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ABSTRACT: Guanine- (G-) rich nucleic acid sequences can form four-stranded structures called G-quad-
ruplexes. It is widely held that the formation of a G-quadruplex in RNA is more feasible than in DNA because
of the lack of a complementary strand in mRNA. Here, we analyzed sequences of 5'-untranslated regions of
protooncogenes and surprisingly found that these regions showed an enrichment of not only guanine (G) but
also cytosine (C) nucleotides. Since neighboring cytosine- (C-) rich regions can affect the formation and
stability of a G-quadruplex structure, we further investigated the properties of DNA and RNA structures of
G-rich and GC-rich regions. We selected typical GC-rich RNA sequences from protooncogenes and corres-
ponding DNA sequences and investigated their structures. It was found that the GC-rich RNA sequences
formed stable A-form duplexes as their major structure independent of the surrounding conditions, including
the presence of different cations (Na™, K™, or Li") or molecular crowding with 40 wt % poly(ethylene glycol)
with an average molecular mass of 200 Da although there are a few exceptions in which only a combination of
K* and molecular crowding induced a G-quadruplex structure of an extremely G-rich RNA sequence.
In contrast, structural polymorphisms involving duplexes, G-quadruplexes, and i-motifs were observed for
GC-rich DNA sequences depending on the surrounding factors. These results demonstrate the considerable
structural and functional differences in GC-rich sequences of the genome (DNA) and transcriptosome
(mRNA) with respect to the nucleic acid backbone. Moreover, it was suggested that structural study for a
G-rich RNA sequence should be carried out under cell-mimicking condition where K* and crowding

cosolutes exist.

DNA is known to form duplexes with Watson—Crick base
pairs (). However, polymorphic structures of DNA have attrac-
ted great attention over the past 2 decades (2, 3). In particular, it is
well-known that G-rich and C-rich nucleic acid sequences can
form four-stranded structures, the G-quadruplex, and i-motif,
respectively (4, 5). Sequences with high potential to form DNA
G-quadruplexes have been found in many regions of the genome
such as telomeres (6), promoter regions of protooncogenes (7),
growth factors (8), immunoglobulin switch regions (3), insulin
regulatory sequences (9), and the region responsible for fragile X
syndrome (/0). Recent publications have demonstrated the
presence of G-quadruplex-forming sequences throughout the
human genome and their enrichment adjacent to transcription
start sites, thus emphasizing the biological significance of this
structure (//—20). Structural studies using X-ray (2/—23) crys-
tallography and NMR (24—27) have further revealed that
naturally occurring G-rich DNA sequences form G-quadru-
plexes with various combinations of strand directions. Moreover,
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it has been demonstrated that since genomic DNA, except for its
telomeres, is double stranded, G-quadruplex formation by G-rich
sequences requires the canonical Watson—Crick base pairs to
open to form Hoogsteen base pairs (28, 29). These structural
transitions among secondary structures modulating gene func-
tion are influenced by pH, temperature, cations, and molecu-
lar crowding, which are essential as chemical stimuli inside
cells (30—33).

Not only for DNA, but also for RNA, bioinformatic analysis
has revealed numerous G-quadruplex-forming sequences in trans-
cribed mRNAs, especially in their 5-untranslated regions (UTR)"
(11). For example, RNA G-quadruplex formation has been pro-
posed in insulin-like growth factor-II (IGF-II) (34), fragile X
mental retardation protein (FMRI1) (35), fibroblast growth fac-
tor 2 (FGF-2) (36), matrix metalloproteinase (MT3MMP) (37),
human neuroblastoma RAS viral oncogene (v-ras) (38), and zinc-
finger protein (Zic-1) (39). Moreover, RNA G-quadruplex struc-
tures are thought to be involved in the regulation of translation
both in vitro and in vivo (40—42) and in various other biological
functions such as structural roles (43), intron splicing (44), and
protein binding (37, 45).

Recently, the thermodynamic stability of the RNA G-quad-
ruplex at its natural position within the 5-UTR of NRAS has

! Abbreviations: UTR, untranslated region; CD, circular dichroism;
PAGE, polyacrylamide gel electrophoresis; T,,, melting temperature;
PEG, poly(ethylene glycol); PAGE, polyacrylamide gel electrophoresis;
UV, ultravisible.
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Table 1: Sequences of DNA and RNA Used in This Study®

abbreviation sequence gene length
RNA Sequences

R1 5'-rCCGGGGCUCCGGGCCCUCCCUGCCGGCGGCC-3 bel-2 31-mer

R2 5'-tCCCACCGCCCGCCCCCCUUGGGGCGCAGGGCAUGGUGUGAAAGG-3 THRA 44-mer

R2-G 5'-rGGGGCGCAGGGCAUGGUGUGAAAGG-3 THRA 25-mer

R3 5-rCCGCUGGGCGGCGGGCGCCGGGGGCCGGAGGGGC-¥ CRK-II 34-mer
DNA Sequences

Dl 5'-dCCGGGGCTCCGGGCCCTCCCTGCCGGCGGCC-¥ bel-2 31-mer

D2 5'-dCCCACCGCCCGCCCCCCTTGGGGCGCAGGGCATGGUGTGAAAGG-¥ THRA 44-mer

“Sequences are located in the 5'-untranslated region (UTR) of THRA, bcl-2, and CRK-IT genes. DNA and RNA sequences differ with respect to the back-
bone and the presence of base (U ribonucleotide in RNA and T deoxynucleotide in DNA). R2-G is the truncated G-rich fragment of R2.

been reported as an important factor to repress translation (46).
Systematic studies of RNA G-quadruplexes have shown recently
(47—51) that naturally occurring sequences around G-rich re-
gions are heterogeneous in their arrangement such that they can
affect the structure and stability of G-quadruplexes (52). Single-
stranded mRNA occurs naturally without a complementary
strand, indicating that G-quadruplex formation has no competi-
tion from duplex structures. However, the G-rich sequences in
mRNA can form a variety of structures with their neighboring
regions, e.g., hairpin loop structures with C- (cytosine-) rich
sequences, which result in strong competition against G-quad-
ruplex formation. Therefore, the neighboring sequences of the
G-rich sequences should be taken into account when studying the
structural functions of mRNA.

Here, we focused on G-rich mRNA sequences located in the
5-UTR of human protooncogenes to test for structures other
than G-quadruplexes. Interestingly, sequence analysis revealed
that regulatory regions of human protooncogenes were enriched
in G and C, generating GC-rich regions in which C-rich regions
are located either adjacent to or mixed with a G-rich regions. This
sequence analysis indicated that we have to expand the investiga-
tion of DNA and RNA structures from G-rich regions to GC-
rich regions. We investigated the structural features of two typical
GC-rich RNA sequences found in mRNAs as well as their corres-
ponding DNA sequences as references. We found that these GC-
rich RNA sequences formed a stable A-form duplex as a major
structure in all of the conditions tested, even more G-rich and less
C-rich RNA sequence also forms the A-form duplex, although
only the combination of K™ and molecular crowding can induce
G-quadruplex structure for a more G-rich and less C-rich RNA
sequence. In contrast, corresponding GC-rich DNA sequences
showed structural polymorphisms including duplexes, G-quad-
ruplexes, and i-motifs, depending on the surrounding conditions.
The results obtained here demonstrated monomorphism of RNA
structures and polymorphism of DNA structures of biologically
important GC-rich sequences. The role of the 2'-OH group and
the biological significance of the monomorphic RNA and poly-
morphic DNA structures are discussed.

MATERIALS AND METHODS

Sample Preparation. High-performance liquid chromato-
graphy (HPLC) purification grade unlabeled and fluorescent-
labeled RNA sequences and DNA sequences (Table 1) were
purchased from Hokkaido System Science (Sapporo, Japan).
Single-strand concentrations of the RNA and DNA sequences
were determined by measuring absorbance at 260 nm at a high

temperature using a spectrophotometer (1700; Shimadzu, Kyoto,
Japan) connected to a thermoprogammer. Single-strand extinction
coefficients were calculated from mononucleotide and dinucleo-
tide data using the nearest neighbor approximation (53, 54).

Circular Dichroism (CD) Measurements. CD experiments
utilizing a spectropolarimeter (J-820; Jasco, Hachioji, Japan)
were measured at 4 °Cina 0.1 cm path length cuvette for 1, 2, or
4 uM total strand concentration of RNA and DNA. Samples were
prepared in 30 mM MES buffer (pH 7.0) or Tris—acetate buffer
(pH 4.5) containing 100 mM NaCl, KCl, or LiCl and 0.5 mM
Na,EDTA, K-EDTA, or Li,EDTA with and without 40 wt %
poly(ethylene glycol) with an average molecular mass of 200 Da
(PEG 200). The CD spectrum was the average of at least three
scans from 200 to 350 nm. The temperature of the cell holder was
regulated by a temperature controller (PTC-348, Jasco), and the
cuvette-holding chamber was flushed with a constant stream of
dry N, gas to avoid condensation of water on the cuvette exterior.
Before measurement, the sample was heated to 95 °C, gently
cooled at a rate of 0.5 °C min ™', and incubated at 4 °C overnight.

UV Melting Analysis. UV absorbance was measured with
the spectrophotometer equipped with the temperature controller.
Melting curves of RNA structures were obtained by measuring
the UV absorbance at 260 or 295 nm. Samples were prepared in
30 mM MES buffer (pH 7.0) containing 100 mM NaCl, KCI, or
LiCland 0.5 mM Na,EDTA, K,EDTA, or LLEDTA at 0 wt %
PEG 200 or 40 wt % PEG 200. Before measurement, the sample
was heated to 95 °C, gently cooled at a rate of 0.5 °C min~ ', and
incubated at 4 °C for several hours. Measurement was performed
using a 1 cm path length cuvette, and for higher concentrations, a
0.1 cm path length cuvette was also used. The melting tempera-
ture (7},) values for RNA structures were obtained from the UV
melting curves as described previously (53, 54). The heating rate
was 0.5 °C min~ ",

Nondenaturing Gel Electrophoresis. Nondenaturing gel
electrophoresis was carried out with 15% polyacrylamide gels
(19:1 acrylamide/bisacrylamide). RNA and DNA samples of
6 uM were mixed with ice-cold loading buffer. Samples were
prepared in 30 mM MES buffer (pH 7.0) containing 100 mM
NaCl, KCI, or LiCl and 0.5 mM Na,EDTA, K,EDTA, or
Li,EDTA with 40 wt % PEG 200. A 4 uL aliquot of the mixed
solution was loaded and run at 5 V cm™ ' at 4 °C. The gel was
stained using SYBR Gold (Invitrogen, Ltd., U.K.) and imaged
using an FLA-5100 (Fujifilm Co., Ltd., Tokyo, Japan).

RNase T1 Footprinting. The 5 -fluorescence-labeled sequence
of R2 was used for RNase T1 (Applied Biosystems/Ambion, Texas)
footprinting experiments. Before RNase T1 digestion, samples
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FiGuRE 1: Multiple sequence alignment of the segment of 5-UTR of human protooncogenes. Sequences selected for study were taken from the
bel2 gene (> gi|179366]) and THRA gene (> gi|40806158|) and CRK-II (gi|41327711). Gene ids (gi) are shown along with gene names. Guanine,
cytosine, adenine, and thymine are indicated by green, yellow, blue, and gray, respectively.

were prepared in 30 mM MES buffer (pH 7.0) in the presence of
100 mM NaCl, KCl, or LiCl at 0 wt % PEG 200 or 40 wt % PEG
200. Before cleavage, samples were heated at 95 °C for 5 min and
then allowed to cool slowly at a rate of 0.5 °C min~'. After
annealing, RNA samples were incubated for 1 h at 4 °C. RNase
T1 footprinting was performed by incubating the RNA samples
with 0.20 unit of RNase T1 at 37 °C for 15 min. To assign each
cleaved base, alkaline hydrolysis was performed by incubation at
95 °C for 5 min in alkaline hydrolysis buffer (Applied Biosystems/
Ambion) containing 50 mM sodium carbonate (pH 9.2) and
1 mM Na,EDTA. In both native and alkaline hydrolysis condi-
tions, reactions were stopped by adding gel loading buffer (Applied
Biosystems/Ambion). Samples were heated at 95 °C for 2 min
before denaturing polyacrylamide gel electrophoresis. An equal
volume from each sample was loaded on a 15% polyacrylamide
gel containing 7 M urea. The gel was run at 23 V em™' at room
temperature for 4 h. The gel image was visualized using an FLA-
5100 (Fujifilm Co., Ltd., Tokyo, Japan).

RESULTS AND DISCUSSION

Design of GC-Rich Sequences. We carried out sequence
analysis for 25 human protooncogene RNA sequences (Figure 1).
Gene names were verified from the HUGO Gene Nomenclature
Committee 2006. These mRNA sequences were taken from
NCBI build (36.3). The 5-UTR was extracted by considering
the transcript of each gene separately before the coding sequence.
To trace out the abundance of each nucleotide near the G-rich
region, we aligned selected mRNA sequences of human proto-
oncogenes together using the Genedoc multiple sequence align-
ment editor and shading utility (version 2.7.000) (55). Figure 1
shows each gene transcript from base numbers 1 to 106. There are
a total of 2447 nucleotides in the sequences involving 849 G
nucleotides, 846 C nucleotides, 367 adenines (A) nucleotides, and
385 thymines (T) nucleotides. The frequency of the occurrence of
G is approximately equal to that of C and more than twice that of

A and T. The results clearly showed that the regulatory regions of
the human protooncogenes were enriched with both G and C.
Close examination of the sequence arrangement of the regulatory
region of the protooncogenes revealed that GC-rich sequences
are more abundant than only G-rich sequences. Thus, GC-rich
sequences are the typical conserved sequences in the 5-UTR
of human protooncogenes. Moreover, the distribution of the
G- and C-rich regions can be categorized two ways, with the
C-rich region located either adjacent to or mixed with the G-rich
region. For example, in the gene region from bases 1 to 40 in gene
id (gi) 3819701, G- and C-rich regions are mixed with each other.
On the other hand, in the gene region from 7 to 43 in gi 186626,
the C-rich region is located next to the G-rich region. Such C-rich
regions could form intra- or intermolecular duplexes with the
G-rich regions leading to competition against G-quadruplex for-
mation. In addition, it has been reported that flanking sequences
affect the thermodynamic stability of the G-quadruplex (56—358).
These results and the sequence analysis in this study raise the
question of whether G-rich RNA sequences existing in UTR
regions form stable RNA G-quadruplexes but not duplexes in the
absence of a complementary strand (9). Therefore, it is necessary
to investigate G-rich sequences capable of forming G-quadruplex
structures from a wider region of the genome, especially when a
C-rich region is located in close proximity to a G-rich region.
In order to investigate the possible structures of GC-rich RNA
sequences, we selected two typical GC-rich sequences from the
5'-UTR of human protooncogenes (Table 1) and their corres-
ponding GC-rich DNA sequences. One sequence contained
mixed and evenly distributed G and C (named R1 for RNA
and D1 for DNA) and the other sequence contained a long C-rich
region followed by a G-rich region (named R2 for RNA and D2
for DNA). Since the length of the C-rich region may have a signi-
ficant effect on the structure and on the stability of the G-rich
region, we selected a short fragment of R2 composed only of a
G-rich region (named R2-G). Moreover, R3 have more number
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FiGuRre 2: CD spectra of 2uM R1 (a),2uM R2 (b), 4 uM D1 (c), and 4 uM D2 (d). Measurements were carried out at 4 °C in 30 mM MES buffer
(pH 7.0) containing 100 mM NaCl and 0.5 mM Na,EDTA (black); 100 mM KCI and 0.5 mM K,EDTA (red); or 100 mM LiCl and 0.5 mM
Li,EDTA (green); and in 30 mM Tris—acetate buffer (pH 4.5) containing 100 mM NaCland 0.5 mM Na,EDTA (blue); 100 mM KCland 0.5 mM

KLEDTA (pink); or 100 mM LiCl and 0.5 mM Li,EDTA (cyan).

of Gs and less number of Cs as compared with R1 and R2
forming a typical G-quadruplex forming sequence. Thus, R3 can
be useful to confirm whether the results with the other sequences
are general in the typical putative G-quadruplex forming sequences.

Structural Analysis of GC-Rich RNA and DN A Sequences.
First, we studied the structure of R1 using CD spectroscopy.
Figure 2a shows CD spectra of 2 uM R1in MES buffer (pH 7.0)
and Tris—acetate buffer (pH 4.5) in the presence of 100 mM Na™,
K™, or Li" at 4 °C. CD spectra of R1 had a positive peak at
260 nm and negative peaks at 210 and 240 nm under all condi-
tions. It has been reported that the CD spectrum of the A-form
DNA duplex has a positive peak around 260 nm and negative
peaks at 210 and 240 nm (59, 60), while the RNA duplex displays
a positive peak at 260 nm and negative peak near 210 nm (61).
This indicates that R1 forms the A-form duplex. Of note, there
was no significant change in the CD spectra and intensity with
different monovalent cation species, indicating that the structure
of R1is mostly independent of the type of cation. The isodichroic
points near 258 and 286 nm in the CD spectra of R1 suggest that
the structure of R1 is in a two-state transition between some
structures as discussed later. CD spectra of 4 uM R2 showed
similar signatures suggesting the formation of A-form duplexes
under all conditions (Figure 2b).

Next, we studied the effect of molecular crowding with 40 wt %
PEG 200 on the conformation of R1 and R2 (Supporting Infor-
mation Figure Sla). CD spectra of 4 uM R1 and R2 in the pre-
sence of 100mM Na®, K™, or Li* with 40 wt % PEG 200 showed
CD signatures characteristic of an A-form duplex indicating
duplex formation as the major structure under molecular crowd-
ing conditions, which mimic the intracellular environment. The
strong propensity of R1and R2 to form A-form duplexes may be

due to the presence of the 2’-OH group which arranges the
ribose into a 3'-endo chair conformation and generates an anti-
glycosidic conformation characteristic of the A-form confor-
mation (62). Moreover, the independence of the CD spectra of
R1 and R2 with different cations also supports the formation
of an A-form duplex, because the stability of the duplex and
G-quadruplex are independent and dependent on the cation
species, respectively (57, 38, 63).

In contrast to R1 and R2, CD spectra of D1 and D2 were
observed to be highly polymorphic. The CD spectra of 4 uM D1
at pH 7.0 had a broad positive peak covering the region from
260 to 290 nm along with negative peaks at 210 and 240 nm
(Figure 2c). It has been reported that B-form DNA displays
characteristic positive peaks between 250 and 280 nm and two
negative peaks at 210 and 240 nm, while the A-form duplex is
mostly defined by a positive peak at 260 nm and negative peaks at
210 and 240 nm (59, 60). This suggests that D1 folded into a
mixture of A- and B-form duplexes. The mixed duplex structure
of D1 is consistent with a previous report on the self-complementary
G-rich sequence d(GGGGCCCC) (64). It was shown that the
CD spectrum of d(GGGGCCCC) indicated an A-form duplex
with stacking of half of the bases, whereas the other half stack ina
B-form-like fashion. The CD spectra of D1 at pH 4.5 had a
positive peak at 285 nm with a shoulder at 260 nm and negative
peaks at 240 and 265 nm. The positive peak at 285 nm and nega-
tive peak at 265 nm are typical for the CD spectrum of an i-motif
or an antiparallel G-quadruplex (65). In addition, the shoulder at
260 nm increased in the order Li” < Na™ < K™, which is in good
agreement with the order of the stabilization effect of cations on
G-quadruplexes (38). Thus, it is reasonable to assign the shoulder
at 260 nm to a parallel G-quadruplex, which has a positive peak
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FiGure 3: (a) Nondenaturing 15% polyacrylamide gel of 6 uM R1 (lanes 2—4) and 6 uM R2 (lanes 5—7). Electrophoresis was performed at 4 °C
with 0 wt % PEG 200 in 30 mM MES buffer (pH 7.0) containing 100 mM NaCl and 0.5 mM Na,EDTA (lanes 2 and 5); 100 mM KCl and 0.5 mM
KLEDTA (lanes 3 and 6); or 100 mM LiCl and 0.5 mM Li,EDTA (lanes 4 and 7). (b—e) Schematic representation using Mfold of predicted

monomers (b and d) and dimers (c and e) of R1 and R2, respectively.

around 260 nm (66). Similar to D1, CD spectra of D2 at pH 7.0 also
showed broad positive peaks covering the region from 260 to
286 nm along with negative peaks at 210 and 240 nm, indicating a
mixture of A- and B-form duplexes under all conditions (Figure 2d).
At pH 4.5, the presence of a positive peak at 276 nm indicated
predominance of the B-form duplex. Therefore, it may be possible
that the structures of D1 and D2 are in equilibrium between A- and
B-form duplexes, i-motifs, and G-quadruplexes. The fact that there
was no isodichroic point in the CD spectra of D1 and D2 further
supported the coexistence of several structures.

Next, we examined the effect of cosolutes on the conformation
of D1 and D2 in the presence of 100 mM Na™, K™, or Li* with
40 wt % PEG 200 (Supporting Information Figure S1b). CD
spectra of D1 and D2 showed polymorphic structures characte-
rized by positive peaks at 286 and 260 nm and a negative peak at
240 nm under molecular crowding conditions. Similar to their
CD spectra under the dilute conditions, the CD spectra of D1 and
D2 may be due to antiparallel, parallel G-quadruplexes, and i-motif
formations. This polymorphic character in D1 and D2 can be attri-
buted to the deoxyribonucleotide backbone that can adopt both
antiand syn conformations depending on the solution conditions,
which is in contrast to the all anti conformation of RNA.

Molecularity of R1 and R2. In order to confirm the struc-
tures of R1 and R2, we performed nondenaturing polyacryl-
amide gel electrophoresis (PAGE) in the presence of 100 mM
Na®, K", or Li* at pH 7.0 with 0 wt % PEG 200 (Figure 3a). In
the case of R1, one major band around the 40-bp DNA marker
and two minor ones around the 20- and 70-bp markers were
observed. The lower band around 20 bp corresponds to an
intramolecular structure of R1 (31-mer) since we confirm that
RNA migrates slower than DNA with the same length (data
not shown). The major and middle bands around 40 bp corres-
pond to intermolecular structures. In addition, the top band
may correspond to a multimer. There was no difference in any
of the band intensities of R1 with different monovalent ions,
suggesting that the R1 structures are based on duplexes but not
G-quadruplexes. These results indicate that the major structure

of R1is a duplex as observed in CD spectra, although the duplex
can be a monomer, dimer, or multimer. PAGE results of R2
(44-mer) showed two bands. The lower bands around 30 bp corres-
pond to a monomer while the top bands near 70 bp correspond to
a dimer. Similar to R1, these band intensities did not vary depen-
ding on the coexisting cations, further supporting the hypothesis
that the structures were duplexes. We observed almost identical
band patterns of R1 and R2 with 40 wt % PEG 200 under
molecular crowding conditions (Supporting Information Figure
S2). In order to better understand the monomer and dimer
structures of R1 and R2, secondary structures were predicted
using Mfold (67, 68) (Figure 3b—e). The monomer of R1 showed
a short complementary stem with a varying number of bases in
loops along with short dangling ends at the 5'-terminus (Figure 3b),
while the dimer of R1 showed a hairpin loop structure at both
termini (Figure 3c). Thus, itis possible that the hairpin loop struc-
ture is opened and can then associate with another strand, leading
to the formation of the multimeric structure as observed in native
PAGE (Figure 3a). On the other hand, the monomer of R2 has a
short complementary stem followed by dangling ends at both
termini (Figure 3d). These dangling ends can provide sites to open
the monomeric structure of R2 to coexist with the dimer form as
observed in PAGE. In addition, the dimer form of R2 does not
involve a hairpin loop at the terminus (Figure 3¢). This may inhibit
the multimer formation that was observed in the case of R1.
UV Melting Studies of RI and R2. We next examined the
thermal denaturation of R1 and R2. The denaturation curves of
4 uM R1 were traced by UV absorbance at 260 and 295 nm in the
presence of various cations with 0 wt % PEG 200 (Figure 4a,b).
Similar melting curves were observed in the presence of Na*, K,
and Li*. Itis well-known that the thermostability of the duplex is
independent of coexisting cations, while that of a G-quadruplex is
dependent on them (69—73). Therefore, the UV melting curves of
R1 show duplex formation. Furthermore, it is known that the
dissociation of a G-quadruplex leads to a hypochromic melting
transition which was not observed at 295 nm for R1. In addition,
almost identical melting curves were observed at 40 wt % PEG
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200 (Figure 4c,d), except that the melting temperatures of R1
structures decreased by the addition of PEG 200. This is con-
sistent with a previous report showing that molecular crowding
conditions destabilized the duplex (74). These results as well as
the CD and PAGE results lead us to conclude that R1 forms A-form
duplexes although they can be intramolecular and intermolecular
structures. Similar to R1, R2 showed clear hyperchromicity in
the thermal denaturation curves both at 260 and at 295 nm,
respectively (Supporting Information Figure S3) indicating the
duplex formation.

Effect of C-Rich Regions on the Structure and Stability
of R2. Next, we examined the G-rich-only fragment of R2
(named R2-G) and recorded CD spectra in the presence of Na™,
K™, or Li* with 0 wt % PEG 200 (Figure 5a) or 40 wt % PEG 200
(Figure 5b). The CD spectra of R2-G showed a positive band
around 260 nm and a negative band near 240 nm, with a positive
band at 210 nm with 0 wt % PEG 200 and 40 wt % PEG 200.
These features are typical for a parallel-oriented G-quadruplex
structure, revealing that R2-G forms a parallel G-quadru-
plex (66). In addition, the shoulder at 290 nm in the presence
of K™ is characteristic of an antiparallel conformation, indicating
the formation of a hybrid parallel/antiparallel G-quadruplex struc-
ture in the presence of K (71, 73). We further studied the melting
behaviors of R2-G in the presence of 100 mM Na't, K™, and
Li* with 0 wt % PEG 200 (Figure 6a) or 40 wt % PEG 200
(Figure 6b) at 295 nm. The UV melting curve at 295 nm showed a
hypochromic melting transition with T, values in the presence of

100 mM Na™ or 100 mM K* of 38.1 and 52.6 °C, respectively,
whereas no hypochromic melting transition was observed in the
presence of Lit. This behavior (i.e., dependence on coexisting
cations) is characteristic of RNA G-quadruplex formation.
Komiyama et al. reported T}, values of 41.0 and 51.0 °C for 12
and 24 nucleotide telomeric sequences that formed parallel RNA
G-quadruplexes in 100 mM Na*t (75). Subramanian et al. also
reported that an RNA G-quadruplex motif (5-GGGAGGG-
GCGGGUCUGGG-3') located in the 5-UTR of the NRAS
protooncogene folded into a stable intramolecular RNA
G-quadruplex structure with a T;, of 43.0 °C in the absence of
cations and 63.0 °C in the presence of 1 mM K™, which is indi-
cative of a very stable G-quadruplex (38). In addition, an extra-
stable RNA G-quadruplex has been reported in the 5-UTR of
MT3 matrix metalloproteinase mRNA, for which the addition of
only 1 mM K™ resulted in an increase in melting temperature
0f 30.0 °C (37). R2-G contains only two planes for intramolecular
G-quadruplex formation, and the resultant stability based on
their T, values in accordance with previous reports is reasonable.
With 40 wt % PEG 200, hypochromic melting transitions were
observed with Ty, values of 37.0, 54.1, and 10.7 °C in the presence
of Na*, K™, and Li", respectively (Figure 6b). The increase in
T, values of R2-G under molecular crowding conditions sug-
gests that crowding conditions favorably stabilized the structure
compared to dilute conditions as shown in the previous report in
which molecular crowding stabilizes G-quadruplex (72). More-
over, it was recently reported that the RNA G-quadruplex was
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stabilized by molecular crowding but not altered its whole struc-
ture (72). Therefore, it is reasonable to conclude that R2-G forms
an intramolecular G-quadruplex structure under both dilute and
molecular crowding conditions. Formation of the G-quadruplex
structure by R2-G and duplex structure by R2 confirmed
that nucleic acid sequences present in close vicinity around a
G-rich region critically affect the structure and stability of the
G-quadruplex.

In order to confirm this point, we further studied the structure
and stability of R3 which has more number of G and less number
of C. Figure 7a shows CD spectra of 4 uM R3 in MES buffer
(pH 7.0) in the presence of 100 mM Na*, K*, or Li* at 0 wt %
PEG 200. As shown in R1 and R2, CD spectra of R3 had a
positive peak at 260 nm and negative peaks at 210 and 240 nm.
However, it should be noted that CD intensity at 210 nm dec-
reased in the order Li* > Na™ > K™, indicating that the structure
of R3 depends on the cation species. In addition, the parallel
G-quadruplex has positive and negative peaks at 260 and 240 nm,
respectively (72). Thus, it is not possible to determine whether R3
forms a duplex or G-quadruplex in the conditions. Thus, we
carried out UV melting experiments for R3 in the presence of
cations at 0 wt % PEG 200 at 260 nm (Figure 7b) and at 295 nm
(Figure 7c). Although R3 showed hyperchromic transitions at

260 nm in the presence of cations, a hypochromic transition at
295 nm was observed only in the presence of K. Since a hypo-
chromic transition at 295 nm is the characteristic for nucleic acid
structures with Hoogsteen base pairs, i.e., G-quadruplex (76), the
hypochromic transition observed around 90 °C indicates that R3
forms G-quadruplex. This hypothesis is further supported by the
CD spectra and UV melting curves of R3 under the molecular
crowding conditions where G-quadruplex and duplex were
stabilized and destabilized, respectively (72, 74). Although CD
spectra of R3 at 40 wt % PEG 200 (Supporting Information
Figure S4a) have almost identical shape with these at 0 wt %
PEG 200, the decrement in the CD intensity at 210 nm becomes
more significant in the presence of K™, indicating the formation
of G-quadruplex induced by the combination of PEG 200 and K™*.
This is consistent with our recent paper showing that molecular
crowding with PEG 200 and K* stabilizes G-quadruplex signifi-
cantly (72). Supporting Information Figure S4b,c shows UV
melting curves of R3 at 260 and 295 nm at 40 wt % PEG 200.
The UV melting curves of R3 at 40 wt % PEG 200 in the presence
of K showed that the melting temperature of R3 in the condition
is higher than 90 °C. Moreover, the melting curve in the presence
of Na™ also showed hypochromicity due to the stabilization of the
G-quadruplex by molecular crowding. Thus, these results suggest
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that R3 which includes the typical G-quadruplex-forming seq-
uence with more number of G mainly forms the A-form duplex
and G-quadruplex under the dilute and molecular crowding con-
ditions, respectively.

From the results for R1, R2, and R3 at 0 wt % and 40 wt %
PEG 200, it is possible to conclude two important points. First,
the main structure of GC-rich RNA sequences found in the
protooncogenes is the A-form duplex. Second, only the combina-
tion of K* and molecular crowding can induce G-quadruplex
structure, while this is the case only for the ratio of G which is
much more than that of C.

RNase T1 Cleavage Assay. We further investigated the
structure of R2 using RNase TI, an endoribonuclease that
specifically cleaves RNA at the 3'-end of free G nucleotides but
not at G involved in secondary and tertiary structures (77, 78).
The cleavage reaction was performed in the presence of 100 mM
Na®, K", or Li* at 0 wt % PEG 200 (Figure 8). Interestingly, an
identical cleavage pattern was observed in the presence of
different cation species. If G-quadruplex is stabilized by KT,
there should be a structure change depending on the coexisting
cation, leading to a change in the cleavage pattern. Thus, the
identical cleavage pattern independent of the type of cation
showed that R2 folded into a duplex, consistent with the CD
spectra indicating an A-form duplex. Cleavage results showed

that the G nucleotides located at positions 7, 11, 20, 25, 35, 37, 39,
43, and 44 were completely cleaved. These G nucleotides were not
involved in base pair formation. Conversely, G nucleotides at
positions 21, 22, 23, 29, 30, and 34 appeared to be protected from
RNase T1 cleavage, indicating that they were involved in base
pair formation. In addition, G nucleotides at position 28 appea-
red to be partially protected from RNase T1 cleavage. On the
basis of the cleavage pattern, we propose a possible secondary
structure of R2 in the monomeric and dimeric forms (Figure 9).
Two stretches with G nucleotides from 21 to 23 and from 28 to
30 are involved in base pairing. Therefore, these G nucleotides
form duplex stems with C nucleotides. On the other hand, most of
the G nucleotides near the 3'-end are not involved in base pairing.
In the proposed intramolecular structure, G7 and G11 are not
involved in base pairs. However, G11 is at the junction connect-
ing the two stems. Thus, the accessibility of RNase T1 is reduced.
In the case of G7, this nucleotide is in the terminal base pair with a
very long dangling end, which may result in flanking of the
terminal base pair. Moreover, the intermolecular structure shown
in Figure 9 is consistent with the cleavage pattern. In addition,
there is a possibility of noncanonical unstable base pair forma-
tion which may protect from the cleavage. Although details of the
structure still remain unclear, the cleavage assay further confir-
med duplex formation of R2 in monomer or dimer forms, whereas
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it is not possible to draw a G-quadruplex structure from these
cleavage patterns because at least four continuous G-stretches are
required for the formation of G-quadruplex. In addition, the
RNase T1 cleavage pattern for R2 in the presence of 100 mM
Na®, K", or, Li* at 40 wt % PEG 200 (Supporting Information
Figure S5) was similar to the cleavage pattern at 0 wt % PEG 200
(Figure 8), although a few positions were different from them at
0wt % PEG 200. On the basis of the cleavage result, we proposed a
possible secondary structure of R2 in the monomeric and dimeric
forms under the molecular crowding conditions (Supporting
Information Figure S6) which slightly differs from the proposed
model under dilute condition (Figure 9), for example, at position
G20. This difference may be induced by the molecular crowding
which destabilizes Watson—Crick base pairs and stabilizes non-
Watson—Crick base pairs as well as non base pair regions (79).
From this RNase T1 cleavage assay for R2, it is therefore possible
to conclude that R2 forms the A-form duplex which is not altered
by the coexisting cations.

Conclusion and Biological Meaning of the RNA and
DNA Structures. Our present study revealed the enrichment
of not only G but also C nucleotides in the regulatory regions

of protooncogenes. We further demonstrated that such GC-rich
RNAs formed stable and monomorphic A-form duplexes, although
only the combination of K™ and molecular crowding can induce
G-quadruplex structure of the GC-rich RNA sequence with more
G and less C nucleotides. On the contrary to GC-rich RNA
sequences, corresponding DNA sequences showed structural
polymorphisms depending on the cellular crowding factors
(like cations and molecular crowding). Considerable structural
differences in DNA and RNA sequences highlight their possible
differential functional roles during gene expression. Unlike
DNA-mediated regulatory signals, whose activity is essentially
mediated by their primary structure, the biological activity of
regulatory motifs at the RNA level relies on a combination of
both primary and secondary structures. mRNAs encoding pro-
teins involved in many biological processes, such as growth fac-
tors, transcription factors, or protooncogenes, all need to be
strongly and finely regulated and form stable secondary struc-
tures that affect translation efficiency. In this regard, our present
study on GC-rich RNA sequences capable of forming robust and
stable A-form duplexes insensitive to the surrounding conditions
can provide valuable information about their roles in biological
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functions. The major difference in the backbone of RNA and
DNA is the presence of a 2’-OH group in the ribose ring. This is
chemically subtle but has a large effect on the corresponding
structures. The presence of a 2’-OH group in RNA locks the
glycosidic torsion angles to the anti conformation. Therefore, in
the random coil state, both syn and anti conformations are
possible in DNA, while only the anti conformation is possible in
RNA. This difference in the initial state of folding can lead to the
monomorphic structure of RNA and polymorphic structure of
DNA. Moreover, it has been reported that water molecules form
bridges between the 2-OH of ribose and phosphate oxygens on
the 3’ side in a crystal structure of tRNA (80). It is also well-
known that under dehydration conditions B-form duplexes switch
reversibly to A-form duplexes in DNA (8/). These coordinated
water molecules may affect the structure and stability of RNA
and DNA. Further quantitative studies on the hydration of DNA
and RNA structures, including duplexes and G-quadruplexes,
are required to understand how the chemically subtle difference
in the 2’-OH of ribose results in the large difference between RNA
and DNA structures. Monomorphic RNA structures and poly-
morphic DNA structures responding to cellular environmental
factors imply possible roles of DNA to regulate gene expression
and of RNA to maintain its function in living cells depending on
the cell cycle and conditions.

SUPPORTING INFORMATION AVAILABLE

CD spectra of R1, R2, D1, and D2 in the presence of different
cation species at 40 wt % PEG 200; nondenaturing 15% poly-
acrylamide gel of R1 and R2 in the presence of different cation
species at 40 wt % PEG 200; normalized UV melting curves of the
R2 in the presence of different cation species at 0 wt % PEG 200
and 40 wt % PEG 200 at 260 and 295 nm; CD spectra of R3 at
40 wt % PEG 200 and normalized UV melting curves of the R3in

the presence of different cation species at 40 wt % PEG 200 at
260 and 295 nm; RNase T1 cleavage assay of R2 in the presence
of different cation species at 40 wt % PEG 200; proposed model
of R2 in monomer and dimer form based on RNase T1 cleavage
results at 40 wt% PEG 200. This material is available free of
charge via the Internet at http://pubs.acs.org.
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