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ABSTRACT

Human telomeres are composed of GGGTTA repeats
and interspersed with variant repeats. The GGGCTA
variant motif was identified in the proximal regions of
human telomeres about 10 years ago and was shown
to display a length-dependent instability. In paral-
lel, a structural study showed that four GGGCTA re-
peats folded into a non-canonical G-quadruplex (G4)
comprising a Watson—Crick GCGC tetrad. It was pro-
posed that this non-canonical G4 might be an addi-
tional obstacle for telomere replication. In the present
study, we demonstrate that longer GGGCTA arrays
fold into G4 and into hairpins. We also demonstrate
that replication protein A (RPA) efficiently binds to
GGGCTA repeats structured into G4 but poorly binds
to GGGCTA repeats structured into hairpins. Our re-
sults (along with results obtained with a more stable
variant motif) suggest that GGGCTA hairpins are at
the origin of GGGCTA length-dependent instability.
They also suggest, as working hypothesis, that fail-
ure of efficient binding of RPA to GGGCTA structured
into hairpins might be involved in the mechanism of
GGGCTA array instability. On the basis of our present
and past studies about telomeric G4 and their inter-
action with RPA, we propose an original point of view
about telomeric G4 and the evolution of telomeric
motifs.

GRAPHICAL ABSTRACT
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INTRODUCTION

Telomeres are the nucleoprotein complexes that constitute
the end of eukaryotic linear chromosomes and protect them
from erosion, degradation and inappropriate repair, solv-
ing the end-replication and the end-protection problems (1).
In eukaryotes where telomeres are elongated by telomerase,
the telomeric DNA strand running toward the 3’ end (the
G-strand) is generally composed of repeats of a short motif
(5-8 nucleotides) carrying consecutive guanines (two, three
or four) (2) and ends with a 3’ single-stranded overhang (the
G-overhang). The peculiar DNA and protein composition
of telomeres (shelterins) can make them fold into a lariat
structure (the t-loop) (3), first revealed, ahead of time, in
the linear mitochondrial DNA of a ciliate (4) and proposed
to be the primordial structure that allowed the stabiliza-
tion of linear chromosomes (5,6). Because of the presence
of consecutive guanines, telomeric G-strands from a variety
of organisms are prone to fold into G-quadruplexes (G4)
(7). G4 are four-stranded structures relying on the stacking
of tetrads of guanines (G-tetrads or G-quartets) and sta-
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bilized by several cations (notably K* and, to a lesser ex-
tent, Na%) that fit into the central cavity of the tetrahelical
structure and coordinate with the carbonyl oxygens of the
guanines. There is evidence that G4 do form at telomeres
(in the single-stranded G-overhang as well as in the double-
stranded region), where they appear to be friends or foes
depending on the process under investigation (8). In human
cells, several proteins are necessary for efficient replication
of the telomeric G-strand, among them the helicases WRN,
BLM and RTELI and the single-stranded DNA binding
complex CST; all of them have been reported to play a role
in unfolding telomeric G4 (9-15).

In humans, the telomeric motif'is the hexamer GGGTTA
(16). Nevertheless, human telomeres display a certain
degree of sequence polymorphism. In the proximity of
the subtelomeric regions, GGGTTA canonical repeats
are interspersed with variant repeats, such as GGGGTT,
GGGTGA, GGGTCA, ... (17-20). Advances in genome
sequencing technologies have allowed detecting the pres-
ence of variant motifs all along the telomeres (21-23).
About ten years ago, Mendez-Bermudez et al. identified
within the proximal region of telomeres a variant motif that
was highly unstable in the male germline, the GGGCTA
motif, estimated to be present in 7% of human telom-
eres (24). When a homogenous array of at least eleven
GGGCTA repeats was present in the telomere of a father,
the progeny displayed gains or losses of these variant repeats
(24). GGGCTA array instability was also detected in colon
samples of a single individual (24). In parallel, a nuclear
magnetic resonance (NMR) study revealed that four repeats
of this telomeric variant motif (the A(GGGCTA); GGG se-
quence) folded, in potassium, into a robust non-canonical
G4: an antiparallel chair-type G4 formed by two G-tetrads
sandwiched between a Watson—Crick GCGC tetrad and a
Watson—Crick GC pair in a lateral loop (25). The pres-
ence of a non-canonical GCGC tetrad and the chair-type
conformation made this structure very different from the
G4 structures formed by the GGGTTA canonical mo-
tif (Supplementary Figure S1). The mechanism underlying
GGGCTA instability was not elucidated. It was suggested
that GGGCTA instability was replication-dependent (since
it was observed when GGGCTA arrays were transmitted via
the male germline) and speculated that the non-canonical
G4 structure could be an additional obstacle for G-strand
replication (24).

After having investigated the structure and the stability
of long telomeric sequences composed of the GGGTTA
canonical motif (26), we reconsidered the GGGCTA vari-
ant motif in the light of a question: why GGGCTA in-
stability was observed only starting from eleven repeats?
We wondered what kind of structures are formed by more
than four GGGCTA repeats. Do eight, twelve, sixteen, ...
GGGCTA repeats fold into two, three, four, ... contigu-
ous G4 as GGGTTA canonical repeats do (26) or do they
fold into other structures? With the aim to obtain some
insights into the origin of the length-dependent instability
of the GGGCTA telomeric variant motif, we undertook
a structural investigation of sequences composed of an in-
creasing number of GGGCTA repeats and studied the in-
teraction of human replication protein A (RPA) with these
structures. RPA is considered the single-stranded DNA’s
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first responder (27), it binds to transiently exposed single-
stranded DNA and participates in the orchestration of
DNA metabolic pathways. RPA is present at human telom-
eres during replication (28). Studies about telomere repli-
cation in the fission yeast Schizosaccharomyces pombe re-
vealed a transient accumulation of RPA on the lagging G-
strand (29) and provided evidence that weaking the binding
of RPA to DNA led to problems in the replication of the
lagging G-strand (30). In previous studies we showed that
human telomeric sequences fold into contiguous G4 units
(26) that are efficiently bound and unfolded by human RPA,
independently of their number (31). In the present study we
provide evidence that, GGGCTA arrays composed of more
than four repeats fold into G4 and into hairpins and that
GGGCTA hairpins impair RPA binding. Our results sug-
gest a possible mechanism underlying the length-dependent
instability of GGGCTA arrays in human telomers and raise
a few considerations about telomeric G4 and the evolution
of telomeric motifs.

MATERIALS AND METHODS
Oligonucleotides

Oligonucleotides were purchased from Eurogentec.
GGGTTA, GGGCTA and GGGTCA repeat oligonu-
cleotides were polyacrylamide gel electrophoresis (PAGE)
purified, the other oligonucleotides were Reverse-Phase
Cartridge Gold™ purified. Oligonucleotides were dissolved
in bi-distilled water at a concentration of 200 pM and
stocked at —20°C. Concentrations were determined using
molar extinction coefficients provided by the manufacturer.
Oligonucleotide sequences are listed in Supplementary
Table S1.

Proteins

Recombinant human RPA1, RPA2 and RPA3 were co-
expressed in the Escherichia coli BL21-DE3 strain trans-
formed with the pET11a-hRPA plasmid (a kind gift from
Dr Klaus Weisshart, IMB, Jena, Germany), purified fol-
lowing published protocols (30) and stocked in 25 mM
Tris—HCI pH 7.5, 50 mM NaCl, | mM ethylenediaminete-
traacetic acid (EDTA), I mM DTT, 10% glycerol; aliquots
were stored at —80°C. Recombinant human POT1 and hu-
man POTI1-TPP1 were expressed and co-expressed, respec-
tively, in the baculovirus insect cell system (pFastBac HT-
A vector) at the IGBMC-CERBM platform (Strasbourg).
Bacmids were a kind gift from Dr Ming Lei (Shanghai Re-
search Center, China). The full hPOT1 (residues 1-634) was
expressed with 6 histidines in N-term and a truncated ver-
sion of human TPP1 (87-334) with a GST-tag in N-term;
tags were successively removed. Detailed purification pro-
tocols are published in Jean Chatain’s Ph.D. thesis (https:
//hal.archives-ouvertes.fr/tel-03218825).

UV-absorption measurements: melting curves, thermal differ-
ence spectra and circular dichroism spectra

Oligonucleotides were diluted in a cacodylic acid buffer
(10 mM) at pH 7.2 (adjusted with LiOH), supplemented
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with LiCl or NaCl or KClI (oligonucleotide and salt con-
centrations are reported in figure legends).

Melting curves were obtained by recording the ab-
sorbance at fixed wavelengths (335, 295, 273, 260 and 245
nm) as a function of temperature, first upon decreasing the
temperature from 95°C to 5°C at 0.2°C min~! and then
upon increasing the temperature from 5°C to 95°C at 0.2°C
min~!; between the cooling and the heating steps, the tem-
perature was kept at 5°C for 20 min. Melting curves at
295, 273, 260 and 245 nm were corrected by subtracting
the absorbance at 335 nm as a function of temperature. For
each sample, cooling and heating curves were superimpos-
able (no hysteresis), this indicated that they corresponded
to equilibrium states. Melting experiments were performed
at least twice, melting profiles were reproducible. We defined
‘transition temperature 7;’ the maximum of the first deriva-
tive of absorbance as a function of temperature.

For each sample, the thermal difference spectrum (TDS)
was obtained by subtracting to the absorbance spectrum at
high temperature (95°C) the absorbance spectrum at low
temperature (5°), recorded after cooling the sample from
high to low temperature at 0.2°C min~!. TDS provide in-
formation about nucleic acid structures (32).

Circular dichroism (CD) spectra were recorded at 5°C af-
ter annealing the samples from high temperature at 0.2°C
min~!; each CD spectrum was obtained by averaging three
scans recorded at a speed of 500 nm/min~! and was cor-
rected by subtracting the spectrum of a water filled quartz
cell.

UV-absorption measurements were acquired on an
Uvikon XS spectrophotometer (Secoman), coupled to a cir-
culation thermocryostat (Julabo) for temperature control;
temperature was measured with a sensor immersed into
a water filled quartz cell. CD spectra were recorded on a
J-810 spectropolarimeter (Jasco), equipped with a Peltier
thermostated cell holder. Measurements were acquired in
quartz cuvettes with an optical pathlength of 1 cm (Hellma).

Nuclear magnetic resonance

Oligonucleotides were diluted in a cacodylic acid buffer (10
mM) at pH 7.2 (adjusted with LiOH), supplemented with
LiCl or NaCl or KClI (oligonucleotide and salt concentra-
tions are reported in figure legend), heated at 90°C for a
couple of minutes and slowly cooled to room temperature.
D,0 (10% of total volume) was added to sample solutions
before measurements. One dimensional 1H NMR spectra
were acquired at 298 K on an Avance 111 HD 600 MHz
spectrometer (Bruker), equipped with a 5 mm triple reso-
nance TCI cryoprobe (!H-"*C-1SN) including shielded Z-
gradients. For each sample, DSS, dissolved in the solvents
used for sample measurements, was used as external chem-
ical shift standard. Excitation sculpting was used for peak
solvent suppression (pulse program zgesgp). For each sam-
ple, 4096 scans were accumulated (with the exception of
H46cta in KCI 50 mM, for which 10400 scans were accu-
mulated).

Polyacrylamide gel electrophoresis (PAGE)

Oligonucleotides were diluted in a cacodylic acid buffer
(10 mM) at pH 7.2 (adjusted with LiOH), supplemented

with LiCl or NaCl or KCI 100 mM (oligonucleotide con-
centrations are reported in figure legends), heated at 90°C
for a couple of minutes and slowly cooled to 4°C. After
addition of sucrose (10%), oligonucleotide solutions were
loaded (10 or 20 wl) in a 12% polyacrylamide gel (acry-
lamide:bisacrylamyde 19:1), prepared in a TBE buffer sup-
plemented with LiCl or KCI or NaCl 20 mM. Electrophore-
sis were run in a TBE buffer supplemented with LiCl or KCI
or NaCl 20 mM, in a cold room. Depending on their con-
centration, oligonucleotides were detected by UV-shadow
at 254 nm with a G:BOX (Syngene), or stained with methy-
lene blue (0.02%) and detected with a ChemiDoc imager
(Bio-Rad), or stained with ethidium bromide (0.5 pwg/ml)
and detected with a Typhoon FLA9500 (GE Healthcare
Life Sciences).

Electrophoresis mobility shift assays (EMSA)

Oligonucleotides were labeled with [y*PJATP using a
T4 polynucleotide kinase (NEB). Radiolabeled oligonu-
cleotides were diluted at 2.5 nM strand concentration in a
buffer containing KCI or NaCl (HEPES 62.5 mM pH 7.9,
BSA 0.125 mg ml~!, KCI or NaCl 100 mM and glycerol
2.5%), heated for 10 min at 85°C and slowly cooled to room
temperature. Serial dilutions of proteins were incubated (20
min at 4°C) in a dilution buffer containing KCI or NaCl
100 mM (Tris—HCI1 50 mM pH 7.5, KCl or NaCl 100 mM,
DTT 1 mM, BSA 0.2 mg ml~!, EDTA 0.1 mM and glycerol
10%). A total of 2 .l of serial dilution protein solutions were
then added to 8 pl of radiolabeled oligonucleotide solu-
tions and incubated for 20 min at 20°C. RPA electrophore-
sis mobility shift assays (EMSA) were carried out in a native
5% polyacrylamide gel (acrylamide:bisacrylamide 29:1), in
a 0.5x TBE buffer, at room temperature. POT1 and POT1-
TPP1 EMSA were carried out in a 1% agarose gel, in a
0.5x TBE buffer, at room temperature. After electrophore-
sis, gels were dried and exposed on a Phosphorimager screen
and scanned with a Typhoon FLA9500. The intensities /
of the bands were quantified using ImageQuant software.
For each protein concentration, the fraction of radiolabeled
oligonucleotide bound to the protein was calculated as fol-
lows:

Ioligontbound to protein / (Ifreeol[gont+ Ioligont bound to prolein) .

For each RPA binding curve, an apparent equilibrium
constant Kp was calculated from the ICsy value, where
the ICsq is the concentration of RPA at which half of the
oligonucleotides are bound to RPA. Under our condition
(2 nM oligonucleotide concentration and /Csy varying from
10 to 120 nM), Kp is approximately equal to the I1Csy. Kp
values from all EMSA are reported in Supplementary Table
S2.

RESULTS

Arrays of the unstable GGGCTA variant motif fold into G4
and into hairpins

In order to investigate the structure of GGGCTA
repeats, we carried out an UV-absorption study of
A(GGGCTA),GGG oligonucleotides, with n = 3, 7, 11,
15. The n = 3 sequence (here named H22cta) is the sequence
previously studied by Lim ez al. (25). In potassium, it folds



into a chair-type G4 composed of two G-tetrads and a
Watson—Crick GCGC tetrad (Supplementary Figure S1)
(25). The n = 7, 11, 15 sequences (named H46cta, H70cta
and H94cta, respectively) carry eight, twelve and sixteen
runs of GGG and can potentially fold into two, three and
four contiguous G4 units, respectively.

We recorded thermal difference spectra (TDS) and CD
spectra at the following strand concentrations: 6 wM for
H22cta, 3 pM for H46c¢ta, 2 wM for H70cta and 1.5 M for
HY94cta, so to have the same concentration of potential G4
units (6 pM) for all the sequences. At these strand concen-
trations, folding of H46cta, H70cta and H94cta into two,
three and four contiguous G4 units of similar conforma-
tion, respectively, would result in identical TDS and identi-
cal CD spectra (identical in shapes and amplitudes), as we
observed for GGGTTA canonical repeats (TDS and CD
spectra of GGGTTA canonical repeats folding into con-
tiguous G4 units published in our previous studies (26,33)
are shown in Supplementary Figure S2). The TDS and CD
spectrum of H22cta in potassium (Figure 1A and B, red
spectra) were similar to those previously reported (25). Its
TDS was characteristic of a G4 structure (32) and its CD
spectrum of a G4 antiparallel conformation (34), its transi-
tion temperature (7¢) was about 64°C. With increasing the
number of repeats, TDS and CD spectra of H46cta, H70cta
and H94cta in potassium progressively shifted from those of
the single G4 formed by H22cta oligonucleotide (Figure 1A
and B, blue, green and black spectra). In particular, the TDS
negative peak at 295 nm decreased, while CD spectra dis-
played a decrease in the 290 nm band and the appearance
of a 275 nm band. These changes in TDS and CD spectra
(compared to H22cta) suggest folding of H46cta, H70cta
and H94cta into a mixture of two structures, a H22cta-like
G4 structure and a non-G4 structure (a duplex?).

To test the hypothesis of an equilibrium between a G4
and a duplex structure, we carried out measurements un-
der conditions that allowed decreasing G4 stability without
affecting duplex stability. To this purpose, we studied the
behavior of GGGCTA repeats in the presence of lithium
and sodium cations (Li* does not stabilize G4, Na* stabi-
lizes G4 to a lesser extent than K*, the three cations sta-
bilize duplexes to a similar extent). Replacing K* with Li*
highlighted the formation of non-G4 structures with a high
thermal stability: H46cta, H70cta and H94cta TDS and CD
spectra lose the characteristic G4 signatures (Figure 1C and
D) and melting curves displayed high transition tempera-
tures that increased with the number of repeats (7} from
54°C for H4o6cta to 57°C for H94cta) (Figure 1D, inset). In
Na*, H22cta still folded into a G4 with a T} of 55°C (Fig-
ure 1E and F, red spectra) (as already reported (25)), while
H46cta, H70cta and H94cta TDS and CD spectra shifted
toward non-G4 signatures similar to those displayed in Li*
(Figure 1E and F, blue, green and black spectra). Finally,
upon decreasing KCI concentration from 100 to 10 mM,
the CD spectrum of H46c¢ta progressively shifted toward the
non-G4 CD spectrum displayed in LiCl (Figure 1G). Over-
all, the above data suggested that GGGCTA repeats folded
into G4 and into non-G#4 structures and that both structures
coexisted in potassium solutions.

GGGCTA repeats can potentially fold into duplex struc-
tures where four Watson—Crick base-pairs (bp) alternate
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with a couple of G-G bp (Figure 1H). In order to ascertain
the formation of this kind of local structure, we recorded
the CD spectrum of the duplex formed by the autocomple-
mentary sequence 5 CTAGGGCTAG (named dxGG) (Fig-
ure 1H). The CD spectra of GGGCTA repeats in LiCl were
similar to the CD spectrum of dxGG (Figure 1J): a neg-
ative band around 255 nm, a major positive band around
275 nm and a minor positive band around 297 nm (in or-
der to compare CD spectra, we set the strand concentra-
tion of dXGG at 12 pM so to have 6 uM of dxGG duplex
structure, that is approximately the concentration of dxGG
duplex units harboured in 1.5 wM H9%cta, 2 puM H70cta
and 3 wM H46cta). The deeper negative band around 255
nm in GGGCTA repeats compared to dxGG might arise
from a higher proportion (about twice) of couples of G-G
bp in GGGCTA putative hairpin structure than in dxGG
duplex [e.g eight couples of G-G bp per thirty Watson—
Crick bp in H9cta putative hairpin versus one couple of
G-G bp per eight Watson—Crick bp in dxGG (Figure 1H)].
In KCI and in NaCl, the CD spectra of GGGCTA repeats
appeared to result from the contribution of a H22cta-like
CD spectrum and of a dxGG-like CD spectrum (Figure 11
and K).

In order to further ascertain the presence of an equilib-
rium between a G4 and a duplex structure, we carried out
NMR measurements (Figure 2). The spectrum of H22cta
in KC1 10 mM (Figure 2A) was similar to the one published
in KCI 100 mM, with peaks in the 10-12 ppm Hoogsteen
imino-proton region characteristic of G-tetrads, and peaks
in the 12-14 ppm Watson—Crick imino-proton region that
were previously ascribed to two G-C bp in the GCGC tetrad
and to a G-C bp in the central loop (25). In NaCl and LiCl,
H46cta displayed major peaks in the 12-14 ppm Watson—
Crick region and only minor signals in the 10-12 ppm
Hoogsteen region (Figure 2D and E), supporting a strong
shift toward a duplex structure, in agreement with TDS and
CD spectra in NaCl and LiCl shown in Figure 1C-F. In
KCl, H46cta spectra displayed major peaks in both Hoog-
steen and Watson—Crick regions (Figure 2B and C). Hoog-
steen peaks supported the presence of G4, while Watson—
Crick peaks similar to those displayed in NaCl and in LiCl
(three distinct peaks around 13.7, 13.6 and 13.5 ppm, and
a major peak around 12.7 ppm) supported the presence of
duplexes. Recording H46c¢ta spectra at two KCI concentra-
tions (50 and 10 mM) allowed strengthening the evidence
of an equilibrium between a G4 and a duplex structure. In-
deed, upon decreasing the concentration of KCI from 50 to
10 mM, we observed an inversion of the relative heights of
Hoogsteen peaks and Watson—Crick peaks (Figure 2B and
C). This modulation in the Watson—Crick and Hoogsteen
components can be formalized by considering the ratio be-
tween the integral of Watson—Crick peaks and the integral
of Hoogsteen peaks, here defined as WC/H ratio. Upon
decreasing the concentration of KCI from 50 to 10 mM,
the WC/H ratio increased from 40/60 to 60/40 (Figure 2B
and C), supporting a G4-to-duplex shift in agreement with
CD spectra shown in Figure 1G. Finally, minor peaks sug-
gested additional structural information about the duplex
and the G4 fractions of H46cta in KCl. In the 10-11 ppm re-
gion, H46c¢ta spectra in KCl displayed a 10.4 ppm peak also
present in dxGG spectrum (Figure 2F) and characteristic
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Figure 1. UV-absorption investigation of GGGCTA repeat structures. (A-F) TDS and CD spectra of H22cta 6 wM (red), H46cta 3 WM (blue), H70cta 2
M (green) and H94cta 1.5 pM (black) in 100 mM KCI (A and B), LiCl (C and D) and NaCl (E and F). Panel D inset: normalized melting profiles at 245
nm of H46cta 3 uM (blue), H70cta 2 uM (green) and H9%cta 1.5 uM (black) in LiCl 100 mM (7} values range from 54°C for H46cta to 57°C for H94cta).
Panel B and panel F insets: normalized melting profiles at 295 nm of the G4 structures formed by H22cta 6 uM in 100 mM KCI and NaCl (7; 64°C and
55°C, respectively); in LiCl, H22cta does not fold into a stable structure. Melting profiles of H46cta, H70cta and H94cta in KCl and NaCl (not shown)
are more complex and wavelength-dependent, consistently with the presence of more than one structure. (G) CD spectra of H46¢cta 3 uM in KCI 100 mM
(red), KC1 50 mM (green), KCI 10 mM (blue) and in LiCl 100 mM (dotted black line). (H) H94cta putative hairpin structure and dxGG duplex. (I-K) CD
spectra of the G4 formed by H22cta 6 uM (red), of the duplex formed by dxGG 12 uM (blue) and of H94cta 1.5 wM (black bold line) in 100 mM KCI (I),

LiCl (J) and NaCl (K).

of G-G bp within Watson—Crick duplexes (35). In the 12.8-
13.0 ppm region, H46cta spectrum in KCI 50 mM (Figure
2B) clearly displayed minor peaks at the same positions of
the peaks arising from the GCGC tetrad in the G4 structure
of H22cta (Figure 2A). The presence of these minor peaks
in the spectra of H46cta in KCl suggests a dxGG-like con-
formation for the duplex fraction and a H22cta-like non-

canonical conformation for the G4 fraction, in agreement
with CD spectra.

Finally, by PAGE experiments, we assessed the molecu-
larity of the duplex structures formed by GGGCTA repeats
under conditions where the equilibrium was completely
shifted toward the duplex structure, i.e. in LiCl. H46cta mi-
grated in two bands with the mobility of a 22 and a 44 bp
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mM (B), KC1 10 mM (C), NaCl 50 mM (D) and LiCl 50 mM (E) and of
dxGG 250 uM in KCI 50 mM (F). WC/H is the ratio between the inte-
gral of Watson—Crick peaks and the integral of Hoogsteen peaks. In (A),
the folding of H22cta in KCI from (25) is schematically illustrated: the two
G-tetrads are depicted in white, the non-canonical Watson-Crick GCGC
tetrad is depicted in grey; the peak around 13.5 ppm had been assigned
to C11-G14 Watson-Crick base-pairing in the central loop of the G4, the
two peaks around 12.9 ppm had been assigned to G8-C17 and G20-C5
Watson—Crick base-pairing in the GCGC tetrad (25).
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duplexes, indicating the formation of both intra- and in-
termolecular structures. The intramolecular structure (hair-
pin) was the major fraction. For longer repeats, only the
hairpin structure was detected (Supplementary Figure S3).
Additional PAGE experiments in KCI and in NaCl (that
are discussed afterwards, Supplementary Figure S8) con-
firmed that GGGCTA repeats mainly fold into intramolec-
ular structures.

In conclusion, UV-absorption, NMR and PAGE data
demonstrated that H46cta, H70cta and H94cta folded into
G4 structures and into duplex (mainly hairpin) structures.
In LiCl and NaCl, the equilibrium was strongly shifted to-
ward the duplex conformation. In KCl, the equilibrium be-
tween G4 and duplex markedly depended on the number of
GGGCTA repeats and on K* concentration: increasing the
number of repeats or decreasing K* concentration shifted
the equilibrium toward the duplex conformation. Our data
also provided information about the conformations of the
G4 and of the duplex structures adopted by GGGCTA re-
peats. With respect to the conformation of the G4 frac-
tion in potassium, H46cta, H70cta and H94cta CD spectra
displayed a H22cta-like antiparallel component (Figure 1B
and G). We argue that the G4 fraction in potassium may be
structured into contiguous G4 units [similarly to GGGTTA
canonical repeats (26)], where each G4 unit is folded into a
H22cta-like conformation. With respect to the conforma-
tion of the duplex structure, CD, NMR and PAGE data
supported, overall, the formation of hairpins as the one pro-
posed in Figure 1H for H94cta (long hairpins based on a
dxGGe-like local structure).

Estimation of the hairpin fraction of GGGCTA oligonu-
cleotides in solution

From CD spectra in NaCl (Figure 1F) and in KCI (Fig-
ure 1B and G), we roughly estimated the fractions of
H46cta, H70cta and H94cta folded into the duplex struc-
ture under different salt conditions. Analysis of CD spectra
is reported in Supplementary Figure S4A and results are
shown in Figure 3A. In NaCl 100 mM, the duplex fraction
attained 0.9. In KC1 100 mM, the duplex fraction increased
from about 0.35 for H46cta to about 0.60 for H70cta and
H94cta. When decreasing the concentration of KCI from
100 mM to 10 mM, the duplex fraction of H46¢ta increased
from about 0.35 to about 0.75. The hairpin/G4 ratio es-
timated from CD spectra are consistent with the Watson—
Crick/Hoogsteen ratio from NMR spectra (e.g for H46¢cta
in KC1 50 mM, the hairpin/G4 ratio from CD spectra and
the WC/H ratio from NMR spectra are both equals to
0.40/0.60).

H46cta, H70cta and H94cta carry eight, twelve and six-
teen GGG runs. They can potentially fold into two, three
and four contiguous G4, respectively, where all GGGCTA
repeats are engaged into a G4. We also studied GGGCTA
oligonucleotides carrying a number of GGG runs not mul-
tiple of 4 (A(GGGCTA)91013GGG carrying ten, eleven
and fourteen GGG runs, and named H58cta, H64cta and
H82cta respectively), with the aim to ascertain whether the
presence of two or three repeats not engaged into a G4
might favor the hairpin form over the G4 form. Overall, the
hairpin fraction in potassium solution increased with the
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number of GGGCTA repeats (Figure 3B) (CD spectra and
their analysis are reported in Supplementary Figure S4B).
Notably, starting from eleven GGGCTA repeats (H64cta),
the hairpin fraction became higher than 0.5, i.e. exceeded
the G4 fraction. Finally, we ascertained that the hairpin
fraction kept increasing when the number of GGGCTA
repeats increased beyond 16 (Figure 3B). These data may
explain two features of the length-dependent instability of
GGGCTA arrays that will be discussed in the Discussion
section.

RPA binds to GGGCTA repeats structured into G4 as effi-
ciently as to GGGTTA canonical repeats, but poorly binds to
GGGCTA repeats structured into hairpins

In a previous study, we showed that RPA efficiently binds
to GGGTTA canonical repeats structured into contigu-
ous G4, unfolding them, independently of the number of
G4 units (31). Here we investigated by EMSA whether G4
and hairpins formed by GGGCTA variant repeats chal-
lenged RPA binding compared to contiguous G4 structures
formed by GGGTTA canonical repeats (all Kp and errors
are reported in Supplementary Table S2).

In potassium, RPA bound to H70cta
(A(GGGCTA);|GGG sequence) less efficiently than
to its canonical counterpart H70tta (A(GGGTTA);;GGG
sequence) (Figure 4A) (we define ‘binding efficiency’ the
percentage of DNA bound to RPA as a function of RPA
concentration). From data in Figure 4A, the apparent
binding constants Kp of RPA to H70cta and H70tta in
potassium are (75 £ 5) nM and (36 £ 3) nM, respectively.
Having demonstrated for GGGCTA repeats in potassium
the existence of an equilibrium between H22cta-like G4
structures and duplexes, we wondered which of these

structures impaired RPA binding to GGGCTA repeats
in potassium: the non-canonical H22cta-like G4 con-
formation, the duplex structure or both? In KCI, we
could not completely shift the equilibrium of H46cta,
H70cta and H94cta toward the G4 or toward the duplex
structure. Hence, in order to assess whether the non-
canonical H22cta-like G4 conformation challenged RPA
binding, we compared the binding of RPA to H22cta
(A(GGGCTA);GGG sequence) and to its canonical
counterpart H22tta (A(GGGTTA);GGG) in potassium
(Figure 4B). In order to assess whether the hairpin struc-
ture challenged RPA binding, we studied the binding
of RPA to H70cta in sodium, where the equilibrium of
H70cta was strongly shifted toward the hairpin structure
(Figure 4C). EMSA results showed that RPA bound to
the non-canonical G4 formed by the GGGCTA variant
motif in potassium as efficiently as to the G4 formed by
the GGGTTA canonical motif (Figure 4B), but it poorly
bound to the hairpin structure formed by H70cta (Figure
4C). For comparison, the apparent binding constant Kp
of RPA to H70tta canonical repeats structured into G4 in
potassium (Figure 4A, black curve) is (36 + 3) nM, while
the Kp of RPA to H70cta variant repeats structured into
hairpins in sodium (Figure 4C) is (124 &+ 16) nM). The Kp
of RPA to the H70cta hairpin in sodium (Figure 4C) also
provides the Kp of RPA to the H70cta hairpin fraction
in potassium, since the nature of the monocation present
in solution (K*, Na* or Li*) affects neither the stability
of duplex structures (as shown in Supplementary Figure
S5) nor the affinity of RPA for unstructured DNA (36).
Overall, these EMSA results supported that the decrease in
binding efficiency of RPA to H70cta compared to H70tta
in potassium (Figure 4A) comes from the H70cta hairpin
fraction and not from the H70cta G4 fraction. More
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three assays. Representative gels are show in Supplementary Figure S1I0A and B.

broadly, these EMSA results demonstrated that GGGCTA
repeats challenge RPA binding when they fold into hairpins
but not when they fold into G4.

The heterotrimeric RPA binds DNA via four of its six
OB-fold domains (A, B and C domains in RPA1 subunit
and D domain in RPA2 subunit) in an oriented and se-
quential mode, where RPA1 binds first, followed by RPA2
toward the 3’ side of DNA (37). In a telomeric context,
GGGCTA variant repeats are flanked by GGGTTA canon-
ical repeats, hence RPA can be faced with GGGCTA hair-
pins when already partially bound to the telomeric G-strand
via RPA1 (Figure 4D). In order to ascertain whether such
an initial partial binding could increase the binding effi-
ciency of RPA to GGGCTA repeats structured into hair-
pins, we carried out EMSA with repeats carrying a T tail
at their 5 side (Figure 4D). A 10-nt unstructured sequence
provides an anchoring site for A and B domains in RPA1

(38,39). Its position at the 5 side of the DNA structure
can allow RPA 5'-to-3’ directional laying-out to achieve the
stable 30-nt binding mode, thus favoring the unfolding of
the DNA structure (37). EMSA revealed that RPA poorly
bound to the hairpin structures formed by GGGCTA re-
peats even in the presence of an unstructured 10-nt single-
stranded tail at the 5 side of the hairpins structures (Fig-
ure 4E and F). From data in Figure 4E and F, the appar-
ent binding constants Kp of RPA to T10-H46tta and T10-
H70tta G4 in potassium are around 10 nM, while the ap-
parent binding constants to T10-H46cta and T10-H70cta
hairpins are around 100 nM.

Overall, EMSA results in Figure 4 demonstrated that
RPA bound to GGGCTA repeats folded into G4 as ef-
ficiently as to GGGTTA repeats, but poorly bound to
GGGCTA repeats folded into hairpins, even when it can
partially bind in front of the hairpin structure (i.e. at the
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5’ side). The 3-nt single-stranded loops in telomeric G4 may
allow RPA to establish a first contact more easily than the
available single-stranded bulges in GGGCTA hairpins. The
higher stability of GGGCTA hairpins compared to telom-
eric G4 is likely an additional factor that makes RPA less
efficient in binding to hairpin-structured GGGCTA repeats
(Supplementary Figure S6).

Looking at the C-strand: a dozen of CCCTAG variant repeats
do not fold into stable structures and are bound by RPA as
efficiently as CCCTAA canonical repeats

GGGCTA variant repeats within the telomeric G-strand
correspond to CCCTAG repeats within the C-strand. CCC-
TAG repeats might potentially fold into hairpins alternating
four Watson—Crick bp and a couple of C-C bp, similarly to
GGGCTA repeats where four Watson—Crick bp alternate
with a couple of G-G bp (Supplementary Figure S7). We
hence investigated whether CCCTAG repeats folded into
hairpins and challenged RPA binding, as GGGCTA repeats
did. While a dozen of GGGCTA repeats (H70cta) were suf-
ficient to fold into stable hairpins that impaired RPA bind-
ing, a dozen of CCCTAG repeats did not fold into stable
structures (at physiological pH and temperatures) and were
bound by RPA as efficiently as CCCTAA canonical repeats
(Supplementary Figure S7, Kp about 10 nM). We cannot
exclude that a higher number of CCCTAG variant repeats
might induce a local structuring of the C-strand, neverthe-
less this number would be beyond the 11-repeat threshold
at which GGGCTA/CCCTAG repeat instability was ob-
served (24). This asymmetry in the behavior of GGGCTA
and CCCTAG repeats supports that the length-dependent
instability of GGGCTA/CCCTAG repeats does not orig-
inate from structuring of CCCTAG variant repeats in the
C-strand.

Arrays of the stable GGGTCA variant motif fold into struc-
tures that do not impair RPA binding

We also investigated a second variant motif, GGGTCA,
that differs from the GGGCTA variant motif only for the
position of the cytosine but does not display the same
level of instability (24). As done for GGGCTA repeats, we
investigated the structure of A(GGGTCA), = 37.11.15GGG
oligonucleotides (named H22tca, H46tca, H70tca and
H94tca) and their interaction with RPA. Like GGGTTA
canonical repeats, also GGGTCA variant repeats folded
into intramolecular structures, as shown by non-denaturing
PAGE assay (Supplementary Figure S8). Overall, TDS, CD
spectra and melting profiles of GGGTCA repeats in potas-
sium provided evidence of structuring into G4 (Figure 5A
and B), with melting profiles similar to the ones of canoni-
cal GGGTTA repeats (Figure 5B inset) (26). Nevertheless,
CD spectra of GGGTCA in potassium markedly varied
with the number of repeats (Figure 5B). We hence wondered
whether a fraction of GGGTCA repeats folded into a non-
G4 structure, similarly to GGGCTA repeats. Experiences
in LiCl, where G4 were destabilized, revealed that H70tca
and H94tca oligonucleotides folded into a structure charac-
terized by a non-G4 TDS signature, a CD spectrum with a
positive band around 254 nm and a negative band around

278 nm (we will refer to it as an ‘inverted’ CD spectrum) and
a low thermal stability (7} about 20°C) (Figure 5C and D).
In NaCl, GGGTCA repeats displayed mixed TDS and CD
signatures (Figure 5E and F): the signatures of H46tca (blue
spectra) were shifted toward the antiparallel G4 signature
displayed by H22tca (red spectra), while the signatures of
H70tca and H94tca (green and black spectra) were shifted
toward the inverted CD signature. Melting profiles further
supported the presence of more than one structure in NaCl
(Supplementary Figure S9). Intriguingly, a switch from a
G4 CD signature in K* to an ’inverted’ CD signature in Li*
has also been reported for C,G4 repeats, for which a couple
of hypothetical structures has been proposed (40). So far, we
do not have enough information to propose a model for the
GGGTCA structure characterized by the inverted CD sig-
nature and we cannot exclude that a minor fraction of this
structure may be present in potassium solutions. Anyway,
neither of the two GGGTCA repeats structures (G4 and
non-G4) impaired RPA binding compared to GGGTTA
canonical repeats. As shown by EMSA, RPA bound H70tca
as efficiently as its canonical counterpart H70tta both in
KCI (where the equilibrium of H70tca was shifted toward
the G4 form) (Figure 5G) and in NaCl (where the equilib-
rium of H70tca was shifted toward the non-G4 form) (Fig-
ure SH), likely because of the low stability of the non-G4
form at physiological temperatures. In conclusion, struc-
tures formed by GGGTCA arrays do not challenge RPA
binding, contrary to hairpins formed by GGGCTA array.

POT1 and POTI1-TPP1 do not bind to GGGCTA and
GGGTCA repeats

While RPA binds to single-stranded DNA with no
sequence-specificity and is present genome-wide, the pro-
tein Protection of Telomeres 1 (POT1) is specifically in-
volved in telomere metabolism (1). In vitro, human POT1
has been reported to bind to its minimal tight-binding se-
quence TTAGGGTTAG with high specificity (41,42). In
the shelterin complex, POT1 is bound to TPP1. Although
TPP1 on its own does not bind to DNA, the complex
POT1-TPP1 has a greater affinity for DNA than POTI
alone (43,44). The interaction between POT1 and TPP1 is
required for localization of POT1 to telomeres (45,46). We
tested the binding of POT1 and of the complex POT1-TPP1
to GGGCTA and GGGTCA variant repeats and found
that neither POT1 nor POT1-TPPI bound to sequences
composed of either of these two variant motifs (Figure 6).
We also verified that POT1 and POT1-TPP1 did not stably
bind to longer GGGCTA and GGGTCA repeats, contrary
to GGGTTA repeats (data not shown).

DISCUSSION

In previous studies, we showed that telomeric GGGTTA
canonical repeats fold into contiguous G4 units (26) that are
efficiently unfolded and bound by RPA, independently of
their number (31). In the present study, we demonstrate that
repeats of the unstable GGGCTA variant motif can fold ei-
ther into G4 or into hairpins and that the hairpin form im-
pairs RPA binding. Our results suggest hypotheses about
the origin of the length-dependent instability of the telom-
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Figure 5. UV-absorption investigation of GGGTCA repeat structures. (A-F) TDS and CD spectra of H22tca 6 wM (red), H46tca 3 pM (blue), H70tca
2 uM (green) and H94tca 1.5 uM (black) in 100 mM KCI (A and B), LiCl (C and D) and NaCl (E and F). Panel B inset: normalized melting profiles of
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Figure 6. EMSA of canonical and variant telomeric repeats incubated
with POT1 and POTI1-TPPI1. Representative EMSA of radiolabeled
5GGTTAGGGTTAG (H12tta), YGGCTAGGGCTAG (H12cta) and
5YGGTCAGGGTCAG (H12tca) oligonucleotides (2 nM) incubated with
POTI1-TPPI1 (A) or POT1 (B) in the presence of KCI 100 mM. For each
oligonucleotide, protein concentration in lanes 1, 2, 3, 4 and 5 is 0, 200,
100, 50 and 10 nM, respectively.

eric GGGCTA variant motif and stimulate a few consider-
ations about telomeric G4 and the evolution of telomeric
motifs.

In summary, results of our structural investiga-
tion (Figure 1 and 2) demonstrate that, while the
A(GGGCTA);GGG sequence folds into a non-
canonical G4 [as previously demonstrated (25)], longer
GGGCTA arrays can also fold into hairpins alternating
SYCTAG/?* GATC Watson—Crick base-pairs and GG/GG
base-pairs (Figure 1H). It is noteworthy that this kind of
hairpin structure may be the intermediate structural state
toward the folding of the A(GGGCTA);GGG sequence
into the non-canonical G4 resolved in potassium solution
(Supplementary Figure S1). In the presence of the phys-
iological relevant cation K*, G4 and hairpins coexist: a
hairpin fraction was unambiguously detected starting from
eight GGGCTA repeats (data not shown) and increased
with the number of repeats (Figure 3). EMSA results show
that RPA binds to GGGCTA variant repeats as efficiently
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as GGGTTA canonical repeats when GGGCTA repeats
are structured into G4, but less efficiently when GGGCTA
repeats are structured into hairpins (Figure 4).

The existence of an equilibrium between G4 and hairpin
structures in K* solutions, transposed into a chromosomal
context, means that arrays of eight or more GGGCTA re-
peats can fold either into G4 or into hairpins (Figure 7,
left side). In a simplified view (assuming that folding into
G4 or into hairpins is stochastic), the probability p that a
GGGCTA array folds into a hairpin in a chromosomal con-
text corresponds to the fraction f of hairpins that it forms
in solution. The instability of GGGCTA arrays appears to
correlate with their propensity to fold into hairpins. Insta-
bility was observed for GGGCTA arrays of at least eleven
repeats (24). Our data indicate that starting from eleven
GGGCTA repeats (H64cta) the hairpin fraction f (or hair-
pin probability p) becomes higher than 0.5, ie the hair-
pin is more likely to form than the G4 (Figure 3B). Fur-
thermore, almost all GGGCTA arrays reported in the arti-
cle of Mendez-Bermudez et al. were composed of less than
twenty repeats (out of about one hundred GGGCTA arrays,
only one was longer than twenty repeats and composed of
twenty-five repeats) (24). Our data indicate that the hair-
pin fraction f increases with the number of GGGCTA re-
peats (Figure 3B). Likely, above twenty GGGCTA repeats
(H118cta, where f'is around 0.7), the hairpin fraction fur-
ther increases. These data suggest that long GGGCTA ar-
rays, characterized by a high probability to fold into the
hairpin form, might be more prone to deletion.

Since the ’90s, many studies have shown that hairpin-
prone Short Tandem Repeats (STR) can display replication-
and transcription-dependent instability. Most of these stud-
ies focus on trinucleotide repeats (TNR), whose expan-
sion leads to a variety of neurodegenerative diseases (many
excellent reviews have been published about these top-
ics). In human cells, replication-dependent hairpin forma-
tion by long sequences of trinucleotide repeats has been
elegantly demonstrated by the use of sequence-specific
hairpin-cleaving zinc finger nucleases (47). On the basis of
our structural investigation, we propose that GGGCTA
hairpins are the structures at the origin of the length-
dependent instability of GGGCTA arrays in telomeres.
GGGCTA hairpins can form, in particular, in the template
or in the nascent G-strand during telomere replication or in
the displaced G-strand of R-loops formed during transcrip-
tion of telomere repeat-containing RNA (TERRA). As out-
lined in the Introduction section, RPA is the single-stranded
DNAs first responder (27). It is present at human telomeres
during replication (28). In fission yeast, it appears to tran-
siently accumulate on the lagging G-strand (29) and to be
important for its correct replication (30). RPA also colocal-
izes with R-loops, where it has been proposed to coat the
displaced strand (48). On the basis of our EMSA results, we
propose that the poor binding of RPA to GGGCTA hair-
pins might be involved in the mechanism of GGGCTA ar-
ray instability when GGGCTA hairpins form during repli-
cation of the lagging G-strand or transcription of TERRA.
Following the unwinding of the double-helix by helicases,
GGGCTA hairpins might form faster than RPA binds to
DNA. Alternatively, RPA might bind to GGGCTA repeats
as soon as they become single-stranded and be subsequently

displaced by hairpin formation (Figure 7). More broadly,
we propose, as working hypothesis, that RPA might be the
protein that fails first when faced with hairpins formed by
Short Tandem Repeats on lagging-strands during replica-
tion or in the displaced strand of R-loops during transcrip-
tion. Interestingly, studies in E. coli have shown the im-
portance of SSB (the bacterial single-stranded DNA bind-
ing protein) in hairpin-prone trinucleotide repeat instabil-
ity (49,50). In particular, overexpression of SSB led to a
decrease in CTG/CAG trinucleotide repeat instability ob-
served when the hairpin-prone CTG motif was on the lag-
ging strand (50).

Human cells can repair slipped-out DNA repeats with
different outcomes (correct, escaped or error-prone repair,
leading to stability, contractions or expansions) (51). Sev-
eral helicases have been reported to prevent hairpin-prone
Short Tandem Repeat instability (for review (52)). In par-
ticular, the Werner helicase (WRN) has been shown to be
involved in unwinding secondary structures formed by trin-
ucleotide repeats, thereby promoting pold-catalyzed DNA
synthesis (53,54). Because of its interaction with both RPA
and pold (55-57), WRN is a good candidate to unwind
GGGCTA hairpins on the lagging telomeric G-strand.
However, the efficiency of correct repair has been shown
to depend, among other factors, on the sequence of the
slipped-out DNA, and more stable hairpins appears to be
less efficiently correctly repaired (51,58).

In addition to RPA, at least two other single-stranded
DNA binding proteins participate to telomere metabolism:
the shelterin POT1 (1) and the CST complex [involved in
the fill-in of the telomeric C-strand, in the synthesis of the
telomeric lagging-strand and in rescue of stalled replication
forks at both telomeric and non-telomeric sites (14,59,60)].
Might lack of binding of POT1 to variant repeats be in-
volved in GGGCTA array instability during replication or
in t-loop formation? Contrary to RPA, POT1 is depleted
from replication forks at telomeres (61). The invasion of the
telomeric G-overhang into a region of variant repeats would
lead to a t-loop with mismatches in its double-stranded
base (that might impair TRF2 binding) and with variant re-
peats in its single-stranded displaced portion (that, accord-
ing to our results, would impair the potential binding of
POT1(£TPP1)). Would such a t-loop be stable? Would it
move/reform into a region of canonical repeats or would
it trigger a DNA damage response? In any case, if lack
of binding of POT1(£TPP1) (here demonstrated for both
GGGCTA and GGGTCA repeats, Figure 6) is involved in
GGGCTA instability, it cannot be the ultimate determi-
nant of GGGCTA instability, otherwise instability would
not depend on the length of GGGCTA arrays and, above
all, also GGGTCA arrays would display a high level of in-
stability, contrary to what has been observed (24). If lack of
binding of POT1(£TPP1) to variant repeats is involved in
GGGCTA instability, then a second single-stranded DNA
binding protein must also be involved, a factor that is chal-
lenged by long GGGCTA arrays but not by GGGTCA ar-
rays or short GGGCTA arrays. The different behavior of
RPA toward the unstable GGGCTA repeats and the more
stable GGGTCA repeats (Figure 5) makes it a good can-
didate to account for the length-dependent instability of
GGGCTA arrays. Deeper investigations will be required to
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Figure 7. Hypothetical origin of the length-dependent instability of GGGCTA arrays. When tracts of the telomeric G-strand are transiently exposed as
single-strands, e.g. during replication or TERRA transcription, GGGCTA arrays can fold into G4 or into hairpins (left side picture). The probability of
folding into the hairpin structure increases with the number of GGGCTA repeats. G4 (formed by GGGTTA canonical repeats and by GGGCTA variant
repeats) do not challenge RPA binding, whereas GGGCTA hairpins impairs RPA binding (right side picture). We propose that GGGCTA hairpins are the
structures at the origin of GGGCTA array instability and that the poor binding of RPA to GGGCTA repeats structured into hairpins may be involved in
GGGCTA array instability. Protruding hairpins can then lead to gains or losses of GGGCTA repeats via multiple possible mechanisms.

validate our working hypothesis about a possible implica-
tion of RPA in telomeric GGGCTA array instability (and
more broadly in hairpin-prone Short Tandem Repeats in-
stability) and to unravel the interplay between RPA, heli-
cases and the CST complex in dealing with hairpins formed
by Short Tandem Repeats.

Besides providing working hypotheses about the origin
of GGGCTA telomeric variant repeat instability, our study
stimulates a few speculative considerations about telomeric
G4 and the evolution of telomeric motifs. Telomeric G4 are
considered as problematic structures for the replication ma-
chinery (10). This point of view relies on evidence of trou-
bles in telomere replication (especially of the G-strand) in
cells deficient in proteins able to unfold telomeric G4 in
vitro, in particular the helicases WRN (9), BLM (10,11) and
RTELI1 (10,12,13) and the single-stranded DNA binding
complexes RPA (30) and CST (14,15). Nevertheless, when
cellular machineries are functional, GGGTTA repeats in
lagging strand are stable through replication cycles (62).
Are telomeric G4 so problematic structures? With the ex-
ception of budding yeasts (that have the most variable set
of telomeric repeats), telomeric motifs mostly consist of a
short sequence of the type G».4T1.4A1 o (2), exhibit a paucity
in cytosines and are prone to fold into G4 (7). The propen-
sity of telomeric motifs to fold into G4 and the behavior of
the GGGCTA variant motif (unstable and hairpin-prone),
taken together, suggest that evolution of telomeric motifs
might have been driven by selection of G4-prone motifs
and counter-selection of hairpin-prone motifs (hence the
paucity of cytosines). If, on one hand, instability might be
the reason of a hypothetical counter-selection of hairpin-
prone telomeric motifs, on the other hand telomeric G4 dis-
play at least two friendly features that make them easily
manageable by DNA interacting proteins. In vitro, telom-
eric contiguous G4 do form under nearly physiological salt
and temperature conditions (26), but they are not so sta-
ble to impair the binding of a single-stranded DNA bind-

ing protein such as RPA (31). Furthermore, in vitro, RPA
alone allows progression of polymerase through a telomeric
G4, while helicase activities are needed in the presence of
more stable G4 (63,64). Consistently, a telomeric G4 forms
promptly but also unfolds rapidly under mechanical forces
or in the presence of its complementary strand, compared to
other biological relevant G4 in promoters and in replication
origins (65). Telomeric G4 present a second friendly fea-
ture. The contiguous G4 units in which telomeric sequences
can fold have similar stability and do not interact with each
other (26). Therefore, proteins dealing with such structures
are faced with identical and independent G4 structural units.
This makes the efficiency of binding/unfolding independent
of the number of G4 units, i.e. independent of the length of
the G-strand portion exposed as single-strand (31).

In conclusion, although G4-structuring Short Tandem
Repeats appear to have the highest potential to induce per-
sistent polymerase stalling (66) and although G4 appear to
be challenging structures in several aspects (67), we pro-
mote a second point of view: the peculiar friendly features
of telomeric G4, discussed above, make them easily man-
ageable secondary structures, that perhaps contribute to en-
suring telomere stability. The GGGCTA telomeric variant
motif presented in this study (unstable (24), hairpin-prone
and poorly bound by RPA in its hairpin form) acts as an en-
lightening counterpoint to the GGGTTA telomeric canon-
ical motif (stable (62), G4-prone (26) and efficiently bound
by RPA despite its structuring into contiguous G4 (31)).
Maybe, telomeric G4 are telomeres’ best friends.
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