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ABSTRACT: The folding of AG3(T2AG3)3 was investigated in the presence of Na+ or K+ ions, by using the
dinuclear platinum complexes [{trans-PtCl(NH3)2}2H2N(CH2)nNH2]Cl2 (n ) 2 or 6). AG3(T2AG3)3 has
been previously found to adopt two different quadruplex structures: the antiparallel one in a solution
containing Na+ and the parallel one in a K+-containing crystal. The two structures are strikingly distinct
and are not expected to form the same platinum cross-links. Therefore, characterization of the cross-links
formed with platinum complexes in solution allowed the predominant conformation(s) to be identified.
The bases coordinating the platinum atoms were identified by chemical and 3′-exonuclease digestions.
The observed cross-links showed that the parallel structure exists in solution whatever the cation and
confirmed the existence of the antiparallel structure in the presence of both cations as previously reported
from cross-linking experiments of AG3(T2AG3)3 by mononuclear platinum complexes. Furthermore, the
major platinum cross-links were unexpectedly formed between two guanines belonging to the same
G-quartet. Their formation was rationalized using molecular dynamics simulations in implicit solvent of
the two quadruplex structures. It was shown that they were flexible, allowing some guanines to leave
reversibly the top G-quartet and thus rendering their N7 atom accessible to platinum complexes. Our
results also suggest that the human telomere sequence could be a target for such platinum complexes.

Quadruplex structures are highly stable DNA or RNA
structures formed on G-rich sequences (1). G-rich regions
appear in several locations in the human genome, including
telomeres at the ends of linear chromosomes (2), cen-
tromeres, fragile X syndrome repeats (3), and promoters of
some genes (4). In vitro, such sequences have been shown
to fold in quadruplex structures (5). The biological existence
of quadruplexes has been demonstrated in vivo in the
macronuclei of protozoans using a specific antibody gener-
ated against quadruplexes (6). Furthermore, there is a
growing body of evidence which shows that they may have
specific functional roles in vivo (7, 8). In particular,
quadruplex structures play a role in gene regulation of the
c-myc promoter (9) and as inhibitors of the telomerase, an
enzyme which provides cancerous cell immortality by adding
guanine repeats at the ends of telomeres (10). The human
quadruplexes of telomeric sequences have therefore received
attention in the context of telomerase inhibition as a potential

anticancer therapy using specific small molecules that are
able to stabilize quadruplexes (11). Identification of the
different foldings of quadruplexes in solution would help in
the design of specific potent ligands.

Quadruplexes result from the stacking of planar G-quartets,
the guanines being associated by Hoogsteen-type hydrogen
bonds involving their N7 atoms (Figure 1). Four consecutive
repeats of guanines in the DNA sequence are required for
the formation of an intramolecular quadruplex structure. The
Na+ and K+ cations appear to stabilize quadruplexes by
interacting with the electron-rich carbonyl oxygens of the
eight guanines of two adjacent quartets (12, 13). The human
telomeric sequence contains repeats of TTAGGG ending in
a single strand with overhangs of 100-200 bases at the end
of the double strand (14). The single strand can fold in
different quadruplex structures in vitro. AG3(T2AG3)3 has
been found to adopt two different structures: the antiparallel
structure (15) identified in a solution containing Na+ and
the parallel structure reported from an X-ray structure of a
K+-containing crystal (16) (Figure 1). The two structures
differ by their strand orientation, the glycosidic conformations
of guanines and their TTA loop orientations: the latter are
located at each side of the quadruplex in the antiparallel
structure and positioned alongside the grooves in the parallel
structure. It was first thought that the parallel and the
antiparallel folding of AG3(T2AG3)3 were due to the nature
of the monovalent cation. Indeed, previous circular dichroism
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studies on the quadruplex structure of AG3(T2AG3)3 sug-
gested that the antiparallel structure existed in the presence
of Na+ ions and that the presence of K+ modified the
conformation of the loops (17). Furthermore, multiple
conformations of the human telomeric quadruplexes se-
quences have also been reported from UV spectrometry (18).
Moreover, two recent studies have shown that the folding
of AG3(T2AG3)3 does not depend only on the nature of the
cation. We have recently shown that the antiparallel structure
is not exclusively formed in the presence of Na+ but also
exists in K+ solution (19). These results were obtained from
studies of the platinum cross-linking of AG3(T2AG3)3 by the
mononuclear platinum complexescis- andtrans-[Pt(NH3)2-
(H2O)2]2+ in the presence of Na+ or K+. The platinum
binding sites are N7 atoms of guanines, provided that they
are not involved in hydrogen bonds in the G-quartets and
N1 and N7 atoms of adenines (20). In the quadruplex
structures, two purines can be cross-linked by difunctional
platinum complexes only if they are moving closer to each
other thanks to the folding. Nevertheless, the parallel and
antiparallel structures cannot form the same cross-links
because of the different positions of the purines in the
G-quartets and loops (Figure 1). Therefore, the mononuclear
platinum complexes were able to cross-link the antiparallel
structure of AG3(T2AG3)3, for which some N7-N7 distances
were smaller than 4.5 Å, but not the parallel structure.
Therefore, it was impossible to assert the presence of the
latter in solution. Whether the parallel structure exists in a
meaningful fraction of the species in solution thus remains
to be demonstrated. Furthermore, recent single-FRET1

measurements have shown that two stable folded conforma-

tions of the quadruplex structure of AG3(T2AG3)3 coexist in
both Na+- and K+-containing solutions and that the two
structures are in equilibrium (21). The authors cannot
distinguish between the two structures by FRET, but they
hypothesized that these corresponded to parallel and anti-
parallel quadruplex foldings.

Thanks to platinum complexes, our aim was to demon-
strate the meaningful existence of the parallel structure in
solution. For this study, we have chosen the dinuclear
platinum complexes [{trans-PtCl(NH3)2}2H2N(CH2)nNH2]Cl2
(n ) 2 or 6), subsequently namedtrans-bisPt(2) andtrans-
bisPt(6), respectively (Figure 1), for which two platinum
coordination units are linked by a flexible diamine linker
and the Pt-Pt distances are appropriate for cross-linking the
parallel structure. These compounds have been designed in
the search for novel classes of platinum antitumor com-
pounds. They exhibit activity in tumor cells resistant to the
mononuclear antitumor drug cisplatin (22). In contrast to the
mononuclear platinum complexes for which the two purines
are bound to the same platinum atom and the major sites of
platination are two adjacent purines (23), the DNA cross-
linking by the dinuclear platinum complexes is achieved by
two independent monofunctional platinum sites. This leads
to the formation not only of intrastrand G-G cross-links but
also of long-range interstrand cross-links in duplex DNA
where the sites of platination may be separated by up to four
base pairs (24). Therefore,trans-bisPt complexes should be
able to cross-link two purines in the proximity of the parallel
structure that could not be cross-linked by the mononuclear
platinum complexes. AG3(T2AG3)3 was platinated bytrans-
bisPt(2) andtrans-bisPt(6) complexes in either Na+- or K+-
containing solution. The platinum cross-links, identified by
chemical and enzymatic digestions and using N7-deazapu-
rines, which are no longer platination sites, clearly demon-

1 Abbreviations: FRET, fluorescence resonance energy transfer;
DMS, dimethyl sulfate;trans-bisPt(6), [{trans-PtCl(NH3)2}2H2N(CH2)6-
NH2]Cl2; trans-bisPt(2), [{trans-PtCl(NH3)2}2H2N(CH2)2NH2]Cl2.

FIGURE 1: Schematic representation of the antiparallel structure of AG3(T2AG3)3, the parallel structure of AG3(T2AG3)3, and the dinuclear
platinum complexestrans-bisPt(2) andtrans-bisPt(6).

Cross-Links in the Human Telomeric DNA Biochemistry, Vol. 44, No. 31, 200510621



strate that the parallel quadruplex structure exists in both
K+ and Na+ solution together with the antiparallel structure.
They also identify some guanines that were unexpectedly
accessible to platinum complexes. Molecular dynamics
simulations show that these guanines can leave reversibly
the G-quartets of the two structures, thus rendering their N7

atom accessible to platinum complexes.

EXPERIMENTAL PROCEDURES

Chemicals.AG3(T2AG3)3, its derivatives containing one
N7-deazaguanine or one N7-deazaadenine, and its comple-
mentary sequence, (C3TA2)C3T, were synthesized and puri-
fied by Eurogentec, desalted on a Sephadex G25 column,
and stored at-20 °C in a 1 mMaqueous solution. [{trans-
PtCl(NH3)2}2H2N(CH2)nNH2] (n ) 2 and 6) compounds
[trans-bisPt(2) andtrans-bisPt(6), respectively] were pre-
pared as described previously (25). [Pt(NH3)3(H2O)]2+ was
prepared from [Pt(NH3)3(H2O)](NO3)2 as previously de-
scribed (26).

5′-End Labeling of Oligonucleotides.The oligonucleotides
were 5′-end-labeled using polynucleotide kinase (Pharmacia
Biotech) and [γ-32P]ATP (Pharmacia Biotech). The reaction
products were purified via 20% denaturing gel electrophore-
sis and desalted on a Sephadex G25 column.

Platination of AG3(T2AG3)3 and AG3(T2AG3)3 Containing
a N7-Deazapurine in the Presence of Na+ or K+. The 5′-
end-radiolabeled AG3(T2AG3)3 was mixed with 100µM non-
radiolabeled material in 50 mM NaClO4 or KClO4 for 5 min
at 90 °C and allowed to reach room temperature in 2 h to
induce the formation of quadruplex structure. It was then
incubated with 120µM trans-bisPt(2) ortrans-bisPt(6) or
300 µM [Pt(NH3)3(H2O)]2+. The reactions were carried out
for 16 h at 37°C for the twotrans-bisPt complexes and for
2 h for [Pt(NH3)3(H2O)]2+. For some experiments, 10 mM
NaClO4 at 43°C and 100 mM KClO4 at 37°C were used.
The number of platinum complexes bound per oligonucleo-
tide was checked by mass spectrometry. The platination sites
were determined from DMS/piperidine cleavage and 3′-
exonuclease digestion (see below). The platinum cross-links
were deduced (i) from the percent of protection from the
DMS/piperidine cleavage at each guanine position (as the
amount of protection corresponds to the amount of guanines
platinated at this position; two guanines involved in the same
cross-link are protected to the same extent) and (ii) using
N7-deazaguanines that are no longer platination sites. If one
guanine was replaced with a N7-deazaguanine, the formation
of the cross-link(s) involving the guanine would be pre-
vented.

trans-BisPt(2) andtrans-bisPt(6) were able to cross-link
two adjacent guanines on a double-stranded DNA (27, 28).
We have compared the platinated products of AG3(T2AG3)3

previously structured either in quadruplexes or in the double
strand. The 5′-end-radiolabeled AG3(T2AG3)3 was mixed with
100 µM non-radiolabeled material and the complementary
strand (C3TA2)C3T (100 µM) in 50 mM NaClO4 or KClO4

for 5 min at 90°C and allowed to reach room temperature
in 5 h to induce the formation of the double strand. The
number of platinum complexes bound per oligonucleotide
was checked by mass spectrometry. DMS/piperidine cleavage
and enzymatic digestion of the platinated products (band 4
from Figure 2) showed that all the guanines were partially

platinated, indicating that band 4 is a mixture of oligonucleo-
tides cross-linked on different G positions.

For mass spectrometry analysis, the platination reactions
were carried out with 2 nmol of non-radiolabeled AG3(T2-
AG3)3.

Platinated oligonucleotides were separated by 20% poly-
acrylamide denaturing gel electrophoresis and located either
by autoradiography when mixed with radiolabeled oligo-
nucleotides or by UV shadowing in the absence of labeling.
They migrated differently according to their masses and
charges.

Identification of Free Guanines by DMS/Piperidine CleaV-
age.The 5′-end-radiolabeled AG3(T2AG3)3 or AG3(T2AG3)3

containing a N7-deazaguanine was mixed with 100µM non-
radiolabeled material in 50 mM NaClO4, KClO4, or water
for 5 min at 90°C and allowed to reach room temperature
in 2 h to induce the formation of quadruplex structure. It
was then incubated with 100µM, 300 µM, 1 mM, or 10
mM DMS for 2 h at 37 °C. After precipitation, the
oligonucleotides were treated with 50µL of 1 M piperidine
at 90°C for 20 min. After evaporation of the piperidine, the
oligonucleotides were migrated via 20% denaturing gel
electrophoresis.

Mass Spectrometry.The major platinated products were
analyzed by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry with a linear time-of-flight
(TOF) analyzer matrix using 2,4,6-trihydroxyacetophenone.

Nondenaturing Gel Electrophoresis.Nondenaturing gel
electrophoresis of AG3(T2AG3)3 and its N7-deazapurine
derivatives was performed as previously described (29) with
12% polyacrylamide gels (29:1 acrylamide:bisacrylamide
ratio) containing tris(hydroxymethyl)aminomethane-borate
[0.088 M Tris-borate (pH 8.3)] and EDTA (0.002 M) in 50
mM KCl at 4 °C. Gel migration lasted 18 h at 140 V.

Identification and Quantification of the Platinum Binding
Sites by DMS.After their separation by gel electrophoresis,
the different products of the platination reaction were eluted
from the gel and ethanol precipitated. The platinated products
were treated with DMS/piperidine (probe of the free N7)
under Maxam-Gilbert sequencing conditions. The oligo-
nucleotides were dissolved in 20µL of water and incubated
with 1 µL of DMS for 1 min at 37°C. After precipitation,
the oligonucleotides were incubated with 50µL of 1 M
piperidine at 90°C for 20 min. After evaporation of the
piperidine, the oligonucleotides were deplatinated with 0.2
M NaCN overnight and migrated via 20% denaturing gel
electrophoresis (29). The amount of cleavage at each guanine
was quantified using a Dynamics Molecular Phosphorimager
with Imagequant for data processing. As the N7-platinated
guanines are no longer reactive with dimethyl sulfate (DMS),
the platinated sites can be deduced from the absence or lower
intensity of the spots corresponding to the cleavable gua-
nosines. For each guanine, we compared, under exactly
identical conditions, the percentage of DMS/piperidine
cleavage for the nonplatinated and platinated oligonucle-
otides, and for each guanine, we deduced the percentage of
protection of cleavage. The percentage of protection of
cleavage was calculated for each guanine as{[% of cleavage
of nonplatinated AG3(T2AG3)3] - [% of cleavage of plati-
nated AG3(T2AG3)3]}/[% of cleavage of nonplatinated AG3(T2-
AG3)3] (29). The platinated and nonplatinated oligonucle-
otides were not structured during the DMS treatment because
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they resulted from a denaturing gel electrophoresis, and the
DMS/piperidine treatment was carried out in water to prevent
the folding of the quadruplex structure. Moreover, if the
quadruplex structure had been formed, the guanines from
the G-quartets would have been protected from DMS/
piperidine cleavage, which was not the case. The maximal
experimental error was evaluated to be 15%, limiting the
analysis to major adducts.

Identification of the Platinum Binding Sites by 3′-Exonu-
clease Digestion.We used 3′-exonuclease digestion to
identify all the adenine and guanine platination sites,
including the minor ones, that could not be detected by the
DMS/piperidine treatment. This enzyme has already been
used to identify the platination sites of quadruplexes cross-
linked by mononuclear platinum complexes: its digestion
is stopped by platinum monoadducts or chelates. Neverthe-
less, with an increase in the concentration, this enzyme can
bypass the first platinated base encountered, that is, the 3′-
base of the platinum cross-link (19). Therefore, the two
platinum sites of a cross-link can be identified by enzymatic
digestion using an increasing enzyme concentration. The
platinated products, isolated from gel electrophoresis, were
incubated in 10 mM Tris-HCl (pH 8.0) in the presence of 2
mM MgCl2 and 0.5 mg/mL tRNA with the 3′-exonuclease
phosphodiesterase I fromCrotalus adamanteusvenom (UBS)
at 0.008 and 0.04 unit/µL for 30 min at 37°C. The partial
digestion of nonplatinated oligonucleotide was carried out
at a concentration of 0.001 unit/µL. The digested fragments
were purified on a 20% denaturing gel. The migration of
the fragments depends on the presence of platinum adducts;
therefore, each of them has been eluted from the gel,
precipitated, and deplatinated with 2 M NaCN for 18 h at
37 °C. After precipitation in ethanol, the deplatinated
fragments migrated on 20% denaturing gel. Their migrations
were compared to those of the fragments obtained by partial
digestion of the starting oligonucleotide. From their migra-
tion, we can determine their length and consequently identify
the platinated base at which the 3′-exonuclease stopped its
digestion.

Molecular Dynamics Simulations in Implicit SolVent of the
Antiparallel and Parallel Quadruplex Structure of AG3-
(T2AG3)3. MD simulations in implicit solvent were carried
out with the SANDER module of AMBER 7.0 (30). The
atomic coordinates (PDB entries 143D and 1KF1) were used
to build the starting antiparallel (15) and parallel (16)
structures, respectively.

The structures were first minimized in implicit solvent
without any restraint, with 500 steps of the steepest descent
and 1500 steps of the conjugate gradient minimizers. For
the unrestrained MD simulations in implicit solvent, we
applied the published protocol (31), with the parm98.dat force
field (32), a 20 Å cutoff, a time step of 1 fs, and nrespa)
4. Each structure was then heated from 0 to 300 K over the
course of 40 ps with a harmonic restraint force of 5 kcal
mol-1 Å-2 to keep the atoms at their initial positions during
the heating. Then, three equilibration steps of 40, 40, and
20 ps were used with the harmonic constant reduced to 1.0,
0.1, and 0.0 kcal mol-1 Å-2, respectively. After equilibration,
a production step of 10 ns without restraint was run. A
structure was recorded after each picosecond leading, by the
end of the simulation, to 10 000 snapshots. Panels A and B
of Figure 9 were generated using VMD (33).

Determination of Distances between the Purine Nitrogens
as Potential Cross-Linking Sites from the Digestion Data.
The N-N distances (in angstroms) of the antiparallel (15)
and parallel structures (16) were measured, using the
CARNAL module of AMBER 7.0, in the 10 000 structures
isolated during the 10 ns molecular dynamics simulations.

Determination of Accessibility of the Purine Nitrogens of
Both Quadruplex Structures.The accessible area on the van
der Waals surfaces of the N7 atoms for each guanine and
the N1 and N7 atoms for each adenine was measured for the
10 000 structures isolated during the 10 ns molecular
dynamics simulations reported on the antiparallel and parallel
structures. It was calculated with a spherical probe with a
4.9 Å van der Waals radius corresponding to the hydratation
form of a platinum atom (34). The accessible nucleophilic
part of the N7 and N1 atoms was defined as the surface of a
solid angle of 30° from the bisector line between the N7 atom
and the center of the pentacycle or the bisector between the
N1 atom and the center of the hexacycle.

Molecular Dynamics Simulations in Implicit SolVent of the
Dinuclear Platinum Complexes trans-BisPt(2) and trans-
BisPt(6).The atomic charges for the two dinuclear platinum
complexes [{trans-PtCl(NH3)2}2H2N(CH2)nNH2]2+ (n ) 2
and 6) were derived from a density functional theory
calculation employing the B3LYP hybrid functional imple-
mented in Gaussian 03 (35); the LANL2DZ pseudopotential/
pseudoorbital basis set was used for Pt and the all-electron
3-21G* basis set for the other atoms. The atomic charges
were determined from fits to the electrostatic potentials using
the Merz-Kollman routine (36); charges of chemically
identical atoms were averaged.

The MD simulations in implicit solvent were carried out
as described for AG3(T2AG3)3 except that the complexes
[{trans-PtCl(NH3)2}2H2N(CH2)nNH2]2+ (n ) 2 and 6) were
used and that the parm98 force field (32) was complemented
with parameters describing the platinum coordination sphere
(37-39). A structure was recorded after each picosecond
leading, by the end of the simulation, to 10 000 snapshots.
The Pt-Pt distances (in angstroms) were measured, using
the CARNAL module of AMBER 7.0, for the 10 000
structures isolated during the 10 ns molecular dynamics
simulations.

Construction and Molecular Dynamics Simulations of the
Antiparallel and Parallel Structures Cross-Linked by trans-
BisPt(2) and trans-BisPt(6), RespectiVely.The atomic charges
for the two dinuclear platinum complexes [{trans-Pt(NH3)2-
(Guo)}2H2N(CH2)nNH2]4+ (n ) 2 and 6) were derived from
a density functional theory calculation on the 9-methylgua-
nine derivative [{trans-Pt(NH3)2(9-Me-Guo)}2H2N(CH2)-
nNH2]4+, employing the B3LYP hybrid functional imple-
mented in Gaussian 03 (35); the LANL2DZ pseudopotential/
pseudoorbital basis set was used for Pt and the all-electron
3-21G* basis set for the other atoms. The atomic charges
were determined from fits to the electrostatic potentials using
the Merz-Kollman routine (36); charges of chemically
identical atoms were averaged.

The cross-linked antiparallel and parallel structures were
derived from starting structures of PDB entries 143D and
1KF1, respectively, by on-screen manipulations using VMD
(33) combined with simulating annealing and energy mini-
mization techniques using AMBER 7.0 (30).
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The MD simulations in implicit solvent were carried out
as described for AG3(T2AG3)3 except that the parm98 force
field (32) was extended to account for platinum-guanine
coordination, as described by Herman et al. (40) and
Elizondo-Riojas et al. (41). The four improper torsion angle
terms used to parametrize the bending of the Pt-N7 bonds
out of the guanine planes (40) were reduced according to
the method of Chval and Sˇ ı́p (42) to account for guanine
puckering. A structure was recorded after each picosecond
leading, by the end of the simulation, to 10 000 structures.
Finally, the average structures of the cross-linked antiparallel
and parallel structures were obtained from the 10 000
snapshots. These structures were fully minimized without
any restraint with the GB model until a norm of the energy
gradient ofe0.1 was achieved. Panels A and B of Figure
10 were generated using VMD (33).

RESULTS

Determination of the Type of Adduct after Platination of
AG3(T2AG3)3 Folded in the Presence of Na+ or K+ Cations,
by Dinuclear Platinum Complexes trans-BisPt(2) and trans-
BisPt(6).AG3(T2AG3)3 was first folded in the presence of
50 mM Na+ or K+. It was then reacted withtrans-bisPt(2)
or trans-bisPt(6) in a 1:1.2 ratio. Products of the platination

reaction were separated on denaturing gels (Figure 2, lanes
c, d, f, and g). The products of platination were analyzed by
MALDI-TOF mass spectrometry (Table 1). Bands 1 and 2
(each being 35-50% of the starting material) contained one
trans-bisPt bound per oligonucleotide, whereas the other
bands (including band 3) consisted of a mixture of oligo-
nucleotides bearing one or twotrans-bisPt complexes. They
migrated as a function of their charge (additional 4+ charge
per trans-bisPt), mass (one or twotrans-bisPt complexes),
and the possible presence of a cross-link between remote
purines in the sequence. It has been previously shown that
a cisplatin chelate of two adjacent purines or a monoadduct
bound to one purine has a retarded migration, whereas a
cisplatin chelate of two remote purines accelerates the
migration of platinated oligonucleotides (19, 29). The two
trans-bisPt complexes can form three types of adducts: a
monoadduct, a bifunctional cross-link between two adjacent
purines (i.e., 1,2 or 1,3 GG cross-links) as already shown
for the double-stranded DNA (27, 28), or a bifunctional
cross-link between two purines remote in the primary
sequence but close enough in the three-dimensional quadru-
plex structure.

We have examined the nature of the adducts obtained from
the platination of AG3(T2AG3)3 by trans-bisPt by comparing

FIGURE 2: Denaturing gel electrophoresis (20% acrylamide) of AG3(T2AG3)3 (lane a) and the products of platination of AG3(T2AG3)3 by
[Pt(H2O)NH3)3]2+ (lane b), bytrans-bisPt(2) in Na+ solution (lane c), bytrans-bisPt(2) in K+ solution (lane d), bytrans-bisPt(2) on the
double strand of AG3(T2AG3)3 (lane e), bytrans-bisPt(6) in Na+ solution (lane f), bytrans-bisPt(6) in K+ solution (lane g), and bytrans-
bisPt(6) on the double strand of AG3(T2AG3)3 (lane h).

Table 1: MALDI-TOF Mass Spectrometry of the Products of AG3(T2AG3) Platinated bytrans-BisPt(2) andtrans-BisPt(6) in Na+ or K+

Solution, Separated by Gel Electrophoresis

platinum complex platinated producta mass found mass calcd for AG3(T2AG3)

none 0 7043.9 7046.59 with 0 complexes bound
trans-bisPt(2) 1 7563.3 7564.59 with 1 complex bound

2 7559 7564.59 with 1 complex bound
3 7573 7564.59 with 1 complex bound

8079 8082.59 with 2 complexes bound
4 7501.8 7496.59 with 1 complex bound (-4NH3)b

trans-bisPt(6) 1 7625 7620.59 with 1 complex bound
2 7613 7620.59 with 1 complex bound
3 7621 7620.59 with 1 complex bound

8194 8194.59 with 2 complexes bound
4 7558.89 7552.59 with 1 complex bound (-4NH3)b

[Pt(H2O)(NH3)3]2+ 5 7044.3 7046.59 with 0 complexes bound
6 and7 7281.3 7275.59 with 1 complex bound (-NH3)b

8 7473.2 7470.59 with 2 complexes bound (-4NH3)b

a The number of the platinated product is the one used for the bands isolated from the gel of Figure 2.b In mass spectrometry, it is common for
platinum complexes to lose one (or more) NH3 during the analysis (57, 58).

10624 Biochemistry, Vol. 44, No. 31, 2005 Ourliac-Garnier et al.



their migration to those of two known platinum adducts:
cross-links oftrans-bisPt between two adjacent guanines in
duplex DNA (lanes e and h in Figure 2) and monoadducts
of the monofunctional platinum complex [Pt(H2O)(NH3)3]2+

(lane b in Figure 2). In the first control experiment, AG3(T2-
AG3)3 was annealed with its complementary strand to form
the double strand. It has already been shown that the presence
of the complementary strand of AG3(T2AG3)3 favored the
double strand over its quadruplex structure at the salt
concentration used for the platination reactions (43). The
double strand was then platinated bytrans-bisPt(2) andtrans-
bisPt(6) in a 1:1.2 ratio to obtain 1,2 or 1,3 cross-links of
trans-bisPt between two guanines (27, 28). One major
platination product was obtained (band 4, lanes e and h).
MALDI-TOF mass spectrometry (Table 1) indicated that one
trans-bisPt was bound per oligonucleotide. All 12 guanines
were partially platinated (see Experimental Procedures).
These results indicated that band 4 was a mixture of AG3(T2-
AG3)3 cross-linked by trans-bisPt at different guanine
positions. Products from band 4 migrated much more slowly
than products from bands 1 and 2, suggesting that the

oligonucleotides from bands 1 and 2 were not cross-linked
in a similar manner bytrans-bisPt. In another control
experiment, AG3(T2AG3)3 was reacted with 2 equiv of the
monofunctional [Pt(H2O)(NH3)3]2+ complex and was then
migrated on a denaturing gel (Figure 2, lane b). Because
trans-bisPt complexes consist of two [Pt(NH3)3]2+ entities
linked by a short alkyl chain, the migration of a monoadduct
of trans-bisPt(2) andtrans-bisPt(6) should be similar to that
of AG3(T2AG3)3 bearing two [Pt(NH3)3]2+ moieties. The
platination reaction by [Pt(H2O)(NH3)3]2+ led to three
platinated products: bands 6 and 7 contained one [Pt-
(NH3)3]2+ bound per oligonucleotide, whereas the platinated
oligonucleotides isolated from band 8 contained two [Pt-
(NH3)3]2+ moieties bound per oligonucleotide. Products from
band 8 migrated more slowly than products from bands 1
and 2, suggesting that products from bands 1 and 2 were
not monoadducts oftrans-bisPt complexes.

In conclusion, the faster gel migration of the platinated
products from bands 1 and 2 compared to the migration of
the products cross-linked between two adjacent purines (band
4) and of the products bearing two [Pt(NH3)3]2+ moieties

FIGURE 3: Denaturing gel electrophoresis of the DMS/piperidine cleavage of AG3(T2AG3)3 (a), of the platinated product of band 1 from
reaction of AG3(T2AG3)3 with trans-bisPt(2) in Na+ (b), of the platinated product of band 1 from reaction of AG3(T2AG3)3 with trans-
bisPt(6) in Na+ (c), or in K+ (d). Lane 1 shows DMS/piperidine treatment and lane 2 piperidine treatment. The percentage of protection of
cleavage was calculated for each guanine as{[% of cleavage of nonplatinated AG3(T2AG3)3] - [% of cleavage of platinated AG3(T2-
AG3)3]}/[% of cleavage of nonplatinated AG3(T2AG3)3].
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(band 8) indicated that the platinated products from bands 1
and 2 were cross-linked between two remote purines in the
sequence. This result was relevant to the cross-linking of a
quadruplex structure of AG3(T2AG3)3. This was confirmed
by the fact that, if the platination reaction had occurred on
the unfolded form of AG3(T2AG3)3, all the N7 atoms would
have been accessible and susceptible to platination; therefore,
only cross-links between two adjacent guanines or monoad-
ducts would have been formed, and the platinated products
would have migrated as in band 4 or 8.

The platination reactions were also performed in the
presence of 10 mM Na+ at 43°C or 100 mM K+ at 37°C
which were the conditions used to analyze the folding of
AG3(T2AG3)3 by single-FRET measurement (21). The same
platination profiles as shown in Figure 2 were obtained.

Identification of Platinum Binding Sites and Identification
of Platinum Cross-Links.Platinum cross-links were deter-
mined only for products from bands 1 and 2 that indicated
the trapping of a quadruplex structure. Their platination sites
were identified. They were the same whatever the salt
concentration (10-100 mM) and the temperature of the
platination reaction (37-43 °C). The cross-links were
determined from the quantification of platinated bases and
were confirmed by using N7-deazaguanines which are no
longer platinum binding sites. They were then attributed to
the parallel or antiparallel structures considering the position
of the platinum binding sites within the two structures and
the distance between the two platinum atoms.

Platination of AG3(T2AG3)3 by trans-BisPt(2) in Na+ or
K+ Solution.The identification of the platinum binding sites
of the cross-links from band 1 (lanes c and d of Figure 2)
was first performed using DMS, a probe of free N7-guanine.
As the N7-platinated guanines are no longer reactive toward
dimethyl sulfate (DMS), the platinated sites could be deduced
from the absence or reduction of the extent of cleavage at
these positions (29). G10 and G22 of the products from band
1 were protected from DMS/piperidine cleavage with 60%
efficiency (Figure 3), indicating that 60% of AG3(T2AG3)3

was platinated on G10 and/or G22. Two bases involved in
the same platinum cross-link were protected with the same
efficiency; therefore, our results suggested that the G10-
G22 cross-link was the major cross-link oftrans-bisPt(2).
Whether this cross-link was compatible with the parallel or
antiparallel structure (Figure 1) will be discussed below.

The formation of a G10-G22 cross-link has been further
confirmed by using a modified AG3(T2AG3)3 sequence in
which G10 or G22 was replaced with N7-deaza-G, which
are no longer platination sites. Therefore, the replacement
of a guanine with N7-deaza-G prevents the formation of the
platinum cross-link involving this guanine. These oligo-
nucleotides were still able to fold in quadruplex structure as
checked by their accelerated migration in nondenaturing gel
electrophoresis (Figure 4) and the protection of their guanines
to DMS/piperidine cleavage in Na+ or K+ solution (Figure
1 of the Supporting Information). This result indicated that
the replacement of the N7 with C7 had no influence on the
formation of the quadruplex, even if it impedes the formation
of one of the eight hydrogen bonds from an external
G-quartet. This result was in accordance with experiments
showing that the replacement of one guanine of a G-quartet
with inosine (deletion of the NH2 group of the guanine
involved in one hydrogen bond of the G-quartet) did not

prevent the formation of a quadruplex structure (44, 45).
When AG3(T2AG3)3 containing either N7-deaza-G10 or N7-
deaza-G22 was incubated withtrans-bisPt(2) in Na+ or K+

solution (lanes b, c, e, and f of Figure 5), a weaker or no
band 1 was detected, indicating that the G10-G22 cross-
link was the major platinum cross-link of band 1. The
absence of the G10-G22 cross-link was not due to the
unfolding of the quadruplex structure because the remaining
bands 1 and 2 were still formed. Otherwise, all the platinated
products would have migrated like bands 4 and 8 (Figure
2).

An exonuclease digestion was necessary for the identifica-
tion of minor platination sites of the products from band 1.
As the oligonucleotides were 5′-labeled, the 3′-exonuclease
was used. It stopped its digestion at each platinated site (19).
One digested fragment was obtained for each stop of
digestion. The digested fragments were purified on gel
(Figure 6A). Their migration depends on their size, but as it
was influenced by the presence of a platinum complex, the
fragments were deplatinated. They migrated again on an
electrophoresis gel to determine their size from which the
platination site was deduced (Figure 6B). It is noteworthy
that mononucleotide A1 (band VI of Figure 6A) and
dinucleotide A1G2 (band V of Figure 6A) bearing thetrans-
bisPt migrated more slowly than AG3(T2AG3)3. This was due
to the presence of the 4+ charge of the platinum complex
on a very short oligonucleotide: indeed, it has been shown
that the major contribution to the electrophoretic mobility
of very short oligonucleotides (fewer than four nucleotides)
is their charge and not their length (46). This phenomenon
has already been observed for short platinated RNA oligo-
nucleotides and for digested platinum adducts of cisplatin
on AG3(T2AG3)3 (19, 47). The 3′-exonuclease digestion of
the oligonucleotides from band 1 gave six platinated frag-
ments (Figure 6A) identifying, after their deplatination, the
following platination sites: A1, G2, G10, A19, G20, and

FIGURE 4: Nondenaturing gel electrophoresis (12% acrylamide) of
AG3(T2AG3)3 containing N7-deaza-G22 (lane a), AG3(T2AG3)3
containing N7-deaza-G20 (lane b), AG3(T2AG3)3 containing N7-
deaza-G10 (lane c), AG3(T2AG3)3 containing N7-deaza-G8 (lane
d), AG3(T2AG3)3 (lane e), and AG3(T2AG3)3 containing N7-deaza-
G15-G21 (lane f). The latter cannot fold anymore.
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G22 (Figure 6B). It has been concluded that the following
cross-links were formed: G10-G22 as the major one in
accordance with the DMS/piperidine treatment and two

minor A1-A19 and G2-G20 cross-links that were deduced
(and/or G2-A19 and A1-G20). The A1-G2 and A19-
G20 cross-links were not considered possible cross-links in

FIGURE 5: Denaturing gel electrophoresis (20% acrylamide) of the platination products bytrans-bisPt(2), in Na+ solution of AG3(T2AG3)3
(lane a), of AG3(T2AG3)3 containing N7-deaza-G22 (lane b), and of AG3(T2AG3)3 containing N7-deaza-G10 (lane c) or in K+ solution of
AG3(T2AG3)3 (lane d), of AG3(T2AG3)3 containing N7-deaza-G22 (lane e), and of AG3(T2AG3)3 containing N7-deaza-G10 (lane f).

FIGURE 6: (A) Denaturing gel electrophoresis of the 3′-exonuclease digestion of the platinated products obtained from reaction of AG3(T2-
AG3)3 with trans-bisPt(2), in Na+ or K+ solution (band 1, lanes c and d of Figure 2). The digestion reaction was conducted with different
enzyme dilutions: lane a, no enzyme; lane b, 0.04 unit of enzyme/µL; and lane c, 0.008 unit of enzyme/µL. Lane d corresponds to the
partial digestion of nonplatinated AG3(T2AG3)3, with an enzyme dilution of 0.001 unit/µL; it gives the reference scale for the migration of
the platinated digested fragments. (B) Denaturing gel electrophoresis of the fragments of digestion (in Roman numerals) after deplatination
by NaCN. The numbered purines correspond to the digestion arrests.
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band 1 because they would have migrated like band 4 that
contains cross-links between adjacent purines.

The platinated products from band2 (lanes c and d of
Figure 2) were treated with DMS/piperidine and exonuclease
digestion. G2 and G14 were protected from the DMS/
piperidine cleavage with 40% efficiency, suggesting that the
G2-G14 cross-link was the major cross-link. This result was
confirmed by the 3′-exonuclease digestion of the oligonucle-
otides from band 2 which resulted in two digested products
(Figure 7A, and Figure 2 of the Supporting Information)
identifying G2 and G14 as platination sites and the G2-
G14 cross-link as the major cross-link of band 2.

Platination of AG3(T2AG3)3 by trans-BisPt(6) in Na+

Solution.The platinated products from band 1 (lane f of
Figure 2) were treated with DMS/piperidine and 3′-exonu-
clease digestion. G10 and G22 were protected from DMS/
piperidine cleavage with 60% efficiency, indicating that 60%
of the oligonucleotides were cross-linked between G10 and
G22 (Figure 3). The major G10-G22 cross-link was
confirmed by using AG3(T2AG3)3 containing either N7-deaza-
G10 or N7-deaza-G22. No G10-G22 cross-link was formed
when either of these two modified oligonucleotides was
platinated withtrans-bisPt(6): no band 1 or a weaker one
was detected. The 3′-exonuclease yielded approximately six
products of digestion, identifying G2, G8, G10, G14, G20,
and G22 as platination sites (Figure 7B, and Figure 4 of the
Supporting Information). It has been concluded that the
following cross-links were formed: G10-G22 as the major
one in accordance with the DMS/piperidine treatment and
G8-G20 and G2-G14 as the minor ones. The attribution
of these minor cross-links was confirmed by the platination
of AG3(T2AG3)3, whose G8, G14, and G20 were replaced
with their corresponding N7-deaza-G. All these modified
oligonucleotides were able to fold in quadruplex structure
as shown by their accelerated migration, like the nonmodified
AG3(T2AG3)3 on nondenaturing gel electrophoresis (Figure
4) and the protection of the guanines from cleavage by DMS/
piperidine (Figure 1 of the Supporting Information). Band 1
was formed wherever the N7-deaza-G was placed in AG3(T2-
AG3)3, and the 3′-exonuclease digestion of the products
contained in band 1 still revealed the major presence of a
G10-G22 cross-link. However, when AG3(T2AG3)3 was
modified at N7-deaza-G14, G2 was not detected as a
platination site of the oligonucleotides from band 1; therefore,
the G2-G14 cross-link was not detected. When AG3(T2-
AG3)3 was modified at N7-deaza-G8 or N7-deaza-G20, G20
or G8, respectively, was no longer a platinum site of the
oligonucleotides from band 1 and the G8-G20 cross-link
was not detected.

Platination of AG3(T2AG3)3 by trans-BisPt(6) in K+

Solution.G8 and G20 of the platinated products from band
1 (lane g of Figure 2) were protected from DMS/piperidine
cleavage with 60% efficiency, indicating that the major
platination product was the G8-G20 cross-link (Figure 3).
Furthermore, in the presence of AG3(T2AG3)3 containing N7-
deaza-G8 or N7-deaza-G20, the G8-G20 platinum cross-
link was not detected (no band 1 or weaker one). The 3′-
exonuclease digestion of band 1 resulted in six fragments
(Figure 7C, and Figure 4 of the Supporting Information),
identifying A1, G2, G8, G10, A19, and G20 as platination
sites. They were involved in the three following platinum
cross-links: G8-G20, the major one in accordance with

FIGURE 7: Denaturing gel electrophoresis of the fragments (in
Roman numerals) from the 3′-exonuclease digestion of the plati-
nated products of AG3(T2AG3)3 from reaction withtrans-bisPt(2),
in Na+ and K+ solution (A) (band 2, lanes c and d of Figure 2),
and with trans-bisPt(6), in Na+ (B) (band 1, lane f of Figure 2)
and in K+ (C) (band 1, lane g of Figure 2). The digestion reaction
was conducted with different enzyme dilutions: lane a, no enzyme;
lane b, 0.04 unit of enzyme/µL; lane c, 0.008 unit of enzyme/µL;
and lane d, 0.001 unit of enzyme/µL. The numbered purines
correspond to the digestion arrests. They were determined from
the migration of the corresponding fragments after deplatination
by NaCN (see Figures 2-4 of the Supporting Information). The
partial digestion of AG3(T2AG3)3 (lane d) gives the reference scale
for the migration of the platinated digested fragments.
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DMS/piperidine treatment, G2-G10, and A1-A19. A1-
G2 and G10-A19 cross-links were not taken into account
because the A1-G2 cross-link would have migrated like
band 4 that contains cross-links between adjacent purines.
Besides, the G10-A19 cross-link is not compatible with
either of the two structures. No clear inhibition of cleavage
by DMS/piperidine treatment was observed for the oligo-
nucleotides from band2 (lane g of Figure 2), indicating either
that the platination sites were the adenines or that each
comigrating product represents less than 15% of the total
amount of oligonucleotides. The 3′-exonuclease digestion of
the platinated products from band 2 resulted in nine frag-
ments identifying the following platination sites: A1, G2,
A7, A13, G14, G16, A19, G20, and G22. As these cross-
links were obtained only in the presence of K+, we
hypothesized that they were only formed on the parallel
structure, including many A-A and A-G cross-links.
However, because of the great number of platination sites,
it was difficult to determine the nature of each cross-link.

Attribution of Platinum Cross-Links to a Structure and
EVidence of the Presence of the Parallel Structure in
Solution.Therefore, the platination reactions of AG3(T2AG3)3

by the two trans-bisPt complexes in Na+ or K+ solutions
led therefore to the formation of six cross-links that indicated
the trapping of a quadruplex structure in solution because
they involved remote but not adjacent guanines in the
sequence. Considering the position of the purines within the
two structures and the distances between the two platinum
atoms of trans-bisPt complexes, we could deduce which
quadruplex structure had been cross-linked. G10-G22, G2-
G14, and G8-G20 cross-links could be interpreted on both
the parallel and antiparallel structures (Figure 1), whereas
the G2-G10 cross-link could only be formed on the
antiparallel structure and G2-G20 and A1-A19 cross-links
only on the parallel structure (Table 2 and Figure 8).
Therefore, the cross-linking of the parallel structure high-
lighted the meaningful existence of the parallel structure in
solution. The attribution of the G10-G22, G2-G14, and
G8-G20 cross-links to one of the two structures needed
further investigation. To this aim, we have checked the
accessibility of guanines of both structures to the mono-
functional platinum complex [Pt(H2O)(NH3)3]2+ and to
dimethyl sulfate, and we also used molecular dynamic
simulations.

Identification of the First Platination Sites: Comparison
between the ReactiVity of Guanines toward [Pt(H2O)-

(NH3)3]2+ and Dimethyl Sulfate.The surprising point of these
results was that some guanines were platinated. Since their
N7 atom was expected to be involved in hydrogen bonds of
G-quartets, they should not have been platination sites any
longer. To determine the first platination sites, AG3(T2AG3)3

was platinated, in the presence of Na+ or K+, by the
monofunctional [Pt(H2O)(NH3)3]2+, and the products of
monoplatination (band 7, lane b in Figure 2) were analyzed
using 3′-exonuclease digestion. G8, G10, A13, G14, G20,
and G22 were found to be platinated, indicating that they
were the purines most accessible to platinum complexes. In
a parallel experiment, DMS was used to detect the acces-
sibility of the different guanines. DMS methylates the N7

atoms of guanines and is widely used as an indicator of
quadruplex structures because it can detect which guanines
are involved in a G-quartet (9, 48). AG3(T2AG3)3 was treated
with DMS, followed by piperidine cleavage, under the same
incubation conditions as [Pt(H2O)(NH3)3]2+, of water or Na+

or K+ solution. When AG3(T2AG3)3 was folded in the
presence of K+, all the guanines were protected from the
cleavage by DMS/piperidine treatment, while in the presence
of Na+, all the guanines were protected from DMS, except
G10, G14, and G22 which appeared to be less protected:
they were cleaved in a small amount compared to AG3(T2-
AG3)3 in water (Figure 5 of the Supporting Information).
These results were in accordance with the first platination
sites identified by [Pt(H2O)(NH3)3]2+ but showed that DMS
was less sensitive to the detection of the slipping of the
guanines than platinum complexes. It was then necessary to
understand why the N7 atoms of some guanines located in a

Table 2: Platinum Cross-Links of AG3(T2AG3)3 Folded in Na+ or K+ Solution bytrans-BisPt(2) andtrans-BisPt(6) Formed on the Parallel and
Antiparallel Quadruplex Structuresa

trans-bisPt(2)
Pt-Pt distances of 5.3-7.6 Å

trans-bisPt(6)
Pt-Pt distances of 7.8-12.4 Å

Na+ K+ Na+ K+ structure N7-N7 distance (Å)

G10-G221 G10-G221 G10-G221 antiparallel top 6.2-9.3
G2-G142 G2-G142 G2-G141 antiparallel top 7.2-8.7

G8-G201 G8-G201 parallel top 10.5-12
G2-G201 G2-G201 G2-G202 paralleltop 6.5-8.5

G2-G101 antiparalleltop 6.2-9.8
A1-A191 A1-A191 A1-A19,1 A-A,2 and A-G2 parallel >7
a The major cross-links are indicated in bold. The bases in italics are the ones in which N7 or N1 atoms have been found to be accessible to

platinum complexes in the 10 000 structures isolated from molecular dynamics in implicit solvent without any constraint; the underlined bases are
the most accessible purines. The N7-N7 distances between two purines of the antiparallel and parallel structures were measured on the 10 000
isolated structures from molecular dynamics simulations. The superscript numerals indicate that these cross-links were found in bands 1 and 2,
respectively, of Figure 2.

FIGURE 8: Schematic representation of the various platinum cross-
links formed upon reaction of the two quadruplex structures of
AG3(T2AG3)3 with bothtrans-bisPt(2) andtrans-bisPt(6) (red) and
with only trans-bisPt(6) (blue). The major ones are denoted with
asterisks.
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G-quartet were able to be platinated and cross-linked by the
trans-bisPt complexes.

Molecular Dynamics Simulations in Implicit SolVent of
Antiparallel and Parallel Quadruplex Structures of AG3-
(T2AG3)3: Attribution of G10-G22, G2-G14, and G8-G20
Cross-Links to One Structure.Unconstrained molecular
dynamics simulations in implicit solvent were run on the
antiparallel and parallel structures (Figure 1) for 10 ns;
10 000 structures from these dynamics simulations were
isolated. The surface accessible to platinum has been
analyzed for each nucleophilic atom (N7 of guanines and
N7 and N1 of adenines) of each of the 10 000 snapshots and
was calculated with a spherical probe with a van der Waals
radius of 4.9 Å corresponding to the hydratation form of a
platinum atom (34). The data were recorded as a function
of time (Figure 6 of the Supporting Information). The
analysis of the plots allowed us to distinguish the N7 atoms
of the following purines which were accessible to the
platinum complex. For the antiparallel structure, G2, G10,
G14, and G22 are the four guanines belonging to the top
G-quartet, G14 and G22 being the most accessible ones along
with three of the four adenines (A1, A7, and A13). These
results were in accordance with the first platination sites of
AG3(T2AG3)3 depicted with [Pt(H2O)(NH3)3]2+ (G10, A13,
G14, and G22). Figure 9 is a representative snapshot of the
antiparallel and parallel structures isolated from the dynamics
simulations. They clearly show that the top G-quartet located
at the top of the antiparallel structure, involving G2, G10,
G14, and G22, is disrupted, allowing the N7 atoms of the
different guanines to be platinated and consequently to form
the G10-G22, G2-G14, and G2-G10 cross-links. On the
contrary, the bottom G-quartet was stable during molecular
dynamics simulations, indicating that the G8-G20 platinum
cross-link cannot be formed on the antiparallel structure,
whereas on the parallel structure, G20 and A1 are found to

be the most accessible purines by molecular dynamics
(Figure 6 of the Supporting Information). G20 has also been
found to be accessed by [Pt(H2O)(NH3)3]2+. G20 slipped out
of the top G-quartet, whereas G2, G14, and G8 formed a
guanine base triplet (Figure 9). The first platination process
should occur on G20, allowing the subsequent formation of
G8-G20 and G2-G20 cross-links. Together with the A1-
A19 cross-link, the formation of these two platinum cross-
links gave evidence of the existence of the parallel structure
in solution.

Assuming that the cross-linking reaction depends on the
distance of the second N7 atom and on the distance of the
second platinum atom, the N7-N7 distances were measured
between the purines of the different cross-links. They were
recorded between G10 and G22, G2 and G14, and G2 and
G10 for the 10 000 structures of the antiparallel structure
and between G8 and G20, G2 and G20, and A1 and A19
for the 10 000 structures of the parallel structure (Table 2).
They were compared to the Pt-Pt distances oftrans-bisPt-
(2) and trans-bisPt(6) that were measured from dynamics
molecular simulations in implicit water without any con-
straint (Table 2). They showed that all the N7-N7 distances
of the G-G cross-links were compatible with the Pt-Pt
distances of either the twotrans-bisPt complexes (G10-
G22, G2-G14, and G2-G20) ortrans-bisPt(6) only (G2-
G10 and G8-G20). Furthermore, the A1-A19 cross-link
was formed only on the parallel structure for which the N-N
distances were>7 Å. No A-A cross-link was formed on
the antiparallel structure for which the distances were<4.5
Å, a distance too short for cross-linking by thetrans-bisPt
complexes.

To evaluate the stability of the two quadruplex structures
cross-linked bytrans-bisPt, we have constructed the G10-
G22 cross-link oftrans-bisPt(2) on the antiparallel structure
and the G8-G20 cross-link oftrans-bisPt(6) on the parallel

FIGURE 9: (A) Stereoview of a snapshot conformation of the antiparallel structure of AG3(T2AG3)3 taken at 8202 ps from the 10 ns length
MD simulation in implicit solvent. (B) Stereoview of a snapshot conformation of the parallel structure of AG3(T2AG3)3 taken at 1233 ps
from the 10 ns length MD simulation in implicit solvent.
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structure and carried out unconstrained molecular dynamics
simulations in implicit solvent for 10 ns on these platinated
structures. Figure 10 clearly shows that the alkyl chain of
the dinuclear platinum complexes is sufficiently long to
cross-link two guanines without inducing a deformation or
a destabilization of the overall quadruplex structures.

In summary, the cross-linking experiments of AG3(T2-
AG3)3 by the two trans-bisPt complexes in Na+ or K+

solutions indicate that the parallel and antiparallel structures
actually coexist in solution containing either Na+ or K+. It
is noteworthy that only the guanines belonging to the top
G-quartet of the two structures were the major platination
sites. These guanines have been shown, by molecular
dynamics simulations, to slip out of the G-quartet, thus
rendering their N7 atom accessible to platinum complexes.

DISCUSSION

The aim of our work was to demonstrate the meaningful
existence of the parallel structure of AG3(T2AG3)3 in solution.
The folding of AG3(T2AG3)3, in the presence of Na+ or K+

ions, was investigated using the two dinuclear platinum
complexes [{trans-PtCl(NH3)2}2H2N(CH2)nNH2]Cl2 (n ) 2
and 6),trans-bisPt(2) andtrans-bisPt(6). The parallel and
antiparallel structures (Figure 1) cannot form the same cross-
links because of the different positions of the purines in the
G-quartets and loops. Therefore, characterization of the cross-
links formed with platinum complexes in solution allowed
the predominant conformation(s) to be identified. Three
platinum cross-links have been identified on the parallel
structure, and three others have been identified on the
antiparallel structure whatever the nature of the cation in
solution (Figure 8 and Table 2). These cross-links gave
evidence that the parallel structure exists in solution in

meaningful proportions. Moreover, they showed that the
parallel structure is not exclusively formed in K+ solution
but that it also exists in Na+ solution. They also confirmed
the existence of the antiparallel structure in the presence of
both cations as previously reported from cross-linking
experiments of AG3(T2AG3)3 with the mononuclear platinum
complexescis- andtrans-[Pt(NH3)2(H2O)2](H2O)2 (19). They
are in agreement with the recent results of125I radioprobing
data, published during the preparation of this paper, dem-
onstrating the presence of the antiparallel and parallel
conformations in solution in the presence of both K+ and
Na+ (49).

These results lead to the conclusion that the antiparallel
and parallel structures can correspond to the two stable
conformations of AG3(T2AG3)3 which were previously
demonstrated to be in equilibrium using single-molecule
FRET dynamics studies (21) and/or correspond to the two
foldings of AG3(T2AG3)3 observed by Raman and UV
spectroscopy (18). Usingtrans-bisPt(6) and 50 mM cations,
we showed that the parallel structure is mainly formed in
the presence of K+, whereas the antiparallel structure is
mainly formed in the presence of Na+. However, we were
not able to change the proportion between the two structures
significantly, using higher K+ concentrations or lower Na+

concentrations, as used in the single-molecule FRET experi-
ments (21). As our platination reactions were performed at
100 µM, 2 × 106 times higher than in the single-molecule
FRET experiment (50 pM), intermolecular interactions may
modify the equilibrium. Furthermore, the coexistence of the
parallel and antiparallel structures in solution is consistent
with the finding that the two-repeat telomeric sequence
(TAG3)2T forms interconverting parallel and antiparallel
G-quadruplexes in solution (50). However, a mechanism for

FIGURE 10: Stereoview of the average energy-minimized structures from 10 ns length MD simulations in implicit solvent of the antiparallel
structure cross-linked bytrans-bisPt(2) between G10 and G22 (A) and of the parallel structure cross-linked bytrans-bisPt(6) between G8
and G20 (B).
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the structural transition from the antiparallel to the parallel
quadruplex remains to be investigated.

It is noteworthy that most platinum cross-links involve
two guanines despite the expected involvement of their N7

atoms in hydrogen bonding. The unexpected reactivity of
some guanines was interpreted by molecular dynamics
simulations showing a disruption of hydrogen bonds, within
the top G-quartet, followed by the rotation of the guanines
out of the G-quartet. The existence of such conformations
has already been observed for other quadruplex structures.
A disruption of hydrogen bonds within an external G-quartet,
analogous to the antiparallel structure of AG3(T2AG3)3

(Figure 10A), has been described for the quadruplex of
(G4T4G4)2 in the presence of Ca2+ (51, 52), and the G-triad
observed on the parallel structure of AG3(T2AG3)3 (Figure
10B) has been proposed as a possible intermediate in the
process of quadruplex folding (53).

The top G-quartet of the antiparallel structure can be
completely disrupted, whereas the top G-quartet of the
parallel structure can lose one guanine and subsequently form
a G-triad. These results suggest that a transversal loop
(identical to the T11T12A13 sequence of the antiparallel
structure) can disrupt the adjacent outer G-quartet, whereas
a double lateral loop (identical to the T5T6A7 and T17T18A19

sequences of the antiparallel structure) or double reversal
loops positioned alongside the grooves (on the parallel
structure) cannot. It has been found that the stability of the
human telomeric quadruplexes, checked by its melting
temperature, was increased by 12°C in the presence of K+

compared to Na+ (54). This difference has been previously
attributed to the ionic radius and the free energies of
hydration of the cation because full dehydration of the cation
is required for coordination of O6 (55). On the basis of the
relative stability of the top G-quartet of the two structures,
we may now suggest that the stability of a quadruplex
structure might also depend on the stability of outer G-
quartets which is correlated with the geometry of the adjacent
loops. Moreover, from recent NMR structural analyses of
two dimeric quadruplexes of (TG4T)2, it has been suggested
that the stabilization contribution of the G-quartet core
(through the syn/anti distribution of the guanines) is probably
much larger than those of the loops (56). Our results do not
confirm this hypothesis because they indicated that the top
and bottom G-quartets of the antiparallel structure do not
show the same stability despite their similar guanine ar-
rangement (syn/syn/anti/anti).

Finally, our cross-linking experiments showed that plati-
num complexes are good tools for the trapping of quadruplex
structures: as expected, the cross-links depend on the number
of platinum atoms (mono- or dinuclear) and on the length
of the alkyl chain linking the two platinum atoms of the
dinuclear complexes. They could also be used in the detection
of the transient free N7 atoms of guanines, whereas DMS is
less sensitive.

In conclusion, as the dinuclear platinum complexes can
promote long-range cross-links, they are able to cross-link
the two quadruplex structures of the human telomeric
sequence AG3(T2AG3)3 whereas the mononuclear platinum
complexes are able to cross-link the antiparallel structure
only. The cross-linking experiments have also emphasized
the flexibility of the two structures, because some guanines
can reversibly leave the quartet plane, thus rendering their

N7 atom accessible to platinum complexes. From a biological
point of view, these cross-links might lead to the inhibition
of the telomerase.
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