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Abstract

Herein, we show that a naturally occurring RNA G-quadruplex element within the 5° UTR of the
human NRAS proto-oncogene is a target for a small molecule that inhibits translation /n vitro. The
present study provides a first demonstration that natural 5 UTR mRNA G-quadruplexes have
potential as molecular targets for small molecules that modulate translation.

Introduction

A major goal within biological science is to achieve manipulation of cellular events by using
strategies that target nucleic acids and control gene expression. One such approach is to
inhibit MRNA function(s). There has been considerable effort invested in the development
of nucleic acid-based agents for sequence-directed silencing of MRNAs. Antisense
oligonucleotides® and small interfering RNAs? have proved to be promising examples;
however, they still face challenges that relate to poor pharmacological properties. A small
molecule-based intervention strategy may provide some advantages, particularly with a view
to ultimately translating chemical biology towards therapeutics.

The 5” untranslated region (UTR) of mRNAs is generally important for the post-
transcriptional control of gene expression,3 and thus of interest when considering strategies
for interfering with mRNA functions. Small molecules that bind to structural elements
within the 5" UTR of mRNAs have been explored with a view to specifically interfering
with translation initiation of the message. For prokaryotes, the discovery of riboswitch
elements, which are RNA structures that interact specifically with natural metabolites and
control the accessibility of the ribosome binding site, has driven recent investigations for
finding synthetic metabolite analogs that could act as antibacterial agents.# For eukaryotic
translation, examples have been limited to unnatural RNA aptamers that have been in vitro
selected to bind particular small molecules. Insertions of such aptamer sequences upstream
of reporter genes have resulted in artificial systems that are responsive to the small
molecules.?,® These studies provided a proof of principle that small molecules that bind to
structural elements within the 5” UTR of eukaryotic mRNAs can form barriers to translation
initiation, by blocking either ribosome formation on the mRNA template or the ribosome
scanning process.®
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An important consideration in targeting endogenous, cellular mRNAs with small molecules
is to identify naturally occurring RNA structural elements that exhibit particular features
amenable to selective recognition in the presence of numerous other nucleic acids and
protein components. During the past decade there has been a growing interest in guanine
(G)-rich nucleic acid sequences that can form non-canonical four-stranded structures, named
G-quadruplexes.” Intramolecular G-quadruplexes comprise planar G-tetrads connected
through a Hoogsteen hydrogen bonded network, four grooves and three loops. Collectively
these structural elements are very distinct from double helix-based nucleic acid secondary
structures, and offer an attractive alternative for achieving selective molecular recognition
by small molecules.® There has been considerable focus on G-quadruplexes formed from
genomic DNA sequences, their cellular functions, and their exploitation for biological
intervention towards therapeutics.’,8 Nucleic acid chemists in particular have invested
considerable effort in the design and synthesis of small molecules that interact with DNA G-
quadruplexes.® Bioinformatics studies have also indicated the presence of sequences with
the potential to form RNA G-quadruplexes in the 5 UTRs of many genes, including a larger
number of proto-oncogene.10,11 We have recently reported on a naturally occurring RNA G-
quadruplex (named NRQ; 5" GGGAGGGGCGGGUCUGGG-3")withinthe 5 UTR of the
NRAS proto-oncogene mRNA.10 Herein we show that the NRQ element is a target for small
molecules that inhibit translation 7 vitro.The present study provides a first demonstration
that 5 UTR mRNA G-quadruplexes have potential as molecular targets for small-molecules
that modulate translation.

Design of the study

We devised a translational assay based on two 5" capped reporter mRNA constructs: the
first comprised the wild-type 254-nucleotide (nt) NRAS5” UTR, which includes the G-
quadruplex element at +14 nt from the 5” cap, placed upstream of the firefly luciferase
coding sequence (NRAS UTR(+)Q, Fig. 1); and the second was a control, which comprised
a236-nt 5" UTR derived from the wild-type NRAS5” UTR by removing the 18-nt NRQ
element (NRAS UTR(-)Q, Fig. 1), to reveal any G-quadruplex-independent effects.

The translation efficiency of these constructs in the presence of small molecule G-
quadruplex ligands was evaluated in a eukaryotic cell-free system consisting of extracts
from rabbit reticulocyte lysates (RRL), an established system to study translation
independently of the other events of gene expression.

Differential effect of RR82 G-quadruplex ligand on the translation efficiency of NRAS
UTR(-)Q and NRAS UTR(+)Q mRNAs

During the past decade, we have synthesised a number of distinct small molecule G-
quadruplex ligands, each of which have demonstrated preferential binding to DNA G-
quadruplexes rather than the DNA double-helix, and also show diversity in their selectivity
for particular DNA G-quadruplex-forming-sequences.12,13 We started by screening some of
these G-quadruplex ligands at 1.25 pM and 10 wM concentration in our translation assay.
From these initial experiments, we identified a pyridine-2,6-bis-quinolino-dicarboxamide
derivative (RR82, Fig. 2A) that demonstrated some selective inhibition of the translation of
NRAS UTR(+)Q mRNA compared to the control. In the presence of 1.25 uM of RR82, the
translation efficiency of NRAS UTR(+)Q was reduced to about 50%, as compared to a
mocked-treated reaction in which water was added; whereas under the same conditions the
control NRAS UTR(-)Q mRNA exhibited about 80% efficiency (Fig. 2B). Upon gradually
increasing the concentration of RR82 from 1.25 uM to 10 uM, translation efficiencies of
both the NRAS UTR(-)Q and the NRAS UTR(+)Q mRNAs were inhibited in a dose-
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dependent manner (Fig. 2B). However, at each of the ligand concentrations used, translation
of the G-quadruplex-containing mRNA, 7.e. NRAS UTR(+)Q, was inhibited to a higher
level than that of the control NRAS UTR(-)Q mRNA, indicative of some degree of RNA G-
quadruplex selectivity.

Specific inhibition of NRAS UTR(+)Q mRNA translation by the G-quadruplex ligand RR110

Following these initial experiments, we next evaluated some structural variants of RR82 in
our translation assay. A derivative that lacks the alkyl-amine appendage group at pyridine
C4 exhibited similar translation repression trend than that of RR82 (data not shown).
However, we then found a derivative with a para-fluorophenyl substituent at pyridine C4
(RR110, Fig. 3A) that showed considerably improved G-quadruplex selectivity. For
concentrations up to 10 .M, RR110 had no effect on the translation efficiency of the
control, while it inhibited translation of the G-quadruplex containing mRNA, /7.e. NRAS
UTR(+)Q, in a dose-dependent fashion (Fig. 3B). At 10 wM ligand concentration, RR110
inhibited NRAS UTR(+)Q translation by about 40%, but did not affect translation efficiency
of the control.

Above 10 uM, we started to observe G-quadruplex-independent inhibitory effects, which
could be due to interactions between the small molecule and the others nucleic acids and/or
protein components in the lysate (Fig. S1 in the ESIT). It is noteworthy that a slight variation
of the molecular structure of the ligand, such as the replacement of a positively charged side
chain by a more apolar fluorophenyl group, improved the specificity of the molecule for the
G-quadruplex motif, providing an early insight into the scope for future optimization of such
a ligand. To challenge the specificity of the ligand we also performed translation
experiments with RR110 (10 wM) in the presence of a large (30- or 300-fold) excess of
either a DNA duplex or an RNA hairpin competitor (7.¢. 1 or 10 M of competitor as
compared to ca. 35 nM NRAS UTR(+)Q reporter mRNA). The results (Fig. 4) clearly
demonstrate that neither the DNA duplex nor the RNA hairpin competitors are able to
suppress the translation inhibitory effect of the RR110 molecule. However, when the NRQ
RNA G-quadruplex was used as a competitor, RR110-mediated translation inhibition was
considerably alleviated (Fig. 4); at 10 uM NRQ competitor, NRAS UTR(+) mRNA is
translated as efficiently as in the absence of RR110. Taken together these results indicated
selectivity of RR110 for RNA G-quadruplex.

G-quadruplex binding ligand RR110 stabilizes the NRQ element

To obtain further insights into the interaction between RR110 and NRQ element at a
molecular level, we carried out ligand titration experiments followed by 1H NMR. The
binding of RR110 to the NRQ was confirmed by a general line-broadening of the NRQ
resonance signals upon addition of the ligand (Fig. 5A).14 Furthermore, there were marked
upfield shifts in the imino proton region of the NRQ, indicative of rt—r interactions between
the aromatic surface of the ligand and the terminal G-tetrad(s) of the NRQ (Fig. 5A).14,15
For a number of proton resonances from the aromatic nucleobases, the line-broadening
changes started to level after adding one equivalent of RR110 (Fig. 5A). The hydrogen-
deuterium exchange (HDX) kinetics of the hydrogen-bonded imino protons of the G-tetrads
provides a measure of the stability of the core of the folded RNA G-quadruplex structure. To
obtain apparent HDX rates of the imino protons, the overall imino proton signals were
integrated (over the range of 81H 10.3—-11.5 ppm) and normalized as a function of the
exchange time following a non-linear regression procedure and assuming three single
exponentially decaying components, corresponding to slow, medium and fast exchanging

TElectronic supplementary information (ESI) available: A general scheme for the synthesis of RR110 and a complete description of its
synthesis and characterization. Additional translation and NMR data. See DOI: 10.1039/c002418j
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imino protons (see Experimental section). The three components were necessary to obtain
reliable fitting results for all samples, judging from the fitting correlations and residuals
(Fig. 5B). The presence of RR110 led to slower HDX kinetics, /.. a higher degree of
protection of the imino protons, suggesting that binding of RR110 strengthens the hydrogen
bonding network and/or sequesters the imino protons of the G-tetrad from solvent exposure
(Fig. 5B). We observed that RR110 binding induced a significant increase in the population
of the slow phase (from 21% of the initial population to 43%; Table S1 in ESI) at the
expense of the medium and fast phases. Collectively, these data support that RR110 binds
the NRQ element to form a complex in which the G-quadruplex fold is stabilized.

Ligand-induced translation repression by interaction with a non-inhibitory cap distal RNA
G-quadruplex target

The natural position of the NRQ element within the NRAS5” UTR is 14 nucleotides
downstream from the 5” cap. In this context, the NRQ element shows intrinsic translational
inhibitory properties,1? whereas its inhibitory property are lost once it is moved sufficiently
away from the 5" end of the message.16 For example, the reporter construct NRAS
UTR(+120)Q in which the NRQ element has been relocated to an unnatural position 120 nts
downstream from the 5" end of the NRAS 5" UTR s translated as efficiently as the control
NRAS UTR(-)Q.16 We performed a titration of RR110 on NRAS UTR(+120)Q in the
translation assay. Upon addition of RR110, the translation of NRAS UTR(+120)Q showed a
dose-dependent inhibition that is comparable to that observed for NRAS UTR(+)Q (Fig. 3B
and Fig. S1 in ESI). At 10 uM ligand concentration, translation efficiencies of both NRAS
UTR(+120)Q and the native construct are inhibited at the same level (ca. 40%) (Fig. 3B).

Discussion

The role of RNA G-quadruplexes in translation regulation has recently emerged as a new
paradigm. We recently reported the example of a naturally occurring G-quadruplex in the 57
UTR of a eukaryotic transcript that modulates translation.10 Specifically, we showed that a
conserved intramolecular G-quadruplex structure in the 5° UTR of the human NRAS
transcript is involved in inhibiting protein translation in a eukaryotic cell-free translation
system.10 Following this work, other RNA G-quadruplexes, identified within the 5" UTRs
of the human Z/C- 117 and MP3-MMP8 mRNAs, have been demonstrated to inhibit
translation in eukaryotic cells. Lately, an RNA G-quadruplex within the 5" UTR of a ERS1
MRNA transcript transcribed from exon C has been shown to modulate the efficiency of
translation in vitro.l® Futhermore, Halder er a/. have establish general translational
repression by synthetic G-quadruplex-forming sequences in 5" UTRs in several mammalian
cell lines.20 In addition, artificial G-rich elements that mask the ribosome binding site by
folding into G-quadruplexes have been shown to modulate gene expression in bacteria.?! In
a detailed computational analysis, we have identified about 2300 sequences with a potential
to form G-quadruplexes in the 5° UTRs of human genomic mRNAs.! The associated genes
includes several growth factors and oncogenes such as BCLZ2, JUN, MAF and FGR.

In this study, we have used the 5" UTR of the human NRAS as an example to establish
whether a naturally occurring 5° UTR RNA G-quadruplex element can serve as a receptor
for a small molecule that imparts translational control. We have employed luciferase
reporter MRNAs that comprised either the native 254-nt NRAS5’ UTR, including the G-
quadruplex element located + 14 nts with respect to the 5" cap, or a 236-nt control 5° UTR
derived from the NRAS5” UTR by deleting the quadruplex-forming sequence. The
translation efficiency of the constructs in the presence of small molecule G-quadruplex
ligands was evaluated in a translational system consisting of extracts of rabbit reticulocyte
lysates. We first identified a pyridine-2,6-bis-quinolino-dicarboxamide derivative, RR82,
that shows some selectivity for the G-quadruplex containing mRNA. For comparison, the
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commonly used G-quadruplex binding ligand TMPyP4, which we also included in our initial
screening, showed no RNA G-quadruplex specificity and inhibited the translation of both
the gr.‘a-quadruplex-containing and the control mMRNAs to the same extent (Figure S2 in the
ESIT).

The challenge of specifically targeting a native RNA structure with a small molecule to
inhibit translation of eukaryotic mMRNA has been recognized as a major goal.22 Encouraged
by our initial result, we next looked for molecules that show improved selectivity. We thus
evaluated structural analogs of RR82 in the translation assay. We found a derivative,
RR110, which exhibits markedly improved G-quadruplex selectivity. RR110 inhibits
translation of the G-quadruplex-containing mRNA by approximately two-fold at 10 pM
concentration, whereas it does not affect the translation efficiency of control mRNA. We
also demonstrated that quadruplex-dependent translational inhibition by RR110 is
maintained in the presence of a large excess of double-stranded DNA or hairpin RNA
competitors. The outcomes of our study that used a native G-quadruplex structure within the
wild-type NRAS5" UTR compare favorably with previous proof-of-concept experiments
based on artificial /n vitro selected RNA aptamers, such as an upstream biotin-binding
aptamer that decreased the translational efficiency of a CAT reporter gene by about 50% in
the presence of 1 mM biotin in RRL.

Studies on hairpin RNA structures have demonstrated that the degree of translation
repression by secondary structures within the 5"UTR of a mRNA is highly related to their
thermodynamic stability, most stable structures being more inhibitory.23 Using *H NMR and
HDX experiments, we have demonstrated that RR110 bind to the NRQ element to form a
complex in which the G-quadruplex fold is stabilized. In addition we have performed an
MRNA stability analysis of NRAS UTR(+)Q translated in the absence or presence of RR110
(10 M) (Fig. 6). The transcript showed the same stability, within experimental error,
regardless of whether the small molecule was present or not. Thus the effect of RR110 on
the translation efficiency of the G-quadruplex-containing mRNA reporter cannot be
attributed to a difference in mMRNA stability associated with its presence in the lysate. Taken
together, these observations are consistent with RR110 inhibiting translation via interactions
that stabilize the NRQ element in the NRAS5’UTR. Studies on hairpin RNAs also showed
that translation inhibition depends on the location of the structure within the 5"UTR.23 Even
a relatively “weak” structure located proximal to the 5’ cap can be sufficient to interfere
with the formation of the ribosomal pre-initiation complex (43S) at the 5" end of the mRNA
template, whereas a “strong” structure is required to block the migration of the 43S complex
during the scanning process. When relocated at an unnatural position, 120 nts downstream
from the 5” cap, the NRQ element is not “strong” enough to interfere with the helicase
activity of the scanning 43S complex and does not affect translation efficiency.16
Interestingly, upon addition of RR110 in the translation reaction, we did observe translation
inhibition of the NRAS UTR(+120)Q construct. This observation is consistent with a
mechanism whereby, upon binding of the ligand, the NRQ element at position +120
becomes sufficiently stable to perturb the migration of the small 43S ribosomal subunit
during the scanning process of translation initiation.

Conclusions

In conclusion, our study demonstrates proof-of-concept for small molecule-mediated
regulation of translation by targeting a natural RNA G-quadruplex in a5’ UTR. While there
has been considerable attention on genomic DNA G-quadruplexes as potential drug targets,
this current study suggests that RNA G-quadruplexes have appeal as targets for small
molecule interference. Improvement in the selectivity and potency of the small molecule are
now desirable goals that will be addressed in future studies.
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Experimental section

Chemical synthesis

Synthesis of RR82 has been reported previously.13 A general scheme for the synthesis of
RR110 is shown in Scheme S1 in the ESI.T A complete description of the synthesis and
characterization of RR110 is given in the Eslt

In vitro translation assays

Construction of the plasmids pSKC11, pSKC14 and pSKC17, which encode for reporter
NRAS UTR(+)Q, NRAS UTR(-)Q and NRAS UTR(+120)Q transcripts, respectively, and
conditions for /n vitro transcription have been described previously.10,16 /n vitro translation
reactions of the mMRNAs in the presence of ligands were carried out in a cell-free translation
system consisting of extracts from nuclease-treated rabbit reticulocyte lysate (RRL)
(Promega). Typically, 10 p.L final volume translation mixtures were prepared that contain
70% (v/v) RRL, 10 M amino acid mixtures minus methionine, 10 LM amino acid mixture
minus leucine, 200 ng RNA and the indicated amount of small molecule ligand. The RNA
was incubated with the small molecule [added as a 10x solution prepared by serial dilution
from a 1 mM stock solution in water (RR82) or water/2.5% DMSO (RR110)] and the amino
acids, in a total volume of 3 pL, for 30 min at room temperature, prior addition of 7 p.Lof
RRL to start translation. Translation was carried out at 30 °C for 90 min. Translation
efficiency was assessed by measuring firefly luciferase activity using Luciferase Assay
Reagent (Promega) on an Orion Il Microplate Luminometer (Berthold). Typically, 50 pL of
luciferase assay reagent were added to 4.5 pLof /n vitro translation mixture. The luciferase
light intensity was measured for 10 s after a delay time of 2.05 s.

Competition experiments were performed in the same conditions at 10 uM ligand
concentration and in the presence of (i) a 26-mer self-complementary double-stranded DNA
(5-CAATCGGATCGAATTCGATCCGATTG-3’), (ii) an hairpin RNA (5'-
CUACAGUACAGAUCUGUACUGUAG-3"), or (iii) the NRQ NRAS RNA G-quadruplex
(5"- GGGAGGGGCGGGUCUGGG-3").

1H NMR experiments

All NMR data were recorded at 298 K using a 700 MHz Bruker Advance NMR
spectrometer, equipped with a TXI cryogenic probe. The water suppression was achieved by
using the jump-and-return scheme. The NMR titration experiments were carried out by
recording a series of 1D proton NMR spectra of the RNA G-quadruplex (NRQ, 5'-
GGGAGGGGCGGGUCUGGG-3") in the presence of aliquots of a stock solution of
RR110. The RNA concentration of the sample was 200 M in 7% D,0 (v/v), buffered with
10 mM potassium phosphate at pH 7.0. The stock solution of molecule RR110 was prepared
with g5-DMSO (99.9%) at a concentration of 42 mM. Aliquots of the stocks solution of
RR110 were added to the NMR sample in steps to reach molar ratios of 0, 0.25, 0.5, 1, 2, 3,
4 and 5. The final NMR sample contained 2.5% of g5-DMSO. 1H NMR spectra of the RNA
G-quadruplex in the presence of 2.5% DMSO confirmed that DMSO has little effect to the
structure and dynamics of the folded G-quadruplex (Fig. S3 in the ESIT).

For the hydrogen-deuterium exchange (HDX) experiments, RNA NMR samples (200 M,
200 L) were flash frozen in liquid nitrogen and lyophilized. Equal volumes (200 L) of
D,0 (99.9%) were then added to resuspend the NMR samples immediately before data
acquisition. Three samples were prepared containing either no additional material, or 5 L
of the stock solution of RR110, or 5 pL of ag-DMSO (99.9%). A series of 1D proton spectra
were recorded to follow the kinetics of HDX over 24 h with a dead-time of ca. 4 min. For
each 1D spectrum, 256 transients were recorded and the experimental time, /.e., time
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resolution, is 6 min. The resulting spectra were processed and baseline corrected prior to
analysis of the HDX rates. The HDX kinetics of observed resonances can be generally
grouped into slow, medium and fast phases, as visualized by overlaying the 1D proton
spectra at different time points (Fig. S3 in the ESIT). To obtain apparent HDX rates of the
imino protons of the NRQ (Fig. S4 and Table S1 in the ESIT), the overall imino proton
signals were integrated (over the range of 81H 10.3-11.5 ppm) and normalized as a function
of the exchange time and fitted to a sum of three exponentially decaying functions: A2 =
AeXp(—ksh) + Amexp(—kmD) + Aexp(—AsD), where As, A and Ay are the initial amplitudes
of the slow, medium and fast phases, respectively, and ks, 4, and 4; are the corresponding
rate constants.

MRNA stability experiments

Translation experiments in the absence or presence (10 M) of the small molecule were
performed as described above in 80 L final volume reaction mixtures with 32P-UTP Jn
vitro transcribed mRNAs. Aliquots (20 L) of the translation mixtures were taken out after
0, 20, 40 and 60 min, quickly frozen in dry-ice and stored at —20 °C, before being subjected
to Trizol® extraction (500 L) and isopropanol precipitation (90 min at =20 °C). Samples
were run at 70 V for 40-45 min on 2% agarose gels. Gels were dried under vacuum at 60 °C
and quantified on an Amersham Biosciences Typhoon Trio with a Amersham imaging
screen.
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Fig. 1.
Schematic representation of NRAS UTR(-)Q and NRAS UTR(+)Q firefly luciferase
reporter mMRNAsS.
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Fig. 2.

Effect of RR82 on the /n vitrotranslation efficiency of NRAS UTR(-)Q and NRAS
UTR(+)Q mRNAs. (A) Chemical structure of RR82. (B) Relative translation efficiencies of
NRAS UTR(-)Q and NRAS UTR(+)Q mRNAs in the presence of the indicated amounts of
RR82, as measured by luciferase activities. For each construct, the measured luciferase
activity was normalized to the activity obtained in the absence of the ligand, which was set
as 100%. Experiments were performed at least three times using at least two separate
batches of RNA. The average values are presented along with the standard error on the
mean.
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Fig. 3.

Effect of RR110 on the /n vitro translation efficiency of mMRNASs comprising a G-quadruplex
motif in their 5° UTR. (A) Chemical structure of RR110. (B) Relative /n vitro translation
efficiencies of NRAS UTR(-)Q, NRAS UTR(+)Q and NRAS UTR(+120)Q mRNAs in the
presence of the indicated amounts of RR110, as measured by luciferase activities. For each
construct, the measured luciferase activity was normalized to the activity obtained in the
absence of the ligand, which was set as 100%. Experiments were performed at least three
times using at least two separate batches of RNA. The average values are presented along
with the standard error on the mean.
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Fig. 4.

Effect of RR110 (10 M) on the /n vitro translation efficiency of NRAS UTR(+)Q mRNA
in the presence (1 or 10 pM) of double-stranded DNA, hairpin RNA and NRQ RNA G-
quadruplex nucleic acid competitors (see Experimental section for sequences). Measured
luciferase activities were normalized to activities obtained in the absence of the ligand,
which were set as 100%. Experiments were performed at least three times using at least two
separate batches of RNA. The average values are presented along with the standard error on
the mean.
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Fig. 5.

1H NMR spectroscopic analysis of the interaction between the RNA G-quadruplex (NRQ)
and G-quadruplex ligand RR110. (A) IH NMR titration of the NRQ element with RR110.
The resonances arising from RR110 are indicated by open circles. While several aromatic
protons from the RNA nucleobases exhibit negligible change in chemical shift (indicated by
dashed lines), marked upfield shift changes are observed in the imino proton region at a
ligand-to-NRQ ratio of three and higher. (B) HDX kinetics of the hydrogen-bonded imino
proton resonances of the G-tetrads in the absence (open red diamond) and in the presence of
5 molar equivalent of RR110 (open black circle). The fitting results are shown in green lines
with the residuals shown below.
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Fig. 6.

MRNA stability of the NRAS UTR(+)Q construct translated in the absence and in the
presence of RR110 (10 iwM). (A) A representative autoradiograph from one experiment. The
time points and the absence or presence of RR110 is indicated above the panel. (B)
Summary of the experiments. Values were normalized to the value at the beginning of the
experiment (¢= 0 min), which set at 100%. Experiments were performed at least three times
using at least two separate batches of RNA. The average values are presented along with the
standard error on the mean.
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