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Materials and Methods

Expression and purification of CST in insect cells

Expression of the human CST complex was adapted from the previously described protocol (23),
with tandem affinity purification now included. Briefly, the Multi-Bac insect cell expression
system (37) was used to generate a single baculovirus that co-expresses the three CST subunits -
2xFLAG-CTC1 (Accession number: AAI11784), 6xHIS-STN1 (NP_079204) and 6xHIS-TENI1
(NP_001106795) - in Trichoplusia ni (Tni) cells (Expression Systems, USA). The baculovirus was
amplified to a titer of at least 1.0 x 10® pfu/mL (measured by titering service, Expression Systems,
USA) before using it for infection. Two to four liters of healthy Tni cells were infected at a M.O.I
of 2 at a cell density of 1.5-2.0 x 10° cells/mL. The infected cells were then incubated in a shaker
for 69 h at 27 °C and 130 rpm.

The cells were collected by centrifugation at 1,000 x g for 30 min at 4 °C, and the cell pellet was
resuspended in lysis buffer (50 mM HEPES-NaOH pH 7.5, 300 mM NacCl, 15 mM imidazole, 1
mM TCEP, EDTA-free protease inhibitors (1 tablet per 50 mL lysis buffer, Roche, USA)) at 50
mL lysis buffer per liter of cells before undergoing sonication for cell lysis. The cell lysate was
clarified by high-speed centrifugation at 35,000 x g for 45 min at 4 °C. Ni-NTA agarose resin
(Qiagen, USA) pre-equilibrated with lysis buffer was then added to the clarified lysate (5 mL resin
per 200 mL supernatant) under stirring condition at 4 °C. The resin was allowed to capture the
6xHIS-tagged proteins for 2 h before washing three times with wash buffer (50 mM HEPES-NaOH
pH 7.5, 300 mM NaCl, 15 mM imidazole, 1 mM TCEP) prior to elution with Ni-NTA elution
buffer (50 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 300 mM imidazole, | mM TCEP, EDTA-
free protease inhibitors (1 tablet per 50 mL lysis buffer, Roche, USA)). Anti-FLAG resin
(GenScript, USA) pre-equilibrated with Ni-NTA elution buffer was added to the eluted proteins at
7.5 mL resin per 50 mL of elution, and allowed to capture the 2xFLAG-tagged proteins overnight
on a rotator at 4 °C. The resin was washed three times with wash buffer before eluting with FLAG
elution buffer (50 mM HEPES-NaOH pH 7.5, 300 mM NacCl, 15 mM imidazole, ] mM TCEP, 0.4
mg/mL 3xFLAG peptide (APExBIO, USA)). The integrity and purity of eluted CST was
confirmed using SDS-PAGE before it was concentrated to a final protein concentration of 5.0-10.0
mg/mL. The purified CST protein was then immediately used for EM sample preparations or
liquid-nitrogen snap-frozen for future biochemical work. Gel filtration analysis was done with
Superose 6 increase 10/300 column (GE Healthcare Life Sciences, USA) on an FPLC system
(ATKA pure, GE Life Sciences) with simultaneous detection at 280 and 260 nm.

Negative-stain electron microscopy

Purified CST complexes were negatively stained with 2 % (w/v) uranyl formate (Structure Probe,
USA) using a previously described protocol (38). The protein concentration used during grid
(CF400-Cu-UL, EMS, USA) preparation was optimized (~10 nM) to ensure we achieved a particle
density range suitable for single-particle analysis. The negatively stained grids were imaged on a
FEI TECNAI F30 300 kV transmission electron microscope (Thermo Fisher Scientific, USA) at
31,000 x (3.216 A pixel'') magnification, total dose of 15 e-/A2 and a defocus range of -0.5 to -1.5
um. Datasets were recorded with SerialEM (39) using the Gatan 4k x 4k OneView CMOS camera
(Gatan, USA). The micrograph stacks were processed with GCTF (40) using its wrapper in



RELION-3 (version 3.07) (41-44) and then the extracted particle stacks were subjected to multiple
rounds of 2D classification using RELION-3 or CryoSparc2 (45) for conformational analysis.

Cryo-electron microscopy sample preparation and imaging protocol

Freshly purified CST or CST-DNA complexes were directly used for cryo-EM grid preparation.
We used either 1.2/1.3 pm 300 mesh copper C-flat (Protochips, USA) or gold Quantifoil
(Quantifoil Micro Tools GmbH, Germany) grids. Prior to sample application, the cryo-EM grids
were glow-discharged for 60 s at 45 mA using Emitech K100X glow discharger unit (Quorum
Technologies, UK). For DNA-free CST samples (in buffer containing 50 mM HEPES-NaOH pH
7.5, 300 mM NaCl, 15 mM imidazole, 1 mM TCEP), we added a final concentration of 8§ mM
CHAPSO to the protein sample (10 mg/mL) for air-water interface protection (46) and
immediately applied 4.0 pL of the sample to the cryo-EM grid before plunge-freezing using a
Leica EM GP2 automatic plunge freezer (Leica Microsystems, USA). A dataset (6,424 movies) of
this DNA-free CST cryo-EM sample was collected on the FEI Talos Arctica 200kV transmission
electron microscope at the Anschutz Medical Campus (Colorado, USA) using the Leginon
software (47). The movies were collected with a pixel size of 1.11 A/pixel, a defocus range of -2
to -3.5 um, and a total dose of 53.6 e-/A% (50 frames) using a Gatan K3 direct electron detector in
counting mode (Gatan, USA).

For CST-3xTEL complexes, we added 1.2-fold excess of 5'-TTAGGGTTAGGGTTAGGG-3'
DNA oligo (Integrated DNA Technologies, USA) and incubated on ice for 2 h (in similar buffer
as a no-DNA sample but with either 300 mM or 500 mM NaCl without CHAPSO added) before
applying the sample to cryo-EM grids. We found that adding CHAPSO caused severe particle
aggregation, so we removed it in later stages of this work. For the 300 mM NacCl cryo-EM grids
(where populations of CST monomeric and decameric particles are ~50%-50%, hereafter termed
CST-3xTEL oligomer-mixture dataset), multiple datasets cumulating to a total of 11,503 movies
were collected on FEI TECNAI F20 200 kV transmission electron microscope (using a 626 Gatan
Cryo-holder with side-port entry) at the University of Colorado Boulder EM core facility using the
SerialEM software (39). The movies were collected with a pixel size of 0.6095 A/pixel, a defocus
range of -1.5 to -3.5 um, and a total dose of 55.0 e-/A2 (50 frames) using a Gatan K3 direct electron
detector in super-resolution mode (Gatan, USA).

For the 500 mM NacCl cryo-EM grids (where 90% of particles population is decameric, hereafter
termed CST-3xTEL decamer dataset), two datasets of 0° (20,826 movies) and 30° (7,227 movies)
stage-tilt were collected on the FEI Titan Krios 300 kV transmission electron microscope at the
Janelia Research Campus Cryo-EM core facility (Ashburn, VA, USA) using SerialEM (39). Stage-
tilt was done to resolve preferred-orientation problems of vitrified particles (48). The two datasets
were collected with a pixel size of 0.539 A/pixel, a defocus range of -1 to -2.5 um, and a total dose
of 60.0 e-/A? (60 frames) using a Gatan K3 direct electron detector in super-resolution CDS mode
(Gatan, USA). A 3 x 3 beam tilt strategy with beam-tilt correction was implemented for both
datasets.

Cryo-electron microscopy data processing

For the DNA-free CST dataset, movie frames (6,424 movies) were motion corrected with
MotionCor2 (49) (9x9 patches and 3 frames grouping) before importing the aligned micrographs
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into CryoSparc2 (45) for further processing. The micrograph CTF parameters were calculated
using the CTFFIND4 (50) wrapper in CryoSparc2 pipeline. Images with poor CTF parameters
were discarded and a curated stack of 4,174 micrographs was first denoised with JANNI (57) and
then used for automated particle picking. A total of 1,236,394 auto-picked particles were extracted
from original micrographs before being subjecting to two rounds of 2D classification, yielding a
final stack of 215,575 particles. An initial model was generated from CryoSparc2 ab initio
reconstruction program and used as reference for CryoSparc2 heterogeneous refinement (3D
classification) with four classes. This resulted in a single 3D class (~ 46 % of population) which
was subjected to two rounds of CryoSparc2 ab initio reconstruction (using two classes) for further
separation of particles with well-defined 3D features. The final subset of particles (53,747
particles) was subjected to homogeneous 3D refinement in CryoSparc2 which resulted in a 6.3 A
global resolution EM map based on the gold standard FSC cutoff threshold of 0.143.

For the CST-3xTEL oligomer-mixture dataset, the 11,503 movies were motion corrected
(micrographs binned 2x from super-resolution pixel size during motion correction is described as
Ix binned hereafter) as described above but using the wrapper in RELION-3 (41, 42, 44). GCTF
(40) was used for calculation of CTF parameters on the aligned micrographs before curation based
on CTF quality, leaving us with 6,706 micrographs. To pick out CST monomers amongst the
mixtures of CST oligomeric states, we used the Laplacian-of-Gaussian (LoG) auto-picking
function of RELION-3 with a circular mask encasing a single CST monomer. This resulted in
1,680,361 particles which we binned by four during particle extraction before subjecting the
particles stack to two rounds of 2D classifications to remove junk particles, eventually yielding a
stack of 775,577 particles. To further clean the particles stack, we used a low pass filtered (15 A)
DNA-free CST model (see prior paragraph) as a reference for a ten classes 3D classification. We
selected a single class of 206,355 particles resembling the original DNA-free CST model, before
re-extracting the particles without binning (1.219 A/pixel) and re-centering based on the 3D
classification alignments. Despite a second round of 3D classification using four classes, the
particles in the good 3D class did not enrich further (206,263 particles), so we performed 3D
refinement which led to a 10 A map (postprocessed). We then did a third round of 3D classification
using four classes, continuing from the alignments from the prior 3D refinement and now with a
smaller sampling angle plus local angular searches. This resulted in two distinct classes
representing the “head” and “arm” conformations (see main text for more details) on which we
individually performed 3D refinement, leading to 8.9 A and 9.2 A global-resolution maps (values
from postprocessing in RELION-3 software), respectively.

For the CST-3xTEL decamer samples, the 0° (20,826 movies) and 30° (7,227 movies) stage-tilt
datasets were processed separately before combining at a later point. Both datasets were processed
using the RELION-3 pipeline as described in the prior paragraph. Low pass filtered (20 A) 2D
templates of the CST decamer was first generated via a small scale (50 micrographs) LoG auto-
picking and 2D classifications. The 2D templates were then used in the RELION-3 template-based
auto-picking program to pick 4,437,008 and 2,546,827 particles from the curated aligned
micrographs of 0° (15,952 micrographs) and 30° (6,967 micrographs) stage-tilt datasets,
respectively. These particle stacks were extracted binned by four and then imported into
Cryosparc?2 for two rounds of 2D classification to clean up the auto-picked particles. This resulted
in 821,497 and 194,846 particles from the 0° and 30° datasets, respectively. These particles stacks
were then subjected to 3D classification using four classes in RELION-3 with an initial model
generated by the CryoSparc2 ab initio reconstruction program. A single 3D class resolved with



high-resolution features was selected from each dataset (~27.5 — 31.1 % of population) and re-
extracted without binning (1.078 A/pixel) before performing 3D refinement with D5 symmetry
imposed. This led to a 3.6 A and 6.1 A global resolution map (postprocessed) of the 0° and 30°
datasets, respectively. The refined 3D alignments and models were used for CTF refinement
(multiple times between 3D refinements), Bayesian particle polishing and beam-tilt refinement
(41, 52) before performing a final 3D refinement, which led to 3.2 A and 4.1 A global-resolution
map (postprocessed) of the 0° and 30° datasets, respectively. Both datasets were then combined
(309,576 particles) and imported to CryoSparc2 for homologous 3D refinement using D5
symmetry, resulting in a 3.0 A global resolution map (termed the consensus model). However,
despite the high-resolution map reported from FSC, the map quality was still not sufficient for de
novo building (53) due to monomer heterogeneity within the decameric complex.

To further resolve monomer heterogeneity (54) within a single decamer, we first used the
consensus model refinement alignments to perform D5 symmetry expansion and then particle
subtraction (55) using a decamer mask missing a single monomer (both steps done with RELION-
3, soft masks made in Chimera (36)). This resulted in a subtracted and symmetry-expanded particle
stack containing 3,095,760 particles (10-fold expansion) which was difficult to manage, so we
subjected the particles stack to a 2.5-fold binning before performing masked 3D classification
using eight classes and a low pass filtered (20 A) reference monomer model. The 3D classification
sampling angle was set at 1.8° with local angular searches enabled. This resulted in a single high-
definition 3D class with 1,581,798 particles (~50% of input). We then referred the selected
particles stack back to the non-subtracted and non-binned particles stack before performing
masked (with a 9 pixels expansion to resolved decamer interfaces) 3D refinement with Cl
symmetry, which led to a 3.1 A global resolution map (postprocessed) and also an improved
electron density map (fig. S5A). Local resolution was calculated using the RELION-3 local
resolution program. To improve the local resolution of the CST “legs,” we designed a soft mask
covering the legs and performed masked 3D classification with eight classes on the prior refined
monomer model without any image alignments. This resulted in a single 3D class (~50%) where
the legs region was well-defined. The selected particles from this 3D class were imported into
CryoSparc2 for local refinement, resulting in a 3.0 A global resolution map. Local resolution and
sharpening were performed in Cryosparc2. Unless stated otherwise, all 3D classification and
refinement steps were done with C1 symmetry. All RELION star files were manipulated using
StarTool software (https://github.com/cdienem/StarTool) and particles files conversion from
CryoSparc?2 to RELION was done using UCSF PyEM software
(https://github.com/asarnow/pyem).

Atomic model building, refinement and validation

Docking of CTC1 OB-E (Central OB-fold (25), PDB 5W2L), STN1n (N-terminal half, PDB
4JOIL:A), STN1c (C-terminal half, PDB 4JQF) and TEN1 (PDB 4JOI:C) into the cryo-EM map
were done using Chimera. The CTC1 atomic model was built using the final 3.0 A global
resolution cryo-EM map of the monomeric CST derived from the CST-3xTEL decamer dataset.
Because of the multiple unstructured and unresolved linkers between the structured domains of
CTCl, it was technically challenging to start atomic model building from the docked OB-E crystal
structure. Hence, homology model for CTC1 was first generated using Phyre2 (56) (using Phyre2
ab initio modeling program that is based on primary sequence input) which we then used to dock
into the cryo-EM map to nucleate de novo building. De novo building and sequence assignments
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were manually curated and refined in Coot (57) using secondary structure prediction generated by
PSIPRED (58) and bulky amino acid residues such as Arginine, Lysine, Histidine, Tyrosine,
Phenylalanine and Tryptophan as guides. Because CTC1 N-terminal residues 1-140 were poorly
resolved in the map, we were only able to build a ~ 45 residue poly-alanine main-chain model for
this region.

The complete CST atomic model was refined against the cryo-EM map using the PHENIX real
space refinement program (59) and then visually checked and again manually refined in Coot (57).
As a final step, the model was subjected to PHENIX cryo-EM comphrehensive validation program
(MolProbity) (60) and EMringer (67) for model validation. Structural homology analysis was
performed with DALI server (62) and based on the Z-score provided (against the full PDB
database). Conservation analysis was done with ConSurf server (63). Surface area values were
calculated using UCSF Chimera (36).

Electrophoretic mobility shift assay

Radioactive *?P 5'-labeled singled-stranded oligonucleotides were used in the binding assays. The
estimated specific activity was 200,000 c.p.m per pmol, and 500 c.p.m was used for each reaction
(molar concentration of probe estimated to be < 0.1 nM). CST protein was either expressed and
purified from insect cells (see above) or from HEK293T cells (see below), with equivalent results;
CST containing R1175E CTC1 mutation was exclusively expressed in HEK293T cells. For
binding, CST protein and DNA were mixed and incubated as a 10 pL reaction volume in binding
buffer (20 mM HEPES-NaOH pH 8.0, 150 mM NacCl, 2 mM MgCl,, 0.2 mM EGTA, 0.1 % NP-
40, 10 % glycerol, 1 mM TCEP) for 2 h on ice. The samples were then loaded into a pre-chilled
Ix TBE 0.7 % agarose gel and electrophoresis proceeded at 7 V/cm for 1.5 h in a cold room (4
°C). The gels were then vacuum dried at 80 °C until completely dried (~ 1.5 h) before exposing to
a phosphorimager screen overnight. The screen was scanned with a Typhoon Trio scanner (GE
Lifesciences, USA). Binding analysis was done with ImageQuant (Amersham, GE Life Sciences,
USA) and the curve fitting performed (Fraction bound = ([L]*n / ([L]"n + K/*n)) with
KaleidaGraph (Synergy Software, USA). L is protein concentration, n is Hill coefficient and Ky is
binding constant. Because replicates were typically done with independent protein preparations,
which differed slightly in terms of percent active protein, the relative Kyapparens for each
oligonucleotide was normalized to the K4 apparens Of (TTAGGG);3 determined on the same day with
the same protein preparation.

Expression and purification of CST in human cells and testing olisomerization in vivo

HEK293T cells (ATCC, USA) were used for mammalian cell culture work. The cells were grown
as adhered cells in DMEM medium supplemented with 2 mM L-glutamine, 1%
penicillin/streptomycin, and 10% fetal bovine serum. 3XFLAG-CTC1, MYC-STN1 and HA-TEN1
mammalian expression plasmids were made for co-expression in HEK293T cells. Mutant
constructs were made from these wild-type plasmids via standard mutagenesis and confirmed by
Sanger sequencing. The three plasmids were stoichiometrically transfected into 70 - 80 %
confluent one 10 cm plate or T175 flask of HEK293T cells using lipofectamine 2000 (Thermo
Fisher Scientific, USA). After 24 h, the transfected cells were expanded to three times the culture
volume and further incubated another 24 h before harvesting. The cells were then lysed using




CHAPS lysis buffer (10 mM Tris-HCI pH 7.5, 1 mM MgCl,, 1 mM EGTA, 0.5% CHAPS, 10%
glycerol, 5 mM B-mercaptoethanol, | mM PMSF) for 45 min at 4 °C while in a rotator. The cell
lysate was clarified by centrifugation at 13,000 x g at 4 °C for 30 min. Pre-equilibrated (CHAPS
lysis buffer) anti-FLAG M2 affinity resin was added to the clarified lysate and rotated for at least
4 h to overnight at 4 °C. The resin was washed three times with wash buffer (20 mM HEPES-
NaOH pH 8.0, 150 mM NacCl, 2 mM MgCl, 0.2 mM EGTA, 0.1% NP-40, 10 % glycerol, 1 mM
TCEP) before elution with 0.25 mg/mL 3xFLAG peptide (APExBIO, USA). Where indicated, the
eluent was further mixed with pre-equilibrated (wash buffer) Anti-HA agarose resin (Thermo
Fisher Scientific, USA) for 4 h at 4 °C before washing three times with wash buffer and eluted
with 1 mg/mL HA peptide (APExBIO, USA).

For STN-CTCI interaction mutation studies, only FLAG purification was performed, while for
DNA-binding mutation studies, tandem-affinity purification of FLAG/HA purification was
performed. For CST subunit analysis, western blots were performed to quantify
immunoprecipitations of interacting subunits. Antibodies used were FLAG M2-HRP (Sigma
Aldrich, USA), MYC-HRP (Thermo Fisher Scientific, USA) and HA-HRP (Thermo Fisher
Scientific, USA). The molar concentrations of Wild-type and DNA-binding CST mutants were
quantified by comparing against a standard titration curve (made with recombinant CST complex
from insect cells) using a STN1 antibody (Novus Biological, USA). For orthogonal epitope tag
pull-down experiments, the protocol is similar as the single purification step described above, with
the following additional primary and secondary antibodies used: V5-HRP (Abcam, USA), STN1
mouse primary antibody (Novus Biological, USA), HA mouse primary antibody (BioLegend,
USA) and HRP mouse secondary antibody (Jackson ImmunoResearch Laboratories, USA).
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Fig. S1. Cryo-EM reconstruction of DNA-free monomeric CST complex. (A) A representative
motion-corrected micrograph (denoised by JANNI (57)). (B) A representative calculated CTF
image. (C) Top ten 2D classes selected after the final 2D classification step, showing various
orientations of the DNA-free CST complex. (D) Cryo-EM processing pipeline of DNA-free CST.
(E) CryoSparc2 (45) corrected Fourier shell correlation (FSC) reports a global resolution of 6.3 A
(purple curve).
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Fig. S2. Cryo-EM reconstruction of human CST decameric supercomplex. (A) Representative
two-dimensional (2D) classes of CST-3xTEL particles. (B) Size-exclusion chromatography of
human CST-ssDNA complexes resolves various oligomeric states. Inset, SDS-PAGE Coomassie-
stained bands of the purified CST heterotrimeric complex — CTC1 (~135 kDa), STN1 (~42 kDa)
and TEN1 (~14 kDa). (C) Cryo-EM density of CST-DNA decamer reconstructed from 3D
refinement with D5 symmetry imposed. The model is colored based on local resolution (rainbow
color scale-bar) (D) Cryo-EM density of CST-DNA monomer after symmetry expansion and
three-dimensional (3D) classification. The grey density belongs to neighboring CST monomers in
the decameric supercomplex. The monomeric model is colored based on local resolution (rainbow
color scale-bar).
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Fig. S3. Cryo-EM reconstruction of CST-3xTEL decamer complex. (A) A representative
motion-corrected micrograph. (B) A representative calculated CTF image with water diffraction
ring visible. (C) Top ten 2D classes selected after the final 2D classification step, showing various
orientations of CST-3xTEL decamer complex. (D) Cryo-EM processing pipeline of stage-tilt
datasets for CST-3xTEL decamer samples. Inset shows CryoSparc2 (45) corrected Fourier shell
correlation (FSC) plot which reports a global resolution of 3.0 A (purple curve).
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Figure S4. Conformational extraction of CST monomer from decamer complex for cryo-EM
reconstruction. The DNA-free CST monomer model (fig. S1) was used as a guide to segment the
decamer mask and remove a single monomer, resulting in a “10-1” soft mask. This mask was
applied to the D5 symmetry expanded particle stack for particle subtraction, effectively removing
nine CST monomers and leaving one monomer in a standardized position in the subtracted particle
stack. 3D classification was used to identify a homogenous conformation for a CST monomer,
which was carried forward for 3D refinement, leading to a 3.1 A (rounded from 3.06 A) map. A
soft mask for the legs (see methods for details) was created to focus on isolating a population of
particles with well-resolved legs region by 3D classification without alignments. The particles
subset from a single 3D class showing well-defined “legs” were used for 3D refinement in
CryoSparc2, leading to the final 3.0 A (rounded from 2.95 A) map used for de novo building.
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showing significant improvements in map interpretation. (B) Representative EM map density
encasing the de novo built atomic models of CTC1. (C) Fourier-shell correlation plot of refined
model to map (FSCru, black curve) and half-maps validation of FSCyo and FSCree (blue and

pink curves, respectively).
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Decamer abundance: 43.7 £0.2% Decamer abundance: 21.2 + 1%
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Figure S6. CST DNA-binding and structural analysis with longer telomeric single-stranded
DNA molecules. (A) Gel-shift assay of purified CST complex (from HEK293T transfection) with
3x, 15x or 25xTEL ssDNA showed increasing CST binding affinity to longer telomeric ssDNA.
(B) A representative plot of gel-shift assays with curve fitting (see method for curve fitting
protocol) to derive binding constant (Kiapparens). (C) The average relative Kgapparen: values
(normalized to 3xTEL values as unity) and their standard deviation across three independent gel-
shift assays using two protein batches (see table S1 for absolute curve fitting values). The Kgapparent
value of 25xTEL is a < approximation, as the concentration of the DNA in the binding assay is on
the same order as the fitted Ks (see methods). (D) Negative-stain analysis of CST alone, with
3xTEL or 15xTEL ssDNA showed CST still forms decameric supercomplex (yellow arrows) with
a longer telomeric ssDNA (15xTEL).

16
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B C Input FLAG-IP
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c Pp—— [E—— - o e s~ —|FLAG-CTC1
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[—— — e |HA-TEN1
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CTC1 and STN1n WT CTC1 STN1n CTC1 CTC1 STNin
(3H2) (3H2) (Cleftl)  (Cleft2)  (Cleft3)
CTC1, 1135..1146 (3H2) . . —.— .. ... ..
DEPMTMFLWTLC to NAAIRSNAAIRS |._. - —— | |— —— po |FLAG-CTc1
STN1n, 110..121 (3H2) 2 |__ e pp— | |________ e | MYC-STN{
TSQLKKLQETIE to NAAIRSNAAIRS -
|_._ - ——-—H—— [ — |HA—TEN1
CTC1, 1029..1030 (Cleft1)
CH to AD
|‘———- w-— —---—Hg-———-— -—— |FLAG-CTC1
CTC1, 1078..1081 (Cleft2) &
EDGT to KKAA ) |--- - —— ||--- |MYC-STN1
-
('S
CTC1, 1179..1190 (Cleft3) | - - ||— | HA-TEN1

FQCGELPFLTHV to NAAIRSNAAIRS

Figure S7. STN1 anchor site on CTC1. (A) ConSurf (63) analysis showing the conservation of
CTCI1 residues at the interaction sites of two STN1 subdomains — STN1n and STNIlc. (B)
Definitions of STNIn and STNlc. (C) FLAG-immunoprecipitation (FLAG-IP) of full-length
STN1, STN1c and STNIn with 3XxFLAG-CTCI1 co-expressed in HEK293T cells. Based on the
input samples, STNIn was less stably expressed than full-length STN1 and STN1c but was still
able to bind CTC1 and TENI1, while STN1c did not stably associate. (D) Mutations designed to
disrupt CTC1-STN1n interactions at CTC1 cleft region and newly identified CTC1-STN1n three-
helix bundle (termed here, 3H2). STN1 (3H2) and CTC1 (3H2) mutants correspond to the
annotated a1 and a2 of Fig. 2C. (E) Co-immunoprecipitation of co-expressed CST heterotrimeric
complexes harboring the mutations showed CTC1 (3H2), CTC1 (Cleftl) and CTC1 (Cleft2)
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mutations disrupted interaction between CTCI1 and STNI, consistent with STN1n being the
anchoring domain of STN1 to CTC1 (see panel C).
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H. sapien CTC1 OB-F
T. thermophila Teb1 OB-B (3u4z)
Z-score: 11.5, rmsd: 2.5 A

H. sapien CTC1 OB-F
S. pombe POT1pC (5uso)
Z-score: 10.0, rmsd: 2.3 A

H. sapien CTC1 OB-G
H. sapien RPA70 OB-C (1110)
Z-score: 10.7, rmsd: 3.9 A

H. sapien CTC1 0OB-B & C
U. maydis RPA70 OB-A & B (4gnx)
Z-score: 10.7, rmsd: 3.5 A

RPA70 OB-B RPA70 OB-A \_/
CTC10B-C CTC10B-B 1 800

Figure S8. Structural homology search of CTC1 OB domains. (A) Top relevant structural
homology hits of CTC1 OB-domains (B, C, F & G). The DALI webserver (62) was used to search

for structural homology.
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[010 Sorex araneus (European shrew)

(011 Chrysochloris asiatica (Cape golden mole)
(012 Cavia porcellus (Gulnea plg)

[013 Microtus ochrogaster (Pralrle vole)

[014 [ctidomys tridecemlinatus (Squirrel)

(015 Cricetulus griseus (Chinese hamster)
(016 Miniopterus natalensis (Natal bat)

(017 Grammomys surdaster (African thicket rat)
(018 Loxodonta africana (African elephant)
(019 Oryctolagus cuniculus (Rabblt)

020 Dipodomys ordii (Ord’s kangaroo rat)
(021 Chinchilla lanigera (Chinchllla villidera)
(022 Suricata suricatta (Meerkat)

(023 Condylura cristata (Star-nosed mole)

(024 Galeopterus variegatus (Malayan lemur)
025 Elephantulus edwardii (elephant shrew)
{026 Peromyscus maniculatus bairdii

(027 ilus harrisii (T: devil)
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Figure S9. CTC1 zinc ribbon motif. (A) Modeled CTC1 zinc ribbon motif at OB-G domain, with
four cysteines coordinating the zinc atom. (B) Cysteines (human protein numbering) involved in
zinc coordination in the zinc ribbon motif are highly conserved. ConSurf webserver (63) was used
for conservation analysis.

20



CTC1 OB domains
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three-helix bundle
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H. sapien C. glabrata M. jannaschii C. glabrata
RPA70 (1FGU) Cdc13 OB4 (3RMH) RPA (3DM3) Cdc13 OB4 (3RMH)

Z-score: 8.8 Z-score: 5.0 Z-score: 8.1 Z-score: 3.5
rank: #5 rank: #1,512 rank: #77 rank: #1,535

052

H. sapien C. glabrata H. sapien C. glabrata
RPA70N (SEAY) Cdc13 OB4 (3RMH) RPA70 (1FGU) Cdc13 OB4 (3RMH)

Z-score: 5.2 : Z-score: 3.3
rank: #173 rank: #789

Z-score: 7.8
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Figure S10. Structural homology comparison of human CTC1 against RPA70 or Cdcl3
homologs. CTC1 individual OB-domains B, C, D, E, F & G were used to search for structural
homologies using the DALI webserver (62). The top hits (based on Z-score) to RPA or to Cdc13
homologs were identified and compared for each CTC1 OB-domain. Their corresponding Z-score
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and DALI ranking (searched against the entire PDB, PDB100) are shown below the overlapping
models. CTC1 OB-domains are defined as CTC1223-308 (OB-B), CTC1350-449 (OB-C), CTC1552-705
(OB-D), CTCl1725-864 (OB-E), CTCl137s-1006 (OB-F) and CTCl11007-1205 (OB-G).
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Figure S11. Structural mapping of CTC1 disease mutations that affect CST pol-a
interaction. CTC1 residues (yellow) that are known to affect pol-a interaction with CST (A227,
V259, V665) (15) are located in two separate sites at CTC1 OB-B and OB-D.
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DNA-free CST cryo-EM map
with ssDNA model and density overlays

C

Figure S12. Single-stranded DNA EM density and its model interaction with CTC1 residues.
(A) The DNA-free CST EM map (turquoise, left panel) did not have the extra density of ssDNA
(grey with yellow atomic model of ssDNA, right panel) that was found in the map of CST-3xTEL
decamer. (B) CTC1 OB-F (yellow residues) interactions with phosphate groups of ssDNA. (C)
CTC1 OB-G (cyan residues) interactions with DNA sugar and base. (D) CTC1 OB-F Y949 (yellow
residue) n-m stacking with the A2 base which in turn is stacked on the T1 base.
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024 Galeopterus variegatus (Malayan lemur) CF

025 Elephantulus edwardii (elephant shrew) CF

026 Peromyscus maniculatus bairdii CF

027 Sarcophilus harrisii (Tasmanlan devil) RF

> A
KIS
S ¢

001 Input pdb J L KBs v P RLQREQ EfrFL VN I rR[E
002 ‘Sus scrofa (Plg) L KPS 1 P RLHREQ ELPFL v L E
003 Tupaia chinensis (Chinese tree shrew) L KPS I P RLQRfIQ ELPLL VN I Q|H]
004 Equus caballus (Horse) L KPS 1 P QLQRRIQ ELPFL VN IQE
005 Ochotona princeps (South american plka) B L KPS a P RLQONIV ERPLL VN ICE
006 Eri Euro. L KPS 1 P RLQREQ ELPFL VN I E
007 Myotis lucifugus (Little brown bat) o KPS 1 P RLQORl KLPLL v N I olE
008 Desmodus rotundus (Vamplre bat) L KPS 1 P RLQRRIOQ ELPLL VN I E
009 Tarsius syrichta (Phllippine tarsler) L KPS v P RLQRRIOQ ELPLL VN IQE
010 Sorex araneus (European shrew) F KPS 1 H RLOQOREIO ELPEL VN ICE
011 Chrysochloris asiatica (Cape golden mole) E L KPT L P RLQRREIQ DLPLL VN I ol
012 Cavia porcellus (Gulnea plg) L REC G P RLQRRIQ ELPVL LN IR[E
013 Microtus ochrogaster (Pralrie vole) L RPS T P RPQOQRIQ ELPLL VK LB
014 [ctidomys tridecemlinatus (Squirre) L KPS T P RLQRRIQ E-PLL VN IQE
015 Cricetulus griseus (Chinese hamster) L RES T P RLQHRO ELPLL VN LOE
016 Miniopterus natalensis (Natal bat) L KPS I P RLQRREIH ELPLL VN I E
017 Grammomys surdaster (African thicket rat L RPT T P RLQOQRJOQ ELPLL VN L A
018 Loxodonta africana (African elephant) L KPS L P RLQRjIQ DEPLL VN I E
019 Oryctolagus cuniculus (Rabblt) L KPs T P RLQRRIQ EHPLL VN I B
020 Dipodomys ordii (Ord’s kangaroo rat) L KPS T s RLQRRIQ ELPLL VN ICE
021 Chinchilla lanigera (Chinchllla villidera) L KPC A P RLQRREIQ ELPLL VN I E
022 ‘Suricata suricatta (Meerkat) L KSs T P RLQRRIO ELTLL v N T ofE
023 ‘Condylura cristata (Star-nosed mole) L KPS 1 P RLQRRIOQ EHPFL VN IQE
024 Galeopterus variegatus (Malayan lemur) L KPS 1 P RLQRRIQ ELPVL VN I.E
025 Elephantulus edwardii (elephant shrew) L KPs L P QLKRRIH DLPLL VN I B
026 'Peromyscus maniculatus bairdii L RPS T P RLQOQRJIQ ELSLR VN L B
027 Sarcophilus harrisii (Tasmanlan devil) L KBT T P RLHRRIO EIPVL MV L R[D

Figure S13. Residues conservation analysis of CTC1 DNA-binding mutants. ConSurf
webserver (63) analysis of the conservation of identified DNA-binding residues of CTCI.
Although CTC1 K1167 apparently has poor residue conservation, the variations were mostly
limited to charged residues. CTC1 R1175 (red color) is an identified inter-molecular residue (see
Fig. 4A) that interacts with ssDNA.
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Figure S14. Quantification of mutant CST protein concentration and additional mutation
residues mapping on atomic model. (A-C) Concentration quantification of HEK293T-derived
CST complexes using recombinant insect cell CST as standard curve. STN1 western blot bands
were used for comparison. (B) Dilution series of each CST complex (wild type (WT) or mutants)
was performed to ensure western blot bands intensity scaled linearly. (C) Recombinant WT CST
from insect cells was used to generate a standard curve for comparison (three independent sets
shown). (D) Additional CTC1 amino acid residues (green or cyan) to those shown in Figure 3D
that are chosen for DNA-binding mutagenesis. Yellow and cyan residues were DNA-binding
defective upon mutagenesis. Red residues selected for DNA-binding control (see main text).
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Figure S15. CTC1 R1175E binding analysis to specific and non-specific ssDNA. (A & B) Gel-
shift assays of HEK293T-derived WT and CTC R1175E CST complexes with 3xTEL (specific
ligand) and T18 (non-specific ligand, poly Ts with the same length 18nt as 3xTEL). Protein
concentrations were similarly quantified using method described in fig. S14A-C. (C) A
representative plot of gel-shift assays with curve fitting (see supplementary method for curve
fitting protocol) to derive binding constant (Kqapparens). (D) The average relative Ku apparent values
(normalized to WT values as unity) and their standard deviation across three independent gel-shift
assays using two protein batches.
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Figure S16. CST dimer stapling model structural and DNA-binding analysis. (A) Left panel
shows a CST dihedral dimer (see main text for details). Right panel is the zoomed-in image of the
two single-stranded DNA (ssDNA) molecules belonging to the dimer. Measured distance between
the 5" T1 and 3’ G4 of the opposite ssDNA is approximately 20 A. A length of 20 A will be
equivalent to approximately 3 nucleotides (assuming a nucleotide spans 7 A when fully extended).
This is sufficient for a single (TTAGGG)3 ssDNA molecule to engage both DNA anchor sites of
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a CST dihedral dimer. (B & C) Gel-shift assays testing the effects of scrambling individual register
of TTAGGG in the context of TEL-TEL-TEL (termed as 3xTEL in main text) to CST DNA-
binding. (D & E) Gel-shift assays testing the effects of shortening of the linker between two
TTAGGG sites to CST DNA-binding.
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Fig. S17. Cryo-EM reconstruction of CST-3xTEL sample showing two distinct
conformations. (A) A representative motion-corrected micrograph. (B) A representative
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calculated CTF image. (C) Top fifteen 2D classes selected after the final 2D classification step.
(D) Cryo-EM processing pipeline of DNA-free CST.
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Figure S18. Negative-stain EM analysis of CST decamer formation salt-dependence. (A)
Representative micrographs of CST incubated in buffers containing 300, 500 and 800 mM NaCl
salt. Yellow arrows indicate CST decamer particles. (B) 2D classifications showing the top ten
classes of particles (based on particles distribution). CST forms decameric particles with increasing
NaCl concentration in buffer.
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Figure S19. Controls for orthogonally tagged-CTC1 co-immunoprecipitation assay and
benzonase treatment. (A & B) Control pull-downs for either V5- or FLAG-IP with co-transfected
inputs. (C) Ethidium bromide stained agarose gel of cellular extracts treated with/without
benzonase or RNase A suggests benzonase treatment degraded majority of nucleic acids in the
inputs.
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Sequence Names CST Ko, apparent Ko, apparent Ko, apparent Average Standard

protein 1st set 2nd set 3rd set K, apparent Deviation
(TTAGGG); 3xTEL WT 3.4 (0.994) 5.9 (0.995) 9.0 (0.995) 6.1 2.8
(TTAGGG):s 15xTEL WT 0.5 (0.998) 1.9 (0.993) 0.5 (0.973) 0.97 0.8
(TTAGGG):s 25xTEL WT 0.2 (0.950) 0.9 (0.967) 0.2 (0.976) 0.43 0.4
(TTAGGG): 3xTEL WT 3.7 (0.986) 8.8 (0.996) 7.8 (0.996) 6.8 2.7
(TTAGGG); 3xTEL CTClrurse 170 (0.995) 190 (0.994) 77 (0.995) 150 63
Tis T18 WT 49 (0.999) 110 (0.999) 47 (0.999) 68 35
Tis Ti8 CTClriuse 58 (0.999) 90 (0.999) 41 (0.999) 63 25
T(TTAGGG); T6-TEL-TEL WT 97 (0.996) 56 (0.994) 172 (0.987) 110 59
TTAGGG Ts TTAGGG TEL-T6-TEL WT 13 (0.993) 13 (0.992) 18 (0.989) 15 2.9
(TTAGGG): Ts TEL-TEL-T6 WT 156 (0.995) 64 (0.993) 50 (0.992) 89 56
TTTAGGGTTTTTTAGGGT T-TEL-TTTT-TEL-T WT 130 (0.976) 67 (0.992) 41 (0.989) 78 44
TTTTAGGGTTTTAGGGTT TT-TEL-TT-TEL-TT WT 150 (0.996) 77 (0.994) 61 (0.999) 95 46
TTTTTAGGGTTAGGGTTT TTT-TEL-TEL-TTT WT 220 (0.997) 180 (0.992) 98 (0.992) 170 63

Table S1. Gel-shift DNA-binding assay experimental and curve fitting values. The absolute
values of the fitted apparent binding constant (K, apparens) from three independent experiments are
given in units of nanomolar (nM) with their corresponding R? values indicated in parentheses in

italics. Except for the R? values (reported to three significant values), all values are reported to two

significant figures.
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CST-3xTEL

CST-3xTEL
Decamer (0° +

DNA-free . CST-3xTEL CST-3xTEL .
CST complexes CST ohgomer- Decamer (0° tilt) Decamer (30° tilf) 30° tilt + D5
mixture symmetry
expanded)
Data collection and
processing
Magnification 36,000 29,000 81,000 81,000 81,000
Voltage (kV) 200 200 300 300 300
Electron exposure (e—/A?) 53.6 55.0 60.0 60.0 60.0
Defocus range (um) -2.0to-3.5 -1.5t0-3.5 -1.0to -2.5 -1.0to-2.5 -1.0to -2.5
Pixel size (A) 1.11 (Count.) 0.6095 (Super.) 0.539 (Super.) 0.539 (Super.) 0.539 (Super.)
Symmetry imposed Cl Cl1 D5 D5 C1
Initial particle images (no.) 1,236,394 1,680,361 4,437,008 2,546,827 3,095,760
Final particle images (no.) 53,747 52,705, 51,811 248,575 61,001 833,627
Map resolution (A) 6.25 8.92,9.18 32 4.1 2.95
FSC threshold 0.143 0.143 0.143 0.143 0.143
Refinement
Initial model used (PDB code) SW2L, 4JOL, 4JQF
Model resolution (A) 3.30
FSC threshold 0.5
Map sharpening B factor (A%) -80
Model composition
Non-hydrogen atoms 11,054
Protein residues 1397
Ligands (DNA) 4
B factors (A%)
Protein 120.23
Ligand (DNA) 131.46
R.m.s. deviations
Bond lengths (A) 0.007
Bond angles (°) 1.037
Validation
MolProbity score 1.66
2.72
Clashscore 0.00
Poor rotamers (%) ’
Ramachandran plot
Favored (%) 87.83
Allowed (%) 12.02
Disallowed (%) 0.15
EMRinger 3.49

Table S2. Cryo-EM data collection, refinement and validation statistics.
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Sequence CC; CC, CC; CC, CCoveral
TAGG 0.67 0.74 0.77 0.75 0.71
TTAG 0.66 0.73  0.77 0.65 0.70
GTTA 0.62 0.73  0.67 0.73 0.66
GGTT 0.61 0.68 0.65 0.65 0.63
GGGT 0.61 0.68 0.75 0.69 0.67
AGGG  0.62 0.68 0.76 0.75 0.68

Table S3. Cross-correlation analysis of the 4 nucleotides model building with cyclic
permutation of telomeric DNA sequence. CC, refers to the cross-correlation value of nucleotide
to map at the position of nucleotide built from the 5 end. CCoyeran is the computed overall cross-
correlation value after model refinement. The table ranks the modeled sequence based on their
CCoverall values. Model refinement and validation (where the CC values were derived) were done

using Phenix software (59).
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