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ABSTRACT

Many naturally occurring or artificially created RNAs are capable of binding to guanine or guanine derivatives with high affinity
and selectivity. They bind their ligands using very different recognition modes involving a diverse set of hydrogen bonding and
stacking interactions. Apparently, the potential structural diversity for guanine, guanosine, and guanine nucleotide binding
motifs is far from being fully explored. Szostak and coworkers have derived a large set of different GTP-binding aptamer
families differing widely in sequence, secondary structure, and ligand specificity. The so-called class V–GTP aptamer from this
set binds GTP with very high affinity and has a complex secondary structure. Here we use solution NMR spectroscopy to
demonstrate that the class V aptamer binds GTP through the formation of an intermolecular two-layered G-quadruplex
structure that directly incorporates the ligand and folds only upon ligand addition. Ligand binding and G-quadruplex formation
depend strongly on the identity of monovalent cations present with a clear preference for potassium ions. GTP binding
through direct insertion into an intermolecular G-quadruplex is a previously unobserved structural variation for ligand-binding
RNA motifs and rationalizes the previously observed specificity pattern of the class V aptamer for GTP analogs.
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INTRODUCTION

Many RNA structural motifs are capable of binding to gua-
nine, guanosine, or guanine nucleotides and their derivatives
with high specificity and affinity. These motifs have been
found not only in naturally occurring functional RNAs
such as ribozymes or riboswitches but also in artificial
RNAs derived from SELEX experiments. They vary widely
in their structures and ligand recognition modes. In all struc-
turally characterized examples, hydrogen bonding and stack-
ing interactions play an important role for ligand recognition
and in general the guanine base is a major determinant for
ligand recognition. One classic example for an RNA inter-
acting with a guanine-derived ligand is the self-splicing group
I intron (Cech et al. 1981), which binds its cofactor guanosine
through a base-pairing interaction between the Hoogsteen
edge of a conserved guanine nucleotide and the Watson-
Crick face of the guanosine cofactor (Adams et al. 2004).
Two hydrogen bond donor groups from the ligand guano-
sine, the N2 amino and the N1 imino group, form two hy-
drogen bonds with the N7 nitrogen and the C6 carbonyl
group as acceptors, respectively. The guanine (Mandal et al.

2003) and deoxyguanosine (Kim et al. 2007) sensing ribo-
switches bind guanine or deoxyguanosine through a
Watson-Crick base-pairing interaction with a cytidine resi-
due (Batey et al. 2004; Serganov et al. 2004; Noeske et al.
2005; Edwards and Batey 2009; Pikovskaya et al. 2011;
Wacker et al. 2011). An additional base-pairing interaction
engages the sugar edge of the ligand. Furthermore, there
are two structurally distinct classes of cyclic-di-GMP-sensing
riboswitches (Sudarsan et al. 2008; Lee et al. 2010). They rec-
ognize both guanine base moieties of their ligand through a
variety of non-Watson-Crick interactions (Kulshina et al.
2009; Smith et al. 2009, 2011). Very recently, Liu and co-
workers reported the widespread occurrence of GTP-binding
DNA and RNA motifs encoded in the genomes of chicken
and human which bind to GTP with equilibrium dissociation
constants (KD’s) > 100 µM (Curtis and Liu 2013). The se-
quences of some of these motifs and CD-spectroscopic data
suggested that many of them could fold into G-quadruplex
structures. An analysis of GTP-analog binding to these motifs
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suggested that the ligand GTP might be an integral part of
their G-quadruplex structure.
GTP has also been a target for raising artificial RNA

aptamers in SELEX experiments. In particular, the work by
the Szostak group (Davis and Szostak 2002; Huang and
Szostak 2003; Carothers et al. 2004) showed that a large num-
ber of structurally highly diverse RNA motifs are capable of
binding to GTP with a wide range of affinities and differences
in specificity.
However, from this multitude of SELEX-derived GTP-

aptamer families only one class has been analyzed structurally
so far (Carothers et al. 2006a). The so-called class I GTP
aptamer contains 41 nucleotides (nt) and binds GTP with a
KD of 74 nM. Its NMR-solution structure revealed an internal
bulgewith an intricate tertiary structure featuring a number of
noncanonical base-pairing interactions bound by two canon-
ical A-form helical stems. GTP is recognized through hydro-
gen bonding interactions of the N7 nitrogen and the
C6 carbonyl group on its Hoogsteen face with the N1 imino
group and the N2 amino group on the Watson-Crick
face of a guanine nucleotide of the aptamer, respectively.
Importantly, only the base portion of the nucleotide is inter-
actingwith the aptamerRNAwhile the ribose and the triphos-
phate moieties do not contribute to specific intermolecular
interactions.
We were interested in understanding the GTP recognition

mode of the class V aptamer from the same series of GTP-
binding aptamers (Carothers et al. 2004). This aptamer was
reported to have a very high affinity for GTP with a KD of
17 nM. A complex secondary structure with three A-form he-
lical stem elements separated by two asymmetric internal
bulges containing a number of highly conserved nucleotides

was suggested (Fig. 1A) based on the analysis of sequence
conservation. So far, no crystal structure of the aptamer/
GTP complex is available. A full high-resolution structure de-
termination by solution NMR spectroscopy is rendered diffi-
cult by the larger size of this molecule (68 nt) leading to
significant signal overlap and more importantly by unfavor-
able internal dynamics resulting in line broadening and pre-
venting signal assignments and the collection of a sufficient
amount of NOE distance constraints. However, the NMR ex-
periments we describe here unequivocally demonstrate that
the ligand GTP is bound by this aptamer through the li-
gand-induced formation of a two-layered G-quadruplex
into which GTP is directly incorporated. Nucleotides from
both asymmetric internal bulges contribute to the formation
of the G-quadruplex structure. Thus, the GTP–class V
aptamer joins the surprisingly short list of small molecule
binding RNA aptamers that use G-quadruplex elements as
integral parts of their ligand-binding sites (Lauhon and
Szostak 1995; Phan et al. 2011; Dolgosheina et al. 2014;
Huang et al. 2014; Warner et al. 2014). To our knowledge,
it is the first verified example for specific ligand recognition
by an RNA through the formation of an intermolecular G-
quadruplex structure.

RESULTS AND DISCUSSION

The class V aptamer binds GTP via a non-Watson-Crick
interaction

In order to probe the interaction between GTP and the class
V aptamer, we produced the aptamer RNA by in vitro tran-
scription with T7-RNA polymerase using either unlabeled,

FIGURE 1. The GTP–class V aptamer binds GTP through non-Watson-Crick interactions. (A) Secondary structure of the class V–GTP-binding
aptamer as predicted by Szostak and coworkers (Carothers et al. 2004). Based on the previously reported sequences of this aptamer, the degree of
nucleotide conservation was calculated and is indicated by different colors with completely conserved nucleotides shown in red and nucleotides con-
served in >95% of the reported sequences shown in orange. (B) 1D-1H imino proton spectra in potassium phosphate buffer for the GTP–class V
aptamer in its free form (top), in the presence of 2 mM Mg2+ (middle), and in the presence of 2 mM Mg2+ and 1.2 eq of GTP (bottom). (C)
Overlay of 1H,15N-HSQC spectra of the 15N-guanine-labeled class V aptamer RNA in the presence of 2 mM Mg2+ (black) and in the presence of
2 mM Mg2+ and 1.2 eq of 15N,13C-labeled GTP (red). The spectra are slightly displaced with respect to each other. A gray box highlights the area
where a number of guanine imino group signals appear only upon addition of the ligand GTP. (D) The 1D slice of a 1H,15N-HSQC spectrum recorded
with a sample consisting of unlabeled RNA and 15N-labeled GTP reveals the imino group signal of the bound GTP with a chemical shift of 11.2 ppm
outside the range typically found for guanine imino protons in Watson-Crick base pairs.

Intermolecular G-quadruplex in a GTP aptamer
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15N-labeled, or 15N,13C-labeled GTP and unlabeled ATP,
CTP, and UTP, respectively. In comparison to the sequence
reported previously (Carothers et al. 2004), our version of
the aptamer contains a slight modification in the lower helix
in order to optimize transcription yields by avoiding stretches
of the same nucleotide longer than three nucleotides (Fig.
1A). 1D-1H-NMR spectra recorded for the free RNA in po-
tassium phosphate buffer (25 mM KPO4, pH 6.3, 50 mM
KCl) at 10°C (Fig. 1B, top) showed numerous signals for im-
ino protons with chemical shifts typical for guanine and uri-
dine residues in both Watson-Crick (∼12.0–14.5 ppm) and
noncanonical base pairs (<12.0 ppm). There are four G:U
wobble base pairs predicted to be present in the secondary
structure of the class V aptamer explaining the presence of
at least some of the imino proton signals with chemical shifts
<12.0 ppm. Importantly, another imino proton signal is ob-
servable at 9.6 ppm demonstrating that the stable apical
UUCG-tetraloop folds as expected from the predicted sec-
ondary structure (Varani et al. 1991). However, even when
taking into account the size of the class V aptamer (68 nt),
the observable imino proton signals are very broad. Thus,
the free class V aptamer apparently exists as an ensemble of
multiple interconverting structures resulting in exchange
broadening of the corresponding NMR signals. Addition of
Mg2+ ions, which were present throughout the selection pro-
cedure for this aptamer, does not lead tomajor changes in the
appearance of the imino proton spectrum (Fig. 1B, middle).
In contrast, the addition of one molar equivalent of GTP re-
sults in dramatic changes of the imino proton spectrum of
the class V aptamer (Fig. 1B, bottom), confirming that GTP
binds to the RNA as expected. The further addition of GTP
does not induce additional changes in the spectrum in agree-
ment with the formation of a 1:1 GTP-RNA complex in slow
exchange on the NMR time scale. GTP binding results in a
sharpening of all imino proton signals as well as in the appear-
ance of additional imino proton signals with chemical shifts in
the range between ∼11 and 12 ppm. Most of these newly ap-
pearing imino proton signals belong to guanine nucleotides as
demonstratedby the comparison of 1H,15N-HSQC spectra re-
corded for the free 15N-G-labeled RNA and the RNA-GTP
complex (Fig. 1C) in the presence of Mg2+. Thus, GTP bind-
ing induces the formation of a single, well-defined tertiary
structure of the class V aptamer. The addition of GTP to the
RNA in the absence of Mg2+ does not lead to changes in the
imino proton spectra, demonstrating that complex formation
is strictly Mg2+ dependent (Supplemental Fig. 1). In agree-
ment with previous reports (Carothers et al. 2006b) that 6-
Thio-GTP does not bind to the class V aptamer, the addition
of even a large excess of 6-Thio-GTP does not induce spectral
changes (Supplemental Fig. 2). To gain insights into the GTP
recognition mode of the class V aptamer, we recorded 1D-
and 2D-1H,15N-HSQC spectra for a complex formed between
15N-labeled GTP and unlabeled RNA (Fig. 1D; Supplemental
Fig. 3). In these experiments, a single imino group resonance
is observed for the bound GTP while no imino signal is ob-

servable for free GTP due to fast chemical exchange of the im-
ino proton with the bulk solvent. Thus, in the bound state, the
GTP imino proton is protected against exchange by hydrogen
bonding interactions with the RNA. The 1H chemical shift for
the imino proton of the boundGTP (11.2 ppm) does not con-
form to a Watson-Crick base-pairing interaction between li-
gand and aptamer (Fürtig et al. 2003). Furthermore, no
correlation peaks of the GTP imino group with other nitro-
gens were observed in HNN-COSY experiments (Dingley
and Grzesiek 1998; Wöhnert et al. 1999) with 15N-labeled
RNA bound to 15N-labeled GTP. Taken together, the absence
of correlation peaks in the HNN-COSY experiments and the
observed imino proton chemical shift suggest that the hydro-
gen bond acceptor for the GTP imino group is most likely an
oxygen containing functional group of the RNA (Fürtig et al.
2003).

GTP binding to the class V aptamer is dependent
on the identity of the monovalent cation

Interestingly, GTP binding to the class V aptamer not only
depends on the presence of Mg2+ ions but also on the pres-
ence of potassium ions. When the NMR-titration experi-
ments were repeated in a buffer containing 50 mM Bis-
Tris, pH 6.3, 5 mM MgCl2 and no potassium ions, no GTP
binding was observed. The GTP-RNA complex only formed
upon the addition of KCl to this buffer (Supplemental Fig. 4).
Furthermore, in titrations of the class V aptamer with GTP in
a sodium phosphate buffer (25 mM NaPO4, pH 6.3, 50 mM
NaCl, 2 mMMgCl2) of equivalent ionic strength, only minor
changes were observed in the imino proton spectra of the
RNA even upon addition of an excess of GTP (Fig. 2A). In
particular, no new imino proton signals appear in the chem-
ical shift region between ∼11 and 12 ppm and all signals al-
ready present in this spectral region in spectra of the free
RNA can be assigned to imino protons of nucleotides in G:
U wobble base pairs (Supplemental Fig. 5). Furthermore,
in titration experiments with 15N-labeled GTP and unlabeled
RNA, the 1D-1H,15N-HSQC spectra in sodium phosphate
buffer showed only a weak and broad signal for the imino
proton of bound GTP (Fig. 2B). Taken together, this shows
that in the presence of sodium, the monovalent cation GTP
binds much weaker to the class V aptamer than in the pres-
ence of potassium ions, and GTP does not induce tertiary
folding of the aptamer RNA. In order to explore the relation-
ship between monovalent cation identity and the binding af-
finity of the class V aptamer for GTP quantitatively, the GTP
affinity was measured using isothermal titration calorimetry
in buffer conditions with equivalent ionic strengths. In the
presence of potassium ions, a KD of the aptamer for GTP
of 70 nM was found (Fig. 2C), which is similar to the KD re-
ported previously under slightly different buffer conditions
(Carothers et al. 2004). No GTP binding was observed by
ITC in the presence of sodium or lithium ions (Fig. 2C;
Supplemental Fig. 6). On the other hand, in the presence
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of thallium ions, theKD for GTP was only slightly diminished
(140 nM) (Fig. 2C), while in a buffer containing ammonium
ions the GTP affinity is significantly lowered (3.1 µM)
(Supplemental Fig. 6) in comparison to the potassium ion
containing buffer. However, NMR spectra of the GTP–class
V aptamer complex in a buffer containing 50 mM ammoni-
um chloride show that an RNA-ligand complex is formed,
which is in slow exchange on the NMR time scale, and a
sharp signal is observable for the imino proton of the bound
GTP (Supplemental Fig. 7). Thus, the affinity of the class V
aptamer for GTP is highest in the presence of those monova-
lent ions that have ionic radii closely similar to potassium
ions. Specific binding of RNAs to potassium ions has been re-
ported before, e.g., for the Tetrahymena group I intron P4-P6
domain (Basu et al. 1998) and the 56 nt RNA domain that
binds to bacterial ribosomal protein L11 (Conn et al.
2002). In the P4-P6 domain structure, the potassium binding
site is located underneath an A:A platform. In the L11-bind-
ing RNA, a potassium ion is deeply buried in a specific bind-
ing pocket formed by a complex RNA tertiary structure
stabilizing a three-way junction. Similar to our observations
for the class V aptamer, the potassium ion can be replaced
in both cases by thallium ions as demonstrated by X-ray crys-
tallography (Basu et al. 1998; Conn et al. 2002). The L11-
binding RNA domain also folds in the presence of ammoni-
um ions, whereas sodium ions are much less effective in sta-
bilizing this structure (Wang et al. 1993). However, another
classic example for differential stabilization of RNA struc-
tures by different monovalent cations is G-quadruplexes. It
has been demonstrated for both DNA- and RNA-G-quadru-
plex-containing structures that potassium ions are more ef-
fective than sodium or lithium ions in stabilizing these
structures (e.g., Kim et al. 1991) but can be replaced by thal-

lium (Basu et al. 2000; Gill et al. 2005, 2006) or ammonium
ions (e.g., Hud et al. 1998, 1999; Podbevsek et al. 2007).
In G-quadruplexes, the guanine nucleotides bind to each

other via interactions between the Watson-Crick edge of
one nucleotide and the Hoogsteen edge of the second nucle-
otide (Fig. 3A). In this interaction, a G imino proton forms a
hydrogen bond with the O6 carbonyl group, and a G amino
group hydrogen binds to an N7 nitrogen. Due to the hydro-
gen bonding interactions of imino protons with oxygen con-
taining acceptor groups, the imino proton signals of guanine
nucleotides in G-quadruplexes are found between ∼11 and
12 ppm (Jin et al. 1990; Wang et al. 1991a,b; Smith and
Feigon 1992). Notably, the imino proton chemical shifts of
the ligand GTP as well as a number of the imino protons
of the RNA, which become only detectable upon GTP bind-
ing, have chemical shifts in exactly this region. Furthermore,
the dependence of GTP binding on the identity of monova-
lent cations and the discrimination against 6-Thio-GTP
binding are suggestive of the formation of an intermolecular
G-quadruplex structure upon GTP binding to the class V
aptamer where the GTP is directly incorporated into the
quadruplex.
G-quadruplex formation gives rise to typical NOE patterns

including the imino, amino, and aromatic H8 protons of the
guanine nucleotides, which are part of this quadruplex (Jin
et al. 1992; Smith and Feigon 1992; Macaya et al. 1993). In
particular, there are NOEs between neighboring imino
groups, between H8 and imino as well as between H8 and
amino groups (Fig. 3A). Such NOEs are observable upon
GTP binding to the class V aptamer in 2D-1H,1H-NOESY ex-
periments with unlabeled RNA or in 13C-edited NOESY-
HSQC experiments with 13C,15N-G-labeled RNA for some
of the imino groups with signals in the chemical shift region

FIGURE 2. GTP binding to the class V aptamer RNA depends on the identity of the monovalent cations. (A) Overlay of 1D-1H imino proton spectra
of the GTP–class V RNA in a buffer containing 25 mM NaPO4, 50 mM NaCl, 2 mM Mg2+ in the absence of GTP (black) and in the presence of 1.2
(red), and 5.3 eq of GTP. In contrast to the observations in the equivalent potassium phosphate buffer, ligand addition induces only minor changes in
the spectra. (B) 1D slices of 1H,15N-HSQC spectra recorded for samples containing unlabeled RNA and 1.2 (red) or 5.3 eq (green) of 15N-labeled GTP.
Only a weak imino group signal corresponding to boundGTP is observed in comparison to the corresponding signal observed in potassium phosphate
buffer (gray). (C) ITC thermograms and derived binding curves for GTP binding to the class V aptamer RNA in buffers of equivalent ionic strengths
containing potassium, sodium, or thallium ions.
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between 11 and 12 ppm (Fig. 3B,C), while other NOEs in this
region report on the presence of G:U wobble base pairs as
predicted by the published secondary structure (Carothers

et al. 2004). The NOEs involving the li-
gand GTP can be selectively detected in
15N- and 13C-edited NOESY experiments
with 15N,13C-labeled GTP and unlabeled
RNA. Notably, the GTP imino and H8
protons show NOEs to other imino and
H8 protons corroborating that the ligand
GTP is actually incorporated into the
quadruplex structure (Fig. 3D).
Ammonium ions often are able to re-

place potassium ions in G-quadruplex
structures and bind in these cases be-
tween two neighboring layers of the
quadruplex structure. There, they form
hydrogen bonds to the O6 carbonyl
groups of the eight guanines in the two
layers (Hud et al. 1998, 1999; Sket et al.
2004; Podbevsek et al. 2007). Hydrogen
bonding protects the ammonium pro-
tons from exchange with the protons of
the bulk solvent, and in some cases an
NMR signal for the bound ammonium
ion can be observed in an 1H,15N-
HSQC experiment at a signature nitrogen
chemical shift of ∼30 ppm when 15N-la-
beled ammonium chloride is used (Hud
et al. 1998, 1999; Podbevsek et al. 2007).
Addition of 15N-labeled ammonium
chloride to the class V aptamer in the
presence of Mg2+ but in the absence of
GTP under our buffer conditions does
not yield a detectable 1H,15N-HSQC sig-
nal for a bound ammonium ion (Fig.
3F). However, in the presence of GTP, a
signal becomes observable for an ammo-
nium ion protected from exchange with
the solvent (Fig. 3F). Thus, GTP binding
to the class V aptamer causes the forma-
tion of a binding pocket for a stably
bound ammonium ion. In 1H,1H-
NOESY or in 15N-edited-NOESY experi-
ments with 15N-labeled ammonium
chloride and unlabeled RNA, NOEs be-
tween the protons of the bound ammoni-
um ion and seven to eight guanine imino
protons are observable (Fig. 3G). A 15N-
edited NOESY-experiment with 15N-la-
beled GTP, unlabeled RNA, and unla-
beled ammonium chloride demonstrates
that the imino proton of the bound
GTP also shows an NOE to the bound
ammonium ion (Fig. 3G). Taken togeth-

er, the NOESY experiments suggest that GTP binding to the
class V aptamer induces the formation of a G-quadruplex
structure with two layers of guanines including the ligand

FIGURE 3. NMR evidence for the formation of an intermolecular G-quadruplex structure upon
GTP binding to the class V aptamer RNA. (A) Structure of a single G-tetrad layer from a G-quad-
ruplex including the bound ligand (red). Hydrogen bonds are indicated by dashed lines.
Connecting lines denote expected NOE connectivities between guanine nucleotides in the quad-
ruplex (black) including those expected for the bound GTP (red). Note that similar NOE connec-
tivities are also observable between nucleotides in neighboring layers of a quadruplex. (B)
2D-1H,1H NOESY spectrum recorded for an unlabeled RNA bound to unlabeled GTP in potas-
sium phosphate buffer showing NOEs involving imino protons. NOEs typical for G-quadruplex
structures are highlighted by boxes and labeled accordingly. (C) 2D-1H,1H-plane from a 13C-ed-
ited NOESY-HSQC spectrum recorded with a 15N,13C-guanine-labeled RNA bound to unlabeled
GTP. This experiment allows the selective detection of NOEs from guanine H8C8 aromatic moi-
eties to imino protons that are typical for G-quadruplexes. (D) Intermolecular NOEs involving
the imino group (left) and the H8C8 group of the bound GTP as detected in either 15N- (left)
or 13C-edited (right) NOESY-HSQC experiments recorded for samples containing 15N,13C-la-
beled ligand GTP and unlabeled RNA. (E) Schematic structure of a G-quadruplex tetrad bound
to an ammonium ion. (F) The GTP–class V aptamer stably binds an ammonium ion in the pres-
ence (top, red) but not in the absence of bound GTP (top, black), as seen from 1D slices of 1H,15N-
HSQC spectra recorded for samples containing 15N-labeled ammonium chloride and unlabeled
aptamer RNA or the unlabeled RNA-GTP complex. A single signal with a nitrogen chemical shift
of ∼30.8 ppm corresponding to the bound ammonium ion is detectable in a 2D-1H,15N-HSQC
experiment with the RNA-GTP complex (bottom). Free ammonium ions are not detectable in this
experiment due to the fast exchange of their protons with the bulk solvent. (G) The ammonium
ion is located in the center of the G-quadruplex structure as indicated by NOEs between the am-
monium ion protons and guanine imino protons seen in 2D-NOESY experiments (left) or in 15N-
edited NOESY-HSQC experiments with a sample containing 15N-ammonium chloride and un-
labeled RNA/GTP (middle). The imino proton of the bound GTP also shows an NOE to the pro-
tons of the ammonium ion as seen in a 15N-edited NOESY-HSQC recorded with a sample
containing 15N-labeled GTP and unlabeled ammonium chloride and unlabeled RNA (right).
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GTP and one monovalent ion bound in
between the two layers.
Another characteristic feature of G-

quadruplex structures is the very slow ex-
change of their imino protons against
deuterons upon solvent exchange with
D2O (e.g., Smith and Feigon 1992).
Lifetimes of imino proton signals in the
order of days to weeks even at elevated
temperatures have been reported for
G-quadruplexes in RNA (e. g., Cheong
and Moore 1992; Warner et al. 2014).
In contrast, for hydrogen bonded imino
protons of nucleotides in regular RNA
secondary and tertiary structures, the im-
ino proton signal normally disappears in
seconds upon exchange of the solvent to
D2O (Gueron and Leroy 1995; Snoussi
and Leroy 2001; Vermeulen et al. 2005).
Spectra of the 15N-G-labeled class V
aptamer bound to 15N-labeled GTP 30
min after exchange into D2O reveal the
presence of eight signals for slowly ex-
changing guanine imino protons in the
chemical shift region from 11 to 12
ppm and one additional signal from a
guanine nucleotide in a Watson-Crick
base pair (Fig. 4A). Importantly, this in-
cludes the signal for the imino group of
the bound GTP (Fig. 4A,B). After 4 h
only four signals for RNA imino groups
remain (Fig. 4B) and full exchange is ob-
served after∼12 h. Thus, the guanine im-
ino groups of the nucleotides forming the
intermolecular G-quadruplex structure
in the class V aptamer exchange signifi-
cantly slower with the solvent than the
other imino protons in the molecule in
analogy to observations for other G-
quadruplex structures. However, ex-
change is completed in a few hours in
contrast to days or weeks as reported
for some other quadruplexes. This might
be due to the presence of only two G-
quartets in the class V aptamer, whereas
many of the other quadruplexes showing
very slow imino proton exchange contain
three or four G-quartets (e.g., Cheong
andMoore 1992; Smith and Feigon 1992). Significantly faster
imino proton exchange with rates on the order of seconds has
been observed in the thrombin aptamer, which is another ex-
ample for a G-quadruplex with only two G-tetrads (Mao and
Gmeiner 2005). On the other hand, imino proton exchange
in the class V aptamer–GTP complex occurs on a time scale
similar to the reported lifetime of the RNA-ligand complex,

which was previously measured in single molecule fluores-
cence experiments (Elenko et al. 2009). The suggestion that
ligand dissociation facilitates solvent exchange is also sup-
ported by the observation that the quadruplex layer formed
by three guanine residues of the RNA and the ligand GTP
is apparently less stable than the layer formed by four guanine
residues from the RNA (Fig. 4B).

FIGURE 4. The G-quadruplex structure is formed by seven guanine nucleotides from the two
asymmetric internal bulges and the bound GTP. (A) Comparison of 1D- 1H imino proton
(top) and 1H,15N-HSQC spectra (bottom) for the GTP-aptamer complex before (black) and 30
min after exchange of the sample into D2O (red). A box highlights the region of guanine residues
involved in G-quadruplex formation. The gray inset shows a 1D slice of a 1H,15N-HSQC spectrum
recorded for a sample containing 15N-GTP and unlabeled RNA 30min after exchange into D2O to
demonstrate that the imino proton of the bound ligand is also protected against exchange with the
solvent. (B) Overlay of the G-quadruplex imino group region of 1H,15N-HSQC spectra of the
GTP-aptamer complex prior to (black) and 30 min (red) or 4 h (yellow) after exchange of the
sample into D2O, respectively. The signal of the imino group of the bound GTP is indicated
by an arrow. The area shown corresponds to the boxed region in A. Resonances marked with
an asterisk (∗) correspond to guanine imino groups in G:U wobble base pairs. (C) Secondary
structure of the bipartite GTP–class V aptamer construct used for strand-selective labeling exper-
iments. A dashed line separates the 5′-strand (left) from the 3′-strand (right) of the RNA. The nu-
cleotides of the “lower bulge” are colored in green and those of the “upper bulge” in blue. (D)
Overlay of the G-quadruplex imino group region of 1H,15N-HSQC spectra of the GTP-aptamer
complex with those recorded for the bipartite RNA construct 15N-labeled in either the 5′-strand
(green) or in the 3′-strand (blue). The imino group signal for the bound GTP (arrow) is absent in
the spectra of the bipartite construct since in this experiment only unlabeled ligand was used. (E)
Secondary structure of the bipartite GTP–class V aptamer construct with the G61A, G62A double
mutation. (F) Comparison of 1D-1H imino proton spectra of the GTP-bound form of the WT–
class V aptamer (bottom), the bipartite aptamer construct with the WT sequence, and the G61A,
G62A double mutant aptamer (top). Note that in comparison to the WT aptamer, the bipartite
aptamer constructs both lack the apical UUCG tetraloop and therefore the diagnostic G imino
proton resonance at 9.6 ppm as well as a G:U base pair in the upper stem.
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According to the imino proton NOESY and 1H,15N-HSQC
data, the secondary structure of the class V aptamer is very
similar to the original proposal published by Szostak and co-
workers (Carothers et al. 2004) with two irregular asymmetric
bulge elements flanked by three double-helical elements con-
taining also G:U wobble base pairs (Fig. 1A). Thus, the G nu-
cleotides forming the quadruplex must be located in either
one or both of the two asymmetric bulge elements, which in-
deed contain highly conserved guanine residues. In experi-
ments with a bipartite aptamer construct consisting of two
separate strands (Fig. 4C), we labeled the guanine residues
of each of the two strands separately with 15N. 1H,15N-
HSQC spectrawere recorded for differentially labeled samples
bound to unlabeled GTP. These spectra revealed that two of
the slowly exchanging guanine residues involved in G-quad-
ruplex formation are located in the 5′-half of the aptamer in
the “lower bulge” (Fig. 4D, green) and five of them stem
from the 3′-half of the aptamer (Fig. 4D). The 3′-half of the
aptamer contains “unpaired” G-residues in the upper bulge
as well as in the lower bulge (G60, G61). However, a bipartite
aptamer construct where G60 and G61 were mutated to A
(Fig. 4E) bound GTP in a binding mode very similar to the
WT aptamer (Fig. 4F; Supplemental Fig. 8). Thus, G60 and
G61 do not play a role inGTP binding in agreement with their
lack of conservation.

In order to pinpoint the seven G-residues involved in the
formation of the intermolecular G-quadruplex with the li-
gand, we mutated individual G’s to A’s in both the lower
and the upper bulge and tested GTP binding of the mutants
by NMR spectroscopy and ITC experiments (Fig. 5). 1H-im-
ino proton spectra recorded for all mutants in the GTP-free
state (Supplemental Fig. 9) indicated that all mutants folded
into the appropriate secondary structure as judged from the
presence of the UUCG-tetraloop signature signal and the
amount of G and U imino proton signals with chemical shifts
typical for Watson-Crick base pairs. Individual G to A muta-
tions of either G12 or G13 in the “lower bulge” abrogated
GTP binding completely (Fig. 5; Supplemental Fig. 9).
Similarly, mutations of G42, G43, G46, or G47 in the “upper
bulge” lead to a complete loss of GTP binding (Fig. 5;
Supplemental Fig. 9). Thus, these six guanine residues are
very likely candidates for taking part in the G-quadruplex for-
mation. The G52A-mutant binds GTP similar to the WT
aptamer (Supplemental Fig. 9). The G40A and the G41A
point mutants still bind GTP at high concentrations but
the two mutations lead to an ∼1000-fold and an ∼300-fold
reduction in the GTP affinity of the aptamer, respectively.
Together with structural considerations, this points toward
G40 as the most likely candidate for the last remaining nucle-
otide of the G-quadruplex.

The participation of G residues located in both the “lower”
and the “upper” bulge in the formation of the G-quadruplex
with the GTP ligand suggests that the length but not the se-
quence of the central A-form helix separating these two bulg-
es should be critical for ligand binding. According to Szostak

and coworkers (Carothers et al. 2004), the sequence of the
central helix is not strongly conserved. We tested the influ-
ence of shortening and extending this helix by 1 or 2 bp on
GTP binding. Both the shortening and the extension of the
helix by 1 bp are well tolerated by the aptamer yielding to li-
gand affinities similar to theWT aptamer (Fig. 6; Supplemen-
tal Fig. 10). However, a shortening of the helix by 2 bp leads
to complete loss of GTP binding, whereas an extension of the
helix by 2 bp reduces the GTP affinity of the aptamer 2000-
fold (Fig. 6; Supplemental Fig. 10). The dependence of the
GTP affinity on the length of the central helix further sup-
ports the idea that nucleotides from both the “lower” and
the “upper” bulge participate in forming the GTP-binding
quadruplex.
In summary, we have shown here that the class V–GTP-

binding aptamer binds GTP with a ligand-binding mode
not observed in previously solved structures of either natural-
ly occurring or artificial guanine, guanosine, or guanosine
nucleotide binding RNAs. GTP is incorporated into a two-
layered G-quadruplex structure formed by 7 nt of the
aptamer and the ligand. The formation of this quadruplex
structure is highly dependent on the identity of the monova-
lent cation bound in the center of the quadruplex with a
strong preference for potassium ions. GTP binding through
incorporation in a G-quadruplex structure is also consistent
with the reported binding specificity of the class V aptamer
for GTP analogs (Carothers et al. 2006b). Thus, the class V
aptamer is another example of the recently growing list of

FIGURE 5. Mapping the guanine residues participating in ligand bind-
ing and intermolecular G-quadruplex formation by G to A point muta-
tions. Shown is the secondary structure of the GTP–class V aptamer.
Mutation sites that abolish binding completely are colored red (no
bdg. = no binding observable even in NMR experiments with an RNA
concentration of 150 µM and a 6.7-fold excess of GTP). Nucleotides
where mutation reduces the KD significantly are colored in orange,
and nucleotides that can be mutated without an effect on the GTP affin-
ity are colored green. Note that the KD’s for the G40A and G41A mu-
tants are in the µM range. The corresponding NMR and ITC data are
shown in Supplemental Figure 9.
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functional RNAs using G-quadruple structures as a ligand-
binding platform (Lauhon and Szostak 1995; Phan et al.
2011; Curtis and Liu 2013; Dolgosheina et al. 2014; Huang
et al. 2014; Warner et al. 2014). However, in contrast to the
genomic GTP aptamers characterized by Liu and coworkers
(Curtis and Liu 2013), in the GTP–class V aptamer, G-quad-
ruplex formation occurs only upon ligand binding. CD spec-
tra recorded for the genomic GTP aptamers suggest that there
the quadruplex structure is already preformed in the free
RNA. The topology of the intermolecular G-quadruplex in
the GTP–class V aptamer appears to be even more complex
than the one recently reported for the spinach aptamer
(Dolgosheina et al. 2014; Warner et al. 2014). In the spinach
aptamer, a number of noncanonical linker residues between
the guanine nucleotides lead to an unprecedented topology
for the connecting loops, but all eight guanine nucleotides
forming the two-layered quadruplex were located in a single
internal bulge of the RNA. In the case of the class V aptamer,
the RNA nucleotides contributing to quadruplex formation
are located in two internal bulges separated by an A-form he-
lical element. However, a full description of the fold of the
class V aptamer–GTP complex has to await a high-resolution
structure determination. Very recently, Li and coworkers re-
ported a unique type of G-quadruplexes in genomic DNA but
not RNA where one G-quartet layer misses one guanine (Li
et al. 2015). These quadruplexes, which they called “guanine
vacancy bearing G-quadruplexes” (“GVBQ”), bind external
GMP or GTP. GMP or GTP binding fills the vacant position
in the G-quartet layer missing one internal guanine residue
and thereby completes this quartet and stabilizes the entire
G-quadruplex. However, in their “GVBQs” the individual
G-tracts forming the quadruplex were connected directly to
each other by short linkers containing 3–7 nt. According to

our results, the GTP–class V aptamer
can be described as an RNA analog of
these “guanine vacancy bearing quadru-
plexes” with a more complicated topolo-
gy where the quadruplex is embedded in
a complex tertiary structure.

MATERIALS AND METHODS

Class V–GTP aptamer RNA was prepared by
in vitro transcription using T7 RNA polymer-
ase according to standard protocols previous-
ly described in detail (Duchardt-Ferner et al.
2010). For the transcription of the full-length
GTP aptamer, linearized plasmid was used as
a template. Split GTP aptamer and mutant
constructs were transcribed from synthetic
DNA oligonucleotides (Eurofins Genomics)
that were annealed to a T7-promotor primer
(Milligan et al. 1987). All RNAs were purified
by denaturing urea PAGE. For annealing split
RNA constructs, single strands at a concentra-
tion of 100 µM were heated to 90°C for 1 min

in a buffer consisting of 25 mM KPO4, 25 mM KCl, 2 mMMgCl2, 1
mMGTP, pH 6.3, followed by cooling to room temperature over∼5
min. All NMR measurements were performed using standard pulse
sequences and Bruker Avance 600, 700, 800, 900, and 950 MHz
spectrometers equipped with cryogenic probes at 10°C or 20°C.
Buffers for NMR measurements were K-phosphate buffer (25 mM
KPO4, 25 mM KCl, 2–5 mM MgCl2, pH 6.3), Na-phosphate buffer
(25 mM NaPO4, 25 mM NaCl, 2–5 mMMgCl2, pH 6.3), or NH4Cl
buffer (50 mM Bis-Tris/HCl, 50 mMNH4Cl, 5 mMMgCl2, pH 6.3)
unless noted otherwise. For the H/D-exchange experiments, NMR
samples prepared in aqueous buffer were lyophilized and subse-
quently dissolved in an equivalent volume of D2O.
ITC measurements were performed at 20°C in 2 mM MgCl2, 50

mM Bis-Tris/HCl, pH 6.5, and 50 mM of the respective salt (KCl,
NaCl, LiCl, TlNO3, or NH4Cl) using aMicroCal iTC200 calorimeter
(Malvern Instruments). For measurements involving TlNO3, Bis-
Tris/AcOH, pH 6.5, and Mg acetate were used instead of Bis-Tris/
HCl andMgCl2 due to the extremely low solubility of thallium chlo-
ride. Twenty to 48 µM of GTP aptamer were titrated with 200–350
µM GTP, power curves were integrated and corrected for a titration
of GTP into buffer. For GTP aptamer mutants with KD’s larger than
the WT, both the RNA and the GTP concentrations were increased
accordingly. The binding isotherms were fitted in Origin 7 using the
one-site binding model provided by Microcal.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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FIGURE 6. Influence of the length of the central helix on the GTP affinity of the aptamer. The
secondary structure of the aptamer is shown on the left. A gray box highlights the central helix.
The secondary structures of the shortened and extended helices are shown on the right with the
respective KD given below. Added base pairs are shown in red; gray base pairs were deleted in
the shortened constructs. “No bdg.” indicates that no binding is observable even in NMR exper-
iments with an RNA concentration of 150 µM and an excess of GTP (see Supplemental Fig. 10).
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