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ABSTRACT: We systematically and quantitatively investigated the structure and thermodynamics of
G-quadruplexes of RNAs and corresponding DNAs of the same sequences under molecular crowding
conditions that mimic the high osmotic stress induced by the numerous molecules inside of living cells.
Structural analyses demonstrated that various telomere RNA sequences folded into parallel-stranded
G-quadruplexes in a manner independent of the surrounding conditions with different cations under both
dilute and molecular crowding conditions. In contrast, DNAG-quadruplexes showed structural polymorph-
ism.Moreover, we demonstrated that the G-quadruplexes of the RNA sequences were more stable than those
of the same DNA sequences. These results show that a single and robust RNA G-quadruplex structure can
exist in a manner independent of the sequence and surrounding conditions. To confirm this, we studied a
guanine-rich sequence located in the 50-untranslated region of human bcl-2 mRNA that is thought to play a
role in translation. The results revealed a stable parallel G-quadruplex that formed under all conditions tested.
For example, a bcl-RNA G-quadruplex in the presence of 5 mM KCl [free energy change at 25 �C (ΔG�25)
of -5.42 kcal/mol] was more stable than its corresponding DNA G-quadruplex (ΔG�25 = -2.31 kcal/mol).
Our results further indicated that water molecules binding to the 20-OH group of RNAG-quadruplexes play a
critical role in their formation and stability.

Guanine-rich (G-rich)1 sequences can fold into aG-quadruplex,
a nucleic acid secondary structure consisting of stacked G-quartet
planes connected by a network of Hoogsteen hydrogen bonds.
DNA G-quadruplex structures are highly polymorphic, and a
large number of structures have been observed (Figure 1) (1-3).
The polymorphic structures of G-quadruplexes result in diverse
functions, such as those observed in the human c-kit promoter,
the c-myc promoter, and the thrombin-binding aptamer (4-6).
Importantly, recent bioinformatic studies have revealed that not
only DNA but also numerous mRNAs that contain G-rich seq-
uences are able to fold into G-quadruplex structures (7-10),
indicating that the RNA G-quadruplex is involved in the
regulation of gene transcription and other biological processes.
There have even been studies of the biological functions of such
RNA G-quadruplexes. Balasubramanian and co-workers de-
monstrated for the first time that formation of a G-quadruplex
in neuroblastoma RAS viral oncogene homologue (NRAS)

50-untranslated region (UTR)mRNAhas a critical function in its
translation (11, 12). Moreover, it has been reported that RNA
G-quadruplexes found in the 50-UTR of mRNAs are able to
regulate protein synthesis inside various cells (13-15). Interest-
ingly, recent analyses have identified a noncoding RNA contain-
ing the telomere sequence, (uuag3)n, that exists in the nuclear
RNA fractions of human and mouse cells (16, 17). In addition,
Hartig and co-workers have reported that artificially introduced
RNA G-rich sequences in mRNA regulate gene expression by
folding into G-quadruplex structures (18, 19). These reports
clearly demonstrate the biological importance of RNA G-
quadruplexes in vivo. However, biochemical and biophysical
studies of G-quadruplexes to date have focused mainly on DNA,
not RNA.

According to previous reports, different G-rich DNA se-
quences are able to fold into diverse G-quadruplex structures
depending on various factors, including the loops and loop
length, the flanking bases, and the G-tract length (20-25).
Notably, not only the sequences but also the surrounding
conditions determine the conformation of DNA G-quadru-
plexes. In particular, different monovalent and divalent cations
coexisting in solution are known to induce diverse G-quadruplex
structures with distinct thermodynamics (26-30). More impor-
tantly, it has been demonstrated that molecular crowding, the
factor in the cellular environment with the greatest influence
(31-34), induces polymorphic DNAG-quadruplexes and affects
their stability (35-38). Therefore, to supplement the studies of
the differences in the biochemical and biophysical properties of
RNA and DNA G-quadruplexes (39-44), systematic and quan-
titative studies of the structures of G-rich RNA sequences under
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various conditions that inducemolecular crowding are necessary.
Such systematic studies may help elucidate the fundamental
differences between noncanonical RNA and DNA structures.

In this study, the structure and stability of a series of G-rich
RNA sequences and their corresponding DNA sequences were
investigated by circular dichroism (CD), nondenaturing poly-
acrylamide gel electrophoresis (PAGE), andUV thermal denatu-
ration measurements. The sequences include telomere sequences
derived from various species and a sequence found in the mRNA
of bcl-2 (Table 1). Structural analyses showed that the G-rich
RNA sequences were able to fold into only a parallel-stranded
G-quadruplex, and that this folding was almost completely
independent of sequence and surrounding factors such as mono-
valent cations and the concentration of cosolutes. In contrast,
the structures of corresponding G-rich DNAs form various
G-quadruplexes depended on the sequence and surrounding
factors. Moreover, thermodynamic analyses of the RNA and
DNA G-quadruplexes directly demonstrated that the parallel
RNA G-quadruplex is more stable than parallel or antiparallel
DNA G-quadruplexes under all conditions tested. Interestin-
gly, the thermodynamic parameters of the RNA and DNA
G-quadruplex formations indicate that differences in the mole-
cular behavior of water during formation are induced by the
20-OH groups of RNA and that these play a critical role in the
higher stability of RNA G-quadruplexes. These chemical and
energetic analyses can provide insights not only into structure-
based drug design for targeting G-quadruplexes but also into

how DNA and RNA G-quadruplexes have different biological
roles in living cells.

MATERIALS AND METHODS

Materials. RNA and DNA strands used in this study were
purchased fromHokkaido System Science Co., Ltd. (Hokkaido,
Japan), and subsequently purified by high-performance liquid
chromatography (HPLC). Single-strand concentrations of the
RNA and DNA were determined by measurement of the absor-
bance at 260 nm at a high temperature using a Shimadzu (Kyoto,
Japan) 1700 spectrophotometer connected to a thermoprogram-
mer. Single-strand extinction coefficients were calculated from
mononucleotide and dinucleotide data using nearest-neighbor
approximation (45). All other chemical reagents were reagent
grade from Wako Pure Chemical Co., Ltd. (Osaka, Japan), and
used without further purification.
CD Spectroscopy. CD spectra of RNA and DNA at a total

strand concentration of 6 μM were recorded in a 0.1 cm path-
length quartz cell at 4 �C using a J-820 spectropolarimeter (Jasco
Co., Ltd., Hachioji, Japan). The CD spectra were obtained by
taking the average of three scans made at 0.5 nm intervals from
200 to 350 nm. Before CD measurements were taken, the sam-
ples were heated to 90 �C for 10 min, gently cooled at a rate of
0.2 �C/min, and incubated at 4 �C overnight. The temperature of
the cell holder was regulated with a Jasco PTC-348 temperature
controller, and the cuvette chamber was flushed with a constant
stream of dry N2 gas to prevent the condensation of water on the
cuvette exterior.
Nondenaturing PAGE. Nondenaturing PAGE was con-

ducted on 20% polyacrylamide (19:1 acrylamide/bisacrylamide)
gels. Aliquots of 6 μMsample (3 μL each) were loaded and electro-
phoresed at 5 V/cm and 4 �C. Gels were stained using GelStar
(Cambrex, Baltimore, MD) and visualized using an FLA-5100
imaging system (Fuji Film Co., Ltd., Tokyo, Japan). Before
measurement, the samples were heated to 90 �C for 10min, gently
cooled at a rate of 0.2 �C/min, and incubated at 4 �C overnight.
Thermodynamic Analysis. The UV absorbance was mea-

sured with a Shimadzu 1700 spectrophotometer equipped with a
temperature controller. Melting curves of G-quadruplexes were
obtained by measurement of the UV absorbance at 295 nm in
30 mM Tris-HCl buffer (pH 7.0) containing 100 mM KCl or
NaCl with various concentrations of poly(ethylene glycol) with
an average molecular mass of 200Da (PEG200). Before analysis,
the samples were heated to 90 �C for 10 min, gently cooled at a
rate of 0.2 �C/min, and incubated at 4 �C overnight. The heating
rate was 0.5 �C/min, and the cuvette chamber was flushed with a
constant stream of dry N2 gas below 20 �C. Thermodynamic
parameters, includingmelting temperatures (Tm), were calculated

FIGURE 1: (a) Chemical structure of a G-quartet observed in a chair-
type antiparallel G-quadruplex. Amonovalent cation (Mþ) occupies
the central position. (b) Schematic representation of different struc-
tures of the intramolecular chair-type and basket-type antiparallel,
parallel, and mixed G-quadruplexes.

Table 1: RNA and DNA Sequences Used in This Studya

abbreviation sequence sequence description

ht-RNA 50-aggguuaggguuaggguuaggg-30 human telomere

ht-DNA 50-AGGGTTAGGGTTAGGGTTAGGG-30

tt-RNA 50-gggguugggguugggguugggg-30 Tetrahymena telomere

tt-DNA 50-GGGGTTGGGGTTGGGGTTGGGG-30

ot-RNA 50-gggguuuugggguuuugggguuuugggg-30 Oxytricha telomere

ot-DNA 50-GGGGTTTTGGGGTTTTGGGGTTTTGGGG-30

bcl-RNA 50-gggccguggggugggagcuggg-30 bcl-2 gene

bcl-DNA 50-GGGCCGTGGGGTGGGAGCTGGG-30

aGuanine stretches are underlined. RNA and DNA are depicted with lowercase and uppercase letters, respectively.
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from the fit of the melting curves to a theoretical equation for
intramolecular association as described previously (38). The
thermodynamic parameters are the average values obtained from
each melting curve with at least four different RNA or DNA
strand concentrations.
Water Activity Measurements. Osmotic pressures were

measured via vapor phase osmometry using the 5520XR pres-
sure osmometer (Wescor). The water activity (aw) was esti-
mated from the measured osmolality (millimoles per kilogram)
using eq 1 (46):

ψ ¼ ðRT=MwÞ ln aw ð1Þ
where ψ andMw represent the water potential and the molecular
weight of water (0.018 kg/mol), respectively, R is the gas
constant, and T is the temperature in kelvin. The relationship
between water potential and osmolality, assuming independence
of the water potential from temperature at room temperature, is
given by eq 2 (46):

ψ ðmegapascalsÞ ¼ osmolality ðmillimoles per kilogramÞ
� 103=ð- 400Þ ð2Þ

RESULTS

Sequence Design. The structures of RNA and DNA seq-
uences derived from human telomere RNA (ht-RNA) and DNA
(ht-DNA) (Table 1) were investigated because ht-DNA structure
and stability have been well studied using various methods such
as X-ray analysis, NMR, spectroscopic analysis, and molecular
dynamics simulations (3, 26-30). Moreover, Shafer and co-
workers investigated the human telomere RNA G-quadruplex
of ag3(u2ag3)3 (ht-RNA) in the presence of KCl and found that
ht-RNA forms a parallel G-quadruplex that is different from that
of ht-DNA (39). Recently, two groups (Xu and Komiyama, and
Martadinata and Phan) independently demonstrated by NMR
that RNA sequences similar to ht-RNA form a parallel G-quad-
ruplex in the presence of Naþ or Kþ (47, 48). Therefore, RNA
and DNA sequences derived from ht-RNA and ht-DNA should
be optimal for investigating the similarity and dissimilarity in the
structure and thermodynamic stability of RNA and DNA
G-quadruplexes. The two other telomere sequences derived from
Tetrahymena and Oxytricha (Table 1) were also investigated to
confirm the properties of RNA and DNA G-quadruplexes.
Notably, these telomere RNAs possess not only different se-
quences but also various G-tract lengths and loop contexts of
different lengths. Therefore, it is possible to use these approaches
to study the factors that govern the structure and stability of
RNA G-quadruplexes. To validate the results from the telomere
RNA G-quadruplexes, we also studied the B-cell CLL/lympho-
ma 2 (bcl-2) gene because its product, a mitochondrial membrane
protein, is a key regulatory factor of programmed cell death (49).
We found that the 50-UTR of bcl-2 mRNA included a G-rich
sequence [50-agggccguggggugggagcuggg-30 (bcl-RNA)] located
adjacent to the open reading frame (ORF) (Figure 2). Interest-
ingly, this sequence is strongly conserved in mice and hu-
mans (50), although its structure has not yet been studied.
Since it has been proposed that the secondary structure of the
mRNA around the ORFmay be a promising target for the regul-
ation of gene expression, it is important to study the structural
formation of thisG-rich RNA sequence as well as its correspond-
ing DNA [50-AGGGCCGTGGGGTGGGAGCTGGG-30 (bcl-
DNA)] sequence.

Structural Analysis of RNA Sequences and Their Cor-
responding DNA Sequences. It is well-known that an anti-
parallel G-quadruplex shows positive and negative peaks around
295 and 265 nm, respectively, while a parallel G-quadruplex
shows positive and negative peaks around 260 and 240 nm, respec-
tively (36).Moreover, amixed parallel/antiparallelG-quadruplex
shows positive peaks around 295 and 260 nm (28-30). Figure 3a
shows the CD spectra of 6 μM ht-RNA in buffers containing
100 mM NaCl or KCl and 30 mM Tris-HCl (pH 7.0) with 0 or
40 wt % PEG200 at 4 �C. The CD spectrum in the presence of
NaCl with PEG200 had large positive and negative peaks near
260 and 240 nm, respectively, which is characteristic of parallel
G-quadruplexes (36). This suggests that ht-RNA forms a parallel
G-quadruplex under these conditions. Similarly, the CD spectra
of ht-RNA in the presence of KCl with or without PEG200 also
exhibited the same positive and negative peaks, suggesting
formation of the parallel G-quadruplex. Overall, these results
indicate that ht-RNA has a stronger preference for the formation
of the parallel G-quadruplex, which is consistent with previous
structural studies of RNA G-quadruplexes (47, 48). In addition,
mixed G-quadruplexes of ht-RNA in the presence of NaCl are
not consistent with NMR data (47), which instead show intra-
molecular and intermolecular parallel G-quadruplexes for ht-RNA
sequences. However, the sequence used here, a(ggguua)3ggg, was
slightly different from those used in the NMR study, (uuaggg)4
and uaggguuaggu. We confirmed that the sequence used in
the NMR study showed typical CD spectra for the parallel
G-quadruplex (Figure S1 of the Supporting Information). These
results support the hypothesis that RNA sequences preferentially
form parallel G-quadruplexes. Although the differences in the
CD spectra imply that the flanking bases affect the whole
structure of the telomere RNA sequences, further studies need
to clarify this point.

In contrast with the corresponding RNA, the CD spectra of
ht-DNA were strongly dependent on the conditions (Figure 3b).
In the presence of NaCl without PEG200, the CD spectrum of
ht-DNA showed positive and negative peaks around 295 and
265 nm, respectively, which is characteristic of antiparallel
G-quadruplexes (37). In the presence of KCl without PEG200,
the CD spectrum had positive peaks around both 295 and 260 nm,
suggesting that the G-quadruplex had folded into a mixed
G-quadruplex (28). In addition, in the presence of NaCl with
PEG200, the CD spectrum indicated formation of an antiparallel
G-quadruplex, but in the presence of KCl with PEG200, the
G-quadruplex was parallel. These structural polymorphisms of
ht-DNA are consistent with previous reports (3, 26, 35). Thus, in

FIGURE 2: Schematic representation of the human bcl-2 gene and the
sequence of 50-UTRDNAand the correspondingRNA.The hatched
region represents introns. P2 located 88 bases upstream of the
translation start site indicates the second promoter of the bcl-2 gene,
and ORF indicates the 50-portion of the ORF. þ1 indicates the
translation start site. Guanine stretches located 48-70 bases upstream
of the translation start site are underlined.
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contrast with ht-RNA, ht-DNA forms various G-quadruplexes
depending on the surrounding conditions.

The differences betweenRNAandDNAG-quadruplexes were
further confirmed with tt-RNA and tt-DNA as well as ot-RNA
and ot-DNA. Panels c and d of Figure 3 show the CD spectra of
tt-RNA and tt-DNA, respectively, in buffers containing 100 mM
NaCl or KCl and 30 mM Tris-HCl (pH 7.0) with 0 or 40 wt %
PEG200 at 4 �C. The CD spectra of tt-RNA under all conditions
tested showed that it folds into a parallel G-quadruplex, whereas
tt-DNA folds into mixed or parallel G-quadruplexes depending

on the conditions. These results are almost identical to the results
for ot-RNA (Figure 3e) and ot-DNA (Figure 3f). Taking these
results as well as previous studies for direct comparison of RNA
andDNAG-quadruplexes of various sequences together (40, 44),
we are able to surmise that G-rich RNA sequences appear to
fold into a single structure, that of a parallel G-quadruplex.
Notably, this folding is almost completely independent of the
surrounding conditions, even though telomere DNA sequences
exhibited structural polymorphisms depending on the surround-
ing conditions. This different propensity of RNA and DNA

FIGURE 3: CD spectra of 6 μM (a) ht-RNA, (b) ht-DNA, (c) tt-RNA, (d) tt-DNA, (e) ot-RNA, and (f) ot-DNA in buffers containing 100 mM
NaCl or KCl and 30mMTris-HCl (pH 7.0) with 0 or 40 wt%PEG200 at 4 �C. Bright blue, pink, dark blue, and red lines showCD spectra with
100 mMNaCl, 100 mMKCl, 100 mMNaCl and 40 wt % PEG200, and 100 mMKCl and 40 wt % PEG200, respectively.

FIGURE 4: CDspectra of 6 μM(a) bcl-RNAand (b) bcl-DNA inbuffers containing 100mMNaCl orKCl and 30mMTris-HCl (pH7.0)with 0 or
40wt%PEG200 at 4 �C.Bright blue, pink, dark blue, and red lines showCDspectrawith 100mMNaCl, 100mMKCl, 100mMNaCl and 40wt%
PEG200, and 100 mM KCl and 40 wt % PEG200, respectively.
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G-quadruplexes explains how RNA can maintain its biological
functions inside living cells where various environmental factors
are dynamically altered depending on the cell cycle and other
biological processes.
Structure of bcl-RNA and bcl-DNA. To explore the

concept described above for RNA and DNA G-quadruplex
structures, two corresponding nucleotide sequences that have
potential functions in vivo, bcl-RNA and bcl-DNA, were further
investigated. Figure 4a shows the CD spectra of 6 μM bcl-RNA
in buffers containing 100 mMNaCl or 100 mMKCl and 30 mM
Tris-HCl (pH 7.0) with 0 or 40 wt % PEG200 at 4 �C. The CD
spectra of bcl-RNA under all conditions had large positive and
negative peaks near 260 and 240 nm, respectively, indicating a
parallel G-quadruplex (18). This is in contrast to the results for
bcl-DNA (Figure 4b). The CD spectrum of bcl-DNA suggested
formation of an antiparallel G-quadruplex in the presence of
NaCl without PEG200. On the other hand, in the presence of
KCl without PEG200, the CD spectrum indicated a mixed
G-quadruplex structure. In the presence of NaCl or KCl with
PEG200, the predominant G-quadruplex was parallel, although
the CD spectrum had a small shoulder near 295 nm. Thus, it is

evident that the G-quadruplex of bcl-DNA undergoes a structural
conversion froman antiparallel to parallel G-quadruplex because
of molecular crowding by PEG200. These results for bcl-RNA
and bcl-DNA are entirely consistent with the model derived from
the telomere RNA and DNA sequences (Figure 3). Therefore,
structural analyses in this study (40, 44) and previous studies
suggest that the monomorphic nature of RNA G-quadruplexes
and the polymorphic nature of DNA G-quadruplexes may be
one of the fundamental differences between howRNA andDNA
function.

We further investigated the structures of bcl-RNA and bcl-
DNA using nondenaturing PAGE. Figure 5 shows the migration
of the Dickerson dodecamer duplex of DNA (51) and its
corresponding RNA (lanes 1 and 2, respectively), the thrombin
binding DNA aptamer forming a unimolecular G-quadruplex
(lane 3), ht-DNA (lanes 4-7), bcl-DNA (lanes 8-11), and bcl-
RNA (lanes 12-15) in the presence of 20 mMNaCl or KCl with
0 or 40wt%PEG200 at 4 �C.We found that theDickersonDNA
migrated faster than the corresponding RNA. This may because
of differences in the structures ofDNA andRNAduplexes. Since
it has been reported that the thrombin binding DNA aptamer
and ht-DNA fold into unimolecular structures (38, 39, 42, 43),
these bands can bemarkers for the migration of the unimolecular
G-quadruplex of DNA. bcl-DNA comigrated with the ht-DNA
G-quadruplex, indicating a unimolecular G-quadruplex for
bcl-DNA. Moreover, bcl-RNA migrated slower than bcl-DNA.
According to the difference in the migrations of the Dickerson
RNAandDNA, it is reasonable to conclude that bcl-RNA forms
a unimolecular G-quadruplex under these conditions. The un-
imolecular structure of bcl-RNA will be discussed later with its
thermodynamic data. It should be stated that, in the case of bcl-
DNA, PAGE showed the same band under various conditions in
spite of the fact that the G-quadruplex structure of bcl-DNAwas
different depending on the surrounding conditions. This suggests
that different G-quadruplex structures, such as parallel or anti-
parallel, could not be distinguished by PAGE.
ThermodynamicAnalysis of bcl-RNAand bcl-DNA.Alth-

ough G-rich RNA sequences formed parallel G-quadruplexes,
the molecularity of their formation remained unclear. Thus,
we further investigated the thermodynamics of the parallel
G-quadruplex of bcl-RNA. Figure 6a shows normalized anneal-
ing and melting UV profiles of 6 μM bcl-RNA at 295 nm in
30 mM Tris-HCl (pH 7.0) containing 5 mM KCl. We chose this
salt concentration because the G-quadruplex of bcl-RNA in the
presence of 100 mM KCl is too stable to be analyzed thermo-
dynamically. There was no hysteresis in the melting and annealing

FIGURE 5: Nondenaturing 20% PAGE of ht-DNA, bcl-DNA, and
bcl-RNA in the presence of 20 mMNaCl or KCl with 0 or 40 wt %
PEG200 and 30 mM Tris-HCl (pH 7.0) at 4 �C: lane 1, Dickerson
DNA duplex; lane 2, Dickerson RNA; lane 3, thrombin binding
DNA aptamer forming the intermolecular antiparallel DNA
G-quadruplex; lanes 4-7, G-quadruplex of ht-DNA with 20 mM
NaCl, 20 mMKCl, 20 mMNaCl and 40 wt% PEG200, and 20mM
KCland40wt%PEG200, respectively; lanes 8-11,G-quadruplex of
bcl-DNAwith 20mMNaCl, 20mMKCl, 20mMNaCl and 40wt%
PEG200, and 20 mM KCl and 40 wt % PEG200, respectively; and
lanes 12-15, bcl-RNAwith 20mMNaCl, 20mMKCl, 20mMNaCl
and 40 wt % PEG200, and 20 mM KCl and 40 wt % PEG200,
respectively. All measurements were taken with 3 μL of a 6 μM
sample at 4 �C.Measurements for lanes 1-3 were taken in the buffer
containing 20 mMNaCl and 30 mM Tris-HCl (pH 7.0).

FIGURE 6: (a) Normalized melting and annealing UV profiles at 295 nm of bcl-RNA at a strand concentration of 6 μM in 30 mMTris-HCl (pH
7.0) containing 5 mMKCl. The inset shows the first derivative of the melting curve. (b) Plot of Tm values vs log bcl-RNA strand concentration
(1-50 μM) in 30 mM Tris-HCl (pH 7.0) containing 5 mMKCl.
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curves.We evaluated the values ofTmby curve fitting, and theTm

values in the melting and annealing curves were almost identical
(∼57 �C).These results show that the folding and unfolding of the
G-quadruplex of bcl-RNA occur via a two-state transition (42),
allowing us to evaluate the thermodynamic parameters of the
parallel RNA G-quadruplex. Furthermore, evaluation of Tm

values with different concentrations of bcl-RNA using the
melting curves showed constant values for the G-quadruplex of
bcl-RNA at all RNA concentrations tested (Figure 6b), consis-
tent with the formation of the intramolecular G-quadruplex
observed in nondenaturing PAGE (Figure 5).

Since potassium is the dominant monovalent cation inside
cells, we studied the thermal stability of the G-quadruplexes of
both bcl-RNA and bcl-DNA in the presence of various concen-
trations of KCl (Figure S2a,b of the Supporting Information).
Figure 7 shows Tm values for the G-quadruplexes of bcl-RNA
and bcl-DNA in the presence of various concentrations of
KCl. Interestingly, the Tm value of the RNA G-quadruplex is
much higher than that of the corresponding DNAG-quadruplex
at the same concentration of KCl. A higher stability of the
RNA G-quadruplex was also observed in ht-RNA and ht-DNA
(Figure S3 of the Supporting Information), in tt-RNA and tt-
DNA (Figure S4 of the Supporting Information), and in ot-RNA
and ot-DNA (Figure S5 of the Supporting Information). In
addition to previous studies indicating that anRNAG-quadruplex
is more stable than a corresponding DNA G-quadruplex
(40-44, 52), these results provide evidence that parallel RNA
G-quadruplexes are generally more stable than any parallel,
antiparallel, or mixed DNA G-quadruplexes.

Next, we studied the effect of molecular crowding on the
thermodynamics of RNA G-quadruplexes. Figure 8a shows UV

melting curves of the G-quadruplex of bcl-RNA in the presence
of 5 mM KCl with 0, 10, 20, 30, or 40 wt % PEG200. The Tm

value of the G-quadruplex of bcl-RNA increased from 58.0 to
77.7 �Cas the PEG200 concentration increased from 0 to 40wt%,
demonstrating that the RNA G-quadruplex was stabilized by
the molecular crowding of PEG200. In the same way, the Tm of
the G-quadruplex of bcl-DNA increased from 42.6 to 68.5 �C
(Figure 8b). Although the G-quadruplex of bcl-DNA underwent
a structural transition from the mixed parallel/antiparallel
G-quadruplex to a sole parallel G-quadruplex when the PEG200
concentration increased from 0 to 10 wt % (Figure S6 of the
Supporting Information), melting curves of the mixed and
parallel G-quadruplexes with a single transition indicated that
these quadruplexes possess similar stability. Thus, it is possible to
compare the stabilities of RNA and DNAG-quadruplexes using
various concentrations of PEG200. Similar to the results in the
dilute solution, the DNA G-quadruplex was less stable than the
RNA G-quadruplex at the same concentrations of PEG200
which is consistent with the previous report for the human
telomere RNA and DNA sequences (44).

To assess the origin of the observed stabilities ofG-quadruplexes
of bcl-RNA and bcl-DNA, the thermodynamic parameters of
their formations, such as the enthalpy change (ΔH�), entropy
change (ΔS�), and free energy change at 25 �C (ΔG�25), were
estimated in the presence of various concentrations of PEG200
(Table 2). With a PEG200 concentration increasing from 0 to
40 wt % in a buffer containing 5 mMKCl and 30 mM Tris-HCl
(pH 7.0), ΔH� decreased from -54.0 to -60.6 kcal/mol, TΔS�
decreased from -48.6 to -51.6 kcal/mol, and ΔG�25 dec-
reased from -5.42 to -9.00 kcal/mol for the formation of the
G-quadruplex of bcl-RNA. Therefore, stabilization of the RNA
G-quadruplex by PEG200 is promoted by a favorable enthalpic
contribution exceeding the unfavorable entropy change. Enth-
alpic stabilization of the G-quadruplex by molecular crowding
has also been reported for DNA and RNA G-quadruplexes
(38, 42-44).

Although the structure of bcl-DNA at various concentrations
of PEG200 is amixture of antiparallel and parallel G-quadruplexes,
UVmelting curves with various concentrations of PEG200 show
only a single transition (Figure 8b), indicating similar stabi-
lities of the antiparallel and parallel G-quadruplexes. Thus, the
thermodynamic parameters of bcl-DNA were evaluated with
the assumption of formation of a two-state structure (Table 2).
The enthalpic stabilization of the G-quadruplex was also obser-
ved in bcl-DNA.
Dehydration upon Formation of G-Quadruplex bcl-RNA

and bcl-DNA. Since hydration is important for understanding

FIGURE 7: Comparison of Tm values at a strand concentration of
4 μM of bcl-RNA and bcl-DNA at different KCl concentrations in
30 mM Tris-HCl (pH 7.0).

FIGURE 8: NormalizedUVmelting curves at 295 nm for 4 μM(a) bcl-RNA and (b) bcl-DNA in 30mMTris-HCl (pH 7.0) containing 5mMKCl
and 0, 10, 20, 30, or 40 wt % PEG200.
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the structure and stability of G-quadruplexes (38), we investi-
gated the behavior of water molecules during the formation of
RNA and DNA G-quadruplexes. The formation of an intra-
molecular structure by oligonucleotides in an aqueous solution
containing a cosolute and a cation (Kþ) can be represented as fol-
lows (38, 53):

ASS aAf þΔnwH2OþΔnCSCSþΔnMþMþ ð3Þ
where ASS and Af represent single-stranded and folded DNA or
RNA structures, respectively, CS is the cosolute, Mþ is a cation,
and Δnw, ΔnCS, and ΔnMþ are the respective numbers of water
molecules, cosolute molecules, and cations released upon forma-
tion of the structure, respectively. The observed equilibrium con-
stant (Kobs) for the formation of the structure at constant
temperature and pressure is thus given as

dðln KobsÞ
dðln awÞ ¼ - Δnw þΔnCS

dðln aCSÞ
dðln awÞ

� �
þΔnMþ

dðln aMþÞ
dðln awÞ

� �� �

ð4Þ
where aw, aCS, and aMþ are the activities of water, cosolute, and
cation, respectively.

Figure 9 shows plots of ln Kobs for the formation of the
G-quadruplex of bcl-RNA and bcl-DNA versus ln aw at 25 �C.
The stability (ln Kobs) of the G-quadruplex decreased linearly
with the increase inwater activity (ln aw). The slope (-Δnw) of the
lnKobs versus ln aw plot for the G-quadruplex of bcl-RNA in the
presence of KCl was estimated to be -124, indicating that 5.6
water molecules per nucleotide on average were released upon

formation of the parallel G-quadruplex of bcl-RNA. Since the
parallel G-quadruplex of bcl-DNA becomes the dominant struc-
ture in 10-40 wt % PEG200 (Figure S6 of the Supporting
Information), we further evaluated the number of released water
molecules with the four data points at 10, 20, 30, and 40 wt %
PEG200. The slope of the plot of lnKobs for the formation of the
parallel G-quadruplex of bcl-DNA versus ln aw was -186,
indicating that 8.5 water molecules per nucleotide were released
on average upon formation of the parallel G-quadruplex of bcl-
DNA. This number was 2.9 more than that of bcl-RNA. The
number of water molecules released upon the formation of
human telomere RNAwas evaluated to be 6.0 (44). This number
was 2.0 more than that of the corresponding DNA (44). The
concentration of Kþ in their study is 100 mM, which is much
higher than that in this study (5 mM). This difference can affect
the hydration state of the G-quadruplex because dehydration of
the cation also contributes to the total number ofwatermolecules
released through formation of the G-quadruplex (38). These
results suggest that the 20-OH group in the RNA sugar ring as
well as the methyl group in dT, the difference distinguishing
ribonucleosides from deoxyribonucleosides, may play a role in
the behavior of water molecules, as we will discuss later.

DISCUSSION

G-Quadruplexes are generally folded into one of three princi-
pal topologies, antiparallel, parallel, or mixed (Figure 1). In the
antiparallel andmixed topologies, half of the guanine nucleotides
possesses the anti conformation in the glycosidic bond and the
other half possesses the syn conformation. On the other hand, all
guanine nucleotides adopt the anti conformation in the parallel
topology. A previous study of RNA and DNA duplexes demon-
strated more difficulty in inducing the Z-form duplex with
poly(rG-rC) 3 poly(rG-rC) than with poly(dG-dC) 3 poly(dG-
dC) (54). It was also proposed in the same study that the higher
energy of the syn conformation in the RNA duplex versus that in
the DNA duplex inhibits formation of the Z-form RNA du-
plex (54). These results demonstrated that a ribonucleotide has a
stronger propensity than a deoxyribonucleotide to adopt the anti
conformation in a duplex. This difference is due to the ribose
20-hydroxyl group. A molecular dynamics simulation (55) and a
study of RNA duplex hydration (56) showed that the 20-OH
group alters the sugar pucker and mediates 30-50 intrastrand
O20 3 3 3O40 hydrogen bonding. The sugar pucker is coupled to the
glycosidic torsion angle and the syn-anti properties of the nucl-
eoside. The 20-position of the sugar moiety is important not only
for duplex formation but also for G-quadruplex formation.

Table 2: Thermodynamic Parameters for Formation of a G-Quadruplex of bcl-RNA and bcl-DNA and Water Activity at Different PEG200 Concentrations

(weight percent)a

PEG200 (wt %) ΔH� (kcal/mol) TΔS� (kcal/mol) ΔG�25 (kcal/mol) Tm
b (�C) ln aw (�10-2)

bcl-RNA 0 -54.0( 0.5 -48.6 ( 0.7 -5.42( 0.1 58.0 -0.08

10 -55.4 ( 0.9 -49.0 ( 0.8 -6.40 ( 0.2 63.9 -1.00

20 -56.9( 1.7 -49.6( 1.3 -7.28( 0.3 68.7 -2.28

30 -59.5( 1.5 -51.2 ( 1.1 -8.28( 0.2 73.2 -3.98

40 -60.6( 1.6 -51.6( 1.4 -9.00( 0.3 77.7 -4.65

bcl-DNA 0 -41.4( 0.7 -39.1( 0.8 -2.31( 0.1 42.6 -0.08

10 -42.2( 0.6 -39.5( 0.5 -2.68 ( 0.1 45.2 -1.00

20 -43.0( 0.7 -39.4( 1.0 -3.66( 0.2 52.7 -2.28

30 -50.8 ( 1.6 -45.4 ( 1.3 -5.46 ( 0.2 60.9 -3.98

40 -53.5( 1.9 -46.7( 1.8 -6.81( 0.3 68.5 -4.65

aThe buffer was 5 mM KCl in 30 mM Tris-HCl (pH 7.0). bThe melting temperature was determined at a strand concentration of 4 μM.

FIGURE 9: Plots of lnKobs vs lnaw for formation of theG-quadruplex
of bcl-RNA (0) and bcl-DNA (O) in 30 mM Tris-HCl (pH 7.0)
containing 5 mMKCl and 10, 20, 30, or 40 wt % PEG200 at 25 �C.
The error bars were calculated using at least three different RNA or
DNA strand concentrations.
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Mergny and co-workers found that substitution of the ribose
20-OH group with a methoxy group changes the G-quadruplex
structure (52). These results demonstrate the importance of the
20-OH group for the whole G-quadruplex structure. From these
considerations, the stronger propensity of riboguanosine for the
anti conformation may be the reason that RNA forms only a
single parallel G-quadruplex structure regardless of the surroun-
ding conditions. Therefore, the structural data obtained in this
study are important systematic and comparative results directly
showing the differences between RNA and DNA structures.

The thermodynamic parameters obtained in this study show
that the RNA G-quadruplex is more thermodynamically stable
than theDNAG-quadruplex, although sometimes their structures
are different. It has been reported that the parallel G-quadruplex
of d(G4T4G4) induced by molecular crowding is more stable
than the antiparallel G-quadruplex that forms under dilute condi-
tions (37). However, in that study, conditions such as coexist-
ing cations and solutes that induce parallel and antiparallel
G-quadruplexes were very different, even though the sequences
were the same. On the other hand, we found that both bcl-RNA
and bcl-DNA formed parallel G-quadruplexes under identical
conditions [5 mMKCl with 40 wt% PEG200 (Figure 4)] and the
G-quadruplex of bcl-RNAwasmore stable than that of bcl-DNA
(Figure 8). In addition, the parallel G-quadruplex of tt-RNA in the
presence ofKCl without PEG200wasmore stable than the parallel
G-quadruplex of tt-DNA under the same conditions (Figure 3c,d
and Figure S4 of the Supporting Information). Therefore, the
higher stability of the RNA G-quadruplex is due to the different
properties of RNA and DNA but not to differences in strand
orientation such as their parallel or antiparallel topologies.

This difference in the stabilities of RNA and DNA G-quad-
ruplexes can be attributed to the 20-OH group. The quantitative
results for hydration of the G-quadruplexes of bcl-RNA and bcl-
DNA obtained in this study revealed a critical role of the 20-OH
moiety in the higher stability seen in the RNA G-quadruplex.
Since the O-H 3 3 3O hydrogen bond is a strongly directional
interaction, the presence of the 20-OH group not only brings in
water molecules but also provides a set of strongly directional
arms onwhich to build the rest of the water molecule framework.
Therefore, the 20-OH group can affect the watermolecules bound
to the G-quadruplex. Panels a and b of Figure 10 show two
G-quartet planes in an antiparallel DNA G-quadruplex and a

parallel RNA G-quadruplex, respectively. The structures are
based on the crystal structures of the antiparallel DNA G-quad-
ruplex (PDB entry 1JPQ) and parallel RNAG-quadruplex (PDB
entry 2AWE) in the presence of Kþ (57, 58). Dehydration of the
guanine bases and cations upon formation of a G-quadruplex is
common for RNA and DNA which has been shown in previous
studies (38, 42, 44). However, hydration at the grooves of the
G-quadruplex should be different between RNA and DNA
because the ordered 20-OH groups at the groove of the RNA
G-quadruplex (highlighted as red circles in Figure 10b) are
favored to take up water molecules. In a study of RNA duplexes,
Egli and co-workers provided evidence of an important role of
the 20-OH group in the thermodynamics of an RNA duplex (56).
They showed that the presence of the additional hydroxyl group
in the sugar moiety not only confers more water onto the RNA
backbone portion but also leads overall to a more ordered water
structure at the grooves (56). Moreover, molecular dynamics
simulations have shown that the 20-OH group locks the sugar
pucker, resulting in RNA helices that are less mobile than DNA
helices (55). This is consistent with the numbers of water
molecules released during formation of bcl-RNA and bcl-DNA
G-quadruplexes (Figure 9) and thermodynamic parameters
(Table 2). The number of water molecules released per nucleotide
during formation of the RNA and DNA G-quadruplexes was
estimated to be 5.6 and 8.5, respectively. Therefore, the 20-OH
group, as well as the difference between dT and rU (43), plays a
role as a scaffold that can take up 2.9 (=8.5- 5.6) watermolecules
per nucleotide. This difference in the number of water molecules
stabilizes theRNAG-quadruplexwith an enthalpic contribution.
This enthalpic contribution was also observed in previous studies
of hydration of DNA and RNAG-quadruplexes (38, 42-44). In
addition, we further attempted to evaluate the thermodynamic
parameters and number of water molecules released during
formation of the G-quadruplex of ot-RNA, ot-DNA, tt-RNA,
and tt-DNA. However, we found hysteresis between the melting
and annealing curves for ot-RNA and ot-DNA (Figure S7a,b of
the Supporting Information), indicating a non-two-state transi-
tion. On the other hand, hysteresis was not observed in the case of
tt-RNAand tt-DNA(Figure S7c,d of the Supporting Information).
Although it was difficult to evaluate accurate ΔH� and ΔS�
values because of the highTm values as shown in panels a and b of
Figure S8 of the Supporting Information, it was possible to

FIGURE 10: Two G-quartet planes in an antiparallel DNA G-quadruplex (a) and in a parallel RNA G-quadruplex (b). The structures were
generated with the crystal structures of d(GGGGTTTTGGGG) (PDB entry 1JPQ) and r(UGGUGU) (PDB entry 2AWE) for the DNA
G-quadruplex andRNAG-quadruplex, respectively. The 20-OH groups inRNA are highlighted as red spheres. The centers of theG-quartets are
depicted as purple spheres.
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evaluate theΔG� value, corresponding to lnKobs. The numbers of
watermolecules released through the formation ofG-quadruplexes
of tt-RNAand tt-DNA(Figure S8c of the Supporting Information)
were determined to be 4.6 and 7.9, respectively, per nucleotide.
These values also support the hypothesismentioned above. These
results led to the conclusion that the higher stability of the RNA
G-quadruplex arises from the 20-OH group in RNA acting as a
scaffold for a water network at the grooves and thus stabilizing
the sugar pucker and locking the sugar-phosphate backbone in
the anti conformation, resulting in a single and robust RNA
G-quadruplex.

BIOLOGICALSIGNIFICANCEANDCONCLUSIONS

In addition to NMR and X-ray crystallographic studies, it is
widely held that biochemical and biophysical studies of nucleic
acids under molecular crowding conditions are necessary to
understand their intracellular properties. The results of this study
confirmed that the RNA G-quadruplex structure revealed by
NMR was maintained even under molecular crowding condi-
tions because of the restriction in the glycosidic torsion angle.
Moreover, distinct structural forms of biomolecules implicate
distinct biological functions. In particular, a single and robust
nucleic acid structure provides a more advantageous platform
than a polymorphic nucleic acid structure for high-specificity
protein binding or for the design of small molecules to target
nucleic acids. One has to take the surrounding conditions into
consideration when developing ligands and drugs targeting
nucleic acids if their structures are condition-dependent. In fact,
osmotic pressure, a physical parameter related to water activity
that is a measure of intracellular crowding, is altered signific-
antly during the cell cycle (31). In this study, we found that
G-rich RNA sequences predominantly fold into stable parallel
G-quadruplexes regardless of the surrounding conditions. In
contrast, DNA G-quadruplexes are structures that adopt poly-
morphic topologies depending on surrounding conditions such as
coexisting cations and cosolutes at various concentrations.
Therefore, the structure and thermodynamics of aDNAG-quad-
ruplex may change depending on cell conditions. However, the
RNA G-quadruplex is the sole structure that forms, and this
structure is unaffected by the surrounding conditions. This dis-
similarity is a fundamental difference between noncanonical
DNA and RNA structures. Moreover, understanding the mono-
morphic and stable G-quadruplex structure of mRNAs and the
G-rich RNAs studied here may lead to new approaches for cancer
therapy at the translational level, which is distinct from tradi-
tional cancer therapeutic interventions that target transcription.

SUPPORTING INFORMATION AVAILABLE

Normalized UV melting curves of the G-quadruplexes of bcl-
RNAand bcl-DNAwith various concentrations ofKCl; normal-
ized UV melting curves of the G-quadruplexes of ht-RNA and
ht-DNA, tt-RNA and tt-DNA, and ot-RNA and ot-DNA with
various concentrations of KCl; CD spectra of bcl-DNA with
different concentrations of PEG200; normalizedUVmelting and
annealing curves of the G-quadruplexes of ot-RNA, ot-DNA,
tt-RNA, and tt-DNA in the presence of 1 mM KCl; normalized
UVmelting curves of the G-quadruplexes of tt-RNA and tt-DNA
with various concentrations of PEG200; and plot of ln Kobs

versus ln aw. This material is available free of charge via the
Internet at http://pubs.acs.org.
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