Biophysical Journal

f

Biophysical Society

Chaperonin TRiC/CCT Recognizes Fusion
Oncoprotein AML1-ETO through Subunit-Specific

Interactions

Soung-Hun Roh," Moses M. Kasembeli,? Jesis G. Galaz-Montoya,' Wah Chiu,"" and David J. Tweardy """

"Verna and Marrs McLean Department of Biochemistry and Molecular Biology, Baylor College of Medicine, Houston, Texas; and 2Division of
Internal Medicine, Department of Infectious Diseases, University of Texas MD Anderson Cancer Center, Houston, Texas

ABSTRACT AML1-ETO is the translational product of a chimeric gene created by the stable chromosome translocation t
(8;21)(922;g22). It causes acute myeloid leukemia (AML) by dysregulating the expression of genes critical for myeloid cell devel-
opment and differentiation and recently has been reported to bind multiple subunits of the mammalian cytosolic chaperonin TRiC
(or CCT), primarily through its DNA binding domain (AML1-175). Through these interactions, TRiC plays an important role in the
synthesis, folding, and activity of AML1-ETO. Using single-particle cryo-electron microscopy, we demonstrate here that a folding
intermediate of AML1-ETO’s DNA-binding domain (AML1-175) forms a stable complex with apo-TRiC. Our structure reveals
that AML1-175 associates directly with a specific subset of TRiC subunits in the open conformation.

INTRODUCTION

AMLI1-ETO is a rogue transcription factor that results
from chromosomal translocation, t (8;21)(q22;q22), and
causes acute myeloid leukemia (AML), a disease charac-
terized by the uncontrolled proliferation and incomplete
differentiation of a malignant clone of myeloid stem or
progenitor cells (1). The chimeric protein comprises the
conserved DNA binding domain from the hematopoietic
transcription factor AMLI (also known as RUNX1) joined
to most of the sequence of the ETO (2). The AML1 gene
encodes a critical transcription factor that regulates a vari-
ety of genes involved in proliferation and differentiation of
many cell types, including those within the hematopoietic
system (3,4). On the other hand, ETO possesses dimeriza-
tion and zinc finger motifs (5) and appears to function as a
scaffold for the assembly of corepressors including
mSin3A, SMRT, and histone deacetylases (6-8). AMLI1-
ETO retains the ability to bind AML1 DNA binding sites
through its DNA binding domain while gaining the capac-
ity to recruit additional cofactors (mostly corepressors)
through the ETO moiety. Thus, AMLI1-ETO has been pre-
dicted to act as a transcriptional repressor for AMLI1 target
genes (2).
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Although there are currently no specific treatments for
AMLI-ETO-positive leukemia, it has been demonstrated
that AMLI-ETO suppression by small interfering RNAs
(siRNAs) supports normal myeloid differentiation of
t (8;21)-positive leukemic cells (9), which highlights
AMLI1-ETO as a major clinical target to treat AML. Inter-
estingly, inhibition of HSP70/90, two major proteostasis
regulators, has shown antileukemic effects in AML1-ETO-
positive cells (10,11). Moreover, it has recently been re-
ported that the mammalian cytosolic chaperonin TRiC (or
CCT) modulates the synthesis, folding and activity of
AMLI-ETO by direct association, primarily through its
DNA-binding domain (AMLI1-175), and that HSP70 pro-
motes this interaction (12). These studies suggest that
AMLI1-ETO relies on the molecular chaperone network to
fold and function properly. However, few details are known
about the interplay between AML1-ETO and the proteosta-
sis system, which may be targeted for therapeutic benefit.

The proper folding of proteins into their native confor-
mation in the crowded milieu of the cell is facilitated by
molecular chaperones, a network of cellular proteostasis
regulators (13). Among these, the essential mammalian
cytosolic chaperonin TRiC (T-complex polypeptide-1 ring
complex, also known as CCT or chaperonin containing
TCP1) is an ATPase with an intricate architecture, which
allows it to fold many essential proteins. TRiC substrates
include cell cycle regulators, signaling proteins, and
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cytoskeletal components (14,15). Furthermore, TRiC has
been suggested to play a critical role in cancer cell develop-
ment by modulating the folding and activity of client pro-
teins involved in oncogenesis (16), such as the tumor
suppressor proteins Von Hippel-Lindau (VHL) (17,18) and
p53 (19), as well as the oncogenic protein STAT3 and
AMLI-ETO (12,20). Structurally, TRiC/CCT is a 1 MDa
hetero-oligomeric complex composed of two rings with
eight different, yet paralogous, subunits each (CCTI1-
CCTS8) arranged in a specific order (21,22). The rings are
stacked back-to-back, forming a double-ring structure with
an empty central cavity in each ring (23,24). During a
folding reaction, the rings of the chaperonin can close
through large conformational changes driven by ATP hydro-
lysis, thereby providing an isolated environment for client
proteins to fold (25,26). TRiC has the unique ability to
fold certain proteins that cannot be folded by simpler chap-
erone systems; Indeed, TRiC plays a central role in the
cytosol by assisting the folding of ~10% of all newly synthe-
sized polypeptides (27).

All of TRiC’s subunits are structural homologs that
consist of an ATP-binding equatorial domain and a sub-
strate-binding apical domain linked by an intermediate
domain (14). However, the apical domains of the eight sub-
units are highly divergent, which allows them to recognize
different motifs in substrate proteins (24,28,29). The diver-
sification of TRiC subunits thus provides a modular array of
binding specificities that allows for a combinatorial recogni-
tion of substrate polypeptides (i.e., different substrates are
hypothesized to engage TRiC through different combina-
tions of subunits). In this report, we demonstrate that
TRiC contributes to the activity of AMLI1-ETO’s DNA-
binding domain (AMLI1-175) through direct association,
consistent with the association between TRiC and full-
length AML1-ETO (12). In addition, single-particle cryo-
electron microscopy (cryo-EM) reveals that AML1-175
associates specifically with the apical domains of adjacent
subunits CCT6 and CCTS, which may be potential therapeu-
tic targets to treat AML1-ETO-positive AML.

MATERIALS AND METHODS
Protein purifications
Human TRIC

Human TRiC was purified from HELA cells as previously described
(30,31). To achieve extra purity, TRiC fractions were incubated with
1 mM ATP for 15 min at 37°C and then reprocessed by Mono-Q HR 16/
10 (GE Healthcare, Chicago, IL) and Superose 6 10/300 GL columns
(GE Healthcare) in sequence. TRiC’s folding activity was assessed by lucif-
erase refolding as described (32).

DNA-binding domain (AML1-175)

The coding sequence of full-length human AMLI1-ETO (pCDNA3-flag-
AMLI-ETO: Addgene) was subcloned with a C-terminal 6His-tag in
pET28 (Novagen, Billerica, MA) expression vector and the domain sequence
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corresponding to 1-175 AMLI-ETO was inserted with an N-terminal flag tag
into a pET-His-2HR-T (Addgene) expression vector. Each plasmid was deliv-
ered to Rosetta DE3 (EMD Biosciences, Billerica, MA) cells cultured at
37°C. The cells were induced with 1 mM isopropyl-3-d-thiogalactopyrano-
side at an optical density of 0.7 at 600 nm. After growing for 4 h at 37°C,
the cells were harvested, resuspended in buffer at pH 8.0 containing 20 mM
Tris-HCI, 150 mM NaCl, 1 mM DTT, 1% Triton X-100 and 100 ug/ml lyso-
zyme, and lysed by sonication. The insoluble fraction containing AML1-175
as inclusion bodies was collected by centrifugation. The harvested pellet was
washed five times through cycles of sonication and centrifugation in resus-
pending buffer. The washed pellet was solubilized in buffer A at pH 8.0
(1X phosphate buffered saline, 100 mM NaCl, 5 mM imidazole, 10% glyc-
erol, and 6 M guanidinium hydrochloride (Gn-HCI)). After centrifugation,
the supernatant was applied onto a Ni-NTA column (GE his-trap HP) equili-
brated with the same buffer. The column was washed successively with buffer
A and proteins were eluted from the column with buffer B (buffer A with
300 mM imidazole). Subsequently, concentrated proteins using a centrifugal
concentrator (Millipore, Billerica, MA) were applied to Superose 6(GE), pre-
equilibrated with buffer 1X phosphate buffered saline, at pH 8.0, 100 mM
NaCl, 10% glycerol, and 6 M Gn-HCI. Corresponding AML1-175 fractions
were concentrated and stored at —80°C until further use.

In vitro protein refolding (Gel-shift DNA-binding
assays)

Chemically denatured AMLI1-175 (25 uM) in 6 M Gn-HCl was rapidly
diluted 100-fold into refolding buffer (25 mM HEPES at pH 7.5,
100 mM KOAc, 10 mM Mg(OAc),, 2 mM DTT, 10 mM creatine phosphate,
200 mM NaCl, 10% glycerol), containing 25 uM TRiC oligomer, HSP70
and/or 1 mM ATP resulting in a 5:1 molar ratio of monomeric substrate
to TRiC oligomer. The mixture was incubated at 30°C for 1 h and examined
by gel shift DNA-binding assay as described previously (12).

Size exclusion chromatography

Analytical gel filtrations of protein complex were performed using Super-
ose 6 10/300 GL (GE Healthcare) with a MQ buffer (20 mM HEPES,
0.1 mM EDTA, 5 mM MgCl,, and pH 7.4), with 50 mM NaCl, 1 mM
DTT, and 10% glycerol. Experiments were conducted with a flow rate of
0.2 ml/min and 1.5x column volume. The molecular masses of separated
fractions were deduced from the calibration curve of Superose 6 10/300
GL column. Fractions were separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS PAGE) and analyzed by Western blot with
antibodies for HSP70, Flag and CCT2.

Cryo-specimen preparation and cryo-EM imaging

AMLI1-175 denatured in 6 M Gn-HCI was diluted 100-fold into MQ buffer
containing 0.5 uM purified human TRiC and 0.5 uM HSP70, resulting in a
10:1 molar ratio of substrate to TRiC. The complex mixture was applied to a
Superose 6 column. The eluted fractions containing TRiC were concentrated
with Q Sepharose resin and eluted with MQ with 300 mM NaCl, 2% glyc-
erol, and 1% PEGS8000. Octyl glucoside was added to a concentration of
0.05% before grid placement to increase the yield of side views in electron
micrographs. For the nickel nanogold labeling experiment, ~20 uM nano-
gold prepared in MQ buffer with 0.2% bovine serum albumin, 20%
MeOH, and 600 mM imidazole were diluted 10 times into 1 uM TRiC-
AMLI1-175 complex resulting in 2:1 molar ratio to TRiC at 60 mM final
imidazole concentration. The resulting samples were applied to 200-mesh
R1.2/1.3 holey-carbon grids (Quantifoil, GroB1obichau, Germany) and vitri-
fied using an EM GP (Leica, Wetzlar, Germany). Images were collected on a
JEM2010F electron microscope (JEOL (Freising, Germany), 200 kV) equip-
ped with a field emission gun and a US4000 (Gatan, Pleasanton, CA). The



charge-coupled device detector magnification was 55 Kx (2.1 7/0\/pixel) with
adose of 20~25 ¢ /A%, Images were captured across an approximate defocus
range of 1.5-4.0 um.

Three-dimensional cryo-EM map reconstruction

EMANZ2.1 [62] and Relion1.2 (33) software packages were used in tandem
for image processing and three-dimensional (3D) map reconstruction
without imposing any symmetry. A total of 32,143 particles of TRiC-
AMLI1-175 (apo-TRiC: 15,340) were boxed out and CTF-corrected in
EMAN2.1. Two-dimensional (2D) class averages were computed and an
initial 3D model was generated from scratch (34). We computed a single-
model reconstruction using EMAN?2.1, following the gold standard proce-
dure (35,36). This single model was filtered to 50 A and used as an initial
model for 3D classification of the raw particles into two groups using Re-
lion1.2. Each of the two classified subgroups were then independently refined
using Relion to generate a final map from each group (33). The resolution of
the final map for each group was determined by Fourier shell correlation be-
tween two independent reconstructions using the 0.143 cutoff criterion.

Particle-based mean intensity analysis

To compute mean intensity histogram plots, the classified individual parti-
cles were edge-mean normalized and masked; the mean of nonzero values
was then computed for each particle in each of the classified groups and
plotted as one histogram per group on the same plot. A #-test was conducted
to measure the z-score between the populations being compared.

Map deposition

The final maps for substrate-free TRiC, AML1-175-bound TRiC, group I/II
of control apo-hTRiC, and the complex with Ni*"nanogold particle have
been deposited into the Electron Microscopy Data Bank (EMData Bank)
(EMD6226 ~6230).

RESULTS

Active AML1-175 forms a stable complex with
TRIC

AMLI1-ETO consists of five distinct functional domains:
DNA-binding (DBD), transactivation, linker, oligomeriza-
tion, and zinc-finger (6). The DBD (or AML1-175) has
been identified as the primary site of association with
TRiC (12,37-40). Of note, the DBD of AMLI-ETO is
composed exclusively of §-strands, a common structural
motif among TRiC substrates known to require assistance
from chaperones to fold properly (27). As previously demon-
strated for full-length AMLI-ETO (12), we examined the
DNA binding ability of AML1-175 in the presence of
TRiC. Denatured AMLI1-175 was diluted into refolding
buffer containing purified human TRiC. The reaction
mixture was incubated with an AML1-binding DNA duplex
oligonucleotide labeled with **P and analyzed by electropho-
resis mobility shift assay with native PAGE (41). Rapid
dilution of denatured AMLI1-175 in physiological buffer
led to immediate precipitation and no DNA binding activity
in the absence of TRiC. However, when incubated
with TRiC, AML1-175 displayed DNA binding activity
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(Fig. 1 A). These findings are in agreement with recent results
showing that TRiC is required for the proper folding and ac-
tivity of full-length AML1-ETO (12). Here, we demonstrated
that TRiC can refold denatured AMLI1-175 (DBD) and
restore its DNA binding activity in vitro. The results show
that the activity of denatured AML1-175 is directly depen-
dent on its ability to bind TRiC, implying that the chaperonin
promotes folding of the DBD of AML1-ETO.

In addition, Western blot analysis of the native gel using
specific antibodies to TRiC and AMLI1-175 shows that,
DNA, TRIC, and AMLI1-175 comigrate, suggesting that
they form a complex. Consistent with previous results, rena-
tured AML1-175 by itself was not soluble and could not
enter the gel in the absence of TRiC. However, in the pres-
ence of TRiC, AMLI1-175 entered the gel and migrated
down, as expected. Interestingly, the positions on the native
gel for DNA, AMLI1-175, and TRiC overlapped and re-
mained unchanged in the presence of ATP, indicating that
the AML1-DNA complex comigrated with TRiC indepen-
dently of TRiC’s ATP usage (Fig. 1 A). This comigration
has also been observed with full-length AMLI-ETO (12).
Of note, ATP hydrolysis by TRiC is typically required for
substrate folding and release (42,43). Yet, our results sug-
gest that while AML1-175 is folded by TRiC to achieve
its native function, ATP hydrolysis does not suffice to
trigger its release from the chaperonin.

To further characterize the association of AML1-175 with
the entire TRiC complex, we used size exclusion chroma-
tography. First, the TRiIC-AML1-175 complex was prepared
as previously described with the assistance of HSP70 (12),
the insoluble fraction was eliminated by centrifugation
and filtration. The protein mixture was then applied to
a Superose 6 column, which allows for a broad protein frac-
tionation range from 5 kDa to 5 MDa. AML1-175 (~20 kDa)
largely coeluted with TRiC (~1 MDa), suggesting an inter-
action between AMLI1-175 and the entire TRiC complex
(Fig. 1 B). Understandably, AML1-175 alone was not de-
tected because of its strict insolubility when not bound to
TRiC (Fig. I C). Comparing the area under the elution curve
corresponding to TRiC and AML1-175, the approximate oc-
cupancy of AMLI1-175 on TRiC was calculated at ~50%
(Fig. 1 D). Taken together, these results indicate that folded
AMLI-175 forms a stable complex with the entire TRiC
complex in vitro.

Cryo-EM reveals that AML1-175 localizes to
specific TRiC subunits

To determine the structural basis for TRiC’s interaction with
AMLI-ETO, we mixed human apo-TRiC with denatured
AML1-175 in the absence of nucleotide and imaged this
specimen using single-particle cryo-EM. Judging from our
biochemical experiments, this data set is likely to be hetero-
geneous, with different compositional populations including
free unbound TRiC and AML1-175 bound TRiC. Therefore,
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we processed our data set using a multiple-model-refine-
ment strategy based on maximum-likelihood (33.34,44). A
total of 32,143 particle images were sorted into two major
subpopulations (group I and group II) through iterative
refinement until particle assignment to either one of the
groups converged. The resulting maps generated from
each of the two groups (Fig. 2) had a resolution of ~25 A
(Fig. SI in the Supporting Material), as measured by the
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gold standard criterion (35,36,45). Both structures display
TRiC-like architecture remarkably similar to that previously
reported for bovine apo-TRiC (46). The TRiC structure
from group I appears to be indistinguishable from our
apo-TRiC control structures, reconstructed independently
using a substrate-free human TRiC (hTRiC) specimen
(Fig. S2) and the same data processing protocol. In contrast,
there is a prominent density protruding centrally from the
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AMLI1-175 is shown in red circles and the black
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apical domains of the TRiC structure from group II. This ture from group II. This unambiguously confirms the spe-
density spans two subunits on one ring and cannot be ac- cific localization of AML1-175 bound to TRiC. Therefore,
counted for by TRiC alone (Fig. 2 C ii). Segmentation anal- the extra density identified in the group II structure from
ysis (47) suggests a mass of ~20 kDa for the bound density, the TRiIC+AMLI1-175 specimen can confidently be attrib-
corresponding well with the molecular weight of AMLI- uted to AMLI1-175. Furthermore, the distribution of parti-
175. Of importance, this density is also visible in 2D class cles with the group II population consisted of ~48% of the
averages of the raw particle images (Fig. 2 B ii). On the  total number of particles, which agrees well with our esti-
other hand, the 2D class averages (Fig. 2 B i) and 3D map mates for AMLI1-175 occupancy on TRiC (~50%) based

from group I (Fig. 2 C i) do not display an extra density any- on size-exclusion chromatography analyses (Fig. 1 D).
where. Similarly, the apo-hTRiC maps do not display a sig- Taken together, our results indicate that our computational
nificant extra density anywhere either. data processing protocol successfully isolated a subpopula-

tion of TRiC bound to AMLI1-175 from a heterogeneous
Affinity gold nanoparticle validates AML1-75 data set. and reliably reconstructed symmetry-free and
in TRIiC model-bias free cryo-EM structures. Therefore, .we hereafter
refer to group I and group II as substrate-free (Fig. 2 C i) and
To validate that the observed extra density is attributed by AMLI1-175-bound (Fig. 2 C ii) TRiC, respectively.
AML1-175, we reconstructed the TRiC-AML1-175 com-
plex formed in the presence of Ni*"-gold nanoparticles
capable of binding to the His-tag on AML1-175. The result-
ing 3D cryo-EM map (Fig. 3) has an overall TRiC-like
morphology and, most importantly, clearly exhibits an To further evaluate the statistical significance of our classi-
even larger extra density in the same location as the struc- fication into substrate-free and AML1-175-bound groups,

Particle-based intensity analysis shows higher
mean intensity in the subpopulation of AML1-175
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we performed #-tests to examine the mean intensity distribu-
tion of the individual particle images comprising each group
(Fig. 4). Notably, the distribution for AML1-175-bound
TRiC displays a shift toward higher mass, not seen for sub-
strate-free TRiC. This shift is statistically significant, as
indicated by a z-score of 11.55, markedly above the 95%
confidence interval (z = 1.96). As a control, we repeated
the same analysis using the control apo-hTRiC data set. In
this case, there was no significant shift between the mean in-
tensity distributions of the two classified groups, as indi-
cated by the z-score of 0.55, well below the 95%
confidence interval (z = 1.96). This indicates that the two
classified groups from the apo-hTRiC control data are sta-
tistically indistinguishable based on mean intensity dis-
tribution and rather comprise one homogeneous class
of particles. This further substantiates the success of our

Mean density distribution 600

Top

Side

FIGURE 3 Ni-affinity nanogold particle re-
vealed the location of AML1-175 on TRiC. (A)
Representative area of a micrograph of a vitrified
sample of AMLI-175-TRiC-Ni-nanogold com-
plex. (B) Gallery of selected images, class
averages, and projection of AML1-175-TRiC-Ni-
nanogold complex. (C) Top, bottom, and side
views of the 3D reconstruction of TRiC-AMLI-
175 labeled with Ni-nanogold. The density from
nanogold particles is colored in gold and the black
arrowheads indicate the protruding subunit.

Averages Projections

Side view

3D classification strategy in separating TRiC + AMLI-
175 particles into two significantly different groups, thereby
resolving the structures of substrate-free and AMLI1-175-
bound TRiC (Fig. 2).

AML1-175 binds to the apical domains of CCT6
and 8

Multiple structures have been reported for TRiC (46,48.,49),
with the x-ray crystal structure of bovine TRiC in the nucle-
otide-free, open conformation (Protein Data Bank (PDB):
2XSM) (49) being the one closest to the biochemical
conditions of our cryo-EM studies. Two striking structural
hallmarks are shared by our cryo-EM map and the crystal
structure of TRiC. First, the subunits in each ring are
arranged as a quasitetramer of dimers. Second, the apical
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distribution plot for substrate free (blue) and
AMLI1-175 bound human TRiC (red). (B) Group
I (blue) and group II (red) of apo-TRiC; overlapped
area shown in purple.
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domain of one subunit protrudes much further outward
than any other subunit (46). Based on these shared structural
features, the x-ray crystal structure of TRiC (PDB: 2XSM)
in its open conformation (49) was docked into the
TRiC-AMLI-175 cryo-EM map using rigid-body fitting
(Fig. S3). Combining this result with the recently reported
intraring subunit arrangement that is based on cross-linking
and refinement of the x-ray structure (21,22), we were able
to determine the identity of each TRiC subunit that engaged
AML1-175, namely CCT6 and CCT8 (45) (Fig. 5). It has
been suggested that the apical domain of each CCT subunit
within TRiC contains a substrate-recognition site that par-
ticipates in specific interactions with substrates in their in-
termediate folding states (28). Similar to results reported
for tubulin’s interactions with TRiC, the initial contact of
AML1-175 with the apical domain of the two CCT subunits
would be expected to precede the subsequent delivery of the
substrate to the equatorial sensing loops, which is facilitated
by large conformational changes in TRiC driven by ATP
hydrolysis (49).

DISCUSSION

In living cells, the folding of proteins into their functional
conformation largely depends on assistance from molecular
chaperones, a network of cellular proteostasis regulators
(13). Among these, the mammalian cytosolic chaperonin
TRiC/CCT is distinguished by its complex architecture
and mechanism of action, which allow it to fold many pro-
teins that cannot be folded by simpler chaperone systems.
Of importance, TRiC plays a central role in the cell by as-
sisting the folding of ~10% of all newly synthesized poly-

A \J

Top ring
Bottom ring
A
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peptides (13,27). Furthermore, TRiC has been suggested
to play a critical role in cancer cell development by modu-
lating the folding and activity of client proteins involved
in oncogenesis (16), such as the tumor suppressor proteins
VHL (17,18) and p53 (19), as well as the oncogenic protein
STAT3 (20). More recently, AML1-ETO has been identified
as the first chimeric oncoprotein that is a TRiC substrate
with this chaperonin playing an important role in its synthe-
sis, folding and activity (12). However, little is known con-
cerning the specific mechanisms of interaction between
AMLI-ETO and TRiC, which may be targeted for thera-
peutic benefit. In this report, we demonstrate that TRiC’s
contribution to the activity of the DBD (AMLI1-175) of
AMLI1-ETO is consistent with its contribution to the activity
of full-length AML1-ETO (12) and is mediated through its
direct association with the DBD. In addition, single-particle
cryo-EM reveals that AML1-175 associates with the apical
domains of adjacent subunits CCT6 and CCTS.

Our structures and gel shift assay show that folded
AML1-175 remains bound to TRiC in open conformation
of TRiC. This is consistent with our previous refolding
study (12) with purified full-length AMLI1-ETO, which
demonstrated that folded AML1-ETO remains associated
with TRiC throughout its ATP hydrolysis cycle, in contrast
to actin and luciferase, which are released from TRiC in the
presence of ATP (32). On the other hand, the interaction of
AMLI-ETO with TRiC is transient in rabbit reticulocyte
lysate (12). These results suggest that rabbit reticulocyte
lysate contains cofactors required for AML1-ETO to disso-
ciate from TRiC, as is seen for tumor suppressor VHL,
which requires Elongin-B and C to be released from TRiC
after protein folding is completed (50). Based on our

FIGURE 5 AMLI1-175 binds to the apical do-
mains of CCT6 and 8. (A) The subunit order of
TRiC has been determined using chemical cross-
linking and mass spectroscopy. Black arrowheads
indicate CCT1 whose apical domain is protruding
outward in the 3D structure. (B) AML1-175 bound
TRiC. Numbers depict the TRiC subunit order and
AML1-175 is colored in blue. Black arrowheads
indicate the location of the protruding subunit.
Cutaway views on side (i), top (ii), and bottom
ring (iii).
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observations, TRiC not only assists protein folding but may
also work as a regulatory hub by holding on to transcription
factors like AML1 and VHL after they are folded until other
cofactors bind and release them. Therefore, it would be
extremely interesting to investigate the question of how
AML1 and AMLI1-ETO are released from TRiC (17).

We identified minor conformational differences between
the maps for substrate-free human TRiC and AML1-175-
TRiC (Fig. 2). CCT2 previously has been shown to have
an extremely flexible apical domain whose density was
not resolved in previous studies of bovine apo-TRiC
(46,49). This lack of resolution of the CCT2 apical domain
is recapitulated in our maps of human apo-TRiC and sub-
strate free TRiC, but not in the map of AML1-175-TRiC
(Fig. 2). In addition, the apical domains of CCT5 and
CCT4 make closer contact to CCT2 in the other side of
the ring, which does not contain AML1-175. This suggests
that substrate binding may stabilize the flexibility of the api-
cal domain of CCT2 and trigger allosterism to enhance the
interring negative cooperativity of TRiC (51).

TRIiC is a mechanically complex folding machine in that
each subunit has a different ATP binding affinity and ATP
hydrolysis rate. This results in an asymmetric “ATP-usage
gradient,” where half of TRiC’s subunits within each ring
that are adjacent to each other have low ATPase activity
(CCT1, 3, 6, 8), whereas the other half hydrolyze ATP
much more actively (CCT4, 2, 5, 7) (52). Although the sub-
units with high ATP affinity are more strictly required for
cell viability (52), the detailed biological significance of
this polarity and its impact on assisted protein folding
remain largely unknown. Our cryo-EM map for the TRiC-
AMLI-175 complex (Figs. 3, 4, and 5) reveals that
AML1-175 localizes to the center of TRiC’s low-ATPase
activity cluster, which corresponds to approximately the
same subunits involved in actin and tubulin binding
(CCT6) (45,49). Taking this coincidence into account, our
results support the hypothesis that the ATP-usage gradient
of TRiC’s subunits is linked to a functional and evolutional
partitioning into a substrate-binding side that is opposite to
the high ATP-hydrolyzing side (45). Therefore, our findings
provide important biological insight into the mechanistic
relationship between TRiC and its oncoprotein client
AMLI1-ETO.

TRiC folds a subset of cellular proteins, suggesting a de-
gree of specificity; however, its substrates are functionally
and structurally diverse, indicating the potential to bind a
broad array of proteins (27). The apical domains of each
TRiC subunit are thought to recognize different motifs in
substrates (24,28). The Frydman group defined the basis of
TRiC substrate recognition and suggested that unique sub-
unit-specific patterns of polar and hydrophobic residues on
apical domains underlie the distinct substrate binding prop-
erties of each subunit in the complex (29). Among the diverse
TRiC subunits, subsets of subunits provide specificities for
combinatorial recognition of substrate polypeptides. Here,
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we present the TRiC-AMLI1-175 complex in the open
conformation with AML1-175 binding to the apical domains
of CCT6 and CCTS8 (Fig. 5), a snapshot of the initial
engagement of AML1-175 to TRiC, which could be a basis
for development of therapeutic agents that specifically target
TRiC-AMLI-ETO interactions. This possibility warrants
further investigation, including downregulation of CCT6
and/or CCT8 in hematopoietic cell lines, such as
KASUMI-1 cells, commonly used as a model system for
AMLI1-ETO-positive AML (53).
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Supporting Materials and Methods and three figures are available at http://
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