin (C3 state), with the
12
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full-length B-tubulin in the folded native state even loaded with a GTP (Fig. 3F).
However, in the available TRiC-tubulin structures, plp2 is absent and tubulin is either
with the I domain missing (43) or only partially ordered (40). This indicates the role of
plp2 as a cochaperonin in tubulin stabilization and folding. Still, in our C4 map the actin
density within TRiC was less well resolved compared with that of the closed human
TRiC-actin-PhLP2A structure (43), in which actin was stabilized by the direct
contacting long helix of the N-terminal domain of PhLP2A, not visualized in our C4
map. Nevertheless, the abovementioned differences could also be attributed to the
distinct species, experimental conditions, or substrate folding stages, which need

further examination.

We have previously shown that in yeast TRiC-ATP-AlFx free of substrate and
cochaperone, almost all TRiC particles appear in the closed state (/9). Here, our
structural analysis demonstrated that the presence of plp2 and substrate could change
the open-closed population ratio of TRiC, i.e. in such system 27% of TRiC particles
remain open in the presence of ATP-AlFx (Fig. S3A-B), in line with a recent study on
TRiC-prefoldin-c3 (28). These results collectively indicate that the engagement of plp2
and substrate may slow down TRiC ring closure rate. Moreover, it has been proposed
that being less cooperative than attainable allows chaperonins to support robust folding
over a wider range of metabolic conditions (57, 58). Taken together, we postulate that
with the engagement of plp2 and substrate, TRiC could tune its allosteric network to be
less cooperative, slowing down its ring closure; this way substrate may have a higher
chance of being folded to its native state inside TRiC chamber in a given round of

cycling.

In summary, the present study reveals a more complete picture of plp2-mediated
tubulin and actin folding assisted by TRiC accompanying its ATP-driven
conformational cycle. Moreover, our study indicates that through engagement with
TRiC via occupying one chamber throughout its ring closure process, plp2 may involve
in mediating the substrate engagement and stabilization in the opposite TRiC chamber,

and also in the substrate folding process through adjusting the ring closure rate of TRiC.
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Collectively, our data indicate that in yeast system, plp2 play a role as cochaperone in
the TRiC-assisted folding of tubulin/actin. Our findings provide structural insights into
the folding mechanism of the major cytoskeletal proteins tubulin/actin under the
coordination of the complex biogenesis machinery TRiC and plp2, and could extend
our understanding on the links between cytoskeletal proteostasis and human diseases

such as developmental and neurological disorders.
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Methods

Purification of yeast TRiC

Yeast TRiC was purified according to our published protocol (/8). The supernatant
of yeast lysate was incubated with calmodulin resin (GE Healthcare) overnight at 4 °C.
Elution of TRiC was achieved by using elution buffer (20 mM HEPES pH 7.5, 5 mM
MgClz, 0.1 mM EDTA, 50 mM NaCl, 1 mM DTT, 10% glycerol, 2 mM EGTA). The
pooled eluate containing TRiC was further purified through size-exclusion
chromatography (Superose 6 increase, GE Healthcare) and then concentrated with a

Millipore Ultrafree centrifugal filter device (100-kDa cutoff).
Expression and purification of yeast plp2 and actin

The yeast plp2 and actin were cloned into a modified pET28a vector that included
a TEV protease site after the N-terminal 6xHis tag, and were expressed in E. coli
Rosetta (DE3). Plp2 was purified by carrying out a one-step Ni affinity extraction,
followed by size-exclusion chromatography (Superdex200, GE Healthcare). Actin was
expressed as inclusion body. The pellet contains inclusion bodies were first denaturized
by 6 M guanidine hydrochloride (GuHCl) and then renatured by dialyzing in dialysis
buffer (25 mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM CaClz, 0.25 mM ATP). The
renaturing supernatant was purified through Ni affinity extraction, followed by size-

exclusion chromatography (Superdex200, GE Healthcare).
TRiC-plp2-actin complex formation

To prepare the sample of TRiC-plp2-actin without addition of nucleotide, we
diluted the purified yeast TRiC with MQA buffer (20 mM HEPES, pH 7.5, 50 mM
NaCl, 5 mM MgCl, 0.1 mM EDTA, 1 mM DTT) to 1 uM, then incubated with plp2
and B-actin in the presence of 2 mM EDTA at 30 °C for 30 min, leading to a molar ratio
of 1:10:10 among them. To prepare the sample of TRiC-plp2-actin in the presence of
ImM ATP-AIFx, we further incubated the abovementioned sample with 1 mM ATP, 10
mM MgClz, 5 mM AI(NO3)s, and 30 mM NaF at 30 °C for lhr. The same procedure
was applied for the TRiC-actin with ATP-AIFx.
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Cross-linking and mass spectrometry analysis

The TRiC-plp2-actin complex was prepared as above, the complex was cross-
linked by bis[sulfosuccinimidyl] suberate (BS3) (Sigma), with a spacer arm of 11.4 A
between their Ca carbons, on ice for 2 hours. The final concentration of crosslinker was
at 2 mM. 50 mM Tris-HCI pH 7.5 was used to terminate the reaction at room
temperature for 15 minutes. Cross-linked complexes were precipitated and digested for
16 hours at 37 °C by trypsin at an enzyme-to-substrate ratio of 1:50 (w/w). The tryptic
digested peptides were desalted and loaded on an in-house packed capillary reverse-
phase C18 column (40 cm length, 100 uM ID x 360 pM OD, 1.9 uM particle size, 120
A pore diameter) connected to an Easy LC 1200 system. The samples were analyzed
with a 120 min-HPLC gradient from 6% to 35% of buffer B (buffer A: 0.1% formic
acid in Water; buffer B: 0.1% formic acid in 80% acetonitrile) at 300 nL./min. The eluted
peptides were ionized and directly introduced into a Q-Exactive mass spectrometer
using a nano-spray source. Survey full-scan MS spectra (from m/z 300-1800) were
acquired in the Orbitrap analyzer with resolution r =70,000 at m/z 400. Cross-linked

peptides were identified and evaluated using pLink2 software (59).
Cryo-EM sample preparation and data acquisition

To prepare the vitrious sample of TRiC-plp2-actin without addition of nucleotide
or TRiC-plp2-actin and TRiC-actin in the presence of ATP-AIFx, respectively, an
aliquot of 2.2 pL biological sample obtained through abovementioned producer was
applied to a glow-discharged holey carbon grid (R1.2/1.3, 200 mesh; Quantifoil). The
grid was blotted with Vitrobot Mark IV (Thermo Fisher Scientific) and then plunged
into liquid ethane cooled by liquid nitrogen. To handle the preferred orientation problem,

the grid was pretreated with polylysine (/8).

For each of the experimental sample conditions mentioned above, cryo-EM
movies of the sample were collected on a Titan Krios electron microscope equipped
with a Cs corrector (Thermo Fisher Scientific) operated at an accelerating voltage of
300 kV with a nominal magnification of 18,000x (Table S1). The movies were recorded

on a K2 Summit direct electron detector (Gatan) operated in the super-resolution mode
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(yielding a pixel size of 1.318 A after 2 times binning) under low-dose condition in an
automatic manner using SerialEM (60). Each frame was exposed for 0.2 s and the total
accumulation time was 7.6 s, leading to a total accumulated dose of 38 e/A? on the

specimen.
Image processing and 3D reconstruction

The image processing and reconstruction procedure are shown in Fig. S2, S3, S6
and Table S1. For the TRiC-plp2-actin sample, the motion correction of each movie
stack was performed using the Motioncorr2 program (6/) before further image
processing. The CTF parameters of each image were determined using CTFFIND4 (62).
About 1000 particles were manually picked and then 2D classification using Relion 3.1,
after which several good classes averages were chosen as template for further automatic
particle picking in Relion3.1 (63). Bad particles and ice contaminations were then
excluded by manual selection and 2D classification. Then 513,339 particles were
refined and re-extract to re-center through a previous determined TRiC map, which was

low-pass filtered to 20 A. No symmetry was imposed in our procedure.

We first 3D classified the entire dataset into six classes: the last two classes
presented better structural features (than the other four classes), and the remaining four
classes were combined for another round of 3D classification, generating six classes,
four of which showed better structural features and were combined for another round
of 2D classification. Then the selected particles were combined with the previous good
particles, and performed CTF refinement and per-particle motion correction (also
known as Bayesian polishing) in Relion3.1. Then we masked extra densities out and
subtracted particles for two rounds of focused 3D classification. 50,513 particles with
better extra densities were selected for the final reconstruction to 4.55-A map. The
resolution estimation was based on the gold-standard Fourier Shell Correlation (FSC)

0.143 criterion, and the local resolution was estimated using Resmap (25).

For the cryo-EM samples of TRiC-plp2-actin with ATP-AIFx, similar procedures
were adopted as above. For more details, please refer to supplementary figure S3, and

Table S1. Moreover, for the open dataset, after obtained a 3.78-A map, we also applied
22
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focused 3D classification on the extra density of cis-/trans-ring, respectively. 33,866
particles were reconstructed to a final 3.91-A map with extra densities in both rings.
For the closed dataset, after obtained a 2.97-A map using the above-mentioned
procedure, we masked extra densities out and subtracted particles for focused 3D
classification. Two new classes had different densities in both rings with 10.30% and
12.38% particles, respectively. While the major particles with 69.67% particles had the
same conformation in both rings. Then we reverted the two new classes to original
particles for refinement. For exhaustive classification of the extra density, we subtracted
cis-ring and trans-ring of closed TRiC particles, respectively. We then applied focused
3D classification with different mask on cis-ring or trans-ring particles. Through
combining the classified particles of cis-ring and trans-ring and taking the intersection
of these classes (different colored box line represented the same selection of the
intersection), three new conformations with distinct extra densities in trans-ring were
resolved at 3.39-, 3.20- and 3.05-A, termed as “C3”, “C4” and “C5” state, respectively.
The resolution estimation was based on the gold-standard Fourier Shell Correlation

(FSC) 0.143 criterion, and the local resolution was estimated using Resmap (25).

For the TRiC-actin dataset, please refer to Fig. S6, 94,912 particles were remained
after 2D classification. After several rounds of 2D/3D classification, 17,156 particles at
closed state of TRiC were selected and loaded into cryoSPARC V3.3.1, final particles
were refined to 3.87-A-resolution, using Non-uniform refinement. The overall
resolution was determined based on the gold-standard criterion using a Fourier shell

correlation (FSC) of 0.143.
Pseudo atomic model building by flexible fitting

We built pseudo atomic model for the better resolved C1, C2, C3, C4 and C5 maps.
TRiC-NPP (PDB: 5GW4), TRiC-AMP-PNP (PDB: 5GWS5) and closed TRiC (PDB:
6KS6), which were more conformationally similar to our current structures, were used
as the initial model. Then the models for the subunits were fitted into the density map
simultaneously as a rigid body using UCSF Chimera and were combined as a complete

model (64). Later, we used phenix.real space refine to improve the fitting (65).
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Furthermore, we performed real space refinement using COOT (66) in order to
eliminate steric clashes, and the last round of flexible fitting on the entire complex using

Rosetta followed by Phenix (67).

For the plp2 model in C3, C4 and C5, we first chose the complete model of yeast
plp2 from database of AlphaFold (68). After rigid body docking, we performed flexible
fitting on each of the domain using phenix.real space refine and one more round of
flexible fitting using Rosetta. Finally, we performed real space refinement using COOT
in order to eliminate steric clashes, and the last round of flexible fitting of plp2 using

Rosetta followed by Phenix.

For the tubulin model in C3, we first chose the complete model of yeast B-tubulin
(PDB:5W3F) as initial model. After rigid body docking, we performed flexible fitting
on each of the domain using phenix.real space refine and one more round of flexible
fitting using Rosetta. Finally, we performed real space refinement using COOT in order
to eliminate steric clashes, and the last round of flexible fitting of tubulin using Rosetta

followed by Phenix.
ATPase activity assay

ATP hydrolysis rates of TRiC with plp2 and -actin were measured by performing
an NADH coupled assay (69). In this assay, each ATP hydrolysis event allows
conversion of one molecule of phosphoenolpyruvate into pyruvate by pyruvate kinase.
Thereafter, pyruvate is converted to lactate by L-lactate dehydrogenase, which results
in oxidation of a single NADH molecule. Loss of NADH over time, which is
quantifiably proportional to ATP hydrolysis rates, is monitored by measuring the
decrease in absorbance at 340 nm. All of the assays were conducted at 30°C in a buffer
containing 10 mM Mops-KOH, pH 8.0, 20 mM KCIl, and 10 mM MgCI2, and in the
presence of 1 mM ATP. Experiments were performed in triplicate using 1uM of the
protein complex. Absorbance was measured in a 100 pl reaction volume using a 96-

well plate reader. Data analysis was performed using Graphpad Prism 8.

Thermal stability measurement
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To test the thermal stability of plp2 and -actin, proteins alone or with 2mM EDTA
pretreated were applied into capillary tube, and then put them into Prometheus (Nano
Temper) for thermal stability measurement. Meanwhile, we used a-actin from rabbit
muscle (Sigma) for control. The temperature was increased 2.0°C per minutes until
95°C. Then the thermal stability curves were described through the temperature on X-
axis and first derivative of the ratio between integrated fluorescence at 350nm and

330nm on Y-axis. Each experiment was repeated for three times.
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C1 state

Trans-ring

Fig. 1 Cryo-EM structure of TRiC-plp2-substrate showed plp2 and substrate
existed within distinct TRiC chamber at TRiC-NPP state. (A) Top and side view of
TRiC-plp2-substrate map at C1 state, with CCT1-CCT8 showing in green, red, yellow,
medium purple, blue, magenta, dodger blue and light green, respectively, which color
scheme of TRiC is followed throughout. (B) Side view of C1 state with unsharpened
transparent map to show the location of extra density (cis-ring in orange and trans-ring
in cyan) and unstructured tail mass (grey) relative to TRiC chamber. (C) Top view of
C1 model showed the extra density map in cis-ring interacted with CCT3/1/4, which
were indicated by black circle. (D) Bottom view of C1 model showed that extra density
in trans-ring interacted with CCT8/6/3, which were indicated by black circle. (E) The
lower portion of extra density in cis-ring fitted well with the TRDX domain (orange) of
plp2, with the relative dynamic N domain (cornflower blue) floating. (F) The extra
density in trans-ring appeared poor structural features and connectivity. (G) The circular

plot of XL-MS results of TRiC-plp2-actin, which showed there were 6 unique XLs
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between CCT1/2/3/4/8 and plp2, while there was only one unique XL between CCT6
and actin. There were also 2 XLs between actin and plp2 (red lines). However, there

are no XLs about tubulin.
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ki
Cis-ring

Trans-ring

Fig. 2 Cryo-EM structure of TRiC-plp2-substrate with ATP-AlFx at open state.
(A) Top and side view of TRiC-plp2-substrate with ATP-AlFx at open C2 state. (B)
Side view of C2 with unsharpened transparent map to show the location of extra density
(cis-ring in orange and trans-ring in cyan) and unstructured tail mass (grey) relative to
TRiC chamber. (C) Top view of C2 model showed the extra density map in cis-ring
interacted with CCT3/1/4, which was indicated by black cycle and consistent with C1.
(D) The lower portion of extra density in cis-ring of C2 also fitted well with the TRDX
domain (orange) of plp2, with the relative dynamic N domain (cornflower blue) floating.
(E) Bottom view of C2 model showed the extra density map in trans-ring also interacted
with CCT3/1/4, which were indicated by black circle. (F) The extra density in trans-

ring of C2 still exhibited poor structural features and connectivity as C1 map.
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Fig. 3 Both plp2 and B-tubulin existed within distinct closed TRiC chamber with
GTP bound tubulin since its “born”. (A) Side view (left), top view (middle) and
bottom view (right) of closed C3 state. The grey dashed line was the clipped orientation
for top and bottom view to better show the extra density (cis-ring in orange and trans-
ring in cyan) were located underneath the dome of TRiC. (B) Side view of C3 showed
the location of extra densities relative to TRiC chamber. (C) Top and bottom view
showed that the extra density in cis-ring interacted with CCT6/3/1/2/5/7 subunits and
the extra density in trans-ring interacted with CCT8/6/3/1 subunits. (D) The extra
density in cis-ring of C3 fitted well with the plp2 model, with N domain showing in
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cornflower blue, TRDX domain in orange and C domain in chartreuse, which color
scheme of plp2 is followed throughout. (E) Different side view showed substrate
density in trans-ring mainly occupied CCT6 hemisphere. (F) Extra density in trans-ring
of C3 fitted well with B-tubulin model (PDB:5W3F), N-, I- and C-domain of tubulin
are colored in deep sky blue, salmon and green, respectively, which the color scheme
of tubulin is followed throughout. (G) Resolved high-resolution structural features of
tubulin I domain, the relative dynamic domain which had poor connectivity in previous
TRiC-tubulin structure. (H) Magnified views to show the GTP model fitted well with
our density and the short S355-A364 loop to distinguish a- or B-tubulin. (I) Interaction
interface analysis by PISA showed that tubulin attached with the A- or E-domain of
CCT8/6/3/1. The residue of TRiC subunits in proximity to tubulin (less than 4 A) are
shown as cyan balls (Table S4). (J-K) Interaction interface analysis of surface properties
between TRiC and [-tubulin, showing B-tubulin interacting with TRiC through

electrostatic (J) and hydrophilic (K) interactions.
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C4 state

Fig. 4 Both plp2 and actin existed within distinct closed TRiC chamber. (A) Side
view (left), top view (middle) and bottom view (right) of closed C4 state. The grey
dashed line was the clipped orientation for top and bottom view to better show the extra
density (cis-ring in orange and trans-ring in cyan) were lied across the chamber. (B)
Side view of C4 showed the location of extra densities relative to TRiC chamber. (C)
Top and bottom view showed that the extra density in cis-ring interacted with
CCT6/3/1/2/5/7 subunits and the extra density in trans-ring interacted with CCT8/6/3/1
subunits. (D) The extra density in cis-ring of C4 fitted well with the plp2 model. (E)
Different side view showed substrate density in trans-ring mainly occupied CCT6
hemisphere with unstably portion tilting toward CCT2 hemisphere. (F) Rigid body
fitting of extra density in trans-ring of C4 map with actin model (PDB:1YAQG),
subdomain 1-4 is colored in blue, gold, hot pink and green, respectively, which the color
scheme of actin is followed throughout. Red cycle indicated the cleft between

subdomain 2 and subdomain 4 in native actin.
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Fig. 5 The binding motif between TRiC and plp2 in closed TRiC. (A) Side view
(left), top view (middle) and bottom view (right) of closed C5 state. The grey dashed
line was the clipped orientation for top and bottom view to better show the extra density
were located underneath the dome of TRiC. (B) Side view of C5 showed the location
of extra densities relative to TRiC chamber. (C) Top view showed that plp2 density
interacted with CCT6/3/1/2/5/7 subunits. (D) Extra densities in cis- and trans-ring of
C5 fitted well with plp2 model. Here, other than the TRDX domain of plp2, several a-

helixes of the N-terminal helix domain, and part of its flexible C-terminal extension
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were well resolved. (E) Resolved high-resolution structural features of plp2 in C5. (F)
Interaction interface analysis by PISA showed that plp2 attached with the A domain of
CCT6/3/1/2/5/7. The residue of TRiC subunits in proximity to plp2 (less than 4 A) are
shown as cyan balls (Table S5). (G) Magnified views of the region in black box of (F),
indicated with black dotted spring to show the salt bridges formed between plp2 and
CCT6/3/1 subunits. (H-I) Surface analysis of coulombic and hydrophobic interaction
were shown respectively. Plp2 mainly interacted with TRiC subunits through
electrostatic interaction at closed state, which also had polar interface as a

supplementary.
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Fig. 6 Proposed TRiC-plp2 mediated substrate folding process. Cochaperone plp2
and partially folded substrate can simultaneously bind open state TRiC within distinct
chamber. Along with ATP binding, the location of substrate within TRiC begin to
change, but plp2 remains in original location. Accompanying ATP hydrolysis and TRiC
ring closure, both plp2 and substrate raise up to lie across the chamber, especially plp2,
appearing tilting underneath the dome. Since the TRiC chamber reopen and the release
of Pi, plp2 and nearly folded substrate are released from the chamber, starting or waiting

for a new round of substrate folding.
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Fig. S1 Protein purification and identification. (A) Protein purification of yeast TRiC,
yeast plp2 and yeast B-actin from left to right. (B) Association of TRiC-plp2-actin
monitored by 4% native gel, the complex was indicated in red box which identified by
mass spectrum (Table S2). (C-E) Measurements of the thermal stability among plp2 (C),
a-actin from rabbit muscle (D) and yeast B-actin (E). (F) Table of the thermal stability
results showed the first derivative of the ratio between integrated fluorescence at 350nm

and 330nm on Y-axis.
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Fig. S2 Data processing of TRiC-plp2-substrate. (A) cryo-EM data processing
procedure for the TRiC-plp2-substrate dataset. (B) Resolution estimations of C1 map
according to the gold-standard FSC criterion of 0.143. (C) Local resolution evaluation
for the C1 map. (D) Comparison between C1 map (grey) and TRiC-NPP (EMD-9540).
(E) Model map fitting of C1 map. (F) Nucleotide state of C1 map.

36


https://doi.org/10.1101/2022.07.25.501395
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.25.501395; this version posted July 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

TRIC-plp2-actin 2D classification
with ATP-AIFx >» 535,186 particles
948,902 particles 0
2 rounds.
3D classification
{J\ £ ; :
r T T 1
e AT -
IR 3« S esd
v g
130,515 particles 346,506 particles
CTF Refinement
Refine Bayesian Polishing
Refine
i
TRiC-open @ 3.78 A
‘,E;*mg,,» 3D classification
Focused 3D classification G | with mask
3 with mask1 r T r T y
r T T T , k2 & = Ly = o«
& O & g’ ® @ o i . T R
038% <0.01% <0.01% 80.06% <0.01% 19.56% 1050 12:35% 0% BOLH =6 920

;\E:\) Focused 3D classification Refine Refine
3’ 1‘:’2 with mask2 Subtract Subtract

r T T T T | e .
i,‘ e o Jga d :L. E‘% - %cis i 55% trans ring
e o - Ref ne Refine ’
4.71% 13.15% 1511% 19.26% 35.87% 11.89% ‘%w | S | ap n ;‘4%1 Refine Refine
mask1 \wlh mask1 E with mask2 3D classification 3D classification
CTF Refinement mask? | with mask1 ma ‘SKZ with mask2
Bayesian Polishing r 1 r
Refine 6% Q;'!
“@P b N 5 |¥ie
’ 8.33%  1167% 86.76% - & &
.
class1 class2 class3
Take th
lm?eiejm 4318%  49.19%  7.62%
Refine
g class1 class2 class3
C2state @ 3.91 A
33,866 particles
classd 41,600 51,995 6,378
class4
40.62%
B Cé state @ 3.20 A |7
58,195 particles W | classs | 60122 | ee820 | 8467
TRiC-open TRiC-closed Sileee
P 52.44%
o, AL,
- 73% ﬂ.cgf class6 6,044 7174 623
class8
C 6.94%

(=1

=
@

o
S

Fourier Shell Correlation
o= o
N [=2]

Combine particles with
the same color
y Refine

C3state @ 3.39 A C5 state @ 3.05 A 316A@
28,063 particles 178,946 particles 41,600 particles

0.0t I . I T e
0.00 0.05 010 015 020 025 030 0.35 040

Resolution (1/A)

C2 state C3 state C4 state Ch state

Fig. S3 Data processing of TRiC-plp2-substrate with ATP-AIFx. (A) cryo-EM data

processing procedure for the TRiC-plp2-substrate with ATP-AIFx. (B) Population

distribution of TRiC-plp2-substrate with ATP-AlFx. (C) Resolution estimations of

C2/3/4/5 maps according to the gold-standard FSC criterion of 0.143. (D-E) Local

resolution estimations for the C2/3/4/5 maps.
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Fig. S4 Pseudoatomic model of TRiC-plp2-substrate with ATP-AlFx. (A) Model
and map fitting of C2 state. (B) Representative atomic-resolution structural features of
C2 map. (C) Comparison between C2 map and TRiC-AMP-PNP (EMD-9541). (D)
Nucleotide occupancy statuses of C2 map, and representative nucleotide density (in the
ATP binding state) of CCT2 and CCT8 in C2 map. (E) The unique kink feature
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(enclosed in orange dashed line) in the apical domain of Helix 9 of CCT6 were
unambiguously visualized in both rings of closed TRiC (C5 map), substantiating the
on-axis location of CCT6. (F) Direct visualization of the protruding CBP tag (orange,
fused to the A domain of CCT6) on closed TRiC. (G-L) Model-map fitting and
representative atomic-resolution structural features of C3/C4/C5 map. (M) Plp2
densities comparison among C3, C4 and C5 showed they all exhibited the same
conformation and location. (N) Key structural elements of TRiC subunit involved in
the interaction with tubulin, with the residue numbers of these elements being labeled

(CCT6 as a representative subunit).
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Fig. SS NADH-coupled assay identified that the existence of plp2 and actin had no
significant effect on ATPase activity of TRiC. We chose first three point to calculate the

velocity, and each experiment was repeated three times.
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Fig. S6 Cryo-EM data processing procedure for TRiC-actin with ATP-AlFx. Data
processing of TRiC-actin with ATP-AIFx found no extra densities in closed TRiC
chamber without the presence of TRiC. FSC curve at 0.143 criterion shows an overall

resolution of closed map.
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Supplemental tables

Table S1. Statistics of cryo-EM data collection, processing, and model validation

C1 state C2 state C3 state C4 state C5 state
Data collection and
processing
Magnification 18,000x
Voltage (kV) 300
Electron exposure (e7/A?) 38
Defocus range (um) -0.8t0-25
Pixel size (A) 1.318
Symmetry imposed c1
Initial particle images (no.) 953,856 948,902 948,902 948,902 948,902
Final particle images (no.) 50,513 33,866 28,063 58,195 178,946
Map resolution (A) 455 3.91 3.39 3.20 3.05
FSC threshold 0.143
Map resolution range (A) 4.0-6.0 3.8-54 3.34.0 3.1-4.0 3.0-3.5
Refinement
=i Lo Sgwa 5qw5 Bks6 6ks6 Bks6
Model resolution (A) 71 6.9 41 3.9 34
FSC threshold 05
M.‘aapf:;irrp(eﬁ\@)ng 15146 16129 -76.11 7182 -88.06
Model composition
Non-hydrogen atoms 64,558 64,558 70,339 67,086 68,658
Protein residues 8,446 8,446 9,105 8,693 8,884
Ligands 0 0 47 46 46
B factors (A?)
Protein 254.26 251.97 97.24 97.90 98.41
Ligand 0 0 90.45 94.29 94.29
R.m.s. deviations
Bond lengths (A) 0.001 0.009 0.007 0.006 0.006
Bond angles (°) 0.395 0.677 1.207 1.178 1.176
Validation
MolProbity score 1.1 0.90 143 1.27 1.28
Clashscore NS 1.08 3.63 2.31 2.33
Poor rotamers (%) 0.08 0.03 0.74 0.60 0.60
Ramachandran plot
Favored (%) 98.04 97.60 95.98 96.18 86.14
Allowed (%) 1.88 223 3.91 3.74 3.78
Disallowed (%) 0.08 0.17 0.11 0.08 0.08
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Table S2. MS of native gel identified TRiC cooperated with plp2, actin and tubulin.

Protein Coverage P5Ms  Peptides  Unigue peptides

CCT1 93 408 64 64

CCT? a9 463 61 61

CCT3 84 388 62 62

TRIC CCT4 81 387 55 55

subunits g 82 364 62 62

CCTE 83 385 58 53

CCT7 91 369 59 59

CCTS 83 526 65 65

plp2 81 200 29 29

Other actin 74 72 25 25
proteins

B-tubulin 41.35 18 14 14
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Table S3. XL-MS analysis of TRiC with plp2 and actin

protein1-protein2 peptides E-valve Spec count

SLKSALEACVAILR(3)-

CCT1(529)-plp2(26) rias 1.88E-04 2
EKMKNK(4)-

CCT2(270)plp2(104) FGEVFHINKPEE\)NK(Q) 2.45E-02 28

CCT3(126)-plp2(248) N'HE\L"'_:'\?‘GAELKK('?()“ 2 177623 13

] VLLDCPLEYKK(11)- ]

CCT32531PIP29) gyt aevinikormice) 239502 6

CCT4(276)-plp2(26) A;&é\“/:ggggg' 1.02E-10 2

CCT8(322)-plp2(26) Yﬂk‘éﬁ,’gsg > 1.19E-02 2

actin(315)-plp2(26) MQK&EQ\';;;ZSRS(;“)K@)' 1.50E-03 4

actin(328)-plp2(26) \Q'ﬂg‘\';';'ég(é))‘ 2 61E-05 2

MQKEITALAPSSMK(3)-

actin(315)-CCT6(40) VNVTSAEGLQSVLETNLG  5.38E-02 3

PKGTLK(20)

* We used E-value (1.00E-02} and spec count (larger than 1) as the threshold
to remove extra XL-MS data with lower confidence.
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Table S4. Interactions between closed TRiC and tubulin analyzed by PISA

TRiC subunits P—tubaulin . .
Residus Atom Residus Atom Interaction Distance (%)
BLY 48 0] ASN 7B [NDZ] H-bond 2.58
GLY 48 [N] ASF T4 [002] H-bond 72
ASF 218 [onz] ARG 122 [NH1] H-bond 37

ARG 220 [NHZ] GLU 125 [o] H-bond .04
LYS 244 [N] ASF 161 [0D2] H-bond 02
LYS 244 NZ] ASP 197 [O01] H-bond 2.89

GLN 298 o) ARG 121 [NH2] H-tond .73

ARG 213 [0] ARG 121 [NE] H-bond 352

ARG 319 [o] ARG 122 [NHZ] H-bond .01
ARG [NHZ] CYS 127 [0] H-bond 2.08

cors ARG 318 [NE] BLU 125 o] H-bond 1.58

ARG 322 [NHZ] GLU 158 [OEZ] H-bond 152

GLU 281 [OE2] SER 55 IN] H-bond 351

GLU 381 [OE2] SER 55 oG] H-bond 2.58
ASP 48 [oD2] ARG TT [NH1] Salt bridge 373
ASP 48 [oD1] ARG TT [NH2] St bridge 228
ASP 48 [oD2] ARG TT [NH2] Salt bridge 2.28
ASP 218 [o02] ARG 122 [NH1] Salt bridge 371
HIS 217 [ND1] GLU 125 [OE2] Salt bridge 144
LYS 244 NZ] ASP 197 [oo1] Salt bridge 289
LYS 244 NZ] ASP 197 [0DZ] Salt bridge 218
LYS 321 NZ] ASF 118 [OD1] Salt bridge 274

ARG 322 [NHZ] GLU 158 [0EZ] St bridge 182
ASP B0 [o02] TRP 237 [NET] H-bond 3.80
GLU &7 [CET] TRP 357 [MET] H-bond 73

ARG 205 [NH1] GLY 402 [O] H-bond .08

ARG 205 [NH1] ASP 404 [oD1] H-bond 2.85

ARG 205 [NH1] ASP 404 [oD2] H-bond 282

ARG 205 [NHZ] GLY 402 ] H-bond ]
LYS 208 NZ] GLU 401 0] H-bond 188
LYS 208 [NZ] SER 400 1] H-bond .07

ARG 213 [NH1] BLU 157 [OEZ] H-bond 213
SER 323 [06] ASP 404 [o02] H-bond 259

ARG 327 [NH1] ASP 404 o0y H-bond 132

ARG 327 [NHZ] ASP 404 [o02] H-bond 3.38

CcCT ASN 450 [NDZ] SER 400 [0G] H-bond 3.38
BLU 87 [OE1] HIS 396 [NEZ) Salt bridge 272
GLU &Y [OEZ] HIG 285 [MD1] Sl bridge 248

ARG 205 [NH1] ASP 404 [oD1] Salt bridge 285

ARG 205 [NH1] ASP 404 [OD2] Salt bridge 282

ARG 213 [NH1] BLU 157 [OEZ] Salt bridge z13

ARG 313 [NHZ] GLU 157 [OEZ] Salt bridge 254
LYS 321 [NZ] GLU 407 [OET] Salt bridge 338
LYS 321 NZ] GLU 407 [OEZ] Sait bridge 354
LYz NZ] GLU 410 [OE1] Salt bridge 1.58
LYs3z2 NZ] GLU 410 [OEZ] Salt bridge 2.84

ARG 327 [NH1] ASP 404 [oD2] St bridge 332

ARG 327 [NHZ] ASF 404 [0D2] Salt bridge 1.38
ASP 59 [oD2] ARG 251 [NH2] H-bond .41

ARG 313 [NHZ] SER 409 [0G] H-bond 104

ARG 320 [NHZ] ASP 41T [on1) H-bond 378

CCT1 GLN 252 [NEZ] ASP 417 [oD1] H-bond 272
ASP E3 [on] ARG 331 [NH2] Salt bridge 182
ASP 59 [on2] ARG 291 INH2] Salt bridge .41

ARG 320 [NHZ] ASP 417 o] Sait bridge 178

GLU 260 [0] ARG 251 [NE] H-bond 1.48
cCTE Lys 228 NI GLU 53 [0ET] H-bond 255
LY5 322 NZ] ASP 41 oo Salt bridgs 181
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Table SS. Interactions between closed TRiC and plp2 analyzed by PISA

TRIC subunits plp2
Interaction  Distance (A)
Residue Atom Residue Atom
GLU 277 [OEZ2] ASN 103 [ND2] H-bond 2.13
GLN 324 [O] LYS 104 [NZ] H-bond 2.74
LYS 247 INZ] GLU179  [OE1]  Salt bridge 2.53
GLU 277 [OE1] ARG 176  [NH1]  Saltbridge 3.71
CCT5
LYS 282 INZ] GLU106  [OE1]  Saltbridge 2.47
LYS 282 [NZ] GLU 106 [OEZ2] Salt bridge 2.48
LYS 284 [NZ] GLU 98 [OE1] Salt bridge 2.87
LYS 286 [NZ] GLU 98 [OE1] Salt bridge 3.38
GLN 291 [OH] GLU 145 [O] H-bond 3.30
CCT2 TYR 291 [OH] ARG 151 [NH1] H-bond 2.42
TYR 287 [NH2] GLN 183  [OE2]  Saltbridge 2.74
TYR 242 [OH] GLN 91 [OE1] H-bond 3.02
VAL 247 [O] ARG 165  [NH1] H-bond 3.83
ASN 248 [0] ARG 165  [NH1] H-bond 3.83
CCT6 ARG 322 IN] ARG73  [OE2] H-bond 2.24
ARG 323 [N] GLU 73 [OE1] H-bond 3.35
LYS 321 [NZ] ASP 74 [OD2]  Salt bridge 3.69
ARG 322 [NH2] GLUGS  [OE2]  Saltbridge 3.39
LEU 250 [0] LYS 109 INZ] H-bond 3.76
CUIT
GLU 249 [OEZ2] LYS 109 [NZ] H-bond 3.09
ARG 319 [NH1] MET246  [OE2]  Saltbridge 2.45
ARG 319 [NH2] MET246  [OE1]  Saltbridge 3.10
CCT1
ARG 320 [NHA1)] GLU242  [OE1]  Saltbridge 3.21
ARG 320 [NE] GLU 242 [OE2] Salt bridge 2.44
ARG 318 INE] ASPB9  [OD2]  Saltbridge 3.38
ARG 319 [NH1] ASPB9  [OD1]  Saltbridge 3.71
CCT3
ARG 319 [NHZ] GLUG65  [OE1]  Saltbridge 3.52
LYS 322 [NZ] GLU 245 [OEZ2] Salt bridge 2.10
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