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ABSTRACT

The Bacillus subtilis lysC lysine riboswitch modu-
lates its own gene expression upon lysine binding
through a transcription attenuation mechanism. The
riboswitch aptamer is organized around a single
five-way junction that provides the scaffold for two
long-range tertiary interactions (loop L2-loop L3 and
helix P2-loop L4)—all of this for the creation of a
specific lysine binding site. We have determined
that the interaction P2-L4 is particularly important
for the organization of the ligand-binding site and
for the riboswitch transcription attenuation control.
Moreover, we have observed that a folding synergy
between L2-L3 and P2-L4 allows both interactions
to fold at lower magnesium ion concentrations.
The P2-L4 interaction is also critical for the close
juxtaposition involving stems P1 and P5. This is
facilitated by the presence of lysine, suggesting an
active role of the ligand in the folding transition. We
also show that a previously uncharacterized stem-
loop located in the expression platform is highly
important for the riboswitch activity. Thus, folding
elements located in the aptamer and the expression
platform both influence the lysine riboswitch gene
regulation.

INTRODUCTION

Riboswitches are genetic control elements located in un-
translated regions of mRNA that positively or negatively
modulate messenger RNA (mRNA) cellular levels, mostly
through conformational changes. Riboswitches have been
found in all kingdoms of life and shown to regulate gene
expression by transcription attenuation, translation initi-
ation, ribozyme-mediated mRNA processing and mRNA
splicing (1). These RNA regulatory elements directly bind
cellular metabolites and alter the expression of down-
stream genes that are usually associated with the

biosynthesis or transport of target metabolites (2—4). The
riboswitch-driven genetic control can also be initiated
through a number of cellular factors, such as magnesium
ions (5), temperature (6) and uncharged tRNA (7).

Riboswitches are composed of two modular domains: an
aptamer and an expression platform. The most conserved
region of riboswitches is the aptamer, which is a receptor
that specifically binds a target metabolite. However, the
expression platform varies widely in sequence and structure
and typically affects gene expression through secondary
structure reorganization. Switching between gene activa-
tion and repression is accomplished by the ligand-induced
riboswitch reorganization, which adopts mutually exclu-
sive secondary structures (8,9). Recently, several bioinfor-
matic studies have provided strong support for putative
additional RNA regulatory elements that still await char-
acterization (10-15).

In the bacterium Bacillus subtilis, two riboswitches are
involved in the regulation of the lysine cellular level by
controlling the expression of an aspartokinase II (/ysC)
and a lysine transporter (yvsH) (16-18). Lysine binding
to the lysC riboswitch was shown to cause structural
changes in the aptamer domain and to downregulate
gene expression by transcription attenuation (16,17). The
lysine riboswitch secondary structure is based on
conserved elements previously shown to be reorganized
upon lysine binding (Figure 1A)—leading to the anti-
antiterminator (P1) stem stabilization and transcription
attenuation (16,17,19,20). Recently, lysine riboswitch
crystal structures have shown that the riboswitch
aptamer is organized around a five-way junction (19,20)
with helical stacking occurring between stems P1 and P2
and between stems P4 and P5 (Figure 1A). Both stacks are
arranged in an X conformation commonly observed for
RNA four-way junctions, where a close juxtaposition is
observed between P1 and PS5 for the lysine aptamer. The
global fold of the riboswitch is defined by the presence of
long-range tertiary interactions occurring between loops
L2-L3 (L2-L3) and helix P2-loop L4 (P2-L4). The L2-
L3 loop-loop interaction was previously shown to be
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Figure 1. Secondary structure and activity of the lysine riboswitch as a function of lysine. (A) Secondary structure representing the lysine riboswitch.
Regions involved in the formation of the kink—turn, loop E and terminator are indicated (16-21). Loop-loop L2-L3 and helix-loop P2-L4 inter-
actions are shown by dotted lines and regions involved in the formation of the antiterminator are boxed and indicated by an arrow. Position 194
where a 2AP is introduced is shown by a star. The tertiary structure arrangement is shown in the inset, where discontinuities in the single-stranded
regions are represented by dashed lines. The P2-L4 interaction is represented by vertical lines. (B) Single-round in vitro transcriptions performed as a
function of P1 length in absence (-) or in presence (+) of 5mM lysine. Variations in the total number of base pairs in P1 are indicated. Readthrough
and prematurely terminated transcripts are indicated on the right and the percentage of termination is indicated below each reaction lane. Both
structures representing the ON and OFF states are shown in the inset where the P1 stem is stabilized in presence of lysine.

dependent of the kink—turn motif located in the P2 stem
and found to be important for the riboswitch folding and
transcription regulation (21). The helix—loop interaction
P2-14 was recently established from crystallographic
studies and involves invariant residues of the stem P2
and the loop L4 (Figure 1A). The resulting complex archi-
tecture of the riboswitch creates a tight binding pocket
that specifically recognizes both charged ends of the
bound lysine, thus ensuring high discrimination against

lysine structural analogs (19,20). However, due to the
presence of a small cavity in the binding site, the
riboswitch can accommodate the binding of antimicrobial
lysine analogs carrying modifications at position C4 such
as S-(2-aminoethyl)-L-cysteine (AEC) and L-4-oxalysine
(19). Resistance to such compounds is conferred through
mutations in the lysine riboswitch aptamer that disrupt
critical elements in the core or tertiary interactions
(22-24).



We have previously shown that the long-range inter-
action L2-L3 is important for the transcription regulation
of the /ysC lysine riboswitch (21). Upon the folding of a
kink—turn motif located in the P2 stem, loops L2 and L3
interact to reorganize the riboswitch core and to allow
premature transcription termination. Because nucleotides
located in P2 and P4 directly interact with lysine (19,20),
we hypothesized that the P2-L4 interaction would be of
paramount importance for the lysine riboswitch function.
Thus, to understand how the lysine riboswitch makes use
of peripheral elements such as L2-L.3 and P2-L4, a series
of biophysical and biochemical assays were performed to
study the role of these elements on the riboswitch folding
and transcriptional activity. Our results show that the
folding of either L2-L3 or P2-L4 is optimal when both
interactions are functional, as observed from the Mg*"
concentration required to fold the aptamer. As reported
for L2-L3 (21), we also find that the presence of P2-L4 is
very important for the organization of the binding site and
for the riboswitch activity. The P2-L4 interaction was also
determined to be crucial for a folding transition occurring
between stems P1 and PS5, as observed in the crystal struc-
ture. Interestingly, the P5 stem was found to functionally
replace the P1 stem as the anti-antiterminator, suggesting
that various peripheral elements may be used to regulate
riboswitch activity. Lastly, we establish that the previously
uncharacterized helix P6 found in the expression platform
is very important for the adoption of the ON state,
indicating that folding elements located outside the
aptamer region may also have a strong influence on
riboswitch activity.

MATERIALS AND METHODS
Synthesis of RNA molecules

RNA molecules were transcribed from double-stranded
DNA template using T7 RNA polymerase (25).
Templates for transcription were made by polymerase
chain reaction (PCR) from synthetic DNA oligonucleo-
tides (Sigma Genosys, Canada). All transcribed RNA
species begin with a 5-GCG sequence to minimize the
S'-heterogeneity of the RNA population (26). RNA mol-
ecules containing 2-aminopurine (2AP) were bought from
Integrated DNA Technologies (IDT) and purified as
described previously (27). The internally labeled 2AP
aptamers were assembled by ligation from oligonucleo-
tides of the following sequences (all written 5 to 3'):

5’ transcribed strand:

GCGGUGAAGAUAGAGGUGCGAACUUCAAGAG
UAUGCCUUUGGAGAAAGAUGGAUUCUGUG
AAAAAGGCUGAAAGGGGAGCGUCGCCGAAG
CAAAUAAAACCCCAUCGGUAUUAUUUGCUG
GCCGUGCAUUGAAUAAAUGUAAGGCUGUCA
AGAAGCAUC

3’ strand:

5-PO4~AUUGCUUCUUGGAG(RAP)GCUAUCUUCA
CC.

Mutations in the 5 transcribed strand were also prepared
with different oligonucleotides carrying sequence changes
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indicated in the text. Reconstituted 2AP-containing
riboswitches were prepared as previously described (21).
Dual-labeled riboswitches used in fluorescence resonance
energy transfer (FRET) assays were prepared by anneal-
ing a 5 transcribed strand:

GCGGUGAAGAUAGAGGUGCGAACUUCAAGAG
UAUGCCUUUGGAGAAAGAUGGAUUCUGUG
AAAAAGGCUGAAAGGGGAGCGUCGCCGAAG
CAAAUAAAACCCCAUCGGUAUUAUUUGCUG
GCCGUGCAUUGAAUAAAUGUAAGGCUGUCA
AGAAGCAUCGG

and a 3’ synthetic strand:

5-Cy3-CCGAUGCUUCUUGGAGGGCUAUCUU
(5-N-U)CACC

RNA were bought from IDT and purified as described
previously (27). The 3’ strand was internally labelled
with fluorescein (Invitrogen) at the 5’-amino-allyl uridine
nucleotide, according to the manufacturer’s protocol.
Purified 5 and 3’ strands were annealed by heating a
mixture (molar ratio 1.1:1) to 65°C in 10mM HEPES,
pH 7.5, 50mM NaCl, 10mM MgCl, and slowly cooled
to 30°C. The complex was purified on 8% non-denaturing
acrylamide:bisacrylamide (29:1) gel, electro-cluted, preci-
pitated in ethanol and dissolved in water.

Single-round in vitro transcription assays

DNA templates for single-round in vitro transcriptions
were prepared by PCR with a combination of oligonucleo-
tides corresponding to B. subtilis glyQS promoter fused to
B. subtilis lysine riboswitch and a 95-nt sequence down-
stream of the expression platform (21). The promoter
region ends by an adenine and is fused to the CI17
position of the riboswitch sequence, allowing the tran-
scription to be initiated by the ApC dinucleotide. In the
terminated species, the RNA polymerase (RNAP) stops at
position 269. The readthrough species allows the RNAP
to continue 95nt further (i.e. 49nt after the AUG).
Reactions were performed and analyzed as previously
described (21). Experiments have been performed at
least three times and all exhibited very similar
uncertainties (<6%).

2AP fluorescence spectroscopy

Fluorescence spectroscopy was performed on a Quanta
Master fluorometer. All data were collected at 10°C in
90mM Tris-borate, pH 8.3 and 100mM KCI and
analyzed as performed previously (21). Briefly, excitation
for 2AP fluorescence was done at 300 nm to obtain a good
separation between the Raman peak and the 2AP fluores-
cence signal. The fluorescence data are fitted to a simple
two-state model that assumes an all-or-none conformation-
al transition induced by the binding of magnesium ions,
with a Hill coefficient » and an apparent association con-
stant K. The proportion of folded aptamer («) is given by

a=Kye [Mg2+]"/(1+KA . [Mg2+]">

As the parameters K5 and n co-vary, we present the
[Mg2+]1/2 = (1/Ka)"", which gives a robust estimate for
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the affinity of magnesium ions (27,28). Experiments have
been performed at least three times and all exhibited very
similar uncertainties (<5%).

FRET analysis

Fluorescence spectroscopy was performed on a Quanta
Master fluorometer and spectra were corrected for lamp
fluctuations and instrument variations as described (27).
Polarization artifacts were avoided by setting excitation
and emission polarizers crossed at 54.75°. Values of
Errer were determined using the acceptor normalization
method (29,30). All data were collected at 4°C in 90 mM
Tris-borate, pH 8.3 and 100mM KCI. Fluorescein and
cyanine 3 fluorophores were excited at 490 and 547 nm,
respectively. Data were collected using 10 pmol of fluores-
cent dual-labeled riboswitch and magnesium ions were
titrated over the range indicated. Experiments have been
performed at least three times and all exhibited very
similar uncertainties (<5%).

Native gel electrophoresis

[5/-*P] labeled lysine riboswitch aptamers were incubated
at 70°C for 3min and allowed to slowly cool to room
temperature to ensure homogeneous folding. Samples
were then electrophoresed in 90 mM Tris-borate, pH 8.3
and 1 mM MgCl, in 8% acrylamide:bisacrylamide (29:1)
gel in Tris-borate buffer containing 1 mM MgCl, at room
temperature at 150V for 18h with the running buffer
circulated during the electrophoresis. The gels were
exposed to PhosphorImager screens and imaged.

SHAPE analysis

Wild-type and mutant riboswitch aptamers were prepared
as previously described, with the addition of the sequence
GGAGCUAAAGAGAAGCGGAAG at the 3’ end to
allow binding of a complementary DNA oligonucleo-
tide primer. Each reaction was prepared using 1pmol
of purified aptamer resuspended in 2vol of 0.5X TE
buffer, in which was added 1vol of 3.3X folding buffer
containing 333 mM K-HEPES, pH 8.0, 333 mM NaCl and
the desired concentration of MgCl,. Samples were heated
to 65°C and allowed to slowly cool to 30°C before being
pre-incubated 10 min at 37°C. N-methylisatoic anhydride
(Invitrogen) dissolved in DMSO was then added
and allowed to react for 80 min at 37°C. Modified RNA
was ethanol precipitated, washed with 70% ethanol
and resuspended in 0.5x TE buffer. For SHAPE
analysis in the presence of ligand, L-lysine (Sigma) was
added to a final concentration of SmM, and the final
100mM NaCl concentration was replaced by 75mM
NaCl and 25mM KCI. Reverse transcription reac-
tions were performed as previously described (31) and
reverse transcribed products were separated on 5%
denaturing polyacrylamide gel. The gels were exposed
to Phosphorlmager screens and imaged. Individual
band intensities in Figure 3B were integrated using
SAFA (32).

RESULTS

The P1 stem stability is crucial for lysine riboswitch
transcription regulation

With the exception of the glmS ribozyme (33), all reported
riboswitches control gene expression by modulating the
formation of a helical domain, the P1 stem, which is of
central importance for the folding of the expression
platform and riboswitch activity. In a biological context,
the Pl stem of the lysine riboswitch is not folded in
absence of lysine, which allows gene transcription to
occur (ON state, Figure 1B, inset). However, upon
lysine binding, the P1 stem is stabilized and premature
transcription termination is favored (OFF state).
Examination of crystal structures suggests that the lysine
riboswitch uses complex folding elements to recognize
lysine and to achieve ligand-dependent P1 stem stabiliza-
tion. To investigate whether P1 stem stability is sufficient
for transcription attenuation or whether lysine-induced
riboswitch core reorganization is required, we varied the
stability of the Pl stem of the B. subtilis lysC lysine
riboswitch and studied its effect on premature transcrip-
tion termination.

Single-round in vitro transcriptions were carried out
using a DNA template containing the B. subtilis glyQS
promoter upstream of the lysine riboswitch and a 95-nt
sequence downstream of the terminator. When perform-
ing transcription reactions using Escherichia coli RNAP in
absence of lysine, a low transcription termination effi-
ciency of 16% was observed (Figure 1B). However,
when 5mM lysine was present in the transcription
reaction, 56% premature termination was obtained
indicating that ligand binding to the lysine riboswitch
modulates transcription attenuation in vitro, as previously
reported (16,17,21,22). To investigate the influence of the
P1 stem on riboswitch activity, we increased P1 length by
2bp and observed a disrupted riboswitch regulation, re-
gardless of the presence of the ligand (>43%; Figure 1B).
Further elongation of the P1 stem by 4 bp and 6 bp yielded
similar high termination efficiencies (>72%), suggesting
that the riboswitch is locked in the OFF state by the
high stability of P1 (Figure 1B). By contrast, when 2 bp
were removed from this stem (-2 bp, Figure 1B), a reduced
termination efficiency of only 11% was obtained inde-
pendently of lysine’s presence. Together, these results
suggest that the formation of the RNA-ligand complex
is not required to yield premature transcription termin-
ation. Indeed, the modulation of the P1 stem stability
is sufficient to lock the riboswitch either in the ON
or OFF state, resulting in significant differences in basal
expression levels.

The P2-1.4 interaction is important for /ysC riboswitch
activity

Our laboratory has previously shown that stem—loops P2
and P3 are involved in a loop—loop interaction that is
important for the riboswitch structure (21). An additional
tertiary interaction involving conserved elements from P2
and L4 has recently been discovered (19,20), which is of
particular interest since both P2 and P4 stem-loops



directly interact with lysine. Thus, to determine the im-
portance of the P2-L4 interaction for riboswitch
function, a series of riboswitch constructs were analyzed
using single-round in vitro transcription.

Adenines at positions A156 and A157 in L4 are very
conserved (16-18) and interact with G98 and G99 of the
P2 helical domain (Figure 1A). Deletion of A156 signifi-
cantly reduced premature termination in absence as well
as in presence of lysine, clearly indicating that the P2-L4
interaction is important for lysine-mediated riboswitch
activity (Figure 2B). Moreover, when both adenines 156
and 157 were replaced with cytosines (L4 mutant), a
similar reduction in premature termination was observed
(Figure 2B), consistent with the conserved nature of these
nucleotides. A similar result was obtained when
introducing a G98A/G99A mutation in the P2 helical
domain (P2 mutant; Figure 2B).

The importance of the P2-L4 interaction was also
assessed by modulating the length of the P4 stem as we
anticipated that it would preclude the P2-L4 interaction
to take place. As expected, the riboswitch activity was
severely compromised with a complete disruption in
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stem was either reduced to 4bp or elongated to 19bp
(Figure 2A and B). Taken together, these results are con-
sistent with the formation of the P2-L4 tertiary inter-
action being functionally important for the B. subtilis
lysC lysine riboswitch.

Long-range interactions L2-1.3 and P2-1.4 define the
global fold of the riboswitch

The tertiary structure of the lysine riboswitch comprises
the long-range tertiary interactions L2-L3 and P2-14
that are important for the transcriptional regulation
(Figure 2B and ref. 21). To investigate how interactions
L2-L3 and P2-L4 influence the riboswitch global struc-
ture, we employed the native gel assay, a technique that
has been used to study global conformational changes in
nucleic acids (27,34-38). Given that a compact structure
migrates faster than an unfolded one, which is generally
more extended, we speculated that aptamers correctly
folded should display a faster migration rate compared
to those incorrectly folded.

Clear differences in the migration pattern in a native
polyacrylamide gel with I mM magnesium ions were

lysine-mediated transcription termination when the P4 detected between wild-type and several mutants,
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stem mutants. (B) Single-round in vitro transcription assays made using selected P4 riboswitch mutants in absence (—) or in presence (+) of SmM
lysine. Reactions were performed for the Al156-deleted variant (AA156), A156C/A157C (L4), G98C/G99C (P2), P4 (4bp) and P4 (19bp).
Readthrough (R) and prematurely terminated (T) transcripts are indicated on the right and the percentage of termination (%T) is indicated
below each reaction lane. Vertical bars separate results obtained from different gels. (C) Non-denaturing gel electrophoresis of the wild-type
(WT) and lysine aptamer mutants in the presence of 1 mM magnesium ions. The mutants L2 (G72C/A73U/U74A/G75C/G76C), P2 and L4
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the magnesium requirement to induce the L2-L3 interaction (D) and that the disruption of the L2-L3 interaction increases the magnesium require-
ment to form the P2-L4 interaction (E). Arrows show SHAPE-reactive sites that are significantly modulated by magnesium ions.
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suggesting a disruption in distinct tertiary structures
(Figure 2C). A riboswitch aptamer having a disabled
L2-L3 interaction (mutant L.2) exhibited a slower migra-
tion when compared to the wild-type sequence
(Figure 2C). A precedent for this migration behavior has
been observed for the adenine riboswitch, where the dis-
ruption of the loop—loop interaction reduced the migra-
tion rate in native gels (27,36). Disruption of the P2-14
interaction (P2 and L4 mutants) also reduced the aptamer
migration rate, albeit not as much as the L2 mutant
(Figure 2C). Thus, our results are consistent with both
L2-L3 and P2-L4 tertiary interactions being important
for the adoption of the global structure of the aptamer.

The L2-1L.3 and P2-14 interactions are interdependently
folding units

Although our native gel data suggest that both L2-L3 and
P2-L4 tertiary interactions can be individually disrupted
to alter the global riboswitch structure, we wanted to gain
more quantitative information about the folding require-
ment of each interaction. We thus used selective
2'-hydroxyl acylation analyzed by primer extension
(SHAPE) to obtain information about the folding of the
lysine aptamer (31). This technique is particularly relevant
to discriminate local nucleotide flexibility against con-
strained RNA regions, where 2'-hydroxyl groups in
flexible regions are prone to react with electrophiles like
N-methylisatoic anhydride (NMIA). SHAPE chemistry is
therefore an excellent tool to look closely at the formation
of tertiary interactions in the lysine riboswitch, as previ-
ously reported (20). When subjected to NMIA reaction as
a function of Mg®" concentration, the lysine riboswitch
aptamer exhibited clear changes in NMIA reactivity, es-
pecially in regions involved in L2-L3 and P2-14
long-range interactions (Supplementary Figure SI1A).
The relative reaction intensity was plotted as a function
of Mg?" to calculate the concentration required to obtain
half of the change ([Mg*"], 125 see ‘Materials and Methods’
section). This analysis was done for the L2, L3, P2 and L4
regions of the riboswitch that are involved in L2-L3 and
P2-14 tertiary interactions (Table 1). While L2 and L3
gave very similar results (0.82 and 0.85 mM, respectively),
P2 and L4 gave slightly different [Mg”'], ;> values

Table 1. SHAPE modification of the lysine riboswitch as a function
of magnesium ions

Riboswitch region [Mg*';» (mM)
L2 0.82
p2° 1.11
L3¢ 0.85
L4¢ 0.59

Half of apparent concentrations for the magnesium-induced folding
process ([Mg>'];,») were measured under standard conditions; asymp-
totic standard deviations on the fits indicate that errors in ([Mg>'] 12)
are generally <10% of values.

*Nucleotides A71, G75 and G76 were monitored.

®Nucleotide G98 was monitored.

“Nucleotide A128 was monitored.

“Nucleotide A156 was monitored.

(1.11 and 0.59mM, respectively). However, partial
nuclease digestion of an isolated P4 stem—loop revealed
that the L4 region undergoes an independent Mg**-
induced structural rearrangement, indicating that the
[Mg2+]1/2 value obtained for L4 in the context of the
riboswitch probably reflects multiple folding processes
(Blouin,S. and Lafontaine,D.A., unpublished data).
Nevertheless, SHAPE results obtained for L2, L3 and P2
regions clearly suggest that both long-range tertiary inter-
actions fold with magnesium ions in the low mM range.

We next studied the L2-L3 interaction as a function of
Mg>" concentration in the context of a riboswitch exhibit-
ing a compromised P2-L4 interaction (Figure 2D).
SHAPE experiments performed on both wild-type and
L4 mutant molecules clearly indicated that the interaction
L2-L3 required more magnesium ions to fold in absence
of P2-L4. For instance, although the wild-type aptamer
showed protection against NMIA reaction for positions
G75/G76 in the presence of 1 mM Mg>*, the L4 mutant
exhibited such protection only when using 2mM Mg*"
(Figure 2D). Similarly, the position A71 did not react to
NMIA at 5mM Mg”" in the context of the L4 mutant, as
observed for the wild-type aptamer. Very similar results
were obtained when using an aptamer mutant having the
P4 stem reduced to 4 bp (P4 mutant, Figure 2D).

We also analyzed the P2-14 interaction as a function
of the L2-L3 tertiary interaction (Figure 2E). Similar
to our results for the L2-L3 interaction, the P2-1L4 inter-
action also required more magnesium ions to fold when
L2-L3 was disabled, as deduced from the absence of
protection of Al156 at 1mM Mg>". Taken together,
these results suggest that although both L2-L3 and P2-
L4 interactions can fold independently of each other, they
require less Mg>" to form when both interactions are
functional.

The G39C mutation inhibits binding without disrupting
the riboswitch global folding

We and others previously characterized a riboswitch core
mutation (G39C) known to cause /ysC derepression and
to severely perturb the lysine riboswitch transcriptional
control in vitro (17,21,23,39). According to the recently
crystallized riboswitch structures (19,20), G39 interacts
with lysine via its 2’0OH in the bound conformation. To
characterize the influence of G39 on the folding of the
riboswitch, we analyzed the influence of this core
mutation on the lysine aptamer using native gel electro-
phoresis. In contrast to what we obtained when disrupting
interactions L2-L3 or P2-L4, the introduction of a G39C
mutation did not result in a retarded gel migration when
compared to the wild-type molecule (Figure 3A), suggest-
ing that both L2-L3 and P2-L4 interactions can form in
this context.

We next studied the influence of G39C on the
lysine-induced folding of the aptamer using SHAPE
assays. To establish if ligand binding can assist in
aptamer folding, we used a Mg®" concentration of
0.5mM that does not allow formation of interactions
L2-L3 and P2-L4 (Figure 2D and E). When the
wild-type molecule was subjected to NMIA reaction
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Figure 3. The G39C mutation inhibits binding without disrupting the global folding of the riboswitch. (A) Non-denaturing gel electrophoresis of the
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that it does not perturb the global folding of the riboswitch. Note that both lanes were taken from the same gel but were manually juxtaposed to
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using a concentration of 5mM lysine, clear changes could
be observed in regions involved in tertiary interactions
L2-L3 and P2-L4 (Figure 3B). Additional reactions
were observed in the aptamer core region that constitutes We have previously employed the fluorescent local reporter
the lysine binding pocket, such as G111, A112 and G193 2AP to show that the formation of the L2-L3 long-range
(19,20). Moreover, significant lysine-induced NMIA tertiary interaction is important for the lysine riboswitch
reactivity was obtained in the P5 stem, as previously core fOlding (21). In these studies, 2AP was introduced
reported (20). By contrast, the mutant G39C did at the nonconserved position 194 (Figure 1A), which, ac-
not show significant changes in presence of lysine cording to the crystal structure of the Thermotoga maritima
(Figure 3C), consistent with its negative effect on tran- lysine riboswitch variant (19,20), is exposed to the solvent
scription regulation (17,21). and makes stacking interaction with an extra bulged

The P2-1.4 interaction organizes the riboswitch
binding pocket
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nucleotide found in the P3 helical domain (19,20).
Given that the bulged nucleotide is not present in the
B. subtilis lysC riboswitch, it is expected that G194
does not have significant interaction with the rest of the
core of the riboswitch, as suggested by its non-conserved
nature.

2AP fluorescence was used to characterize the influence
of the P2-L4 interaction on the folding of the riboswitch
core domain. The addition of Mg®" to a 2AP-labeled
wild-type lysine aptamer resulted in an increase in fluor-
escence (Figure 4), which is consistent with position 194
being exposed to the solvent in the crystal structure
(19,20). Fluorescence changes were fitted using a simple
two-state transition model that allowed us to estimate
values for apparent Mg”"-binding parameters. With this
model, an apparent affinity for magnesium ions [Mg>'], 2
of 1.9mM and a Hill coefficient n = 1.6 + 0.1 were
obtained, suggesting that the transition exhibits a co-
operative character, which 1is consistent with our
previous findings (21). The disruption of the P2-L4 inter-
action (L4 mutant) severely perturbed the 2AP folding
transition, as opposed to the folding of the L2-L3 inter-
action (Figure 2E), suggesting that the P2-L4 interaction
is very important for the reorganization of the riboswitch
core (Figure 4). As a comparison, we also performed the
same experiment using a riboswitch having a G39C
mutation that strongly inhibits riboswitch activity but
that does not perturb global folding (Figure 3A). As
found for the L4 mutant, almost no change in 2AP fluor-
escence was observed as a function of Mg®", indicating
that the local folding is also strongly perturbed. Thus,
together with native gel data, our 2AP fluorescence
results show that formation of a P2-L4 long-range inter-
action is very important for riboswitch global folding and
core reorganization to ensure lysine-dependent riboswitch
activity (Figure 2B).

25 T r T T r

o 20}

[$]

sz [ -

L2

25 15¢

s>

=28

%5 10 |

as . o
0.5' L4 -

¢ * ¢ MK IR

0 L L L ' L

100 108 106 104 102 100 102
Magnesium / mM

Figure 4. The formation of the P2-L4 interaction is important for
riboswitch core folding. Normalized 2AP fluorescence intensity
plotted as a function of magnesium ions for the WT (circles), the
P2-L4-deficient L4 mutant (diamonds) and the G39C mutant
(squares). The experimental data were fitted by regression to a simple
two-state model where the binding of metal ions to the aptamer induces
a structural change. Note that no significant change is observed when
using either the L4 or G39 mutant.

The PS stem is important for riboswitch activity

The PS5 stem is the least conserved helical domain of
the lysine riboswitch where only the three-first base
pairs located in proximity to the junction are conserved
(16-18,22). Crystal structures of the lysine riboswitch
show that the P5 stem is juxtaposed to the 3’ strand of
P1 (19,20). Interestingly, it has been previously reported
that PS5 is reactive to structural probing depending of the
presence of lysine, suggesting that P5 is involved in a
riboswitch structural reorganization (17,19,20). Single-
round transcription assays were thus used to determine
the importance of the P5 stem for the /ysC riboswitch
activity. A riboswitch construct having the P5 stem—loop
reduced to 5bp exhibited poor premature termination
efficiency regardless of lysine’s presence (Figure 5A
and B). However, a P5 stem increased to 16bp yielded
higher premature transcription termination in absence or
presence of lysine (Figure 5B). These results show that the
stability of the P5 stem correlates with the riboswitch tran-
scription termination efficiency, which is reminiscent of
what we observed for the P1 stem (Figure 1B). These
results suggest that P5 is important for the riboswitch
regulation mechanism.

A P1-PS5 folding transition is observed by FRET

Although crystal structures generate invaluable informa-
tion about folded state(s) of the aptamer domain, they do
not provide details regarding the structural sampling that
riboswitches may experience for efficient ligand binding.
However, FRET (34,40) is especially informative in the
study of conformational changes of nucleic acids in
solution and provides quantitative data on global struc-
ture and conformational transitions (27,41,42). In contrast
to most riboswitches studied, the lysine riboswitch is es-
pecially intriguing given that it exhibits very similar struc-
tures regardless of the presence of Mg®" or its cognate
ligand (19,20).

We therefore introduced fluorophores in helices P1 and
P5 and monitored the efficiency of FRET (Egrgt)
between both helices (Figure 6A). In these experiments,
the aptamer sequence was minimally altered to allow the
introduction of fluorophores and assure the stability of
the fluorescent construct. Since P1 and P5 are in close
proximity in crystal structures, we predicted that the
folded state would produce a large Errgr value. As
expected, addition of Mg2+ resulted in an Eggrgr
increase (Figure 6A), consistent with the location of
stems P1 and PS5 in the folded riboswitch structure.
When the data are fitted to a simple two-state model
that assumes an all-or-none conformational transition,
we can calculate the magnesium ion concentration at
which the transition is half complete. In the absence of
lysine, the data fitted values of [Mg>'], 2 =0.5mM and
n=1.3 % 0.1, suggesting that the transition does not
occur in a cooperative manner (Table 2). When the experi-
ment was repeated in presence of 5mM lysine, a different
transition was observed exhibiting values of [Mg*'], n=
0.05mM and n=0.79 £ 0.10, suggesting that the
presence of lysine decreases the Mg”  requirement by
10-fold (Table 2). These results indicate that lysine
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binding is important for the close juxtaposition occurring
between P1 and P35, which is in agreement with structural
probing data (17,19,20).

To determine the influence of riboswitch long-range
interactions on the P1-P5 FRET transition, we introduced
a series of mutations in the lysine riboswitch and studied
their effects on P1-P5 folding (Figure 6B). Interestingly,
the three riboswitch mutants gave distinct folding profiles.
For instance, while the disruption of the L2-L3 inter-
action (L2 mutant) slightly altered the P1-P5 folding,
the introduction of a G39C mutation significantly
reduced the ability of P1 and P5 to fold (Figure 6B and
Table 2). However, the disruption of the P2-L4 inter-
action (L4 mutant) completely abolished the folding tran-
sition, indicating that P2—-L4 is crucial in the P1-P5 close
juxtaposition.

The PS5 stem can control the riboswitch activity

Our single-round in vitro transcription data show that the
transcription termination is proportional to P5 stem sta-
bility (Figure 5B), which is reminiscent of our results
obtained for the P1 stem (Figure 1B). Thus, given that
the riboswitch activity can be modulated by altering the
stability of P5, we speculated that a riboswitch construct
in which the expression platform is fused to the P5 stem
could control transcription termination as a function of
lysine (Figure 7A). When assessing such a construct using
single-round in vitro transcription assays, a low premature
transcription of 21% was obtained in absence of lysine
(Figure 7B, left panel). However, the addition of lysine
resulted in a significant increase in premature termination
(41%), consistent with the idea that the engineered
riboswitch can modulate transcription.
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Table 2. Efficiency of FRET of the P1-P5 vector for various lysine
riboswitch mutants

Variant Mg*'1;, (mM) Hill coefficient (1)
WT 0.50 1.3+0.1

WT + lysine 0.05 0.79 = 0.10

L2* 0.07 0.75 + 0.07

L4° n.d. n.d.

G39C 2.78 0.5+0.2

Half of apparent concentrations for the magnesium-induced folding
process ([Mg>];,») were measured under standard conditions; asymp-
totic standard deviations on the fits indicate that errors in ((Mg*']; )
are generally <10% of values; values were not determined for the L4
mutant as no significant change was observed.

“Nucleotides G72-G76 replaced with their Watson—Crick complement.
®Nucleotides A156-A157 were replaced with cytidines.

A

Terminator
! AuG =8

B P5

— <R

ﬁ—--*T

21 41 82 82 %T

Figure 7. The P5 stem can be used as an anti-antiterminator. (A)
Schematic of the lysine riboswitch in which the expression platform is
fused to the P5 stem. (B) Single-round in vitro transcriptions were per-
formed using constructs with a PS5 stem having either 6 or 10 bp in the
absence (—) and the presence (+) of 5mM lysine. Readthrough (R) and
prematurely terminated (T) transcripts are indicated on the right and
the percentage of termination (%T) is indicated below each reaction
lane.

Next, because the stabilization of P1 in the wild-type
construct resulted in increased premature termination
(Figure 1B), we speculated that the stabilization of P5 in
this alternative construct should have the same effect. We
thus increased the length of the P5 stem to 10bp and
used this construct in single-round transcription assays
(Figure 7B, right panel). A marked increase in premature
transcription termination (82%) was observed independ-
ently of lysine, indicating that the stabilization of P5 can
efficiently terminate transcription prematurely. Taken
together, these results support the idea that the expression
platform can be relocated in different regions of the
riboswitch and still allow for riboswitch activity.

The P6 stem positively influences antitermination

In this work, we have studied the importance of aptamer
structural elements for the riboswitch transcription

regulation. However, although the aptamer is crucial for
the riboswitch function, the expression platform is also
very important given that it is directly involved in
genetic control (16,17,19-21). Upon examination of the
lysC expression platform (Figure 1A), an additional
stem—loop motif is found between P1 and the terminator,
which we named P6. Based on the riboswitch secondary
structure, the role of the P6 stem is not readily apparent as
it could either be involved in the formation of the ON or
OFF state. For example, P6 could be involved in a
stacking interaction either with the antiterminator stem,
which could stabilize the ON state, or with the terminator
helix, which could favor the OFF state.

To determine if P6 has any influence on the riboswitch
activity, various constructs differing in their P6 stability
were engineered and used in single-round in vitro tran-
scription assays (Figure 8A). When using a riboswitch in
which three base pairs of the P6 stem were inhibited, thus
making a 7-bp stem, a significant increase in termination
was obtained both in absence (47%) and in presence of
lysine (62%; Figure 8B). Higher termination efficiencies
were also obtained when decreasing the P6 stem to 4 bp
(=67%) or 0bp (=77%). By contrast, when a more stable
P6 helix (13 bp) was used, a marked reduction in termin-
ation efficiency was observed (<14%; Figure 8B). Thus,
our in vitro transcription data suggest that the formation
of P6 stem is important for antitermination to take place,
clearly suggesting a crucial role for P6 in the riboswitch
function.

To assess to which extent the formation of P6 can
inhibit the formation of the terminator structure, we first
engineered two constructs in which the terminator stem
was elongated to 12 or 14bp. As expected, single-round
transcription assays using riboswitches with either a 12- or
a 14-bp terminator gave high termination efficiency
(Figure 8C, left panel). When these experiments were
repeated using a construct in which P6 was elongated to
13 bp, a significant decrease in transcription termination
was observed when using a 12-bp terminator (Figure 8C,
right panel), consistent with P6 promoting antitermina-
tion. However, no significant change was observed when
the terminator was elongated to a 14bp. Thus, these
results indicate that the stability of both the P6 stem
and terminator is important for the proper riboswitch
regulation mechanism.

DISCUSSION

Riboswitches are exquisite RNA molecular sensors that
are able to discriminate against closely similar cellular
targets, which often involve the formation of high-affinity
RNA-ligand complexes. Although riboswitch ligand-
binding sites are constituted of highly conserved nucleo-
tides, it is expected that less conserved peripheral elements
are also important for the adoption of the native RNA
structure. Perhaps one of the best examples concerning the
importance of peripheral elements lies in the hammerhead
ribozyme. This ribozyme has been considered for several
years as a simple three-way RNA junction in which the
folding pathway was entirely driven by the magnesium
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ion-dependent junction folding (43). However, recent
findings have shown that a critical loop—loop interaction
is important to achieve catalysis at low magnesium ion
concentrations (44-46), and, importantly, the comparison
of hammerhead crystal structures obtained both in the
absence (47,48) and in the presence (49) of the loop—
loop interaction shows that a significant structural re-
organization of the hammerhead core region is caused
by the formation of the tertiary interaction. This is con-
sistent with long-range tertiary interactions being import-
ant for the folding of core regions, which is of particular
interest for riboswitches as they often employ core regions
to form ligand-binding sites (2).

The structure of the lysine riboswitch is defined by the
presence of two long-range tertiary interactions that are
proximally juxtaposed, and that are scaffolded through a
five-way junction in which the lysine binding site is cen-
trally located (Figure 1A). Recent crystal structures
obtained in absence or in presence of lysine shown that
tertiary interactions can be assembled independently of
the ligand, suggesting that these interactions can fold the
binding site at the junctional core, as we (21) and others
(19,20) have shown. The work described here focuses on
the role of peripheral elements on the riboswitch folding
and lysine-dependent regulation control.

Importance of the P2-L4 interaction for riboswitch
regulation

SHAPE data indicate that both L2-L3 and P2-L4 inter-
actions require less magnesium ions to fold when both

interactions are functional (Figure 2D and E), suggesting
that the formation of each interaction can reduce the con-
formational space that the remaining one has to sample to
fold. In a transcriptional context, the polarity of RNA
polymerization suggests that L2-L3 forms first to subse-
quently assist in the P2-L4 formation (Figure 1A).
Importantly, the P2-L4 interaction is crucial for the
riboswitch core folding as revealed by 2AP fluorescence
assays where no fluorescence increase was observed when
altering the L4 loop sequence (Figure 4). Because 2AP is
located at position 194 and that 2AP fluorescence is very
sensitive to its local environment, we expect the formation
of base pairs A38eG195 and G39e¢G193, which are in
proximity to the ligand-binding site, to have a significant
effect on 2AP fluorescence (Figure 9A). The marked
decrease of fluorescence emission when P2-1.4 is disrupted
suggests that the latter is important for the correct folding
of the riboswitch core region, and consequently for
riboswitch activity (Figure 2B). Because core nucleotides
G40 and G144 are part of stems P2 and P4, respectively, it
is likely that the folding of the P2-L4 interaction is im-
portant for the correct positioning of these two nucleo-
tides in the core region. Therefore, these results strongly
suggest that P2-14 is particularly important to organize
the riboswitch ligand-binding site to ensure proper
lysine-dependent riboswitch transcription activity. Our
data are in agreement with previously obtained spontan-
eous bacterial mutants that displayed a /ysC constitutive
phenotype (24), most of which mapped to the riboswitch
helical domains. These mutations very likely inhibit both
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tion. Nucleotides involved in the binding pocket and in the purine quartet are

indicated in green and blue, respectively. (B) Representation of the lysine riboswitch crystal structure (19,20). Lysine is represented in red and

nucleotides forming the purine quartet spanning stems Pl and P35

are indicated in blue. The inset shows the bottom junction layer where

non-canonical base pairs G39e¢G193 and G171eA192 identified in blue are involved in the purine quartet. Note that numbering of the crystallized
lysine riboswitch of Thermotoga maritima has been replaced by corresponding positions in the /ysC lysine riboswitch of Bacillus subtilis (21).

L2-L3 and P2-L4 tertiary interactions, thus precluding
riboswitch activity. However, even if mutations disabling
the P2-L4 tertiary interaction have significant impacts
on both global structure and riboswitch activity, such
mutants still display limited lysine-induced effects on

transcription termination (Figure 2B and ref. 21). By
contrast, the binding mutant G39C does not have any
impact on global folding of the RNA (Figure 3A), but
sufficiently disrupts local folding of the riboswitch
binding pocket (Figure 4) to completely inhibit ligand



binding (Figure 3C and ref. 21). These results are in good
agreement with previous reports that identified IlysC
riboswitch mutants at nucleotide position 39 that were
resistant to the lysine analog AEC (23,38). One reason
for the absence of a lysine-induced riboswitch regulation
in the context of a G39C mutant could be that C39 inter-
acts with G111, which would perturb the riboswitch core
as observed by 2AP fluorescence. Moreover, such inter-
action could readily destabilize the P1 stem, thus leading
to the complete absence of response to lysine in transcrip-
tion regulation.

The lysine riboswitch aptamer exhibits a P1-P5 folding
transition

The PS5 helix is one of the least conserved elements of
the aptamer and according to sequence alignments, the
length of P5 can vary from 4bp to more than 15bp
(16,17,50). Although no obvious role for P5 can be
deduced from alignments, crystal structures show that
P5 stacks onto the P4 stem and lies in close proximity to
P1, suggesting that PS5 could be important for P1 stabil-
ization and riboswitch regulation. Transcription assays
show that the stability of PS5 is important for ribo-
switch function (Figure 5B), and as deduced from FRET
transitions (Figure 6A), the close juxtaposition between
P1 and P5 is Mg®"-dependent and occurs in the low mM
range, similar to what we observed from SHAPE experi-
ments for the folding of interactions L2-L.3 and P2-14
(Figure S1B). Interestingly, the presence of lysine de-
creases the Mg”>" requirement by 10-fold, suggesting the
involvement of lysine in the riboswitch folding. According
to the crystal structure, interactions G39e¢G193 and
G171eA192 are part of P1 and PS5, respectively, and are
involved in the formation of a purine quartet that is
located underneath the bound lysine (Figure 9B). The
structural relationship between the formation of the
quartet and P1-P5 folding transition will require addition-
al efforts. For instance, it will be crucial to understand
if the PI-P5 transition observed by FRET is important
for the creation of this quartet, the latter being highly
likely required for lysine binding. SHAPE analysis
also show that the presence of lysine facilitates the
folding of the riboswitch (Figure 3B), suggesting that
ligand binding stabilizes the folded state of the lysine
riboswitch (Figure 9A and B).

Although the nature of the FRET transition could purely
result from a translational movement of one helix, a
mixed nature involving translation and helical rotation
could also produce the observed FRET increase. For
instance, Batey and co-workers (20) observed that one
of the main differences between lysine riboswitch crystals
obtained in the absence or presence of lysine lies in the
rotational orientation of the 5-side of the P1 helix.
Nevertheless, our results are consistent with the P1-P5
FRET transition being highly dependent on the correct
formation of the P2-L4 interaction, suggesting that
P2-1L4 assists the P1-P5 folding transition most probably
through the P4-P5 stacking interaction.
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The PS5 stem can act as an anti-antiterminator to control
riboswitch activity

Very little information is available on the relative import-
ance of the expression platform for riboswitch regulation.
Our transcription assays indicate that P1 length is optimal
for the /ysC riboswitch and that the riboswitch system is
very tight since the addition or the removal of only 2 bp
significantly disrupts the ligand-induced transcription at-
tenuation, without completely preventing ligand binding
(data not shown). The addition of 2bp is predicted to
result in a AAG°37; of —4.7kcal/mol (51), a value which
agrees well with those of —8.3 kcal/mol and —7.6 kcal/mol
that were obtained for the binding to the adenine
riboswitch of 2AP (52) and adenine (53), respectively.
Interestingly, examination of a recently published lysine
riboswitch sequence alignment shows that an important
number of Pl stem sequences vary not only in their
length (54), but also in their Watson—Crick base pair
ratio as various mismatches are found in the PI helical
domain, suggesting that the stability of P1 stems may be
used to fine-tune the gene expression regulation. Our ob-
servations about the importance of the P1 stem sequence
for the riboswitch activity are consistent with previous
findings (16).

In our transcription assays, we also observed that the
stability of the P5 stem is important for the riboswitch
function (Figure 5). In our constructs, if we consider the
P5 helical domain independently of the rest of the
riboswitch molecule, the use of a P5 stem consisting of
5bp and of 16bp corresponds to a AAG°;; of 6.3 kcal/
mol and —11.5kcal/mol, respectively, compared to the
wild-type molecule. Because of the correlation between
PS5 stabilities and transcription regulation, we speculated
that P5 could replace Pl as the anti-antiterminator.
Although lysine-dependent transcription attenuation is
not as efficient as what we obtained in the context of the
wild-type molecule (Figure 7B), a riboswitch activation of
2-fold observed in the presence of lysine suggests that a
re-engineered riboswitch harboring an expression
platform fused to PS5 still displays a lysine-induced stabil-
ization that leads to a premature transcription termin-
ation. This suggests that the riboswitch activity can also
be controlled by using P5 as an anti-antiterminator.
Interestingly, nucleotides G195-U197 are found in close
proximity to the PS5 stem. Because these nucleotides are
located in the 3’ strand of the PI stem, it is possible that
the presence of P5 may influence the stability of the P1
stem. A nearly identical configuration is present in the
SAM-I riboswitch (55) where natural variations in P4
stem also influence ligand-induced gene regulation
(Heppell,B. et al., in preparation), suggesting that the
use of nonconserved helical domains may be a common
feature employed by riboswitches to stabilize the P1 stem
in the ligand-bound conformation. The successful reloca-
tion of the expression platform to the P5 helical domain
shows an additional level of riboswitch modularity, best
exemplified by the TPP riboswitch that is found in various
expression platform configurations to regulate different
biological process, such as transcription, translation,
mRNA splicing and stability (1).
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The P6 stem is important for the riboswitch
regulatory activity

The formation of the stem—loop P6 was found to be im-
portant for the lysine riboswitch activity (Figure 8B).
Although its position within the expression platform
could not readily provide information about its functional
role, the latter is consistent with the transcription polarity
of the riboswitch where secondary structure elements
should fold as they are transcribed. Thus, in the case of
the lysine riboswitch, given that P6 and the antiterminator
sequences are located proximally, it is likely that both
elements are involved in the formation of a large
antiterminator helical domain that is required for an effi-
cient riboswitch regulation. Given that the P6 stem is not
conserved among lysine riboswitches (18), it is probable
that the sequence of P6, and also of the terminator, have
evolved for efficient gene regulation in various cellular
contexts, agreeing well with our results showing that the
addition or the removal of two or three base pairs in either
domain is clearly detrimental for riboswitch activity
(Figure 8).

The high specificity that riboswitches display toward
their cognate ligand is mainly associated to the proper
organization of the core domain, which is well illustrated
by the conservation of involved nucleotides. Our results
highlight the importance of long-range interactions for the
formation of the ligand-binding site as these elements have
to be precisely positioned to ensure efficient ligand binding
and riboswitch activity. The importance of peripheral
elements for riboswitches is likely to be found in other
riboswitch families, as recently observed (56).
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