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The dimeric G-quadruplex structures of d(GGGTGGGTGGGTGGGT) (S1) and d(GTGGTGGGT-
GGGTGGGT) (S2), the potent nanomolar HIV-1 integrase inhibitors, were detected by electrospray
ionization mass spectrometry (ESI-MS) for the first time. The formation and conversion of the
dimers were induced by NH4

�, DNA concentration, pH, and the binding molecules. We directly
observed the specific binding of a perylene derivative (Tel03) and ImImIm�Dp in one system��
consisting of the intramolecular and the dimeric G-quadruplexes of the HIV-1 integrase inhibitor,
which suggested that Tel03 could shift the equilibrium to the dimeric G-quadruplex formation,
while ImImIm�Dp induces preferentially a structural change from the dimer to the intramolecular��
G-quadruplex. The results of this study indicated that Tel03 and ImImIm�Dp favor the stabiliza-��
tion of the dimeric G-quadruplex structures. (J Am Soc Mass Spectrom 2008, 19, 550–559) © 2008
American Society for Mass Spectrometry

HIV-1 integrase (IN), a retroviral-encoded en-
zyme, catalyses the integration of proviral
DNA into the host cell chromosomes, which is

a key process for efficient viral replication. Since HIV-1
IN has a very important role in the infection cycle of the
virus [1–6], it is an attractive target for new AIDS
chemotherapeutics [7, 8].
The G-rich oligonucleotides were demonstrated re-

cently to inhibit HIV-1 IN by forming a G-quadruplex
structure in the presence of monovalent cations (M�),
which consists of four-stranded structures stabilized by
G-tetrads (Scheme 1a), [9–14]. One such inhibitor is
T30175, a 17-mer oligonucleotide with a natural phos-
phodiester (PD) backbone. Another version, T30177,
has the same sequence as T30175, but contains two
single phosphorothioate (PT) internucleoside linkages.
T30923 and its homologue with two PT linkages,
T30695, are potent integrase inhibitors. It had been
shown that these G-quadruplexes can inhibit the activ-
ity of HIV-1 integrase with IC50 values in the nanomolar
range [14, 15].
The inhibitory activities of the G-quadruplexes are

related to their properties [11, 12], such as stability and
conversion. In this research, the base sequences of
single-stranded oligonucleotides are 5=-GGGTGGGT-

GGGTGGGT-3= (S1) and (5=-GTGGTGGGTGGGT-
GGGT-3= (S2), two inhibitors of potent nanomolar
HIV-1 integrase [9–14].
The design of a ligand that stabilizes the folded

G-quadruplex structure is extremely important in
HIV-1 integrase inhibition strategy. The success of
G-quadruplex interactive agents as potential drugs or
biological probes depends on their selectivities for G-
quadruplex structures. Consequently, drug design has
focused on the issues of binding affinity, specificity, and
stability of the G-quadruplex. To improve the stability
of the G-quadruplex, the binding molecules were syn-
thesized, such as a perylene derivative (Tel03), poly-
amides (ImImIm�Dp and PyPyPy�� �Dp), and macrocy-��
clic phosphoramidates (Dpku-n, n � 13, 14) (Scheme
1b), and used to explore their function to stabilizing of
the G-quadruplex [16–18].
Here, we report the unusual dimeric G-quadruplexes

of the two HIV-1 integrase inhibitors, which were
detected by ESI-MS [19–30] for the first time and
established some of their properties, in particular their
formation, conversion, recognition, and stabilization.

Experimental

Binding Molecules

Tel03, ImImIm�Dp, and PyPyPy�� �Dp were synthesized��
in our laboratory [31]. Dpku-n (n � 13, 14) were
synthesized by Professor Daming Du [32].
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Oligonucleotides

Single-stranded oligonucleotides were purchased from
AuGCT, Beijing, China, the abbreviations S1 was used
for dGGGTGGGTGGGTGGGT (MW� 5103) and S2 for
dGTGGTGGGTGGGTGGGT (MW � 5407), which had
been demonstrated to inhibit the activity of HIV-1 IN by
forming G-quadruplex structures [9–14]. The oligonu-
cleotides were directly dissolved in deionization water
or ammonium acetate solution, the resulting stock so-
lution was 400 �M DNA. The DNA solution was�
diluted with methanol/water (25:75, vol/vol) before
the electrospray experiment. Methanol was used to
obtain a good spray [33, 34].

Mixing and Binding Assays

Binding molecules were dissolved at a concentration of
100 �M in methanol/water (50:50, vol/vol). A 1.0� �L�
sample of each DNA solution was mixed with 1.0–8.0
�L of binder solution, and then diluted with methanol/�
100 mM ammonium acetate (25:75, vol/vol) to 40 �L�
(final concentration was 10 �M for each DNA)� [33, 34].

Mass Spectrometry

Normal ESI mass spectra were obtained in the nega-
tive-ion mode with a Finnigan LCQ Deca XP Plus ion

trap mass spectrometer (San Jose, CA). The direct
infusion flow-rate was 2.0 �L/min. The electrospray
source conditions were 2.5 kV spray voltage and
120 °C capillary temperature. In all experiments, the
scanned mass range was set at 500–3000 u. Thermal
difference ESI mass spectra were obtained by increas-
ing capillary temperature of the electrospray ion
source from 60 °C to 400 °C. With the capillary tem-
perature of 60 °C as the origin of fits, the normalized
intensities of the G-quadruplex and their 1:1 complex
ions were plotted as a function of temperature,
and the transition curves for the dissociation were
obtained. The MS/MS spectra were obtained by
collision-induced dissociation (CID) after isolation of
the precursor ion, the collision conditions were main-
tained at normalized collision energy of 0% �16%.

Circular Dichroism

The CD spectra of DNA were measured using a J-810
spectropolarimeter (JASCO Ltd., Tokyo, Japan) with a
0.1 cm path-length quartz cell at 25 °C. The concentra-
tion of DNA samples was 10 �M.�

Results and Discussion

Novel Dimeric G-Quadruplexes of HIV-1 Integrase
Inhibitors

The ESI mass spectra of S1 and S2 in methanol/water
(25:75, vol/vol) (Figure 1a and b) show that the most
intense peaks are [S1 � 6H�]6� and [S2 � 6H�]6�,
corresponding to single-strand ions. However, ESI mass
spectra from ammonium acetate solution show the
dominant peaks for two-strand ions with five NH4

�,
such as [2 � S1 � 5NH4

� � 11H�]6� and [2 � S2 �
5NH4

� � 11H�]6� atm/z 1714.1 and 1815.3 for S1 and S2,
respectively (Figure 1c and d).
CD spectra of S1 and S2 were analyzed by titrating

with NH4
� and K� from 0 to 100 mM (Figure 2). In

KCl, NH4OAc and CH3OH/H2O, a positive peak at
264 nm and a negative peak at 240 nm are shown in
the CD spectra for S1 and S2, which confirm the
formation of G-quadruplex by the characteristics
structures with parallel orientation of the strands
[29, 30].
Both CD and ESI-MS results demonstrate the intramo-

lecular G-quadruplex formations in the methanol/water
(25:75, vol/vol) solution, as well as the dimeric G-
quadruplex formations in the 100 mM NH4OAc solu-
tion. Since cations are known to sit between each
G-tetrad layer to stabilize G-quadruplex structure, it
would be reasonable that there are six tetrad layers in
S1 and S2 dimeric G-quadruplexes possessing five NH4

�

ions [27].

Scheme 1. Schematic of a G-tetrad (a) and binding molecules (b).
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Complex of the Dimeric G-Quadruplex and
Binding Molecules

To examine the recognition function of the binding
molecules, perylene derivative (Tel03), ImImIm�Dp,��
PyPyPy�Dp, and macrocyclic phosphoramidates, the��
affinity and stoichiometry were studied by mixing of
the S1 and S2 dimeric G-quadruplex with binding
molecules, respectively, at different concentrations us-
ing ESI-MS. Figure 3 shows the part of mass spectra of
S1 and binding molecules as an example [Dn� denotes
dimeric G-quadruplex ion with �n charges, [D �
mPi]n� denotes 1:m complex ion of the dimeric G-
quadruplex and binding molecule (Pi) with �n charges
(m � 1, 2; n � 5, 6; i � 1, 2, . . . ,5)].
For Tel03 (Figure 3a), the 1:1 complex ion at m/z

1807.3 is the base peak (100%), and the intensity of 1:2
complex ion at m/z 1900.6 is 85%. In the case of
ImImIm�Dp, the base peak is 1:1 complex ion at�� m/z
1802.7, and the free G-quadruplex and 1:2 complex ions
at m/z 1714.1 and 1890.5 have relative intensities of
20% and 58%, respectively (Figure 3b). So Tel03 and
ImImIm�Dp have a clear preference for 1:1 and 1:2��
complexes. In the case of PyPyPy�Dp, the 1:1 complex��
ion at m/z 1801.0 is 61% as intense as the base peak of
the G-quadruplex ion at m/z 1714.0 (Figure 3c). As for

Figure 2. CD spectra of S1 (a) and S2 (b) in (1) methanol/water
(25:75, vol/vol), (2) 100 mM NH4OAc, and (3) 100 mM KCl.

Figure 1. ESI mass spectra of S1 and S2 (a) and (b) in methanol/
water (25:75, vol/vol); (c) and (d) in 100 mM NH4OAc buffer
(pH � 7.0).
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Dpku-13, the trans- side chain isomer, the 1:1 complex
ion with 6� charge state at m/z 1848.0 has relative
intensity of 21% (Figure 3d). However, the intensities of
1:1 and 1:2 complex ions of Dpku-14 (the cis-side chain
isomer) at m/z 1847.3 and 1980.6 are 48% and 21%,
respectively (Figure 3e). Therefore, Dpku-14 is more
suitable for binding the G-quadruplex of S1 than the
Dpku-13. The results for corresponding experiment
with S2 show that Tel03 and ImImIm�Dp have speci-��
ficity with both 1:1 and 1:2 binding stoichiometry
(Figure S1 in Supplementary Material).
The relative binding affinities from 2.5 to 20.0 �M�

binding molecules were examined by ESI mass spec-
trometry. Here, a parameter, IRa (relative intensity ratio
of all complex ions to the sum of free G-quadruplex and
its complex ions in ESI spectrum, subscript “a” in IRa

denote affinity), is used for analysis of the relative
binding affinities of the binding molecules to the
dimeric G-quadruplex.

IRa

�
� Ir (D�Pi)� � Ir (D� 2Pi)� � Ir (D� 3Pi)

� Ir (D)� � Ir (D�Pi)� � Ir (D� 2Pi)� � Ir (D� 3Pi)
� 100%

(1)

where �Ir(D), �Ir(D � Pi), �Ir(D � 2Pi), and �Ir(D �
3Pi) are the total intensities of dimeric G-quadruplexes
(D), 1:1, 1:2, and 1:3 complex ions (D � mPi) with 6�
and 5� charges, respectively.
Table 1 lists the values of IRa at 2.5 �M, 5.0� �M, 10.0�

�M, and 20.0� �M binding molecules to the dimeric�
G-quadruplex. These data show that the order of rela-

Figure 3. ESI mass spectra of 10.0 �M S1 with 5.0� �M binding molecules. (� a) Te103 (P1), (b)
ImImIm�Dp (P2), (�� c) PyPyPy�Dp (P3), (�� d) Dpku-13 (P4), and (e) Dpku-14 (P5).
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tive binding affinities is ImImIm�Dp�� � Tel03 �
PyPyPy�Dp�� � Dpku-14 � Dpku-13.
CID studies on the complex ions of the dimeric

G-quadruplex and binding molecules imply the nature
of binding in molecules (Pi). The MS/MS spectra of the
complex ions, [2 � S1 � Pi � 5NH4

� � 12H�]6� were
obtained at the normalized collision energy of 16%. For
the complex ion of Tel03, the intensity of the fragment
ion with the loss of the binding molecule is only about
10%, and the intensity of the ion by the loss of the
guanine nucleobase is 57%. In the case of ImImIm�Dp,��
the relative intensity of the fragment ion with the loss of
the binding molecule is 71%, much higher than that of
Tel03 (Figure S4 in Supplementary Material). As for
Dpku-13 and Dpku-14, the fragment ions at m/z 1700.5,
with the loss of the binding molecule, could be ob-
served as the dominant peaks in the MS/MS spectra.
According to the CID experiments, the binding be-
tween the dimeric G-quadruplex and Tel03 is more
stable and stronger than that of other binding mole-
cules. This may be due to the conjugate aromatic
system in Tel03, which favors �-stacking with G-
tetrads to stabilize the complexes.

The Gas-Phase Thermostabilization of the Dimeric
G-Quadruplex and Their Complex Ions

To investigate the thermostabilization, ESI mass spectra
were recorded for the analysis of the effect of the
capillary temperature (60 °–400 °C) on the dimeric G-
quadruplex and their complexes. In the range of 60 ° to

80 °C, the dimeric quadruplex is observed as the am-
monium adduct ([2 � S1 � 5NH4

� � 11H�]6�, m/z
1714), which is the most abundant (100%) and stable.
When the temperature is increased to 100 °C, the
dimeric G-quadruplex ion dissociates and yields the
fragment ion with loss of an ammonium ion ([2 � S1 �
4NH4

� � 10H�]6� at m/z 1711). With the temperature
raises higher, some ions are produced by the loss of
more than one ammonium ion. The [2 �S1 � 6H�]6�

ion at m/z 1700 dissociates into single-strand oligomers
from 200 °C to 300 °C, which has been proved by the
MS/MS spectra. Increasing the temperature to 400 °C
has a destructive effect on the backbone of the DNA,
which yields some fragment ions, such as ions by the
loss of the guanine nucleobases ([S1 � nG � 3H�]3�,
n � 1, 2) at m/z 1600 and 1650 (Scheme 2).
In Figure 4a and b, the normalized intensity of the

ions, [2 � S1 � 5NH4
� � 11H�]6� and [2 � S2 � 5NH4

�

� 11H�]6�, are plotted as a function of the capillary
temperature (60 °–400 °C), and a transition curve for
the dissociation are obtained. Here, the dissociation
temperature (T50) is assigned where the relative inten-
sity of the ion in the ESI mass spectrum is 50%. The plot
shows how the dimeric G-quadruplex dissociation pro-
ceeds. The value of T50 is 187 °C for S1, and 204 °C for
S2, which could be used to balance the thermostability
of the dimeric G-quadruplexes and their complex ions.
Similarly, the temperature-dependent stability of the

complex ions of the dimeric G-quadruplex was studied
with the capillary temperature increased from 60 °C to
400 °C. ESI-MS spectra indicate that the complex ions

Table 1. The relative intensity ratio, IRa (%), of S1 with binding molecules
a

Pi

2.5 �M 5.0 �M 10.0 �M 20.0 �M

IRa (%) SD IRa (%) SD IRa (%) SD IRa (%) SD

Tel03 55 9.2 82 5.3 85 2.2 93 0.1
ImImIm�Dp 71 10 88 0.1 98 0.1 98 0.2
PyPyPy�Dp 17 8.3 40 3.5 71 0.3 84 0.1
Dpku-13 2.2 0.1 19 6.8 26 12 33 17
Dpku-14 11 9.3 35 2.5 65 0.6 90 0.4

a Value is the average of three measurements.

Scheme 2. The dissociation pathway of the dimeric G-quadruplex ion [2 � S1 � 5NH4
� � 11H�]6�

with the temperature increased. The ranges of temperatures labeled above the arrows represent the
temperature when the relative intensity of the product ions exceeded 10%. “main” represents the main
dissociation pathway.
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lose ammonium ions and binding molecules when the
capillary temperature is increased. Figure 4c, d, and e
show the transition curves for the dissociation of the 1:1
complex ions of the S1 dimeric G-quadruplex with Pi as
examples. For the complex ion of the dimeric G-qua-

druplex with Tel03, the T50 value increases to 225 °C.
ImImIm�Dp raises the T�� 50 value to 196 °C. Dpku-14
decreases the T50 value to 168 °C. As a result, both Tel03
and ImImIm�Dp thermally stabilize the G-quadruplex��
DNA, with the extent of thermal enhancement being

Figure 4. The transition curves for the thermal dissociation of the dimeric G-quadruplexes and their
complexes. (a) [2 � S1 � 5NH4

� � 11H�]6�; (b) [2 � S2 � 5NH4
� � 11H�]6�; (c) [2 � S1 � P1 �

5NH4
� � 11H�]6�; (d) [2 � S1 � P2 � 5NH4

� � 11H�]6�, and (e) [2 � S1 � P5 � 5NH4
� � 11H�]6�.
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greater for Tel03, while Dpku-14 decreases the thermal
stability of the S1 G-quadruplex DNA.

Equilibrium and Interconversion of Intramolecular
and Dimeric G-Quadruplexes

The equilibriums between the intramolecular and the
dimeric G-quadruplexes under different conditions
were unambiguously observed. The results from
ESI-MS and CD had demonstrated the intramolecular
G-quadruplex formations for S1 and S2 in methanol/
water (25:75, vol/vol) solution. By contrast with the
spectrum at 5.0 mM NH4OAc, the addition of 7.5 mM
NH4OAc yields a larger proportion of the dimeric
G-quadruplex ion with five ammonium ions (Figure 5a
and b). At this point, the intensity of the intramolecular
G-quadruplex decreases to less than 50% as intense as
the base peak of the dimeric G-quadruplex. Therefore,
the apparent intense peak for S1 is from the intramo-
lecular G-quadruplex ion at 5.0 mM NH4OAc, and the
intensity of the intramolecular G-quadruplex decreases
with increased concentration of NH4OAc. When the
concentration of NH4OAc is increased to 10 mM, the
equilibrium shifts further to the dimeric G-quadruplex.
The mass spectrum for S2 indicates that the base

peak is the intramolecular G-quadruplex with 4�
charge state, coordinated two NH4

� ions at 10 mM
ammonium acetate (Figure 5c). Both of the intramolec-

ular and dimeric G-quadruplex of S2 could apparently
be present at 20 mM ammonium acetate, and the
equilibrium shifts to the dimeric G-quadruplex. At this
point, the intensity of the intramolecular G-quadruplex
ion with 4� charge state is 65%, and the base peak is the
dimeric G-quadruplex ion at the 6-charge state with five
ammonium ions (Figure 5d).
The results from the CD spectra and ESI mass spectra

of DNA solutions in different conditions demonstrate that
both the S1 and S2 could form the intramolecular G-
quadruplex structure spontaneously in methanol/water
(25:75, vol/vol) solution. The addition of NH4

� could
induce the structural transition from the intramolecular
G-quadruplex to the stable dimeric G-quadruplex.
The effect of other factors, such as pH, DNA concen-

tration, and the interaction with the binding molecules
on the equilibrium and interconversion of the two
G-quadruplex conformations were also investigated.
First, the role of pH on the two G-quadruplex forms
transition was examined. For the S2, the intramolecular
and the dimeric G-quadruplexes could both be present
at 20 mM ammonium acetate (pH 6.5) (Figure 5d).
However, when the pH is changed to 4.0, the equilib-
rium shifts to the intramolecular G-quadruplex forma-
tion, the ion corresponding to the single strand is the
base peak ([S2 � 4H�]4�, m/z 1351.4), while the inten-
sity of [2 � S2 � 5NH4

� � 11H�]6� is decreased to 32%.
This finding implies that the acidic condition (pH 4.0) is

Figure 5. ESI mass spectra of equilibrium of intramolecular and dimeric G-quadruplexes. For S1 (a)
5.0 mM NH4OAc; (b) 7.5 mM NH4OAc; S2 (c) 10 mM NH4OAc; and (d) 20 mM NH4OAc.

556 LI ET AL. J Am Soc Mass Spectrom 2008, 19, 550–559



not favorable for the dimeric G-quadruplex formation.
Besides, the ESI mass spectra of the S2 at the basic
solutions (pH � 7.0), which are similar to that of the
solution at pH 6.5, show that the basic condition favors
the dimeric G-quadruplex formation (Figure S2 in Sup-
plementary Material). Similarly, the change of pH from
4.0 to 10.0 could induce a structural conversion from the
intramolecular to the dimeric G-quadruplex in the S1
solution.
Next, the influence of the DNA concentration

(0.25–50.0 �M) on the interconversion of the two
G-quadruplex formations was examined. As for S2,
with a DNA concentration of 0.25 �M, the intensity of�
the intramolecular G-quadruplex ([S2 � 2NH4

� �
6H�]4�, m/z 1358.0) is much higher than that of the
dimeric G-quadruplex ([2� S2� 5NH4

� � 11H�]6�,m/z
1815.5). As the concentration of DNA is increased to 5.0
�M, the equilibrium shifts to the dimeric G-quadruplex�
structure, and the base peak would be changed to that
of the dimer with five NH4

� ions ([2 � S2 � 5NH4
� �

11H�]6�, m/z 1814.6) (Figure S3 in Supplementary Ma-
terial). Similarly, when the concentration of S1 is in-
creased from 0.5 �M to 5.0� �M, it favors the dimeric�
G-quadruplex formation. Therefore, the increase of the
concentration of DNA could induce the conformational
transition from the intramolecular to the dimeric G-
quadruplex for S1 and S2.
Third, the effect of the binding molecules (Pi), a

perylene derivative (Tel03), ImImIm�Dp, and��
PyPyPy�Dp, on the interconversion was investigated��
by ESI mass spectrometry. The results show that Tel03
and ImImIm�Dp are very efficient for inducing the��
interconversion between the intramolecular and the
dimeric G-quadruplexes. In this study, the concentra-
tion of the binding molecules was increased steadily
from zero to 10.0 �M, while the concentration of S1 was�
remained at 10.0 �M.� Table 2 shows that Tel03 leads to
a significant intensity of the 1:1 and 1:2 complexes with
the dimeric G-quadruplex in the ESI mass spectrum.
This finding implies that Tel03 favors the dimeric
G-quadruplex complexes. An apparent preference of
ImImIm�Dp for the intramolecular G-quadruplex com-��

plex over the dimeric complex is also found; the dom-
inant peaks correspond to 1:2 complex ions with 4� and
5� charge states (Table 2).
Here, the intensity ratio of the dimeric G-quadruplex

and its complex ions to the intramolecular G-quadruplex
and its complex ions was introduced as a parameter,
IRs, to compare binding selectivity of Pi to the two
G-quadruplex formations (dimeric and intramolecular
G-quadruplexes, subscript “s” in IRs denote binding
selectivity).

IRs�
� Ir (D)� � Ir (D�mPi)

� Ir (M)� � Ir (M�mPi)
(2)

where �Ir(D) and �Ir(D � mPi) are the total intensities
of the free and the complex of the dimeric G-
quadruplexes, respectively,while �Ir(M) and �Ir(M �
mPi) are the total intensities of the free and the complex
of the intramolecular G-quadruplexes, respectively.
Thus, IRs could be obtained for the selectivity of the

binding molecules to the two G-quadruplex forms. If
the value of IRs increases when the binding molecule is
added to the equilibrium system, this implies that this
binding molecule shifts the equilibrium to the dimeric
G-quadruplex formation and induces a structural
change from the intramolecular to the dimeric G-
quadruplex. The IRs values of the binding molecules for
S1 have been calculated by formula [2]. Compared to
IRs of S1 (1.81), Tel03 shows a 3.52-fold increase in the
value of IRs (5.18) when the concentration of Tel03 is
increased from 1.25 �M to 10.0� �M (� Table 3), showing a
structural selectivity for the dimeric G-quadruplex. That
is, the intramolecular G-quadruplex could be effectively
converted to the dimeric G-quadruplex. Contrarily,

Table 2. The relative intensities of free and complexes of the intramolecular and the dimeric G-quadruplexes (S1) in ESI mass
spectraab

Free S1 S1 � Tel03 S1 � ImImIm�Dp Free S1 S1 � Tel03 S1 � ImImIm�Dp

[M]6- 20 13 N.D.c [D]7- 10 N.D. N.D.
[M�Pi]6- N.D. N.D. N.D. [D�Pi]7- N.D. 13 N.D.
[M]5- 24 N.D. 5 [D�2Pi]7 N.D. 18 N.D.
[M�Pi]5- N.D. 18 20 [D]6- 100 16 N.D.
[M�2Pi]5- N.D. N.D. 47 [D�Pi]6- N.D. 50 8
[M]4- 42 N.D. N.D. [D�2Pi]6 N.D. 100 19
[M�Pi]4- N.D. 20 22 [D]5- 16 12 N.D.
[M�2Pi]4- N.D. N.D. 100 [D�Pi]5- N.D. 20 14
[M�3Pi]4- N.D. N.D. 8 [D�2Pi]5 N.D. 35 N.D.

a [M]n- and [M � mPi]n- (n � 4, 5, 6; m � 1, 2, 3) are the free and the complex forms of the intramolecular G-quadruplexes, respectively; while [D]n-

and [D�mPi]n- (n � 5, 6, 7; m � 1, 2) are the free and the complex forms of the dimeric G-quadruplexes, respectively.
b Effect of binding molecule (Pi) on the equilibrium between the intramolecular and the dimeric G-quadruplexes at a molar ratio of 1:1.
c N.D. � not detectable.

Table 3. The intensity ratio (IRs) of the S1

Concentration of Pi
(�M) 1.25 2.50 5.00 10.0

Tel03 1.81 2.05 2.32 5.18
ImImIm�Dp 2.18 0.86 0.36 0.20
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ImImIm�Dp shows a steady decrease in the value of IR�� sR
from 2.18 to 0.20when the concentration of ImImIm�Dp is��
increased from 1.25 to 10.0 �M� (Table 3). Therefore,
ImImIm�Dp converts the dimeric G-quadruplex into the��
intramolecular G-quadruplex, resulting in strong and se-
lective binding to this intramolecular G-quadruplex (Fig-
ure 6).

Conclusions

The present work has demonstrated that the formation
and interconversion of the novel dimeric G-quadruplexes
of d(GGGTGGGTGGGTGGGT) and d(GTGGTGGGT-
GGGTGGGT), the inhibitors of potent nanomolar
HIV-1 integrase, were induced by NH4

� or K�, pH,
DNA concentration, and binding molecules. We have
identified the specific binding of Tel03 and ImImIm�Dp��
in a system consisting of intramolecular and dimeric
G-quadruplex formations of HIV-1 integrase inhibi-
tors, which suggested that Tel03 could shift the
equilibrium to form the dimeric G-quadruplex, while
ImImIm�Dp induced preferentially a structural��
change from the dimeric to the intramolecular G-
quadruplex, and could shift the equilibrium to for-
mation of the intramolecular G-quadruplex. Besides
the binding molecules, both Tel03 and ImImIm�Dp��
are in favor of the thermal stabilizations of the
dimeric G-quadruplex structures.
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