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TIN2 is a core component of the shelterin complex linking
double-stranded telomeric DNA-binding proteins (TRF1 and
TRF2) and single-strand overhang-binding proteins (TPP1-
POT1). In vivo, the large majority of TRF1 and TRF2 exist in
complexes containing TIN2 but lacking TPP1/POT1; however,
the role of TRF1-TIN2 interactions in mediating interactions
with telomeric DNA is unclear. Here, we investigated DNA
molecular structures promoted by TRF1-TIN2 interaction using
atomic force microscopy (AFM), total internal reflection fluo-
rescence microscopy (TIRFM), and the DNA tightrope assay. We
demonstrate that the short (TIN2S) and long (TIN2L) isoforms
of TIN2 facilitate TRF1-mediated DNA compaction (cis-in-
teractions) and DNA-DNA bridging (trans-interactions) in a
telomeric sequence- and length-dependent manner. On the
short telomeric DNA substrate (six TTAGGG repeats), the ma-
jority of TRF1-mediated telomeric DNA-DNA bridging events
are transient with a lifetime of ~1.95 s. On longer DNA substrates
(270 TTAGGG repeats), TIN2 forms multiprotein complexes
with TRF1 and stabilizes TRF1-mediated DNA-DNA bridging
events that last on the order of minutes. Preincubation of TRF1
with its regulator protein Tankyrase 1 and the cofactor NAD"*
significantly reduced TRF1-TIN2 mediated DNA-DNA
bridging, whereas TIN2 protected the disassembly of
TRF1-TIN2 mediated DNA-DNA bridging upon Tankyrase 1
addition. Furthermore, we showed that TPP1 inhibits
TRF1-TIN2L-mediated DNA-DNA bridging. Our study,
together with previous findings, supports a molecular model in
which protein assemblies at telomeres are heterogeneous with
distinct subcomplexes and full shelterin complexes playing
distinct roles in telomere protection and elongation.

* For correspondence: Hong Wang, hong_wang@ncsu.edu.
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Telomeres are nucleoprotein structures that prevent the
degradation or fusion of the ends of linear chromosomes,
which are threatened by at least seven distinct DNA damage
response (DDR) pathways (1-3). Human telomeres contain
~2-20 kb of TTAGGG repeats and a G-rich 3’ overhang of
~50-400 nt in length (1, 4). In humans, a specialized six-
protein shelterin complex consisting of TRF1, TRF2, RAP1,
TIN2, TPP1, and POT1 binds specifically to the unique
sequence and structure at telomeres to protect chromosome
ends. Prevention of telomeres from being falsely recognized as
double-strand DNA breaks and regulation of DNA repair
protein access depend on the biochemical activities of shelterin
proteins and their collaborative actions with other proteins
involved in the genome maintenance pathways (5-9). Exten-
sive telomere shortening or dramatic telomere loss due to
DNA damage causes telomere deprotection, which triggers cell
senescence and aging-related pathologies (10, 11).

The main protein—protein and protein—DNA interactions at
telomeres have been investigated using crystallography,
biochemical assays, yeast two-hybrid systems, coimmunopre-
cipitation, as well as visualization of shelterin subcomponents
in vitro and in vivo using fluorescence imaging (3). Among
shelterin components, both TRF1 and TRF2 specifically
recognize double-stranded telomeric DNA through the Myb/
SANT domain facilitated by homodimerization through the
TRFH domain (12, 13). However, TRF1 and TRF2 display
distinct DNA-binding properties and functions. TRF1 and
TRF2 contain an acidic and a basic domain, respectively, at
their N-termini (14). TRF2 prevents Mrell/Rad50/Nbsl-
dependent ATM kinase signaling, classical nonhomologous
end-joining (NHE]), as well as alternative nonhomologous
end-joining (alt-NHE]) pathways at telomeres. These distinct
functions of TRF2 are believed to be mediated through its
activities in promoting and stabilizing T-loops, in which the 3’

J. Biol. Chem. (2021) 297(3) 101080 1

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2021.101080
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0003-0122-5773
Delta:1_given name
https://orcid.org/0000-0002-9311-5899
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0002-5554-6540
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://orcid.org/0000-0003-4939-5982
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://orcid.org/0000-0003-0165-3559
mailto:hong_wang@ncsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2021.101080&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Telomeric DNA compaction and bridging by TRF1-TIN2

single-stranded overhang invades the upstream double-
stranded telomeric region (15-18). In comparison, TRF1 re-
presses telomere fragility by preventing DNA replication fork
stalling at telomeres (19) and promotes parallel pairing of
telomeric DNA tracts (20, 21). A flexible domain in TRF1
enables the two Myb domains in the TRF1 dimer to interact
with DNA independently and to mediate looping of telomeric
DNA (22).

TIN2 itself does not have binding affinity to either double-
stranded or single-stranded DNA (23). However, it is a core
shelterin component that bridges double-stranded (TRF1 and
TRF2) and single-stranded telomeric DNA-binding proteins
(TPP1-POT1) (24-28). Crystal structures revealed the in-
terfaces between TRF1-TIN2, TRF2-TIN2, and TPP1-TIN2
(29, 30). TIN2 stabilizes both TRF1 and TRF2 at telomeres
(31, 32). The loss of the TRF1 or TRF2-binding domains in
TIN? triggers a DNA damage response (33). Binding of TPP1
to TIN2 is required for POT1-mediated telomere protection
(34). As an integral component of the “TIN2/TPP1/POT1
processivity complex,” TIN2 functions together with TPP1/
POT1 to stimulate telomerase processivity (35). Furthermore,
TIN2 directly interacts with the cohesin subunit SA1 and plays
a key role in a distinct SA1-TRF1-TIN2-mediated sister telo-
mere cohesion pathway that is largely independent of the
cohesin ring subunits (8, 36). Binding of TRF1-TIN2 to telo-
meres is regulated by the poly(ADP-ribose) polymerase
Tankyrase 1 (37). ADP-ribosylation of TRF1 by Tankyrase 1
reduces its binding to telomeric DNA in vitro, and the
depletion of Tankyrase 1 using siRNA leads to mitotic arrest
and persistent telomere cohesion that can be rescued by
depletion of TIN2 (8, 36, 38).

Three distinct TIN2 isoforms have been identified in human
cell lines (35, 39, 40) that include TIN2S (354 AAs), TIN2L
(451 AAs), and TIN2M (TIN2 medium, 420 AAs). TIN2S,
TIN2L, and TIN2M share the same TRF1, TRF2, and TPP1-
binding domains and localize to telomeres (23, 35, 39).
Consistent with its key role in telomere maintenance, germline
inactivation of TIN2 in mice is embryonic lethal (41). Removal
of TIN2 leads to the formation of telomere dysfunction-
induced foci (TIFs). Importantly, clinical studies further
highlight the biological significance of TIN2 in telomere pro-
tection (42, 43). TINF2, which encodes TIN2, is the second
most frequently mutated gene in the telomere elongation and
protection disorder dyskeratosis congenita (DKC). DKC-
associated TIN2 mutations are most frequently de novo and
cluster at a highly conserved region near the end of its TRF1-
binding domain.

Two decades of research since the first discovery of TIN2
have shed light on protein-interaction networks around TIN2
and its multifaceted roles in telomere maintenance. However,
since TIN2 itself does not directly bind to DNA and instead
serves as a "mediator/enhancer” for shelterin and telomerase
activities, defining TIN2’s distinct function at the molecular
level has been challenging. The bottleneck for studying TIN2
lies in the fact that results from bulk biochemical assays do not
fully reveal the heterogeneity and dynamics of the protein—
protein and protein—-DNA interactions. Furthermore,
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cell-based assays only provide information on the outcomes
from downstream effectors after the knocking down of TIN2
that also removes TRF1 and TRF2 from telomeres. These
approaches do not allow us to investigate the molecular
structures and dynamics in which TIN2 directly participates.
In vivo, the amount of TIN2 is sufficient for binding every
TRF1 and TRF2 molecule (44), while TPP1 and POT1 are
~10-fold less than TRF1 and TIN2. Thus, it is important to
study the DNA-binding properties of TRF1-TIN2 complexes.
To fill this important knowledge gap, we applied comple-
mentary single-molecule imaging platforms, including atomic
force microscopy (AFM) (45-47), total internal reflection
fluorescence microscopy (TIRFM) (48), and the DNA tight-
rope assay to monitor TRF1-TIN2-mediated DNA compaction
and DNA-DNA bridging (49-51). Through using DNA sub-
strates on different length scales (6 and 270 TAAGGG re-
peats), these imaging platforms provide complementary results
demonstrating that both TIN2S and TIN2L facilitate TRF1-
mediated DNA compaction (cis-interactions) and DNA-DNA
bridging (trams-interactions) in a telomeric sequence- and
length-dependent manner. In some cases, TRF1-TIN2 is
capable of mediating the bridging of multiple copies of telo-
meric DNA fragments. Importantly, our results demonstrate
that TIN2 protects the disassembly of TRF1-TIN2-mediated
DNA-DNA bridging by Tankyrase 1. In addition, the N-ter-
minal domain of TPP1 inhibits TRF1-TIN2-mediated DNA-
DNA bridging.

In summary, this study uncovered the unique biophysical
function of TIN2 as a telomeric architectural protein, acting
together with TRF1 to mediate interactions between distant
telomeric sequences. Tankyrase 1 and TPP1 regulate TRF1-
TIN2-mediated DNA-DNA bridging. Furthermore, this work
establishes a unique combination of single-molecule imaging
platforms for future examination of TIN2 disease variants and
provides a new direction for investigating molecular mecha-
nisms underlying diverse TIN2 functions.

Results

TRF1-TIN2 promotes telomeric DNA compaction and DNA-
DNA bridging

A previous study suggested that TIN2 modulates the
bridging of telomeric DNA by TRF1 (31). However, the bulk
biochemical assays using short telomeric DNA (six telomeric
repeats) did not provide information regarding the structure
and dynamics of the TRF1-TIN2-DNA complex. To investi-
gate the molecular function of TIN2, we applied AFM imaging
to investigate how TIN2 affects the telomeric DNA-DNA
pairing mediated by TRF1 at the single-molecule level on
longer telomeric DNA substrates (270 TTAGGG repeats). We
purified TRF1 (Fig. S1A) and obtained TIN2S (1-354 amino
acids, 39.4 kDa) and TIN2L (1-451 amino acids, 50.0 kDa)
proteins purified from insect cells (Fig. 1A and Fig. S1D).
Previously, we established an AFM imaging-based calibration
method to investigate the oligomeric states and protein—
protein interactions by correlating AFM volumes of proteins
and their molecular weights (45, 47, 52). AFM volumes of
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Figure 1. TRF1-TIN2 compact DNA and induce DNA looping in a telomeric DNA sequence-dependent manner. A, schematics of domain structures of
TIN2S and TIN2L (top panels) and the linear T270 DNA substrate (bottom panel). B, representative AFM images of TRF1 (left panels), TRF1-TIN2S (middle
panels), and TRF1-TIN2L (right panels) complexes on the linear T270 DNA, showing individual protein complexes (arrows, top panels) and protein-mediated
DNA loops (arrows, bottom panels). XY scale bars: 200 nm. C, TRF1-TIN2 compacted the telomeric DNA. DNA length measurements for the linear T270 DNA
alone (1.71 £ 0.05 pm, N = 90), T270 in the presence of TRF1 (1.64 £ 0.06 pm, N = 91), TRF1 and TIN2S (1.58 + 0.11 um, N = 85), or TRF1 and TIN2L (1.59 +
0.1 um, N = 89). Boxes represent £SD. Error bars indicate ranges within 1.5QR. D, analysis of the TRF1, TRF1-TIN2S, and TRF1-TIN2L-mediated DNA loop
positions on individual T270 DNA molecules. The loop position was measured from each DNA end (0%) to the loop base with two data points collected from
one T270 DNA molecule. T270 only: N = 112; T270+TRF1: N = 84; T270+TRF1+TIN2S: N = 196; T270+TRF1+TIN2L: N = 224. **p < 0.01 and ***p < 0.001.
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TRF1 alone in solution showed two distinct peaks, which were
consistent with TRF1 monomers (51 KDa) and dimers
(102 KDa, Fig. S1B). In addition, based on the population of
TRF1 under the monomer and dimer peaks (53), the estimated
TRF1 dimer equilibrium dissociation constant (Kq) is 18.4 nM
(Fig. S1C). Meanwhile, AFM volumes of purified TIN2S at
41.3 nm® (+28.3 nm®) and TIN2L at 41.9 nm® (+12.8 nm®)
were consistent with the notion that TIN2 does not interact
with itself (23), and TIN2 exists in a monomeric state in so-
lution (Fig. S1D). Furthermore, we conducted size-exclusive
chromatography using TRF1 and TIN2S and confirmed
the presence of TRF1 dimers, TIN2 monomers, as well as
the interaction between TRF1 and TIN2S in solution (Fig. S2).
To further validate the activities of TIN2, we used electro-
phoresis mobility shift assays (EMSAs) to verify the interaction
of TIN2 with TRF1 on a double-stranded telomeric DNA
substrate (48 bp containing three TTAGGG repeats, Fig. S3,
A-C). Consistent with previous studies (23), EMSA experi-
ments showed that TIN2S and TIN2L did not directly bind to
telomeric dsDNA (Fig. S3A4). Both TRF1-TIN2S and TRFI1-
TIN2L induced a clear supershift of the telomeric DNA sub-
strate compared with TRF1 alone (Complex III in Fig. S3, B
and C), indicating the formation of stable TRF1-TIN2-
telomeric DNA complexes.

Next, to study TRF1-TIN2 DNA binding at the single-
molecule level, we used the linear DNA substrate (5.4
kb) that contains 1.6 kb (270 TTAGGG) telomeric repeats
in the middle region that is 35%-50% from DNA ends
(T270 DNA, Experimental procedures, Fig. 14) (21, 49).
Previously, AFM and electron microscopy imaging—based
studies established that TRF1 specifically binds to the
telomeric region and mediates DNA-DNA pairing (21, 22,
49). To study the function of TIN2, we preincubated TRF1
without or with TIN2 (either TIN2S or TIN2L), followed
by the addition of linear T270 DNA and additional incu-
bation for 10 min. The ratio of TRFl:telomere DNA
measured in HeLal.3 cells is approximately 1 TRF1:14.2
(TTAGGG) repeats (44). To investigate the effect of TIN2
on DNA binding by TRF1, we used TRF1:TIN2:DNA at
1:1:0.17 (300 nM: 300 nM: 50 nM). Based on the AFM
height of TRF1 (0.48 + 0.13 nm), we used an AFM height
cutoff at 1 nm to select the protein complexes on T270
DNA that contained TIN2. Based on this selection criteria,
we categorized the TRF1-TIN2-DNA complexes (N =
2837, combining TIN2S and TIN2L data), into three types:
DNA molecules with individual protein complexes bound
along the linear DNA contour (21.4% + 6.2% of total DNA
molecules); DNA molecules with a loop that is mediated
by a protein complex (7.4% * 4.6% of total DNA mole-
cules, Fig. 1B and Table S1); and clusters of multiple T270
DNA fragments bridged by protein complexes (trans-in-
teractions, 38.5 + 3.7% of total DNA molecules, Fig. 2 and
Table S1).

The majority of the individually bound TRF1-TIN2 protein
complexes (55% for TIN2S and 75% for TIN2L) were located
at the telomeric region (35%-50% from the closest DNA end)
on the linear T270 DNA (Fig. S44). The linear T270 DNA
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contour length in the presence of TRF1-TIN2 displayed
broader distributions and was significantly (p < 0.001) short-
ened compared with DNA alone or DNA in the presence of
only TRF1 (Fig. 1C). The AFM volumes of TRF1-TIN2 protein
complexes on individual T270 DNA fragments were an order
of magnitude larger than what was observed for TRF1 alone
(Fig. S4, B and C). Although it is technically challenging to
quantify numbers of protein molecules in individual protein—
DNA complexes, these results demonstrated that TRF1-TIN2-
DNA complexes contained multiple copies of TRF1 and TIN2.
In addition, the distribution of TRF1-TIN2L complexes on the
control linear nontelomeric DNA (noTel, 4.1 kb) was random
and the lengths of noTel DNA were comparable in the absence
or presence of TRF1-TIN2L (Fig. S5, A-C). In summary, these
results established that TRF1-TIN2 specifically bind to the
telomeric DNA sequences and compact telomeric DNA.

To verify that TRF1-TIN2 complexes mediate DNA looping
(cis-interactions) specifically at the telomeric region, we
quantified the position of the base of protein-mediated DNA
loops by directly measuring the length of each DNA arm from
the free DNA end to the base of the loop (Fig. 1D). We treated
35% (£3.5%) of the total contour length of T270 from the
nearest end as telomeric and nontelomeric region boundaries
(Fig. S6). TRF1-TIN2-mediated DNA looping was positioned
either within the telomeric region (33.7% for TIN2S and 25.1%
for TIN2L), between telomeric and nontelomeric regions
(63.2% for TIN2S and 66.1% for TIN2L), or between two
nontelomeric arms (3.1% for TIN2S and 8.8% for TIN2L).
These results demonstrated that TRF1 and TIN2 together
mediated DNA looping in a telomeric sequence-dependent
manner.

Furthermore, TRF1-TIN2S and TRF1-TIN2L formed large
complexes that bridged multiple strands of linear T270 DNA
molecules in a time and telomeric sequence-dependent
manner (Fig. 2, A-C). After 15 min of incubation, a signifi-
cant percentage of linear T270 DNA molecules (34.8% + 3.5%
for TRF1-TIN2S and 42.5% + 5.1% for TRF1-TIN2L) resided
in protein—-DNA clusters with more than two T270 fragments
(Fig. 2D). In addition, the N-terminal deletion mutant of
TIN2S lacking amino acids 1-196 (TIN2S-13) did not form
the higher-order Complex III in the presence of TRF1
(Fig. S3D). Consistent with these results, the percentage of
T270 DNA in protein—-DNA clusters induced by TRF1-TIN2S-
13 was significantly less compared with TRF1-TIN2 (17.4% +
3.1% after 20 min of incubation, N = 1139, Fig. S3E). The sizes
of protein complexes when both TRF1 and TIN2 were present
(TRF1-TIN2S: 6816 + 4788 nm® TRF1-TIN2L: 7286 =+
5229 nm?, Fig. S7) were at least 45 times greater than volumes
of a TRF1 dimer (~105 nm?®) and TIN2 monomer (~41 nm?®)
combined together (Fig. S1). In comparison, for TRF1 alone
with T270 DNA or noTel DNA in the presence of TRF1 and
TIN2L, complexes with clusters of multiple DNA fragments
bridged by proteins were significantly fewer (Fig. 2, C and D
and Table S1). Collectively, results from AFM imaging estab-
lished that both TIN2S and TIN2L facilitate cis-interactions
leading to DNA compaction and trans-interactions leading to
DNA-DNA bridging in a telomeric sequence-dependent
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Figure 2. TRF1-TIN2 form large complexes and bridge multiple dsDNA fragments in a telomeric sequence and time-dependent manner. A and B,
representative AFM images of TRF1-TIN2S (A) and TRF1-TIN2L (B) complexes showing bridging of multiple fragments of T270 DNA (5.4 kb) after incubation
for 2 min, 5 min, 10 min, and 15 min. Arrows point to complexes containing more than two T270 fragments. C, representative AFM images from control
experiments using TRF1 alone with the linear T270 DNA, and TRF1-TIN2L with the nontelomeric DNA (noTel, 4.1 kb) after incubation for 15 min. XY scale
bars: 500 nm. D, percentages of DNA molecules in the clusters containing more than two DNA fragments bridged by TRF1 on T270 DNA, and TRF1-TIN2L
on nontelomeric DNA after 20 min of incubation, TRF1-TIN2S or TRF1-TIN2L on T270 DNA at different incubation times. Each data set: total DNA molecules:

N = 591 to 1560. Error bars: SEM from three independent experiments.

manner. The N-terminal domain of TIN2 plays a key role in
facilitating TRF1-mediated DNA-DNA bridging.

TIN2 increases TRF1-mediated telomeric DNA-DNA bridging
lifetimes

To gain mechanistic insight into how TIN2 influences
DNA-DNA bridging by TRF1, we applied single-molecule
TIRFM fluorescence imaging to monitor DNA-DNA
bridging in real time. First, Cy5-labeled and biotinylated

SASBMB

double-stranded telomeric DNA substrates containing six
TTAGGG repeats were anchored onto PEGylated quartz slides
through biotin—streptavidin  interactions (Experimental
procedures, Fig. 34). Then, we introduced TRF1 or TRFI1-
TIN2 (TIN2S or TIN2L, 100 nM each protein) into the flow
cell, followed by washing with the imaging buffer. After 10 min
of incubation, we added the telomeric Cy3-DNA with six
TTAGGG repeats but lacking biotin as free DNA from solu-
tion (5 nM) along with proteins (TRF1 either with or without
TIN2) into the flow cell. To reveal the dynamics of the protein-
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Figure 3. TIN2 facilitates TRF1-mediated bridging of telomeric dsDNA revealed by TIRFM imaging. A, schematics of the experimental setup for
monitoring DNA-DNA bridging (trans-interactions) mediated by TRF1-TIN2 using TIRFM imaging. B, four types of single-molecule traces of TRF1-TIN2
mediated DNA-DNA bridging events observed using TIRFM imaging. One (top panels) or multiple (bottom panels) Cy3-DNA molecules were bridged to the
surface-anchored Cy5-DNA. The lines on the top indicate laser excitation sequence. C, the percentages of each type of telomeric DNA-DNA bridging events
with TRF1 alone, or TRF1 with increasing concentrations of TIN2S or TIN2L observed using TIRFM. Each data set was based on more than 1000 fluorescence

traces collected from three to four independent experiments. *p < 0.05 and

mediated colocalization of the Cy5-and Cy3-DNA (trans-in-
teractions), we illuminated the slide surface with a red laser,
followed by a green laser, to excite the Cy5 and Cy3 fluo-
rophores, respectively, and captured 120-s movies. To monitor
whether the free Cy3-DNA from the solution was bridged by
proteins to the Cy5-DNA anchored onto the surface, the spots
that displayed signals in the Cy5 channel were located first.
Then, a map was used to locate the spots in the Cy3-DNA
channel (Fig. S8A4) and to reveal the temporal dynamics of
the colocalization of Cy5-and Cy3-DNA (Fig. 3).

We conducted a series of control experiments under
the same experimental conditions to validate that Cy3-and
Cy5-DNA colocalization was mediated by proteins in a telo-
meric sequence-dependent manner and not through nonspe-
cific interactions (Fig. S8, B—E). Under the conditions either
without proteins (Fig. S8B), without Cy5-telomeric DNA on

6 . Biol. Chem. (2021) 297(3) 101080

**p < 0.01.

the surface (Fig. S8C), or with Cy3-DNA containing scrambled
sequences (Fig. S8, D and E), Cy3-Cy5 DNA colocalization or
Cy3 signals at randomly selected spots were ~1.5%—5% of total
traces/spots.

To investigate whether or not TIN2 influences the efficiency
and dynamics of TRF1l-mediated telomeric DNA-DNA
bridging, we directly compared Cy5-Cy3 colocalization sig-
nals when only TRF1 or both TRF1 and TIN2 were present.
When the telomeric Cy5-DNA was immobilized on the surface
and TRF1 alone (100 nM) was present in the flow cell, the
percentage of Cy5 traces colocalized with telomeric Cy3-DNA
signals was 16.6% (+£0.5%, N = 2369). This percentage
increased to over 50.6% (+7.3%, N = 3540) in the presence of
both TRF1 and TIN2 (TIN2S or TIN2L). To further interpret
the data, we classified the traces with Cy5-Cy3 DNA colocal-
ization signals into four types (Fig. 3B). Type I: stable bridging
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in which the Cy3-DNA in solution was bridged to the Cy5-
DNA on the surface from the beginning to the end of the
movie; Type II: the Cy3-DNA was bridged to the Cy5-DNA at
the beginning of the movies and then released (or photo-
bleached); Type III: Cy3-DNA was bridged to Cy5 DNA during
the middle of the movies and did not dissociate from each
other till the end of the movies; Type IV: multiple transient
DNA-DNA bridging and releasing events. It is worth noting
that we categorized the traces based on Cy3-DNA signal
duration. Based on the Cy3 signal intensities, each category
includes events with either one or multiple Cy3-DNA mole-
cules bridged to the surface-anchored Cy5-DNA (Fig. 3B).
When TRF1 (100 nM) alone was present in the chamber, only
1.0% (+£0.3%) of all event traces showed Type I stable bridging.
The dwell time and dissociation time of Cy5-Cy3 DNA
bridging Type IV events were 1.95 s and 3.38 s, respectively,
for TRF1 (Fig. S9). In the presence of TRF1-TIN2 (TIN2S or
TIN2L), there was an additional population with longer dwell
times (>40 s, Fig. S9B). Notably, over 80% of fluorescent sig-
nals from DNA molecules persisted after 40-s of laser illumi-
nation, excluding the possibility that the Type IV events were
from photobleaching (Fig. S8F).

Next, to investigate if the stabilization of TRF1-mediated
DNA-DNA bridging is TIN2 concentration-dependent, we
quantified the percentages of different types of events at a fixed
TRF1 concentration (100 nM), but varying TIN2 concentra-
tions (25 nM, 50 nM, and 100 nM) (Fig. 3C). Results from
these experiments showed a clear correlation between
increasing TIN2 concentrations and higher percentages of
DNA-DNA bridging events. The total percentage of telomeric
DNA-DNA bridging signals increased significantly (p < 0.05)
from 22.6% (+1.6%) at 25 nM to 43.9% (+2.6%) for TIN2S
(100 nM) and from 20.9% (+0.4%) at 25 nM to 57.5% (+5.7%)
at 100 nM for TIN2L. Furthermore, the percentages of Type I
stable bridging traces were significantly increased with higher
concentrations of TIN2S (from 2.6% + 1.3% at 25 nM TIN2S
to 10.6% + 5.6% at 100 nM TIN2S, Fig. 3C). A similar trend
was observed when the TIN2L concentration was increased
(from 3.7% + 1.7% of Type I at 25 nM TIN2L to 19.0% + 10.6%
at 100 nM TIN2L).

Consistent with observations from AFM imaging (Fig. 2), a
significant population of traces showed bridging events
involving multiple telomeric Cy3-DNA molecules (Fig. 4, A
and B). By applying the Chung—Kennedy model (54, 55), we
classified the traces based on the Cy3 signal intensity levels
relative to the first baseline level in each trace to obtain the
number of telomeric Cy3-DNA molecules bridged by proteins
(Fig. 4B). This analysis showed that the percentages of com-
plexes bridging multiple copies of the Cy3-DNA (n > 3)
significantly increased with higher TIN2 concentrations
(Fig. 4C). Specifically, while keeping TRF1 at a fixed concen-
tration (100 nM), increasing TIN2S concentrations (25 nM,
50 nM, and 100 nM) led to a consistent increase in the per-
centages of telomeric Cy5-Cy3 DNA bridging events involving
multiple Cy3-DNA molecules (n > 3). Overall, increasing the
TIN2S concentration from 25 nM to 100 nM led to an
approximately 4-fold increase (from 7.8% + 2.1% to 34.7% +
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5.6%) in the percentage of bridging events involving multiple
copies of telomeric Cy3-DNA molecules (n > 3, Fig. 4C).
Under the same experimental conditions, increasing concen-
trations of TIN2L led to the same trend. The DNA-DNA
bridging events involving multiple copies of telomeric Cy3-
DNA molecules (n > 3) increased from 10.4% (+5.3%) at
25 nM TIN2L to 28.9% (+8.1%) at 100 nM TIN2L (Fig. 4C).
Taken together, results from single-molecule TIRFM imaging
experiments demonstrated that TIN2 increases the population
of stable Type I complexes and thus the lifetimes of TRF1-
mediated telomeric DNA-DNA bridging events. Further-
more, TRF1-TIN2 complexes are capable of promoting the
bridging of multiple copies of telomeric DNA.

TRF1 loads TIN2 specifically onto the telomeric regions
forming stable TRF1-TIN2 complexes

To further investigate the DNA-binding specificity and
stability of TRF1-TIN2 complexes on longer telomeric DNA
substrates, we applied the DNA tightrope assay. This assay
(Experimental procedures) is based on oblique-angle fluores-
cence microscopy imaging of quantum dots (QDs)-labeled
proteins on DNA anchored between silica beads (21, 56-58).
DNA tightropes are formed by stretching DNA between poly-
L-lysine-coated beads under hydrodynamic flow inside a flow
cell. The defined spacing between specific DNA sequences and
structures on DNA tightropes enables us to correlate DNA-
binding events with specific DNA sequences or structures
(21, 49-51, 59). Specifically, to study telomere-binding pro-
teins, we ligated linear T270 fragments (LT270) to form DNA
tightropes with telomeric regions (270 TTAGGG repeats) at
defined spacing (Fig. 5, A and B). To monitor TRF1 and TIN2
(TIN2S or TIN2L) on DNA in real time, we conjugated His-
tagged TRF1 to streptavidin-coated QDs (strep-QDs) and
HA-tagged TIN2 to primary HA antibody-coated QDs (HA-
Ab-QDs, Experimental procedures, Fig. 54). QD labeling of
TRF1 (21) or TIN2 does not significantly reduce telomeric
DNA binding by TRF1 or TRF1-TIN2 (Fig. S10A). Strep-QD,
Ab-QD, or TIN2-QDs without TRF1 did not nonspecifically
bind to DNA tightropes (Data not shown). Experiments using
combinations of TRF1 with HA-Ab-QDs or TIN2 with strep-
QDs showed no significant cross talk between these two QD
labeling strategies (Data not shown).

Consistent with results from our previous studies, TRF1
specifically binds to the telomeric region on DNA tightropes,
with spacing between adjacent TRF1 on LT270 DNA tight-
ropes matching the distance between telomeric regions (Fig. 5,
B and D). To monitor the recruitment of TIN2 onto DNA
tightropes by TRF1, we first added unlabeled TRF1 (10 nM)
into the flow cell and incubate for 5 min, followed by the
introduction of TIN2-QDs (either TIN2S or TIN2L, 10 nM)
into the flow cell. Then the buffer flow was shut off to enable
freely diffusing TIN2-QDs in solution to bind TRF1 on DNA
tightropes. We observed long-lived TIN2S-QDs and TIN2L-
QDs on LT270 DNA tightropes (Fig. 5B), with ~97% of
TIN2-QDs remaining on DNA tightropes until the end of the
observational windows (2 min: N = 1043; 5 min: N = 167).
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Figure 4. TRF1-TIN2 bridge multiple telomeric Cy3-DNA molecules to surface-anchored telomeric Cy5-DNA. A, schematics of multiple telomeric Cy3-
DNA molecules being bridged to the surface-anchored telomeric Cy5-DNA by the TRF1-TIN2 complex. B, representative traces from TRIFM imaging showing
multiple telomeric Cy3-DNA molecules being bridged by TRF1-TIN2S and TRF1-TIN2L to the surface-anchored telomeric Cy5-DNA. Dashed-dot lines indicate
the number of telomeric Cy3-DNA molecules being bridged to the telomeric Cy5-DNA based on the fluorescence intensity of the Cy3 signals. The black lines
are the fitting from the Chung-Kennedy model. C, percentages of telomeric Cy5-Cy3 DNA bridging events with 1, 2, 3, or greater than three Cy3-DNA
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Furthermore, the majority of TIN2-QDs loaded by TRF1 (97%,
N = 167) onto LT270 DNA tightropes were static throughout
the observational window (5 min). To directly visualize the
interaction between TRF1 and TIN2 on DNA tightropes, His-
TRF1 and HA-TIN2 were differentially color labeled

8 J Biol. Chem. (2021) 297(3) 101080

(Fig. S10B). Under the experimental condition tested (10 nM
TRF1-QD, 10 nM TIN2-QD), 36.0% of the total protein-QDs
on LT270 DNA tightropes were dual-color labeled, indicating
colocalization (N = 339). Importantly, the pairwise distance
between adjacent TIN2-QDs with unlabeled (Fig. 5D) or
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labeled TRF1 (Fig. S10B) was consistent with the expected
spacing between telomeric regions on the LT270 DNA tight-
ropes. In summary, results from the DNA tightrope assay
showed that TIN2S and TIN2L are recruited by TRF1 spe-
cifically to the telomeric regions. Furthermore, TRF1-TIN2
form stable and long-lasting complexes on telomeric DNA.

TIN2S and TIN2L promote stable bridging of long telomeric
DNA from solution to DNA tightropes

Having established that TRF1 loads TIN2 specifically at
telomeric regions on DNA tightropes, we further tested
whether TIN2 facilitates TRF1-mediated telomeric DNA-DNA
bridging. For these experiments, the telomeric DNA strands
anchored in place were LT270 DNA tightropes between
micron-sized silica beads. The free DNA strands introduced
into the flow cell were biotinylated double-stranded T270
fragments (270 TTAGG repeats without the flanking non-
telomeric regions, pT270) or the control nontelomeric DNA
(noTel, Experimental procedures, Fig. 5C). To visualize the
pT270 DNA and noTel, we labeled the DNA strands with red
(655 nm) strep-QDs. AFM imaging validated that 60.7%
(£3.1%) of the pT270 and 67.7% (+6.7%) of the noTel DNA
strands were labeled with strep-QDs (Fig. S11). With QD-
labeled linear pT270 DNA (pT270) alone, or LpT270
DNA along with TIN2S or TIN2L in the flow cell, we did not
observe any ®pT270 signals on LT270 DNA tightropes. Thus,
we concluded that, in this experimental setup, since ¥pT270
does not nonspecifically pair with DNA tightropes, localization
of QD signals on DNA tightropes would provide a direct
readout of bridging of the linear pT270 DNA to DNA tight-
ropes by proteins.

To assess whether or not TIN2 facilitates TRF1-mediated
DNA-DNA bridging, we added unlabeled TRF1 (10 nM)
without or with TIN2 (TIN2S or TIN2L, 10 nM) into the flow
cell and incubated for 5 min to allow proteins binding to
LT270 DNA tightropes. Then we introduced CpT270 (5 nM)
along with additional TRF1 (10 nM), either without or with
TIN2 (10 nM, Fig. 5C). While ?®°pT270 DNA signals on
LT270 DNA tightropes were sparse when only TRF1 was
present (1.86 + 0.98 QD signals per 10 um of DNA, Fig. 5, C
and E), we observed significantly higher densities of LpT270
signals (per 10 um of DNA length) on LT270 DNA tightropes
when both TRF1 and TIN2 were present (5.7 + 1.6 for TIN2S
and 5.2 + 1.4 for TIN2L, Fig. 5, C and E). Furthermore, with
control nontelomeric DNA (noTel), the density of PpoTel
bridged to LT270 DNA tightropes (per 10 um DNA length)
was significantly lower (1.39 + 0.78 for TRF1, 2.02 + 0.89 for
TRF1-TIN2S, and 1.98 + 0.08 for TRF1-TIN2L, Fig. 5E). The
linear *pT270 DNA bridged onto DNA tightropes was long-
lasting, with 95.5% (+3.1%, N = 438) of the QDpT270 DNA
molecules staying on DNA tightropes until the end of the

5-min observational windows. Furthermore, the spacing
between two adjacent pT270 signals mediated by TRF1-
TIN2S and TRF2-TIN2L on the DNA tightropes was consis-
tent with the distance between telomeric regions (Fig. 5D).
Considering an average center-to-center spacing of 1.5 pm
between (TTAGGG),;0 regions on DNA tightropes, six
(TTAGGQG),70 regions are expected for every 10 pm of DNA
tightropes. An occupancy of ~5 pT270 signals per 10 pm of
DNA tightropes suggested that, in the presence of TRF1-TIN2,
the majority of (TTAGGG),70 regions contained protein
bridged @®pT270 DNA. Furthermore, TRF1-TIN2 was capable
of mediating the bridging of short (TTAGGG)s dsDNA to
LT270 DNA tightropes (Fig. S12).

To further confirm that TIN2 was present in the DNA-DNA
bridging complex, we differentially labeled HA-tagged TIN2
and pT270 DNA fragments with HA-Ab-QDs (red) and strep-
QDs (green), respectively (Fig. S13A). The majority of
WpT270 (~87%, N = 28) bridged to LT270 DNA tightropes
was colocalized with TIN2 (Fig. S13B). Taken together, these
results from the DNA tightrope assay established that TIN2
facilitates stable TRF1-mediated bridging of physiologically
relevant long telomeric DNA molecules.

TIN2 protects TRF1-mediated DNA-DNA bridging in the
presence of Tankyrase 1

Telomeric DNA binding by TRF1 is regulated by Tankyrase
1, a member of the poly(ADP-ribose) polymerase (PARP)
family of proteins that directly interacts with the acidic domain
of TRF1 (37, 60). Poly(ADP-Ribosyl)lation (PARylation) of
TRF1 inhibits telomeric DNA binding by TRF1 in vitro (37).
Consistent with these previous observations, EMSA revealed
that Tankyrase 1 reduced the formation of TRF1-DNA com-
plexes (compare lanes 2, 3, and 4 in Fig. S14). Consistent with
results from the EMSAs, preincubation of TRF1 with Tank-
yrase 1 and NAD" reduced the loading of QD-labeled TRF1 on
LT270 DNA tightropes (Fig. S15, A and C). Previous work
showed that TIN2-TRF1-Tankyrase 1 form a ternary complex,
and TIN2 blocks the modification of TRF1 by Tankyrase 1
in vitro (61). Preincubation of TRF1 and TIN2S protected
TRF1 telomeric DNA binding (compare lanes 6 and 7 in
Fig. S14).

To further investigate whether TIN2 protects TRFI1-
mediated DNA-DNA bridging from Tankyrase 1, we
monitored the bridging of “pT270 DNA on LT270 DNA
tightropes in the same flow chamber under different condi-
tions (Fig. 64, top panel). We first established that the large
majority of €pT270 DNA (>90%) bridged onto LT270 DNA
tightropes by TRF1-TIN2 could be removed by extensive
washing with the imaging buffer (Fig. 64, bottom panel). Thus,
we designed four sequential experiments using the same
flow chamber in the following sequence, with washing steps

with double Gaussian functions (R > 0.92) for protein-QD signals (related to panel B) shows peaks centered at 1.63 pm and 3.29 um (N = 185) for TRF1-QDs,
1.60 pm and 3.02 pm for TRF1-TIN2S-QDs (N = 538), and 1.63 pm and 3.09 um for TRF1-TIN2L-QDs (N = 288). Fitting the data with double Gaussian functions
(R? > 0.86) for ®°pT270 signals (related to panel C) shows peaks centered at 1.49 um and 3.13 um TRF1-TIN2S (N = 321), and 1.57 um and 3.14 um for TRF1-
TIN2L (N = 318). E, the densities of QD-labeled pT270 and noTel DNA on the LT270 DNA tightropes (per 10 pm DNA length), mediated by TRF1 alone (1.86 +
0.98 on pT270: N = 132; 1.39 + 0.78 on noTel: N = 50), TRF1-TIN2S (5.7 = 1.6 on pT270: N = 364; 2.02 + 0.89 on noTel: N = 98), and TRF1-TIN2L (5.2 £ 1.4 on

pT270: N = 388; 1.98 + 0.08 on noTel: N = 105). ***p < 0.001.
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to remove previously bound protein-2pT270 complexes,
followed by the introduction of new protein-<"pT270 mix-
tures before taking videos. This experimental design allowed
us to directly compare protein-mediated bridging of LpT270
DNA fragments onto the same sets of LT270 DNA tightropes
without or with Tankyrase 1 and NAD™ (150 pug/ml Tankyrase
1, 120 uM NAD", Fig. 6, B-E). We first premixed TRF1
(200 nM), Tankyrase 1, and NAD" followed by adding TIN2L
(200 nM, Fig. 6B). Next, after washing the flow chamber, we
introduced a second protein mixture containing TRF1
(200 nM) preincubated with TIN2L (200 nM) before the
addition of Tankyrase I and NAD™ (Fig. 6C). After these two
experimental conditions containing Tankyrase 1 and washing
the flow chamber, we introduced TRF1 (200 nM) and TIN2L
(200 nM) into the flow chamber along with QPT270 DNA
fragments to benchmark the level of @°pT270 DNA bridged
onto LT270 DNA tightropes without Tankyrase 1 and NAD*
(Fig. 6D). Finally, we introduced Tankyrase 1 and NAD" into
the flow chamber to monitor the dismantling of TRF1-TIN2L-
mediated bridging of ®°pT270 DNA by Tankyrase 1 (Fig. 6E).
To monitor the bridging of ¥pT270 to DNA tightropes, each
protein mixture was incubated with QpT270 DNA fragments
(200 nM) for 10 min and diluted 50 times in the imaging buffer
before being sequentially introduced into the flow chamber
containing LT270 DNA tightropes. The direct comparison
from this series of experiments revealed that after TRF1-
TIN2L-mediated DNA-DNA bridging was formed (¥pT270
on DNA tightropes normalized at 100%, Fig. 6D), the intro-
duction of Tankyrase 1 and NAD* reduced the ®®pT270 DNA
bridging events on L270 DNA tightropes (85.8% + 4.1%, Fig. 6,
E and F). Importantly, this level of DNA-DNA bridging events
was significantly higher than when TRF1-TIN2L-Tankyrase 1
were preincubated together before the inclusion of ¥T270
DNA fragments (16.9% + 1.1%, Fig. 6, C, E, and F). Further-
more, inhibition of TRF1-TIN2-mediated DNA-DNA bridging
on DNA tightropes depends on the presence of both Tank-
yrase 1 and NAD" (Fig. S15, B and C). In summary, these
results demonstrated that TIN2 in the TRF1-TIN2 DNA-DNA
bridging complex is more efficient in protecting TRF1 from
Tankyrase 1 modification than when TRF1-TIN2 are free in
solution.

TPP1 inhibits TRF1-TIN2-mediated telomeric double-stranded
DNA-DNA bridging

A previous single-molecule study tracking the full shelterin
complex by fluorescently labeling telomeric ssDNA bound to
POT1 demonstrated that shelterin forms individual complexes
and does not promote DNA-DNA bridging (62). Our DNA
tightrope assay and AFM imaging demonstrate that TIN2
facilitates TRF1-mediated DNA-DNA bridging (Fig. 2 and
4-6). However, whether or not other shelterin components,
such as TPP1, influence DNA-DNA bridging by TRF1-TIN2 is
unclear. To directly address this question, we purified Hex-
ahistidine SUMO-tagged (amino acids 89-334, His-SUMO-
TPPIN, Fig. S16A4), as well as untagged N-terminal domain
of TPP1 (Experimental procedures). We confirmed that
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His-SUMO-TPPIN interacts with POT1 to stimulate telo-
merase processivity (Fig. S16, B and C) and does not bind to
DNA by itself (Fig. S16D). AFM imaging of the linear T270
DNA (5 nM) with TRF1 (300 nM), TIN2L (300 nM), and His-
SUMO-TPPIN (300 nM) revealed significantly (p < 0.05)
fewer DNA molecules (20.4% + 5.8%, N = 836) in protein—
DNA clusters containing more than two T270 fragments
(Fig. 7A), compared with reactions lacking His-SUMO-TPP1IN
(42.5% + 5.1%, Fig. 2D). To visualize TPPIN on DNA tight-
ropes, we conjugated His-SUMO-TPPIN to secondary
antibody-coated QDs using the antibody sandwich method
(PTPPIN, Fig. 7B). We then directly compared the DNA-
DNA bridging efficiency by introducing into the flow cell
unlabeled TRF1, TIN2L, SUMO antibody, green secondary-
antibody-coated QDs, and red QD-labeled linear pT270 frag-
ments (PpT270) either without or with His-SUMO-TPPIN
(10 nM each component, Fig. 7B). Without TPPIN, no sig-
nificant green QD signals were observed on the LT270 DNA
tightropes. This result demonstrates that the SUMO antibody
and secondary antibody-coated QDs did not bind nonspecifi-
cally to TRF1, TIN2, or DNA tightropes. In contrast, in
the presence of TRF1, TIN2L, and His-SUMO-TPPIN, we
observed green QDs marking TPPIN on LT270 DNA tight-
ropes with a density of 3.7 QD signals per 10 pm of DNA
(Fig. 7, B and C). This result demonstrates that TRF1-TIN2L
recruited TPPIN to LT270 DNA tightropes. Strikingly, when
TRF1-TIN2L-TPP1N were present in the flow cell, the density
of ®pT270 bridged onto LT270 DNA tightropes (1.31 + 0.75/
10 pm) was significantly lower compared with conditions with
TRF1-TIN2L but lacking TPP1IN (5.65 + 0.33/10 pm, Fig. 7, B
and C).

Consistent with results from the DNA tightrope assay,
EMSA showed that with fixed TRF1 and TIN2L concentra-
tions (200 nM each) and increasing concentrations of His-
SUMO-TPPIN (50, 100, and 200 nM), the higher-order
protein-DNA complexes were reduced (complex IIJ,
Figs. 7D and S16E), while the overall DNA binding remained
the same. The same putative interaction between TIN2L and
TPPIN was indicated when HA-TIN2L immobilized onto
protein G beads pulled His-SUMO-TPPIN and untagged
TPPIN out of solution (Fig. S17, A and B. Furthermore, the
identity of TPP1IN pulled-down by TIN2L was confirmed us-
ing mass spectrometry. These results established that TPP1N
directly interacts with TIN2L in solution without DNA
(Fig. S17). Thus, taken these results together, we conclude that
TPPIN interacts with TIN2L in vitro and inhibits the TRF1-
TIN2L mediated DNA-DNA bridging without significantly
affecting the direct binding of TRF1-TIN2L to telomeric DNA.

Discussion

Despite the central role that TIN2 plays in telomere main-
tenance, the mechanism underlying its function had been
largely unknown. Our results from three single-molecule
imaging platforms provide new mechanistic insight support-
ing the notion that TIN2 facilitates TRF1-mediate DNA
compaction and DNA-DNA bridging through several key
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Figure 7. TPP1N inhibits TRF1-TIN2L-mediated DNA-DNA bridging. A, an AFM image of the linear T270 fragment (5.4 kb, 5 nM) in the presence of TRF1
(300 nM), TIN2L (300 nM), and His-SUMO-TPP1N (300 nM). The sample was incubated at room temperature for 20 min before being diluted 20-fold in the
buffer and deposited onto a mica surface. XY scale bar: 500 nm. B, comparison of the efficiency in bridging red QD-labeled pT270 DNA to LT270 DNA
tightropes in the presence of TRF1, TIN2L, either without (left panel), or with His-SUMO-TPP1N (labeled with green QDs, right panels). Schematics depicting
the experimental setup (top panels) and fluorescence images and kymographs (bottom panels). Unlabeled TRF1, TIN2L, SUMO antibody, secondary-
antibody-coated QDs, and ®®pT270 DNA fragments were present in both experimental conditions. C, quantification of the density of 2°TPP1N on L270
DNA tightropes (per 10 um DNA length) in the presence of TRF1-TIN2L (3.86 + 0.58, N = 108) and of ?®pT270 on LT270 DNA tightropes in the presence of
TRF1, TIN2L, ®®AntiSUMO either with (1.31 + 0.75, N = 34 QDs) or without His-SUMO-TPPIN (5.66 + 0.33, N = 152 QDs). ***p < 0.001. D, EMSA showing
mobility shift induced by the binding of TRF1, TRF1-TIN2L and increasing concentrations of His-SUMO-TPP1N. DNA substrate: Alexa 488-labeled dsDNA
containing three TTAGGG repeats (5 nM).

observations. We discovered that, in the presence of both AFM imaging revealed the time-dependent formation of
TRF1 and TIN2, large clusters of protein complexes (AFM clusters of telomeric DNA fragments bridged by multiprotein
volume > 500 nm®) formed at telomeric DNA regions and TRF1-TIN2 complexes. TIRFM tracking of colocalization of
shortened the lengths of individual T270 DNA molecules. surface-anchored telomeric Cy5-DNA and Cy3-DNA from
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solution showed that trans-interactions (DNA-DNA bridging)
were telomeric sequence- and TIN2 concentration-dependent.
Increasing TIN2 concentrations led to larger percentages of
stable telomeric DNA-DNA bridging events (>2 min) and
multiple telomeric DNA fragments (n > 3) bridged by pro-
teins. With longer telomeric DNA length (270 TTAGGG re-
peats), the majority (approximately five out of six) of the
telomeric regions contained telomeric pT270 fragments
bridged to DNA tightropes. The DNA-DNA bridging events
(trans-interactions) on LT270 DNA tightropes mediated by
TRF1-TIN2 were stable and lasted for more than 5 min. These
results support the notion that multiprotein TRF1-TIN2
complexes facilitate both cis-interactions on the same telo-
meric DNA and trans-interactions by stabilizing the bridging
of telomeric DNA. Finally, we observed that TPP1N inhibits
TRF1-TIN2L-mediated DNA-DNA bridging.

The current literature remains inconclusive regarding the
activities of specific shelterin proteins in the compaction of
double-stranded telomeric DNA. Previous EM and AFM
studies revealed that TRF1 promotes telomeric DNA-DNA
pairing and TRF2 compacts telomeric DNA (14, 17, 20, 22,
47, 49). These results suggested that shelterin proteins might
play keys roles in modulating double-stranded telomeric DNA
configurations. Furthermore, Bandaria et al measured the
telomere size using superresolution photoactivated localiza-
tion microscopy (PALM) imaging of mEos2-labeled shelterin
proteins and fluorescence in situ hybridization—stochastic
optical construction microscopy (FISH-STORM) imaging
(63). They suggested that telomeres form compact globular
structures through a dense network of specific protein—protein
and protein—DNA interactions. Based on this previous study,
TRF1, TRF2, and TIN2 are the main contributors to the
telomere compaction, with depletion of TRF1 and TIN2 using
siRNA leading to a 8-fold and 4-fold increase in the telomere
volume, respectively (63). Based on these observations,
shelterin-mediated telomere compaction was proposed to be a
general mechanism for suppressing DDR pathways at telo-
meres. However, two recent studies using STORM imaging of
telomeres marked with telomeric FISH probes suggested that
telomeric compaction upon shelterin removal is either minor
or only affects small subsets of telomeres (64, 65). In addition,
the telomeres showing DDR do not significantly differ in size
compared with the ones that are DDR-negative (65). Consis-
tent with these two later studies, single-molecule fluorescence
imaging of shelterin proteins on DNA curtains suggested that
shelterin binds to telomere DNA as individual complexes (62).
In this study, shelterin protein-mediated DNA-DNA bridging
was assessed by the retention of the single-tethered DNA onto
the double-tethered DNA curtains after buffer flow was turned
off. Through using this imaging platform, the authors observed
that when shelterin proteins were present, single- and double-
tethered DNA molecules separated immediately after buffer
flow was switched off. Based on these observations, the authors
concluded that shelterin proteins do not promote strong trans-
interactions.

The discrepancy between results from this previous single-
molecule study and our current one could stem from three
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sources. The first potential source is that the length of the
telomeric DNA sequences here was nine times larger than
what was used in the prior studies (32 repeats in the previous
study versus 270 repeats in our current study). The second
potential source of the discrepancy is that our experiments
provide freedom of 3D diffusion for at least one telomeric
DNA strand that enables the search process. This is critical for
protein-mediated DNA-DNA bridging. In the DNA curtain
experiment, under flow-stretched configuration, the single-
tethered molecules might not be able to fully search in 3D
space to pair with the double-tethered DNA. In comparison, in
our DNA tightrope assay and TIRFM colocalization setup,
the pT270 DNA-TRF1-TIN2 and Cy3-DNA-TRF1-TIN2
complexes introduced into the flow cell were free to diffuse in
3D. These experimental conditions enabled 3D diffusion to
facilitate the bridging of two DNA molecules. The third po-
tential source of discrepancy between our results and prior
studies are the distinct functions of TRF1-TIN2 subcomplexes
and the full shelterin complexes. In the DNA curtain experi-
ments, the focus was the DNA binding dynamics of the full
shelterin complexes marked with a fluorescent telomeric
ssDNA bound to POT1 (62). Given that TRF1 and TIN2 are
approximately ten times more abundant than TPP1, in vivo the
majority of TRF1-TIN2 on telomeres lack TPP1 (44).
Combining our results with this previous single-molecule
study using DNA curtains strongly suggests that shelterin as-
sembly at telomeres is heterogeneous with different sub-
complexes and full complexes playing distinct roles in
telomere maintenance.

Our results are consistent with a model in which multiple
factors contribute to the compaction of telomeres. Compac-
tion of telomeres by additional factors such as nucleosomes or
other proteins that remain unidentified could minimize the
decompaction effect observed upon shelterin removal.
Furthermore, the results from our study are consistent with
the critical role that TIN2 plays in TRF1-TIN2-SA1-mediated
sister telomere cohesion that is largely cohesin-ring indepen-
dent (8, 36, 66). While siRNA depletion of TRF1 does not
significantly affect sister telomere cohesion, depletion of TIN2
leads to a sister cohesion defect. Previously, we reported that
SA1 and TRF1 together promote telomeric DNA-DNA pairing
tracks (49). The results from AFM, TIRFM imaging, and the
DNA tightrope assay reported in this study demonstrate that
TIN2 further facilitates TRF1-mediated trans-interactions
between different telomeric DNA fragments. Furthermore,
TIN2 is more efficient in protecting TRF1 from Tankyrase
1 modification when present in the large multiprotein TRF1-
TIN2-DNA complexes than when TRF1 is free in solution.
Based on results from our current study and previous ones (8,
36, 49, 66), we propose that TIN2 is a key architectural protein
that links a telomeric DNA-binding protein (TRF1) and a
cohesin subunit (SA1) to promote frans-interactions that are
essential for sister telomere cohesion.

Previously, it was shown that the C-terminal domain TPP1
mediates the interaction between TPP1 and TIN2 (25, 27, 67).
In our study, complementary results from the DNA tightropes
assay, EMSA, and protein G pull-down using purified proteins
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showed that the N-terminal domain of TPP1 (amino acids
89-334) directly interacts with TIN2L in vitro and disrupts
multiprotein TRF1-TIN2-mediated DNA-DNA bridging.

It is worth noting that our single-molecule experiments
demonstrate that both TIN2S and TIN2L isoforms show
similar activities in promoting TRF1l-mediated DNA
compaction and DNA-DNA bridging. Defect observed with
TRF1-TIN2S-13 suggested that the N-terminal domain of
TIN2 plays a key role in facilitating TRF1-mediated DNA-
DNA bridging. Notably, a recent study demonstrated that
TIN2L, but not TIN2S, is phosphorylated by the casein kinase
2 (CK2) (68). TIN2L phosphorylation enhances its association
with TRF2 in vivo, while TRF1 interacts more robustly with
TIN2S than TIN2L in the cellular environment (68). To
advance our understanding of the unique biological functions
of each TIN2 isoform, future work is needed to uncover dif-
ferences in their interactions with other protein partners.

Experimental Procedures
Protein purification

Recombinant N-terminal Hisg-tagged TRF1 (from human)
was purified using a baculovirus/insect cell expression system
and an AKTA Explorer FPLC (GE Healthcare) as described in
a previous study (69). N-terminal HA-tagged TIN2L (HA-
TIN2L, 1-451 aa) and TIN2S (HA-TIN2S, 1-354 aa) were
expressed in the Sf-900 insect cells using the pFastBacl
expression system (GenScript). HA-TIN2L and HA-TIN2S
were purified using anti-HA resin and stored in a buffer
containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10%
glycerol, 1% NP40, and 1 mM EDTA. The concentrations of
TIN2 proteins were determined by the BCA protein assay with
BSA as the standard (Thermo Fisher). The identities of puri-
fied HA-TIN2S and HA-TIN2L proteins were confirmed by
the Western Blot analysis using the HA antibody (GenScript
A00168), and MALDI-TOF mass spectrometry analysis (UNC-
Chapel Hill Proteomics Center). GST-tagged TIN2S-13 was
cloned into the pGEX vector, overexpressed in BL21(DE3)
pLysS cells, and purified using GST beads according to stan-
dard protocol. His-tagged Tankyrase 1 (a gift from Susan
Smith at NYU) was purified from Sf21 insect cells, as described
previously (37).

Hexahistidine SUMO-tagged (amino acids 89-334, His-
SUMO-TPPIN) and untagged (TPPIN) N-terminal TPP1
proteins were purified from soluble lysates of isopropyl B-d-
thiogalactopyranoside (IPTG)-induced BL21(DE3) pLysS
cells (Promega) using nickel agarose chromatography and
size-exclusion chromatography (SEC) based on protocols
described previously (70-72). Specifically, after incubating
the cell lysate with Ni-NTA agarose beads (Qiagen), the
protein was eluted from the beads with 250 mM imidazole,
and fractions containing TPPIN were concentrated and
buffers exchanged (25 mM Tris pH 7.5, 150 mM NaCl, 5%
glycerol) using a Centricon-10 device (Amicon). The sample
was incubated with SUMO (Ulpl) protease (Invitrogen)
overnight at 4 °C with rotation at 20 rpm to cleave the tag.
For the uncleaved TPPIN (His-SUMO-TPP1N) protein, this
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step was omitted. The sample was then loaded onto a
Superdex 75 Increase 10/200 GL column (GE Healthcare)
equilibrated with 25 mM Tris pH 7.5, 150 mM NaCl, 5 mM
DTT, 5% glycerol, and protease inhibitors. Eluted fractions
containing TPPIN were collected, pooled, and concentrated.
Protein concentration was determined by Bradford Assay
(Bio-Rad), and purity was determined by SDS-PAGE and
Coomassie staining.

Size-exclusion chromatography

SEC was carried out using the Superdex 200 10/300 GL
column (GE Healthcare) connected to a BioLogic DuoFlow
chromatography system (Bio-Rad). The SEC runs were con-
ducted at 4 °C and a flow rate of 0.25 ml/min using a buffer
containing 20 mM HEPES (pH 7.9), 100 mM NaCl, 0.3 mM
MgCl,, 1 mM EDTA, and 0.5 mM DTT.

DNA substrates

The plasmid (5.4 kb, T270) containing two (TTAGGG);35
regions linked by 23-bp nontelomeric sequences was pur-
chased from Addgene (pSXneo(T2AG3), #12403) (73). For
AFM imaging, the T270 plasmid was digested by Hpal at 37 °C
for 4 h in the CutSmart buffer (New England BioLabs) to place
the (TTAGGG),;o at the middle region of the linearized
substrate. In order to generate longer DNA substrates for
fluorescence imaging, the linearized T270 was ligated using the
Quick Ligation Kit (New England BioLabs) at room tempera-
ture for 1 h followed by additional incubation at 4 °C for
overnight. Ligated T270 was purified to remove ligase by
phenol-chloroform extraction using the Phase Lock Gel
(Quantabio). The biotinylated T270 substrate (pT270) and
control DNA (noTel) were generated through biotinylation of
the gel-purified T270 fragment containing the (TTAGGG),7
region (pT270, 1.6 kb) or control nontelomeric DNA (noTel,
4.1 kb) using the 5" EndTag Labeling DNA/RNA Kit (Vector
Laboratories). The biotinylation of the pT270 and noTel
fragments was verified using AFM imaging of DNA samples in
the presence of streptavidin-coated quantum dots (strep-QDs,
Invitrogen). All oligos were purchased from IDT. Cy5/bio-
tinylated DNA (69 bp) with six TTAGGG repeats used for
the single-molecule TIRF experiments was generated by
annealing the Cy5-labeled oligo (Cy5-5TCTGTAGTGTA
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGAT
GTAGGTATGTCACAGCATGA3') and complementary
biotin-labeled oligo (biotin-5 TCATGCTGTGACATACCT
ACAT CCCTAACCCTAACCCTAACCCTAACCCTAACCCT
AATACACTACAGAZ'). Cy3-DNA without biotin (59 bp) was
prepared by annealing Cy3-labeled oligo (Cy3-5’ACATA
CCTACATCCCTAA CCCTAACCCTAACCCTAACCCTAA
CCCTAATACACTACAGAZ'), and complementary oligo (5’
TCTGTAGTGTATTAGGGTTAGGGTTAGGGTTAGGGTTA
GGGTTAGGGATGTAGGTATGT3'). The telomeric DNA
substrate used for electrophoresis mobility shift assays
(EMSAs) was constructed by annealing a 5'-Alexa488-labeled
oligo (5'TTAGGGTTAGGGTTAGGGATGTCCAGCAAGCC
AGAATTCGGCAGCGTA3') with its complementary oligo.
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Electrophoresis mobility shift assays (EMSAs)

Protein—DNA binding reactions were carried out in a buffer
containing 20 mM HEPES (pH 7.9), 100 mM NaCl, 1 mM
EDTA, 0.5 mM DTT, 0.25% NP-40, and 5% glycerol. The
samples were incubated at room temperature for 20 min and
loaded onto a 5% 29:1 (bisacrylamide:acrylamide) native gel.
Electrophoresis was carried out at 150 V for 40 min in 1x TBE
buffer at 4 °C. The gel was visualized using a Typhoon
Phosphorimager (FLA 7000).

Protein-quantum dot conjugation

Green (565 nm) strep-QDs (Life Technologies) were con-
jugated to N-terminal Hisg-tagged TRF1 proteins through the
multivalent tris-nitrilotriacetic acid chelator (®Ttris-NTA) as
previously reported (21). The primary HA antibody (Covance,
catalogue number: MMS-101P) was conjugated to red
(655 nm) QDs using the SiteClick QD antibody labeling kit
(Life Technologies) according to the manufacturer’s standard
protocols. The final concentration of HA-Ab-QDs was
measured on NanoDrop (Thermo Fisher). HA-Ab-QDs were
then conjugated to HA-tagged TIN2S or TIN2L by incubation
at a 1: 1 ratio for 20 min at room temperature. His-SUMO-
TPPIN was conjugated to the secondary antibody-coated
QDs by incubating TPPIN, the SUMO antibody (sc-137158
Smt3 antibody E-1, Santa Cruz Biotechnology), and secondary-
antibody-coated QDs at 1:1:1 ratio and 1 puM final concen-
tration each at room temperature for 20 min.

Atomic force microscopy (AFM) imaging

TRF1 and TIN2 were incubated in a buffer containing
20 mM HEPES (pH 7.9), 100 mM NaCl and 1 mM EDTA at a
1:1 ratio (300 nM: 300 nM). After 10 min of incubation at
room temperature, linearized telomeric T270 DNA (5.4 kb,
5 nM) or control DNA (noTel DNA, 4.1 kb) was added into
the protein mixture and incubated for time durations as
indicated in the figures. The sample was diluted 10-fold using
the AFM imaging buffer (25 mM HEPES, pH 7.5, 25 mM
NaOAc, and 10 mM Mg(OAc),) before being deposited onto a
freshly peeled mica surface (SPI supplies).

The DNA tightrope assay

The oblique angle TIRFM-based DNA tightrope assay was
described previously (49, 50, 56—58). Briefly, we immobilized
poly-L-lysine (2.5 mg/ml, M.W.>30,000 KDa, Wako Chem-
icals) treated silica beads onto a PEGlyated coverslip surface
and then introduced ligated DNA substrates into the flow cell
using a syringe pump at a flow rate of 300 pl/min to stretch the
DNA between treated beads. All protein-QD samples were
diluted 100-fold using the imaging buffer (20 mM HEPES, pH
7.9, 100 mM NaCl, 0.3 mM MgCl,, 1 mM EDTA, 0.5 mM
DTT, and 1 mg/ml BSA) to a final concentration of 10 nM
proteins in the imaging chamber. Additional 10-min incuba-
tion was taken before video recording. To prevent nonspecific
binding, 1x Blocking Reagent (Sigma, catalog number
11096176001) was used in the imaging buffer. For experiments
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investigating the impact of Tankyrase 1 on the efficiency
TRF1-TIN2-mediated bridging of QD-labeled linear telomeric
pT270 DNA to LT270 DNA tightropes, we carried out a series
of four sequential experiments in the same flow chambers.
After videos were taken under each condition, the flow
chamber was flushed with the imaging buffer (200 pl, ~6x of
the flow chamber volumes) to set up for the next experiment.
We confirmed that greater than 90% of the pT270 frag-
ments on DNA tightropes were washed off under this condi-
tion. The four sequential experiments were designed as
follows: (1) TRF1 (200 nM) was preincubated with Tankyrase 1
(150 pg/ml) and NAD™ (120 pM, MilliporeSigma, catalog
number 481911) for 30 min before the addition of TIN2L
(200 nM) and further incubation for 20 min; (2) TRF1
(200 nM) and TIN2L (200 nM) were preincubated together for
20 min before the addition of Tankyrase 1 (150 pg/ml) and
NAD" (120 uM) followed by further incubation for 30 min; (3)
TRF1 (200 nM) and TIN2L (200 nM) were incubated together
for 20 min without Tankyrase 1 and NAD". For all three ex-
periments, the protein solutions were mixed with 200 nM QD-
labeled pT270 DNA and diluted 50-fold using the imaging
buffer before being introduced into the flow chamber and
further incubated in the flow chamber for 10 min before video
recording. After the third experiment and flushing of the flow
chamber, Tankyrase 1 (150 pg/ml) and NAD" (120 uM) were
introduced into the flow chamber and incubated for 30 min
with the DNA tightropes to monitor the disassembly of the
PpT270 DNA from DNA tightropes.

Protein—QD complexes were excited at 488 nm by a solid-
state laser (Sapphire DPSS). The QD signal was split into
two channels by a dichroic mirror (T605LPXR, Chroma), and
the red signals passed through an optical filter (ET655/40 nm,
Chroma) before being detected by an EMCCD camera (iXon
DU897, Andor Technology). All videos were taken using an
inverted microscope (Nikon Ti-E) with a 100x objective (APO
TIRF, Nikon) at an exposure time of 50 ms/frame.

Prism-type total internal reflection fluorescence microscopy
(TIRFM) imaging

PEG/biotin-PEG passivated quartz slides were used to
construct home-built flow cells, as described previously (74).
To avoid nonspecific binding of proteins and DNA inside the
imaging chamber, we conducted PEGylation of the cover slide
twice (75) and incubated the chamber with 1x Blocking
Reagent (Sigma, 11096176001) and 5% Tween-20 (Sigma,
P7949) for 10 min (76). The slides were functionalized by
incubating the imaging chamber with 0.1 mg/ml streptavidin.
Cy5- and biotin-labeled duplexed telomeric DNA containing
six TTAGGG repeats (69 bp) was then attached to the slide
surface through streptavidin—biotin interactions. After incu-
bation of proteins with surface anchored telomeric Cy5-DNA,
5 nM telomeric Cy3-DNA or control DNA without biotin
(59 bp) was mixed with the indicated amount of proteins and
injected into the imaging chamber with additional 10-min
incubation. The samples were imaged using a prism-type
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TIRF microscope. Cy3 and Cy5 excitations were achieved
using 532 nm and 640 nm lasers, respectively. The emission
from fluorophores was collected through a water immersion
objective (60x, 1.2 NA), and the signal was split by a Dual-
View optical splitter with a 645 nm dichroic mirror. The
green and red signals then passed through optical filters (585/
70 bandpass filter for Cy3, 655 long-pass filter for Cy5) before
being detected by an EMCCD camera (Cascade 512B, Photo-
metrics). Movies at 100 ms/frame were collected using the
following excitation sequence: (1) brief excitation of the Cy5
fluorophore (~2 s) to locate DNA molecules; (2) excitation of
the Cy3 fluorophore (~2 min) to monitor DNA molecules
bridged by proteins; (3) brief excitation of the Cy5 fluorophore
(~2 s) to reveal whether Cy5 was photobleached. All experi-
ments were performed at room temperature in an imaging
buffer containing 20 mM HEPES, pH 7.9, 100 mM NadCl,
0.3 mM MgCl,, 1 mM EDTA, 0.5 mM DTT, and 2% glucose
(w/v), with the addition of an oxygen scavenging system
containing 100 U/ml glucose oxidase, 1000 U/ml catalase, and
the triplet-state quenching reagent (2 mM Trolox) (77). Each
data set containing more than 2000 traces was collected from
at least three independent experiments. Reported values are
the average of the independent repeats, and error bars report
the SEM of the independent repeats.

Direct telomerase assay

Telomerase assays were conducted in the absence or
presence of 500 nM POT1 and 500 nM His-SUMO-
TPPIN (AA 89-334), as indicated in the figure legend,
and 5 nM y*>P ATP (PerkinElmer) end-labeled primer
(5'TTAGGGTTAGCGTTAGGG3') designed to position
POT1 at the 10-nt primer 5’ end (71, 78). Telomerase re-
actions (20 pl) contained 1x Human Telomerase Buffer and
cellular-relevant ANTP concentrations (5.2 pM dGTP, 24 uM
dATP, 29 uM dCTP, and 37 uM dTTP) as described previ-
ously (79). The reactions were incubated at 37 °C for 1 h and
then terminated with 2 pl of 0.5 mM EDTA and heat inacti-
vated at 65 °C for 20 min. An equal volume of loading buffer
(94% formamide, 0.1x TBE, 0.1% bromophenol blue, 0.1%
xylene cyanol) was added to the reaction eluent from the G-25
spin column. The reactions were heat denatured for 10 min at
100 °C and loaded onto a 14% denaturing polyacrylamide gel
(7 M urea, 1x TBE) and electrophoresed for 90 min at constant
38 W. Samples were imaged using a Typhoon Phosphorimager
(GE Healthcare).

Dynabeads protein G pull-down assay

Dynabeads (Invitrogen, 10003D, 30 pl) were washed with
50 pl buffer (20 mM HEPES, pH 7.9, 100 mM NacCl, 0.3 mM
MgCl,, 1 mM EDTA, and 0.5 mM DTT) 3 times before use.
Primary HA antibody (2.5 pg), TIN2L (2 pg), and TPPIN
(His-SUMO-TPPIN or untagged TPPIN, 2 pug) were incu-
bated with washed Dynabeads step by step. A magnetic stand
was used to pull down the beads, and the beads were washed
with 50 pul buffer twice between steps. Final elution of proteins
from the beads was carried out in 1x NuPAGE LDS loading
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buffer (Life Technologies, NP0007) by heating up the samples
to 80 °C for 10 min. All samples were run on an SDS-PAGE
gel at 100 V for 50 min. The mass spectrometry analysis was
performed on an Exploris 480 at the Molecular Education,
Technology and Research Innovation Center (METRIC, North
Carolina State University).

Statistical analysis

Data obtained from AFM, TIRFM imaging, and the DNA
tightrope assay were from at least two to three independent
experiments. The numbers reported are mean + SEM, unless
stated otherwise. The statistical significance level based on
one-way ANOVA with Tukey’s test for post-hoc analysis was
set at p < 0.05 (SPSS version 27, IBM).

Data availability

All data are contained within the article and the supporting
information.
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Table S1: Summary of TRF1- and TRF1-TIN2-DNA complexes.

Categories Telomeric DNA (T270 DNA) Nontelomeric DNA (NoTel)
DNA with TRF1 Total 755 DNA Total 1052 DNA
TRF1-DNA individual complexes 35.6%=+5.8%, N=263 20.6% *=4.7%, N=212
TRF1-DNA loops 5.7%=+2.8%, N=43 2.7% £1.4%, N=31
TRF1-DNA-DNA bridging [13.7% #3.5%, N=104] N.A.

DNA with TRF1-TIN2 Total 2837 DNA Total 765 DNA
TRF1-TIN2-DNA individual 21.4%=+6.2%, N=607 19.8%=*4.1%, N=152
complexes

TRF1-TIN2-DNA loops 7.4%=+4.6%, N=210 3.1%=+1.3%, N=24
TRF1-TIN2-DNA-DNA bridging *[38.5% #£3.7%, N=1092] [6.2% #+2.1%, , N=47]

* P value <0.05 based on the Student’s test comparing percentages between TRF1-TIN2 versus TRF1
mediated DNA-DNA bridging on T270 DNA, as well as TRF1-TIN2-DNA-DNA bridging on T270 versus
noTel DNA [numbers in brackets].
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Figure S1. SDS-PAGE of TRF1, TIN2S, and TIN2L purified from insect cells and
guantification of their oligomeric states using AFM volume analysis.

(A) SDS-PAGE of TRF1. (B) AFM volumes of TRF1. Fitting the data with a double Gaussian
function (red line) shows peaks centered at 45.5 nm3 (= 12.3 nm3, mean £ SD) corresponding to
monomers (51 kDa), and 105.4 nm3 (% 22.2 nm?) corresponding to dimers (102 kDa, R2 > 0.98,
N=248). (C) Estimation of TRF1 dimer equilibrium dissociation constant (K,) based on the method
used previously (Wang et al., JBC, 281:22 15227, 2006). (D) SDS-PAGE of TIN2 (left panel) and
AFM volumes of TIN2 (right panel). M;. Protein marker (GenScript). HA-TIN2S (39.4 kDa, 2 pg)
and TIN2L (50.0 kDa, 2 ug). The red lines in the right panels are Gaussian fits to the data with
peaks centered at 41.3 nm?3 (£28.3 nm3) for TIN2S (R? > 0.89, N=1240), and 41.9 nm3(£12.8
nm?3) for TIN2L (R? > 0.94, N=948). The numbers next to the peaks are the predicted molecular
weights based on the equation relating AFM volumes (V) and molecular weights (MW): V (nm3) =
1.45 MW - 21.59 (Kaur et al., Scientific Reports, 6, 20513, 2016).
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Figure S2. Size-exclusion chromatography of TRF1, TIN2S and TRF1-TIN2S
complexes.

Dashed line: the gel filtration standard (Catalog # 1511901, Bio-Rad) with thyroglobulin
(670 KDa, peak A), gamma globulin (158 KDa, peak B), ovalbumin (44 KDa, peak C)
and myoglobin (17 KDa, peak D). The amount of proteins loaded onto the column:
TRF1, 100 pL of ~300 pg/mL; TIN2S, 150 pL of ~360 pg/mL; TRF1+TIN2S, 150 pL of
protein mixture, ~170 pg/mL TRF1 and ~200 pg/mL TIN2S. Detail in Experimental
Procedures.
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Figure S3. TIN2S and TIN2L interact with TRF1 on telomeric DNA.

(A) TIN2S or TIN2L alone did not directly bind to Alexa 488-labeled dsDNA containing 3 TTAGGG
repeats (5 nM). (B) Mobility shift induced by the binding of TRF1 or TRF1-TIN2 complexes to Alexa
488-labeled dsDNA containing 3 TTAGGG repeats (5 nM). Complexes were categorized as free DNA,
complex |, complex Il and complex lll. All lanes were compiled from the same gel. (C) Quantification
of the percentage of the complex Ill formation in the presence of TRF1 alone (30 nM or 60 nM) or
TRF1-TIN2 at different TRF1 concentrations (TIN2:240 nM; TRF1: 30 nM or 60 nM). (D) TIN2S-13
does not induce complex Il formation. All lanes were compiled from the same gel. (E) An AFM image
of the linear T270 in the presence of TRF1 (300 nM) and TIN2S-13 (300 nM). The sample was
incubated at room temperature for 20 min before being diluted 10-fold in the buffer and deposited onto
a mica surface. Arrows point to complexes containing more than two T270. XY scale bar: 500 nm.
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Figure S4. TRF1-TIN2 complexes bind specifically to the telomeric region and compact
linear T270 DNA fragments.

(A) Binding position analysis showing TRF1-TIN2 complexes specifically binding to the telomeric
regions on the linear T270 substrate. Most of the protein complexes (75%, N=88 complexes for
TRF1-TIN2L, and 55%, N=185 complexes for TRF1-TIN2S) formed at the (TTAGGG),, region
(35%-50%) on T270 DNA. (B) Log-log plot of AFM volumes of TRF1 and TRF1-TIN2 complexes
on DNA versus compacted DNA lengths. TRF1: N=91; TRF1-TIN2S:N=85; TRF1-TIN2L:N=89.
(C) Additional AFM images of the linear T270 DNA substrate in the presence of TRF1, TRF1-
TIN2S, and TRF1-TIN2L. XY scale bars =200 nm.
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Figure S5. TRF1-TIN2 complexes do not compact control nontelomeric DNA.

(A) An AFM image of TRF1-TIN2L binding on the linear non-telomeric (noTel) control DNA (4.1
kb). (B) Binding position analysis of TRF1-TIN2L on the control noTel DNA showing nonspecific
binding along internal sites along the linear DNA with a small enrichment at the DNA ends
(N=153). (C) DNA length measurement showing no significant compaction upon TRF1-TIN2L
binding to noTel DNA. The length of DNA alone was 1.16 (£ 0.09) um (N=173), while the length
for DNA with TRF1-TIN2L was 1.14 (+ 0.10) ym (N=152).
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Figure S6. Position analysis of TRF1-TIN2 mediated DNA loops on the linear T270 DNA
substrate.

DNA loop positions for TRF1-TIN2S (A, N=98) and for TRF1-TIN2L (B, N=112). TRF1-TIN2
mediated DNA loops either within the telomeric region (33.7% for TIN2S and 25.1% for TIN2L),
or between telomeric and non-telomeric regions (63.2% for TIN2S and 66.1% for TIN2L), or
between non-telomeric regions (3.1% for TIN2S and 8.8% for TIN2L). The telomeric-non-
telomeric boundary was assigned at 35% =+ 3.5%. Complexes with the whole loop contour within
the telomeric region or one loop base within the telomeric region consist of ~96.9% of the total
complexes. AFM images are snapshots of dynamic protein-DNA complexes. It is possible that
the later complexes are in the search process to form stable loops within telomeric regions.
Thus, these results overwhelmingly show that the TRF1-TIN2 mediated DNA loops are telomere-
specific.
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Figure S7. AFM volume analysis of TRF1-TIN2 bridging multiple fragments of
T270 DNA.

TRF1-TIN2-DNA complexes that bridged multiple fragments of linear T270 DNA
(clusters) exhibited broad AFM volume distributions. AFM volumes for TRF1-TIN2S-
DNA clusters: 6816 = 4788 nm?3 (N=123); AFM volumes for TRF1-TIN2L-DNA
clusters: 7286 £ 5229 nm3 (N=109). Examples of TRF1-TIN2-DNA clusters are
shown in Figure 2.
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Figure S8. Control experiments using TIRFM imaging to evaluate Cy5-Cy3 DNA-DNA
bridging specificity by TRF1-TIN2 complexes.

(A-E) Representative images from the Cy5 (left) and Cy3 (right) channels under different
incubation conditions. Scale bars =5 um. (A and B) With the telomeric Cy5-DNA anchored on
the surface and the telomeric Cy3-DNA in solution. (A) With the addition of both TRF1 and TIN2
in the imaging chamber. Right panel: colocalization mapping shows 213 colocalization events
(white circles, 3 pixels) over 691 spots from the red channel. (B) Without TRF1-TIN2 in the
imaging chamber. (C) Without the surface anchored telomeric Cy5-DNA, but with the telomeric
Cy3-DNA and proteins (TRF1 and TIN2) in the imaging chamber. (D and E) With surface
anchored telomeric Cy5-DNA and control Cy3-DNA containing scrambled sequences. (D)
Without proteins. (E) With TRF1 and TIN2. For all control experiments, Cy3-Cy5 DNA
colocalization (panels B, D and E) or Cy3 signhals at randomly selected spots (panel C) were
~1.5% to 5% of total traces/spots. (F) The percentage of fluorescent signals from Cy3-DNA
that remained on the imaging chamber surface over time under the same laser power.
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Figure S9. Lifetimes of transient DNA-DNA pairing events mediated by TRF1 alone and
TRF1-TIN2.

(A) A representative trace showing telomeric Cy5-Cy3 DNA-DNA pairing events induced by
TRFL1. The black line is fitting by the Chung-Kennedy model to identify the “on” and “off” state.
(B and C) Dwell time (B) and dissociation time (C) distributions for TRF1, TRF1-TIN2S, and
TRF1-TIN2L mediated telomeric Cy3-Cy5 DNA bridging events. Black lines represent fitting
with single exponential functions (R>>0.98). Blue arrows pointing to DNA-DNA bridging with
longer dwell time (> 40 s).
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Figure S10. QD-labeling of TIN2S and recruitment of TIN2-QD by TRF1 on LT270
tightropes. (A) Mobility shift induced by the binding of TRF1, TRF1-TIN2S or TRF1-
TIN2S-QDs complexes to Alexa 488-labeled dsDNA containing 3 TTAGGG repeats (5
nM). All the lanes were compiled from the same gel. (B) Dual-color differentially labeled
TRF1 (green QDs) and TIN2S (red QDs) on LT270 tightropes. There were 63.5% green
(565 nm) QD-labeled molecules (TRF1, N=215), 0.5% red (655 nm) QD labeled (TIN2S,
N=2), and 36.0% dual color-labeled complexes (TRF1+TIN2S, N=122). Right panel: the
distance between two adjacent TIN2S-QDs in dual color-labeled complexes on LT270
DNA tightropes. Fitting the data with a double Gaussian function (solid red line) shows
peaks centered at 1.42 ym and 2.67 pm (N=79, R?> 0.87).
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Figure S11. Quantification of QD labeling efficiency on biotinylated pT270 and noTel DNA.
(A and B) AFM images of biotinylated pT270 DNA in the absence (A) and presence of strep-QDs
(B). 60.7% (£ 3.1%) of pT270 DNA molecules were labeled with red (655 nm) strep-QDs
(N=354). (C) AFM image of noTel DNA (4.1 kb) in the presence of strep-QDs. 67.7% (% 6.7%) of
noTel DNA molecules were labeled with red (655 nm) strep-QDs (N=308). The ratio of DNA and
QDs for labeling was 1:10 (400 nM: 4 yM). XY scale bars: 200 nm.
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Figure S12. TRF1-TIN2 bridge short double-stranded DNA with 6 TTAGGG
repeats.

(A) Fluorescence images (top panels) and kymographs (bottom panels) of TRF1-TIN2L
mediated bridging of QD-labeled short DNA with 6 TTAGGG repeats (°?®6xTel DNA) in
the same imaging buffer on LT270 DNA tightropes. (B) Quantification of the density of
QDs (per 10 um DNA length) for experiments using 6xTel DNA (3.65+0.48, N=141), in
comparison to the density using longer telomeric DNA QPpT270 (5.2%1.4, adapted from
Figure 5E).
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Figure S13. Colocalization of QD-labeled TIN2S and *PpT270 DNA on LT270
tightropes.

(A) Schematics of the bridging of the @PpT270 to LT270 tightropes by TRF1-TIN2S.
TIN2S was labeled with HA-Ab-QDs. (B) Upper panel: representative fluorescence
image and kymograph showing colocalization of red (655 nm) QD-labeled TIN2S and
green (565 nm) QD-labeled pT270 DNA on the LT270 tightrope. Lower panel:
Fluorescence intensity profile showing the colocalization of TIN2S and QPpT270 DNA.
The majority of @pT270 DNA (~87%, N=28) bridged to T270 DNA tightropes
colocalized with TIN2S-QDs.
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protects TRF1 from Tankyrase 1 and NAD*.

EMSA of telomeric DNA in the presence of TRF1 only (lane 2), TRF1 with increasing
concentrations of Tankyrase 1 and NAD™ (lanes 3 and 4), the negative control without
NAD* (lane 5), TRF1+TIN2S+Tankyrase 1+NAD™ (lanes 6 and 7). Lane 6: TIN2S was
incubated with TRFL1 first for 25 min before the addition of Tankyrase 1 and NAD".
Lane 7: TRF1 was incubated with Tankyrase 1 and NAD* first for 25 min before the

addition of TIN2S. All lanes were compiled from the same gel.
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Figure S15. Disruption of TRF1 loading onto LT270 DNA tightropes and TRF1-TIN2-
mediated DNA-DNA bridging depends on the presence of both Tankyrase 1 (TNKS 1)
and NAD*.

(A) Loading of QD labeled TRF1 (?PTRF1) onto LT270 DNA tightropes is disrupted by TNKS
1 in the presence of NAD*. (B) Comparing the efficiency of bridging ®®pT270 DNA fragments
onto LT270 DNA tightropes in the presence of TRF1, TIN2L, TNKS 1, without or with NAD*
(120 uM). Videos were taken over the same area containing LT270 DNA tightropes under
two experimental conditions either with or without NAD*. (C) Quantification of the density (per
10 um DNA length) of @PTRF1 alone (4.28+0.93), ®°TRF1 (TRF1+TNKS 1+NAD*)
(1.64+0.47),and QPpT270 bridged onto LT270 DNA tightropes in the presence of TRF1,
TIN2L, and TNKS 1 (4.98=*0.78 for without NAD* and 1.41=%0.5 for with NAD") .
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Figure S16. Hexahistidine SUMO-tagged TPP1N is active in stimulating telomerase
processivity and inhibits the formation of higher-order protein-DNA complexes mediated by
TRF1-TIN2L.

(A) SDS-PAGE of purified hexahistidine SUMO-tagged TPP1 (His-SUMO-TPP1N, 89-334 aa) and
Western Blot of purified His-SUMO-TPP1N using anti-His antibodies. (B) The direct telomerase
assay showing His-SUMO-TPP1N (500 nM) stimulates telomerase processivity in the presence
POT1 (500 nM). (C) Quantification of telomerase processivity based on the gel shown in panel B. (D)
EMSA showing His-SUMO-TPP1N does not bind directly to DNA and TRF1. (E) Quantification of the
percentage of the complex Il formation in the presence of TRF1 alone, or TRF1-TIN2L-TPP1N at
different His-SUMO-TPP1N concentrations. The errors are standard deviations from two
independent experiments.
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Figure S17. Dynabeads™ protein G pull-down demonstrating that both His-SUMO-
TPP1N and untagged TPP1N bind to HA-tagged TIN2L.

Protein inputs. HA-antibody: 2.5 pg; HA-tagged TIN2L: 2 pg; His-SUMO-TPP1N (A) and
untagged TPP1N (B): 2 ug. The bottom panel in B shows the peptides identified using
mass spectrometry (Exploris 480 at the Molecular Education, Technology and Research
Innovation Center). All lanes were compiled from the same gel for (A) and (B).
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