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ABSTRACT
KRAS is one of the most mutated oncogenes and
still considered an undruggable target. An alternative
strategy would consist in targeting its gene rather
than the protein, specifically the formation of Gquadruplexes (G4) in its promoter. G4 are secondary
structures implicated in biological processes, which
can be formed among G-rich DNA (or RNA) sequences. Here we have studied the major conformations of the commonly known KRAS 32R, or simply
32R, a 32 residue sequence within the KRAS Nuclease Hypersensitive Element (NHE) region. We have
determined the structure of the two major stable conformers that 32R can adopt and which display slow
equilibrium (>ms) with each other. By using different
biophysical methods, we found that the nucleotides
G9, G25, G28 and G32 are particularly implicated in
the exchange between these two conformations. We
also showed that a triad at the 3 end further stabilizes one of the G4 conformations, while the second
conformer remains more flexible and less stable.
INTRODUCTION
Cancer is one of the most predominant causes of death
around the world, and according to the International
Agency for Research on Cancer (IARC) represents a major
issue for human health. Among the different types of cancer,
some deadly versions are still without therapeutic solutions.
Such examples include lung, pancreatic and colorectal cancers, where KRAS is particularly implicated (1–4). KRAS is
one of the most mutated oncogenes located on chromosome
12 and is responsible for the coding of a G-protein of 23.2
kDa (5–7). It plays an important role in cell proliferation,
differentiation and survival. Recent studies have also found
that KRAS reprograms the metabolism and controls the redox homeostasis in pancreatic cancer (8,9). The KRAS protein promotes oncogenic events switching from an inactive
* To

form bound to GDP, to a constitutively active form bound
to GTP (10,11). However, even if its implication is well
documented in a broad range of cancers, KRAS is considered to be nearly undruggable and thus remains one of the
least successful therapeutic targets, with limited treatments
and huge side effects (12,13). A broad range of therapies
against KRAS-mediated cancers have been developed in the
past decades. Most of these therapies have been designed
to target either the KRAS protein directly, the enzymes involved in its association to the plasma membrane, or the
downstream effector pathways (9,14–17). Moreover, recent
discoveries on the effect of KRAS on cancer metabolism
gave new therapeutic opportunities (18). As the anti-KRAS
strategies currently tested did not give satisfactory results
for clinical applications (8), new therapeutic approaches focus on upstream elements, by targeting mRNA or directly
the gene and its promoter regions (19).
The promoter sequence of several oncogenes, including
KRAS, is highly rich in guanine nucleotides thus allowing the formation of non-canonical structures called Gquadruplexes (G4) (20,21). G4 consists of the stacking of at
least two G-tetrads, or G-quartets, which are planar structures involving four guanines linked in a Hoogsteen hydrogen bonds network (22,23). These structures are fundamentally different from canonical double helical DNA;
they can be highly polymorphic depending on base composition, number of strands or loop length (24–27). As they
are present in several key regulatory regions of genes, Gquadruplexes structures have been tested as possible therapeutically targets (28–30), including KRAS (12,14,31–33).
It is particularly attractive to hypothesize that small ligands may bind specifically to G4 structures without having any influence on double-stranded DNA. Such ligands
can compete with the binding of nuclear proteins to the
critical G4 in the KRAS promoter and suppress transcription (34–36). This would reduce the activity of the oncogene near the beginning of the network pathway in KRAS
metabolism. In this study, we examined the major structure of the commonly known KRAS 32R, or 32R, a 32nucleotide sequence within the KRAS Nuclease Hypersen-
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was purchased from Cambridge Isotope Laboratories. After the synthesis, the oligonucleotides were cleaved from
the support and the nucleobases were deprotected with ammonium hydroxide at 55◦ C for 16 h and then lyophilized.
Oligonucleotide solutions were prepared in 1× buffer (10
mM K2 HPO4 /KH2 PO4 ; 50 mM KCl; pH 6,6). In order to
form G-quadruplexes, samples are heated at 95◦ C for 5 min
then quickly cooled in ice. This process was repeated four
times and the final sample kept at 4◦ C. All NMR samples
presented in the manuscript were re-synthesized and each
spectra repeated more than once.
Circular dichroism
All circular dichroism (CD) experiments used a Jasco J1500 CD spectropolarimeter using Spectra Manager software. Quartz cuvettes were used and contained 500 l of
5 M oligonucleotide samples in 1× buffer. The CD spectra were measured in the region between 220 and 320 nm
with a scan speed of 50 nm/min and a response time of 1
s. Three scans were collected and averaged. All experiments
were done at 37◦ C. CD melting studies were performed on 5
M DNA sample. CD melting was performed in the single
wavelength mode. The data were collected at several wavelengths. Temperature was changed from 10 to 90◦ C at 10◦ C
intervals, with a rate of 0.4◦ C/min between intervals. These
parameters lead to an overall acquisition time of 1 h per
10◦ C temperature change.
Native gel electrophoresis
Native gel experiments were performed at 4◦ C using 8%
acrylamide/bisacrylamide (19:1 ratio) gels containing 10
mM KCl and 1× TBE buffer with a running buffer also
containing 10 mM KCl and 1× TBE buffer. A low molecular weight DNA ladder from New England Biolabs (range
from 25 to 766 bp) was used for each gel. Each sample was
prepared at a final concentration at 25 M in 20 l of 1×
buffer with 6 l sucrose. Before loading samples, the gel was
pre-run for 1 h in order to eliminate impurities. The samples
were then loaded and migrated for 3 h at a constant voltage
110 V. Stains-All dye was used to reveal the oligonucleotide
bands.

MATERIALS AND METHODS
DNA samples preparation

NMR spectroscopy

Uniformly { C, N}-labeled KRAS 32R WT DNA was
purchased from Silantes GmbH. G9T and G25T samples
were produced in our lab using M-MuLV enzyme from New
England Biolabs and dNTPs from Eurisotop. Non-labelled
samples were purchased from IDT (Integrated DNA Technologies; USA). They were synthesized on the 250 nmol
scale and purified by reverse-phase HPLC. Samples labelled
site-specifically at a level of 5% 15 N, 13 C were synthesized
in our laboratory (INSERM U1212, Bordeaux) on an automated Expedite 8909 DNA synthesizer at 1 mol scale
on a 1000-Å primer support (Link Technologies SynBase
CPG). All the standard phosphoramidites (dABz, dT, dGiBu, dCAc), reagents, and solvents used during the synthesis were purchased from Glen Research. The dGiBuphosphoramidite (U-13 C10, 98%; U-15 N5, 98%; CP 95%)

NMR spectra were recorded on Bruker Advance 700, 850
and 950 MHz spectrometers equipped with cryogenically
cooled probes. Experiments were performed at 37◦ C. For
solution NMR, standard 3 mm NMR tubes were used.
The samples were prepared in 1× buffer with 10% D2 O
added for the lock. The concentration of DNA samples
was between 0.35 and 2 mM. 15 N and 13 C HSQC experiments were performed using fully-labelled samples or with
5% low-enrichment 15 N, 13 C site-specific labeling for assignment of imino protons. To unambiguously assign the intranucleotide exchangeable imino to the nonexchangeable
purine H8 and pyrimidine H6 protons through-bond connectivities, we used a HCCNH-TOCSY spectrum in uniformly {13 C, 15 N}-labeled DNA (37,38). Melting experiments were performed using 500 M of oligonucleotides.
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sitive Element (NHE) region (32,37). The high resolution
structural information of this noncanonical DNA element
may help reveal its folding mechanism and its role in KRAS
regulation. In addition, the 3D structure is necessary for rational drug design and validation of new targets for KRASrelated cancers. Previous studies have already reported that
the 32R sequence corresponds to the minimal interaction
domain of several transcription factors and related proteins
such as MAZ, PARP-1 and hnRNP A1 (38,39). The most
likely function of 32R G4 is to recruit nuclear factors forming the transcription pre-initiation complex to the KRAS
promoter. By means of primer extension experiments with
Taq polymerase (40), it has been found that 32R forms a
G4 structure involving the entire 32-mer sequence. In the
presence of a G4-stabilizing ligand, 32R showed also another folding which engages only 21 of the nucleotides (sequence called 21R) (40). Both the 32R and 21R G4 structures of KRAS have been demonstrated to interact with
nuclear proteins (31,39,40). Several studies have been conducted to address questions about the KRAS G4 structures,
including one of our previous studies where we proposed
some structural insights by resolving the structure of a G4
formed by a sequence derived from 21R (41,42), and used
this DNA to screen against a chemical library for G4 ligands. Up to now, the structure proposed for the larger 32R
sequence has only been obtained by dimethyl sulfate (DMS)
footprinting and CD experiments (39). A striking feature
coming from these studies is that 32R folds into a G4 characterized by a long loop of 11 nt, incorporating a G-run
that surprisingly did not take part in the formation of the
G-tetrad core. Moreover, it was discovered that 32R exhibited an extensive structural polymorphism, as the deletion
of a G-run at the 5 -end resulted in a dimeric G4 structure
(resolved by NMR) having the ability to inhibit oncogenic
KRAS in a cancer cell line (43). In the present study, we
demonstrate for the first time by high-resolution solution
state NMR methods that the entire 32R sequence of the
KRAS promoter folds in two G4 conformers that coexist in
equilibrium. The results of our study represent an advancement in understanding the folding of a critical sequence of
the KRAS promoter where the transcription pre-initiation
complex is formed.
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The NMR tube was put into the spectrometer at a start
temperature of 4◦ C (277K). After 5 min, enough time for
temperature stabilization, a 1H spectrum was recorded. The
same process was repeated at increasing temperatures until
a maximum temperature of 60◦ C (333 K) was reached.
Structure calculation

RESULTS AND DISCUSSION
KRAS 32R WT forms two major distinct conformers and different topologies
In this work, we have used solution NMR spectroscopy
to determine the high-resolution structure of the 32R sequence containing six tracts of guanines from the KRAS
NHE region (Figure 1A). The 1D 1 H NMR spectrum of
32R is depicted in Figure 1B. The spectrum shows seven
well-resolved single peaks and four double-imino peaks.
The double imino peaks were later resolved by inspection of
2D {1 H–1 H} NOESY spectra (such as in Figure 3). In addition, other non-resolved broad regions are present such as
near 11 ppm. Taken together, the number of imino peaks exceed the number expected for a single conformation, and the
peak broadening also suggests structural polymorphism.
We next used CD spectroscopy to inspect the polarity of the
chain. The CD spectrum shows a clear maximum at 260 nm
and a minimum at 240 nm (41,42) (Figure 1C), indicative of
a parallel G4 structure. Next, we used 1D 15 N-labeling filtered NMR experiments with a series of 32R samples, each
bearing a different site-specific labelled guanine residue. The
site-specific 15 N- isotope enrichment at ∼5% (43), was sufficient for individual identification of specific guanines. This
set of several interesting results were obtained from the individual spectra (Figure 1D). Some nucleobases produced
clear individual peaks, such as G25–G28, while the majority of the guanine bases including G3, G7 or G13 clearly
depicted two or more peaks. All samples presented in the
figure were re-synthesized and each respective spectra repeated twice. Taken together, the NMR results support either the formation of an asymmetric dimer, the existence of
a large G-tetrad core composed by more than three tetrads,
or a mixture of conformers. Native polyacrylamide electrophoresis for the native sequence 32R and single G→T
substitutions is shown in Figure 2A. The native gels allowed
us to exclude dimer formation, except for 9–25* that represents a double substituent. The corresponding CD spectrum for each mutant is displayed in Figure 2B. We also ob-
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32R G9T and G25T G-quadruplex structures were calculated using ARIA2/CNS based on NMR-derived distance
and dihedral constraints (39,40). Distance constraints were
manually extracted from peak volumes integrated in Sparky
and CCPNMR software and classified as weak (4.0–6.5 Å),
medium (2.5–4.5 Å), and strong (1.8–3 Å). Dihedral angles
were constrained based on intraresidue H1 –H8 NOE peak
intensities, and the canonical B-DNA backbone conformation was used for the stem–loop. After calculation, two different structures which had lower violations were chosen for
AMBER refinement. More detailed protocols are provided
in Supplementary Information.

served that the rest of the guanines did not have observable
15
N-filtered imino peaks (Supplementary Figure S1). Cogoi
et al. (44,45) previously used DMS-footprinting to demonstrate a parallel G-quadruplex structure composed by three
G-tetrads and three loops and excluded a dimer possibility.
Although some mutants (G2T, G11T, G31T, G32T) showed
a gel-band corresponding to a hypothetical dimer, these sequences presented a 1D 1 H NMR spectra significantly different from what was observed for the 32R native sequence
in Figure 2C. These mutated DNA sequences have a very
complicated 1D NMR spectrum with broad peaks that support the presence of oligomerization. Altogether, the mutation results imply important structural rearrangements
upon G→T changes emphasizing the importance of those
respective guanines. The exception is G2T which does not
display any imino peak in contrast to that observed for the
other G→T mutants. The results also indicate that high
order and/or unstable species not observed in the NMR
time scale are present, since the CD signal and the native
gel indicate the presence of parallel G4 structures with exception for the CD spectrum of G32T. Other base mutations (X→T) were tested (Supplementary Figure S2) in order to understand the role of each residue in the structure
of 32R. The respective 1 H NMR spectrum of the imino regions showed different results depending on the mutated
residue and we could distinguish four different categories
of mutations (Supplementary Figure S2). (a) Mutations of
residues already known to be important for the folding of
the G-quadruplex core, confirmed by 15 N-filtered experiments. These substitutions lead expectedly to a dramatic effect on the G-quadruplex imino region. For example, the
G2 or G11 mutations seem to disrupt completely the imino
folding pattern that otherwise should be responsible for the
existence of a single conformation in the sample, but when
analyzed by CD an all-parallel conformer seems to exist.
The CD spectra therefore reveal a broad mixture of parallel conformers, which reduce significantly the signal in the
NMR spectra giving the impression that the G4 is almost
inexistent. The respective native gel sample displays a band
compatible with a dimer or some other high order species.
(b) Mutations of some of the guanine bases not implicated
in the tetrad core, such as G18 and G23, resulted in much
cleaner spectra with sharper peaks. We presume that these
mutations lead to the elimination of minor conformation
sub-states. (c) The last three residues (A30 to G32) mutations unexpectedly had a great impact in the imino peakpattern, although not as severe as G2 or G11 mutations.
A G-quadruplex imino region was clearly visible but without sharp peaks, indicating that a large number of different
conformations still co-existed. (d) The last type of G→T
mutations were those corresponding to residues identified
to be part of the tetrad core, such as G9 and G25, and
showed well-resolved spectra. Among those, we can distinguish two patterns of imino peaks. One group composed
of G9, G18–G23 and G29, and a second group containing guanines G25, G26, G27 and G28. Hereafter, and for
simplification, we refer to those two groups of mutants as
G9T and G25T respectively. The spectrum of G9T showed
thirteen well-resolved imino peaks. For G25T, it was more
difficult to correctly quantify the number of peaks due to
the superposition around 11.3 ppm. Both mutants had a
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parallel signature in CD spectra (Figure 2B) and the native
gel showed a unique band with the same migration as the
wild type. The imino peaks profile for G25T is more complex and differs from G9T. We can easily identify an overlapped region around 11.2 ppm similar to the one we can
observe for 32R WT (Figure 2C). The formation of these
two principal groups of imino-peak patterns indicate that
two major distinct conformers may coexist among other
minor populations, together forming the species observed
in the 32R WT sample. We estimated from isolated cross
peaks belonging to H2 -H2 (Supplementary Figure S17) in
isolated bases from each conformer, a population distribution of 65–69% for G9T and 35–31% of G25T of folded
species. To test the possibility that KRAS 32R WT adopts
alternative stable conformers in addition to the G9T and
G25T structures, we performed double mutations and inspected these using NMR and CD spectroscopy (Supplementary Figure S3). We observed that the double mutant
G9TG25T could not form a proper G4, although multiple
peaks with much smaller intensities are visible in the imino
region. As observed before, replacing G2 for a thymine
severely affects both G4 conformers. We hypothesize that
G2 may be important for the folding initiation and stabilization as observed before with WT sequence. Overall, G9T
is unique because no other guanine can take its place and
give rise to a single well-folded conformer. For example,

G9TG32T and G9TG31T double mutants present multiple imino peaks characteristic of multiple conformations.
On the other hand, the G25TG26T double mutant still produces a clear imino pattern with twelve sharp peaks similar
to what we found with G25T (Supplementary Figure S6).
The results indicate that there is a sliding in the last track to
move from G25–G27 to G27–G29, which produces a lessstable conformer with an almost identical imino pattern.
Both KRAS 32R G9T and G25T adopt parallel conformations with propeller loop topologies. G9T contains a syn foldback 3 end motif that increases its stability
In order to get insight in the topologies adopted by G9T and
G25T, we performed additional CD and NMR experiments.
CD and 1D 1 H NMR spectra were used to monitor melting
experiments and obtain Tm values (Supplementary Figure
S4A). The CD melting results show that 32R WT, G9T and
G25T melt with temperatures of 59, 57.5 and 56◦ C, respectively, for the forward (heating) experiment, and 50, 52 and
48◦ C, respectively, for the backward (cooling) experiments.
The melting followed by analysis of the ratio of the imino
versus the aromatic peaks in the 1D 1 H NMR experiments
(Supplementary Figure S4B), gives a gross estimation about
each conformer folding stability. These results confirm that
G25T is the least stable conformer. The CD melting results
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Figure 1. KRAS32R characterization with (A) its localization within KRAS NHE sequence in the promoter region; (B) its 1D proton NMR imino region
at 37◦ C in 700 MHz spectrometer with several countable peaks; (C) its CD spectrum at 37◦ C with a positive peak around 260 nm and a negative peak
around 240 nm characteristic of parallel G4 and (D) determination of the guanines implicated in KRAS 32R tetrads using 15 N-filtered NMR spectra of
samples containing ≈5% of 15 N-enriched isotope. All experiments were performed in buffer 1× (50 mM KCl; 10 mM KPi; pH 6.66).
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and the 1D 1 H spectra support our hypothesis that the G9T
conformer is more stable than the G25T conformer. We proceeded to identify each guanine implicated in the G9T and
G25T conformers using site-specific low-enrichment 15 Nlabeling (Supplementary Figure S5). The results revealed
that each imino proton in the G9T mutant was implicated
in a single conformation. In the case of the G25T mutant,
some of the imino peaks were involved in multiple conformations, such as G4, G7 and G11. Interestingly, the 1D 1 H
NMR spectra of G9T presented thirteen peaks instead of
the twelve expected for a G-quadruplex with three tetrads of
guanines. Together with through-bond HCCNH-TOCSY
and the through-space {1 H–1 H} NOESY spectra (250 ms
as mixing time), we were able to identify all imino protons and stablish the correlations with the respective aromatic protons (H8) for G9T and G25T mutants, (Figure
3 and Supplementary Figure S6 respectively). From there,
all of the H6/8-H1 NOE sequential connectivities could
be mapped for all 32 bases (Supplementary Figures S7 and
S8 respectively). Additional experiments with mutants by
1D 1 H NMR, CD spectroscopy and PAGE (Supplementary Figures S9, S10 for G9T and S11, S12 for G25T)
were combined with 2D classical NMR experiments, such

as {31 P–1 H} HSQC, {13 C–1 H} HSQC, {1 H–1 H} TOCSY
and COSY, to interpret and support the assignments. We
identified that the three tetrad-layered guanine core was
composed of G2–G6–G11–G25, G3–G7–G12–G26, G4–
G32–G13–G27 for G9T and by G2–G6–G11–G26, G3–
G7–G12–G27, G4–G9–G13–G28 for G25T. According to
the H1 –H8 correlations observed in the {1 H–1 H} NOESY
spectrum, all guanine bases, except G32, were in the anti
glycosidic position (43). In G9T, G32 folds back within the
third strand and completes the tetrad formed at the 3 tail.
In addition to the tetrad core with a folded-back guanine,
G9T showed NOEs connectivities between G28, A30 and
G31 compatible with the formation of a triad (46). Some
of the inspected NOEs included correlations between A30
(H8) and G28 (NH2), between A30 (H8) and G31 (H8),
and between G31 (H8) and G28 (NH2), among other diverse sugar correlations. Both mutants have three tetrads
of guanines forming the central core, with parallel strands
connected differently in terms of loops. G9T has a short
one-base propeller loop (C5), one three-base propeller loop
(T8–T10) and a long propeller loop composed by eleven nucleotides (A14–G24). Finally, G28 through G31 form a diagonal loop that encases a triad formed by G28–A30–G31.
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Figure 2. (A) Native gel experiment of KRAS 32R and several simple mutants and one double mutant showing that some mutants harbor the same
conformation as wild type whereas several mutants such as G2T or G32T severely impact G4 formation; (B) the CD spectra of KRAS 32R mutants at
37◦ C show that most of the mutations do not affect G4 conformation, showing all parallel conformation with characteristic peaks around 260 nm (positive)
and 240 nm (negative), except for G32T showing signal similar to hybrid-type G4; (C) KRAS 32R mutants imino region at 37◦ C showing different effects
of mutations in agreement with results obtained in native gel demonstrating the existence of two major conformations and the role of the 3 end residues.
Imino region comparison between KRAS 32R wild type (blue), G9T and G25T showing that profiles from G9T and G25T can be found in wild type
spectra as an evidence of the model. All experiments were performed in buffer 1× (50 mM KCl; 10 mM KPi; pH 6.66).

Nucleic Acids Research, 2020, Vol. 48, No. 16 9341

Together with the diagonal loop, the triad caps and stabilizes (51,52) the 3 tail of the G9T conformer. In the case
of G25T conformer, it contains two short one-nucleotide
propeller loops (C5) and (T10), a bulge (T8), and a long
propeller loop composed by twelve nucleotides (A14–T25).
A simple folding topology of both models is depicted in
Figure 4. A possible conformation exchange between both
structures is achieved in G9T by G25 base sliding-out from
the tetrad core and simultaneously G26 takes its place; G27
slides to the central tetrad and finally G28 sliding-in forming part of the tetrad core in G25T. This sliding effect in the
same direction is also present in the case of a double mutant
G25T–G26T where the imino peak of G29, which is not observed in G25T, is well visible in G25T–G26T (Supplementary Figure S13). One of the consequences was that G32
could not fold-back and be part of the guanine tetrad core
of the G25T conformer. A second important consequence
is the loss of the triad (G28, A30 and G31) at the 3 -end
in the G25T mutant. Overall, G25T has less stable structural elements, in agreement with CD and NMR melting experiments. In addition, we observed from different samples
preparations containing 32R that before and after thermal
melts we always got the same peak pattern and intensities
in {1 H–1 H} NOESY spectra evidencing the same relative
populations between the both conformers.
NMR solution structure of KRAS 32R G9T and G25T
Unless otherwise specified, the NMR solution structures of
both G9T and G25T mutants were calculated with spectra
collected at 37◦ C. The necessary restraints were extracted
from {1 H–1 H} NOESY experiments with a mixing time
of 250 ms. A total of 873 and 564 NOE-derived restraints

were obtained for G9T and G25T, respectively (Supplementary Tables S1 and S2). Figure 5 depicts the 10 lowestenergy structures superimposed obtained after MD simulations for structure refinement purposes in presence of water
and K+ counter-ions (cf. Materials and Methods). For G9T,
all principal structural motifs (loops and tetrad-core) converged during the MD simulation, with a final heavy-atom
RMSD of 1.5 Å. On the other hand, due to an increased
peak broadening and lower number of NOEs, G25T has
greater variation in the ensemble, with a heavy-atom RMSD
of 1.9 Å. This variation was most pronounced in the long
propeller loop and in the 3 -end. Compared to G25T, the
long propeller loop in G9T presents more - interactions
between bases such as A24, G23 and A22 and less dispersion of the nucleotides (Figure 5). In addition, the bases
from A1, T10 and A24 nucleotides in G9T also participate
in - interactions, further stabilizing the top of the first
tetrad (G2–G6–G11–G25). At the 3 -end, G32 folds back
and participates to the third tetrad (G4–G32–G13–G27). In
the case of G25T, only A1 and T8 seem to provide the same
sort of stabilization over the tetrad core. The triad observed
in G9T runs diagonally and connects two opposite tracts
composed by G6–G7–G32 and G25–G26–G27 respectively.
The triad structure is stabilized by – interactions with
the closest tetrad of guanines and by a network of hydrogen
bonds including one formed between G28 with A30 and two
between G28 and G31. In the case of G28–A3, one of the
hydrogens (H21) of the amine group acts as donor and N6
from A30 is the acceptor. Two other hydrogen bonds can
also be observed between G28 and G31, involved the same
type of atoms, and between G28 and G31 using H1 and O6,
respectively. In addition, we observed that G28 and G31
have their respective H1 protons outwards in exchange with
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Figure 3. (A) NMR HCCNH-TOCSY experiment of KRAS 32R G9T showing intra-residue H1/H8 correlations in order to identify H8 of guanines
implicated in G9T G-quadruplex and {1 H–1 H} NOESY inter-residue H8/H1 correlations in (B) and in (C) {1 H–1 H} NOESY inter-residue H1/H1
correlations were used to determine tetrads pattern in (D). All experiments were performed at 37◦ C in buffer 1× (50 mM KCl; 10 mM KPi; pH 6.66).
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Figure 5. Side view of the superposition of the ten lowest-energy structures at 37◦ C based on all heavy-atoms for 32R G9T and G25T in (A) and (E),
respectively, and the corresponding up view in (B) and (F) (with guanines in blue, adenines in orange, thymines in green and the only cytosine in brown).
(C) and (G) show only one structure of G9T and G25T, respectively, and the geometric arrangement of the loop in each conformer. (D) and (H) show same
structure as (C) and (G) with surfaces.

the solvent, and that may explain why we could not observe
the corresponding imino peaks in 15 N-filtered 1D NMR experiments at 37◦ C (Supplementary Figure S1), nor when
spectra were acquired at 4◦ C. The formation of the triad
was also supported from observed inter-NOEs corresponding to H8 protons from both A30 and G31, which come
closer and share several NOEs with respective sugar protons nearby. The triad structure has the inter-proton NOEs
color mapped depicted in Figure 6. NMR spectra collected
at 47◦ C retained the respective H8-H8 inter-base NOEs between A30 and G31 (data not shown). In addition, when
we inspected the {1 H–1 H} NOESY spectrum of 32R WT
we could identify all of the same cross peaks correlations,
with the exception of G31H8–G28H21/22, indicating that

the triad is well preserved in the WT sample, including G28
with A30 and between G28 and G31 (Supplementary Figure S14). The triad we describe in the 3 -terminal of G9T
resembles the one found at the 3 -end in the structure of the
Pu24I G-quadruplex (PDB: 2A5P) published by Phan et al.
in 2005. A fold back guanine (G24) was shown to support
the structural elements for the formation of a GAG triad
composed by G20–A22–G23 (54).
CONCLUSIONS
G-quadruplexes have emerged in the last decade as possible new therapeutic targets for developing new anticancer
strategies (47–49). Validating the G4 structures as possi-
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Figure 4. KRAS 32R wild type contains two conformers in equilibrium, presenting different structural features depicted here by two families of mutants.
Both mutants are formed by a three-layered tetrad core of guanines. G9T (left) has a fold-back guanine in syn glyosidic conformation (G32, green) and it
is capped in the 3 -end with a triad (G28, A30 and G31). Conformer G25T (right) has all guanines in anti-position and contains three regular propeller
loops.
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ble targets requires a deeper understanding of their organization, structure and mode of action. In this study, we
have determined the high-resolution structures of two Gquadruplexes existing in a 32-mer G-rich sequence in the
NHE region of the KRAS promoter sequence, determined
at physiological temperature and with K+ ions in solution.
We found that two G4s coexist in equilibrium giving rise
to two different G4 structures. Both structures are parallelstranded and G9T is slightly more stable than G25T. Both
conformers contain long loops that have little influence in
the global stability of each G4 conformer. One of the two
G4s is characterized by a folded-back guanine and a 3 end triad that increases the thermal stability. The structure
of the two G4s of 32R, determined by the present NMR
study, is nicely in keeping with the DMS footprinting pattern previously obtained with KRAS 32R sequence. This
present study also advances our understanding of the folding of 32R, a critical promoter sequence recognized by nuclear factors that activate transcription (44). The probable
function of 32R G4 is to recruit proteins to the promoter
and to assemble the transcription pre-initiation complex.
A ChIP seq analysis of transcriptionally active chromatin
has shown that the KRAS promoter is indeed folded (50).
Our study demonstrates that the folding of 32R is rather
complex, as the resulting G4 structure exists in equilibrium
between two conformers, each characterized by a defined
structure. The fingerprint of both conformers can be well
visualized from cross peaks found in the {1 H–1 H} NOESY
spectra of G9T and G25T when overlaid with 32R WT spectra (Supplementary Figure S15), and was also used to help
in the identification of the majority of iminos cross peaks
in 32R WT spectra attributed to two different conformers (Supplementary Figure S16). The next challenging steps

will be to establish whether (i) both G4 conformers of 32R
are biologically relevant with respect to the transcription
initiation process; (ii) shifting the equilibrium towards one
of the two G4 forms modulates the binding of the proteins
to the promoter. This last point is supported by the fact that
the regulatory 32R sequence can fold into different G4 conformations: the two conformers described in this study as
well as a more compact G4 structure (G4 21R) formed by
a 21-nt portion of sequence 32R (51). These G4s may look
similar according to certain biochemical methods, but high
resolution NMR structures unveiled important structural
differences, which are worth exploring in the development
of small molecules for therapeutic purposes. As a final remark, we would like to point out that a truncated sequence
of 32R was found to dimerize into a head-to-head G4 conformation defined by NMR (52). In this work we did not
found evidence for the formation of a dimer complex. We
also think that such structure is unlikely to form in vivo
within the KRAS promoter, but it shows bioactivity when
used as a decoy to inhibit KRAS in cancer cells (53).
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The NMR chemical shifts of 32R G9T and G25T have been
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Figure 6. Representation of the triad within the KRAS 32R G9T calculated structure in (A) with guanines 28 and 31 in blue and adenine 30 in orange.
Ten cross peaks proving the existence of the triad at 37◦ C found in KRAS 32R G9T {1 H–1 H} NOESY spectrum are show in (B) involving aromatic and
sugar protons from the three bases implicated in the triad and the nearby residues. The corresponding restraints are shown in the calculated triad in (C)
with the corresponding colors.
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