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Abstract: The c-kit oncogene is an important target in the treatment of gastrointestinal tumors. A potential
approach to inhibition of the expression of this gene involves selective stabilization of G-quadruplex structures
that may be induced to form in the c-kit promoter region. Here we report on the structure of an unprecedented
intramolecular G-quadruplex formed by a G-rich sequence in the c-kit promoter in K+ solution. The structure
represents a new folding topology with several unique features. Most strikingly, an isolated guanine is
involved in G-tetrad core formation, despite the presence of four three-guanine tracts. There are four
loops: two single-residue double-chain-reversal loops, a two-residue loop, and a five-residue stem-loop,
which contain base-pairing alignments. This unique structural scaffold provides a highly specific platform
for the future design of ligands specifically targeted to the promoter DNA of c-kit.

Introduction

The proto-oncogenec-kit encodes for a 145-160 kDa tyrosine
kinase receptor,1 which regulates key signal transduction
cascades to control cell growth and proliferation. As the c-kit
protein plays such a critical role in establishing normal cell
growth, mutations in structurally important regions of the
protein, or its overexpression, result in impaired function, which
leads to oncogenic cellular transformations.2 Gain-of-function
mutations are found in several highly malignant human cancers.3-5

Human gastrointestinal stromal tumors (GIST) have been
associated with mutations around the two main autophospho-
rylation sites in the juxtamembrane region,3 whereas kinase
domain mutations are found in myeloid leukemias and human
germ cell tumors.4,5 These oncogenic mutations result in
increased dimer formation by bringing together two c-kit kinases
into close proximity and facilitating autophosphorylation.

The c-kit protein is currently the principal therapeutically
important target in the treatment of GIST.6 The small molecule
Gleevec (imatinib), originally developed as an inhibitor of the

c-abl kinase in chronic myelogenous leukaemia (CML), was
subsequently found to be an effective inhibitorin Vitro and in
ViVo of c-kit kinase activity.7 It is now widely used as a therapy
for GIST, where it has made a major difference to survival
rates.6,8 However, as with CML, resistance to Gleevec occurs
as a result of deactivating mutations in the active site, which
diminish binding and clinical effectiveness of the drug.9 A
number of new c-kit kinase inhibitors are currently being
developed and evaluated with the aim of circumventing this
resistance,10 although they themselves may well produce new
patterns of resistance mutations.

An alternative approach toc-kit inhibition would involve
selective gene regulation at the transcriptional level. Such an
approach is currently being explored in the case of thec-myc
oncogene,11,12 which involves the induction of G-quadruplex
DNA structures in a G-rich region of thec-myc promoter
nuclease hypersensitivity element (NHE) III1 that is responsible
for up to 90% ofc-myctranscription.13 G-quadruplexes, which
may have transient stability by themselves when embedded
within the double-stranded DNA of a eukaryotic gene, may be
stabilized further by a small-molecule ligand such as the† Memorial Sloan-Kettering Cancer Center.
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porphyrin molecule TMPyP4.12 The topology and structure of
the c-myc DNA quadruplexes containing four14 and five15

G-tracts have been determined by nuclear magnetic resonance
(NMR) spectroscopy, together with that of a TMPyP4 complex
for the five-guanine-tract quadruplex.15 The latter are parallel-
stranded quadruplexes, with several strand-reversal loops and
base-pair platforms.15 They have structural complexity beyond
that of quadruplexes formed from telomeric DNA repeats,16-21

suggesting the possibility of identifying ligands that are selective
for the c-mycquadruplexes.

Recently, two G-rich sequences have been identified in the
promoter region of the humanc-kit gene, and biophysical data,
including NMR, have established that these sequences can form
G-quadruplex structures.22,23In particular, thec-kit87upd(AGG-
GAGGGCGCTGGGAGGAGGG) sequence, 87 nucleotides
upstream of the transcription start site of the humanc-kit gene,

forms a single G-quadruplex species.22 Because this sequence
contains four tracts of three consecutive guanines separated by
linkers of one or four residues, it was initially assumed to form
a conventional G-quadruplex structure involving these G-tracts
in the G-tetrad core and the linkers in the loops. Surprisingly,
modifications in the linker sequences were found to be
detrimental to formation of a folded quadruplex structure,22

suggesting that they were more intimately involved in the
quadruplex fold than would be expected for a conventional
parallel or antiparallel arrangement.

Here we report on the NMR-based solution structure of the
G-quadruplex formed by this sequence in K+ solution. The
structure reveals a highly unusual and unprecedented G-
quadruplex folding topology with several unique elements. This
structure rationalizes the data on previous sequence modifica-
tions,22 as well as that on many systematic sequence modifica-
tions performed in the present work. The unique scaffold of
thec-kit87upquadruplex may provide a platform for designing
ligands that specifically target the G-quadruplex topology in
the c-kit promoter.

Results

NMR Spectra. NMR spectra ofc-kit87upin K+ solution are
of excellent quality with well-resolved resonances (Figure 1a).
The number of peaks is consistent with formation of a single
conformation. Spectral line-widths (2-4 Hz for sharpest peaks
at 25 °C) suggest formation of a monomeric structure, in
agreement with previous data,22 which showed that the melting
temperature ofc-kit87upwas independent of the oligonucleotide
concentration.

We observe 12 sharp peaks of guanine imino protons at 25
°C, which likely belong to the G-tetrad core. This suggests
formation of a G-quadruplex structure containing three G-tetrad
layers. Three other imino protons (two for guanines and one
for a thymine) are visible at lower temperatures (Figure S1,
Supporting Information).
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Figure 1. Spectra and assignments ofc-kit87up. (a) The 600 MHz imino proton spectrum of thec-kit87upsequence in K+ solution at 25°C. Unambiguous
assignments are indicated. (b) Imino protons were assigned in15N-filtered spectra of samples, 2%15N-labeled at the indicated positions. (c) Long-rangeJ
couplings in a guanine used for imino-H8 correlation. (d) H8 proton assignments ofc-kit87upby through-bond correlations between imino and H8 protons
via 13C5 at natural abundance, using long-rangeJ couplings shown in (c).
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In contrast to the narrow and well-resolved NMR spectrum
of c-kit87upin K+ solution (Figure S2b, Supporting Informa-
tion), its counterpart in Na+ solution exhibits a broad and
unresolved envelope probably associated with an aggregated
species (Figure S2a, Supporting Information).

Spectral Assignments.We prepared samples (Table S1,
Supporting Information) in which only one guanine was 2%
15N-labeled at a time, using deliberately diluted15N-labeled
phosphoramidite.24 Guanine imino protons were unambiguously
assigned by the site-specific low-enrichment approach24 (Figure
1b). Unexpectedly, these unambiguous assignments revealed that
G10, an isolated guanine within the C9-G10-C11-T12 “linker”
sequence, was among 12 sharp imino protons, but not that of
G20 from the last G-tract.

Most guanine H8 protons were assigned by natural-abundance
through-bond correlations25 to the already assigned imino
protons via13C5 (Figure 1c, d). Guanine H8 proton assignments
were completed (or confirmed) by multi-bond correlations to
15N nuclei in site-specific 2%15N-labeled samples.24 The
spectral assignments for other resonances were completed by
through-bond (COSY and TOCSY) and through-space (NOE-
SY) correlations between protons.26

G-Quadruplex Folding Topology. On the basis of the
characteristic NOEs between imino and H8 protons (Figure 2),
we established an unprecedented G-quadruplex fold forc-kit87up,
involving three G-tetrads: G2•G6•G10•G13, G3•G7•G21•G14,
and G4•G8•G22•G15 (Figure 2d). The glycosidic conformations
of all guanine are anti, as reflected by the observed H1′-H8
NOE intensities (not shown). These glycosidic conformations
are consistent with the G-tetrad core containing all parallel
G-tracts (Figure 2d). There are four loops in the structure. Two
single-residue linkers (A5 and C9) form two double-chain-
reversal loops that bridge three G-tetrad layers. The third loop,
C11-T12, connects two adjacent corners (G10 and G13) of the
G-tetrad core (Figure 2d). The five-residue segment A16-G17-
G18-A19-G20 forms the fourth loop that allows the terminal
G21-G22 stretch to be inserted back to the G-tetrad core. This
folding topology is also supported by proton exchange data,
which showed that imino protons of the central G-tetrad (G3,
G7, G21, and G14) are the most protected from exchange with
water (Figure S3, Supporting Information).

Solution Structure of c-kit87upG-Quadruplex. The struc-
ture of the c-kit87up quadruplex (stereo pair, Figure 3a;
representative structure, Figure 3b, c) was calculated on the basis
of NMR restraints (Table 1). The G-tetrad core is well defined.
We observe three base pairs formed within the top and bottom
loops (Figure 3): A1•T12 (Figure 4a), A16•G20 (Figure 4b,
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Figure 2. G-tetrad alignments and folding topology ofc-kit87up. (a) Schematic of a G-tetrad with characteristic guanine imino-H8 connectivity patterns
indicated by arrows. (b) NOESY spectrum (mixing time, 200 ms). The characteristic guanine imino-H8 cross-peaks for G-tetrads are framed and labeled
with the imino proton assignment in the first position and that of the H8 proton in the second position. Peaks k, l, m, and n show close distances between
G20(NH2) and the imino protons of guanines from the bottom tetrad; peaks p, q, r, and s show close distances between A1(H2) and the imino protons of
guanines from the top tetrad. (c) Summary of characteristic guanine imino-H8 patterns observed forc-kit87up. (d) Topology ofc-kit87upbased on the
G-tetrad alignments in (c).
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c), and G17•A19 (Figure 4c, d). The stacking of the A1•T12
(Figure 4a) and A16•G20 (Figure 4b) on the top and the bottom
of the G-tetrad core, respectively, is reflected by the observation
of NOE cross-peaks between A1(H2) to the imino protons of
guanines from the top tetrad (G2, G6, G10, G13) and those
between G20(NH2) to the imino protons of guanines from the
bottom tetrad (G4, G8, G22, G15) (Figure 2b). Formation of
the Watson-Crick A1•T12 base pair is supported by the
observation of the imino proton of T12 at 5°C (Figure S1,
Supporting Information) and the NOE between this proton and
the A1(H2) proton (not shown). A1 adopts a syn conformation,

consistent with the observation of a strong intraresidue H8-
H1′ NOE cross-peak (not shown).

The C9-G10-C11-T12 fragment forms an interesting config-
uration in the structure (Figure 5), where the middle G10
participates in the G-tetrad core.

Formation of the Watson-Crick-type A16•G20 base pair was
supported by the observation of G20 imino proton at 12.8 ppm
(Figure S1, Supporting Information) and the strong NOE
between A16(H2) and G20(NH2). This was independently
confirmed in the sampleck26 (Table 2), in which G20 was
substituted by an inosine. NMR-restrained structure calculation
revealed formation of the sheared G17•A19 pair (Figure 4c, d)
and the single-residue turn G18 (Figure 4d). The positions of

Figure 3. Solution structure of thec-kit87upquadruplex in K+ solution. (a) Stereoview of 11 superpositioned refined structures. Guanine bases in the
G-tetrad core are colored cyan; other bases, green; the backbone, gray; phosphorus atoms, red; O4′ atoms, yellow. (b) Ribbon and (c) surface views of a
representative refined structure.

Table 1. NMR Restraints and Structure Statistics

A. NMR Restraints

distance restraints nonexchangeable exchangeable
intra-residue distance restraints 200 0
sequential (i, i + 1) distance restraints 72 6
long-range (i, g i + 2) distance restraints 13 38

other restraints
hydrogen bond restraints
(H-N, H-O, and heavy atoms) 60
torsion angle restraints 54

intensity restraints
nonexchangeable protons 240

B. Statistics for 11 Structures following Intensity Refinement

NOE violations
number (>0.2 Å) 0.182( 0.404
maximum violation (Å) 0.284( 0.024
rmsd of violations 0.018( 0.004

deviations from the ideal covalent geometry
bond lengths (Å) 0.004( 0.000
bond angles (deg) 0.974( 0.018
impropers (deg) 0.349( 0.008

NMR R-factor (R1/6) 0.017( 0.005
pairwise all heavy atom rmsd values

all heavy atoms except A5, C9, C11 0.50( 0.09
all heavy atoms 0.83( 0.12

Figure 4. Base pairs in loops. Stacking (a) between the Watson-Crick
A1•T12 pair and the G2•G6•G10•G13 tetrad, (b) between the Watson-
Crick A16•G20 pair and the G4•G8•G22•G15 tetrad, (c) between the
Watson-Crick A16•G20 pair and the sheared G17•A19 pair, and (d)
between the sheared G17•A19 pair and the single-base G18.
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bases in the five-residue A16-G17-G18-A19-G20 loop were
supported by several unusual chemical shifts: position of G18
over the G17•A19 base pair would explain the upfield shifts of
its H1′ and H5′/H5′′ protons; upfield shifts of H5′′ and H2′′
(but not H5′ and H2′) protons of A19 are consistent with the
positions of these protons over the aromatic rings of both G18
and G20. The configuration of this unusual stem-loop resembles
a hairpin loop observed previously,27 which consists of a single
residue turn closed by a sheared G•A pair, flanked by a
Watson-Crick pair. Imino proton of the sheared G•A pair was
also observed at 10.7 ppm,27 as G17 inc-kit87up.

Analysis of Modified c-kit87up Sequences.We systemati-
cally probed the importance of different structural elements in
the c-kit87upquadruplex fold by individual modifications of
several residues (Table 2).

The single-residue loops A5 and C9 were substituted by T
in the sequencesck17andck18 (Table 2), respectively, with-
out altering the general fold, as suggested by their NMR spectra
(Figure 6a). This was anticipated, as the structure of a single-
residue double-chain-reversal loop bridging three G-tetrad
layers has been shown to be independent of the nature of the
base in it.28

Formation of the Watson-Crick A1•T12 base pair appears
to be important for the structure, as the A1T mutation in the
ck16sequence altered the general fold (Figure 6b). Theck19
sequence containing the C11T mutation showed a doublings of

imino proton peaks (Figure 6b). It is possible that for this
sequence there are two conformations in which A1 can be paired
with either T11 or T12.

Base pair alignments in the five-residue loop are also
important for the fold since mutations that alter them (A16T,
G17T, and A19T) would affect the general fold (Figure 6c). In
this loop, however, the single-residue turn G18 could be
substituted by a T in theck23 sequence, without altering the
general fold (Figure 6a). This is not unexpected since this is
the sole nucleotide in the loop not to be involved in tertiary
interactions other than stacking onto the preceding guanine base.
Substitution G20T (ck24) resulted in a similar general fold,
except that the Watson-Crick A16•T20 may be formed instead
of A16•G20. This possibility is structurally feasible. The G20I
substitution (ck26) also resulted in a single conformation of the
same general fold (Figure 6d), whereas the G17I substitution
(ck27) maintained the general fold for the major conformation
of only about 80%, indicating the significant role of the amino
group of G17 in the G17•A19 pair (Figure 6d).

Finally, G10 should be important for the unique folding
topology ofc-kit87up, as NMR spectra (Figure 6b) suggest that
the G10T mutation (ck25) favored an alternative G-quadruplex
fold.

Discussion

We have solved the structure of an unprecedented intramo-
lecular G-quadruplex formed by a promoter sequence from the
c-kit oncogene in K+ solution. Initial inspection of the sequence,
with four equally sized G-tracts, suggested that the fold would
be a straightforward parallel-type one, in accord with the
biophysical data.22 The present study has shown that this is not
the case. The structure contains two single-residue double-chain-
reversal loops spanning three G-tetrad layers, a robust type of
loop reported previously15,28 that could play an important role
in the folds of many G-quadruplexes29 in K+ solution. This
quadruplex is remarkable in requiring the active participation
of 18 out of the 22 nucleotides in the structural organization.
The sole exceptions are the single-nucleotide loops (A5 and
C9) and turns (C11 and G18).

The structure also revealed several new topological elements.
The most striking feature of the structure is the participation of
an isolated non-G-tract guanine (G10) in formation of the
G-tetrad core, despite the presence of the four G-tracts, each
containing three consecutive guanines. This is counter-intui-
tive: generally, it was thought that G-tracts are most favorable
for forming columns that support the G-tetrad core. This new
folding principle, that G residues in non-G-tract regions can
participate in forming the structural core, should be kept in mind
in future studies that attempt to predict G-quadruplex topologies
from sequence data alone.

Another notable feature of the structure is the snapback
parallel-stranded G-tetrad core. The snapback arrangement was
first observed in the G-quadruplex formed by a five-G-tract
sequence from thec-mycpromoter.15 The comparison between
the snapback G-quadruplexes fromc-kit andc-mycpromoters
is shown in Figure 7. In both cases, the G-tetrad core is
interrupted30 and base pairings in the loops are important in

(27) Zhu, L.; Chou, S. H.; Xu, J.; Reid, B. R.Nat. Struct. Biol.1995, 2, 1012-
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2005, 33, 2908-2916. (c) Burge, S.; Parkinson, G. N.; Hazel, P.; Todd,
A. K.; Neidle, S.Nucleic Acids Res.2006, 34, 5402-5415.

Figure 5. Highlight of the C9-G10-C11-T12 fragment within thec-kit87up
quaduplex.

Table 2. Investigated G-Rich Sequences in the c-kit Promotera

sequence

name 1 2 3 4

c-kit87up A GGG A GGG C G CT GGG AGGAG GG
ck16 T GGG A GGG C G CT GGG AGGAG GG
ck17 A GGG T GGG C G CT GGG AGGAG GG
ck18 A GGG A GGG T G CT GGG AGGAG GG
ck19 A GGG A GGG C G TT GGG AGGAG GG
ck20 A GGG A GGG C G CT GGG TGGAG GG
ck21 A GGG A GGG C G CT GGG AGGTG GG
ck22 A GGG A GGG C G CT GGG ATGAG GG
ck23 A GGG A GGG C G CT GGG AGTAG GG
ck24 A GGG A GGG C G CT GGG AGGAT GG
ck25 A GGG A GGG C T CT GGG AGGAG GG
ck26 A GGG A GGG C G CT GGG AGGAI GG
ck27 A GGG A GGG C G CT GGG AIGAG GG

a Modifications are in boldface. Loop numbers are listed in the column
head.
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stabilizing the snapback scaffold. The difference betweenc-kit
andc-mycquadruplexes is that the latter involves insertion of
a single syn guanine (Figure 7c, d), the former involves inser-
tion of two anti guanines (Figure 7a, b). The snapback feature
of this structure would also allow for continuation of the DNA
sequence in both directions without significant steric hindrance.

Formation of G-quadruplex structures in thec-mycpromoter
has been shown to inhibit the transcription of thec-myc
oncogene.12 The same approach may also apply to thec-kit

(30) Phan, A. T.; Kuryavyi, V.; Luu, K. N.; Patel, D. J. InQuadruplex Nucleic
Acids; Neidle, S., Balasubramanian, S., Eds.; Royal Society of Chemistry:
U.K., 2006, pp 81-99.

Figure 6. The 600 MHz imino proton spectra of the modifiedc-kit87upsequences in K+ solution at 25°C.

Figure 7. Comparison between G-quadruplex structures observed in (a, b)c-kit (this work) and (c, d)c-myc15 promoters. In (a) and (c): color coded as in
Figure 3, except that snapback residues are colored orange; the blue arrows indicate break points within interrupted G-tetrad cores. In (b) and (d): loops are
colored red; anti and syn guanines are colored cyan and magenta, respectively.
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oncogene. Because the G-quadruplex structure formed by
c-kit87upis quite unique, it appears to be a specific target for
drug design. In particular, there is a pronounced cleft in the
structure between the bottom G-tetrad and the stem-loop that
has a complex topology, suggesting that it could be a recognition
site for ligands.

Methods

Sample Preparation. The unlabeled and the site-specific low-
enrichment (2%15N-labeled) oligonucleotides were synthesized and
purified as described previously.24 Some site-specific15N-labeled
samples were independently resynthesized to definitively verify as-
signments. Unless otherwise stated, the strand concentration of the NMR
samples was typically 0.5-5 mM; the solutions contained 70 mM of
KCl and 20 mM of potassium phosphate (pH 7).

NMR Spectroscopy.Experiments were performed on 600 MHz
Varian and 800 MHz Bruker NMR spectrometers at 25°C, unless
otherwise specified. Resonances were assigned unambiguously by using
site-specific low-enrichment labeling24 and through-bond correlations
at natural abundance.25,26Assignments for some residues were verified
and confirmed in different independently synthesized labeled samples.
Spectral assignments were also assisted and supported by COSY,
TOCSY, and NOESY spectra.26 Interproton distances were measured
by using NOESY experiments at different mixing times.

Structure Calculation. The structures of thec-kit87upquadruplex
were calculated using the X-PLOR program.31 NMR-restrained mo-

lecular dynamics computations were performed essentially as described
previously.20aFolding of the five-residue A16-G17-G18-A19-G20 loop
was facilitated by hydrogen bond restraints on the Watson-Crick
A16•G20 base pair. On the basis of the observation of a cross-peak
between I20(H2) and A19(H2) in the G20I modified sample (ck26),
the position of A19(H2) was additionally restrained with respect to
G20(N2). The loop configurations from independent folding computa-
tions were inspected visually. Two groups of folds emerged, differing
by the position of G18. Selection for the G18 configuration that satisfies
the observed upfield chemical shifts of H1′ and H5′/H5′’ resulted in
the well-converged loop structure (Figure 3).

Data Deposition.The coordinates for thec-kit87upquadruplex have
been deposited in the Protein Data Bank (accession code 2O3M).
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