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An RNA G-Quadruplex Is Essential for Cap-Independent
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Abstract: RNA G-quadruplexes located within the 5-UTR of mRNA are almost always known to be
associated with repression of cap-dependent translation. However, in this report we present functional as
well as structural evidence that sequence redundancy in a G-rich segment within the 5"-UTR of human
VEGF mRNA supports a ‘switchable’ RNA G-quadruplex structure that is essential for IRES-mediated
translation initiation. Additionally, utilization of a specific combination of G-tracts within this segment allows
for the conformational switch that implies a tunable regulatory role of the quadruplex structure in translation
initiation. A sequence engineered from a functionally handicapped mutant moderately rescued the activity,
further indicating the importance of G-quadruplex structure for VEGF IRES-A function. This to our knowledge
is the first report of a conformationally flexible RNA G-quadruplex which is essential for IRES-mediated

translation initiation.

Introduction

Structures present within the 5’-untrandated region (5’-UTR)
of mRNAS, including cellular mMRNAS, have been shown to
regulate trandation.® Many mRNAs have been reported to
initiate tranglation in a5 cap-independent manner.>~® Such cap-
independent translation is initiated by internal ribosomal entry
sites (IRESs) found within the 5'-UTR of these RNAs. Origi-
nally, IRES elements were reported in viruses,>° but later these
elements were discovered in a wide variety of cellular RNAs
occurring in organisms ranging from fruit flies to humans. A
list of reported cellular IRESs show that they can be found in
MRNAs from proto-oncogenes, growth factors, transcription
factors, and trandlation factors to cell cycle genes, among
others.’®~**> Besides the IRES, other secondary structural
elements are known to regulate trandation of mRNA. For
example, 5-UTR of bacteriadl mRNAs contains RNA motifs
termed ‘riboswitches', which in response to metabolite or protein
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factor binding undergo a conformational switch to regulate
translation.*®~2°

Human vascular endothelial growth factor (WWEGF) is akey
angiogenic growth factor whose overexpression is critical for
tumor outgrowth, metastasis, and prognosis of several cancers.?
The 5-UTR region of VEGF mRNA is unusually long (1038
nt) and GC rich and can initiate trand ation via a cap-independent
mechanism.’®'?? This alternative translation mode can be
particularly critical for VEGF expression under hypoxia, a
condition often encountered during neovascularization, which
is essential to tumor outgrowth and metastasis.>>2* Interestingly,
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this region harbors two separate internal ribosomal entry sites,
which are capable of independently initiating trand ation without
the help of the 5’-cap. One of the sequencesis a 463 nucleotide
fragment (nt 91—554, IRES-B) that initiates translation at the
CUG 499,%%6 whereas the other, a 293 nucleotide portion (nt
745—1038, IRES-A), has been shown to initiate translation at
the canonical AUG codon.**?? We focused our studies on
IRES-A as it is known to maintain VEGF translation under
hypoxia.?’ Also, it is known that the protein product synthesized
from initiation at the AUG codon is a secreted form of VEGF
and thus important for the autocrine and paracrine functions of
the VEGF ligand.?®

Although scores of cellular IRESes have been identified thus
far, the effects of RNA structures on the cellular IRES function
are not well defined. Upon the basis of the accumulated evidence
it has been suggested that RNA structures in this region are
beneficial to the transation process through binding with
ribosome subunits and initiation factors.”?®2° However, the
molecular details on the secondary and tertiary structures of
cellular IRESs and how they regulate IRES function are not
well understood, and there is paucity of experimental data on
hVEGF IRES structures in particular.

Recent reports have shown the presence of G-rich sequences
within the 5-UTR of mRNAs° 3 Such sequences adopt
G-quadruplex structures in vitro and have been shown to repress
tranglation in vivo. The G-quadruplex structures consist of
G-quartet planes, which isaplanar array of four guanines joined
by Hoogsteen hydrogen bonds, with a monovalent cation at the
center.®* Both Na" and K* can function as this monovalent
cation, although K™ has been shown to have a more stabilizing
effect.> Because of significantly higher intercellular concentra-
tions of K* compared to Na', the former is more physiologically
relevant in terms of monovalent cation-dependent study of
G-quadruplex structures. Four repeats of a minimum of two
guanosines are sufficient to form an intramolecular G-quadruplex
in vitro as well as in vivo.** 3 These G-rich domains have
been found in the context of various DNA regions,®’*® and
such sequences have been extensively studied for their ability
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to form G-quadruplex structures. In contrast, the roles of RNA
G-quadruplexes are just beginning to emerge. RNA G-quadru-
plex-forming motifs have been found in the HIV-1 genomic
RNA,* FMR1,%%5! FGF-2,°2 NRAS,*® Zic-1,** MT3-MMP,*
and IGF-11® mRNAs. The current model is that solitary
G-quadruplex structures present in the 5-UTR of cellular
MRNAS act as trandational repressors. Herein, we show that a
G-quadruplex in the 5-UTR of hVEGF IRES-A adone is
essential for its trandation initiation activity. A 17 nt sequence
identified by footprinting can potentially adopt multiple G-
quadruplex structures, which is a deviation from the RNA
quadruplex sequences reported in the literature, and such
multiple structures are possible because of the redundancy in
the number of G-stretches. Mutational analyses of the hVEGF
IRES-A present in the context of a bicistronic dual-luciferase
reporter system show that a ‘switchable’ sequence containing
greater than four G-stretches (nts 774—790) provides enough
redundancy to ensure the formation of RNA G-quadruplex
structures that are critical for the cap-independent translation
initiation. Furthermore, a sequence designed by modifying a
crippled mutant sequence was able to partially rescue IRES-A
activity. Our data suggest that by choosing different combina-
tions of four G-stretches, a conformational diversity can be
generated within the previously defined segment, which can
potentially modulate efficiency of cap-independent translation
initiation in VEGF IRES-A, while pointing toward a novel
mechanism of control of gene expression at the trandation level.

Materials and Methods

Preparation of Oligonucleotide Sequences. RNA sequences
were synthesized by in vitro transcription®* and purified via
denaturing polyacrylamide gel electrophoresis (PAGE). The RNA
was harvested via the crush and soak method by tumbling the gel
dice at 4 °C in a solution of 300 MM NaCl, 10 mM Tris-HCI (pH
7.5), and 0.1 mM EDTA. Samples were concentrated with 2-bu-
tanol, and salt was removed by ethanol precipitation and washed
twice with 70% ethanol. The RNA pellet was dissolved in 10 mM
TrissHCI (pH 7.5) and 0.1 mM EDTA. Concentrations of RNAs
were determined based on their absorbance value at 260 nm and
extinction coefficients calculated using nearest neighbor param-
eters.>®
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Radiolabeling of RNA Oligonuclectides. Calf-intestina akaline
phosphatase-treated RNA was 5'-end radiolabeled by treatment with
T4 polynucleotide kinase (Promega), [y-32P] ATP (Pelkin Elmer),
and incubated for 45 min at 37 °C. The reaction was stopped by
addition of an equal volume of stop buffer (7 M urea, 10 mM Tris-
HCI, pH 7.5, and 0.1 mM EDTA). The radiolabeled full-length
RNA was isolated by denaturing PAGE. The RNA was extracted
from the gel via the crush and soak method as described above.

Circular Dichroism (CD) Studies. All measurements were
recorded at room temperature. RNA was folded by heating the
samplesin 150 mM KCl, 10 mM Tris-HCI (pH 7.5), and 0.1 mM
EDTA at 95 °C for 5 min followed by slow cooling to room
temperature over a 90 min period. The circular dichroism (CD)
spectra were recorded using a Jasco J-810 spectrophotometer with
a0.1 cm cell at a scan speed of 50 nm/min with a response time
of 1s. The spectrawere averaged over five scans. For each sample,
abuffer baseline was collected in the same cuvette and subtracted
from the average scan.

Footprinting by RNase T1. The 5-end radiolabeled RNA was
folded by heating the samples in 10 mM Tris-HCI (pH 7.5), 0.1
mM EDTA, and in the presence of 150 mM KCI or 150 mM LiCl
at 70 °C for 5 min and slow cooled to 37 °C over a 30 min period.
Once reactions attained the appropriate temperature, the RNA was
digested with 0.01 U of RNase T1 (Ambion) for 5 min at 37 °C.
The reactions were terminated by using an equal volume of stop
buffer (7 M urea, 10 mM Tris-HCI, pH 7.5, and 0.1 mM EDTA).
Treated RNA was electrophoresed on a denaturing gel, dried on
Whatman paper, and exposed to a phosphorimager screen. The gel
images were visualized by scanning the screen on a Typhoon
Phosphorimager 8600 (Molecular Dynamics).

Dimethyl Sulfate (DMS) Footprinting. 5-End-radiolabeled
IRES A was prepared in 10 mM Tris-HCI pH 7.5, 150 mM KCl,
1 mM MgCl,. To fold the RNA, the reaction mix was heated for
5 min at 70 °C in a heating block. The block was then alowed to
cool to room temperature on the benchtop over a period of 1 h.
Separate samples were prepared in an identical way except 150
mM LiCl was added. Dimethyl sulfate was then added to a final
concentration of 2%, and the reaction mix was incubated at room
temperature for 10 min at which point the reaction was stopped
with addition of stop buffer (2 M S-mercaptoethanol, 300 mM
sodium acetate, 250 ug/mL sheared salmon sperm DNA). Three
volumes of 100% ethanol were added immediately, and the RNA
was precipitated on a dry ice/acetone bath followed by washing
the pellet with 70% ethanol. The modified RNA was reduced with
sodium borohydride and then treated with aniline to induce cleavage
at the corresponding phosphodiester bond, according to a previously
published procedure.>®

Plasmid Construct for IRES-A Transcription. We subcloned
the relevant portions from the hVEGF cDNA (hVEGF cDNA isa
kind gift from Dr. Judith Abraham, Scios Inc., CA). The portions
encompassing the IRES A sequence were amplified by PCR. PCR
Primer sequences: IRES-A: 5-GGTACCGCTAGCTCGGGCCGG-
GAG (sense) and 5-TCTAGAGGTTTCGGAGGCCCGACC (an-
tisense). The restriction sites used are Kpn 1 and Xba 1, and they
were cloned into a pBluescriptll(+) vector (Stratagene) containing
the T7 RNA polymerase promoter.

Plasmid Construction for the Dual-Luciferase Assay. The
following four primers were used for subcloning of the VEGF IRES
A fragment. F1 (Forward): 5-AATCTACTCGAG TCGCGGAG-
GCTTGGGGCA, R1 (Reverse): 5-GGCGTCTTCCAT GGTTTCG-
GAGGCCCGACC. F2 (Forward): 5-GCCTCCGAAACC ATG-
GAAGACGCCAAAAAC. R2 (Reverse): 5-CTTATCATGTCT-
GCTCGAAGCG.

VEGF IRES coding sequences are shown in itaics, luciferase
coding sequences are shown in bold, and Xho | restriction site is
underlined. VEGF IRES-A PCR fragment (0.3 kb) was amplified
with Pfu Turbo DNA polymerase (Stratagene) using pVEGFS-1
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containing VEGF IRES A as a template and primers F1 and R1.
Simultaneously, a PCR fragment (1.65 kb) encompassing the Firefly
luciferase was amplified from pGL 3-basic vector (Promega) using
primers F2 and R2. The DNA fragment was digested with Xho
I1/Xba | restriction enzymes and cloned into Xho I/Xba | sites of
pIRES vector (Clontech). The resulting plasmid was named
(pvIRESLF). The plasmid was digested with Xho | site and then
Nhe I/Xba | fragment containing the Renilla luciferase cDNA from
pRL-CMV vector (Promega) were introduced into the Xho | site
of pvIRESLF by blunt-end ligation. The resulting plasmid was
named (pLRVIRESLF).

Mutations on IRES-A Sequence. Mutations were performed
using a QuikChange site-directed mutagenesis kit (Stratagene). The
incorporation of mutations within the sequences was verified by
sequencing performed at the Ohio State University’ s Plant-Microbe
Genomics Facility.

Cell Culture. HeLa cells were grown in 96-well plates in
Dulbecco’ s modified Eagles medium (DMEM) supplemented with
10% fetal bovine serum and the antibiotics streptomycin and
penicillin at 37 °C in 5% CO, in a humidified incubator.

Luciferase and Quantitative RT-PCR Assays. HeL a cellswere
transfected with vectors using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Twenty-four hours after
transfection, Renilla (RL) and firefly (FL) luciferase activities were
measured using a Dual-Glo Luciferase assay system (Promega) as
per the manufacturer’s supplied protocol on a Synergy 2 microplate
reader (BioTek Instruments). Total RNA was extracted from
transfected Hel a cells using a NucleoSpin RNA 11 kit (Clontech).
Prior to reverse transcription, DNA was removed from each RNA
sample upon treatment with RQ1 RNase-Free DNase (Promega).
Renilla and firefly mRNASs were reverse transcribed using AMV-
RT (New England Biolabs), and cDNA was subjected to quantita-
tive real-time PCR using a SYBR Green PCR Master Mix kit
(Applied Biosystems) on an ABI PRISM 7000 Sequence Detection
System in the presence of the appropriate set of primers. forward
primers RL 5-(GTAACGCTGCCTCCAGCTAC)-3 and FL 5'-
(TTCGCTAAGAGCACCCTGAT)-3 and reverse primers RL 5'-
(GTAGGCAGCGAACTCCTCAG)-3 and FL 5-(GCTGCAG-
CAGGATAGACTCC)-3..

Results

Footprinting Reveals a Highly Protected G-Rich Segment
within hVEGF IRES-A. To determine secondary structural
features within the hWEGF IRES-A, RNase T1 footprinting was
performed on the entire 293 nt sequence in the presence of the
divalent and monovalent ions (Figure 1A, refer to Supporting
Information Figure 1 for the entire primary sequence of IRES-
A). RNase T1 catalyzes cleavage at guanosines in single-
stranded RNA but not guanosines that are involved in secondary
and tertiary structures, including G-quadruplexes.®* RNase T1
footprinting on the IRES-A sequence shows that in the presence
of 150 mM K* a G-rich region between G774 and G790
(nucleotides are numbered based on entire 5-UTR of human
VEGF mRNA) is protected from cleavage (Figure 1A), sug-
gesting at a minimum the presence of some form of secondary
structure within this segment. Because of the highly G-rich
nature of the sequence and the tandem G repeats there is a
possibility of the formation of a quadruplex structure within
this segment. Therefore, we wanted to explore whether the
protection persists in the presence of Li*, as the monovaent
cation lithium is known to lack the ability to promote or stabilize
G-quadruplex structures® and thus was used as a control for
monovalent metal-ion-dependent quadruplex folding. We did
not observe any protection in the presence of 150 mM Li™*
(Figure 1A). We also did not observe any protection patterns
in the presence of 150 mM Na* (data not shown). This
observation is consistent with a previous report on the effect of
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Figure 1. Scanned images of gels showing enzymatic and chemical footprinting of the 293 nt human VEGF IRES-A. (A) RNase T1 footprinting in the
presence of 150 mM K™, 150 mM Li*, and 1 mM MgCl,. (B) DMS footprinting in the presence of 150 mM K* or 150 mM Li™. (C) Schematic of a subset
of G-quadruplex structures that shows the different G-stretches (i) and the proposed utilization of adjacent (ii) and nonadjacent G-tracts (iii).

sodium on the RNA G-quadruplex present within the 5-UTR
of FGF-2.52 The observation that the protection of the nucle-
otides only happens in the presence of K™ ions and not in Li™,
combined with the fact that the primary sequence of this
protected region harbors more than four tandem G-repeats,
suggests that this segment forms an intramolecular G-quadruplex
structure. Furthermore, the footprinting pattern in the presence
of Mg?" but lacking monovalent metal ions did not show any
protection within the region, suggesting that the protected
segment is a K*-induced independently folded domain, most
likely adopting a G-quadruplex structure, and overall divalent
ion-dependent folding of thislarge RNA moleculeisinsufficient
to cause folding of the G774—G790 segment (Figure 1A).

To further test the existence of such structures, the entire
IRES-A sequence was subjected to DMS footprinting. DMS

17834 J. AM. CHEM. SOC. = VOL. 132, NO. 50, 2010

modifies the N7 of guanosine and thus can directly probe
G-quadruplex structure formation.> Analysis of the footprinting
pattern in Figure 1B shows that the regions that were protected
from RNase T1 cleavage were also protected from DMS
modification in the presence of K™ ions (Figure 1B). However,
the protection was lost when K* ions were replaced with an
equimolar amount of Li* ions. The K* ion-specific DMS
modification pattern strongly suggests the presence of a G-
quadruplex structure within the G774—G790 section of IRES-
A. The protected region consists of a five G-stretch that is
flanked by two stretches of 2 Gs on both sides. Upon analysis
of this primary sequence it is evident that greater than 20 two-
tiered intramolecular G-quadruplexes are theoretically possible
by utilizing different combinations of G-tracts. Figure 1C shows
a schematic representation of a subset of possible structures;
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Figure 2. (A) Schematic of various dual-luciferase bicistronic constructs. (B) Histogram showing percent activity of the mutant constructs normalized to
the wild-type construct. (C) Schematic of the proposed utilization of guanosines in formation of the ‘switchable’ G-quadruplex structure.

however, G-quadruplexes resulting from other combinations of
G-stretches are possible. Thus, combining the observations made
in the RNase T1 enzymatic footprinting and the DM 'S modifica-
tion studies it can be concluded that the G774—G790 section
of the VEGF IRES-A can adopt one or more quadruplex
structures in a K*™-dependent manner, which is not contingent
upon divalent metal-ion-mediated folding of the RNA.

In order to establish that the protected segment can also adopt
a G-quadruplex conformation in isolation (G774-G790), we
subjected it to circular dichroism (CD) andysis. CD experiments
conducted in the presence of 150 mM K™ showed a peak at
~260 nm and a trough around 240 nm (Supporting Information
Figure 2), which are characteristics of a parallel quadruplex
structure.®>3* However, the CD spectral features were absent
when analyzed in the presence of 150 mM Li* or Na’
(Supporting Information Figure 2). Additionally, RNase T1
footprinting also indicated formation of a K*-dependent G-
quadruplex structure (data not shown). Thus, the G-rich segment
(G774-G790) not only adopts a G-quadruplex conformation in
the context of the entire 293 nt IRES but is aso capable of
adopting a G-quadruplex conformation in isolation.

G-Rich Protected Region Is Essential for Trandlation Initia-
tion Activity of hVEGF IRES A. Thus far the data have shown
that a highly G-rich portion within IRES-A RNA is strongly
protected from DMS modification and RNase T1-mediated
cleavage, suggesting the presence of a G-quadruplex structure,
and the segment when studied in isolation adopts a parallel
G-quadruplex conformation as determined by circular dichroism.
An important and obvious question is whether the protected
sequence is critical to translation initiation activity of IRES-A.
To directly address this question, a dual-luciferase reporter

construct was prepared in which the entire IRES-A sequence
was placed just upstream of the firefly luciferase, while the
Renilla luciferase was under the control of a CMV promoter
(hVEGFBiIcis, Figure 2A). This plasmid construct allowed
quantification of the trandation initiation activity of the IRES-A
by individually yet simultaneously measuring the dual-luciferase
activities. To dissect the role of the putative G-quadruplex
forming sequence, the protected segment within the IRES-A
was mutated with a series of G to U substitutions (Figure 2A).
Four G to U mutations were used to decisively eliminate any
potential intramolecular G-quadruplex formation (G774,777,
781,783U, quadruple mutant, 4AMVF). The activities of the wild-
type IRES-A and 4AMVF along with several other mutants (see
below) are shown in Figure 2B. When the activity of the
quadruple mutant was measured, the IRES-A function was found
to be completely abolished (Figure 2B). Because the quadruple
mutant lacks the ability to adopt a quadruplex, the observation
made above suggested a potential role of a G-quadruplex
structure in IRES-A-mediated trandlation initiation.

Since the putative G-quadruplex can form from any combina-
tion of four G-tracts, mutations were designed to investigate
the importance of any specific G-quadruplex structure that may
form. In a double-mutant (G777,781U), G777, and G781 were
replaced with U’s, making the second and third G-stretches
unavailable for participation in G-quadruplex formation, which
in turn can disrupt the formation of the G-quadruplex encom-
passed by the segment 774—785. However, the dual mutations
(G777,781U) did not affect the activity of the IRES as it
maintained its functionality on par with the wild-type IRES
(Figure 2B; mutants G774,783U, G783,787U, and G774,789U
will be discussed below). Presumably, the mutant remained fully
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Figure 3. (A) Scanned images of gels showing RNase T1 footprinting of the 293 nt human VEGF IRES-A and its various mutants. (B) Scanned images
of gels showing DM S footprinting of the 293 nt human VEGF IRES-A and its various mutants. The guanosines that can potentially participate in G-quadruplex
formation are underlined. The mutated nucleotides are shown in red (bottom).

functional because four stretches of tandem G’ s in close enough
proximity were still available, allowing formation of a G-
quadruplex conformation for maintaining the IRES function (see
discussion below). This combined with the observation that the
quadruple mutant lacking functional activity as well the ability
to form a G-quadruplex lead us to propose that the full loss of
IRES activity in this mutant was most likely due to the
nonformation of any G-quadruplex structure in that region. Thus,
from these results it may be concluded that the quadruplex-
forming sequence is necessary for IRES-A-mediated cap-
independent initiation of translation. To confirm that this loss
in activity was indeed occurring at the translational level, RT-
PCR was performed on both the wild-type and 4MVF se-
quences, the results of which indicate that both constructs
produced similar mMRNA levels, and thus, the loss in activity of
the quadruple mutant (4MVF) can be attributed to the loss of
function at the trandation level (Supporting Information Figure 3).
The above observations can be explained by invoking the notion
of the presence of a ‘switchable’ G-quadruplex. For example,
assuming that typically contiguous G-stretches are used for
G-quadruplex formation, a wild-type G-quadruplex would use
any set of four G-stretches that are in tandem. However, in case
of the double mutant such residues are unavailable because the
second and third G-stretches from the 5”-end of the sequence
are mutated. Thus, to adopt a quadruplex conformation and
retain its trandation initiation activity on par with the wild type,
the structure most likely has to undergo a ‘switch’, forcing the
first G-stretch to recruit distal G-stretches. While in the case of
the wild-type sequence an ensemble of quadruplexeswith smilar
energy are possible, in the case of the double mutant, many
such structures cannot form; thus, a switch resulting in a subset
of structures that are functionally as active as the wild type is
likely to be formed.

Footprinting Indicates That the Double Mutant (G777,781U)
Retainsthe Ability To Adopt G-Quadruplex Conformation. To
ensure that the loss in activity associated with the quadruple
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mutant of IRES-A is truly due to the lack of formation of the
quadruplex structure and not aresult of disruption of the global
folding or structures outside the G-rich segment, protection
patternsin the presence of RNase T1 and DM S were monitored.
We hypothesized that the lack of quadruplex formation in the
inactive mutant (4MVF) would make all of the guanosines in
the 774—790 region of IRES-A RNA (four mutations identical
to the onesin 4AMVF; named 4 Mut.) susceptible to RNase T1-
mediated cleavage and DM S modification, whereas the double-
mutant sequence (two mutations identical to the ones in
G777,781U; named 2 Mut.) will show footprinting patterns
similar to the wild-type sequence except at the two mutated
guanosines (G777 and G781). These sequences (2 Mut. and 4
Mut.) were subjected to RNase T1-mediated cleavage and DMS
modification in the presence of K™ or Li* ions. In the case of
the double mutant (2 Mut.), the protection pattern (774—790)
corresponds to the presence of a quadruplex and is similar to
that of the wild type; however, there was no discernible
protection in the case of the quadruple mutant (4 Mut. Figure
3). These results directly corroborate the proposal that the double
mutant (G777,781U) is active because of the formation of a
G-quadruplex via utilization of four available G-stretches,
whereas the quadruple mutant (4AMVF) lacked the minimum
number of G-stretches necessary to support intramolecular
G-quadruplex formation. The quadruplex formation in the case
of 2 Mut. perhaps occurs via a different set of guanosines
compared to the wild-type quadruplex, which was sufficient to
maintain IRES-A activity in the mutant G777,781U. Taken
together, the protection patterns in the presence of K™ and Li™
provide strong evidence for quadruplex formation in the wild-
type and double mutant (2 Mut.) of the IRES-A sequence.
Another observation from the footprinting data was that the sites
of cleavage/protection outside of the quadruplex-forming region
in the wild-type (Wt.), double-mutant (2 Mut.), and quadruple-
mutant (4 Mut.) sequences essentially remained unaltered,
suggesting that the global fold of the RNAs were unperturbed
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irrespective of the mutations (data not shown). Thus, formation
or lack of formation of the G-quadruplex is apparently unrelated
to the folding of the remainder of the molecule.

Utilization of Different Combinations of G-Stretches Can
Lead to Differential Regulation of IRES-A Function. In order
to precisely constrain the G-stretches being utilized, mutating
specific Gs so as to alow determination of stretches that are
preferentially used by the IRES was further investigated. For
this purpose, three more double mutants (G774,783U, G783,787U,
and G774,789U) of the wild-type dual-luciferase construct
(hVEGFBiIcis) were prepared and their level of activities
measured. The mutant G774,783U was ~82% active as the wild
type (Figure 2B). This mutant was chosen to determine whether
or not the mutations that differed between the 4AMVF and the
G777,781U mutants were responsible for the complete loss of
activity of the IRES-A quadruple mutant. These mutations had
little effect on the IRES function and were not solely responsible
for the complete loss of function of the quadruple mutant but
in conjunction with two other mutations were enough to fully
abrogate the IRES activity. Thus, it can be argued that the lack
of quadruplex formation is the primary cause for the loss of
function of the quadruple (4MVF) mutant. Two other mutations
were tested to inquire about the ‘switchable’ nature of the
structure. Compared to the wild type, the G783,787U mutant
was ~44% active while the G774,789U mutant was only ~17%
active. These results demonstrate that the mutations that were
made on the RNA still retained a viable IRES, however, with
various degrees of reduction in activity. These observations raise
an intriguing possibility that by utilizing different sub sets of
G-stretches, the IRES can fine-tune its activity.

Engineered G-Quadruplex Can Rescue Activity of a Func-
tionally Deficient Mutant. Since a functional G-quadruplex is
required for activity of IRES-A, we rationalized that an inactive
or barely active sequence, if engineered, can result in a rescue
of the function. We mutated the G774,789U mutant (17% active)
to design a new mutant sequence (A788G, Rescue Quad) that
contains an adequate number of G-stretches to allow more
flexibility in adoption of a G-quadruplex structure. The reason
A788 was chosen to be mutated was because most of the other
available A’sif mutated would have resulted in unusualy long
G-stretches significantly deviating from the makeup of the wild-
type sequence. The dual-luciferase activities were measured and
plotted in a histogram showing percent activity of the dual-

luciferase rescue mutant construct (Rescue Quad) normalized
to its parent construct (G774,789U). This new mutant showed
about 55% enhancement of IRES-A activity compared to the
G774,789U mutant, indicating a partial rescue of the function.
RNase T1 footprinting of the rescue mutant showed a protection
pattern in the presence of K (Figure 4) that is commensurate
with the formation of a G-quadruplex structure. However,
negligible if any protection was observed in the presence of an
equimolar amount of Li*. The data suggest that the engineered
sequence is able to adopt a conformation that is more conducive
to cap-independent initiation of translation by hVEGF IRES-
A. This is the first example to our knowledge where an
engineered sequence supporting and adopting a G-quadruplex
structure was able to rescue translation initiation activity.

Discussion

Sequence Redundancy Guar antees the Formation of a ‘ Swit-
chable’ RNA G-Quadruplex Critical for IRES-A-Mediated
Trandation Initiation. G-quadruplex forming sequences | ocated
in 5-UTR of mMRNA have been almost exclusively found to be
trand ation inhibitors. 332 This report provides a set of evidence
to the contrary. The presented data indicate that G-quadruplex
formation is most likely a prerequisite for successful IRES-A-
mediated cap-independent translation initiation. The formation
of such a structure may be facilitated by redundancy in the
closely located G-stretches embedded within the IRES-A
sequence. By employing systematic footprinting analyses, the
293 nt IRES-A was first narrowed down to a 17 nt (774—790)
sequence that adopted a G-quadruplex structure (Figure 1A and
1B). However, it may encode for many putative G-quadruplexes,
only a subset of which are depicted in Figure 1C. Analysis of
the entire protected segment and at least one of the minimal
G-quadruplex-forming sequences in isolation revealed that they
also adopt a G-quadruplex conformation (Supporting Informa-
tion Figure 2), suggesting that a quadruplex structure can be
formed both in the context of the full IRES-A sequence and
when analyzed in isolation. When one of the minima G-
quadruplex-forming segments was mutated to disrupt the
quadruplex formation in the context of the entire IRES-A
sequence (G777,781U, Figure 2A), surprisingly the mutation
did not result in any change in activity compared to the wild
type (Figure 2B). However, a quadruple mutant (4MVF), which
lacks a sufficient number of G-stretches to adopt an intramo-
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lecular G-quadruplex conformation, was completely inactive.
To explain these results we propose that there is an obligatory
requirement that a G-quadruplex structure must be formed for
maintaining the IRES function. This emphasizes the importance
of the G-quadruplex, enabling sequence on the function of IRES-
A. Previoudly Bonal et al. reported that a G-quadruplex structure
in conjunction with two stem-loop structures located within the
FGF-2 IRES was needed for trangdation initiation.>> However,
the authors concluded that the main regulator of the IRES
function was a 17-nt non-G-quadruplex region located within
the domain. The putative G-quadruplex alone was insufficient
to support FGF-2 IRES function.>? Also, according to the
authors, the quadruplex structure presumably was detrimental
to initiation of trandation at one of the internal codons, which
isin consonance with the more conventional effect of the RNA
G-quadruplex on trandation. Thus, the G-quadruplex in hVEGF
IRES-A is not only a unique example of a quadruplex
exclusively required for trandlation initiation but may also
represent a more general mechanism of the use of a‘ switchable’
G-quadruplex structure to ensure function by maintaining
sufficient redundancy.

There may be two major reasons for the redundancy in the
G-stretches within the protected sequence: (i) ensure availability
of more than an adequate number of G-stretches to guarantee
the formation of a G-quadruplex and (ii) form G-quadruplexes
with differential ability of initiating translation, in effect
regulating the translation efficiency.

In the case of the wild-type sequence, the redundancy in the
G-stretches allows utilization of adjacent or nonadjacent G-
stretches for G-quadruplex formation (Figure 1C). However,
the quadruplex formed by the double mutant (G777,781U) must
utilize nonadjacent G-stretches (Figure 1C). The formation of
the quadruplex was supported by the RNase T1 footprinting
and DM S modification data that showed that the cleavage pattern
in the double mutant (2 Mut.) is commensurate with a
G-quadruplex structure that used the available but noncontiguous
stretches of Gs. These observations fit well if it is assumed that
the formed G-quadruplex structure is inherently redundant in
nature because to retain a quadruplex structure in the context
of the doubly mutated IRES-A the original quadruplex had to
‘switch’ to successfully accommodate an aternate G-quadruplex
structure (Figure 2C). It isapossibility that the G-quadruplexes
formed by the mutant are a subset of the ensemble of structures
with comparable energy formed by the wild-type sequence and
thus are able to maintain the level of activity on par with the
wild-type. This aternate quadruplex structure uses some of
the original nucleotides and recruits new ones that impart the
‘switchable’ nature to the structure. The proposal assumes that
not al of the G-stretches used by the double mutant (G777,781U)
are used by the wild-type structure, because a G-quadruplex
with shorter loops generally are preferred than a longer loop
(in the case of G777,781U). The presence of proposed ‘swit-
chable’ G-quadruplex structures is reinforced by the studies on
two single mutants (G774U and G789U), in each of which one
of the G-stretches was eliminated due to mutation, however,
showed trandlation activity comparable to wild type (data not
shown). It should be noted that these single mutations are at
the opposite ends of the protected segment, and thus, the putative
quadruplex structure will be formed by utilizing the G-stretches
in the middle of the segment. In the case of G777,781U the
first G-stretch had to be utilized; however, in the single mutant
G774U that stretch is mutated but both mutants showed identical
activity. This further attests to the ‘switchable’ nature of the
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quadruplex formed within 774—790. To support the ‘ switchable
quadruplex structures, different combinations of G-stretches and
variable loops sizes need to be accommodated. Although shorter
loops are preferred, G-quadruplex structures with up to a 7 nt
loop has been reported.®”8 |n the double mutant, G777,781U,
presumably a 6 nt loop containing a quadruplex isformed, which
is supported by the footprinting data (Figure 3 and Supporting
Information Figure 4). Additionaly, single mutants such as
G774U and G789U showed a similar level of activity as the
wild type (data not shown). Although in each case one of the
G-stretches was unavailable due to the mutation, presumably
they were able to maintain activity by recruiting other G-
stretches to form a functional G-quadruplex, further attesting
to the switchable nature of the G-quadruplex.

Upon the basis of the primary sequence, the G-quadruplex
islikely to adopt a two-tiered structure and may not be as stable
compared to some of the reported RNA quadruplexes.3
However, the very stable RNA G-quadruplexes reported previ-
ously are detrimental to trandlation, including a two-tiered non-
natural quadruplex.®® The putative two-tiered quadruplex de-
scribed here is seemingly less stable than some of the reported
naturally occurring RNA quadruplexes, and it is also unique
because of the fact that it is a functionally essential motif for
tranglation initiation activity. The lower stability may be
functionally significant, as it has been demonstrated recently
that stronger IRESs have weaker secondary structures.® The
IRES structure perhaps needs to be malleable enough to adjust
to conformational change asit accommodates binding to putative
factors necessary for trandation initiation. The redundancy in
the G-rich stretches in the IRES-A sequence provides a certain
degree of flexibility as well as robustness to the system because
within this segment the minimum requirement of a quadruplex
formation can be met in multiple ways, although it may result
in different degrees of functional consequence, as will be
discussed below.

G-Quadruplex Structures Formed by Strategic Choice of
G-Stretches May Fine-Tune IRES-A-Mediated Translation
Initiation. Upon the basis of the differential functionality of a
designed set of mutants, a G-quadruplex structure that is
essential for trandlation initiation is proposed. However, some
of the mutants used in this study did not retain wild-type level
of activity. For example, the double mutants G774,783U,
G783,787U, and G774,789U till have the possibility to form
quadruplex structures based upon analysis of their primary
sequence (Figure 2C), and footprinting results support the
presence of such structures (data not shown). All three mutants
utilize adifferent combination of G-tractsto form a quadruplex,
and dl show trandation initiation activity. The activity, however,
is reduced by various degrees in comparison to the wild-type
IRES activity. We propose that due to the ‘switchable' nature
of the quadruplex structure, different mutants may utilize
different G-stretches to presumably adopt a G-quadruplex
conformation but with varying degrees of impact on the
tranglation initiation function of the IRES. Upon the basis of
our data we suggest that by utilizing different subsets of
G-stretches, the IRES could potentially ater its conformation
within nucleotides 774—790 so as to form specific G-quadru-
plexes, which can potentially be a mechanism for a conforma:
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tional switch for regulating translation initiation. Thus, at least
one of the possible quadruplexes can fully support translation
initiation, while a subset of them support translation to various
degrees. Utilization of the different G-stretches to adopt
G-quadruplex conformation, which results in modulation of the
tranglation initiation activity to avarying level, may be adirect
or an indirect result of interaction with yet to be identified
factors. The mutants in that sense serve as surrogates to
structures that may result as the outcome of protein factor
binding. Riboswitches that essentially are stem-loop structures,
which change conformation upon specific metabolite or protein
binding to attenuate transcription or initiate translation, have
been described.*®?° To our knowledge, however, there are no
reports of conformational switches involving G-quadruplex
structures resulting from a naturally occurring segquence.

Conclusion

Despite the growing number of RNA G-quadruplexes being
discovered, most of the reports show that these quadruplex
structures are inhibitory to translation.* 32 Herein, we provide
evidence that a quadruplex-forming sequence is essentia for
IRES-A-mediated translation of the hVEGF mRNA. When
mutated, the IRES-A utilizes neighboring tracts of G-stretches
to maintain its activity in eukaryotic cells. The ‘switchable’
character makes the RNA G-quadruplex described in this report

unique. Additionally, the segment may aso act as a G-
quadruplex-dependent ‘ switch’ that can regulate IRES-A func-
tion, as different mutants showed a variety of levels of activities.
Disruption of the quadruplex formation interferes with IRES-A
function, and because of its importance in translation initiation
under hypoxic stress, a condition encountered in tumor angio-
genesis, the quadruplex motif can be a tumor-specific therapeutic
target.
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