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We report on the NMR-based solution structure of the 93del
d(GGGGTGGGAGGAGGGT) aptamer, a potent nanomolar inhibitor
of HIV-1 integrase. This guanine-rich DNA sequence adopts an
unusually stable dimeric quadruplex architecture in K� solution.
Within each 16-nt monomer subunit, which contains one
A�(G�G�G�G) pentad sandwiched between two G�G�G�G tetrads, all
G-stretches are parallel, and all guanines are anti with the excep-
tion of G1, which is syn. Dimer formation is achieved through
mutual pairing of G1 of one monomer, with G2, G6, and G13 of the
other monomer, to complete G�G�G�G tetrad formation. There are
three single-nucleotide double-chain-reversal loops within each
monomer fold, such that the first (T5) and third (A12) loops bridge
three G-tetrad layers, whereas the second (A9) loop bridges two
G-tetrad layers and participates in A�(G�G�G�G) pentad formation.
Results of NMR and of integrase inhibition assays on loop-modified
sequences allowed us to propose a strategy toward the potential
design of improved HIV-1 integrase inhibitors. Finally, we propose
a model, based on molecular docking approaches, for positioning
the 93del dimeric DNA quadruplex within a basic channel�canyon
formed between subunits of a dimer of dimers of HIV-1 integrase.

dimeric quadruplex � DNA aptamer

HIV-1 integrase catalyzes the integration of proviral DNA
into the host-cell genome, a reaction critical for efficient

viral replication. HIV-1 integrase is necessary and sufficient for
the first two steps of DNA integration (1): (i) 3�-end processing,
where two nucleotides are removed from each 3�-end of the viral
DNA; (ii) strand transfer, where each 3�-processed viral DNA
end is attached to the host-cell DNA. As a result, HIV-1
integrase constitutes an attractive target for drugs against AIDS
(2, 3).

Guanine-rich oligonucleotides have been identified as potent
inhibitors of HIV-1 integrase (4, 5). In particular, a recent study
(6) has identified a 16-nt guanine-rich sequence d(GGGGTGG-
GAGGAGGGT), designated 93del, which inhibits both the
processing and strand transfer functions of HIV-1 integrase at
nanomolar concentrations.

Guanine-rich oligonucleotides can form a variety of G-
quadruplex architectures involving stacked planar G�G�G�G
tetrads. This polymorphism of G-quadruplex topologies reflects
the range of alternate strand directionalities, loop connectivities,
and syn�anti distribution of guanine bases around G-tetrads
(7–16). Higher order pairing alignments involving G-tetrads
have been recently identified, and these include pentads (17),
hexads (18), and heptads (19) for sequences containing guanine
stretches separated by adenine residues.

Here, we present the NMR-based solution structure of 93del.
We establish that this 16-nt DNA sequence adopts an unusually
stable dimeric quadruplex architecture in K� solution. Each
monomer subunit contains two G�G�G�G tetrads and one
A�(G�G�G�G) pentad, where all of the G-stretches are parallel
and linked by three single-nucleotide double-chain-reversal
loops. In our attempts to design potent HIV-1 integrase inhib-
itors, we have modified individual residues within each of the

three loops and probed changes in the folding topology and in
the inhibitory activity against HIV-1 integrase. This work has
allowed us to propose a strategy toward the potential design of
improved HIV-1 integrase inhibitors. In addition, we could
identify a potential complementary cavity for 93del binding on
the surface of a recently reported crystal structure of tetrameric
HIV-1 integrase containing the N-terminal and catalytic core
domains (20). We have used molecular docking to propose a
model for the structure of the complex between 93del and the
tetramer of HIV-1 integrase.

Methods
DNA Sample Preparation. Unlabeled and site-specific 2%-15N,13C-
labeled DNA oligonucleotides were chemically synthesized and
purified as described (9, 21). Samples were dialyzed successively
against 50 mM KCl solution and against water. Unless otherwise
stated, the strand concentration of the NMR samples was
typically 1–9 mM; the samples contained 90 mM KCl; pH was
adjusted to 7 with HCl and KOH.

Gel Filtration Chromatography. A Synchropack GPC100 column
(Synchrom, Lafayette, IN) was used for stoichiometry determi-
nation by gel filtration chromatography at room temperature
(22). The elution buffer contained 70 mM KCl and 20 mM
potassium phosphate, pH 7.

CD Measurements. CD spectra of oligonucleotides were recorded
on a JASCO J-710 spectropolarimeter. They were averages of at
least five scans from 200 to 320 nm. Experimental conditions
were as follows: strand concentration, 30 �M; temperature, 5°C;
100 mM KCl; 10 mM potassium phosphate, pH 7.

NMR Spectroscopy. NMR experiments were performed on 500-
and 600-MHz Varian and Bruker spectrometers at 25°C, unless
otherwise specified. Resonance assignments were obtained by
using site-specific low-enrichment labeling (21) and through-
bond correlations at natural abundance (22) (imino-H8 by
JRHMBC; H8-H2 by HMBC; H8�6-H1� by HSQC and sHMBC;
H1�-H2��2��3��4��5��5� by COSY and TOCSY; H5��5��4��3�-P
by [1H-31P]-TOCSY and [1H-31P]-HSQC), and independently
verified by using NOESY experiments. Interproton distances
were measured by using NOESY experiments performed in H2O
(50- and 200-ms mixing times) and in D2O (50-, 75-, 100-, 150-,
200-, 250-, and 300-ms mixing times).

Structure Calculation. The structure of 93del was calculated on the
basis of NMR restraints by using the X-PLOR program (23). A
total of 100 initial structures were embedded and optimized by
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using the distance geometry simulated annealing protocol. The
10 best structures were selected and subjected to distance-
restrained molecular dynamics calculations and then refined
against the intensities of well resolved NOESY cross-peaks at
various mixing times. During the intensity refinement, the NMR
R-factor (23) improved from the initial value of 5.0% to 1.6%,
together with a simultaneous improvement in structure conver-
gence. The detailed procedure is described in Supporting Text,
which is published as supporting information on the PNAS web
site.

Molecular Docking. The docking between the DNA G-
quadruplexes and the tetrameric HIV-1 IN1–212 was performed
by using the GRAMM program (24, 25). Because the crystal
structure of the enzyme has underdetermined regions (segments
46–56 and 139–149 for each subunit), the low-resolution generic
docking with grid step 6.8 Å and grid size 64 Å was used. The
DNA molecule was rotated with 20°-angle intervals. The energy
score for repulsion was 6.5 a.u.

HIV-1 Integrase Inhibition Assays. The disintegration assays used
the ‘‘dumbbell’’ substrate db-Y1 (26). The processing and strand
transfer assays used oligonucleotides derived from the U5 end of
the HIV-1 LTR as described (6). For inhibition assays, the
inhibitors were incubated with HIV-1 integrase for 30 min at
37°C for the disintegration reaction (10 min at 37°C for the
processing and strand transfer reactions) before adding sub-
strate. The detailed procedure is described in Supporting Text.

Results
93del Forms Stable Dimeric Quadruplex. The NMR spectrum of
93del in K� solution is of exceptional quality, with sharp and well
resolved imino and nonexchangeable base protons (Fig. 1A). The
number and intensity of peaks reflect formation of a single
species. The sharp guanine imino protons at 10.5–11.5 ppm (Fig.
1A) are characteristic of G-tetrad formation. A subset of these
imino protons exchange slowly with water, to the extent that

eight of them remain after 3 days in D2O at room temperature
(Fig. 1B). The structure is unusually stable: several of these
imino protons persist in D2O, even after heating the sample in
a boiling water bath for 10 min (Fig. 1C).

The stoichiometry of the structure formed by the 16-nt 93del
sequence was determined by gel filtration chromatography using
a column calibrated with DNA and RNA oligonucleotides of
known molecular weight. The gel filtration profile displayed a
peak whose elution time corresponds to a molecular weight of 32
nucleotides, indicating a dimer (Fig. 1D). The NMR spectrum
under the same experimental conditions corresponds to a single
species (as mentioned above). Furthermore, the G-tetrad align-
ments (identified below) are consistent with a dimeric quadru-
plex architecture.

Folding Topology of 93del Dimeric Quadruplex. NMR resonances of
93del were unambiguously assigned to their positions in the
sequence by the site-specific low-enrichment approach (21)
using 2%-15N,13C-labeled samples and through-bond correla-
tions at natural abundance (22, 27) (data not shown and Fig. 6,
which is published as supporting information on the PNAS web
site).

The G-tetrad alignments were identified from NOESY spectra
(Fig. 2A), based on the characteristic guanine imino-H8 con-
nectivity patterns around individual G-tetrads (Fig. 2B). The
G-tetrad alignment information (Fig. 2C) formed the basis for
generation of the 93del twofold symmetric dimeric quadruplex
folding topology (Fig. 2D). Each strand in the dimeric quadru-
plex uses all 12 guanines to form G4�G8�G11�G15,
G3�G7�G10�G14, and G2�G6�G1�G13 tetrads. Four G-stretches
(2–3–4, 6–7–8, 10–11, and 13–14–15) are oriented in the same
direction and represent four columns that support the three
G-tetrad planes within each monomer.

Fig. 1. NMR spectra of 93del. (A) The 600-MHz proton spectrum (7.0–12.0
ppm) of 93del in 90 mM K� H2O solution at 25°C. (B and C) The corresponding
imino proton spectra of 93del after dissolution in D2O for 3 days at room
temperature (B) and 2 months at room temperature followed by 10 min at
100°C (C). (D) Stoichiometry determination of 93del by gel filtration chroma-
tography. The known number of residues of several reference oligonucleo-
tides is plotted (on a log scale) as a function of the elution time. The straight
line is an interpolation through these data. The elution time of 93del (1 �M to
1 mM) is represented by an open circle and emphasized by an arrow.

Fig. 2. G-tetrad alignments and global topology of 93del. (A) NOESY
spectrum (150-ms mixing time) of 93del at 25°C. The guanine imino-H8
cross-peaks are framed and labeled with the imino proton assignment in the
first position and that of the H8 proton in the second position. (B) Character-
istic guanine imino-H8 NOE connectivity patterns around a G��G��G��G� tetrad
as indicated with arrows (connectivity between G� and G� is implied). (C)
Characteristic guanine imino-H8 NOE connectivities observed for
G4�G8�G11�G15 (cyan), G3�G7�G10�G14 (magenta), and G2�G6�G1�G13 (green)
tetrads. (D) The proposed dimeric quadruplex topology of 93del based on the
G-tetrad alignments outlined in C.
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Three single-residue loops T5, A9, and A12 connect G4 to G6,
G8 to G10, and G11 to G13, respectively. The identification of
NOEs between A9(H8) and G10(H8) (peak a in Fig. 7, which is
published as supporting information on the PNAS web site) and
between A9(H8) and G7(NH2) (data not shown) established
formation of G7�(A9-G10) triad (28) as part of the
A9�(G3�G7�G10�G14) pentad, similar to results published pre-
viously, which identified markers for pentad formation (17).

The strong intensity of the intraresidue H8-H1� NOE cross-
peak for G1 (Fig. 7), reflects a syn glycosidic conformation for
this residue. The intermediate intensities observed for the
H8-H1� NOE cross-peaks of G6 and G13 reflect interstrand
contributions (see analysis of the structure outlined below). The
weaker intensities observed for all remaining H6�8-H1� NOE
cross-peaks reflect anti glycosidic conformations for all other
nucleotides. The anti conformations of all guanines other than
G1 are consistent with the relative magnitude of J-couplings
(3JC8-H1� � 3JC4-H1�), manifested by the observation of C8-H1�
(not shown), but not C4-H1� peaks in a multibond correlation
experiment (29).

The anchoring of the two monomers to generate the dimer
(Fig. 2D) is achieved with syn G1 of one monomer completing
G-tetrad formation through pairing with anti G2, G6, and G13
of the other monomer. The alignment of monomers across the
dimeric interface was defined by a number of observed inter-
strand connectivities, which included NOEs from G13(H8),
G6(H8), and G10(H8) of one subunit to G13(H1�), G6(H1�),
and G1(H5��5�) of the other subunit, respectively.

Solution Structure of 93del Dimeric Quadruplex. The structure of
93del was calculated on the basis of NMR restraints (Table 1,
which is published as supporting information on the PNAS web
site) by using the X-PLOR program (23). A stereoview of 10
superpositioned lowest energy intensity-refined structures of
93del is shown in Fig. 3A. There is excellent convergence for the
stacked core of the dimeric quadruplex (rms deviation for heavy

atoms, 0.57 � 0.06 Å), with only the looped out bases T5 and A12
and 3�-terminal base T16 being less well defined amongst the
refined structures. Slab and surface views of one representative
refined structure of 93del are shown in Fig. 3 B and C, respec-
tively.

The dimeric quadruplex structure of 93del is based on six
continuously stacked G-tetrads, two of which are part of
A�(G�G�G�G) pentads (Fig. 3A). Two central G-tetrads adopt
anti�anti�syn�anti alignments and four others adopt
anti�anti�anti�anti alignments (Fig. 2D). The stacking patterns
between adjacent tetrad and pentad planes (Fig. 8 A–C, which is
published as supporting information on the PNAS web site) show
partial stacking between five-membered rings or between the
five- and six-membered rings of the guanine bases.

The different loop connectivities are plotted in Fig. 8 D–F.
Two single-residue (A12 and T5) double-chain-reversal loops,
which connect adjacent parallel strands and bridge three G-
tetrad layers, adopt similar alignments, with the A12 and T5
bases pointing outwards from the quadruplex scaffold. This
finding is consistent with the lack of sequential H6�8-H1� NOE
connectivity of these residues with the preceding and following
residues (Fig. 7). The single-residue (A9) double-chain-reversal
turn, which connects G8 to G10 and bridges two G-tetrad layers,
participates in A9�(G3�G7�G10�G14) pentad formation. The A9
base (in yellow) is tilted relative to the plane of the
G3�G7�G10�G14 tetrad (in magenta) (Fig. 3A). The G1 residue
from one monomer stacks over the G7�(A9�G10) triad (Fig. 9A,
which is published as supporting information on the PNAS web
site) from the other monomer (Fig. 9B). This positioning of the
G7�(A9�G10) triad is supported by several unusual proton chem-
ical shifts (see legend of Fig. 9).

The sugar-phosphate backbones of individual monomers are
continuously aligned across the dimeric interface of the 93del
quadruplex (Fig. 3A). The alignment is interrupted between G1,
G6, G10, and G13 of one subunit and G10, G6, G1, and G13 of
the other subunit (Figs. 2D and 9 C and D). There are two wide

Fig. 3. Refined structures of the 93del dimeric quadruplex. (A) Stereoview of 10 superpositioned refined structures of 93del. The G4�G8�G11�G15 tetrad is colored
cyan, the A9�(G3�G7�G10�G14) pentad is colored magenta (A5 is colored yellow), and the G2�G6�G1�G13 tetrad is colored green, with the remaining bases in orange.
The backbone of the top and bottom monomer is colored white and gray, respectively. The phosphorus atoms are colored red, and the exocyclic backbone
oxygens deleted in the interest of clarity. (B and C) Slab (B) and surface (C) views of a representative refined structure of 93del are shown. Positive and negative
electrostatic potentials are depicted in blue and red, respectively.
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and two narrow grooves, whose dimensions are highlighted in
yellow in Fig. 9 E and F. Their shapes are quite different, as
shown in an alternate surface view (Fig. 3C).

NMR and CD Spectra of 93del and Modified Sequences. The impor-
tance of individual residues to the maintenance of the dimeric
quadruplex folding topology of 93del was systematically probed
with either deletion of terminal residues or substitution of single
loop residues (Table 2, which is published as supporting infor-
mation on the PNAS web site).

The NMR spectrum of 93del lacking G1 (seq1) is very different
from that of 93del, with the former exhibiting a doubling of
resonances (Fig. 10, which is published as supporting informa-
tion on the PNAS web site). By contrast, the NMR spectrum of
93del lacking T16 (seq2) is almost identical to that of 93del,
except for the lack of the T16 peak (Fig. 10).

The NMR spectra of 93del after T5-to-A5 substitution in loop
1 (seq3), A9-to-T9 substitution in loop 2 (seq10), and A12-to-T12
substitution in loop 3 (seq4), are very similar to the spectrum of
unmodified 93del, except for the chemical shifts of the substi-
tuted residues (Fig. 10). Indeed, the NMR spectral characteris-
tics of the 93del dimeric quadruplex were not perturbed when T5
in loop 1 was substituted by dinucleotides TT, TA, or AT or by
trinucleotide TTA, when A9 in loop 2 was substituted by
dinucleotides TT, AT, TA, or AA, when A12 in loop 3 was
substituted by dinucleotide AA, or even when both A9 in loop
2 and A12 in loop 3 were simultaneously substituted by thymine
residues (Table 2).

CD spectra of 93del and all modified sequences (Table 2)
exhibit a positive peak at 260 nm (Fig. 11 A, which is published
as supporting information on the PNAS web site), characteristic
of parallel-stranded G-quadruplexes (30). A comparison of the
CD spectra of 93del and seq1 is shown in Fig. 11B.

HIV-1 Integrase Inhibition Assays on 93del and Modified Sequences.
To test the integration inhibitory activities of 93del and the
modified sequences described above, we performed assays on
the reverse ‘‘disintegration’’ reaction by HIV-1 integrase (31).
Our results indicated that all modified 93del sequences inhibited
the disintegration reaction, with an efficiency approximately
comparable to that of 93del (Fig. 4A). This finding contrasts with
very weak inhibition efficiency, if any, of a standard Watson–
Crick duplex (lane dic) or a G-quadruplex topology formed by
a fragment of the human telomeric G-rich strand (lane telo). It
should also be noted that 93del lacking G1 (seq1), which cannot
form the 93del dimeric quadruplex scaffold, was still as efficient
as 93del in inhibiting HIV-1 integrase in this assay (lanes seq1
and 93del).

To more quantitatively compare the integration inhibition
efficiencies of 93del and several modified sequences (including
seq1, which lacks G1, and seq5, seq6, seq9, and seq14, which
contain a 2- or 3-nt loop, Table 2), we used the processing and
the strand transfer reactions (1). The inhibition assays were
performed with various inhibitor concentrations (Fig. 4 B–E). In
both reactions, 93del was the best inhibitor among the tested
analogs, with IC50 being �50 nM (vs. 100 nM for other se-
quences) in the processing (Fig. 4C) and �25 nM (vs. 70–130 nM
for other sequences) in the strand transfer (Fig. 4E). Kinetic
measurements on the processing and strand transfer reactions
also indicated that 93del was slightly more potent than seq1 (Fig.
12, which is published as supporting information on the PNAS
web site).

Docking DNA G-Quadruplexes onto Tetrameric HIV-1 Integrase.
HIV-1 integrase (288 aa) is composed of three domains: N-
terminal, catalytic core, and C-terminal domains (1). It has been
shown to form both dimers and tetramers in solution (32). The
individual domains have been determined by x-ray and NMR

studies to form dimers (33–35). Dimer formation has also been
observed in the crystal structures of IN52–288, which contains the
catalytic core linked to the C-terminal domain (36), and of
IN1–212, which contains the N-terminal domain linked to the
catalytic core (20). The authors noted that an HIV-1 integrase
tetramer, based on crystal lattice contacts in IN1–212, exhibits
positively charged channels suitable for DNA binding (20), and
also bears a resemblance to Tn5, a related bacterial transposase
that adopts a tetrameric alignment of subunits (37).

Our starting point is the tetrameric (actually dimer of dimers)
model of HIV-1 IN1–212 (20). There is a positively charged
channel within this dimer of dimers (Fig. 5A), which appears to
be complementary both in shape and charge to the 93del dimeric
quadruplex fold (Fig. 3C). We computed the surface comple-
mentarity between the 93del quadruplex and the IN1–212 tet-
ramer by using GRAMM, a molecular docking program (24, 25),
and analyzed 100 structures of the complex exhibiting minimal
energy. All complexes with high scores positioned the 93del
quadruplex within the positively charged cavity of the IN1–212

tetramer in one of two alternate orientations (Fig. 13, which is
published as supporting information on the PNAS web site). In

Fig. 4. HIV-1 integrase inhibition assays of 93del and modified analogs. (A)
Disintegration assays. Lanes N and P are controls without and with HIV-1
integrase alone, respectively. Other lanes are inhibition assays with added
inhibitors as indicated, where telo stands for the human telomeric sequence
d[AGGG(TTAGGG)3] and dic stands for the d(CGCGAATTCGCG) dodecamer.
The concentration of all inhibitors was 300 nM, except for dic being 1 �M. The
DNA substrate and disintegration product are monitored as bands of 38 and
14 nt, respectively. (B–E) The processing and strand transfer assays. (B and D)
Examples of the processing (B) and strand transfer (D) reactions inhibited by
various concentrations of 93del and modified sequences. Lanes marked ‘‘�’’
are controls with HIV-1 integrase alone. Other lanes are inhibition assays with
added inhibitors as indicated. The concentrations of seq1 are 10, 50, 100, and
500 nM; the concentrations of 93del, seq5, seq9, and seq14 are 10, 50, 100, 250,
and 500 nM. In the processing reaction, the substrate and product are mon-
itored as bands of 21 and 19 nt, respectively. In the strand transfer reaction,
the substrate is monitored as the 19-nt band and the integration products are
monitored as bands �19 nt. (C and E) Plots of the processing (C) and strand
transfer (E) reaction efficiency as a function of the concentration of inhibitors.
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the 10 best structures, the 93del quadruplex is oriented as shown
in Fig. 5 B and C.

In contrast, the docking calculation performed with the
intramolecular parallel-stranded G-quadruplex formed by the
human telomeric repeats (Protein Data Bank code 1KF1) (13)
resulted in no complexes (among the 10 best-score complexes),
where the quadruplex is positioned within the above described
channel of the tetramer of HIV-1 integrase.

Discussion
93del Adopts a Unique Compact Dimeric Quadruplex Topology. We
have established that the 93del d(GGGGTGGGAGGAGGGT)
oligonucleotide in K� solution folds into a twofold symmetric
dimeric quadruplex (Fig. 3A). Of the 16 bases in each monomer
subunit, 13 (all 12 guanines and adenine A9) are paired, 2 (T5
and A12) are looped out, and 1 (T16) is a 3�-terminal stacked
residue. Within each subunit, G-stretches are parallel, and loops
that connect adjacent parallel strands are double-chain-reversal.
Thus, the structure belongs to the family of all-parallel-stranded
intramolecular quadruplexes (13–16, 18, 19). Importantly, the
structure of the 93del dimeric quadruplex establishes that a
single nucleotide, namely T5 of the first loop and A12 of the third
loop (Fig. 3A), is sufficient to span three G-tetrad layers.
Although a single-nucleotide segment may be too short to form
an edgewise or diagonal loop in a G-quadruplex, recent data (16)
suggested that it forms the most stable double-chain-reversal

loop bridging three G-tetrad layers. The compact interlocking of
symmetry-related subunits through (1 � 3) G2�G6�G1�G13
tetrad formation across the dimeric interface (Fig. 2D) consti-
tutes an interesting feature of the 93del architecture and high-
lights a principle for robust dimeric quadruplex folding (see also
ref. 17). The striking continuity of the backbone alignment of
each of the four strands from individual subunits across the
dimeric interface exhibits characteristics of nicked DNA archi-
tectures, which could constitute potential substrate sites for
HIV-1 integrase.

Stability and Slow Unfolding Kinetics. The 93del dimeric quadruplex
is very stable and�or exhibits extremely slow unfolding kinetics.
The persistence of imino protons from the central
G2�G6�G1�G13 tetrads in D2O solution at 100°C (Fig. 1C)
demonstrates that the dimeric scaffold does not completely
unfold even under extremely high temperature conditions. This
has permitted observation of the 93del dimeric quadruplex at
micromolar concentrations by NMR and even at a much lower
concentration by denaturing gel electrophoresis (data not
shown), despite its dimeric stoichiometry.

This finding suggests that the dimeric quadruplex scaffold of
93del, once formed, could persist in vivo over long time periods,
and its compact structure could potentially inhibit nuclease-
based degradation. This scaffold could also have favorable
pharmacological properties because of its ability to retain its
robust topology at very low concentrations.

Integrase Inhibitory Activity of Loop-Modified 93del Analogs. The
NMR and CD spectra of loop-modified 93del sequences (Table
2) are consistent with an unchanged folding topology. All of
these sequences and 93del exhibit comparable (within small
variations) inhibitory activities against HIV-1 integrase (Fig.
4A), although slightly lower inhibitory activities were observed
for sequences containing a 2- or 3-nt loop (Fig. 4 C and E). This
finding establishes that the 93del quadruplex scaffold is the key
component responsible for HIV-1 integrase inhibition. These
results are supportive of earlier contributions on the targeting of
HIV-1 integrase by guanine-rich sequences, where recognition
specificity was attributed to the particular backbone topology of
the folded G-quadruplex (4, 5). It should be noted that not all
DNA quadruplexes inhibit HIV-1 integrase. Thus, the human
telomeric sequence, which adopts distinct monovalent cation-
dependent G-quadruplexes (9, 13), has almost no inhibitory
activity (lane telo, Fig. 4A).

Integrase Inhibitory Activity of Truncated 93del Analogs. We next
turn to two truncated analogs of 93del. One of these involves
deletion of the 3�-terminal T residue (seq2, Table 2). Its NMR
spectrum is very similar to that of 93del, indicating that the
dimeric quadruplex topology is maintained. Furthermore, the
inhibitory effects of this analog and of 93del are similar in the
disintegration assay (Fig. 4A). Thus, 3�-T residue, which does not
participate in tetrad formation, may be deleted with little effect
on the 93del dimeric quadruplex topology or inhibitory function.

The second truncated analog of 93del involves deletion of the
5�-terminal G residue (seq1, Table 2). Our structural studies have
established that G1 plays a critical role in completing formation
of the central (1 � 3) G2�G6�G1�G13 tetrads (Fig. 2D), thereby
anchoring the two monomers within the 93del dimeric quadru-
plex. Indeed, the NMR spectrum of seq1, which contains a
doubling of sharp resonances, is very different from that of 93del
(Fig. 10). In contrast, the CD spectra of both 93del and seq1
exhibit a positive peak at 260 nm (Fig. 11B), characteristic of
parallel-stranded G-quadruplexes (30). It is conceivable that
seq1 forms an alternate parallel-stranded quadruplex, whose
topology and oligomeric status are yet unknown. The doubling
of the resonances could reflect the presence of two intercon-

Fig. 5. Models of 93del dimeric quadruplex bound to tetrameric HIV-1
integrase. (A) Molecular surface of the tetramer of IN1–212. Positive and
negative electrostatic potentials are shown in blue and red, respectively. (B
and C) Two views of the model of the complex between 93del dimeric
quadruplex and tetrameric IN1–212 (see text). The 93del structure is colored in
gray; four monomers of IN1–212 are colored in red, blue, yellow, and green,
respectively.
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verting conformers or alternately, formation of an asymmetric
dimeric quadruplex. It is interesting that the inhibitory activity
of seq1 against HIV-1 integrase is not much lower than that of
93del. This finding suggests that parallel-stranded quadruplex
topologies, other than the 93del dimeric quadruplex, can also
inhibit HIV-1 integrase.

Folding Topologies of Related G-Quadruplexes That Inhibit HIV-1
Integrase. The HIV-1 integrase inhibitor T30923 d(GGGTGGGT-
GGGTGGGT) oligonucleotide and its homologs T30177 and
T30695 have been assigned to intramolecular quadruplex folds
where adjacent strands are aligned antiparallel to each other around
the quadruplex (5, 38, 39). This conclusion is actually at variance
with the reported CD spectra in K� solution (40), which showed a
positive peak at 260 nm, characteristic of parallel-stranded G-
quadruplexes. This (together with the sequence similarities be-
tween these oligonucleotides and 93del) raises some concern re-
garding the previously published topologies (38, 39). In our view,
additional experimentation is warranted to rigorously differentiate
between parallel and antiparallel alignment of strands, as well as
between monomeric and dimeric stoichiometries, for the quadru-
plexes formed by the guanine-rich T30923, T30177, and T30695
sequences in K� solution.

93del Dimeric Quadruplex as a Template for Inhibitor Design. The
unusual robustness of the 93del dimeric quadruplex makes it an
ideal scaffold for systematic modifications aimed toward modulat-
ing inhibition specificity and affinity against HIV-1 integrase. One
can alter the length or nature of the G-quadruplex by either adding
or deleting G-tetrads, or alternately replacing G�G�G�G tetrads by
their mixed G�C�G�C (11) or A�T�A�T (13) tetrad counterparts. One
can also design sequences toward the goal of capping G-
quadruplexes by base triads (28), given that base triads have been
shown to be stabilized after stacking over G-tetrads (41).

Our studies suggest that all three loops within the 93del
dimeric quadruplex can accommodate between one and three
nucleotides (Table 2) without impacting on the core folding
topology, while retaining HIV-1 integrase inhibitory activity.

They also indicate loop composition (length, sequence)-
dependent variations in the inhibition of HIV-1 integrase, and
these could be expanded to modulate inhibitor activity.

Model of 93del–Integrase Complex. We have outlined a docking-
based model of the 93del-integrase complex, where the dimeric
quadruplex of 93del is positioned within a large basic channel�
canyon (Fig. 5A) generated by a dimer of dimers of HIV-1 IN1–212

(Fig. 5 B and C). Insertion of 93del into this channel blocks access
to amino acids D64, D116, and E152, which are catalytic residues
essential for integrase function. The model does not include loop
segments 46–56 and 139–149, which are disordered in the crystal
structures, but could be important in complex formation. The loops
of the DNA quadruplex may make contacts with the protein via
these underdetermined segments (Fig. 13A) or the bottom of the
channel (Fig. 13B). This finding would explain a slightly lower
HIV-1 integrase inhibitory activity of modified sequences contain-
ing a 2- or 3-nt loop. It should be noted that a G-quadruplex
structure with three 3-nt loops, such as that of the human telomeric
repeats, would be too large to fit in the channel, consistent with
almost no HIV-1 integrase inhibitory activity observed.

It should be kept in mind that the proposed model of the
93del–integrase complex requires substantiation and has been
put forward in the spirit of stimulating further experimentation.
The most important feature of our model is the concept that one
macromolecule, a dimeric DNA quadruplex, can be positioned
within an intersubunit channel�canyon of another macromole-
cule, a dimer of dimers of HIV-1 integrase. Furthermore, our
contribution highlights the ability of multistranded DNA scaf-
folds, and the groups that project from them, to target channels�
canyons at intersubunit interfaces of multimeric proteins.
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