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Riboswitches are highly structured RNA elements that control the
expression of many bacterial genes by binding directly to small
metabolite molecules with high specificity and affinity. In Bacillus
subtilis, two classes of riboswitches have been described that
discriminate between guanine and adenine despite an extremely
high degree of homology both in their primary and secondary
structure. We have identified intermolecular base triples between
both purine ligands and their respective riboswitch RNAs by NMR
spectroscopy. Here, specificity is mediated by the formation of a
Watson–Crick base pair between the guanine ligand and a C
residue or the adenine ligand and a U residue of the cognate
riboswitch RNA, respectively. In addition, a second base-pairing
interaction common to both riboswitch purine complexes involves
a uridine residue of the RNA and the N3�N9 edge of the purine
ligands. This base pairing is mediated by a previously undescribed
hydrogen-bonding scheme that contributes to the affinity of the
RNA–ligand interaction. The observed intermolecular hydrogen
bonds between the purine ligands and the RNA rationalize the
previously observed change in specificity upon a C to U mutation
in the core of the purine riboswitch RNAs and the differences in the
binding affinities for a number of purine analogs.

base pairing � NMR � regulation of gene expression

R iboswitches have been identified as a new class of genetic
control elements that modulate gene expression in bacteria,

plants, and fungi (1, 2). Binding of small metabolite molecules to
these highly structured RNA domains, mostly found in the 5�
untranslated regions (UTRs) of mRNAs, induces an allosteric
rearrangement that results in the modulation of gene expression
(reviewed in refs. 3–5; Fig. 1A). Riboswitches are composed of
a ligand-binding domain and an expression platform that mod-
ulates either ribosome binding or transcription antitermination.
So far, riboswitches have been reported for a number of different
metabolites such as thiamine pyrophosphate, S-adenosylmethi-
onine, FMN, lysine, coenzyme B12, glucosamine-6-phosphate,
glycine (reviewed in refs. 3–5), and for the purine bases guanine
(6) and adenine (7). All riboswitches bind their respective targets
with high affinity and are able to discriminate even against very
closely related compounds. For example, the guanine-specific
riboswitch binds guanine with a Kd of �5 nM (6) but has no
affinity for adenine. Adenine binding to the adenine-sensing
riboswitch RNA is weaker with a Kd of �300 nM (7). Remark-
ably, adenine does not appear to be the optimal ligand for the
RNA, because 2,6-diaminopurine binds much tighter (Kd � 10
nM). Despite their different specificities, adenine- and guanine-
responsive riboswitches share a highly conserved primary and
secondary structure (7). The only significant difference is a
single nucleotide in the core of the riboswitch RNA (Fig. 1B)
conserved as a cytosine in all guanine-specific riboswitches and
as a uridine in the adenine-specific riboswitches (7). Upon
mutation of the cytosine to uridine, guanine-specific ribos-
witches no longer bind to guanine but to adenine instead. The
reverse is true for the adenine-specific riboswitches. This finding

has led to the proposal that Watson–Crick-type hydrogen bond-
ing between the ligand and the RNA at this position might be
responsible for the specificity of these riboswitches (7).

Groundbreaking recent work has demonstrated the capability
of NMR spectroscopy to solve the solution structures of RNAs
approaching the size of many of the riboswitches (8, 9). However,
NMR structure determination of RNAs in the size range of
70–100 nt often requires multiple selectively or segmentally
labeled (10) samples and works best for molecules that can be
subdivided into smaller domains that can be studied individually
before the whole molecule is tackled in a ‘‘divide and conquer’’
approach (8, 9). However, selective isotope labeling in biomo-
lecular complexes often allows the detailed characterization of
intermolecular interactions without the need for a full structure
determination even in very large complexes (11–13). In addition,
even in larger RNAs it is possible to characterize the secondary
structure or structural rearrangements (14–16) by directly
analyzing the hydrogen-bonding patterns. Hydrogen bonds in-
volving a NH-donor group and a nitrogen acceptor group can
be directly observed in 2hJNN-HNN-COSY experiments (17,
18) that correlates nitrogen atoms by through-hydrogen bond
2hJNN-couplings.

We therefore used NMR spectroscopy in conjunction with
appropriate isotope labeling of both the ligand and the RNA to
characterize the intermolecular interactions between the purine
ligands and the ligand-binding domains of the purine-responsive
riboswitch RNAs. Specifically, we investigated the binding of
guanine to the ligand-binding domain of the guanine-responsive
riboswitch residing in the 5� UTR of the xpt-pbuX-mRNA
(G-switch RNA) and the binding of adenine to the ligand-
binding domain of the adenine-responsive riboswitch residing in
the 5� UTR of the ydhL-mRNA (A-switch RNA), both from
Bacillus subtilis. By directly observing hydrogen bonds between
the ligand and the RNA, we show that in both cases a previously
undescribed intermolecular base triple is formed. In either
complex, an intermolecular Watson–Crick-type base pair be-
tween the purine ligand and the riboswitch RNA is responsible
for the selectivity of the ligand recognition, whereas a conserved
unusual base-pairing interaction involving the N3�N9 edge of
the purine ligand and a uridine of the riboswitch RNA contrib-
utes to the affinity of the interaction.

Materials and Methods
Preparation of Labeled Guanine and Adenine. 15N- and 13C,15N-
labeled guanine was prepared by heating commercially available
15N-GTP or 13C,15N-GTP (Silantes, Munich) in 1 M HCl for 120
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min at 373 K. The reaction mixture was cooled and neutralized
with a 1 M NaHCO3 solution. The precipitate was washed twice
with water and ethanol and dried. We prepared 13C,15N-labeled
adenine by heating commercially available 13C,15N-ATP (Silan-
tes) in 1 M HCl for 120 min at 373 K. The reaction mixture was
cooled, neutralized with a 1 M NaHCO3 solution, and fraction-
ated by HPLC on a preparative C18 column (Vydac, Hesperia,
CA, catalog no. 218TP510) equilibrated with water by employing
an acetonitrile gradient. Unlabeled guanine, adenine, and 2,6-
diaminopurine were purchased from Sigma.

Preparation of RNAs and RNA–Ligand Complexes. 15N- and 15N,13C-
labeled nucleotides were purchased from Silantes, and unlabeled
NTPs were purchased from Sigma. All RNAs were prepared by
in vitro transcription with T7 RNA polymerase from linearized
plasmid DNA templates. The RNAs were purified as described
in ref. 19 and finally exchanged into NMR buffer (25 mM KPO4,
pH 6.2�50 mM KCl) by using Centricon-10 microconcentrators
(Amicon).

For the formation of the guanine�G-switch RNA complexes,
a 25 �M stock solution of guanine in NMR buffer was mixed with
a 20 �M G-switch RNA solution in NMR buffer, and the mixture
was concentrated to NMR concentrations by using Centricon-10
microconcentrators (Amicon). The adenine�A-switch RNA
complex was prepared by adding small aliquots of a 5 mM stock
solution of 13C,15N-labeled adenine in NMR buffer to a 1 mM
A-switch RNA solution. The final concentration of the guanine-
and adenine–RNA complexes was �800–900 �M. The 2,6-
diaminopurine–RNA complex sample had a concentration of
120 �M.

NMR Spectroscopy. NMR experiments were performed on Bruker
DRX 600 MHz, AV 700 MHz, and AV 800 MHz spectrometers
equipped with cryogenic probes and z-axis gradients. All spectra
were processed and analyzed by using the Bruker NMRSUITE
(XWINNMR 3.5) and XEASY (20). NMR spectra were recorded in
90% H2O�10% D2O at a temperature of 283 K by using the
WATERGATE (21) water suppression scheme including water
flip-back pulses (22). 1H,15N-heteronuclear single quantum cor-
relation (HSQC)-, 2JHN-1H,15N-HSQC-, 1H,13C-HSQC-,
H(N)C-, and 15N-edited 2D- or 3D-NOESY experiments were
carried out by using standard pulse sequences (23). The 2hJNN-
HNN-COSY experiments were performed by using the pulse
sequence described in ref. 17 with the following modifications.
The 15N carrier frequency was kept at 153 ppm for the 1H,15N-
insensitive nuclei enhanced by polarization transfer steps and at
194 ppm during the NN-COSY step. The nitrogen 180°-square
pulses during the NN-COSY step were replaced by 2-ms adia-
batic smoothed CHIRP pulses (24). The 1H carrier frequency
was kept at the H2O resonance. A mixing time of 20 ms was used
for the NN-COSY transfer. A total of 512 scans per t1 time
increment were collected.

Results
Binding of Guanine to the G-Switch RNA. A 73-nt RNA correspond-
ing to the ligand-binding domain of the guanine-responsive
riboswitch in the 5� UTR of the xpt-pbuX-mRNA (G-switch
RNA) from B. subtilis was prepared by in vitro transcription in
either uniformly 15N-labeled form or in a cytosine-13C,15N-
labeled form. The RNA contains an extension of helix I to allow
efficient transcription and a mutation in helix II where an
unstable A:C base pair is replaced by a more stable Watson–
Crick base pair (Fig. 1B) as found in many of the homologous
sequences (ref. 6 and also Fig. 7, which is published as supporting
information on the PNAS web site). This RNA displays a well
resolved set of NMR signals in the imino region of a 1H,15N-
HSQC spectrum already in its free form (Fig. 1C, black). The
addition of a stoichiometric amount of unlabeled guanine led to
the appearance of new signals in the 1H,15N-HSQC spectrum
with proton chemical shifts in the region of 10–12 ppm and to
specific changes in the chemical shifts of other signals (Fig. 1C,
red). This result indicated the formation of a stable guanine–
RNA complex associated with a structural reorganization of the
RNA involving the formation of numerous noncanonical base
pairs. The 1H,15N-HSQC spectra of the wild-type RNA (WT-
G-switch) in complex with guanine indicated an identical overall
fold for the two complexes. Most importantly, the mutations in
helix II in the G-switch RNA did not perturb the chemical
environment of the bound guanine because the chemical shifts
of the ligand were the same in both complexes (Fig. 8, which is
published as supporting information on the PNAS web site).

Guanine free in solution exists as a mixture of different
tautomeric forms (25). Its nitrogen-bound protons are in fast
exchange with the solvent, and, therefore, their NMR signals
were not observable (data not shown). In contrast, the bound
guanine showed two signals in the imino region of a 1H,15N-
HSQC spectrum that could be observed selectively in a complex

Fig. 1. Guanine binding to the aptamer domain of the guanine-responsive
riboswitch derived from the 5� UTR of xpt-pbuX-mRNA in B. subtilis. (A)
Conformational change induced by guanine binding to the riboswitch accord-
ing to ref. 6. The ligand-binding domain is boxed. (B) Comparison of the
secondary structures of the G-switch (Left) and A-switch (Right) RNA ligand-
binding domains. Core residues conserved in all purine-binding riboswitch
sequences are indicated in green (6, 7). The nucleotide that is conserved as a
cytosine in all of the guanine-binding riboswitches and as a uridine in all of the
adenine-binding riboswitches is shown in red. Extra residues not found in the
original sequence and introduced to facilitate in vitro transcription are de-
noted in lowercase letters. Mutations in helical regions of the RNAs intro-
duced to stabilize the RNA secondary structure are shaded gray. (C) Overlay of
the imino regions of 1H,15N-HSQC spectra of the uniformly 15N-labeled G-
switch RNA in its free form (black) and bound to unlabeled guanine (red) at
283 K. (D) Imino region of an 1H,15N-HSQC spectrum of 15N-labeled guanine
bound to only cytidine-13C,15N-labeled G-switch RNA. In Inset, the numbering
scheme for purines is given with guanine as the example.
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of 15N-labeled guanine and only cytidine-13C,15N-labeled RNA
(Fig. 1D). By using HSQC- and HCN-type experiments and
chemical shift arguments (Fig. 9, which is published as support-
ing information on the PNAS web site) and in agreement with
the observed intermolecular nuclear Overhauser effects (NOEs)
(see below), these two signals were assigned to the H1N1 imino
group and the H9N9 group of guanine.

A Watson–Crick G:C Base Pair Between the Guanine Ligand and the
G-Switch RNA. The presence of two imino group signals for the
bound guanine already indicated that these sites must be pro-
tected from exchange with the solvent by hydrogen bonding in
the complex. The signal of the N1H1 imino group in the
Watson–Crick face of the bound guanine displayed proton and
nitrogen chemical shifts (12.3 and 146.3 ppm, respectively) that
were well within the typical chemical shift ranges for G:C
Watson–Crick base pairs found in RNA (23). A 2D-HNN-COSY
experiment recorded on a complex of 15N-labeled guanine and
only cytidine-13C,15N-labeled RNA yielded a single correlation
between the H1N1 imino group of the bound G and a cytidine
N3 nitrogen (Fig. 2A) as identified by its chemical shift of 197.3
ppm (26). Because of the labeling scheme used, this result

represents an intermolecular hydrogen bond, and the correlation
between the guanine H1N1 imino group and a N3 nitrogen of a
C demonstrates a Watson–Crick-type hydrogen bonding scheme.
In addition, the amino group of the bound guanine is involved
in a hydrogen bond because its two protons have distinct
chemical shifts (8.3 and 6.5 ppm; Fig. 2 A Inset). As expected for
a Watson–Crick G:C base pair, the H1N1 imino group of the
bound guanine shows strong NOE cross peaks to a cytidine
amino group in a 2D-15N-edited NOESY spectrum (Fig. 2 A
Inset).

Hydrogen Bonding to the N3 of the Bound Guanine. To characterize
additional intermolecular hydrogen bond interactions between
the bound guanine and the G-switch RNA, 2D-HNN-COSY
experiments were performed for complexes of uniformly 15N-
labeled RNA with either 13C,15N-labeled or unlabeled guanine.
In the first case, both intra- and intermolecular hydrogen bonds
could be observed, whereas in the latter case, only intramolec-
ular hydrogen bonds of the RNA were detectable. The compar-
ison of the two HNN-COSY spectra revealed a correlation
between an uridine H3N3 imino group of the RNA with a
nitrogen at 157.9 ppm for the complex containing the 13C,15N-
labeled guanine that was absent in the spectrum of the complex
with the unlabeled ligand (Fig. 3 A and B) and therefore must be
due to an intermolecular hydrogen bond. The 15N chemical shift
of 157.9 ppm identifies this nitrogen as the N3 of the bound
guanine (26), indicating the presence of an intermolecular
hydrogen bond with a uridine H3N3 imino group as the donor
group and the N3 nitrogen of guanine as the acceptor. Such a
hydrogen bond brings the donor uridine H3N3 imino group into
close proximity to both the guanine H9N9 imino and the guanine
amino group. Accordingly, strong NOEs are observable between
the uridine H3N3 imino group and the guanine H9N9 imino and
amino group (Fig. 3C).

For the H9N9 imino group of the bound guanine, no corre-
lation was observed in the HNN-COSY spectrum. Because the
protection from exchange with the solvent and the chemical
shifts strongly suggests that this group is also hydrogen bonded,
this finding indicated that in this case the hydrogen bond
acceptor was an oxygen rather than a nitrogen. Remarkably, the
formation of the hydrogen bond between the uridine H3N3
imino group of the RNA and the guanine N3 nitrogen positions
one of the uridine carbonyl groups near the guanine H9N9 imino
group (see below). An identical hydrogen-bonding pattern is
observed in HNN-COSY experiments for the WT G-switch
RNA bound to guanine (Fig. 10, which is published as supporting
information on the PNAS web site).

Intermolecular Hydrogen Bonds Between Adenine and the A-Switch
RNA. A 71-nt RNA corresponding to the ligand-binding domain
of the adenine-responsive riboswitch in the 5� UTR of the
ydhL-mRNA from B. subtilis (A-switch RNA) was prepared by
in vitro transcription in only uridine-13C,15N-labeled form. The
addition of 13C,15N-labeled adenine to this RNA resulted in
changes in the imino region of the 1H,15N-HSQC spectrum of the
RNA similar to those described for the G-switch RNA upon
addition of guanine. This result indicated the formation of a
stable adenine–RNA complex in slow exchange on the NMR
time scale (Fig. 11, which is published as supporting information
on the PNAS web site) in agreement with the published Kd for
the adenine–A-switch complex (7). One of the imino resonances,
only observable in the complex, was identified as the adenine
H9N9 imino group based on the chemical shifts of the directly
attached carbon atoms (Figs. 4A and 5A). The HNN-COSY
experiment performed with the complex of 13C,15N-labeled
adenine and only uridine-13C,15N-labeled A-switch RNA re-
vealed two correlations involving two uridine H3N3 imino
groups and the N1 and N3 nitrogens of the bound adenine,

Fig. 2. Watson–Crick-type hydrogen bonding between guanine and the
G-switch RNA. (A) Imino region of a HNN-COSY experiment using 13C,15N-C-
only labeled RNA and 15N-labeled guanine. The correlation between the
guanine H1N1 imino group and a cytosine N3 of the RNA is indicated by a
red dashed line. (Inset) Strip for the H1N1 imino group of guanine from
a 15N-edited-NOESY experiment. An asterisk denotes the diagonal signal.
(B) Hydrogen-bonding scheme for a Watson–Crick G:C base pair with the
observed hydrogen bond highlighted and arrows denoting the observed NOE
contacts that are typical for a Watson–Crick G:C base pair.
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respectively (Fig. 4). Therefore, two intermolecular hydrogen
bonds were formed. One corresponds to a Watson–Crick-like
hydrogen bond with the H3N3 imino group of uridine as the
donor and the adenine N1 nitrogen as the acceptor group. In the

second one, another uridine H3N3 imino group serves as the
donor group whereas the adenine N3 nitrogen is the hydrogen
bond acceptor group. Both uridine imino groups displayed
strong NOEs to the H2 proton of the bound adenine. In addition,
the uridine imino group hydrogen bonded to the adenine N3
showed a strong NOE to the adenine H9N9 imino group (Fig.
12, which is published as supporting information on the PNAS
web site).

Uridine C2 and C4 Carbonyl Groups as Hydrogen Bond Acceptors.
Despite being protected from exchange with the solvent and
therefore most likely hydrogen bonded, the adenine H9N9 imino
group showed no correlation in the HNN-COSY experiment,
strongly suggesting an oxygen as the likely hydrogen bond
acceptor for this group. Interestingly, hydrogen bonding between
the adenine N3 nitrogen and the uridine H3N3 imino group
brought one of the uridine carbonyl groups into close spatial
proximity to the adenine H9N9 imino group. The direct detec-
tion of hydrogen bonds with imino groups as the donor and a
carbonyl oxygen as acceptor is virtually impossible in larger
RNAs because of the very small size of the corresponding
3hJNCO- and 4hJNN-coupling constants (27, 28). However, the
uridine C2 and C4 carbonyl carbon chemical shifts themselves
are sensitive reporters of hydrogen bonding (29). The C2 and C4
carbonyl carbons of both uridines that form intermolecular
hydrogen bonds with the adenine have chemical shifts similar to
those for uridines involved in regular intramolecular Watson–
Crick A:U base pairs (Fig. 5A). This finding indicates that in both
uridines the C4 position is involved in a hydrogen bond, whereas
the C2 position is not. For the uridine that forms a hydrogen
bond with the N1 nitrogen of adenine, this result is in agreement
with the observed intermolecular Watson–Crick A:U base pair.
For the other uridine, this result implies its C4 carbonyl group
as the likely hydrogen bond acceptor for the adenine H9N9
imino group (Fig. 6A). In 2,6-diaminopurine, an amino group
replaced the proton attached to the 2 position of the adenine.
Therefore, 2,6-diaminopurine potentially could form two addi-
tional hydrogen bonds with the C2 carbonyl groups of the two
uridines (Fig. 6B). Accordingly, replacement of the adenine

Fig. 3. Hydrogen bonding between the N3�N9 edge of guanine and the G-switch RNA. (A) Imino region of a HNN-COSY experiment using uniformly 15N-labeled
RNA and 15N,13C-labeled guanine. The correlation between the guanine N3 nitrogen and a uridine H3N3 imino group of the RNA is highlighted with a red box.
The position of the H9N9 imino group signal of the bound guanine is also indicated. The signal for the guanine H1N1 imino group is overlapped with signals
of the RNA. (B) Region of a HNN-COSY experiment by using uniformly 15N-labeled RNA and unlabeled guanine. The correlation between the guanine N3 nitrogen
and a uridine H3N3 imino group of the RNA observed in A is absent. One-dimensional slices at a 1H chemical shift of 13.6 ppm are given for the two HNN-COSY
experiments in A and B to illustrate the signal-to-noise ratio in the two experiments. (C) Strip for the H9N9 imino group and the amino group of the bound
guanine from a 15N-edited-NOESY experiment with the assignment of intermolecular NOEs between the ligand and the U H3N3 imino group of the RNA. The
diagonal peaks are indicated with an asterisk. (D) Hydrogen-bonding scheme for the G:U base-pairing interaction with the observed hydrogen bond highlighted
in red and arrows denoting the observed intermolecular NOE contacts.

Fig. 4. Hydrogen bonding between adenine and the A-switch RNA. Imino
region of a HNN-COSY experiment using only uridine-13C,15N-labeled RNA and
15N,13C-labeled adenine. The correlations between two uridine H3N3 imino
groups of the A-switch RNA and the N1 and N3 nitrogens of the bound
adenine, respectively, are indicated by dashed lines. (Inset) Hydrogen-
bonding scheme for the intermolecular base-pairing interactions between
adenine and the A-switch RNA with the observed hydrogen bonds highlighted
and arrows denoting the observed NOE contacts.
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ligand with 2,6-diaminopurine caused chemical shift changes
toward higher ppm (Fig. 5B) for the C2 carbonyl groups of the
two uridines hydrogen bonded to the ligand, whereas the C2
carbonyl chemical shifts of the other uridines in the A-switch
RNA remained virtually unperturbed (Fig. 5B).

Remarkably, a similar hydrogen bonding scheme could be
envisioned for the amino group in the 2 position of the guanine
and the C2 carbonyl groups of the cytidine and the uridine that
forms intermolecular hydrogen bonds with the N3 nitrogen of
the ligand in the G-switch RNA (Fig. 6C). Accordingly, the C2
carbonyl of this uridine was shifted relative to the nonhydrogen-
bonded C2 carbonyl groups of uridines in regular Watson–Crick
base pairs toward higher ppm (data not shown).

Hydrogen Bonding to the N7 Nitrogen of the Ligand. No hydrogen
bonds between the RNA and the N7 nitrogen of the bound
purine ligands were detected in the HNN-COSY experiments.
Furthermore, no strong NOE crosspeaks between the H8 posi-
tion of the purine ligand and functional groups of the RNA were
observed (data not shown). We compared 1H,15N-HSQC spectra
of the G-switch RNA�guanine complex with spectra of G-switch
RNA bound to 7-deazaguanine. Despite the replacement of the

N7 nitrogen by a CH group, 7-deazaguanine still bound to
G-switch RNA, albeit with lower affinity (6), and in agreement
with the published binding constants formed a stable 1:1 com-
plex in slow exchange on the NMR time scale. The replacement
of the potential hydrogen bonding acceptor N7 with a CH group
should disrupt possible hydrogen bonds to this position. NH and
NH2 groups of the RNA hydrogen bonded to the N7 nitrogen
should become less protected against exchange with the solvent,
and, consequently, their NMR signals should broaden signifi-
cantly and shift to lower ppm values or even become undetect-
able. The comparison of the imino and amino regions of
1H,15N-HSQC spectra of G-switch RNA bound to either 7-dea-
zaguanine or guanine (Fig. 13, which is published as supporting
information on the PNAS web site) revealed the same number
of signals in both complexes with no obvious differences in line
width. A few signals of imino groups in Watson–Crick base pairs
experienced changes in their chemical shifts. However, these
signals were still within the chemical shift range of imino groups
in Watson–Crick base pairs. Thus, the replacement of the
nitrogen N7 with a CH group in 7-deazaguanine apparently does
not disrupt hydrogen bonds to RNA imino and amino groups.

Discussion
The ligand-binding domains of the guanine- and adenine-
responsive riboswitch RNAs bind to their respective ligands
guanine and adenine in a very similar manner. In both cases, two
base-pairing interactions were observed between the bound
purine and the riboswitch RNA. One was an intermolecular
Watson–Crick base pair: a G:C base pair in the case of guanine
bound to the guanine-responsive riboswitch and a A:U base pair
in the case of adenine bound to the adenine-responsive ribos-
witch. The other was a previously undescribed base-pairing
interaction between the N3�N9 edge of the purine ligand and a
uridine of the RNA displaying two intermolecular hydrogen
bonds between the H9N9 imino group and the N3 nitrogen of the
purine and the C4 carbonyl group and the H3N3 imino group of

Fig. 5. Carbonyl carbon chemical shifts as indicators of hydrogen bonds. (A)
A 2D-H(N)C spectrum of the only uridine 13C,15N-labeled A-switch RNA in
complex with 13C,15N-labeled adenine. The chemical shift ranges observed for
the C2 and C4 carbonyl groups of uridines in Watson–Crick A:U base pairs are
shaded in gray. The two uridines involved in intermolecular hydrogen bonds
with the ligand (dashed lines) have C2 and C4 chemical shifts close to those for
uridines involved in canonical Watson–Crick A:U base pairs. In addition, the
correlations between the H9N9 imino group and the C4 and C8 carbons of the
bound adenine are indicated. (B) Superimposition of the C2 carbonyl region
of 2D-H(N)C spectra of the only uridine 13C,15N-labeled A-switch RNA in
complex with either adenine (black) or 2,6-diaminopurine (red). The chemical
shift changes observed for the C2 carbons of the two uridines involved in
intermolecular hydrogen bonding with the ligand are indicated by arrows.

Fig. 6. Ligand recognition by an intermolecular base triple in the purine-
responsive riboswitches. (A) Intermolecular base-pairing interactions be-
tween adenine (red) and two uridines in the adenine-responsive riboswitch.
(B) Two additional hydrogen bonds in the complex between 2,6-diaminopu-
rine (red) and the adenine-responsive riboswitch. (C) Intermolecular base-
pairing interactions between guanine (red) and nucleotides of the guanine-
responsive riboswitch.
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a uridine residue in the RNA, respectively. The formation of an
intermolecular Watson–Crick base pair is the basis for the
discrimination between different purine ligands by the different
riboswitches. In contrast, in the base-pairing interaction of the
RNA with the N3�N9 edge of the ligand, a structural feature
common to both adenine and guanine was recognized by the
RNA. The combination of these two recognition elements
therefore rationalizes the previous finding (7) that a single C to
U mutation can switch the specificity of the guanine-sensitive
riboswitch to adenine and vice versa without being detrimental
to the affinity of the interaction. The observed base-pairing
scheme between the purines and the RNA also explains why, not
adenine itself, but the related 2,6-diaminopurine is the tighter
binding ligand for the adenine-responsive riboswitch RNA be-
cause the 2-amino group of 2,6-diaminopurine can form two
additional hydrogen bonds with two C2 carbonyl groups of the
RNA. A related argument can be made in the case of 2-amin-
opurine, which binds to the A-switch RNA with an affinity
similar to that of adenine (7). The loss of a Watson–Crick-type
hydrogen bond to the uridine due to the absence of the 6-amino
group in the ligand is compensated for by the formation of
additional hydrogen bonds involving the 2-amino group. Simi-
larly, the reduced binding affinity of hypoxanthine compared
with guanine to the guanine-responsive riboswitch can be at-
tributed to the absence of the 2-amino group in hypoxanthine.

Interestingly, in our experiments we could not detect inter-
actions between the Hoogsteen edge of the purine ligand and the
RNA. The Hoogsteen edges of guanine and adenine are differ-
ent from each other. Two hydrogen-bond acceptor groups (N7
and O6) are found there in guanine, whereas adenine possesses
a hydrogen-bond acceptor group (N7) and a hydrogen-bond
donor, the 6-amino group, at this position. Yet, only one
nucleotide systematically differs in the core sequences of gua-
nine- and adenine-specific riboswitches (6, 7): the one that is
involved in the formation of the intermolecular Watson–Crick
base pair with the ligand. If, however, the two purine ligands
interacted through their Hoogsteen edges with their respective
RNAs in a similar fashion, this interaction would require ad-
ditional systematic differences in the core sequences of the
guanine- and adenine-specific riboswitches. Such differences
have not been observed so far (6, 7). Alternatively, RNA–ligand

interactions involving the Hoogsteen edge of the bound purine
could be limited to the N7 position of the purine ring. The
HNN-COSY experiments and the experiments with the 7-dea-
zaguanine-bound G-switch RNA strongly suggest that no NH or
NH2 group is involved in hydrogen bonding to the N7 position
of the ligand. Therefore, the N7 nitrogen is either not recognized
by the RNA or, alternatively, forms a hydrogen bond with a
2�-OH group of the RNA. The higher affinity of the RNA
observed for guanine as compared with 7-deazaguanine (6)
favors the latter possibility.

The base-pairing scheme between the purine ligand and the
riboswitch RNAs described here has not been observed previ-
ously in any other RNA or RNA–ligand complex. The artificial
RNA aptamers for ATP that have a lower affinity for the ligand
do not interact with the adenine nucleotide through a classical
Watson–Crick base pair (30, 31). In the case of the xanthine�
guanine RNA-aptamer binding studies with analogues indicate
that neither the functional group in the 2 position nor the N3
nitrogen of the purine ring is relevant for binding (32). In the
guanosine-binding aptamer RNA, the N7 nitrogen of the Hoogs-
teen edge and the Watson–Crick face of the base appear to be
major determinants of affinity (33). Therefore, the unique
recognition mode for guanine and adenine of the guanine- and
adenine-sensitive riboswitch RNAs described here apparently
reflects the unique requirements for selectivity and affinity in
the cellular environment essential for performing the natural
regulatory functions of the riboswitches. In this respect, it is
particularly useful to use the H9N9 imino group of the purines
for binding because this group is not available for hydrogen
bonding in all of the nucleoside and nucleotide derivatives that
are abundant in the cell.

Note Added in Proof. The findings reported here are in agreement with
recent x-ray data of the hypoxanthine–G switch complex described by
Batey et al. (34) and of the guanine–G switch and adenine–A switch
complexes described by Serganov et al. (35).
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