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Structure of a natural guanine-
responsive riboswitch complexed
with the metabolite hypoxanthine

Robert T. Batey, Sunny D. Gilbert & Rebecca K. Montange

Department of Chemistry and Biochemistry, 215 UCB, University of Colorado,
Boulder, Colorado 80309, USA

Riboswitches are genetic regulatory elements found in the 5’
untranslated region of messenger RNA that act in the absence of
protein cofactors?. They are broadly distributed across bacteria
and account for the regulation of more than 2% of all genes in
Bacillus subtilis, underscoring their importance in the control of
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cellular metabolism®. The 5’ untranslated region of many mRNAs
of genes involved in purine metabolism and transport contain a
guanine-responsive riboswitch that directly binds guanine,
hypoxanthine or xanthine to terminate transcription**. Here
we report the crystal structure at 1.95A resolution of the
purine-binding domain of the guanine riboswitch from the
xpt—pbuX operon of B. subtilis bound to hypoxanthine, a preva-
lent metabolite in the bacterial purine salvage pathway. This
structure reveals a complex RNA fold involving several phylo-
genetically conserved nucleotides that create a binding pocket
that almost completely envelops the ligand. Hypoxanthine func-
tions to stabilize this structure and to promote the formation of a
downstream transcriptional terminator element, thereby provid-
ing a mechanism for directly repressing gene expression in
response to an increase in intracellular concentrations of
metabolite.

The remarkable ability of artificially selected RNA ‘aptamers’ to
bind practically any imaginable ligand>® has been harnessed to
engineer RNA-based biosensors and molecular machines that
respond to environmental cues’. These approaches hold consider-
able promise for real-life applications®. Yet, nature has preceded
these efforts, as illustrated by naturally occurring RNA sensors,
called ‘riboswitches’, that directly control gene expression through
their ability to bind various small-molecule metabolites"*. These
sensors are exemplified by the guanine-responsive riboswitch that
controls the transcription of genes associated with purine metabo-
lism in numerous bacterial species’. The predicted secondary
structure of this motif consists of three helices (P1-P3) that
surround a three-way junction (Fig. la), with phylogenetically
conserved nucleotides located in the junction and loops. Immedi-
ately downstream of the guanine-binding domain in the mRNA is
the switching domain (Fig. 1b), which has been proposed to control
gene expression by forming either a terminator or an antiterminator
element, depending on whether metabolite is bound™*.

To understand how this natural biosensor functions, we have
solved by X-ray crystallography the structure of the guanine-
binding domain bound to hypoxanthine (Supplementary Table S1
and Supplementary Fig. S1), a biologically relevant ligand of the
guanine-responsive riboswitch. In the hypoxanthine-bound state,
the RNA adopts a three-dimensional fold in which the terminal
loops (L2 and L3) form a series of interconnecting hydrogen bonds
(see pairing scheme in Fig. 1a) to bring the P2 and P3 helices parallel
to each other (Fig. 1¢, d). Unfavourable electrostatic interactions, a
result of the juxtaposition of regions of the ribose-phosphate
backbone, are neutralized through the binding of several cations
between the two backbones (Supplementary Fig. S2). Anchoring the
global helical arrangement of the RNA are numerous tertiary
contacts around the three-way junction, dominated by the J2/3
loop (Fig. 1c) interacting with bound hypoxanthine, the P1 helix,
and the J1/2 and J3/1 loops.

The purine-binding pocket is created by conserved nucleotides in
and around the three-way junction element. These nucleotides help
to define the purine-binding pocket through the formation of two
sets of base triples above and below (Fig. 1a). The 3' side of the
pocket is flanked by a water-mediated U22—-A52-A73 base triple and
an A23-G46-C53 triple; in both cases, the Watson—Crick face of the
adenosine interacts with the minor groove of a Watson—Crick pair
(Fig. 2a). The other side is created by sequential base triples between
conserved Watson—Crick pairs at the top of helix P1 (U20-A76 and
A21-U75) and the Watson—Crick faces of U49 and C50, respectively,
which fasten the J2/3 loop to the P1 helix. This extensive use of base
triples to create a ligand-binding site is very similar to in vitro
selected RNA aptamers that recognize planar ring systems, as
exemplified by the structures of the theophylline’, FMN'" and
malachite green'' binders. Thus, artificially selected RNAs use
some of the same principles for creating binding sites for small-
molecule ligands as their naturally occurring counterpart.
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Hypoxanthine is bound through an extensive series of hydrogen
bonds with nucleotides U22, U47, U51 and C74 (Fig. 2b), forming a
base quadruple that stacks directly on the P1 helix. The structure
clearly shows that the mRNA contacts all of the functional groups in
the ligand, thereby explaining the specificity for hypoxanthine
observed in biochemical studies’. In addition, guanine binding
can be readily rationalized, because there is room in the structure
to accommodate an exocyclic amine at the 2-position of the bound
purine. This additional functional group can form hydrogen bonds
with the carbonyl oxygens at the 2-position of C74 and U51,
consistent with the tenfold higher affinity of this riboswitch for
guanine over hypoxanthine’.

One of the most marked features is how the ligand is almost

completely enveloped by the RNA (Fig. 2¢): 97.8% of the surface of
hypoxanthine is inaccessible to bulk solvent in the complex. The
almost complete use of a ligand for recognition by an RNA is
unprecedented among structurally characterized aptamers,
although selection strategies that do not involve immobilization
of the ligand on a solid support'* hold promise for the development
of RNAs that are capable of a similar degree of ligand burial. This
finding also implies that the local binding site must undergo a
substantial conformational change upon ligand binding, because it
is not possible for hypoxanthine to gain access to a preformed
binding site, which is a common feature of many RNA-ligand
interactions'>'. Finally, this mode of purine recognition also easily
explains its ability to change specificity from guanine to adenine
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Figure 1 Secondary and tertiary structures of the guanine riboswitch—hypoxanthine
complex. a, Left, secondary structure of the xpt—pbuX guanine-binding domain of the
guanine riboswitch of B. subtilis®. Nucleotides conserved in more than 90% of known

guanine riboswitches are shown in red; the numbering is consistent with that of the full-

length mRNA. Coloured boxes correspond to structural features shown in Figs 2 and 3
Right, tertiary architecture of the hypoxanthine-bound form. Key tertiary interactions

between the loops are shown as thick broken lines; a water-mediated triple is indicated by
the circled ‘w’. b, Gene repression by the guanine riboswitch inthe 5" untranslated region
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used to form antiterminator

Ji/2

of mRNA. Initial transcription generates a binding domain that is primed to bind guanine
(G) rapidly if it is at a sufficiently high concentration. Hypoxanthine (HX, top right) stabilizes
the guanine-binding domain and particularly the P1 helix, forcing the mRNA to form a
terminator element that halts transcription. In the absence of ligand (bottom right), an
antiterminator forms, facilitating continued transcription. ¢, Ribbon representation of the
three-dimensional structure of the RNA-hypoxanthine complex. The hypoxanthine ligand
is shown in red, with its surface represented by dots. d, Top view of the complex,
emphasizing the close packing of the P2 and P3 helices.
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Figure 2 Recognition of hypoxanthine (HX) by the guanine-binding domain. a, Stereo view
of the hypoxanthine-binding pocket in the three-way junction. b, Hydrogen-bonding
interactions (grey broken lines) between hypoxanthine and the RNA. The final model
(shown in stick representation) is superimposed on a simulated annealing 2F,—F. omit

through a single point mutation at nucleotide 74 from cytosine to
uracil>". Although the Watson—Crick pairing preference changes
from guanine to adenine, the other interactions between the purine
and the RNA are unchanged.

The tertiary architecture is stabilized through a unique loop—loop
interaction capping helices P2 and P3 that is defined by two
previously unobserved types of base quadruple. Each quadruple
comprises a Watson—Crick pair with a noncanonical pair docked
into its minor groove (G38-C60 and G37—C61 interacting with the
A33-A66 and U34-A65 pairs, respectively; Fig. 3a). This arrange-
ment bears a strong similarity to how adenosines pack into an
A-form helix in the commonly found type I/Il A-minor triple
motif'®'”. Mutation of any one of these eight nucleotides would
disrupt the intricate hydrogen-bonding network that cements the
core of the loop—loop interaction, explaining their strict phylo-
genetic conservation. Stacked on these quadruples are two non-
canonical pairs, including a side-by-side interaction between G62
and U63 akin to the A-platform motif'® and the bulged-G motif"

Table 1 Thermodynamic parameters for hypoxanthine binding at 30°C

MgCl, (mM) Kg (pM)* AH g (kcalmol ™ 1)* AS gps (calmol ™' K™
20 0.732 + 0.034 —33.5+0.43 -82
5.0 1.34 + 0.094 —-28.4 +0.48 —-67
1.0 2.99 +0.19 —35.4 +0.93 -91
0.25 4,00 +0.19 —41.9 + 0.39 -113
ot ND ND ND

*The reported errors represent the s.e.m. of the nonlinear least squares fit to the data. ND, no
detectable binding.
1 This reaction contained 2 mM Na,-EDTA.
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map (orange cage), in which the atoms shown were excluded from the map calculation.
¢, Molecular surface representation of the binding pocket of the guanine riboswitch bound
to hypoxanthine (left), compared with the theophylline-binding aptamer bound to
theophylline® (centre) and the £. coli purR repressor bound to hypoxanthing? (right).

(Fig. 3b). The G62-U63 pair is further stabilized through hydrogen
bonding to the backbone of the opposite loop.

The interaction between the two terminal loops is essential for
ligand binding by the guanine riboswitch. Differences in the
stability of the RNA in the absence and presence of guanine, as
determined by in-line probing experiments’, indicate that this
element of the RNA tertiary structure forms independently of
guanine or hypoxanthine. Replacement of the wild-type loops
with stable UUCG tetraloops® (Supplementary Fig. S3), which
eliminates the tertiary interaction, abolishes the ability of the
riboswitch to recognize hypoxanthine; this shows that it is crucial
for promoting a high-affinity interaction (Fig. 4). Thus, although
this tertiary interaction does not contact the ligand directly, it is
significant in globally organizing the riboswitch for purine recog-
nition. Similarly, natural sequences of various hammerhead ribo-
zymes contain loop—loop interactions that significantly accelerate
their rate of cleavage under physiological conditions*"**. In each,
the tertiary interaction constrains the RNA in a way that allows the
three-way junction containing the functional site to respond to
physiological concentrations of ligand or Mg*" ions.

In high Mg** ion concentrations (20 mM MgCl,), the guanine
riboswitch has a very high affinity for guanine and hypoxanthine
(an observed dissociation constant (K4) of 5nM and 50 nM,
respectively)®. In Escherichia coli, however, repression of transcrip-
tion of the xpt—pbuX operon by the purR repressor occurs in
response to 1-10 .M concentrations of purine. To determine
whether the riboswitch responds to similar concentrations of
purine, which probably reflect physiological levels, we determined
its affinity for hypoxanthine by isothermal titration calorimetry at
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Figure 3 Stabilization of the tertiary architecture. a, One of two base quartets that form
the core of the loop—loop contact. The carbon atoms are coloured as in Fig. 1. b, Side view
of the loop—loop interaction, emphasizing the arrangement of base pairs and quartets.
The bases of the quartet shown in a are coloured blue, with the hydrogen bonding
between A65 and U34 shown for orientation; the bases of the other quartet are
coloured green. The A35-A64 pair is shown in yellow, with hydrogen bonds emphasizing
its interactions with the 2’ -hydroxyl group of U34. The capping G62-U63 pair is shown in
red.

varying ionic conditions (Table 1). At a more physiological ionic
strength (0.25-1mM Mg?"), the RNA showed an affinity for
hypoxanthine (observed K4 = 3—4pM) similar to that of the
purR repressor protein (observed Kq = 9pM for the E. coli var-
iant®). Thus, both RNA- and protein-based regulatory mechanisms
seem to be tuned to respond to similar concentrations of intra-
cellular metabolite. It has been also noted, however, that control of
the related adenine riboswitch in vivo may be driven in part by the
rate of ligand association with the riboswitch, complicating the
relationship between intracellular ligand concentration and gene
control*.

The structure further indicates how RNA directly transduces
intracellular metabolite concentration into changes in gene
expression through a proposed Rho-independent transcriptional
regulation mechanism™*. Transcription of the initial ~90 nucleo-
tides results in the formation of the guanine-binding domain, with
the L2 and L3 loops interacting to begin to form the tertiary
structure of the RNA (Fig. 1b). This partially organizes the three-
way junction motif for efficient ligand binding, although the
junction must be unstructured to some degree to allow access of
the purine to the binding pocket. At sufficiently high concentrations
of guanine or hypoxanthine, the nucleobase binds the pocket,
stabilizing the short P1 helix through stacking interactions
and base triples with J2/3 and preventing incorporation of P1
nucleotides into an antiterminator element. The mRNA can
then form a classic Rho-independent terminator stem-loop, and
transcription stops. By contrast, in low intracellular concentrations
of guanine or hypoxanthine, the 3’ side of the isolated P1 helix
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Figure 4 Estimation of the affinity of the riboswitch for hypoxanthine. Shown are the
isothermal titration calorimetry curves for the wild-type guanine-binding domain (a)
and for the guanine-binding domain lacking the tertiary interaction (b) with
hypoxanthine at 30 °C in buffer containing 10 mM K*-HEPES (pH 7.5), 100 mM KCI and
5mM MgCl,.

is readily conscripted to form a stable antiterminator element,
facilitating continued transcription. Thus, hypoxanthine is the
keystone for the riboswitch, enabling the riboswitch to direct
mRNA folding along two different pathways through its ability to
stabilize one conformation over another, resulting in an effective
biosensor of intracellular guanine, hypoxanthine and xanthine
concentrations. ]

Methods

Crystals

We synthesized and purified RNA by a native affinity-tag purification method* and
exchanged it into a buffer containing 10 mM K*-HEPES (pH 7.5) and 1 mM
hypoxanthine. Crystals were grown by mixing this solution in a 1:1 ratio with mother
liquor (containing 25% PEG 3,000 (w/v), 200 mM ammonium acetate and 10 mM cobalt
hexamine) and incubating it for 2-3 weeks at room temperature.
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Data collection and processing

A single wavelength anomalous diffraction experiment was carried out at the CuKa
wavelength on crystals cryoprotected in mother liquor plus 25% 2-methyl-2,4-
pentanediol; clear diffraction was observed to at least 1.8 A resolution. We indexed,
integrated and scaled the data using D*TREK?, identified heavy atom sites with SOLVE®,
and carried out refinement with CNS?*’ to obtain a model with final R ., and R g values of
17.8% and 22.8%, respectively. The model contains all RNA atoms except A82, for which
electron density was not observed, along with the hypoxanthine ligand. For additional
experimental details and references, see Supplementary Information.
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corrigendum

The genome of Cryptosporidium
hominis

Ping Xu, Giovanni Widmer, Yingping Wang, Luiz S. 0zaki, Joao M. Alves,
Myrna G. Serrano, Daniela Puiu, Patricio Manque, Donna Akiyoshi,
Aaron J. Mackey, William R. Pearson, Paul H. Dear, Alan T. Bankier,
Darrell L. Peterson, Mitchell S. Abrahamsen, Vivek Kapur, Saul Tzipori
& Gregory A. Buck

Nature 431, 1107-1112 (2004).

The GenBank accession number was supplied incorrectly as
AAEL000000. The sentence should have read: ‘The sequences
reported in this paper have been deposited in GenBank under the
project accession number AAEL00000000.. In addition, the received
date should have been 14 March 2004. O
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