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We demonstrate here that 8-amino guanine (R) strongly accel-

erates quadruplex formation, which makes this nucleobase the

most attractive replacement for guanine in the context of

tetramolecular parallel quadruplexes.

G-Quadruplexes are a family of four-stranded DNA struc-

tures stabilized by guanine quartets. These structures have a

low tolerance for non-guanine quartets which are rather

formed by virtue of the docking platform provided by neigh-

boring G-quartets. Few exceptions have been found. We

demonstrate here that 8-amino guanine (R, Fig. 1) strongly

accelerates quadruplex formation, which makes this nucleo-

base the most attractive replacement for guanine in the context

of parallel quadruplexes.

We recently analysed the impact of a number of base

analogs on parallel-stranded, tetramolecular quadruplex for-

mation.1 Most guanine substitutions are tolerated at best and

are only formed thanks to the docking platform provided by

neighboring G-quartets. Exceptions to this ‘‘guanine only’’

rule are guanine analogs modified at position 8.1–3 Given the

position of that substituent, which does not perturb the cyclic

arrangement of H-bonds but favors the syn sugar base con-

formation, we wondered what would be the effect of other

substituents at this position. 8-Amino guanine was previously

found to stabilize triplexes4 but destabilize quadruplexes5

when inserted in the position 1 of an intramolecular quad-

ruplex. Following suggestions derived from preliminary theo-

retical calculations we decided to evaluate the effect of

8-amino guanine when inserted in the internal region of a

parallel G-quadruplex.

Evidence for quadruplex formation with 8-amino G-contain-

ing sequences. Electrophoresis was used to evidence quadru-

plex formation (Fig. 2A). In native acrylamide gels, migration

of the unmodified G4-DNA structure is characterized by a

slight migration delay as compared to single-strands. By

replacing each G in d(TG4T) or d(TG5T) sequences with R,

we observed different migrations for structured and single-

stranded forms.

Circular dichroism (CD) provided additional evidence for

modified G4-DNA formation. CD spectra of all sequences are

characterised by a negative peak at 242 nm, and a positive

peak at 263 nm (Fig. 2B), referenced as ‘‘type 1 spectrum’’ in

the literature. Isothermal difference spectra (IDS) of both

modified and unmodified sequences were also characteristic

for G4-DNA formation with two positive peaks at 240 and

273 nm, and two negative peaks at 260 and 295 nm. The

shapes of these IDS confirm that all sequences form

quadruplexes.

NMR spectra of all unmodified and modified sequences

were consistent with quadruplex formation (see ESI).z In all

cases, guanine imino protons were observed around 11.0–11.5

ppm. These signals were still observed at very high tempera-

tures (475 1C). In general, the modified oligonucleotides

exhibited broader signals than the unmodified ones at low

temperature (5 1C). These signals became narrower at higher

temperatures. The spectra of [d(TGGRGGT)]4 was similar to

unmodified [d(TGGGGGT)]4 and the non-exchangeable re-

sonances could be assigned. On the other hand, there were

significant changes in the NMR spectra of [d(TRGGGGT)]4
and [d(TGGGGRT)]4. Similar effects were observed in the

spectra of [d(TRGGGT)]4 and [d(TGGGRT)]4. The exceeding

Fig. 1 8-Amino guanine (R, left) and schematic representation of the

putative ‘‘R-tetrad’’ formed by the auto association of 4 R (right).
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number of signals, probably due to the presence of minor

species, make difficult the assignment of the NMR spectra of

these modified quadruplexes. As in previously studied struc-

tures containing 8-amino guanines, the signals of the amino

protons at position 8 were not observed in the NMR spectra.

As a consequence, the conformation of their glycosidic angles

could not be determined but, in all sequences, the medium or

weak intensities of the H8-H10 NOEs indicated that the

glycosidic angles of the unmodified guanines were anti.

NMR data were consistent with quantum mechanical calcula-

tions which suggested no difference in the syn/anti free energy

difference between guanine and 8-amino guanine (DDGsyn/anti-

(R–G) = 0.1 kcal mol�1; see supplementary Methodsz). There
also was a clear agreement between NMR and MD simula-

tions, which strongly suggest that minimum changes were

due to the presence of 8-amino guanine in the

quadruplex.

Association of G4 DNA. Association of a G4-DNA, which

may be followed by absorbance, is generally slow and depends

on temperature, oligonucleotide concentration, and nature

and concentration of the monovalent cation.1,6–9 Replacement

of a single G by 8-amino guanine (R) at various positions of

d(TG4T) or d(TG5T) has been tested in this study and results

are presented in Table 1.

In summary:

(1) As for both unmodified sequences, association rate of

any modified sequence depends on the nature of the cation

type: kon(K
+) 4 kon(Na+) 4 kon(NH4

+) and its concentra-

tion kon(K
+ 0.11M) 4 kon(K

+ 0.05M) 4 kon(K
+ 0.01M).

(2) d(TG5T) always leads to faster associations than

d(TG4T), and similar results are found for modified sequences.

For example, kon([d(TRGGGGT)]4) 4 kon([d(TRGGGT)]4).

(3) Replacement at the 50 end is more favorable than at the

30 end, while insertion of R at central position hinders the

association: kon([d(TRGGGGT)]4) 4 kon([d(TGGGGRT)]4)

4 kon([d(TGGRGGT)]4). A similar 50/30 asymmetry was

found for the shorter sequences.

(4) When considering the 50 position, R leads to the fastest

association kinetics among all tested bases, including guanine

and 8-bromo guanine (X). Fig. 3 presents the kinetics of

formation of the control sequence compared to the modified

oligonucleotides. It illustrates the increased rate observed with

the d(TRGGGGT) sequence.

Fig. 2 (A) Tetramolecular quadruplex formation is correlated to the

apparition of slow-migrating bands (full triangle) as compared to

migration of single-strands (open triangle). Results obtained in sodium

conditions with TG4T sequences bearing an R at positions 1, 2, 3 or 4.

Samples ‘‘+’’ were preincubated during 72 h at 4 1C at 100 mM strand

concentration in a 10 mM lithium cacodylate pH 7.2 buffer containing

110 mM NaCl. In parallel, samples ‘‘�’’ were incubated under the

same conditions omitting cations. (B) CD spectra in 10 mM lithium

cacodylate pH 7.2 buffer containing 110 mM NH4Cl.

Fig. 3 Accelerated quadruplex formation with 8-amino guanine.

Acceleration of the association by replacing the first G at 50 end on

TG5T by 8-bromo guanine (X) or 8-amino guanine (R). The three

oligonucleotides have been used at the same concentration: (8.7 �
0.15) mM. Association was followed by absorbance at (3.9 � 0.3) 1C in

a 10 mM lithium cacodylate pH 7.2 buffer with 10 mM KCl +

100 mM LiCl.

Table 1 kon and T1/2 for TG5T and TG4T variantsa

Sequences kon/M
�3 s�1b T1/2(1C)

c

50 ) 30 K+ Na+ NH4
+ K+ Na+ NH4

+

TGGGGGT 2.3 1012 9.8 109 1.1 109 490 490 490
TXGGGGT 1.2 1013 1.1 1011 1.3 1010 490 490 490
TRGGGGT Fast Fast 4.3 1010 490 490 490
TGGRGGT 6.9 1010 8.7 108 Nd Nd Nd Nd
TGGGGRT 3.9 1011 6.5 109 4.5 108 490 490 490
TGGGGXT 2.5 1010 1.9 108 5.4 107 490 490 490
TGGGGT 1.8 1010 3.5 108 1.2 108 490 57.3 74.7
TRGGGT 4.4 1011 1.7 1010 2.1 109 490 45.8 76.6
TGGGRT 2 1010 3.6 108 1.8 107 490 38.2 58.7

a
X and R correspond to 8-bromo-guanine and 8-amino guanine, respectively.

b The association rate (at 4 1C) is provided in M�3 s�1 (assuming fourth order

association kinetics1,6; see a recent discussion in ref. 10) in a 10 mM lithium

cacodylate pH 7.2 buffer supplemented with 110 mM KCl, NaCl or LiCl. Nd:

not done. Fast: formation of the quadruplex is too fast at 110 mM KCl to be

followed under these ionic conditions even at the lowest practical strand

concentration. At 10 mM KCl, association of TRGGGGT is 7-fold and 63-fold

faster than TXGGGGT and TGGGGGT, respectively (not shown). c T1/2 in 1C

correspond to non-reversible apparent melting temperatures and depend on the

temperature gradient (0.5 1C min�1 here). 490: no significant denaturation

occurred during the melting experiment.
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Thermal stability of quadruplexes containing 8-amino

guanine. The thermal stability of preformed quadruplexes

was analyzed by UV-absorbance spectroscopy. An example

of a thermal experiment followed by UV absorbance spectro-

scopy is shown in Fig. 4. Results are presented in Table 1 and

may be summarized as follows:

(1) Temperatures of half-dissociation (T1/2) measured

depend on the heating rate and on the nature of the cation:

T1/2(K
+) 4 T1/2(NH4

+) 4 T1/2(Na+) but weakly on its

concentration.

(2) The R substitution has little or no detrimental effect on

the thermal stability of the quadruplexes. Insertion of R at

central positions in d(TG4T) sequence even leads to an in-

crease in the apparent melting temperature: T1/2[d(TGRG2T)]4
4 T1/2[d(TG4T)]4 4 T1/2[d(TG2RGT)]4 in NaCl.

The lack of destabilization (or even the gain of stability) of

quadruplexes by 8-amino guanine insertion in the middle of

the structure seems in disagreement with previous theoretical

and experimental studies, which found destabilization of the

structure when R replaced one G in a two-step intramolecular

quadruplex.5 In order to solve this apparent paradox, we

performed MD/TI calculations similar to those in ref. 5, but

now considering none, one, or four G to R substitutions at the

2nd step of the [d(GGGG)]4 quadruplex (see supplementary

Methods).z Results showed an important gain of stability

(around 2.4 kcal mol�1) when one guanine is substituted by

one 8-amino guanine, the difference being enlarged to 9.5 kcal

mol�1 when the entire 2nd step is changed to 8-amino gua-

nines, in agreement with experimental measures and in oppo-

sition to what was found previously in the analysis of external

G to R changes. Theoretical calculations therefore support the

marked sequence-dependent effect of the G to R substitution

and the fact that the introduction of the modified nucleotide in

the interior of the G-quadruplex can stabilize the structure.

In order to gain an atomistic description of the reasons that

can justify the gain in stability induced by 8-amino guanine in

the center of the quadruplex, we compared the hydrogen bond,

stacking and ion–nucleobase interaction energies for parent

quadruplexes and those that contained one or four 8-amino

guanines at the 2nd position using our multi-nanosecond

trajectories of the different structures. Results summarized in

supplementary Table S1z clearly illustrate that the driving

force for the stabilization of the quadruplex induced by the G

to R change is the gain in nucleobase–ion interaction energy,

which originates from the better dipole orientation in R (see

supplementary Fig. S7).z As ion density is larger in internal

steps (surrounded by two ions) than for the external ones, the

preference of R for internal positions is easily explained.

Furthermore, our calculations suggest an important depen-

dence of the stabilization effect of R on the nature of the ion

placed inside the central G-channel.

The 8-amino guanine replacement is not universal, as it is

not equally favourable at all positions. Clearly more work is

required to find truly universal guanine analogs.
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sequences and modified at each positions with R.
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