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Abstract

Purine riboswitches play an essential role in genetic regulation of bacterial metabolism. This
family includes the 2’-deoxyguanosine (dG) riboswitch, involved in feedback control of
deoxyguanosine biosynthesis. To understand the principles that define dG selectivity, we
determined crystal structures of natural Mesoplasma florum riboswitch bound to cognate dG, as
well as non-cognate guanosine, deoxyguanosine monophosphate and guanosine monophosphate.
Comparison with related purine riboswitch structures reveals that the dG riboswitch achieves its
specificity by modifying key interactions involving the nucleobase and through rearrangement of
the ligand-binding pocket, so as to accommodate the additional sugar moiety. In addition, we
observe novel conformational changes beyond the junctional binding pocket, extending as far as
peripheral loop-loop interactions. It appears that re-engineering riboswitch scaffolds will require
consideration of selectivity features dispersed throughout the riboswitch tertiary fold, and that
structure-guided drug design efforts targeted to junctional RNA scaffolds need to be addressed
within such an expanded framework.

Untranslated mRNA regions, termed riboswitches, provide feedback modulation of gene
expression by adopting alternative conformations in the presence or absence of cellular
metabolites in all domains of lifel:2. Riboswitch selectivity is entirely programmed in the
metabolite-sensing domains of riboswitches, which form three-dimensional structures that
specifically bind to cognate small molecule ligands and direct the folding of adjacent
expression-controlling elements3. Riboswitches typically utilize distinct folds to bind to
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different metabolites in order to ensure the high specificity required for a precise and fast
response?. The requirement for high selectivity causes nucleotides involved in ligand
recognition and structure formation to be highly conserved even among distantly related
species?. However, ongoing studies keep identifying cases where the same metabolite can be
recognized by more than one riboswitch fold, either sharing common elements® or being
structurally distinct®°,

The crucial role of riboswitches in gene expression circuits in bacterial species, including
pathogens, demands an understanding of the molecular mechanisms of riboswitch function.
Structural studies constitute the initial step to providing a molecular foundation for the
design and implementation of mechanistic experiments. The majority of previous structural
studies concentrated on distinct riboswitch classes, while structurally related riboswitches
received less attention. Nevertheless, related riboswitches within a distinct class represent an
excellent platform for extracting precise information on riboswitch folding, small molecule
binding, and mechanisms of genetic control. Structure-function relationships are most
intriguing within the purine riboswitch family10, whose representatives, the adeninel?,
guaninel? and 2’-deoxyguanosine (dG)13 riboswitches, face the serious challenge of
discriminating between different purine ligands using related RNA folds. X-ray
structures?415 revealed virtually identical three-dimensional folds for adenine and guanine
riboswitches that consist of a regulatory helix P1 connected to hairpins P2-L2 and P3-L3
and stabilized by tertiary loop-loop interactions (Fig. 1a). To discriminate between the
binding of adenine or guanine, these riboswitches form Watson-Crick base pairs between the
purine ligands and uridine or cytidine residues located within the junctional corel4-16, The
dG riboswitch carries nucleotide changes in otherwise conserved positions of the core and
possesses shortened hairpins expected to change critical tertiary contacts between the
terminal loops (Fig. 1b)13. These alterations help the dG riboswitch bind to dG and
effectively discriminate against guanine, which lacks the deoxyribose sugar. Since crystal
structure determination of the wild type dG riboswitch has turned out to be refractory to
date, our understanding of dG riboswitch specificity was instead advanced by a structural
study that revealed a modest switch from guanine to dG specificity following the
introduction of a limited number of replacements in the ligand-binding pocket of the guanine
riboswitchl’. Nevertheless, these core mutations need to be supplemented by additional
extensive changes in the P2-L2 and P3-L3 hairpins to improve dG binding by ~1,000 fold!’
in order to reach the wild-type dG affinity. These data suggest that the ligand-binding pocket
is not the sole determinant of dG binding specificity. However, considerable improvement in
dG affinity in some mutant constructs, for instance, when the non-conserved P2 helix (Fig.
1a) in the guanine riboswitch is replaced by a corresponding helix from the dG riboswitchl’,
cannot be easily rationalized with the available structural information, while the remaining
specificity determinants for dG recognition cannot not be reliably identified.

In the present study, we performed structural and biochemical experiments to identify
determinants of dG riboswitch selectivity and compared them with determinants of guanine
recognition in the guanine riboswitch. Unexpectedly, our studies established a novel
conformation of the riboswitch core that explained biochemical data on dG specificity and
revealed a previously uncharacterized tertiary loop-loop interaction that critically contributes
to dG binding affinity. Therefore, in addition to the residues layering the ligand binding
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pocket, a representative of the best studied riboswitch family exploits naturally altered
structural elements outside of the pocket region to achieve high ligand specificity and
affinity.

RESULTS
Recognition of dG in the ligand binding pocket

To discover molecular features essential for specific ligand binding, we have determined the
2.3 A crystal structure of the complex between dG and the metabolite-sensing domain of the
wild type M. florumtype I-A dG riboswitch that controls the ribonucleotide reductase
genel3 (Figs. 1c,d, Supplementary Results on line, statistics in Supplementary Table 1). The
riboswitch structure conforms to the anticipated “tuning fork’ global fold previously
described for adenine/guanine riboswitches141°, The structure consists of the regulatory
helix P1, the “handle’ of the fork, connected via a three-way junction to ‘prongs’, parallel
hairpins P2-L2 and P3-L3 held together by interacting loops L2 and L3 (Figs. 1c,d and
Supplementary Fig. 1). Since metal cations such as K* and Mg?* typically facilitate RNA
folding, we identified cation binding sites in the structure by soaking riboswitch crystals in
solutions of anomalous scatterers Cs*, Mn2* and [Co(NH3)g]®*, which mimic K*, Mg?* and
fully hydrated Mg2* cations, respectively (Fig. 1e, Supplementary Fig. 2, Supplementary
Table 1).

The junctional core of the dG riboswitch comprises the top part of helix P1 and bottom
sections of helices P2 and P3 joined by J1-2, J2-3 and J3-1 segments (Fig. 2a and
Supplementary Fig. 1). Bound dG is positioned in the center of the core where it forms a
Watson-Crick base pair with C80, equivalent to the discriminatory C74 in the guanine
riboswitch141%, The major and minor groove edges of the dG base interact with the 2/-OH
of C31 and the base of C58, respectively. The O6 atom is proximal to a cesium binding site
Cs2 (Fig. 1e). The dG deoxyribose contacts the A30 base and faces a four-nucleotide loop
composed of C57 and stacked residues A54-C55-C56 (Fig. 2a). Within this loop segment,
the 2’-OH of the C56 sugar and the N4 of C57 form hydrogen bonds with the ligand.

Comparison of dG and guanine riboswitch structures establishes that both riboswitches
recognize the Watson-Crick and Hoogsteen edges of the bound purines in a similar manner
while several critical changes allow for the accommodation of the additional deoxyribose
moiety in dG (Figs. 2b and Supplementary Fig. 3). First, the replacement of conserved U51
by C58 makes room for the sugar since the cytosine base has to shift along the minor groove
edge of dG to form a novel set of hydrogen bonds with N3 and N2 of the ligand (Fig. 2b and
Supplementary Fig. 3b). In agreement with the structure, a C58U substitution in the context
of the dG riboswitch reduced dG binding affinity 83-fold and increased guanine affinity 2.8-
fold’. Second, additional space for the deoxyribose is provided by substituting a conserved
U47 with A54. In the guanine riboswitch, U47 contacts the ligand and U51, while in the dG
riboswitch, A54 is unable to make similar interactions and instead is extruded from the
ligand-binding pocket. This substitution modestly contributes to the specificity of dG
binding since a U47A mutant in the context of the guanine riboswitch increases dG affinity
4.5-fold and reduces guanine binding 1.4-fold!’. Third, C55 is moved slightly inwards in
comparison with U48 from the guanine riboswitch, so as to maximize stacking on A54 and
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C56 (Fig. 2b and Supplementary Fig. 3d). Fourth, the base of C56, equivalent to the
conserved U49, is rotated to avoid close juxtaposition with the deoxyribose of the ligand.
This rotation prevents the formation of a base triple with the U29-A82 base pair and instead
facilitates hydrogen bonding with the 2’-OH groups of A82 and U83, thereby connecting
nucleotides of the J2-3 loop to helix P1 (Fig. 2a). Remarkably, the wild-type dG riboswitch
structure shares several similarities in the conformation of the dG-recognizing nucleotides
with the previously determined hybrid guanine-dG riboswitch structure that carried dG-
specific substitutions in the corel’. Both structures revealed movements of C58 and A54 to
accommodate the deoxyribose moiety (Fig. 2c and Supplementary Fig. 3b) and hydrogen
bonding between the dG sugar moiety and A30 and C57 (Supplementary Fig. 3c). The
differences include the positioning of A79 further away from the C31-G59 base pair, the
presence of a MgZ* cation in the vicinity of G59 (Supplementary Fig. 3a), an additional
water-mediated contact between the deoxysugar and C57 (Supplementary Fig. 3c), and
interactions of the J2-3 loop residues with the deoxysugar and A82 (Supplementary Fig. 3d)
in the natural dG riboswitch structure. Together, our structure and published structural and
biochemical datal3-17 suggest that C58 and the nucleotides of the J2-3 loop are important
elements of dG riboswitch specificity.

Altered conformation above the ligand binding pocket

Above the bound ligand, the C31-G59 base pair and A79 form the foundations of two stacks
emerging from the junction (Figs. 2a and 3a). The first stack continues with two nucleotide
triples that sit on top of the C31-G59 base pair and define the directionality of the adjoining
double-stranded P2 helix. In the second stack, A79 is capped by a C61-G78 base pair that
begins the 7-bp P3 helix. Comparison with guanine and adenine riboswitches revealed that
this junctional conformation is specific to the dG riboswitch (Figs. 3a,b). In the dG
riboswitch, the longer helix P3 moves down by a register to accommodate an extra base pair
so that the C61-G78 pair occupies the position of the non-paired A24 of the guanine
riboswitch. The G33 residue that substitutes for the non-conserved A24 turns its sugar-
phosphate backbone around towards the P2-L.2 hairpin and forms a GG platform with G34,
which is engaged in base pairing with U52 (Fig. 3a and Supplementary Fig. 4). As a
consequence of the swinging movement of G33, the hairpin stems are less interlinked in the
junctional region but apparently more stable since more nucleotides are involved in
hydrogen bonding and stacking.

To test the contribution of the G33+(G34<U52) triple to dG binding, we disrupted the
alignment of the triple by nucleotide substitutions and measured dG binding affinity by
isothermal titration calorimetry (ITC) (Fig. 3c and Supplementary Fig. 5). In buffer
containing 2 mM Mg?2*, the replacement of the wobble G34U52 pair with a canonical G-C
base pair abolished dG binding (Supplementary Figs. 5a,b), while a G33U substitution that
eliminated hydrogen bonding with G34, moderately (~9-fold) decreased dG binding affinity
(Fig. 3c). A G33A mutation that introduced an alternative partner for pairing with U52
caused a much stronger (~50-fold) reduction in dG binding affinity. These data establish that
the G33+(G34+U52) triple contributes to dG binding and suggest that G33 plays an
important role in the formation of the triple. At a higher 20 mM Mg?2* concentration that
typically provides extra stability to RNA structures, we observed weakening of the negative
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effects of these mutations (Supplementary Fig. 5a), thus signifying the involvement of the
triple in the formation of the riboswitch conformation. Nevertheless, the U52C mutation still
reduces dG binding ~17-fold at this Mg2* concentration, while binding curve fitting
reproducibly suggests that only a quarter of the mutant RNA is capable of binding to dG
(N=0.25) despite applied RNA refolding procedures. The metal soaking experiments located
three metal binding sites, M2, Cs3 and Mn5, in the vicinity of the triple (Fig. 1e and
Supplementary Fig. 2). The M2 and Mn5 cations bridge P2 and P3, and therefore the
G33¢(G34-U52) triple may also contribute to the spatial arrangement of the hairpins through
the coordination of metal cations. Since the riboswitch does not bind to dG in the absence of
Mg?2* (Supplementary Fig. 5c), these cations may increase the overall stability of the
riboswitch. The formation of the Ge(G+U) triple because of the U-A to GeU base pair
substitution at the base of the P2 helix reasonably explains the unexpected 270-fold gain in
dG binding affinity when the bottom half of P2 helix was converted to the dG riboswitch
sequence in the hybrid guanine-dG riboswitch (Fig. 1a)l’. Interestingly, among the 1,244
sequences of adenine/guanine riboswitches!®, a guanine or a GeU base pair from the triple is
present only in several cases and neither sequence has a G¢(G+U) triple, while both classes
of dG riboswitches possess the triple. Given that nucleotide identity at the position
equivalent to G33, typically represented by adenine or uracil, is important for high affinity
ligand binding to guanine/adenine riboswitches®20, we conclude that the G33+(G34+U52)
triple is exclusive to dG riboswitches and that position 33 can be considered as one of the
ligand specificity determinants in the purine riboswitch family.

Role of peripheral loop-loop contacts in ligand binding

The tertiary contacts between the terminal loops, called kissing loop interactions, represent
an additional element that could, to some extent, be tailored for dG binding. As anticipated
from chemical probing?’, the reduction in the size of the L3 loop and conserved nucleotide
substitutions in the L2 loop dramatically changed the conformation and interface of the
kissing loops in the dG riboswitch in comparison with the guanine riboswitch. The dG
riboswitch preserved two tertiary Watson-Crick G-C base pairs found in the guanine
riboswitch but lost three tertiary non-canonical base pairs and stacking interactions (Figs.
la-b, 4a, and Supplementary Fig. 6), thereby decreasing the number of tertiary hydrogen
bonds from 17 to 11. To strengthen loop contacts, the dG riboswitch utilizes an
unprecedented?! RNA feature which can be defined as a molecular ‘key-and-lock’ element:
AT71 from L3, a ‘key’, inserts into the semi-open pocket, a ‘lock’, built by six nucleotides of
the P2-L2 hairpin (Figs. 4b,c and Supplementary Fig. 6). In the pocket, A71 stacks on A42
and uses only one atom in the base for tertiary hydrogen bonding, while the other bonds
involve the sugar-phosphate moiety of A71 and the bases of A40, U41 and A42. A71
contributes 221 A2 to the 423 A2 loop-loop contact surface in the dG riboswitch. This
interface value is comparable to the guanine riboswitch inter-loop interface of 410 A2,
However, a strong ~6,500 and ~750-fold decrease in dG binding affinity in the A71G and
G45C mutants at 20 mM Mg?2* and abolished binding to A71G RNA at 2 mM Mg?* (Figs.
4a,b and Supplementary Fig. 5d) indicate that the integrity of tertiary loop interactions is
likely more critical for ligand binding in the dG riboswitch than in adenine/guanine
riboswitches, where any single nucleotide substitution in the loops resulted in a weaker
reduction?223, The A71G mutation also suggests that the L2 “lock” is attuned to adenine
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and is not sufficiently flexible to be ‘picked up’ by a guanine ‘key’, which would place the
oxygen atoms of guanine and U41 in close proximity. The formation of the inter-loop
interactions may depend on metal cations since soaking experiments identified several metal
binding sites, including M4 and Cs1, within the inter-loop interface (Fig. 1e and
Supplementary Fig. 2).

Riboguanosine binding involves weaker interactions

The specificity of gene expression control demands that the dG riboswitch efficiently
discriminate against nucleosides and nucleotides related to dG. The dG riboswitch was
postulated to bind guanosine with weaker affinity because of a steric clash between the RNA
and the additional 2’-OH group of guanosinel3. However, based on the dG-bound structure,
it is conceivable that the 2/-OH group could be accommodated in the ligand binding pocket
if the guanosine ribose adopted its favorable C3’-endo conformation rather than the C2’-
endo conformation, characteristic of deoxyribonucleosides. The crystal structure of the dG
riboswitch bound to guanosine (Fig. 5a, Supplementary Table 2 and Supplementary Fig. 7)
indeed revealed that the ribose moiety of guanosine is in the C3’-endo conformation. This
sugar pucker is incompatible with hydrogen bonding of the 3’-OH to C56, observed in the
dG bound structure, and C56, released from ligand binding, extrudes from the pocket and
likely destabilizes the J2-3 loop, thereby decreasing guanosine binding by ~50-fold
(Supplementary Fig. 5e).

Alternative ligand conformation in analog discrimination

In line with published datal3, the dG riboswitch binds deoxyguanosine monophosphate
(dGMP) ~3,800-fold (Kd=379+216 uM) weaker than dG; nonetheless, the dG bound
structure suggests that a phosphate moiety of dGMP can be accommaodated after minimal
adjustments in the J2-3 region. The structure of the dG riboswitch bound to dGMP
confirmed this expectation. It showed that dGMP binding requires small shifts of the
nucleotides in the vicinity of the ligand phosphate (Supplementary Fig. 8a, Supplementary
Table 2), thereby accommodating the phosphate moiety in a ‘bent” conformation and
facilitating the formation of two intermolecular hydrogen bonds. Comparison with the
structure of the second riboswitch molecule within the asymmetric unit revealed an
alternative ‘straight” conformation of the phosphate moiety (Fig. 5b and Supplementary
Figs. 8a,b). In this molecule designated B, the J2-3 loop nucleotides are shifted much further
than in molecule A and are not involved in hydrogen bonding with the ligand phosphate.
Therefore, a straight phosphate conformation may cause destabilization of the loop, as
reflected in the deterioration of electron density around the loop in molecule B
(Supplementary Fig. 8c).

Extrusion of C56 and further deterioration of electron density was observed in the guanosine
monophosphate (GMP) bound structure, where the phosphate moieties of both GMP
molecules adopted straight conformations (Supplementary Fig. 8d,e). Analysis of crystal
packing interactions indicated that the bent phosphate conformation observed for the dGMP
complex presented above was possibly trapped in the crystal due to the stabilization of the
J2-3 loop by the neighboring riboswitch molecule (Supplementary Fig. 9). Nonetheless,
these structural data suggest that the ability of the flexible sugar-phosphate moiety to adopt
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different riboswitch-bound conformations may interfere with the trapping of phosphorylated
ligands by the J2-3 loop and preclude the strong and specific binding of nucleotides to the
dG riboswitch.

DISCUSSION

The wealth of adenine/guanine riboswitch structures with bound purine analogs23-27 has
established the existence of some plasticity within the purine binding pocket and implied
that other purine analogs could potentially be recognized through limited alterations in the
pocket. In support of this view, our structural studies showed that the natural dG riboswitch
adopts an overall architecture reminiscent of adenine/guanine riboswitches, emphasizing
their evolutionary relationship (Fig. 6a). However, multiple nucleotide substitutions cause
unexpected conformational rearrangements and reshape the riboswitch for specific binding
to dG. Currently, this finding stands out since riboswitches that recognize related
metabolites either adopt practically identical structures41° or share very little in
common?28-31,

Our structural results and published data317:32 point to nucleotides in the ligand binding
pocket as primary dG specificity determinants (Fig. 6b). These determinants include two
nucleotides,common to the guanine riboswitch, that distinguish between the purine bases
and other nucleotides of the pocket, including C58 and the J2-3 loop, that can be considered
specific determinants for dG recognition. Previously, the J2-3 loop was shown to act as a
flexible lid that entraps the ligand after its initial docking in the pocket of adenine/guanine
riboswitches26:33, In the dG riboswitch, this loop is exploited for both specific dG
encapsulation and discrimination against related compounds. Our structural studies showed
that destabilization of the J2-3 conformation plays a key role in discrimination against
various dG analogs and likely perturbs genetic control in the dG riboswitch system. The
tertiary triple interactions between the J2-3 loop and regulatory helix P1 that substantially
contribute to helix P1 stabilization in guanine/adenine riboswitches?? are replaced in part by
contacts with deoxyribose in dG riboswitches. Since some of these interactions are lost in
the analog-bound dG riboswitches, the nucleobases bind to the junction less tightly and
cannot provide the hydrogen bonding and stacking surface needed to stabilize the junction
and regulatory helix P1. Thus, an alternative riboswitch conformation forms, interfering
with transcription termination!3. In addition to the J2-3 loop, the regions outside of the
binding pocket are likely involved in analog discrimination, possibly by stabilizing a correct
junctional scaffold. In-line probing®3 and our ITC measurements demonstrated 100- and 50-
fold decreases, respectively, in guanosine binding by the wild type dG riboswitch, while the
hybrid guanine-dG riboswitch showed only a 3-fold discrimination against guanosinel’.

The unexpected conformational rearrangement above the binding pocket, where a non-
conserved purine residue (G33 in the dG riboswitch) swung out from the P3-L3 hairpin in
the guanine riboswitch to the P2-L.2 hairpin in the dG riboswitch, has been validated by
recent solution NMR experiments, which supported the close positioning of G33 to G53,
C60 and U52 in helix P232, In its new position, G33 participates in the formation of an
additional nucleotide triple, thereby likely stabilizing the P2-L2 hairpin and the junction.
This is supported by the loss of reactivity in the bottom part of helix P2 in SHAPE
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experiments performed on the dG riboswitch13:17, Strengthening of the P2-L2 hairpin may
be important for genetic regulation by the dG riboswitch, since this hairpin, shown
experimentally to fold prior to the P3-L3 hairpin in the related adenine riboswitch34, has
been deemed critical for the folding of entire guanine/adenine riboswitches3®. The junctional
arrangement in the dG riboswitch may prevent the extensive movements of the P2-L.2
hairpin observed in single molecule experiments with the guanine riboswitch3®. The
decreased dynamic properties and increased stability of the P2-L2 hairpin could compensate
for the flexibility of helix P3, observed in the NMR study of the free dG riboswitch32, and
contribute to the stabilization of the free form, as shown for the guanine riboswitch36. This
would decrease the entropic penalty for ligand binding in the context of more complex
ligand recognition and less pronounced tertiary inter-loop interactions in the dG riboswitch.

In adenine/guanine riboswitches, tertiary loop-loop interactions are important for ligand
binding14.22.23.33_Since the relative position of the P2-L.2 and P3-L3 hairpins is slightly
different in the dG and guanine riboswitches (Fig. 6a), it is tempting to speculate that the
novel core conformation specifically assists the formation of new tertiary loop interactions
which, in turn, help the riboswitch maintain the dG-specific junctional conformation. This
view is supported by a 2.9-fold reduction in dG binding in the mutant dG riboswitch whose
kissing loops are replaced by ones from the guanine riboswitchl’. Although this small
decrease observed at 20 mM Mg?* suggests that different sets of kissing loops may be
exchanged in a modular fashion, it is conceivable that lower physiological Mg?*
concentrations may negatively impact the inter-loop interactions and reduce dG binding?2.

The loop-loop interactions in the adenine/guanine and dG riboswitches bear little
resemblancel415, In the dG riboswitch, the kissing loops adopt a novel ‘key-and-lock’ loop
motif, which is less interlinked, lacks base quartets and heavily depends on the insertion of a
single adenine from the L3 loop into the L2 loop. Our structural studies generally agree with
recent NMR studies3? that showed the formation of two tertiary Watson-Crick G-C base
pairs and suggested the close positioning of U41 and A71. Although the crystal structure did
not reveal the reverse Hoogsteen U41¢A71 base pair suggested by NMR32, these nucleotides
do utilize the respective base edges for interactions with each other. Remarkably, guanine
riboswitches with loops similar to the dG riboswitch loops!? either show >50-fold reduction
in guanine binding (class Il riboswitches) or possess other changes, such as shortened P2
and P3 helices (class VV-A riboswitch). Variations in loop-loop interactions might serve as a
tool for modifying ligand binding affinity20, since the response of riboswitches specific for
the same ligand may be attuned to different ligand concentrations.

Numerous studies underlined the importance of Mg?* cations for the folding of adenine/
guanine riboswitches1415:22:33,36-40 3though they are not absolutely critical for guanine
binding to the guanine riboswitch®16. Unlike the guanine riboswitch, the dG riboswitch
completely lost dG binding affinity in the absence of Mg2* reminiscent of the observation
that weaker binders like hypoxanthine require Mg2* for interaction with the guanine
riboswitchl4. Since the dG riboswitch overcomes the requirement of Mg2* assisted folding
for ligand recognition by the elongation of helix P132, Mg2* cations likely play a general
RNA stabilizing role, as supported by our metal site mapping. Metal binding sites were
identified in areas proximate to the loops, where in agreement with NMR data32, cations
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stabilize the tertiary loop-loop contacts. Sites were also found close to the bottom parts of
helices P2 and P3, where as suggested by NMR32, they facilitate the folding of regions
adjacent to the junction. Some riboswitches also utilize Mg2* or K* cations to compensate
for the negative charges of their ligands*142. However, the structures did not reveal cations
in proximity to the phosphate moieties of bound GMP and dGMP, suggesting that the
riboswitch does not have a cation-binding surface which would facilitate RNA-phosphate
interactions.

Adenine/guanine riboswitches represent one of the best systems for studying RNA folding
and RNA-small molecule interactions. Structure determination of the natural dG riboswitch
presents an opportunity to expand on these studies so as to decipher how related natural
RNA conformations discriminate amongst distinct purine ligands. Our structural results, as
well as dG binding!” and folding19:2043 experiments, demonstrate the multitude of factors
and complexity of sequence combinations that may impact on the evolution of new
riboswitch specificities. Thus, re-engineering the riboswitch to accommodate even small
ligand alterations may necessitate changes in both the ligand binding pocket and remote
parts of the RNA. Given the recent successes in the re-engineering of purine riboswitches*
and the development of antibacterials*>46 that target purine riboswitches in a mammalian
model of staphylococcal infection8, the dG riboswitch structure provides new frameworks
and insights into future structure-guided drug design applications.

RNA preparation, crystallization and data collection

We crystallized the dG-riboswitch complex using 68-nt and 70-nt long RNAs, named RNA1
and RNA2, and ammonium sulfate or pentaerythritol propoxylate as precipitants. The RNAs
encoding the M. florum riboswitch sequences were transcribed in vitro and purified by
denaturing polyacrylamide gel electrophoresis followed by anion-exchange chromatography
and ethanol precipitation. Complexes of the dG riboswitch with dG were prepared by
mixing 0.5 mM RNA with 0.55 mM dG in a buffer containing 50 mM K-acetate, pH 6.8 and
5 mM MgCl,. Crystals were grown at 20 °C for 3-5 days using the hanging-drop vapor
diffusion method after mixing the dG-RNA1 complex at an equimolar ratio with the
reservoir solution containing 0.05 M Na-acetate, pH 5.1, ~3.0 M (NHg)2SO4, 0.5 mM
spermine and 20 mM MgCl,. Alternatively, crystallization was carried out at 4 °C for 1-2
weeks using the hanging-drop vapor diffusion method after mixing the dG-RNA2 complex
at an equimolar ratio with the reservoir solution containing 0.05 M Na-HEPES, pH 7.5, ~40
% (v/v) pentaerythritol propoxylate, 0.2 M KCI and 0.0-2.0 mM spermidine. For data
collection, crystals were flash-frozen in liquid nitrogen. For heavy atom and cation soaking,
crystals grown in pentaerythritol propoxylate conditions were transferred into the solution
containing components of the reservoir solution at 10% higher concentrations in the absence
of spermidine, supplemented with 2 mM [Ir(NH3)g]Cl3, 10 mM [Co(NH3)e]Cl3 10 mM
BaCl, or 10 mM MnCl, and soaked for 4 h. Data were collected at 100 K at the X29a
beamline of the National Synchrotron Light Source (NSLS, Brookhaven) and processed
with HKL2000 (HKL Research). Crystals with dG analogs were obtained by co-
crystallization in ammonium sulfate conditions.
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Structure determination, refinement and analysis

Since molecular replacement trials using adenine, guanine as well as hybrid guanine/dG
riboswitches and their fragments as search models were unsuccessful, the structure of the
dG-bound RNA2 was determined by single-wavelength anomalous diffraction (SAD)
method using 2.9 A iridium hexamine data, that was processed using SHELXD* and
autoSharp?8 (Supplementary Table 1). The initial RNA model was autobuilt in Phenix4° and
improved by iterative rounds of building/refinement in Turbo-Frodo (http://afmb.cnrs-
mrs.fr/rubrique113.html), Phenix and Refmac®0 using a 2.3 A native data set. dG was added
to the model at a later stage based on the experimental and refined electron density maps.
Cations and their coordinated waters were added based on the coordination geometry,
coordination distances, and analysis of omit and anomalous maps. All other riboswitch
structures were determined by molecular replacement using the native riboswitch structure
as a starting model (Supplementary Tables 1 and 2) and refined in Refmac and Phenix. The
contact surface areas were calculated by using PISA webserver (http://www.ebi.ac.uk/
msdsrv/prot_int/cgi-bin/piserver).

ITC measurements

Experiments were performed 2-6 times using the Microcal calorimeter ITC200 at 30 °C.
Prior to titration, 0.01-0.3 mM RNA samples were dialyzed overnight at 4 °C against
experimental buffer containing 50 MM HEPES-KOH, pH 6.8, 100 mM KCI and 2 or 20 mM
MgCl,. The conditions with 20 mM MgCl, are comparable with the conditions used for Kp
measurements in published literaturel317. In the conditions without MgCl,, dialysis was
performed in the buffer supplemented with 0.5 mM ethylenediaminetetraacetic acid
(EDTA). For measurements, the ligands, dissolved in dialysis buffer at concentrations
~3-100 fold higher than the RNA concentration, were typically titrated into RNA in the
sample cell (V=207 pL) by 17-20 serial injections of ~2.4 uL each, with 180 s intervals
between injections and a reference power of 10 pcal sec™1. The thermograms were
integrated and analyzed using Origin 7.0 software (Microcal, Inc) assuming a one-to-one
binding model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a Guanine riboswitch b dG riboswitch

Figure 1.
Overall structure and tertiary interactions of the dG-bound M. florum riboswitch. a,

Secondary structure and tertiary interactions in the Bacillus subtilis xpt G riboswitch!® (PDB
ID 1Y27). Canonical and non-canonical tertiary base pairing is depicted by long solid and
dashed lines, respectively. Tertiary stacking interactions are in thick dashed blue lines.
Nucleotides in red correspond to the positions that are >90% conserved in the known
guanine riboswitch representatives!3. Note that some conserved positions preserve chemical
signatures (purine or pyrimidine) rather than the identity of nucleotides. Yellow shading
shows a helical region whose replacement by the corresponding segment of the dG
riboswitch significantly enhances dG binding!’. The bound ligand is circled and its chemical
formula is shown in inset. b, Secondary structure and tertiary interactions in the dG
riboswitch. Pink shading indicates nucleotide differences from the guanine riboswitch.
Boxes depict nucleotide variations from the guanine riboswitch that occur at otherwise
highly conserved positions. ¢, Overall riboswitch structure in a ribbon representation, front
view. d, Same structure, back view. e, Summary of the metal binding sites located using
anomalous scatterers. Cs* (indicated Cs), Mn2* (indicated Mn), [Co(NH3)g]** and
[Ir(NH5)g]3* cations are shown in purple, cyan, orange and pink colors, respectively.
General metal binding sites, where more than one cation type was detected, are designated
M1 through M4.
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Figure2.
Structural features of the dG binding pocket. a, A view of the junctional core with bound

dG. Red and black dashed lines depict putative hydrogen bonds involved in dG binding and
tertiary RNA contact formation, respectively. b, Superposition of the ligand binding pockets
from the dG (in colors) and guanine®® (in grey) riboswitch structures showing
accommodation of the deoxyribose sugar ring. Red and black dashed lines depict putative
hydrogen bonds involved in dG and guanine recognition, respectively. Arrow shows major
conformational changes. ¢, Superposition of the ligand binding pockets from dG (in colors)
and hybrid guanine-dG 17 (in grey) riboswitch structures. Putative hydrogen bonds between
the dG ligand and dG riboswitch are depicted in red dashed lines.
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Figure 3.
Comparison of junctional regions above the ligand binding pockets in the dG and guanine

riboswitches. Purine residues G33 and A24 that adopt alternative conformations are shown
in pink. a, Alignment of G33 in the structure of the dG riboswitch. b, Alignment of A24 in
the structure of the guanine riboswitch. ¢, Representative ITC titrations with integrated fitted
heat plots of dG binding to the wild type dG riboswitch (top) and the G33U mutant (bottom)
at 2 mM Mg?*,
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Figure4.
Tertiary loop-loop interactions in the dG riboswitch. Dashed lines show putative tertiary

hydrogen bonds. Key residue A71 is shown in pink. Binding affinities of dG for mutant
RNAs are indicated on the panels. a, Binding interface. b, The key-and-lock element of the
interacting loops. ¢, Surface representation. Front (top) and back (bottom) views.
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a Guanosine

‘Bént’ ‘Straight’

Figureb.
Specificity of dG recognition by the riboswitch. a, Distinct recognition of dG (grey) and

guanosine (colored) by the dG riboswitch shown following superposition of the junctional
cores from molecules A. Red and black dashed lines depict putative hydrogen bonds
between the RNA and ligand’s ribose and deoxyribose, respectively. Arrow shows the
conformational change of C56. b, Conformational differences in the J2-3 loops (depicted by
arrows) caused by alternative ‘straight’” and ‘bent” conformations of the sugar-phosphate
moiety of dGMP. The view shows overlaid molecules A (grey) and B (colored) from the
asymmetric unit of the dGMP bound structure.
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Figure®6.
Summary of dG recognition. a, Superposition of the natural dG riboswitch structure (this

study, pink) and the guanine riboswitch based guanine-dG riboswitch structurel’ (green)
shows similar global RNA folds. b, Involvement of riboswitch structural features in dG
binding to the natural dG riboswitch. Pink and green nucleotides designate areas where the
most critical differences from adenine/guanine riboswitches occur. Green nucleotides
highlight similarities with the guanine-dG riboswitch structurel’. Each element’s
contribution to the specificity and affinity of dG binding is roughly estimated based on
current and published datal317.
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