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ABSTRACT

S-adenosylmethionine (SAM) is a central metabo-
lite since it is used as a methyl group donor in
many different biochemical reactions. Many bacte-
ria control intracellular SAM concentrations using
riboswitch-based mechanisms. A number of struc-
turally different riboswitch families specifically bind
to SAM and mainly regulate the transcription or the
translation of SAM-biosynthetic enzymes. In addi-
tion, a highly specific riboswitch class recognizes S-
adenosylhomocysteine (SAH)—the product of SAM-
dependent methyl group transfer reactions—and
regulates enzymes responsible for SAH hydrolysis.
High-resolution structures are available for many of
these riboswitch classes and illustrate how they dis-
criminate between the two structurally similar lig-
ands SAM and SAH. The so-called SAM/SAH ri-
boswitch class binds both ligands with similar affini-
ties and is structurally not yet characterized. Here,
we present a high-resolution nuclear magnetic res-
onance structure of a member of the SAM/SAH-
riboswitch class in complex with SAH. Ligand bind-
ing induces pseudoknot formation and sequestration
of the ribosome binding site. Thus, the SAM/SAH-
riboswitches are translational ‘OFF’-switches. Our
results establish a structural basis for the unusual
bispecificity of this riboswitch class. In conjunc-
tion with genomic data our structure suggests that
the SAM/SAH-riboswitches might be an evolution-
ary late invention and not a remnant of a primordial
RNA-world as suggested for other riboswitches.

INTRODUCTION

S-adenosylmethionine (SAM, Figure 1A, top) is a cen-
tral metabolite and a widely used co-substrate in many
different enzymatic reactions. SAM is produced enzymat-
ically from adenosine triphosphate (ATP) and methionine
by SAM-synthetase. In the reaction catalyzed by this en-
zyme, the sulfur atom of methionine attacks the C5 of
ATP and cleaves off its entire triphosphate chain while
forming a new carbon-sulfur bond. SAM contains a pos-
itively charged sulfonium center substituted by a methyl, an
aminocarboxypropyl and a 5'-deoxyadenosyl group. Each
of these three functional groups can now be transferred
from SAM to other substrates in SN, reactions (1). Most
common is the transfer of the methyl group to substrates
ranging from small molecules to protein sidechains, RNAs
and DNAs catalyzed by a myriad of specialized methyl-
transferase enzymes (2). In these reactions, SAM is con-
verted into the neutral compound S-adenosylhomocysteine
(SAH, Figure 1A, bottom). SAH is toxic for the cell and
rapidly broken down by SAH-nucleosidases into adenine
and S-ribosylhomocysteine (3,4) or by SAH-hydrolases
into homocysteine and adenosine (5,6). Less common is
the use of SAM as a cosubstrate in reactions transfer-
ring the aminocarboxypropyl group to another substrate.
Aminocarboxypropyl transfer reactions occur for instance
during post-transcriptional modifications of rRNAs and
tRNAs leaving 5'-deoxy-5-methylthioadenosine as the sec-
ond reaction product (7,8). Furthermore, in some metabolic
pathways SAM is modified prior to any transfer reactions
by SAM-decarboxylase (9,10). The aminopropyl group
of the decarboxy-SAM produced by this enzyme is then
used in the biosynthesis of spermine, spermidine and other
polyamines (11). The transfer of the 5'-deoxyadenosyl
group from SAM to a substrate is for instance observed in
enzymatic fluorination reactions (12,13).
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Figure 1. The SAM/SAH riboswitch and its ligands. (A) Chemical structures of SAM (top) and SAH (bottom). (B) Consensus sequence and secondary
structure of the SAM/SAH-binding riboswitches. The ribosomal binding site is highlighted in bold letters. (C) Secondary structure of the SAM/SAH-
binding riboswitch variant env9b and the P1 stem mutant env9bP1. The ribosomal binding site is highlighted in bold letters. The pseudoknot interactions
indicated by connecting lines in (B) and (C) conform to the structure determined in this work and differ slightly from the original prediction. (D) Imino
proton spectra of the envObP1 RNA in the absence (top) and the presence of an 1.5-fold excess of SAH (middle) and 2 mM magnesium acetate (bottom).

Resonance assignments in the SAH and Mg?* bound state are indicated.

Due to the central importance of SAM-dependent re-
actions in metabolism, intracellular SAM concentrations
and SAM biosynthesis are tightly regulated in all organ-
isms. Transcription regulation mechanisms using a SAM-
binding repressor protein (Met]J) are known for instance
in Escherichia coli (14). However, many other bacteria
use riboswitch-based transcriptional or translational con-
trol mechanisms to regulate SAM-biosynthesis (15,16). Ri-
boswitches are structured domains in the 5-UTRs of bac-
terial mRNAs that bind specifically to small molecules and
change their structure upon ligand binding. These struc-
tural changes usually modulate either the stability of tran-
scription termination signals or the accessibility of ribo-
some binding sites in these mRNAs. Depending on the
structural properties of each riboswitch ligand binding can
either activate (‘ON’-switch) or inhibit (‘OFF’-switch) tran-
scription or translation (17).

SAM-sensing riboswitches are not only widespread in
bacteria but also structurally highly diverse. Based on
difference in sequence, secondary and tertiary structure
they can be divided into three large superfamilies cover-
ing seven subclasses called SAM-I to SAM-VI and SAM-
1/1V (15,16,18,19). Many SAM-riboswitches act as ‘OFF’-
switches for the expression of SAM-synthetase. While they
differ in their tertiary structures and the architecture of
their SAM-binding pockets, a common feature is the ex-
tensive amount of interactions between the RNA and the
functional groups of the ligand SAM. The adenine moi-
ety of SAM is involved in intermolecular base pairing or
base-triplet interactions. The positively charged sulfonium
group interacts electrostatically with polar carbonyl or hy-
droxyl groups of the RNA. Furthermore, in the SAM-I
and SAM-II riboswitches, the carboxy and amino groups
of the methionine side chain of SAM form hydrogen bonds
to RNA nucleobases and/or the RNA backbone. Due to
this extensive set of interactions between the ligand and the
RNA, all SAM-riboswitches are highly specific for SAM.

In particular, these riboswitches discriminate strongly be-
tween SAM and SAH and bind SAM with a 100- to 1000-
fold higher affinity compared to SAH. Interestingly, there
is a specialized SAH-sensing riboswitch with the opposite
pattern of specificity (20). It binds SAH with an ~1000-
fold higher affinity compared to SAM and acts as an ‘ON’-
switch for the expression of SAH-hydrolase—an enzyme re-
sponsible for the breakdown of the toxic SAH. The high
specificity of these riboswitches and their ability to discrim-
inate strongly between SAM and SAH prevents unwanted
regulatory cross talk between those two structurally very
similar but functionally very different metabolites. This is
an important feature for the regulatory logic in the associ-
ated metabolic pathways.

Defying these considerations, members of a novel class
of riboswitches discovered in 2010 in the order Rhodobac-
terales of the a-proteobacteria bind SAM and SAH with
similar affinities (21). Accordingly, this class of riboswitches
was named the SAM/SAH-family of riboswitches. How-
ever, virtually all of its members were found in the 5'-UTRs
of SAM-synthetase (MetK) mRNAs and were proposed
to act as translational ‘OFF’-switches. While it is imme-
diately obvious, that translational repression of the SAM-
synthetase upon SAM-binding to this riboswitch is a reg-
ulatory useful response, it is less obvious why these ri-
boswitches should be able to bind to the breakdown prod-
uct of SAM—SAH-—and thereby shut off the expression of
SAM synthetase. Sequence comparisons suggested a pseu-
doknot secondary structure for this riboswitch (Figure 1B).
A 5'-hairpin loop structure contains a P1 stem with 5-9 bp
and a formally single stranded loop region with 14 nt. A to-
tal of 12 of the 14 nt in the loop region are strictly conserved.
The hairpin loop element is followed by a putatively single-
stranded linker element of 5-13 nt of variable sequence and
8 conserved nucleotides that include the ribosome binding
site. Some of these conserved nucleotides are complemen-
tary to nucleotides in the loop region of the 5'-hairpin al-
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lowing the formation of the P2 stem of a putative H-type
pseudoknot structure (Figure 1B). The three-dimensional
structure of this riboswitch and its ligand recognition mode
have not yet been determined.

Here, we present the high-resolution nuclear magnetic
resonance (NMR) solution structure of the SAM/SAH-
riboswitch bound to SAH. The structure rationalizes
why this riboswitch in contrast to the classical SAM ri-
boswitches binds SAM and SAH with similar affinity. We
also show that ligand binding promotes the formation of an
H-type pseudoknot structure that sequesters the ribosome-
binding site and thereby induces ligand-dependent trans-
lational repression. Ligand binding also supports addi-
tional base pairing interactions in the loop region and be-
tween the hairpin loop and conserved nucleotides in the
3'-single-stranded region. SAM and SAH are bound in an
intermolecular trans Hoogsteen/Watson—Crick (‘reversed
Hoogsteen’) base pairing interaction between the adeno-
syl moiety of the cofactor and a strictly conserved U nu-
cleotide of the riboswitch. Contacts between the sulfur atom
of the cofactor and the RNA are limited to only a sin-
gle polar interaction and therefore less extensive than in
the other SAM-binding riboswitch families. Only a single
electrostatic interaction is found between the amino group
of the aminocarboxypropyl side chain of the ligand and
the RNA. Overall, our structure and additional extensive
thermodynamic data obtained for mutant RNAs and lig-
and analogs suggest that the SAM/SAH-riboswitch repre-
sents a structurally minimalistic solution for SAM recogni-
tion. Taken together with the poor ability to discriminate
against SAH, its gene associations and its restricted occur-
rence in the Rhodobacterales suggest that the SAM/SAH
riboswitch evolved in organisms that already contained an
SAH-degrading enzyme or other mechanisms that keep
SAH concentrations low enough to prevent interference
with SAM-dependent riboswitch signaling.

MATERIALS AND METHODS
RNA preparation

RNAs were synthesized by in vitro transcription with T7
RNA polymerase and a linearized plasmid template DNA.
The in vitro transcription mix contained either unlabeled
(Sigma-Aldrich) or appropriately isotope-labeled nucleo-
side triphosphates (NTPs) (Silantes GmbH and Cambridge
Isotope Laboratories, Inc.). To obtain RNA with a homoge-
neous 3’-end, the primary RNA-transcript contained a hep-
atitis delta virus ribozyme fused to the 3’-end of the target
RNA. The processed RNA was purified as described (22).
The purified RNAs were folded by heating to 80°C for 10
min followed by a rapid 5-fold dilution with ice cold water.
The samples were exchanged into 25 mM potassium phos-
phate buffer (pH 6.2) containing 50 mM potassium chloride
in multiple cycles of concentration and dilution in buffer us-
ing centrifugation devices (VivaSpin 2, MWC 3 kDa). RNA
concentrations in the NMR samples ranged between 0.04
and 1.2 mM containing either 5-10% or 100% (v/v) D,O,
2 mM magnesium acetate and up to four equivalents of lig-
and.

For assignment and structure calculation experiments
samples containing unlabeled, uniformly ">N-, uniformly

3C,1>N-, uniformly 5-D; /ribose-3',4",5',5"-D4-labeled and
three different nucleotide-type selectively labeled samples
(BC,>N-A/C, BC,>N-G or 3C,’>’N-U) of the env9bP1
riboswitch (Figure 1C) in complex with either unlabeled
or >C,’N-labeled SAM or SAH were used. Further-
more, site and atom-specifically labeled samples (env9b:
ISN,-U12, ’N,-Ul16, "N,-U37, 3C-C8-A7/13C-C6-U12,
3C-C8-G10/13C-C6-U16, '3C-C8-A6/13C-C6-C15, 3C-
C6-C11/1B3C-C8-G17, 3C-C8-G9/13C-C6-Cl14; env9bP1:
3C-C6-U13/13C-C6-C19, 3C-C6-C8/13C-C8-A18, 3C-
C8-A35/13C-C6-U36, 3C-C2,C8-A35/13C-C6-U37, BC-
C6-U34/13C-C2,C8-A35) were chemically synthesized (23—
25). Pde-1-1 RNA was purchased commercially (Thermo
Scientific) and deprotected according to the manufacturer’s
instructions.

Unlabeled SAM, SAH, adenosine, S-(5'-adenosyl)-
3-thiopropylamine (decarboxy-SAH, Sigma-Aldrich),
5'-deoxy-5-methylthioadenosine (Sigma-Aldrich) and S-
(5’-adenosyl)-3-methylthiopropylamine (decarboxy-SAM,
TRC, Canada) were purchased commercially and dissolved
in water or NMR buffer, respectively.

Synthesis and purification of 13C,'>N-labeled SAM and SAH

13C, 5 N-labeled SAM was enzymatically synthesized as de-
scribed earlier (26) starting from 3C,'>N-labeled methion-
ine and '3C,"N-labeled ATP and purified using cation ex-
change chromatography.

BC,>N-labeled SAM was then incubated with the
methyltransferase PAMTH1 from Pseudospora anserina and
its substrate myricetin yielding '*C,'>N-labeled SAH (27)
which was further purified using RP-HPLC. Product pu-
rity was confirmed by NMR and thin-layer chromatogra-
phy using ethanol/H,O/acetic acid (65/34/1) as running
buffer. The synthesis pathway for SAM and SAH is shown
in Supplementary Figure S1.

NMR spectroscopy

All NMR experiments were carried out using Bruker
AVANCE 600, 700, 800, 900 and 950 MHz spectrometers
equipped with cryogenic triple resonance HCN- or HCP-
probes and z-axis gradients. NMR experiments for reso-
nance assignments have been described in detail before (28).
NMR spectra were recorded at 5°C, 10°C and 20°C in 5-
10% (v/v) D,O for the detection of exchangeable protons
and at 20°C in 100% D,O for the non-exchangeable pro-
tons.

The data were processed using TOPSPIN 3.2 or 3.5
(Bruker BioSpin, Germany) and analyzed using CARA
(29). Proton chemical shifts were referenced directly to
4,4-dimethyl-4-silapentane-1-sulfonic acid. Carbon, nitro-
gen and phosphorous chemical shifts were referenced indi-
rectly (30).

Input restraints for structure calculations

All intra-, as well as intermolecular 'H,'H distance re-
straints were obtained from NOE intensities of 2D 'H,'H-
NOESY, 2D PN-CPMG-NOESY (31,32) and 2D or 3D
'H,3C-NOESY-HSQC (optimized for either aromatic or



aliphatic CH moieties) experiments. Experiments optimized
for aromatic CH moieties were carried out in 5-10% (v/v)
D,O, while those optimized for aliphatic CH moieties where
recorded in 100% (v/v) D,0. All NOESY experiments
were performed with a mixing time of 120 ms. Hydrogen
bonds between imino or amino hydrogen groups as donors
and nitrogen acceptors were identified experimentally us-
ing HNN-COSY, amino HNN-COSY, long-range HNN-
COSY and sell-HNN-COSY experiments using appropri-
ately labeled samples (33-37).

For the determination of the ribose sugar pucker, a
TOCSY experiment with a mixing time of 20 ms was
recorded on a uniformly 5-Dy /ribose-3",4",5,5"-Dy-labeled
sample in 100% (v/v) D,O. Nucleotides that showed a sig-
nificant HI’-H2" TOCSY cross peaks were restraint to a
C2'-endo conformation.

Structure calculation

All extracted NOE cross-peak intensities were referenced to
the averaged intranucleotide H5/H6 NOESs in pyrimidine
residues (2.4 A). For spectra without H5/H6 NOE cross
peaks, referencing was performed by matching the peak in-
tensities to the corresponding intensities of identical NOEs
in reference spectra. 1.9 A were added to all upper limit dis-
tance restraints. They were classified in three distinct groups
corresponding to weak, intermediate and strong NOEs. The
geometry of canonical base pairs identified in the HNN-
COSY experiments was constrained by introducing four up-
per and four lower distance restraints for A:U and G:U
base pairs as well as for the U16:SAH intermolecular base
pair and six upper and six lower distance restraints for G-C
base pairs. All additional experimentally detected hydrogen
bonds were introduced using two upper and two lower dis-
tance restraints. For residues in canonical base pairs (nu-
cleotides 1-5 and 20-24 in P1 as well as 10-14 and 3842
in the pseudoknot) the backbone torsion angles «, B, 7y, 9,
€ and { were set to standard A-form helical values (£20°).
The ribose conformation of nucleotides 2-4 and 21-23 in
P1 and 11-12 and 40-41 in P2 was constrained to C3'-endo.
Residues G9, A18 and U12 were constrained to a C2'-endo
ribose conformation. The ribose conformations of the flex-
ible linker residues as well as U13 and U37 were left uncon-
strained. The glycosidic torsion angle x for the bases in the
A-form helical parts was set to restrict the nucleobases in
an anti-conformation as was the torsion angle x for A6 due
to the characteristic NOE pattern in this region.

The structures were calculated using CYANA version
3.97. PyMol (DeLano Scientific LLC, Schrodinger Inc.) or
MOLMOL (38) was used for structure visualization.

Isothermal titration calorimetry (ITC)

All isothermal titration calorimetry (ITC) measurements
were performed using a MicroCal iTCy instrument
(Malvern Pananalytical, UK) at 25°C. Samples of unlabeled
RNAs and all ligands were prepared in 25 mM potassium
phosphate buffer (pH 6.2) containing 50 mM potassium
chloride and 2 mM magnesium actetate. The ligand (400—
4000 wM) was injected into a solution of 40—100 uM RNA.
After an initial delay of 120 s, the first injection of 0.2 wl
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was followed by 19 serial injections of 2 w1, separated by in-
tervals of 180 s using a reference power of 11 pcal™! and
a stirring speed of 750 rpm with high feedback mode. The
titration of the ligand into the buffer solution resulted in
negligible evolution of heat. Three independent titrations
for env9b-derived RNAs and two independent titrations for
Pde-1-1 or SK209-52 RNAs were performed for each ligand
and the reported Kp values are the average from these titra-
tions. The thermograms were processed using Origin 7.0
(OriginLab) assuming a one-site binding model. The first
injection was excluded from the analysis. An overview of all
binding parameters derived from the ITC measurements is
given in Supplementary Table S1.

Bioinformatics

Additional SAM/SAH riboswitches were found using In-
fernal version 1.1 (39) to search the RefSeq nucleotide
database version 72 (40) and environmental sequences es-
sentially as previously described (39). We analyzed the
occurrence of enzymes in different species using KEGG
(41), using nine completely sequenced organisms with
SAM/SAH riboswitches that are also annotated by KEGG
(see Supplementary Table S2). We did not consider organ-
isms with incomplete genomes (i.e. whose RefSeq acces-
sions did not start with ‘NC’), since apparently absent genes
could be located in the missing parts of the genome.

RESULTS AND DISCUSSION
NMR-spectroscopy of the SAM/SAH-riboswitch

In order to find SAM/SAH riboswitch candidates suitable
for high-resolution structure determination we screened se-
quences from different organisms in NMR-based titration
experiments with SAM and/or SAH at different tempera-
tures and Mg?" concentrations. Changes in imino proton
1D "H-NMR spectra upon ligand addition as well as signal
dispersion and signal line widths served as selection criteria.
The spectra of two 43-nt RNA variants (env9b, env9bP1,
Figure 1C) derived from a metagenomic sequence in an
environmental sample called env9 (21) showed large spec-
tral changes as well as well-dispersed imino proton signals
with narrow line widths upon SAH addition (Figure 1D
and Supplementary Figure S2). Spectral quality increased
even further upon addition of Mg”" (Figure 1D). Thus, this
RNA is capable of binding SAH already in the absence of
Mg?*. The imino proton spectrum of the free RNA showed
only a small number of broadened signals suggesting that
in the absence of the ligand the RNA is only partially struc-
tured and interconverting between different conformations
(Figure 1D). This is in agreement with the previous pro-
posal (21) that the ligand-free state of this riboswitch cor-
responds to the ‘ON’-state where the ribosome-binding site
is accessible to the ribosome for ligand binding. Addition
of SAM Ilead to spectral changes in the RNA imino pro-
ton 1D-'H spectra very similar to those observed upon
SAH binding. Thus, this riboswitch binds indeed to both
ligands. Furthermore, SAM and SAH induce the folding
of this RNA into very similar structures. This was veri-
fied by the comparison of the '"N-HSQC-spectra of both
complexes (Figure 2A). ITC showed that the env9bP1 ri-
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Figure 2. The env9 SAM/SAH-riboswitch binds SAM and SAH with a
similar binding mode and with similar affinities. (A) Overlay of the N-
HSQC spectra of the imino region of uniformly >N-labeled env9bP1 RNA
in complex with SAH (black) and SAM (red) recorded at 20°C in the pres-
ence of 2 mM magnesium acetate. NMR signal assignments are indicated.
(B) Representative ITC thermograms for the env9bP1 riboswitch titrated
with SAH (left) or SAM (right) in the presence of 2 mM magnesium ac-
etate. The resulting Kp values are indicated.

boswitch bound SAM (Kp = 1.5 wM) with a slightly higher
affinity than SAH (Kp = 3.7 p.M) in the presence of 2 mM
MgCl, (Figure 2B). In the absence of Mg”* the affinity of
the RNA for both ligands is significantly diminished (Sup-
plementary Figure S2). Despite its slightly lower affinity,
we chose to determine the NMR-solution structure of the
SAH-RNA complex in the presence of 2 mM magnesium
acetate since NMR-experiments for the collection of struc-
tural constraints can require multiple days of measurement
time and SAM is unstable at room temperature on this time
scale. For NMR-signal assignment purposes and to mini-
mize NMR-signal overlap we used both the env9b and the
env9bP1 variant of the riboswitch. Since the slight sequence
difference in the P1 stem region (Figure 1C) had no con-
sequences for ligand binding and RNA tertiary structure
(Figure 2 and Supplementary Figure S2), spectra recorded
for both constructs could be used to derive structural con-
straints (Supplementary Table S1).

Table 1. Structural statistics for the SAM/SAH-binding riboswitch in
complex with SAH (PDB entry: 6HAG)

NMR restraints

Total distance restraints 743
RNA
Intra-residue 234
Sequential 184
Long-range 166
Hydrogen-bond 76
RNA-SAH
NOE 79
Hydrogen-bond 4
Total dihedral restraints 168
Ribose pucker 57
Backbone 111

Structural statistics .
Heavy atom RMSD to mean structure (A)
(U2-U12, C14-G23, A35-U36, G38-C42, SAH)

0.58 £0.15

Importantly, the quality of the fingerprint "N-HSQC
NMR-spectrum for the SAH-RNA complex was simi-
lar to that recorded for the SAM-RNA complex (Fig-
ure 2A). Due to significant structural deviations from A-
form double-helical RNA, NMR signal assignments had to
rely heavily on through-bond magnetization transfer exper-
iments for the identification of base spin systems (42-46)
and for connecting base and sugar spin systems (47,48) as
well as on the use of a multitude of chemically synthesized
site-specifically labeled RNAs (23,25) as described in de-
tail previously (28). In order to collect a large number of
NOE-based distance restraints as input for NMR-structure
calculations we used base-type selectively labeled samples
as well as a sample prepared from partially deuterated nu-
cleotides (5-Dy /ribose-3',4',5",5”-Dy-labeled (49)). Further-
more, we employed variants of the HNN-COSY experi-
ments optimized for different types of hydrogen bond donor
and acceptor groups on both uniformly and base-type selec-
tively '’ N-labeled samples in order to delineate the hydro-
gen bond network in the RNA-SAH complex (36,37). The
final NMR-structure was calculated from 663 NOE-based
distance restraints, 168 torsion angle restraints and 80 hy-
drogen bond restraints. The overall heavy atom RMSD for
the 10 structures with the lowest CYANA-target function is
0.58 + 0.15 A when including all structurally well-defined
nucleotides (Table 1).

Overall structure of the SAM/SAH-riboswitch in the ligand
bound state

The structure of the SAM /SAH-riboswitch bound to SAH
is shown in Figure 3A. As predicted from sequence com-
parisons, the RNA in the complex forms an H-type pseu-
doknot with the P2 stem consisting of base pairs between
nucleotides of the apical loop of the 5 hairpin and nu-
cleotides stemming from the conserved region in the 3'-
single stranded region (Figures 1C, 3A and B). However,
the base pairing interactions in P2 differ from the earlier
prediction (21). The previously proposed secondary struc-
ture model predicted a continuous P2 helix consisting of nu-
cleotides C11 to C14 (env9b numbering) in the 5'-hairpin
loop and nucleotides 38 and 41 from the 3'-single stranded
region. In our structure, we observe base pairing between
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C8:G17:U36 in green, the base triplet of A6:A18:A35 in light blue and A6 and C19 in orange. (B) Average structure of the riboswitch/SAH complex
with the same coloring as used in (A). (C) Surface representation of the riboswitch RNA and SAH in stick representation with the same coloring as in
(A). (D) Structure diagram of the complex structure using the Leontis-Westhof notation. (E) {'H},'3C hetNOE values for the aliphatic HI’/C1’- (solid
black lines) and aromatic H8/C8- and H6/C6- (dashed gray lines) moieties along the sequence of the riboswitch in the SAH-bound state. The average
hetNOE-values of the helical residues for aliphatic H1’/C1’ aromatic H6/C6 and H8/C8 groups are marked by a solid and a dashed red line, respectively.
The different structural regions of the riboswitch are indicated by different background colors. (F) Imino proton spectra of the mutant with a truncated
linker env9bA28-33 in the ligand-free state (top) and in the presence of 3-fold excess of SAH and 7.5 mM magnesium acetate (bottom) at 10°C.

nucleotides G10, C11, U12, C14 and C15 from the hairpin
loop and the G38-G39-A40-G41-C42 sequence of the 3'-
single stranded region (Figures 1C and 3D). All nucleotides
involved in pseudoknot-helix base pairing are strongly con-
served (Figure 1B). Nucleotide U13 is looped-out from the
pseudoknot helix and is not conserved (Figure 1B). It is
conformationally flexible as seen from elevated {'H},!*C-
hetNOEs for its H6/C6, H§/C8 and H1"/C1” moieties (Fig-
ure 3E) and induces a slight kink in the P2 helix (Figure 3A
and C). Replacement of this nucleotide with A or C pre-
served the ligand binding capabilities of the RNA while its
deletion lead to a complete loss of ligand binding (Sup-
plementary Figure S3). Compared to the previously pre-
dicted secondary structure the P1 helix of the RNA is ex-
tended by two non-Watson—Crick base pairs—A6:C19 and
AT7:A18—and a Watson—Crick base pair between C8 and
G17 (Figure 3). G9 formally corresponds to loop 1 (L1)
of the pseudoknot and spans the major groove of the en-
tire pseudoknot P2 helix (Figure 3). U16 on the other side
of the hairpin loop represents loop 2 (L2) of the pseudo-
knot. It is not base paired with an RNA-nucleotide but in-
stead binds the adenosyl moiety of SAH (see below). For-
mally, loop 3 (L3) of the pseudoknot consists of nucleotides
25-37 and crosses the minor groove of the P1 stem (Figure
3). {'H},"*C-hetNOE-measurements (Figure 3E) show that
nucleotides 2634 of L3 are highly flexible and not involved

in stabilizing interactions with the remainder of the RNA-
structure. An RNA with a significantly shortened linker
(env9bA28-33) where nucleotides 28-33 were deleted is still
able to bind the ligand (Supplementary Figure S4) and folds
into a wild-type (WT)-like structure demonstrating that
these nucleotides are not important for the overall struc-
ture (Figure 3F). Nucleotide 35 of the linker is strictly con-
served as an A and is conformationally rigid (Figure 3E). It
stabilizes the non-canonical P1 base pair A7:A18 by form-
ing a minor groove base triple (see below). Nucleotide U36
stabilizes the closing base pair of the P1 stem C8:G17 by
forming another minor groove base triple (see below). Nu-
cleotide U37 is flexible according to the { ' H},'3C-HetNOE-
data (Figure 3E) and does not interact with other parts of
the RNA. It serves as a spacer for creating the SAM-binding
pocket. Overall, the structure of the SAM/SAH riboswitch
in complex with its ligand is significantly less compact com-
pared to the structures of other riboswitches adopting sim-
ilar H-type pseudoknot structures upon ligand binding. In
the SAM-II riboswitch, the tertiary interactions between
linker nucleotides in L1 (7 nt) and L3 (11 nt) and the re-
mainder of the RNA are much more pronounced (50). Nu-
cleotides in L1 are an integral part of the ligand binding
site whereas almost all nucleotides in L3 form stabilizing
tertiary interactions with the major groove of the P1 stem.
Only one nucleotide in L1 and three nucleotides in L3 are
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flexible in this structure. Similarly, in the H-type pseudo-
knot structure adopted by the preQ1 riboswitch, all nu-
cleotides of L1 (2 nt) and L3 (6nt) are involved in tertiary
interactions (51).

Ligand recognition and the ligand binding site

The ligand binding site of the SAM/SAH riboswitch is
sandwiched between the C8:G17 closing base pair of the
P1 stem and the C15:G38 closing base pair of the pseudo-
knot P2 stem (Figure 3). The adenosyl moiety of the lig-
and forms an intermolecular base pair with the strictly con-
served U16 nucleotide of the riboswitch. An HNN-COSY-
spectrum recorded for a selectively '’N-U-labeled RNA
bound to '*C!*N-labeled SAH showed directly that the U16
imino group is hydrogen bonded to the N7 of the ligand
(Figure 4A) and together with intermolecular NOEs estab-
lished a trans Hoogsteen/Watson—Crick (‘reversed Hoog-
steen’) geometry for the SAH:U16 intermolecular base pair
(Figure 4B). A U16A mutant of the riboswitch is not capa-
ble of binding SAH anymore (Supplementary Figure S5).
Unambiguous NMR resonance assignments of the U16
spin system were further supported by the use of a chem-
ically synthesized U16 N3-"N and a U16 C6-*C selec-
tively labeled sample (Supplementary Figure S5). A trans
Hoogsteen/Watson—Crick base pairing interaction between
the adenosyl moiety of the ligand and an U residue of the
riboswitch structurally similar to the one observed here is
also found in the SAM-II riboswitch (50). However, in this
case the U residue binding the ligand base moiety is fur-
ther stabilized by additional hydrogen bonding interactions
with another U residue of the riboswitch. In contrast, in
the SAM-I riboswitch the adenine base of SAM forms a
cis Hoogsteen/Watson—Crick base pair with an U of the ri-
boswitch (16).

The formation of an intermolecular base pair between
U16 and SAH establishes continuous stacking between the
P1 and the P2 stems of the pseudoknot (see Figure 3). The
adenosyl moiety of SAH stacks with the bases of G38 from
the C15:G38 base pair closing P2 on one site and of G17
from the C8:G17 closing base pair of P1 on the other side
(Figure 3). The sulfur atom from SAH is in an appropriate
distance (3.11 £ 0.03 A) and orientation to form a chalco-
gen bond (52) with the O6 carbonyl oxygen of G38 (Fig-
ure 4C). Notably, in a SAM-bound complex the sulfur atom
would carry an additional positive charge strengthening this
interaction due to the negative partial charge of G38 O6.
The ribose hydroxyl groups of SAH also interact with the
RNA. The 2’-OH group of the ligand is in hydrogen bond-
ing distance to the 5'-phosphate group of G38 (average O-O
distance for 10 best structures 3.1 £ 0.4 A) (Figure 4C). The
3’-OH group of SAH is in hydrogen bonding distance to the
O4' of the ribose ring in G9 as well as to the 2’-OH-group
of C8 in P1 (30j:02Aand32101A)

The C8:G17 base pair at the lower base of the ligand
binding site is further stabilized through the formation of
a minor groove base triple with U36 from L1 (Figure 4D).
The U36 C2 carbonyl group is a hydrogen bond acceptor
for the G17 amino group (Figure 4D). The 2’-OH group of
U36 acts as a hydrogen bond acceptor for the amino group
of SAH (Figure 4E). A U36C mutant RNA that keeps these
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Figure 4. The SAH binding site. (A) HNN-COSY experiment on a ’N-
U-labeled RNA in complex with '*C!*N-labeled SAH showing a correla-
tion between the U16 imino group and the N7 nitrogen of SAH. (B) SAH
recognition in a ‘reversed Hoogsteen’ (frans Hoogsteen/Watson—Crick)
base pair between SAH and U16 in a bundle representation. Hydrogen
bonds are indicated by dashed lines. (C) Interactions between the sulfur
atom and the ribose moiety of SAH with the C15:G38 base pair form-
ing the ‘roof” of the SAH-binding site. Dashed gray lines indicate hydro-
gen bonds and a dashed red line indicates the putative chalcogen bond
between U16 and SAH. (D) The C8:G17:U36 minor groove base triplet
(carbon atoms in green) forming the floor of the SAH binding pocket in
a bundle representation. (E) Stacking interactions between the U16:SAH
intermolecular base pair (carbon atoms in magenta) and the C8:G17:U36
(carbon atoms in green) minor groove base triplet. Hydrogen bonds are in-
dicated by dashed lines. A black arrow points toward the O4’ oxygen of the
SAH ribose group located atop the base of C8 in an orientation suitable
for a lone pair—m interaction.



hydrogen bonding interactions intact binds SAM and SAH
with the same affinity as the WT (Supplementary Figure
S6 and Table S1). Furthermore, the base of C8 is packed
against the ribose moiety of SAH (Figure 4E). The SAH ri-
bose O4’ oxygen is in an orientation suitable for a lone pair—
T interaction with the C8 base (3.34 + 0.08 A) (53,54). At
last, the positively charged amino group of the aminocar-
boxypropyl group of SAH is in a distance range (4.2 £
0.1 A) for an electrostatic interaction with O4 of U16 (Fig-
ure 4E).

A major groove base triple between L1 and helix P2 of the
pseudoknot

In the immediate vicinity of the binding pocket, the struc-
ture of the SAH:RNA complex is stabilized by additional
tertiary interactions (Figure 5A). Directly above the ‘roof’
of the SAH binding pocket formed by C15:G38, the closing
base pair of P2, there is a major groove base triple consist-
ing of the C14:G39 Watson—Crick base pair and G9, which
formally represents L1 of the pseudoknot (Figure 5B). The
amino group of G9 is hydrogen bonded to the N7 of G39
and the G9 imino group is hydrogen bonded to the O6 of
G39 establishing a cis Watson—Crick/Hoogsteen base pair-
ing interaction between G9 and G39. In addition, the G9
06 serves as a hydrogen bond acceptor for the C14 amino
group (Figure 5SB). The geometry of this base triple was es-
tablished based on a large number of NOE contacts involv-
ing the G9 imino group (Figure 5C). Its proton chemical
shift of 10.8 ppm is in agreement with an oxygen contain-
ing group as a hydrogen bond acceptor. An RNA with a
G39C/C14G mutation that should be able to form a stable
P2 Watson—Crick base pair but no hydrogen bonds with G9
is not capable of ligand binding (Figure 5D).

Stabilizing tertiary interactions between residues of L3 and
the extended P1 helix

Below the ‘floor’ of the SAH-binding pocket, which consists
of the minor groove base triple C8:G17:U36 (see above),
lies another base triple (Figure 6A). It involves base pair-
ing between A7 and A18 as well as between A7 and A35.
A7 and A18 are part of the extended stem P1 whereas A35
stems from the L3 loop. A7 and A18 interact with each
other in a trans Hoogsteen/Sugar-edge base pairing inter-
action stabilized via a single hydrogen bond between the
A7 amino group and the N3 nitrogen of A18 (Figure 6B).
Two hydrogen bonds are present between the amino groups
of A7 and A35 and their respective N1 nitrogen atoms es-
tablishing a trans Watson—Crick/Watson-Crick base pair
(Figure 6B). The geometry of this base triplet is supported
by a dense network of NOE-constraints (Figure 6C). The
trans Hoogsteen/Sugar-edge base pair A7:A18 is isosteric
to the classical ‘sheared’ G:A base pair (a trans Sugar-
edge/Hoogsteen G:A base pair in the Westhof-Leontis
nomenclature, Figure 6D). Interestingly, the consensus se-
quence of the SAM/SAH-riboswitch shows that position
18 can be either A or G whereas in position 7 A is strictly
conserved (Figure 1B). A ‘sheared” A7:G18 in this position
would be stabilized by two hydrogen bonds—one between
the A N6 amino group and the G N3 nitrogen and the other
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between the G N2 amino group and the A N7 nitrogen (Fig-
ure 6D). In line with this idea, an RNA containing an A18G
mutation not only bound SAM and SAH with a structure
very similar to the WT (Figure 6D) but its affinity for both
SAM and SAH was increased compared to the WT (Fig-
ure 6E). The ’N-HSQC spectrum of this mutant reveals an
additional G imino group signal with a chemical shift of
9.3 ppm (Figure 6D) which is in line with the presence of
a ‘sheared’ A:G base pair where the G imino group has no
direct hydrogen bond acceptor (55).

Right underneath this base triple A6 and C19 form a
base pair with a very unusual geometry (Figure 7A). Here,
the amino group of C19 is involved in two hydrogen bonds
with the N3 nitrogen and the 2’-OH group of A6 as ac-
ceptors (Figure 7B). The peculiar geometry of this base
pair is supported by a cross-hydrogen bond scalar cou-
pling between the C19 amino group resonances and the A6
N3 nitrogen observed in an amino group optimized HNN-
COSY experiment (Figure 7C). Furthermore, a very strong
NOE cross peak between the HS resonance of C15 and
the H2 resonance of A6 unequivocally confirms the con-
formation of this base pair (Figure 7D). Additional NMR
data illustrating the signal assignment process for the A6
and CI19 spin systems as well as additional evidence for
the A6:C19 base pairing interaction are shown in the Sup-
plementary material (Supplementary Figure S7). Both A6
and C19 are strictly conserved in the consensus sequence
of the SAM/SAH riboswitches suggesting an important
functional role of this unique A:C mismatch. However, the
A6:C19 base pair is not directly involved in ligand binding
or additional tertiary interactions (Figure 3). We tested the
functional importance of its unusual geometry by replac-
ing A6 with G thereby enforcing the formation of a nor-
mal stable G6:C19 Watson—Crick base pair at this position.
The mutant RNA binds SAM with a significantly reduced
affinity as reflected by the 27-fold higher Kp compared to
the WT (Figure 7E). Apparently, one important structural
consequence of the presence of the adjacent A6:C19 and
A7:A18 base pairs in the extension of the P1 stem is a signif-
icant deviation from the typical A-form helical intrastrand
base stacking interactions. In particular, the P1 helix is
strongly underwound at the A6/A7 helical step. This depar-
ture from standard A-form geometry, however, enables the
placement of C8 at the floor of the ligand binding pocket.

Binding of SAM/SAH analogs to the riboswitch

Overall, our structure of the SAM/SAH riboswitch RNA
bound to SAH establishes a mode of ligand recognition,
which relies on a more limited number of riboswitch—
ligand interactions compared to the highly specific SAM
riboswitches, and explains why both SAM and SAH bind
with rather similar affinities. To gain further insights into
ligand recognition and the importance of different func-
tional groups in the ligand we tested different ligand analogs
for binding. To assess the contribution of the aminocar-
boxypropyl side chain of SAH to riboswitch binding, we
measured the affinity of 5'-deoxy-5'-methylthioadenosine
(Supplementary Figure S8 and Table S1). 5-deoxy-5'-
methylthioadenosine bound the riboswitch with a 6-fold re-
duced affinity compared to SAH in line with the loss of
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Figure 5. Additional tertiary interactions in the vicinity of the ligand binding pocket. (A) Tertiary structure elements surrounding the intermolecular
U16:SAH base pair (magenta). The Watson—Crick base pair C15:G38 at the base of stem P2 is shown in white and the base triplet C8:G17:U36 closing
P1 is shown in green. Directly underneath this base triplet is the A7:A18:A35 base triplet (light blue) and the A6:C29 base pair (orange). A major groove
base triplet G9:C14:G39 (dark blue) is located directly above the P2 closing base pair C15:G38 (white). (B) The G9:C14:G39 base triplet (dark blue) in a
bundle representation. (C) Strip from the 'H,'"H-NOESY at the HI G9 resonance showing NOE contacts to neighboring nucleotides. (D) Imino proton
spectra of the mutant envObP1C14G/G39C without (top) and with 1.5-fold excess of SAH and 2 mM magnesium acetate (bottom). In the mutant with
the inverted G:C base pairing orientation the base triplet with G9 cannot form and ligand binding is abrogated.

the electrostatic interaction of the aminocarboxypropyl side
chain amino group with U16 O4. Adenosine, where the sul-
fur atom at the 5-position involved in a chalcogen bond
with O6 of G38 is replaced by oxygen, has a 4-fold weaker
affinity compared to 5'-deoxy-5-methylthioadenosine and
a 22 times weaker affinity compared to SAH. Importantly,
adenosine monophosphate (AMP), which is abundant in
the cell, does not bind the riboswitch (Supplementary Fig-
ure S8 and Table S1). Surprisingly, the analogs of SAH and
SAM that only lack the carboxyl group in the amino acid
side chain—decarboxy-SAH and decarboxy-SAM—bind
with better affinity compared to SAH and SAM, respec-
tively (Supplementary Figure S8 and Table S1). This is par-
ticularly pronounced for decarboxy-SAM with a Kp of 0.06
wM for the env9b riboswitch. This Kp is 25-fold lower
compared to the Kp for SAM. In contrast, other SAM ri-
boswitches strongly prefer binding to SAM over decarboxy-
SAM binding (56,57). Structurally, the preference of the
SAM/SAH riboswitch for the decarboxy-analogs of SAH
and SAM can be easily rationalized. In the structure of
the SAH-RNA complex, the carboxy group of the ligand
points into the direction of the negatively charged phos-
phate backbone, which is energetically unfavorable. The 1D
imino proton spectrum of the RNA bound to decarboxy-
SAM resembles that of the SAH- and SAM-bound RNA
demonstrating that the overall structure of the complexes is
highly similar (Supplementary Figure S8). In order to in-
vestigate if this preference for decarboxy-SAM over SAM
and SAH is a more general feature of the SAM/SAH-
riboswitches we measured the affinities for the three lig-
ands for SAM /SAH-riboswitches from Paracoccus denitri-
ficans (Pde-1-1) and Roseobacter sp. SK209-2-6 (SK209-52-
1) (21). The secondary structures for these two SAM/SAH

riboswitch variants are shown in Supplementary Figure S9.
Both riboswitches bound to the three ligands with the same
order of affinities as the env9b riboswitch demonstrating
that the preference for decarboxy-SAM over SAM is maybe
a general feature of the SAM/SAH-riboswitches (Supple-
mentary Figure S9). However, their affinity for decarboxy-
SAM is only ~3-fold (Pde-1-1) or ~2-fold higher (SK209-
52-1T) than their affinity for SAM and not 25-fold higher as
in the env9b riboswitch (Supplementary Table S1).

The biologically relevant ligand of the SAM/SAH-
riboswitch

Interestingly, decarboxy-SAM 1is a naturally occurring
metabolite in bacterial cells used in the biosynthesis of
spermine, spermidine and other polyamines. A general as-
sumption in the riboswitch field is that the cognate lig-
and of the riboswitch has the highest affinity for the
RNA. Accordingly, the higher affinity of decarboxy-SAM
compared to SAM for the riboswitch would suggest that
decarboxy-SAM is the ‘real’ ligand of the SAM/SAH-
riboswitch and not SAM or SAH. A natural target gene for
regulation by a decarboxy-SAM-binding ‘OFF’-riboswitch
would be SAM-decarboxylase. Thus, we conducted an ex-
tended bioinformatics search for additional occurrences
of the SAM/SAH-riboswitch that might also reveal novel
gene associations. While we found 552 novel sequences
for this riboswitch compared to version 14.0 of the Rfam
database (58), they were almost exclusively associated with
the SAM-synthetase gene metK and never with SAM-
decarboxylase (E.C. 4.1.1.50). Six of nine of the organisms
with fully sequenced genomes containing the SAM/SAH
riboswitches (Supplementary Table S2) do not even con-
tain genes for SAM-decarboxylase and might therefore not
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Figure 6. The adenine base triplet A7:A18:A35. (A) Structure diagram of
the complex structure using the Leontis—Westhof notation. The base triplet
AT:A18:A35 is colored in light blue. (B) The A7:A18:A35 base triplet in
a bundle representation. (C) Strip from the 'H,'H-NOESY-spectrum at
the H2/H8 A35 resonances showing diagnostic NOE contacts between
the A35 base protons and neighboring nucleotides. Signal assignments are
indicated. (D) Overlay of the '"N-HSQC spectra of the imino region of
uniformly 1’ N-labeled env9b RNA (black) and env9bA 18G (light blue) in
complex with SAH recorded at 20°C. The inset shows the geometry of the
base triplet upon A18 replacement with G. (E) Representative ITC ther-
mograms for env9bA18G titrated with SAH (left) or SAM (right). The
resulting Kp values are indicated.
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Figure 7. The non-canonical A6:C19 base pair. (A) Structure diagram
of the complex structure using the Leontis—Westhof notation. The non-
canonical base pair A6:C19 is colored in orange. (B) The A6:C19 base pair
in a bundle representation. (C) HNN-COSY experiment for the identifica-
tion of the hydrogen bond between the N4 amino group of C19 and the N3
nitrogen of A6. In this experiment the amino group protons of C19 simul-
taneously show cross peaks to the N3 nitrogen of C19 due to the intranu-
cleotide through-bond ZJN4(C)N3(C) scalar coupling as well as to the A6
N3 nitrogen due to the internucleotide cross-hydrogen-bond ZhJN4(C)N3( A)
scalar coupling. (D) Strips from the 'H,'*C-NOESY-HSQC at the H2 A6
and H5 C19 resonance frequencies showing the strong NOEs between the
HS proton of C19 and the H2 proton of A6 supporting the unusual ge-
ometry of this A:C base pair. (E) Representative ITC thermogram for the
titration of the env9bP1A6G riboswitch mutant with SAM. In this mutant
a Watson—Crick G6:C19 base pair would replace the A:C base pair of the
WT. The resulting Kp value is indicated.

even produce decarboxy-SAM. Overall, this argues against
a role of decarboxy-SAM as the native cognate ligand for
the SAM/SAH-riboswitch. Thus, the enhanced affinity for
decarboxy-SAM compared to SAM and SAH might just
be a side effect of the low level of structural complexity
in the ligand binding site of the SAM/SAH riboswitch
and the lack of ‘sophistication’ in the ligand recognition
mode compared to the SAM-specific riboswitches. A sim-
ilar argument can be made with regard to the question if
SAM or SAH is the biologically relevant ligand for the
SAM/SAH riboswitch. Our structure of the SAM/SAH ri-
boswitch shows that there are fewer recognition elements
that are able to distinguish a positively charged sulfonium
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group in SAM from a neutral sulfur atom in SAH compared
to the SAM-specific riboswitches. Furthermore, our struc-
ture clearly demonstrates that the SAM/SAH riboswitch is
a translational ‘OFF’ switch since ligand binding helps to
sequester the ribosome binding site. The dominating gene
association for the SAM/SAH riboswitch is the SAM syn-
thase gene metK. However, a shutdown in SAM-synthase
expression induced by high concentrations of SAH signal-
ing conditions where SAM consumption is apparently high
seems to defy the logic of metabolic regulation. On the
other hand, of the nine genome sequences from organisms
with a SAM/SAH riboswitch that were practical to analyze
(see ‘Materials and Methods’ section) only one apparently
has no easily recognizable gene encoding an SAH hydro-
lase (Supplementary Table S2). Moreover, this organism,
Ketogulonicigenium vulgare WSH-001, is closely related to
K. vulgare Y25, which has a SAM/SAH-riboswitch as well
as a SAH hydrolase. This situation suggests the possibility
of a recent loss of SAH hydrolase in K. vulgare WSH-001.
Thus, one might assume that in almost all organisms carry-
ing the SAM/SAH riboswitch, the intracellular SAM lev-
els are significantly higher than the SAH concentrations.
Therefore, we tend to favor a scenario where SAM is the
cognate, biologically important ligand for the SAM/SAH
riboswitch. Its reduced structural complexity compared to
the other SAM-specific riboswitches might thus represent a
minimal solution for a SAM-based regulatory mechanism
that would only work properly in a background where an
SAH degradation system is already established. Moreover,
all known examples for SAM/SAH-riboswitches are re-
stricted to bacteria from the order Rhodobacterales. Taken
together, this could imply that in contrast to other ri-
boswitches the SAM/SAH riboswitch appeared late during
bacterial evolution and is not a remnant of the RNA-world.
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