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Abstract

Riboswitches are highly conserved RNA elements that located in the 5°-UTR of
mRNAs, which undergo real-time structure conformational change to achieve the
regulation of downstream gene expression by sensing their cognate ligands. S-
adenosylmethionine (SAM) is a ubiquitous methyl donor for transmethylation
reactions in all living organisms. SAM riboswitch is one of the most abundant
riboswitches that bind to SAM with high affinity and selectivity, serving as regulatory
modules in multiple metabolic pathways. To date, seven SAM-specific riboswitch
classes that belong to four families, one SAM/SAH riboswitch and one SAH
riboswitch have been identified. Each SAM riboswitch family has a well-organized
tertiary core scaffold to support their unique ligand-specific binding pocket. In this
review, we summarize the current research progress on the distribution, structure,
ligand recognition and gene regulation mechanism of these SAM-related riboswitch

families, and further discuss their evolutionary prospects and potential applications.
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Introduction

Riboswitches are conserved RNA elements that exist in the 5°’-UTR of mRNA, which
usually contain two interactive functional domains, a sensing domain and the
adjoining expression platform (Figure 1). The sensing domain can bind specifically to
the cognate ligand and induce the structure rearrangement of the overall riboswitch,
thereby changing the conformation of the expression platform and turning the
downstream gene expression on or off (Serganov and Nudler, 2013; Tucker and
Breaker, 2005). Since the first discovery of riboswitches in 2002 that sense the
vitamin derivatives, more than 55 classes of riboswitches have been identified to date,
which were distinguished on the basis of the conserved sequence and the unique
structural feature of the RNA motif as well as the cognate metabolites (Breaker, 2022;
Tucker and Breaker, 2005; Wang and Breaker, 2008). Riboswitches can sense and
bind a variety of cellular metabolites, including enzyme cofactors and their
derivatives, nucleobases and their derivatives, amino acids, ions and others (Breaker,
2010; Serganov and Nudler, 2013). Most riboswitches are found in bacteria, while a
few representatives such as TPP riboswitches exist in eukaryotes as well(Wachter,
2010; Wachter et al., 2007). Usually, the regulation of gene expression by
riboswitches can function in two stages, i.e., by forming terminator/anti-terminator
stems in transcription process or sequester/anti-sequester stems in translation process
to turn off/on the downstream gene expression (Figure 1). In addition, riboswitches
can also regulate the expression of related gene by affecting the decay of mRNA
(Escherichia coli lysC riboswitch (Caron et al., 2012), glmS riboswitch (Winkler et al.,
2004)) or by modulating the splicing of specific pre-mRNA (most eukaryotic TPP
riboswitches) (Cheah et al., 2007; Wachter, 2010; Wachter et al., 2007).

S-adenosylmethionine termed SAM or AdoMet is an essential sulfonium
compound involved in many biological processes, whose biosynthesis is based on the
reaction of ATP and methionine catalyzed by SAM synthetase (Fontecave et al.,
2004). The major function of SAM is to act as a ubiquitous methyl donor in
biochemical methylation reactions in all the living organisms, where the methyl group
of SAM is transferred to a nucleophile substrate catalyzed by methyltransferases to
generate the neutral compound S-adenosylhomocysteine (SAH or AdoHcy) (Figure

2A) (Struck et al., 2012). Furthermore, SAM also functions as an indispensable



activating group donor in polyamine synthesis and SAM radical-mediated vitamin

synthesis (Parveen and Cornell, 2011).

Due to the importance of SAM metabolites, a large number of SAM riboswitches
have been employed by different bacterial species to mediate SAM biosynthesis and
ultimately maintain the normal cellular SAM levels (Figure 2B) (Price et al., 2014;
Wang and Breaker, 2008). By selectively sensing SAM, these riboswitches are also
enabled to detect the ratio of SAM to SAH in the cell, which is important for effective
regulation of SAM biosynthesis (Montange et al., 2010). Unlike SAM, SAH is
detrimental to cells and is usually broken down by SAH-nucleosidase or SAH-
hydrolases to recycle adenine as well as the S-ribosylhomocysteine or homocysteine
(Kusakabe et al., 2015; Parveen and Cornell, 2011). The intercellular concentration of
SAM and SAH in E. coli was about 0.4 mM and 1.3 uM respectively (Halliday et al.,
2010). Accumulation of SAH was predicted to attenuate the reaction tendency of
SAM-dependent cellular methylation, resulting in cell growth inhibition (Kusakabe et
al., 2015; Parveen and Cornell, 2011). Therefore, strict and timely regulation of
cellular concentration SAM and SAH is essential for all organisms (Wang and
Breaker, 2008; Weickhmann et al., 2019).

To date, seven SAM-responsive riboswitch classes termed SAM-1 (Winkler et al.,
2003), SAM-II (Corbino et al., 2005), SAM-IIl (Fuchs et al., 2006), SAM-IV
(Weinberg et al., 2007; Yao et al., 2007), SAM-I/IV (Weinberg et al., 2010), SAM-V
(Poiata et al., 2009), and SAM-VI (Mirihana Arachchilage et al., 2018), have been
identified and proven to bind specifically with SAM while distinguishing against
SAH as well as other closely related cellular metabolites (Figure 2B). One SAH
riboswitch class was reported with higher binding specificity and affinity to SAH
against SAM (Wang and Breaker, 2008; Wang et al., 2008), while the SAM-SAH
motif was discovered to bind with SAM and SAH with comparable affinity
(Weinberg et al., 2010). Each SAM riboswitch class has its own conserved sequence,
featured secondary structure and distinct tertiary fold, which provide the structural
basis for the local architecture to support the precise ligand-binding pocket. Since
these riboswitches sense SAM and its metabolic derivative SAH, some of them also
share some similarities in the ligand recognition pattern and the overall structure

folding. In this paper, we focus on the 3D structure and recognition mechanism of



each SAM riboswitch class. Furthermore, we compare these SAM riboswitch classes
to reveal how these representative members with different structures selectively bind
the same target ligand SAM. Moreover, we extend our discussion from the structural
studies of SAM riboswitches to other the evolution of SAM-sensing RNAs and their

potential applications.
SAM-I riboswitch

SAM-I riboswitch was first described as “S box regulon” by Frank J. Grundy and
Tina M. Henkin in 1998 (Grundy and Henkin, 1998), which was discovered to be
involved in the global transcriptional control of methionine and cysteine biosynthesis
genes in gram-positive bacteria (Grundy and Henkin, 1998). Later, S-box RNA
domain was found to possess high affinity and specificity for SAM and therefore was
consequently identified as a SAM-responsive riboswitch (Winkler et al., 2003). The
first tertiary structure of SAM-1 riboswitch sensing domain bound to SAM was solved
by Rebecca K. Montange and Robert T. Batey in 2006 (Montange and Batey, 2006),
which was followed by a series of reported structures solved with improved
diffraction resolution in different states or in different conditions for sequences
originating from other species (Lu et al., 2010; Montange et al., 2010; Stoddard et al.,
2010).

In this review, we start our description with the first reported structure of SAM-I
riboswitch bound to SAM (PDB: 2GIS, 2.90 A). The sequence of the SAM-I
riboswitch construct used to determine the tertiary structure is shown along with the
predicted secondary structure in Figure 3A. There are four stems P1, P2, P3 and P4
connected to one central four-way junctional internal loop L1, where both stems P2
and P3 contains a bubble each in the middle. Notably, the bubble within stem P2 of
SAM-I riboswitch is a standard kink-turn (k-turn) (Montange and Batey, 2006;
Schroeder et al., 2011) (Figure 3A), a common RNA motif that typically mediates
long-range interactions involved in the stabilization of RNA tertiary structure
(Schroeder et al., 2011). For clarity, we split stem P2 into stems P2a and P2b with the
K-turn in the middle.

The schematic secondary structure and the solved tertiary structure are shown in

Figure 3B and Figure 3C respectively. It is noted that in the three-dimensional



structure of the SAM-I riboswitch, the two co-axially stacked helices (Helix P1/4 and
Helix P2/3) are formed by four stems (P1, P2a, P3 and P4). Stems P1 and P4 form
helix P1/4 involving some residues from the internal loop L1, while stems P2 and P3
form helix P2/3. Between these two helices, stem P2a points from the k-turn, the
terminal of helix P2/3 towards helix P1/4, and forms a long-range pairing interaction
with residues C65-G68 within J3/4, thereby generating one additional pseudoknot
stem (PK) between stem P2a and stem P4 (Figure 3B-C). Besides, other additional

canonical (A85-U64) and non-canonical (A85-A24) long-range interacting base pairs

are also formed in the tertiary fold as shown by the dashed line in Figure 3B. Taken
together, all of these interactions define the overall structure of SAM-I riboswitch and
therefore contribute to the folding of SAM binding pocket (Montange and Batey,
2006).

The SAM binding pocket is located between the minor grooves of stems P1 and
P3, and is capped by the junctional region J1/2 between stems P1 and P2 (Figure 3C-
E). The methionine tail and the adenine moiety of SAM are folded in parallel to fit
into the binding pocket (Figure 3D-E). The adenine moiety is anchored by hydrogen-
bonding interactions with A45 and U57 (Figure 3F) and stacking interactions with
C47-G56 from stem P3 (Figure 3D), while the methionine tail is held in place by a
triple base pair (G58-C44) G11 that is formed by the adjacent G58-C44 from P3 and
G11 from J1/2 (Figure 3G). Here it is noted that the ribose moiety of SAM adopts
C3’-endo sugar pucker conformation and forms one hydrogen bond with the ribose of
C47 (Figure 3F).

The diffraction resolution of the first reported SAM-I riboswitch structure was
further improved by the introduction of mutations A94G and U34C to alter the lattice
contacts, which provided more details on the tertiary structure folding and SAM
recognition, and further revealed the involvement of magnesium ions in its structural
stabilization (Montange et al., 2010). Another research work on the structure of SAM-
I riboswitch from Bacillus subtilis yitJ investigated the roles of magnesium cations in
ligand recognition (Lu et al., 2010), which was further illuminated by chemical
probing of the RNA(Stoddard et al., 2010).



SAM-I riboswitches preferentially bind to SAM and discriminate against SAH
(Winkler et al., 2003). The structures of SAM-I riboswitches in complex with SAH
were also solved to explore the ligand discrimination (Montange and Batey, 2006;
Montange et al., 2010). The positively charged sulfonium ion in SAM seems to form
stronger electrostatic contacts with the adjacent carbonyl oxygens of U7 and U88 than
the neutral sulfur atom in SAH (Figure 3H). The following mutation and ITC-binding
experiments confirmed the contributions of two highly conserved base pairs U7-A87
and A6-U88 to the binding specificity of SAM (Figure 3D and 3H)(Montange et al.,
2010). All these results suggested that electrostatic contacts between the positively
charged sulfonium ion of SAM and adjacent carbonyl oxygens in SAM-I riboswitch
contribute to the high selectivity for SAM and reinforce the discrimination between
SAM and SAH.

Most SAM-I riboswitches were identified in Gram positive bacteria located
before the genes involved in sulfur metabolism, methionine biosynthesis, cysteine
biosynthesis and SAM biosynthesis (Winkler et al., 2003). One unanimous regulation
mechanism of SAM-I riboswitch is through a metabolite-induced transcription
termination mechanism. The entrance of the RNA polymerase will be blocked by the
formation of a terminator stem upon SAM binding, which turns off the downstream
gene expression. In the absence of SAM binding, the downstream gene expression
will be turned on with formation of an anti-terminator stem (AT) (Boyapati et al.,
2012; Eschbach et al., 2012; Manz et al., 2018; Manz et al., 2017; Montange and
Batey, 2006; Winkler et al.,, 2003). Dynamic studies of the full-length SAM-I
riboswitch revealed that terminator and anti-terminator conformations coexist, with
SAM binding shifting the conformation to the terminator state (Manz 2017, NCB).
Conformational changes depend on both the concentrations of Mg?* ions and the
ligand SAM, with Mg?* ions being the key factor in global folding (Boyapati et al.,
2012; Eschbach et al., 2012; Huang et al., 2012).

Recently, one exceptional SAM-I riboswitch termed SAM-Ixc.c was identified
from the Xanthomonas campestris, a Gram-negative bacteria specie (Tang et al.,
2020). In contrast to previously characterized SAM-I riboswitches, SAM-Ixcc lacks
the Rho-independent terminator that regulates gene expression at transcriptional level,

but regulates methionine synthesis via the met operon at translational level (Tang et



al., 2020). Further studies indicated that SAM-Ixcc riboswitch expression platform has
a dual function, which not only represses the gene expression in response to SAM
binding with the adjoining sensing domain, but also initiates the gene translation upon
uncharged Met tRNA binding to the anti-Shine-Dalgarno (SD) sequence (Tang et al.,
2020). SAM-Ixcc adopts a previously unrecognized regulation mechanism. Although
SAM-I riboswitch was the first SAM riboswitch to be identified, perhaps more SAM-
| riboswitches with diverse characteristics are yet to be explored in different species.

SAM-II riboswitch

SAM-II riboswitch was identified as a novel class of SAM-binding riboswitch by
Breaker’s lab using the comparative sequence analysis method supplemented with
structural probing (Corbino et al., 2005; Lim et al., 2006). Unlike SAM-I riboswitch,
SAM-II riboswitch was found in proteobacteria, particularly alpha-proteobacteria
(Gilbert et al., 2008). SAM-II riboswitch has a simpler, compact architecture
composed of a hairpin and a pseudoknot. Compared to SAM-I riboswitch (Kd= 4~5
nM) (Winkler et al., 2003), SAM-II has a weaker binding affinity for SAM
approximately 0.67 M (Gilbert et al., 2008). The sequence (51 nt) used to determine
SAM-II riboswitch structure is located in the upstream of the metX gene in the
Sargasso Sea metagenome (Gilbert et al., 2008), which contains the functional core
regulatory elements including both the aptamer domain and expression platform
(Figure 4A) (Gilbert et al., 2008).

The overall structure of SAM-II riboswitch in complex with SAM (PDB: 2QWY,
2.8 A) folds in H-type (hairpin type) pseudoknot scaffold (Gilbert et al., 2008; Hilbers
et al., 1998), in which the hairpin loop forms a pseudoknot stem (P2) with the 3'-end
of the single-stranded segment. The zipped L1 (shown in pale cyan, Figure 4A-B)
ascends along the major groove of P2 and forms continuous non-canonical pairing
interactions, resulting in a triple-helical structure above stem P1 (Figure 4A-B). L2

(shown in pale green) is stabilized by the minor groove of stem P1 (Figure 4A-B).

The ligand SAM, which adopts a splayed conformation, is bound to the major
groove side of stem P2 (Figure 4C), where the adenine moiety of SAM intercalates
into stem P2 and forms a Hoogsteen base pair with the highly conserved residue U44

(Figure 4C-E). The methionine moiety of SAM is recognized by A47, which is further



stabled by A19 (Figure 3F). The positively charged sulfur moiety is anchored by the
carbonyl oxygen groups of U1l and U21 from a base triple U21-A45 U11 (Figure
4G). All these interactions endow SAM-II riboswitch with high ability to distinguish
SAM from SAH or other SAM analogues (Lim et al., 2006) (Corbino et al., 2005;
Gilbert et al., 2008), (Lim et al., 2006).

Compared to SAM-I riboswitch, SAM-II riboswitch forms fewer hydrogen
bonding interactions with SAM inside the ligand binding pocket (Figure 3D-H &
Figure 4C-G). Accordingly, the binding affinity of SAM-II riboswitch to SAM is
about 1000-fold weaker than that of SAM-I riboswitch (Gilbert et al., 2008; Winkler
et al., 2003). Another striking difference between SAM-I riboswitch and SAM-II
riboswitch is that the bound SAM folds into a “C” shaped conformation in SAM-I
riboswitch (Figure 3D-E), whereas in the SAM-II riboswitch it adopts an “L-like”

shape conformation (Figure 4C-D).

Further research to investigate the free state of SAM-II riboswitch indicated that
in the absence of SAM, the pseudoknot structure formation in SAM-II riboswitch
(Figure 4A-B) is highly transient and dynamic, where multiple conformations and
exposure of SD sequence facilitate the translation initiation (Chen et al., 2016; Chen
et al., 2012; Doshi et al., 2012; Gilbert et al., 2008; Haller et al., 2011a; Xue et al.,
2015). Upon ligand binding, SAM-II riboswitch undergoes a conformational change
and generate a stable H-type pseudoknot structure with a sequestered SD sequence,
which leads to the turnoff of downstream gene expression (Chen et al., 2016; Doshi et
al., 2011; Haller et al., 2011a; Haller et al., 2011b).

SAM-II1I riboswitch

SAM-III riboswitch, also termed as Swmk box, was the third new SAM-binding
riboswitch, which was first discovered in the 5’-UTR of the metX gene in lactic acid
bacteria and characterized as a conserved regulatory RNA element for SAM synthesis
(Fuchs et al., 2006; Lu et al., 2008). Compared to SAH, SAM-III riboswitch prefers
binding to SAM by at least 100-fold (Fuchs et al., 2006). In response to SAM binding,
SAM-III riboswitch undergoes structural rearrangement and sequesters the SD
sequence in the bound state structure, which results in translational repression of the
downstream genes such as the lacZ reporter gene. Notably, mutants that lose SAM



binding affinity also lose their repressive ability (Fuchs et al., 2006). The crystal
structure of SAM-III riboswitch from Enterococcus faecalis (PDB: 3E5C, 2.25 A)
was determined in complex with SAM at a resolution of 2.2 A resolution by the Ke’s
group in 2008 (Lu et al., 2008) (Figure 5A-B). The construct used to determine the
tertiary structure is shown in Figure 5B, in which the GAAA tetraloop was introduced

to replace two flexible stem-loops (P3 and P4 stem-loops), respectively.

The tertiary structure of SAM-III riboswitch bound to SAM adopts an inverted
“Y”-shaped architecture that is highly conforms to the predicted three-way junction
secondary structure (Figure 5A-B). The bulge loop L2 (A29-G31) within stem P2
flips down and forms long-range interaction with the residues in L1 (Figure 5A-B),
where the SAM binding pocket is formed at the intersection of P1, P2, P3, L1 and L2
(Figure 5B-C).

The bound SAM intercalates into the binding pocket, where the adenosine
moiety of SAM is recognized by G7 and A38 in loop L1 and becomes stacked above
G48-C6, which is the terminal base pair in stem P1 (Figure 5C-E). The ribose moiety
of SAM adopts C2'-endo sugar pucker conformation and is stabilized by G47, the
terminal residue in stem P3 (Figure 5E). Similar to other SAM riboswitches,
electrostatic interactions are also involved between the positively charged sulfur
moiety of SAM and the adjacent electronegatively charged atoms (2’-OH of G36 and
04 of U37) in the binding pocket, which enable SAM-I11I riboswitch with the specific
recognition capacity for SAM (Figure 5F). Without this positively charged sulfonium
moiety, SAH has a weaker affinity for SAM-III riboswitch and forms fewer contacts
in the binding pocket (PDB: 3E5E, 2.90 A)(Figure 5G)(Lu et al., 2008). The
following molecular dynamics (MD) simulations studies also clarified that the
specific binding of the adenosine moiety of SAM to SAM-I11I riboswitch as well as the
involved electrostatic interactions are crucial to the binding discrimination between
SAM and SAH (Priyakumar, 2010). It is noted that the methionine moieties of the
bound SAM or SAH in the SAM-III structure are relatively flexible and form
different conformations at the binding site, which is consistent with the observation of
poor electron density beyond sulfur in the crystal structure (Figure 5E-G) (Lu et al.,
2008). SAM adopts a sheared “C”-shaped structure to fit the binding pocket, while



SAH adopts “L”-shaped folding and only form one possible hydrogen bond with A38

using the terminal amino group (Figure 5E-G).

SAM-III riboswitch regulates downstream gene expression via translation
initiation mechanism (Fuchs et al., 2006; Gong et al., 2016; Lu et al., 2008; Smith et
al., 2010; Suresh et al., 2016). Sequence alignment and structure research indicated
the Shine-Dalgarno sequence is involved in the formation of stems P1 and P3 in the
SAM-binding state structure of SAM-III riboswitch, thus participating not only in
SAM recognition, but also contributing to define SAM-binding pocket (Figure 5A-
B)(Lu et al., 2008) (Fuchs et al., 2006). The free state of SAM-III riboswitch was
detected by in-line probing in the absence of SAM, which showed that most SAM-I1I
riboswitch molecules have an translation “ON” conformation with a free SD for
ribosome binding and a minority group of SAM-III riboswitch molecules adopted a
SAM-bound-like (READY) conformation with a fixed SD (Lu et al., 2011). Upon
SAM binding, the “OFF” conformation of SAM-III riboswitch with sequestered SD
was stabilized (Lu et al., 2011). Consistent results were obtained from systematic
helix-based computational methods (Gong et al.,, 2016) and atomistic molecular
dynamics (MD) simulations, where the open binding pocket switches to a stable

duplex-like architecture induced by SAM exposure (Suresh et al., 2016).
SAM-1V riboswitch

SAM-IV riboswitch was the fourth SAM sensing RNA motif identified to directly
modulates the transcription or translation of genes involved in sulfur metabolism
(Weinberg et al., 2008). SAM-1V riboswitch shows similarities to SAM-I riboswitch
in terms of conserved nucleotide positions and core domain alignment of the predicted
secondary structures, but shows specific differences in the absence of stem P4 and the
formation of stem P5 as well as an additional pseudoknot stem PK-2 in the overall
scaffold (Figure 3A and 6A) (Trausch et al., 2014; Weinberg et al., 2008). Compared
to SAM-I riboswitch (K¢ =4~5 nM), SAM-IV riboswitch has a 30-folds weaker
binding affinity to SAM (Kd =150 nM), but retains the ability to discriminate against
SAH (Kd =20 uM)(Weinberg et al., 2008).

The free form and bound form tertiary structures of SAM-IV riboswitch were
solved by cryo-EM method at 3.7 A (PDB: 6UES) and 4.1 A (PDB: 6UET) resolution



respectively (Figure 6)(Zhang et al., 2019). Due to the present resolutions, these
cryo-EM structures are limited to provide some detailed structural information such as
the ligand binding interactions (Zhang et al., 2019). However, these structures show a
global profile of SAM-1V riboswitch tertiary structure clearly, which adopts different
scaffolds compared to SAM-I riboswitch and shares similar ligand binding module
(Figure 3A and Figure 6B). Previous studies based on sequence alignment and
biochemical analysis revealed that the SAM-binding pocket of SAM-1V riboswitch is
similar to that of SAM-I riboswitch, as confirmed by these cryo-EM structures
(Figure 6D-E) (Trausch et al., 2014; Weinberg et al., 2008). Many SAM-IV
riboswitch sequences were identified near the predicted start site of the downstream
genes and demonstrated the ability to repress reporter gene expression in vivo, so it is
reasonable to infer that SAM-1V riboswitch is capable of sequestering the ribosome

binding site upon ligand binding (Weinberg et al., 2008).
SAM-I/1V riboswitch

SAM-1/1V riboswitch is another new class of SAM sensing elements involved in gene
regulation in sulfur metabolism (Weinberg et al., 2010). Compared to SAM-I and
SAM-1V riboswitches, SAM-I/IV riboswitch has the common core region and
distinguishable peripheral architecture (Figure 3A, 6A and 7A). The phylogenetic tree
strongly suggests that SAM-1V riboswitch evolved from SAM-I/IV riboswitch
(Trausch et al., 2014). However, to date, no definite conclusion about the evolutionary
relationship between SAM-1 and SAM-I/IV riboswitch have been drawn from the
related studies. The ancestor of SAM-I/1V riboswitch might have been a SAM-I-like
RNA, or they may have evolved independently (Breaker, 2010; Trausch et al., 2014).

The secondary structure of SAM-I/IV riboswitch is shown in Figure 7A, which is
characterized by a central four-way junction consisting of five stems P1-P5, a
predicted pseudoknot (PK). The three-dimensional structure of SAM-I/IV riboswitch
was solved by X-ray crystallography method (PDB: 40QU, 3.20 A)(Trausch et al.,
2014). To facilitate crystallization, the original variable stem-loops of P2, P4, and P5
were replaced with GAGA tetraloop (Figure 7A-B). Further deletion of U92 was
undertaken to achieve high diffraction resolution (Trausch et al., 2014).



The finally determined tertiary structure of SAM-I/IV riboswitch consists of
three helices with SAM ligand positioned at the center of the whole structure (Figure
7B-C). The long co-axial helix is constituted by continuously stacked P2, P3, and the
pseudoknot stem PK, while the short co-axial helix is formed by stacking of P1 and
P4 stem in parallel to the long co-axial helix (Figure 7B-C). Stem P5 is positioned
almost perpendicular to stem P1 at the bottom and bridges these two parallel helices
together (Figure 7B-C). SAM is recognized by the delicate pocket assembled by
stems P1, P3 and J1/2, which is further wrapped and supported by the peripheral
structure of stems P5, PK, P2, and P4 (Figure 7D-E).

The SAM-binding site of the env87 SAM-I/IV riboswitch described above is
almost identical to that of T. tengcogensis SAM-I riboswitch in superimposition of the
two SAM-bound structures (Trausch et al., 2014). The adenine ring of SAM is
recognized jointly by A25 and U47, while the 3’-OH of the ribose sugar contacts with
A3 (Figure 7F). The methionine moiety of SAM is stabilized by forming a multiple
hydrogen bonding network with G8 and G48, which are further stabilized by C24
(Figure 7G). Carbonyl oxygens of U4 and U69 are located nearby and have the
capacity to form electrostatic contacts with the positively charged sulfonium ion of
SAM (Figure 7H). Similar SAM binding pockets establish the same structural basis
for SAM binding activity. It was noted that the binding affinity of the env87 SAM-
I/1V riboswitch to SAM is about 90 nM, which is comparable to that of SAM-I
riboswitch (Trausch et al., 2014).

SAM-V riboswitch

SAM-V riboswitch was discovered as a structured RNA motif in the marine alpha-
protobacteria and Bacteroidetes, and was later proven to be another riboswitch
sensing SAM (Meyer et al., 2009; Poiata et al., 2009). The consensus sequence and
secondary structure of SAM-V riboswitch share similarities with that of SAM-II
riboswitch, but differ significantly from known families of SAM-binding riboswitches.
The critical nucleotides that contribute to SAM binding in SAM-II riboswitch are
highly conserved and located at the same positions in SAM-V riboswitch, therefore
SAM-V riboswitch is predicted to adopt the same binding mode as SAM-II riboswitch
(Figure 4A and 8A)(Poiata et al., 2009). However, most members of SAM-II



riboswitch class seem to function as transcription regulators, whereas SAM-V

riboswitches are involved in translation process (Huang and Lilley, 2018).

The crystal structure was solved with the sequence of metY SAM-V riboswitch
from Candidatus Pelagibacter ubique, in which a bromocytidine at position C4 was
introduced for phase determination (Figure 8A)(Huang and Lilley, 2018). The overall
structure of SAM-V riboswitch in complex with SAM (PDB: 6FZ0, 2.50 A) is also
folded in an H-type pseudoknot scaffold as SAM-II structure (Figure 8B). Stem P1
stacks with the pseudoknot structure comprised by stem P2 and L1 (Figure 8A-B). L2
connects to stem P1 by three continuous nucleotides A40-A42. Partially pairing

interaction in L2 produces a short stem below stem P1 (Figure 8A-B).

The bound SAM lies in the narrow groove composed by loop L1 and stem P2
(Figure 8B-D), with the adenine moiety intercalated into the binding pocket
assembled by U8, U20, G21, U47, and A48 (Figure 8D-G). The adenine moiety is
specifically recognized by U47, which is located in the middle of P2 and stabilized by
the formation of a non-canonical base pair with U8 in L1 (Figure 8E). Two base triple,
(U20-A48) U9 and (G21-C46) A7 constitute the floor and ceiling of the binding
pocket and sandwich the adenine moiety on both two sides (Figure 8D-E). In addition,
the 2'-OH of SAM forms a hydrogen bond with N7 of G21 (Figure 8E). The
aminoacyl group of SAM pairs with the nucleobase of A50 (Figure 8F). One Mg?*
cation was also found to be involved in ligand binding, which forms a water-mediated
coordination with the carboxyl group of SAM and direct coordination to U10 (Figure
8F). The positively charged SAM sulfonium is positioned in the major side of a base
triple (U20-A48) U9 and may form electrostatic interactions with O4 atoms of U9 and
U20 (Figure 8G), which was confirmed by the fact that the atom-specific substitution
of O4 from U9 or U20 by sulfur leads to a nearly complete loss of binding activity to
SAM (Huang and Lilley, 2018). The electrostatic interactions of the positively
charged SAM sulfonium also contribute to the high binding selectivity of SAM-V
riboswitch to SAM, but not to SAH. In ITC measurements, the binding affinity of
metY SAM-V riboswitch to SAM was about 5 puM, while no binding to SAH is
detectable (Huang and Lilley, 2018).

Notably, in most SAM-V riboswitch representatives such as the sequence used in

tertiary structure determination, the SD element is located in the 3'-end of stem P2



and near the following start codon (Figure 8A)(Huang and Lilley, 2018; Meyer et al.,
2009; Poiata et al., 2009). The formation of a short stem P2b ascending above the
SAM binding site is anticipated to shade the SD sequence and prevent translation
initiation (Huang and Lilley, 2018), which functions in a similar pattern to the metX
SAM-I1 riboswitch (Gilbert et al., 2008).

Interestingly, it was found that in many cases SAM-II and SAM-V riboswitches
exist in tandem across genomes, wherein SAM-II riboswitch followed by an intrinsic
transcription terminator stem is always arrayed in front of SAM-V riboswitch that
contains the purine-rich SD sequence as well as preceding the start codon of related
genes (Poiata et al., 2009). It is speculated that independent SAM-II and SAM-V
riboswitches arrayed in tandem are able to function in both transcription and
translation steps to control the gene expression by sensing the same ligand SAM,
which may represent some type of more complicated function derived from simple

riboswitches combination (Poiata et al., 2009).
SAM-VI riboswitch

SAM-VI riboswitch was identified as another new class of SAM-responsive
riboswitch originating from Bifidobacterium species (Mirihana Arachchilage et al.,
2018). The consensus central sequence and the predicted secondary structure model of
SAM-VI riboswitch are shown in Figure 9A, which is characterized by a three-way
junctional architecture with SD sequence involved in the formation of stems P1 and
P3. In comparison with other SAM-sensing riboswitches, some similarities were
found between SAM-VI riboswitch and SAM-III riboswitch (Mirihana Arachchilage
et al., 2018). Beside adopting an overall similar three-way junctional fold, five highly
conserved nucleotides located in the junctional region are almost identical to the
corresponding nucleotides in SAM-III riboswitch that are involved in SAM
interaction (Figure 9A)(Mirihana Arachchilage et al., 2018). However, sufficient
differences between SAM-III and SAM-VI riboswitches still exist. The numbers of
nucleotides in J2/3 and the nucleotides in J1/2 flanking the junction region showed
obvious variations, suggesting that SAM-VI riboswitch may have a different binding
pattern to SAM (Figure 9A)(Mirihana Arachchilage et al., 2018). In addition, SAM-
1l and SAM-VI riboswitches are also phylogenetically distant (Mirihana
Arachchilage et al., 2018).



The three-dimensional structure (PDB: 6LAS) was determined at 2.7 A
resolution with the construct originating from B. angulatum 59 metK, in which the
variable P2 stem-loop was replaced by the U1A protein binding loop to assist the
crystallization via co-crystallization with U1A protein (PDB: 6LAS, 2.71A) (Figure
9B-C)(Sun et al., 2019b). As shown in Figure 9B, the overall fold of SAM-VI
riboswitch in complex with SAM is consists mainly of two helices, with the long
helix comprised of stems P1 and P2 and the short helix comprised of stem P3 (Figure
9B). These two helices are arranged almost perpendicularly. The U1A protein binds to
the U1A binding loop (in light gray), which is positioned at the top terminal of the
long helix, and has no interaction with other regions of the RNA (Figure 9B-C). The
bound ligand SAM s located in the intersection of stems P1, P2 and P3, mainly
recognized and stabilized by a compact binding pocket made up of J1/2 and J2/3
(Figure 9B-C). The ADP moiety of SAM intercalates into the binding pocket with the
methionine moiety pointing outwards (Figure 9D). The adenine base of SAM is
paired with U8 in J1/2 and becomes stacked between G9-C32 and G7 G33, which are
further anchored by three continuously stacked nucleotides A36-A37-G38 (Figure 9E-
F). Meanwhile, the 2'-OH of ribose sugar of SAM is hydrogen-bonded with the non-
bridging phosphate oxygen of G33, and the amino group in the methionine moiety of
SAM forms an additional hydrogen bond with the O4 of U8 (Figure 9E).

SAM-VI riboswitch selectively binds with SAM over SAH about 33-fold in the
ITC titration (Sun et al., 2019b). Tertiary structure of SAM-VI riboswitch shows that
the positively charged sulfonium moiety of the bound SAM is located adjacent to O4
atoms of U6 and U8 and may form potential electrostatic interactions to facilitate the
binding discrimination of SAM over SAH (Figure 9G). Structure-based mutation of
U6C resulted in a remarkable decrease of the binding discrimination between SAM
and SAH by about 5-fold (Sun et al., 2019b), confirming the importance of the
electrostatic interactions related with the positively charged sulfonium moiety of the
bound SAM.

As mentioned before, SD sequence is involved in the formation of stem P1 and
P3 in the bound form structure, which indicates that SAM-VI riboswitch is a
translational regulator (Sun et al., 2019b). Structure-based analysis of the related

sequence of the nascent SAM-VI riboswitch from different species revealed that the



key nucleotides involved in SAM recognition are able to form an alternative stem PO
with the 5'-end sequence before the RNA motif and disrupt the formation of stem P1,
thus leading to release of the SD sequence for ribosome binding (Figure 9H)(Sun et
al., 2019b). The following 2-aminopurine (Ap) based fluorescence assay and the lacZ
reporter assay supplemented with related mutations confirmed the involvement of
stem PO in the translation regulation process, which produced a more accurate
downstream gene expression regulation mechanism for SAM-VI riboswitch (Figure
9H)(Sun et al., 2019b). This is the first time to discover the 5’-end RNA elements of
riboswitches participating in the gene expression regulation, which renovate the

current regulation model of riboswitches.
SAM-SAH riboswitches

As previously described, seven SAM riboswitches specifically recognize SAM over
SAH, while the SAH riboswitch works in the opposite manner and distinguishes SAH
from SAM. Comparative genomic searches identified an RNA motif called SAM-
SAH, which binds to SAM and SAH with comparable affinity (Weinberg et al., 2010).
SAM-SAH riboswitches are located upstream of metK genes in the order
Rhodobacterales of a-proteobacteria (Weinberg et al., 2010). Since they are
associated with metK genes involved in SAM biosynthesis and the intercellular
concentration of SAM is significantly higher than SAH, it is considered that SAM-
SAH riboswitches function partially as a SAM-sensing riboswitch class (Weinberg et
al., 2010).

The tertiary structure of SAM-SAH riboswitch in complex with SAH was first
determined using NMR-spectroscopy by Wohnert’s group in 2019 (Weickhmann et
al., 2019). Later, the crystal structures of SAM-SAH riboswitch (Roseobacter sp.
SK209-2-6) complexed with SAH or SAM were solved by Lilley’s group at
resolution 1.70-2.50 A (Huang et al., 2020). The NMR structure and the crystal
structure showed similar overall folding and ligand recognition pattern. Like SAM-1I
and SAM-V riboswitches, SAM-SAH riboswitch also adopts a H-type pseudoknot
architecture (Figure 10A). Stem P1, the zippered L1 and stem PK form a coaxial long
helix, with the ligand-binding pocket located between L1 and PK and being shaped by
the related residues in tertiary folding (Figure 10A-B). The adenine moiety of SAH

forms Hoogsteen pairing interaction with U23 and one hydrogen bond with 2°-OH of



U44, which are further stacked by C21-G46 and C15-G24 (Figure 10C-D). The 2’-
OH of SAH forms hydrogen bonds with N7 of G46 and O4’ of ribose-G16 (Figure
10E). The a-amine of SAH is hydrogen-bonded to O4 of U23, while no such
interaction is observed in the SAM complex structure (Figure 10E-F). Unlike SAM
riboswitches, it seems that the methyl group and the positive charged sulfonium of
SAM do not form additional interaction with the RNA molecule in SAM-SAH
riboswitch structure. Thus, SAM-SAH riboswitch exhibits comparable binding
capacity for SAH and SAM. Since the recognition of SAM and SAH mainly involves
the interaction of the adenine moiety of SAM-SAH riboswitch, SAM-SAH riboswitch
can also bind to some other variant ligands that containing the adenine moiety such as
dCSAH, 5DMA and AMP (Huang et al., 2020).

Incidentally, it was found that a second SAH molecule binding site was also
formed at the apical interface of two adjacent molecules in the crystal structure of
SAM-SAH riboswitch in complex with SAH (Huang et al., 2020). However,
according to previous biochemical results, the second SAH binding site does not exist
in solution and should be formed casually in the crystal packing (Huang et al., 2020).
Therefore, we will not extend our discussion of the second SAH ligand-binding

pocket here.

For gene expression regulation, SAM-SAH riboswitch plays a role in the
translation process. NMR spectroscopy of a SAM-SAH riboswitch variant indicated
that SAH binding would induce the formation of a pseudoknot stem, which would
sequester the SD sequence from ribosome binding and turn off the downstream gene
expression (Weickhmann et al., 2019). The conformational change upon ligand
binding is consistent with the results of in-line probing (Weinberg et al., 2010) and the
single-molecule FRET (Huang et al., 2020).

SAH riboswitch

SAH riboswitches possessed higher binding specificity and affinity for SAH over
SAM in both Gram-positive and Gram-negative bacteria, which regulated the
expression of genes associated with the production of expended SAM coenzymes
(Wang and Breaker, 2008; Wang et al., 2008). SAH motif from the 5’-UTR of ahcY

mRNA (P. syringae) has been shown to activate the expression of downstream



reporter genes in vivo in the presence of SAH (Wang et al.,, 2008). Another
representative SAH motif called 68 metH was found to be located upstream of the
metH gene in Dechloromonas aromatica. In-line probing and the equilibrium dialysis
experiments indicated that 68 metH could strongly distinguish SAH from SAM by
three orders of magnitude (Wang et al., 2008). In contrast to SAM riboswitch families,
SAH riboswitch class contained distinct consensus sequence and was featured with
the specific secondary structure scaffold. SAH riboswitches adopt a “LL-type”’
pseudoknot architecture that contains a central junction and surrounded stems Pland
P2 and a pseudoknot stem P4, where the highly conserved nucleotides are almost
exclusively distributed in the junctional region and the pseudoknot stem P4 (Wang
and Breaker, 2008; Wang et al., 2008). Notably, for more than 60% of SAH motifs,
there is one additional non-conserved stem P3 is present between stem P2 and P4
(Wang et al., 2008).

The tertiary structure of SAH riboswitch (without P3 stem) in complex with
SAH was determined by Batey’s group in 2010 (Edwards et al., 2010). They used a
sequence from Ralstonia solanacearum (Rso), a plant pathogen in the structure
determination. To improve the crystal diffraction, a U13C point mutation and a
truncated stem P2 were introduced in crystallization process. Further optimization
was performed by replacing the variable L2 loop with a more stable GAGA-tetraloop,
resulting in high diffraction resolution (2.18 A) (Figure 11A). In the tertiary structure,
stems P2, P4 and the intermediate packed non-canonical base pairs from L1 form a
co-axial long helix, while stem P1 is perpendicular to the above long helix (Figure
11B). Several terminal nucleotides in stem P1 didn’t form regular intramolecular
base-pairing interaction, but were swapped with stem P1 from another molecules, thus

forming dimer in the crystal structure.

The bound SAH intercalates into the long helix and is stabilized by highly
conserved residues from L1 at the intersection of stem P1, P2 and P4 (Figure 11B).
Within the binding pocket, the adenine ring of SAH interacts with G15 and forms a
non-canonical G A base pair, which is further sandwiched by U14-A29 and C16-G31
(Figure 11C-D). The a-amine of SAH forms an extensive interaction with the
phosphate of G30, the N3 and 2’-OH of G47 (Figure 11E). The carboxylate oxygen of
SAH is hydrogen-bonded with the 2’-OH of G31 and O4’ of C32 ribose. Notably,



these interactions between the aminoacyl group of SAH and the RNA molecule

exhibit some minor variations in other molecules in the asymmetric unit.

SAH riboswitch makes a clear distinction between SAH and SAM, which is
supported by the observation in the tertiary structure. The distance between sulfoether
moiety of SAH and the ribose of A29 was found to be is 3.2 A, where the additional
methyl in SAM would cause a steric clash (Figure 11D). The binding affinity of wild-
type Rso SAH riboswitch with SAH generated from ITC experiments is around 32
nM (Edwards et al., 2010). Since the adenine moiety is involved in in the recognition
of SAH, other metabolites containing the adenine moiety, such as ATP and NAD™,
were also found to have a weaker binding affinity for SAH riboswitch at about 100
M and 150 piM, respectively. However, the typical cellular concentration of these
metabolites are significantly higher than these equilibrium dissociation constants, so
these adenine-containing compounds may act as competitive inhibitors of SAH

binding and weaken the regulation of SAH riboswitch (Edwards et al., 2010).
Discussion

To date, there are nine SAM-related riboswitches have been identified, seven of
which termed SAM-I, SAM-I1I, SAM-I111, SAM-1V, SAM-I/IV, SAM-V and SAM-VI
selectively bind to SAM and discriminate against SAH, SAH riboswitch sense SAH
and SAH/SAM bind with SAH and SAM with similar binding affinity. Based on the
conserved sequence, characterized secondary structure and the solved tertiary
structure, these SAM-sensing riboswitches are assigned to four SAM riboswitch
families termed SAM-I (containing SAM-I, SAM-1V and SAM-I/IV riboswitches),
SAM-II (containing SAM-IlI and SAM-V riboswitches), SAM-III and SAM-VI
(Figure 12). For comparison, we summarize the ligand recognition patterns and the

key residues involved in these SAM-related riboswitches in Table 1.

In SAM-I riboswitch family, SAM-I, SAM-IV and SAM-I/1V riboswitches adopt
nearly identical SAM-sensing core architecture composed of stem P1, P2, P3 and the
junction loop J1/2, which are further stabilized and supported by different peripheral
structures such as regular and pseudoknot stems P4, P5, PK1 and PK2 (Figure 12A).
Stem P4 resides in the junction region J3/1, while stem P5 resides at the 3’-end of

stem P1. The pseudoknot stem PK1 is formed between the 3’-end of stem P1 and the



stem-loop of stem P3, while PK2 is formed between the junction region J3/1 and the
stem-loop of stem P2. SAM-I riboswitch is characterized by the presence of stem P5
and pseudoknot stem PK2. SAM-IV riboswitch is characterized by the presence of
stem P4 and pseudoknot stem PK1, PK2. SAM-I/1V riboswitch is characterized by the
presence of stem P4, P5 and pseudoknot stem PK1. Different combination of
peripheral stem structures (P4, P5, PK1, PK2) generate different SAM-I riboswitch
family members. It is an intriguing question whether there are more SAM-I
riboswitch family members to be identified in the future. The adenine base of SAM in
SAM-I riboswitch superfamily interacts with a sheared base pair A and U and form a
base triple intercalating into stem P3, while the methionine moiety is recognized by a
base triple (G-C) G formed between stems P3 and J1/2 (Figure 3F-G and 7F-G). The
carbonyl oxygens of the two uridine bases in stem P1 are involved in the electrostatic
interaction of the positively charged sulfonium group in SAM, which contribute to the
high binding selectivity of SAM over SAH (Figure 3H and 7H).

SAM-I11 and SAM-V riboswitches belonging to SAM-II riboswitch family, which
both employ similar global H-type pseudoknot folding and highly consistent binding
modules (Figure 12B). In° SAM-II riboswitch, the pairing region P2e is formed
coaxially above stem P2. Whereas in SAM-V riboswitch, stem P1 is extended by the
forming the pairing region Ple below P1. The adenine base of SAM in SAM-II
riboswitch superfamily pairs with a conserved U and become stacked between two
base triples (U-A) U and (G-C) A (Figure 4D-E and 8D-E). Inside the binding pocket,
G from (G-C) A forms another hydrogen bond with the 2°-OH of the ribose, and the
two uridine bases from (U-A) U are involved in the interaction with the sulfonium
group in SAM (Figure 4D-E,G and 8D-E,G). The methionine moiety of the SAM-II
riboswitch superfamily is recognized by one adenine above the binding pocket
(Figure 4F and 8F). As SAM-II riboswitch family, SAM-SAH riboswitch also adopts
H-type pseudoknot architecture and the adenine moiety of SAH or SAM also forms a
reverse Hoogsteen base pair with one U in the ligand recognition (Figure 4D-E, 8D-E
and 10E-F, Table 1). However, there’s no (U-A) U base triple formed in the binding
pocket of SAM-SAH riboswitch that contribute to the recognition of SAM in SAM-II
riboswitch family (Figure 4G and 8G, Table 1), thus resulting in no selectivity
between SAM and SAH for SAM-SAH riboswitch.



Though the conserved sequence and secondary structure of SAM-III riboswitch
and SAM-VI riboswitch exhibit some similarities(Mirihana Arachchilage et al., 2018),
the tertiary structural research confirm that they belong to distinct riboswitch families
(Lu et al.,, 2008; Sun et al., 2019a). As shown in Figure 12C-D, both SAM-III
riboswitch and SAM-VI riboswitch adopt similar overall architecture; however, stems
P1 and P3 switch positions to stack with stem P2 (Figures 5, 9). Besides, the ligand
interaction patterns are totally different (Figures 5, 9). SAH riboswitch adopts a
unique overall folding and the ligand recognition pattern shares no similarities with
other SAM-sensing riboswitch (Figure 11 and Table 1).

All the tertiary structural studies of SAM-sensing riboswitches provided the
comprehensive structural information to investigate the specific ligand recognition
and discrimination mechanisms of each SAM-sensing riboswitch and established the
essential structural basis for comparing and further classifying SAM riboswitches.
Given the importance of SAM, these researches may also facilitate the discovery of
new types of SAM riboswitches. Since all the currently identified SAM riboswitches
originated from bacteria, it is an interesting question to investigate whether there are
more SAM riboswitches exist in the eukaryotic genome as well as TPP riboswitch
(Wachter, 2010; Wachter et al., 2007).

As mentioned previously, all these SAM-sensing riboswitches, except SAM-IV
riboswitch, were solved using the X-ray crystallography method. SAM-1V riboswitch
was solved with cryo-EM method. Currently, more than 62% of the RNA structures
were solved with X-ray crystallography method in the PDB bank
(https://www.rcsb.org). The use of cryo-EM method in SAM-1V riboswitch also
provides a promising way to determine the structure of RNA molecules (Zhang et al.,
2019). RNA structure determination and prediction are the fundamental scientific
guestions in RNA biology, which remains challenging today. Within each SAM
superfamily, different types of RNA molecules with solved tertiary structures possess
the same SAM-binding pockets, which offer an ideal models to study the folding
principles of RNA molecules. More extensive structural research work on RNA
molecules including SAM riboswitches, will shed light on RNA folding theory and
advance the development of RNA structure prediction.



The high affinity and selectivity of SAM riboswitches for SAM binding has
enabled the development of RNA devices for SAM detection in vivo and in vitro. By
fusion with Spinach aptamer or Corn aptamer, fluorescence imaging of cellular SAM
was achieved via SAM-III riboswitch (Kim and Jaffrey, 2019; Paige et al., 2012). In
another case, SAM-I riboswitch was also integrated with the Spinach aptamer to
provide an alternative topology when designing fluorescent biosensors (Truong et al.,
2018). These SAM riboswitches-based potential applications of SAM detection would

greatly propel the research in SAM metabolism.

As ancient highly conserved biological molecules, riboswitches have evolved
with high binding capacity to interact with small molecules during their long-term
biological history, which enable riboswitches as an ideal RNA-drug targets. It is
notable that most riboswitches were identified in bacteria, and thus since the
discovery of riboswitches, they have been proposed as promising new antibacterial
drug targets with many advantaging prospects (Blount and Breaker, 2006; Deigan and
Ferre-D'Amare, 2011; Penchovsky et al., 2021). Is this regard, a compound termed
Ribocil was discovered to target FMN riboswitch and successfully suppress the
bacterial growth (Howe et al., 2015). Due to the importance of SAM, SAM
riboswitches are among the most abundant riboswitches and are widely distributed in
bacteria, especially in many human pathogens (Breaker, 2010; Corbino et al., 2005;
Fuchs et al., 2006; Grundy and Henkin, 1998; Hickey and Hammond, 2014; Meyer et
al., 2009; Mirihana Arachchilage et al., 2018; Weinberg et al., 2007; Weinberg et al.,
2010; Winkler et al., 2003). These SAM riboswitches regulate crucial metabolism
pathways and expression of essential genes in pathogens, thus making them perfect
targets for new antibiotics. The current structural information of SAM riboswitches
complexed with SAM provides a comprehensive structural basis for rational design of
SAM analogues or other compounds targeting SAM riboswitches, which will promote
the development of riboswitch-targeting antibiotics and increase the possibility for the

split-new drug design.

As the ubiquitous methyl donor in cell, SAM is utilized by methyltransferase
proteins as protein cofactor for methylation modification (Kozbial and Mushegian,
2005). To investigate the possibility of SAM being used as cofactor for ribozyme, in a

recent study, one SAM-dependent methyltransferase ribozyme RNA motif was



identified from a random RNA pool using SELEX method (Jiang et al., 2021). Further
comparisons indicate that the RNA motif also exists in natural sequences, which
reinforces the possibility that the SAM-dependent methyltransferase ribozyme may
also contribute to the cellular methylation (Jiang et al., 2021). Currently, only one
natural RNA motif, termed glmS, has been shown to have a dual role as both
riboswitch and ribozyme (Winkler et al., 2004). gImS motif can bind to glucosamine-
6-phosphate (GICN6P), thereby promoting the self-cleavage activity of the gimS motif,
which in turn reduces the expression of downstream genes (Klein and Ferre-D'Amare,
2006; Winkler et al., 2004). SAM is the one of the most ubiquitous cofactors in nature.
It is an intriguing scientific question to detect weather more RNA motifs can both
sense SAM (SAM riboswitches) and use SAM as a substrate to achieve RNA
methylation (SAM-dependent methyltransferase ribozyme) or to perform new

biological functions.

Riboswitches regulate the expression of downstream genes through the
conformational change of RNA molecules, which provide valuable hints to demystify
the working mechanism of other RNA molecules, especially for some non-coding
RNAs. Non-coding RNA (ncRNA) is usually referred to the RNA segment that does
not code proteins. A rising number of ncRNA molecules have been identified playing
fundamental roles in diverse processes in life, such as microRNA (miRNA) (Chang et
al., 2022), small interfering RNA (siRNA) (Saw and Song, 2020), circular RNAs
(circRNAs) (Li et al., 2021), long non-coding RNAs (IncRNAs) ng (WElI et al., 2013),
small nuclear RNAs (snRNAs) and piwi-interacting RNAs (piRNAs) (Dai et al., 2020;
Saw et al., 2021; Xu et al., 2022; Xue et al., 2020). Tertiary structural investigation of
these ncRNA molecules or their protein complex may advance the progress from

function study to clinical application (Yang et al., 2020).
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Figure 1 Gene expression regulation mechanisms of riboswitches. A, Downstream gene
expression in translation process is regulated by ligand-induced conformational change, in which
the anti-sequester stem or sequester stem is formed to initiate translation or inhibit translation by
releasing or shading ribosome binding site (RBS) respectively. B, Upon ligand binding, the down-
stream gene expression in transcription process is regulated by forming anti-terminator stem or
terminator stem to continue transcription or stop transcription by keeping or blocking RNA

polymerase (RNA Pol) binding respectively.



Adenosine
N é\!N HO.  oH Methionine tail N 4\IN HO.  oH
HZN/\/LN e )OK HZNMN'(L ‘O
N=/ © e ol N=/ O 2 ‘\'/YkOH
Sulfonium NH b NH L
S-adenosyl-L-methionine Methyltransferase  g_adenosyl-homocysteine
:Nu Nu-Me
B
metA
9 0 0 SAM-|
—+mﬂvﬂvaﬁ%H¢ﬁﬁjgﬁm/wa A
) ‘. P * SAM-I
0O-succinyl-homoserine Homoserine * SAM-III
lmetB g imel‘x * * SAM-IV
metZ NH, z metl o W SAM-IIV
* HO s W )
* OH | ——» \ﬂ/ OH W SAM-V
) NH, 0 NH , *
Cystathionine O-acetyl-L-homoserine SAM-VI
lmetC x SAH
SAM-SAH
0 metY ﬁ *
47

L p|HS \/\‘)J\OH P
NHS ahcY Y

L-Homocysteine

metF metH ﬁ'&
metE Y Y L mmuM /bhmT Y

(0]
S
Z OH
NH,
L-Methionine
lmmﬁ*****
N N N HO
/S/’t 0. on /g/,’l = OH o
H,N ; % H,N
2 N —<j\/sl + —p| 2 N '(j\/ S
N=/ e} OH N=/ 0 OH
NH, NH,
S-Adenosyl-L-methionine S-Adenosyl-L-homocysteine
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Figure 3 Structure and SAM-binding pocket of the T. tengcogensis SAM-I riboswitch. A, The
sequence and secondary structure of SAM-I riboswitch used in structure determination. The color
of all the residues is coded to the tertiary structure. B, The schematic folding topology of SAM-I
riboswitch in complex with SAM. C, The tertiary structure of SAM-I riboswitch (shown in carton
representation) complexed with SAM with SAM (shown as spheres). D, The composition of SAM
binding pocket, in which the bases and SAM are shown in stick. E, SAM binding pocket shown in
surface representation with SAM shown in stick. F, The adenine ring of SAM is recognized by
A45 and U57 from stem P2. The ribose moiety of SAM forms one hydrogen bond with the ribose



of C47. G, The methionine moiety of SAM is recognized by (G58-C44) G11 base triple. H,
Electrostatic interaction between the positively charged sulfonium moiety of SAM and U7 and
U88. Figures in panels B-H are depicted based on PDB 2GIS.
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Figure 4 Structure and SAM-binding pocket of the metX SAM-II riboswitch. A, The
Schematic folding topology of SAM-I1I riboswitch in complex with SAM. B, Overall structure of
SAM-II riboswitch (shown in carton representation) in complex with SAM, in which SAM is
shown as spheres. C, The composition of SAM binding pocket, in which the bases and SAM are
shown in stick. D, SAM binding pocket shown in surface representation with SAM shown in stick.
E, The adenine ring and ribose of SAM are recognized by U44 and G22. F, The methionine
moiety of SAM is recognized by A47. A47 also forms hydrogen bonds with A19. G, Electrostatic
interaction between the positively charged sulfonium moiety of SAM and 04 of U11 and U21. All
the figures of SAM-II riboswitch are depicted based on PDB 2QWY.



Figure 5 Structure and SAM-binding pocket of the E. faecalis SAM-III riboswitch. A,
Tertiary structure of SAM-III riboswitch (shown in carton representation) complexed with SAM,
in which SAM is shown as spheres. B, Schematic secondary structure of SAM-I1I riboswitch used
in structure determination. C-D, The composition of SAM binding pocket of SAM-III riboswitch
shown in surface representation (C) and sticks (D), in which SAM is shown as stick. E, The
adenine ring of SAM is recognized by G7 and A38. The 2’-OH and 3'-OH of the ribose in SAM
form hydrogen-bonding interactions with G47. F, Electrostatic interaction between the positively
charged sulfonium moiety of SAM and O4 of U37 and 2'-OH of G36. G, SAH is stabilized by
forming hydrogen bonds with G7, A38, and G47. All the figures in Panels A-F are depicted based
on PDB 3E5C. Figure in panel G is depicted based on PDB 3E5E.
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Figure 6 Structure of the SAM-1V riboswitch. A, The sequence and secondary structure of
SAM-IV riboswitch used in structure determination. B, Overall structure of SAM-IV riboswitch
(shown in carton representation) in complex with SAM (shown as spheres). C, The Schematic
folding topology of SAM-1V riboswitch. D-E, The composition of SAM binding pocket. All the
figures of SAM-IV riboswitch are depicted based on PDB 6UET.
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Figure 7 Structure and SAM-binding pocket of the env87 SAM-I/IV riboswitch. A, The
sequence and secondary structure of SAM-I/IV riboswitch used in structure determination. B,
Tertiary structure of SAM-I/1V riboswitch (shown in carton representation) in complex with SAM
(shown as spheres). C, The schematic topology of SAM-I/IV riboswitch bound with SAM. D-E,
The composition of SAM binding pocket shown in surface representation (D) and sticks (E), in
which SAM is shown as stick. F, The adenine ring of SAM is recognized by A25 and U47 from
stem P3. The 2'-OH and 3’-OH of the ribose in SAM form hydrogen bonds with A3 and C27. G,
The methionine moiety of SAM is recognized by (G48-C24) G8 base triple. H, Electrostatic
interaction between U4, U69, and the positively charged sulfonium moiety of SAM. All the
figures of SAM-I/1V riboswitch are depicted based on PDB 40QU.
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Figure 8 Structure and SAM-binding pocket of the metY SAM-V riboswitch. A, The
schematic folding topology of SAM-V riboswitch in complex with SAM is depicted based on
tertiary structure, in which the color of each residue is coded to the tertiary structure. B, Global
folding of SAM-V riboswitch (shown in cartoon representation) in complex with SAM (shown as
spheres). C, The surface representation of the cavity for SAM binding. D, The composition of
SAM binding pocket with SAM shown in sticks. E, The adenine ring of SAM is recognized by
U47. The 2'-OH of the ribose forms interaction with G21. F, The aminoacyl group of SAM forms
hydrogen bonds with A50. One Mg?* and the coordinated water molecules are also involved in
interactions between methionine moiety of SAM and the riboswitch RNA. G, Electrostatic
interaction between positively charged sulfonium moiety of SAM and O4 of U9 and U20. All the
figures of SAM-II riboswitch are depicted based on PDB 6FZ0.
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Figure 9 Structure and regulation mechanism of the SAM-VI riboswitch. A, Comparison of
the three-way junction composition between SAM-III and SAM-VI riboswitches. All the highly
conserved residues in junction are colored in red. The residues involved in SAM binding in SAM-
111 riboswitch and the predicted corresponding nucleotides in SAM-VI1 riboswitch are highlighted
by yellow shadow circles. B, The tertiary structure of SAM-VI riboswitch (shown in cartoon
representation) in complex with SAM (shown as spheres). The U1A-binding loop and the bound
U1A protein to facilitate the crystallization are shown in gray. C, The schematic secondary
structure of SAM-VI riboswitch depicted based on tertiary structure. D, The surface representation
of the cavity for SAM binding. E-F, SAM forms hydrogen bonding interaction of with U8, A37,
A38 and G33 in the binding pocket, in which the adenine of SAM pairs with U8 and become
stacked between G9-C23 and G7 G33. G, Electrostatic interaction between the positively charged
sulfonium moiety of the bound SAM and 04 of U6 and U8. H, Downstream gene expression
regulation model of SAM-VI riboswitch. In absence of SAM, formation of PO release the SD



sequence and activate the translation. While the binding of SAM induces the formation of stems
P1 and P3, therefore inhibit translation by shading the SD sequence. Figures in panels B-G are
depicted based on PDB 6LAS.



Figure 10 Structure and SAH/SAM-binding pocket of the SAM-SAH riboswitch. A, The
schematic folding topology of SAM-SAH riboswitch in complex with SAH is depicted based on
tertiary structure, in which the color of each residue is corresponding to the tertiary structure. B,
Global folding of SAM-SAH riboswitch (shown in cartoon representation) in complex with SAH
(shown as spheres). C-D, The composition of SAH binding pocket shown in sticks (C) and
surface representation (D), in which SAH is shown as stick. E, The adenine ring of SAH pairs to
U23 and the N1 of the adenine ring interacts with 2°-OH of ribose-U44. The 2’-OH of SAH form
hydrogen bonds with N7 of G46 and O4’ of ribose-G16. The a-amine of SAH is hydrogen-bonded
to O4 of U23. F, The adenine ring of SAM pairs to U23 and the N1 of the adenine ring interacts
with 2°-OH of ribose-U44. The 2’-OH of SAH make hydrogen bonds with N7 of G46 and O4’ of
ribose-G16. All the figures in panels A-E are depicted based on PDB 6YL5. Figure in panel F is
depicted based on PDB 6YMM.
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Figure 11 Structure and SAH-binding pocket of the SAH riboswitch. A, The schematic
folding topology of SAH riboswitch in complex with SAH is depicted based on tertiary structure,
in which the color of each residue is corresponding to the tertiary structure. B, Global folding of
SAH riboswitch (shown in cartoon representation) in complex with SAH (shown as spheres). C,
The surface representation and composition of the SAH binding cavity. D, The adenine ring of
SAH pairs to G15. The distance between the sulfoether moiety of SAH and 04’ of ribose-A29 is
3.2 A E, The carboxylate oxygens are hydrogen-bonded to the N2 of G30, the 2°-OH group of
G31 and O4’ of C32 ribose. The a-amine of SAH can contact with the phosphate of G31, the 2’-
OH and the N3 of G47. All the figures of SAH riboswitch are depicted based on PDB 3NPQ.
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Figure 12 Common architectures and ligand recognition patterns of four SAM riboswitch
families. A, The schematic secondary structure scheme for SAM-I riboswitch family. SAM-I,
SAM-1V and SAM-I/IV share nearly identical binding pocket for SAM. All the nucleotides
involved in ligand recognition are colored in red. B, The schematic secondary structure scheme for
SAM-II riboswitch family, including SAM-II and SAM-V riboswitches. Residues involved in
ligand recognition are assigned, in which nucleotides that directly interact with SAM are colored
in red. C-D, The schematic secondary structure schemes for SAM-IIlI and SAM-VI riboswitch
families. Residues involved in ligand recognition are assigned, nucleotides that directly interact
with SAM are colored in red. Here the ligand-interacted residues in SAM-III riboswitch and the
equivalent residues in SAM-VI riboswitch are shown with light red shadow (hydrogen-bonding

interaction) and light blue shadow (electrostatic interaction).
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