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Abstract

Phosphatidylinositol 3-kinase-related protein kinases (PIKKs) play critical roles in various metabolic path-
ways related to cell proliferation and survival. The TELO2-TTI1-TTI2 (TTT) complex has been proposed to
recognize newly synthesized PIKKs and to deliver them to the R2TP complex (RUVBL1-RUVBL2-
RPAP3-PIH1D1) and the heat shock protein 90 chaperone, thereby supporting their folding and assem-
bly. Here, we determined the cryo-EM structure of the TTT complex at an average resolution of 4.2 A. We
describe the full-length structures of TTI1 and TELOZ2, and a partial structure of TTI2. All three proteins
form elongated helical repeat structures. TTI1 provides a platform on which TELO2 and TTI2 bind to
its central region and C-terminal end, respectively. The TELO2 C-terminal domain (CTD) is required for
the interaction with TTI1 and recruitment of Ataxia-telangiectasia mutated (ATM). The N- and C-
terminal segments of TTI1 recognize the FRAP-ATM-TRRAP (FAT) domain and the N-terminal HEAT
repeats of ATM, respectively. The TELO2 CTD and TTI1 N- and C-terminal segments are required for cell
survival in response to ionizing radiation.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

Phosphatidylinositol ~ 3-kinase-related protein
kinases (PIKKs) are members of the Ser/Thr
kinase family that play pivotal roles in various
pathways related to cell metabolism, proliferation,
and differentiation.””> Mammalian cells possess
six PIKKs: Ataxia-telangiectasia mutated (ATM),
Ataxia-telangiectasia and Rad3 related (ATR),
DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), Mammalian target of rapamycin
(mTOR), Suppressor of morphogenesis in genitalia
(SMG-1), and Transformation/transcription domain-
associated protein (TRRAP).' > All except TRRAP
possess kinase activities that promote a cascade
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of phosphorylation events in response to signals
associated with DNA damage repair, cell size con-
trol, autophagy, cell cycle progression, and
nonsense-mediated mRNA decay. ~'> TRRAP is
involved in transcription control.'® These PIKKs
share a similar domain arrangement, with Hunt-
ingtin, elongation factor 3, protein phosphatase
2A, and yeast kinase TOR1 (HEAT) repeats at the
N-terminal end, and FRAP-ATM-TRRAP (FAT),
kinase, and FATC domains at the C-terminal
end.’#%°17723 Because of their significant roles,
the stability of these PIKKs is crucial for cell meta-
bolism and viability.

The  TELO2-TTIH-TTI2  ternary  complex
(mammalian TTT complex; yeast Tel2-Tti1-Tti2) is
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responsible for the assembly and stability of all
PIKKs.?*%® Each component of the complex is
highly conserved in mammalian cells and their
homologs, and homologs of low similarity are also
present in yeast and Caenorhabditis elegans (Ce).
TTT is known to function as a co-chaperone
together with heat shock protein 90 (HSP90) and
R2TP (yeast Rvb1-Rvb2-Tah1-Pih1 or metazoan
RUVBL1-RUVBL2- RPAP3-PIH1D1), and to specif-
ically participate in the folding of newly synthesized
PIKKs without affecting their mRNA levels.?>?%%%~
% Initially, Tel2 (Telomere length regulation protein
2; TELO2 in mammals, CIk-2 in Ce) was identified
as a regulator of telomere length in yeast.*” " Sub-
sequent studies revealed that Tel2/Clk-2 is involved
in various cellular processes, such as cell prolifera-
tion, telomere maintenance, the biological clock,
embryonic development, and the DNA damage
checkpoint.>”*® In more recent studies, knock-
down of TELO2 resulted in a decrease in PIKKs at
the protein level, suggesting that TELO2 directly
regulates the stability of PIKKs.?*** Genome-wide
screening of Tel2-binding proteins identified two
associated proteins, Tel2-interacting protein 1
(Tti1) and Tel2-interacting protein 2 (Tti2).?” Cells
lacking Tti1 exhibited decreased levels of expres-
sion for all six PIKKs.?®*® Knock-down of either
TTIH or TELO2 resulted in disassembly of mMTORCH1
and mTORC2.7® Tti1 is responsible for resistance to
DNA damage and controls the DNA damage check-
point.?” In the absence of Tti1, the expression level
of Tel2 is diminished, implying that the two proteins
function together. While TELO2 binds to part of the
N-terminal HEAT repeats of ATM and mTOR,*®
TTH interacts with the N-terminal half containing
the FAT domain of SMG-1.°° Recent studies
showed that Tti1-Tti2 interacts with the FAT and
kinase domains of mTOR.*” The importance of
TTT assembly is illustrated by its association with
syndromic intellectual disability and You-Hoover-
Fong syndrome, which are caused by mutations of
TTH and TELO2, respectively.*®*°

The TTT complex functions together with R2TP
and HSP90 chaperones.?® "33 R2TP is formed
by the alternating assembly of two RUVBL1 and
RUVBL2 ATPases into a heterohexameric ring.
RPAP3 (Tah1 in yeast) and PIH1D1 (Pih1 in yeast)
mediate indirect interaction between HSP90 and
the TTT complex. In energy-rich conditions, the
TTT complex interacts with the N-terminal PIH
domain of PIH1D1 via the phosphorylated flexible
loop of TELO2.7637:°9°53 A recent study showed
that the TTT complex can directly interact with
RUVBL1 and RUVBL2 of the R2TP complex.*’

At present, the molecular mechanism of TTT-
mediated specific folding of PIKKs and assembly
into larger complexes is poorly understood. Little
is known about the structure and assembly of the
TTT complex, how the three proteins of TTT
stabilize each other, how the TTT adaptor
recognizes PIKKs, and how the adapter delivers
the substrate to HSP90 or R2TP. Furthermore, it

is unclear if TTT stabilizes different PIKKs via
different or similar binding and folding
mechanisms. As an initial step toward
understanding the mechanism by which TTT
stabilizes PIKKs, we determined cryo-electron
microscopy (EM) structures of TTT at an average
resolution of 4.2 A. We present full-length
structures of TTI1 and TELO2 and a partial
structure of TTI2. All three components adopt
elongated helical repeat structures. TTI1 provides
a platform on which TELO2 and TTI2 bind. TELO2
binds to the middle region of TTI1 via its N-
terminal domain (NTD). The NTD of TTI2 binds to
the C-terminal end of TTI1. Both TELO2 and TTI1
participate in the interaction with ATM. Yeast two-
hybrid analysis revealed that the N- and C-
segments of TTI1 bind to the C-terminal domain
(CTD) and the N-terminal HEAT repeats of ATM,
respectively. TELO2 CTD contributes to the
stability of TTI1, and thereby head-to-tail ATM
binding by TTI1. The TELO2 CTD and TTI1 N-
and C-segments are required for cell survival
following exposure to ionization radiation. The TTT
complex structure provides insight into the
mechanism by which TTI1 and TELO2 recognize
the ATM kinase.

Results

Structure determination of the TELO2-TTI1-
TTI2 complex

Size-exclusion chromatography and SDS-PAGE
analyses showed that human TELO2, TTI1, and
TTI2 form a stable complex with a molecular
weight of ~400 kDa, a predicted hetero-trimer with
a 1:1:1 molar ratio (Figure S1(a—c)). Single-
particle cryo-EM analysis revealed three major
classes of TELO2-TTI1-TTI2 complex structures
comprised of helices. One of the major classes
(82.3% of particles) corresponds to the TTT
hetero-trimer (Figure 1(a—c), S1(d), S2(a—d);
Table 1). The elongated EM density for a near-full-
length TTI1 and the N-terminal TELO2 structures
are well defined. Also, density for part of TTI2 is
clearly observed, but the TELO2 CTD is visible
only at lower contour levels.

In two of the five classes of the complex particles
(class 1 and 4 in Figure S1(d)), density for TTI2 is
clearly visible, whereas no density is observed for
TTI2 in class 5 (right in Figure S1(d)), suggesting
that TTI2 interacts with TTI1 in a flexible manner.
To further analyze the structure of TTI2, we
performed focused classification for TTI2 using
over 1 million particles. We obtained five classes
of TTI2 structures, among which an elongated
density for TTI2 was observed in one class
(~15%, class 5). By contrast, only weak density
was observed in three classes, and another
elongated but disconnected density from TTI1 was
observed in class 4. A full-length TTI2 model
predicted by AlphaFold fitted well into the map for
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Figure 1. Cryo-EM structure of the human TTT complex. (a) Schematic diagram of the subdomains of human
TELO2, TTI1, and TTI2, colored orange (TELO2 NTD), cyan (TTI1), and magenta (TTI2). Patient-derived mutations
are indicated by red circles. Disordered regions are shown in white. (b) Cryo-EM map of the TTT complex at a global
resolution of 4.2 A. Each protein colored as in (a). (c) Overall structure of the TTT complex. The inset includes a model
and a cryo-EM map (8.2 A) from focused classification for human TTI2 (Figure S1d). The TTI2 model was derived
from the Alphafold®® model based on the human TTI2 sequence (UNIPROT ID: Q6NXR4). Each protein is colored as
in (a). (d, e) Yeast two-hybrid analysis of the TTI1 and TTI2 deletion mutants. Selective plates (SD-LeuTrpAde) are
shown. The master plate used to confirm growth of the mutants is shown in Figure S3a and S3b.

class 5 (Figure 1(b) inset, S1d). Thus, we concluded
that TTI2 binds to TTIH and undergoes dynamic
movement in the TTT complex.

Despite limited resolution, we could assign the
side chains of the following regions of TTI1 with
the help of clusters of bulky hydrophobic side
chains and the crystal structure of Saccharomyces
cerevisiae (Sc) Tel2; residues 6—-39 and 46—451 of
TELO2, and the middle segment (helices H5A to
H11B; residues 350437, 479-535, 546-566, and
616-724) of TTI1 (Figure 1(a), S3; Table S1).
Although we could not define the side chains, nine
(HO to H4B) and 11 (H12A to H17) helices are
also visible at the N- and C-terminal ends of TTIA,
respectively. Only six helices of TTI2 are visible
near the end of TTI1.

The crystal structure of the ScTel2 NTD fitted well
into the EM density of human TELO2. However, the
orientations of TTI1 and TTI2 are ambiguous. To
resolve this problem, we employed yeast two-

hybrid analyses (Figure 1(d, e), S4(a, b)). We
deleted the N-terminal half (residues 1-554) or the
C-terminal half (residues 555-1089) of TTI1, and
examined binding to full-length TTI2. While the
TTI1 C-terminal fragment interacted with the full-
length TTI2, the N-terminal fragment failed to
interact with TTI2. Furthermore, the TTH
fragments comprising residues 110-554 and 555—
996 did not bind TTI2, suggesting that the C-
terminal end (residues 997-1089) of TTI1 is
important for interaction with TTI2 (Figure 1(d)).
To identify the TTI-interacting site within TTI2,
we constructed four TTI2 fragments: residues 1—
80, 1-470, 80-508, and 38-508. The TTI2 1—470
fragment interacts with the C-terminal region of
TTI1 (Figure 1(d, e)). However, deletion of the N-
terminal 37 residues of TTI2 abrogated the
interaction between TTI1 and TTI2, suggesting
that the N-terminal 37 residues of TTI2 are
important for association between TTI1 and TTI2.
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Table 1 Cryo-EM data collection, refinement and valida-
tion statistics.

hTTT
Data collection and processing
Magnification 79,000
Voltage (kV) 200
Total electron exposure (e-/A?) 42

Defocus range (um) —1.5to —3.5 (Dataset 1)

—1.0 to —2.0 (Dataset II)

Pixel size (A) 1.07
Symmetry imposed C1
Initial particle images (no.) 2,553,890
Final particle images (no.) 323,679
Map resolution (A) 4.2
FSC threshold 0.143
Refinement
Model resolution (A) 6.83
FSC threshold 0.5
Map sharpening B-factor (A) —206.6
Model composition
Nonhydrogen atoms 8082
Protein residues 1227
B factors (A)
Protein 19.08
R.m.s. deviations
Bond length (A) 0.003
Bond angles (°) 0.746
Validation
MolProbity score 2.35
Clashscore 17.15
Poor rotamers (%) 0
Ramachandran plot
Favored (%) 87.07
Allowed (%) 12.68
Disallowed (%) 0.25

Interestingly, TTI2 fragments comprising residues
1-80 and 80-508 failed to interact with TTI1,
suggesting that the two sites before and after
residue 80 function cooperatively to associate with
TTH (Figure 1(e)).

Overall structure of the TTT complex

All three proteins of the TTT complex are formed
from helices, and mostly in the form of helical
repeats, which eventually fold into o-solenoid
structures (Figures 1(c) and 2(a, b)). TTI1 forms
an elongated curve-shaped single domain
(172 x 94 x 53 A® comprised of 16 helical
repeats with additional helical caps at the N- and
C-terminal ends (Figure 2(b)). We divided the
TTI1 solenoid into three segments based on the
packing angle between the helical repeats: the N-
(HO—Repeat 4), middle- (Repeat 5-9), and C-
terminal (Repeat 10—-H17) segments. The packing
angles between most helical repeats are tilted in
the range of 5-23°. However, the angles in
repeats 4-5, 6—7, and 9—10 are 35.4°, 34.3°, and
39.1°, respectively (Figure 2(c)). These tilted

repeats lead to the curved structure of TTIA.
TELO2 is comprised of two domains with flat-
shaped NTD and CTD regions connected by a
highly flexible linker. The TELO2 NTD consists of
nine helical repeats followed by two extended
helices (Figure 2(a)).

The TTI1 middle region interacts with the TELO2
NTD, whereas the TTI1 C-terminal end binds to the
TTI2 N-terminal segment. Overall, the TTT complex
structure resembles a bird on the nest: TTI1 and
TTI2 form the body and head of the bird,
respectively, and TELO2 NTD forms the nest
(Figure 1(b, c)). In the complex, the TTI1 and
TELO2 NTDs are packed in an opposite direction:
the inner surface of TTI1 is fully exposed, whereas
the outer surface (Ha and Hc helices) faces
toward the TELO2 NTD, so that the Ha helices of
TTH and TELO2 NTD face each other (Figures 1
(c) and 2(a, b)). The TELO2 CTD is closely
positioned near the TTI1 middle segment. In the
TTH1 and TTI2 interface, two or three helices of
TTI2 participate in complex formation with the C-
terminal H17 of TTI1.

TELO2 CTD is required for ATM binding

We observed EM density (density 1) for a cluster
of helical repeats, into which we were able to fit the
structure of the ScTel2 CTD near the interface
between TTI1 (H5A and H6A) and the TELO2
NTD (PDB ID: 304Z; Figure 3(a—c)). Another
region of density (density 2) was also observed
close to density 1. However, we could not build
structures into this second region of density
because it could not be further resolved, but the
overall dimension and shape of density 2 is close
to the ScTel2 CTD. In the focused refinement,
density 2 is only observed in one class, and most
of density 2 is not present in the four other classes
(Figure S1(d)). This suggests that the TELO2
CTD is highly flexible near the interface between
TTIH and the TELO2 NTD.

XL-MS analysis revealed that Lys200 of TTI1 is
crosslinked to Lys678 of the TELO2 CTD, and
Lys877 of TTI1 is crosslinked to Lys678 of the
TELO2 CTD (Figure 3(d)). In the TTI1 structure,
Lys200 and Lys877 are separated by 104 A, far
beyond the crosslinking distance from their
TELO2 partner residues achievable by BSS3.
Because TELO2 NTD and CTD are connected by
a ~80-residue flexible linker, TELO2 CTD is
mobile with respect to TELO2 NTD. The NTDs of
TELO2 and ScTel2 share structural similarity, with
a root-mean-square deviation (rmsd) of 3.4 A
when all Ca atoms are aligned (Figure 3(a)).
However, the flexible linker connecting the NTD
and CTD is deleted in the structure of ScTel2 to
aid crystallization.”® When the NTDs are aligned,
the ScTel2 CTD is distantly located from the ScTel2
NTD, whereas the CTD of human TELO2 is located
much closer to the TELO2 NTD. Thus, although the
TELO2 CTD does not stably interact with TTI1, the
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Figure 2. Close-up view of TELO2 and TTI1.
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(a) Close-up view of TELO2. The TTl1-interacting helices are

highlighted with a dotted circle. (b) Close-up view of TTI1. The TELO2-interacting helices are highlighted with a dotted
circle. (c) Enlarged view of the TTI1 helical repeats with a large inter-repeat packing angle. Left, Repeats 4 and 5;

Middle, Repeats 6 and 7; Right, Repeats 9 and 10.

two components could come
transiently.

Previous studies revealed that a TELOZ2 fragment
containing residues 340-530 (both NTD and CTD)
is involved in association with ataxia-
telangiectasia and Rad3-related (ATR).>*°°> How-
ever, the role of TELO2 CTD in the co-chaperone
function of PIKKs remains unclear. To investigate
whether TELO2 CTD contributes to the binding of
ATM, we made a CTD deletion mutant (residues
1-500; TELO2AC) and examined its interaction
with ATM as well as TTI1 using pull-down assays
(Figure 3(e), lanes 3 and 8). The TELO2AC mutant
partly perturbed the interaction between TTI1 and
TELO2, and the resulting complex exhibited
reduced binding to ATM (Figure 3(e)). A simple
explanation is that the TELO2 CTD directly interacts
with ATM. Alternatively, it is also possible that
because TTI1 and TELO2 depend on each other
for their stability, removal of the TELO2 CTD might
destabilize TTI1 or TELO2 NTD, and affect the
interaction between TTI1 and TELO2, ultimately
preventing interaction with ATM. Collectively,
although the TELO2 CTD itself does not engage
in a stable interaction with TTI1, it contributes to
the formation of the TTI1-TELO2 complex and
localization of ATM to the TTT complex.

into  proximity

Interaction between TELO2 and TTIH1

In the three segments of TTI1, the middle region
primarily interacts with TELO2. TTI1 binds to the
center of the TELO2 NTD through its outer
surface (Figure 4(a)). Both TTI1 and TELO2 form
shallow pockets through which the two proteins
interact in a complementary manner. The interface
is extensive, burying 1282 A of surface area. For
convenience, we divided the binding interface into
three regions: interface 1 between the TTI1 middle
segment (H9A and H10A) and TELO2 NTD (H2A,
H3A, and H4A); interface 2 between the TTH
middle part (H7A and H8A) and TELO2 NTD
(H5C-HBA loop and H7A); and interface 3
between the N-terminal part (H5A and H6A) of the
TTI1 middle segment, and the H8A helix and the
following loop of the TELO2 NTD (Figure 4(a—c)g
The buried surface area of interface 1 is 527 A<,
while interfaces 2 and 3 bury 306 and 463 A2 of
surface area, respectively. While hydrophobic
interactions are dominant in interfaces 2 and 3,
ionic and hydrogen bond (H-bond) interactions
further stabilize these interfaces.

Ininterface 1, Tyr654 and Leu709 of TTI1 engage
in hydrophobic interactions with Thr145, Pro147,
and Leu151 of TELO2. His708 is within H-bond
distance of Ser56 of TELO2 (Figure 4(b)).
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Figure 3. Structure of the TELO2 CTD. (a) Structure of the TTT complex. The TELO2 CTD is colored yellow. The
structure of ScTel2 CTD (green, PDB ID: 304Z, residues 510-768) is superimposed on the NTD of TELO2. (b) Cryo-
EM density for the TTT complex. Each protein is colored as in (a). (c) Enlarged view of the TELO2 CTD density (light
red) with the ScTel2 CTD structure (purple). (d) XL-MS analysis of the TTT complex. Intra- and inter-molecular
interactions are shown in thin red and solid gray lines, respectively. Intra-molecular interactions between the modeled
regions are marked as red solid lines. Inter-molecular interactions between the modeled and non-modeled regions are
marked as red dotted lines. Inter-molecular interactions are marked as solid gray lines. (e) Pull-down analysis of ATM
and TTI1 by TELO2 mutants. Lanes 1-5 are lysates containing 0.5% of total proteins used for immunoprecipitation.
Lanes 6—10 are eluted fractions. HEK293T cells were transfected with empty vector, Flag-tagged TTI1 wild-type, or
Flag-tagged TTI1 mutants for 48 h. Flag-tagged TELO2 wild-type or Flag-tagged TELO2 mutants were isolated by
Flag affinity purification using resin conjugated with anti-flag antibodies. Eluates were analyzed using the same gel
employed for immunoblot exposure.

Interface 2 is formed by a mixture of hydrophobic
interactions and H-bonds (Figure 4(c, d)). Tyr502
and Leu503 of TTI1 are packed against Val298
and Leu306 of TELO2. Glu563 of TTI1 forms an
ion pair with Arg262 of TELO2. In interface 3,
1e373, Phed417, Vald22, His424, and Leu425 of
TTI1 are close to Ala348 and 1le349 of TELO2.
Asn420 of TTI1 forms an H-bond with Thr342 of
TELO2. Most of the residues described in the
three interfaces are conserved in vertebrates
(Figure 4(e), S5(a)).

XL-MS analysis revealed that Lys291 (H7A) of
TELO2 is crosslinked to Lys547 (loop H7A-H7B)
of TTH, and their Ca-Ca distance is 19.8 A
(Figure 3(d)). Lys337 (H8A of TELO2) is
crosslinked to Lys362 (loop H4B—H5A of TTI1),
and Lys392 (H9A of TELOZ2) is linked to Lys368
(loop H4B-H5A), which are separated by 25 A
and 20 A, respectively. This suggests that TELO2
and TTH interact in a head-to-tail manner,
supporting our structure and yeast two-hybrid
results.

To confirm the TELOZ2 residues involved in
binding to TTI1 in our structure, we made two
double mutants of TELO2, Thr145Arg/lle349Arg
(Tl mutant) and Thr145Arg/Val298Arg (TV
mutant), and examined their interaction (Figure 3
(e)). Both double mutants exhibited significantly
reduced binding to TTI1 relative to wild-type
TELO2, confirming the importance of these
residues of TELO2 in the association with TTI1.
Previously, Leu395, Met407, and Leu425 of
TELO2 were predicted to interact with TTI1-TTI2,
and the corresponding mutation impaired several
functions of yeast Tel2 associated with ATM,
ATR, and mTOR.?° In our structure, these residues
are distant from the interface in the complex struc-
ture. However, exposed Leu395 and partly buried
Met407 at the TELO2 NTD are relatively close to
the TELO2 CTD (within 1520 A). Thus, it is possi-
ble that these residues are involved in interaction
with PIKKs or with TELO2 CTD in a transient
manner.



Y. Kim, J. Park, So Young Joo, et al.

Journal of Molecular Biology 434 (2022) 167370

To investigate whether disruption of the TTI1-
TELO?2 interface affects the recruitment of ATM to
the TTT complex, we performed pull-down
analysis using TELO2 mutants. TELO2 Tl and TV
mutants exhibited slightly increased binding to
ATM compared with wild-type TELO2, which
suggests that disruption of the TTI1-TELO2
interface did not affect ATM recruitment by TELO2
or TTT complex (Figure 3(e)). However, we
cannot exclude the possibility that the

) \
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overexpression of TELO2 mutants compensated
the weak association of TELO2 mutant with TTI1-
TTI2 or ATM, and thereby recruit ATM.

To confirm the Tti1 residues at the interface in the
structure, we also made three multiple mutants of
TTI1 and disrupted the interaction between TTI1
and TELO2: Ser421Arg/Val422Arg in interface 2
and 3 (interface mutant 1, IM1); Gly701Arg/
Leu709Arg in interface 1 (IM2); and Ser421Arg/Va
1422Arg/Gly701Arg/Leu709Arg in interface 1, 2,
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and 3 (IM3). We then examined binding of these
TTHH mutants to TELO2 (Figure 5(a)). Binding of
the TTI1 IM1 and IM2 mutants to TELO2 was
noticeably decreased compared with wild-type
TTH, and binding of the IM3 mutant was further
decreased. This result validates the structure of
the TTH-TELO2 interface and supports the
conclusion that TTI1 and TELO2 are dependent
on each other for stability. All three TTI1 IM
mutants exhibited binding of ATM similar to or
slightly greater than that of wild-type TTI,
suggesting that disruption of the TTI1-TELO2
interface did not affect the binding of TTI1 to ATM.
However, it is possible that endogenous TELO2
forms a sufficient quantity of TTT complex in cells
expressing higher levels of exogenous TTH
mutants, which allows the recruitment of ATM.

Head-to-tail binding of ATM to TTI1

Previously, TTI1 has been shown to interact with
SMG-1.%° To examine whether TTI1 interacts with
other PIKKs and to identify the PIKK-binding site
in TTHH, we performed yeast two-hybrid analysis;
we generated several TTI1 and ATM constructs
based on structural information, and examined
interactions between the TTI1 and ATM fragments
by yeast two-hybrid analysis (Figure 5(b)). The N-
terminal segment of TTI1 (residues 1-365; HO and
repeats 1—4) interacted with the FAT domain of
ATM (residues 1936—2680). The C-terminal seg-
ment of TTI1 (residues 779-1089; repeats 12—16
and H17) interacted with the N-terminal half (resi-
dues 1-533) of the HEAT repeat domain of ATM
(Figure 5(b)). These results suggest that the N-
and C-segments of TTI1 interact with ATM in a
head-to-tail manner.

To confirm the yeast two-hybrid results, we
performed pull-down analysis of TTI1, TELO2,
and ATM. Due to the limited resolution of the TTI1
structure, we were only able to assign the side

chains of residues at the middle region of TTI1,
but not at the N- or C-segments that are critical for
binding to ATM. Thus, we truncated the N- and C-
terminal segments of TTI1 and examined
interactions with endogenous ATM (Figure 5(a,
c)). The N- (TTIHAN, 366—-1089) and C-terminal
truncated TTI1 constructs (TTIHAC, 1-996) were
used to examine their interactions with ATM as
well as TELO2. Consistent with yeast two-hybrid
analysis, removal of the N- or C-terminal region
weakened the interaction between TTI1 and ATM,
demonstrating that TTI1 interacts with ATM via its
N- and C-terminal segments. Because TTI2 is
packed against the TTI1 C-terminal end, removal
of the TTI1 C-terminal segment would abrogate
TTH-TTI2 complex formation, and decreased
interaction with ATM could be partly due to
liberation of TTI2 from TTI1. Removal of the N- or
C-segment also affected the association of TTI1
with TELO2. The N-terminal segment of TTI1
does not make direct contact with TELO2.
However, deletion of the N-terminal segment
might affect the local structure of TTI1 (H4A and
H5A), which form interface 3 between TTI1 and
TELO2.

Next, we examined whether the middle region of
TTI1 contributes to the binding to ATM; we
performed a homology search for TTI1 and
analyzed the protein-binding sites  within
homologous proteins. A DALI search revealed that
the N-terminal segment of TTI1 is most similar to
CLIP-Associating Protein 2 (CLASP2:3WQOZ, Z
score 8.5, rmsd for 192 Ca atoms 3.5 A) and
Protein Phosphatase 2A (PP2A: 3C5W, Z score
8.6, 192 Co atoms 3.7 A). The middle segment is
most similar to Tuberous Sclerosis Complex 2
(TSC2:5HIU, Z score 9, rmsd for 290 Co atoms
3.9 A), and the C-terminal segment of TTI1 most
resembles Importin o (6BVV: Z score 9.0, rmsd for
263 Ca atoms 3.8 A; Figure 5(d), S6(a—f)). These
proteins interact with their partners through

<

Figure 4. Interface between TELO2 and TTI1. (a) Dimeric interface between TELO2 (orange) and TTI1 (cyan). The
boxes highlight the helices at the interface between TELO2 and TTI1. The mutations associated with You-Hoover-
Fong syndrome, intellectual disability disorder patients, or model organisms are indicated by spheres. Each sphere is
colored red (mutations on TTI1) or green (mutations on TELO2). (b, c) Clusters of residues involved in inter-molecular
interactions divided into three patches: patch 1 (b) and patches 2 and 3 (c) shown in an orthogonal view to (a). (d)
Cryo-EM density map of patches 2 and 3 shown looking down compared with the view in (c). (e) Structure-based
sequence alignment of TELO2 and TTI1 using the PROMALS 3D program. Secondary structure assignment was
based on the structures of TTI1 and TELO2. UniProt ID and NCBI GeneBank ID codes for sequences used for TELO2
are as follows: Homo sapiens (Q9Y4R8), Pan troglodytes (H2QAA3), Mus musculus (Q9DC40), Xenopus laevis
(Q6GPP1), Caenorhabditis elegans (Q95YE9Q), Saccharomyces cerevisiae (P53038), and Saccharomyces pombe
(Q9P3WS5). UniProt ID and NCBI GeneBank ID codes for sequences used for TTI1 are as follows: H. sapiens
(043156), P. troglodytes (H2QKB8), M. musculus (Q91V83), X. laevis (XP_018096713.1), C. elegans (Q19378), S.
cerevisiae (P36097), and S. pombe (094600). Residues involved in TELO2-TTI1 interactions are illustrated as blue
circles. Mutants used for pull-down assays and rescue experiments are indicated by red rectangles. The TELO2 and
TTI1 mutants associated with You-Hoover-Fong syndrome and intellectual disability disorder patients are indicated by
yellow stars. Invariant and highly conserved residues of TTI1 orthologs are highlighted in blue and sky blue,
respectively, and those of TELOZ2 in orange or light orange, respectively.
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Figure 5. Binding of ATM to TTI1. (a, ¢) Immunoprecipitation analysis of ATM and TELOZ2 by TTI1 mutants. Lanes
1-6 are lysates containing 0.5% of total proteins used for immunoprecipitation. Lanes 7—12 are eluted fractions.
HEK293T cells were transfected with empty vector, Flag-tagged TTI1 wild-type, or Flag-tagged TTI1 mutants for 48 h.
Flag-tagged TTI1 wild-type or Flag-tagged TTI1 mutants were isolated by Flag affinity purification using resin
conjugated with anti-flag antibodies. Eluates were analyzed using the same gel employed for immunoblot exposure.
(b) Yeast two-hybrid analysis of interactions between TTI1 and ATM fragments. A selective plate for binding of TTI1 to
ATM mutants (SD-LeuTrpHis3Ade) is shown. The master plate is shown in Figure S3c. (d) Surface representation of
TTIH with the degree of sequence conservation in two different views. Invariant residues among six species are
colored blue, and less conserved residues (~80%) are colored cyan. Two different views of the TTI1 are shown. Left,
the same view as in (g). Right, view rotated 90° along the x-axis in the left panel. The conserved surfaces were
identified by mapping partner-interacting sites of structural homologs. (e) Electrostatic surface potential represen-
tations of TTI1. The electrostatic surface was calculated with APBS ©° and displayed using PyMOL. Positively and
negatively charged regions are colored blue and red, respectively. Left and right panels are shown in the same
orientation as in (d). (f) Surface representation of TTI1 showing hydrophobic residues colored green. Left and right
panels are shown in the same orientation as in (d). (g) Structure showing the positions of the mutated residues.
Residues at the surface of TTI1 are shown as red spheres.

specific binding regions corresponding to the
following regions of TTI1: the concave region
between repeats 10 and 14, the middle of the H5A
and H6A helices, the H8C-H9A loop, the H9B-
HOC loop, and the H9C-H10A loop. Using surface
conservation and the protein-interacting region in
the homologous proteins, we identified two
clusters of conserved residues in the TTI1 middle
region (Figure 5(d—f)): patch 1 at the H5A surface
(Leu381, Leu385, and Leu388); and patch 2
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between repeats 9 and 10 (Leu649, Tyr684, and
Asn694). To investigate the importance of these
regions in binding to PIKKs, we made three
multiple mutants of the TTI1 surface: surface
mutant 1 (SMH1, Leu381Asn/Leu385Asn/
Leu388Asn), surface mutant 2 (SM2, Leu649Ala/T
yr684Ala/Asn694Ala), and surface mutant 3 (SMS3:
Leu381Asn/Leu385Asn/Leu388Asn/Leu649Ala/Ty
r684Ala/Asn694Ala; Figure 5(g)). While the TTH
SM1 mutant associated with TELO2 to a similar
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extent to wild-type TTI1, the SM2 and SM3 mutation
exhibited slightly reduced binding to TELO2. This
might be because the mutated residues of the
SM1 mutant are fully exposed, whereas Leu649,
Tyr684, and Asn694 in the SM2 mutant are
located between helices H9 and H10, and hence
partially buried, thereby affecting the local
structure of TTI1. Despite the reduced binding to
TELO2, all three SM mutants interacted with ATM
with an affinity similar to that of wild-type TTI1
(Figure 5(c), lanes 10-12). Thus, similar to the IM
mutants, the decreased binding of the TTH
surface mutants to TELO2 did not affect their
binding to ATM. Collectively, our results suggest
that the N- and C-segments of TTI1, and the CTD
of TELO2, contribute to ATM binding either via
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direct interaction or destabilization of the TTT
complex.

Since deletion of the TELO2 CTD or the N- or C-
segment of TTI1 affected the stability of ATM, we
examined the sensitivity of cells expressing
TELO2 or TTIH mutants toward ionizing radiation
(IR). We first confirmed that HelLa cells expressing
siRNAs against TELO2 or TTI1 showed reduced
levels of the corresponding protein (Figure 6(a,
b)). Next, we expressed wild-type or mutant
TELO2 or TTI1 in the siRNA-treated cells, and
examined the survival of irradiated cells. Cells
expressing TELO2AC showed decreased cell
viability similar to that of TELO2-depleted cells at
3 Gy of IR (Figure 6(c)). This is consistent with the
reduced ATM binding of TELO2AC. However, the

Viability in response to 3Gy
120+

100

94.3

84.6 ply 863 853

1204
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100+

Relative Survival (%)

(*N=3)

Figure 6. TELO2 and TTI1 are required for DNA damage resistance. (a) Western blotting analysis of cells in which
TTH is depleted (lane 2) and cells expressing wild-type (lane 3) or mutant (lane 4-6) TTI1. (b) Western blotting
analysis of cells in which TELO2 is depleted (lane 2) and cells expressing wild-type (lane 3) or mutant (lane 4—6)
TELO2. (c) Viability of cells expressing wild-type or mutant TTI1 in response to 3 Gy of IR monitored by MTT assay.
Error bars represent the standard deviation of three independent assays. (d) Viability of cells expressing wild-type or
mutant TTI1 in response to 3 Gy of IR monitored by MTT assay. Error bars represent the standard deviation of three

independent assays.
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TELO2 TV mutant that retained ATM binding similar
to wild-type TELO2 exhibited sensitivity to IR, which
suggests that factors other than ATM might
contribute to IR sensitivity.

TTI1-depleted cells were more sensitive to IR
than TELO2-depleted cells, consistent with a
previous report (Figure 6(d)).?” Cells expressing
TTHAC with impaired ATM binding showed
decreased viability similar to that of TELOZ2-
depleted cells upon IR exposure, whereas cells
expressing TTI1AN or TTI1 IM3 mutants showed
decreased but weaker IR sensitivity than cells har-
boring TTI1AC. However, within the range of exper-
imental error, cells expressing either of the two
latter mutants exhibited clearly increased viability,
presumably due to ATM binding to these mutant
proteins.

Discussion

The TTT complex is a molecular adaptor that
recognizes newly synthesized PIKKs and delivers
them to the HSP90 chaperone via the R2TP
complex, thereby assisting their folding and
assembly.?®*? Complex formation of TTI1, TTI2,
and TELO2 is essential for the stability of each com-
Eonent, and the stability and assembly of PIKKs..?>~
93452 In this study, we determined the cryo-EM
structure of the TTT complex, and revealed how
the three TTT proteins stabilize each other, and
how the complex recognizes ATM.

Molecular dynamics analysis suggests that o-
solenoid proteins exhibit an end-to-end stretching
behavior with reversible elasticity.”” Hydrophobic
interactions between HEAT repeats and conforma-
tional entropic effects are likely to contribute to the
flexible behavior of the a-solenoid proteins, and to
endow them with molten globule-like properties. In
the TTT complex, extensive interaction between
the middle TTI1 segment and the TELO2 NTD,
and side-by-side packing between the TTI1 C-
terminal end and TTI2, are expected to restrict the
elasticity of the three TTT components and to pro-
tect them against cellular degradation. In our muta-
tional analysis, removal of the TELO2 CTD or the
TTI1 N-terminal segment might have failed to
restrict the elasticity of their respective partners,
resulting in decreased complex formation.

The TTT complex structure provides a possible
explanation for disease-causing mutations of TTI1
and Tel2. It has been reported that Pro260Leu,
Cys367Phe, Arg609His, Asp720Val, and
Val766Met for TELO2, and Asp921Asn for TTIA,
are associated with You-Hoover-Fong syndrome,
and intellectual disability disorder patients;*®*°
mapping these mutations revealed that Pro260Leu
(loop H5C-HBA) and Cys367Phe (H8B) can disrupt
the environment of interfaces 2 and 3, respectively
(Figure 4(a)). Thus, the structure predicts that the
pathogenic effects of these mutations are due to
destabilization of the local structure of TELO2,
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and consequently the TTT assembly. Asp921 is
located in the H13A-H13B loop of TTI1, close to
the interaction site between TTI1-TTI2. Therefore,
this mutation might disrupt the TTI1 and TTI2 inter-
action or assembly of the TTT complex with
R2TP.*®

The Cys307Tyr mutant of Schizosaccharomyces
pombe (Sp) Tel2 (Leu319 in human TELQO2) is
sensitive to DNA damage reagents, and the
mutant strain failed to arrest at S phase.”® The
Cys307Tyr mutant strain exhibited decreased
Rad3 (yeast ATR) protein levels and decreased
affinity for Tti1 and Tti2, which suggests that an
interface between Tti1 and Tel2 is important for con-
trolling cell division by stabilizing ATR. Leu319 is
positioned at H7B of TELO2, and mutation to a
bulky residue might disrupt the hydrophobic inter-
face between repeats 7 and 8, resulting in the
destabilization of interfaces 2 and 3 (Figure 4(a)).

Both  TELO2 and TTI1 recognize PIKK
substrates. For example, TELO2 binds to the
HEAT repeat (residues 830-1290), kinase, and
FATC domains (2680-3056) of ATM, and the
HEAT repeat domain of mTOR.?® Both NTD and
CTD (residues 350-530) of TELO2 are required
for interaction with ATR.>*°°> However, the only
available information for TTI1 is that the protein
binds to the N-terminal half containin% the HEAT
repeats and FAT domain of SMG-1,°" and TTI1-
TTI2 interacts with the mTOR C-terminal region
(residues 1376—2540) containing the FAT
domain.*” We further illuminated the TTI1 and PIKK
interactions: TTI1 recognizes the N-terminal HEAT
repeats (residues 779-1089) and FAT domain
(1936—2680) of ATM through its CTD and NTD,
respectively (Figure 7). The TELO2 CTD also plays
a critical role in ATM binding either by stabilizing the
TTT complex or directly interacting with ATM. The
binding sites for TTI1 and TELO2 partly overlap at
the N-terminal region of ATM but not at the C-
terminal region of ATM. This suggests that TTI1
and TELO2 provide an extensive platform for the
binding of ATM (Figure 7). It is possible that the
two proteins have a complementary effect on ATM

Figure 7. Model of the TTT and ATM complex.
Interactions of TELO2 (orange), TTI1 (cyan), and TTI2
(magenta) with ATM are shown in cartoon
representation.



Y. Kim, J. Park, So Young Joo, et al.

Journal of Molecular Biology 434 (2022) 167370

binding. In an extended a-solenoid conformation,
the N- and C-segments of TTI1 are separated by
over 90 A. Unfolded or partially folded PIKKs are
predicted to expose various hydrophobic groups
from the N-terminal HEAT repeats and C-terminal
kinase domain, which could potentially form aggre-
gates. By forming an extended interaction with the
N- and C-terminal regions of ATM (or possibly other
PIKKSs) in an opposite direction, TTI1 or TTT com-
plexes may prevent misfolding of ATM, which may
explain why TTI1, the primary PIKK-binding protein
in the TTT complex, adopts an extended helical
conformation.

Inour TTT complex structure, the TELO2 CTD is
flexible but in a close proximity to the NTD and TTI1
interface. In the recently reported structure of TTT
complexed with R2TP, the TELO2 CTD is
invisible, presumably due to the flexibility of the
linker connecting NTD and CTD, supporting the
dynamic nature of the TELO2 CTD in the present
study. By contrast, both NTD and CTD in ScTel2
are clearly defined and far more rigid, and there is
no direct contact between the two domains. We
reason that this is because CTD contacts the
symmetry-related molecule in the crystal, and a
flexible linker connecting the two domains was
removed to aid crystallization.?® Due to the exten-
sive interface, we assumed that the TELO2 NTD
should be sufficient to interact with TTI1. However,
removal of the TELO2 CTD clearly affected TTI1
and ATM binding, as well as cell viability, suggest-
ing that the TELO2 CTD might affect the stability
of the TELO2 NTD and TTI1, which could be critical
for ATM binding. Further analysis is required to
understand the role of the TELO2 CTD.

Because TTI1 and TELO2 specifically recognize
six unfolded or partially folded PIKKs sharing low
sequence similarity, these proteins are likely to
interact with PIKKs in a structure-specific manner.
The TTI1-binding sites (HEAT repeats and FAT
domains) in ATM are present in all PIKKs despite
differences in their overall structures.'”~** Although
we do not know the molecular details by which the
HEAT repeats and FAT domains of PIKKs are rec-
ognized by TTI1 and TELOZ2, interactions between
the HEAT repeats and the helical domain observed
in the PIKK-partner complexes may provide clues:
the HEAT repeats of mTOR bind to the ARM
domain of regulatory-associated protein of mTOR
(RAPTOR) and rapam)/cm -insensitive companion
of mTOR (RICTOR)'"??; the N-terminal HEAT
repeats of ATR recognize the HEAT repeat domain
of ATRIP'®?% the HEAT repeats of DNA-PKCs bind
to the hellcal bundle of the Ku80 C-terminal
region.'® We speculate that TTI1 and TELO2 bind
the HEAT repeats and FAT domains in a manner
similar to those between PIKK and partner com-
plexes. Further studies are required to understand
the molecular details of PIKK binding to TTT, and
whether multiple substrates can be recognized by
the TTT complex.
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Materials and Methods

Cloning, expression, and purification of the
human TTT complex

The cDNAs for human TTI1, TTI2, and TELO2
were generous gifts from Dr. KJ Myung (UNIST).
DNAs encoding TTI1 and TTI2 were amplified by
PCR and inserted into the pFastBac-Dual vector
(EcoRI-Notl for TTI1 and Nhel-Xhol for TTI2) with
a non-cleavable 6 x His tag on the amino
terminus of TTI1. The glutathione S-transferase
(GST)-TELO2 fragment was inserted into the
pFastBac-Dual vector (Sall-Notl) with a human
rhinovirus type 14 3C (HRV3C) protease-specific
cleavage site. The Bac-to-Bac system (Invitrogen)
was used to generate two types of baculoviruses
in Spodoptera frugiperda (sf9) cells harboring
TELO2 and TTH-TTI2. To purify the TTT
complex, 0.8-1.6 | sf9 cells were co-infected with
two baculoviruses at a multiplicity of infection
(MOI) of 13.3 and harvested at 84 h after
infection. The infected cells were resuspended in
His-affinity A buffer (256 mM Tris—HCI pH 7.5,
300 mM NaCl, 5 mM B-mercaptoethanol, 5%
glycerol) and sonicated. The resulting supernatant
was loaded onto a HiTrap His HP column (GE
Healthcare), and eluted using His-affinity B buffer
(25 mM Tris—HCI pH 7.5, 300 mM NaCl, 5 mM B-
mercaptoethanol, 0.5 M imidazole, 5% glycerol)
via an imidazole gradient. After HRV3C protease
treatment during dialysis, we employed cation
exchange chromatography using buffer
comprising 25 mM Tris—HCI pH 7.5, 5 mM
dithiothreitol (DTT), and 5% glycerol with a 0—
600 mM NaCl gradient to remove the protease.
Peak fractions containing the TTT complex were
collected, concentrated, and stored at —80 °C.

Cryo-EM sample preparation and image
acquisition

Prior to single-particle cryo-EM analysis, we
prepared fresh TTT complex using size-exclusion
chromatography with a Superose 6 10/300 GL
column (GE Healthcare) in buffer comprising
20 mM HEPES pH 8.0, 200 mM NaCl, 2 mM DTT,
and 1% glycerol. The highest peak fractions were
collected, and 0.003% n-dodecyl-B-D-maltopyrano
side (DDM) was added. A 3 ul volume of TTT
complex (0.8-0.9 mg/ml) was loaded onto
negatively discharged carbon grids (c-flat Co
1.2/1.3 400 mesh grid, EMS) with a PELCO
EasiGlow (Ted Pella) by applying a current of
15 mA for 90 s. The grids were plunge-frozen in
liquid ethane using a Vitrobot Mark IV (FEI)
operating at 4 °C with 100% humidity and blotted
for 6-8 s with a blot force 2 setting. Images were
acquired using a Talos Arctica transmission
electron microscope (FEI) operated at 200 kV
equipped with a Gatan K3 summit direct electron
detector (Photon Science Center, POSTECH) at
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nominal magnification 79,000x with a pixel size of
1.07 A per pixel at the specimen level.

Two datasets were collected comprising 7048
(Dataset I) and 13,755 (Dataset 1) movies. Movies
were collected at a dose rate of ~14 electrons per
A? per s with a defocus ranging from —1.5 to
—3.5 um (Dataset I) or —1.0 to —2.0 um (Dataset
I). The total exposure time was 3 s, and
intermediate frames were recorded in 0.07 s
intervals, resulting in an accumulated dose of 42
electrons per A®? and a total of 50 frames per
micrograph.

Data processing

Movie frames were aligned and dose-weighted
using MotionCor2,°%°° and motion-corrected sums
were used to estimate the contrast transfer function
(CTF) using CTFFIND4.%° In all, 147 micrographs
were selected, and particles were picked using a
template from pre-processed results using cryoS-
PARC v.2.14.°" Automatically picked particles were
subjected to one round of unsupervised 2D classifi-
cation for 50 classes, and 6,190 particles of nine
classes were selected to generate a model using
Topaz within the cryoSPARC platform.®? A total of
2,553,890 particles were picked from 20,803 micro-
graphs using Topaz Extract based on the model
generated by Topaz train and extracted with a box
size of 350 pixels. Contaminants and false-
positive particles were removed by several rounds
of 2D classification. The selected particle projec-
tions were further subjected to 3D classification
using ab initio reconstruction and heterogeneous
refinement in cryoSPARC. A total of 1,002,216 par-
ticles were retained for further processing, and sub-
jected to ab initio reconstruction and 3D
heterogeneous refinement into five classes with
C1 symmetry. Although three of the five classes
embodied the structure of the TTT complex, one
class revealed a clear heat repeat architecture
and good connectivity of TTI1 and TELO2 NTD in
the TTT complex. This class included 323,679 par-
ticles and was further improved by performing non-
uniform refinement, resulting in a map with a global
resolution of 4.2 A according to a Fourier shell cor-
relation (FSC) criterion of 0.143. The final map was
sharpened using local sharpening algorithms in
DeepEMhancer.”®

Focused classification

To analyze the conformation of TTI2 and the
TELO2 CTD in the TTT complex, focused
classification was performed on 1,002,216
particles corresponding to the TTT complex
generated by cryoSPARC:® for TTI2, we generated
a mask around the TTI1 and TELO2 main body
using MaskCreation in RELION-3.0.8.°® Subtrac-
tion of a signal around the mask yielded particles
with TTI2 and parts of the TTI1 C-terminal region.
Subtracted particles were subjected to 3D-focused
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classification without a mask, avoiding biased clas-
sification. Five classes of 3D maps were computed,
each of which showed a unique conformation for
TTI2.

For the TELO2 CTD, we generated a mask
around the TTT complex main body using
MaskCreation in RELION-3.0.8.°® Subtraction of a
signal around the mask yielded particles with only
a TELO2 CTD signal. Subtracted particles were
subjected to 3D-focused classification without a
mask, avoiding biased classification. Five classes
of 3D maps were computed, each of which showed
a unique conformation for TELO2 CTD. For the final
map reconstruction, we performed a round of 3D
auto-refinement with reverted particles from each
class.

Model building

Model building was performed using COOT.®* Ini-
tially, a number of helices were placed into the cryo-
EM map, and a region corresponding to the TELO2
NTD was identified. We placed the structure of
ScTel2 NTD (PDB ID: 304Z2) into the map and fur-
ther improved the model by manual building. Den-
sity for bulky residues including Tyr, Phe, and Trp
guided us to assign and confirm the side chains of
the TELO2 model. The side chains on the core part
of the TTT complex are relatively well defined in the
density map, and clusters of bulky hydrophobic side
chains guided the tracing of residues 6—40 and 45—
451 of TELO2. Only part of TTI2 is visible at the
TTH end in the local resolution 7-10 A EM density
map, into which we were able to model six helices.

Most of the TTI1 main-chains were built de novo
and connected using a poly-Ala model (~166—
1071) comprising residues 166-222, 233-437,
475-535, 538-570, 616-774, and 857-1071.
However, we could only assign the TTI1 side
chains at the TELOZ2-binding interface, which
contains residues 350-437, 479-535, 546-566,
and 616-724. The TTT model was refined against
the EM map using real space refine in PHENIX
v.1.15.°° The refined model had a MolProbity®®
score of 2.35 and a Clashscore of 17.15. All models
and maps were visualized and rendered in UCSF
Chimera®” and PyMOL (v.2.0; Schrédinger, LLC).

Crosslinking mass spectrometry (XL-MS)
analysis

For crosslinking mass spectrometry experiments,
freshly prepared bissulfosuccinimidyl suberate
(BS3, Thermo Fischer Scientific) dissolved in
buffer for crosslinking (20 mM HEPES pH 8.0,
150 mM NaCl, 1 mM DTT, 5% glycerol) was
added to the TTT complex at a final concentration
of 2.5 mM, and the complex was crosslinked for
30 min on ice. Crosslinking was quenched by
addition of 1.5 M Tris—HCI (pH 8.0) to a final
concentration of 30 mM and incubation for 15 min
on ice. Crosslinked TTT complex was separated
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by SDS-PAGE. For liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analyses, the gel
was de-stained, and bands were cut and
processed. Briefly, TTT complex proteins bands
were divided into 10 mm sections and subjected
to in-gel digestion with trypsin. The tryptic digests
were separated by online reversed-phase
chromatography using an Eazy nano LC 1200
UHPLC (Thermo Fischer Scientific) equipped with
an autosampler using a reversed-phase peptide
trap Acclaim PepMap 100 column (75 pm inner
diameter, 2 cm length) and a reversed-phase
analytical PepMap RSLC C18 column (75 pm
inner diameter, 15 cm length, 3 um particle size),
both from Thermo Fischer Scientific, followed by
electrospray ionization at a flow rate of 300 nl/min.
Samples were eluted using a split gradient of 3—
50% solution B comprising 80% acetonitrile (can)
with 0.1% formic acid (FA) over 60 min and 50—
80% solution B over 10 min, followed by column
washing with 100% solution B for 10 min. The
chromatography system was coupled in line with
an Orbitrap Fusion Lumos mass spectrometer.

The mass spectrometer was operated in XL-MS
non-cleavable MS2-assisted high-energy collision-
induced dissociation (HCD) mode with a 60,000
resolution MS1 scan (375-1500 m/z), in AGC
target or max injection time auto-adjust mode.
Peptides above a threshold of 5.0e4 and 3-8
charges were selected for fragmentation with
dynamic exclusion for 30 s with a 10 ppm
tolerance. Activation mode for MS2 scans was
HCD (assisted collision energy 25% or 30%) at a
resolution of 30,000. To identify chemically
crosslinked peptides, spectra were searched
against an in-house TTI| complex database using
Proteome Discoverer 2.4 with the Xlinkx algorithm
(v.2.0), with peptide tolerance 10 ppm, fragment
tolerance 0.02 Da, trypsin as protease with
maximum  four missed cleavage  sites,
carbamidomethylation on cysteine, oxidation of
methionine and Tris-quenched BS3 (mass shift +
259.142 Da) as variable modifications, and a 1%
false discovery rate (FDR).

Yeast two-hybrid assay

Yeast two-hybrid assays were performed by
Panbionet (http://panbionet.com). The cDNAs for
human full-length ATM were generous gifts from
DS Lim (KAIST). The genes encoding human
TTH, TTI2, and ATM were amplified by PCR and
cloned into both pGBKT7 and pGADT7 vectors
(Clontech). The resulting plasmids were
transformed into the AH109 yeast strain, which
expresses HIS3 and ADE2 reporters. Each of the
transformants was separately cultured on plates
containing SD-LeuTrp, SD-LeuTrpAde2, and SD-
LeuTrpHis3Ade2 medium. Interaction between
bait and prey proteins reconstituted the function of
GAL4 and activated reporter gene expression.
Positive control yeast cells were transformed with
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pGBKT7-p53 bait plasmid and pGADT7-SV40 Tag
prey plasmid. Negative control cells were
transformed with parental bait vector (pGBKT7)
and prey vector (pACT2).

Cell culture and antibodies

HEK293T cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Lonza)
supplemented with 10% fetal bovine serum (FBS,
Welgene or VWR Life Science) and 1x anti-anti
(Gibco). During transfection, HEK293T cells were
grown in DMEM supplemented with 10% FBS.
Antibodies used for western blot analysis were
anti-TELO2 rabbit polyclonal antibody (#15975-1-
AP, Proteintech), anti-TTI1 mouse polyclonal
antibody (#sc-271638, Santa Cruz Biotechnology),
and anti-ATM rabbit polyclonal antibody (#2873,
Cell Signaling Technology). Antibodies were
diluted in 5% skim milk (Bio-Rad) containing TBST
and 0.064—0.1% w/v NaNs.

Pull-down assay

The genes encoding human TELO2 and TTH
were cloned into the pCDNA3.1(+) Zeo vector
(Invitrogen) using Nhel and Notl. The full-length
TELO2 and TTI1 constructs were fused with a
Flag tag at the N-terminal end. Mutations were
introduced in the same way described above.
Transfections for transient expression of TELO2,
TTH, and mutant constructs were performed
using Lipofectamine 2000 transfection reagent
(Invitrogen) according to the manufacturer's
protocol.

Transfected HEK293T cells were incubated for
48 h and then washed twice with phosphate-
buffered saline (PBS, pH 7.4, Welgene). The cells
were resuspended in binding buffer (25 mM Tris—
HCI pH 8.0, 150 mM NaCl, 1 mM DTT, 1 mM
EDTA, 0.3% w/v CHAPS hydrate, 10% glycerol),
containing 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) and protease inhibitor cocktail (Roche).
Lysates were homogenized and centrifuged at
high speed in a microcentrifuge. Supernatants
were collected, and protein concentration was
quantified by Protein assay dye reagent (Bio-
Rad). For pull-down assays, 2-3 mg total protein
was incubated with 40 pl Anti-DYKDDDDK G1
Affinity Resin (GenScript) for 2 h. The resin was
washed five times with binding buffer, and
proteins were eluted with one column volume of
binding buffer supplemented with 0.4 mg/ml Flag
peptide.

Western blot analysis

Cell lysates and eluted proteins were prepared as
described above. Forimmunoprecipitation analysis,
cell lysates and eluted proteins were mixed with 5x
Laemmli sample buffer. Samples were
subsequently separated by SDS-PAGE and
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transferred to nitrocellulose membranes (Millipore).
The membranes were incubated in 5% skim milk
(Bio-Rad) in TBST buffer (25 mM Tris—HCI,
140 mM NaCl, 0.1% Tween-20). Primary and
secondary antibodies were incubated in TBST
supplemented with 5% skim milk. Blotting bands
were detected using a LI-COR Odyssey infrared
imaging system.

Cell viability assay
HEK293FT cells were co-transfected with siRNA

and DNA constructs of interest using
Lipofectamine 2000  transfection reagent
(Invitrogen) according to the manufacturer's

protocol. Cells were treated with 0 or 3 Gy of -
irradiation at 24 h post-transfection. Next, 3 x 10°
cells per well were seeded in 96-well plates and
cultured for 3 days, and the viability of cells was
evaluated by MTT assay. Cells were incubated
with 0.5 mg/ml MTT (Sigma-Aldrich) dissolved in
DMSO added to the culture medium for 3 h at 37 °
C. The amount of dye formed was quantified at a
wavelength of 570 nm. The survival rates of
irradiated cells were normalized to that of
untreated cells for graphical representation. Three
independent assays were performed.

Data availability

Atomic coordinates and the cryo-EM map have
been deposited in the PDB and the EM Data Bank
under accession numbers of 7F4U and EMD-
31454, respectively.
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