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ABSTRACT: Opposed to DNA quadruplex sequences, RNA quadruplexes are still less
well eharacterized. On the other hand, RNA quadruplexes are found to be at least as
stable as their DNA counterparts. They show the same dependence on metal ions but
seem to be much more restricted with respect to the adopted conformations. Other than
DNA, which is mostly found to be double-stranded inside cells, RNAs are produced
during transcription without its complementary sequence. The absence of a second
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strand that is able to hybridize and form a duplex makes the folding of RNA quadruplexes a likely event of intramolecular structure formation. Consequently, the formation of RNA quadruplexes in cellular RNAs has recently been suggested and the study
of their influence and potential roles in cellular processes has just started. Here we give
an overview of the RNA quadruplex field, summarizing issues such as structures, stabilities, and anticipated roles of these interesting four-stranded, guanosine-rich sequences.
KEYWORDS: gene expression· G-quadruplex· G-quartet· guanosine· potassium· transcription . translation· telomere

1.

INTRODUCTION TO RNA QUADRUPLEXES

As early as 1962, it was proposed that four guanine monophosphate dianions can assemble coplanarly stabilized by two hydrogen bonds per base
[1], later termed as G-tetrad or G-quartet (Figure lA). These tetramolecular
arrangements then prefer to consecutively stack on top of each other due to
strong unpolar attractions resulting in a four-stranded helical conformation
known as the G-quadruplex motif (Figure IB). Similar multi-stranded
arrangements were proposed for poly-guanylic acid sequences stabilized by
Na + ions, shortly thereafter in 1963 [2].
Though initially studied for structural information, in the last two decades
these higher order nucleic acid conformations have been proposed to be
involved in various biological functions such as gene regulation [3,4],
nucleosome positioning [5,6], recombination [7], and genomic maintenance
[8]. However, studies proving their in vivo existence are limited [9,10]. This is

Figure 1. (A) Schematic of a G-tetrad. Hoogsteen hydrogen bonding is shown
in dotted lines. (B) Cartoon of a parallel intramolecular G-quadruplex motif. The
arrows indicate the 5' to 3' oligonucleotide orientation.
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primarily due to the general acceptance that duplex DNA is the thermodynamically favorable state compared to the G-quadruplex motif in the
presence of a complementary strand [11,12]. The single-stranded 3'-overhang of the telomeric repeat, which has been shown to adopt G-quadruplex
structures in vitro [l3], is the most studied G-quadruplex-forming sequence.
However, it has been shown that 'capping' of the telomere end involves
structures like the 't-Ioop' [14] as well as protein-ssDNA interactions [15]
which are compromised by G-quadruplex formation. On the other hand,
single stranded mRNA sequences harboring guanosine-rich stretches could
also potentially form four-stranded structures in vivo. Proteins capable of
inducing or stabilizing DNA and RNA G-quadruplexes have been described, which in turn may have functional relevance [16]. Here we primarily
discuss RNA quadruplexes and their biological significance.

2.
2.1 .

THERMODYNAMIC STABILITY
Role of Cations

The G-quartet conformation results in four carbonyl oxygen atoms clustered
towards the center (Figure lA) which necessitates a cation to effectively
neutralize the partial negative charge [17]. The size of the inner cavity is an
important factor to match with the ionic radii of the cation for suitable
coordination interaction. The K -I- ion (ionic radius of 1.33 A.) is the
most suitable and studied cation. Interestingly, it is also the monovalent
cation with the highest intercellular concentration. However, a wide range
of cations has been tested for its role in DNA G-quadruplex formation
and stability. The general pattern of stability mediated by monovalent and
divalent cations has been found as K + »Na -I- ~ Rb -I- > Cs -I- ~ Li+ [18,19]
and Sr2+»Ba2+>Ca2+ > Mg2+>Mn2+>C0 2 +>Zn2+ [20-22], respectively. Though a similar thermodynamic hierarchy is expected for RNA
quadruplexes, only a few studies are known (Table I) and further studies are
required to substantiate metal ion dependency.
The high affinity of K -I- ions in RNA quadruplexes is exemplified by 10 to
30 QC higher increases in melting temperature (T I/2 ) compared with Na + ions
under similar conditions [23-25]. The sensitivity towards the cation
concentration is well documented for DNA quadruplexes and similar results
were found for RNA quadruplexes too, though limited to a few studies
[23,25]. A gradual increase of the K + ion concentration was found to consistently elevate the melting temperatures (TI/2). At physiological concentrations as high as 150 mM K + some quadruplex motifs are resistant to
denaturing even at 90°C. It is also worth mentioning that supplementing
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Table 1.

Melting temperatures of RNA G-quadruplexes.
DNA"

RNA
._--------

G-quadruplex sequence (5' ~ 3')"
UAGGGUUAGGGU
UnGGGU n (n = 1·-3)
UGGAGGU
(GGGU),GGG
(GGGUUj,GGG
(GGGUUU),GGG
(GGGUUAj,GGG
A(GGGUUAJ,GGGUU
(GGGGUUUUhGGG
(GGUhGG
GGUUGGUGLJGGUUGG
GGGUGGGAAGGAGGGUGGGCAUGGG
GGGUUGGGAAGGAGGGUUGGGAUGGG
GGUGGAAGGAGGUGGUUCAUGGG
GGUUGGAAGGAGGUUGGUCATGGG
GGGUGGGGGGGGCGGGGGAGGCCGGGG
GGGAGGGGCGGGUCUGGG
UGUGGGGAGGGGCGGGGUCUGGGG
UGUGGGAGGGGCGGGUCUGGG
UGUGGUAGGGUCGGUUCUGGU

Salt (mM)

Ref.

63.3; 38.8, 41
50-89
>90
>90; 73
73
61
73; 42
76
>90; 60
63; 31
54; <20
>90
78.7
56.5
53.7
79

K + (70); Na + (70, 100)
Na+ (110)
K+ (ISO)
K+ (10,100); Na+ (lOO)
K+ (10)
K+ (10)
K+ (100); Na+ (100)
K+ (lOO)
K+ (100); Na+ (lOO)
K + (100); Na + (lOO)
K+ (100); Na+ (lOO)
K+ (100)
K' (100)
K+ (lOO)
K+ (100)
K + (25)

80
74
45

K" (l0)
K+ (lOO)

[23], [39]
[38], [42J
[41]
[29], [24J
[29]
[29]
[24]
[26]
[24]
[24]
[24]
[30]
[30]
[30]
[30]
[52]
[25]
[25]
[25]
[25]

TI/2

("C)

K~

(10)

"DNA oligodeoxynucleotides have T instead of U in the G-quadruplex forming sequence.
bMelting temperatures with most similar conditions are reported. The table is not exhaustive.

T1/ 2 CC)"

65; 47
63
>90; 65
58; <20
52; <20

Salt (mM)

Ref.

K+ (lOO); Na+ (100)

[24J

K+ (100);
r(IOO)
K+ (lOO);
K + (100);
K+ (100);

Na+ (lOO)

[24]

Na" (lOO)
Na + (100)
Na+ (lOO)

[24J
[24J
[24]
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the buffer with osmolytes (e.g., ethylene glycol), which mimic physiologic
conditions better than buffer alone, further increase Ti/2' showing that
supramolecularly crowded environments have stabilizing effects on RNA
quadruplex formation [26]. Taken together, formation of an RNA quadruplex structure is very likely under physiological conditions unless other
factors that competitively stabilize the unstructured conformation are
present.

2.2.

Role of Loop Size and Composition

The number and composition of nucleotides in the three loops of intramolecular DNA G-quadruplexes are crucial factors for the preferred topology
as well as stability [27,28], however, a systematic study is lacking for RNA
quadruplexes. We recently determined the melting temperatures (T ijz)
of various RNA quadruplexes with different loop sizes and composition
[24,29,30]. It shows that the thermodynamic stability is inversely correlated
with the loop size, a finding that matches the behaviorof similar DNA
sequences (Table 1). Moreover, stacking of three G-tetrads is found to
be considerably more stable than two G-tetrads, which is expected due to
additional stacking interactions in the former conformation [24,30}.

2.3.

Comparison between DNA and RNA Quadruplexes

It is interesting to compare stability parameters between DNA and

RNA quadruplexes especially since various genomic G-quadruplex forming
regions are transcribed. In general, slightly increased Ti/2 values were found
for RNA quadruplexes compared to the corresponding DNA counterparts
(Table 1). The disparity is believed to arise from better stacking of G-tetrads
and the 2'-OH group is able to form additional intramolecular hydrogen
bonds in RNA quadruplexes [31]. Moreover, the stability could also result
from higher-order scaffolding of RNA quadruplexes [32--34]. Recently, the
hydration state has also been implicated in the determination of thermodynamics of DNA quadruplex formation [35]. The formation of the compact
structure was found to be accompanied with release of water molecules
[36,37] and a similar role is expected in RNA quadruplexes, though to a
different extent. Along these lines 6.0±0.5 water molecules were found to be
liberated during RNA quadruplex formation of r[A(GGGUUAhGGGUU]
while only 4.0±0.4 water molecules were released during the corresponding
DNA quadruplex formation [26].
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3.

CONFORMATIONAL VARIATIONS

Although there are only few high resolution structures available for RNA
quadruplexes (Table 2), they are invariably found to adopt a parallel conformation [23,34,38-42] (Table 3). This is an interesting finding since the
DNA counterparts can adopt several different topologies. The reason is
believed to be due to the stronger preference of an anti conformation of the
glycosidic bond in ribonucleotides [43,44]. While in DNA quadruplexes
containing anti parallel strand orientations at least some of the glycosidic
bonds need to adopt syn conformations, the all-parallel-oriented, so called
propeller conformation adopted by RNA quadruplexes, only allows anti
orientations of ribose and guanine nucleobases. For example, the solution
structure reported for the human telomeric RNA sequence r[(UAGGG(UUAGGGh] in the presence of K+ has been shown to form this allparallel conformation [23]. This is in contrast to its DNA counterpart,
d[AGGG(TTAGGG)3J, which has been reported to form parallel as well as
antiparallel conformations in both Na + and K + solutions [45-48]. The 12
nucleotide smaller fragment, r(UAGGGUUAGGGU), also formed a parallel conformation as a dimer in the presence of K+ [23] and Na + [39] ions.
Considering other RNA quadruplex sequences (Table 3), the parallel conformation seems universal for RNA quadruplexes. Importantly, this fact
could be exploited for differential targeting of DNA and RNA quadruplexes
for potential therapeutic purposes.

4.

BIOLOGICAL FUNCTION

The biophysical studies documenting thermodynamic stability of RNA
quadruplexes near physiological conditions point to the existence of such
structures inside cells. Though partially less stable than RNA quadruplexes,
as early as 1994 the telomeric DNA quadruplex was found to interfere with
Table 2.

Structure of RNA G-quadrupJexes.

PDB Id

G-quadrupJex sequence (5' -> 3')

Method

Ref.

2KBP
2GRB
JMY9
lJ8G
1RAU
2RQJ

UAGGGUUAGGGU
(U 33 )GIGGU
GGAGGUUUUGGAGG
UGGGGU
UGGGGU
GGAGGAGGAGGA

NMR
X-Ray
NMR
X-Ray
NMR
NMR

[23)
(32)
(34)
[40)
[68)
[69)

Table 3.

Conformations adopted by RNA quadrupJexes.
G-quadruplex sequence (5' -+ 3')

Conformation

Salt (mM)

Ref.

UAGGGUUAGGGUUAGGGUUAGGG
UUAGGGUUAGGGUUAGGGUUAGGG
GGGUGGGAAGGAGGGUGGGCAUGGG
GGGUUGGGAAGGAGGGUUGGGAUGGG
GGUGGAAGGAGGUGGUUCAUGGG
GGUUGGAAGGAGGUUGGUCATGGG
GGGUnGGGUnGGGUnGGG (n= 1-3)
GGGUGGGGGGGGCGGGGGAGGCCGGGG
(UUAGGG)96
UAGGGUUAGGGU
UGGGGU

all-parallela
all-parallel
all-parallel
all-parallel
all-parallel
all-parallel
all-parallel
all-parallel
all-parallel
all-parallel
all-parallel

[23]
[39]
[30]
[30]
[30]
[30]

UGGAGGU

all-parallel

K+ (70)
Na+ (lOO)
K+ (100)
K + (lOO)
K+ (100)
K+ (lOO)
K+(IO)
K+ (25)
K+ (100)
K + (70); Na + (100)
Sr2+ (40), Ca2+ (20),
Li+ (80), Mg2+ (20),
Na+ (40)
K + (150)

,J

Intramblecular

Intermolecular

[29]
[52]

[62]
[23]; [39]
[40]

[41]

"As determined by CD spectroscopy (approx. at - 265 nm positive and 240 nm negative peak)

.."

V.l
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telomerase recognition and activity (telomeric repeat amplification protocol,
TRAP assay) [49] and since then the method has been extensively used to
evaluate quadruple x formation and stability. A similar scenario could be
easily perceived for RNA quadruplexes in mRNAs too; wherein these
compact structures would hinder the assembly or scanning of proteins
associated with the translation initiation complex. Alternatively, it is also
possible that such distinct nucleic acid structures act as recognition sites for
specific proteins in regulatory processes.

4.1.

RNA Quadruplexes as Translation Inhibitors

The unusual stability of these RNA structures could possibly interfere with
the ribosomal assembly and activity, especially when found in 5'-untranslated regions (5'-UTRs, see Figure 2A). Computational searches found a
high prevalence of sequences potentially forming RNA quadruplexes in
A.
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Figure 2. CA) Schematic representation of a parallel RNA quadruplex in a 5'-UTR
of a mRNA. (B) Normalized lueiferase luminescence of various 5'-UTRs containing
RNA quadruplexes and (C) respective control sequences. The normalized luminescence of the wild-type luciferase (not shown) is set to 100% in the above scale. The
prefix 4, 5 or 6 in the 'plasmid construct name' represents the total number of GGG
repeats in the RNA quadruplex interspersed by 1,2 or 3 (y) U's. A further prefix of
'con' abbreviates the control sequences, wherein three G positions were mutated to
U, sueh that quadruplex structure formation is compromized [29].
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5'-UTRs of human genes [25,29,50,51]. This has prompted us and other
groups to investigate the influence of such structures at these positions in
detail. Balasubramanian's group first reported that the presence of an RNA
quadruplex in the 5' -UTR of the N RAS mRNA exhibits an inhibitory effect
on translation [50]. The effect was found to be more pronounced when the
quadruplex was located near the 5' -end [25], though in vitro transcription
and in vitro translation methods were used to study the influence on gene
expression. Shortly thereafter, an in vivo functional characterization of
an RNA quadruplex in the ZIC-J mRNA also concluded a similar inhibitory effect on translation [52]. The above studies were limited to two specific
RNA quadruplex motifs. We took a more systematic approach and incorporated an array of G-quadruplexes with varying loop sizes (l to 3 nucleotides) and GGG-repeats (4 to 6 repeats) along with G to U mutant sequences
as structural controls that should disrupt quadruplex formation [29].
The study was initiated in order to investigate whether there is any correlation of the thermodynamic stability of an RNA quadruplex and its effect
on gene expression. We found that a gradual increase of loop sizes from 1 to
3 uridines in 4G 3U y RNA quadruplexes is accompanied by thermodynamic
destabilization (Table 1). Interestingly, when incorporated into mRNAs the
activity of gene expression increased in this series (Figure 2A). In other
words, the more the RNA quadruplex is thermodynamically stable, the
higher is the level of repression of gene expression. Analogous results were
found for the series 5G3 U y and 6G 3U y . Additionally, it was found that
quadruplexes containing more than the minimal required four G-rich
repeats (such as 5G3 U and 6G 3 U) are thermodynamically more stable than
the corresponding four-repeat sequence (4G 3U). Accordingly, 6G 3 U incorporated into mRNAs displayed less gene expression compared to 5G3U and
4G 3 U. The specificity and correlation of expression with quadruplex formation was confirmed when a minimal' change of three G to U mutations for
each respective quadruplex fully recovered gene expression (Figure 2B).
Apart from these designed, very symmetrical quadruplexes, we also incorporated naturally occurring 5'-UTR RNA quadruplexes with diIIerent loop
compositions and lengths into our constructs, and the observed expression
matched those of similarly composed synthetic constructs. This result indicates that the level of translation inhibition is proportional to structure
stability and can be tuned with changes in loop composition and length. In a
next step we quantified the levels of reporter gene mRNA for various
constructs in order to decipher whether the inhibition of gene expression
takes place at the transcriptional or posttranscriptional/translationaI level.
We found that the incorporation of quadruplexes into the 5'-UTR of the
reporter genes has no influence on mRNA abundance, ruling out a potential
effect on transcription or mRNA stability and indicating that the inhibition
of expression takes place at the level of translation initiation. We also found
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that the insertion position of the G-quadruplex sequence within the 5'-UTR
has an effect on the level of suppression [29], a finding that has been reported
before but with slightly different position dependencies [25]. However, further studies are necessary to decipher the exact mechanism of how quadruplex formation affects gene expression on the post-transcriptional level.

4.2.

RNA Quadruplexes in Post-Transcriptional Regulation

In addition to the occurrence of quadruplexes in 5' -UTRs, in silica searches
found approximately 3000 potential RNA quadruplexes within the first
intron of all human RefSeq genes which show a remarkable degree of
conservation [53]. Hence, RNA quadruplexes have been suspected to play a
potential role in RNA processing reactions such as splicing. In addition,
endonucleolytic cleavage near the 3' -end of the insulin-like growth factor II
(IGF-H) mRNA has been found ·conserved across multiple alternatively
spliced variants [54]. Interestingly, in the vicinity of this cleavage site a
conserved RNA quadruplex sequence is found [55]. It was suggested that the
RNA quadruplex formation may indirectly facilitate the cleavage reaction.
Furthermore, dimerization of the human immunodeficiency virus type I
(HIV-I) RNA genome during the late stage of viral replication was found to
be mediated by an RNA quadruplex structure [56].

4.3.

TelomericRNA

Human telomeres consist of tandem 5'-GGGTTA-3' repeats and have
been shown to form G-quadruplex motifs under in vitro conditions [57,58].
Interestingly, due to the absence of protein-coding genes and the heterochromatin nature of the telomeric and subtelomeric regions, it was
believed that telomeres are transcriptionally inactive. In particular, an eGFP
gene when inserted at the subtelomeric region was found to be silenced,
confirming a repressive chromatin architecture [59]. However, in a recent
northern blot analysis of whole-cell RNA using a telomere specific probe, a
~ 100-9,000 bp long telomeric repeat-containing RNA (termed TERRA)
was found [60), indicating that telomeres are actively transcribed. Moreover,
RNA-FISH (fluorescence in situ hybridization) experiments revealed that
TERRA is co-localized with the telomere region [60]. Recently, the telomeric
RNA repeat has also been shown to form an all-parallel RNA-quadruplex
motif in vitro [23,61,62]. Although so far the non-coding TERRA has not
been assigned any functional role, it is proposed to negatively regulate telomerase activity in a telomere-length-dependent manner [61], potentially by
forming an RNA-DNA duplex [39].
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4.4.

RNA Quadruplex-Interacting Proteins

Several proteins have been identified that specifically bind and stabilize
RNA quadruplexes [16]. In line, a recent study determined specific interactions of a relatively small telomeric RNA transcript, consisting of eight
consecutive repeats of UUAGGG, with various telomere-associated proteins like telomere repeat factors TRFI and TRF2, heterochromatin protein
I, histone H3 trimethyl K9, multiple sub units of origin recognition complex
(ORC) and DNA-damage-sensing factors [63]. This study also showed that
r(UUAGGG)s can physically bind with ORCI and TRF2 to form a ternary
complex, which in turn is crucial for telomere maintenance and heterochromatin formation. The same group simultaneously showed that EpsteinBan virus nuclear antigen I, critical for the replication and maintenance of
the Epstein-Barr virus genome, preferentially binds RNA quadruplexes and
was inhibited by a G-quadruplex interacting small molecule [64]. Apart
from telomere RNA-specific proteins, the coding region of fragile X mental
retardation protein (FM RP) has been shown to fold back to form a Gquadruplex motif [65] which was found to be recognized and stabilized by
FMRP itself, thereby inhibiting translation in a feedback loop [66].
In addition to the above described studies of RNA quadruplex-stabilizing
proteins, an enzyme formerly characterized as an RNA helicase associated with
AU-rich sequences (RHAU) was identified to specifically unwind quadruplex
structures and hence termed G4 resolvase 1 (G4Rl). It binds and resolves tetramolecular RNA quadruplexes with high affinity [67]. Moreover, competitive
assays and binding affinities suggested that G4Rl/RHAU resolves RNA
quadruplexes more efficiently than the DNA counterparts. Especially in light
of the influences of RNA quadruplexes on gene expression discussed above, the
discovery of an enzymatic activity that specifically resolves such structures is an
interesting finding. It is tempting to speculate whether RNA quadruplexes
indeed have a distinct role as regulatory motifs or whether their presence is
rather accidental with the need to dissolve such disadvantageous structures.
The identification and characterization of further proteins specifically interacting with RNA quadruplexes will certainly increase our understanding of the
roles and influences of these interesting higher order nucleic acid structures.

5.

CONCLUSIONS

RNA quadruplexes are extremely stable conformations implicated in various biological processes. Recent studies illustrated regulatory potential
in telomere maintenance and mRNA processing and translation, strongly
suggesting their in vivo existence and significance. Moreover, small molecules
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stabilizing RNA quadruplexes and interfering with speeific protein interactions further strengthen the importance of RNA quadruplexes. However,
understanding the mechanisms that mediate in vivo formation and stability
of RNA quadruplexes is very important in order to decipher the impact of
these structures on cellular processes. In addition, determination of more
interacting partners would augment the present repertoire of RNA quadruplex-affected processes. Targeting of specific RNA quadruplex structures
and their protein interactions by small molecules may allow for eontrolling
specific events with potential therapeutic uses. Taken together, RNA
quadruplexes seem to interfere with or are involved in several RNA-associated functions. Future research along these lines will certainly gain more
insight into these unusual four-stranded nucleic acid conformations.
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