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Crystal structure of a c-di-AMP riboswitch reveals

an internally pseudo-dimeric RNA

Christopher P Jones & Adrian R Ferré-D’Amaré*

Abstract

Cyclic diadenosine monophosphate (c-di-AMP) is a second messen-

ger that is essential for growth and homeostasis in bacteria.

A recently discovered c-di-AMP-responsive riboswitch controls the

expression of genes in a variety of bacteria, including important

pathogens. To elucidate the molecular basis for specific binding of

c-di-AMP by a gene-regulatory mRNA domain, we have determined

the co-crystal structure of this riboswitch. Unexpectedly, the struc-

ture reveals an internally pseudo-symmetric RNA in which two

similar three-helix-junction elements associate head-to-tail, creating

a trough that cradles two c-di-AMP molecules making quasi-

equivalent contacts with the riboswitch. The riboswitch selectively

binds c-di-AMP and discriminates exquisitely against other cyclic

dinucleotides, such as c-di-GMP and cyclic-AMP-GMP, via interac-

tions with both the backbone and bases of its cognate second

messenger. Small-angle X-ray scattering experiments indicate that

global folding of the riboswitch is induced by the two bound cyclic

dinucleotides, which bridge the two symmetric three-helix domains.

This structural reorganization likely couples c-di-AMP binding to

gene expression.
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Introduction

Detection of pathogens by human cells is the critical first step in the

innate immune response and is accomplished by the recognition of

foreign molecules that are either unique to pathogens or characteris-

tic of their infection. The bacterial pathogen Listeria monocytogenes

releases cyclic dinucleotides, such as cyclic diadenosine monophos-

phate (c-di-AMP) (Woodward et al, 2010), which stimulates an

immune response through a cytosolic surveillance pathway involv-

ing the stimulator of interferon genes (STING) protein (Burdette

et al, 2011; Burdette & Vance, 2013). In human cells, the related

cyclic dinucleotide cyclic-GMP-AMP, which also activates STING, is

synthesized by the cytosolic DNA sensor cyclic-GMP-AMP synthase

(reviewed in Cai et al, 2014).

C-di-AMP is a recently discovered bacterial second messenger

that was first identified as a ligand for DisA, a bacterial diadenylate

cyclase, during its crystallographic characterization (Witte et al,

2008). In bacteria, c-di-AMP levels are controlled by diadenylate

cyclases that synthesize it from two molecules of ATP, and phos-

phodiesterases that degrade c-di-AMP to pApA (reviewed in

Corrigan & Grundling, 2013). These are analogous to the enzymes

that synthesize cyclic diguanosine monophosphate (c-di-GMP) from

GTP, and the phosphodiesterases that break it down (reviewed in

Schirmer & Jenal, 2009). C-di-GMP is an extensively characterized

bacterial second messenger that regulates processes such as biofilm

formation and virulence (reviewed in Boyd & O’Toole, 2012) and

serves as a paradigm for elucidating the interactions of the newly

discovered c-di-AMP. Mounting evidence suggests a widespread role

of c-di-AMP in bacterial virulence and growth (Luo & Helmann,

2012; Bai et al, 2013, 2014; Mehne et al, 2013) akin to the better

characterized functions of c-di-GMP. In some bacterial species, a

variety of enzymes that control c-di-AMP levels are present, presum-

ably to allow a nuanced response to cellular stimuli. Bacterial

proteins that bind c-di-AMP are associated with potassium transport

and cell wall homeostasis, which appears to be a primary regulatory

function of c-di-AMP and explains why it is essential for growth

(Corrigan et al, 2013). The central role that cyclic dinucleotides play

in bacterial biofilm formation and growth may partly explain why

human cells have evolved to detect them.

In addition to binding to receptor proteins, c-di-AMP has recently

been shown to regulate gene expression in bacteria by binding to

c-di-AMP-responsive riboswitches present in the 50 untranslated

regions of many mRNAs, including a virulence factor for Mycobacte-

rium tuberculosis (Nelson et al, 2013). Riboswitches are highly

structured mRNA domains that control gene expression in cis in

response to direct binding by ions, small-molecule metabolites, or

second messengers (reviewed in Peselis & Serganov, 2014; Zhang

et al, 2014). The c-di-AMP riboswitch binds to its cognate ligand

with an apparent dissociation constant (KD) of approximately 1 nM

(Nelson et al, 2013). It is typified by sequences found in the Bacillus

subtilis ydaO-yuaA operon. This RNA domain was first identified as

a potential riboswitch in 2004 based on phylogenetic conservation

(Barrick et al, 2004). Subsequent work demonstrated that it is

phylogenetically widespread and suggested that it predominantly
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regulates genes important for cell wall homeostasis (Block et al,

2010). Bacteria employ two distinct classes of riboswitches to sense

the structurally related second messenger c-di-GMP (Sudarsan et al,

2008; Lee et al, 2010). Crystallographic analyses of the c-di-GMP-I

and c-di-GMP-II riboswitches have revealed the structural basis of

their ligand specificity (Kulshina et al, 2009; Smith et al, 2009,

2011). The c-di-AMP riboswitch sequence is unrelated to those of

either class of c-di-GMP riboswitches. Thus, the results of previous

genetic and biochemical studies of the c-di-AMP riboswitch (Watson

& Fedor, 2012; Nelson et al, 2013) could not be structurally rational-

ized. To elucidate the molecular basis for function of this important

bacterial gene regulator, we have determined the co-crystal struc-

ture of the B. subtilis ydaO riboswitch in the presence of c-di-AMP.

Our analysis reveals an RNA of unprecedented internally symmetric

structure. Because the c-di-AMP riboswitch is widespread and regu-

lates essential genes, targeting it with c-di-AMP mimics constitutes a

promising strategy for the development of novel antibiotics (Deigan

& Ferré-D’Amaré, 2011; Kalia et al, 2013). Our structure represents

the starting point for the rational design of ligand analogs and inhib-

itors of this important bacterial regulatory RNA.

Results

Overall structure of the c-di-AMP riboswitch

The ydaO-yuaA c-di-AMP riboswitch from B. subtilis was engi-

neered for crystallization by incorporating a binding site for the

human spliceosomal protein U1A (Ferré-D’Amaré, 2010) in a region

of the RNA with no phylogenetic conservation (Nelson et al, 2013).

Isothermal titration calorimetry (ITC) analysis demonstrated that

this did not adversely alter the affinity of the RNA for c-di-AMP

(Supplementary Fig S1). The engineered RNA was co-crystallized

with selenomethionyl U1A and c-di-AMP, and the structure solved

by the single-wavelength anomalous dispersion (SAD) method. The

electron density maps were of high quality and revealed the pres-

ence of two molecules of c-di-AMP bound to quasi-equivalent loca-

tions in the RNA (Supplementary Fig S2). The structure has been

refined against two diffraction datasets extending to 3.1 and 3.2 Å

resolution (Materials and Methods, Table 1). While this manuscript

was under revision, independent structural determinations of

c-di-AMP riboswitches from Thermoanaerobacter tengcongensis,

T. pseudethanolicus, and Thermovirga lienii were published that

are in general agreement with the results presented here (Gao &

Serganov, 2014; Ren & Patel, 2014).

The c-di-AMP riboswitch adopts a strikingly symmetrical struc-

ture composed of six helical elements (paired regions P1 through

P6), in which the first three helices adopt an arrangement that is

repeated by the latter three (Fig 1). Thus, P1 connects at an acutely

angled three-way junction with the coaxially stacked P2 and P3, and

P4 connects with the coaxially stacked P5 and P6. In three dimen-

sions, the P1-P3 and P4-P6 substructures associate head-to-tail,

forming a trough-like intramolecular interface that traverses the

molecule diagonally and envelops two molecules of c-di-AMP

(Figs 1 and 2), burying over 80% of solvent-accessible surface

area of the second messengers. These bridge the minor grooves

of P3 and P4 (c-di-AMP molecule 1, hereafter A1) and of P1 and

P6 (c-di-AMP molecule 2, hereafter A2). Although the overall

three-dimensional structure of the c-di-AMP riboswitch can be char-

acterized by a twofold rotation axis passing through the center of

the structure (Fig 1C), the connectivity of the RNA chain is such

that the P4-P6 substructure is inserted into the distal end of P3. In

addition to breaking symmetry, this relationship obscures the

secondary structural self-similarity, explaining why it was not

detected in previous structural and biochemical characterization

(Supplementary Fig S3).

Three-way junctions resemble tetraloop–receptor interactions

The two three-way junctions in the c-di-AMP riboswitch structure

are A-minor junctions (Lescoute & Westhof, 2006; Geary et al,

2011), in which the RNA is globally similar to a GAAA tetraloop

interacting with a tetraloop–receptor helix (Fig 3). In the canonical

tertiary interaction, exemplified by the P4–P6 domain of the Tetra-

hymena group I intron (Cate et al, 1996), the three adenosines of

the tetraloop from L5b stack on each other and make A-minor inter-

actions (Nissen et al, 2001) with the minor groove of the receptor

Table 1. Summary of crystallographic statistics.

Dataset 1 Dataset 2

Data collection

Wavelength (Å) 0.9793 0.9611

Space group I222 I222

Unit cell, a, b, c (Å) 60.3, 83.1, 233.6 59.6, 84.7, 232.7

Resolution 49–3.2 (3.3–3.2)a 47–3.1 (3.2–3.1)a

Unique reflections 9,841 (909) 9,322 (943)

Multiplicity 12.3 (8.2) 10.4 (10.3)

Completeness (%) 98.5 (85.7) 86.4 (83.8)

<I>/<r(I)> 14.3 (1.9) 18.1 (1.9)

Rmerge 0.156 (1.0) 0.1708 (1.0)

Refinement

Rwork/Rfree 0.252/0.289 0.234/0.286

R.m.s. bonds

(Å)/angles (°)

0.003/0.73 0.003/0.79

Non-hydrogen atoms

RNA 2,033 2,146

Protein 658 639

c-di-AMP 88 88

Ions 10 5

Mean B-factors (Å2)

RNA 106.8 115.2

Protein 87.4 104.7

c-di-AMP 53.8 79.7

Ions 47.4 66.5

Ramachandran, most

favored/disallowed (%)

98/0 97/0

Mean coordinate

precision (Å)

0.41 0.47

PDB code 4W92 4W90

aValues in parentheses correspond to highest resolution shell.
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helix J6a/6b. In addition, the first of the three adenine bases of the

tetraloop stacks on an adenine from a homopurine platform in the

receptor (A151 and A226 in the Tetrahymena group I intron, respec-

tively, Fig 3A).

The junction where P4 of the c-di-AMP riboswitch connects with

the coaxially stacked P5 and P6 helices most closely resembles the

tetraloop–receptor arrangement (Fig 3B). G63 of the riboswitch

corresponds to the guanine of a GAAA tetraloop. As in such loops,

A B C

Figure 1. Overall structure of the c-di-AMP riboswitch.

A Secondary structure of the B. subtilis c-di-AMP riboswitch. Non-canonical base pairs are depicted with Leontis and Westhof (2001) symbols. Nucleotides unresolved in

the crystal structures are indicated by dots. Bound c-di-AMP molecules A1 (yellow) and A2 (orange) are denoted by squares with individual c-di-AMP bases indicated

as Aa and Ab. RNA colored as follows: P1 helix in dark green, P2 and P3 helices in blue, P4 helix in light green, P5 and P6 helices in light blue, and linking region in

purple. Adenosine residues stacking on c-di-AMP ligands are shown in red, with adjacent stacked residues in pink. Nucleotides modified for crystallization are shown

in outlined gray letters.

B Structure of the c-di-AMP riboswitch. The coloring scheme is the same as A. Arrows denote 50 to 3
0 chain direction. Spheres denote breaks in the crystallographic

model.

C Internal twofold symmetry of the c-di-AMP riboswitch. The structure of the c-di-AMP riboswitch is shown colored as in (B), superimposed on the same molecule

rotated by 180° (gray). Asymmetric elements (e.g. U1A protein) are removed for clarity. Approximate position of the twofold rotational symmetry axis is indicated.

A B

Figure 2. Binding of c-di-AMP in an intramolecular RNA trough.

A Surface representation of the two c-di-AMP binding sites. The coloring scheme is the same as in Fig 1 except for residues contacting c-di-AMP molecules, which are

colored orange (> 25 Å2 solvent-accessible interaction surface) and yellow (5–25 Å2 interaction surface). Binding to the riboswitch buries 650 Å2 of solvent-accessible

surface for c-di-AMP A1 and 610 Å2 for c-di-AMP A2, corresponding to 85 and 80% of the total accessible surface area for each ligand, respectively. RNA–RNA

interactions between P1–P3 and P4–P6 bury an additional 350 Å2 per interface.

B Open-book view of the P1–P3 (left) and P4–P6 helices (right). The coloring scheme is the same as in Fig 1 except for residues involved in RNA–RNA interactions, which

are labeled and colored orange (> 40 Å2 interaction surface) and yellow (10–40 Å2 interaction surface).
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the backbone flips immediately 30, and A64 forms the first of three

stacked adenosines that pack against the minor groove of P5 of the

riboswitch. P5 and P6, which stack coaxially, are therefore analo-

gous to a canonical receptor helix. Moreover, A64 makes type I

A-minor interactions (Nissen et al, 2001) with the G79:C90 pair

(Supplementary Fig S4A). As in a conventional tetraloop, G63 closes

the tetraloop by pairing through its sugar edge with the Hoogsteen

edge of the last adenosine. The crucial difference with the canonical

interaction is that this last adenosine (A92 in the c-di-AMP ribo-

switch) comes from a separate chain, thereby leading to the strand

swap that makes this a three-way junction, rather than a tetraloop–

receptor tertiary interaction.

The P1–P3 junction (Fig 3C) is similar, but has the sequence

UAA(A) (the last purine is A112 from a separate strand) in the

B. subtilis c-di-AMP riboswitch. As a result, the closing pair of the

“tetraloop,” rather than being a sheared G•A pair, is a single-

hydrogen bond U•A pair in which the purine is in the syn conforma-

tion. As with A64, the P1–P3 junction also contains type I A-minor

interactions between A9 and the C24:G110 pair (Supplementary Fig

S4B). Completion of a tetraloop–receptor-like motif by an external

nucleotide was first observed in the structure of an AMP aptamer, in

which the AMP ligand acts as the fourth base of the pseudo-

tetraloop (Jiang et al, 1996).

Structurally and functionally furthering the similarity between

the A-minor junctions of the riboswitch and the canonical tetra-

loop–receptor interaction, one of the two adenine bases of each of

the two bound c-di-AMP molecules stacks on the first adenosine of

each of the two NAA(A) tetraloops of the RNA (N is either G63 or

U8 in this case). These c-di-AMP nucleobases (hereafter A1a and

A2a, Fig 3B and C) are therefore analogous to the homopurine plat-

form nucleobase of the tetraloop receptor (A226, Fig 3A). In

summary, the c-di-AMP riboswitch contains two NAA(A) A-minor

three-helix junctions that not only organize the overall structure of

the riboswitch, but also contribute to forming the binding site for

the two bound second messenger molecules.

Riboswitch recognition of c-di-AMP

As expected from the overall pseudo-symmetry of the riboswitch,

the two c-di-AMP ligands make structurally similar interactions with

the RNA (Fig 4). In the co-crystal structure, the adenine bases of the

two c-di-AMPs stack with unpaired riboswitch adenosines, except

for A2b, whose stacking partner was omitted from our crystalliza-

tion construct but is likely present in the wild-type B. subtilis

riboswitch (Supplementary Fig S5A). In addition to stacking, the

c-di-AMP adenine bases make hydrogen bonds with the minor

groove faces of the RNA through their Hoogsteen, Watson–Crick

and, sugar edges (Fig 4). The riboswitch recognizes all the 20-OH

atoms of the bound c-di-AMP molecules through extensive

ribose-zipper-type (Cate et al, 1996) hydrogen bonding interactions.

The A1a 20-OH contacts the O2 of C109, while the

A1b 20-OH contacts the O2 of U95. The A2a makes corresponding

A

B

C

Figure 3. The three-way junctions of the c-di-AMP riboswitch resemble a

tetraloop–receptor interface.

A The GAAA tetraloop of the Tetrahymena thermophila group I intron (Cate

et al, 1996). The GAAA tetraloop motif (nts 150–153) of loop L5b dock onto

helix J6a/6b. A226 is part of a homopurine platform motif.

B The GAAA tetraloop–receptor-like fold of the P4-P5-P6 three-helix junction

is shown with the nucleotides G63, A64, A65, and distant residue A92 in the

interaction with c-di-AMP A2a.

C The UAAA tetraloop–receptor-like fold of the P1-P2-P3 three-helix junction

is shown with the three consecutive nucleotides U8, A9, and A10 along

with A112 interacting with c-di-AMP A1a.
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contacts with the O2 of C89, while the A2b 20-OH contacts the O2 of

C115. This dense network of interactions would break down if c-di-

AMP were replaced with its deoxynucleotide analog, thus explaining

why the c-di-AMP riboswitch discriminates by at least 100-fold

against c-di-dAMP (Nelson et al, 2013). Moreover, the majority of

these hydrogen bonds would be absent for ATP, which was previ-

ously proposed to be the cognate ligand (Watson & Fedor, 2012) but

binds the riboswitch with at least 106-fold weaker affinity than

c-di-AMP (Nelson et al, 2013).

The c-di-AMP riboswitch also discriminates strongly against the

closely related bacterial second messenger c-di-GMP (Nelson et al,

2013). Our structure suggests that this discrimination arises primar-

ily by recognition of the N6 exocyclic amine of c-di-AMP and partly

by steric exclusion of c-di-GMP (Fig 5). The four c-di-AMP exocyclic

amines form hydrogen bonds with the 30 oxygen atoms of nearby

U62, G27, C82, and U7, respectively, as well as the bridging phos-

phate oxygen of the subsequent riboswitch residues. These interac-

tions would be absent in the case of c-di-GMP as O6 cannot serve as

a hydrogen bond donor. Additionally, the Watson–Crick faces of

each c-di-AMP nucleobase are closely apposed to the sugar edges of

nearby riboswitch residue bases G25, G60, G5, and G80, respec-

tively (Fig 5). If the second messenger were comprised of guanines,

the exocyclic N2 amines of the nucleobases would clash with the

nearby 20-OH and N4 of the riboswitch guanine bases. The presence

of exocyclic N2 substituents in guanines at these locations might

potentially result in favorable hydrogen bonding but would

necessitate that the small-molecule ligands be pushed away from

the riboswitch. This is consistent with the molecular selectivity of

the c-di-AMP riboswitch, which binds cyclic-AMP-GMP at least five

orders of magnitude more weakly than c-di-AMP (Nelson et al,

2013). Indeed, the RNA crystallized here did not bind either cyclic-

AMP-GMP or cyclic diinosine phosphate detectably when examined

using ITC (data not shown).

Ligand binding induces folding of the c-di-AMP riboswitch

To probe the moieties of the c-di-AMP riboswitch necessary for

ligand binding, we examined RNA sequence variants using ITC

(Table 2). In the presence of 10 mM MgCl2, the wild-type RNA

(Supplementary Fig S5A) bound c-di-AMP with a dissociation

constant (KD) of 53 nM, about fivefold weaker than the apparent KD

derived from in-line probing experiments under similar solution

conditions (Nelson et al, 2013). To examine whether the proposed

pseudoknot contributes to c-di-AMP binding, residues 132–139

were removed and residues 88–99 were replaced with a GAAA tetra-

loop (Supplementary Fig S5B). This riboswitch variant (DPS) bound

c-di-AMP with a KD (~61 nM) similar to that of the wild-type,

indicating that either the pseudoknot is not required for c-di-AMP

binding under these conditions or that the pseudoknot has not

formed. This construct also proved to be more conformationally

homogeneous as judged by size-exclusion chromatography (Supple-

mentary Fig S6A). Therefore, it formed the basis for further muta-

genesis. A U1A-binding loop was placed in the bulge at 41–48

(Supplementary Fig S5C), a segment that is variable among

c-di-AMP riboswitch sequences (Nelson et al, 2013). This construct

(U1A) bound with ~threefold tighter KD to c-di-AMP (~18 nM), indi-

cating that modification of this region of the RNA is well tolerated

and possibly even stabilizing. This construct also displayed excel-

lent conformational homogeneity, as judged by SEC (Supplementary

Fig S6B). The 50 and 30 ends were mutagenized to assess whether

the stability of P1 has an effect on c-di-AMP binding, as this helix

interacts with both ligands. Removing the two A-U pairs (DPS

D50/30) weakened binding by about 15-fold (KD ~908 nM), and

A

B

Figure 4. Structure of the c-di-AMP binding sites of the riboswitch.

A Binding site of c-di-AMP A1 highlighting interacting nucleotides. Black

dashes represent putative hydrogen bonds (the mean precision of the

current atomic coordinates is 0.41 Å, Table 1).

B Binding site of c-di-AMP A2.

A B

C D

Figure 5. Recognition of c-di-AMP nucleobases by neighboring G

residues and riboses.

A U62 ribose of helix P4 and G25 of helix P3 in proximity to c-di-AMP A1a.

B Binding site of A1b adjacent to sugar edge of G60 of helix P4 and G27

ribose of helix P3.

C C82 ribose of helix P6 and G5 of helix P1 in proximity to c-di-AMP A2b.

D Sugar edge of G80 of helix P6 and U7 ribose of helix P1 form the binding

pocket for c-di-AMP A2a.

Data information: In this figure, translucent spheres depict van der Waals

surfaces.
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replacing the two A-U pairs with three G-C pairs—the construct that

crystallized—had no effect on binding (KD ~18 nM). These results

suggest that the stability of P1 modulates the affinity of the ribo-

switch for c-di-AMP, consistent with the participation of this helix in

ligand binding (e.g. G5, U7, and A9) revealed by our co-crystal

structure, and implicate P1 in transducing ligand binding energy

into the ultimate genetic control decision.

In the ITC experiments summarized above, all isotherms

displayed a 1:1 ligand:RNA binding stoichiometry, despite the

observation of two pseudo-symmetrical binding sites in the crystal

structure. In contrast to these B. subtilis-derived sequences,

T. tengcongensis ydaO RNA displayed 2:1 binding (Supplementary

Fig S7A) but was heterogeneous as judged by SEC (Supplementary

Fig S7B). Thus, to ascertain the role of each ligand binding site as

revealed by the crystal structure of the B. subtilis riboswitch, we

mutated the crystal construct at key residues in proximity to each

c-di-AMP ligand. Each of the adenosine residues (A9, A64, and

A100) that directly interact with the c-di-AMP ligands were

mutated to either U or G. Interacting directly with A2a, A64 is

required for high-affinity c-di-AMP binding, as no binding was

observed for the A64G mutant and ~50-fold weaker binding was

observed for the A64U mutant (Table 2, KD = 896 nM). Both the

A100U and A100G point mutants displayed no binding to c-di-

AMP, suggesting that the A100-A1b interaction is also essential

for c-di-AMP binding. In contrast, while A9G failed to bind c-di-

AMP, the A9U mutant showed only approximately eightfold

reduced binding (KD = 140 nM). Interestingly, this mutant

displayed a 2:1 c-di-AMP:RNA binding stoichiometry (Supplemen-

tary Fig S7C), suggesting that the A9U mutation stabilizes the

binding of a second c-di-AMP ligand, either directly or indirectly.

A9 stacks with A1a and forms a Hoogsteen A(GC) triplet with the

G110:C24 pair (Supplementary Fig S4B). Mutation of nearby resi-

due A10U, which stacks on A9 and participates in the tetraloop-

like motif (Fig 3C), was necessary for binding (Table 2). In

contrast, A112U, which stacks on A10 and also participates in the

tetraloop-like motif, still bound c-di-AMP, although with a sixfold

weaker affinity (KD = 108 nM).

We examined the c-di-AMP riboswitch in solution in the pres-

ence and absence of c-di-AMP using small-angle X-ray scattering

(SAXS) with the conformationally homogeneous crystallization

construct that binds the second messenger with high affinity (Fig 6,

Table 2, and Materials and Methods). From the SAXS data, we

calculated the radius of gyration (Rg), maximum end-to-end distance

(Dmax), and Porod volume (VP) (Table 3). The riboswitch compacts

substantially upon ligand binding, as indicated by a decrease in Rg

(Rg = 33.7 and 28.6 Å, free and bound, respectively). The modest

change in VP (59,300 Å3 and 60,900 Å3 for free and bound, respec-

tively) suggests that this is not due to a change in the oligomeriza-

tion state of the RNA, nor were concentration-dependent effects (i.e.

to Rg) observed over the measured RNA concentration range. Kratky

plots, which qualitatively describe the extent of folding of macro-

molecules (Putnam et al, 2007), indicate that the c-di-AMP

riboswitch is partially unfolded in the absence of c-di-AMP. The

Kratky plot of the free RNA exhibits two maxima at q = 0.07 Å and

0.11 Å (Fig 6A), suggestive of two distinct domains connected by a

flexible linker, possibly the two three-helix domains. Upon addition

of c-di-AMP, the Kratky plot changes markedly, exhibits a single

maximum, and is consistent with a well-folded, compact RNA. This

pronounced ligand-binding-induced change is also apparent in the

pair-distance distribution functions [P(r)] (Fig 6B). The P(r) for the

ligand-bound riboswitch, characterized by a Dmax of 99.5 Å, is

indicative of a more compact RNA than that for the ligand-free

riboswitch (Table 3, Dmax = 116 Å), consistent with our co-crystal

structure in which the two bound c-di-AMP molecules bridge the

two halves of the pseudo-symmetric RNA. Taken together, our SAXS

analyses indicate that cognate ligand binding to the minimal func-

tional riboswitch domain (as defined by our mutagenesis, calorime-

try, and co-crystal structure) induces a global folding transition, a

phenomenon observed previously in other riboswitches, including

the c-di-GMP-I riboswitch (Kulshina et al, 2009; Baird &

Ferré-D’Amaré, 2010; Baird et al, 2010; Wood et al, 2012; Zhang

et al, 2014).

Discussion

In this study, we define the functional core of the c-di-AMP ribo-

switch and lay bare the molecular basis for its exquisite specificity

for c-di-AMP over other cyclic dinucleotides. Our findings are fully

consistent with the pattern of phylogenetic sequence conservation

and the published in-line probing data for this riboswitch (Nelson

Table 2. ITC binding measurements of c-di-AMP to riboswitch
variants.

RNA variant KD (nM)

Wild-type 53.1 � 30

Wild-type U1A 37.2 � 8.1

DPSa 60.7 � 3.1

DPS U1A 18.4 � 6.0

DPS D50/30 908 � 280

DPS U1A 5
0 GCG 3

0 CGC (crystal construct) 18.1 � 9.8

A9Gb N.B.

A9U 140 � 19

A100G N.B.

A100U N.B.

A64G N.B.

A64U 896 � 170

A10U N.B.

A112U 108 � 5.8

T. tengcongensis ydaO 156 � 88

aPseudoknot deletion based upon secondary structure of the previously
reported B. subtilis sequence (Nelson et al, 2013). The sequence and
secondary structures of DPS and other constructs are shown in
Supplementary Fig S3.
bPoint mutations were made to the crystal construct. N.B., no binding.

Table 3. SAXS analysis of the c-di-AMP riboswitch.

Rg (Å) Dmax (Å) VP (Å
3)

Riboswitch 33.7 � 0.61 116 � 3.2 59,300 � 2,800

Riboswitch + c-di-AMP 28.6 � 0.16 99.5 � 0.94 60,900 � 890
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et al, 2013). The nucleotides most highly conserved across members

of this riboswitch class (Supplementary Fig S8A) line the intramo-

lecular trough that accommodates the two c-di-AMP molecules

(Fig 2A). Highly conserved nucleotides include most of P4 as well

as the apices of the NAA(A) tetraloop-like motifs that directly inter-

act with the bound second messengers, reminiscent of but

distinct from the three-helix junctions present in purine riboswitches

(Lescoute & Westhof, 2005). RNA–RNA interfacial interactions

between the two halves of the riboswitch bury 350 Å2 of solvent-

accessible surface, compared to the approximately 625 Å2 buried by

the two bound c-di-AMP molecules (Fig 2). Thus, the ligands

contribute the majority of the binding interactions that bridge the

two domains. Our structure also agrees with the pattern of reduction

of in-line cleavage resulting from ligand binding (Supplementary Fig

S8B). The residues that exhibit the largest reductions in scission are

in P4, which binds A1 directly through G60 and C95 (Fig 4A) and

also plays a role in positioning A65 for stacking on A2a (Fig 4B).

Not surprisingly, peripheral nucleotides, such as those in the loops

that cap the distal ends of P2 and P5, do not exhibit a change in

in-line cleavage susceptibility in response to c-di-AMP binding

(Supplementary Fig S8B).

As expected, mutation of residues in contact with c-di-AMP

generally results in a loss of binding. Despite observing 1:1 binding

in all B. subtilis-derived RNAs except for A9U, the two binding sites

appear to be linked as mutation to either site in most cases elimi-

nates binding under our conditions. This may be partly explained

by the extensive stacking interactions and domain–domain interac-

tions connecting the two binding sites. For example, A100 is located

at the hinge connecting the P1–P3 riboswitch subdomain to the

P4–P6 subdomain and is conserved across riboswitch species. Both

A9 and A64 participate in tetraloop-like interactions at the centers of

three-helix junctions and partly tolerate U at this position. Mutations

to the RNA for the purposes of crystallization may have disrupted

site A2, which lacks a stacking nucleotide provided by the pseudo-

knot. However, we hypothesize that the weaker site was still

occupied in the crystal due to the high concentrations (400 lM) of

c-di-AMP present in crystallization conditions. Both the wild-type

B. subtilis and T. tengcongensis RNAs were poorly folded as judged

by SEC (Supplementary Figs S6 and S7), which may be due to the

lack of proper pseudoknot folding in vitro. Although the pseudoknot

was not essential for ligand binding, the base pairing of this

sequence may dictate the preference for pairing of a downstream

region containing a previously identified intrinsic termination

hairpin (Nelson et al, 2013). During transcription, pseudoknot

formation occurs last, as it bridges the 50 and 30 ends of the ribo-

switch. Thus, c-di-AMP binding may facilitate pseudoknot formation

during transcription and actively determine the genetic output via

this structural folding pathway.

Riboswitch recognition of cyclic dinucleotides

The recognition mechanism employed by the c-di-AMP riboswitch

is distinctly different from those of the class I and II c-di-GMP

riboswitches (Kulshina et al, 2009; Smith et al, 2009, 2011). Both

riboswitch-bound c-di-AMP molecules adopt an extended confor-

mation in which the Watson–Crick faces of the nucleobases point

in opposite directions. In contrast, when bound to either of its

cognate riboswitches, c-di-GMP is in a C-shaped conformation in

which the two nucleobases point in the same direction and sand-

wich an interdigitated adenine nucleobase of the riboswitch (A47

and A70, respectively, for c-di-GMP-I and c-di-GMP-II). Moreover,

in both c-di-GMP riboswitches, the bound nucleotide and interdigi-

tated adenine form part of a continuous helical stack (Fig 7A

and B). In the case of the c-di-AMP riboswitch, both of the

purine bases of the bound cyclic dinucleotide stack on purine

nucleobases contributed by the RNA (A9 and A100 for c-di-AMP

A1, Fig 7C), but because of its extended conformation, the bound

ligand is not an integral part of a single continuous riboswitch

helical stack.

The c-di-GMP-I riboswitch relies on canonical and non-canonical

base pairing for specificity (Kulshina et al, 2009; Smith et al,

2009). Thus, Gb makes a conventional base pair with C92, while

Ga is recognized through a Hoogsteen pair with G20 (Fig 7D and G).

The c-di-GMP-II riboswitch is less reliant on base pairing for

specificity (Fig 7E and H) (Smith & Strobel, 2011). In addition to

extensive interactions with the sugar–phosphate backbone of the

cyclic dinucleotides (Fig 4), the c-di-AMP riboswitch employs the

minor groove edge helical elements to contact the bases of its

cognate ligand. Thus, A1a makes A-minor-type interactions with

G25, and A1b makes A-minor-type interactions with G60 (Fig 7F

and I). These interactions do not strictly specify A over G, as the

20-OH of G25/G60 can act as either a hydrogen bond donor or

acceptor to A or G, respectively. Thus, the specificity of the

c-di-AMP riboswitch is likely to arise at least in part from steric

exclusion of the latter (Fig 5). Interestingly, the other source of

specificity for A arises from interaction between N3 of each A with

a nearby 30-OH and bridging phosphate oxygen, interactions which

would be absent in the case of G. The A-minor interactions of both

c-di-AMP molecules are mirrored by A-minor interactions between

the symmetry-related A residues A9 and A64. These residues are

the focal points of the communication between the three-helix

junctions and the ligands as they stack upon A1a and A2a, respec-

tively, while interacting with helices P2 and P5, respectively

(Fig 3).

Cyclic dinucleotide recognition by proteins and RNA

As a result of the intrinsic twofold rotational symmetry of cyclic

dinucleotides, the local trajectory of the dinucleotide phosphodiester

backbone is inverted around their two constituent purine residues.

To accommodate this local inversion, c-di-GMP-I and c-di-GMP-II

A B

Figure 6. SAXS analysis of c-di-AMP riboswitch.

A Kratky plot of c-di-AMP riboswitch in the absence (red) and presence

(black) of c-di-AMP. a.u., arbitrary units.

B Pair-distance distribution in the absence (red) and presence (black) of

c-di-AMP.
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riboswitch structures incorporate a corresponding local inversion in

the direction of their RNA chains such that a single nucleotide of

each riboswitch has a backbone trajectory that is opposite that of

the nucleotides that precede and follow it in the polynucleotide

chain, but becomes antiparallel to one of the two residues of the

bound c-di-GMP (Kulshina et al, 2009; Smith et al, 2009, 2011).

Instead of resorting to such local chain inversions, the c-di-AMP

riboswitch accommodates the twofold symmetry of its cognate

ligand by being itself globally twofold symmetric (Fig 1). By rotating

an entire three-helical subdomain 180° relative to the other, the

c-di-AMP riboswitch can employ residues oriented in opposed

directions to recognize each of the two oppositely oriented nucleo-

bases of a bound cyclic dinucleotide.

Although the c-di-AMP riboswitch is the first known example of

a twofold symmetric RNA recognizing a twofold symmetric ligand,

this is a common structural solution among proteins that bind,

synthesize, or hydrolyze cyclic dinucleotides, which achieve such

symmetry by virtue of dimeric or higher-order quaternary structures

(Fig 8A) (Witte et al, 2008; Schirmer & Jenal, 2009). The co-crystal

structures of the STING protein bound to c-di-GMP (Shang et al,

2012; Shu et al, 2012; Yin et al, 2012) reveal an extended dinucleo-

tide conformation in which each nucleobase stacks on a tyrosine

residue contributed by either subunit of the dimeric protein

(Fig 8A). The tyrosines are functionally equivalent to the adeno-

sines A9, A64, and A100 of the c-di-AMP riboswitch that stack on

the bases of its cognate second messenger. A second example of an

extended cyclic nucleotide conformation is provided by c-di-GMP

phosphodiesterases (Barends et al, 2009; Sundriyal et al, 2014).

As seen in the co-crystal structure of the phosphodiesterase

YahA (Sundriyal et al, 2014), a monomeric enzyme which hydro-

lyzes c-di-GMP, an extended c-di-GMP ligand is bound asymmetri-

cally via a tyrosine stacking with one of the guanine nucleobases

(Fig 8B).

Internal symmetry and pseudo-quaternary RNA structure

Unlike proteins, which commonly associate into oligomeric struc-

tures with diverse quaternary symmetry (reviewed in Brändén &

Tooze, 2009), very few biological RNA molecules are known to

function as higher-order oligomers (Guo et al, 1998; Mujeeb et al,

1998). Rather than exhibiting true quaternary structure, the

c-di-AMP riboswitch folds thorough symmetric association two

self-similar domains that reside in a single polynucleotide chain.

Nonetheless, this RNA is functionally a symmetric dimer whose

A B C

D E F

G H I

Figure 7. Comparison of RNAs that recognize cyclic dinucleotides.

A Binding site of the class I c-di-GMP riboswitch (Smith et al, 2009). The

c-di-GMP ligand (brown) surrounds the interdigitated A46 and is

sandwiched between the G21–C46 and G14–C93 pairs.

B Binding site of the class II c-di-GMP riboswitch (Smith et al, 2011).

C-di-GMP (brown) is surrounded by A61 and the A13–A70 base pair with

A70 pairing between Ga and Gb.

C C-di-AMP riboswitch binding site presented herein. C-di-AMP A1 (yellow)

stacks with A9 and A100 via A1a and A1b, respectively.

D Hydrogen bonds between Ga and nearby residues in the class I c-di-GMP

riboswitch.

E Interactions between Ga and A69 in the class II c-di-GMP riboswitch.

F C-di-AMP riboswitch A1a interactions with the G25 sugar edge of helix P3

and U62 bridging phosphate, 30-OH, and 2
0-OH helix P4.

G Hydrogen bonds between Gb and surrounding residues in the class I

c-di-GMP riboswitch.

H Two hydrogen bonds, one each from G73 and sugar A70, interact with Gb

in the c-di-GMP class II riboswitch.

I C-di-AMP riboswitch A1b interactions with the G60 sugar edge of helix P4

and G27 U62 bridging phosphate, 30-OH, and 2
0-OH helix P3.

A

B

Figure 8. Comparison with proteins that bind cyclic dinucleotides.

A Human STING binds c-di-GMP (Shu et al, 2012) flanking the cyclic

nucleotide the Tyr167 residues (red) from each protomer of the dimeric

protein (the two protomers are in tray and blue, respectively).

B The Escherichia coli YahA c-di-GMP phosphodiesterase (Sundriyal et al,

2014) binds its ligand in an extended dinucleotide conformation, in which

one nucleobase contacts Tyr341 (red).
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ability to recognize c-di-AMP requires specific association of its two

three-helix-junction domains, each of which constitutes one half of

the ligand-binding trough (Fig 2). Although our co-crystal structure

provides the first example of a globally twofold symmetric

RNA recognizing a twofold symmetric small molecule, previous

structural analyses of the glycine and FMN riboswitches have docu-

mented recognition of asymmetric ligands by RNAs with pseudo-

quaternary structures. The glycine riboswitch is comprised of two

domains of closely related structure that are connected through a

structured linker (Mandal et al, 2004; Huang et al, 2010; Butler

et al, 2011; Baird & Ferré-D’Amaré, 2013). Each of the modules

contains a functional glycine binding site, but their association

through a specific inter-domain interface is required for efficient

glycine binding and genetic control. Rather than being a functional

dimer that binds to two equivalents of its cognate ligand, like the

c-di-AMP or glycine riboswitches, the FMN riboswitch is structurally

pseudo-symmetric but recognizes a single molecule of FMN through

asymmetric interactions (Serganov et al, 2009). Proteins exploit the

symmetry of quaternary association for recognizing symmetric

ligands (Fig 8), but also to achieve sophisticated biochemical func-

tions, such as allostery and cooperativity (reviewed in Perutz,

1990). Our SAXS analyses indicate that in the case of the c-di-AMP

riboswitch, folding and ligand recognition are tightly coupled. Since

the stability of the ligand-bound aptamer domain determines the

outcome of its genetic control decision (Nelson et al, 2013), the

symmetric structure of the c-di-AMP riboswitch exemplifies how

RNA quaternary structure formation gives rise to an adaptive biolog-

ical response.

Materials and Methods

RNA and protein constructs

All RNAs were prepared by in vitro transcription (Xiao et al,

2008), from templates generated by PCR from plasmids encoding

the B. subtilis QB928 ydaO-yuaA cDNA (synthesized by Integrated

DNA Technologies). The wild-type B. subtilis plasmid pydaO used

herein is identical to GenBank CP003783.1, nts 486,110–486,233,

except for the C47G and G53C (numbering hereafter as in Fig 1A)

mutations that reverse a C-G pair (Supplementary Fig S4A). The

T. tengcongensis sequence is identical to GenBank NC_003869.1,

nts 127,258–127,392. Additionally, all plasmids encoded a

hammerhead ribozyme at the 50 end of the riboswitch sequence to

yield homogeneous 50 RNA termini upon transcription with T7

RNA polymerase (Ferré-D’Amaré & Doudna, 1996). To reduce

30 heterogeneity, 30 PCR primers incorporated two 20-O-methyl

nucleotides at their 50 end (Kao et al, 1999) complementary to the

30 end of the template strand. RNAs were purified by denaturing

polyacrylamide gel electrophoresis. Site-directed mutagenesis was

performed using the QuikChange kit (Agilent). Selenomethionyl

U1A protein RNA binding domain (Y31H, Q36R; SeMet-U1A) was

prepared as previously described (Ferré-D’Amaré & Doudna,

2000). Prior to use, RNA was brought up in a buffer containing

50 mM HEPES–KOH pH 7.4, 150 mM KCl, heated to 95°C for

2 min, MgCl2 was added to 10 mM final concentration, and the

solution immediately placed on ice and incubated for at least 30 min.

C-di-AMP, cyclic-AMP-GMP, and cyclic diinosine monophosphate

were purchased from Invivogen or Biolog and used without further

purification.

Crystallization and diffraction data collection

For crystallization by the vapor diffusion method, 1 ll of

RNA complexed with SeMet-U1A and c-di-AMP (200 lM RNA,

50 mM HEPES–KOH pH 7.4, 150 mM KCl, 400 lM c-di-AMP,

300 lM SeMet-U1A) was mixed with an equal volume of reservoir

solution [25% (w/v) PEG 3350, 5% (v/v) ethylene glycol, 0.1 M

BisTris–HCl pH 5.2] and equilibrated with 500 ll of the reservoir at

21°C. Plate-shaped co-crystals appeared within 1 week and grew to

maximum dimensions of 400 × 200 × 30 lm3 in a month. Prior to

harvesting, 1 ll of a solution containing 25% (w/v) PEG 3350, 5%

(v/v) ethylene glycol, 0.1 M BisTris–HCl pH 5.2, 10 mM MgCl2,

150 mM KCl, 400 lM c-di-AMP was added directly to the drop.

Crystals were mounted in nylon loops and flash-cooled by plunging

into liquid nitrogen. SAD data were collected using the inverse beam

method from a single crystal at the selenium K edge at 100 K at

beamline 5.0.2 of the Advanced Light Source (ALS), Lawrence

Berkeley National Laboratory. Data were integrated and scaled with

the HKL package (Otwinowski & Minor, 1997). Of the approximately

1,000 crystals grown under these conditions that were examined by

oscillation photography and synchrotron X-radiation, approximately

two dozen diffracted to a resolution higher than 4 Å, and of those,

only a few diffracted beyond 3.5 Å.

Structure determination and refinement

Three of four possible selenium sites were identified using HySS

(Grosse-Kunstleve & Adams, 2003) in Phenix (Adams et al, 2010)

and SHELX (Schneider & Sheldrick, 2002), using Dataset 1

(Table 1). Experimental phases were calculated using PHASER

(McCoy et al, 2007) and density modified using RESOLVE

(Terwilliger, 2000). Model building commenced by placement of the

known structure of U1A bound to an RNA hairpin (Oubridge et al,

1994), a GAAA tetraloop, and two 5-base pair duplexes using

PHASER. Rounds of manual model building in Coot (Emsley &

Cowtan, 2004) interspersed with rigid body, restrained individual

atomic B-factor, simulated annealing and TLS refinement in Phenix

using experimental phase restraints yielded the current Dataset 1

crystallographic model. C-di-AMP molecules were not placed into

the |Fo|-|Fc| residual electron density until the model had an Rfree-

factor of 0.347. A version of that model, lacking ligands and ions,

was placed into Dataset 2 amplitudes, which provided better maps

for ligand placement (Supplementary Fig S2) and allowed refine-

ment to an Rfree-factor of 0.286. The current models have cross-

validated rA coordinate precisions of 0.50 Å. Structure figures were

prepared using PyMOL (Schrödinger, LLC). Solvent-accessible

surface area calculations were performed using StrucTools provided

by Helix Systems at the National Institutes of Health, Bethesda, MD

(http://helix.nih.gov).

Isothermal titration calorimetry

All ITC measurements were recorded with a MicroCal iTC200 micro-

calorimeter (GE). Typically, 5–10 lM RNA in the cell was titrated

with 50–100 lM c-di-AMP in the syringe. Concentrations as high

The EMBO Journal Vol 33 | No 22 | 2014 Published 2014. This article is a U.S. Government work and is in the public domain in the USA

The EMBO Journal c-di-AMP riboswitch structure Christopher P Jones & Adrian R Ferré-D’Amaré

2700

http://www.ncbi.nlm.nih.gov/nuccore/CP003783.1
http://www.ncbi.nlm.nih.gov/nuccore/NC_003869.1
http://helix.nih.gov


as 60 lM RNA in the cell and 1 mM c-di-AMP in the syringe were

used for weaker binding constructs. For all experiments, RNA was

folded as described above, and the cell and syringe contained

matching buffers (50 mM HEPES–KOH pH 7.4, 150 mM KCl, and

10 mM MgCl2). Data were analyzed and fit using NITPIC and

SEDPHAT (Schuck, 2000; Keller et al, 2012). For T. tengcongensis

ydaO, the RNA concentration was normalized using the relative

population of RNA corresponding the monomeric peak as judged by

SEC with identical samples in the same buffer (Supplementary Fig

S6B).

Small-angle X-ray scattering

For SAXS experiments, approximately 200 lg RNA samples (crys-

tal construct) were folded as described above and purified by

size-exclusion chromatography using a Superdex 200 column

(GE). The column was equilibrated with a buffer identical to the

ITC buffer above, and fractions containing the monomeric RNA

peak were concentrated in Amicon centrifugal concentrators and

stored at 4°C. Analysis of the purified RNA by native gel electro-

phoresis revealed a single oligomeric state (not shown). Analytical

SEC, as shown in Supplementary Fig S6, was performed similarly,

except with injections of 100 ll of 17.5 lM RNA. Samples

(~25 lM RNA) and matching SEC buffers were shipped overnight

at 4°C to beamline 12-ID-C of the Advanced Photon Source (APS),

Argonne National Laboratory, where SAXS data were collected as

described (Baird & Ferré-D’Amaré, 2013) for RNA samples in the

presence and absence of 100 lM c-di-AMP. Scattering curves were

buffer-subtracted, truncated to 0.3 Å q, and averaged for three

RNA concentrations (~1, 0.5, and 0.25 g/l). Data were analyzed

in PRIMUS (Konarev et al, 2003) to calculate Kratky and

Guinier plots and estimate radius of gyration (Rg) and Porod

volume (VP).

Accession codes

Atomic coordinates and structure factor amplitudes for the c-di-AMP

riboswitch bound to c-di-AMP have been deposited with the Protein

Data Bank under accession codes 4W92 and 4W90.

Supplementary information for this article is available online:

http://emboj.embopress.org
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