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In bacteria, numerous genes harbor regulatory elements in the 5¢ untranslated regions of their mRNA, termed riboswitches, which
control gene expression by binding small-molecule metabolites. These sequences influence the secondary and tertiary structure
of the RNA in a ligand-dependent manner, thereby directing its transcription or translation. The crystal structure of an
S-adenosylmethionine–responsive riboswitch found predominantly in proteobacteria, SAM-II, has been solved to reveal a second
means by which RNA interacts with this important cellular metabolite. Notably, this is the first structure of a complete riboswitch
containing all sequences associated with both the ligand binding aptamer domain and the regulatory expression platform.
Chemical probing of this RNA in the absence and presence of ligand shows how the structure changes in response to
S-adenosylmethionine to sequester the ribosomal binding site and affect translational gene regulation.

Riboswitches generally act as genetic regulatory elements through
the interplay of two distinct domains in the 5¢ untranslated region
(5¢ UTR) of an mRNA: the aptamer domain, which directly
binds a metabolite, and a downstream expression platform con-
taining a secondary structural switch that determines whether the
gene will be expressed1. Among the known mRNA elements that
specifically bind small molecules in vivo, there are now at least
three characterized S-adenosylmethionine (SAM)-responsive ribo-
switches—SAM-I2,3, SAM-II (SAM-a4,5) and SAM-III (SAMMK

6,7)—
underscoring the importance of riboregulation of sulfur meta-
bolism by SAM. Each riboswitch has a distinct primary and
secondary structure, and each seems to be mutually exclusive in a
particular bacterial genome4,8. To date, SAM-II riboswitches have
been found only in proteobacteria, particularly a-proteobacteria,
whereas SAM-I, the only other SAM riboswitch whose tertiary
structure has been solved9, is generally found in Gram-positive
bacterial genomes10.

The SAM-I and SAM-II riboswitches represent completely evolu-
tionarily independent solutions for RNA-mediated SAM recognition
coupled to gene regulation4. Although there are numerous examples
of evolutionarily distinct proteins converging on the same function,
we present the first structural analysis of this concept for biological
RNAs. By determining the crystallographic structure of a SAM-bound
SAM-II riboswitch that is found in the 5¢ UTR of the metX gene from
an environmental sequence in the Sargasso Sea metagenome11, we
sought to show how two disparate RNA structures evolved to
recognize the same ligand by comparison with the solved SAM-I
structure9. Globally, the structures of the SAM-I and SAM-II ribo-
switches differ dramatically, but converge on similar chemical

strategies to bind ligand and to discriminate against noncognate
ligands within their binding pockets. Chemical probing analysis of
the SAM-II structure indicates that the tertiary architecture of the
riboswitch undergoes a ligand-dependent structural transition that
acts by tightening the global fold, sequestering putative regulatory
sequences involved in translation. SAM-II also has a pseudoknot
architecture that resembles other RNAs, expanding the known func-
tions of this ubiquitous motif.

RESULTS
Crystallization of the SAM-II riboswitch
To further understand how mRNAs respond to SAM, we have
determined the structure of the SAM-II riboswitch in complex with
SAM. An RNA that yielded diffraction-quality crystals was found in a
survey of 13 phylogenetic variants that differ in the lengths of two
primary helices (P1 and P2a, Fig. 1a) in the predicted secondary
structure (Supplementary Table 1 online). Crystals that diffract
X-rays to 2.8-Å resolution were obtained using a sequence found
upstream of the metX gene (encoding homoserine acetyltransferase) in
the Sargasso Sea metagenome11 (Supplementary Methods online).
The 3¢ end of this sequence is found 2 nucleotides (nt) upstream of the
initiating AUG codon (Supplementary Fig. 1a online), suggesting that
it regulates expression at the translational level by occluding the
ribosome binding site (RBS), including the Shine-Dalgarno sequence.
The crystallized SAM-II riboswitch (Supplementary Fig. 1b) fully
encompasses the functional core of this regulatory element as it retains
every sequence element that is greater than 80% conserved across a
phylogenetic alignment of more than 70 representatives4 (Supple-
mentary Table 1).
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Obtaining experimental phases required the alteration of two
nonconserved Watson-Crick pairs in P1 (Fig. 1a, asterisks) for the
purpose of creating a heavy-atom derivative binding site12. This
change has only a small effect on the affinity of the RNA for SAM
(0.67 ± 0.06 and 1.35 ± 0.13 mM for the wild-type and altered
RNAs, respectively; DDG ¼ 0.4 kcal mol–1) as measured by isothermal
titration calorimetry (ITC) (Supplementary Fig. 2 online). Phasing
was achieved by a combination of SAD with a cesium derivative data
set to locate heavy atoms and single isomorphous replacement with
anomalous scattering (SIRAS) using both the native and cesium
derivative data sets to calculate experimental phases (Supplementary
Fig. 3 online). All of the nucleotides in the RNA, as well as SAM in
three slightly different RNA–ligand complexes in the asymmetric unit
(Supplementary Fig. 4 online), were built and refined without
noncrystallographic symmetry (NCS) constraints, to yield a final
model with Rxtal ¼ 20.6% and Rfree ¼ 26.3%.

Structure of S-adenosylmethionine–bound SAM-II riboswitch
The global architecture of the SAM-II riboswitch conforms to a classic
(H-type) pseudoknot13 (Fig. 1), different from the four-way–junction
architecture of the SAM-I riboswitch9. The secondary structure
consists of two Watson-Crick–paired helices
(P1 and P2a) and two loop regions (L1 and
L3). A third helical element, not predicted
from sequence alignment, comprises highly
conserved sequences in L2 and L3 to create
P2b (Fig. 1a, Supplementary Fig. 1b). Loops
L1 and L3 interact with the major and minor
grooves of P2a/b and P1, respectively, to form
an intricate tertiary structure with the SAM
binding pocket located in the center of
P2b (Fig. 1b,c). Each helical segment stacks

upon the next without any appreciable distortions to create a nearly
straight structure.

The topology and sequence content of the L1 and L3 loops are
similar to those observed in other classic pseudoknots, in which L1 is
often uracil rich and crosses the major groove of P2 (refs. 14,15),
whereas L3 typically is adenine rich and crosses the minor groove of
P1 (refs. 15–18). In the case of SAM-II, a stack of four adenosines in
L3 (A33, A35–37) rotate clockwise (as viewed from A33) along the
minor groove face of P1, such that A33 interacts through its Hoog-
steen face, whereas A37 uses its sugar face in a similar way to a type-I A
minor groove triple19 (Fig. 2a). Bases in L3 do not form planar triples
with the minor groove of P1, but rather are skewed at an B701 angle
with respect to P1, forming hydrogen bonds with two successive base
pairs (Fig. 2a). As a result, hydrogen bonds are formed extensively
between residues of L3 and the minor groove side of every base pair of
P1, except the C2-G30 base pair at the 5¢ end of the helix (Fig. 2a).
The glmS ribozyme contains a similar tertiary interaction between an
adenosine-rich internal loop in the P4-P4.1 helix and the minor
groove of the adjacent P2.1 helix20,21 (Supplementary Fig. 4 online).
Three adenosines rotate clockwise from the Watson-Crick face to the
sugar face, completing a 1201 turn compared to the 1801 turn
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Figure 1 Global structure of SAM-II bound to S-adenosylmethionine

(SAM). (a) Secondary structure of the Env12 metX SAM-II riboswitch

showing base-pairing reflecting the tertiary structure of the SAM-bound

RNA. Base interactions are shown using the notation of Leontis and

Westhof47. Circles indicate an interaction involving the Watson-Crick

face, squares the Hoogsteen face and triangles the sugar edge; black

symbols denote a parallel arrangement and open symbols denote an

antiparallel arrangement. Dashed lines denote hydrogen bonds that cannot

be described as one of the standard pairing interactions. Starred residues

indicate sequences that deviate from the wild-type RNA. Colors of the

bases reflect their position in the tertiary structure (blue, P1 and P2a;

green, P2b; magenta, L3; orange, L1). (b) Cartoon of the global structure of

the RNA; colors are consistent with the secondary structure. The red dots

represent the van der Waals surface of SAM. (c) 901 rotation of the

perspective shown in b.

Figure 2 Detailed structural view of the A minor

twist motif and the ligand binding pocket, key

tertiary interactions in the ligand-bound structure.

(a) Stereoview of the interactions between L3

(magenta) and the P1 helix (blue), emphasizing

the role of four stacked adenosine residues

in cementing the loop to the minor groove.

(b) Stereoview of the binding pocket of

S-adenosylmethionine (SAM; salmon) with the
P2b helix. The adenine base of SAM (ASAM) is

accommodated by an opening in the 5¢ strand of

P2b between U21 and G22, whereas the ribose

sugar and methionine group reside in the narrow

major groove of the triplex.
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observed in SAM-II. This A minor twist motif, distinct from the more
common A minor triple motif 22,23, is likely to be another funda-
mental means by which an adenine-rich sequence forms a long-range
tertiary interaction with the minor groove of an RNA helix.

The SAM binding pocket is created by formation of an extended
triplex between L1 and the major groove of P2b. One end of the
P2b-L1 interaction is defined by a single minor groove triple between
A24–U40�A41 (Fig. 1a), followed by a series of base triples formed by
nucleotides G8–U12 in L1 with the major groove face of P2b. The
Watson-Crick face of each nucleotide in L1 interacts with the Hoog-
steen face of nucleotides in the 3¢ strand of the P2b helix (nucleotides
42–46) (Fig. 2b). A sheared A19�A47 pair terminates this near-perfect
triplex. Below this pair, the P2b triplex transitions into the P2a
Watson-Crick–paired helix, defining the lower boundary of the
SAM binding pocket. An isolated A13�(U18–A48) triple and a sheared
G17�A49 pair comprise this transition. The 480% purine character
of residues at positions 17 and 18 represents the only phylogenetic
conservation within these pairs (Supplementary Table 1). The final
nucleotide of L1, which is not conserved in phylogeny, is flipped out
and makes no contacts with the 2-base-pair (bp) helix of P2a, which
corresponds to the second helix in a classic pseudoknot fold.

SAM binds in an extended configuration along the major groove
face of the P2b-L1 triplex, forming direct contacts with five successive
base pairs and triples (Fig. 2b). The adenine moiety of SAM (ASAM)
participates in a base triple between U10 and U44, using its Hoogsteen
face to pair with U44, similarly to what is observed for the SAM-I
structure9 (Fig. 3a,b). Notably, this site seems to be created by the
deletion of a single residue between U21 and G22; the gap in helix P2b
thus requires adenine to be positioned in the helix such that its

Watson-Crick face is solvent exposed in the minor groove of the
triplex (Fig. 3b). The positively charged sulfur moiety and the
activated methyl group are recognized by the carbonyl oxygen groups
of U11 and U21 (Fig. 3c, left), explaining how SAM-II discriminates
between SAM and S-adenosylhomocysteine (SAH)24. Again, this is
markedly similar to discrimination by SAM-I, which uses the minor
groove carbonyl moieties of two universally conserved A-U pairs to
interact electrostatically with the positive charge (Fig. 3c, right). The
main chain atoms of methionine (carboxylate and amino groups) are
positioned in the major groove adjacent to the sheared A19�A47 pair
(Fig. 3d, left). However, these groups have different configurations in
the three protomers in the asymmetric unit (Supplementary Fig. 5
online). In molecules A and C the amino and carboxylate groups lie
along the Watson-Crick face of A47 (Fig. 3d, left), whereas in
molecule B the amino group does not hydrogen-bond with the
RNA. Recognition of the main chain atoms of methionine by the
Watson-Crick face of an adenine base is similar to that observed in
SAM-I, in which the Watson-Crick face of a guanine interacts with the
carboxylate moiety (Fig. 3d, right). Only the methylene groups of the
methionine side chain on the ligand gave poor definition, as little
electron density was observed in this region in all three protomers.
This probably results from weak van der Waals interactions between
the hydrophobic groups of methionine and the adjacent carbonyl
residues of U11 and U21 in the major groove of the RNA. Thus, all of
the available functional groups in SAM seem to be directly or
indirectly recognized by the mRNA, consistent with the results of a
binding affinity analysis of SAM analogs to the SAM-II riboswitch24.
Despite the extensive recognition of SAM, the ligand is less extensively
buried within the RNA (64% solvent inaccessible) than in other
riboswitch–small molecule complexes25.

SAM-II tertiary structure formation upon SAM binding
To assess potential conformational changes that occur in this ribo-
switch upon SAM binding, we chemically probed the complex with
N-methylisatoic acid (NMIA), which surveys the dynamics of the
ribose sugars26, and dimethyl sulfate (DMS), which reacts with the N1
of unpaired adenosines and, to a lesser extent, the N3 of unpaired
cytidines27. The RNA used here contained the wild-type SAM-II
sequence plus 21 residues located downstream of the aptamer domain,
including the start codon for the metX gene and a potential switching
sequence that is complimentary to a consensus sequence in the
aptamer domain4 (Supplementary Fig. 1b).

Chemical probing revealed a clear ligand-dependent stabilization of
the pseudoknot, centered about the P2b helix. NMIA modification of
residues in the P1 helix was not observed in the absence of SAM
(Supplementary Fig. 6a online), and these residues remain unmodi-
fied upon addition of SAM (Fig. 4a), consistent with previous studies
done by inline probing4. L3, which packs against the minor groove of
P1, also shows moderate decreases in NMIA reactivity upon SAM
binding, indicating that this region of the RNA’s structure is well
established in the absence of ligand. In contrast, the 2¢-hydroxyl
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Figure 3 Comparison of the SAM-II (left) and SAM-I (right) binding pocket

interactions with S-adenosylmethionine (SAM). (a) Global structures of

SAM-II and SAM-I riboswitches. Specific residues that interact directly

with SAM are colored to indicate their position around the binding pocket.

(b) Hydrogen-bonding interactions involving the adenine moiety of SAM

(ASAM). (c) Hydrogen-bonding and electrostatic interactions involving

the positively charged sulfur moiety and the methyl group of SAM.

(d) Interactions between the RNA and the main chain atoms of the

methionine residue of SAM.
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groups of residues forming the SAM binding pocket in P2b and L1
become strongly protected from NMIA reactivity by SAM. These two
elements of the pseudoknot require interactions with SAM to create a
stable major groove triplex. Further supporting this conclusion, bases
that are flipped out of the helical structure (A14, U34 and A41) had a
strongly increased level of NMIA reactivity relative to the unliganded
RNA (Fig. 4a). The increased reactivity of A14 correlates with the
increased reactivity of a guanine residue at the same position in the
metA SAM-II riboswitch identified by inline probing4. Finally,
sequences downstream of the pseudoknot have little effect on its
NMIA reactivity (as compared to an RNA lacking this additional
sequence; S.D.G. and R.T.B., data not shown) in the presence or
absence of SAM. This is consistent with the translationally repressive
activity of this RNA, in which SAM binding serves to occlude the
Shine-Dalgarno sequence contained within the pseudoknot, rather
than a mechanism involving a secondary switch in downstream
elements, as seen in transcriptional regulators.

Patterns of DMS reactivity of the N1 of adenosines in the SAM-
bound RNA correlate well with the crystal structure (Supplementary
Fig. 6b). Adenosines whose Watson-Crick faces are exposed because of
their involvement in sheared base-pairing interactions (A19, A41 and
A49) are all significantly modified in the presence of SAM. Watson-
Crick base-paired adenosines in the P1 and P2b helices show low
reactivity to DMS (A24 and A25) (Supplementary Fig. 6b). In
particular, the protection of A25, which is part of the U38�A25-U7
base triple in the wild-type RNA, is consistent with the crystal
structure, in which this residue was altered to form a U38�G25-C7
base triple. Adenosines elsewhere in the structure whose Watson-Crick

faces are involved in tertiary structure formation, such as the inter-
action of A33 and A35–A37 of L3 with the minor groove of P1, are
also only weakly modified (Fig. 4b). In the crystallized RNA, A37
interacts with the minor groove of the engineered G6�U26 base pair in
P1, probably reflecting a nearly identical interaction with a Watson-
Crick pair at this position in wild-type RNA.

Direct contacts between adenosines and the ligand protect certain
residues from DMS modification. A45, which along with U21 and
U11 is involved in a hydrogen-bonding network that recognizes the
charged sulfur group (Fig. 3c), is only weakly modified in the presence
of SAM (Supplementary Fig. 6b online). The Watson-Crick face of
A47 is also protected from DMS modification. This residue is involved
in a sheared A�A pair and is conserved in 495% of SAM-II RNAs. It
forms two hydrogen bonds through its N1 and N6 to the carbonyl and
amino groups of the amino acid side chain, respectively, in two of the
three protomers in the unit cell (Fig. 3d). These data support the idea
that ligand-dependent formation of the sheared A�A pair is required
to specifically recognize this moiety of SAM.

Differences found in chemical probing of the unliganded and
liganded structures indicate that binding of SAM to the riboswitch
clearly alters the local conformation of several adenosines. Consistent
with the NMIA probing results, A25, the only adenosine residue in the
P1 helix, shows only a small difference in modification level in
the unliganded and liganded RNA (Fig. 4b). This is mirrored by
the adenosine in the start codon (A54), further demonstrating
that SAM binding does not influence the RNA’s structure beyond
the pseudoknot. Residues in the ligand binding pocket (A19, A41
and A49) that form noncanonical base-pairing interactions in the

Figure 4 Chemical probing of the structural

difference between unliganded and liganded

S-adenosylmethionine II (SAM-II). All of the

reactions used to calculate reactivity differences

incurred upon SAM addition contained saturating

amounts of ligand. (a) Reactivity of RNA with

N-methylisatoic acid (NMIA), a reagent that

probes backbone flexibility by specifically

modifying dynamic 2¢-hydroxyl groups. Positions

of bars along the x-axis indicate nucleotide

residues left to right and 5¢ to 3¢. The y-axis

represents the change in reactivity percentage

at each position from the unliganded to liganded

states relative to the whole RNA. Reactivity

differences are considered significant (40.5 for
increased reactivity; o–0.5 for decreased

reactivity; gray dashed lines) if they are 41 s.d.

from the mean of the percentage change in NMIA

reactivity of the 15% of residues (all in P1 and

P2a). At right, residues that are more reactive in

the SAM-bound structure are colored red on the

crystal structure; residues that are less reactive

are colored blue. The color scheme is the same

in the histogram, with prominent residues

indicated. (b) Dimethyl sulfate (DMS) reactivity

difference, specifically modifying the solvent

accessibility of the Watson-Crick face of

adenosines. The x-axis corresponds to that of a,

and the y-axis indicates the magnitude of the

change (in 1�103 counts) in the amount of

radioactivity and the corresponding change in the

level of modification by DMS observed upon

ligand binding. Gray dashed lines, outside of
which changes in reactivity were considered significant, indicate 1 s.d. above the average change in reactivity observed for all nonadenosine residues (1,600)

that we would expect to remain constant in the presence and absence of ligand. Most adenosines, with the exception of A19, A49 and to a lesser extent

A41 because their Watson-Crick faces become exposed upon ligand binding, show a decrease in DMS reactivity in the presence of SAM.
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ligand-bound structure in which their Watson-Crick faces are
solvent exposed (Supplementary Fig. 6c,d) show an increased
reactivity with DMS (Fig. 4b). Adenosine residues in P2b involved
in base-pairing interactions and contacts with SAM (A45-A47) show a
decrease in DMS reactivity upon ligand binding. SAM binding clearly
induces tertiary architecture formation in the ligand binding pocket
between L1 and P2b. Our data support a hypothesis in which P2b is
composed of loosely stacked bases that achieve specific pairing
patterns only in the presence of SAM, evidenced by the substantial
rearrangements throughout the core of the RNA between the un-
liganded and liganded RNA.

DISCUSSION
With the increasing number of structurally characterized riboswitches,
it is evident that these RNAs use tertiary architectures in a way similar
to that of other biologically important RNAs. In a fashion reminiscent
of the resemblance between the global organization of the guanine
riboswitch28 and the hammerhead ribozyme29, and the architectural
similarity of the SAM-I riboswitch9 and the core of the group I
intron30, SAM-II uses a motif that is highly recurrent in nature. The
pseudoknot is ubiquitous throughout biological RNAs, with a number
of diverse functions, including roles in translational regulation of viral
genomes by inducing mRNA frameshifting31 and in telomerase RNA
as a key element in telomerase activity15,32,33. The architecture of
SAM-II is consistent with other H-type pseudoknots, most notably the
human telomerase RNA (hTR) pseudoknot core, which is involved in
telomerase reverse transcriptase (TERT) repeat addition processivity32

(Supplementary Fig. 7 online). Both the hTR pseudoknot and SAM-II
contain triplexes at the junction between P1 and P2a/b that have a
strong preference for A�U base pairs in this region15. The hTR core is a
5-bp triplex broken only by a noncanonical A�U Hoogsteen base pair
in the center; the SAM-II core is also a 5-bp triplex, containing the
ASAM motif in the center forming a Hoogsteen base pair with U44.
The riboswitch has created a ligand-dependent structure out of the
pseudoknot through the deletion of a crucial residue in the middle of
the L1-P2b triplex between U21 and G22. Interaction of the adenine
moiety of SAM with U10 and U44 is then required to reestablish the
central base triple, thereby stabilizing the pseudoknot. SAM-II adds to
the functional diversity of the H-type pseudoknot, one of many
recurrent structural motifs in RNA.

Riboswitches affect gene regulation by sequestering sequences
within their ligand-bound tertiary structures that would otherwise
be involved in secondary structure formation, or by directly shielding
regulatory sequences involved in transcription or translation34–36. In
SAM-II, the RBS, including the purine-rich Shine-Dalgarno element
(the AUG start codon is 2 nt downstream of the crystallized RNA),
comprises the 3¢ side of the P2a/b helices and is intimately involved in
SAM recognition4 (Supplementary Fig. 1). Chemical probing data
indicate that SAM-dependent stabilization of the L1-P2b tertiary
interaction is likely to be responsible for translational repression via
an occlusion mechanism rather than by secondary structural switch-
ing. This is in contrast to purine37 and thiamine pyrophosphate38,39

riboswitches, which repress translation by sequestering sequences
involved in mutually exclusive secondary structures in a downstream
expression platform. However, there are other instances in RNA
biology involving the direct sequestering of translation regulators in
tertiary structures. For example, leader sequences in the 5¢ UTR of
mRNAs encoding ribosomal proteins often contain regulatory
elements40 that bind protein that is not incorporated into ribosomes
to directly block access by the 30S subunit40,41. Recently identified
orphan riboswitches sucA and COG4708 also seem to operate by the

same mode of gene regulation42. Thus, as revealed by a combination
of X-ray crystallographic and chemical probing approaches, the SAM-II
riboswitch creates a complete genetic regulatory element from a
compact structural motif.

METHODS
RNA library synthesis and purification. A series of RNAs corresponding to

secondary structure and sequence variations of the SAM-II RNA observed

across phylogeny was constructed according to the length of the P1 and P2

helices of the minimal riboswitch4 (Supplementary Fig. 1). These helices vary

in length by 5–8 bp and 2–6 bp, respectively. RNAs for ITC, X-ray crystal-

lography and chemical probing were transcribed in vitro from PCR-amplified

DNA fragments, as described43. RNA transcription and purification details can

be found in Supplementary Methods.

Crystallization and structure determination. Crystals of the 5¢ leader

sequence of the metX gene from the Env12 genome representing the SAM-II

aptamer domain in complex with SAM were obtained by hanging drop

vapor diffusion and flash frozen in mother liquor (8 mM cobalt hexammine

chloride, 640 mM ammonium acetate, 10% PEG 1K, 10 mM barium

chloride, 50 mM sodium cacodylate, pH 6.0) plus 8% (v/v) (2R,3R)-

butanediol. Data were collected on a home X-ray source using CuKa
radiation. Crystallization, structure determination and refinement details

are supplied in the Supplementary Methods. All figures were generated in

PyMOL (DeLano Scientific)44.

Chemical probing and band intensity analysis. Methods for NMIA and DMS

probing of the RNA were similar to those previously described26,27,45. RNA

was heat refolded before each reaction. NMIA and DMS modification reac-

tions were carried out at 25 1C and 30 1C, respectively. Band intensity was

assessed using the SAFA program available from MatLab46. Data was normal-

ized and averaged in Microsoft Excel. Procedures for RNA preparation, RNA

Table 1 Data collection, phasing and refinement statistics (SIRAS)

Native (lithium) Derivative (cesium)

Data collection

Space group C2 C2

Cell dimensions

a, b, c (Å) 115.26, 48.10, 109.62 115.64, 48.29, 109.51

a, b, g (1) 90, 108.26, 90 90, 108.20, 90

Resolution (Å) 20–2.6 (2.69–2.60) 20–2.8 (2.90–2.80)1

Rmerge 0.053 (0.368) 0.061 (0.349)

I/sI 28.5 (2.5) 31.9 (5.0)

Completeness (%) 89.6 (54.4) 97.9 (94.7)

Redundancy 3.6 (2.8) 7.8 (7.7)

Refinement

Resolution (Å) 20–2.8 (2.97–2.80)

No. reflections 26,866 (4,033)

Rwork/Rfree 20.6/26.3 (40.7/40.8)

No. atoms

RNA 3,375

Ligand/ion 84

Water 154

B-factors

RNA 64.90

Ligand/ion 64.87

Water 45.50

r.m.s. deviations

Bond lengths (Å) 0.0059

Bond angles (1) 1.017

1Reflections obtained from a single crystal. Values in parentheses are for the highest-resolution
shell.
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modification and reverse-transcription reactions, denaturing PAGE for

sequencing and the specifics of data handling are included in the Supple-

mentary Methods.

Isothermal titration calorimetry. Binding of SAM to both the wild-type and

crystallization RNAs was measured at 30 1C in 50 mM potassium HEPES,

pH 7.5, 100 mM KCl and 10 mM MgCl2 on a MicroCal isothermal titration

calorimeter43. Details regarding sample preparation and experimental para-

meters are available in the Supplementary Methods.

Accession codes. Protein Data Bank: Coordinates and structure factors have

been deposited with accession code 2QWY.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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