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ABSTRACT

Telomeres are DNA repeated sequences that asso-
ciate with shelterin proteins and protect the ends
of eukaryotic chromosomes. Human telomeres are
composed of 5’TTAGGG repeats and ends with a 3’
single-stranded tail, called G-overhang, that can be
specifically bound by the shelterin protein hPOT1
(human Protection of Telomeres 1). In vitro stud-
ies have shown that the telomeric G-strand can fold
into stable contiguous G-quadruplexes (G4). In the
present study we investigated how hPOT1, in com-
plex with its shelterin partner TPP1, binds to telom-
eric sequences structured into contiguous G4 in
potassium solutions. We observed that binding of
multiple hPOT1-TPP1 preferentially proceeds from
3’ toward 5’. We explain this directionality in terms
of two factors: (i) the preference of hPOT1-TPP1 for
the binding site situated at the 3’ end of a telomeric
sequence and (ii) the cooperative binding displayed
by hPOT1-TPP1 in potassium. By comparing binding
in K* and in Li*, we demonstrate that this coopera-
tive behaviour does not stem from protein-protein
interactions, but from structuring of the telomeric
DNA substrate into contiguous G4 in potassium.
Our study suggests that POT1-TPP1, in physiological
conditions, might preferentially cover the telomeric
G-overhang starting from the 3'-end and proceeding
toward 5'.

INTRODUCTION

Human  telomeres are composed of  duplex
STTAGGG/3 AATCCC repeats with a 3’ single-stranded

extension named G-overhang (50-300 nt) and six telom-
eric proteins that constitute the shelterin complex (1).
Telomeric DNA can be extended by telomerase, a ri-
bonucleoprotein complex that adds GGTTAG repeats to
the G-overhang (2). It has been shown that four human
telomeric repeats can fold into a G-quadruplex (G4) (3,4)
and that the presence of such a structure can impede the
recruitment of telomerase (5-9). Among shelterin proteins,
the human telomeric single-stranded DNA binding protein
hPOT1 (human Protection of Telomeres 1), involved in
chromosome-end protection and in telomere-length regu-
lation (10-15), is able to unfold these structures allowing
proper extension by telomerase in vitro (5). hPOT1 consists
of three OB fold (oligonucleotide/oligosaccharide binding)
domains: OBl and OB2 are involved in DNA binding
(16) and OB3 in the interaction with its shelterin partner
TPP1 (Figure 1A). It has been shown that hPOTI is
sequence specific (16, 17); the OB1 domain recognizes the
5'-TTAGGG-3' motif, while the OB2 domain binds the 5'-
TTAG-3' motif (16). Thus, the 10 nt 5-TTAGGGTTAG-3
sequence is the minimum binding site of hPOT1. hPOT1 is
recruited at telomeres thanks to its interactions with hTPP1
(18-19). hTPP1 also recruits telomerase to telomeres and
the heterodimer hPOT1-TPP1 acts as a processivity factor
for telomerase activity in vitro (20). Although TPP1 con-
tains an N-terminal OB fold (Figure 1A), no binding has
ever been observed between DNA and TPP1 alone. The
hPOT1-TPP1 complex has a higher binding affinity for
DNA than hPOT]1 alone (20-21).

Several biochemical and biophysical studies have been
undertaken in order to understand the mechanism by which
hPOT1 unfolds telomeric G4 structures (8,20-25). These
studies have focused on a single G4 formed by four rep-
etitions of the human telomeric motif. However, long hu-
man telomeric sequences can form contiguous G4 (26-29)
that are likely to occur at the G-overhang made of up to
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Figure 1. Structure of the human POT1 and TPP1 proteins and telomeric repeat sequences investigated in our study. (A) Domain organization of the
hPOT1-TPP1 complex. OB are oligonucleotide/oligosaccharide-binding domains, HIRL is a Holliday junction resolvase-like domain embedded in OB3.
TPP1 contains an OB domain and the PBM domain for hPOT]1 interaction (indicated by dashed lines); the TBM domain for TIN2 interaction is not
present. (B) H45, H69 and H93 are human telomeric sequences; they contain 3, 5 and 7 hPOT1 binding motifs respectively (indicated by dashed lines) and
folds into 2, 3 and 4 contiguous G4 (sequences involved in G4 units are indicated by solid lines).

50 tandem repeats. A few studies focused on the interac-
tion of hPOT1 with long human telomeric sequences have
shown that multiple hPOT1 fully coat the DNA (30-33).
These studies were carried out in the presence of sodium
(31,33) or under experimental conditions not promoting the
formation of regular contiguous G4 (30) or with sequences
forming no more than two contiguous G4 (32). Here, we
investigated the interactions of hPOT1-TPP1 with long hu-
man telomeric sequences structured into contiguous G4 (up
to four G4 units) in the presence of the physiological rele-
vant potassium cations, that stabilize G4 to a larger extent
than sodium. Our data reveal that multiple hPOT1-TPP1
feature a 3'-to-5' directional binding to telomeric sequences
folded into stable contiguous G4 and allow explaining the
origins of this behaviour.

MATERIALS AND METHODS
Oligonucleotides

Oligonucleotides were purchased from Eurogentec. Non-
modified GGGTTA repeats oligonucleotides were PAGE
purified, while the double-dye labeled oligonucleotides were
RP-HPLC purified by the manufacturer.

The sequences of the double-dye labeled H69-Q1,2,3
oligonucleotides are the following:

H69-Q1: 6FAM-5(GGGTTA)3GGGTYA(GGGTTA)7G

GG
H69-Q2: 5(GGGTTA)3IGGGTXA(GGGTTA)3GGGTY
A(GGGTTA)3GGG
H69-Q3:  5(GGGTTA)7TGGGTXA(GGGTTA)3GGG-
TAMRA

where X and Y are 6FAM-dT and TAMRA-dT respec-
tively.

Recombinant proteins preparation

Recombinant hPOT1-TPP1 complex were co-expressed in
the baculovirus insect cell system (pFastBac HT-A vector)
at the IGBMC-CERBM platform (Strasbourg). The full
hPOT1 (residues 1-634) was expressed with six histidines in
N-term and a truncated version of human TPP1 (87-334),
with a GST-tag in N-term. Each protein contains a restric-
tion site 3C (LGVLFQ/G) that allows removing tags. The
cell pellet was resuspended in lysis buffer (50 mM Tris—HCI
pH 7.8, 300 mM NacCl, 2 mM DTT, 1 mM PMSEF, 2 mM
2-Mercaptoethanol) supplemented with a cocktail of pro-
tease inhibitors (Roche), stirred on ice for 1h30. The cells
were then lysed by sonication (60% Ampli, 1 s ON-2s OFF
for 20 min) and the cell debris was removed by ultracentrifu-
gation (17 000 rpm for 1h15) at 4°C. The supernatant was
loaded on a 5 mL Ni-His Select column pre-equilibrated in
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lysis buffer (flow rate 0.15 mL/min). The column was next
washed with 25 mL of Ni-Wash buffer (50 mM Tris—HCI
pH 7.8,300mM NaCl,2mM DTT, 10 mM Imidazole) (flow
rate 0.5 mL/min, for all the subsequent purification steps).
The hPOT1-TPP1 complex was eluted with 25 mL of Ni-
Elution buffer (50 mM Tris—HCI pH 7.8, 300 mM NacCl,
2mM DTT, 300 mM Imidazole). The eluted fractions were
loaded on a 5 mL GST column, pre-equilibrated with Ni-
Elution Buffer. After a washing step with GST-Wash Buffer
(50 mM Tris—=HCI pH 7.8, 75 mM NaCl, 1 mM DTT), the
hPOT1-TPP1 complex was eluted with GST-Elution Buffer
(50 mM Tris-HCI pH 7.8, 300 mM NaCl, 2 mM DTT,
and 15 mM GSH). Tags were removed overnight with the
PreScission (1500 units) protease at 4°C in Low Salt Buffer
(50 mM Tris-HCI pH 7.8, 150 mM NaCl, 1 mM DTT). Fi-
nally, the digested sample was loaded on a | mL MonoQ
column, pre-equilibrated with Low Salt Buffer. The column
was next washed with 5 mL of Low Salt Buffer and hPOT1-
hTPP1 complex was eluted with a 25 mL gradient of NaCl
(from 150 to 300 mM). Fractions containing proteins were
pooled and stored at —80°C. Recombinant hRPA was ex-
pressed in the Escherichia coli BL21 (DE3) strain trans-
formed with the plasmid pET;;,hRPA that permits the co-
expression of RPA1, RPA2 and RPA3. hRPA was purified
as previously described (34).

Electrophoretic mobility shift assays (EMSA)

Oligonucleotides were labeled with y[*?P]JATP using T4
polynucleotide kinase (NEB). Radiolabeled and doubly-
labeled oligonucleotides were heated for 10 min at 85°C and
slowly cooled at room temperature. For all EMSA experi-
ments, proteins were diluted and pre-incubated (20 min at
4°C) in a dilution buffer (50 mM Tris—HCI pH 7.5, 100 mM
KClI or LiCl, I mM DTT, 10% glycerol, 0.2 mg/mL BSA
and 0.1 mM EDTA). Oligonucleotides (2 nM for radiola-
beled oligonucleotides and 100 nM for double-dye labeled
oligonucleotides) were incubated with various amounts of
protein in 10 pL of a reaction buffer (50 mM HEPES pH
7.9, 0.1 mg/mL BSA, 100 mM KCI and 2% glycerol) for
20 min at 20°C. Samples were then loaded on native 5%
acrylamide/bisacrylamide (29:1) gels in 0.5X TBE buffer at
4°C. After electrophoresis, gels with radiolabeled oligonu-
cleotides were dried and exposed on a phosphorimager
screen, and scanned with a Typhoon instrument (Molec-
ular Dynamics). For double-dye labeled oligonucleotides,
gels were directly scanned with Typhoon instrument to de-
tect FAM fluorescence.

Quantification was made with ImageQuant version 5.1.
For each protein concentration, the fraction of radiolabeled
or doubly-dye labeled oligonucleotides bound to proteins
was calculated as follow:

II.DNAbou.ndtoprotein/(]DNAboundtoprotein + IfreeDNA) ) where Lis
the intensity of the band.

Fluorescence resonance energy transfer (FRET)

Fluorescence assays with 100 nM H69-Q1,2,3 oligonu-
cleotides (doubly-labeled with a FAM and a TAMRA) were
carried out on a SPEX Fluorolog spectrofluorimeter (Jobin
Yvon), in a buffer containing 100 mM KCI and 5 mM acid
cacodylic (adjusted at pH 7.2 with LiOH).
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For fluorescence titration, the protein (final concentra-
tion ranging from 50 to 600 nM) was directly added to
the solutions containing the oligonucleotides and incubated
for 5 min before recording the emission spectra (excitation
wavelength 470 nm). The percentage of opened labeled G4
units at 20°C was calculated as previously described (35).

Fluorescence kinetics experiments were carried out as fol-
lows (Supplementary Figure S1): for each double-dye la-
beled oligonucleotide, the intensity of FAM emission at 518
nm (excitation wavelength 470 nm) was recorded (each 10
s) for 10 min at 20°C ((/pam(folded oligo)), then the protein
was added and the intensity of FAM emission was recorded
for 40 min (Ipam(t)), finally the temperature was raised to
80°C while continuing to record FAM emission. The inten-
sity of FAM emission of the solution at 80°C provides the
intensity of the unfolded oligonucleotides (/pan(unfolded
oligo)). For each kinetics curve, the percentage of unfolded
double-dye labeled G4 at the time ¢ after adding the protein
was calculated as follows:

(Ieam (1) — Ipanm (folded oligo)) x 100/ (Ipan (unfolded oligo) /1.15 — Ipan (folded oligo))

The correction factor 1.15 was applied in order to correct
for the slight increase in FAM emission we observed with
FAM-labeled telomeric oligonucleotides when increasing
the temperature from 20° to 80°C (Supplementary Figure
S2). Usually, fluorescent emission decreases with increasing
the temperature. The slight increase of FAM emission we
observed might be due to the disruption of quenching inter-
actions between FAM and DNA bases when the G4 unfolds
at high temperatures. Each experiment was performed two
times.

RESULTS

Structuring of telomeric sequences into contiguous G4 affects
the binding curve of hPOT1-TPP1

By electrophoretic mobility shift assays (EMSA), we stud-
ied the interaction of hPOT1-TPP1 with the following
oligonucleotides mimicking human telomeric sequences
of increasing length: (GGGTTA)711.15GGG, named H45,
H69 and H93 respectively. In the presence of potassium,
these oligonucleotides fold into two, three and four stable
contiguous G4 units, respectively (underlined by bold lines
in Figure 1B) (29). Each telomeric sequence contains multi-
ple hPOT1 binding sites: 3 for H45, 5 for H69 and 7 for H93
(TTAGGGTTAG sequences underlined by dashed lines in
Figure 1B).

In a standard experiment, 2 nM of radiolabeled DNA
was incubated for 20 min at 20°C with different amounts
of proteins. Figure 2A shows the results of EMSA. The
presence of retarded bands for H45, H69 and H93 indi-
cated that hPOT1-TPP1 binds telomeric DNA in the pres-
ence of the physiological relevant cation K*, where these
sequences are structured into stable contiguous G4. The
number of retarded bands increased with the length of the
oligonucleotide, revealing hPOT1-TPP1:DNA complexes
of increasing stoichiometry, where one, two, three, four, five
(or more) hPOT1-TPP1 are bound (Figure 2A). For H45,
we observed three retarded bands, indicating the forma-
tion of 1:1, 2:1 and 3:1 hPOT1-TPP1:DNA complexes. For
H69, we observed five bands, indicating the formation of
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Figure 2. Electrophoretic mobility shift assays. (A, C) EMSA of radiolabeled H45, H69 and H93 oligonucleotides (2 nM) incubated with increasing
amounts of hPOT1-TPP1 (0, 12.5, 25, 50, 100 and 200 nM) in 100 mM KCI (A) or LiCl (C). Arrows indicate free DNA; dashed lines indicate protein:DNA
complexes of different stoichiometry. (B, D) Percentage of DNA bound to hPOT1-TPP1 as a function of protein concentration in KCI (B) or LiCl (D):
H45 (red circles), H69 (green squares) and H93 (blue diamonds). Error bars are standard deviations from three independent experiments.

up to 5:1 hPOT1-TPP1:DNA complexes. The number of
retarded bands for H45 and H69, corresponds to the num-
ber of hPOT1 binding sites (Figure 1B). For H93, hPOT1-
TPP1:DNA complexes with a stoichiometry higher than 5:1
stayed in the well due to their high molecular weight. For
the three oligonucleotides, the presence of complexes of in-
termediate stoichiometry (where not all the binding sites
are occupied) indicated that hPOT1-TPP1 does not bind
DNA in an ‘all-or-none’ mode. However, quantification of
the percentage of DNA bound to hPOT1-TPP1 as a func-
tion of concentration resulted in similar sigmoidal curves
that suggested a cooperative binding mode (Figure 2B).

A cooperative binding of multiple hPOT1-TPP1 to long
telomeric sequences might stem from protein-protein inter-
actions or/and from changes in the DNA substrate upon
protein binding. In order to assess whether the sigmoidal
shape of the binding curves stemmed from interactions be-
tween DNA-bound and free hPOT1-TPP1 complexes or
from structuring of DNA into G4, we performed EMSA
under ionic conditions where G4 structures were not stabi-
lized, i.e. in the presence of Li* cations (36). Here again, we
observed protein:DNA complexes of increasing stoichiom-
etry depending on the length of the DNA (Figure 2C). How-
ever, the shape of the binding curves of hPOT1-TPP1 to
H45, H69 and H93 oligonucleotides in lithium displayed a
less pronounced sigmoidal shape (Figure 2D) (see Supple-
mentary Figure S3A for comparison). Hill plots provided a
Hill coefficient of about 2 in KCI and of about 1.3 in LiCl,

suggesting a positive cooperative binding of POT1-TPP1 to
telomeric sequences in KCI and a non-cooperative binding
in LiCl (Supplementary Figure S3B). Since hPOT1-TPP1
binding to non-structured modified telomeric sequences is
not affected by the nature of the monocation (24), our re-
sults support that the sigmoidal shape of the binding curves
of hPOT1-TPP1 to H45, H69 and H93 in potassium is not
due to interactions between free proteins and DNA-bound
proteins, but stems from structuring of the DNA substrate
into stable contiguous G4 in potassium.

From binding curves in Figures 2B and D, we estimated
the apparent binding constants (Kp??). hPOT1-TPP1 dis-
played a higher Kp®P in K* than in Li* ((58 £ 2) and
(36 & 5) nM, respectively). A lower affinity in K* than in
Li* can be explained by a higher stability of the telomeric
G4 in K* than in Li*. An inverse correlation between pro-
tein affinity and the stability of a single telomeric G4 has
already been reported for the first binding event of hPOT1-
TPPI in K* and Na™ (24) and for the binding of the single-
stranded DNA binding protein RPA in K*, Na* and Li*
(37).

Unfolding of contiguous G4 by binding of POT1-TPP1 pro-
ceeds from 3’ toward 5’

It has been shown that POT1 is able to open a single
G4 (8,20-25). We wondered whether binding of hPOT1-
TPPI1 resulted in the unfolding of all contiguous G4s.
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To this purpose, classical fluorescence resonance energy
transfer (FRET) experiments were carried out on three
modified H69 oligonucleotides, doubly-labeled with a 6-
carboxyfluorescein (FAM) and a tetramethylrhodamine
(TAMRA) at different positions. In H69-Q1 the fluo-
rophores are placed at both sides of the G4 unit at the 5'-end
(called 5'-G4 unit, or simply Q1); in H69-Q2 they are placed
at both sides of the second G4 unit (called inner-G4 unit, or
simply Q2); in H69-Q3 they are placed at both sides of the
G4 unit at the 3'-end (called 3'-G4 unit, or simply Q3) (Fig-
ure 3) (sequences are detailed in M&M sections) (29,35).

The CD spectra of H69-Q1,2,3 oligonucleotides dis-
played signatures similar to the one displayed by the non-
labeled oligonucleotide H69 (Supplementary Figure S4),
suggesting that the double-dye labeling does not dramati-
cally alter, on average, the conformation of the G4 units.
Melting profiles of the single double-dye labelled G4 units
of these three oligonucleotides were previously recorded by
fluorescence (29) and showed that the two external G4 have
identical stability (identical melting profiles, with a tem-
perature of half-denaturation 7'/, of 60°C), while the in-
ner G4 has a lower stability (77, = 51°C) (Supplemen-
tary Figure S4). We finally verified that binding of POT1-
TPP1 to single-dye labeled telomeric oligonucleotides (cou-
pled with either FAM or TAMRA) quenched neither FAM
nor TAMRA fluorescent emission (Supplementary Figure
S5). Therefore, any change in FAM and TAMRA emission
of H69-Q1,2,3 in the presence of hPOT1-TPP1 can be as-
cribed to the unwinding of the G4.

For the three H69-Q1,2,3 oligonucleotides, FRET data
showed an increase of FAM fluorescence and a decrease
in TAMRA fluorescence upon hPOT1-TPP1 addition, in-
dicating that hPOT1-TPP1 unfolds each of the three G4
units (Figure 3A). However, quantification of the open-
ing percentage of the different G4 units showed that at a
protein/oligonucleotide ratio r of 1 and 2, the percentage of
unfolded 5'-G4 Q1 was very low compared to the percent-
age of unfolded 3’-G4 Q3 and inner-G4 Q2. The percentage
of unfolded 5'-G4 Q1 considerably increased only at r = 4
(Figure 3B). It is noteworthy that the opening efficiency of
the different G4 units in H69 by hPOT1-TPP1 does not cor-
relate with their stability. Indeed, hPOT1-TPP1 does not
open first the less stable G4 (the inner-G4 Q2, character-
ized by a T, of 51°C), and opens the 3'-G4 unit Q3 with a
higher efficiency than the 5'-G4 unit Q1, despite their sim-
ilar stability (77,2 of 60°C). In summary, in titration exper-
iments with the three doubly-labeled H69-Q1,2,3 oligonu-
cleotides, the 5'-G4 unit Q1 is the last to be unfolded.

As a control, we verified that this difference was not due
to a difference in protein binding efficiency to the three
doubly-labeled H69 oligonucleotides. To this purpose, we
carried out EMSA in the same conditions of FRET as-
says. EMSA experiments showed similar migration patterns
(Figure 4) and similar binding efficiency of hPOT1-TPP1
to the three doubly-labeled H69 (see % of bound DNA be-
low the gel in Figure 4A). Indeed, whatever the position of
the doubly-labeled G4 in H69, 1 equiv. of hPOT1-TPP1
allowed complexation of 9-10% of DNA with 1 hPOT1-
TPP1, 4 equiv. of hPOT1-TPP1 allowed complexation of
55-65% of DNA with up to 3 hPOT1-TPP1, 10 equiv. of
hPOT1-TPP1 allowed complexation of all DNA with up
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to 5 hPOT1-TPP1. Furthermore, since the binding pat-
tern and efficiency, do not depend on the position of the
doubly-labeled G4, we argue that the double-dye labeling
does not dramatically alter protein affinities compared to
non-labeled oligonucleotides.

We next followed the unfolding kinetics of the doubly-
labeled G4 units in H69-Q1,2,3 with 1, 4 and 10 equiv. of
hPOTI1-TPP1I, i.e. under conditions where not all the bind-
ing sites are occupied (1 and 4 equiv.) or all the binding
sites are occupied (10 equiv.), as indicated by EMSA in the
same conditions of FRET assays. From kinetic curves, we
calculated the percentage of unfolded G4 units Q1, Q2 and
Q3 as a function of time (Figure SA-C) (as detailed in Ma-
terials and Methods) and the percentage of unfolded G4
units at the equilibrium (at the plateau) from two indepen-
dent experiments (Figure 5D). At 1 equiv. of hPOT1-TPP1,
where 1:1 complexes were the major fraction of bound
DNA, the 3'-G4 unit Q3 was the one preferentially unfolded
((55 £ 1)%)), followed by the inner-G4 unit Q2 ((38 £ 4)%)
and by the 5-G4 unit Q1 ((25 £ 5)%) (Figure 5SA and D).
At4equiv., where 1:1 and 2:1 POT1-TPP1:DNA complexes
were the major fractions of bound DNA, a higher percent-
age of unfolded G4 units was obtained, consistently with
the formation of more complexes. However while the 3'-
G4 and the inner-G4 units displayed high and similar per-
centages of unfolding ((78 + 8)% for Q3 and (69 =+ 8)% for
Q?2), the percentage of unfolded 5'-G4 unit was significantly
lower ((35 + 17)% of unfolded Q1) (Figure 5B and D). At 10
equiv., where 3:1 and 4:1 POT1-TPP1:DNA complexes were
the major fractions of bound DNA, similar percentages of
unfolded G4 were observed for the three doubly-labeled G4
units (from about 90 to 100% of unfolded Q1, Q2 and Q3)
(Figure 5C and D). These results suggest that the binding
of multiple hPOT1-TPP1 to H69-Q1,2,3 oligonucleotides
proceeds from 3’ toward 5.

To verify that kinetics observed here are POT1-TPP1 spe-
cific and not an artefacts due to doubly-labeled oligonu-
cleotides, we carried out kinetics experiments with a differ-
ent protein. We recently showed that RPA, the eukaryotic
single-stranded DNA binding protein, is able to coat long
telomeric DNA structured into contiguous G4 (35) and to
unfold all the G4. Here, we carried out unfolding kinetics
with 6 equiv. of RPA (Figure 5E). Results show that the
inner-G4 unit Q2 (which is the less stable) is better unfolded
than the two external G4 units Q1 and Q3 (which are more
stable). Thus our results with H69-Q1,2,3 suggests that, in a
multi-G4 context, hPOT1-TPP1 binding initiates from the
3’ end and proceeds towards the 5’ end, differently from
RPA that binds to G4 structured telomeric sequences start-
ing from the less stable G4 unit.

G4 are polymorphic structures. Different conformations
have been resolved for the single G4 formed by the telom-
eric sequence (GGGTTA);GGG in potassium: two hybrid
conformation (named hybrid-1 and hydrid-2) and an an-
tiparallel conformation relying on two G-tetrads (named
form-3) (38). Like the single telomeric G4 formed by the
(GGGTTA)3GGG core sequence, so also the G4 units in
longer telomeric sequences appear to display a certain de-
gree of polymorphism, as suggested by NMR investiga-
tions on three contiguous telomeric G4 (39). Might this
conformational polymorphism affect the binding patterns
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Figure 3. Fluorescence titrations. In order to detect the unfolding of each G4 units, individually, H69 was doubly-labeled with a FAM and a TAMRA at
different positions: at the extremities of the G4 at the 5’ side (H69-Q1), of the inner G4 (H69-Q2) and of the G4 at the 3’ side (H69-Q34). (A) Fluorescence
emission spectra (excitation wavelength 470 nm) of H69-Q1, H69-Q2 and H69-Q3 (100 nM) with increasing amounts of hPOT1-TPPI in 100mM KCl
solution, r is the protein/oligonucleotide concentration ratio. Spectra of doubly-labeled oligonucleotides in the absence of protein and in the presence of 4
equiv. of hPOT1-TPP1, are in bold lines. Arrows indicate the evolution of emission spectra with increasing protein concentrations. 77 is the temperature
of half-denaturation of each doubly-labeled G4. (B) Percentage of unfolded labeled G4 units in H69-Q1 (red circles), H69-Q2 (green squares) and H69-Q3
(blue diamonds) as a function of r. The percentage of unfolded labeled G4 units was calculated as previously described (35). Error bars correspond to

standard deviations calculated from two independent experiments.

of POT1(-/+TPP1) to a G-overhang? According to a re-
cent study, the unfolding kinetic of hybrid-1 and hybrid-2
G4 conformations by POT1 are identical (25). Neverthe-
less, a single-molecule study revealed the presence of a mi-
nor population that resisted to unfolding by POT1 (23). It
will be interesting to undertake single molecule studies on
the interaction between POT1(-/+TPP1) and long telom-
eric sequences structured into contiguous G4 to understand
whether this population is present or not in a multimeric-G4
context.

DISCUSSION

Under physiological ionic conditions (in the presence of
K*), long telomeric sequences can fold into stable contigu-
ous G4 (29). Several studies have investigated the binding of
the single-stranded DNA binding shelterin POT1 (alone or
in complex with its partner TPP1) to telomeric sequences.
On one hand, studies in potassium solutions focused on
short telomeric sequences folding into a single G4 (8,20—
25). On the other hand, studies on longer telomeric se-
quences were carried out in the presence of sodium (31,33)
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Materials and Methods section.

or under experimental conditions not promoting the forma-
tion of regular contiguous G4 (30) or with sequences form-
ing no more than two contiguous G4 (32). In this work, we
investigated how human POT1 in complex with its partner
TPP1 copes with stable telomeric contiguous G4 that may
form at the telomeric G-overhang. To this purpose, we stud-
ied the interaction of hPOT1-TPP1 with oligonucleotides
that fold into contiguous G4 in the presence of the biologi-
cal relevant potassium cation.

We first showed, by EMSA and FRET experiments, that
multiple hPOT1-TPP1 bind to long telomeric sequences
structured into stable contiguous G4 formed in potas-
sium and form hPOT1-TPP1:DNA complexes where all the
binding sites are occupied and all the G4 are unfolded (Fig-
ures 2 and 5). When investigating by FRET the unfolding
mechanism of three contiguous G4, we observed that at low
stoichiometric protein:DNA ratio hPOT1-TPP1 unfolded
more efficiently the 3’-G4 unit, at intermediate stoichiomet-
ric ratio both the 3’-G4 unit and the inner G4 unit were ef-
ficiently unfolded, while the 5'-G4 units was efficiently un-
folded only at high stoichiometric ratio (Figure 5D). This
support that, in the presence of multiple hPOT1-TPP1, the
G4 at the 3’ end is the first to be unfolded, followed by the
inner G4 and, lastly, by the G4 at the 5 end, revealing a se-
quential G4 binding/opening mode that proceeds from the
G4 at the 3’ end toward the G4 at the 5’ end.

This directionality did not correlate with the stability of
the three G4 units and was specific to hPOT1-TPP1. In-

deed, in our doubly-labeled oligonucleotides H69-Q1,2,3,
the 3'-G4 unit was more stable than the inner G4 unit and
as stable as the 5'-G4 units (Supplementary Figure S4) and
RPA displayed a completely different unfolding pattern, un-
folding first the less stable inner G4 unit (Figure 5E). Exper-
iments on a duplex-G4 DNA construct have already sug-
gested that two POT1 bind and unfold the single telomeric
G4 formed by the sequence (TTAGGG), in four steps, initi-
ating from the 3’-end and proceeding one OB fold at a time
toward 5': first, OB2 binds to the TTAG motif more proxi-
mal to the 3’ end, then OBI binds to the TTAGGG motif,
followed the sequential binding of OB2 and OB1 of second
POT1 (22). Experiments with short DNA sequences (not
folding into a G4) where the TTAGGGTTAG binding site is
located at the 3’ end or at the 5’ end show a higher affinity of
hPOT1 and hPOT1-TPP1 for the site at the 3’ end (Supple-
mentary Figure S7), as previously shown (16,17,20). Such a
preference may play a role in the initiation of binding at the
3’ end observed for a single G4 (22) and in our multimeric-
G4 context. It will be interesting to study whether the 3
end strand of a terminal G4 might also undergo a more
pronounced unfolding/folding dynamic, making the bind-
ing site at the 3’ end more accessible to a first contact by
hPOT1(+/-TPP1). Beside a hPOT1(—/+TPP1) 3’ end bind-
ing preference, there is at least a second factor that makes
the unfolding pattern of POT1 and RPA so different with
respect to the 3" end. POT1 and RPA display an opposite
directionality in their sequential binding to DNA. This may
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by OBI1 (to a TTAGGG motif) toward 5. In RPA, OB domains of RPA1 bind first, followed by the OB domain of RPA2 toward 3'. Hence, while a first
contact of OB2 to the TTAG motif at the 3’ end allows binding of OB1 to achieve the stable 10 nt binding, a first contact of OB domains in RPA1 to a 3’

end does not allow achieving the stable 30 nt binding (C).

explain why, contrary to POT1, RPA does not initiate bind-
ing at the 3’ end. Indeed, while the first contact of a single
POTT1 to its binding site occurs via the OB2 followed by the
binding of OBI1 toward 5 (22), the first contact of a single
RPA to DNA occurs via its OB domains in the RPA1 sub-
unit followed by the binding of the OB domain in RPA2
subunit toward 3’ (40) (Figure 6). Hence, while a first con-
tact of OB2 at the 3’ end allows POT1 to achieve its stable
10 nt binding, a first contact of RPA1 to 3’ end will not al-
low to proceed with binding of RPA2 to achieve its stable
30 nt binding and this first contact will likely abort (Figure
6).

As discussed above, a higher affinity and/or accessibil-
ity to the site at the 3’ end and the 3'-to-5' oriented and se-
quential binding mode of a single POT1 to DNA (first OB2,
followed by OB1) may explain why the binding to G4 struc-
tured sequences initiates at the 3’ end. Nevertheless, this is
not sufficient in itself to explain why the binding proceeds
sequentially toward 5" in a multimeric-G4 context as we ob-
served. A second element is necessary to explain this direc-
tionality. In EMSA experiments with telomeric sequences
folding into up to four contiguous G4, we observed binding
curves with sigmoidal shapes in potassium. By comparing
the binding of hPOT1-TPP1 in potassium (where the DNA
substrate is structured into stable G4) and in lithium (where
the DNA substrate does not fold into stable G4), we demon-
strated that the sigmoidal shape, displayed only in potas-
sium (Figure 2), does not reflect a cooperativity arising from
interactions between DNA-bound and free protein, but
mainly stems from structuring of the DNA substrate into
stable G4. Sigmoidal binding isotherms have already been
observed for the binding of POT1 to a single telomeric G4
in potassium solutions (23, 25). Chaires et al. proposed that
the sigmoidal shape reflected a conformational selection
mechanism, in which binding of POT]1 to the telomeric se-
quence is preceded by unfolding of the G4 (25). We propose
that the sigmoidal shape of the binding curve of hPOT1-
TPP1 to contiguous G4 in potassium reflects a coopera-
tive binding due to conformational changes of the DNA
substrate induced by protein binding. POT1-TPPI has a

lower affinity for a site embedded in a G4-structured DNA
than for a site exposed as a single-strand, as shown by the
higher Kp®PP in LiCl than in KCl, (Figure 2). Each single G4
unit (TTAGGGTTAGGGTTAGGGTTAGGGTTA) in a
multimeric-G4 context harbours three potential overlap-
ping POT1 binding sites (TTAGGGTTAG) and four po-
tential binding motifs of the OB2 domain of POT1 (TTAG).
In potassium, the binding of a first POT1 to a site embed-
ded into a G4 results in the unfolding of the G4 unit, this
makes the other binding sites harboured in the G4 unit ex-
posed as single-strand, thus favoring the binding of a sec-
ond POT1. This mechanism is consistent with results from
a study by Mullins et al. on a single telomeric G4, showing
that the binding affinity of the first hPOT1-TPP1 binding
event is inversely correlated to the stability of the G4 (it is
lower in K* than in Na%), while the affinity of the second
hPOT1-TPP1 binding event is higher and independent of
the nature of the cation (24). We observed a similar coop-
erativity (arising from the structuring of long telomeric se-
quences into contiguous G4) also for RPA (35), a protein
known to have very little, if any, cooperativity, for unstruc-
tured ssDNA (41).

In conclusion, the binding preference of the first hPOT1-
TPP1 to the site at the 3’ end and the cooperative binding
due to the unfolding of the G4 units induced by hPOT1-
TPP1 binding, considered together, allow explaining the
3’-to-5" unfolding directionality of contiguous G4 we ob-
served, as illustrated in Figure 7.

We do not exclude the possibility that the first binding
event can occur also at an internal site. This may explain
why we observed a fraction of unfolded inner G4 and 5'-G4
units even at a protein/DNA ratio of 1 (Figure 5SD). How-
ever, our results suggest that hPOT1-TPP1 preferentially
covers the telomeric G-overhang starting from the 3’-end
and proceeding toward 5'. In cells, the majority of the telom-
eric C-strands end with the sequence CCAATC-5', while
the termination of the G-strands is more variable, neverthe-
less there is a preference for GGTTAG-3', GGGTTA-3" and
AGGGTT-3 terminations, with a marked increased prefer-
ence for GGTTAG-3' termination in cells expressing telom-
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Figure 7. Model of 3'-to-5 directional binding of multiple hPOT1-TPP1 to telomeric sequences structured into contiguous G4. (A) The first binding event
occurs at site I, the site at the 3’ end, because of a higher accessibility and/or a higher affinity (bold arrow) of hPOT1-TPP1 for this site. (B) Binding of
hPOT1-TPPI to site I results in the unfolding of the G4 at the 3’ end (blue G4). Following its unfolding, site I1 is exposed as a single-strand, thus favoring
the binding of a second hPOT1-TPP1. This because hPOT1-TPP1 has a higher affinity for un unstructured site (bold arrows) than for a site embedded in
a G4 (dashed arrows). (C) Binding of a hPOT1-TPP1 to site I destabilizes the second G4 (green G4), favoring the binding of further hPOT1-TPP1 to sites
III and IV. (D) This mechanism makes the binding of multiple hPOT1-TPP1 proceed from 3’ toward 5'. (E) Telomeric repeats where G4 units are indicated
by boxes and hPOT1-TPP1 binding sites by bold lines. This picture holds for G-overhang with GGG, GGGT, GGGTT or GGGTTA terminations, where
the first binding site is embedded in the first G4. GGGTTAG and GGGTTAGG terminations, where the first binding site is partially exposed as single
strand, require a slightly different picture, illustrated in Supplementary Figure S6, that leads to directionality, too.

erase (42) (GGTTAG is the motif added by telomerase). As
explained in Supplementary Figure S6, even if the nature of
the 3’-end termination of a G-overhang affects the position
of POT1-TPP1 binding sites relative to the position of the
G4 units, once a first POT1-TPP1 binds to the site at the 3’
end, subsequent binding events proceed toward 5, regard-
less of the nature of the 3’-end termination. Interestingly,
the GGTTAG-3' termination (that appears to be the most
frequent) leaves the OB2 TTAG binding motif exposed as a
single-strand (as shown in Supplementary Figure S6). This
may further increase the affinity of hPOT1-TPP1 for the 3
end compared to the internal sites, all embedded into a G4.
Binding curves of hPOT1-TPP1 to T10H12 and H12T10
oligonucleotides (where H12 is GGTTAGGGTTAG) show
that even at protein/oligo ratio of 50 the 3’ binding prefer-

ence is not overcome (100% of bound T10H12 versus less
than 40% of bound H12T10) (Supplementary Figure S7).
This suggests that hPOT1-TPP1 may feature a preferential
3’ to 5 directionality even at elevated hPOT1-TPP1 local
concentrations.

In conclusion, our study suggests that hPOT1-TPP1,
in physiological conditions, might preferentially cover the
telomeric G-overhang starting from the 3’ end and proceed-
ing toward 5" end, and allows explaining the origin of this
directionality: a preferential binding to the site at the 3’ end
and a cooperative binding due to the structuring of telom-
eric sequences into contiguous G4. Our studies on hRPA
(40) and the present study reveal peculiar features in the
binding of the ssDNA binding proteins hRPA and hPOT1-
TPP1 to telomeric sequences structured into G4. On one
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side, a single hRPA can bind to internal sequences of the lag-
ging G-strand unfolding G4 from 3’ to 5, i.e. in the same di-
rection of the replication fork. On the other hand, multiple
hPOTI1-TPPI1 may preferentially bind to the G-overhang
starting from the 3’ end and proceeding toward 5. These
different features of RPA and POT1-TPP1 in coping with
contiguous telomeric G4 suggest that G4 at telomeres might
contribute to modulating the binding of ssDNA binding
proteins and their interplay at telomeres (23).
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