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Abstract: To ensure appropriate metabolic regulation, ribo-
switches must discriminate efficiently between their target
ligands and chemically similar molecules that are also present
in the cell. A remarkable example of efficient ligand discrim-
ination is a synthetic neomycin-sensing riboswitch. Paromo-
mycin, which differs from neomycin only by the substitution of
a single amino group with a hydroxy group, also binds but does
not flip the riboswitch. Interestingly, the solution structures of
the two riboswitch–ligand complexes are virtually identical. In
this work, we demonstrate that the local loss of key intermo-
lecular interactions at the substitution site is translated through
a defined network of intramolecular interactions into global
changes in RNA conformational dynamics. The remarkable
specificity of this riboswitch is thus based on structural
dynamics rather than static structural differences. In this
respect, the neomycin riboswitch is a model for many of its
natural counterparts.

Riboswitches are structured RNA elements that are mostly
located in the 5’-untranslated regions of bacterial mRNAs.
Upon binding to specific small-molecule ligands, they regu-
late gene expression at the level of transcription, translation,
or RNA processing.[1]

Riboswitches constitute key nodes of metabolic regula-
tion for controlling the cellular homoeostasis of coenzymes,

signaling molecules, protein and nucleic acid building blocks,
and ions. To ensure appropriate regulatory responses in
a cellular environment, riboswitches must be able to discrim-
inate efficiently between their cognate ligands and chemically
similar molecules, even in situations where the latter are
present in higher concentrations or when the structural
differences between cognate and non-cognate ligands are
very small.

In some cases, X-ray structures of riboswitch–ligand
complexes directly reveal how the ligand binding pocket
imposes strict steric restrictions to prevent the accommoda-
tion of ligand derivatives with even slight chemical/structural
modifications.[2] However, in other cases, cognate and non-
cognate ligands bind in a very similar manner and induce very
similar tertiary structures in the bound RNA, despite differing
strongly in their regulatory potency.[3]

In this study, we investigated the mechanism of ligand
discrimination by the synthetic neomycin riboswitch with
atomic resolution (Figure 1a).[4] In S. cerevisiae, this ribo-
switch represses translation initiation in response to the
aminoglycosides neomycin (NEO) and ribostamycin (RIO).[4]

However, it is regulatory inactive in the presence of
paromomycin (PAR; Figure 1b), which differs from NEO
only by the replacement of a single amino group at position 6’
with a hydroxy group (Figure 1 c). Isothermal titration
calorimetry shows that the riboswitch binds NEO with high
affinity (Kd = 10.0� 2.0 nm), whereas the affinity for PAR is
significantly lower (Kd = 5.1� 0.3 mm ; Figure S1 in the Sup-
porting Information). The replacement of one NH3

+ group
with an OH group thus results in an approximately 500-fold
discrimination between these two ligands.

In order to understand the molecular basis for the
remarkable ligand specificity of the neomycin riboswitch,
we solved the structure of its complex with the regulatory-
inactive ligand PAR by high-resolution solution NMR
spectroscopy. We compared it to the structure of the
regulatory-active RIO complex, which we solved previously
and re-refined in the course of this work (see the Supporting
Information).[5] Compared to NEO, RIO lacks ring IV
(Figure 1c). However, the riboswitch forms structurally and
dynamically very similar complexes with both regulatory-
active ligands.[5b]

The high-resolution structure of the PAR–riboswitch
complex (PDB ID 2MXS, Table S2 and Figure S2 a in the
Supporting Information), solved de novo to avoid potential
model bias, superimposes very well with the structure of the
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RIO complex (RMSD: ca. 0.5 è; Figure 1 d and Figure S2 b),
which is in agreement with very similar NOE cross-peak
patterns and chemical shifts (Figures S3–S5). In both com-
plexes, the two helical stems of the riboswitch RNA form one
continuous A-form helix with stacking between the G5:C23
and G9:C22 base pairs, intersected by an internal loop
consisting of C6 and the flexible nucleotides U7 and U8
(Figure S6). The apical loop (U14–U18) folds into a U-turn
motif (U14–A16) entwined with a looped-out base motif
(A16–U18), with A17 forming a flap on top of the ligand. The
two ligands bind in a similar manner (Figure 1e Figure S5). In
particular, the 6’ moiety of the ligand is located at a very
similar position, close to the hinge region between the lower
and the upper helical stems (Figure 1e), in both complexes. In
the regulatory-active RIO complex, the positively charged[6]

6’-NH3
+ group of RIO forms intermolecular hydrogen bonds

with the 4-CO group of U10 and the negatively charged
backbone phosphate group of G9 (Figure 2a, b), as well as
intermolecular electrostatic interactions with the N7 moieties
of G9 and A17. This is illustrated by the downfield shift of the
signal for the 4-CO of U10[7] (Figure S7 a) and the upfield
shifts of the N7 resonances[8] of both G9 and A17 (Figure 2c).

For the regulatory-inactive PAR complex, quantitative 1D
31P-{1H}-spin-echo experiments[10] reveal a through-hydrogen-
bond scalar h2JH,P coupling for the G9 phosphate group
(Figure 2b), which is in agreement with a hydrogen bond to
the PAR 6’-OH group. The resonances for the 4-CO group of
U10 and the N7 moieties of G9 and A17 are shifted to

characteristic non-hydrogen-bonding positions (Figure 2c
and Figure S7 a). Thus, in contrast to the 6’-NH3

+ group of
RIO, the 6’-OH group of PAR contributes only one inter-
molecular interaction. The absence of an interaction between
the ligand and N7 of A17 in the PAR complex has additional
consequences. The nucleobase of A17, which is rigid on all
time scales in the RIO complex (Figure 2d and Figure S6),
displays motions on a ms time scale in the PAR complex
(Figure 2d). The increased flexibility of the A17 nucleobase
in the PAR complex is mirrored by an increased flexibility of
the sugar moiety of A17 (Figure 2e and Figure S7 b). Fur-
thermore, the nucleobase of C6 from the internal loop is
stably stacked on the A17 nucleobase in the RIO but not in
the PAR complex (Figure S7 c).

Surprisingly, the local loss of intermolecular interactions
involving the 6’ group of the ligand does not only lead to local
differences in RNA dynamics between the active and inactive
complex. Apparent imino proton solvent exchange rates
(Figure 3a, Figure S8 and Table S4) show that apart from the
U10:U21 base pair in the binding site, remote parts of the
RNA are also destabilized in the PAR complex compared to
the RIO complex. At 30 88C, the imino protons of the U13:U18
base pair and U14 in the apical loop, which is connected to the
ligand binding site through A17, show significantly higher
exchange rates in the PAR complex. Correspondingly, when

Figure 1. a) Secondary structure of the free and ligand-bound neo-
mycin riboswitch. Residues involved in ligand binding are shown in
red. b) Gene regulatory activity of the neomycin riboswitch in a GFP
reporter gene assay in S. cerevisiae in the absence (black) or presence
(white) of 100 mm NEO, RIO, or PAR. c) Structures of neomycin
(NEO), paromomycin (PAR), and ribostamycin (RIO). The 6’ moieties
are highlighted in red. d) Overlay of the 3D structures of the RIO–
riboswitch (RNA in black; ligand carbons in yellow) and PAR–
riboswitch (RNA in gray; ligand carbons in green) complexes. Ligand
oxygen and nitrogen atoms are colored according to atom type.
e) Binding pocket of the RIO–riboswitch (black) and PAR–riboswitch
(gray) complexes. Hydrogen bonds are indicated by red lines; color
scheme as in (d). The 6’ moiety is indicated by a red arrow.

Figure 2. a) Spatial arrangement of RNA hydrogen bonding or electro-
static interactions in the vicinity of the 6’-NH3

+ moiety in the RIO
complex. Distances between the amino nitrogen and the acceptor
groups are given. b) Section of quantitative 31P-{1H}-spin-echo spectra
for the RIO (left) and PAR (right) complexes. Resonance assignments
are given. The 1H-decoupled reference experiments are shown in black,
the coupling-attenuated cross experiments in red. c) Overlay of the N7
section of long-range 1H-15N HSQC spectra of the RIO (black) and
PAR (gray) complexes. Purine H8/N7 correlations are assigned by
residue name. Adenine H2/N1 correlations are labeled accordingly. For
residues displaying strong chemical shift differences between the
complexes, the resonances are labeled in red. d) “On-resonant spin-
lock” dependent 13C R11 relaxation dispersion profiles of C8 of A17 for
the RIO (black) and PAR (gray) complexes. e) H1’/C2’ cross-peaks
from HCCH-TOCSY-CCH-E.COSY spectra[11] of A17 of the RIO (left)
and PAR (right) complexes. 3JH,H values extracted from the peak shifts
in the proton dimension are indicated.
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the interaction between the ligand 6’ group and N7 of A17 in
the RIO complex is prevented by an A17C mutation, this also
leads to destabilization of the entire apical loop and
a significant subsequent reduction in regulatory activity
(Figure S9).

Moreover, 13C R11 relaxation rates for the PAR complex
show a notable spin-lock field-strength dependence, not only
for residues in the ligand binding site but also for U4 and G5
in the lower stem and U18 in the apical loop, thus suggesting
the presence of ms to ms conformational exchange processes
(Figure 3b, green). In contrast, for all residues of the RIO
complex, no dependence of the R11 relaxation rates on the
spin-lock field strength[9] is found, which is in line with
a uniformly rigid structure (Figure 3b, yellow). Notably, the
observed conformational exchange processes represent the
dynamics of the bound state and are not due to ligand
dissociation, since the corresponding kex rate constants
obtained for selected residues (Figure S10) are much larger
than any expected exchange contributions owing to ligand
dissociation kinetics (see the Supporting Information). The
latter process should also affect all residues in the binding
pocket and the apical loop uniformly.

In summary, we conclude that the ligand specificity of the
synthetic neomycin riboswitch is encoded at the level of
structural dynamics. While an inactive ligand can induce the
same average structure of the riboswitch, the absence of
specific intermolecular interactions leads to local destabiliza-
tion within the ligand binding site, which is then propagated
into different structural elements of the riboswitch (Fig-
ure 4a).

The ability of an active ligand to stably connect all
structural elements of the riboswitch immediately suggests

a mechanism for its gene regulatory activity in vivo (Fig-
ure 4b): The free neomycin riboswitch—the regulatory
ON state—adopts a weak hairpin structure consisting of two
helical stems separated by an internal bulge (see Figure 1a).
This structure can be easily dissolved by the scanning small
ribosomal subunit (Figure 4b, top).[12] Binding of active as
well as inactive ligands induces an elongation of the upper
stem and coaxial stacking of the two stems. In complex with
an active ligand, the neomycin riboswitch forms a continu-
ously stabilized OFF-state structure, which offers steric
resistance to the scanning small ribosomal subunit (Figure 4b,
middle). In contrast, binding of an inactive ligand fails to
stably connect the different structural elements of the neo-
mycin riboswitch, thus resulting in a destabilized OFF-state
complex, which can still be dissolved (Figure 4b, bottom). In
addition, the faster koff (Figure S11) for the inactive ligand
reduces the lifetime of the ligand-bound state and increases
the chance of the ribosome encountering a ligand-free
riboswitch.

The small synthetic neomycin riboswitch shows a remark-
able ability to discriminate between ligands differing only in
a single functional group, which is comparable to the
discriminatory power of structurally more complex natural
riboswitches. Given that ligand-mediated coupling of separate
structural domains appears to be a common feature for the
interaction of riboswitches with their cognate ligands,[13]

similar dynamics-based discrimination mechanisms may well
be responsible for the ability to discriminate between the
cognate ligands and closely related compounds in many other
riboswitches.
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