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a b s t r a c t

Telomeric POT1-TPP1 binding is critical to telomere maintenance and disruption of this complex may
lead to cancer. Current data suggests a reduction of intracellular POT1 levels in the absence of TPP1.
Here we provide evidence of POT1 plasticity that contributes to its lack of stability in the absence of
TPP1 binding. Structural data reveals inter- and intramolecular POT1C domain flexibility in the absence
of TPP1. Thermostability and proteolytic resistance assays show that POT1C and the mutant complex
POT1C(Q623H)-TPP1(PBD) are less stable than the wild type POT1C-TPP1(PBD), suggesting that TPP1
binding to POT1 stabilizes POT1C and makes it less accessible to proteasomal degradation in the cell.
Disruption of the POT1-TPP1 complex such as through cancer-associated mutations leads to a reduction
of intracellular POT1, telomere uncapping, and telomere associated DNA damage response (DDR). DDR in
turn leads to senescence or genomic instability and oncogenesis.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Telomeres are comprised of repeating nucleotide sequences and
serve as protective caps at the ends of eukaryotic chromosomes.
Replication of eukaryotic chromosomes leaves an uncopied over-
hang, resulting in gradual loss of genomic DNA and is known as
the end replication problem [1]. Telomeres provide a solution to
this problem by acting as a buffer between the chromosome ends
and the transcribed portions of the genome [2,3]. Telomerase, a
ribonucleoprotein reverse transcriptase, is responsible for elongat-
ing telomeres and increasing the replicative potential of certain
cell types such as stem or cancer cells [4]. Telomerase dysregula-
tion leads to chromosomal instability, age-related diseases and,
in some instances, cancer [5,6].

POT1-TPP1, a subcomplex of shelterin, plays critical roles in
telomere length regulation and maintenance. POT1 binds the
telomeric overhang and suppress undesirable ATR-dependent
DNA damage response (DDR) at telomeres. Misrecognition of
telomeres by DDR pathways may result in conditions favorable
for cancer such as chromosomal fusions and genomic instability
[7,8]. The POT1-TPP1 complex also recruits telomerase to telom-
eres, enhancing its telomere replicative processivity [9,10]. The
interaction of POT1 with TPP1 is beneficial for POT1 telomere local-
ization as complex formation increases its ssDNA binding affinity
highlighting the importance of POT1-TPP1 complex formation
[9,10]. POT1-TPP1 binding is mediated by the POT1 C-terminal
OB fold and the holiday junction resolvase domain (HJRD) while
its N-terminal two OB folds engage single-stranded telomeric
DNA (ssDNA) [10–14]. TPP1 consists of a N-terminal OB-fold and
a POT1 and TIN2 binding domains (Fig. 1B) [14]. TPP1 localizes to
telomeres via its interaction with TIN2 [15,16]while the N-
terminal OB fold recruits telomerase to telomeres [17,18].

A recent study found that mutations disrupting the POT1-TPP1
complex resulted in reduced levels of POT1 in the cell [13], sug-
gesting that POT1 is unstable in the absence of TPP1. Interestingly,
cancer mutations found in triple-negative breast cancer occurring
within the POT1-TPP1 binding interface similarly resulted in a
drastic loss in intracellular POT1 [13]. These mutations likely con-
tribute to cancer as they resulted in hallmarks of telomere uncap-
ping with evidence of DDR, chromosomal fusions, and genomic
instability [13]. To further understand the mechanism behind
POT1 loss in the absence of POT1-TPP1 complex formation, we
determined crystal structures of POT1C alone and screened for
conformational differences compared to POT1-TPP1. Structural
comparison of the TPP1-bound and TPP1-free POT1C revealed that
the TPP1-free POT1C exhibits significant structural plasticity.
Additionally, we performed thermostability assays including
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Fig. 1. Structures of POT1C and POT1C-TPP1(PBD). A & B. Primary structures of POT1 and TPP1. Domains and binding partners are indicated. C. POT1C monomer from CF1/2.
The four-cysteine cluster (C382, C385, C503, C506) which coordinates a Zn2+ ion and stabilizes the two POT1 domains promoting the formation of an elongated bilobal
structure, which provides an extensive surface area for TPP1 binding. D. Structure of POT1C-TPP1(PBD) from CF3, CF4 and CF5.
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Differential Scanning Fluorimetry (DSF) [19], which also show that
POT1 is thermolabile in the absence of TPP1. Finally, we show that con-
sistent with the structural and thermostability assays, POT1C is more
accessible to proteasomal degradation than the TTP1-bound form.
676
We propose that POT1 free of TPP1, resulting from mutations
that affect complex formation is less structurally stable and more
accessible to proteasomal degradation. This in turn leads to telom-
ere uncapping, DDR, genomic instability, and cancer. These
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findings provide novel evidence of the mechanism of action of can-
cer mutations that disrupt the POT1-TPP1 complex.
2. Results

2.1. Structure of POT1C

Here we report the crystal structures of POT1C, residues 330–
634, from two distinct crystallization conditions with each gener-
ating a different crystal form. Crystals grown in 0.2 M DL-malic
acid pH 7 and 30% PEG 600, which we will refer to as crystal form
1 (CF1), belong to the monoclinic space group P21 and contain two
molecules in the asymmetric unit (AU). Crystals grown in 0.8 M
ammonium phosphate pH 8.1, 24% PEG 4,000 and 7% 2-Methyl-
2,4-pentanediol (MPD), which we will refer to as crystal form 2
(CF2), belong to the trigonal space group P3221 and contain two
molecules in the AU. The use of different crystal forms in this study
is critical as it allows for the comparison of POT1C structures
formed under distinct crystallization conditions and crystals forms
thus providing several statistically significant independent
measurements.

POT1C, as it has already been established from the published
POT1C-TPP1(PBD) structure [13,14], is comprised of a classic OB-
fold (OB; residues 330–390 and 539–634) and a holiday junction
resolvase domain (HJRD; residues 391–538) (Fig. 1A). Notable
structural features of the OB fold include a six-stranded b-sheet
(b1-6) with a well-defined indentation on the surface of the pro-
tein forming part of the TPP1 binding pocket (Fig. 1C-D). The b-
sheet is surrounded by two alpha helices (a1, 2). The HJRD is an
insertion within the OB sequence and consists of seven anti-
parallel beta-sheets (b7-13), surrounded by four alpha helices
(a3-6). There is a four-cysteine cluster (C382, C385, C503, C506)
at the interface of the OB-fold and the HJRD domain coordinating
a Zn2+ ion, which stabilizes the extended conformation of the
two domains.

Structural comparison of the CF1 and CF2 POT1C domains
shows that the HJRD domain is highly flexible (RMSD: average
2.4 Å and max RMSD 14.9 Å) while the OB fold adopts overall a
rigid conformation (RMSD: average 1.6 and max 7.2) (Fig. 2 and
Movie 1). Domain differences are primarily associated with struc-
tural elements forming the TPP1-binding pockets of POT1C. These
include helices a3 and a5 of the HJRD and the loop that connect
strands b14 and b15 of the OB fold (Fig. 2). Significant differences
are also observed for the surface loop that connects helix a3 to
strand b5. This loop is not involved in TPP1 binding and is solvent
accessible (Fig. 2A-E). These loops do not make any contacts in the
crystal and therefore are free to adopt multiple conformations.

Interestingly, structural comparison of the four independent
POT1C monomers CF1A/B and CF2A/B shows significant rigid
domain motions, in addition to the intra-molecular differences
observed primarily for the HJR domain. The POT1C rigid domain
conformations arise from a hinge-like motion between its two
domains, the HJRD and the OB fold (Fig. 2 and Movie 1). This
motion allows the four POT1C monomers to adopt several confor-
mations; one (CF1A) that we will refer to as ‘‘compact” as indicated
by the solvent exposed surface area (15362 Å2), and another that
positions the two domains the furthest away from each other
(CF2A - surface area 16447 Å2), which we will refer to as the
‘‘loose” conformation. Within the ‘‘compact” and ‘‘loose” POT1C
structures, we observe two intermediate conformational states.
The presence of additional conformational states suggests a degree
of interdomain flexibility within the ‘‘compact” and ‘‘loose” states.
The structural diversity observed in CF1 and CF2 monomers is fur-
ther supported by Differences Distance Matrix Program (DDMP
[20]) structural analysis (Fig. 2F-K).
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2.2. Structure of POT1C-TPP1(PBD)

In 2017 we and others published a structure of POT1C-TPP1
(PBD) (PDB ID: 5UN7 and 5H65) [13,14]. The TPP1 construct used
in this study consists of residues 255–337 and the POT1 construct
consists of residues 330–634 (Fig. 1A-B). Crystals of the tetragonal
space group P4122 grew from 2.4 M KCl, 50 mM K/Na Tartrate,
20 mM BaCl2, and 0.1 M Sodium Citrate, pH 5.5. We will refer to
this condition as crystal form 4 (CF4) and to the 5H65 structure/
crystallization condition as CF5. During our attempt to crystallize
the POT1-TPP1 complex, we tested different POT1-TPP1 constructs,
including POT1 residues 325–634 and TPP1 245–327. Crystals of
the monoclinic space group P1, grown from 0.1 M HEPES pH 7.5,
and 3.0 M NaCl, contain four heterodimers in the asymmetric unit.
We will refer to this condition as crystal form 3 (CF3). In 5UN7, the
shorter TPP1 construct (residues 255–337) consists of 4 a-helices
connected with extended loops. The longer construct of TPP1 used
in this study adopts the same secondary/tertiary structure as in
5UN7 with the extra N-terminal residues 253–265 forming a helix
(helix a0). Helix a0 does not make any contacts with POT1C, it is
instead involved in crystal contacts with adjacent POT1C-TPP1
(PBD) heterodimers.

In CF3, CF4 and CF5, helix a1 of TPP1 interacts with a well-
defined hydrophobic pocket of the HJRD, formed by the beta sheet
(b5-7) and helices a3, a5 and the loops that connects them. Several
conserved residues within this pocket (V434, W424, I455, V436,
L453, F438, F470, C451, L445 and P446) make direct interactions
with a1 L271, V272, A275, L279, L281 of TPP1 [14]. Helix a2 of
TPP1 is located at the interface of the OB and HJRD. The large side
chains of W293 and R297, that form part of helix a2 of TPP1, bind
at the interface of the two OB3 and the HJRD further stabilizing the
extended conformation adopted by POT1C. Helices a3 and a4 of
TPP1 interact with the OB3 of POT1C. Residues Y306, M312,
V308, L313, I315 and Y306 of TPP1 a3 interact with the canonical
OB binding pocket residues V541, V543, M560, Y558, Q623, F625,
Y610, C621 and P371 [14]. Helix a4 traverses the indentation
formed by the b-barrel of the OB fold and interacts with the
beta-strands b14 and b15 that form one of the walls of the OB
binding pocket. Contacts between helix a4 of TPP1 involve resi-
dues D319, L323 of TPP1 and N611, P357, K608 and Q359 of POT1C
[14]. Additional but limited contacts involve the coil regions of
TPP1. Noteworthy are the interactions of Y306 and E303 of TPP1
with the side chains of P371and R372 and R373 of POT1C [14]
respectively.

Structural comparison of CF4, CF5 with the four CF3 heterodi-
mers shows that they are structurally similar (Fig. 3A-D). The
RMSD between CF3A-D and CF4 heterodimers is 1.05 Å overall.
Most of these differences are associated with solvent accessible
loops of the HJRD (HJRD average RMSD = 0.95 Å; OB average
RMSD = 0.55 Å) adopting multiple conformations. More specifi-
cally, the HJRD coil connecting a3 and b5 is displaced by a maxi-
mum of 5.5 Å between CF3 and CF4 (Fig. 3C). Additional subtle
differences are observed at the tip of the TPP1 terminal helices
a1 and a4 (Fig. 3C, D). These differences may result from the CF3
monomers having a longer TPP1 construct, which forms an addi-
tional helix (a0) involved in crystal contacts. The structural simi-
larity observed in CF3 and CF4 monomers is further supported by
DDMP structural analysis (Fig. 3E-M).

We have so far shown that POT1C is structurally flexible with
the observed flexibility associated with intra- and intermolecular
motions. We have also shown that POT1C is rigid when in complex
with TPP1 adopting only a single conformation as confirmed by
five distinct crystallographic measurements. Structural compar-
ison of CF1/2(A-B) with CF3(A-D)/4/5 shows that the two POT1C
domains, (the HJRD and the OB) undergo a rigid domain motion
bringing the two domains closer by 3 Å when TPP1 binds (Fig. 4-



Fig. 2. Structural and DDMP comparison of the POT1C from two different crystal forms (CF1 and CF2). A. Overlay of CF1A (purple), CF1B (violet), CF2A (green) and CF2B (lime).
Monomers are aligned to the HJRD. A hinge-like motion is observed between the OB fold and the HJRD of CF1/2A/B. B. 90� rotation of panel A shows a side view of the OB fold
and illustrates the rigid domain differences between CF1A/B and CF2A/B. C. 90� rotation of panel B. Intradomain differences between the HJRD domains of the four monomers
are shown. These include the loop connecting b5 to b6 and b6 to b7 and form part of the TPP1 binding pocket of POT1C. D. 90� rotation of panel C. E. Alignment of the OB fold
shows that there are almost no intradomain motions, other than minor shifts along the solvent accessible loop connecting b14 and b15. F-K. DDMP comparison of the CF1A/B
and CF2A/B POT1C monomers further supports the conformational flexibility of the POT1C structure. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Structural comparison of the five POT1C-TPP1(PBD) heterodimers from three distinct crystals forms (CF3, CF4 and CF5). A. Overlay of CF3A/B/C/D, CF4 and CF5
structures (POT1C – blue/yellow; TPP1 – green/red). B. 90� upward rotation of panel A. C. 90� downward rotation of panel A shows the canonical OB binding pocket. D. 90�
downward rotation of panel C. E-M. DDMP comparison of the five independent POT1C monomers present in the CF3 and CF4 crystal forms shows the rigidity of POT1C when
in complex with TPP1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A-D). This domain motion arises from a 3 Å shift of the OB fold
along the X axis and a 5� downward rotation along the Y axis.
For CF2A/B and CF3/4 the domain rigid motion is even greater.
The OB fold is shifted by 6 Å along the X axis and rotated 8� down-
wards along the Y axis. The changes in domain organization
679
between the TPP1 bound and unbound POT1C structures are fur-
ther reflected in the differences in their overall surface area and
RMSD. While the CF1A/B monomers have an average surface area
of 15,623 Å2, the CF2/3/4 monomers have an average surface area
of 16,400 Å2.



Fig. 4. Structural comparison of CF1/CF2 (TPP1 free) and CF3/CF4/CF5 (TPP1 bound). A. Structural comparison of CF1, CF2 (both colored grey), and CF4 (POT1 - red; TPP1 -
green). Structures are aligned to the HJRD to illustrate the hinge-like motion between the two domains. B. 90� rotation of panel A. C. 90� of panel B. and D. 90� rotation of panel
C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.3. POT1 is unstable in the absence of TPP1

To further examine POT1C plasticity, we performed B-factor
analysis as well as thermostability and proteolytic stability assays
of POT1C and POT1C-TPP1(PBD). B-factor analysis of the POT1C
and POT1C-TPP1(PBD) structures show a high degree of thermal
mobility for POT1C, especially for the HJR domain (Fig. 5A-C). We
also carried out Differential Scanning Fluorimetry (DSF) experi-
ments with purified POT1C, the cancer-associated mutant POT1C
(Q623H)-TPP1(PBD) and the wild type POT1C-TPP1(PBD) as
described previously [14]. We selected this cancer associated
POT1 mutant protein because the residue Q623 is located on the
surface of the protein and makes direct contacts with TPP1 (Fig. 1-
C-D); it is not involved in the protein fold and therefore is ideal for
this study. Based on previous studies from this lab, the POT1C
(Q623H) mutant protein binds TPP1 with approximately 4–5 fold
less affinity than the wild type POT1 [14]. The proteins were
exposed to a temperature gradient of 20 – 95 �C using a qPCR ther-
mocycler in the presence of SYPRO orange, which has an affinity for
hydrophobic surfaces. The technique allows the detection of
temperature-dependent protein denaturation by binding to
exposed hydrophobic regions of the protein as it melts. The result-
ing melt curves revealed significant thermostability differences
between POT1C, the mutant POT1C(Q623H)-TPP1(PBD) and the
wild type POT1C-TPP1(PBD) (Fig. 5D). The apparent melting tem-
perature (Tm �C) of POT1C, the mutant POT1C(Q623H)-TPP1
(PBD) and the wild type POT1C-TPP1(PBD) is 43.6 (SD = 0.46),
49.7 (SD = 0.25) and 56.3 (SD = 0.44) respectively. As expected,
TPP1(PBD) alone, which only becomes structured upon POT1C
binding, does not exhibit any significant SYPRO-associated signal.
Each sample was run in six replicates.

We also performed proteolytic resistance assays using purified
POT1C, the mutant POT1C(Q623H)-TPP1(PBD) and the wild type
POT1C-TPP1(PBD) (Fig. 5E), and the human 26S proteasome (E-
680
365, R&D systems). The proteins were incubated with the 26S pro-
teasome at a 1(26S proteasome)/200(protein) ratio at room tem-
perature overnight. The reactions were stopped by adding SDS
PAGE loading dye and heating at 95 �C for 5 min. The results indi-
cate that POT1C alone and the POT1C(Q623H)-TPP1(PBD) mutant
complex are significantly more degraded than the wild type
POT1C-TPP1(PBD) complex (Fig. 5E-F).
3. Discussion

While it has been shown that disruption of POT1-TPP1 binding
in the cell leads to a loss of intracellular POT1 [13], the underlying
cause has remained unclear. Here we reveal that POT1-TPP1 com-
plex formation is essential for protein stability and thus intracellu-
lar abundance. In the absence of TPP1, POT1 exhibits significant
structural plasticity, decreased thermostability, and rapid degrada-
tion by proteases. Loss of functional POT1 has been implicated in
telomere uncapping and aberrant DNA damage response at telom-
eres. These conditions are favorable for genomic instability and
cancer, highlighting the importance of POT1-TPP1 complex forma-
tion [21].
3.1. POT1C is structurally flexible adopting multiple interdomain
conformations

The conformational dynamics associated with POT1-TPP1 bind-
ing have major implications for understanding proper POT1-TPP1
assembly and function. We found in the absence of TPP1(PBD),
POT1C adopts a range of structural conformations indicating that
it is a flexible protein with a certain freedom of conformational
movement. Four POT1C independent measurements from two dis-
tinct crystal forms (CF1A/B and CF2A/B) show intradomain
motions with an average RMSD of 2.4 Å and max RMSD 14.9 Å. Fur-



Fig. 5. Structural stability of POT1C vs POT1C-TPP1(PBD). A, B & C. B factor analysis of the POT1C and POT1C-TPP1(PBD) structures. The analysis clearly shows that POT1C
becomes rigid upon TPP1 complex formation. D. DSF assays of POT1C, POT1C(Q623H)-TPP1(PBD) cancer associated mutant and the wild type POT1C-TPP1(PBD) complex. The
results indicate that the wild type POT1C-TPP1(PBD) complex has a much higher melting temperature than POT1C alone and the cancer mutant. E. Proteasomal degradation
assays of POT1C, POT1C(Q623H)-TPP1(PBD) cancer associated mutant and the wild type POT1C-TPP1(PBD) complex. The data shows that POT1C and POT1C(Q623H)-TPP1
(PBD) are more susceptible to proteasomal degradation compared to wild type POT1C-TPP1(PBD). F. ImageJ [29] intensity plot of the POT1C bands from panel E.
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ther evidence of the conformational changes and therefore plastic-
ity of the POT1C monomer is reflected in the differences observed
between the surface area of the four POT1C monomers ranging
from 15362 Å2 to 16447 Å2.

The POT1C flexibility arises from intra- and interdomain
motions. Of note, is the HJRD which shows flexibility throughout
the domain while the conformational changes of the OB domain
localize to the TPP1 binding pocket and in particular the loop that
connects strands b14 and b15. HJRD intradomain motions include
helices a3 and a5 , both of which form part of the TPP1 binding
pocket. More specifically, a5 together with b5-7 bind helix a1 of
TPP1. Helix a3 is in part located at the interface of the HJRD and
the OB and makes contacts with helix a2 of TPP1. We observe that
upon TPP1 binding helix a5 is shifted by 2 Å, toward the center of
the HJRD TPP1 binding pocket forming a narrower channel that
coordinates helix a1 of TPP1 (Fig. 4). Similarly, helix a3 of the HJRD
pivots toward the OB fold contributing to the formation of a deep
pocket at the interface of these domains allowing for the binding of
the large side chains of W293 and R297 of TPP1 (Fig. 3 and 4).
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3.2. The POT1C-TPP1 complex is rigid

In contrast to the flexible TPP1-free POT1C, the POT1C-TPP1
(PBD) complex adopts a rigid conformation (Fig. 3) as indicated
by five independent structures (CF3A-D, CF4, and CF5). The aver-
age/maximum RMSD when comparing all five POT1C-TPP1(PBD)
monomers is � 1.05 Å. The OB fold maximum RMSD between all
five heterodimers is 0.55 Å, while that while of the HJRD is
0.95 Å. The inflated RMSD between the CF3A-D and CF4 structures
is due to subtle differences between them resulting from a) the
CF3A-D structures having a longer TPP1 construct and b) the flex-
ibility of solvent accessible loops not involved in crystal contacts.
The longer TPP1 construct contains an additional N-terminal helix
(a0) involved in crystal contacts. Furthermore, the solvent accessi-
ble surface area of these structures ranges from 16250 Å2 to
16429 Å2, amounting to less than 1% difference across the five
POT1C-TPP1(PBD) heterodimers. The low RMSD and conserved sol-
vent accessible area between CF3 and CF4 further supports our
hypothesis that the POT1C-TPP1 complex is rigid.
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3.3. TPP1 samples and binds the most favorable POT1C structural
conformation

So far, we have established that POT1C is structurally flexible
while the TPP1-bound POT1C is structurally rigid. Structural com-
parison of CF1/CF2 and CF3/CF4 structures show intra- and inter-
domain conformational differences for the TPP1-free, POT1C struc-
ture. Intradomain conformational changes are observed primarily
for the TPP1 binding pocket of the HJRD of POT1C (Fig. 2). Helices
a3 and a5 located on the surface of POT1C form part of a largely
hydrophobic pocket that accommodates helix a1 of TPP1 (Fig. 4).
Helix a3 shifts roughly 1.7 Å and helix a5 moves approximately
2 Å toward the center of the TPP1 binding pocket. The shift allows
for the formation of a tight hydrophobic pocket that binds the TPP1
helix a1 making extensive interactions with this leucine rich struc-
tural element. Intradomain conformational changes are also
observed for the OB fold but those are limited to the b14 and
b15 and the loop that connects them (Fig. 2). It is worth noting that
these two strands form part of the OB fold’s TPP1 binding pocket.

A striking difference between the CF1/CF2 and CF3/CF4 struc-
tures is a rigid domain motion between the OB fold and the HJRD
(Fig. 4). Superposition of the HJRD of CF1, CF2 and CF3/4/5, places
each of the OB fold in distinct positions from one another in the 3D
space (Fig. 4). Interestingly, CF3/4/5 is most closely related to the
CF2 monomers with an average RMSD of 1.4 Å when compared
to CF3/4/5. The same value for CF2B is 1 Å. In contrast the RMSD
for CF1A and CF1B when compared to CF3/4/5 is 1.8 Å and 1.6 Å
respectively. The data suggests that the CF2A/B monomer is more
closely related to the CF3/4 conformation although not the same,
suggesting that POT1C can adopt a range of interdomain conforma-
tions including the one observed in the TPP1 bound state (CF3/4/5).
TPP1 samples all these interdomain conformations of POT1C and
binds the most favorable one stabilizing this conformation and
increasing its frequency in solution.

3.4. Disruption of POT1-TPP1 interactions may drive cancer

POT1 mutations have been implicated in a form of breast cancer
lacking expression of estrogen receptor, progesterone receptor and
HER2 called triple-negative breast cancer [21,22]. The triple-
negative breast cancer-associated POT1 mutations P371T within
the TPP1 interacting region of POT1 was shown to result in a dras-
tic reduction of intracellular protein levels when expressed ectopi-
cally compared to wild type POT1 [13]. The POT1 Q623H mutation
present in glioma and melanoma [23], which was biochemically
shown to result in partial inhibition of POT1-TPP1 complex forma-
tion, was found to be similarly unstable compared to wild type
POT1 [13,14]. Moreover, co-expression of wild type POT1 with
TPP1 lacking the POT1-binding domain (PBD), resulted in signifi-
cant lower levels of wild type POT1 [13]. All three mutations
resulted in deprotected telomeres, DDR, increased chromosomal
fusions and genomic instability providing evidence that defects
in POT1-TPP1 interactions potentially drive cancer. Our DSF exper-
iments show that POT1C as well as the mutant POT1C(Q623H)-
TPP1(PBD) are strikingly less stable in solution, with their melting
temperature � 13 and 6 �C less than that of the POT1C-TPP1(PBD)
complex respectively. We also show through proteolytic resistance
assays that POT1C and the mutant POT1C(Q623H)-TPP1(PBD) are
significantly more accessible to proteolytic degradation, by the
human 26S proteasome, compared to the wild type POT1C-TPP1
(PBD) complex. Taking these data together, we propose that the
decrease of intracellular POT1 upon loss of TPP1 binding is due
to POT1 protein stability issues followed by increased accessibility
to proteasomal degradation. This mechanism bears some similari-
ties to other clinically relevant protein–protein interactions which
stabilize proteins. Transmembrane channel-like protein 1 (TMC1)
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is a critical component of the mechanotransduction complex of
the inner ear [24]. This protein is stabilized upon binding of
another protein named LHFPL5. When this complex is disrupted
through mutation, TMC1 expression was drastically reduced. The
loss of this complex formation may contribute to deafness [24]. A
similar situation has been reported for the oncogene protein p73
which becomes more stable in response to binding MDM2.
MDM2 binding is believed to prevent proteasomal degradation
and increase intracellular levels of p73 [25]. The loss of POT1 sta-
bility occurring from cancer-associated mutations, such as POT1
(Q623H), disrupting POT1-TPP1 complex formation result in less
net available POT1 for capping telomeres. This loss of telomere
protection may contribute to cancer development.
4. Materials and methods

4.1. Protein expression and purification

The C-terminus of human POT1 (residues 330–634) was cloned
into a pET28b vector with a 6xHis-pMocr fusion tag, cleavable by
TEV protease. POT1C was overexpressed in E. coli ScarabXpress
T7 lac competent (Scarab Genomics) at 16 �C for 18 h, following
induction by 1 mM IPTG (isopropyl-b-D-thiogalactopyranoside;
Gold Biotechnology). The cells were harvested by centrifugation
(4,500 rpm, 20 min, 4 �C) and lysed by sonication in a buffer con-
taining 95% Ni.NTA Buffer A (25 mM Tris-HCl pH 7.5, 1.0 M KCl,
1.0 M urea, 5% glycerol, 1.0 mM phenylmethylsulfonyl fluoride
(PMSF), and 1.0 mM benzamidine) and 5% Ni.NTA Buffer B
(25 mM Tris-HCl pH 7.5, 150 mM KCl, 300 mM imidazole, 5% glyc-
erol, 1.0 mM PMSF, and 1.0 mM benzamidine). Protein lysate was
centrifuged at 18,000 rpm (20 min, 4�. C) and the supernatant
was loaded onto a Ni-nitrilotriacetic acid (NiNTA - MCLab) column.
Buffer was exchanged on the column to Ni.NTA Buffer C (25 mM
Tris-HCl pH 7.5, 150 mM KCl, 5% glycerol) and the protein was
eluted with Ni.NTA Buffer B directly onto tandem HS (poros) –
HQ (poros) columns equilibrated with Ni.NTA Buffer C. POT1C
was eluted from the HQ column with a gradient from 0.15 M KCl
to 1.0 M KCl. The pMocr tag was cleaved overnight at 4� C with
TEV protease. Cleaved POT1C was again run through tandem HS-
HQ columns equilibrated with 0.2 M KCl. Size exclusion chro-
matography (Superdex S200, GE Healthcare) with Dialysis Buffer
(10 mM Tris-HCl pH 7.5, 100 mM KCl, 1 mM TCEP) was used to
remove any remaining impurities and aggregates. We prepared
two TPP1 constructs, one consisted of residues 255–337 the other
of residues 245–337. The human POT1C-TPP1 (PBD) protein com-
plex (CF4) was prepared as described in Rice et al [14].
4.2. Protein crystallization

Protein was concentrated to 10 mg/mL and dialyzed into a buf-
fer containing 10 mM Tris-HCl pH 7.5, 100 mM KCl, and 1 mM
TCEP. POT1C crystallized at room temperature under two sitting-
drop vapor diffusion conditions. Crystal form 1 (CF1) contained
200 mM DL-Malic acid pH 7.0, 30% v./v. polyethylene glycol
(PEG) 600 with the addition of 6% methanol. Crystal form 2 (CF2)
contained 800 mM ammonium phosphate pH 8.1, 24% w./v. PEG
4,000 with the addition of 7% 2-Methyl-2,4-pentanediol.

The POT1C-TPP1 (PBD) heterodimer also crystallized under two
sitting-drop vapor diffusion conditions at room temperature. The
POT1C-TPP1 (PBD) complex with the longer TPP1 construct (resi-
dues 245–337) crystallized under a condition containing 0.1 M
HEPES pH 7.5 and 3.0 M NaCl (CF3). The condition for crystal form
4 (CF4) is described by Rice et al [14].



Table 1
Data collection and refinement statistics for POT1C Structures.

POT1 CF1A/B CF2A/B CF3

Data collection
Space group P21 P3221 P1
Cell dimensions
a, b, c (Å), b (�) 61.98 61.80 83.74 94.493 162.59 162.59 63.57 70.88 70.98 103.79

76.764 84.613 70.549
Resolution (Å) 20–2.55 (2.62–2.55)* 20–2.65 (2.72–2.65) 20–2.9 (2.81–2.90)*
CC(1/2) 99.7 (49.5) 99.9 (53.4) 99.5 (41.2)
I / sI 13.9 (1.2) 20.9 (2.0) 8.9 (0.9)
Completeness (%) 98.3 (82.3) 99.4 (95.7) 89.66 (85.2)
Redundancy 7.2 (5.2) 10.8 (9.7) 5.9 (5.5)
Refinement
Resolution (Å) 20–2.55 20–2.65 20–2.90
No. of reflections 21,455 28,208 36,811
Rwork / Rfree 22.6/28.2 19.2/20.0 26.5/28.7
No. atoms
Protein 4860 4860 11,812
Ligand/ion 2 2 4
Water 75 70 34
Mean B value 49 50 55
R.m.s. deviations
Bond lengths (Å) 0.003 0.011 0.024
Bond angles (�) 0.687 1.307 2.027
Ramachandran Plot
Favored 95.17 87.17 90.05
Allowed 4.83 12.83 9.14
Outliers 0.0 0.0 0.81

*Values in parentheses are for highest-resolution shell.
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5. Data collection and structure determination

Data for CF1 and CF2 were collected in house on a Rigaku
MicroMax-007 HF rotating anode X-ray generator (wavelength1.
54178 Å) with VariMax optics and using a Saturn 944 HG CCD
detector. The crystals were flush frozen in liq. N2 and were kept
frozen with an Oxford Cryosystems Cobra system at 100� K during
the data collection. CF1 crystals diffracted to 2.55 Å resolution,
belong to the monoclinic space group (P21), and contain 2 mono-
mers in the asymmetric unit (AU) (Table 1). CF2 crystals diffracted
to 2.65 Å resolution, belong to the trigonal space group (P3221),
and contain 2 monomers in the AU (Table 1). The data was pro-
cessed and scaled with XDS [26]. The POT1-TPP1 (CF3) crystals
were collected at 1.008 Å wavelength at BL12-2 SSRL. CF3 crystals
diffracted to 2.9 Å resolution, belong to the P1 space group, and
contain 4 monomers in the AU (Table 1). The CF1 and CF2 struc-
tures were solved bymolecular replacement using the 5UN7model
in phenix [27] after removing the TPP1 coordinates. The CF3 struc-
ture was solved using the 5UN7 model in phenix. The structures
were refined in phenix and models were build when necessary in
Coot [28]. For CF4 crystals see Rice et al [14]. The coordinates
and structure factors for the CF1, CF2 and CF3 structures have been
deposited in the RCSB database and the relevant PDB ID numbers
are 7S1O 7S1U and 7S1T respectively.
5.1. DDMP

For the DDMP calculations, the distance between pairs of the Ca
atoms in one molecule is measured and tabulated in matrix form.
The same is done for the second molecule. The matrices are sub-
tracted from one another to yield the difference in relative dis-
placement of Ca atoms, which is the difference distance matrix.
Difference distance matrix plots were produce using the DDMP
program from the Center for Structural Biology at Yale University,
New Haven, CT.
683
5.2. Differential Scanning Fluorimetry

We further tested the thermostability of the POT1C, TPP1,
POT1C-TPP1 (PBD), and POT1C (Q623H)-TPP1 (PBD) proteins using
a 7500 Fast Real-Time thermocycler(Thermo Fischer). The proteins
were diluted in a buffer consisting of 20 mM HEPES at pH 7.5,
0.15 M KCl, 5% glycerol and 1 mM TCEP to a final concentration
of 10uM and heated from 20 to 95 �C at a scan rate of 60 �C per
hour. The thermogram for each protein sample was normalized
to the buffer and data analysis was performed using DSFworld

(https://bio.tools/dsfworld).
5.3. Proteolysis

Purified POT1C (residues 330–632), the mutant POT1C(Q623H)-
TPP1(PBD) and the wild type POT1C-TPP1(PBD) and resuspended
at a final concentration of �10 uM in a buffer consisting of
20 mM Hepes, 150 mM KCl, 5% glycerol, 1 mM ATP, 5 mM MgCl2,
1 mM TCEP, pH 7.2. The proteins were incubated at room temper-
ature with the human 26S proteasome at a ratio of 200 (protein) to
1 (proteasome) overnight. The reactions were stopped by adding
SDS gel loading dye and incubating at 95 �C for 5 mins prior to run-
ning on a 12% SDS page gel.
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