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Abstract

Nucleic acid secondary structures in the 5" untranslated regions (UTRs) of mRNAs have been
shown to play a critical role in translation regulation. We recently demonstrated that a naturally
occurring, conserved, and stable RNA G-quadruplex element (5”-
GGGAGGGGCGGGUCUGGG-3"), located close to the 5" cap within the 5 UTR of the NRAS
proto-oncogene mRNA, modulates gene expression at the translational level. Herein, we show that
the translational effect of this G-quadruplex motif in NRAS5" UTR is not uniform, but rather
depends on the location of the G-quadruplex-forming sequence. The RNA G-quadruplex-forming
sequence represses translation when situated relatively proximal to the 5" end, within the first 50
nt, in the 5" UTR of the N/RAS proto-oncogene, whereas it has no significant effect on translation
if located comparatively away from the 5" end. We have also demonstrated that the
thermodynamic stability of the RNA G-quadruplex at its natural position within the NRAS5’
UTR is an important factor contributing toward its ability to repress translation.

Analysis of the human genome has revealed that only a small fraction of our genetic
material, about 1.5%, codes for protein (1), while the vast majority (at least 60—70%) is
transcribed on one or both strands of DNA (2). It appears that much of the noncoding
genome may be involved in regulation of gene expression via multiple mechanisms (3, 4). In
particular, mRNA untranslated regions (5" and 3’ UTRs)1 are involved in regulatory events
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NOTE ADDED IN PROOF A recently published computational study has revealed that G-quadruplex-forming sequences in 5”
UTRs exhibit a positional bias toward the 5" end (40).

Labbreviations:
UTRuntranslated region

G guanine

NRQNRAS RNA G-quadruplex-forming sequence
UV ultraviolet

CD circular dichroism

RRL rabbit reticulocyte lysate.
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that ultimately affect protein biosynthesis. Such regulation can be mediated by cis-acting
structural elements, for example stem-loops, in the UTRs (5). These RNA motifs can act
either by serving as recognition sites for RNA-binding factors, such as proteins (6, 7), or by
interacting directly with the translation initiation machinery (8, 9).

It is now established that certain G-rich nucleic acid sequences have a propensity to form
stable four-stranded intramolecular structures called G-quadruplexes in the presence of
physiological cations, notably K* and Na* (10). Putative G-quadruplex-forming sequences
are prevalent throughout the human genome (11, 12), raising the possibility that such motifs
may be associated with biological functions. Telomeric DNA G-quadruplex structures have
been previously shown to inhibit the action of telomerase activity in vitro (13), which has
inspired the development of G-quadruplex-based cancer therapeutic approaches (14).
Recently, the formation of G-quadruplex DNA was shown to occur at the 3” single-stranded
overhang of ciliate telomere under the apparent control of telomere-end binding proteins and
a protein phosphorylation event in vivo (15). It has also been proposed that DNA G-
quadruplex motifs found within gene promoters (16) may act as regulatory elements for
gene expression at the transcriptional level on the basis of chemical biology studies (17-19).

While the main focus in the field has been on DNA G-quadruplexes and their potential role
in biology, it is notable that G-rich RNA is also known to fold into G-quadruplexes (20, 21).
While the general importance of MRNA secondary structures as regulatory elements of gene
expression is documented, little has been reported on RNA G-quadruplexes and their
function(s). G-quadruplex formation in the 3" UTR of insulin-like growth factor (IGF I1)
MRNA has been proposed to be involved in post-transcriptional processing (22). A recoding
event (downstream frameshift) in a herpes simplex virus mutant is proposed to arise from
the ability of its MRNA to form G-quadruplex structure (23). The fragile X mental
retardation protein (FMRP) has been shown to bind to a G-quadruplex within the coding
region of its MRNA and inhibit its translation (24, 25). An intramolecular RNA G-
quadruplex motif found within the fibroblast growth factor (FGF-2) internal ribosome entry
site (IRES) has been proposed to contribute to the IRES activity (26). Recently, Wieland and
Hartig have showed that insertion of an artificial G-rich element that masks the ribosome
binding site of an MRNA by folding into a G-quadruplex can be used to modulate gene
expression in bacteria (27).

We recently demonstrated that a naturally occurring, conserved, and thermodynamically
very stable RNA G-quadruplex element (NRQ, 5'-GGGAGGGGCGGGUCUGGG-3")
located close to the 5" cap within the 5 UTR of the N/RAS proto-oncogene mRNA
modulates gene expression at the translational level (28). A genome-wide computational
analysis also revealed 3321 other 5° UTR RNA G-quadruplex motifs in the human genome.
These motifs are located at various positions throughout the 5° UTRs of mRNAs.
Furthermore, they can differ in the numbers of putative G-tetrads, the loop sizes, and the
base compositions, all of which one would predict to influence the thermodynamic stability
of the G-quadruplex structure on the basis of studies on DNA G-quadruplexes (29, 30).

The present study aimed to elucidate the effect of position and stability of a5” UTR RNA
G-quadruplex-forming sequence on translation regulation. Translational control via
secondary structure formations within the 5° UTRs of mRNAs appears to be particularly
predominant for growth factors, transcription factors, and oncoproteins, which generally
possess long (>200 nt) and highly structured GC-rich 5" UTRs, as opposed to the relatively
short length, low GC content 5° UTRs in other highly expressed cellular mRNAs (31, 32).
We thus decided to address the question of the position and stability dependence of
translation modulation by a5” UTR RNA G-quadruplex in the context of the full length
(254 nt) 5" UTR of the human NVRAS proto-oncogene. We generated a series of mMRNA
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reporter constructs that contained either the wild-type NRAS RNA G-quadruplex-forming
sequence (NRQ) located at different positions within the NRAS 5" UTR or NRQ variants
with altered thermodynamic stabilities at a fixed position, and we evaluated the
corresponding translation efficiencies in a eukaryotic cell-free system.

MATERIALS AND METHODS
CD and UV Spectroscopy

For spectroscopic studies, RNA samples were prepared at 4 M strand concentration in
RNase-free water and degassed buffers containing 10 mM sodium cacodylate, pH 7.0, and
varying KCI concentrations from 1 to 300 mM. The samples were annealed by heating at 90
°C for 10 min and then slow cooling to 5 °C at a controlled rate of 0.2 °C min~1.

Circular dichroism (CD) experiments were performed using a Jasco J-810
spectropolarimeter equipped with a Peltier temperature controller. Typically, a 200 uL
sample was placed in a 1 mm optical path length quartz cuvette, transferred in the
spectropolarimeter, and allowed to equilibrate at 20 °C for 10 min. Five CD scans, over the
wavelength range 220-320 nm, were performed at 50 nm min~1 with a 2 s response time, 1
nm pitch, and 1 nm bandwidth; their average was taken. For each experiment, a CD
spectrum of the buffer was recorded and subtracted from the spectrum obtained for the
RNA-containing solution. Data were zero-corrected at 320 nm.

Ultraviolet (UV)-melting studies were carried out on a Varian CARY 1E UV—uvisible
spectrophotometer equipped with a Peltier temperature controller. Typically, a 100 uL
sample was transferred to a 1 cm optical path length quartz cuvette and was covered with
approximately 100 pL of mineral oil to prevent sample evaporation. This sample was
transferred to the spectrophotometer and then heated to 90 °C and cooled to 5 °C, twice
consecutively at a 0.25 °C min~! temperature gradient; absorption data recorded at 295 nm
were collected every 0.5 min on both annealing and melting steps. The thermal reversibility
of the melting and annealing profiles allowed the use of the van’t Hoff analysis to calculate
the 7p, values (33). The 7, values were taken as an average of three independent
experiments and have an associated error of £ 1 °C.

Construction of Plasmids

To construct the plasmid pSKC14, which encoded the 236-nucleotide UTR(—)Q transcript,
pSKC12 plasmid (28) was PCR amplified using Pfu DNA polymerase (Promega) and two
sequence-specific primers: a forward primer (5-
TACTGTGGGACGTCCCGTGTTGCGGCCTGCCGCATGACTCG-3"; bold GG indicate
nucleotides that were mutated from AA in the natural 5° UTR sequence to yield an efficient
transcription template) and a restriction site £coRI-tailed (underlined) reverse primer

(5" TACTGTGAATTCTTACACGGCGATCTTTCCGCC-3"). This amplified product was
purified using a PCR purification kit (Qiagen) and reamplified using a Hirdill (underlined)
and a minimal T7 promoter-tailed forward primer

(5" TACTGTAAGCTTTAATACGACTCACTATAGGGACGTCCCGTGTTGCGGC-3")
and the above-mentioned EcoRlI-tailed reverse primer. This PCR amplified product was
digested with HimdI1l and EcoRl, purified by gel electrophoresis, and ligated with the
Himd1ll and EcoRI digested linear pUC18 vector (Invitrogen). Positive clones were
confirmed by sequencing both strands of the DNA.

Construction of the plasmid, pSKC11, containing the NRQ motif at its natural position
(+14) in NRAS5’ UTR had been described previously (28). Plasmids pSKC15, pSKC16,
pSKC17, and pSKC18, which encoded UTR(+2)Q, UTR(+47)Q, UTR(+120)Q, and
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UTR(+233)Q transcripts, respectively, were constructed by inserting the NRQ element in
the 5 UTR of the pSKC14 plasmid at positions +2, +47, +120, and +233, respectively. The
insertions were performed using the QuickChange 11 site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s protocol. The insertion of the NRQ element at
+2, +120, and +233 positions would have been followed by a single G nucleotide; therefore,
a nucleotide T was inserted at the end of the NRQ element in the mutagenesis primers to
avoid any alternative G-quadruplex structure formation at these positions. All the constructs
were sequenced to confirm the presence of the intended changes.

Two plasmids, pSKC19 and pSKC20, were prepared containing a four G-tetrad and a two
G-tetrad variant of the NRQ motif, respectively, at its natural position (+14) in the NRAS5’
UTR. These plasmids were derived from the pSKC11 using the QuickChange I site-
directed mutagenesis kit (Stratagene) according to the manufacturer’s protocol. Plasmid
pSKC19 was constructed by inserting a G at the end of the first, third, and fourth G-stretch
of the NRQ sequence in the 5° UTR of the pSKC11 plasmid (the second G-stretch already
contains a naturally occurring fourth G). Plasmid pSKC19 encodes the transcript
UTR(+14G4)Q. Plasmid pSKC20 was produced by mutating the last G of each G-stretch of
the NRQ sequence to T. Plasmid pSKC20 encodes the transcript UTR(+14G5)Q. All the
intended changes were confirmed by sequencing both strands of the DNA.

In Vitro Transcription

The plasmids were linearized using the £coR| restriction enzyme, which cuts at the 3" end

of the coding region of the luciferase reporter gene. 5" capped transcripts were generated in
vitro using the mMMESSAGE mMACHINE T7 kit (Ambion), following the manufacturer’s

protocol. All the transcripts were purified on a 1% agarose gel, after DNase treatment. The

RNA concentration was determined by UV spectroscopy. The integrity and the size of each
transcript were confirmed by 1% agarose gel analysis.

In Vitro Translation and Luciferase Assay

RESULTS

In vitro translation of the mRNAs was carried out in a cell-free translation system consisting
of extracts from nuclease-treated rabbit reticulocyte lysate (RRL) (Promega). Translation
was carried out in a 10 uL reaction volume, containing 70% (v/v) RRL, 10 M amino acid
mixtures minus methionine, a 10 M amino acid mixture minus leucine, and 200 ng of
RNA, and incubated at 30 °C for 90 min. Firefly luciferase activity was measured using
luciferase assay teagent (Promega) on an Orion Il microplate luminometer (Berthold). A
portion of the in vitro translated luciferase (4.5 uL) was added to the 50 wL of luciferase
assay reagent. The luciferase light intensity was measured for 10 s after a delay time of 2.05
s. Luciferase intensity for each reaction was measured in duplicate.

Influence of the RNA G-Quadruplex Position

In order to allow manipulation of the position of the NRQ motif within the NRAS5" UTR,
we generated pSKC14 luciferase reporter plasmid as a starting point. Plasmid pSKC14 was
produced by deleting the unique, 18 nt, naturally occurring RNA G-quadruplex-forming-
sequence from the wild-type NRAS5” UTR. This plasmid encodes for UTR(—)Q mRNA
that comprises a 236-nucleotide 5° UTR, which retains the full complexity of the NRASS5’
UTR structure but does not contain the NRQ element, placed upstream of the firefly
luciferase coding sequence. By using site-directed mutagenesis, plasmid pSKC14 was
subsequently employed for producing constructs that contained a single copy of the NRQ
element at various positions relative to the 5" end of the NRAS5” UTR, starting from
proximal to the 5" cap to relatively close to the AUG start codon (Figure 1). In each case,
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NRQ was inserted at least 10 nt from other G-stretches to prevent the formation of
alternative G-quadruplex motifs. In addition to the natural position at +14 (with respect to
the 5” end), +2 and +47 positions were selected to investigate the modulation of translation
by the RNA G-quadruplex when it is located relatively close to the 5” cap. The other two
selected positions, +120 and +233, were considered to examine the effect of the RNA G-
quadruplex on translation when it is situated at an intermediate position and close to the 3’
end within the 5" UTR, respectively.

For each construct, the corresponding 5" capped RNA transcript (referred as UTR(+X)Q
where X corresponds to the position of the first nucleotide of the inserted G-quadruplex
relative to the 5" end of the transcript) was generated by in vitro transcription. The
transcripts were subjected to in vitro translation in rabbit reticulocyte lysate, and the
translation efficiency was evaluated by the standard luminescence-based assay for luciferase
activity (34). The translation efficiency of UTR(—)Q, which does not contain the NRQ
element, was taken as the reference, and the translation activities of all the other constructs
were normalized with respect to this system (Figure 2). The relative translation efficiency of
the transcripts that comprised the NRQ element at positions +2, +14, and +47 was reduced
to 47 + 7%, 37 £ 4%, and 52 + 5%, respectively. On the other hand, insertion of the G-
quadruplex at positions +120 and +233 did not significantly affect the translation efficiency
of the mRNAs, exhibiting 119 + 17% and 107 + 16% relative translation efficiency,
respectively.

Influence of the RNA G-Quadruplex Stability

We further investigated how the thermal stability of the RNA G-quadruplex motif at its
natural position (+14) in the NRAS5’ UTR influences the level of translational repression
induced. The stability of G-quadruplex structures has been shown to depend on the number
of G-tetrads. The DNA and RNA G-quadruplex structures composed of relatively higher
numbers of G-tetrads have been shown to have higher thermal stability compared to their
counterparts with lower numbers of G-tetrads (27, 35). The NRQ structural motif is
composed of three stacked G-tetrads. By using pSKC11 plasmid, which encodes for the
UTR(+14)Q transcript, changes in the number of G-tetrads of the NRQ maotif were
performed using site-directed mutagenesis to alter its stability, while maintaining its natural
position within the 5" UTR (Figure 3). The stability of the G-quadruplex element was
increased in transcript UTR(+14G4)Q, as compared to the UTR(+14)Q, by inclusion of an
extra (fourth) G-tetrad. This was done by inserting an additional G at the end of the first,
third, and fourth G-stretches of the wild-type sequence. In contrast, the G-quadruplex
stability was decreased by removal of a G-tetrad from the NRQ element after mutating the
last G of each G-stretch to U.

First, using short synthetic ribooligonucleotides (Table 1), we performed a series of
spectroscopic biophysical experiments (CD and UV-melting) to confirm and characterize
intramolecular RNA G-quadruplex formation by the mutated sequences (SNRQG,4 and
SNRQG)) and to reveal the effects of mutations on the thermal stability of the folded G-
quadruplexes.

At near physiological conditions of salt and pH (10 mM sodium cacodylate pH 7.0, 100 mM
KCI), the CD spectra of both mutants exhibited a positive peak at around 263 nm and a
negative peak at approximately 240 nm, comparable to those of the oligonucleotide
corresponding to the wild-type G-quadruplex (SNRQG?3) (see Figure 1 of the Supporting
Information). Furthermore, each sequence exhibited a clear hypochromic melting transition
at 295 nm that is indicative of G-quadruplex formation (see Figure 2 of the Supporting
Information). Melting and annealing were superimposable, and a study over a 20-fold
oligonucleotide concentration range 1-20 M showed no change in the melting temperature
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(7m) values of the transitions (see Table 1 of the Supporting Information): both are
consistent with intramolecular G-quadruplex formation. It is also noteworthy that, for each
sequence, the 7y, of the transition depended on the nature of the monovalent cation added in
the order K* > Na* > Li*, which is a characteristic of G-quadruplex structures (see Table 2
of the Supporting Information). As expected, SNRQG, displayed a much higher thermal
stability as compared to its two-tetrad counterparts SNRQG in the same conditions (Table
2). At 100 mM KCI, the folded SNRQG, could not be melted, even at 95 °C, whereas
SNRQG, unfolded with a 7, of 45 °C. At low potassium concentration (1 mM KCI), no
structure-to-random coil melting transition was observed for SNRQG,, while SNRQG,4 G-
quadruplex exhibited a melting transition with a 7, of 67 °C. Under the same conditions,
the G-quadruplex structure formed by SNRQG3 was found to have a 7y, of 63 °C. In the
absence of any added stabilizing cations, the 7, values of SNRQG3 and SNRQG, were
found to be 43 and 58 °C, respectively. Taken together, these biophysical data indicate that
all three sequences fold into intramolecular G-quadruplex with thermodynamic stabilities in
the order SNRQG,4 > SNRQG3 >> SNRQG; under near physiological pH and salt
conditions.

The translation efficiencies of UTR(+14G,4)Q and UTR(+14G5)Q transcripts were assessed
in vitro in RRL and compared to that of the UTR(+14)Q transcript (Figure 4). The increased
stability variant, UTR(+14G,4)Q, exhibited an equivalent level of luciferase expression as
compared to the wild-type transcript, UTR(+14)Q. Conversely, a 2-fold enhancement in
translation efficiency, as compared to the wild-type transcript, was observed for the
decreased stability variant, UTR(+14G5)Q.

DISCUSSION

Studies on translation regulation by 5° UTR structural elements have hitherto been focused
on double helix-based structures, for which stability and formation can be anticipated using
predictive algorithms. However, RNA can adopt other structures involving noncanonical
base-parings, which cannot be predicted using such tools. We recently showed that a four-
stranded RNA G-quadruplex, naturally occurring within the 5 UTR of NRAS proto-
oncogene mRNA, inhibits translation (28). The present study aimed to investigate the
position and stability dependence of translation regulation by this RNA G-quadruplex-
forming sequence (NRQ). To address this, we assessed the in vitro translation efficiency of
luciferase chimeric mRNAs that comprised (i) the NRQ element at different locations within
the NRAS5" UTR or (ii) G-quadruplex mutants of decreased and increased stability at the
natural position (+14) of the NRQ motif within the NRAS5" UTR.

Our study revealed that the NRQ element acts as a translational repressor when located
within the first 50 nt at positions +2, +14, and +47 in the NRAS5" UTR, while it has no
significant effect when located 120 or 233 nucleotides away from the 5" end of the message.
We considered the possibility that G-quadruplex formation might be influenced by position,
but structure-prediction analysis of the various G-quadruplex regions confirmed that
predicted hairpin structures were insufficiently stable to compete with G-quadruplex
formation under the conditions used for translation (see the Supporting Information).
Furthermore, translation efficiency did not show any correlation with the stability of
predicted hairpin structures. This indicates that the translational effect of the NRQ element
in NRAS5" UTR is not uniform but rather depends on the location of the structural motif.
We also showed that the thermodynamic stability of the RNA G-quadruplex at its natural
position (+14) in the NRAS5’ UTR is an important parameter to mediate translation
repression. Indeed, translation efficiency was significantly increased when the G-quadruplex
structure contained just two G-tetrads, which showed considerably decreased stability as
compared to the wild-type three G-tetrads NRQ. On the other hand, the addition of a
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putative fourth G-tetrad to the RNA G-quadruplex had no significant effect on translation
efficiency, which may be the consequence of a relatively modest additional stabilization of
the G-quadruplex structure, as judged by UV-melting at low potassium concentration (Table
2). This may indicate that an intrinsically very stable structure, such as the NRQ element,
requires a much larger degree of additional stabilization to induce a detectable further
decrease in protein expression.

Our results suggest similarities with the effects observed from the insertion of artificial
stem-loop structures in the 5° UTRs of mRNAs, where it was found that translation was
strongly inhibited when insertions were made proximal to the 5" cap but the effect was
reduced when hairpins were located further downstream (36-39). It was shown that
translation inhibition by artificial RNA hairpins proximal to the 5" cap is due to repression
of the assembly of the translation preinitiation complex at the 5" end of the message (38).
Such studies also revealed that the translation inhibition induced by artificial hairpins
inserted at a fixed position is generally related to their predicted thermodynamic stability,
with the more stable hairpins contributing to greater translation inhibition (36, 37).

In conclusion, this study demonstrates that translation modulation by an RNA G-
quadruplex-forming sequence is dependent on its position in the 5 UTR of the message,
with the inhibition of translation occurring only when the G-quadruplex-forming-sequence
is proximal to the 5" cap. Interestingly, this outcome suggests that the natural position of the
RNA G-quadruplex-forming sequence in the 5" UTR of the human NVRAS proto-oncogene is
quite optimal for translation inhibition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Schematic showing the selected positions within the NRAS5” UTR at which the RNA G-
quadruplex-forming-sequence (NRQ) was inserted. The position number refers to the
location of the first 5" nucleotide of the NRQ sequence relative to the 5" end of the
transcript. The +14 position is the natural position of the NRQ motif in the NRAS5" UTR.
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FIGURE 2.

Relative translation efficiencies of the constructs containing the NRQ element at different
positions within the NRAS5” UTR, as judged by quantitation of the luciferase activity.
Error bars represent the standard deviation from at least three independent experiments.
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FIGURE 3.
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Schematic representation of the UTR(+14)Q, UTR(+14G,4)Q, and UTR(+14G,)Q transcripts

showing the mutations (marked in blue) in the NRQ element to alter the number of G-tetrads

at its natural position (+14) in NRAS5 UTR.
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FIGURE 4.

Relative translation efficiencies of the constructs containing the NRQ G-quaduplex stability
variants, as judged by quantitation of the luciferase activity. Error bars represent the
standard deviation from at least three independent experiments.
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Table 1

Sequences of the Synthetic RNA Oligonucleotides Used for the Biophysical Study?

name sequence

SNRQG, 5’-UGUGGGGAGGGGCGGGGUCUGGGG-3’

SNRQG; 5-UGUGGGAGGGGCGGGUCUGGG-3’
SNRQG, 5’-UGUGGUAGGGUCGGUUCUGGU-3’

a . . . .
Underlined nucleotides are runs of guanines capable of forming G-quartets.
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Table 2

Melting Temperatures of SNRQGy4, SNRQG3, and SNRQG, RNA G-Quadruplexes at Various KCI

s1duosnuepy Joyny sispund DN adoin3 @

a . - .
Tm values are an average of three independent experiments and have an associated error of +1 °C.

b . . -
N/A refers to cases where no melting was observed due to the high stability of the G-quadruplex.

C . . .
N/A refers to cases where no melting was observed owing to the absence of G-quadruplex formation.
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