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Summary
We have identified a highly conserved RNA motif that occurs upstream of genes involved in S-
adenosyl-L-methionine (SAM) recycling in many Gram-positive and Gram-negative species of
bacteria. The phylogenetic distribution and the conserved structural features of representatives of
this motif are indicative of riboswitch function. Riboswitches are widespread metabolite-sensing
gene control elements that are typically found in the 5′ untranslated regions (UTRs) of bacterial
mRNAs. We experimentally verified that examples of this RNA motif specifically recognize S-
adenosylhomocysteine (SAH) in protein-free in vitro assays, and confirmed that these RNAs strongly
discriminate against SAM and other closely related analogs. A representative SAH motif was found
to activate expression of a downstream gene in vivo when the metabolite is bound. These observations
confirm that SAH motif RNAs are distinct ligand-binding aptamers for a riboswitch class that
selectively binds SAH and controls genes essential for recycling expended SAM coenzymes.

Introduction
RNA aptamers are highly structured polynucleotides that form selective binding pockets for
specific ligands (Gold et al., 1995; Osborne and Ellington, 1997). Engineered aptamers can be
made to exhibit high affinity and selectivity for their targets, and can have considerable
potential for applications in basic research, biotechnology and therapeutics (Breaker, 2004;
Bunka and Stockley, 2006). RNA aptamers also can exist naturally in the 5′ UTRs of many
bacterial messenger RNAs, where they serve as the sensor domain of gene control elements
called riboswitches (Mandal and Breaker, 2004a; Soukup and Soukup, 2004; Winkler and
Breaker, 2005). Like their engineered counterparts, natural aptamers can bind their targets with
high affinity and specificity, which is required for RNA aptamers that are used by cells to
precisely regulate the expression of critical metabolic genes. However, natural aptamers are
typically much larger (ranging between 34 and 200 nucleotides) than engineered aptamers
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(Breaker, 2006), which presumably allows natural aptamers to exhibit the high level of
performance required to compete with gene control factors made of protein.

Each riboswitch usually harnesses metabolite binding by its aptamer domain to bring about
structural changes in an adjoining expression platform. These structural changes establish the
level of protein production from the open reading frame (ORF) or from multiple ORFs located
downstream. However, folding changes are not always brought about by metabolite binding.
For example, one riboswitch class uses the target metabolite as a coenzyme for a self-cleaving
ribozyme whose action represses expression of the downstream ORF (Winkler et al., 2004;
Cochrane et al., 2007). Regardless of the mechanism used, riboswitches often control genes
whose protein products are involved in the synthesis, degradation, or transport of the metabolite
or precursors of the metabolite whose cellular concentration is sensed by the aptamer domain.

Riboswitch aptamers must form precision binding pockets for their target metabolites using
only the four common nucleotides, unless modified bases or supporting protein factors are
involved. This places strong selective pressure on each aptamer to maintain certain structural
characteristics throughout evolution, although some ligands such as SAM (Corbino et al.,
2005; Fuchs et al., 2006) and preQ1 (Weinberg et al., 2007) are detected by multiple riboswitch
classes with entirely different aptamer structures. The representatives of riboswitch aptamer
classes identified from even distantly related organisms exhibit considerable conservation in
sequence and secondary structure. This conservation, coupled with the identity of the ligand
bound by the aptamer, forms the basis for the organization of riboswitches into distinct classes.

The conserved features of riboswitch aptamers have been exploited by computer-aided search
algorithms to expand the number of representatives of known riboswitch classes (e.g.Rodionov
et al., 2002; Rodionov et al., 2003a; Nahvi et al., 2004; Rodionov et al., 2004;) and to discover
previously unknown riboswitch classes (e.g.Rodionov et al., 2003b; Barrick et al., 2004;
Corbino et al., 2005; Weinberg et al., 2007). In contrast, expression platforms vary widely in
sequence and structure, even within the same riboswitch class. For example, TPP riboswitches
integrate a consensus aptamer with various expression platform architectures to control
transcription termination and translation initiation in bacteria (Winkler et al., 2002; Mironov
et al., 2002; Rentmeister et al., 2007), and RNA splicing in eukaryotes (Sudarsan et al.,
2003a; Kubodera et al., 2003; Bocobza et al., 2007; Cheah et al., 2007; Wachter et al., 2007).

As noted above, riboswitches with aptamers from different structural classes can recognize the
same target metabolite. Four riboswitch classes have been discovered that specifically
recognize the coenzyme SAM (or AdoMet), and these have been termed SAM-I (Epshtein et
al., 2003; McDaniel et al., 2003; Winkler et al., 2003), SAM-II (Corbino et al., 2005, Lim et
al., 2006b), SAM-III or SMK (Fuchs et al., 2006) and SAM-IV (Weinberg et al., 2007;
unpublished data). Among these classes, SAM-I riboswitches have the most widespread
phylogenetic distribution known, with examples found in many bacterial groups (Rodionov et
al., 2004). SAM-II riboswitches are largely found in Gram-negative proteobacteria and
bacteroidetes (Corbino et al., 2005), while SAM-III riboswitches are reported only in Gram-
positive lactic acid bacteria (Fuchs et al., 2006). The aptamers of all four classes preferentially
bind SAM over SAH (or AdoHcy), which is a byproduct of SAM-dependent methyl group
transfer (Takusagawa et al., 1998). For example, representatives of the SAM-I and SAM-II
aptamers discriminate ∼80-fold and more than 1000-fold against SAH, respectively (Lim et
al., 2006b). This level of discrimination is striking considering the compounds differ by only
a single methyl group.

In the current study, we describe the discovery of a bacterial RNA element with highly
conserved primary sequence and secondary structure that is always found upstream of genes
responsible for converting SAH to L-methionine. The RNA element represents a distinct class
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of aptamers that selectively binds SAH and discriminates at least 1000-fold against SAM,
which is in stark contrast to the molecular recognition characteristics of the four known SAM
aptamers. In the ahcY mRNA of the bacterium Pseudomonas syringae, the structural changes
brought about by metabolite binding to the SAH aptamer activates expression of the
downstream gene in vivo, thus demonstrating that the SAH aptamer forms the sensor
component of a distinct class of SAH-responsive riboswitches.

Results
Identification of a Conserved RNA Motif Associated with SAH Recycling

In an effort to identify additional riboswitch classes and other structured regulatory RNA
motifs, systematic searches of the intergenic regions (IGRs) of gene families in numerous
bacterial classes were carried out (Weinberg et al., 2007) using the CMfinder comparative
genomics pipeline (Yao et al., 2007). Numerous RNA motifs were identified in bacteria using
this search strategy, and several have the characteristics expected for RNAs that function as
metabolite-sensing riboswitches.

One candidate riboswitch class was termed the SAH motif because the genes most commonly
associated with representatives of this RNA are S-adenosylhomocysteine hydrolase (ahcY,
COG0499), cobalamin-dependent methionine synthase (metH, COG1410) and
methylenetetrahydrofolate reductase (metF, COG0685) (Figure 1). The genomic contexts of
SAH motif representatives, and their high degree of conservation, are consistent with a role in
sensing SAH and activating the expression of genes whose products are required for SAH
recycling to resynthesize SAM. The SAH byproduct of SAM-dependent methylation reactions
(Takusagawa et al., 1998) binds a number of SAM-dependent methyltransferases with similar
or even better affinities compared to SAM, and therefore functions a potent inhibitor of these
enzymes (Ueland, 1982). It is likely that, during times of high methytransferase activity, cells
could accumulate toxic levels of SAH unless the compound is converted into less toxic
products. Thus, rapid sensing of SAH and activation of genes for recycling of SAH to reform
SAM would be advantageous.

There are two major routes in eubacteria for SAH catabolism that both convert SAH to
homocysteine (Figure 1). In many bacterial species, SAH nucleosidase (EC 3.2.2.9) catalyzes
cleavage of the N-glycosidic bond of SAH to produce adenine and S-ribosylhomocysteine
(Della Ragione et al., 1985). The latter compound can be subsequently hydrolyzed by the gene
product of luxS to form homocysteine (Schauder et al., 2001). The alternative route involves
the ahcY gene that is commonly associated with SAH motif representatives. SAH hydrolase,
the product of the ahcY gene, catalyzes the breakdown of the thioether bond of SAH to produce
adenosine and homocysteine (Shimizu et al., 1984). The gene product of metH subsequently
methylates homocysteine to L-methionine using 5-methyltetrahydrofolic acid (5-methylTHF)
as the methyl donor (Old et al., 1988), which is generated by the gene product of metF from
5,10-methylTHF (Sheppard, 1999). SAM synthase, encoded by the metK gene, regenerates
SAM from methionine and ATP to complete the cycle (Tabor and Tabor, 1984). It is interesting
to note that the metK gene resides in close proximity upstream of the SAH RNA motif in some
species of β-proteobacteria and γ-proteobacteria, and might be in the same operon. No
homologs of the luxS gene product (COG1854) were identified in genomes where the
conserved RNA element was found, so it is possible that in these organisms the catabolism of
SAH proceeds exclusively by the route involving SAH hydrolase.

In total, 95 occurrences of the SAH RNA motif conforming to a revised structural model were
found, and 68 of these matches are non-duplicative (see Figure S1 and text in the Supplemental
Data available with this article online). All examples of the SAH RNA motif identified occur
adjacent to SAH recycling genes (Figure S2) except for those identified from environmental

Wang et al. Page 3

Mol Cell. Author manuscript; available in PMC 2009 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sequences or from incompletely-sequenced genomes where the gene identities adjacent to the
RNA motif were not available. In most instances, SAH RNA representatives are located
upstream of what appear to be operons that, almost without exception, code for SAH hydrolase
(ahcY), methylenetetrahydrofolate reductase (metF) and occasionally methionine synthase
(metH). In some species of Burkhoderia, Dechloromonas, and Ralstonia, the operon includes
a predicted membrane protein (COG1950) of unknown function. Other genes appearing rarely
in SAH RNA-associated operons include those that encode an rRNA methylase (COG1189),
a regulator of competence-specific genes (tfoX, COG3070) and an enzyme involved in
guanosine polyphosphate metabolism (spoT, COG0317).

A consensus sequence and structural model of the RNA motif (Figure 2A) was constructed
based on the 68 non-duplicative sequences in the alignment (see Experimental Procedures
for details). The consensus RNA motif is composed of a central core of highly-conserved
nucleotides flanked by base-paired regions designated P1 and P2, wherein P2 is capped by a
variable-sequence loop (L2). The RNA also forms a pseudoknot (P4) between the central core
and highly-conserved nucleotides at the 3′ terminus of the RNA. A hairpin (P3 and L3) occurs
in some representatives between the P1 and P4 stems. The proposed secondary structure
elements are all supported by covariation.

In addition to β-proteobacteria and γ-proteobacteria, examples of RNAs matching this
consensus sequence and structure were also found in a species of δ-proteobacteria and in some
Gram-positive Actinobacteria (Figure 2B). Most organisms have one occurrence of the RNA
element, except for Acidovorax sp., Dechloromonas aromatica, Azoarcus sp., Polaromonas
naphthalenivorans, Polaromonas sp., Rhodoferax ferrireducens, and Rubrivivax gelatinosus,
where two incidents were identified in front of both the predicted ahcY and metH coding
sequences that are located in different regions of the genome.

Selective binding of SAH by the 68 metH RNA
The structural features and genomic arrangements of SAH RNAs strongly suggest that they
serve as aptamers for riboswitches that sense SAH. We therefore set out to experimentally
determine whether examples of the RNA motif could specifically recognize metabolites in a
protein-free in vitro system and function as a gene control element, which are two defining
characteristics of riboswitches. We chose to examine a 68-nucleotide RNA encompassing the
SAH RNA identified upstream of the metH gene in Dechloromonas aromatica (designated 68
metH, Figure 3A). The D. aromatica 68 metH RNA is nearly the shortest sequence that closely
corresponds to the consensus sequence and structure for this motif. Its reduced length is due
in part to the absence of the optional P3 stem (Figure 2A).

An in-line probing assay (Soukup and Breaker, 1999) was used to corroborate the predicted
secondary structure (Figure 3A), and to establish that 68 metH RNA directly binds SAH. This
assay exploits the fact that spontaneous cleavage of RNA occurs faster at internucleotide
linkages that are unstructured, and therefore can reveal structural features of RNAs and the
changes they undergo when binding ligands. 5′ 32P-labeled 68 metH RNA was incubated in
reactions containing progressively higher concentrations of SAH (see Experimental
Procedures for details) and the resulting spontaneous cleavage products were separated by
polyacrylamide gel electrophoresis (Figure 3B). In the absence of any ligand, higher band
intensities were observed in regions of the RNA predicted to form L2, the internal loop
separating P1 and P2, and the 3′ terminal portion of the RNA. These observations suggest that
P1 and P2 are formed, but that the vast majority of the highly conserved nucleotides in the core
of the RNA and in the 3′ tail (including the nucleotides of the P4 pseudoknot) are less structured
in the absence of ligand.
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In the presence of increasing concentrations of SAH, progressive changes in band intensities
were observed at several locations throughout the RNA, confirming that SAH causes changes
in RNA folding, as expected if the RNA serves as an aptamer for this metabolite. Moreover,
the structural changes occur mostly in the phylogenetically conserved regions (Figure 2A,
Figure 3A), as is typically observed for many other riboswitch aptamers. The most noteworthy
changes in response to SAH binding are the stabilization of pseudoknot P4, and reduction of
flexibility in other conserved nucleotides of the core. This suggests that the highly-conserved
nucleotides are instrumental in forming the binding pocket for SAH.

The apparent dissociation constant KD of 68 metH RNA for SAH was estimated to be ∼20 nM
by quantifying the extent of spontaneous cleavage at several nucleotide positions over a range
of SAH concentrations (Figure 3B, C). This value for apparent KD is typical of riboswitch
aptamers, which have been found to range from ∼200 μM (Winkler et al., 2004) to ∼200 pM
(Welz and Breaker, 2007; Sudarsan et al., 2006). Similar SAH-mediated shape changes
revealed by in-line probing assays were obtained with a 122-nucleotide SAH aptamer construct
derived from the ahcY gene of P. syringae. Although 122 ahcY RNA carries the optional P3
stem (Figure S3A), the RNA undergoes key structural changes in the core of the aptamer on
ligand binding (Figure S3B), and the apparent KD value is similar to that measured for 68
metH RNA.

It is important to note that the KD values determined for riboswitch aptamers are useful for
comparing the binding affinities of various ligands to establish molecular recognition
properties, but the absolute KD values might be different in cells. Furthermore, even if the
KD values of riboswitch aptamers measured in vitro matched those inside cells, it is not assured
that they will be tuned to the concentrations of metabolites. Recent findings (Wickiser et al.,
2005a; 2005b; Gilbert et al, 2006) have revealed that some riboswitches are kinetically rather
than thermodynamically driven. In other words, sometimes it is not the KD of the aptamer that
establishes the metabolite concentration needed to modulate riboswitch function, but rather the
rate of metabolite-aptamer association and the speed of transcription or translation initiation
that is most important.

For the SAH aptamer to function as the sensor for an SAH-responsive riboswitch, it must be
able to discriminate against biologically relevant compounds that are structurally similar to
SAH. Perhaps most importantly, the aptamer must discriminate against SAM, which differs
from SAH only by a single methyl group and the associated positive charge at the sulfur center.
Using in-line probing and a commercial source of SAM, we found that the 68 metH RNA, as
well as other SAH aptamers, exhibited apparent KD values that were no more than 10-fold
higher than the apparent KD values established for SAH (data not shown). However, SAM
spontaneously degrades to produce substantial levels of SAH contamination, and even freshly
prepared commercial samples of SAM contain ∼10% SAH (Sigma-Aldrich Technical Service
and data not shown). Thus, a greater level of discrimination against SAM by the 68 metH RNA
might be obscured by the presence of SAH in SAM samples.

To obtain a more accurate estimate of the ability of SAH aptamers to discriminate against
SAM, we conducted in-line probing using a sulfone analog of SAH that has been shown
previously to closely mimic the binding properties of SAM with a SAM-I class riboswitch
aptamer (Lim et al., 2006b). Specifically, the sulfone analog of SAH lacks the methyl group
on sulfur that is present in SAM, but carries two electronegative oxygen atoms that withdraw
electron density from sulfur to increase the relative positive charge of this atom similar to that
of the natural coenzyme. In-line probing results (Figure 3C) reveal that the sulfone analog is
bound by the 68 metH RNA with an apparent KD that is approximately three orders of
magnitude poorer than SAH.
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The KD value of the 68 metH aptamer for SAM also was assessed by using equilibrium dialysis
to compare the functions of the SAH aptamer with a previously-reported SAM-II aptamer
termed 156 metA (Corbino et al., 2005). Either 68 metH RNA or 156 metA RNA (10 μM) were
added to one chamber of an equilibrium dialysis apparatus and 100 nM of [3H]SAM (Figure
4A) was added to the other chamber. The chambers were separated by a permeable membrane
with a molecular weight cut-off of 5000 Daltons. Since the methyl group at the sulfur center
of [3H]SAM is radiolabeled, contaminating SAH is not radioactive and therefore does not affect
the equilibrium distribution of radioactivity between the two chambers.

156 metA RNA shifts the distribution of [3H]SAM to favor the chamber containing the SAM-
II aptamer by ∼1.5-fold, compared to no shift when the 68 metH RNA is present under identical
assay conditions (Figure 4B). The 156 metA RNA has an apparent KD of ∼1 μM for SAM as
determined by in-line probing (Corbino et al., 2005). Therefore, the KD value of 68 metH for
SAM must be higher than 1 μM. Furthermore, the absence of a shift in radioactivity equivalent
to that observed for the SAM-II riboswitch when 25 μM 68 metH RNA is used indicates that
its KD for SAM is likely to be no better than 25 μM. This suggests that 68 metH RNA recognizes
SAH with an affinity that is likely to be greater than 1000-fold better than for SAM (Figure
4C). This discrimination between SAH and SAM should be sufficient to precisely control the
expression of SAH recycling genes in response to changing SAH levels even if the riboswitch
were exposed to concentrations of SAM that are equivalent to SAH, or even in modest excess.

The molecular recognition characteristics of SAH aptamers were assessed in greater detail by
establishing the apparent KD values of 68 metH RNA for 15 analogs of SAH (Figure 5A). The
carboxyl and amino groups of the amino acid, various positions on the sugar ring and the
nucleobase, as well as the thioester linkage were modified. All analogs, except S-
adenosylcysteine (SAC), exhibit decreases of at least 3 orders of magnitude in affinity.
Interestingly, the shorter amino acid side chain of SAC caused only a modest loss of affinity,
unlike that observed for SAM-sensing riboswitches (Lim et al., 2006b).

The changes at the sulfur atom in the sulfone (compound 3) and the aza (compound 4)
derivatives of SAH also decrease affinity by three orders of magnitude, indicating the
importance of this position for ligand recognition. Compound 4 is largely uncharged under the
conditions used for in-line probing (Lim et al., 2006b). Therefore, its weaker interaction with
the RNA might result from steric interference due to the presence of the methyl group. The
higher positive charge density of compound 3 at the sulfur atom (Lim et al., 2006b) might
contribute to the slightly weaker binding of this compound compared to compound 4. In
addition, the two set of lone pair electrons of the sulfur center in SAH might play a key role in
ligand recognition of the RNA. The sulfur atom of SAH (and SAC) conceivably could make
a productive interaction with the aptamer via charge transfer or van der Waals interactions.
Finally, adenosine does interact weakly with the SAH aptamer (Kd ∼100 μM), but neither
homocysteine nor methionine cause any modulation of the RNA structure at concentrations as
high as 1 mM (data not shown).

These results have been used to create a model for molecular recognition of SAH by the 68
metH RNA (Figure 5B). This model indicates that essentially every functional group on the
ligand serves as a critical molecular recognition determinant, as has been observed for several
other riboswitch aptamer classes (e.g. Mandal et al., 2003; Sudarsan et al., 2003b; Mandal et
al., 2004; Lim et al., 2006a; Lim et al., 2006b).

SAH Binding Activates Expression of a Reporter Gene
The sequence between the SAH element and the start codon of the ahcY mRNA from P.
syringae is predicted to form an extra stem-loop structure where the two nucleotides at the 3′
end of the P4 stem alternatively could base pair with the ribosome binding site or Shine-
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Dalgarno (SD) sequence (Figure 6A). This latter interaction extends the extra stem-loop
structure by two base pairs, and thus might function as a SD-sequestering stem. Therefore, we
hypothesize that this RNA functions as an SAH-responsive riboswitch that activates gene
expression on ligand binding, perhaps by exposing the SD sequence to facilitate ribosome
interaction with the mRNA. Although a similar SAH-mediated rearrangement is predicted for
the SAH aptamer from the D. aromatica metH gene, ligand binding to this RNA appears to
control the formation of a transcription terminator stem (Figure S4).

To test this hypothesis, an in vivo gene control assay was conducted wherein the IGR
encompassing the 5′ UTR of the ahcY gene in P. syringae was fused immediately upstream of
a lacZ coding sequence. This construct retained the start codon of the ahcY gene, which was
fused in frame with the reporter gene ORF. The resulting translational fusion vector was
transformed into P. syringae to produce the wild-type (WT) reporter strain (see Experimental
Procedures). Similarly, a series of mutant reporter strains were constructed that are expected
to disrupt or restore aptamer function (Figure 6A). Transformed P. syringae strains
subsequently were grown in either King's medium B (rich) or Vogel-Bonner medium
(minimal), and the reporter expression levels of the mutant constructs were compared to the
results from the WT reporter construct (Figure 6B).

In rich medium, SAH concentrations are expected to be high because cells should be utilizing
metabolic pathways that require the use of SAM as a cofactor. As expected, β-galactosidase
reporter activity for the WT construct is elevated compared to construct M1 (Figure 6B, top)
that carries mutations disrupting two conserved nucleotides in the junction between stems P1
and P2 or J1-2 (Figure 6A). This finding is consistent with our hypothesis that SAH binding
should activate gene expression, and mutations that disrupt ligand binding will cause the
riboswitch to default to an off state. Unfortunately, both M2 and M3 exhibit WT-like gene
expression, despite the fact that destabilization of the P2 stem by the mutations carried by M2
was expected to disrupt riboswitch function. However, in-line probing (with and without SAH
present) revealed that the M2 construct is grossly misfolded (data not shown), which likely
causes the reporter construct to default to high gene expression. We examined additional
mutations in P2 that yielded constructs that did not excessively misfold. As expected, mutants
M4 (P2 disruption) and M5 (P2 restoration) exhibit a loss of gene expression and a subsequent
restoration of gene expression, respectively. These findings again indicate that disruption of
the aptamer causes the riboswitch to default to an off state for gene expression, and suggest
that the M2 mutation indeed is abnormal in its misfolding and gene expression results.

Similarly, the effects of the mutations carried by constructs M6, M7 and M8 are consistent
with a mechanism for gene control involving SD sequestration. These constructs each carry
two mutations that reduce the stability of P4, and we observed a loss of SAH binding affinity
for such constructs by using in-line probing (Figure S3C). Furthermore, constructs with
disrupted SAH binding also would be expected to yield low β-galactosidase reporter activity.
This result indeed is observed for M6 and M8, but M7 produces near WT expression (Figure
2A). Although the M7 mutations disrupt P4 formation, they also are predicted to disrupt the
sequestering stem that overlaps the SD sequence. Therefore, the M7 riboswitch should no
longer be capable of defaulting to an OFF state, and gene expression of the riboswitch-reporter
fusion construct is expected to be high as is observed. A similar set of reporter gene assays was
conducted with cells grown in a minimal medium (Vogel-Bonner medium). Although the same
trends are observed with the various constructs grown in minimal medium (Figure 6B, bottom),
the absolute values for reporter expression were higher in rich medium. This reduction in
overall reporter expression in minimal medium might be due to a reduction in general metabolic
activity and protein synthesis.
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In-line probing was used to determine whether the competition between formation of the P4
stem and the SD-sequestering stem could be observed. In-line probing using longer constructs
based on a 151 ahcY RNA, similar to that depicted in Figure 6A, reveal that the SD-sequestering
stem indeed is disrupted in the WT construct when SAH is present (Figure S5). In contrast,
the M6 version of this construct forms the SD-sequestering stem regardless of the presence or
absence of SAH, whereas the M7 variant cannot form this stem. Thus, the mutually-exclusive
formation of the full P4 stem and the full SD-sequestering stem might be a critical component
of the expression platform for the SAH riboswitch from the P. syringae ahcY gene.

To further establish SAH as the metabolite effector in vivo, reporter expression was measured
for the WT strain growing in minimal medium supplemented with effectors that are known to
increase cellular SAH levels (Figure 7). Adenosine-2′,3′-dialdehyde (an inhibitor of SAH
hydrolase) and adenosine plus homocysteine were both reported previously to substantially
increase cellular SAH levels (Hermes et al., 2004). Medium supplemented with either the SAH
hydrolase inhibitor or the adenosine/homocysteine mixture increase expression of the WT
riboswitch-reporter fusion construct by ∼10 to 20 fold (Figure 7A), and increasing
adenosine-2′,3′-dialdehyde concentrations cause increasing gene expression with the WT but
not the defective variants M1 and M7 (Figure 7B). The addition of methionine to the medium
causes a similar increase in riboswitch-mediated expression. Excess methionine in growth
medium leads to higher cellular SAM concentrations (Winkler et al., 2003), and it is possible
that the cellular SAH concentration is increased as well.

In contrast, the addition of 250 μM SAH to the medium only slightly increases reporter
expression. SAH does not cross cell membranes as an intact molecule (Ueland, 1982), which
explains why the addition of this compound has little effect on reporter expression levels. The
up-regulation of reporter expression appears to be riboswitch dependent, since almost no gene
expression was observed with an M6 riboswitch-reporter fusion construct carrying mutations
that disrupt the formation of P4 and alter the core consensus sequence of the aptamer (Figure
6A).

Discussion
SAH is ubiquitous in living systems as the product of SAM-dependent methyl transfer
reactions, but also functions as an inhibitor of these reactions when present in high
concentrations (Ueland, 1982). Therefore, it is likely that many cells have a need to selectively
sense SAH and dispose of the excess. In some organisms, SAH is sensed by a protein genetic
factor (Rey et al., 2005), which regulates genes involved in sulfur metabolism. Our findings
reveal that RNA molecules can serve in a similar capacity to sense SAH and control key genes
required for its catabolism.

The identification of the SAH element provides the first example of a highly conserved and
widely distributed bacterial RNA that selectively binds SAH. This RNA serves as the aptamer
domain of a riboswitch class that always is located immediately upstream of ORFs whose
predicted protein products are involved in SAH catabolism. This suggests that the vast majority
of SAH riboswitches are likely to turn gene expression on in response to ligand binding (Figure
S4). Indeed, direct ligand binding of the RNA element stabilizes certain secondary and tertiary
structures, which might make accessible the SD sequence for the adjoining ORF to permit
ribosome binding and subsequent translation.

Although there are several distinct classes of SAM-sensing riboswitches known that strongly
discriminate against SAH binding (Lim et al., 2006b; Fuchs, 2006), the SAH riboswitch is the
first class of RNAs identified that reverses this discrimination to favor SAH binding and reject
SAM. As with other riboswitch classes, it is likely that high selectivity of ligand binding is
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required to prevent regulation of gene expression by other closely-related compounds. The
strong molecular discrimination by SAH aptamers likely precludes other compounds such as
SAM from unnecessarily activating SAH catabolic gene expression, which is required only
when SAH accumulates to high levels. This discriminatory power of SAH aptamers is
particularly important because SAM, the metabolic precursor of SAH, has a larger cellular
pool than SAH under normal conditions (Ueland, 1982). Both the gene context of SAH
riboswitches and their ability to discriminate against SAM by ∼3 orders of magnitude strongly
suggest SAH is the metabolite sensed by the RNA element in vivo. Therefore, SAH
riboswitches provide cells with a class of sensor and gene control element that permits cells to
expend resources for SAH degradation only when SAH concentrations merit expression of the
appropriate genes.

Like natural SAM aptamers, the SAH aptamer examined in greatest detail in this study uses
essentially every functional group on the ligand for molecular recognition. One notable
exception is the observation that SAH aptamers tolerate the removal of a methylene group from
the amino acid portion of the ligand without substantial loss of affinity. S-adenosylcysteine
(SAC; Figure 5A, compound 2) carries the same array of functional groups that are present in
SAH, but some of these groups must be displaced by one or more angstroms in the binding
pocket of the aptamer. A possible explanation for the tolerance of the shorter SAC analog is
that the RNA aptamer might form two separate binding pockets wherein each interacts with
one side of the ligand. This would allow for a certain level of adaptability that allows the binding
site to recognize ligands of different lengths. Precedence for this type of riboswitch aptamer
function has been reported for TPP-binding riboswitches that can bind the progressively shorter
thiamin monophosphate and thiamin compounds, albeit with progressively poorer apparent
KD values (Winkler et al., 2002). Atomic-resolution models of TPP riboswitch aptamers
(Edwards and Ferré-D'Amaré, 2006; Serganov et al., 2006; Thore et al., 2006) reveal a bipartite
ligand-binding pocket that can adjust their positions to bind the shorter thiamin monophosphate
ligand with relatively high affinity.

The most highly conserved nucleotides in the SAH aptamer are largely located in P4 and in
the junctions bridging P1, P2 and P4 (Figure 2A). These nucleotides are most likely involved
in forming the binding pocket for SAH, as is evident by the substantial modulation of structure
of these residues observed by in-line probing (Figure 3A, B). These nucleotides form a pocket
that binds a ligand lacking charge at the sulfur center, and therefore they must form a structure
that interacts with this atomic center in a way that is distinct from that of SAM-I aptamers.
SAH aptamers reject both compounds tested in this study that carry modifications to the sulfur
center (Figure 5A, compounds 3 and 4). The discrimination against compound 4 is particularly
notable, as the nitrogen center replacing the sulfur of SAH is similarly uncharged. Therefore,
it is possible that SAH riboswitches discriminate by steric exclusion of compounds like SAM,
3 and 4 that carry additional chemical moieties on the atom equivalent to the sulfur in SAH.
However, productive interaction between the aptamer and the sulfur atom via charge transfer
or van der Waals interactions has not been ruled out.

In addition to expanding the list of riboswitch classes, the identification of SAH aptamers could
potentially lead to applications as highly selective SAH sensors. For example, SAH is a source
of homocysteine, which can be used as a marker for cardiovascular disease (Nygård et al.,
1999). However, creating precision engineered SAH aptamers by in vitro selection from
randomized RNA sequences has proven to be difficult (Gebhardt et al., 2000). In vitro selection
of aptamers that bind ligands carrying adenosyl moieties usually yields aptamers that largely
recognize the adenosine or adenine moiety, with little recognition of the appendages that make
them unique (Saran et al., 2003). For example, aptamers generated by in vitro selection for
SAH are essentially adenosine/adenine aptamers, that discriminate against SAM by only ∼3
fold. The shortest example identified in sequenced bacterial genomes that conforms to the
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consensus of the SAH element is slightly more than 50 nucleotides in size (occurring upstream
of ORF Daro_0186 in Dechloromonas aromatica, Figure S1). Coupled with nanomolar affinity
for SAH and discrimination by several orders of magnitude against closely related analogs
such as SAM, as well as readily available expression platforms, the SAH element possesses
desired properties for in vitro and in vivo applications.

Experimental Procedures
Oligonucleotides, Chemicals, and Bacteria

Synthetic DNA oligonucleotides were purchased from the W. M. Keck Foundation
Biotechnology Resource Laboratory at Yale University or from Sigma-Genosys, and were used
without further treatment unless otherwise stated. [3H]SAM or S-(5′-adenosyl)-L-methionine-
(methyl-3H) was purchased from Sigma-Aldrich, and [γ-32P]ATP was purchased from
Amersham Biosciences. Compound 4 was the gift from Prof. G. Michael Blackburn at The
University of Sheffield. All other chemicals were purchased from Sigma-Aldrich, except for
SAH analogs 3, 5, 6, and 9-16, whose preparations were described elsewhere (Lim et al.,
2006b). Pseudomonas syringae pv. tomato str. DC3000 was the gift of Prof. Gregory B. Martin
at Cornell University.

RNA Preparation
The 68 metH and 122 ahcY RNAs were prepared by transcription in vitro using T7 RNA
polymerase and the corresponding DNA templates. The DNA template for 68 metH was
generated by extending a primer carrying the T7 promoter sequence hybridized to synthetic
template DNA, using SuperScript II reverse transcriptase (Invitrogen) following the
manufacturer's instructions. Synthetic template DNAs were purified by using denaturing (8 M
urea) polyacrylamide gel electrophoresis (PAGE) prior to extension. The DNA templates for
wild-type and mutant 122 ahcY RNAs were produced from PCR amplification using
appropriate plasmids as described below. The RNA transcripts were purified by denaturing
PAGE and eluted from gel fragments using a solution containing 10 mM Tris-HCl (pH 7.5 at
23°C), 200 mM NaCl and 1 mM EDTA. RNAs were concentrated by precipitation with ethanol,
dephosphorylated with alkaline phosphatase (Roche Diagnostics) and 5′-radiolabeled using
[γ-32P]ATP and T4 polynucleotide kinase (New England Biolabs) following the manufacturer's
instructions. Radiolabeled RNAs were purified by denaturing PAGE and isolated as described
above.

The wild-type and mutant 68 metH RNAs used for equilibrium dialysis were prepared and
purified as described above, but without dephosphorylation and radiolabeling. The 156 metA
RNA (Corbino et al., 2005) used for equilibrium dialysis was prepared as described above
using DNA templates generated by whole-cell PCR of Agrobacterium tumefaciens strain
GV2260.

In-line Probing Analysis
In-line probing assays were carried out essentially as previously described (Soukup and
Breaker, 1999). 5′ 32P-labeled RNAs were incubated at room temperature for approximately
40 h in 10 μl volumes containing 50 mM Tris-HCl (pH 8.3 at 25°C), 20 mM MgCl2, 100 mM
KCl, and included test compounds at the concentrations indicated. Spontaneous cleavage
products were separated by denaturing 10% PAGE, visualized using a PhosphorImager
(Molecular Dynamics), and quantified using SAFA v1.1 software (Das et al., 2005). The
amount of RNA cleaved at each nucleotide position was obtained from SAFA analysis, which
automatically determines reference nucleotide positions with invariant levels of spontaneous
cleavage to correct for different amounts loaded in each lane. Individual band intensities at
each modulated site were summed and normalized to obtain values for the fraction of RNA
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that was structurally modulated, assuming that there was no modulation in the absence of ligand
and maximal modulation in the presence of the highest concentration of ligand. Values for the
apparent dissociation constant (KD) were determined by fitting the plot of the fraction
modulated (F), versus the ligand concentration, [L], at all three indicated modulation sites to
the equation F = [L]/([L] + KD) using SigmaPlot 9 software (Systat Software, Inc.).

Equilibrium dialysis
Equilibrium dialysis was performed by delivering 20 μl samples to each side of a Dispo-
Equilibrium Biodialyzer (The Nest Group, Inc., Southboro, MA, USA) wherein the separation
between chambers is maintained by a dialysis membrane with a 5000 Dalton molecular weight
cut-off. One chamber contained a buffer solution comprised of 100 mM Tris-HCl (pH 8.3 at
24°C), 20 mM MgCl2, 100 mM KCl, plus 100 nM [3H]SAM. The opposing chamber contained
the same buffer solution plus either 156 metA or 68 metH RNAs at the concentrations indicated.
After incubation for 11.5 h at 25°C, aliquots of 5 μl were withdrawn from both chambers and
radioactivity was measured by a liquid scintillation counter.

In-vivo reporter gene expression assays
Nucleotides −367 to +6 relative to the predicted ahcY translation start site (GenBank accession:
NC_004578.1; nucleotides 5,771,072 to 5,771,444) were amplified as a BamHI-HindIII
fragment by whole-cell PCR of Pseudomonas syringae pv. tomato str. DC3000. The PCR
product was cloned into the translational fusion vector pRA301 (Akakura and Winans, 2002)
immediately upstream of the lacZ reporter gene. This reporter vector is stably maintained in
pseudomonas since it harbors the origin of replication rep and stability region sta derived from
the pseudomonas aeruginosa vector pVS1 (Itoh et al., 1984). Mutants M1-M8 were generated
using the resulting plasmid as the template, appropriate mutagenic primers, and the
QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's
instructions. The integrity of all recombinant plasmids was confirmed by sequencing.
Transformations of pRA301 variants into Pseudomonas syringae were accomplished by
electroporation following a standard protocol (Ausubel et al., 1992). The correct transformants
were identified by selecting for spectinomycin (75 μg ml-1) and rifampicin (50 μg ml-1)
resistance.

To measure expression levels of the lacZ gene in wild-type (WT) and mutant Pseudomonas
syringae reporter strains, cells were grown overnight with shaking at 28°C in either King's
medium B (King et al., 1954) (20 g l-1 Proteose Peptone no. 3, 10 g l-1 glycerol, 1.5 g l-1
K2HPO4, 1.5 g l-1 MgSO4·7H2O, pH 7.2), 50 μg ml-1 rifampicin and 75 μg ml-1 spectinomycin,
or Vogel-Bonner minimal medium (0.2 g l-1 MgSO4·7H2O, 2 g l-1 citric acid monohydrate, 10
g l-1 K2HPO4, 3.5 g l-1 NH4NaHPO4·4H2O, pH 7.0), 0.5 % w/v glucose, 50 μg ml-1 rifampicin
and 75 μg ml-1 spectinomycin. The overnight cultures were diluted to A600 = 0.1 to 0.2 into
the same medium, and supplemented with additional compounds as indicated. Cultures were
incubated for an additional 4.5 h (King's medium B) or 6 h (Vogel-Bonner medium) before
performing β-galactosidase assays following standard protocols (Miller, 1992). Miller units
reported were averages of three repetitive experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Typical SAM Metabolic Cycle in Eubacteria
Names of genes from Escherichia coli (strain K-12) or Pseudomonas syringae are given in
parentheses following each enzyme. Shaded boxes identify ORFs that are located immediately
downstream of an SAH element, while open boxes identify ORFs that sometimes reside
downstream of (and possibly in the same operon as) the SAH hydrolase gene ahcY when an
SAH element is present. THF is tetrahydrofolate.
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Figure 2. The SAH Element is a Highly Conserved RNA Motif Found in Many Gram-positive and
Gram-negative Bacteria
(A) Consensus nucleotide sequence and secondary structure model of the conserved RNA
element located in the 5′ UTRs of genes for SAH recycling. The consensus sequence and
structural model were determined by examining 68 representatives of the motif (Figure S1)
excluding duplicates identified from near identical genomic DNAs (see Experimental
Procedures). P1 through P4 identify predicted base-paired regions, and the numbers of non-
duplicative representatives that carry or exclude the optional P3 stem are indicated.
(B) Phylogenetic distribution of SAH elements identified by bioinformatics searching
(Experimental Procedures) and verified by genomic context, including duplicative hits of
the same sequence in closely related bacterial strains. “Others” category refers to hits found in
environmental sequences.
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Figure 3. The SAH Element from the metH 5′-UTR of Dechloromonas aromatica Undergoes
Structural Changes When Selectively Binding SAH
(A) Sequence and secondary structure model of the 68 metH RNA, which contains the
conserved SAH aptamer. Sites of spontaneous RNA cleavage during in-line probing of
5′ 32P-labeled RNAs were identified from the data presented in B. Two guanosyl residues not
present in the natural RNAs were added to the 5′ end of the construct to facilitate in vitro
transcription by T7 RNA polymerase. Nucleotides in regions 1 through 8 and 63 through 68
could not be visualized on the gel depicted in B, and therefore strand scission was not
quantitated for these residues (see Experimental Procedures).
(B) Spontaneous cleavage patterns resulting from in-line probing of the 68 metH RNA in the
absence (–) and presence of SAH at concentrations ranging from 100 pM to 300 μM. NR, T1,
and −OH lanes identify precursor RNAs without treatment, partially digested with RNase T1,
or partially digested at elevated pH, respectively. Some bands generated by RNase T1 digestion
(cleavage after G residues) are identified (arrowheads), and Pre identifies the uncleaved
precursor RNA bands. Regions of modulation of spontaneous RNA cleavage are identified
with vertical bars, and sites that were quantitated to estimate binding affinity are labeled 1
through 3. The asterisk identifies a product band that corresponds to cleavage after G11, but
where the 2′, 3′-cyclic phosphate intermediate has been hydrolyzed to yield a mixture of 2′-
and 3′-phosphate products that exhibit slightly faster mobility during PAGE.
(C) Plot depicts the dependence of the 68 metH RNA spontaneous cleavage at the sites
designated in B on the concentration (c) of SAH and compound 3. Apparent KD values are
estimated for each compound by using a best fit curve for the collective data and assuming a
two-state binding model. The concentration of ligand needed to induce half-maximal structural
modulation reflects the apparent KD.
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Figure 4. The 68 metH RNA Discriminates against SAM by Several Orders of Magnitude
(A) Breakdown of radioactive [3H]SAM by demethylation yields non-radioactive SAH.
(B) Equilibrium dialysis was used to compare SAM binding affinity of a known SAM aptamer
(156 metA) (Corbino et al., 2005) with 68 metH RNA. Chambers a and b of each equilibrium
dialysis system are separated by a permeable membrane with a molecular weight cut-off
(MWCO) of 5000 Daltons. [3H]SAM (100 nM) or RNA as indicated are added to chamber a
and b, respectively. The apparent KD of the SAM-II aptamer 156 metA for SAM is ∼1 μM
(Corbino et al., 2005), therefore the shift in tritium to chamber b should be maximal under the
conditions used. Since 68 metH RNA is present in excess, the effect of non-radioactive SAH
(from spontaneous demethylation of [3H]SAM) on tritium distribution between the chambers
should be negligible. Data shown are representative of several repeats.
(C) Comparison of the expected curve for binding of SAH with 68 metH RNA and the
concentration of 68 metH RNA used for equilibrium dialysis. The observation that 68 metH
RNA does not maximally shift [3H]SAM when the RNA is present at 25 μM suggests that the
apparent KD for SAM ∼1,000-fold poorer or worse. M6 carries two mutations (G12U and
A13U) that are equivalent in location and nucleotide identity to construct M6 depicted in Figure
6A.
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Figure 5. Molecular Recognition Characteristics of the 68 metH SAH Aptamer
(A) Chemical structures and apparent KD values of compounds whose ligand-binding affinities
were established by in-line probing with 68 metH RNA. Apparent KD values were estimated
as described for SAH in Figure 3C.
(B) Summary of the known molecular recognition features of 68 metH RNA for SAH.
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Figure 6. An SAH Riboswitch Controls Reporter Gene Expression
(A) Sequence and secondary structure model of the ahcY 5′-UTR of P. syringae and various
mutations introduced for gene expression studies.
(B) Plots comparing expression levels for a β-galactosidase reporter gene (lacZ) fused
downstream of wild-type (WT) and mutant ahcY leader sequences as defined in A. pRA301
denotes the reporter strain transformed by the original plasmid pRA301 without any insertion
in front of lacZ. Different growth media used are defined in Experimental Procedures. Values
are averages from three independent experiments and error bars represent standard deviation.
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Figure 7. Elevated SAH Levels Increase Expression of the Riboswitch-Reporter Fusion
(A) Plotted are β-galactosidase expression levels of wild-type (WT) and mutant (M6) reporter
strains (Figure 6A and Experimental Procedures) grown in Vogel-Bonner medium without
supplementation (–), or supplemented with 25 μM of Ado-2′,3′-dial or 250 μM of the other
compounds listed. Compound abbreviations: Ado-2′,3′-dial (adenosine-2′,3′-dialdehyde); Ado
(adenosine); Hcy (homocysteine); L-met (L-methionine).
(B) WT, M1 and M7 constructs subjected to reporter assays as described in A with Ado-2′,3′-
dial at indicated concentrations. Values are averages from three independent experiments and
error bars represent standard deviation.

Wang et al. Page 22

Mol Cell. Author manuscript; available in PMC 2009 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


