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Idiosyncratically tuned switching behavior of riboswitch
aptamer domains revealed by comparative small-angle
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ABSTRACT

Riboswitches are structured mRNA elements that regulate gene expression upon binding specific cellular metabolites. It is
thought that the highly conserved metabolite-binding domains of riboswitches undergo conformational change upon binding
their cognate ligands. To investigate the generality of such a mechanism, we employed small-angle X-ray scattering (SAXS). We
probed the nature of the global metabolite-induced response of the metabolite-binding domains of four different riboswitches
that bind, respectively, thiamine pyrophosphate (TPP), flavin mononucleotide (FMN), lysine, and S-adenosyl methionine (SAM).
We find that each RNA is unique in its global structural response to metabolite. Whereas some RNAs exhibit distinct free and
bound conformations, others are globally insensitive to the presence of metabolite. Thus, a global conformational change of the
metabolite-binding domain is not a requirement for riboswitch function. It is possible that the range of behaviors observed by
SAXS, rather than being a biophysical idiosyncrasy, reflects adaptation of riboswitches to the regulatory requirements of their

individual genomic context.
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INTRODUCTION

Riboswitches are gene-regulatory mRNA domains that
respond to the intracellular concentration of their cognate
small molecules by modulating transcription or translation
in bacteria and pre-mRNA splicing or polyadenylation in
eukaryotes. More than a dozen classes of riboswitches spe-
cific for a variety of metabolites have been discovered and
characterized biochemically (Winkler and Breaker 2005;
Edwards et al. 2007; Henkin 2008). For all riboswitch classes
examined, phylogenetic sequence analyses delineate a seg-
ment of highly conserved sequence that is necessary and
sufficient for specific in vitro binding to their cognate me-
tabolites. By analogy to RNAs evolved in vitro to bind par-
ticular ligands (Ellington and Szostak 1990), these ribo-
switch segments have been termed the “aptamer domain”
(Winkler et al. 2002). Aptamer domain conservation can
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extend to fine structural details. Crystallographic structure
determination of Escherichia coli and Arabidopsis thaliana
thi-box aptamer domains revealed that these RNAs from
distantly related organisms adopt virtually identical three-
dimensional (3D) structures and recognize thiamine pyro-
phosphate (TPP) through identical interactions (Edwards
and Ferré-D’Amaré 2006; Serganov et al. 2006; Thore et al.
2008). The moieties of riboswitches that interface with the
transcriptional, translational, or RNA processing machinery,
ultimately giving rise to alteration of gene expression, vary
greatly even between instances of the same class of ribo-
switch in different genomic loci of one organism. These vari-
able segments of riboswitches that modulate gene expres-
sion have been termed the “expression platform” (Winkler
et al. 2002).

The molecular nature of the functional coupling between
riboswitch aptamer and expression platform domains re-
mains poorly understood (Wickiser et al. 2005a,b). The
structural dynamics of the aptamer and expression plat-
form domains may play an important role. However, re-
gardless of the particulars of these interactions, the modular,
self-contained function of the aptamer domain, implied
by sequence conservation and borne out by biochemical
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analyses, indicates that changes in molecular properties of
this domain that arise from cognate small molecule binding
are central to riboswitch function. Early in-line probing
studies indicated that the aptamer domains of some ribo-
switches adopt distinct free and metabolite-bound con-
formations and, in fact, suggested that the aptamer and
expression platform domains were structurally and func-
tionally separable (Winkler et al. 2002). These studies, other
chemical probing experiments, and NMR and fluorescence
spectrometric studies (see below) have provided a nucleotide-
by-nucleotide description of the changes in molecular prop-
erties of several riboswitch aptamer domains between their
free and bound states.

Do all riboswitch aptamer domains undergo global,
large-scale conformational changes concomitant with the
local ligand binding-induced rearrangements detected by
chemical probing and spectrometry? A detailed small-angle
X-ray scattering (SAXS) analysis of the glycine riboswitch
aptamer domain from Vibrio cholerae revealed dramatic
conformational changes of the RNA as a function of ligand
occupancy (Lipfert et al. 2007). Analytical ultracentrifuga-
tion studies of the aptamer domain of the mgtE magnesium
riboswitch from Bacillus subtilis revealed a highly cooper-
ative Mg**-dependent compaction (Dann et al. 2007).
Studies of purine riboswitch aptamer domains employing
2-aminopurine fluorescence, SHAPE, NMR, nuclease map-
ping, mutational analysis, and single-molecule FRET and
force-extension experiments (Lemay et al. 2006; Noeske
et al. 2006, 2007; Gilbert et al. 2007; Ottink et al. 2007;
Rieder et al. 2007; Stoddard et al. 2008) arrived at con-
flicting conclusions. Metabolite-induced large-scale struc-
tural changes were suggested by some studies, while other
studies implied that conformational changes were limited
to the metabolite-binding pocket. Further adding to the ap-
parent inconsistency in the switching behavior of aptamer
domains are crystallographic studies of the lysine ribo-
switch aptamer domain: The free and ligand-bound struc-
tures were found to be essentially indistinguishable (Garst
et al. 2008; Serganov et al. 2008). SAXS analyses of this
aptamer domain under highly stabilizing ionic conditions
(5-10 mM Mg2+) reached the same conclusion (Garst et al.
2008). Overall, these results could imply that there are two
types of riboswitch aptamer domains—those that undergo
global conformational changes concomitant with ligand
binding and those that do not (Montange and Batey 2008).
Alternatively, the apparent disparity may simply be a re-
flection of the diversity of techniques employed: The pres-
ence or absence of global conformational changes has some-
times been inferred from the response of local molecular
probes to metabolite binding.

In this study, we examine the global conformational
changes of aptamer domains from riboswitches that re-
spond to four different metabolites under the same solu-
tion conditions and employing the same technique: SAXS.
We selected for SAXS analysis the aptamer domains of the

TPP-responsive thi-box riboswitch, the class I S-adenosyl
methionine (SAM)-responsive riboswitch (SAM-I), the fla-
vin mononucleotide (FMN)-responsive riboswitch, and the
lysine-responsive L-box riboswitch. X-ray crystallographic
structures of the metabolite-bound forms of all four have
been reported, allowing us to benchmark the solution SAXS
studies of the metabolite-bound states. Our comparative
SAXS analyses reveal a distinct global structural response to
ligand binding for each of the RNAs examined.

RESULTS

Distinct free and bound conformations of the thi-box
riboswitch aptamer domain

We first examined the solution behavior of an 83-nucleotide
(nt) RNA construct that encompasses the aptamer domain
of the E. coli thiM TPP-responsive riboswitch (Fig. 1A).
Guinier analysis indicates that under approximately phys-
iologic Mg2+ concentration (~~1.5 mM) (Batey et al. 2004)
and in the absence of TPP, this RNA exhibits a radius of
gyration (R,) of 27.5 A (Table 1). This is considerably larger
than the ~24.6-A R, calculated (Materials and Methods)
from crystal structures of the TPP-bound thiM riboswitch
(Edwards and Ferré-D’Amaré 2006; Serganov et al. 2006).
Addition of saturating TPP (100 M) resulted in a decrease
of Ry to 24.1 A (Table 1), which is slightly more compact
than predicted from the crystal structure (see Materials and
Methods). Since the precise concentration (strictly, activ-
ity) of free Mg*" encountered by the riboswitch in vivo
might be somewhat higher, we also examined it in the pres-
ence of 2.5 mM Mg2+. In the absence of TPP, we observe
a Mg**-induced compaction of R, from 27.5 A (15 mM
Mg**) to 25.7 A (2.5 mM Mg*"). Addition of saturating
TPP (100 wM) at this slightly higher Mg*" concentration
did result in further compaction of R, to 21.9 A. Compar-
ison of the electron pair-probability, or P(r), distributions
for the metabolite-free and metabolite-bound (hereafter
“free” and “bound”) states indicates that this reduction in
R, is accompanied by a conformational change of the RNA
(Fig. 2B).

The observed Mg**-induced compaction of the thi-box
aptamer domain in the free state between 1.5 mM and 2.5
mM Mg** in the absence of TPP suggests that a highly
stabilizing Mg*" concentration may induce additional
global collapse without the need for TPP and perhaps
result in a conformation that is similar to that of the bound
state crystal structures. To test this idea, we increased the
Mg** concentration to 10 mM Mg*" in the absence of TPP
and measured an R, of 24.4 A, a slight compaction relative
to that observed for the free state under physiologic Mg**
concentration. Comparison of the P(r) distributions con-
firms that even under these highly stabilizing Mg** condi-
tions, the global shape of the free RNA is similar to that
of the free state under physiologic Mg** (Fig. 2B). Hence,

www.rnajournal.org 599


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cshlp.org on August 4, 2022 - Published by Cold Spring Harbor Laboratory Press

Baird and Ferré-D’Amaré

AA P2a
uc P2b
A "% B &8 A D GuuussA—»Gu
c—G P4 ~_ G—C G | —
Pl G=C fu-U GGG A [o; G\c':MGUAG é AA?G?'IJ
s 80U-G [/ c-6 L1 C—G'60 AyYso
ol u-a% c-6-°% u 0A_U UGGCA .
U-A i 8.5 oy U-a®
T : UcA =
e A P2a G°A Ca-a " o
G—a P3ext A-UUAA - G-A °u
— G-C G-C A-G AC A-U
U-A P1 0-a 10 Ag:g Ane 20RO P3U U
gp [Todes 8 A% I C B
i 90A— 60 C—G 20G— | i
g—ﬁ G0 c—G 2—8 P4 c-G
e ~G_, uu = =
s,c Ga A 5 P3 G_CA Uuu uu A
3 G_o U-A u-G 80G
ZDUGC U-A c-G c—G
c—Gy A Gso G—C G—-C
u- AA AA Uc_c 110?_9?—
u-A 60 -
CA & A 106G A-G
P®c¢ ¢c-G o _ ol A-GC G-U
C ,au Gece A i G-C
Sos oo ggpes MSYES A iy U—A140
G-C30 A-U A = o
G—c 2SGUGGGAL ueealU éAéuUUma BiU=A G—C
c u ] 20 G—C A-U
q nc A pe 106 G-C FS A=y
A oaoa-H CoogRtliganacetcs At G Y
i - 120A 1L U U G—C
ga QU 2_35%4 'y CU('SGAUGIGGTUGCC GAU:;!aUCG uy, G—G-1gg 160 Eiﬂ
103—340 (;_CA I g—G A 5' Gy, U-A
e R & % G-CCAG U-A i
C—G:I—U u G—Cro u—-A A—U
U-A A CcC—-G c-G uu
Cc-G P4G°U c-c P1 ua
p1 AU —G U-A e
G—Cso A-U A—U140
Cc-G c-G U:-G
G-C G-C 3
57 Ay auA A

FIGURE 1. Sequence and schematic secondary structures of the riboswitch aptamer domains employed in this study. Secondary structure
diagrams are organized similar to available 3D structures for riboswitch aptamers that bind (A) TPP, (B) SAM, (C) FMN, and (D) lysine. (P3ext)
The helical extension added to P3 of the TPP aptamer domain (A). (Gray) The nucleotides removed from the wild-type sequence upon
introduction of the extension. The T-loop between P2 and P3, which is responsible for recognition of the pyrimidine moiety of TPP, is

highlighted in bold letters.

10 mM Mg*" is insufficient to stabilize the globally com-
pact conformation. The addition of saturating TPP under
this highly stabilizing Mg”* condition did result in a global
size and shape indistinguishable from that of the bound
state at 2.5 mM Mg>" (Fig. 2B).

To confirm that the TPP-bound conformation of the
thiM thi-box riboswitch in solution corresponds to that
observed in crystal structures, we computed low-resolution
3D reconstructions from the SAXS data employing the
program DAMMIN (Svergun 1999). Multiple independent
reconstructions using initial search volumes in the range
of 76-106 A robustly converged into essentially identical
reconstructions that can be superimposed on crystal struc-
tures of the TPP-bound aptamer domain of the thi-box
riboswitch (Fig. 3A). Overall, reconstructions of bound
states calculated from SAXS data collected at various Mg>*
concentrations exhibited similar shapes. The main differ-
ence, for example, between the bound-state reconstructions
at 1.5 mM and 10 mM Mg*" is a reduction of the longest
(maximum) dimension (Dy,,,) from 80 to 74 A for the
latter condition (Table 1).

To gain insight into thi-box structural changes induced
by TPP binding, we generated 3D reconstructions from our
SAXS data of the aptamer domain in the absence of TPP at
1.5 mM and 2.5 mM Mg*" concentrations. These recon-
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structions robustly converged to low-resolution molecular
envelopes whose dimensions and shapes are more elongated
than those of the bound-state reconstructions (Fig. 3B,C).
Similarly to what we observed for reconstructions of the
bound state, reconstructions generated from free-state SAXS
data measured at various Mg®* concentrations resulted in
electron density distributions that differed between each
other in longest linear dimension but not substantively in
overall shape. Because crystal or NMR structures of the
ligand-free form of the thi-box riboswitch have not been
reported, we could not immediately interpret the low-
resolution envelope in terms of a detailed molecular model.

In order to interpret the low-resolution reconstruction,
we engineered the RNA to contain an additional structural

TABLE 1. Global SAXS parameters for the TPP aptamer domain

Mg Ry (=1 A) Dinax (£5 A)
(MmM) Free Bound Free Bound
1.5 27.5 24.1 90 80
2.5 25.7 219 83 78
10 24.4 22.1 80 74

The R calculated from a crystal structure (PDB 1D 2HO)) is 24.6 A.
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FIGURE 2. Metabolite-induced conformational switch in the TPP
aptamer domain. (A) Sample raw scattering data and (insert) Guinier
plots for determination of Rg (circles) TPP-free; (crosses) TPP-
bound. Most Guinier analyses in the present study were performed
within the g range indicated by the shaded gray box. (B) P(r) plot
detailing the differences in shape and maximum dimension between
the free and bound conformations at 2.5 mM Mg** (gray dots) and
10 mM Mg** (black lines). (a.u.) Arbitrary units.

unit, not present in the wild type. This approach has been
previously employed, for instance, by Nakamura et al.
(1995) to facilitate interpretation of electron micrographs
of the group I intron. In the TPP-bound state, the thi-box
aptamer domain adopts an inverted h-shaped structure,
with the metabolite spanning two of the arms of the RNA
(Fig. 1A). The pyrophosphate moiety of TPP is recognized
by a helix that is capped by loop L5 (the “pyrophosphate
sensor helix”) and the aminopyrimidine ring at the op-
posite end of the metabolite is bound by a T-loop motif
within a helical stack (the “pyrimidine sensor helix”) that is
capped by loop L3 (Thore et al. 2006). Other studies have

demonstrated that L3 is functionally and structurally
dispensable (Kulshina et al. 2010). Therefore, we generated
a variant thi-box riboswitch with a 15 base-pair extension
in the distal portion of the pyrimidine sensor helix (P3ext)
(Fig. 1A). SAXS experiments demonstrate that like the
wild-type aptamer domain, this extended construct un-
dergoes a large-scale change in size and shape upon TPP
binding (data not shown). Three-dimensional reconstruc-
tions of this engineered aptamer domain generated from
SAXS data collected in the absence of TPP reveal a molec-
ular envelope that is in general agreement with that of the
free state of the wild-type thiM riboswitch, except for the
presence of a significantly more elongated density that most
likely corresponds to the extended P3 helix (Fig. 3D, black).
This interpretation assumes that under the solution con-
ditions employed, the metabolite-free aptamer domain
assumes a distinct, highly populated conformation. With
this caveat, our SAXS reconstructions suggest that the
aptamer domain undergoes a global rearrangement upon
loss of the bound ligand that results from unfolding of the
internal T-loop in P3, which is responsible for recognition
of the aminopyrimidine moiety of TPP (Fig. 1A, bold).
Although a detailed description of the TPP-free conforma-
tion(s) of the thi-box will require further studies, our SAXS
analysis indicates that under physiological Mg”* concen-
trations in solution, this riboswitch adopts a ligand-free
conformation that is distinctly different in global size and
shape from the TPP-bound conformation.

Metabolite and Mg**-dependent switching
of the SAM-I aptamer domain

We next examined the solution behavior of a 94-nt aptamer
domain construct of the class I SAM-responsive riboswitch
(SAM-I) of the metF-metH2 operon of Thermoanaerobacter
tengcongensis (Fig. 1B). Guinier analysis of SAXS data
collected from this construct at 1.5 mM Mg** concentra-
tion shows that the R; of the SAM-I aptamer domain
compacts from 29.9 A in the absence of SAM to 26.3 A
in the presence of saturating (1 mM) SAM (Table 2). A 2.9-
A-resolution crystal structure of the metabolite-bound
form of this RNA domain has previously been reported
(Montange and Batey 2006). The R, calculated from the
crystal structure is ~26 A, in good agreement with the R, of
the bound state determined in solution by SAXS in the
presence of 1.5 mM Mg,

Because the TPP riboswitch aptamer domain exhibited
considerable Mg*-induced compaction, we investigated the
free and bound states of the SAM-I aptamer domain under
Mg** concentrations of 2.5 mM and 10 mM. The free and
bound state R,’s observed at 2.5 mM Mg”" concentration
are identical, within experimental error, to those observed
at 1.5 mM Mg“. Remarkably, however, addition of 10 mM
Mg®" results in compaction of the free state to an R, of
275 A (compared to 29.2 A at 2.5 mM Mg“) (Table 2).
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FIGURE 3. Low-resolution SAXS models of the TPP aptamer domain. (A) DAMMIN
reconstruction of the bound conformation. The crystal structure is docked within it to
demonstrate the agreement in size and shape. The correlation coefficient between the
reconstruction and the envelope calculated from the crystal structure (Edwards and Ferré-
D’Amaré 2006) is 0.89 (Wriggers et al. 1999). (B) Low-resolution model of the “free” form in
. (C) Reconstruction of the free conformation in 1.5 mM Mg2+

in general agreement with that at 2.5 mM Mg>", although slightly expanded. (D) Low-
resolution model of the P3ext variant (1.5 mM Mg**) demonstrates an additional density

the presence of 2.5 mM Mg

(black) in the P3 region.

Thus, high Mg*" concentrations alone are capable of stabi-
lizing a global conformation similar to the bound confor-
mation of the SAM-I aptamer domain at 2.5 mM Mg**. It
is important to note, however, that the P(r) distribution of
the free state observed in 10 mM Mg*" is intermediate
between those observed for the free and bound states at
physiologic Mg** (Fig. 4). Addition of saturating SAM in
the presence of 10 mM Mg** results in a bound confor-
mation that exhibits global size and shape parameters iden-
tical to those determined for the bound state in 2.5 mM
Mg*" (Fig. 4).

No global switching of FMN riboswitch aptamer
domain

Next, we examined the 141-nt aptamer domain of the ribD
FMN-binding riboswitch of B. subtilis (Fig. 1C). When
examined in the absence of FMN at 1.5 mM Mg*", this
RNA exhibits an R, of 29.4 A (Table 3). Remarkably, the R,
and Dy, remain unchanged, within experimental error, in
the presence of saturating FMN (100 wM). Unlike our
experiments with the SAM-I aptamer domain (above),
addition of 10 mM Mg** did not result in further reduction
of R, of this aptamer domain. Moreover, analysis of the
P(r) distribution indicates that only subtle conformational
differences, if any, exist between the free and bound states
of this RNA, even in the presence of 10 mM Mg>" (Fig. 5).
A 2.95-A-resolution crystal structure of the aptamer do-
main of the impX FMN riboswitch from Fusobacterium
nucleatum has been reported (Serganov et al. 2009) The R,
calculated from the crystal structure is 28 A, which is in
good agreement with that of the B. subtilis ribD FMN
aptamer domain we examined by SAXS. We conclude that

602 RNA, Vol. 16, No. 3

the FMN riboswitch aptamer domain
from B. subtilis adopts the same global
conformation irrespective of the pres-
ence of its cognate ligand in either phys-
iologic or high Mg*" concentrations.

Ligand-independent switching
of the lysine riboswitch aptamer
domain

Previously, it was reported that the
\ 4 aptamer domain of the IlysC lysine
riboswitch from B. subtilis exhibited
indistinguishable R, and P(r) in the
presence and absence of saturating
lysine concentrations when examined
in 5 mM Mg”* (Garst et al. 2008). To
evaluate the generality of these observa-
tions, we carried out SAXS experiments
with a 181-nt construct from a different
organism. Our construct encompasses
the lisA lysine riboswitch aptamer do-
main from Clostridium acetobutylicum (Fig. 1D). Guinier
and P(r) distribution analyses of SAXS data from this
aptamer domain demonstrate that in 1 mM Mg, the R is
~43 A and the D, is ~145 A, both in the absence and
presence of 1 mM lysine (Table 4). The P(r) distributions
are also nearly identical under the two conditions (Fig. 6).
Interestingly, the radii of gyration observed in the absence
and presence of lysine at 1 mM Mg*" concentration are
considerably larger than expected given the two reported
crystal structures (see below and Table 4).

We next examined the C. acetobutylicum lysine ribo-
switch aptamer domain by SAXS at 10 mM Mg*". We find
that, under these conditions, this aptamer exhibits R, of
~39 A and Doy of ~125 A, both in the absence and pres-
ence of lysine (Table 4). Several additional Mg** and ly-
sine concentrations, such as 0.5, 2.5, and 5 mM Mngr and
serial 10-fold dilutions of lysine from 1072 to 1078 M, were
tested to investigate if conditions exist under which lysine
would induce a global conformational switch of the
aptamer. Under all conditions examined, the lysine ribo-
switch aptamer domain from C. acetobutylicum is highly
sensitive to Mg®" concentration but globally insensitive to

TABLE 2. Global SAXS parameters for the SAM-I aptamer domain

[Mg2+] Rg (£1 A) Dinax (£5 A)
(mM) Free Bound Free Bound
1.5 299 26.3 95 89
2.5 29.2 26.2 92 85
10 27.5 26.4 87 85

The R; calculated from a crystal structure (PDB ID 2GlIS) is 25.8 A.


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on August 4, 2022 - Published by Cold Spring Harbor Laboratory Press

Riboswitching monitored by SAXS

SAM-| riboswitch aptamer domain
201 = Free
1.5¢
1.0p
_ 05
=1
g
T
2.0r Bound
1.5r
1.0F
0.5f
0020 40 60 8 100

r(A)

FIGURE 4. Conformational switching induced by Mg** and metab-
olite in the SAM-I aptamer domain. Two P(r) plots reveal changes in
Dp.ax and global conformations between the free and bound states in
the presence of 2.5 mM Mg>" (gray dots) and 10 mM Mg** (black
lines). The bound conformation is identical for the 2.5 mM and
10 mM Mg, rendering the 2.5 mM trace (gray dots) largely
obstructed from view.

the presence of lysine (Fig. 6; Table 4). In fact, the Mg**
concentration can be reduced to 5 mM, and the aptamer
domain still maintains global size and shape indistinguish-
able from those observed in the presence of 10 mM Mg*".
Previously, two crystal structures of the asd lysine
riboswitch aptamer domain from the thermophilic bacte-
rium Thermotoga maritima have been reported at 1.9 A
(Serganov et al. 2008) and 2.8-A resolution (Garst et al.
2008). The R, calculated from the crystal structure of the
161-nt aptamer domain is 33.9 A (Materials and Methods).
Since the T. maritima aptamer domain sequence is shorter
than those of either the B. subtilis or C. acetobutylicum
aptamer domains, the R’s observed by SAXS for both
constructs at 5 mM Mngr (Table 4; Garst et al. 2008) are
consistent with the overall structure of the mesophilic
RNAs in solution being similar to what is observed in the
crystal structures of the thermophilic aptamer domain.

DISCUSSION

SAXS provides measurements of the shape and size of
molecules in solution. SAXS studies of group I intron and
RNase P RNAs indicate that these molecules undergo
global collapse, reflected in reduction of R,, upon the
addition of low divalent (or high monovalent) cation con-
centrations (Fang et al. 2000; Russell et al. 2000; Baird et al.
2005; Chauhan et al. 2005). Previous studies have demon-
strated the ability of divalent cations to induce native
(folded) RNA conformations (Misra and Draper 1998;
Koculi et al. 2007). In fact, titrating Mg”* is a common
biophysical approach to tune the stability of RNAs (Pan
et al. 1999; Fang et al. 2000; Baird et al. 2005). Therefore, in

the present study, we employed a range of Mg*" concen-
trations to probe the differential stability of riboswitch
aptamer domains. The correlation between overall com-
paction and native-like conformations has also been estab-
lished (Fang et al. 2000; Russell et al. 2000; Perez-Salas et al.
2004). These precedents justify employing global compac-
tion as measured by SAXS to report on the metabolite-
and Mg**-induced conformational changes of riboswitch
aptamer domains. For the aptamer domains we studied, it
was also possible to benchmark the global SAXS parameters
of the bound conformations in solution with their re-
spective crystal structures.

Interpretation of our SAXS results is contingent on two
assumptions. The first is that the concentration of free Mg**
in solution is sufficient to stabilize a binding-competent
conformation of the RNAs. To address this, we performed
SAXS experiments at multiple Mg>* concentrations and
demonstrated metabolite binding even at low Mg** con-
centrations (see thi-box and SAM-I results above, and
isothermal titration calorimetry [ITC] experiments below).
The second assumption is that the small-molecule metab-
olites are present at sufficiently high concentration (relative
to their dissociation constants) to result in full occupancy
of their binding sites in their respective cognate ribo-
switches. Satisfying this assumption ensures that any ob-
served lack of compaction is not the result of insufficient
ligand occupancy. To this end, we determined the dissoci-
ation constants for the SAM-I, FMN, and lysine ribo-
switches using isothermal titration calorimetry (Table 5).
The dissociation constant previously determined for the
TPP riboswitch (Kulshina et al. 2010) is also included in
Table 5. Except for the lysine riboswitch, the ITC experi-
ments were performed under low Mg*" concentrations to
demonstrate that a binding-competent conformation is
present under all Mg** conditions investigated, thus
addressing the validity of the first assumption. The disso-
ciation constants reported in Table 5 demonstrate that our
metabolite-bound state SAXS experiments on the TPP,
SAM-I, and FMN riboswitches were all carried out under
saturating metabolite concentrations. The metabolite was
also in sufficient excess for the lysine riboswitch experi-
ments carried out in 10 mM Mg>*. However, for the lysine
riboswitch at 1 mM Mg*" we were only able to obtain
a lower bound for the dissociation constant (i.e., Ky is
weaker than 20 wM). This is not surprising considering that

TABLE 3. Global SAXS parameters for the FMN aptamer domain

M Ry (£1 A) Dinax (%5 A)

g

(mM) Free Bound Free Bound
. 29.4 27.9 93 90

10 29.1 28.6 91 92

The R; calculated from a crystal structure (PDB ID 3F2Q) is 27.6 A.
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2.0r FMN riboswitch aptamer domain

Free

P(r) (a.u.)

FIGURE 5. Global compaction of the FMN aptamer domain requires
minimal Mg”® and no metabolite. P(r) plots demonstrate the
similarity of global conformation for the FMN aptamer domain
in all conditions tested; free and bound in 1.5 mM (gray dots) and
10 mM Mg*" (black lines).

the R, observed for the lysine riboswitch under this low
Mg*" concentration is considerably larger than that ob-
served at highly stabilizing Mg*" concentrations (Table 4).
Apparently, the C. acetobutylicum lysine riboswitch aptamer
domain cannot efficiently bind lysine in physiologic Mg>*
concentrations under our experimental conditions.

A previous fluorescence spectroscopic study of a TPP
riboswitch aptamer domain suggested the existence of
a stepwise global rearrangement upon metabolite binding
from changes observed in local probes distributed through-
out the aptamer domain (Lang et al. 2007). Our SAXS
studies on this RNA domain now provide direct insight
into the nature of the global conformational changes that
accompany these local events. By performing SAXS on
a thi-box construct engineered to have a predictable change
in dimension of one of its three arms (P3ext) (Fig. 3D), we
present a first glimpse of the global conformation of the
free state of this riboswitch (Fig. 3B,C). Notably, over
a range of Mg”" concentrations (1.5-10 mM Mg*"), the
degree of compaction observed upon ligand binding is
variable for this TPP aptamer domain. At 1.5 mM Mg“,
the bound conformation is not fully compacted relative to
the bound conformations at 2.5 mM or 10 mM Mg**
(Table 1). Nevertheless, under all Mg*" conditions probed,
this TPP aptamer domain undergoes a metabolite-induced
conformational change.

Previous site-directed mutagenesis reports of the SAM-I
aptamer domain indicated that this RNA undergoes a
large-scale conformational switch upon ligand binding that
is dependent on a pseudoknot and kink-turn (McDaniel
et al. 2005; Heppell and Lafontaine 2008). This SAM-
induced global structural switch is confirmed by our SAXS
studies, but only under physiologic Mg** conditions. In
both 1.5 mM and 2.5 mM Mg**, the SAM-I riboswitch

604 RNA, Vol. 16, No. 3

aptamer domain compacts to dimensions in agreement
with the crystal structure upon ligand binding. Unexpect-
edly, a slight lowering of the Mg*" concentration to 1 mM
results in a more expanded metabolite-bound conforma-
tion with an R, ~30 A compared with ~26.3 A in 1.5-
2.5 mM Mg**. Under this lowered Mg>* condition, the free
conformation is also more expanded than at 1.5-2.5 mM
Mg** (data not shown). In the presence of 10 mM Mg,
the metabolite-free SAM-I riboswitch aptamer domain
undergoes significant compaction to a near-native conforma-
tion with an R, of 27.5 A (Table 2). That this conformation
requires specific native-like interactions, particularly in the
pseudoknot between P2b and P4 (Fig. 1), is evidenced by
a lack of compaction observed for a pseudoknot-deficient
construct. In this construct, one of the two segments form-
ing the pseudoknot was mutagenized, thereby abrogating
the tertiary contact. When examined by SAXS in 10 mM
Mg, this construct exhibits an Ry of ~35 A (data not
shown). Under this Mg>* condition, the global SAM-
induced switch of the wild-type aptamer domain is nearly
eliminated (Table 2), and SAM binding is likely to involve
only local structural rearrangements. This demonstrates
that, like the TPP aptamer domain, the metabolite-induced
structural response of this SAM-I construct is dependent
on the overall stability of the RNA under the solution
conditions tested.

In stark contrast to the thi-box and SAM-I aptamer
domains, the global conformations of the L-box and FMN
aptamer domains are unaffected by ligand binding. Thus,
there appears to be a spectrum of global responses; some
aptamer domains respond to metabolite (thi-box, SAM-I),
another only responds to highly stabilizing Mg** (L-box),
and finally, one aptamer domain appears insensitive to
both (FMN) (Fig. 7A,B). The glycine aptamer domain from
V. cholerae has previously been studied by SAXS (Lipfert
et al. 2007), and it, too, exhibits a distinct pattern of
response to Mg”" and metabolite as compared to the four
constructs investigated herein (Fig. 7C). We recently
observed a large decrease in R, for the cyclic diguanylate
(or GEMM) riboswitch aptamer domain from V. cholerae
upon binding metabolite in 2.5 mM Mg*" (Fig. 7G;

TABLE 4. Global SAXS parameters for the lysine aptamer domain

[Mg2+] RS (1 A) Drax (£5 A)
(mM) Free +1 mM lysine Free +1 mM lysine
0.5 46.8 ND 160 ND
1.0 43.0 43.3 142 145
2.5 44.4 43.0 142 146
5 39.0 ND 125 ND
10 39.1 39.2 125 125

The R, calculated from a crystal structure (PDB ID 3DOU) is
33.9 A; ND indicates the measurement was not determined.
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FIGURE 6. Mg**-dependent response of the lysine riboswitch
aptamer domain. A P(r) plot clearly indicates compaction upon
addition of highly stabilizing Mg** concentrations (10 mM; black
lines) as compared to physiologic Mg”* concentrations (1 mM Mg>*;
gray dots). At 10 mM Mg**, the global conformational change is
induced only by Mg*" (relative to the 1 mM Mg** condition) with
virtually no difference between the free and bound states. At the low
Mg”* condition, the ligand is sub-saturating (see the text for details).

Kulshina et al. 2009). A similar degree of compaction
resulted in the absence of cylic diguanlyate when highly
stabilizing Mg”** concentrations (10 mM) were present,
akin to the behavior observed herein for the SAM-I ribo-
switch aptamer domain. Certainly, the degree of global
collapse observed in the study of any of these riboswitch
aptamer domains does not exclude the possibility that local
conformational changes resulting from metabolite binding
may be an important aspect of riboswitch function. Finally,
it is important to note that our SAXS study, along with the
glycine and cyclic diguanylate aptamer domain studies, was
performed with constructs having the aptamer domain
divorced from the expression platform. In order to more
fully understand the structural basis of riboswitch function,
future studies would require the inclusion of both the
aptamer domain and expression platforms.

TABLE 5. Thermodynamic parameters determined by ITC

The stabilizing conditions required to achieve the most
compact global conformation differ among the aptamer
domains investigated (Fig. 7B). For example, the thi-box,
SAM-I, and FMN aptamer domains are all able to achieve
maximally compacted, ligand-bound conformations under
minimal (physiologic) Mngr concentrations (=2.5 mM).
The FMN aptamer domain is also fully compacted in the
absence of metabolite under this Mg>" condition. Some-
what akin to this behavior, the lysine aptamer domain from
T. maritima is completely compact when crystallized in the
absence of Mg>" (Serganov et al. 2008). In contrast, the
C. acetobutylicum L-box studied herein, along with that from
B. subtilis (Garst et al. 2008), does not mimic the di-
mensions of the reported crystal structures under physio-
logic Mg** conditions either in the absence or presence of
lysine. It is not until more highly stabilizing Mg** concen-
trations are added (~5 mM) that these L-box aptamer do-
mains compact to dimensions in agreement with the crystal
structure (Fig. 6; Garst et al. 2008). Thus, the variable
stability of riboswitch aptamer domains is evident both
across riboswitch classes and within a single class (L-box).

Biochemical and genetic differences have also been
observed within individual classes of riboswitches. Pre-
viously, Mulhbacher and Lafontaine (2007) studied four
guanine riboswitches found in the B. subtilis genome. In
a separate study, Henkin and coworkers investigated 11
SAM-I riboswitches present in the same organism (Tomsic
et al. 2007). Within each class (SAM-I and guanine), the
multiple constructs exhibit sequence differences in non-
conserved regions. Mulhbacher and Lafontaine (2007)
performed in vitro 2-aminopurine binding assays and
observed that the different guanine riboswitch aptamer
domains exhibit a range of dissociation constants between
0.59 pM and 9.79 pM. Similarly, Henkin and coworkers
(Tomsic et al. 2007) employed ultrafiltration binding assays
and determined a wide range of dissociation constants,
between 14 nM and 3.5 uM, for each of the SAM-1 aptamer
domains. In both studies, the differing dissociation con-
stants were found generally to correlate with transcription

Riboswitch AH —TAS Ky [Metabolite]
aptamer domain (kcal/mol) (kcal/mol) (LM) n (for SAXS)
TPP? —24.0 £ 1.4 14.7 = 1.4 0.1975 = 0.007 0.88 = 0.1 100 pM
SAM-I —20.1 = 0.4 11.8 = 0.4 1.35 = 0.15 0.82 = 0.04 T mM
FMN —14.5 £ 0.4 5.7 0.613 = 0.110 0.93 = 0.02 100 pM
Lysine ND ND =20 ND 1T mM
Lysine (10 mM Mg>*) —233 * 0.6 152 = 0.8 1.8 = 0.4 0.89 = 0.15 1 mM

Errors are reported as the square root of the variance for SAM-I and lysine aptamer domains and as the error in the fit to the data for the FMN

aptamer domain; ND indicates the measurement was not determined.

“Parameters for the TPP riboswitch aptamer domain in 0.5 mM Mngr are from Kulshina et al. (2010).
PITC experiments for SAM-I, FMN, and lysine riboswitch aptamer domains were performed at 1 mM Mg?". The lysine riboswitch aptamer
domain was also examined at 10 mM Mg®* due to experimental limitations (see Materials and Methods) resulting in insufficient binding

observed at 1 mM Mg?*.
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FIGURE 7. Alternative simplified schematics of global conforma-
tional responses induced by Mg** and metabolite. Each riboswitch
investigated in this study exhibits idiosyncratic responses to the
conditions probed. (A) Conditions are described that yield a globally
compacted conformation for each aptamer domain as measured by
R,. (B) A matrix describing the degree of compaction relative to the
low [Mg**], no metabolite condition is diagrammed as follows:
(white) expanded; (gray) fully compacted; (horizontal lines) partially
compacted. (*) As indicated in the Discussion, lysine is present at
sub-saturating concentration in our low-Mg®" concentration condi-
tion. (C) The same matrix is presented for the glycine and cyclic
diguanylate aptamer domain conformations, data adapted from
Lipfert et al. (2007) and Kulshina et al. (2009), respectively. The
low [Mg*"] reference point is chosen as 2.5 mM Mg** for TPP, SAM-,
lysine, and cyclic diguanylate aptamer domains; and 1.5 mM Mg** for
the FMN and glycine aptamer domains. The high [Mg®*] reference
point is 10 mM Mg*" in all cases. Global changes are reported for
conformations that exhibit differences in Ry > 1.5 A.

termination efficiencies in vivo as measured by RT-qPCR.
Together, these studies suggest that genetic regulation by
riboswitches may be tuned by sequence variability.

Our SAXS study reveals variation in aptamer domain
structural responses across riboswitch classes. Hence, both
sampling across classes and sampling within individual
classes (above) suggest that each riboswitch construct may
have inherent sequence features that result in its unique
genetic, biochemical, and structural responses to metabo-
lite. Taken together, these biochemical, genetic, and struc-
tural differences may actually demonstrate that ribo-
switches have been tuned to their specific genetic context,
perhaps to local constraints required for efficient gene
regulation (Mulhbacher and Lafontaine 2007; Tomsic et al.
2007). For example, the B. subtilis ribD FMN riboswitch
is involved in transcriptional regulation. During the pro-
cess of transcription by RNA polymerase, thermodynamic
equilibrium is not achieved between the riboswitch and
its metabolite (Wickiser et al. 2005b). This riboswitch is
under kinetic control, and a binding competent confor-
mation must be rapidly formed during transcription. Our

606 RNA, Vol. 16, No. 3

SAXS data indicate that this riboswitch aptamer domain
is globally compact even in the absence of metabolite. This
pre-compacted conformation may allow for rapid recogni-
tion of the metabolite and, in turn, rapid transduction
of the regulatory signal within an appropriate timeframe.
Other questions regarding riboswitch function will re-
quire that the folding and switching properties of the
RNA be probed while being transcribed by its cognate
polymerase.

MATERIALS AND METHODS

Sample preparation

RNA samples were prepared using standard in vitro run-off
transcription procedures either from linearized plasmids (Rupert
and Ferré-D’Amaré 2004) or PCR templates (Xiao et al. 2008).
The TPP and FMN and lysine aptamer domain constructs were
transcribed from linearized plasmids containing the RNA se-
quence of interest along with a self-cleaving Hammerhead ribo-
zyme at the 5" end and VS ribozyme substrate helix at the 3’ end
(Ferré-D’Amaré and Doudna 1996). A plasmid containing the
trans-acting VS ribozyme was added to the transcription reaction
to achieve a homogeneous 3’ end. The SAM-I construct was
amplified by large-scale PCR. Following PCR, the whole 3-mL
reaction was added to a 10-mL total volume transcription re-
action. RNAs were purified using denaturing PAGE. Bands of
appropriate length were cut from the gel and crushed followed by
overnight agitation and elution into water at 4°C. The RNAs were
concentrated and desalted using Centricon 70 (Millipore) filters
and stored in water at 4°C until experimentation.

SAXS experiments

All SAXS experiments were performed at the BioCAT beamline at
the Advanced Photon Source (APS) at Argonne National Labo-
ratories. Most samples were prepared on-site prior to experimen-
tation. Some samples were prepared prior to shipping on dry ice
to BioCAT. Good agreement was observed between samples
prepared on-site or pre-prepared and shipped. Generally, con-
centrated stock RNA samples, except the lysine riboswitch
aptamer domain, were diluted to a final concentration between
0.3 and 0.5 mg/mL in 20 mM Tris-HCI (pH 8) and 40 mM NaCl
with a final volume of 100 pL. The lysine riboswitch aptamer
domain was equilibrated in a buffer comprised of 60 mM Tris-
HCI (pH 8), 30 mM NaCl, and 50 mM KCI. Samples were heated
for 2 min to 85°C followed by cooling for 10 min at room
temperature. MgCl, was then added to achieve the desired final
total concentration. The concentration of free Mg®" in solution
(i.e., its activity) may be slightly lower due to the relatively high
concentration of RNA present in the SAXS experiments; the free
Mg*" is likely within ~0.25-0.5 mM of the total Mg>" under these
experimental conditions (Baird et al. 2005). Prior to SAXS
measurements, the samples were equilibrated for =5 min at
37°C. Buffer solutions were prepared at the same time as sample
solutions, replacing RNA with water. In some cases, sample buffers
were exchanged three times using an Amicon microconcentrator
filter (Millipore) spun at 12,000¢ for 30 min to ensure identical
buffer/sample conditions. There were no noticeable differences in
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the quality of the data obtained from buffers generated by diluting
stock solutions or by the microfiltration process. Data collection
was performed in a temperature-equilibrated brass tower at 37°C.
Solutions were under continuous flow in a 1.5-mm capillary
during exposure to the X-ray beam. Fifteen 1-sec exposures were
separately collected for the buffer and sample. Following data
collection of the metabolite-free condition, ~1 pL of appropri-
ate metabolite was added to saturating concentration as follows:
TPP, 100 pM final; SAM, 1-2 mM final; lysine, 1 mM final; FMN,
100 wM final.

To demonstrate that the aptamer domains are monomeric, we
performed several analyses. First, CRYSOL (Svergun et al. 1995)
was used to calculate the expected radius of gyration for each
crystal structure (TPP, 2HOJ; SAM-I, 2GIS; FMN, 3F2Q; lysine,
3D0U), having removed bound solvent and metal ions. CRYSOL
assumes the presence of a solvation layer surrounding the crystal
structure to mimic the molecule in solution (Svergun et al. 1995).
The SAXS-derived R, of the fully compacted conformation of each
aptamer domain bound to its metabolite was in agreement with
these calculations, with the TPP aptamer domain exhibiting
slightly more compaction than estimated from the calculation,
which may be due to the assumption of a uniform solvent layer.
Additionally, cytochrome ¢ scattering was used as a molecular
weight standard. Comparison of the forward scattering, I(0), for
cytochrome ¢ and the RNA constructs yields an estimate of
molecular weight for the RNAs studied (Lipfert et al. 2007). In
cases where scattering profiles for multiple aptamer domains were
collected on the same day, the molecular weight calculation could
be performed by comparing the I(0)s for two distinct RNAs. Mo-
lecular weights calculated from forward scattering were in agree-
ment with those estimated based on RNA mass (~330 g/mol/nt).
The above combined analyses indicate that the aptamers are
monomeric under all metabolite-bound conditions examined. In
the metabolite-free condition, I(0) remained constant for each
construct, indicating that in the absence of metabolite the mol-
ecule is still monomeric.

SAXS data analysis

Scattering data were reduced to a one-dimensional scattering plot
using IGOR PRO (WaveMetrics) software. Data were separately
averaged for each solution followed by subtraction of the buffer
scattering from the sample. The g-range used for data analysis was
generally between 0.01 and 0.2 A~". The reported R, values were
calculated from a Guinier plot in the g-range such that g« X R
~ 1.0 and ~1.3. R, values calculated at the different gn,.x X Ry
ranges were distinct. However, the overall change in R, from the
metabolite-free to metabolite-bound conformation was found to
be consistent in both ranges. Values reported are for g X R~ 1,
and the errors are estimated based on some experiments that
were repeated with multiple samples. The Moore autocorrelation
function was used to generate the probability distribution, P(r).
P(r) plots presented herein are normalized to I(0) to account for
differences in concentration. R, values determined from the P(r)
calculation were in good agreement with those obtained from
Guinier analysis, generally slightly higher but within ~1 A. The
GNOM software (Svergun 1992) was also used to calculate P(r)
plots in subsequent analysis. The probability distribution curves
calculated from GNOM and the Moore autocorrelation were in
good agreement in overall shape, D,y and R,.

Ab initio reconstructions of the TPP aptamer domain

GNOM (Svergun 1992), DAMMIN (Svergun 1999), and DAMAVER
(Volkov and Svergun 2003) from the ATSAS suite of programs
were used to generate ab initio reconstructions of the TPP
aptamer domain under various conditions. Scripts made available
by J. Lipfert (Lipfert et al. 2007) were used to automate the
process. We used a range of Dy, values from 50 to 200 Ain2-A
increments as input for the GNOM program. Agreement between
the scattering data and the GNOM fit to the data was used
as a criterion to identify the D, that best fit the data. These
values were in agreement with the D, determined from the
Moore autocorrelation function. Because the D, is used to
determine the initial search volume in DAMMIN, several values
were chosen for reconstruction. For each D, chosen, nine
independent reconstructions were performed. The DAMAVER
software was used to align and average the reconstructions sep-
arately for each condition. DAMAVER produces a filtered dummy
atom model. Using Situs (Wriggers et al. 1999) with voxel spacing
of 2 A, we converted the dummy atom model into an electron
density map of the solution-derived model. The reconstructed
shapes initiated from the various initial search volumes were in
general shape agreement. The normalized spatial discrepancy
(NSD) is used to describe the level of agreement between the indi-
vidual models generated for each condition (Kozin and Svergun
2001). An NSD of zero indicates that two models are identical
while an NSD > 1 is indicative of models that are not in agree-
ment. The NSD for the nine TPP-bound models is 0.62. The wild-
type TPP-free reconstructions have an overall NSD value of 0.84.
This suggests that while the nine TPP-free reconstructions of the
wild-type molecule are self-similar (NSD < 1), they may exhibit
higher flexibility in their conformations than the bound confor-
mation. The extended molecule in the TPP-free conformation
exhibits a similar NSD (0.82) to the wild-type TPP-free confor-
mation, again suggesting that the TPP-free conformation is more
flexible than the bound conformation. The agreement between the
crystal structure (PDB ID: 2HOJ) and the SAXS-derived electron
density is demonstrated through the calculation of a cross-
correlation coefficient (0.89) using Situs.

Reconstruction figures were generated using the UCSF Chimera
software (Pettersen et al. 2004).

ITC experiments

For ITC experiments, RNA was prepared under the same con-
ditions used for SAXS experiments with the following exceptions:
HEPES-KOH (pH 7.5) was used in place of Tris-HCI (pH 8), and
samples were dialyzed overnight at room temperature into 500 mL
of buffer in a D-tube dialyzer (Novagen). Concentrated metabolite
stocks were diluted to final concentration in the dialysis buffer.
Final RNA and metabolite concentrations used in the experiments
are as follows: [SAM-I aptamer domain] = 20 pM (0.64 mg/mL);
[SAM] = 200 uM; [FMN aptamer domain] = 16 M (0.77 mg/mL);
[FMN] = 300 wM; [lysine aptamer domain] = 25 pM (1.54
mg/mL); [lysine] = 980 wM. Results are reported for experiments
performed in duplicate with the exception that the FMN ribo-
switch aptamer domain data are reported for only one experi-
ment. The lysine riboswitch aptamer domain ITC experiments
were performed in 1 mM and 10 mM Mg**. ITC experiments for
the SAM-I and FMN riboswitch aptamer domains were performed
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in 1 mM Mg** to probe the lower range of Mg** concentrations
used in the SAXS experiments. This ensures that under all Mg**
conditions examined in the SAXS experiments, the ligand was
added to a final concentration of saturating metabolite, with the
caveat that the lysine riboswitch aptamer domain may not ef-
ficiently bind lysine at this Mg”* concentration. Addition of highly
stabilizing Mg*" concentrations resulted in tighter binding (e.g.,
lysine riboswitch). All ITC experiments were performed at 37°C
using an iTC,gy microcalorimeter (MicroCal). The binding pa-
rameters for the lysine riboswitch aptamer domain could not be
adequately determined at 1 mM Mg>" due to complications of the
experimental set-up. To adequately observe the binding isotherm
of this weak binding event, a relatively high concentration of
RNA is required (~~1 mM). At this RNA concentration, the heat
of binding (calorimetric signal) is too high to be detected on the
iTC200. In all experiments, the interval between successive
metabolite injections was adjusted to allow equilibration as judged
by the signal returning to the baseline. For all RNA constructs
examined, this interval did not exceed 5 min.
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ERRATUM

RNA 16: 598-609 (2010)

Idiosyncratically tuned switching behavior of riboswitch
aptamer domains revealed by comparative small-angle
X-ray scattering analysis

NATHAN J. BAIRD and ADRIAN R. FERRE-D’AMARE

In the footnotes to Tables 1-4, the values of radii of gyration calculated from atomic coordinates were incorrect. The correct
values are 20.7 A, 21.6 A, 23.0 A, and 29.1 A for PDB files 2HOJ, 2GIS, 3F2Q, and 3D0U, respectively.

The authors apologize for any confusion these errors may have caused, though they have noted the errors do not affect the
results or conclusions of the paper.

RNA (2010), 16:1447. Published by Cold Spring Harbor Laboratory Press. Copyright © 2010 RNA Society. 1447
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