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ABSTRACT

Approaches to characterize the nucleic acid-binding
properties of drugs and druglike small molecules
are crucial to understanding the behavior of these
compounds in cellular systems. Here, we use
a Small Molecule Microarray (SMM) profiling ap-
proach to identify the preferential interaction be-
tween chlorhexidine, a widely used oral antiseptic,
and the G-quadruplex (G4) structure in the KRAS
oncogene promoter. The interaction of chlorhexi-
dine and related drugs to the KRAS G4 is evaluated
using multiple biophysical methods, including ther-
mal melt, fluorescence titration and surface plasmon
resonance (SPR) assays. Chlorhexidine has a spe-
cific low micromolar binding interaction with the G4,
while related drugs have weaker and/or less specific
interactions. Through NMR experiments and dock-
ing studies, we propose a plausible binding mode
driven by both aromatic stacking and groove bind-
ing interactions. Additionally, cancer cell lines har-
bouring oncogenic mutations in the KRAS gene ex-
hibit increased sensitivity to chlorhexidine. Treat-
ment of breast cancer cells with chlorhexidine de-
creases KRAS protein levels, while a KRAS gene
transiently expressed by a promoter lacking a G4 is
not affected. This work confirms that known ligands
bind broadly to G4 structures, while other drugs and
druglike compounds can have more selective inter-
actions that may be biologically relevant.

INTRODUCTION

Small molecules that bind to nucleic acids are powerful
chemical tools that can control gene expression and have
substantial potential as chemotherapeutics (1-5). While

most modern medicinal chemistry focuses on protein tar-
gets, an increased understanding of the structure and func-
tion of non-coding nucleic acids suggests that oligonu-
cleotides may be suitable targets for small molecules as
well. Attempts to target B-DNA, for example with pyrrole-
imidazole polyamides (6,7), have resulted in compounds
with remarkable selectivity but have yet to yield a clini-
cally used drug. While it is unlikely that approved drugs will
bind to B-DNA with selectivity, little is known about how
such drugs interact with other comparatively rare alterna-
tively folded nucleic acid structures. Interactions with these
structures could have profound effects in a cellular context
and could result in unanticipated pharmacological conse-
quences.

One structure that has received considerable interest as
a small molecule target is the G-quadruplex (G4). G4s are
non-B DNA structures with globular folds that occur in
guanine-rich sequences. G4s are characterized by stacks
of Hoogsteen-bonded guanine tetrads stabilized by cen-
tral potassium ions and flanked by loop regions (8). DNA
G4s have been identified in genome-wide structural prob-
ing studies using a G4-specific antibody (9), as well as in
a chemical probing approach employing ss-DNA seq (10),
and are estimated to exist in several thousand locations in
the human genome. Furthermore, G4s have been implicated
in regulating gene expression (11). Folded DNA G#4s are en-
riched in nucleosome-depleted regions of the genome, oc-
curring primarily in the promoter regions of both onco-
genes and developmental genes that are normally silent in
differentiated cells (9). Although the existence of DNA G4s
is well established, the presence of folded G4 structures in
RNA has proven to be controversial, with some studies con-
firming their existence (12) and others providing evidence
that they are globally unfolded in vivo (13). However, RNA
G4s have been implicated in inhibiting translation (14,15) or
modulating telomere structure and function (16) and can be
targeted by small molecules (17).
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By targeting G4s with small molecules, it is possible to
control the expression of otherwise ‘undruggable’ onco-
genic proteins, such as KRAS. KRAS, a prototypical onco-
gene, encodes for a small GTPase that influences cell growth
and apoptosis (18). Single point mutations, commonly at
codons 12, 13 or 61, cause KRAS to be constitutively active
and trigger oncogenesis. Consequently, these mutations are
found in a wide variety of tumors. While KRAS is an attrac-
tive drug target, small molecules that perturb the function
of the KRAS protein are exceedingly rare due to its small
size and lack of ‘druggable’ pockets (19). However, a G4 in
the KRAS promoter has recently been demonstrated to reg-
ulate transcription of the gene. The structure of the quadru-
plex in the KRAS promoter is polymorphic, with most con-
formations containing an atypical single nucleotide bulge
(18). A structure of a G4-forming sequence derived from
the KRAS promoter was recently solved by NMR, confirm-
ing the proposed structure (20). Previous studies have pro-
vided preliminary evidence that the KRAS G4 can indeed
be targeted with small molecules to elicit changes in KRAS
expression (21-23). A longstanding goal has been to de-
velop selective small molecules that elicit a therapeutic re-
sponse by binding to specific G4 structures (24). CX-5461,
currently in phase I clinical trials, targets BRCA1/2 defi-
cient tumours, and is suspected to act by stabilizing multi-
ple G4s though it also stabilizes dSDNA (25). Quarfloxin
(CX-3552, Cylene Pharmaceuticals, Tetragene), is reported
to inhibit rRNA biogenesis by the disruption of the interac-
tion between nucleolin and ribosomal G4 DNA. Quarfloxin
was the first G4-stabilizing molecule to advance to clinical
trials, however it did not proceed past phase II trials (26).
G4-targeting drugs remain the focus of significant clinical
investigation (11,27).

With a few exceptions (28), approaches that profile the
binding properties of small molecules to classes of simi-
larly structured nucleic acids are lacking. Most efforts to
identify G4-binding molecules to date have focused on only
screening an individual G4 and provide little information
regarding selectivity (29). Recent advances indicate that
drug-like small molecules can form highly selective inter-
actions with DNA (30) and RNA (31-34) and have effects
in vivo. One powerful way to leverage this observation is
to identify nucleic acid targets for FDA approved drugs as
these molecules have already been widely used in humans.
Previous approaches have investigated libraries from the
NCI and collections of FDA approved drugs, and identi-
fied drugs such as methylene blue and tricyclic antidepres-
sants as binding to G4 structures (35-37). To investigate
the G4-binding properties of known drugs, we herein re-
port the use of a small molecule microarray (SMM) screen-
ing platform to profile interactions of a chemically diverse
collection of compounds (including many clinically used
drugs) with different G4 structures from oncogenic promot-
ers and mRNA. Through biochemical, structural, and bio-
logical evaluation we identify chlorhexidine, a widely clin-
ically used oral antiseptic (38), that preferentially binds to
the DNA G4 in the promoter of the KRAS gene and sup-
presses KRAS expression in cancer cells.
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MATERIALS AND METHODS
Small molecule microarray screening

Small molecule microarray screening was carried out
as previously described (39-40). Briefly, y-aminopropyl
silane (GAPS) microscope slides (Corning) were func-
tionalized with a short Fmoc-protected amino polyethy-
lene glycol spacer. After deprotection using piperidine,
1,6-diisocyanatohexane was coupled to the surface by
urea bond formation to provide functionalized isocyanate-
coated microarray slides that can react with primary al-
cohols and amines to form immobilized chemical screen-
ing libraries. A total of 3607 unique small molecule stock
solutions (10 mM in DMSO) from MIPE (41) and NCI
Diversity set V (42) screening collections, in addition to
dyes and controls, were printed in duplicate onto one
slide and exposed to pyridine vapor in a vacuum desicca-
tor overnight to facilitate covalent attachment to the slide
surface. After drying, slides were incubated with a 1:20
polyethylene glycol:DMF (v/v) solution to quench unre-
acted isocyanate surface. G4-forming oligonucleotides were
annealed by heating to 95°C for 5 min, cooled to RT, and di-
luted to 500 nM in PBST with 100 mM KCI. Proper folding
of each oligonucleotide was confirmed by circular dichro-
ism spectroscopy. Next, printed slides were incubated for 2 h
at RT with a 5'-AlexaFluor647-labeled G4 oligonucleotide
of interest (see below for sequences used in screening). Fol-
lowing incubation, slides were gently washed three times
for 2 min in PBST, once in deionized water, and dried by
centrifugation for 2 min at 4000 rpm. Fluorescence inten-
sity was measured (650 nm excitation, 670 nm emission) on
a Innopsys Innoscan 1100 AL Microarray Scanner. Hits
were identified based on signal-to-noise ratio (SNR), de-
fined as (mean foreground — mean background)/standard
deviation of background, and Z-score, defined as: Z =
(mean SNR635compound — mean SNR635library)/(SD
SNR635library) with the following criteria: (i) SNR > 0,
(i1) Z score > 3, (iii) coefficient of variance (CV) of replicate
spots <100, (iv) SNR of negative control slide <1 and (v)
visual comparison of intensity with other nucleic acid struc-
tures screened. Screens were performed in parallel with the
following oligos:

o Alexafluor647-AKTIP: 5'-Alexafluor648 GGGGUG
GGGCGGGGCGGAGG

o Alexafluor647-BCl12: 5'-Alexafluor648 AGGGGCGG
GCGCGGGAGGAAGGGGGCGGGA

o Alexafluor647-MYC: 5-Alexafluor648 AGGGTGGG
GAGGGTGGGG

o Alexafluor647-MYB: 5-Alexafluor648 GGAGGAGG
AGGTCACGGAGGAGGAGGAGAAGGAGGAGG
AGGA

o Alexafluor647-RB1: 5'-Alexafluor648 CGGGGGGTTT
TGGGCGGC

o Alexafluor647-VEGF: 5-Alexafluor648 CGGGGCGG
GCCGGGGGCGGGAGT

o Alexafluor647-c-KIT: 5-Alexafluor648 AGGGAGGG
CGCTGGGAGGAGGG

o Alexafluor647-KRAS: 5'-Alexafluor648 AGGGCGGT
GTGGGAAGAGGGAAGAGGGGGAGGCAG
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Thermal melt assay

The thermal stability of the KRAS oligonucleotide (AGGG
CGGTGTGGGAAGAGGGAAGAGGGGGAGGCAQG)
in the presence and absence of compound was determined
using an Aviv Biomedical Model 420 Circular Dichroism
(CD) Spectrometer equipped with a ThermoCube temper-
ature regulator. To anneal the oligonucleotide, the sample
was heated to 95°C for three minutes and allowed to cool
to room temperature upon standing over the course of 1-2
h. The oligonucleotide was then diluted to a final concen-
tration of 10 wM in 10 mM Tris buffer (pH 6.6, containing
either 30 mM KCI or 100 mM KCl) and four equivalents
of compound were added to yield 40 uM compound in 1%
DMSO. The buffer contained 30 mM KCI when evaluating
measuring the KRAS G4 melting temperature with CLX,
ALX and PG. The buffer contained 100 mM KCI when
measuring the panel of oligonucleotides with CLX, except
for HIFla and dsDNA, which had 30 mM KCI. Spectra
were recorded from 224 to 312 nm at 25°C with a step size
of 2 nm, followed by heating from 25 to 97°C at 1°C/min
in a 0.1 cm quartz cuvette. To calculate the Ty, of each
sample, ellipticity was plotted as a function of temperature
and fit in GraphPad Prism 7 software using a nonlinear
sigmoidal dose-response model with a variable slope. Each
experiment was performed in triplicate, with AT}, values
calculated using T,(+compound) — Tj,(—compound) and
then averaged to yield the final value. The following oligos
were used in these experiments:

e KRAS: 5-AGGGCGGTGTGGGAAGAGGGAAG
AGGGGGAGGCAG

e MYC: 5-AGGGTGGGGAGGGTGGGG

dsDNA: 5-CAATCGGATCGAATTCGATCCGATT

G

RBI: 5-CGGGGGGTTTTGGGCGGC

VEGEF: 5-CGGGGCGGGCCGGGGGCGGGGT

c-KIT: ¥-AGGGAGGGCGCTGGGAGGAGGG

BCL-2: 5-AGGGGCGGGCGCGGGAGGAAGGG

GGCGGGA

e HIFla: ¥-GGGAGGGAGAGGGGGCGGG

Fluorescence intensity titration

Alexa Fluor 647-labeled KRAS (5A647-AGGGCGG
TGTGGGAAGAGGGAAGAGGGGGAGGCAG-3')
was heated at 95°C for 3 min, allowed to cool to room
temperature, and diluted to 50 nM in 25 mM Tris buffer
(pH 6.4, containing 50 mM KCI). Compound was added
as a solution both in buffer containing 2-3% DMSO,
and the sample was allowed to equilibrate for 10 min.
Fluorescence intensity spectra were recorded at room
temperature using a Photon Technology International,
Inc. QuantaMaster 600™ Spectrofluorometer equipped
with Felix GX 4.2.2 software. Fluorescence intensity was
recorded at an excitation wavelength of 645 nm, with the
resulting emission spectrum recorded from 650 to 800 nm,
and the fluorescence intensity at the emission maximum
was used in all calculations.

NMR

All NMR spectra were recorded at 293 K on a Bruker
AVANCE III 500 MHz spectrometer equipped with a TCI
cryoprobe. NMR buffer was composed of 25 mM Tris-d|
(pH 6.6, containing 50 mM KCl) in 100% H,O, and subse-
quently prepared NMR samples contained 10% DMSO-d;
to improve compound solubility. The '3C-labeled chlorhex-
idine was first dissolved in a 10 mM stock concentra-
tion, and then added to the NMR buffer, and a car-
bon NMR was performed. Next, the KRAS oligonu-
cleotide (AGGGCGGTGTGGGAAGAGGGAAGAGG
GGGAGGCAQG) was buffer exchanged (3 kDa MWCO
spin column, EMD Millipore) into the NMR buffer and
added to the sample. A second carbon NMR was per-
formed. All data were processed and visualized with
MestReNova software (Version 8.1.2-11880).

All ligands were first dissolved in DMSO-ds to a 20
mM stock concentration, and KRAS oligonucleotide (AG
GGCGGTGTGGGAATAGGGAA (20)) was buffer ex-
changed (3 kDa MWCO spin column, EMD Millipore) into
the NMR buffer. For the chlorhexidine titration, the buffer
was subsequently prepared containing 10% D,O and 5%
DMSO-ds. For alexidine and proguanil titrations the buffer
was prepared containing 10% DMSO-d; to account for dif-
fering solubility. For all 1D-'"H NMR titrations, ligands
were diluted to their respective NMR buffer to 1 mM, and
titrated into 100 wM KRAS G4 in NMR buffer. For Wa-
terLOGSY experiments, a reference 1D-'H and 1D Water-
LOGSY spectrum of 100 wM N-methyl-L-valine and 100
wM compound was collected, followed by a separate sam-
ple containing 1 wuM KRAS, 100 pM N-methyl-L-valine,
and 100 wM compound. All ID-'H NMR spectra were
recorded using the ‘zgesgp’ excitation sculpting water sup-
pression pulse sequence from Bruker, with 128 scans (43).
All data were processed and visualized with MestReNova
software (Version 8.1.2-11880).

Water-ligand observed via gradient spectroscopy (Water-
LOGSY) NMR

A reference 1D-'H and 1D WaterLOGSY spectrum of 100
pM N-methyl-L-valine and 100 puM compound was col-
lected, followed by a separate sample containing 1 pM
KRAS oligo, 100 M N-methyl-L-valine, and 100 uM com-
pound. A shortened KRAS oligonucleotide ( AGGGCGGT
GTGGGAATAGGGAA (20)) was buffer exchanged into
25 mM Tris-d;; buffer (pH 6.6, containing 50 mM KCI)
using centrifugal filtration (3 kDa MWCO, EMD Milli-
pore). A sample of chlorhexidine (Sigma Aldrich) and N-
methyl-L-valine (Chem-Impex-International), each at 100
wM, was prepared in 25 mM Tris-d;; buffer (pH 6.6, con-
taining 50 mM KCI and 10% DMSO-ds), and 1D reference
proton and WaterLOGSY spectra without oligonucleotide
were recorded. NMR spectra were recorded at 293 K on a
Bruker AVANCE 111 500 MHz spectrometer equipped with
TCI cryoprobe.

Surface plasmon resonance (SPR)

SPR was conducted using a Biacore 3000 (Biacore,
Inc.) instrument. NeutrAvidin (ThermoFisher) was im-



mobilized to 20 000 RU in both flow cells using
EDC/NHS coupling to a CMS5 chip (GE). The surface
was then blocked with ethanolamine. Next, 1 uM 5'-biotin-
TEG AGGGCGGTGTGGGAAGAGGGAAGAGGGG
GAGGCAG (obtained as an HPLC-purified sample from
Integrated DNA Technologies, Inc.) was refolded in 10 mM
Tris, 30 mM KCl, 3% DMSO, pH 6.6 by heating at 95°C in
a heater block for three minutes then cooled to room tem-
perature, and immobilized on one flow cell of the SPR chip
to a density of 450 RU. Compounds were injected at a flow
rate of 30 ml/min in 10 mM Tris, 30 mM KCl, 3% DMSO,
0.01% Tween-20, pH 6.6 for 1 min. Each injection was re-
peated twice for consistency. Each trace was fit individually
to a Langmuir model for chlorohexidine. Alexidine was fit
to a steady state model (44). No binding was observed for
proguanil.

Cell culture and viability

MDA-MB-231 cells were purchased from ATCC and were
maintained at 37°C with an atmosphere of 5% CO, in
DMEM supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 IU/ml penicillin and 0.1 mg/ml strep-
tomycin. For confluence measurements, cells were seeded
into 96-well plates at 5000 cells/well and allowed to at-
tach overnight. The following day media was removed and
fresh media (100 wl) containing compound or DMSO (0.1%
final) added to each well. Cells were incubated at 37°C
and monitored every hour for at least 24 h by IncuCyte®
Z0OOM Live-Cell Analysis System (Essen BioScience). Ad-
ditionally, cell viability was measured using an MTT as-
say. Following incubation with compound, media was re-
moved and MTT solution (1.2 mM in growth media) added
to each well (100 wl). Cells were incubated at 37°C for 2 h,
after which time the media was removed, cells were washed
with PBS (100 pl), and DMSO (50 wl) added with mixing.
The absorbance was measured at 570 nm using a BioTek
Synergy 2 Microplate Reader and data were normalized to
DMSO controls.

Human multiple myeloma cell line KMS-28BM was cul-
tured in Advanced RPMI 1640 (6% heat-inactivated fetal
bovine serum (FBS): Gibco by Life Technologies, 2 mM
L-glutamine: Gibco by Life Technologies, 100 U/ml Peni-
cillin and 100 pg/ml Streptomycin: Gibco by Life Tech-
nologies, 100 ug/ml Normocin: InvivoGen) and incubated
at 37°C with 5% CO;. Media was changed every two days.
For cells plated and harvested for protein or RNA, pellets
were washed twice with cold PBS. After aspirating off the
PBS, pellets were flash frozen in dry ice and transferred to
a —80°C freezer for short term storage. Cell viability ex-
periments were performed using CellTiter 96 AQueous One
Solution Cell Proliferation Assay System (Promega). Cells
were plated in quadruplicate on clear, flat-bottomed 96-well
tissue cultured treated plates (Corning Costar) and incu-
bated for each designated time in a 37°C incubator with 5%
CO,. Concentrated drug stocks were diluted down in Ep-
pendorf tubes to each specific dose point before being added
to the plate. After incubation, MTS reagent was added di-
rectly to the wells and incubated again at 37°C with 5%
CO;, for 90 min. The absorbance of the MTS formazan
was immediately read at 500 nm on an Omega 640 spec-
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trophotometer. A blank measurement was taken from the
absorbance of the wells with media only and subtracted ac-
cordingly. Percentage cell viability was normalized to the
absorbance of untreated wells after blanking and averaged
from the four quadruplicate wells.

Western blots

MDA-MB-231 cells were seeded into six-well plates at 250
000 cells/well and allowed to grow for 24 h. Day-old media
was removed and cells were incubated with compounds or
DMSO (0.1% final) in fresh media for 48 or 72 h. Following
incubation, cells were washed with PBS (3 x 1 ml) then lysed
by the addition of cold RIPA buffer (150 wl) supplemented
with 6 M urea and 1X Halt™ protease and phosphatase in-
hibitor cocktail with EDTA (ThermoFisher). Samples were
homogenized by passing several times through a 22G needle
and centrifuged to clear. Protein concentration was deter-
mined by Qubit™ Assay (ThermoFisher) or using a Nan-
oDrop 2.0 Spectrophotometer. Equal amounts of protein
were loaded onto NuPAGE 4-12% Bis—Tris Protein Gels
(ThermoFisher), resolved by electrophoresis, and trans-
ferred to nitrocellulose membranes for western blot anal-
ysis with anti-RAS antibody (610002, BD Transduction
Labs) and anti-actin antibody (MAB1501R, EMD Mil-
lipore). Blots were visualized by chemiluminescence with
LumiGLO® Reagent (Cell Signaling Technology) and an
ImageQuant LAS 4000 (GE Life Sciences) imaging system.

KMS-28BM cell pellets were first lysed in RIPA bufter
(RIPA, sodium orthovanadate, PMSF, protease inhibitor,
and phosphatase inhibitors A and B), vortexed to homoge-
nize, and sonicated in an ice water bath for 5 min on high,
with intervals of 30 s on, 1 min off. Homogenized pellets
were then incubated on ice for 90 min before spun down and
transferred to new Eppendorf tubes. Protein was next quan-
titated by a standard BCA protocol. 15 g of protein was
loaded into each well of 4-12% Bis—Tris Gels (Novex), elec-
trophoresed at 135 V for 90 min to achieve optimal band
separation, and transferred with the iBlot2 system (Life
Technologies). Equal protein loading and transfer was con-
firmed by Ponceau staining (Thermo Scientific) after the
initial protein transfer. Western blots were blocked in 5%
dry milk in 1x TBST (10x TBS, DI H,0, Tween 20) for
1 h, washed three times in 1x TBST for 10 min each, and
incubated on a rocker in a 4°C cold room overnight with
primary monoclonal antibodies in 5% BSA at the desig-
nated dilution by the manufacturer. Blots were washed three
times with 1x TBST before incubation with the appropri-
ate species and dilution of polyclonal secondary antibod-
ies in 5% dry milk on a rocker at room temperature for 1
h. Blots were again washed three times with 1x TBST be-
fore imaging with SuperSignal West Dura Chemilumines-
cent Substrate (Thermo Scientific) on a GBOX F3 Imager
(Syngene).

KRAS transfection

MDA-MB-231 cells were seeded into 24-well plates at 125
000 cells/well and allowed to attach overnight. Plasmid
DNA was transfected into cells using Lipofectamine LTX
with PLUS Reagent (15338030, ThermoFisher) according
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Figure 1. SMM Z score of G4s binding to (A) pyridosatin and (B) CLX. Horizontal line corresponds to ‘hit’ cutoff of 3. (C) Increase in melting temperature
of a panel of G-quadruplexes in the presence of four equivalents of CLX (measured by circular dichroism). (D) Chemical structures of Chlorhexidine (top),

Alexidine (middle) and Proguanil (bottom).

to the recommended protocols. Briefly, plasmid DNA was
diluted in Opti-MEM Reduced Serum Media (0.5 pg DNA
in 100 pl media, per well) and PLUS Reagent (0.5 1) added.
The solution was mixed and incubated at room temperature
for 10 min, after which Lipofectamine LTX Reagent (1.5
wl) was added, mixed and incubated at room temperature
for another 30 min. Growth media was removed from cells
and replaced with Opti-MEM, then DNA-lipofectamine
complexes (100 wl) were added with gentle mixing. Cells
were incubated at 37°C for 4 h, then Opti-MEM media
was removed and replaced with complete growth media
containing compound or DMSO (0.1% final) and incu-
bated at 37°C for 48 h. Following incubation, cells were
lysed and KRAS levels were analyzed by western blot
as described above using an anti-HA antibody (715500,
ThermoFisher). The KRAS plasmid (pCDH-CMV-HA-
KRAS4BG12V-EF1-puro) was kindly provided by Debo-
rah Morrison (Center for Cancer Research, National Can-
cer Institute).

RESULTS
SMM profiling to identify nucleic acid interacting drugs

To probe nucleic acid binding to known, pharmacologically
active compounds, we used an SMM screening platform
(40,45). We generated SMMs consisting of the MIPE li-
brary (41,46,47) (a collection of 1902 FDA approved drugs,
compounds currently undergoing clinical trials, and other

well-annotated and validated inhibitors) and the NCI Di-
versity set (42) (a freely available collection of 1705 chemi-
cally diverse compounds). We then incubated each array in
parallel with eight different fluorescently labeled G4 struc-
tures derived from oncogenic promoters (M YC (48), KRAS
(49), MYB (50), c-KIT (51), BCI2 (52), RBI (53),and VEGF
(54)) or mRNA (AKTIP (14)). For each compound, a com-
posite Z-score was calculated based on increased fluores-
cence at that location on the array in the presence of a given
oligonucleotide. Compounds with a Z-score greater than
three were considered ‘hits’ worthy of further investigation.
The average hit rate for a G4 was 0.92%, and 2.9% of the
compounds were scored as hits for at least one G4. It should
be noted that this library contains a somewhat high propor-
tion of compounds containing reactive functional groups
such as nitrogen mustards, other alkylating functionalities,
and polycationic scaffolds. Thus, this collection is slightly
more likely to contain ‘hits’ through promiscuous interac-
tions than more traditional libraries previously screened in
this format. In fact, most hit compounds bound to many G4
structures, highlighting the challenge of specificity in tar-
geting G4s. As one example, the polycationic aminoglyco-
side tobramycin was found to bind nearly every G4 struc-
ture investigated in the screen. In a separate experiment,
we evaluated pyridostatin, a well-validated pan-G4 bind-
ing molecule, which was not included in the original library
(55). Pyridostatin strongly bound to every G4 oligo evalu-
ated, confirming both the binding of this molecule to G4



structures in the SMM format and the proper folding of G4
oligos under screening conditions (Figure 1A).

A small number of compounds had high Z-scores for in-
dividual G4s, resulting in binding profiles consistent with
more selective interactions. Of particular interest was the
bisbiguanide drug chlorhexidine (CLX), an oral disinfec-
tant and component of prescription mouthwash (56), which
preferentially bound to the G4 from the KRAS promoter
(Figure 1B). Previous studies have demonstrated that com-
pounds that increase the thermal stability of G4 structures
can profoundly affect gene expression (24). To assess the
stabilization effects and selectivity of CLX, we performed
thermal melt assays measured by circular dichroism (CD)
on known quadruplexes, some evaluated in the SMM, as
well as dSDNA, in the presence of 100 mM KCI with excess
CLX. CLX had no effect on the melting temperature of ds-
DNA, indicating that it is selective for G4 structures over
duplex DNA. In comparison to the KRAS G4, CLX also
had weaker or no effect in thermal melt assays for all other
quadruplexes investigated, aligning with the selectivity pro-
file observed in the initial SMM profiling (Figure 1C).

Biophysical characterization of the CLX/KRAS G4 interac-
tion

While investigating the interaction of CLX with the KRAS
G4, we also studied alexidine (ALX), a structurally related
drug that is also primarily used as an antiseptic in clini-
cal settings (Figure 1D) (56). Both CLX and ALX have
been reported to exert anticancer effects through inhibi-
tion of protein-protein interactions, such as between Bcl-xp.
and Bak (57). We also investigated proguanil (PG), a struc-
turally related monomeric biguanide drug that is used as
an antimalarial agent (Figure 1D) (56). We pursued a series
of structural, biochemical, and biological assays to evalu-
ate the interactions of CLX, ALX and PG with the KRAS
G4. First, as measured by CD, with 30 mM KCI the melt-
ing temperature of the KRAS G4 increased considerably in
the presence of CLX (AT, = 13.0 £ 0.7 °C) demonstrat-
ing binding and stabilization. ALX induced moderate sta-
bilization (AT, = 7.1 £ 0.6 °C), while PG did not change
the melting temperature of the G4. By comparison, under
these conditions pyridostatin had a AT}, of 31.6 + 2.6 °C,
consistent with observations that it is both a tighter and less
specific G4 binder (Supplementary Figure S1). Next, a flu-
orescence titration assay was used to gain a more quanti-
tative perspective of interactions between biguanide drugs
and G4 structures. Compounds were titrated into a solu-
tion of 5-AlexaFluor647-labeled KRAS G4, fluorescence
was monitored as a function of compound concentration,
and Kp values were derived from changes in fluorescence.
In this assay, CLX had the tightest affinity (Kp = 5.5 £

Table 1. Biophysical analysis of CLX, ALX, and PG binding to the KRAS G4
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Figure 2. (A) "H NMR of CLX and N-methyl-L-valine (non-binding con-
trol, peaks indicated with *) (Top), WaterLOGSY NMR of CLX and N-
methyl-L-valine in the absence (middle) and presence (bottom) of KRAS
G4. (B) 3C NMR of 13C-labeled CLX in the absence (red) and presence
(blue) of KRAS G4. (C) "H NMR of imino peaks of KRAS G4 in the pres-
ence of 0-5 eq of CLX.

2.9 uM) (Figure 2B), ALX had weaker affinity (Kpapp =
19.3 + 11.0 wM), and PG induced only minimal changes
in fluorescence intensity (Kpapp > 200 wM) (Supplemen-
tary Figure S2). Subsequently, surface plasmon resonance
(SPR) studies were pursued. These experiments confirmed
a reversible and saturable interaction between CLX and the

Compound ATy (°C) Kp (uM), FIA Kp (uM), SPR
CLX 13.0 £ 0.7 55429 1.14+0.5
ALX 71406 19.3 £ 11.02 12.1 £0.5%

PG <1 >200% ~20P

4Kp apparent.
"No binding observed at 20 WM.
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Figure 3. Structure of KRAS G4 (PDB: 512V). Nucleic acids are colored based on magnitude of chemical shift perturbations of H8/H6 protons in the
presence of 1 eq of CLX: 0-0.020 A8 ppm (blue), 0.020-0.035 A8 ppm (green), 0.035-0.050 A3 ppm (yellow), 0.050-0.080 A8 ppm (orange), >0.080 Ad
ppm (red). Indicated binding site for CLX (cyan) is the most consistent with chemical shift perturbations and docking studies.

KRAS G4 (Kp = 1.1 £ 0.5 pM) (Figure 2C). ALX had
a more complex sensorgram, consistent with a less specific
mode of interaction with the G4, and kinetic methods were
not suitable for analysis (Supplementary Figure S3). How-
ever, using a steady state method, the affinity was approxi-
mated to be weaker than that of CLX (Kpapp = 12.0 £ 0.5
wM). Finally, PG did not bind under any conditions tested
(see Supplementary Figure S3). These results were in good
agreement with the fluorescence titration and thermal melt
assays, where CLX had the highest affinity and was the most
stabilizing compound (Table 1).

NMR studies indicate a binding site for CLX on the KRAS
G4

To gain more insight into the interaction of CLX with the
KRAS G4, a series of NMR experiments were pursued.
First, we performed WaterLOGSY experiments using N-
methyl-L-valine as an internal, non-binding control to con-
firm that CLX did not aggregate in solution and bound
the KRAS G4 (Figure 2A). Due to significant line broad-
ening in the presence of DNA, ligand-observed 'H chem-
ical shift perturbation experiments were unsuccessful. To
circumvent this problem, we prepared an isotopically en-
riched sample of CLX where all aromatic carbons were 3C
labeled (Scheme S1). In '*C NMR experiments using the
labeled CLX sample, both chemical shift perturbations and
line broadening were observed in three of the four aromatic
carbons in the presence of the KRAS G4, highlighting the
role of the aromatic group in G4 recognition (Figure 2B). In
contrast, carbons directly bonded to the biguanide groups
were only minimally perturbed.

Next, a titration of unlabeled CLX into KRAS G4 DNA
confirmed that chemical shift perturbations of DNA peaks
occurred in the presence of CLX (Figure 2C). Peaks were
assigned based on previously reported data (PDB: 512V)
(20) and confirmed by NOESY analysis both before and
after CLX addition. Chemical shift perturbations were ob-
served in both the imino and aromatic regions of the KRAS
G4 (Figure 2C and Supplementary Figure S5). Perturba-
tions saturated before two equivalents of CLX were added,
providing evidence for the formation of a 1:1 complex,
in contrast to the 2:1 complexes seen with other G4 lig-

ands (41). C/T H6 and G/A H8 aromatic and imino pro-
ton shifts were quantified and mapped onto the structure
of the G4 (Supplementary Figures S6 and S7). In both
cases, chemical shifts were clustered near G11, G12, G13,
A21 and A22, indicating a possible binding site. Only chem-
ical shift perturbations were observed in the loop regions,
including the highly flexible A14-A17 loop. However, the
T8 bulge showed a comparatively large perturbation. Addi-
tional titration experiments with ALX and PG confirmed
moderate or weak, nonspecific binding interactions, respec-
tively (Supplementary Figures S9 and S10), highlighting
that subtle differences in the biguanide compounds’ chemi-
cal structure significantly impact binding events.

We next evaluated the CLX-KRAS G4 interaction with
computational docking simulations using ICM modelling
software (ICM version 3.8-4a). Using residues that showed
chemical shift perturbations by NMR to define a receptor
site, we docked CLX to all 10 of the available low energy
conformations of the KRAS G4 (PDB: 512V). The ten low-
est energy CLX-KRAS binding interactions showed two
plausible binding regions on the KRAS G4, one of which
is more consistent with the observed chemical shift pertur-
bations (Figure 3). Both potential interactions involve CLX
binding to the grooves of the KRAS G4, which is a known
but less common binding mode (58,59) than the stacking in-
teractions most commonly seen with G4 ligands (48,60-62).
Additionally, we utilized the PocketFinder module available
through this software to analyze potential small molecule
binding pockets on the G4 structure. This analysis indi-
cated four potential sites where small molecules could plau-
sibly interact with the G4, two of which are occupied by the
CLX binding conformation shown (Figure 3, Supplemen-
tary Figure S11). These modelling studies suggest a possi-
ble binding mode in which the aromatic rings in CLX stack
with nucleobases in the G4 and are consistent with the ob-
servation that ALX has a weaker interaction.

Effects of CLX on KRAS expression and toxicity in cancer
cells

Next, the toxicity of CLX was evaluated across a panel of
59 different cancer cell lines. Cell lines with mutations in
KRAS strongly correlated with increased sensitivity toward
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Figure4. (A) Comparison of CLX activities across a panel of cancer cell lines from viability assay. The violin plot summarizes the distribution of log;o(ACsg)
grouped by their respective KRAS mutational status and primary site. The P-values are calculated using Student’s z-test. (B) Western blot analysis of KRAS
protein levels in MDA-MB-231 cells after 48 and 72 h of treatment with CLX or PG. (C) Western blot analysis of MDA-MB-231 cells transiently transfected
with HA-tagged KRAS plasmid (lacking a G4) and dosed with CLX or PG for 48 h.

CLX (P-value = 0.007 (KRASut-noncolon versus KRAS,))
(Figure 4A, Supplementary Figure S12). The notable excep-
tion to this trend was colorectal cancers, which did not dis-
play increased sensitivity (P-value = 0.4 (KR ASyut-colon VEr-
sus KRAS;)). Of note, unlike many other cancers KRAS
mutations are not suspected to initiate colorectal cancers
(63). We validated CLX-mediated effects on KRAS expres-
sion in the MDA-MB-231 breast cancer cell line, where
KRAS harbors an oncogenic G13D mutation, the most
sensitive cell line with a KRAS mutation. After treatment
for 48 h with CLX, ECs values of 5.7 and 4.3 pM were

found in MDA-MB-231 cells by MTT assay and confluence
measurements, respectively (Supplementary Figure S13). In
contrast, PG was not toxic (ECsy > 20 wM). Treatment
with CLX for 48 and 72 h also resulted in a marked de-
crease in KRAS protein levels as determined by Western
blot, while PG had no effect on the expression of KRAS
at 72 h (Figure 4B). In contrast, when MDA-MB-231 cells
were transiently transfected with an HA-tagged KRAS plas-
mid driven by the CMV promoter (which lacks a G4 in its
promoter), treatment with CLX showed no suppression of
the HA-tagged KRAS protein by Western blot. However,
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native KRAS levels in the same cells were still significantly
decreased upon CLX treatment (Figure 4C). Thus, a KRAS
gene controlled by a promoter lacking a G4 element is not
affected by CLX treatment. For a second, representative cell
line, we investigated KMS-28BM, a multiple myeloma cell
line, harbouring a G12A KRAS oncogenic mutation. Treat-
ment with CLX resulted in a similar decrease in KRAS pro-
tein (Supplementary Figure S14B).

DISCUSSION

We have used an SMM screening and profiling approach to
identify FDA approved drugs that interact with G4 struc-
tures in oncogene promoters. As part of an in-depth vali-
dation, we confirmed that CLX and the structurally related
ALX bind the KRAS G4. CLX, but not the structurally re-
lated drug PG, decreased KRAS expression though a G4-
driven mechanism, corresponding with decreased levels of
KRAS protein. Importantly, these compounds have a dis-
crete structure-activity relationship associated with binding
to G4 structures. CLX, a bisbiguanide containing two aro-
matic groups, binds via a specific interaction, likely sup-
ported by w-stacking with the G4 nucleotides. ALX, an
alkyl-substituted bisbiguanide, had a more complex inter-
action that appears to be less specific. In contrast, PG, a
similar, monomeric biguanide drug, exhibited weak or no
binding. A series of NMR experiments confirmed that CLX
interacted directly with the KRAS G4 and pointed toward a
distinct binding site, which was further supported by com-
putational docking simulations. Importantly, PG had mini-
mal effects in biochemical and biological assays, implying
that two biguanide functional groups are necessary for a
binding event that elicits a biological response.
Bisbiguanide antiseptics are widely used in prescrip-
tion antibacterial mouthwash and are considered essential
medicines by the World Health Organization (64). Further-
more, these compounds have been demonstrated to inhibit
protein-protein interactions, particularly related to Bel-xp,
and to have anticancer activity (57). The work reported here
suggests that CLX and related compounds may also influ-
ence gene expression by interacting with G4 nucleic acid
structures in oncogene promoters. Thus, CLX should be
considered to have a pleiotropic mechanism of action, most
likely interacting with many targets in the cell. Importantly,
the typically administered dose of CLX (0.2-2% by weight)
(65) is above the concentrations required to induce changes
in gene expression and lower than the 18-21 wM concen-
tration required to inhibit protein-protein interactions (57).
The work reported here suggests that more efforts evalu-
ating the anticancer effects of chlorhexidine may be war-
ranted. Given the wide usage of CLX in prescription
mouthwashes, it would be of particular interest to evaluate
CLX against head and neck cancers, particularly oral can-
cers. In fact, others have already shown that bisbiguanide
antiseptics have some anticancer effects in several oral can-
cer cell lines (57). While the activity was attributed to inhibi-
tion of protein-protein interactions, our work suggests that
G4 binding might also be a (potentially synergistic) mech-
anism of action, in addition to the widely accepted ability
of CLX to perturb membranes. The multiple mechanisms of
action of CLX means that it can be highly cytotoxic to many

cell types in culture at higher concentrations. For example,
toxicity to fibroblasts in culture is observed once the con-
centration of CLX surpasses ~100 uM (66), a commonly
clinically used concentration.

More broadly, the SMM screening and profiling ap-
proach appears to be a useful method both to investigate nu-
cleic acid targets for known drugs and to provide evidence
for their binding specificity. This work also suggests that it
may be worthwhile to consider nucleic acid-binding events
when studying off-target pharmacology in drug discovery.
Moving forward, identifying nucleic acid targets for other
FDA approved drugs may be a fruitful and largely unex-
plored way to repurpose drugs. Studies evaluating a broader
array of DNA and RNA structures using this platform are
currently underway.
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