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Abstract

Riboswitches are elements of mMRNA that regulate gene expression by undergoing structural changes
upon binding of small ligands. Although the structures of several riboswitches have been solved with
their ligands bound, the ligand-free states of only a few riboswitches have been characterized. The
ligand-free state is as important for the functionality of the riboswitch as the ligand-bound form, but
the ligand-free state is often a partially folded structure of the RNA with conformational heterogeneity
that makes it particularly challenging to study. Here, we present models of the ligand-free state of a
thiamine pyrophosphate (TPP) riboswitch that are derived from a combination of complementary
experimental and computational modeling approaches. We obtain a global picture of the molecule
using small angle X-ray scattering (SAXS) data and use an RNA structure modeling software, MC-
SYM, to fit local structural details to this data on an atomic scale. We have used two different
approaches to obtain these models. Our first approach develops a model of the RNA from the
structures of its constituent junction fragments in isolation. The second approach treats the RNA as
a single entity, without bias from the structure of its individual constituents. We find that both
approaches give similar models for the ligand-free form, but the ligand-bound models differ for the
two approaches, and only the models from the second approach agree with the ligand-bound structure
known previously from X-ray crystallography. Our models provide a picture of the conformational
changes that may occur in the riboswitch upon binding its ligand. Our results also demonstrate the
power of combining experimental SAXS data with theoretical structure prediction tools in the
determination of RNA structures beyond riboswitches.

INTRODUCTION

Since the first discovery of catalytic RNA in the early 1980s, RNA research has exploded to
reveal a myriad of non-protein coding RNAs that perform functions such as catalysis,
recognition, and regulation previously considered exclusive to proteins. The functional
versatility demonstrated by RNA is often coupled to their ability to form diverse three-
dimensional structures without which many RNAs would not attain their specific biological
activities 1. This knowledge lends itself to questions about how a functional RNA chooses a
particular structure, what drives the folding of an RNA sequence to that native structure, and
what alternative conformations, active or inactive, are accessible to the RNA.
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Riboswitches are functional RNA molecules that provide a protein-free means of regulating
gene expression 2 3: 4 5, 6 Rihoswitches are elements of mRNA that adopt alternative
conformations upon binding specific small metabolites, thereby turning on or off target genes
downstream in the mRNA. The ability to recognize and bind small metabolites with high
specificity and the use of conformational rearrangements to be effective biological switches
indicates a high degree of structural sophistication in riboswitches that makes them attractive
targets for RNA structure and folding studies.

The regulation performed by a riboswitch relies on the interplay of its ligand-bound and free
forms, which usually involves switching between alternative conformations or secondary
structures by the riboswitch. X-ray crystallography has elucidated the structures of a number
of riboswitches in their ligand-bound form /s 8 9; 10; 11, 12,13 ‘However, these structures do
not provide information about the unliganded states of the riboswitch. In some cases, such as
the lysine and glmS riboswitch, nearly identical structures have been observed irrespective of
ligand binding 7+ 4. Such an observation is consistent with an energy landscape of
conformations that can be biased by conditions, such as high concentrations of Mg?™, to allow
population of fully ‘folded’ states. However it has not been ascertained whether these folded
states are accessible to the riboswitch in vivo in the absence of the ligand. In general, it appears
that the ligand-free state of a riboswitch represents a partially folded RNA structure, and that
binding of the ligand leads to global changes in architecture or local structural organization of
the riboswitch to varying degrees, as revealed by chemical probing, small angle X-ray
scattering, NMR, and dual trap optical tweezers experiments 10 15, 16, 17,18 '1n some cases,
the ligand-free state may be heterogeneous and therefore difficult to crystallize. Hence, the
characterization of the ligand-free structure of a riboswitch presents an alluring challenge that
will enhance our understanding of both riboswitches specifically and RNA folding and
structure in a broader context.

The thiamine pyrophosphate (TPP) riboswitch regulates genes that code for proteins involved
in the thiamine biosynthetic pathway. Crystal structures have been obtained for the TPP
riboswitch thiM from E.coli and thiC from A.thaliana bound to TPP 115 19, The structures of
the riboswitch for the different organisms show a high degree of similarity, folded into the
same overall ‘tuning-fork’ conformation, with the ligand bound between the two prongs in an
extended conformation (Figure 1B). The secondary structure of the riboswitch consists of five
base-paired helical stems, P1 to P5, connected by non-base-paired junction regions (Figure
1A). The architecture of the riboswitch is built around a three-way junction with helix P1
branching into two stacked helices in each branch, P2 and P3 on one side, and P4 and P5 on
the other, with the two branches arranged in a parallel fashion. The P2/P3 stack forms the
“pyrimidine sensor helix”, where the thiamine moiety of TPP is inserted into a pocket formed
by J2/3 junction, and the P4/P5 stack is identified as the “pyrophosphate sensor helix”, where
junction J4/5 forms a hydrogen-bonding network with the pyrophosphate end of the ligand
19, The negative pyrophosphate moiety is accommodated via a divalent ion in the crystal
structure 20 Additionally, tertiary interactions are observed between loop L5 and helix P3,
which stabilize the structure of the RNA.

The global conformation of the riboswitch in the absence of TPP remains elusive. We have
used computational modeling in conjunction with small angle X-ray scattering (SAXS)
experiments 21> 22 to develop amodel for the overall structure of the riboswitch in its unliganded
form. Specifically, we use two contrasting approaches, a ‘divide-and-conquer’ approach, and
a ‘global’ approach, to independently obtain candidate structures for the TPP-free state. At
present, no single algorithm exists that enables the modeling of a tertiary structure based only
on the sequence of the RNA and the low-resolution structural envelope obtained from SAXS
data. Our results demonstrate the utility of combining computational structure modeling of
RNA with a global experimental approach such as SAXS in order to overcome some of the
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challenges encountered in probing partially folded RNA structures with the conventional
methods of X-ray crystallography and NMR. Our models provide a stepping stone for further
analysis of the unliganded riboswitch structure. In addition, a comparison of our results from
the two approaches provides important clues about the modeling of RNA structure.

RESULTS AND DISCUSSION

We use small-angle X-ray scattering (SAXS) to obtain structural information about the
different conformations of the thiC aptamer domain from A.thaliana in varying ligand and
Mg?2* concentrations. Being a solution technique, SAXS is particularly well suited to probe
unfolded and partially folded structures, compared to higher resolution techniques such as X-
ray crystallography and NMR spectroscopy 22 23; 24,

SAXS has also been increasingly utilized for monitoring ion and ligand-dependent
conformational changes in macromolecules in solution 16: 25; 26; 27, 28; 29; 30, 31, 32 g yse
our SAXS data in conjunction with a structure prediction algorithm, MC-SYM. Our approach
allows us to combine the global structure information contained in SAXS with the local RNA
structural information used in computational modeling to obtain low-resolution atomic models
of the TPP riboswitch aptamer in the absence of TPP. We also obtain models for the ligand-
bound state for the riboswitch, which we compare to the crystal structure to test the validity of
our approach.

Three state model of the TPP riboswitch aptamer

We obtained SAXS data for the aptamer domain of the TPP riboswitch with varying ion and
ligand concentrations (Figure 2). The data are shown in Kratky representation, g2 - I, where
the scattering intensity | is weighted by the square of the momentum transfer q. This
representation has been shown to be particularly useful for monitoring conformational changes
in proteins and nucleic acids 23. Molecules that are folded and compact show a characteristic
peak in a Kratky plot, whereas completely denatured polymers, which have a random and
extended conformation, assume a linear rise at large g.

The SAXS data reveal four distinct scattering profiles for the RNA in different solution
conditions, indicating the existence of at least four conformational states (Figure 2A). In the
presence of low concentrations of monovalent cations without any divalent cations or TPP, the
SAXS profile assumes a plateau shape without any single peak, consistent with an ‘unfolded
state’ composed of a heterogeneous ensemble of extended conformations. The radius of
gyration (Rg) in this state is found to be 34 + 1 A from Guinier analysis (Methods) 33. The
riboswitch is not completely denatured in the unfolded state, as seen by a comparison with the
data for the RNA in 7 M urea, and the difference presumably arises from the presence of
secondary structure in the absence of urea.

Upon addition of millimolar concentrations of Mg2* to the unfolded state, the Kratky plot
becomes significantly different, with the appearance of a shoulder in the profile and the
beginning of the formation of a peak. The intermediate state is fully populated at these
concentrations of Mg2*, as further addition of Mg2* no longer produces changes in the
scattering profile (data not shown). The radius of gyration also decreases to 28 + 1 A, indicating
the population of a more compact ‘intermediate state’. Electrostatic relaxation of the riboswitch
likely contributes to the structural rearrangement responsible for the observed change in the
shape of the SAXS profile and the Ry. The divalent ions screen the negatively charged sugar-

phosphate backbone of the RNA, allowing it to come together to adopt a stable global fold
34; 35; 36; 37, 38
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The riboswitch undergoes further compaction when both Mg2* and TPP are present, as seen
from the large peak in the SAXS profile, characteristic of globular structures, and the decreased
Rgof22+1 A (see Supplementary Information, and Figure S1 for a description of minor
discrepancies observed in measurements of ligand-bound state). In this ‘folded’ state, the RNA
binds the TPP ligand, and tertiary contacts are formed that hold the RNA in this compact
conformation 1°. From the different SAXS profiles in the presence and absence of TPP it is
evident that although the RNA becomes more compact when transitioning to the intermediate
state from the unfolded state, it is still distinct from the bound state. These observations suggest
that the RNA may be partially folded without the ligand, and hence, an ensemble of conformers
may still be present in the intermediate state. Our focus is to develop a model that represents
an average of the ensemble present in the partially folded ligand-free state of the RNA. We
also obtain models for the folded state of the RNA, and we compare these models to the crystal
structure of the ligand-bound state of this riboswitch.

For visualization of the changes brought about in the RNA as a function of Mg2* and TPP, we
also obtained low-resolution bead models from the experimental SAXS profiles, shown in

Figure 2B (Methods). The Rq and low-resolution envelopes, in agreement with the qualitative
conclusion from the peaks observed in the SAXS profiles, demonstrate that the RNA becomes
compact upon addition of Mg2* and assumes an even tighter conformation when TPP is bound.

Bead models have previously been successfully employed in structural studies for proteins and
RNA 16: 39, 40; 41,42 AJthough these low-resolution models are useful for visualizing overall
changes in the RNA, they do not provide any link between the three-dimensional structure of
the RNA and its primary sequence; the placing of structural elements of the RNA within the
envelope remains elusive. Our methods are aimed at building models of the TPP riboswitch
that go beyond these low resolution-envelopes and elucidate the global conformations of the
RNA.

Two approaches to obtain models of the ligand-free and bound riboswitch

We build on the approaches taken before using FRET, electrophoretic gel mobility, chemical
probing, transient electric birefringence, NMR and most recently SAXS, to characterize the
global conformation of RNA molecules 43: 44; 45; 46; 47, 48, 49,50 Drawing on the hierarchical
folding characteristic of RNA, such that regions of local secondary structure are typically stably
formed under conditions not yet conducive to tertiary structure formation, we modeled the
structure of the TPP riboswitch as rigid base-paired helices connected by unpaired junction
regions ®1. These junction regions govern the overall arrangement of the helices in the global
fold observed for the RNA.

We used two approaches, a ‘divide-and-conquer’ approach and a ‘global’ approach, to orient
all the helices in the RNA with respect to one another to obtain structural models of the ligand-
free state of the TPP riboswitch aptamer. The divide-and-conquer approach has been used
previously to obtain models for a number of RNA systems, where the structure of the RNA is
obtained by solving the structures of smaller constituent fragments of the RNA through
experimental and computational means and then reconstructing the whole structure by
conjoining of these fragments 44 52: 53, |n contrast, in the global approach we test models of
the structure of the RNA as a whole, independent of experimental agreement of the fragment
structures in isolation. Finally, we compare the ligand-free models from the two approaches
with one another and the ligand-bound models with the crystal structure, and address the
potential origins of observed differences. These comparisons allow us to probe the assumptions
underlying each approach and elements that may work in concert to impart a unique fold on a
given RNA sequence in a particular divalent ion environment.
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The divide-and-conquer approach

Helical junctions have been recognized to play important roles in the organization of RNA
structure, allowing helical regions to form compact domains via stacking interactions or
parallel packing, and bridging distant regions of the RNA to allow formation of tertiary contacts
54 We draw on previous methodologies used to obtain structural models for RNA systems
such as the VS ribozyme 53, to isolate and study the separate junction components of the RNA
independently, and to then reassemble the structure of the RNA from these components 44,

We divided the TPP riboswitch into three fragments for this purpose (Figure 1C): two two-
way junctions, J2/3 with adjacent helices P2 and P3, and J4/5 with adjacent helices P4 and P5,
and one three-way junction J2/4 linking helices P1, P2 and P4. Structure prediction is expected
to be more effective for the smaller junction fragments as opposed to the whole RNA, as the
conformational space that needs to be sampled for each construct is reduced and there is less
chance of obscuring SAXS contributions via compensating conformational changes that lead
to the same or similar SAXS patterns. Several algorithms are available that predict three-
dimensional structures of RNA for a given sequence > 96 57 and we chose MC-SYM for its
fragment-based approach to obtain a library of possible structures of the three junction
constructs for comparison to experiments.

We obtained two hundred models of each of the three junctions using MC-SYM. SAXS profiles
were then computed theoretically for each of the two hundred structures predicted by MC-
SYM for the three junctions using CRYSOL %8. We also obtained experimental SAXS data
for the junctions to compare with the theoretical predictions. Constructs of the three fragments
of the TPP riboswitch were prepared for SAXS experiments, in which the junction core of each
of the fragments was preserved, and the helices were extended to stabilize their structure in the
absence of the rest of the RNA (Methods). Experimental SAXS profiles for each of these
junctions were obtained in the presence of 10 mM Mg?2*. The theoretical profiles were
compared to the experimental data for each junction with a least squares fitting criterion (see
Methods), which resulted in three best-fitting models for each of the three junctions. These
best-fitting structures were then reassembled together in all possible combinations using MC-
SYM to obtain twenty-seven structural models for the whole riboswitch (Methods).

Solution structures of the isolated junctions of TPP riboswitch aptamer—
Junction J4/5 is a symmetric junction with single strands, two nucleotides in length, connecting
helices P4 and P5 on either side. The three models for J4/5 that give the best fits to the
experimental SAXS profiles also show good agreement with the low resolution envelope
computed for this junction from the SAXS data. All models share similar structures with helices
P4 and P5 in an almost stacked conformation, with a slight kink between the helices at the
junction region, so that the helices subtend an angle slightly less than 180° (Figure 3).

For junction J2/3, the best fitting models again show a stacked conformation for helices P2
and P3 with a slight bend at the junction. This junction is asymmetric, with a single-stranded
region of three nucleotides connecting one side of helices P2 and P3, and a ten nucleotide long
single-stranded segment connecting the other side. The junction appears to accommodate the
stacked conformation of the helices despite its asymmetry by keeping the shorter single
stranded segment stretched out, and forming a bulge in the longer connecting segment. The
structure of the bulge shows some variability in the three best fitting models and is likely not
well constrained by the SAXS data (Figure 3).

The two two-way junctions are connected via the three-way junction J2/4, which organizes the
overall architecture of the RNA. This junction connects helix P1 to P2 continuously with no
intervening single-stranded nucleotides. Helix P2 is connected to P4 through a 5-nucleotide
single-stranded segment, and helix P4 is connected back to P1 via two single-stranded
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nucleotides. The best-fitting models for the three-way junction show varying inter-helical
angles, with the largest angle consistently subtended between P2 and P4 (Figure 3). The angles
between P1 and P4 and between P1 and P2 vary in the models, with P1 bent more towards P2
in two of the models, and P1 forming the smallest angle with P4 in the remaining model.

The calculated SAXS profiles for the best-fitting models of each junction are similar (Figure
3), and cannot be used to distinguish structural details, such as small changes in inter-helical
angle and structures of kinks between helices, that vary between the models. This is expected,
since SAXS is alow-resolution technique. However, the best-fitting profiles do result in similar
overall conformations of the junctions, and this similarity provides confidence in the global
structures of the isolated junctions that we choose for the divide-and-conquer approach.

Reconstituted ligand-free structure of TPP riboswitch from the divide-and-
conquer approach—There are twenty-seven total models of the whole riboswitch from all
possible combinations of the three best-fitting structures of the three junctions. The SAXS
profile for these models were computed and compared to the experimental SAXS data for the
whole riboswitch in divalent ion in the absence of TPP. These structures were then ranked
according to their fit to the experimental data (Methods).

The highest-ranking model of the riboswitch, reconstituted from the divide-and-conquer
approach, was obtained from a combination of highest-ranking models 2, 1 and 1 of J2/3, J2/4
and J4/5 respectively (Figures 3, 4). We observed good agreement between this model of the
riboswitch, and the SAXS data, for both the experimental scattering profile (Figure 5A) and
the low-resolution envelope generated from this profile (Figure 4A). This agreement suggests
that the highest-ranking model provides an adequate representation of the average structure of
the conformers present in the ligand-free state of the riboswitch.

The model shows an extended conformation compared to the structure observed by X-ray
crystallography for its ligand-bound counterpart (Figure 4). The most striking difference
between the two states is the relative position of the P2/P3 and P4/P5 stacked helices. In the
ligand-bound state, the crystal structure shows these helices arranged parallel to one another,
held together by TPP. This allows loop-helix interactions to occur between L5, the loop that
caps P5, and helix P3. In the absence of TPP, our model shows these helices pried apart from
one another, with an angle of almost 120° between them, thereby assuming an ‘open’ form,
compared to the ligand-bound crystal structure (Figure 4). This positioning of helical elements
suggests a lack of pre-organization in the structure of this riboswitch prior to the binding of
TPP.

Ligand-bound structure of TPP riboswitch from divide-and-conquer approach
—The theoretical SAXS profiles of the twenty-seven models obtained from the divide-and-
conquer approach were also compared to the experimental SAXS profile for the TPP riboswitch
in the presence of both Mg2* and TPP. The models were now ranked according to their fit to
the experimental data for the TPP-bound state of the riboswitch (Methods).

In the case of the ligand-bound state, even the highest-ranking model did not give a good fit
to the experimental SAXS profile or to the low-resolution electron density map (Figures 4B
and 5B). The Kratky representation of the SAXS profile of this model shows a more defined
peak than that of the divide-and-conquer ligand-free model, indicating that the ligand-bound
model is more compact. This observation is confirmed by a closer look at the ligand-bound
model, which shows the P2/P3 and P4/P5 stalks subtending an angle of almost 90°, compared
to the ligand-free model in which this angle is ~ 120°.
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Although comparisons to the experimental SAXS profiles for the ligand-free and ligand-bound
states of the riboswitch rank the models correctly in terms of compactness, the ligand-bound
model is unable to capture the parallel arrangement of P2/P3 and P4/P5 observed in the crystal
structure. This stems from the library of J2/4 structures used in the divide-and-conquer
approach in which all the structures of this junction have the helices P2 and P4 wide apart.

Presumably a junction with a given sequence is biased towards a certain structure that is
inherent to that sequence. When probed experimentally in isolation, the junction reflects this
inherent structure. However, when the junction is placed within the parent RNA structure, it
may not retain its inherent structure, due to the presence and influence of other elements of the
RNA. Most simply, changes can arise due to steric clashes that can sometimes be avoided by
local rearrangements. Furthermore, tertiary interactions observed between L5/P3 in the crystal
structure of the riboswitch may enforce a different junction conformation than that which is
most stable in isolation; for example a more parallel arrangement of P2 and P4 is observed in
the ligand-bound crystal structure. The divide-and-conquer approach is blind to the interactions
between the smaller fragments of the RNA, and in cases where these interactions play an
important role in the folding of the parent structure, the divide-and-conquer approach will not
suffice to give a good representative model.

The global approach

The divide-and-conquer approach operates with an underlying assumption that the structures
of the isolated junctions remain the same when these junctions are reincorporated into their
parent structure. In contrast, the global approach treats the RNA as one unit, where the sum of
the conformations adopted by the smaller fragments in isolation does not necessarily constitute
the overall structure. Therefore, in the global approach, models of the structures of the
constituent fragments are not discriminated against based on the lack of their agreement with
experimental data for these fragments in isolation.

The assembly of the models of the whole TPP riboswitch is again performed with MC-SY M,
and in this case, we allow all 200 models of all three junctions to be put together in different
combinations. This is in contrast to the divide-and-conquer approach, where we assembled
only the models of the junctions that gave good agreement with the experimental data for the
junctions in isolation. We generated a total of 40,000 candidate structures of the whole
riboswitch. Theoretical SAXS profiles were computed for all of the 40,000 models of the whole
riboswitch, and these profiles were tested against experimental SAXS data for the RNA
(Methods).

Ligand-free structure of TPP riboswitch from global approach—The highest-
ranking 38 models from the global approach gave p-values of >0.95 when tested against
experimental data for the ligand-free state of the riboswitch (Figure S3A). Considerable
variations exist between these 38 models from the global approach, with an average RMSD of
~12 A between the different models. The differences arise from the twist of helices with respect
to one another, and from small changes in inter-helical angles, which cannot be differentiated
using SAXS (Figure S3B). In addition, we are using one-dimensional SAXS profiles to
represent three-dimensional models, and the mapping of the profiles to the structures cannot
be unique. However, these models all have the same overall conformation, with helical
branches P2/P3 and P4/P5 separated by an average angle of 120° + 15°.

One representative model from this set of thirty-eight is shown separately for clarity (Figures
4A and 5A). The extended conformation of the ligand-free state is common to both the divide-
and-conquer and the global approach (Figure 4A). This observation reinforces the conclusions
that the ligand-free state of the TPP riboswitch has an open form and that binding of TPP is

required to bring the structure to the compact conformation observed in the crystal structure.
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Ligand-bound structure obtained from global approach—*For the ligand-bound state
of the riboswitch, the top 27 ranked models produced good fits to the experimental data, as
determined by a chi-squared goodness of fit test (Figure S4). There was more variation between
these models than between the set of thirty-eight models isolated for the ligand-free state, as
indicated by a higher average RMSD of ~17 A between the models (Figure S4).

One example shown for clarity gives a sense of the level of structural detail that can be
discriminated from a SAXS profile (Figure 4B). The theoretical profiles from the crystal
structure and the model give similar fits to the experimental SAXS data (Figure 5B). The overall
conformation of the model is similar to the crystal structure, in which helices P2/P3 and P4/
P5 come together in an almost parallel fashion (See Supplementary Information Figure S5 for
cautionary note). However, higher resolution details, such as the orientation of the individual
residues, helical twists and structures of the non-base paired regions are different between the
two structures. A superimposition of all twenty-seven models also shows that the global
conformation is conserved, but detailed structural differences are present (Figure S4B).
Although higher resolution structural details beyond global conformations cannot be accessed
using SAXS, the combination of global information content from SAXS and atomic models
of the RNA obtained from MC-SYM provide a powerful tool for obtaining possible structures
of the overall conformation of the RNA molecules.

The global approach does not discriminate against junctions based on their structures in
isolation, and therefore includes a larger pool of candidates of the junction fragments, which
are then reassembled into the parent structure. This leads to different ligand-bound models
from the divide-and-conquer and global approaches, but similar models for the ligand-free state
(Figure 4). The divide-and-conguer approach can be adequate for modeling RNA structures,
in the absence of inter-fragment interactions in the form of tertiary contacts or steric clashes.
For the ligand-free state, the structures of the isolated junctions appear to be preserved in the
riboswitch, such that the inclusion of junction structures, which stray from their isolated
conformations, does not change the overall conformation of the models that fit the data well.
However, in the ligand-bound state, tertiary interactions exist between P3 and L5, which hold
P2/P3 and P4/P5 in a parallel configuration in the crystal structure. This conformation is
rendered inaccessible to the divide-and-conquer approach, because the tertiary contact perturbs
the structure of the junctions away from their inherently favored conformations. Inclusion of
a larger population of junction structures in the global approach partially removes this problem
and gives better representative models.

In addition, the pyrimidine and pyrophosphate moieties of TPP are recognized and bound
separately by the two junctions J2/3 and J4/5, and these interactions also enforce the tuning-
fork conformation of the bound state. MC-SYM does not account for the effects of ligand
binding on RNA structure and since the ligand has an important effect on the folding energy
landscape of this riboswitch, MC-SYM is not expected to capture the bound state of the RNA.
This limitation of MC-SYM can lead to under-sampling of the bound conformation, and
demonstrates that modeling the association of RNA with ligands and proteins by structure
prediction software remains a challenge. Conversely, the SAXS data for the whole riboswitch
in the presence of TPP accounts for the presence of the ligand. The use of this data for isolating
models of the bound state with the global approach therefore helps in identifying the correct
global conformation from all the other models.

CONCLUSIONS

Riboswitches have garnered much excitement as an RNA-only mechanism of gene expression
regulation. However, much remains to be learned about riboswitches, and characterization of
the ligand-free states of these RNA switches is one of the gaps that needs to be filled 5%, We
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have presented a structural model of the ligand-free state of the TPP riboswitch aptamer.
Previous studies using chemical probing and fluorescence spectroscopy indicated that this
riboswitch undergoes significant structural modulation upon binding of the ligand, and our
results provide a picture of the global rearrangement that occurs once TPP binds 11 19: 60_Qyr
model shows an open state for the TPP riboswitch that leaves both the binding sites for the
thiamine and pyrophosphate moieties accessible to the ligand for binding. As the two functional
groups of TPP are recognized by two distal regions of the RNA, TPP binding bridges the gap
between these regions, and ‘staples’ the RNA together into its compact bound conformation.

Our model complements an earlier study that revealed this riboswitch controls splicing 62. It
was proposed that nucleotides in the P4/P5 stem of the riboswitch interact with the nucleotides
adjacent to the splice site, rendering the splice site inaccessible for binding by the spliceosome.
TPP binding brings the P4/P5 stem away from the splice site, thereby allowing splicing to
occur. Our model indicates that in the TPP-free state, P4/P5 and P2/P3 are splayed wide apart,
and in this conformation the P4/P5 stem is available for interaction with alternative nucleotides
in the splice site.

The limitations of the divide-and-conquer approach from our results demonstrate that the
absence of information about RNA interactions with proteins and other ligands restricts the
predictive abilities of RNA structure modeling algorithms. Our approach obtains information
about these interactions lacking in MC-SYM from SAXS and hence partially alleviates some
problems that remain in RNA structure determination. SAXS is a low-resolution technique and
structures with variations in details such as helical twist give very similar SAXS profiles, as
seen for the best fitting models of the individual junctions and the models derived from the
global approach. Additionally, SAXS reports on the ensemble measurement, and the models
described in our results represent low-resolution “average’ structures that are consistent with
our data. Further refinement of these average models, and the building of physically and
experimentally consistent ensembles of structures are future challenges that need to be
addressed. Nevertheless, our results provide a first step towards developing a methodology
that will advance our ability to model and predict RNA structures that are especially difficult
to solve with currently available methods.

MATERIALS AND METHODS
RNA synthesis

The TPP riboswitch aptamer domain and the junction constructs were prepared by in vitro
transcription with T7 RNA polymerase. Templates for the constructs were synthesized by
assembly PCR, using synthetic DNA oligonucleotides purchased from IDT DNA technologies,
Coralville, 1A. All the constructs were purified by electrophoresis on a 10% acrylamide gel in
the presence of 7 M urea.

We used the same construct as Thore et al. to study the full riboswitch aptamer 9. To study
the individual component junctions, we used constructs where the core of the junctions were
preserved, with the helical arms extended to seven base pairs each for helices P2, P3, P4 and
P5 with tetra-U loops introduced at the ends of helices P3 and P5 in junctions J2/3 and J4/5
respectively (Figure 1). The helix P1 was extended to ten basepairs (bp) and helices P2 and P4
were extended to seventeen bp with tetra-U loop caps for junction J2/4 (Figure 1). The
sequences for the aptamer construct and the junction constructs are given below:

TPP aptamer: 5-GGGACCAGGGGUGCUUGUUCACAGGCUGAGAAAGCCCUUU
GAACCUGAACAGGGUAAUGCCUGCGCAGGGAGUGUC-3'

J2/3: 5'-
GGUAAAGGGGUGCUUGUAAUUCAUUACAGGCUGAGAAAGUCCCUU UA-3'
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J2/4: 5-GGUAUAUGGACCAGGGAUAAUGAUAAUAGUUUUCUAUUAUCAUU
AUCCCUUUGAACCUGAUAUAUAUAUAUGUUUUCAUAUAUAUAUAUCAGG
G AGGUCCAUAUA-3

J4/5: 5-GGUAACCUGAACAGGUUAGUAAUGUAACCUGCGCAGGUUA-3

SAXS data acquisition

SAXS data were acquired at beamline 12-1D of the Advanced Photon Source, Argonne, IL,
USA. The measurements were performed at 25°C using a sample-detector distance of 2 m, a
CCD detector, and a custom-made sample cell 62, The X-ray energy was set to 12 keV for all
measurements.

SAXS data were collected for sample concentrations of 0.5, 1 and 2 mg/ml (corresponding to
20, 40 and 80 uM respectively). The RNA was thawed and incubated at 65°C for 10 minutes,
after which it was mixed in buffer (100 mM TriseHCI, pH 7.0), and various concentrations of
MgCl, and TPP (Sigma-Aldrich). The samples were centrifuged for 10 minutes at 13,000 g
immediately before the measurement. Five sequential exposures of 0.2 s each were obtained
for each sample and averaged to improve the quality of data. Profiles for identical solutions,
without the RNA, were also measured and these profiles used for buffer subtraction. Scattering
profiles obtained at different RNA concentrations were superimposable after normalizing by
forward scattering intensity, indicating the absence of interparticle interference and
aggregation effects (data not shown). We tested for possible radiation damage by comparing
subsequent exposures of the same sample and no changes were detected.

SAXS data analysis

Scattering intensity was obtained as a function of momentum transfer, g, in the range 0.02 <
q < 0.25 A1, The radius of gyration was obtained by Guinier analysis of the low scattering
angle region of the profile 33. In addition, the program GNOM was used to obtain histograms
of intramolecular distances, P(r), by a regularized transform of the scattering intensity 63, The
maximum intramolecular distance, Dpmay, Which is taken as an input parameter in GNOM, was
increased in steps of 2 A until a good fit to the experimental data and a smooth non-negative
P(r) function was obtained. This yielded values of D5« for each measurement (Table 1).

Ab initio 3D modeling of SAXS data

The program DAMMIN was used to reconstruct three-dimensional bead models from the
SAXS data, as described earlier 16: 64, Ten independent DAMMIN runs were performed on
each scattering profile, representative of an RNA state, in ‘slow’ mode, using default
parameters, and input values of Do Obtained as described above. The models were aligned
and averaged using SUPCOMB and DAMAVER respectively 65 66, The reconstructed bead
models were converted to electron density maps with the program Situs 67: 68, This used real
space convolution with a Gaussian kernel with a width of 6 A and voxel spacing of 2 A. The
models were visualized in VMD and Chimera 6% 70,

Obtaining low-resolution atomic models of the aptamer and junction constructs by
computational prediction

The MC-SYM web server and program were used to generate models of the junction constructs
and the TPP riboswitch aptamer %5. MC-SYM harnesses a fragment-based approach to model
RNA structure. A query sequence provided to MC-SYM is divided into shorter constituent
sequences. MC-SYM uses known RNA structures to build a library of three-dimensional
structures for the constituent sequences. These structures serve as fragments that are then
assembled together via common nucleotides between the fragments in different combinations
to output many candidate structures for the whole RNA. MC-SYM provides flexibility to the
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user to divide the query sequence into different desired constituent sequences than those
defined by default. In this case, it allows the user to input models corresponding to the desired
constituent sequences to build up the fragment library. Therefore, MC-SYM provides a
platform where atomic models for an RNA sequence can be generated from scratch using
default libraries, or user-defined libraries of known structures.

To obtain models of the junction constructs, sequences for the junctions were submitted, along
with a dot-bracket rendition of the secondary structure prediction for the sequences from the
crystal structure of the bound state, to the MC-SYM pipeline webpage to generate a script. The
resulting MC-SYM script was submitted to the MC-SY M web-server with a modification to
increase the number of models generated to 200 for each construct, and the generated models
were downloaded from the web-server. For the isolated junction constructs, the default MC-
SYM libraries of fragments were used.

The whole aptamer construct of the riboswitch was modeled using a locally compiled version
of MC-SYM for both the divide-and-conquer and global approaches. The input script for the
program was used to divide the aptamer sequence into three fragments labeled J2/4
(corresponding to residues 1 — 10, 36 — 48 and 67 — 77 in the aptamer), J2/3 (residues 10 — 36),
and J4/5 (residues 48 — 67). The divide-and-conquer approach and the global approach differ
in the libraries of structures of these three fragments used to assemble the whole molecule.

For the global approach, the 200 models generated for each of the junctions were used as the
library of structures for the fragments (global library). The closing base pair in P2 for J2/3
(residues 10 and 36 in the aptamer) and in P4 for J4/5 (residues 48 and 67 in the aptamer) were
used as common residues between J2/3 and J2/4, and J2/4 and J4/5 respectively. These were
used to link all combinations of the fragments together that did not result in steric overlaps to
obtain models of the whole riboswitch. This yielded 40,000 total models for the aptamer
domain of the riboswitch.

In contrast to the global approach, the divide-and-conquer approach limited the libraries of the
three fragments to only those models of the junctions that gave good fits to the experimental
SAXS data for the isolated junction constructs (x2 > 0.95; see next section in Methods). This
included three models for each of the junctions, and all possible combinations of three models
for the three fragments led to twenty-seven reconstituted models of the riboswitch from the
divide-and-conquer approach. The junctions were assembled in a similar fashion as in the
global approach.

Upon using only half of the models for each junction with both the global and divide-and-
conquer approach, we find similar results for the reconstituted structures, indicating that 200
models for each junction are adequate for sampling the conformational space.

Fitting of models to SAXS data

The program CRYSOL was used with default input parameters to calculate predicted SAXS
profiles for all the models generated using MC-SYM 58. These predicted profiles were tested
against the experimental SAXS data using a two-step process to isolate the models that gave
the best fits to the SAXS data. In the first step, a least-squared criterion was used to test the
predicted profiles of the models. To ensure a good fit of the SAXS profiles calculated from the
MC-SYM models at all scattering angles, instead of being dominated by the low-q space, we
resorted to a three-part approach. A least squares test was first performed on the first third of
the SAXS profile (0.02 < q < 0.1 A1), which contains information about the overall size and
shape of the particle. The criteria for passing this test was set to ensure that the sum of the least
squared difference of the normalized intensity (I/1g where | is the forward scattering intensity
at g = 0) between the experimental and theoretical profile was <0.1. Upon passing this test, the
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next third (0.1 < q < 0.18 A1) of the profile was tested in a similar manner, and finally, the
last third (0.18 < q < 0.25 A1) of the profile was checked. Models that passed these criteria
and gave the lowest least-squared difference in intensity for the scattering profiles were taken
to the second step.

The models that passed the least-squared test were ranked based on the p-values obtained from
a chi-squared goodness of fit of their calculated profile with the experimental profile. Only
three models yielded a p-value of greater than 0.95 for each junction and these models were
selected as the best-fitting models (Figure S3). These best fitting models for the junctions and
aptamer constructs were identified to be the best representatives of the acquired SAXS data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The aptamer domain of the thiamine pyrophosphate riboswitch from the thiC gene in A.
thaliana examined in this study. (A) Secondary structure diagram of the riboswitch construct.
The five base-paired helices are labeled P1 — P5 and are each given a unique color: P1 (green),
P2 (red), P3 (violet), P4 (yellow), P5 (cyan). The non base-paired regions — junctions and loops
—are shown in black. (B) Structure of the TPP riboswitch aptamer as characterized previously
by X-ray crystallography. The color scheme is as defined in (A). The ligand TPP is shown in
magenta in a ball-and-stick representation. Mg2* ions found in the crystal structure are
represented as blue spheres. (C) Constructs of the three junctions in the structure of the aptamer.
The junctions are defined by the adjoining helices: J2/3 between P2 and P3 (left), J2/4 between
P1, P2 and P4 (middle), and J4/5 between P4 and P5.
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Figure 2.

Small Angle X-ray Scattering (SAXS) data for the structure of the TPP riboswitch aptamer in
the absence of Mg 2* and TPP (blue) defined as the ‘unfolded’ state, in 10 mM Mg?2* but no
TPP (orange) defined as the ‘intermediate’ state, and in 10 mM Mg?* and 10 mM TPP (pink)
defined as the “folded’ state. Data is also shown for the denatured riboswitch in 7 M urea (grey).
(A) SAXS profiles in Kratky representation (g21(q) vs. g for the full scattering profile) in the
different solution conditions. (B) Low resolution bead models for the TPP riboswitch in its
unfolded, intermediate and folded state, obtained from the SAXS profiles in (A). See Materials
and Methods for details on the structure reconstruction.
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Fitting of the three highest-ranking models of the isolated junctions of the TPP riboswitch to
experimental data: J2/3 (left column), J2/4 (middle column), J4/5 (right row). Models for each
of the junctions were generated using MC-SY M. (A) The three highest-ranking models for the
junctions overlaid on the bead models calculated for the experimental profiles shown in (B).
The coloring of the helices is identical to Figure 1. The bead models are colored differently to
indicate models ranked 1 to 3: rank 1 (pink), rank 2 (blue), rank 3 (green). Two views of each
model are shown side by side, with a rotation of 90° about the z-axis, in the same colored bead
models. (B) Experimental SAXS profiles of the isolated junctions in Kratky representation
overlaid on the predicted SAXS profiles from the three highest-ranking models of the junctions,
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as determined from a least-squares fitting routine (Methods). The black circles represent the

experimental data, and the solid lines show the predicted profiles from the models. The solid
lines are colored the same as the bead model to identify the model that gives that profile.
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Figure 4.

Models of TPP riboswitch aptamer in ligand-free (left column) and ligand-bound (right
column) states. Models were generated using MC-SYM as described in Methods. (A) Models
for the ligand-free state superimposed on the bead models obtained from the experimental
profile in excess Mg2*. The two models shown are derived from the divide-and-conquer (DAC)
approach (top) and the global approach (bottom). Two views are shown for each model, with
a rotation of 90° about the z-axis between the views. (B) The structures for the ligand bound
state superimposed on experimental SAXS electron density map obtained in the presence of
excess Mg2* and TPP. The different structures are the model obtained for the bound state using
the global approach(bottom) and the crystal structure for the bound state (middle) The coloring
of the helices follows the convention defined in figure 1.
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Figure 5.

Comparison of SAXS profiles of the models of the ligand-bound and free state from the divide-
and-conquer (DAC) and global approach, the crystal structure for the ligand bound state, and
experimental data. Experimental SAXS profiles for TPP aptamer in 10 mM Mg?2* only (left)
and 10 mM Mg?* and 10 mM TPP (right) overlaid on theoretical profiles predicted for each

of these states using CRYSOL. Black circles indicate the experimental data. The color of the
line represents the different approaches used to derive the models: divide-and-conquer (green),
global (red). The profile predicted for the crystal structure is shown in blue.
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Radius of gyration and Dp,x for the TPP riboswitch under different solution conditions measured by SAXS.

[Mg2*] (mM) | [TPP](mM) | Rg(A) | Dmax(A)
0 0 34+1 115+5
10 0 28+1 95+5
10 10 22+1 65+5
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