Published online 14 September 2006

Nucleic Acids Research, 2006, Vol. 34, No. 17 48574865
doi:10.1093/nar/gkl564

Human replication protein A unfolds telomeric

G-quadruplexes

Tonatiuh Romero Salas, Irina Petruseva', Olga Lavrik', Anne Bourdoncle?,
Jean-Louis Mergny?, Alain Favre and Carole Saintomé*

Institut Jacques Monod, CNRS-ParisVI-ParisVII-UMR 7592, 2 place Jussieu, 75251 Paris cedex 05, France,
"Novosibirsk Institute of Bioorganic Chemistry, Siberian Division of Russian Academy of Sciences, 630090
Novosibirsk, Russia and 2Laboratoire de Biophysique, INSERM U565, CNRS UMR 5153, Muséum National d’Histoire

Naturelle USM 503, 43 rue Cuvier, 75005 Paris, France

Received June 15, 2006; Revised July 17, 2006; Accepted July 19, 2006

ABSTRACT

G-quadruplex structures inhibit telomerase activity
and must be disrupted for telomere elongation
during S phase. It has been suggested that the
replication protein A (RPA) could unwind and
maintain single-stranded DNA in a state amenable
to the binding of telomeric components. We show
here that under near-physiological in vitro condi-
tions, human RPA is able to bind and unfold
G-quadruplex structures formed from a 21mer
human telomeric sequence. Analyses by native gel
electrophoresis, cross-linking and fluorescence
resonance energy transfer indicate the forma-
tion of both 1:1 and 2:1 complexes in which G-
quadruplexes are unfolded. In addition, quadruplex
opening by hRPA is much faster than observed with
the complementary DNA, demonstrating that this
protein efficiently unfolds G-quartets. A two-step
mechanism accounting for the binding of hRPA to
G-quadruplexes is proposed. These data point to
the involvement of hRPA in regulation of telomere
maintenance.

INTRODUCTION

Telomeres are specialized DNA—protein structures that pro-
tect the ends of chromosomes and distinguish natural chro-
mosome termini from unnatural breaks produced by DNA
damage (1). Alterations in telomere structure are associated
with distinct cellular programs including apoptosis and
unlimited proliferation indicating that telomeres play an
important role in the processes of aging and cancer (2).
Telomere DNA length and protein composition vary during
the life of a cell, and telomere structures may involve double-
stranded DNA-binding proteins (3,4), single-stranded DNA
(ssDNA)-binding proteins (5—7) and DNA-DNA interactions
(8). Human telomeric DNA, located at the ends of each

chromosome, contains G-rich termini as relatively short
single-stranded 3’ overhangs designated G-overhangs (9,10).
Such single-stranded telomere DNAs have been found in pro-
tozoa, yeast and vertebrates (11-13). They are synthesized
specifically by a unique ribonucleoprotein reverse transcrip-
tase called telomerase (14,15).

It is well known that clusters of G residues may adopt
non-B structures stabilized by interactions between the
guanine bases under in vitro physiological conditions [for a
review see (16)]. These structures are four-stranded DNA
complexes where layers of four guanine bases, one from
each strand, are bound by Hoogsteen hydrogen bonds,
thereby forming stacked G-quartets that hold the chains
together. Therefore, it is conceivable that these G-quadruplex
structures may occur in living cells (17,18) and affect essen-
tial cellular processes, such as recombination and extension
of telomeric sequences by the telomerase (19).

It has been suggested that cells might possess a mechanism
allowing them to resolve these structures into single strands,
thereby providing the best opportunity for telomerase access
to the 3’ end of a chromosome (14). Replication protein
A (RPA) was shown recently to be present at the telomeric
ends of chromosomes with maximum association in the
S phase and to play an essential role in telomere maintenance
(7). Schramke et al. (20) proposed that RPA activates the
telomerase via its p32 subunit, by maintaining ssDNA in a
state amenable to the binding of telomeric components. In addi-
tion, Cohen et al. (21) showed that in an in vitro system, low
concentrations of human RPA (hRPA) stimulate extension of
G-rich DNA primers by the telomerase (although high concen-
trations are inhibitory) and proposed a mechanism of unwind-
ing of the unusual structures formed between G residues.

RPA is an ssDNA-binding protein (ssDBP) that is highly
conserved in eukaryotes (22,23). hRPA is a heterotrimeric
complex consisting of three subunits p70, p32 and pl4,
named according to their molecular masses of 70, 32 and
14 kDa, respectively. hRPA has four DNA-binding domains
(A, B and C in p70 and D in p32), and it binds ssDNA via
a multistep pathway (24,25).
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The mechanism of ssDNA binding by the RPA involves at
least three different binding modes, which are best defined by
the length of the interacting ssDNA. The first mode, desig-
nated ‘compact conformation’, is characterized by an 8-
10 nt occluded binding site, an intermediate, or ‘elongated
contracted” (13-14 nt) binding site, and an ‘elongated
extended’ conformation characterized by a 30 nt occluded
binding site (22-26). RPA plays essential roles in many
aspects of nucleic acids metabolism, including replication,
recombination, transcription, checkpoints and DNA repair
(22). To determine the role of RPA in telomere maintenance,
we have investigated the in vitro binding of hRPA under
physiological conditions with an oligonucleotide based on
the minimal human telomere repeat sequence capable of
forming an intramolecular G-quadruplex structure.

Our data reveal that hRPA is able to bind and unfold a
four-stranded intramolecular DNA quadruplex, forming at
least two kinds of complexes in a multi-step mechanism.
Thus, RPA may regulate the action of the telomerase during
the cell cycle by opening G-quadruplex structures and main-
taining them as ssDNA, thus facilitating the recruitment and
binding of telomerase components onto telomeres.

MATERIALS AND METHODS
Materials

BSA was from Roche. [y->*P]ATP (6 uCi/pmol) was from
Amersham and T4 polynucleotide kinase from BioLabs.
The oligonucleotides 5'-d(TTTTTTTTTTTTTTTTTTTTT)-3'
(T21), 5-d(GGGTTAGGGTTAGGGTTAGGG)-3' (htelo),
5'-d(CCCTAACCCTAACCCTAACCQC)-3 (21C), 5'-FLUO-
(T21)-TAMRA-3' (F-T21-T) and 5'-FLUO-(htelo)-TAMRA-3’
(F-htelo-T) [where fluorescein (FLUO) and tetramethylrho-
damine (TAMRA) are fluorescent dyes] were synthesized by
Eurogentec (Seraing, Belgium). htelo and F-htelo-T oligonu-
cleotides were based on the minimal human telomere repeat
sequence capable of forming an intramolecular G-quadruplex
structure. Recombinant hRPA was expressed in the Escherichia
coli BL21 (DE3) (the three entire subunits p70, p32 and pl4
were coexpressed with plasmid pET;;;hRPA generously
provided by Dr Klaus Weisshart, IMB, Jena, Germany), and
purified using Affi-Gel Blue, HAP and Q-Sepharose chromato-
graphic columns according to Gomes et al. (25). hRPA was
quantified using the Bradford assay.

hRPA-htelo binding

Oligonucleotides were labeled with [7—32P]ATP using T4
polynucleotide kinase. *?P-labeled oligonucleotides were
purified using denaturing 15% PAGE. hRPA was diluted
and pre-incubated (10 min at 4°C) in buffer containing
50 mM Tris—HCI (pH 7.5), 100 mM KCI, 1 mM DTT, 10%
(v/v) glycerol, 0.2 mg/ml BSA and 0.1 mM EDTA. Radio-
actively labeled oligonucleotide (90 nM) was mixed with
various amounts of protein in 10 pul of reaction buffer
[25 mM Tris—HCI, pH 7.5, 1 mM EDTA, 2 mM MgCl,
and 6% (v/v) glycerol] in the presence of 50 mM NaCl or
KCI1. hRPA-htelo binding reactions were conducted at 20°C
for 10 min. Longer incubation times (up to 1 h) did not affect
the band pattern or intensities, indicating that the systems had

reached thermodynamic equilibrium in 10 min. Individual
reaction mixtures were loaded onto a native 5% polyacry-
lamide gel in 0.5x TBE for 2.5 h at 7 V/cm and at 20°C.
The gels were analyzed with a Phosphorimager STORM
860 instrument (Molecular Dynamics).

Evaluation of hRPA in hRPA-htelo complexes

hRPA-htelo binding assays, prepared as described above,
were loaded onto a native 5% polyacrylamide mini-gel in
0.5x TBE. The gels were stained by Coomassie blue
(0.25%) for 45 min and then washed with a solution of
10% acetic acid and 30% ethanol. Colored bands were dis-
played and quantified with a G800 BIORAD™ densitometer
and PDQuest 2-D Analysis Software™.

Cross-linking experiments

Protein-DNA complexes obtained in hRPA-htelo binding
assays, prepared as described above, were cross-linked by
the addition of 0.1% glutaraldehyde for 10 min. Longer treat-
ments or 10 min incubation with 0.2% glutaraldehyde did not
significantly improve cross-linking. Individual reaction mix-
tures were analyzed by non-denaturing 5% PAGE in the
same conditions as described above.

Quantification of fy, f; and f, fractions

The continuously decreasing mobility mc of C complex
(Figure 2) when r increased can be explained by a fast equi-
librium [where the relaxation time T of this equilibrium is
much shorter than the migration time (2.5 h) between C
and Cy; complexes and free protein p].
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If we define o and 1 — « as the fractions of C in the C; and
Cy forms, respectively, then
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To take into account the smear observed (Figure 2) at r = 0.5
and 1, we assumed that the 1:1 complex (in solution) partially
dissociates in the gel. Thus, the smear is the result of the 1:1
complex dissociation. If f;, f1 and f, are the relative weights in
solution of free htelo, complex C; and complex Cyj, respec-
tively, we can write fo + f1 + > = 1, with fi = wy, f1 = Wy
+ Wt + OW e andfz = — o). wg, W, We and Wcr, the Welght
of free htelo, smear, complex C and complex C; normalized
with respect to total htelo, respectively, are calculated by
Phosphorimager analysis from Figure 2. When applied to
the data obtained in separate comparable experiments, f;
values were calculated for each r-value.

Fluorescence spectroscopy

Fluorescence spectra at 20°C were recorded with a SpexFluo-
romax 3 instrument (Jobin-Yvon Horiba, Longjumeau,
France), using 50 ul quartz cuvettes (Hellma, France) con-
taining 90 nM F-htelo-T in 50 mM NaCl (or KCl), 2 mM



MgCl, and 5 mM lithium cacodylate (pH 7.2). Concentrated
protein aliquots (0.5 pl) were directly added to the F-htelo-T
solution. The spectra were recorded between 490 and 660 nm
while exciting at 470 nm, and corrected for background
fluorescence, dilution factor and instrument response. The
fluorescence intensity of individual fluorophores was esti-
mated by averaging the fluorescence emission intensity in
the 522-528 nm region for the donor (FLUO) and 584-
590 nm for the acceptor (TAMRA; the low donor emission
in that wavelength range was neglected). The ratio P was cal-
culated as P = Ip/(Ip + IA), where Ip and I are the average
intensities of the donor and acceptor, respectively.

Fluorescence kinetics

Each solution containing 90 nM F-htelo-T in 2 mM MgCl,
and 5 mM lithium cacodylate (pH 7.2) was mixed at time
zero with a 5x molar excess of its complementary sequence
21C or hRPA. The kinetics were recorded at 20°C in
50 mM KCIl. Fluorescence intensity at 516 nm was recorded
at regular time intervals (1 s) using band slits of 5 nm. Data
fitting was performed as described previously (27).

RESULTS

The model sequence chosen for our study is a 21mer human
telomeric repeat sequence (htelo): 5-GGGTTAGGGTT-
AGGGTTAGGG-3" which mimics the telomeric G-rich tail.
It is well established that telomeric sequences may adopt sev-
eral quadruplex conformations such as antiparallel (28) and
parallel (29) G-quadruplex structures depending on the salt
conditions (Figure la). We selected a short fragment for
our study, because four GGG blocks are sufficient for stable
G-quadruplex formation in vivo (30).

hRPA binds to G-quadruplexes and forms 1:1 and
2:1 complexes

To determine whether hRPA binds the htelo sequence, we
first performed electrophoretic mobility shift assays
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Figure 1. Schematic representation of quadruplex and duplex structures.
(a) Different possible folding topologies of htelo. Closed circles depict
guanines, TTA loops represent single-stranded DNA regions. (b) Schematic
representation of a 21 bp duplex formed between F-htelo-T and its
complementary sequence 21C where cytosines are depicted by gray circles.
FLUO and TAMRA are depicted by closed and open triangles, respectively.
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(EMSA). In a standard experiment, 90 nM 32p_labeled htelo
was incubated for 10 min at 20°C with hRPA in the presence
of 50 mM of either Na* or K*. Each mixture was defined by
‘r’, the ratio of hRPA added relative to htelo (expressed as a
molar ratio).

Figure 2a illustrates the results of EMSA experiments
obtained when the binding reaction was performed in the
presence of Na*. In the presence of hRPA, one or several
retarded bands were obtained, demonstrating that this protein
is able to form noncovalent complexes with htelo. Each
complex (C) in a lane was defined by its relative mobility
mc taking free htelo as reference, my = 1 (Figure 2a). At
low protein/DNA ratios (r = 0.5-1), a single well-defined
complex, designated C;, with a relative mobility mc; =
0.27 + 0.01, was detected. It was accompanied by free
htelo and by a fast migrating smear. Increasing r from 2 to
5 progressively reduced the mobility of the main complex
and quenched the smear, while free htelo vanished. For
r-values >5, most of the htelo (80-90%) concentrated in a
low-mobility band, designated Cj;, with a relative mobility
mey = 0.16 = 0.01; its mobility remained unchanged upon
increasing » up to 14 (data not shown).

To clarify the nature of these retarded complexes, we first
determined their hRPA to htelo molar ratios (hRPA/htelo). In
this case, after scanning of the radioactivity using a Phospho-
rimager (Figure 3a), the gels were submitted to Coomassie
blue staining; the intensity of the protein-containing bands
was quantitatively analyzed with a densitometer (Figure 3b;
Materials and Methods). Results showed that free hRPA
migrates as a low-mobility band, mp = 0.09, and that
hRPA and htelo co-migrate in C complexes. A range of con-
trol experiments with Coomassie staining showed that the
signal obtained was proportional to the amount of free
hRPA loaded on the gel and that the presence of htelo did
not alter protein detection and measurement. The data of
the ratios obtained are summarized in Table 1. When r varied
from 1 to 7, the protein to DNA ratio increased continuously
from ~1 to >2, showing that C; is a 1:1 hRPA-htelo
complex, while Cp; is a 2:1 complex accompanied possibly
by higher-order complexes.

To further characterize the complexes at intermediate and
high r values, protein—-DNA cross-linking experiments with
0.1% glutaraldehyde were performed (31). Reaction mixtures
were then loaded onto native gels. As shown in Figure 4a,
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Figure 2. Titration of htelo as a function of hRPA concentration. **P-htelo
(90 nM) was incubated with various amounts of hRPA (from 45 to 630 nM) in
the presence of 50 mM NaCl (a) or KCI (b) and separated on a native 5%
polyacrylamide gel. C; and Cy; represent 1:1 and 2:1 hRPA-htelo complexes,
respectively. r is the molar ratio hRPA/htelo.
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Figure 3. Determination of the hRPA/htelo ratios in complexes. **P-htelo
(90 nM) was incubated with 90 or 630 nM of hRPA in the presence of 50 mM
NaCl and separated by native 5% PAGE. Analysis using a Phosphorimager
revealed radioactive htelo (a), and densitometric analysis revealed colored
hRPA (b). The boxes show the areas considered to determine the hRPA/htelo
ratios.

Table 1. Quantification of hRPA to htelo ratios in complexes C

r=1 r=3 r=>5 r=7

hRPA/htelo ratio  1.04 = 0.11 1.51 0.1 1.9+0.17 227 +0.17

For each r-value, the hRPA/htelo ratio found in the retarded band(s) was
measured by phosphorimager and densitometric analysis.

glutaraldehyde pretreatment revealed two (r = 1) or three
well-defined bands (r = 7) designated Cj, Cy;, Cy;y. The cova-
lent complexes C; and Cy; migrated as their non-cross-linked
C; and Cy; homologues indicating that C; and Cy; are 1:1 and
2:1 covalent complexes, respectively. Cj;; was observed only
at r = 3; it may represent 3:1 hRPA-htelo complex pre-
existing in solution, or result from an artifact induced by
cross-linking. These cross-linking experiments show clearly
that formation of 2:1 complex increases with r and becomes
the major species for r = 7. Combining these data and the
hRPA to htelo ratios found in C complexes (Table 1), we con-
cluded that C complexes observed at intermediate r-values
(Figure 2a) that migrate with a relative mobility comprised
between C; and Cyy are mixtures of 1:1 (Cy) and 2:1 (Cy;) com-
plexes; its continuously decreasing mobility observed when
r increased (Figure 2a) can be explained by the increasing
formation of 2:1 complex. Thus, we calculated for each
r value the relative weights f;, fi and f> in solution of free
htelo, complex C; and complex Cy;, respectively (Materials
and Methods and Figure 5a).

Parallel experiments were performed in a buffer containing
K" instead of Na®. hRPA binding was qualitatively similar in
the presence of either ion (Figures 2b and 5b). However, for
the same r value the amount of C complexes was always
lower in K* than in Na*. At r = 7, 60% of the htelo was
involved in 2:1 complex in K* as compared to 90% in Na®,
and a significant fraction of G-quadruplexes remained
unbound (7%). These differences indicate a lower affinity
of hRPA for htelo in the presence of K", which is in line
with the finding that in the presence of K*, G-quadruplex
structures are more stable (32).
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Figure 4. Comparison of htelo and T21 titrations by hRPA in the absence or
presence of glutaraldehyde. *2p_DNA (90 nM) was incubated with various
amounts of hRPA (from 90 to 630 nM) in the presence of 50 mM NaCl then
cross-linked by the addition of 0.1% glutaraldehyde for 10 min. Individual
reaction mixtures were analyzed on a native 5% polyacrylamide gel.
(a) EMSA results after incubation of htelo. (b) EMSA results after incubation
of T21. r is the molar ratio hRPA/DNA. Cy and Cy; represent the non-covalent
1:1 and 2:1 hRPA-DNA complexes, respectively. Cj, Cj and Cy
represent the covalent 1:1, 2:1 and putative 3:1 hRPA-DNA complexes,
respectively.

The 1:1 complex is predominantly formed with
a control oligonucleotide unable to form a
G-quadruplex

As a control in these binding experiments, we tested a radio-
labeled single-stranded 21mer oligodeoxythymidine T21
(90 nM). Sequential addition of hRPA in the presence of
50 mM Na' led to a different EMSA profile (compare
Figure 4a and b): (i) the weights of complexes observed on
the gel without glutaraldehyde cross-linking at distinct r-val-
ues is slightly higher than for htelo, and (ii) the mobility of
the C complexes was not reduced as much as for htelo.
Glutaraldehyde cross-linking experiments showed that what-
ever the r-value, the C/I covalent complex predominates. All
these results agree with previously reported data (23) show-
ing that hRPA is an ssDBP which predominantly forms 1:1
complexes with short DNAs. Thus, it may be assumed that
formation of major 2:1 complexes with htelo is governed
by some peculiar properties of this short structured DNA,
which assists in binding of two heterotrimeric molecules.

hRPA binding leads to G-quadruplex unfolding

Fluorescence resonance energy transfer (FRET) experiments
were used to study the conformation of htelo bound to
hRPA (33). For this purpose, the htelo oligomer was labeled
with two fluorophores, fluorescein (FLUO) and tetramethyl-
rhodamine (TAMRA) attached to the 5 and 3’ termini,
respectively, leading to the dual-labeled oligonucleotide
F-htelo-T (Figure 1b). Fluorescence emission of FLUO
(the donor, D) is efficiently quenched by TAMRA (the
acceptor, A) if the distance D-A is short. If D and A are dis-
tant from one another, their respective emissions become
independent of each other. Here the extent of energy transfer
is represented by an empirical parameter P = Ip/(Ip + I»),
where Ip and /4 are the emission intensities of D and A,
respectively (Materials and Methods). For free F-htelo-T,
low P-values (Pquaa) typical of G-quadruplex structures
were obtained with Pgyq = 0.18 + 0.04 in the presence of
Na" and Pgua = 0.25 = 0.05 in the presence of K"
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Figure 5. Quantification of fy, f; and f> fractions as a function of r. The relative weights in solution of free htelo (f, solid line), complex C;j (f}, long dashed line)
and complex Cy; (f>, short dashed line) were quantified for each r-value from hRPA-htelo EMSA (Figure 2) in the presence of Na* (a) or K* (b). The relative
errors vary from 20% for the low r-values (r = 0.5-1) to 10% for the high r-values (r > 1). r is the molar ratio hRPA/htelo.
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Figure 6. hRPA binding leads to G-quadruplex unfolding. Fluorimetric titration of 90 nM of F-htelo-T by increasing amounts of hRPA was performed in
the presence of Na* (a) or K* (b). The spectra were recorded after 2 min of incubation. (c) Increasing of P as a function of the hRPA/F-htelo-T ratio (r) in
the presence of Na* (solid line) or K* (dashed line) indicates unfolding of F-htelo-T by addition of hRPA. P was calculated from experimental FRET data:
P = Ip/(Ip + 1), where I, and I, are the average intensities of the donor (FLUO) and acceptor (TAMRA), respectively. For each P-value, error bar is +0.05.

AU, arbitrary units.

(Figure 6) (33). In others words, FRET efficiency in the
absence of protein (+ = 0) is higher in Na* than in K*, in
agreement with recent study (34). A 2lmer duplex formed
between F-htelo-T and its complementary sequence, desig-
nated 21C, served as a control for quadruplex opening

(Figure 1b). It was demonstrated previously that the stability
of the F-htelo-T/21C duplex is higher than that of the quadru-
plex (35). Addition of a 5-fold molar excess of 21C over F-
htelo-T (90 nM) led to a high P-value (Ppypiex) 0f 0.83 = 0.05
after equilibration, whatever the nature of the monovalent
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cation. This is consistent with the formation of a B-DNA
duplex structure separating D and A by >70 A (Figure 1b).

Fluorimetric titrations of F-htelo-T by hRPA were per-
formed in the conditions used for hRPA-htelo binding in
EMSA experiments. Figure 6a shows the data obtained in
the presence of Na™. As the ratio r increases, FLUO emission
is stimulated while TAMRA fluorescence decreases, indica-
ting that FRET is suppressed and that hRPA is able to unfold
quadruplexes. The absence of an isoemissive point
(Figure 6a) and the biphasic variation of P as a function of
r (Figure 6¢) show that the binding process is complex and
involves at least three species, in agreement with the forma-
tion of the C; and Cy; complexes with the free G-quadruplex
structures. Thus, we can write (and calculate) that P = fyPg +
fiP1 + f>P», where Py, P; and P, are P values for free htelo,
C; complexes and Cy; complexes, respectively, and fy, f; and
/> the previously calculated fractions of each species
(Figure 5a). To fit the experimental (Figure 6¢) and calculated
P curves, P, was considered as an adjustable parameter with
Py = 0.18 and P, = 0.83. The agreement for both series of
data is satisfactory when P, is taken as 0.55 + 0.05.

Since P is nearly identical t0 Ppypiex, the final conforma-
tion of DNA bound with two (or more) hRPA corresponds to
an extended structure where both fluorophores are as far away
as in the duplex B-DNA structure. The lower P-value for the
1:1 complexes indicates that the distance D—A is smaller in
the 1:1 than in the 2:1 complexes. This could be the result
of the coming together of the single-stranded tails triggered
by the presence of only one bound hRPA.

At first glance, titrations in the presence of K* (Figure 6b
and c) are similar to those obtained with Na*. However,
significant differences are observed: (i) for the same r-values,
P in the presence of K* is always lower than P in the presence
of Na* in agreement with the binding data discussed above,
and (ii) the value of P in the presence of K* does not reach
the Ppypiex Value at the highest r-value checked (r = 7) as
not all htelo is bound (7% remains free) and as a non-
negligible amount of 1:1 complexes is still present as
shown by the EMSA experiment (Figures 2b and 5b).
Taking Pp = 0.25 and P, = 0.83, the best fit between the
experimental (Figure 6¢) and calculated data is obtained with
Py = 0.6 £ 0.05.

One can therefore conclude that in the presence of
either Na* or K*, G-quadruplex structures are unfolded in
the hRPA-htelo complexes. In the 1:1 complexes, the
oligonucleotide end-to-end distance is intermediate between
the one observed in quadruplexes and the larger one
(d=170 A) found in the 2:1 complexes.

hRPA efficiently unfolds G-quadruplexes

To gain insight into the opening process of the hRPA-induced
G-quadruplex, its kinetics were compared to those obtained
during the formation of the duplex F-htelo-T/21C
(Figure 1b). Five equivalents of either hRPA or 21C were
added to a solution of F-htelo-T and rapidly mixed. The
kinetics were followed by measuring the emission spectra
at 516 nm (FLUO emission) and are shown in Figure 7.
The experiments were performed in K* conditions in
which the stability of the G-quadruplexes is highest (32).
Duplex formation could not be properly fitted with a
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Figure 7. Comparison of the F-htelo-T opening by 21C and hRPA. Each
solution containing 90 nM F-htelo-T was mixed at time zero with a 5x molar
excess of its complementary sequence 21C (black curve) or hRPA (red
curve). Fluorescence intensity was recorded at 516 nm in the presence of
50 mM KCI. AU, arbitrary units.

mono-exponential function, and was fitted with a bi-
exponential model, as observed previously (27,36), with a
fast phase (kg = 0.031 = 0.003 min ') accompanied by a
much slower phase (kgow = 0.0083 + 0.0002 minfl) (data
not shown). The fast phase was of the same order of magni-
tude as reported previously (36,37) for the unfolding step of
G-quadruplex structures. A bi-exponential function was also
required to fit the binding of hRPA to htelo, but the kinetics
were obviously faster (Figure 7), with kg = 0.81 = 0.01
min~' and kgow = 0.080 = 0.001 min~'. These relatively
fast kinetics observed with hRPA as compared to comple-
mentary DNA highlight the active role of hRPA in quadru-
plex opening.

Fluorimetric titrations of the dually labeled single-stranded
oligonucleotide control F-T21-T by hRPA were performed in
the presence of Na* (data not shown). hRPA has a greater
affinity for the F-T21-T control sequence compared to
F-htelo-T, since FRET titration is complete for » = 1 (with
P increasing from 0.45 for r = 0 to 0.74 for r = 1). Under
the same conditions an important smear was observed in
the EMSA experiment when radiolabeled T21 was mixed
with one equivalent of hRPA (Figure 4b). This observation
indicates that the smear observed in the native gel at low
r-values (r = 0.5 and 1) represents 1:1 complex dissociation
during migration (Figures 2 and 4). In addition, if we
compare the P-values of the 1:1 complexes obtained with
F-T21-T and F-htelo-T (0.74 = 0.01 and 0.55 + 0.05, respec-
tively), we can conclude that in the 1:1 complexes with hRPA
the DNA conformations of T21 and htelo differ. This is in
agreement with a different mode of binding of hRPA to the
quadruplex-forming substrate, as discussed above. Moreover,
kinetic experiments of the dually labeled single-stranded
oligonucleotide control F-T21-T by hRPA showed that <30
s were necessary to obtain maximal fluorescence emission
(data not shown). This time scale agrees with the one
observed previously for hRPA binding to ssDNA (38,39).



DISCUSSION

From the data presented, it can be concluded that hRPA is
able to bind 21mer G-quadruplex structures by forming 1:1
complexes and 2:1 complexes, and possibly higher order
complexes. The 2:1 complexes are presumably stabilized by
cooperative interactions between the two hRPA molecules
(26,31) leading to the very stable noncovalent complexes
observable by electrophoresis. In comparison with hRPA
binding to the single-stranded T21 oligomer, which mainly
displays 1:1 complexes, it is clear that the hRPA-binding
mode differs depending on the nature of the DNA. It is
well known that RPA exhibits relatively low specificity for
nucleic acid sequences with a 50-fold preference for
polypyrimidine tracks (22-24,40). This sequence preference
is similar to those of other nonspecific ssDBP, e.g. the
E.coli ssDBP (E.coli ssDBP) (41). However it was clearly
demonstrated recently that there is a general influence of
the nucleic acid sequence itself on the binding interactions
with ssDBPs: ssDNA binding is influenced by base stacking
and the nearest-neighbor (nucleotide sequence in DNA)
dependence of this stacking (42). Nevertheless, formation
of major stable 2:1 complexes with a 2Imer DNA strongly
suggests that unlike T21, hRPA binding to G-quadruplex
structures is directed by the structure itself with a sequential
binding mode. This implies that the first hRPA binds to one
extremity of the DNA, allowing binding of the second hRPA.
In this case, as htelo is a 21 mer, both hRPA should bind htelo
by its 8—10 nt binding mode (22-26).

Duplex formation with a G-quadruplex prone sequence is a
slow process, especially in the presence of K* (35). Opening
of the quadruplex is a prerequisite for duplex formation, and
the kinetics are dictated by quadruplex unfolding rather than
by bimolecular association. In contrast, FRET and kinetics
experiments demonstrate that hRPA acts rapidly and effi-
ciently promotes G-quadruplex opening, as a few minutes
only are necessary to open the htelo G-quadruplex struc-
ture(s). The fast action of hRPA might be required in cases
where quadruplex lifetime is long compared to key cellular
processes such as replication. Preliminary experiments with
an ssDBP such as E.coli ssDBP suggest that under similar
conditions the binding mode and kinetics of E.coli ssDBP
are very different compared to hRPA (T. R. Salas, unpub-
lished data), arguing for a specific effect of the hRPA on
the G-quadruplex. Other ssDBP or nucleic acids chaperones
will be tested to determine if hRPA possesses a unique
mode of action on the G-quadruplex.

Taken together, these data lead to the sequential model of
hRPA binding summarized in Figure 8. F-htelo-T only dis-
plays three short ‘single-stranded’ regions corresponding to
the TTA loops (Figure 1a); it is not clear if these short single-
stranded regions are sufficient for the initial binding of hRPA.
Alternatively, it has been shown that G-quadruplex structures
are in equilibrium with partially unfolded G-quadruplex spe-
cies (F-htelo-T’) where some Hoogsteen hydrogen bonds
might be transiently opened (43). These single-stranded
regions generated at the extremities could be accessible and
rapidly trapped by hRPA. This first binding step should desta-
bilize the hydrogen bonds between the remaining Gs of the
proximal quartet, permitting the initial conformational
change observed by FRET (1:1 complexes). This unfolded
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F-htelo-T F-htelo-T

2:1 complexes 1:1 complexes

Figure 8. Sequential model of hRPA binding to G-quadruplexes. hRPA
binding is directed by single-stranded regions generated at the extremities of
the partially unfolded structures as represented by F-htelo-T'. This first
binding step destabilizes the G-quadruplex structure to form 1:1 complexes.
This unfolded DNA bound to one hRPA molecule at the extremity facilitates
binding of a second hRPA molecule to produce 2:1 complexes.

DNA bound with one hRPA molecule could facilitate binding
of a second hRPA molecule. Thus hRPA would form two dis-
tinct complexes in which DNA is maintained in different
unfolded conformations.

The idea that hRPA can remove secondary and tertiary
DNA structures by a simple destabilization process was
reported previously (44.,45). The recent model of a multi-
step helix destabilization process by hRPA described by
Binz et al. (46) supports our results. Unlike hRPA, human
helicases such as BLM and WRN, that unwind G- quadruplex
structures with a 3’5 polarity, require ATP, Mg** and at
least one single-stranded 3’ tail (47,48). In our system, neither
ATP nor 3’ tail is present. In addition, even if there is no
evidence of polarity of hRPA binding to G-quadruplex
structures, it is well known that hRPA binds ssDNA with
the opposite 5-3' polarity (49,50). Clearly, more detailed
studies are needed to unravel the mechanism by which
hRPA binds and opens G-quadruplex structures. This binding
proceeds with high efficiency and significant specificity
for G-quadruplexes, suggesting that it has an important
biological role in telomere maintenance.

G-quadruplex structures may be important for a number of
biological processes and disease-related mechanisms.
Particularly, it has been shown that they inhibit telomerase
activity by impeding the recruitment and binding of telom-
erase components to telomeres. We have revealed by this
investigation that G-quadruplex structures are specific targets
for hRPA and that this protein is able to bind and open
G-quadruplex structures much faster than the complementary
DNA strand. There is good reason to believe that opening
G-quadruplex structures by RPA takes place in order to main-
tain the telomeric G-overhang in a single-stranded conforma-
tion, compatible with telomerase activity. Cohen et al. (21)
showed that depending on its concentration, hRPA may
exert either stimulatory or inhibitory effects on telomerase;
it would be important to correlate this observation with the
formation of 1:1 or 2:1 complexes. Interestingly, Zaug
et al. (51) indicated that human POT1 is able to disrupt
telomeric G-quadruplexes and that extension by the telo-
merase depends on the relative position of POT1 on htelo.
Thus, the details of the architecture protein—~DNA complexes
may play an essential role in telomerase activity. We are now
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investigating whether similar conclusions may be reached 20. Schramke, V., Luciano,P., Brevet,V., Guillot,S., Corda,Y.,

with hRPA. Longhese,M.P., Gilson,E. and G¢li,V. (2004) RPA regulates telomerase
action by providing Estlp access to chromosome ends. Nature Genet.,
36, 46-54.
21. Cohen,S., Jacob,E. and Manor,H. (2004) Effects of single-stranded
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