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Abstract

Riboswitches are regulatory elements commonly found in the 5'-untranslated regions of bacterial
mRNAs that bind cellular metabolites to direct expression at either the transcriptional or
translational level. The effectors of these RNAs are chemically diverse, including nucleobases and
nucleosides, amino acids, cofactors, and second messenger molecules. Over the last few years, a
number of structures have revealed the architectural means by which RNA creates binding pockets
of high affinity and specificity for these compounds. For most effectors, there is a single class of
associated riboswitches. However, eight individual classes of S-adenosylmethionine (SAM) and/or
S-adenosylhomocysteine (SAH) responsive riboswitches that control various aspects of sulfur
metabolism have been validated, revealing a diverse set of solutions to the recognition of these
ubiquitous metabolites. This review focuses upon the structures of RNAs that bind SAM and SAH
and how they discriminate between these compounds.

S-adenosylmethionine (SAM) is second only to ATP in terms of its use as an enzyme
substratel. Most commonly, SAM is employed as a methyl group donor (Figure 1a), but also
participates in a wide variety of chemical reactions in which it is a source of methylene,
ribosyl, amino, and aminoalkyl groups and free radicals23. Furthermore, SAM is strongly
coupled to methionine through its synthesis and recycling (Figure 1b) and is thus tied to
most metabolic processes involving sulfur in the cell4. As a consequence of its central
biological importance, intracellular methionine and SAM concentrations are tightly
regulated.

In E. coli, SAM is a corepressor of the metJ protein that regulates transcription of a number
of genes involved in methionine biosynthesis (reviewed by Weissbach and Brot®). However,
in other bacteria the regulatory mechanisms associated with SAM and methionine were
unknown at this time. In 1998, Grundy and Henkin characterized a sequence they called the
"S-box" that appears upstream of a number of genes involved in sulfate assimilation into
cysteine and methionine biosynthesis®. This pioneering study determined that this element
acts at the level of RNA which folds into a cloverleaf-like structure important for function.
These results clearly indicated that RNA structure in the 5' leader of mRNA plays an
important role in the regulation of gene expression. However, no associated protein could be
identified that could serve as an intermediary between intracellular methionine
concentrations and the regulatory activity of the RNA.

At the same time, other regulatory elements were being identified that had similar
properties’:8. For example, Gelfand and coworkers described a sequence commonly found
upstream of riboflavin biosynthetic genes in a broad spectrum of bacterial species that also
appeared to be a regulatory element’. The authors, noting the puzzling lack of an identifiable
protein associated this sequence, conjectured that "an intriguing possibility is that in this
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case the direct binding of the reaction product to the RNA structure is involved"’. Within a
few years, the Breaker group discovered an element in the £. coli cobB mRNA capable of
directly binding adenosylcobalamin that directed a downstream secondary structural switch
dictating the expression fate of the mRNA?. This type of regulatory element became known
as a riboswitch. Not shortly afterward, three groups independently demonstrated that the S-
box (also called SAM-I, for reasons that will become clear) bound SAM to direct
expression®-12, Since then, at least twenty classes of riboswitches have been validated that
interact with a diverse set of cellular metabolites, including amino acids, nucleobases and
nucleosides, and protein cofactors (reviewed by Roth and Breakerl3).

Most bacterial riboswitches appear to have a common organization allowing them to
regulate gene expression at either the transcription or translational levelsl4. On the 5'-side of
bacterial riboswitches is the gptamer domain whose function is to directly and specifically
bind the effector compound. The secondary and tertiary structure of the aptamer domain of
each class is specific to the metabolite bound by the mRNA (reviewed by Montange and
Batey1®). The structure of SAM-binding aptamer domains is the principal focus of this
review, with an emphasis on the architecture of the RNA and how it allows for a high degree
of discrimination against the product form of methylation by SAM, S-adenosylhomocysteine
(SAH) (Figure 1a).

Regulation by SAM-binding riboswitches occurs by a number of mechanisms. Immediately
downstream of the aptamer domain in most riboswitches is the expression platform that
contains a mutually exclusive secondary structural switch1# (Figure 2). In the case of
transcription, this switch adopts the form of an antiterminator/terminator pair that directs
transcription to proceed or abort, respectively. Each of these signals is a stem-loop structure;
the terminator is a rho-independent termination signal composed of a stem-loop followed by
four to six uridine residues that causes polymerase to disengagel®17. The hallmark of the
mutually exclusive switch is that the two helices share a sequence (marked "2" in Figure 2)
such that formation of one stem-loop precludes formation of the other. For translational
regulators, the secondary structural switch involves exposing or occluding sequence
elements necessary for loading the ribosome onto the mRNA. More recently, several other
modes of SAM-binding riboswitch mediated regulation have been discovered. In
Clostridium acetobutylicum, a SAM-I riboswitch regulates the expression of the ubiG locus
by directing the expression of an antisense RNA that interferes with transcription8. Another
example is found in Listeria monocytognes, in which a SAM-I riboswitch transcript anneals
to the MRNA encoding the master regulator of virulence, PrfA, and thereby regulates
expression through an antisense mechanism2°,

Underscoring the importance of regulation of intracellular methionine and SAM
concentrations by riboswitches in bacteria, six classes of SAM-binding riboswitches have
been identified (called SAM-I through -V, and -1/1V)20-23, These regulatory motifs are
broadly distributed across bacterial phylogeny, with the SAM-I motif being the most
prevalent?4. In addition, there is an SAH-binding riboswitch found in proteobacteria that
upregulates S-adenosylhomocysteine recycling enzymes?® and one that appears to recognize
SAM and SAH with equal affinity20. To illuminate how these riboswitches bind their
effector with high affinity and specificity, atomic resolution structures of three classes of
these elements have been solved?6-28,

The structure of the SAM-I riboswitch

The conserved consensus sequence of the SAM-I riboswitch aptamer folds into a secondary
structure in which most of the phylogenetically conserved nucleotides cluster around a four-
way junction (Figure 3a)829. Embedded within this secondary structure are several motifs

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2013 April 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Batey

Page 3

commonly found in biological RNAs. P2 contains a widely distributed motif called a kink-
turn (reviewed by Tiedge30), defined by two non-canonical G-A base pairs adjacent to a
three-nucleotide bulge31-32, Introduction of mutations into this motif severely compromises
both SAM binding33 and regulatory function32. Another feature is a pseudoknot motif (the
structure of pseudoknots is reviewed by Staple and Butcher3#) formed through Watson-
Crick base pairing between L2 and J3/48:35, Similar to the kink-turn motif, disruption of the
pseudoknot results in loss of SAM binding and regulatory function3°. Further conserved
nucleotides are interspersed around the four-way junction and its associated helices, with
most invariant nucleotides found in P1, J1/2, and P34 (nucleotides whose identity is >97%
conserved in alignments of over 2900 SAM-1 sequences2%:3 are highlighted in Figure 3a).

The three-dimensional structure of the aptamer domain of the SAM-I riboswitch that
regulates the Thermoanaerobacter tengcongensis metF2-metH (methylenetetrahydrofolate
reductase and cobalamin-independent methionine synthase) operon revealed a compact
fold26. While the sequence of this RNA was heavily engineered to promote crystallization37,
including truncation of helices, addition of GNRA type tetraloops and internal point
mutations, all of the sequence elements >80% conserved in phylogeny are present26:38,
Thus, this structure represents the conserved core of all SAM-I riboswitches and very likely
all RNAs within the SAM family of riboswitches (vide infra).

The architecture of the SAM-I riboswitch aptamer domain is defined by the organization of
the principal helices into two coaxial stacks: P1/P4 and P2/P3--a common organizing
principle in large RNAs3? (Figure 3b). The two stacks are tied together through a set of
tertiary interactions involving the two long joining regions, J1/2 and J3/4. The kink-turn
motif (yellow, Figure 3b) in the middle of P2 positions the terminal loop (L2) towards P4 by
introducing a ~120° bend between helices P2a and 2b. As predicted by biochemical and
genetic experiments840, four bases in L2 pair with nucleotides in J3/4 to form a pseudoknot
that lies between the two coaxial stacks (orange, Figure 3b). Conserved adenosine residues
in J3/4 support the pseudoknot (PK) by forming critical two base triples with conserved G-C
pairs in P2b adjacent to L2 (cyan, Figure 3). These adenosine minor triples are different
from the commonly observed Type I/11 triples*142 in that they use the Watson-Crick face of
the adenosine rather than its sugar edge. This region of the aptamer is also further defined by
a base triple between nucleotides in J3/4, L2, and J4/1 (red, Figure 3). The role of the second
joining region, J1/2, is to form a set of triple interactions with P3 that primarily serve to
define part of the ligand-binding pocket. A recent study of the folding of the SAM-1 aptamer
showed that P4, PK, and P2a/b form a subdomain that folds independently and stably in the
absence of SAM43,

Within the core of the RNA is a bipartite SAM-binding pocket consisting of elements of P1
and P326, This mode of recognition is made possible in part by SAM adopting a cis-
configuration in which the methionine moiety stacks upon the adenine ring. One "face" of
SAM presents the adenine and methionine moiety to the P3 helix. The adenine moiety
participates in a base triple with A45 and U57 (numbering scheme of important nucleotides
is given in Figure 3a) and the main chain atoms of methionine interact with the G11¢(C44-
G58) triple (Figure 4a, b). The other face of SAM, comprising the ribose sugar and the
positively charged sulfonium ion, is recognized by the minor groove of the P1 helix. The
sulfonium group is adjacent to two universally conserved base pairs in the P1 helix, A6-U88
and U7-A87 such that the sulfur atom is positioned ~4 A from the carbonyl oxygens of the
uracils (Figure 4c). The O2 and O4 carbonyl oxygens (as well as the oxygen of the 2'-
hydroxyl group) each carry approximately one half negative charge*4, suggesting that the
sulfonium ion of SAM interacts with the RNA through an electrostatic interaction.
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A key aspect of SAM-dependent genetic regulation by RNA and proteins is the ability to
discriminate against SAH. These two compounds differ only around the sulfur atom; SAM
contains the activated methyl group that imparts a positive charge on the sulfur (Figure 1a).
The B. subtilis yit/ SAM-I riboswitch is capable of >100-fold discrimination between SAM
and SAH, on par with proteins2; the 7. tengcongensis sequence displays over 500-fold
selectivity for SAM38. Two lines of evidence suggest that discrimination is mediated by an
electrostatic interaction between the RNA and ligand. The Breaker group investigated the
binding of a series of thioether-modified SAM analogs to the B. subtilis yit] SAM-14°.
Strikingly, the tightest binding of these analogs was one in which the sulfonium ion was
replaced with a positively charged quaternary amine, which binds with same affinity as
SAM. On the other hand, an analog with a neutral tertiary amine bound with a 40-fold lower
affinity than SAM, indicating the importance of an electrostatic component to ligand
binding#°. A separate study looked at discrimination from the perspective of the conserved
AB-U88/U7-A87 pairs in the P1 helix (Figure 4c)38. Mutagenesis of these A-U pairs by
transversion or replacement with a G-C pair showed that altered placement of carbonyl
oxygens weakened the affinity of the RNA for SAM while not affecting its affinity for SAH.
The most severe of the mutations (C6-G88/G7-C87) resulted in an RNA that binds SAM
with only ~3-fold selectivity over SAH, demonstrating that these two universally conserved
A-U pairs are directly responsible for discrimination38,

of the SAM-I riboswitch: the SAM superfamily

In a search for novel classes of riboswitches, a distinct set of elements were uncovered that
display clear similarities to the SAM-I riboswitch?2. This class, the SAM-1V riboswitch, is
primarily found in Actinomycetales (Mycobacterium tuberculosis, for example) upstream of
genes involved in sulfur metabolism22, SAM-1V can be folded into a secondary structure
similar to that of SAM-I, with the notable exception that SAM-IV lacks the P4 helix of
SAM-I1 (Figures 3, 5). In addition, there is significant similarity between the ligand binding
cores of the SAM-I and -1V riboswitches in that key nucleotides involved in SAM binding
are conserved in both classes. This suggests that they recognize SAM in an almost identical
fashion. The only difference is in the sulfonium ion binding site within the P1 helix. The
more important pair for SAM binding and discrimination in the SAM-I riboswitch (U7-A87)
is preserved, however the A6-U88 pair is a G-C pair in SAM-IV (Figure 5)22. Nonetheless,
analysis of binding of SAM and SAH to the Streptomyces coelicolor SAM-IV riboswitch
revealed a comparable level of affinity and specificity for SAM as SAM-I riboswitches?2.

The significant differences between the two classes are found in the peripheral tertiary
architecture of the aptamer domain?2. First, the conserved kink-turn found in the P2 helix of
SAM-I riboswitches is replaced with an asymmetric internal loop that likely also introduces
a bend in the helix (P2, Figure 5b). However, it is not known whether the two turns are
structurally similar. Furthermore, while L2 and J3/4 form a pseudoknot interaction in SAM-
IV, it is predicted to contain six Watson-Crick base pairs (versus four in SAM-I). Second,
the terminal loop of P3 is involved in a second predicted pseudoknot interaction with the 3'-
end of the aptamer. Finally, the P4 helix, which is universally present in SAM-I
riboswitches, is absent in the SAM-1V class. Instead, a new helix (P4', Figure 5b) is found
downstream of the P1 helix. Together, these differences lead to an altered organization of
helices that scaffold the binding pocket. More recently, a third class of the SAM
riboswitches has been found, "SAM-1/IV", that also bears strong similarities to the SAM-I
class (Figure 5¢)20. This motif preserves the identities of nucleotides directly in contact
SAM in the SAM-I class but differs from SAM-I in that it lacks an internal loop in P2 and
the associated pseudoknot with J3/4. Thus, the conserved core of the SAM-I riboswitch can
be supported by different peripheral elements without impairing SAM binding activity or
regulatory function.

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2013 April 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Batey

Page 5

Given the similarity of these RNAs, it has been suggested that they might be evolutionarily
related. In one proposed model, the widespread distribution of the SAM-I riboswitch as
opposed to SAM-1V or SAM-1/IV hints at a common ancestor that would have been similar
to SAM-120, Divergence occurred through loss of peripheral tertiary interactions and
acquisition of new ones. Thus, this model proposes that these three classes (or more
accurately, families) are members of an evolutionarily related superfamily of SAM-
riboswitches. A related model has also been proposed in which modern SAM-I riboswitches
emerged from an ancient SAM synthetase and/or SAM-dependent methyltransferase
ribozymes from an RNA world“6, This primordial RNA is speculated to have had a minimal
SAM binding core lacking supporting peripheral tertiary interactions, which were added
later as the RNA diversified into the modern riboswitches.

Structure of the unbound SAM-I riboswitch

Over the last six years, crystal structures of over ten distinct classes of riboswitches have
been solved in complex with their effector ligand. While these structures reveal atomic-level
details of recognition, by themselves they do not yield clear insights into the structure of the
free aptamer and the presumed conformational changes that accompany binding. The first
example of a structure of an unliganded riboswitch was the lysine riboswitch, revealing that
the RNA's structure on both a global and local level is nearly identical with the lysine-bound
form#7:48, This finding, validated using solution methods, suggested that the unliganded
aptamer can adopt conformations extremely similar to the bound state*®-51. On the opposite
side of the spectrum are RNAs like the preQ;49-51 and TPP riboswitches®2-54, which are
proposed to undergo large conformational changes upon productive interaction with their
cognate ligand. Thus, a somewhat murky picture of this aspect of riboswitch structure and
its relevance to functional switching has emerged. Nonetheless, it is critically important to
understand the nature of the structure of unbound riboswitch aptamers as conformational
changes between the unbound and bound states are suggested to be a critical component of
communication with the secondary structural switch®®.

Similar to the lysine riboswitch, the crystal structure of the unliganded SAM-I riboswitch
revealed a global and local architecture nearly identical to the bound form“3. However, a
formal possibility is that the crystal lattice actively trapped the RNA in a bound-like
conformation. Thus, the relevance of the structure to understanding the nature of the free
state remained in question. To address this issue, the conformation of the RNA was
investigated using small angle X-ray scattering (SAXS), a solution technique that yields
information about the size and shape of the scattering macromolecule®6:57. Analysis of the
SAM-I riboswitch RNA demonstrated that the RNA undergoes a large magnesium-
dependent compaction, followed by a smaller SAM-dependent compaction, with the
dimensions of the SAM-bound form in solution consistent with the crystal structure8.

Rather than being a single, discrete structure, the unbound form of the SAM-I aptamer likely
samples a multitude of conformations in solution. To understand the nature of these
conformations, the scattering data for the unbound RNA was analyzed using an “ensemble
optimization method">9:60, This technique yields a ensemble of structural models that best
describes the experimental scattering curve. The resulting ensemble of models for the SAM-
I riboswitch (Figure 6a) includes both "open" conformations in which P1 and P3 are apart
(Figure 6¢c—e) and "closed"” conformations in which P1 and P3 exhibit a near-bound
conformation (Figure 6b)*3. These data support the idea that riboswitches in solution sample
bound-like configurations in the absence of their effector. This view is supported by
extensive chemical probing of SAM-I RNA as a function of magnesium, SAM, and
temperature*3 using SHAPE chemistry©1.62,
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The illusion of large scale ligand-induced folding is given by the observation that the
majority of the ensemble adopts "open" conformations and only moderately samples
"closed" conformations. Yet, these near-bound conformations are likely the active form of
the aptamer. When unbound SAM-I crystals were soaked with SAM, the resulting structure
clearly revealed electron density corresponding to the ligand, indicating that the closed form,
with its buried pocket, is a binding active state*3. Since the global closed conformation of
SAM-1 is enforced by the crystal lattice, SAM can only access its binding pocket through
local conformational flexibility in the RNA. Therefore, we currently favor a model in which
ligands do not promote large scale conformational changes in the RNA, but rather associate
by conformational selection of near-bound states. Similar conclusions were reached in
studies of the guanine riboswitch63:64, Further in support of this view, NMR studies of the
HIV transactivation region (TAR) binding small molecules®®:%6 and an artificial neomycin
riboswitch®” have also shown that near-bound conformers of the RNA are the binding-
productive states. The "conformational selection™ model of binding is currently emerging as
a important paradigm for understanding molecular recognition by proteins as well®8,

The SAM-Il riboswitch

The SAM-II riboswitch is primarily found in a-proteobacteria that lack the SAM-I
element89--the two are never found in the same genome?“. This regulatory element is
distinctly different from the SAM superfamily in that it is a much smaller motif centered
around a classic "H-type" pseudoknot (Figure 7a)%°. Within the pseudoknot are a number of
nearly invariant residues in loop regions between the two principal helices. Despite being
half the size of the SAM-1 motif, the SAM-II aptamer binds SAM with nearly the same
affinity and level of discrimination against SAH®°.

The crystal structure of a SAM-I11 riboswitch that regulates the homoserine acetyltransferase
(metX) gene of a sequence within the Sargasso Sea metagenome revealed a distinctly
different means of binding SAM27. As predicted, the RNA adopts a pseudoknot structure in
which two helices (P1 and P2) are coaxially stacked upon one another. The central region of
the P2 helix was not predicted from covariation analysis of a sequence alignment®9 because
most of the nucleotides in this region are invariant2”. The helices form a number of triple
base pairing interactions with two loop strands, L1 and L3 that cross the major groove of P2
and the minor groove of P1, respectively. This overall fold is not unusual, as it was
previously observed in other RNAs such as the human telomerase pseudoknot’, several in
vitro selected aptamers’1:72, and more recently, the preQ; riboswitch#%-51,

The SAM-binding pocket is embedded within the nearly perfect triplex formed by L1 and
P227. Several facets of SAM recognition differ between SAM-I and -11; in SAM-II the
ligand is positioned in the major groove and is in an extended (#rans) configuration (Figure
7b). Despite these differences, at the functional group level there are similarities between the
two complexes. Like SAM-I, the adenine moiety participates in the formation of a base
triple (Figure 8a). This interaction likely acts as the keystone that stabilizes both P2 and the
major groove triplex. The sulfonium ion of SAM is positioned adjacent to two carbonyl
oxygens supplied by two uridines of the adjacent Hoogsteen U11.A45-U21 triple (Figure
8b). This electrostatic interaction is likely to be the primary means of discrimination
between SAM and SAH. Finally the main chain atoms of the methionine moiety participate
in hydrogen bonding interactions with the Watson-Crick face of a highly conserved
adenosine residue (A47) (Figure 8c). In the particular riboswitch used for X-ray
crystallography, the Shine-Dalgarno sequence is embedded within the SAM-binding pocket
as part of the 3' strand of P22 Presumably, this riboswitch controls translation by
preventing the ribosome access to the mRNA upon SAM binding.
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Like the SAM-I riboswitch, SAM-I1 appears to have multiple, bioinformatically distinct
families23. Applying a new computational approach to finding riboswitches in intergenic
regions, the Breaker group discovered a number of novel RNA motifs in the genome of the
marine a.-proteobacterium Cadidatus Pelagibacter ubigue’3. One of these was associated
with methionine biosynthesis genes and found to bind SAM with ~150 uM affinity23. While
its affinity is substantially lower than other SAM-binding riboswitches, this RNA still
retains selectivity over SAM analogs?2. Like SAM-II, this "SAM-V" motif can be folded
into an H-type pseudoknot with a majority of the conserved nucleotides clustered in P2 and
L1. The positioning and identity of these nucleotides suggests a SAM-binding pocket that is
similar to SAM-11, but this remains to be confirmed through a structural analysis?3. Thus,
SAM-I11 can be considered a superfamily consisting of the SAM-11 and SAM-V families.

The SAM-III (SAMyk) riboswitch

A third distinct family of SAM-binding riboswitches is found in lactic acid bacteria
(Enterococcus, Streptococcus and Lactococcus species)’4. The consensus sequence for this
motif clusters around a three-way junction and an adjacent bulge motif (Figure 9a),
indicating that it uses a different means of recognizing SAM than the SAM or SAM-I|
superfamilies. This riboswitch, SAM-I1I/SAMk, regulates translation of mMRNAs encoding
SAM synthetase (metK) by incorporating the Shine-Dalgarno sequence into the aptamer
domain’®. In the presence of SAM, the riboswitch undergoes a structural rearrangement that
promotes pairing of an anti-Shine-Dalgarno sequence with the Shine-Dalgarno, thereby
blocking access of the 30S subunit to the mRNA.

The three-dimensional structure of the SAM-I111 riboswitch in complex with SAM revealed
that the ligand is specifically recognized by a set of conserved nucleotides within a three-
way junction?8. Globally, the RNA folds such that two helices (P1 and P2a/b) coaxially
stack upon one another with the third (P3) nearly perpendicular to the others (Figure 9b).
This helical organization is typical of "Family A" three-way junctions, which are defined as
junctions whose length of J3/1 is greater than that of J2/376. The structure of the junction is
supported by interactions between invariant nucleotides in J2a/2b that pair with nucleotides
in J2/328, Together, ten invariant nucleotides in the core of the junction create the binding
pocket for SAMZ8.74,

The ligand is recognized through a pattern of local interactions that bear a resemblance to
those observed in SAM-I and SAM-1128, The adenosyl moiety is recognized as part of a base
triple through formation of a sheared GeA pair with G7 and a direct hydrogen bond with
A38 (Figure 10a). To achieve this pairing arrangement, the adenosyl moiety of SAM adopts
an unfavorable syn conformation. The ribose sugar of SAM directly interacts with the RNA
through hydrogen bonding between the 2'-hydroxyl and N7 of G47 and its 3'-hydroxyl with
a non-bridging phosphate oxygen of G478, Strikingly, the methionine moiety is not
recognized by the RNA, as indicated by both a lack of electron density beyond the
sulfonium moiety and binding assays using SAM analogs that lack this group?®. This is in
distinct contrast to the previously described riboswitches.

Recognition of the positively-charged sulfonium ion is achieved through electrostatic
interactions with the adjacent O4 carbonyl of U37 and the 2'-hydroxyl group of G36 (Figure
10b)28, Like other SAM riboswitches, this placement of the positively charged sulfonium
ion yields a discrimination mechanism between SAM and SAH based upon formation of
favorable electrostatics. Backsoaking of the SAM-RNA crystals with saturating
concentrations of SAH resulted in a structure that shows that while the adenosyl moiety
occupies an identical position, the glycosidic bond rotates such that SAH adopts the more
favorable anti configuration. This places the neutral sulfoether group in a distinctly different
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position than the sulfonium ion. Thus, both the ribose sugar and sulfur make an alternative
set of interactions with the RNA that are presumably significantly weaker than those
observed in the SAM-RNA complex, which augments discrimination between these two
compounds?8.

The SAH and SAM/SAH riboswitches

As illustrated above, there are multiple solutions to the problem of recognizing SAM with
sufficient affinity to drive a regulatory response and to discriminate against its product form,
SAH. The opposite is also a biologically important problem, as SAH levels in the cell need
to be strictly regulated since it acts as a potent competitive inhibitor of many SAM-utilizing
enzymes and at high levels is toxic’’. The above structures do not provide insight into how
RNA can achieve selectivity towards SAH or non-selectivity. In the case of SAM-I,
mutations within the sulfonium ion binding site in P1 lead to a significant loss in selectivity,
but not completely38. Fortunately, recent discoveries of new classes of riboswitches will
lead to further insights into mechanisms of selectivity.

Upstream of the SAM recycling enzymes SAH hydrolase (ahcY) (Figure 1b) and 5-methyl-
THF:L-homocysteine methyltransferase (metH) in a number of proteobacteria, the Breaker
group identified an SAH-binding riboswitch?!. The observed consensus sequence comprises
three or four helices (one helix is present in only 67% of sequences) organized into an
unusual "LL" type pseudoknot motif (as defined by Han and Byun’8). Like other
riboswitches, conserved nucleotides cluster in the joining regions between helical elements.
Using standard approaches such as in-line probing and equilibrium dialysis, it was shown
that several representatives of this motif bind SAH with high affinity (~20 nM) and
selectivity over SAM (>1000-fold)2L. Furthermore, analysis of binding of a variety of SAM
and SAH analogs reveals that the RNA effectively recognizes almost every feature of the
ligand.

A recent crystal structure of this RNA complexed with SAH reveals that the RNA achieves
selectivity using a steric mechanism rather than through electrostatics’®. Modeling of SAM
in this site indicates that its methyl group would encounter severe steric hindrance with
several nucleotides that define the binding pocket. This is a common means of
discrimination in biology, and it is not surprising that the SAH riboswitch employs it. For
example, in the theophylline aptamer, selectivity between theophylline and caffeine is the
result of a single methyl group on the N7 position of caffeine that prevents it from forming a
productive interaction89:81, More recently, a survey that identified 104 new candidate
structured RNAs in bacteria, archaea, and various metagenomes revealed a new motif that
cannot distinguish between SAM and SAH20. This RNA, observed exclusively in
Rhodobacterales is generally found upstream of SAM synthetase (metK), contains a
consensus sequence that can be folded into an H-type pseudoknot like SAM-II. In this case,
however, in-line probing and equilibrium dialysis revealed that this riboswitch aptamer,
called SAM/SAH, binds SAM and SAH with equal affinity (~10 uM)20. An explanation is
that, like the SAM-I11 riboswitch, the RNA ignores a significant amount of the ligand--in
this case, the full methionine moiety. While methionine is not a competitor of SAM binding,
adenosine was not tested??, leaving this a possibility. As a testament to how easy it is to
generate adenine-binding motifs, an attempt to select aptamers that bind SAM yielded RNAs
that recognized only the adenosyl moiety using a motif similar to that of the ATP aptamer52,

Conclusions

Since their discovery, one of the most active areas of research into riboswitches has been the
determination of structures in complex with effector. The aptamers that recognize SAM and
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SAH are particularly interesting case studies in understanding the mechanisms of small
molecule recognition by RNA because of the diverse motifs identified that recognize these
compounds. Within the SAM family, the peripheral architecture supporting a common SAM
binding site diverges substantially. This is similar to what is observed in other biological
RNAs, such as group | splicing introns which contain a common catalytic core surrounded
by varying peripheral elements that facilitate folding and/or catalysis83. Despite clear
differences in the global architecture of different classes of SAM riboswitches, at the
functional group level how they recognize the principal moieties in SAM is very similar.
This is exemplified by recognition of the sulfonium cation by electrostatic interactions with
carbonyls in all three RNAs, which is also found in SAM-binding proteins38.

These structures point to a common mechanism of communication between the aptamer and
the expression platform. In each case, the effector binding site incorporates a sequence
element shared with the downstream expression platform. Ligand binding serves to stably
partition this sequence into the aptamer, thereby dictating the downstream secondary
structure that determines the expression fate of the mRNA. SAM-II and -111 directly achieve
this by sequestering the Shine-Dalgarno sequence within the SAM binding pocket. SAM-I
achieves the same end through stable incorporation of the 3'-side of the P1 helix (Figure 2)
that enforces formation of a rho-independent transcriptional terminator.

Several aspects of SAM-dependent regulation remain unresolved. A recent study by Henkin
and coworkers demonstrated that the eleven different SAM-1 riboswitches in B. subtilis have
different regulatory characteristics in vivo, despite all bearing highly conserved aptamer
domains®4. Importantly, it was observed that the various riboswitches are "tuned" to meet
specific regulatory needs of the genes that they control. SAM-I riboswitches controlling
methionine transport appeared to be less stringent in their response then their counterparts
that control biosynthetic processes84. The molecular basis for genetic tuning remains
unknown, but is likely to be an important aspect of riboswitch function, as it has been
observed for purine riboswitches as well83.

Henkin and coworkers also point out that the affinity of the riboswitch for SAM does not
necessarily translate into the concentration of effector needed for regulatory control. These
data, along with a study of the FMN riboswitch®8, reveals that there is a complex
relationship between transcription, RNA folding, effector binding affinity and rates, and
structural switching that has yet to be fully understood for any riboswitch. To fully define
their mechanisms of regulatory function, riboswitches must be studied in the context of
transcription, and in the case of translational regulators, cotranslation. The structures
described in this review represent only a single snapshot in the life of a riboswitch--that is,
events that occur when RNA polymerase has just finished transcribing the aptamer. What
happens beyond in the time domain is poorly understood and where the future challenges

lay.
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Figure 1.

(a) Chemical structures of S-adenosyl-L-methionine (reactant) and S-adenosyl-L-
homocysteine (product). SAM is the primary donor of methyl groups in biology via a
nucleophilic attack (Nu) on its activated methyl group (cyan), such that SAH is the leaving
group. (b) The SAM regeneration cycle. Enzymes regulated by SAM and SAH riboswitches
are highlighted with colored circles (red, SAM-I; orange, SAM-II; yellow, SAM-III; blue,
SAH).
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Figure2.

Alternative secondary structures of a riboswitch that regulates transcription. The "off" state
(left) is characterized by SAM bound to the aptamer domain (cyan box) which incorporates
a sequence that is shared with the downstream expression platform (marked as "1"). This
forces the expression platform (yellow box) to form a terminator stem-loop. In the "on" state
(right) the lack of SAM binding allows the expression platform to form an antiterminator
element using the sequence shared between the two domains. Note the mutual exclusivity of
formation of the antiterminator and terminator through differential partitioning of sequences
"1" and "2".
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Figure 3.

Structure of the SAM-I riboswitch. (a) Phylogenetically conserved primary and secondary
structure of the class | SAM riboswitch. Nucleotides that are >97% conserved are specified
by their identity; conserved secondary structure is shown as dots. Colored boxes refer to
elements of conserved tertiary architecture: a kink-turn motif (yellow), a pseudoknot
(orange), adenosine minor triples (cyan), and a base triple (red) as well as structure directly
involved in SAM binding (green). Note that the all of the conserved residues are either in the
critical G-A pairs that define the kink-turn motif or in the SAM binding pocket. The
numbering of key nucleotides is consistent with that in Montange and Batey?%. (b) Cartoon
representation of the X-ray crystal structure of the SAM-I riboswitch aptamer domain bound
to SAM. This panel and other molecular representations of the SAM-I riboswitch were made
using the coordinates in PDB accession number 3GX5. The color scheme is the same as in
section (a), emphasizing the placement of the conserved tertiary architecture and the SAM
binding pocket. SAM is shown as magenta sticks.
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(a)

(b)

(c)

Figure 4.
Recognition of SAM (pink carbon backbone) by the SAM-I subfamily (green carbon

backbone). (a) Interaction of the adenine moiety with nucleotides in P3 (A45 and U57) to
form a base triple. (b) The main chain atoms of methionine form hydrogen-bonding
interactions with the P3 helix (G58) and J1/2 (G11). (c) Electrostatic interaction between the
sulfonium ion of SAM (yellow sphere) and two carbonyl oxygens (red spheres) in the P1
helix.
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Figure5.

Secondary structures of the SAM superfamily of riboswitches: (a) SAM-I, (b) SAM-1V, and
(c) SAM I/1V. While many of the critical nucleotide identities are retained in all three
classes (red), the pattern of pseudoknot formation around the core (blue and green) is
different in each.
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Figure6.

Structure of the free SAM-I riboswitch. (a) Superposition of 13 models that best describes
experimental SAXS data. Note that while the P4, pseudoknot, P2b, and the kink turn
superimpose quite well, the P1 and P3 helices are relatively disordered. Individual models
extracted from the ensemble including a bound-like state (b) as well as three distinct "open"
states (c—€) in which the P1 and P3 helices are much further apart.
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Figure7.
Structure of the SAM-II riboswitch. (a) Phylogenetically conserved primary and secondary
structure of the class Il SAM riboswitch. Nucleotides that are >97% conserved are specified
by their identity; conserved secondary structure is shown as dots. The green box represents
the elements of structure that are directly in contact with SAM. The numbering of key
nucleotides is consistent with that in Gilbert et al.2” (b) Cartoon representation of the X-ray
crystal structure of the SAM-II riboswitch bound to SAM. This panel and other molecular
representations of the SAM-I11 riboswitch were made using the coordinates in PDB accession
number 2QWY. Nucleotides highlighted in green comprise the SAM binding pocket, and
SAM is shown as magenta sticks.
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A47

Figure8.
Recognition of SAM by the SAM-II riboswitch. (a) Interaction of the adenine moiety as part

of a base triple in the center of the P2 helix. (b) Recognition of the methionine main chain
atoms by the Watson-Crick face of a conserved adenine residue. (¢) Electrostatic interaction
between the sulfonium ion (yellow sphere) with carbonyl oxygens (red spheres) of a
Hoogsteen base triple in P2.
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Figure9.

Structure of the SAM-III riboswitch. (a) Phylogenetically conserved primary and secondary
structure of the class 111 SAM riboswitch. Nucleotides that are >97% conserved are specified
by their identity; conserved secondary structure is shown as dots. The colored boxes
represent the nucleotides in direct contact with SAM (green), a tertiary interaction (orange
box), and the Shine-Dalgarno sequence (yellow). The numbering of key nucleotides is
consistent with Lu et al?8. (b) Cartoon representation of the X-ray crystal structure of the
SAM-I11 riboswitch bound to SAM. This panel and other molecular representations of the
SAM-I11 riboswitch were made using the coordinates in PDB accession number 3E5C. The
coloring scheme is the same as in part (a), and SAM is shown as magenta sticks.
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Figure 10.

Recognition of SAM by the SAM-I1I riboswitch. (a) Participation of the adenine residue of
SAM in a base triple within the center of the three-way junction. Note that the nucleotide
numbering in PDB 3E5C is inconsistent with the numbering used in the figures found in Lu
et al?8 The numbering in the text and figures is consistent with PDB ID 3E5C. (b)
Recognition of the sulfonium ion (yellow sphere) by a carbonyl oxygen (U37) and a 2'-
hydroxyl group (G36) (red spheres). Note that this riboswitch does not appear to specifically
interact with the methionine moiety.

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2013 April 06.



