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Human shelterin is a six-subunit complex—composed of TRF1, TRF2, Rapl, TIN2,
TPP1, and POT1—that binds telomeres, protects them from the DNA-damage
response, and regulates the maintenance of telomeric DNA. Although high-resolution
structures have been generated of the individual structured domains within shelterin, the
architecture and stoichiometry of the full complex are currently unknown. Here, we
report the purification of shelterin subcomplexes and reconstitution of the entire complex
using full-length, recombinant subunits. By combining negative-stain electron micros-
copy (EM), cross-linking mass spectrometry (XLMS), AlphaFold modeling, mass pho-
tometry, and native mass spectrometry (MS), we obtain stoichiometries as well as
domain-scale architectures of shelterin subcomplexes and determine that they feature
extensive conformational heterogeneity. For POT1/TPP1 and POT1/TPP1/TIN2, we
observe high variability in the positioning of the POT1 DNA-binding domain, the
TPP1 oligonucleotide/oligosaccharide-binding (OB) fold, and the TIN2 TRFH domain
with respect to the C-terminal domains of POT1. Truncation of unstructured linker
regions in TIN2, TPP1, and POT]1 did not reduce the conformational variability of the
heterotrimer. Shelterin and TRF1-containing subcomplexes form fully dimeric stoichio-
metries, even in the absence of DNA substrates. Shelterin and its subcomplexes showed
extensive conformational variability, regardless of the presence of DNA substrates. We
conclude that shelterin adopts a multitude of conformations and argue that its unusual
architectural variability is beneficial for its many functions at telomeres.
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Telomeres are protective assemblies of DNA and proteins at the ends of linear chromo-
somes. Human telomeres are composed of the hexanucleotide 5'-TTAGGG-3" sequence
repeated for 3 to 10 kb and terminate in an ~100-nt 3 single-stranded (ss) overhang (1).
Telomeres need to solve two problems: 1) The DNA-replication machinery is unable to
replicate all the way to the end, resulting in terminal attrition as cells divide (“the end-
replication problem”), and 2) telomere ends resemble sites of DNA damage that must be
protected against erroneous repair and inappropriate activation of DNA-damage check-
points (“the end-protection problem”). The telomerase ribonucleoprotein extends telo-
meres, using its RNA component as a template for its reverse-transcriptase activity, to solve
the end-replication problem (2, 3). Shelterin, a multisubunit DNA-binding complex (4),
solves the end-protection problem and additionally recruits telomerase to solve the end-
replication problem (5-7). Defects in shelterin components are associated with diverse
pathologies including familial cancer predisposition and premature aging, underscoring its
importance in cellular physiology and development (8-13).

Shelterin specifically binds to double-stranded (ds) telomeric repeat sequences via the
C-terminal Myb domains of its TRF1 and TRF2 subunits (14-17). TRF1 and TRF2
homodimerize via their TRF homology (TRFH) domains (18, 19) and are bridged by
TIN2 (20-22), which contains a variant of a TRFH domain that does not dimerize (23).
In somatic cells, TRF2 is critical for the formation of t-loops (24-26), protective structures
in which the telomeric 3’ overhang invades into the dsSDNA repeat region, hiding the telo-
mere end from recognition by the ATM kinase DNA-damage response (DDR) pathway
and double-strand break repair by classical nonhomologous end joining (1). TIN2 is
recruited to telomeres primarily via its interaction with TRF1, which is stronger than its
interaction with TRF2 (20, 23, 27-29). TIN2 additionally interacts with TPP1 (30-32),
which in turn binds POT1, an ssDNA-binding protein that prevents replication protein A
from accumulating at telomeric ssDNA and activating the ATR kinase DDR pathway
(33-38). Finally, Rapl binds tightly to TRF2, but is not required for TRF2’s primary
functions at telomeres (26, 39, 40).

Shelterin acts in conjunction with several accessory factors such as the BLM and RTELI
helicases, which facilitate the replication of telomeric DNA (41-44). After replication,
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shelterin ensures the reconstitution of the correct structure of the
telomere end by recruiting the Apollo nuclease (via TREF2)
(45-48) and the CST fill-in machinery (via TPP1/POT1) to telo-
meres (49, 50). Finally, shelterin regulates telomerase-mediated
telomere extension by recruiting the enzyme via TPP1 (5, 6) and
limiting its activity at the longest telomeres (via TPP1/POT1-
dependent recruitment of CST) (51).

All six shelterin components contain structured domains sepa-
rated by linker regions that are predicted to be largely disordered
based on their low sequence conservation and their predicted
low propensity to form secondary structure (1, 23, 52). These
regions range in length from 25 to 150 amino acids (aa) in
humans and, while their sequences and lengths are highly vari-
able in other organisms, the trend of alternating structured
domains and linker regions is maintained in shelterin compo-
nents throughout metazoan evolution (53). X-ray crystallogra-
phy and NMR spectroscopy have generated molecular models of
all known structured domains and minimal interacting motifs
within human shelterin (19, 23, 29, 54-60), but there are cur-
rently no high-resolution structural models for full-length shel-
terin proteins. It has been speculated that shelterin is too flexible
to be structurally characterized at high resolution (52), although
this has yet to be confirmed experimentally.

Purification of mouse shelterin overexpressed in HEK293 cells
has been reported, but that study did not yield sufficient quanti-
ties to probe its structure or stoichiometry (61). In another study,
a human shelterin subcomplex lacking TRF1 was purified from
insect cells and a POT1:TPP1: TIN2:TRF2:Rap1 stoichiometry of
1:1:1:2:2 was proposed based on in-gel densitometry measure-
ments of labeled components and size-exclusion chromatography
coupled to multiangle light scattering, but no structural characteri-
zation of this complex was reported (62). Recently, POT1/TPP1/
TIN2 was characterized by cryo-electron microscopy (cryo-EM)
at low resolution in isolation (63) and at intermediate resolution
in a cross-linked complex with human telomerase (64); however,
neither of these studies was able to visualize all structured elements
within this shelterin subcomplex.

Here, we report single-particle negative-stain EM characteriza-
tion of purified, recombinantly produced human shelterin subcom-
plexes containing full-length components and the reconstituted
full, six-subunit complex. We employ streptavidin-DNA labeling
and cross-linking mass spectrometry (XLMS) to identify elements
within reference-free two-dimensional (2D) class averages of shel-
terin subcomplexes and arrive at domain-scale models of their
structures in different conformations. Modeling of these subcom-
plexes using AlphaFold further supported that they form highly
flexible assemblies. Finally, we use mass photometry and native
mass spectrometry (MS) to reveal that either one or two TIN2 mol-
ecules can bind the TRF1 homodimer in reconstituted complexes,
arguing that shelterin can exist as a fully dimeric complex. Mass
photometry of reconstituted six-subunit shelterin showed that it
could form a fully dimeric stoichiometry as well. The data reveal an
extraordinary level of structural variability for shelterin and several
of its subcomplexes. We discuss the implications of this variability
in the context of the many different functions of shelterin.

Results

High Variability in the Relative Positioning of the DNA-Binding
and C-Terminal Domains of POT1. We first sought to structur-
ally characterize a small, well-defined subcomplex of shelterin
containing full-length POT1 and the N-terminal domains of TPP1
(POT1/TPP1Y; Fig. 1A4). Recombinantly expressed POT1/
TPP1" could be purified to homogeneity as assessed by sodium
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dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
(Fig. 1B) and bound to telomeric ssDNA with high specificity
(Fig. 10.

Negative-stain EM images of POT1/TPP1N bound to
ssDNA showed particles of similar size but with highly variable
shapes (S/ Appendix, Fig. 1A4). Approximately 60,000 particles
were autopicked from 100 micrographs and, after centering
and curation to 40,000 particles, subjected to 2D classification
using the “iterative stable alignment and clustering” (ISAC)
algorithm, an approach optimized for analyzing heterogeneous
samples (65). Details for this and other negative-stain EM data-
sets are provided in SI Appendix, Table 1.

Many of the reference-free 2D class averages of POT1/TPP1Y
showed an oblong lobe connected on one side to another oblong,
often bipartite, lobe of similar size, and on the other side to a
third, smaller and more circular lobe (Fig. 1D and SI Appendix,
Fig. 14). The conformations of the two oblong lobes relative to
each other ranged from almost fully extended to entirely closed.
This finding suggests that the 33-aa linker connecting the
N- and C-terminal domains of POT1 (Fig. 14) allows the
two domains to freely move with respect to each other. The
smaller, more circular lobe is likely the OB fold of TPP1, which
is present in many positions relative to the POT1 C-terminal
domain (comprising its split OB3 and HJRL domains; Fig. 1D,
cartoons and S7 Appendix, Fig. 2A). Notably, this lobe is absent
in many class averages, likely because it is connected to the RD
domain by a flexible linker of 25 aa (Fig. 14) and may adopt
many different positions relative to POT1, causing it to become
averaged out in these classes (87 Appendix, Fig. 14).

To further resolve elements within 2D class averages of
POT1/TPP1Y, we incubated it with a synthetic 5'-biotin ssDNA
and streptavidin to add a feature of distinct size and shape to the
complex which should lie close to OB1 of POT1 (58). In
size-exclusion chromatography, the streptavidin-ssDNA-POT1/
TPP1™ complex eluted as three main peaks (ST Appendix, Fig,
2B): a small first peak consistent with a complex containing two
POT1/TPP1™ complexes bound to a single streptavidin tetramer,
followed by a second, larger peak consistent with a complex con-
taining one POT1/TPP1™ and one streptavidin tetramer, and
finally another large peak containing excess streptavidin-ssDNA
(SI Appendix, Fig. 2C and D). Negative-stain EM analysis of a
middle-peak fraction revealed class averages containing clear signal
for a single streptavidin tetramer adjacent to an oblong bipartite
lobe, from which another oblong lobe extends in many different
directions (Fig. 1E and SI Appendix, Fig. 1B). Based on the posi-
tion of the biotin and known crystal structures, we interpret the
bipartite oblong lobe to represent OB1 and OB2 of POT1 and
the larger lobe to be its C-terminal domain bound to TPP1 (Fig.
1E, cartoons and SI Appendix, Fig. 2A). The OB fold of TPPI is
not visible in these averages, likely because the streptavidin-POT1
OB1/OB2 features dominate the alignment and the TPP1 OB
fold is thus averaged out. The 2D class averages show complexes
in a near continuum of conformations from completely closed to
fully extended as well as a conformation in which the C-terminal
domain is bent backward (Fig. 1E and SI Appendix, Fig. 1B).
These data are consistent with a high degree of flexibility of the
hinge region between the N- and C-terminal domains of POT1,
resulting in high conformational variability.

Variable Association of the TIN2 TRFH Domain with POT1/
TPP1. We performed similar analyses on POT1/TPP1/TIN2
(Fig. 2A4), hoping that we could exploit our domain assign-
ments of POT1/TPP1Y to localize elements within the larger
complex. Because removal of the green fluorescent protein
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Fig. 1. Structural variability and DNA binding of POT1/TPP1. (4) Domain and cartoon schematics for POT1 and TPP1" with starting and ending amino acids
and flexible linker lengths indicated. Regions that associate with other proteins in shelterin are indicated. HJRL, Holliday junction resolvase-like domain; OB,
oligonucleotide/oligosaccharide-binding fold; RD, recruitment domain. Regions of known structure are depicted in color in the domain schematics and as
shapes in the cartoon. Regions of unknown structure are depicted in white in the domain schematic and as dashed lines with amino acid lengths indicated
in the cartoon. (B) SDS-PAGE of purified POT1/TPP1N. The image shows an 8 to 16% polyacrylamide Tris-glycine gel stained with Coomassie blue. Molecular
mass markers (m) are given in kDa. (C) DNA-binding assay for POT1/TPP1N with fluorescent DNA probes. Protein concentrations and DNAs are indicated.
Probe concentration is 0.25 nM. The gel was imaged for Cy5.5 fluorescence. (D) Negative-stain EM analysis of POT1/TPP1N bound to 5'-biotin-(GGTTAG),
DNA. Reference-free 2D class averages showing three lobes in a range of conformations were selected for display with cartoon interpretations (Bottom).
Domains are as in A. (F) Negative-stain EM analysis of POT1/TPP1" bound to streptavidin-5'-biotin-(GGTTAG), DNA. Reference-free 2D class averages showing
a bipartite lobe associated with streptavidin and a second oblong lobe in a range of conformations were selected for display with cartoon interpretations
(Bottom). Domains in the cartoons are as in A with TPP1’s OB fold depicted as transparent because its position is not discernable. The streptavidin tetramer
is shown as a purple torus.

(GFP) tag on TIN2 resulted in a complex with poor solubility,
we purified the POT1/TPP1/GFP-TIN2 complex (Fig. 2B and
), which specifically bound telomerlc ssDNA (S Appendix,
Fig. 34). As with POT1/ TPP1N , particles from this complex in
negative-stain EM images appeared homogeneous in size and
heterogeneous in shape (SI Appendix, Fig. 3B). Since the
ordered domains within the constituent proteins and the GFP
tag are all similar in size and shape, we were unable to unam-
biguously assign identities to the features in the class averages
from this complex (S Appendix, Fig. 3B). To overcome this
problem, we used the streptavidin-DNA labeling strategy as

PNAS 2022 Vol.119 No.31 2201662119

with POT1/TPP1Y (Fig. 2D, Top and SI Appendix, Fig. 44). As
before, 2D class averages showed streptavidin positioned near an
oblong bipartite lobe, which we interpret as OBl and OB2 of
POT1. Certain classes were clearly relatable to 2D class averages
of POTI/TPPIN with several resembling closed states of
POT1/TPP1™ and others resembling more opened conforma-
tions (compare Fig. 2D, Top with Fig. 1E). In all cases, we
observe additional signal, which could either represent GFP or
the TRFH domain of TIN2.

We asked whether the conformational heterogeneity of the
POT1/TPP1/TIN2 complex was due to the flexible linkers acting
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Fig. 2. Structural variability of POT1/TPP1/GFP-TIN2. (A) Domain schematics for POT1, TPP1, TIN2, and deletion constructs with amino acids are indicated.
Coloring is as in Fig. 1A. In POT1 and TPP1 deletion constructs, dashed lines represent regions that have been replaced with (Gly-Gly-Ser),. (B) Cartoon sche-
matics for POT1/TPP1/GFP-TIN2 wild type (wt) and deletion construct (3xA) bound to telomeric ssDNA. (C) SDS-PAGE of purified wt and 3xA POT1/TPP1/
GFP-TIN2. TS, Twin-Strep. Protein gel as in Fig. 1B. (D) Negative-stain EM analysis of wt and 3xA POT1/TPP1/GFP-TIN2 bound to streptavidin-5'-biotin-
(GGTTAG), DNA. Reference-free 2D class averages that were directly comparable to those for POT1/TPP1N were selected for display with cartoon interpreta-
tions (Bottom). (E) Cross-linking MS of wt POT1/TPP1/GFP-TIN2 using BS3. Domains are shown and colored as in A and cross-links are shown as solid lines.

Intramolecular cross-links are not shown.

as hinges in the three proteins. We identified regions within
POT1/TPP1/TIN2 (POT1 residues 301 to 329, TPPI1 residues
338 to 482, and TIN2 residues 271 to 355) that were poorly
conserved, predicted to have low propensity to form secondary
structure, susceptible to limited proteolysis (as determined by
other groups), and/or were modeled with low confidence by
AlphaFold2 (53, 55, 62, 66). A complex with these regions
removed (3XA; Fig. 2 A-C) was purified to apparent homogene-
ity (Fig. 20 and appeared monodisperse in negative-stain EM
images (SI Appendix, Fig. 4B). Single-particle analysis using
streptavidin-DNA  labeling revealed that this complex also
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exhibits considerable structural variability (SI Appendix, Fig. 4B),
and that many reference-free 2D class averages closely resemble
those of the wild-type complex (Fig. 2D, compare Top and Mid-
dle). We conclude that POT1/TPP1/TIN2 remains conforma-
tionally variable in the absence of much of the linker/hinge
sequences.

We then subjected the POT1/TPP1/GFP-TIN2 complex to
XLMS using the amine-reactive molecule bis(sulfosuccinimi-
dyl)suberate (BS3). We observed many intra- and intermolecu-
lar cross-links in the complex, including between TPP1 OB
and POT1 HJRL as well as between TIN2 TRFH and the
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other components (Fig. 2E and SI Appendix, Tables 2 and 3),
indicating that these domains are in close proximity to one
another. Importantly, residues in TPP1 or TIN2 that are far
apart in crystal structures cross-linked to the same or similar
positions on POT1, indicating multiple conformations are pre-
sent within the sample. For example, lysines 170 and 232 of
TPP1 both cross-link to lysine 433 of POT1 (Fig. 2E and S/
Appendix, Table 3) despite being on opposite sides of the TPP1
OB fold (57). As expected, we do not observe any cross-links
between solvent-accessible lysines on the GFP or twin-Strep
tags to the complex. The cross-linking data confirm the conclu-
sion derived from the negative-stain EM analysis that the addi-
tion of TIN2 to POT1/TPP1 yields a complex with a high
degree of conformational heterogeneity. These data also sup-
port the conclusion that the extra signal we see in class averages
of POT1/TPP1/GFP-TIN2 relative to POT1/TPP1" is the
TRFH domain of TIN2 rather than GFP (Fig. 2D, cartoons).

We used AlphaFold-Multimer (67, 68) to generate models
for wild-type POT1/TPP1/TIN2 and the 3XA mutant (87
Appendix, Fig. 5). In all cases, the predicted models were con-
sistent with experimental results presented here and elsewhere.
Regions of known structure were predicted with high confi-
dence (pLDDT) and resembled their corresponding entries in
the Protein Data Bank, while regions of unknown structure
were predicted with low confidence. The predicted structures
of individual polypeptides within the complex resembled their
predicted structures in isolation (66), indicating that the pres-
ence of binding partners did not significantly alter the predicted
models. Known interacting regions between components (e.g.,
TPP1 RD and POT1 OB3/HJRL) were captured as off-diagonal
boxes of low predicted aligned error (87 Appendix, Fig. 5,
dark green color in predicted aligned error charts). Both POT1’s
N-terminal OB folds and TPP1’s OB fold have high predicted
aligned errors with respect to all other features, consistent with
these domains flexing about their hinge regions. Interestingly,
the TRFH domain of TIN2 is placed at the tip of the POT1
HJRL in all models with intermediate predicted aligned error
with respect to POT1 OB3/HJRL (S/ Appendix, Fig. 5, red
arrows), potentially consistent with a weak and/or dynamic inter-
action between these two domains. Finally, we observe no major
differences between predictions of wild-type and 3XA POT1/
TPP1/TIN2, consistent with our observation that truncations
of the linker regions failed to significantly alter the complex’s
structural variability.

POT1/TPP1/TIN2/TRF1 Bound to Telomeric DNA Is a Dimeric
Complex with High Conformational Heterogeneity. A complex
containing POT1, TPP1, TIN2, and TRF1 (henceforth “the
TRF1 complex”) was coexpressed in insect cells and purified to
apparent homogeneity at high stringency (350 mM NaCl) (Fig.
3 A-Cand SI Appendix, Fig. 6). To assess the compositional het-
erogeneity and stoichiometry of our preparation, we employed
mass photometry (69, 70). Purified POT1/TPP1/GFP-TIN2/
TRF1 showed four peaks at measured masses of 80, 170, 270,
and 470 kDa, which correspond to (TRF1), (97 kDa), POT1/
TPP1/GFP-TIN2 (191 kDa), POT1/TPP1/GEP-TIN2/(TRF1),
(288 kDa), and (POT1/TPP1/GFP-TIN2/TRF1), (480 kDa),
respectively (Fig. 3D and SI Appendix, Table 4). We performed
native MS analysis and detected assemblies with these stoichiome-
tries at high mass accuracy and resolution (Fig. 3E and S/
Appendix, Fig. 6C and Table 4). Overall, we observed that the
TRF1 dimer can associate with one or two POT1/TPP1/GFP-
TIN2 assemblies and that the TRF1 complex partially dissociates

during purification and/or dilution to low concentration.

PNAS 2022 Vol. 119 No.31 2201662119

We then sought to stabilize the dimeric complex by adding a
DNA containing both ds- and ssDNA of telomeric sequence. We
found that DNA containing an optimal TRF1-binding site (71)
adjacent to a (GGTTAG), ssDNA 3’ overhang gave rise to a sin-
gle species when bound to the TRF1 complex in a native gel
(hereafter “TeloDNAL”; SI Appendix, Fig. 6B). When TeloDNA1
was added prior to ultracentrifugation, the purified TRF1 complex
behaved as a single 500-kDa species in mass photometry (Fig. 3D),
which is close to the predicted molecular mass of (POT1/TPP1/
GFP-TIN2/TRF1), bound to TeloDNA1 (505 kDa). Similarly,
addition of TeloDNAI greatly increased the formation of the
500-kDa complex when the TRF1 complex was reconstituted by
mixing purified TRF1 with POT1/TPP1/GFP-TIN2 (SI Appendix,
Fig, D).

The TRF1 complex bound to TeloDNAI was purified by
glycerol gradient/ultracentrifugation for analysis by negative-
stain EM (87 Appendix, Figs. 6E and 7A). Peak fractions con-
tained all four protein components and a native gel stained for
nucleic acid demonstrated the presence of a single species bound
to DNA (87 Appendix, Fig. 6E). Negative-stain EM images
revealed that the particles were homogeneous in size and did not
aggregate, but 2D class averages showed extensive heterogeneity
(Fig. 3F and SI Appendix, Fig. 74). At 200 mM KCl in the
absence of DNA, the TRF1 complex tended to aggregate (S/
Appendix, Figs. 6E and 7B), and 2D class averages of the nonag-
gregated particles displayed less defined features compared with
the DNA-bound complex (57 Appendix, Fig. 7B).

For streptavidin-DNA labeling of the TRF1 complex, two
POT1-binding sites were included in the DNA, allowing two
POT1 proteins in the dimeric complex to bind. Negative-stain
EM of POT1/TPP1™ bound to this substrate showed streptavi-
din close to two oblong bipartite lobes, as expected from the
binding of pairs of POT1 OB1 and OB2 (87 Appendix, Fig. 84).
In some cases, the two sets of OB folds adopted a curved, “U”
shape consistent with the DNA path observed in the crystal struc-
ture of the OB folds bound to DNA (58). Using this feature as a
guide, we analyzed POT1/TPP1/GFP-TIN2 bound to this sub-
strate (S Appendix, Fig. 8B). Class averages of this sample
showed larger complexes than those for POT1/TPP1" and, while
many classes contained streptavidin associated with a U feature,
other elements were poorly resolved. Adding TRF1 to the recon-
stitution further decreased the quality of alignment within 2D
classes, indicating that streptavidin-DNA labeling using this sub-
strate is not a suitable strategy to identify elements within 2D
class averages of the TRF1 complex (S/ Appendix, Fig. 8C).

Alternative Shelterin Subcomplexes Are Highly Heterogeneous.
Estimates of shelterin component copy numbers suggest a sub-
complex containing Rap1l, TRF2, TIN2, and potentially POT1/
TPP1 could be present at the telomere (72). To assess the stoi-
chiometry and architecture of this complex, we mixed purified
TRF2/Rapl and POT1/TPP1/TIN2 in the presence or absence
of TeloDNALI and isolated resulting complexes by glycerol gra-
dient/ultracentrifugation (S Appendix, Fig. 9A). Mass photome-
try of a peak fraction in the absence of DNA displayed two
peaks: one consistent with free POT1/TPP1/TIN2 (191 kDa)
or free TRF2/Rapl (200 kDa) and the other consistent with a
complex of 1:1:1:2:2 POT1: TPP1: TIN2: TRF2:Rap1 stoichiom-
etry (391 kDa), as has been previously reported (62) (S7
Appendix, Fig. 9B and Table 4). Addition of TeloDNA1
resulted in a fully dimeric form (583-kDa protein + 21-kDa
DNA), although minor other species were present (SI Appendix;
Fig. 9B). Negative-stain EM images indicated that these complexes
had largely dissociated and were thus unsuitable for single-particle
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Fig. 3. Structural heterogeneity within the TRF1 complex. (A) Domain schematics for POT1, TPP1, TIN2, and TRF1 with amino acids indicated. (B) Cartoon
schematic for POT1/TPP1/GFP-TIN2/TRF1 bound to a ds-ssDNA junction. (C) Purified POT1/TPP1/GFP-TIN2/TRF1 prior to glycerol-gradient purification frac-
tionated on SDS-PAGE. Protein gel as in Fig. 1B. (D) Mass photometry of TRF1 complex purified in the presence or absence of ds-ss junction telomeric DNA
(TeloDNAT1). Peak maxima are indicated along with cartoons that correspond to complexes of that molecular mass to within 10%. (E) Native MS analysis of
reconstituted TS-POT1/TPP1/GFP-TIN2/TRF1. The measured masses (in Da) are indicated along with cartoons that correspond to complexes of that approximate
molecular mass to within 0.08%. The asterisk indicates a species that likely corresponds to HSP70 contamination. (F) Negative-stain EM analysis of POT1/TPP1/GFP-
TIN2/TRF1 bound to TeloDNA1. Reference-free 2D class averages showing a high signal-to-noise ratio were selected for display.

analysis (SI Appendix, Fig. 90), consistent with recent findings
from a cryo-EM analysis of this complex (63).

Because POT1 and TPP1 are expressed at ~10-fold lower lev-
els than the other components, another subcomplex of shelterin
that is likely present in cells is TRE1/TIN2/TRF2/Rapl (shel-
terin core) (1, 72). Shelterin core was reconstituted by mixing
TRF1/GFP-TIN2 with TRF2/Rap1 in the presence or absence
of dsDNA containing four Myb-binding sites (dsTeloDNA; S/
Appendix, Fig. 104), and isolated by glycerol gradient/ultracen-
trifugation (S Appendix, Fig. 10B). Mass photometry of a peak
fraction in the absence of DNA displayed two peaks: one consis-
tent with either TRFI/TIN2 (230 kDa) or free TRF2/Rapl

6 of 12 https://doi.org/10.1073/pnas.2201662119

(200 kDa) and the other consistent with a complex of 2:2:2:2
TRF1:GFP-TIN2:TRF2:Rap1 stoichiometry (430 kDa) (S/
Appendix, Fig. 10C and Table 4). Addition of dsTeloDNA
resulted in a similar profile with a higher molecular mass for the
second peak, but the exact identity of the complex responsible
for this peak could not be determined due to overlap of the pre-
dicted sizes of possible complexes (SI Appendix, Fig. 100).
Negative-stain EM images from peak fractions revealed extreme
heterogeneity, indicating that this complex was also unsuitable
for single-particle analysis (S7 Appendix, Fig. 10D).

These results demonstrate that TRF1 can stabilize dimeric
forms of shelterin in the absence of DNA by interacting tightly
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Fig. 4. Structural heterogeneity within shelterin. (4) Domain schematics for TRF2, Rap1, TRF1, TIN2, TPP1, and POT1 with amino acids indicated. BRCT, BRCA1
C-terminal domain; RCT, Rap1 C-terminal domain. (B) Cartoon schematic for dimeric shelterin. Coloring is as in Fig. 1A. (C) SDS-PAGE of purified reconstituted shel-
terin. Protein gel as in Fig. 1B. (D) Negative-stain EM analysis of shelterin purified in the presence or absence of ds-ss junction telomeric DNA (TeloDNA2). EM images
displaying raw particles are shown above reference-free 2D class averages. Class averages showing a high signal-to-noise ratio were selected for display. (£) Mass
photometry of reconstituted shelterin containing MBP-Rap1 and GFP-TIN2 after an amylose pull down. Data were taken in the presence or absence of exogenously
added TeloDNA2 as indicated. Peaks are numbered and approximate maxima are indicated. Asterisks indicate a peak arising from minor buffer contaminants.

with two TIN2 molecules, and that TRF2/Rapl binds TIN2
in both subcomplexes with relatively low affinity, consistent
with previous measurements (23, 29). Additionally, we find
that DNA-free and DNA-bound POT1/TPP1/TIN2/TRF2/
Rap1 and shelterin core subcomplexes are too heterogeneous to
be analyzed by single-particle EM.

Conformational Heterogeneity and Stoichiometry of Shelterin.
The full shelterin complex (Fig. 4 A-C) was reconstituted by
mixing purified TRF2/Rapl (SI Appendix, Fig. 11 A and B) with
the TRF1 complex in the presence and absence of a telomeric
DNA containing four Myb-binding sites and two POT1-binding
sites (TeloDNA2) (87 Appendix, Fig. 11 A and B). In the absence
of DNA, fractions containing TRF2 and Rapl were observed
comigrating with components of the TRF1 complex at much
higher glycerol concentrations than for TRF2/Rapl alone (S/
Appendix, Fig. 11 A and B). Unlike the TRF1 complex, DNA-
free shelterin was both soluble and monodisperse at low salt.
However, negative-stain EM analysis of a peak fraction from the
glycerol gradient showed that shelterin behaved as a heteroge-
neous complex in 2D class averages (Fig. 4D and SI Appendix,
Fig. 110).

TeloDNA2-bound shelterin was more compact than the apo
complex and migrated to higher density, but it remained

PNAS 2022 Vol. 119 No.31 e2201662119

extensively heterogeneous in 2D class averages (Fig. 4D and S/
Appendix, Fig. 12). Thus, the addition of the TRF2/Rap1 com-
ponents and/or DNA to the TRF1 complex prevented aggrega-
tion at physiological salt concentration but did not significantly
limit conformational variability.

We then sought to probe the stoichiometry of the full com-
plex, but the complex quantitatively bound to membranes during
concentration/buffer exchange by spin filtratdon. To overcome
this issue, we reconstituted shelterin by mixing the TRF1 com-
plex with TRF2/HissMBP-Rapl, separating the full complex
from subcomplexes by glycerol gradient/ultracentrifugation, and
performing an amylose pull down on the peak fractions (S/
Appendix, Fig. 13 A and B). The isolated complex was analyzed
by mass photometry, which showed three prominent peaks at 300,
495, and 780 kDa (not counting an additional low molecular
mass peak from a buffer contamination) (Fig. 4 and SI Appendix,
Fig. 130). Peak 1 would be consistent with the molecular masses
of either (TRF2/HissMBP-Rapl), (286 kDa) or POT1/TPP1/
GFP-TIN2/(TRF1), (285 kDa), peak 2 with either POT1/TPP1/
GFP-TIN2/(TRF2/HissMBP-Rap1), (474 kDa) or (POT1/
TPP1/GFP-TIN2/TRF1), (473 kDa), and peak 3 with (POT1/
TPP1/GFP-TIN2/TRF1/TRF2/HissMBP-Rap1), (759 kDa)
(S Appendix, Table 4). Addition of TeloDNA2 to this com-
plex resulted in shifts of peaks 2 and 3 of approximately the
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molecular mass of the DNA (41 kDa), further supporting our
peak assignments (Fig. 4 and SI Appendix, Fig. 13C). From
these observations, we conclude that shelterin can assemble into
a fully dimeric complex.

Discussion

This study reports on the structure of shelterin and its subcom-
plexes reconstituted in vitro. No DNA was required to form the
six-subunit shelterin complex, further confirming that shelterin
can self-assemble in the absence of its telomeric DNA substrate
(61). Single-particle negative-stain EM revealed that shelterin
and its subcomplexes can adopt a wide array of conformations
in both apo and DNA-bound states. Due to this extreme struc-
tural heterogeneity (Fig. 5), high-resolution structure determina-
tion of shelterin is currently intractable. Nonetheless, the data
reported here provide important insights into the architecture
and functions of shelterin.

The heterodimer formed by full-length POT1 and the
N-terminal half of TPP1 (comprising its OB fold and RD)
showed a large array of distinct conformations. The 2D class
averages suggest a continuum of different positions of the
C-terminal half of POT1 (composed of the splic OB3/HJRL
domain to which the TPP1 RD binds) and the two N-terminal
OB folds that bind to ss telomeric DNA (Fig. 5A4). Clearly, the
association of TPP1 with the split OB3/HJRL domain of POT1
does not lead to a rigid POT1 structure. Therefore, POT1 may
be best viewed as a DNA-binding module (OB1 and OB2) that
is flexibly tethered to shelterin via the interaction of its split
OB3/HJRL domain with TPP1. This architecture could enable
POTTI to bind to ssDNA and fulfill its functions with greater
versatility than if it were rigidly attached and need to be specially
positioned by the dsDNA-binding components. Furthermore,
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TPP1 OB can continuously flex about its tether to POT1 OB3/
HJRL, potentially aiding in its ability to recruit telomerase.
Reconstitution of the POT1/TPP1/TIN2 complex with full-
length proteins resulted in a trimer with 1:1:1 stoichiometry, as
expected. The structure of the POT1/TPP1 heterodimer was
readily discerned within the heterotrimer, indicating that TIN2
does not significantly affect the positional variation of the POT1
halves. Interestingly, negative-stain EM and XLMS data revealed
that the TRFH domain of TIN2 (which binds to the C-terminal
region of TPP1) is found in close proximity to POT1 (Fig. 5B).
The TIN2-binding site in TPPI is separated from the POT1-
binding RD domain by an unstructured and pootly conserved
region of 150 aa. However, TIN2 is not freely diffusing around
POT1/TPP1 on this tether but has several preferred positions
yielding well-defined negative-stain EM class averages, high-
confidence cross-links between the TIN2 TRFH domains of
known structure in POT1/TPP1, and low predicted aligned
errors between these domains in models generated with
AlphaFold-Multimer. It is important to note that these data only
indicate that these two domains are near one another and not
that they directly interact, as it has previously been shown that
TIN2 and POT1 cannot productively interact with each other
in the absence of TPP1 (30). Consistent with the view that
TIN2 is not randomly moving around POT1/TPP1, deletion of
the 150-aa region of TPP1 did not have a significant effect on
the negative-stain EM class averages, and this was further sup-
ported by the AlphaFold-Multimer models. These data suggest
that POT1/TPP1/TIN2 may contain a core (composed of
POT1 OB3/HJRL, TPP1 RD, and TIN2 TRFH) which, while
variable in structure, may have a limited range of conformations.
Contrasting with a “beads-on-a-string model,” the behavior of
the POT1/TPP1/TIN2 core resembles that of a toy wooden
snake (Fig. 5B), in which the segments would represent struc-
tured domains that associate closely but can adopt many different

ITPP1/
Multiple positions of TIN2 TRFH

Fig. 5. Models of structural heterogeneity in human shelterin. () Visual depiction of conformational variability within POT1/TPP1", In these models, the
C-terminal domains of POT1 are arbitrarily used as an anchor. Conformational variability of the DNA-binding OB folds and the TPP1 OB fold is depicted as
an ensemble of possible conformations that these features can adopt relative to that anchor. (B) Models for flexibility within POT1/TPP1/TIN2. The TRFH
domain of TIN2 is shown occupying different discrete positions on the POT1 anchor. For the “toy snake” model, structured domains are depicted as hexago-
nal snake segments with flexible linkers shown as dotted lines connecting them. These domains can associate with each other in a variety of conformations,
and truncation of flexible linkers would result in only minor changes in structure and conformational variability. (C) Model for structural heterogeneity of the
TRF1 complex. The POT1/TPP1/TIN2 subcomplex remains flexible and TIN2 is presumably flexibly tethered to TRF1.
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conformations relative to each other. In this analogy, the flexible
regions tethering the structured modules would be looping out
from them such that their removal would leave the structure and
flexibility of the complex unchanged. Future studies using time-
resolved measurements of conformational states will be needed to
determine if individual complexes can toggle freely between con-
formational states.

A recent cryo-EM study of a chemically cross-linked POT1/
TPP1/TIN2-telomerase complex from humans (64) confirmed
the interaction surface between TPP1’s OB fold and the TEN-
TRAP domains of telomerase (5, 7). A subset of these particles
was found to contain density for OB1/OB2 of POT1 bound to
DNA. However, TIN2 and the POT1 OB3/HJRL were absent
from that reconstruction, consistent with our data supporting
continuous flexibility between these features and the POT]1
OB1/OB2. Another group performed cryo-EM on POT1/
TPP1/TIN2 alone and was able to find a potentially preferred
conformation of POT1, in which its OB1/OB2 and OB3/HJRL
domains are oriented perpendicular to each other (63). This
study failed to observe TIN2’s TRFH domain or TPP1’s OB
fold, but these findings are complicated by the possibility that
the particles may have been partially denatured due to interac-
tions with the air—water interface.

Addition of TRF1 to the POT1/TPP1/TIN2 complex yielded
a shelterin subcomplex that could have a fully dimeric stoichiom-
etry (Fig. 5C). We also observed complexes containing only one
POT1/TPP1/TIN2 trimer bound to the TRF1 homodimer,
similar to observations of the TRF2-containing subcomplex (62).
However, in both the apo state and when bound to a DNA sub-
strate containing a TRF1- and two POT1-binding sites, the
dimeric complex dominated, which was also the case for the full
shelterin complex. Nonetheless, it is likely that a variety of shel-
terin components can form a variety of distinct complexes,
including the shelterin core, TRF1/TIN2, and POT1/TPP1/
TIN2/TRF2/Rapl. The idea that shelterin subcomplexes can be
functional is supported by the observation that breaking of the
TIN2 bridge at either the TRF1 or TRF2 site results in minor
or no problems with telomere protection, as long as POT1/
TPP1/TIN2 can efficiently be recruited to the telomere (27, 28).
Structurally, addition of TRF1 did not significantly decrease the
variability of the POT1/TPP1/TIN2 complex, resulting in many
different negative-stain EM class averages with features that we
were unable to unambiguously assign. Similarly, reconstitution
of the full shelterin complex by addition of TRF2/Rap1 resulted
in a great degree of structural variability regardless of whether it
was bound to a DNA substrate.

A limitation of this study is that it assumes that there are no
missing components of shelterin, which could, theoretically, lend
conformational homogeneity to the complex. From numerous
proteomic studies it is clear that there are no telomere-specific
factors missing. However, it is not excluded that proteins that
are not specific to telomeres play a role in the structure of the
complex. Recent examples of this phenomenon are the telome-
rase and y-TURC complexes, each of which was purified from
human cells and copurified with abundant endogenous compo-
nents that enhanced their stabilicy (H2A/H2B for telomerase
and actin for y-TURC) (73-76). Additionally, it is possible that
elements of shelterin are stabilized in discrete conformations
when bound to one or more of its many accessory factors or
when in association with the telomeric DNA maintenance
factors (e.g., CST or Apollo).

All known interactions within shelterin occur between small
domains or peptides flanked by disordered regions and struc-
tured domains, and not between two structured domains

PNAS 2022 Vol. 119 No.31 2201662119

(1, 23, 52). This study uncovered an association between the
TRFH domain of TIN2 and a structured region of POT1/
TPP1, but this interaction was found to be highly variable (Fig.
5B, toy snake model). These features of shelterin likely underlie
the observation that increasingly larger shelterin complexes
resulted in increasing structural variability, which decreased the
quality of alignment in single-particle analysis and precluded
localization of structured domains within the larger complexes.

Why is shelterin so flexible? We speculate that structural hetero-
geneity is a beneficial feature of the complex that permits shelterin
to fulfill its many functions. For example, flexibility may enable
shelterin to accommodate the many conformations adopted by
telomeric DNA. Shelterin binds to telomeres in their linear state,
associating with ds repeats that are largely chromatinized and with
the ds—ss transition and 3’ overhang at the terminus. Shelterin-
bound telomeres also can adopt a t-loop configuration, featuring a
D loop as well as branched DNA at the t-loop base. Furthermore,
the telomeric long noncoding RNA, TERRA, can form R loops
in telomeres, which may present additional challenges to shelterin
(77). Finally, shelterin needs to accommodate numerous interact-
ing partners involved in the maintenance of telomeric DNA (e.g.,
telomerase, CST, Apollo, BLM, RTEL1), which may require dif-
ferent conformations to position each on their respective DNA
substrates.

Methods

Cloning and Protein Expression. All constructs were cloned for baculovirus-
based expression of multicomponent complexes in insect cells using the biGBac
system (78). Briefly, DNA fragments encoding proteins, tags, and/or protease-
cleavage sites were generated by PCR and cloned between a polyhedrin pro-
moter and SV40 terminator in a subcloning vector (pLIB) using Gibson assembly
(79). Gene-expression cassettes containing the promoter, expression construct,
and terminator were amplified from these vectors by PCR using a predefined
primer set to allow Gibson assembly into another vector (pBIG1). In the case of
POT1/TPP1/GFP-TIN2/TRF1, these vectors were digested with Pmel and further
assembled into a final expression vector (pBIG2). pLIB subcloning vectors were
verified by sequencing of the entire insert and pBIG vectors were verified by
analytical restriction digestion with Swal.

All insect cell incubation steps were performed at 27 °C and high humidity
(68 to 74%), and all transfections/infections were performed on cells in logarith-
mic growth. Vectors were converted into purified bacmids using DH10Bac
(Thermo Fisher) cells per the manufacturer's instructions. Bacmids were trans-
fected into adherent Sf9 cells grown in S-900 Il serum-free medium (Thermo
Fisher) using CellFectin Il (Thermo Fisher). Viruses were harvested and amplified,
and then used to infect Tni cells grown in suspension in ESF900 medium. Tni
cells were harvested 72 h post infection, flash-frozen in liquid nitrogen, and
stored at —80 °C until use. For expression of TRF1/GFP-TIN2 used in the shel-
terin core reconstitution, Tni cells were coinfected with equal volumes of P3s for
mCherry-ENLYFQGGS-TRF1 and eGFP-GGLEVPFQGPGS-TIN2(1-352).

Protein Purification. Prior to purification, frozen cells were disrupted by cryo-
genic milling (Retsch) and approximately half of the resulting powder of a 400-
mL culture was used for purification while the other half was stored at —80 °C.
All protein-purification steps were performed on ice or at 8 °C and using chilled
buffers. All protein concentrations were determined by A,gy and a calculated
extinction coefficient from https://web.expasy.org/protparam/ for complexes lack-
ing GFP or by Asgg for GFP-containing complexes using an extinction coefficient
for enhanced GFP (eGFP) at 488 nm of 53,000 M~"-cm™". Ultraviolet-visible
absorbance measurements were made using a NanoDrop ND-1000 (Thermo
Fisher). All buffers used in fast protein liquid chromatography (FPLC) were
degassed using a benchtop vacuum and cooled to 8 °C prior to use. Glycerol gra-
dients were mixed using a Gradient Master (BioComp) at room temperature and
cooled to 4 °C prior to use. All polyacrylamide gels were purchased from Thermo
Fisher, and BenchMark unstained protein ladder (Thermo Fisher) was used as a
molecular mass marker for SDS-PAGE. Protein complexes were purified by a
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combination of one or more affinity purification steps followed by either heparin
affinity, strong-anion exchange, or strong-cation-exchange chromatography and
gel filtration or glycerol gradient/ultracentrifugation. Detailed descriptions of pro-
tein purification protocols for each complex can be found in SI Appendix.

Electrophoretic Mobility-Shift Assays. For POT1/TPP1" and POT1/TPP1/GFP-
TIN2, variable concentrations of protein were mixed with 0.25 nM Cy5.5-labeled
DNA in binding buffer (20 mM Hepes-KOH, pH 7.5, 100 mM KCl, 0.5 mM
MgCly, 0.5 mM Tris[2-carboxyethylJohosphine [TCEP]-HCI, 0.05% volume vol/vol
IGEPAL Co-630, 8% glycerol, 50 pg/mL bovine serum albumin [New England
BioLabs]) and incubated for 30 min at room temperature (~22 °C). For POT1/
TPP1N, 2.5 pl was separated on a 10% polyacrylamide-Tris-borate EDTA (TBE) gel
in cold 100 mM Tris-borate (pH 8.3). For POT1/TPP1/GFP-TIN2, 6 plL was sepa-
rated on 0.6% agarose-Tris-borate in cold 100 mM Tris-borate (pH 8.3). Gels
were imaged using the near-infrared setting of a Typhoon scanner (GE). For the
qualitative electrophoretic mobility-shift assay (EMSA) of POT1/TPP1/GFP-TIN2/
TRF1, variable concentrations of protein were mixed with the indicated DNA (50
nM) in binding buffer containing 200 mM KCl and incubated on ice for 30 min.
Each protein/DNA complex (5 pl) was then separated on 4 to 20% polyacryl-
amide TBE gels run in cold Tris-borate buffer, and the gel was stained with SYBR
Gold per the manufacturer's instructions and imaged using the ethidium bro-
mide setting of an Alpha imager (Alpha Innotech). For native gels of glycerol-
gradient fractions, 5-uL fractions were run and the gel was stained and imaged
as with the qualitative TRF1 complex EMSA.

Negative-Stain EM Data Collection and Image Processing. Protein sam-
ples (3.5 pL) were adsorbed to glow-discharged carbon-coated copper/collodion
grids, washed three times with water and once with freshly prepared 0.7%
weight/vol uranyl formate, and then stained for 30 s with 0.7% uranyl formate.
Samples were imaged at room temperature using a Phillips CM10 electron
microscope equipped with a tungsten filament and operated at an acceleration
voltage of 80 kV. Images were collected with an AMT ActiveVu charge-coupled
device camera at a calibrated pixel size of 2.8 A. Particles were autopicked
using the swarm (for POT1/TPP1" and POT1/TPP1/TIN2 wt/3xA) or Gauss (for
other complexes) picker in EMAN2.1 (80). Particles were then extracted and
subjected to two or three rounds of 2D classification in RELION-3.0 (81) to
remove junk particles. After the final round of classification, particles were reex-
tracted using the updated coordinates from 2D classification in RELION, and
that stack was used as input for 2D classification in ISAC 2.3.2 (65) using a pixel
error threshold of 0.7 and variable minimum and maximum particle numbers
per class (SI Appendix, Table 1). Classes containing readily interpretable fea-
tures from the ISAC output were selected for display in the main figures while
all classes are displayed in SI Appendiix.

Cross-Linking Mass Spectrometry. BS3 cross-linker (ProteoChem, c1103)
was dissolved in LC-MS-grade H,0 (ProteoChem, LC6330) at 50 mM and added
to POT1/TPP1/GFP prepared at 1 mg/mL in N-hydroxysuccinimide-ester nonreac-
tive buffer to a final concentration of 0.35 to 0.75 mM. Reactions were per-
formed at 25 °C in disposable inert cuvettes (UVette, Eppendorf), and monitored
by continuous looped dynamic light-scattering measurements of polydispersity
(Pd < 10%; DynaPro NanoStar, Wyatt) (82). Cross-linking was quenched after
30-min incubation by addition of Tris-HCI (pH 8.0) to a final concentration of
5 mM.

Samples were dialyzed against 100 mM ammonium bicarbonate, reduced
with 50 mM TCEP at 60 °C for 10 min, and alkylated with 50 mM iodoacetamide
in the dark for 15 min at 37 °C. Digestion was carried out at 37 °C overnight
with 125 ng/mL sequencing-grade modified trypsin (Thermo Fisher) in 25 mM
ammonium bicarbonate supplemented with ProteaseMax (Thermo Fisher). The
reaction mixture was supplemented with trifluoroacetic acid (TFA; Thermo Fisher)
to a final concentration of 0.1%. The resulting peptides were passed through
€18 Spin Tips (Thermo Fisher) before elution with 40 pL 80% acetonitrile (ACN;
Thermo Fisher) in 0.1% TFA. Eluted peptides were dried and resuspended in
20 pL 0.1% formic acid (Thermo Fisher) for MS analysis. Peptides were analyzed
on an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher) coupled to an
EASY-nLC (Thermo Fisher) LC system, with a 2-um, 500-mm EASY-Spray column.
The peptides were eluted over a 120-min linear gradient from 96% buffer A
(water) to 40% buffer B (ACN), and then continued to 98% buffer B over 20 min
with a flow rate of 250 nL/min. Each full MS scan (R = 60,000) was followed by
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20 data-dependent MS2 scans (R = 15,000) with high-energy collisional dissoci-
ation (HCD) and an isolation window of 2.0 m/z. Normalized collision energy
was set to 35. Precursors of charge state <3 were collected for MS2 scans in enu-
merative mode, and precursors of charge state 4 to 6 were collected for MS2
scans in cross-ink discovery mode (both were performed for each sample);
monoisotopic precursor selection was enabled and a dynamic exclusion window
was set to 30.0 s. Raw files obtained in enumerative mode were analyzed by
pFind3 software (83) in open search mode, and protein modifications inferred
by pFind3 and comprising >0.5% of total protein were included as the variable
modifications in plink 2 (84) search parameters. pLink 2 results were filtered for
false discovery rate (<5%), e value (<10 to 3), score (<10 to 2), and abundance
(peptide spectrum matches > 5). Cross-links were visualized using xiNET (85).

Mass Photometry. All data were collected using a OneMP mass photometer
(Refeyn) calibrated with bovine serum albumin (66 kDa), beta amylase
(224 kDa), and thyroglobulin (660 kDa). Movies were acquired for 6,000 frames
(60 s) using AcquireMP software (version 2.4.0) and default settings. Final pro-
tein concentrations were empirically determined to achieve ~50 binding events
per second. Raw data were converted to frequency distributions using Prism 9
(GraphPad) and a bin size of 10 to 30 Da. Details for sample preparation can be
found in S/ Appendix.

Native Mass Spectrometry. Prior to analysis, aliquots of purified POT1/TPP1/
GFP-TIN2 and TRF1 were thawed and treated overnight at 4 °C with 50 pg/mL
purified lambda protein phosphatase (made in-house) and 1 mM MnCl,. For
the TRF1 complex, the sample was prepared identically as for mass photometry
except using phosphatase-treated components. The sample was immediately
processed for native MS after glycerol exchange.

The samples were buffer-exchanged into 300 mM ammonium acetate (POT1/
TPP1/GFP-TIN2) or 400 mM ammonium acetate (TRF1-only and TRF1 complex)
solutions at pH 7.5 and with 0.01% Tween-20 using Zeba desalting microspin
columns with 40-kDa molecular mass cutoff (Thermo Fisher). Sample concentra-
tions were at least 5 pM for analysis. A 3-pL aliquot of the buffer-exchanged
sample was loaded into a gold-coated quartz capillary tip that was prepared
in-house (86). The sample was then electrosprayed into an Exactive Plus
extended mass range instrument (Thermo Fisher) using a modified static nano-
spray source. The MS parameters used included spray voltage, 1.2 kV; capillary
temperature, 150 °C; S lens radio frequency level, 200; resolving power, 8,750
or 17,500 at an m/z of 200; AGC target, 1 x 10% number of microscans, 5; max-
imum injection time, 200 ms; in-source dissociation, 0 V; injection flatapole,
8 V; interflatapole, 4 V (TRF1 trimer complex) or 6 V (for other samples); bent fla-
tapole, 4 V (TRF1 complex) or 6 V (other samples); HCD, 150 to 200 V; ultrahigh
vacuum pressure, 5.2 to 6.0 x 10~'" mbar; total number of scans, at least 100.
The instrument mass calibration in positive EMR mode was performed using
cesium iodide. The acquired MS spectra were visualized using the Thermo Xcali-
bur Qual Browser (version 4.2.47). Data processing and spectra deconvolution
were performed using UniDec version 4.2.0 (87, 88). The general UniDec param-
eters used included sample mass every 1.0 Da; smooth charge state distribution,
on; and peak shape function, Gaussian. No background subtraction was applied
for the TRF1-only spectrum, and curved background subtraction was set to 10 for
spectra from the rest of the samples. The expected masses for each component
protein based on the primary sequence are the following: TRF1 (48,538 Da),
Twin-Strep-POT1 (75,438 Da), TPP1 (48,939 Da), and GFP-TIN2 (67,237 Da).
Mass accuracies (calculated as the % mass difference between the measured and
expected mass relative to the expected mass) ranged from 0.005 to 0.08%.

AlphaFold-Multimer Modeling. For the full-length POT1/TPP1/TIN2 com-
plex, sequences in FASTA format for human POT1, TPP1 (short isoform), and
TIN2 (short isoform) were used as inputs for AlphaFold-Multimer 2.2.0 with
two random seeds and default settings. For the 3xA mutant, FASTA files
were modified to reflect the appropriate truncations. Of the 10 models gener-
ated by AlphaFold-Multimer, the top three ranked (based on average pLDDT
score) were chosen for display.

Data Availability. Al study data are included in the article and/or SI Appendix.
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Figures and Legends
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S| Figure 1. Negative-stain EM of ssDNA bound POT1/TPP1". (A) Raw negative-stain EM
image and 2D-class averages of POT1/TPP1N bound to 5'BiotinGGTTAGGGTTAG3’ ssDNA.
Classes selected for display in Figure 1D are indicated with red dots and may have been rotated
and/or reflected. (B) Raw negative-stain EM image and 2D-class averages of POT1/TPP1N bound
to streptavidin-5'BiotinGGTTAGGGTTAG3’ ssDNA. Classes selected for display in Figure 1E are
indicated with red dots.
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Zinder et al. Sl Figure 2
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Negative-stain EM image

Particles (zoomed)

Sl Figure 2. Gel filtration and negative-stain EM analysis of POT1/TPP1" bound to
streptavidin-ssDNA as a tool to assign domains. (A) Schematic representations, crystal
structures, and PDB IDs of streptavidin and structured domains within POT1/TPP1N. Co. atoms
of the last modelled residues are shown as spheres with amino acid numbers indicated. Models
rendered using Pymol. (B) Superose 6 increase 10/300 GL gel-filtration trace for absorbance at
280 nm of streptavidin-5'BiotinGGTTAGGGTTAG3’ ssDNA from Figure 1D with selected fractions
highlighted. (C) SDS-PAGE of fractions from gel filtration. Gel is 8-16% polyacrylamide Tris-
glycine and stained with SYPRO Ruby. Asterisks correspond to the selected fractions in panel A.
Molecular-weight markers are shown in kDa. (D) Raw negative-stain EM images of the indicated
fractions with selected particles highlighted and zoomed below.
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A Electrophoretic Mobility Shift Assay (EMSA)
[POT1/TPP1/GFP- ](nM): 0 04 20 0 04 20 0 04 20
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-protein/DNA
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5'Cy5.5GGTTAGCGTTAG3
5'Cy5.5GGTTAGGGTTAGY Telo dsDNA

POT1/TPP1/GFP- + 5’biotin(GGTTAG),3" ssDNA

Negative-stain EM image

2D-class averages

- - LY < o u o3 AL w2

Sl Figure 3. DNA binding and negative-stain EM analysis of POT1/TPP1/GFP-TIN2. (A) DNA-
binding activity of POT1/TPP1/GFP-TIN2 on telomeric and mutant DNAs. Protein concentrations
and ssDNA sequences are indicated. ‘Telo dsDNA’ with sequence
5CATCAATAGGGTTCATCCTAGGGTTGTACTG3’ was labeled with Cy5.5 dUTP by Klenow
polymerase. Probe concentration is 0.25 nM. (B) Raw negative-stain EM image and 2D-class
averages of POT1/TPP1/GFP-TIN2 bound to 5’BiotinGGTTAGGGTTAG3 ssDNA.
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POT1/TPP1/GFP- + 5'biotin(GGTTAG),3’ ssDNA + streptavidin

Negative-stain EM image

2D-class averages

POT14TPP14/GFP- + 5'biotin(GGTTAG),3" ssDNA + streptavidin

Negative-stain EM image

2D-class averages

S| Figure 4. Negative-stain EM of wild-type and 3xA POT1/TPP1/GFP-TIN2 bound to
streptavidin-ssDNA. (A) Raw negative-stain EM image and 2D-class averages of
POT1/TPP1/GFP-TIN2 bound to streptavidin-5’BiotinGGTTAGGGTTAG3’ ssDNA. Classes
selected for display in Figure 2D are indicated with red dots and may have been rotated and/or
reflected. (B) Raw negative-stain EM image and 2D-class averages of POT14/TPP14/GFP-TIN2*
bound to streptavidin-5’biotinGGTTAGGGTTAG3’ ssDNA. Classes selected for display in Figure
2D are indicated with red dots and may have been rotated and/or reflected.
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S| Figure 5. AlphaFold-multimer modelling of POT1/TPP1/TIN2. Per-residue confidence,
predicted aligned error, structural models (rendered in Pymol) and cartoon schematics for the top
3 of 10 ranked (based on average pLDDT) models for (A) full-length or (B) 3xA POT1/TPP1/TIN2.
Domain schematics for each protein are shown alongside their corresponding plots. Structural
models were aligned based on the POT1 OB3/HJRL. Red arrows in the predicted aligned error
chart highlight regions of intermediate error between TIN2’'s TRFH domain and POT1’s C-terminal
domains.
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S| Figure 6. Biochemical analyses and reconstitution of the TRF1 complex. (A) SDS-PAGE
and Western blot summary of TRF1 complex purification. Gel is 8-16% polyacrylamide Tris-
glycine and stained with SYPRO Ruby. Molecular-weight markers are shown in kDa. WCL: whole-
cell lysate; Sol: soluble extract; FT: flow-through; El: eluate. Asterisk corresponds to an unknown
species derived from the mCherry tag. (B) Qualitative EMSA of the TRF1 complex post mCherry
elution binding to the indicated DNAs. DNAs were present at 50 nM and the approximate
concentration of the TRF1 complex was determined by GFP absorbance at 488 nm. Gel is 4-20%
polyacrylamide TBE and stained with SYBR Gold. T1comp: TRF1 complex. (C) Native MS of
purified and phosphatase-treated TRF1 and POT1/TPP1/GFP-TIN2 samples. The measured
masses (in Da) are indicated along with cartoons that correspond to complexes. Asterisk indicates
a species that likely corresponds to HSP70 contamination. (D) Mass photometry of TRF1 complex
components and reconstituted TRF1 complex. Final protein concentrations were 50 nM (TRF 1),
25 nM POT1/TPP1/GFP-TIN2, 6 nM (TRF1)2 + 12 nM POT1/TPP1/GFP-TIN2, and 6 nM (TRF1)
+ 12 nM POT1/TPP1/GFP-TIN2 + 6 nM TeloDNA1. Peak maxima are indicated along with
cartoons that correspond to complexes of that molecular weight to within 10%. (E) SDS-PAGE of
fractions from glycerol-gradient purification. Lower number fractions have higher glycerol
concentrations. SDS-PAGE gel is 8-16% polyacrylamide Tris-glycine and stained with SYPRO
Ruby and native TBE gel is 4-20% polyacrylamide TBE and stained with SYBR Gold. Asterisks
indicate fractions that were used for negative-stain EM analysis.
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POT1/TPP1/GFP- /TRF1 + TeloDNA1

Negative-stain EM image

2D-class averages

B POT1/TPP1/GFP- /TRF1

Negative-stain EM image

2D-class averages

S| Figure 7. Negative-stain EM of the TRF1 complex. (A) Raw negative-stain EM image and
2D-class averages of the TRF1 complex bound to TeloDNA1 ssDNA. Classes selected for display
in Figure 3F are indicated with red dots. (B) Raw negative-stain EM image and 2D-class averages
of the TRF1 complex.
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POT1TPP1" + §'biotin(GGTTAG),3' ssDNA + streptavidin Selected 2D classes Cartoons
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S| Figure 8. Negative-stain EM of shelterin subcomplexes bound to DNA containing two
POT1-binding sites. (A) 2D-class averages of POT1/TPP1N bound to streptavidin-
5’Biotin(GGTTAG)43’ ssDNA. Selected classes showing streptavidin associated with a curved U-
shape with cartoon interpretations are indicated with red dots and expanded with cartoon
interpretations (right side). (B) 2D-class averages of POT1/TPP1/GFP-TIN2 bound to
streptavidin-5’Biotin(GGTTAG)43’ ssDNA. Selected classes showing streptavidin associated with
a curved U-shape are indicated with red dots and expanded (right side). (C) 2D-class averages
of the TRF1 complex bound to streptavidin-5'Biotin(GGTTAG).3’ ssDNA. Selected classes
showing streptavidin associated with a curved U-shape are indicated with red dots and expanded
(right side).
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S| Figure 9. Reconstitution and analysis of POT1/TPP1/TIN2/TRF2/Rap1. (A) SDS- and native
PAGE of glycerol-gradient fractions of the TRF2/Rap1 + POT1/TPP1/GFP-TIN2 reconstitution in
the absence or presence of TeloDNA1. Lower number fractions have higher glycerol
concentrations. Gel for SDS-PAGE is 8-16% polyacrylamide Tris-glycine run in MOPS-SDS buffer
and stained with SYPRO Ruby and molecular-weight markers are shown in kDa. Gel for native
PAGE is 4-20% polyacrylamide TBE and stained with SYBR Gold. Red asterisks indicate the
fractions used for negative-stain EM and mass photometry analysis. (B) Mass photometry of
reconstituted complexes. Final protein concentrations are unknown. Peak maxima are indicated
along with cartoons that correspond to complexes of that molecular weight to within ~10%.
Asterisk indicates a peak derived from the buffer. (C) Raw negative-stain EM images of
reconstituted complexes.
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Zinder et al. Sl Figure 10

dsTeloDNA:
Myb Myb Myb Myb
5’CCTATCTAGGGTTTCTACTAGGGTTCACAATAGGGTTCTCACTAGGGTTCATACG3 *
3'GGATAG AGATG GTGTT GAGTG GTATGCS *
SDS-PAGE Native PAGE
TRF1/GFP- TRF1/GFP- TRF1/GFP-

MW (kDa): + TRF2/Rap + TRF2/Rap1 + dsTeloDNA + TRF2/Rap1 + dsTeloDNA
220- -wells
160- | Brotein/
120- i NA
100- =] =

90-84 o 3. TR MRF2 &
60- 2= SEmw = 0 NREl) =
507 . = K \TRF =
40- —
30-~. - i f—

= =

e 8 m5 12345678910

. -~ 2 " Gradient Fractions

m512345678910111213 m5 1234567 8910111213

2 Gradient Fractions a Gradient Fractions TBE-PAGE (SYBR Gold)
SDS-PAGE (SYPRO Ruby) SDS-PAGE (SYPRO Ruby)
C Mass photometry
TRF1/GFP- TRF1/GFP-
+ TRF2/Rap1 + TRF2/Rap1 + dsTeloDNA
0.067 0.061
3 Role, L N
450 kDa or
3 0.04] 5 26 3 0.04 5o W
C 00 C
g 220 kDa g 480 kDa
> > " 230 kDa
) )
\C 0.021 \C 0.021
0 ; ; . 7 . !
0 200 400 600 800 1000 200 400 600 800
Mass (kDa) Mass (kDa)
D Negative stain EM

TRF1/GFP- + TRF2/Rap1 TRF1/GFP- + TRF2/Rap1 + dsTeloDNA

S| Figure 10. Reconstitution and analysis of TRF1/TIN2/TRF2/Rap1. (A) DNA sequence of
dsTeloDNA with binding sites for TRF1/2 Myb domains indicated. (B) SDS- and native PAGE of
glycerol-gradient fractions of the TRF2/Rap1 + POT1/TPP1/GFP-TIN2 reconstitution in the
absence or presence of dsTeloDNA. Lower number fractions have higher glycerol concentrations.
Gel for SDS-PAGE is 8-16% polyacrylamide Tris-glycine run in MOPS-SDS buffer and stained
with SYPRO Ruby and molecular-weight markers are shown in kDa. Gel for native PAGE is 4-
20% polyacrylamide TBE and stained with SYBR Gold. Red asterisks indicate the fractions used
for negative-stain EM and mass photometry analysis. (C) Mass photometry of reconstituted
complexes. Final protein concentrations are unknown. Peak maxima are indicated along with
cartoons that correspond to complexes of that molecular weight to within ~10%. Asterisk indicates
a peak derived from the buffer. (D) Raw negative-stain EM images of reconstituted complexes.
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S| Figure 11. Reconstitution and negative-stain EM of shelterin. (A) SDS-PAGE of glycerol-
gradient fractions of TRF2/Rap1 in the presence or absence of the TRF1 complex. Lower number
fractions have higher glycerol concentrations. Gel is 4-12% Bis-Tris run in MOPS-SDS buffer and
stained with SYPRO Ruby. Molecular-weight markers are shown in kDa. Asterisk corresponds to
the fraction used for negative-stain EM analysis. (B) Western blot analysis of peak fractions from
the glycerol gradient in panel A. Asterisk corresponds to the fraction used for negative-stain EM
analysis. (C) Negative-stain EM 2D-class averages of reconstituted shelterin.
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S| Figure 12. Reconstitution and negative-stain EM of shelterin bound to DNA. (A) DNA
sequence of TeloDNA2 with binding sites for TRF1/2 Myb domains and POT1 OB1/2 indicated.
(B) SDS-PAGE, native PAGE, and Western blot of the reconstituted shelterin-TeloDNA2 complex.
Lower number fractions have higher glycerol concentrations. Gel is 4-12% Bis-Tris run in MOPS-
SDS buffer and stained with SYPRO Ruby for SDS-PAGE and 4-20% polyacrylamide TBE and
stained with SYBR Gold for TBE-PAGE. Molecular-weight markers are shown in kDa. Asterisk
corresponds to the fraction used for negative-stain EM analysis. (C) Negative-stain 2D-class

averages of reconstituted shelterin bound to DNA.
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S| Figure 13. Amylose pulldown and mass photometry of His6MBP-Rap1 containing
shelterin. (A) SDS-PAGE of glycerol-gradient fractions from the shelterin reconstitution using
HissMBP-Rap1. Lower number fractions have higher glycerol concentrations. Gel is 8-16% Tris-
Glycine run in Tris-Glycine-SDS buffer and stained with Coomassie Blue. Molecular-weight
markers (m) are shown in kDa. Red asterisks correspond to the fractions used for the amylose
pulldown. (B) Amylose pulldown of reconstituted HissMBP-Rap1-containing shelterin. Gel is 8-
16% Tris-Glycine run in Tris-Glycine-SDS buffer and stained with Coomassie Blue. Red asterisk
corresponds to the fraction used for mass photometry. FT, flowthrough. (C) Mass photometry data
from Figure 4E with data at higher molecular weights included. Additionally, mass photometry
measurements are shown for TRF2/HissMBPRap1 and buffer alone. A single asterisk indicates a
peak arising from buffer contaminants and double asterisk indicates species far outside of the
instrument’s calibrated range.
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Supplementary Table 1. Negative-stain EM Summary

. . . . Particles
Proteins DNA Figure(s) | Micrographs | Particles Per Class
POT1/TPP1N 5'Biotin(GGTTAG).3’ | 1D, SI1A 100 40,955 80-200
N
POTIITPP1 + | 5Biotin(GGTTAG),3' | 1E, SI1B 75 24,820 | 80-200
streptavidin
POT”ENPZ”GFP' 5'Biotin(GGTTAG)3 | SI3B 100 32813 | 60-150
POT1/TPP1/GFP-
TIN2 + 5'Biotin(GGTTAG).3’ | 2C, SI4A 140 33,117 60-150
streptavidin
POT14/TPP1/GFP-
TIN2" + 5'Biotin(GGTTAG).3’ | 2C, SI4B 110 30,154 60-150
streptavidin
POT1/TPP1/GFP-
TIN2/TRF1 TeloDNA1 3F, SI7TA 100 22,851 40-100
POT1/TPP1/GFP-
TIN2/TRF1 None SI7B 100 15,058 40-100
N
POTIITPP1 + | 5Biotin(GGTTAG):3 | SIBA 110 31,399 | 40-100
streptavidin
POT1/TPP1/GFP-
TIN2 + 5'Biotin(GGTTAG)43’ S18B 150 29,112 40-100
streptavidin
POT1/TPP1/GFP-
TIN2 + TRF1 + 5'Biotin(GGTTAG)43 SI8C 200 36,202 40-100
streptavidin
. 4D,
Shelterin None sI1C 300 31,939 60-150
. 4D,
Shelterin TeloDNA2 S112C 300 31,285 60-150

Supplementary Table 2. Intra-protein crosslinks within POT1/TPP1/GFP-TIN2

Protein | Residue 1 Residue | Lowest # of Interac_ting
2 score precursors domains

427 433 2.0E-18 126

81 119 9.5E-18 36

355 433 4.9E-30 12 -

101 106 7.0E-17 55

422 433 6.0E-25 62

121 433 1.6E-21 6 -

121 353 9.5E-18 5 -

171 234 2.7E-16 145

15




Zinder et al., Structural Heterogeneity of Human Shelterin

412 433 1.1E-15 14
121 355 4.0E-15 15
121 469 4.3E-15 10
433 469 5.1E-15 15
121 234 1.6E-14 9
353 469 7.6E-14 3
85 355 4.1E-13 5
234 469 7.0E-11 6
85 433 8.3E-11 1
234 355 5.1E-10 4
33 355 7.7E-10 7
234 433 1.1E-09 3
33 353 1.3E-09 8
234 289 1.5E-09 48
85 469 2.8E-09 8
121 121 3.0E-08 9
353 433 3.0E-08 1
234 353 1.4E-07 3
182 469 3.0E-07 5
355 379 3.6E-06 6
131 353 3.7E-06 4
407 433 7.0E-06 6
379 433 3.1E-05 3
233 235 3.4E-05 3
62 81 1.5E-04 10
469 504 2.1E-04 5
131 469 2.5E-04 4
85 131 4.1E-04 1
131 234 5.6E-04 7
101 119 6.1E-04 3
353 355 6.6E-04 1
379 469 8.0E-04 4
469 469 8.8E-04 2
355 469 1.4E-03 1
422 469 1.9E-03 8
131 355 2.8E-03 6
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Supplementary Table 3. Inter-protein crosslinks within POT1/TPP1/GFP-TIN2

Protein1 | Residue Proztein Residue Lsc:x?:t prefu‘::ors Ir‘\jtgrr::itri‘r;g
433 TPP1 232 1.2E-20 19 -OB
433 TPP1 170 5.2E-21 19 -OB
469 TPP1 232 1.7E-07 11 -OB
121 81 2.0E-14 10 -

469 TPP1 170 2.2E-12 9 -OB

234 81 3.3E-08 8 -

81 TPP1 170 2.1E-06 7 -OB
433 101 9.3E-15 6 -

121 98 1.3E-06 6 -

469 TPP1 233 2.8E-11 5 -OB

85 TPP1 492 3.0E-08 5 -TIN2BD
355 TPP1 492 3.9E-05 5 -TIN2BD
234 131 4.6E-04 5 -

234 TPP1 170 2.3E-13 4 -OB
353 TPP1 170 6.2E-12 4 -OB
355 101 7.9E-07 4 -

234 106 1.9E-06 4 -
234 101 3.0E-05 4 -
469 106 2.3E-15 3 -

85 TPP1 170 9.6E-14 3 -OB
469 TPP1 492 2.6E-06 3 TIN2BD
430 101 6.4E-11 2 -
433 TPP1 492 3.7E-10 1 TIN2BD
234 119 2.4E-07 1 -

85 101 2.0E-06 1 -
433 98 9.9E-06 1 -
234 233 4.4E-05 1 -
469 235 4.4E-04 1 -
427 TPP1 170 9.4E-04 1 -OB
353 TPP1 492 1.3E-03 1 -TIN2BD
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433 81 2.8E-03 1 -

Supplementary Table 4. Mass measurements of shelterin and shelterin subcomplexes with

and without incubation with telomerase DNA

Measured Mass
Expected Mass . From Mass
Complex/Subcomplex (Da) Fr:\)nng :\l;;l)ve Photometry
(kDa)
(TRF1)2 97,057 97,070 80 -90
Twinstrep-POT1/TPP1/GFP-TIN2 191,614 191,623 170 - 210
Twinstrep-POT1/TPP1/GFP-TIN2/ 288,690 288,806 270 - 290
(TRF1),
(Twinstrep-POT1/TPP1/GFP- )
TIN2/ TRF1), 480,304 480,700 470 - 490
(TRF1),/GFP-TIN2 164,312 164,325 -
Twinstrep-POT1/TPP1 124,377 124,472 -
Twinstrep-POT1 75,438 75,504 -
(Twinstrep-POT1/TPP1/GFP- )
TIN2/TRF1), + TeloDNA1 505,116 500
(TRF2/Rap1). 200,023 - 195 - 230
(TRF1/GFP-TIN2), 231,187 - 220 - 230
(TRF2/HissMBP-Rap1) 286,420 - 280 - 300
POT1/TPP1/GFP-
TIN2/(TRF2/Rap1). 391,601 i 390
(TRF1/GFP-TIN2/TRF2/Rap1). 431,191 - 450
(TRF2/Rap1)4 + dsTeloDNA 433,904 - 480
(TRF1/GFP-TIN2)4 + dsTeloDNA 496,232 - 480
(TRF1/GFP-TIN2/TRF2/Rap1). + )
dsTeloDNA 465,049 480
POT1/TPP1/GFP-TIN2/
(TRF2/HissMBP-Rap1); 474,130 ) 495
(POT1/TPP1/GFP-TIN2/ TRF1), 472,473 - 495
POT1/TPP1/GFP-TIN2/
(TRF2/HissMBP-Rap1); + 515,005 - 510
TeloDNA2
(POT1/TPP1/GFP-TIN2/ TRF1), + i
TeloDNA2 521,176 510
(POT1/TPP1/GFP- i
TIN2/TRF2/Rap1), + TeloDNA1 583,179 600
(POT1/TPP1/GFP-TIN2/ i
TRF1/TRF2/HissMBP-Rap1)2 758,568 780
(POT1/TPP1/GFP-TIN2/
TRF1/TRF2/HissMBP-Rap1). 799,443 - 840
+TeloDNA2
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Supplemental Methods

Protein Expression Constructs

BiGBac cloning resulted in the following vectors (in order of appearance in the paper): pBIG1b-
POT1/Twinstrep-eGFP-ENLYFQ/GGS-TPP1(87-337), pBIG1b-Twinstrep-ENLYFQ/GGS-
POT1/TPP1(87-544)/eGFP-GGLEVPFQGPGS-TIN2(1-352), pBIG1b-Twinstrep-GFP-
ENLYFQ/GGS-(1-300-GGSGGS-331-634)/TPP1(87-337-GGSGGS-483-544)/eGFP-
GGLEVPFQGPGS-TIN2(1-270), pBlG2ab-(Twinstrep-ENLYFQ/GGS-POT1/TPP1(87-
544)/eGFP-GGLEVPFQGPGS-TIN2(1-352))A(mCherry-ENLYFQ/GGS-TRF1)B, pLIB-
MHHHHHH-MBP-LEVLFQ/GPGS-TRF1, pBIG1a-MHHHHHH-MBP-LEVLFQ/GPGS-
Rap1/TRF2(42-542). The ‘/’ indicates where TEV or 3C proteases are expected to cleave. In all
cases, GFP is enhanced GFP (Uniprot CSMKY7), the TIN2 gene was derived from a synthetic
gene that was codon optimized for expression in insect cells, and TRF1 lacks residues 296-315

(corresponding to the dominant splice variant in human cells)

Detailed Protein Purification Protocols

For POT1/TPP1N, cryo-ground powder was resuspended in 50 mL lysis buffer (20 mM HEPES-
KOH pH 7.5, 350 mM NaCl, 0.1 mM TCEP-HCI, 0.1% v/v Triton TX-100, 8% v/v glycerol, 1 mM
phenylmethylsulfonyl fluoride (PMSF, made fresh in isopropanol), 1x cOmplete EDTA-free
protease inhibitor (Millipore-Sigma), 0.05 mg/mL casein (Millipore-Sigma)). The resuspension
was centrifuged at 40,000 x g and the supernatant (soluble lysate) added to 2 mL of NHS-
activated sepharose resin (Thermo Fisher) onto which a purified GFP-nanobody had been
immobilized. The slurry was incubated with end-over-end rotation at 8°C for 2 hrs, centrifuged at
200 x g for 1 min, the supernatant decanted, the resin resuspended in 10 mL wash buffer (20
mM HEPES-KOH pH 7.5, 350 mM NaCl, 0.1 mM TCEP-HCI, 0.05% v/v Tween-20), and
transferred to a disposable column. The flow-through was discarded and the column washed
twice more with 10 mL wash buffer before resuspension in 5.5 mL wash buffer and transferred
to a conical flask. To this slurry, 200 ug of purified Hise-TEV protease (made in-house) was
added, and the mixture was incubated at 8°C with end-over-end rotation overnight. The next
morning the slurry was transferred to a disposable column and the flow-through collected. This
flow-through was filtered through 0.22 ym and injected onto a HiLoad 16/600 Superdex200 pg
column equilibrated in degassed wash buffer + 5% glycerol using an Akta FPLC (Cytiva).
Fractions were collected and analyzed by SDS-PAGE with Coomassie blue staining, and those
containing co-eluting POT1 and TPP1" were pooled, concentrated to 8 mg/mL using an Amicon

YM-30 centrifugal filtration device (Millipore-Sigma), aliquoted, flash frozen in liquid nitrogen,
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and stored at -80°C until needed. POT1/TPP1N used in EMSAs was further purified by diluting in
10 volumes of 20 mM HEPES-KOH pH 7.5, 100 mM NaCl, 0.1 mM TCEP-HCI, 0.5% Tween-20,
5% vlv glycerol, binding to a 1 mL ReSource Q anion exchange column equilibrated in the same
buffer, and eluting with a gradient to 40% 20 mM HEPES-KOH pH 7.5, 1 M NaCl, 0.1 mM
TCEP-HCI, 0.05% Tween-20, 5% glycerol. Two peaks were observed and fractions from the
first peak (centered at approximately 200 mM NaCl) were pooled, aliquoted, flash frozen in
liquid nitrogen, and stored at -80°C until needed.

POT1/TPP1/GFP-TIN2 was purified in a similar manner to POT1/TPP1N, but the soluble
lysate was instead added to 2 mL streptactin-XT high-capacity resin (IBA biosciences). The
slurry was incubated with end-over-end rotation at 8°C for 30 min and the beads were washed
as with POT1/TPP1N. The complex was eluted with five 2-mL additions of 50 mM Biotin-Tris pH
7.5, 300 mM NaCl, 0.5 mM TCEP-HCI, 10% v/v dimethylsulfoxide (DMSQO) and adjusted to 150
mM NaCl with the addition of 10 mL of 20 mM HEPES-KOH pH 7.5, 0.1 mM TCEP-HCI, 0.05%
Tween-20. This solution was then filtered through 0.22 ym and injected onto a 1 mL HiTrap-
Heparin HP column (Cytiva) that had been equilibrated in Buffer A (20 mM HEPES-KOH pH 7.5,
100 mM NacCl, 0.1 mM TCEP-HCI, 0.05% Tween-20). After injection, a gradient to 0-50% Buffer
B (Buffer A containing 1 M NaCl) was run and fractions collected. Visibly green fractions were
pooled, adjusted to 5.5 mL, filtered through 0.22 ym, and injected onto a HiLoad 16/600
Superdex200 pg column equilibrated in degassed wash buffer + 5% glycerol. Fractions were
collected and analyzed by SDS-PAGE, and those containing co-eluting POT1, TPP1, and GFP-
TIN2 were pooled, concentrated to 1.8-5 mg/mL using centrifugal filtration, aliquoted, flash
frozen in liquid nitrogen, and stored at -80°C until needed.

POT1/TPP1/GFP-TIN2 3xA was purified in a similar manner to POT1/TPP1/GFP-TIN2,
but a 1-mL ReSourceQ anion-exchange column (Cytiva) was substituted for Heparin and the
tag on POT1 was cleaved overnight with 100 ug TEV protease prior to gel filtration. Fractions
from gel filtration that contained all three components were pooled, concentrated to 1.5 mg/mL
using centrifugal filtration, aliquoted, flash frozen in liquid nitrogen, and stored at -80°C until
needed.

POT1/TPP1/GFP-TIN2/TRF1 was purified in a similar manner to POT1/TPP1/GFP-TIN2,
but instead of adjusting the streptactin eluate to low salt and separating over heparin, the eluate
was directly added to 0.5 mL of sepharose resin onto which a purified mCherry-nanobody had
been immobilized. The slurry was incubated with end-over-end rotation at 8°C for 1 hr, washed
as previously (using 5-mL wash volumes instead of 10 mL), resuspended in 1 mL wash buffer

and eluted with overnight incubation at 8°C using 100 ug of purified Hise-TEV protease. The
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next morning the slurry was transferred to a disposable column, the flow-through and a 1 mL
wash were collected, pooled and concentrated to 500 uL using a Microcon YM-100 device
(Millipore-Sigma) and gently added to the top of two 11-mL 10-30% glycerol gradients in 20 mM
HEPES-KOH pH 7.5, 350 mM NacCl, 0.1 mM TCEP-HCI. These gradients were then centrifuged
at 41,000 RPM using an SW41-Ti rotor (Beckman) followed by fractionated from the bottom
(~600 uL/fraction, ~19 fractions total) using a peristaltic pump (GE) and a Model 2110 fraction
collector (Bio-Rad). Fractions were analyzed by SDS-PAGE and those that contained all four
components were pooled, concentrated to 2-4 mg/mL, aliquoted, flash frozen in liquid nitrogen,
and stored at -80°C until needed.

For TRF1, the soluble lysate was added to 2 mL amylose resin (NEB) equilibrated in
wash buffer and incubated for 3 hrs at 8°C with end-over-end rotation. The beads were washed
as previously and eluted with five 2-mL additions of wash buffer containing 50 mM maltose. The
amylose eluate was filtered and purified over heparin as previously, except the gradient was run
from 20-100% Buffer B. Pooled fractions from the heparin elution were adjusted to 5.5 mL and
the MBP tag cleaved with the addition of 200 ug purified 3C protease (made in-house) and
overnight incubation at 8°C. The cleaved protein was purified by gel filtration as previously.
Fractions containing TRF1 were pooled, concentrated to 1.5-4 mg/mL using centrifugal filtration,
aliquoted, flash frozen in liquid nitrogen, and stored at -80°C until needed.

TRF2/Rap1 was purified using the same protocol as TRF1, except the amylose elution
step was performed in 20 mM HEPES-KOH pH 7.5, 200 mM NaCl, 0.5 mM TCEP-HCI, 50 mM
maltose and the heparin gradient was run from 10-60% Buffer B. After gel filtration, fractions
containing TRF2/Rap1 were pooled, concentrated to 2-8 mg/mL using centrifugal filtration,
aliquoted, flash frozen in liquid nitrogen, and stored at -80°C until needed. For complexes that
retained the HissMBP tag on Rap1, the lysis and wash buffers included an additional 15 mM
imidazole-HCI pH 7.5. Furthermore, nickel-NTA resin (Qiagen) was used instead of amylose,
the protein was eluted from the nickel-NTA column using 20 mM HEPES-KOH pH 7.5, 200 mM
NaCl, 0.5 mM TCEP-HCI, 250 mM imidazole-HCI pH 7.5, and the 3C protease cleavage step
was omitted.

For TRF1/GFP-TINZ2, the soluble lysate was added to 1.5 mL mCherry-nanobody resin
and incubated for 3 hrs at 8°C with end-over-end rotation. The beads were washed as
previously, resuspended in 1.5 mL wash buffer and eluted with overnight incubation at 8°C
using 300 pg of purified Hise-TEV protease. The next morning the slurry was transferred to a
disposable column, the flow-through and a 1.5 mL wash were collected, and the beads were
further washed with 7.5 mL 20 mM HEPES-KOH pH 7.5, 100 mM NacCl, 0.1 mM TCEP-HCI
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which was pooled with the eluted protein. This solution was then injected onto a MonoS 5/50 GL
column (Cytiva) that had been equilibrated in Buffer A and eluted with a gradient to 50% Buffer
B. Visibly green fractions (in a peak centered around ~300 mM NaCl) were pooled,
concentrated to 1.5 mg/mL and adjusted to 5% v/v glycerol using centrifugal filtration, aliquoted,

flash frozen in liquid nitrogen, and stored at -80°C until needed.

Sample Preparation for Negative-stain EM
For POT1/TPP1N, an aliquot of purified protein was thawed, centrifuged at 20,000 x g, and the
concentration of the supernatant was measured. 550 pmol of protein was then added to a tube
containing 1.1 nmol of 5'Biotin(GGTTAG)2 DNA (Thermo Fisher) in a volume of 100 pL dilution
buffer (20 mM HEPES-KOH pH 7.5, 200 mM KCI, 0.1 mM TCEP-HCI, 10% glycerol). This
mixture was then incubated on ice for 10 min, after which point the volume was adjusted to 550
uL with dilution buffer (final concentrations: 1 uM protein complex, 2 uM DNA). After
centrifugation at 20,000 x g for 1 min, the supernatant was injected onto a Superose 6 increase
10/300 GL column (Cytiva) that had been equilibrated in degassed dilution buffer. Fractions
were collected and analyzed by SDS-PAGE and those of interest were analyzed by negative-
stain EM. If necessary, samples were diluted with dilution buffer to a concentration that
achieved a high density of well-separated particles on the grid. For streptavidin labeling, 1.1
nmol of DNA was mixed with 3.3 nmol of D-biotin-Tris pH 7.5, and then 2.2 nmol purified
streptavidin (New England BioLabs) was added. This mixture was incubated on ice for 10 min,
then another 10 nmol of biotin added and the volume adjusted to 100 uL. Subsequent steps
were performed as before. When 5'Biotin(GGTTAG)s DNA was used, the concentrations of
DNA, D-biotin, and streptavidin were reduced by a factor of four. For POT1/TPP1/GFP-TIN2 wt
and 3xA, a similar protocol was used, except that final concentrations were 0.4 yM complex, 0.8
MM 5'Biotin(GGTTAG). DNA, 1.6 uM streptavidin (if present), and 2.4 yM D-biotin (if present).
For POT1/TPP1/GFP-TIN2/TRF1, the eluate from the mCherry column after
concentration was used as an input. 220 pmol of the eluate (by GFP absorbance at 488 nm)
was added to 110 pmol TeloDNA1 or buffer and the volume adjusted to 220 pL with dilution
buffer lacking glycerol (final concentrations are 1 yM GFP-TIN2 in the TRF1 complex by Asgs, 0
or 0.5 yM TeloDNA1). This mixture was incubated on ice for 2 hrs and then 200 pyL was added
to the top of 10-30% glycerol gradients in 20 mM HEPES-KOH pH 7.5, 200 mM KCI, 0.5 mM
TCEP-HCI. The gradients were centrifuged and fractionated as before. Fractions were analyzed
by SDS-PAGE with SYPRO Ruby staining, and the DNA-containing sample was additionally
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analyzed by native TBE-PAGE with SYBR Gold staining. Fractions of interest were further
analyzed by negative-stain EM.

For POT1/TPP1/GFP-TIN2 and POT1/TPP1/GFP-TIN2/TRF1 bound to streptavidin-
5’Biotin(GGTTAG)s DNA, 165 pmol of DNA was mixed with 500 pmol D-biotin, and then 330
pmol of streptavidin was added. The reaction was incubated for 10 min on ice and then another
1 nmol of D-biotin was added and the volume adjusted to 100 yL with dilution buffer. To this
sample, 330 pmol of POT1/TPP1/GFP-TIN2 was added and the mixture incubated for 10 min on
ice. Then, either buffer or buffer plus 165 pmol of (TRF1), was added to a final volume of 220
uL and the mixture was incubated on ice for another 1 hr before separation by
ultracentrifugation, fractionation, and analysis as above.

For the POT1/TPP1/TIN2/TRF2/Rap1 reconstitution, 150 pmol of (TRF2/Rap1), was
mixed with 300 pmol POT1/TPP1/GFP-TIN2 and incubated on ice for 10 min. Then, either
buffer or buffer plus 160 pmol TeloDNA1 was added to a final volume of 220 uL. This sample
was incubated on ice for 2 hrs, then added to the top of 10-30% glycerol gradients in 20 mM
HEPES-KOH pH 7.5, 150 mM KCI, 0.5 mM TCEP-HCI, and separation by ultracentrifugation,
fractionation, and analysis was performed as above. Peak fractions used for mass photometry
were diluted 1:10 into the same buffer lacking glycerol.

For the shelterin core reconstitution, 220 pmol of (TRF2/Rap1). was mixed with 220
pmol (TRF1/GFP-TIN2), and incubated on ice for 10 min. Then, either buffer or buffer plus 220
pmol dsTeloDNA (made fresh by annealing equimolar HPLC purified
5CCTATCTAGGGTTTCTACTAGGGTTCACAATAGGGTTCTCACTAGGGTTCATACGS' to
5CGTATGAACCCTAGTGAGAACCCTATTGTGAACCCTAGTAGAAACCCTAGATAGGY?
oligos) was added to a final volume of 220 pL. These samples were dialyzed against 20 mM
HEPES-KOH pH 7.5, 150 mM KCI, 0.1 mM TCEP-HCI, 5% v/v glycerol at 8°C for 5 hours then
added to the top of 10-30% glycerol gradients in 20 mM HEPES-KOH pH 7.5, 150 mM KClI, 0.5
mM TCEP-HCI, and separation by ultracentrifugation, fractionation, and analysis was performed
as above. Peak fractions used for mass photometry were diluted 1:10 into the same buffer
lacking glycerol.

For the shelterin reconstitution, 260 pmol the TRF1 complex (eluate from the mCherry
step) was mixed with 130 pmol of (TRF2/Rap1). and incubated on ice for 10 min. Then, either
buffer or buffer plus 200 pmol TeloDNA2 was added to a final volume of 220 uL (final
concentrations were 1.2 yM GFP-TINZ2 in the TRF1 complex by A488, 0.6 uM (TRF2/Rap1)2, 0
or 0.9 uM TeloDNAZ2). This sample was incubated on ice for 2 hrs then added to the top of 10-
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30% glycerol gradients in 20 mM HEPES-KOH pH 7.5, 150 mM KClI, 0.5 mM TCEP-HCI and

separation by ultracentrifugation, fractionation, and analysis as above.

DNA Substrates

All unlabeled oligonucleotides were purchased from Thermo Fisher and purified using standard
desalting unless otherwise specified. All 5’Biotin oligonucleotides were ordered from Thermo
Fisher with HPLC purification. All single-stranded 5’ Cy5.5 DNAs were ordered from Integrated
DNA Technologies with HPLC purification. The Cy5.5-labeled telomeric dsDNA was generated
by mixing 540 pmol of HPLC purified 5CATCAATAGGGTTCATCCTAGGGTTGTACTG3 DNA
with 650 pmol of HPLC purified 5CAGTACAACCCTAGGATGAACCCTATT3' in 25 pL
annealing buffer (10 mM HEPES-KOH pH 7.5, 100 mM NacCl, 0.1 mM EDTA, 0.2 um filtered),
heating to 98°C for 2 min, and cooling quickly to 12°C in a thermocycler. The annealed product
was labeled by fill-in synthesis using 5 U Klenow exo- (New England Biolabs) and a dNTP mix
containing 40 uM each of dATP, dCTP, dGTP and SulfoCy5.5-dUTP (Lumiprobe). These
reactions were then exchanged into annealing buffer using a BioSpin P6 column (Bio-Rad) and
the concentration was attained by measuring As7zz and using an extinction coefficient of 211,000
M-'cm™. To make TeloDNA1, 7 nmol of
5CATCAATAGGGTTCATCACTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG3’ was
annealed to 10.5 nmol of 5CTAACCCTAGTGATGAACCCTATTGATG3' by heating to 98°C and
cooling quickly to 12°C in 100 pL annealing buffer. The volume was then adjusted to 550 uL
with annealing buffer and injected onto a Superdex200 10/300 GL column equilibrated in
phosphate-buffered saline (PBS, 4.3 mM Na;HPO,, 1.5 mM KH2PO4, 140 mM NaCl, 2.7 mM
KCI, pH 7.4). Fractions were analyzed by TBE-PAGE with SYBR Gold (Invitrogen) staining and
those containing primarily the annealed product were pooled, concentrated to 100 pyL in a
Microcon YM-10, and stored at -20°C. dsTeloDNA was made by mixing 500 pmol HPLC purified
5CCTATCTAGGGTTTCTACTAGGGTTCACAATAGGGTTCTCACTAGGGTTCATACGS3’ and
500 pmol HPLC purified
5CGTATGAACCCTAGTGAGAACCCTATTGTGAACCCTAGTAGAAACCCTAGATAGG3 in 50
uL annealing buffer and heat/cooling as above. TeloDNA2 was generated in a similar manner to
TeloDNA1, except the sequences used were
5CCTATCTAGGGTTTTCTACTAGGGTTCATCAATAGGGTTCATCACTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGS' and
5CTAACCCTAGTGATGAACCCTATTGATGAACCCTAGTAGAAAACCCTAGATAGGS'.
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Sample Preparation for Mass Photometry

For the TRF1 complex, 1 nmol of (TRF1)2, 2 nmol POT1/TPP1/GFP-TIN2, and 0 or 1.5 nmol of
TeloDNA1 were mixed together and diluted to 250 pL in 20 mM HEPES-KOH pH 7.5, 350 mM
NaCl, 0.1 mM TCEP-HCI. After a 2-hr incubation at 4°C, 250 pL of the reconstitution was loaded
onto each of two 10-30% glycerol gradients in 20 mM HEPES-KOH pH 7.5, 350 mM NaCl, 0.1
mM TCEP-HCI and centrifuged, fractionated, and analyzed as before. Fractions containing the
complex were pooled, concentrated in a Microcon YM-30, buffer exchanged 1:10 into 20 mM
HEPES-KOH pH 7.5, 350 mM NaCl, 0.1 mM TCEP-HCI, flash frozen in liquid nitrogen and
stored at -80°C. For shelterin, 400 pmol of the TRF1 complex (by absorbance at 488 nm) was
mixed with 300 pmol of (TRF2/HissMBP-Rap1). and adjusted to 200 pL with 20 mM HEPES-
KOH pH 7.5, 350 mM NaCl, 0.1 mM TCEP-HCI. This sample was dialyzed against 20 mM
HEPES-KOH pH 7.5, 150 mM KCI, 0.1 mM TCEP-HCI, 5% v/v glycerol overnight using a 3500
Da cutoff 100-500 pL capacity slide-a-lyzer MINI device (Thermo Fisher) followed by 4
additional hours of dialysis against same buffer lacking glycerol the next morning. The sample
was then loaded onto each of two 10-30% glycerol gradients in 20 mM HEPES-KOH pH 7.5,
150 mM KCI, 0.1 mM TCEP-HCI and centrifuged, fractionated, and analyzed by SDS PAGE.
Fractions containing the complex were pooled, incubated with 30 yL amylose beads with end-
over-end rotation for 3 hrs at 8°C. The beads were then washed three times with 20 mM
HEPES-KOH pH 7.5, 150 mM KCI, 0.1 mM TCEP-HCI, and finally eluted with 50 mM maltose in
the the same buffer. The eluate was isolated from beads by centrifugation through a 0.22 ym
filter using a Spin-X centrifugal filtration device (Corning) and immediately used at a 1:8 final
dilution in mass photometry measurements. For the DNA-containing sample, the eluate was first
mixed with an equal volume of 60 nM TeloDNAZ2 (final concentration of 7.5 nM) and incubated
on ice for 30 min prior to measurement.

Prior to analysis, samples were thawed, centrifuged at 20,000 x g, and the concentration
of the supernatant was measured. Samples were then diluted to 1 uM in 20 mM HEPES-KOH
pH 7.5, 300 mM NaCl, 0.1 mM TCEP-HCI, and mixed together if indicated. Immediately prior to
measurement, samples were diluted to 4x final concentration in MP buffer (20 mM HEPES-KOH
pH 7.5, 150 mM KCI, 0.1 mM TCEP-HCI, filtered three times through 0.22 uym), then 2.5 uL was
added to 7.5 yL MP buffer in a sealed well on a glass slide and light scattering was recorded for

1 min.
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Antibodies and Western Blotting

Polyclonal antibodies were previously generated by inoculating rabbits with the following purified
proteins as antigens (produced in insect cells unless otherwise specified): full-length TRF1, full-
length TRF2, full-length TINZ2, full-length Rap1, and GST-TPP1(87-337) produced in E. coli.
Affinity purification of the resulting sera generated primary antibody stocks that were used at
1:2000 dilutions in PBS + 0.05% Tween and 1% v/v milk. A rabbit polyclonal antibody against
POT1 was purchased from Proteintech and used at a 1:1000 dilution.

Protein samples were separated on SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were blocked for 30 min at room temperature with PBS + 0.05%
Tween containing 5% milk prior to incubation with the primary antibody for 60 min at room
temperature. Membranes were then washed three times with PBS + 0.05% Tween, incubated
with a 1:10,000 dilution of anti-rabbit IgG-HRP (Millipore-Sigma) for 45 min at room temperature
in PBS + 0.05% Tween and 1% milk, washed three times, blotted dry, and finally treated with
West Pico PLUS luminescence reagent (Thermo Fisher). Membranes were exposed to film for
0.5-5 min, then the film was developed and scanned using the transparency setting of a

conventional scanner.
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