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’ INTRODUCTION

DNA G-quadruplexes are a family of secondary DNA struc-
tures that consist of stacked G-tetrads connected by hydrogen
bonds that involve both the Hoogsteen and Watson�Crick
edges of guanine; they are stabilized by monovalent cations such
as potassium and sodium.1 Intramolecular G-quadruplexes have
been found in a number of G-rich regions with biological
significance, such as human telomeres, oncogene promoters,
and 50-UTR regions.1�4 Parallel-stranded G-quadruplex struc-
tures are found to be prevalent in gene promoters including those
of c-MYC, VEGF, Hif-1α, and c-KIT genes.5�9 The NHE III1 in
the c-MYC promoter (mycPu27, Figure 1A) is the best-char-
acterized GC-rich promoter element that has the capacity to
form G-quadruplex and i-motif on the purine- and pyrimidine-
rich strands, respectively. Overexpression of the c-MYC onco-
gene is one of the most common genetic aberrations found in a
wide variety of solid tumors10�12 and is mediated by a myriad of
different molecular mechanisms.13,14 So far, a successful ther-
apeutic approach to directly target modulation of c-MYC gene
expression or a downstream target has not reached clinical
trials,15 although a number of different approaches have been
attempted. Among these more recent attempts is the targeting of
c-MYC transcriptional control using small drug-like molecules
that bind to the G-quadruplex in the c-MYC promoter.16

Quarfloxin, which had reached phase 2 clinical trials, is a first-
in-class G-quadruplex-interactive drug that disrupts nucleolin�
G-quadruplex complexes in the nontemplate strand of rDNA,
causing selective inhibition of RNA polymerase I and displace-
ment of nucleolin into the nucleoplasm,17 where it can bind to

the c-MYC G-quadruplex to inhibit gene expression.18 This, along
with other stress-induced p53-dependent pathways, leads to selective
apoptosis and cell death in cancer cells.19 The majority of the
G-quadruplex-interactive compounds are planar molecules with
multiple fused rings, which have been proposed to intercalate
between the end G-tetrad and the flanking residues of the pre-
formed “drug binding pockets”.1,20�25 Although there is a growing
list of molecular structures reported for G-quadruplexes formed
in gene promoters, the structures of their drug complexes have
beenmore difficult to obtain. Here, we report the solution structure
of a novel 2:1 complex between a quindoline and a major
G-quadruplex found in the c-MYC promoter that has important
implications for the design of selectively G-quadruplex-interactive
compounds that bind to this and other parallel unimolecular
G-quadruplexes found commonly in promoter elements.

The G-rich strand of the c-MYC NHE III1 is a 27-nt segment
comprised of five consecutive runs of guanines (mycPu27,
Figure 1A). Mutational analysis in conjunction with a luciferase
reporter system has previously shown that the major G-quad-
ruplex structure responsible for c-MYC transcriptional silencing
in K+ solution appears to involve the four consecutive 30 runs of
guanines in mycPu27 (mycPu22, Figure 1A),5,26 although this
may also be in equilibrium with a second similar G-quadruplex
involving an adjacent 50 run of guanines.27 Compounds that
stabilize the c-MYC G-quadruplex can repress c-MYC gene
transcription.5,28 The major c-MYC promoter G-quadruplex
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adopts a parallel-stranded folding topology in K+ solution.26,29 We
have determined the molecular structure of the major loop isomer
in K+ solution using the sequence Pu22 (Figure 1A),20 in which
G14 and G23 are mutated to thymines to isolate the single major
conformation (MycG4, Figure 1B).26 Transcriptional factors that
bind to either the duplex (e.g., Sp1) or the single-stranded (e.g.,
CNBP, hnRNP K) elements of the NHE III1 in the c-MYC
promoter cause transactivation, while the secondary DNA structures
can form from the same element under negative superhelicity to
silence transcription.27,30 NM23-H2 and nucleolin have been identi-
fied as proteins that facilitate the unwinding and folding of the
G-quadruplex, respectively.18,31 Nucleolin, which binds selectively to
the c-MYC G-quadruplex structure, antagonizes the transactivation
effect of Sp1 and has been shown by ChIP analysis to bind to the
NHE III1 in the c-MYC promoter,18 providing persuasive evidence
for the presence of this G-quadruplex in a cellular context.

The quindoline compound (Figure 1C) is a derivative of the
natural product cryptolepine32,33 and has been shown to stabilize
the G-quadruplex formed in the c-MYC promoter and thus
inhibit the expression of c-MYC in the hepatocellular carcinoma
cell line H2p G2.28 Here, we report that in this quadruplex drug
complex, two quindoline molecules bind the MYC G-quadru-
plex, with one quindoline bound to each of the external tetrads.
The drug binding mode to this unimolecular parallel-stranded
G-quadruplex is distinct from what has been proposed.20 Instead
of binding within a preformed pocket provided by the flanking
bases, both quindoline molecules bind to theMYC quadruplex in
an “induced-fit” manner such that, upon drug binding, the
conformation of flanking segments is changed dramatically from
their free state so that a new drug binding pocket is formed.
Together with the �1 or +1 flanking residue, each quindoline
molecule forms an additional plane of stacking over a total of three
of the four guanines in the external G-tetrads. The +2 and �2
flanking residues then wrap over the newly formed quindoline-base

planes at each end, respectively. The structure of this 2:1 quindoline�
quadruplex complex provides important insights into the struc-
ture-based design of small molecules targeting parallel G-quad-
ruplexes for transcriptional modulation.

’RESULTS

Quindoline Binds the MycG4 To Form a Well-Defined 2:1
Drug�DNA Complex.We report here the solution structure of
the drug complex of this major c-MYC promoter G-quadruplex
with a quindoline compound in physiologically relevant K+

solution using NOE-restrained molecular dynamics calculation.
The free Pu22 DNA (Figure 1A) in pH 7 100 mM K+ solu-
tion forms a single G-quadruplex conformation as indicated by
12 well-resolved imino proton peaks, which come from the 12
tetrad-guanines of three G-tetrad planes of MycG4 (Figure 1B),
as shown previously.20 Upon addition of quindoline compound
to the Pu22 solution, the imino protons of the DNA first
broadened at lower drug equivalence (0.5�1 N) and then
became markedly sharper at higher drug equivalence (Figure 2A),
indicating a medium exchange rate of quindoline binding to
Pu22 on the NMR time-scale. The observation of a new set of

Figure 1. (A) The promoter sequences of the NHE III1 element of the
c-MYC gene and its modifications. mycPu27 is the wild-type 27-mer
G-rich sequence of the c-MYC NHE III1. mycPu22 is the wild-type
22-mer G-rich sequence of the c-MYC NHE III1 that forms the major
G-quadruplex in physiologically relevant K+ solution. Pu22 is the
modified mycPu22 sequence with G-to-T substitutions at the 14 and
23 positions, which adopts the single predominant c-MYC promoter
G-quadruplex (MycG4) in K+ solution and whose structure was
determined by NMR.20 (B) The folding topology of MycG4 adopted
by Pu22, the major c-MYC promoter G-quadruplex in K+ solution. Red
box = guanine, green ball = adenine, blue ball = thymine. (C) The
quindoline molecule with numbering used in this study.

Figure 2. Imino proton regions of the 1D 1H NMR titration spectra of
Pu22 with quindoline in pH7 100 mMK+ solution (A) and pH6 10 mM
K+ solution (B) at 25 �C. The assignments of imino protons of the free
Pu22 DNA and 2:1 quindoline:Pu22 complex are shown above the
spectra. The imino protons from the 50 G-tetrad are colored in red, the
middle G-tetrad in blue, and the 30 G-tetrad in green (see Figure 1B).
(C) The chemical shift difference of the Pu22 protons between the free
form and the 2:1 drug complex at 25 �C. The residue numbers of Pu22
are based on the numbering shown in Figure 1A.
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12 well-resolved imino proton peaks suggested the formation of
a well-defined drug�DNA complex. The drug binding stoichi-
ometry was shown to be 2, as the imino region did not change
(but became somewhat broader) at the drug equivalence higher
than 2 N. The Pu22 sequence (Figure 1A) contains two G-to-T
mutations at positions 14 and 23 to isolate the major conforma-
tion MycG4 (Figure 1B).20 To make sure that the same G-
quadruplex is formed in the wild-type sequence, we also tested
the binding of quindoline to the wild-type mycPu22 sequence by
1H NMR. Our results showed a very similar imino region of the
2:1 wild-type mycPu22�quindoline complex as compared to
that of the 2:1 Pu22�quindoline complex (Figure S1), suggest-
ing the same G-quadruplex structure formed in both cases.
Complete Proton Assignment of the 2:1 Quindoline�

Pu22 Complex, in Which One Quindoline Covers the Top
G-Tetrad and Another Covers the Bottom G-Tetrad. We
prepared site-specifically labeled DNA samples at each guanine
of Pu22 with low-enrichment (6%) incorporation of 15N-labeled-
G, and their quindoline complexes at drug equivalence of 2
in pH 7 100 mM K+ solution. Using 15N-edited experiments as
previously reported,22,34 the imino (one-bond connection to
N1) (Figure S2) and base aromatic H8 (two-bond connection to
N7) protons of guanines were unambiguously assigned. On the
basis of this assignment, NMR titration data indicated that one
quindoline covers the top G-tetrad and another quindoline
covers the bottom G-tetrad, as indicated by the chemical shift
changes between the imino protons of the free and bound DNA
(Figure 2A). A complete set of 2D-NMR data for the 2:1
quindoline�Pu22 complex was collected in pH 7 100 mM K+

at temperatures from 10 to 45 �C. Using the assignment of
guanine H1s andH8s and sequential assignment strategy,20,22 we

were able to assign all of the protons of the 2:1 quindoline�Pu22
complex except for those of the 30-flanking segment, that is, T23,
A24, and A25, for which more than one set of proton peaks were
observed, indicating the presence of multiple conformations
(Figure S3). In addition, the aromatic ring protons of quindoline
are quite broad and not well resolved (Figure S4A). A set of
minor peaks, presumably from the free quindoline, was clearly
observed for the quindoline side-chain protons, for example,
QuiMe50 and QuiH40 (Figure 1C), and exchange NOE cross-
peaks were observed for those protons (Figure S5). To optimize
drug�DNA interactions, we examined the binding of quindoline
with Pu22 at various salt concentrations. At lower salt concen-
tration, for example, 10 mM K+, the binding of quindoline to
Pu22 G-quadruplex was improved, as indicated by the sharper
peaks from the complex DNA (Figure 2B). A new complete set
of 2D-NMR data was collected for the 2:1 quindoline�Pu22
complex in 10mMK+, from 15 to 45 �C, at pH 6, which was used
to slow the exchange rates of imino protons. Encouragingly, one
set of protons peaks was observed for T23, A24, and A25,
indicating a well-defined conformation of the 30-flanking seg-
ment (Figure 3A), in contrast to that at 100 mM K+ (Figure S3).
Moreover, the aromatic ring protons of quindoline became
markedly sharper and well resolved (Figure S4B). It is thus
indicated that quindoline binds the 30-end of MycG4 with a
higher affinity at the low salt condition, which resulted in a well-
resolved NMR spectrum of the 2:1 drug�DNA complex that is
sufficient for complete NMR structure determination (Figures 3,
S4B, S6). We were able to assign all of the protons of the 2:1
quindoline�Pu22 complex in pH 6 10 mM K+ (Table S1), and
the changes in proton chemical shifts between the free and bound
DNA at 25 �C are shown in Figure 2C. It is important to note that

Figure 3. (A) The expanded H8/H6�H10 region of the 2D-NOESY spectrum of the 2:1 quindoline:MycG4 complex. The complete sequential
assignment pathway is shown. The twoNOEpeaks from the quindolinemolecules are labeled by red arrows and show broader linewidths as compared to
those from DNA. (B) The expanded H1�H8/H2/H6 region, with labeling, of the 2:1 quindoline:MycG4 complex. (C) The expanded regions of the
2D-NOESY spectrum of the 2:1 quindoline:MycG4 complex, showing some examples of the intermolecular NOEs between the quindoline and DNA
(left) and between quindoline itself (right). Condition: pH 6, 10 mM K+, 35 �C.



17676 dx.doi.org/10.1021/ja205646q |J. Am. Chem. Soc. 2011, 133, 17673–17680

Journal of the American Chemical Society ARTICLE

the resolved portions of the NMR spectra of the 2:1 quindoline�
Pu22 complex in pH 7 100 mM K+ and pH 6 10 mM K+

(Figures 2A and B, 3A, and S3) are almost the same, indicating
the same complex structure formed at both conditions. The
NMR variable temperature study of the 2:1 quindoline�Pu22
complex showed the imino protons of the MycG4 can be clearly
detected at 95 �C in 10 mM K+ solution (Figure 4), while the
imino protons of the free MycG4 disappeared at 80 �C, indicat-
ing that binding of quindoline increased the stability of the
MycG4 by more than 15 �C in its melting temperature. In
addition, the NMR hydrogen�deuterium exchange experiments
showed that the t1/2 of hydrogen�deuterium exchange for the
imino protons of the middle G-tetrad is about 12 days for the 2:1
quindoline:MycG4 complex as compared to 2 days for the free
MycG4 at 25 �C (Figure S7).
The NMR Structure of the 2:1 Quindoline�Pu22 Complex

Showed a Dramatic Rearrangement of the Flanking Seg-
ments at Both Ends Induced by Quindoline Binding. Using
our established NMR methods,20,22 we were able to determine
the molecular structure of the quindoline�MycG4 complex
using a NOE-restrained distance geometry and molecular dy-
namics approach (Figure 5A, PDB ID 2L7V, Table 1). A
representative model of the complex structure is shown in two
different views in Figure 5B. The quindoline-bound MYC
G-quadruplex was found to adopt the same folding as that of
the free MycG4 formed by Pu22 (Figure 1B),20 a parallel-
stranded G-quadruplex with three double-chain-reversal loops
of T, TA, and T that are mostly exposed to solvent. The
glycosidic torsion angles of all DNA nucleotides were in the anti
conformation as indicated by the intraresidue H8�H10 NOE
intensities (Figure 3A). In the complex structure, inter-residue
NOE connectivities were clearly observed for the 50-T(�3)
G(�2)A(�1) and 30-T(+1)A(+2)A(+3) flanking segments
(Figure 3A), suggesting a continuous stacked conformation at
both ends. However, upon drug binding, a dramatic rearrange-
ment was observed for the flanking segments at both ends.
Specifically, with each quindoline molecule, the �1 and +1

flanking residues, that is, A6 and T23, respectively, formed a
plane capping the 50 and 30 external G-tetrads of the MycG4
quadruplex (Figure 6). In addition, the �2 or +2 flanking
residues, that is, G5 and A24, rearranged their conformation to
stack over and wrap the newly formed quindoline�DNAplane at
each end, respectively (Figure 6). For the 50-TGA flanking
segment, in the free MycG4 structure, A6 stacks over the top
G-tetrad, while G5 is looped out in the groove.20 Rather than
binding in this preformed pocket by intercalating between the
top G-tetrad and A6, the binding of quindoline recruited A6 to
form a plane covering the top G-tetrad (Figure 6A). A6 was
pushed toward the G20�G7 edge of the top G-tetrad, as defined
by the NOE interactions between A6H2/G20H1 (medium),
A6H8/G20H1 (weak) (Figure 3B), andA6H2/G20H10 (medium)
(Figure 3A), as well as by the marked downfield shifting of the
chemical shifts of the H8 and H10 protons of A6 as compared to
those of A6 in the free MycG4 (Figure 2C). The �2 flanking
residue, G5, rearranged its conformation to completely stack
over and wrap the quindoline�A6 plane. The well-stacked
position of G5 was supported by the significant upfield shifting
of G5H8 and G5 sugar protons (Figure 2C); for example, G5H8
is upfield-shifted for about 1 ppm from its free form, suggesting
a strong ring-current effect35 of the stacking interaction. The
profound upfield-shifting of the G5 protons, combined with the
clear NOE connectivity between A6H8 and G5 sugar protons
(Figures 3A and S6), suggested that the H8 end and the sugar
moiety of G5 stacked right above the base ring of A6. Interest-
ingly, the inter-residue NOE connectivity patterns observed for
the T4�G5�A6�G7 segment between the sugar protons and
(i + 1) H8 protons were quite different from those of a regular
right-handed-twist DNA backbone and suggested a somewhat
left-handed-twist backbone conformation. For example, an unusual

Figure 4. The imino regions of 1D 1HNMR spectra of MycG4 (A) and
the 2:1 quindoline:MycG4 complex at various temperatures in pH 6
10 mM K+ solution.

Figure 5. (A) The ensemble of the superimposed 10 NMR-refined
structures of the 2:1 quindoline:MycG4 complex in K+ solution in stereo
view. The two quindoline molecules are labeled. (B) A representative
model of the NMR-refined 2:1 quindoline:MycG4 complex structure
from two different views, prepared using GRASP (guanine = yellow,
adenine = red, thymine = blue). The quindoline molecules are shown in
space-filling model in green. The two potassium ions are shown as
white balls.
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pattern of NOE connectivity was observed between G7H8 and
A6 sugar protons, such that the NOE interactions of G7H8 with
A6H40 and A6H10 were much stronger than that with A6H30
(Figures 3A and S6), a phenomenon observed for the zigzag
sugar conformation of anti-cytosines in Z-DNA.36 Moreover, the
NOE between A6H8/G5H30 was unusually markedly stronger
than that between A6H8/G5H10 (Figures 3A and S6). The
conformation of the 50-terminal T4, as expected, appeared to be
quite flexible and not as well-defined (Figure 5A). For the 30-
TAA flanking segment, a distinct conformation was also ob-
served in the bound form as compared to that in the free form
(Figure 6B). In the free MycG4 structure, A25 folds back to form
a potential base pair with T23 to cover the bottom G-tetrad,
while A24 stays above the T23:A25 base pair (Figure S8). Instead
of intercalating between the bottom G-tetrad and the T23:A25
base pair of the preformed binding pocket, a significant rearran-
gement of the 30 flanking segment was observed upon quindoline
binding. As indicated by NMR data, similar to the 50-end,
the quindoline molecule recruited the +1 T23 to form a new
plane covering the 30 G-tetrad, with the +2 A24 rearranged to
stack over the quindoline�T23 plane (Figure 6B). Clear NOE
connectivity patterns of a continuous right-handed DNA were
observed for the 30-flanking segment, that is, betweenG22�T23,
T23�A24, and A24�A25 steps. T23 was pushed away to the
G22�G9 edge of the 30 G-tetrad, as indicated by weaker NOE
interactions between T23H6 and G22 sugar protons (Figures 3A
and S6). The downfield shifting of T23H6 (Figure 2C) was likely
due to its positioning outside of the G22 and A24 bases. A24
appeared to largely stack over the T23�quindoline plane, as
indicated by the NOE connectivity pattern between T23 and
A24 (Figure 3A), and the upfield-shifting of most of the A24
protons (Figure 2C). The 30-terminal A25 was quite flexible in its
conformation and appeared to be outside of A24 (Figure 5).
The Orientations of the Quindoline Molecules at Both

Ends Were Clearly Defined by Intermolecular NOE Interac-
tions betweenQuindoline andDNA.As shown in the complex
structure, the quindoline molecule at the 50-end covers the G11
and G16 bases of the top tetrad, while the quindoline mole-
cule at the 30-end covers G13 and G18 of the bottom tetrad
(Figure 6A and B). This is supported by the NOE interactions

between quindoline and MycG4 (Figure 3C), as well as the
chemical shift change of tetrad-guanine imino protons (Figure 2C).
The proton resonances of the quindoline molecules are broader
as compared to those of DNA (Figure 3A). While the two
quindolines bind at different ends of MycG4, proton resonances
between the two molecules are not resolved; that is, one set of
peaks is observed for the two quindoline molecules. This may be
another reason for the broader peaks of quindoline protons, in
addition to the dynamic process of the drug binding. Although
intermolecular NOE interactions between quindoline and DNA
are broader and weaker, critical NOE interactions were observed
between quindoline and DNA (Figure 3C), which clearly define
the orientation of the quindoline molecules at both ends. For
example, for the quindoline molecule that binds the 50 G-tetrad,
intermolecular NOE interactions were observed between the
protons of quindoline ring A with G7 and G11, such as
QuiH2/G7H1 and QuiH4/G11H10, and between the protons
of quindoline ring D with G16, such as QuiH11/G16H1 and
QuiH8/G16H10 (Figure 6C). These NOE interactions unequi-
vocally defined the binding position of the quindoline molecule
on the top G-tetrad (Figure 6A). Similarly, the binding position
of the quindoline molecule on the bottom G-tetrad was clearly
defined (Figure 6B). Intermolecular NOE interactions were ob-
served between the protons of quindoline ring A with G18, for
example, QuiH4/G18H20&200 and QuiH2/G18H1, and between
the protons of quindoline ring D with G13, for example, QuiH9/
G13H20&200, QuiH9/G13H8, and QuiH8/G13H10 (Figure 6D).
In addition toNOE interactions between quindoline protons and
the stacking G-tetrads, intermolecular NOE interactions were
observed between quindoline protons and flanking residues; for

Table 1. Structural Statistics for the 2:1 Quindoline�Pu22
Complex

structural statistics

distance restraints 643

MycG4 594

intraresidue 410

interresidue 184

intermolecule 25

hydrogen bonds 24

deviations from standard geometry

bond length (Å) 0.017 ( 0.007

bond angle (deg) 1.80 ( 0.03

NOE violations

numbers (> 0.2 Å) 0.2 ( 0.42

pairwise rmsd of heavy atoms (Å)

MycG4 1.05 ( 0.19

all 1.14 ( 0.21

Figure 6. Two different views of the drug-induced binding pockets at
the 50-end (A) and at the 30-end (B). Some examples of intermolecular
NOE interactions between quindoline and MycG4 DNA are shown as
yellow lines for the 50 drug-binding pocket (C) and the 30 drug-binding
pocket (D).
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example, QuiH10/A24H2 defines the capping conformation
of A24 above the quindoline�T23 plane (Figure 6D), and
QuiH11/A6H2 defines the position of A6, which forms a
plane with quindoline covering the 50 G-tetrad (Figure 6C).
A Potential Hydrogen Bond Appeared To Form between

T23 and the 30-Quindoline, Whereas the �2 Residue G5 Is
More Critical for the Specific Binding of the 50-Quindoline.
The quindoline molecule is protonated at the N1 site at pH 7, as
suggested by its pKa (∼8.3) as reported previously.28 In the
complex structure derived from NOE-restrained molecular dy-
namics calculation using the N1-protonated quindoline, a po-
tential hydrogen bond appeared to be formed between T23O4
and QuiN1H, with a distance of ∼1.9 Å (Figure 6B). However,
the QuiN1H could not be detected by NMR due to its fast
exchange with water; thus we also performed the NOE-re-
strained molecular dynamics calculation using the N1-nonpro-
tonated quindoline. The results showed that the intermolecular
electrostatic energy between the 30-quindoline and MycG4 is
about �469 ((8.5) and �426 ((10.9) kcal/mol for the
protonated and nonprotonated forms, respectively. This result
indicated that the N1-protonated quindoline is more favored for
the quindoline binding at the 30-end, likely due to the potential
H-bond of T23O4:QuiN1H. This H-bond interaction between
DNA and quindoline would be strengthened at lower salt
concentration, which could explain the improved binding of
quindoline at the 30-end of MycG4. As T23 is a mutation from
the wild-type G23, we performed molecular dynamics calcula-
tions of the complex structure with the wild-type G23 and found
a very similar structure in which a potential H-bond could be
formed between G23O6 and QuiN1H (Figure S9). Significantly,
while the 50 quindoline binding pocket appeared to be stable at
both high and low salt conditions, the mutational analysis of the
binding of quindoline with various modified Myc promoter
sequences (Figure S10) showed that the �2 residue G5 is more
critical for the specific binding of quindoline to Pu22 than the +2
residue A24, and the G-to-T mutation at position 5 markedly
weakened the quindoline binding (Figure S10D). The need for
the �2 G5 at the 50-end may be related to the lack of H-bond
interaction between the 50 quindoline and the�1 A6, suggesting
a sequence-specific capping interaction. The NOE-restrained
molecular dynamics calculation also showed that the intermole-
cular energy between the 50-quindoline and MycG4 was about
the same for both the protonated and the nonprotonated
drug forms.

’DISCUSSION

Solving the structure of a 2:1 quindoline�G-quadruplex
promoter complex by NMR allows us to address two important
questions: (1) What are the specific molecular recognition
determinants between the two quindoline molecules and this
c-MYC G-quadruplex? (2) What insights does this structure
provide for future structure-based rational drug design of mol-
ecules that interact with unimolecular parallel-stranded G-quad-
ruplexes? The structure of the 2:1 quindoline�MycG-quadruplex
complex is unique in that at both ends of the unimolecular c-MYC
G-quadruplex, a quindolinemolecule binds and induces a similarly
large reorientation of the flanking sequences to form new drug
binding pockets. It is important to note that the same G-quad-
ruplex appears to form in the 2:1 quindoline complex of the wild-
type mycPu22 sequence (Figure S1). While the overall structures
of both 50 and 30 quindoline complexes have largely common

features, such as base stacking over two adjacent guanines and
recruitment of either the�1 or the +1 base (adenine or thymine)
that is aligned in the same plane as quindoline, there are also some
important differences. The origin of these differences is due to
inherent structural features that are associated with the 30 and 50
faces as well as the flanking sequences. The binding of quindoline
at the 50-end is more favored at physiologically relevant K+

concentration, because the 50-face is more hydrophobic and more
accessible for ligand stacking (Figures 5B and S11). Binding of the
50-end quindoline is more dependent on the stacking interactions
that are inherent in the induced binding pocket created by the 50
tetrad and the two flanking bases at �1 and �2; thus it is K+

concentration independent. In contrast, the 30-end is more
hydrophilic and less accessible for ligand stacking (Figures 5B
and S11). Indeed, the overlay of the 30-quindoline with the
adjacent G-tetrad is clearly less profound as compared to that of
the 50-quindoline (Figure 6A and B). Consequently, the increased
stability of the 30-end quindoline complex at lower ionic strength is
likely to be related to the specific H-bond interaction between
QuiN1H and T23O4 (Figure 6B) and relies less on capping
interactions. These types of subtle but important differences
related to the effect of ionic strength in ligand recognition between
the 30 and 50 ends can only be monitored in solution and thus are
amenable toNMR studies. In contrast to the G-tetrad interactions,
both flanking two-base sequences undergo unexpected large
conformational changes to assemble new capping structures, in a
manner somewhat analogous to a reorganized ligand-induced fit
observed in riboswitches.37 This is distinct from the previously
proposed model wherein the planar G-quadruplex-interactive
compounds would intercalate between the external G-tetrad and
the flanking residues of the preformed “drug binding pockets”.1

For each case, there is proof of a defined overlay of the quindoline
molecule with just two of the four guanines from each external
tetrad and recruitment of the flanking +1 or �1 base to form a
quasi-triad plane that is intercalated between the external 30 or 50
tetrad and the +2 or�2 base.We term this induced rearrangement
of the flanking sequence with the external tetrad and quindoline an
“induced intercalated triad pocket” to describe the coplanar
arrangements of the quindoline (which overlay two guanines)
with the adenine (�1) or thymine (+1) and their combined
intercalation between the external tetrad and �2 or +2 base. The
50-end complex in which an adenine is recruited into the same
plane as the quindoline and then cappedwith a guanine is themost
stable, and its inherent stability is highly dependent on the capping
guanine because deletion or mutation to a thymine dramatically
reduces the stability. The 30-end complex, where thymine is
recruited as the in-plane base, is only stable under low ionic
strength, emphasizing the importance of ionic, rather than stack-
ing, binding interactions.

We next addressed the question of how this quindoline-
induced rearrangement of the flanking sequence is related to
previously determined structures of ligand G-quadruplex com-
plexes. Most of the known structures of ligand�G-quadruplex
complexes have been determined by X-ray crystallography and
are derived from telomeric sequences that form bimolecular and
tetramolecular species.38 The only unimolecular ligand complex
with a promoter G-quadruplex is the NMR-derived structure of a
TMPyP4�MYCG-quadruplex complex, which contains a guanine-
to-inosine substitution that induces a G-strand discontinuity39 that
did not agree with the DMS footprinting data of the wild-type
mycPu27 sequence.5 In this complex, the TMPyP4 stacks over the
50-end, but the orientation of TMPyP4 was not resolved by NMR
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data, and a well-defined binding pocket was not observed. There are
two dimeric telomericG-quadruplexes in which a thymine residue is
recruited into a similar in-line triad plane: in one case, it is a
thymine from the 4T diagonal loop in a dimeric antiparallel
structure,40 and in a second case one of the 30 terminal thymines
is in the plane of BRACO-19 that stacks between the two
bimolecular quadruplexes.41 However, because of the multimeric
nature of both structures, they are less relevant to the unimolecular
species described here, although the hijacking of a base into the
plane of the ligand reinforces the principle described here for both
quindoline G-quadruplex complexes

Finally, to address the insights into structure-based design of
molecules that interact with unimolecular parallel G-quadruplex
structures such as those found in c-MYC, VEGF, Hif-1α, and
c-KIT promoters, we first categorize externally bound G-quad-
ruplex ligands into twomain types: those typified by telomestatin
andTMPyP4, which contain symmetric cyclic fused rings that are
quasi or fully 4-fold symmetrical and overlap equally with all four
guanines in the external tetrad, and ligands such as acridine-based
compounds or Quarfloxin and the quindoline described here,
which are inherently asymmetric and contain a smaller stacking
moiety. Compounds with symmetric cyclic fused rings, such as
telomestatin42 and TMPyP4,43 have been considered to be the
optimal G-quadruplex-interactive compounds as they provide
maximized stacking interactions with the external G-tetrad.
However, we have examined the binding of many G-quadru-
plex-interactive compounds to DNA G-quadruplexes and found
that, in general, those compounds with symmetric cyclic fused
rings do not appear to bind G-quadruplexes specifically, whereas
asymmetric compounds containing a smaller stacking moiety, in
particular the crescent shape moiety, are more likely to bind in a
defined manner to a specific G-quadruplex. An important
implication from our structure is that, unlike the symmetrical
cyclic ligand typified by TMPyP4, specific binding and selectivity
of the quindoline and other similar crescent-shaped molecules
are determined by both the identity of the binding end (30 or 50)
and the flanking two bases. It is important to note that the
crescent-shaped quindoline provides optimal overlay of two
guanines of a G-tetrad. In addition, the electrostatic interaction
between the diethylamino group in the side chain of quindoline
and the DNA phosphate backbone could help orient and stabilize
the quindoline nucleus, which in turn specifically pinpoints the
potential location of substituents that can interact in the grooves
and with the loops. It is anticipated that small changes in both the
shape and the electronic structure of the ligand, as well as the
identity of the flanking bases making up the intercalated triad
pockets, will affect the precise positioning of the ligand relative to
the adjacent G-tetrad. The 2:1 quindoline�c-MYC G-quadru-
plex complex described here provides an important case study for
the biologically important parallel intramolecular G-quadru-
plexes in promoter elements. For this “induced intercalated triad
pocket” to form, a suitable single-stranded flanking segment
containing at least two bases must exist. Under negative super-
coiled conditions, there is clear evidence of a single-stranded
region, which is quite extensive, at either side of the G-quad-
ruplex in a duplex element.27 The inherent flexibility of the
deoxyribose phosphate backbone of DNA in the single-stranded
region flanking the G-quadruplex would likely provide an
environment not too dissimilar to that found in the flanking
regions here. Therefore, it is not unreasonable to expect the same
drug-induced binding pocket to form in the context of an
associated i-motif in a duplex element. Furthermore, this

reorientation occurs at both ends of the c-MYC G-quadruplex,
and a similar recruited thymine has been shown to be present in
crystal structures of two bimolecular structures,40,41 suggestive of
a significant feature of drug complexes with G-quadruplexes. This
divides the molecular mechanism for G-quadruplex recognition
by small molecules of this type into two clear sequential steps,
involving first the newly recognized induced intercalated triad
pocket recognition and second the groove/loop interactions.
The first step provides new opportunities for selective recogni-
tion by small molecules that bind to unimolecular parallel
structures. It is noted that different paradigms likely will exist
for antiparallel or mixed parallel/antiparallel structures.

’METHODS

The DNA oligonucleotides were synthesized and purified as de-
scribed previously.20�22 Samples in D2O were prepared by repeated
lyophilization and final dissolution in 99.96% D2O. Samples in water
were prepared in 10%/90%D2O/H2O solution. The final NMR samples
contained 0.1�2.5 mM DNA in 25 mM K-phosphate buffer (pH 7.0)
and 75 mMKCl, or in the low-salt solution, 10 mM K-phosphate buffer.

NMR experiments were performed on Bruker DRX-600 and 800
MHz spectrometers as described previously.20�22 The 1D GE-JRSE
HMQC experiments were used to measure 15N-edited spectra.44 The
jump�return spin�echo was used to suppress the water peak with
maximum intensity tuned to 11 ppm.45 Homonuclear 2D NMR experi-
ments, including NOESY, TOCSY, and DQF-COSY, were collected at
10, 15, 20, 25, 30, 35, and 45 �C, for the 2:1 quindoline�Pu22 complex
samples in water and D2O solution at both pH 7 100 mM K+ and pH 6
10 mMK+. The linewidths of the quindoline complex became markedly
broader at temperatures lower than 15 �C. Jump�return and watergate
were used to suppress the water signal in the spectra. The relaxation
delays were set to 2.5 s in 2D experiments. The software Sparky (UCSF)
was used in peak assignments and integrations. Nonexchangeable
protons were estimated on the basis of the NOE cross-peak volumes
at 50�300 ms mixing times, with the upper and lower boundaries
assigned to (20% of the estimated distances. Distances between
exchangeable protons were assigned with looser boundaries of (30%.
The methyl base proton Me-H6 distance (2.99 Å) was used as a
reference. The distances involving the unresolved protons, for example,
methyl protons, were assigned using pseudoatom notation in X-PLOR.
Proton resonances between the two quindoline molecules are not
resolved; therefore, the intermolecular quindoline�DNA restraints
were used with higher boundaries ((30%).

The structures of complex were calculated using X-PLOR46 and
Insight II/Discover (Accelrys, CA). Metric matrix distance geometry
(MMDG) and simulated annealing calculations were carried out in
X-PLOR to embed and optimize 100 initial structures for the Pu22
sequence, as described previously.21,22 The experimentally obtained
distance restraints and G-tetrad hydrogen-bonding distance restraints
were included during the calculation. A total of 643 distance restraints, of
which 184 are from inter-residue NOEs, and 25 are from intermolecular
NOEs between quindoline and MycG4, were incorporated into the
NOE-restrained structure calculation. Dihedral angle restraints were
used for the glycosidic torsion angle (χ) based on the experimentally
determined anti conformations. The 20 best molecules were selected on
the basis of both their minimal energy terms and number of NOE
violations and were further subjected to 350 ps of NOE distance-
restrained molecular dynamics simulation with time steps of 1 fs at
300 K in explicit solvents in Insight II/Discover using CFF forcefield, as
described previously.20 The quindoline�MycG4 complex was soaked
into water solvent using a 10 Å water layer. Two K+ ions were included
between the three G-tetrad planes, and 21 K+ ions were used to counter
the negative charge of DNA backbone. Hydrogen-bond restraints were
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applied to the G-tetrads, using a quadratic energy function with a force
constant of 200 kcal(mol�1Å�2). The 10 lowest energy structures
were extracted from MD simulation trajectory and were further energy-
minimized.
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