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ABSTRACT

Ligand-binding RNAs (RNA aptamers) are
widespread in the three domains of life, serv-
ing as sensors of metabolites and other small
molecules. When aptamers are embedded within
RNA transcripts as components of riboswitches,
they can regulate gene expression upon binding
their ligands. Previous methods for biochemical
validation of computationally predicted aptamers
are not well-suited for rapid screening of large
numbers of RNA aptamers. Therefore, we utilized
DRaCALA (Differential Radial Capillary Action of
Ligand Assay), a technique designed originally to
study protein-ligand interactions, to examine RNA-
ligand binding, permitting rapid screening of dozens
of RNA aptamer candidates concurrently. Using this
method, which we call RNA-DRaCALA, we screened
30 ykkC family subtype 2a RNA aptamers that were
computationally predicted to bind (p)ppGpp. Most
of the aptamers bound both ppGpp and pppGpp,
but some strongly favored only ppGpp or pppGpp,
and some bound neither. Expansion of the number
of biochemically verified sites allowed construction
of more accurate secondary structure models and
prediction of key features in the aptamers that
distinguish a ppGpp from a pppGpp binding site.
To demonstrate that the method works with other
ligands, we also used RNA DRaCALA to analyze
aptamer binding by thiamine pyrophosphate.

GRAPHICAL ABSTRACT

INTRODUCTION

RNA aptamers are RNA regions capable of binding spe-
cific ligands with high affinity and specificity (1–3). Often
these ligand binding regions belong to larger RNA domains
called riboswitches that function to regulate gene expression
(2–7). Riboswitches are typically found within mRNAs and
are among the most widespread regulators of RNA in biol-
ogy. For example, they can restrict the expression of genes
or operons in a metabolic pathway to a condition in which
a precursor molecule in the pathway is present or the final
product of the pathway is absent (2,3,6). This regulation can
ensure that all the enzymes involved in the pathway are not
translated when the synthesis of the final product is unnec-
essary. The aptameric portion of a riboswitch plays a key
role by sensing the specific ligand level and driving a switch
in RNA structure that provokes the regulatory event.

The first riboswitches were identified almost two decades
ago (4–7), following the identification of riboregulation by
tRNA binding to mRNAs for control of amino acyl tRNA
synthetase expression (8). Numerous other riboswitches
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have also been identified based on the function of the reg-
ulated gene, such as the thiM and thiC genes involved in
thiamine biosynthesis that are regulated by thiamine py-
rophosphate (TPP) (9). Some, including the TPP-binding
riboswitches found in the three domains of life, are of an-
cient origin (10–13). It is therefore hypothesized that ap-
tamers first appeared during the RNA-world stage of evolu-
tion (10,14–15), where they served as the binding domains
of ribozymes controlling biological enzymatic reactions.

The search for RNA aptamers proceeded along two dif-
ferent paths. Most potential aptamers were identified in sil-
ico by searching for evolutionarily conserved motifs pre-
ceding coding regions, followed by analysis of the RNAs
for changes in secondary structure in vitro in the presence
versus absence of specific ligands (6,16–18). More recently,
analysis of RNA structures in vivo under different physio-
logical conditions or in the presence of high concentrations
of a given ligand in vitro revealed aptamers and riboswitches
that were not identified by in silico approaches (19–21). In
either case, demonstration of ligand binding to more than
a small number of candidate aptamers at a time, often us-
ing probing with nucleases or spontaneous cleavage (in-line
probing), has proven challenging.

The ligand binding specificities of aptamers are very di-
verse, including nucleotides and their derivatives, ions, and
a wide range of other small molecules (10,14). For exam-
ple, the ykkC aptamer family, found in multiple Gram pos-
itive and Gram negative bacterial species, was originally
discovered in homologs of the ykkC and yxkD genes that
are involved in multidrug resistance and transport (6). Al-
though these aptamers remained orphans for a decade with-
out known ligands, in recent years various ligands have been
described that bind to them. For example, ykkC subtype
1 aptamers bind the toxic metabolic byproduct guanidine
(22), subtype 2b aptamers bind the purine precursor phos-
phoribosylpyrophosphate (PRPP) (23), and subtype 2c ap-
tamers bind the nucleoside diphosphates ADP or CDP, as
well as their deoxyribose forms, dADP and dCDP (24).

ykkC subtype 2a RNA aptamers function in riboswitches
in cis with genes involved in amino acid synthesis and trans-
port (25) by binding guanosine 3′,5′-bisphosphate (ppGpp)
and/or guanosine 3′-bisphosphate 5′-trisphosphate
(pppGpp). ppGpp and pppGpp are highly conserved stress
signaling molecules in bacteria, chloroplasts, and mito-
chondria (26–28). In response to amino-acid depletion and
other stresses, ppGpp and pppGpp, sometimes referred
to as (p)ppGpp, are induced and bind to multiple protein
targets involved in functions as diverse as transcription,
translation, nucleotide metabolism, and other metabolic
processes (29–32). Because one of those targets in pro-
teobacteria is RNA polymerase (RNAP) (33,34), (p)ppGpp
can regulate the expression of hundreds of genes whose
promoters have the appropriate kinetic properties (35). In
firmicutes like the Bacilli, however, (p)ppGpp does not
bind directly to RNAP (27). Instead, these bacteria rely on
many other mechanisms for control of gene expression by
(p)ppGpp, including (p)ppGpp binding to enzymes critical
for nucleotide biosynthesis and to ykkC subtype 2a RNA
riboswitches (25).

More than 100 (p)ppGpp binding aptamers have been
predicted bioinformatically within or upstream of more

than 20 different genes in about 50 different firmicute
species (22,25). Binding to five of these predicted ap-
tamers has been confirmed biochemically or genetically,
one each in the Clostridia species Thermosediminibacter
oceani and Desulfitobacterium hafniense, one each in the
Incertae sedis species Sulfobacillus acidophilus and the un-
classified Clostridium species BL8 (NZ AUPA01000230.1,
Cbl8), and one in the Negativicute species Pelosinus fermen-
tans. These aptamers are located upstream of genes pre-
dicted to code either for the ilvE branched-chain-amino-
acid transaminase, the natA ATP-binding cassette (ABC)
domain transporter, or the glt/glxB methylglyoxalase, re-
spectively. There are strong sequence similarities and pre-
dicted secondary structure models for the >100 proposed
(p)ppGpp binding aptamers, but the secondary structure
models generated from these proposed aptamers were cre-
ated under the assumption that all bind both pppGpp and
ppGpp with similar affinities. This was verified only for the
ilvE aptamer from T. oceani (25).

Experimental validation and analysis of ligand binding
to RNA aptamers have relied heavily on the in-line prob-
ing assay (36). This method has been used to measure the
affinity of RNA aptamers for their ligands, and the assay
also provides some information about the secondary struc-
ture of the aptamer. However, in-line probing often requires
incubation of RNAs for extended periods of time (days to
weeks) in the presence of the ligand of interest, which makes
it unsuitable for testing the binding of an unstable ligand,
as it will decay over the course of the experiment. Further-
more, in-line probing relies on spontaneous cleavage within
unpaired flexible RNA regions, and a cleavage can poten-
tially alter binding to the aptamer or otherwise affect inter-
actions with the ligand during the experiment. While reli-
able for testing the binding of an RNA to multiple ligands,
in-line probing is usually too labor-intensive for investiga-
tion of many RNAs at the same time.

Here we use a method that we call RNA-DRaCALA to
screen and characterize the interaction of predicted RNA
aptamers with their proposed ligands. We modified DRa-
CALA (Differential Radial Capillary Action of Ligand
Assay), which was originally designed to study binding of
ligands to proteins (37) but has also been used for nucleic
acids (38), to make it more suitable for screening multi-
ple RNAs. We characterized previously identified (p)ppGpp
aptamers and then screened a larger set of predicted ykkC
subtype 2a aptamers for binding to ppGpp and/or pppGpp.
A large majority of these aptamers bound both ppGpp and
pppGpp, a few did not bind either ligand, and some were
specific for one or the other. Using these experimentally
validated aptamer subsets, we generated distinct models for
ppGpp- and pppGpp-binding aptamers that recapitulate all
previously reported features for binding (p)ppGpp, as well
as new features identified here, and then we utilized these
models to predict previously unreported aptamers.

MATERIALS AND METHODS

Production of RNA aptamers

RNA aptamers were prepared by transcription in vitro using
T7 RNA polymerase and PCR-generated DNA templates.
Primers for PCR amplification are listed in Supplementary
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Table S3. For Escherichia coli thiC and thiM TPP-binding
aptamers, the DNA templates were PCR amplified from ge-
nomic DNA from E.coli strain MG1655. For the T. oceani
ilvE (To ilvE) and the D. hafniense ilvE (Dh ilvE) (p)ppGpp-
binding aptamers, as well as the mutant To ilvE M2 aptamer
that does not bind (p)ppGpp, DNA templates were PCR
amplified from DNA generously provided by the Breaker
laboratory. Primers for amplifying the thiC, thiM and ilvE
DNA templates were designed with a T7 promoter adjacent
to the DNA coding for the 5′ end of the aptamer and a 3′ tag
where indicated (Supplementary Table S3). For (p)ppGpp-
binding aptamer candidates (sequences from (25), Supple-
mentary Tables S1 and S3) and for TPP-binding aptamer
candidates (sequences from (19), Supplementary Tables S1
and S3), DNA templates for PCR amplification were pur-
chased as double stranded DNA gene blocks from Inte-
grated DNA Technologies. The gene blocks contained a T7
promoter adjacent to the DNA coding for the 5′ end of
the aptamer. Primers for PCR amplification from the gene
blocks included a 3′ tag (Supplementary Table S3). Up to
three G nucleotides were added to the 5′end of the aptamer-
encoding sequence at the transcription start sites to facili-
tate transcription by T7 RNAP, depending on the number
of G’s already present in the original aptamer sequence. The
extra G nucleotides and/or 3′ tags were the only nucleotides
absent from the aptamers described by Breaker and col-
leagues (25) (Supplementary Table S1). The amplified DNA
templates were transcribed in vitro using the T7 Megascript
kit (Invitrogen), following the manufacturer’s instructions.
RNAs were Trizol extracted using the Direct-zol RNA Mi-
croprep kit (Zymo Research) following the manufacturer’s
instructions and then resuspended in 20 �l DEPC-treated
water. Purified RNAs were quantified by Nanodrop and
analyzed on 7 M urea 8% PAGE to confirm their size and
quality.

Radiolabeled ppGpp and pppGpp production and purification
32P-ppGpp and 32P-pppGpp were synthesized in separate
reactions and purified as described previously (33). Briefly,
a 50 �l reaction containing 10 �l of laboratory purified
crude ribosomes, 25 mM Tris-acetate pH 8.0, 7.5 mM Mg-
acetate, 30 mM K-acetate, 14 mM NH4-acetate, 0.5 mM
DTT, 0.1 mM EDTA, 1 mM unlabeled ATP, 0.5 mM GDP
or GTP for ppGpp or pppGpp synthesis, respectively, and
100 �Ci of � 32P-ATP was incubated for 1 h at 37◦C. 32P-
ppGpp or 32P-pppGpp were then separated from other ra-
dioactive species by ascending PEI-cellulose chromatogra-
phy and eluted from an excised strip of the plastic-backed
PEI plate in 5 ml 4 M LiCl for 5 min. The eluate was then
precipitated with 10–20 �l of a 10x dilution of NH4OH,
pelleted by centrifugation for 5 min at 4◦C at 14 000 rpm,
washed with 100% ethanol three times, and stored at 80◦C
until used. For daily use, the pellets were centrifuged, dried,
resuspended in 0.5 M Na-formate pH 3.4, and neutralized
with 1 M Tris-Cl pH 8.0. ppGpp or pppGpp concentrations
were measured by Nanodrop.

ThiL protein production and purification

An N-terminally-10His-tagged version of ThiL (His10-
ThiL) was purified by cloning the Escherichia coli thiL cod-

ing sequence into a pET28 plasmid, downstream from the
vector-encoded T7 promoter, ribosome binding site, 10 His
codons, and a thrombin cleavage site (sequence in Supple-
mentary Table S3), to form plasmid pJJ01. pJJ01 was in-
troduced into E. coli BL21DE3 cells (Novagen) by elec-
troporation. This strain carries T7 RNA polymerase under
the control of the IPTG inducible lacUV5 promoter. Cells
were grown at 37◦C in 500 ml LB supplemented with 30
�g/ml kanamycin to maintain the plasmid to an OD600 of
0.45, and then His10-ThiL production was induced for 3
h with 1 mM IPTG. Cells were pelleted by centrifugation
and lysed by sonication in a lysis buffer containing 10 mM
Tris–HCl at pH 8.0, 5% glycerol, 300 mM NaCl, 2 mM �-
mercaptoethanol, 0.14% sodium deoxycholate, a protease
inhibitor cocktail and 0.4 mM phenylmethylsulfonyl flu-
oride, following the manufacturer’s instructions (Thermo
Fisher 78425). The lysate was cleared by centrifugation at
15 krpm for 30 min at 4◦C, and the supernatant was pu-
rified on a nickel-agarose affinity column (Sigma). Eluted
fractions were analyzed by SDS-PAGE with Coomassie
staining, and the fractions containing His10-ThiL were fur-
ther dialyzed into a buffer containing 20 mM Tris–HCl
pH 8.3, 150 mM NaCl and 5 mM CaCl2. The protein
was Nanodrop- and Bradford assay-quantified and digested
with 1 U of thrombin per mg of protein for 3 h at 37◦C.
The mixture was then purified again on a nickel-affinity col-
umn (Sigma) and dialyzed into a storage buffer contain-
ing 50% glycerol, 300 mM NaCl, 50 mM Na2HPO4 and
100 �M DTT. Proteins were analyzed by SDS-PAGE and
Coomassie staining to confirm proper final size and purity
and kept at –20◦C for routine use or at -80◦C for long-term
storage.

Radiolabeled TPP production and purification

Purified ThiL was tested for TMP kinase activity in 3 �l re-
actions containing ThiL (either 10 �g or 20 �g, i.e. 3.33 or
6.67 �g/�l), TMP (varying from 2 to 20 mM), � 32P-ATP
(either 0.5 or 1 �Ci), either 10 mM unlabeled ATP or no
unlabeled ATP, and a 1x reaction buffer composed of 3
mM MgCl, 150 mM KCl and 1 mM Tris–HCl pH 8.0.
Reactions were incubated for 1 h at 37◦C and analyzed
by ascending chromatography on PEI-cellulose alongside a
control containing � 32P-ATP. A 100 micron PEI-cellulose
TLC plate (Select Scientific) was prewashed twice in water
and once in methanol by ascending chromatography. 32P-
TPP was then separated from residual � 32P-ATP and TMP
by ascending chromatography on the PEI-cellulose plate
in diethanolamine–methanol–formic acid–67 mM dibasic
sodium phosphate at 1:15:1.5:5 proportions for 3h30, as de-
scribed previously for TPP and TMP separation by ascend-
ing chromatography (39,40). Migration profiles of unla-
beled thiamine pyrophosphate (TPP) and monophosphate
(TMP), observed by UV-extinction, were used as standards.
TPP migrated much closer to the origin than TMP, and ra-
diolabeled TPP co-migrated with the unlabeled TPP stan-
dard. Under some test assay conditions, a second com-
pound with slower mobility was also produced, possibly
thiamine triphosphate (TTP), as has been observed in E.
coli. TTP synthesis by ThiL has not been reported pre-
viously. Under conditions used for preparative 32P-TPP
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synthesis, no other radiolabeled reaction products were
observed.

Purified 32P-TPP for use in the RNA-DRaCALA as-
says was produced in 30 �l reactions containing 200 �g
(i.e. 6.67 �g/ul) purified ThiL, 2 mM TMP, 10 �Ci of
� 32P-ATP and 1× reaction buffer, and incubated for 1 h
at 37◦C. The reaction was then applied to the origin of a
PEI-cellulose plate, and 32P-TPP was separated from resid-
ual � 32P-ATP and TMP by ascending chromatography as
described above. After excision from the PEI plate and elu-
tion in 2 ml 4 M LiCl for 5 min, the 32P-TPP eluate was pre-
cipitated with 8 ml 100% ethanol, pelleted by centrifugation
for 5 min at 4◦C at 14 000 rpm, washed with 100% ethanol
three times, and stored at 80◦C until used. For immediate
use, the pellets were centrifuged, dried, and resuspended in
water.

RNA-DRaCALA assays

In method A (Figure 1A), the 3′ends of in vitro tran-
scribed RNAs were ligated with 3′-biotinylated cytosine
bis(phosphate) at 16◦C for 16 h using the RNA 3′end bi-
otinylation kit (Pierce) following the manufacturer’s in-
structions. The biotinylated RNAs were then extracted with
chloroform:isoamyl alcohol, ethanol precipitated, washed,
and resuspended in water. To ensure complete biotinyla-
tion of RNAs, we verified their migration profile with an
electrophoretic mobility shift assay (EMSA) in the presence
of a saturating concentration of streptavidin, followed by a
Northern blot with aptamer-specific probes. In method B
(Figure 1B), RNAs were transcribed with an extra aaaaag
ccaccgccaccgccaccgccaccgccaccgccaccgcc 3′ tag, and these
RNAs were tethered to streptavidin with an antisense bi-
otinylated DNA (B-AS) (5′biot-ggcggtggcggtggcggtggcgg
tggcggtggcggtggc). Samples containing 0.25 nM to 2 �M
biotinylated or 0.25 nM to 1 �M tagged RNAs with 1 �M
B-AS were denatured for 3 min at 80◦C, flash frozen for 1
min on dry ice, and thawed on ice. They were then incu-
bated for 5 min at 37◦C with 1 nM up to 20 nM of 32P-
ppGpp or 32P-pppGpp, or 32P-TPP (<10 nM) in a buffer
containing 10 mM MgCl2 and 20 mM Tris–HCl, pH 7.5.
Samples were incubated further for 5 min at 37◦C after ad-
dition of streptavidin to a final concentration of 1 �M. 4 �l
of these reactions were then spotted onto duplicate PRO-
TRAN BA85 nitrocellulose filters (GE Healthcare Life Sci-
ences). The dried filters were exposed to phosphor screens
and analyzed subsequently with a Typhoon phosphorim-
ager (GE Healthcare Life Sciences). Experimental error was
calculated from the standard deviation, �, of n separate
replicates (at least three for each experiment) and expressed
as 95% Confidence Intervals (CI), following the equation
(x − 1.96 ∗ σ√

n , x + 1.96 ∗ σ√
n ) with x as the mean value for

the considered replicates. Results were fitted to a binding
curve using SigmaPlot Software (Systat Software, San Jose,
CA) according to the following equation at low levels of lig-
and : Y = Bmax ∗ X

Kd+X where Y is the fraction of ligand bound
and X the aptamer concentration, and the Kd was deter-
mined from this curve. When binding saturation was not
obtained, it was predicted using the SigmaPlot software’s

dynamic fit to a single binding site model, and the Kd was
inferred from this prediction.

Bioinformatic model construction

RNA sequences from a family of aptamers were simulta-
neously folded and aligned to generate a consensus struc-
ture together with a multiple alignment using the LocaRNA
software with default parameters (41). Visualization of the
consensus RNA secondary structure was performed using
the R2R program with the following parameters: identity-
levels of 97%, 90% and 75% were used to indicate the degree
of conservation of a nt identity, present-levels of 97%, 90%,
75% and 50% were used to indicate how frequently a nt is
present, and max-non-canon of 10% was used to indicate the
maximum allowable frequency of non-canonical base pairs
in the structure (42). A covariance model was built using
Infernal’s cmbuild tool, and the resulting covariance model
was calibrated using Infernal’s cmcalibrate tool with default
parameters (17). To assess how well an RNA fits one of
the generated covariance models, Infernal’s cmsearch tool
was used to determine an E-value representing the statis-
tical significance of the fit (17). Using the above-described
approach, two models were constructed, one from the 24
aptamers binding ppGpp and one from the 22 aptamers
binding pppGpp, as determined from the RNA-DRaCALA
screen.

Hypergeometric P-value calculation

We used a hypergeometric test to calculate for a sample
of Z = 7 aptamers, the probability H(n) of randomly se-
lecting n = 7 aptamers belonging to a category of X = 14
aptamers (with a 5′-NAGG P3-P0-ss) out of a total popu-
lation of Y = 27 aptamers, also called hypergeometric P-
value, following the equation H (n) = C(X, n)∗C(Y−X, Z − n)

C(Y, Z) =
( X!

n!(X−n)! )∗( (Y−X)!
(Z−n)!((Y−X)−(Z−n))! )

( Y!
Z!(Y−Z)! )

.

Bioinformatic homolog search

As a first approach, using the refined covariance models
for ppGpp and pppGpp, 5242 replicons from ∼2700 bac-
terial genomes from all domains of life were explored. In-
fernal’s cmsearch tool (17) was used to search these repli-
cons for matches to the two covariance models and E-
value were calculated indicating the statistical significance
of each match (Supplementary Table S2). As a second ap-
proach, for select genes of interest, putative homologs of the
gene were searched for candidate aptamers. Potential ho-
mologs were identified by conducting a TBLASTN search
on a gene’s protein sequence and retaining candidates with
an E-value less than 1E–10 (43). A homolog’s correspond-
ing nucleotide sequence was extracted together with re-
gions of 500 nucleotides upstream and 300 nucleotides
downstream of the homolog’s coding sequence. These nu-
cleotide sequences corresponding to a putative homolog
were then searched for fits to ppGpp and pppGpp co-
variance models using Infernal’s cmsearch tool in order to
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Figure 1. Outline of RNA-DRaCALA. Schematic representation of RNA-DRaCALA by two methods. In method (A), the RNA is directly biotinylated
via the 3′-end ligation of a biotinylated cytosine. In method (B), the RNA is tagged with an additional 3′ sequence, targeted by a biotinylated antisense
DNA oligonucleotide. In both cases, Streptavidin binds to the biotinylated RNA or RNA-antisense complex and anchors it to the nitrocellulose filter at
the site of deposition. Radiolabeled ligands (Ligand*) bound to immobilized aptamer RNAs at the center of the filter are detectable by phosphorimaging.

identify candidate aptamers binding ppGpp or pppGpp,
respectively (17).

RESULTS

Analysis of aptamer–ligand binding by RNA-DRaCALA

DRaCALA relies on binding of the ligand to its target in
solution, followed by analysis of the diffusion pattern on
a nitrocellulose membrane. Small ligand molecules diffuse
across the membrane with the solvent front due to capillary
action, while proteins and any ligand bound to them stick to
the nitrocellulose and do not diffuse away from the original
site of deposition (37,38). We used a modified version of
DRaCALA in which RNA with an attached biotin moiety
is immobilized on nitrocellulose through interaction with
streptavidin (38) to test (p)ppGpp binding to two aptamers
previously shown to interact with (p)ppGpp (25).

RNAs containing the known ppGpp-binding ilvE ap-
tamer from T. oceani (To ilvE) (25) were prepared for RNA-
DRaCALA, either by ligation to biotinylated cytosine (To-
B) (Figure 1A) or by creation of aptamer RNAs with a
3′-tag (To-T) complementary to a pre-biotinylated anti-
sense DNA oligonucleotide (B-AS) (Figure 1B). The To ilvE
RNA aptamer was previously shown to bind ppGpp tightly
(10 nM Kd) by in-line probing (25). The biotinylated ilvE
RNAs were incubated with 32P-ppGpp followed by addi-
tion of saturating amounts of streptavidin, and the reac-
tion was deposited on a nitrocellulose membrane (Figure
2A). 32P-ppGpp alone, or 32P-ppGpp with streptavidin, dif-
fused on the nitrocellulose, indicating that 32P-ppGpp does
not bind to the membrane or to the non-diffusing strepta-
vidin. In the absence of streptavidin, the 32P-ppGpp-RNA
complexes also diffused on the nitrocellulose. However, in
the presence of both streptavidin and the To-B RNA or the
To-T RNA annealed to the antisense oligonucleotide, 32P-
ppGpp was concentrated in a spot at the center of the ni-

trocellulose filter, corresponding to the site of deposition,
demonstrating that 32P-ppGpp bound to the immobilized
RNA aptamer-streptavidin complex. Slight differences in
the percent bound with the two To ilvE RNA streptavidin
tethering methods potentially could result from differences
in ppGpp-binding properties of the aptamer with the 45 nt-
long tag versus the 3′ end-ligated biotinylated cytosine.

A tagged version of the To ilvE M2 mutant (M2-T) did
not bind 32P-ppGpp when measured by RNA-DRaCALA
(Figure 2A), consistent with results obtained by in-line
probing (25), indicating that the assay is specific. To demon-
strate the specificity for ppGpp, the To-B aptamer was as-
sayed in the presence of 10 nM 32P-ppGpp and a molar ex-
cess (1 mM) of either unlabeled ppGpp or unlabeled GTP
(Figure 2B). Unlabeled ppGpp competed with 32P-ppGpp
binding, whereas GTP did not, even in 105-fold excess. This
is the only example we found where the in-line probing and
RNA-DRaCALA approaches resulted in different conclu-
sions. Sherlock et al. (25) found changes in the RNA cleav-
age profile by in-line probing of the To ilvE aptamer at high
GTP concentrations. In contrast, GTP, even at high con-
centrations, did not compete with ppGpp for binding to the
same aptamer when measured by RNA-DRaCALA. One
possible explanation for this is the extended incubation time
used for in line probing, which could result in cleavages
caused by very low affinity GTP binding to the aptamer,
compared to the short time used for RNA-DRaCALA.

The ilvE aptamer from D. hafniense was also tagged (Dh-
T) and produced a clear binding signal although with lower
yield than To-T RNA (Figure 2A), consistent with its pre-
viously reported higher Kd (6 �M for Dh ilvE versus 10 nM
for To ilvE (25)). The difference in percent binding for the
aptamers from the two species tethered by biotinylation us-
ing the same tagging method (To-T and Dh-T; Figure 2A)
was consistent with the previous conclusion that the bind-
ing affinities of the two aptamers differed.
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Figure 2. The RNA-DRaCALA method is specific and permits precise Kd measurement of ligand-aptamer binding. (A) RNA-DRaCALA assay on 0.5�M
of biotinylated ilvE from T. oceani (To-B) or 3′-tagged T.oceani ilvE (To-T), M2 mutant T. oceani ilvE (M2-T), and D. hafniense ilvE (Dh-T) with 70 nM
radiolabeled-ppGpp (32P-ppGpp) in the presence or absence of 1 �M Streptavidin and/or 1 �M biotinylated antisense (B-AS). RNA-B: biotinylated
RNAs; RNA-T: tagged RNAs; B-AS: biotinylated antisense; Strep: Streptavidin. All RNA-DRaCALA were reproduced in at least three independent
replicates. Average values are represented under each DRaCALA sample as a percentage of ligand bound (radioactive signal at the center of the filter)
divided by the total amount of signal. CI: confidence intervals for the quantified values. (B) RNA-DRaCALA competition assay on 1 �M of To-B in the
presence of 1 �M Streptavidin, 20 nM 32P-ppGpp, and 1 mM unlabeled ppGpp or GTP. Radiolabeled and unlabeled ligands were added simultaneously.
(C) RNA-DRaCALA titration assay on concentrations of To-B ranging from 0.25 to 500 nM with 1 nM of 32P-ppGpp and 1 �M Streptavidin, compared
to the biotinylated M2 mutant of T. oceani ilvE (M2-B), the negative control. (D) The results from (C) were quantified and fitted to a saturation binding
curve, resulting in a Kd of 22.1 nM for this experiment. Error bars represent standard error obtained from three biological replicates of the experiment.

Determination of Kd for ppGpp binding to the ilvE aptamer
using RNA-DRaCALA

A more quantitative estimate of the affinity of the To ilvE
RNA aptamer for ppGpp was also determined using the
RNA-DRaCALA assay (Figure 2C, D). The concentration
of the unlabeled reagent, the RNA aptamer, was varied
and the concentration of the radiolabeled ligand was main-
tained at a constant relatively low concentration (1 nM),
as described for ligand titration by DRaCALA (37,38). In-
creasing concentrations of To-B RNA were combined with
a fixed low concentration of 32P-ppGpp ligand (1 nM) (Fig-
ure 2C). Percentages of bound ligand measured for each To-
B concentration were fit to a binding curve (Figure 2D), re-
sulting in a Kd of 22.1 ± 1.6 nM, a value close to the 10
nM apparent Kd determined previously by in-line probing
of To ilvE (25). The small difference could be attributable to
the difference in RNA aptamer sequence, since in this case
a biotinylated cytosine at the 3′end of the To ilvE RNA was
used for RNA-DRaCALA.

RNA-DRaCALA shows specific binding of 32P-TPP to pre-
viously reported TPP aptamers

The RNA-DRaCALA method was also tested on two pre-
viously characterized aptamer-ligand interactions found in
E. coli thiamine pyrophosphate (TPP) riboswitches (9). A
strong binding signal for 32P-TPP was observed with the
thiC-B and thiM-B aptamers but not with a control, the

To ilvE aptamer, and 32P-TPP binding was outcompeted by
unlabeled TPP but not by unlabeled ATP, indicating that
binding of TPP to the thiC and thiM aptamers was specific
(Supplementary Figure S1A, B). The results with previously
identified ppGpp- and TPP-binding aptamers, as well as the
relative ease of application of RNA-DRaCALA to multiple
samples, suggested that this method could be used to screen
the binding of these or other ligands to large numbers of
aptamers. However, TPP aptamer candidates identified in a
recent differential structuromics study (19) did not bind 32P-
TPP by RNA-DRaCALA, possibly because of differences
in the lengths of the RNA sequences and the solution con-
ditions, such as the much higher ligand concentrations used
in the structuromics study (Supplementary Figure S1C–E).
We focused our further efforts on the analysis of aptamers
from the ykkC subtype 2a homologous family of ppGpp
binding aptamers.

RNA-DRaCALA screen of candidate (p)ppGpp aptamers re-
veals a range of binding affinities and specificities for pppGpp
and ppGpp

We also screened additional aptamers for (p)ppGpp bind-
ing. Five homologs of ykkC subtype 2a aptamers were de-
scribed in detail previously (25,44), To ilvE, Dh ilvE, P. fer-
mentans glxB and Clostridium species BL8 (Cbl8) natA,
as well as an homolog from S. acidophilus. Each of these
aptamers bound ppGpp, and To ilvE bound pppGpp and
ppGpp with the same Kd. However, the ppGpp binding
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properties of most of the 105 ykkC subtype 2a aptamer can-
didates (25) were not tested directly. (RNAs are referred to
as ‘C’ (for ‘candidate’) followed by a number and are listed
with their adjacent gene and species of origin in Supplemen-
tary Table S1). Therefore, we screened 30 of the candidates
by RNA-DRaCALA (Figure 3). Individual candidates were
chosen for analysis (a) because they originated from bacte-
rial species not shown experimentally to have a (p)ppGpp-
binding riboswitch; (b) because the gene family in cis to
the aptamer had not been tested experimentally for ppGpp
binding and/or (c) because the aptamer had sequence or
structural characteristics different from those identified in
the ykkC subtype 2a aptamer consensus model (25,45).

Only two of the 30 tested candidates failed to bind either
32P-ppGpp or 32P-pppGpp, and another three bound very
poorly to either ligand (2–6% of input ligand bound); the re-
maining 25 candidates bound at least one ligand and often
both, although with different efficiencies (Figure 3; Supple-
mentary Figure S2). For ppGpp, 24 candidates bound well
(>10% of input bound), and 4 candidates bound poorly (3–
10% of input bound). For pppGpp, 22 candidates bound
well, and 3 bound poorly. Overall, our results strongly sup-
port the in silico predictions for (p)ppGpp binding from
Breaker and colleagues (25), but they also highlight differ-
ences in binding by ppGpp and pppGpp.

The fact that most of the candidates bound ppGpp and
pppGpp similarly (within 2-fold) suggests that binding by
ppGpp and pppGpp relies on most of the same deter-
minants (Figure 3). However, seven candidates preferred
ppGpp. Four of these (C27, C38, C42 and C48) bound
ppGpp two to five-fold better than pppGpp, and the other
three (C21, C81 and C90) bound ppGpp more than five-
fold better than pppGpp. Most strikingly, one candidate
(C101) had a strong preference for pppGpp, binding 34% of
pppGpp input versus only 3% of ppGpp input. Supplemen-
tary Figure S2 illustrates the diversity of binding by each
ligand for all of the tested candidates.

We next performed RNA-DRaCALA with four repre-
sentative aptamers at a range of RNA aptamer concentra-
tions (rather than at a single concentration as in Figure 3)
to determine Kds for binding ppGpp and pppGpp (Fig-
ure 4). The four chosen aptamers included two with ap-
parent specificity for ppGpp (C21 and C90), one that was
pppGpp-specific (C101), and one that bound both ppGpp
and pppGpp with very high apparent affinity (C16). The
rank orders of the Kd measurements matched the rank or-
ders from the single concentration binding measurements
shown in Figure 3.

C16 had a very high affinity for ppGpp (Kd 33 ± 3.7
nM), similar to the estimated affinity for the To ilvE ap-
tamer measured either by DRaCALA (22 nM in Figure
2D) or, as previously reported, by in-line probing (10 nM)
(25). The affinity of C16 for pppGpp was also quite strong
(Kd 137 ± 17 nM), correlating with the strong binding to
the two ligands observed in the single concentration screen
(65% for ppGpp and 57% for pppGpp; Figure 3A). In con-
trast, binding by ppGpp to the C21 and C90 aptamers was
somewhat weaker than for C16 or To ilvE (estimated Kds for
ppGpp of 654 ± 121 nM for C21, Figure 4D; and 537 ± 154
nM for C90, Figure 4C), and was very poor for pppGpp

(Kds > 5�M for C21 and C90). These results correlate with
the somewhat weaker ppGpp binding and the very poor
pppGpp binding to C21 and C90 in the screen (Figure 3A;
32% and 28% ppGpp binding, respectively, compared to 5%
pppGpp binding to each) and support the conclusion that
these two aptamers display a definite preference for binding
ppGpp versus pppGpp.

The C101 aptamer had a relatively high affinity for
pppGpp (Kd of 119 ± 31 nM; Figure 4D), while display-
ing very little ppGpp binding even at the highest RNA con-
centration tested (1 �M), consistent with results from the
screen in Figure 3. C101 is the only aptamer in the set of 30
candidates analyzed that had a higher affinity for pppGpp
than ppGpp, the first example of a pppGpp-specific ap-
tamer. In summary, the results of Figures 3 and 4 demon-
strate that very closely related aptamers can bind two very
similar ligands selectively, i.e. they can bind both, only one
or the other, or neither ligand.

Refinement of the ppGpp-aptamer consensus model and cre-
ation of a pppGpp-aptamer model

Historically, sequence and secondary structure consensus
models of aptamers have been based primarily on homologs
close enough in sequence and predicted secondary structure
to be part of the same family or subtype (22–25). However,
such models are only as accurate as the aptamer datasets
used to create them. Here we used aptamers with experi-
mentally determined ligand binding properties to build sec-
ondary structure models, reasoning that these models could
provide novel details about these RNAs.

As described above, not all of the tested aptamers bound
similarly to both ppGpp and pppGpp. Therefore, we cre-
ated two aptamer models. One model was based on all ap-
tamers that bound ppGpp above a threshold of 10% lig-
and bound (i.e. the top 24 ppGpp-binding aptamers), and
the other was based on all aptamers that bound pppGpp
above the same threshold (i.e. the top 22 pppGpp-binding
aptamers; Figure 3A). We hypothesized that differences be-
tween the two models might identify aptamer features im-
portant for distinguishing between the two ligands. A con-
sensus secondary structure was generated for each aptamer
set by multiple sequence alignment and covariance anal-
ysis (17,41,42) (Figure 5A,B). Secondary structure mod-
els were also created for each individual aptamer based on
mFold predictions (46) and are shown for four representa-
tive aptamers in Figure 6 and five additional non-binding
aptamers in Supplementary Figure S3. In addition to sec-
ondary structure models in Figure 5, these features are also
represented in images adapted from the 3D crystal structure
model of the S. acidophilus ppGpp aptamer (Figure 7; PDB
ID 6dmc) (44).

Features that contribute to binding by both ppGpp and
pppGpp

Not surprisingly, the secondary structure models show con-
siderable similarity to previous models for ykkC subtype
2a (p)ppGpp aptamers, including three prominent stem-
loop structures, P1, P2 and P3 (23,25). In addition, our sec-
ondary structure models include a fourth highly conserved
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Figure 3. RNA-DRaCALA screen unveils a wide range of binding preferences to ppGpp and pppGpp in ykkC subtype 2a aptamers. (A) Subset of ykkC
subtype 2a RNA-aptamer candidates selected for this screen. (B) RNA-DRaCALA screen of 0.5 �M 3′-tagged RNA-aptamer candidates in the presence
of 1 �M biotinylated antisense DNAs, 1.5 �M Streptavidin, and 20 nM 32P-ppGpp or 32P-pppGpp. To-T and Dh-T were used as positive controls for the
binding to both ligands, and M2-T was included as a negative control. (C) Quantitation of three independent biological replicates of the experiment shown
in (B), represented as the fraction of radiolabeled ligand signal bound to the RNA aptamer candidate divided by the total radioactive signal, normalized
to the control without an RNA candidate to account for background. Error bars correspond to 95% confidence intervals.
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Figure 4. Determination of binding constants for representative ykkC sub-
type 2a aptamers. Binding curves and RNA-DRaCALA images for the
C16 (A), C21 (B), C90 (C) and C101 (D) RNA aptamers. Titrations were
performed with RNA concentrations ranging from 25 nM up to 500 nM
or 1 �M with 10 nM 32P-ppGpp or 32P-pppGpp. Percent bound values
shown are from three independent repeats. Results were fitted to a binding
curve using the equation and described for Figure 1C. Binding constants
(Kds) were inferred from these curves where appropriate.

stem, referred to here as P0. P0 is formed by the 5′ and 3′
ends of the aptamer and was absent in the original model
(23,25) but present in an updated model based on crystal
structures (44,45,47). The junction of the four stem-loops in

these new models creates the pocket that contains the ligand
binding site (Figures 5A, B and 6) (44,47). We conclude that
models based on experimentally validated aptamer bind-
ing result in greater precision and extra detail that was ob-
scured by inclusion of even small numbers of non-binding
aptamers.

The ppGpp and pppGpp consensus models (Figure
5A, B) also emphasize the importance of several previously
described features of (p)ppGpp-binding aptamers and re-
veal novel features that correlate with binding efficiency or
specificity. Previously described features seen in these mod-
els include highly conserved nucleotides that contact the 5′
and 3′ phosphates and the guanine base of ppGpp in crys-
tal structures (44,47) (see circled positions in Figures 5–7,
and Supplementary Figures S3 and S4). Our new models
include (a) the P0 stem (44,47); (b) the conserved residue
A-5 in the P0 stem (A-4 in Figure 7), that binds the 5′
phosphates of (p)ppGpp (44) (circled in blue in Figures
5-7); (c) the conserved unpaired residue G-6 (G-5 in Fig-
ure 7) adjacent to A-5 of the P0 stem, that makes H2O
and Mg2+ -mediated contacts the with 5′ phosphates of
(p)ppGpp, stacks with guanine of (p)ppGpp (Figure 7C)
and forms a non-canonical base pair (Figure 7E) with the
first A of a highly conserved P2-ACAC sequence in the re-
gion between the P2 and P3 stems (25,44) (Figure 5A, B;
A-69 in Figure 7), contributing to stabilization of the lig-
and binding pocket (44,47); (d) the first C of P2-ACAC,
a residue involved in base paring with the guanine base
of (p)ppGpp (circled in red, Figure 5A, B, C-70 in Fig-
ure 7); (e) the second A of the P2-ACAC motif (A-71 in
Figure 7), that hydrogen bonds with the conserved G nt
in the bulge between P1.a and P1.b; this conserved G is
circled in green in Figure 5A,B; G-43 in Figure 7; (f) the
second C of the P2-ACAC motif (C-72 in Figure 7) con-
tacts the 3′ phosphates of (p)ppGpp (25,44,47); (g) A-96
(in Figure 7) in the single stranded region between the P3
and P0 stems (P3-P0-ss) also contacts the 3′ phosphates
of (p)ppGpp. In addition, each of the conserved purines
in the P3-P0-ss (A-96, A-97, G-98 in Figure 7) stack and
wrap around the ligand binding pocket, and G-98 also
stacks with the second C of the P2-ACAC motif (C-72 in
Figure 7C, D).

The importance of these features is consistent with their
absence in aptamer candidates that bound the ligands
weakly or not at all in our assays. These aptamers lacked
at least one of the following features (a) a 4–5 nt unpaired
region between the P3 and P0 stems (very poor binders
C2, C34 and C66 have only 3 nt; Supplementary Figure
S3 A,B,C); (b) the highly conserved P2-ACAC (non-binder
C26 lacks the first A; Supplementary Figure S3D); (c) the
highly conserved G at position 6, the first unpaired nu-
cleotide 3′ to the P0 helix (very poor binder C2 and non-
binder C36 have an A at this position; Supplementary Fig-
ure S3A,E); or (d) the highly conserved C between P1.a
and P1.b, stacking with and immediately 3′ to the G (G-43
and C-44 in Figure 7E) that contacts the 3′ phosphates of
(p)ppGpp (25,44,47) (non-binding aptamer C36 lacks this
C, Supplementary Figure S3E). Of note, this C is mutated
to A in the To ilvE M2 mutant that has lost its ability to
bind the ligand (25) (Figure 2A).



Nucleic Acids Research, 2023, Vol. 51, No. 2 861

Figure 5. Refined ppGpp- and pppGpp-binding RNA aptamer models. Consensus RNA aptamer sequences and secondary structures derived from the top
24 ppGpp binding aptamers (A) and the top 22 pppGpp binding aptamers (B), respectively, determined from the RNA-DRaCALA screen in Figure 3. Stem
structures are annotated from P0 to P3; nucleotides involved in contacts with the ligand in the binding pocket, as determined from the crystal structure of
an RNA aptamer-ppGpp complex (44), are circled in green (contacts with 3′ phosphates), blue (contacts with 5′ phosphates, direct or via a Mg2+ ion), or
red (base pairing with (p)ppGpp). Compatible mutations are U-to-C or C-to-U substitutions in C-G/U-G base pairs, or A-to-G or G-to-A substitutions
in A-U/G-U base pairs. Relevant motifs, also described in the text, are indicated, and circled: P1-ACA in orange (P1-RYN in panel A), P2-ACAC in
purple and P3-P0-ss in teal. (C) Representation of the 3 most frequent configurations in which the P1-ACA motif was found in aptamers. P1-ACA was
either embedded at the 3′-end of the P1 stem-loop (P1-ACA 0), shifted 1 nt downstream (P1-ACA + 1), or formed an extra A–U base pair represented by a
dotted line, leaving no single stranded nt between P1 and P2 (P1-ACA 0/1). (D). Box plot analysis of % ppGpp or pppGpp bound to aptamers harboring
the motif P1-ACA 0 (7 aptamers), P1-ACA + 1 (5 aptamers), or P1-ACA 0/1 (11 aptamers). Using P3-P0-ss sequences (Supplementary Table S1) and
results presented in Figure 3 and Supplementary Figure S4 (for C94, C99 and C100), we defined consensus sequences for the P3-P0-ss motif for aptamers
that bind to both ligands (E) or that prefer ppGpp (F). Sequence Logos were designed using the WebLogo server (https://weblogo.berkeley.edu/logo.cgi
(58,59). Consensus sequences are also represented in their proposed single stranded conformation between P3 and P0 stems. The consensus sequences
are 5′-(A)NARG or NAGG for (p)ppGpp binding or ppGpp-specificity, respectively, where R is a purine, and N is any nucleotide. The first position,
shown in parentheses, corresponds to the position adjacent to the P3 stem in the five candidates with a 5 nt P3-P0-ss. Note that the secondary structure
consensus models in (A) and (B) do not illustrate the variation in length of the P3-P0-ss sequences among the aptamers. (G) Box plot analysis of % ppGpp
or pppGpp bound to aptamers with P1 stem-loops ranging from 41 to 45 nt long (13 aptamers) or with P1 stem loops longer than 45 nt (12 aptamers).
(H) Box plot analysis of the ratio of ppGpp/pppGpp bound to each aptamer for aptamers with P1 stem loops ranging from 41 to 45 nt long and for P1
stem loops longer than 45 nt. Standard deviations (SD) are indicated, as well as the result of a Fisher test for differences in variance. For (D), (G) and (H),
the inclusive median method was used to identify quartiles. For (D) and (G), average values are indicated for each category, as well as the results of a two
tailed Student’s t-test, with P-values < 0.05 (*) or < 0.0005 (***) or not significant (NS).

https://weblogo.berkeley.edu/logo.cgi
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Figure 6. Proposed secondary structures for individual aptamers. Se-
quences and proposed secondary structure for the representative ykkC mo-
tif subtype 2a aptamers for which binding titrations were determined in
Figure 4. These aptamers bind to both ppGpp and pppGpp (A) or bind
specifically to either ppGpp (B, C) or pppGpp. (D) Aptamer candidate
numbers and associated gene and species names are shown. Stem-loop
numbers are indicated, and positions of interest are circled as in Figure 5.

Features that contribute to specificity for ppGpp over pppGpp

An ACA motif located at the 3′ end of the P1.a stem is
present in > 75% of the aptamers that bind well to pppGpp
(a motif distinct from the above-mentioned P2-ACAC mo-
tif) (Figure 5B). This ACA motif (hereafter referred to as
the P1-ACA motif) is not as well conserved in aptamers
that bind ppGpp, where the less specific sequence RYN
is found instead (Figure 5A and previous ppGpp binding
models (25,45)). This suggests that an ACA motif at this
location may have a specific role in binding pppGpp versus
ppGpp. The corollary is that aptamers without an adequate
P1-ACA motif may not bind pppGpp and could tend to
be ppGpp-specific. The exact position of the P1-ACA mo-
tif with respect to the 3′ end of the P1 stem varies slightly
among aptamers, giving rise to three groups (Figure 5C).
In group P1-ACA 0 (7 aptamers, Supplementary Table S1)
the third position of the ACA is the last paired position in
the P1 stem. In group P1-ACA + 1 (5 aptamers, Supplemen-
tary Table S1) there is an unpaired A at the third position of
the P1-ACA motif. Finally, in Group P1-ACA 0/1 (11 ap-
tamers, Supplementary Table S1) the third position in the
ACA motif pairs with a U at the 5′ end of the P1 stem (A-
50 and U6 in Figure 7A,B), leaving no single stranded nt
between P1 and P2.

To quantify whether the three P1-ACA motif groups (0,
+1 and 0/1) had statistically different binding properties
for ppGpp or pppGpp, we performed a box-plot analysis
of the percentage of ligand bound for each group (Figure
5D). The 5 aptamers that bound both ligands poorly or not
at all and the 2 aptamers that lacked the P1-ACA were ex-
cluded. The position of the ACA motif did not significantly
affect the percentage of ppGpp bound (33.7–49.0% bound
in the three ACA groups), but there were statistically signif-
icant differences for the three groups in pppGpp binding.
pppGpp binding by the P1-ACA 0 group (39%) was much
better than by the P1-ACA + 1 group (13.3%) or the P1-
ACA 0/1 group (23.9%), further suggesting that the ACA
at the end of the P1 stem plays a role in binding pppGpp.
In addition, we note that all the aptamers that favor ppGpp
(C21, C27, C38, C42, C48, C81 and C90; Supplementary
Table S1) belong to the ACA + 1 or ACA 0/1 groups, con-
sistent with the interpretation that this feature contributes
to ligand specificity, and that a P1-ACA 0 is generally more
permissive for pppGpp-binding.

While the P1-ACA motif is not in close proximity to
the ligand binding pocket as shown in the crystal structure
(Figure 7), this motif could indirectly constrain P1 stem-
loop folding, specifically at the bulge containing the single
stranded G that contacts the 3′ phosphates of (p)ppGpp
(G-43 in Figure 7). It could also impact the positioning of
the two nt that contact the 5′ phosphates of (p)ppGpp (A-
4 and G-5 in Figure 7), for instance in aptamers with P1-
ACA 0/1 motifs (Figure 5C), with only one single stranded
nt between P0 and P1 stem-loops and therefore less flexi-
bility. Overall, variations in the binding pocket that result
from formation of the A-50 and U-6 base-pair at the end of
the P1 stem in P1-ACA 0/1 aptamers may affect accommo-
dation of the extra 5′ phosphate of pppGpp in the binding
pocket (Figure 5D).
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Figure 7. Structural perspective on the contribution of various features to ligand specificity. (A) Secondary structure and sequence of the S. acidophilus
ppGpp-aptamer described in (44), PDB ID 6dmc. Positions of interest are circled as in Figure 5. Zoomed-in views of the features P3-P0-ss (B–D), P2-
ACAC (B–E) and P1-ACA (B) with RNA backbone shown in ribbon form respectively represented in blue for P0, yellow for P1, pink for P2, red for P3,
teal for P3-P0-ss, purple for P2-ACAC and orange for P1-ACA. Bases and ppGpp are depicted in stick representation, and those of interest are represented
in blue when they contact ppGpp 5′-phosphates directly (A-4) or via Mg2+ interactions (G-5), in green when they contact ppGpp 3′-phosphates (G-43,
C-72 and A-96), in red for the C-70 base-pairing with ppGpp, and otherwise in the color of their respective region (P3-P0-ss in teal, P2-ACAC in purple
and P1-ACA in orange, respectively). ppGpp is depicted in yellow and atomic colors. Dotted black lines represent distances equal to or shorter than 3.3
Å between two bases where they can form hydrogen bonds. In (C) and (D), the NH2 group of a hypothetical G-97 guanine was depicted in red and teal
dotted lines, to show its proximity and potential interaction with C-70. Crystal structure figures were prepared using PyMol (http://pymol.org/).

http://pymol.org/
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Unpaired region between P3 and P0 stems

Our data also suggest that the sequence of the 4–5 nt un-
paired region between the P3 and P0 stems (P3-P0-ss) may
be one of the features that contributes to the preference for
ppGpp over pppGpp. A consensus sequence for P3-P0-ss,
5′-(A)NARG (Figure 5E; R corresponding to a purine) was
derived from all (p)ppGpp binding aptamers (25 binders,
plus To ilvE and Dh ilvE, but not the non-binders) (Fig-
ure 5A, B, E, and Supplementary Table S1). However, the
seven aptamers that preferentially bind ppGpp all have the
4 nt P3-P0-ss sequence 5′-NAGG (Figure 5F) and con-
stitute half of the aptamers with the 5′-NAGG sequence.
The probability that this distribution occurred randomly is
0,00386 (see Materials and Methods), suggesting that the
5′-NAGG motif is very favorable (but not sufficient) for
ppGpp-specificity. The 5 nt P3-P0-ss sequence for the C101
aptamer that preferentially binds pppGpp is 5′-ACGAG,
but it is unclear whether the difference in the P3-P0-ss length
and sequence contributes to the preference for pppGpp,
since the sample size of those that prefer pppGpp is too
small for statistical comparison. Nevertheless, these results
suggest that the sequence of the P3-P0-ss motif could influ-
ence ligand specificity, perhaps by accommodating the dif-
ferent 5′ phosphate moiety in the two ligands.

Crystal structure data of the S. acidophilus ppGpp ap-
tamer, that has a 5′-CAAG P3-P0-ss, shows that the first C
(C-95) bends away from the binding pocket (Figure 7B,D),
probably explaining the low conservation of this nt posi-
tion (Figure 5A, B). However, the last three positions of the
P3-P0-ss region (A-96, A-97, G-98) stack together (Figure
7C,D), and position G-98 is in close proximity to and could
form a hydrogen bond with the first C of P2-ACAC (C-70),
the base that pairs with (p)ppGpp. We speculate that poten-
tial hydrogen bonding between C-70 and the G residues that
correspond to both positions 98 and 97 in all of the ap-
tamers that preferentially bind ppGpp (Figure 5F) could
alter the position of C-70, leading to subtle changes in the
binding pocket that favor the binding of ppGpp rather than
pppGpp (Figure 7 C,D).

The length of the P1 stem-loop contributes to binding effi-
ciency and to specificity for ppGpp or pppGpp

Each set of candidates used to generate the consensus
models for ppGpp-binding or pppGpp-binding aptamers
showed considerable variability in the overall length of the
P1 stem (varying from 41 to 119 nt) (Figure 5A, B). To an-
alyze the effect of P1 stem length, we analyzed aptamers
in two groups, one group with P1 stems from 41–45 nt in
length (shorter stems; 13 aptamers; see Supplementary Ta-
ble S1) and one group with P1 stems longer than 45 nt
(longer stems; 12 aptamers; Supplementary Table S1). Ap-
tamers with weak to no binding of both ligands were ex-
cluded from the analysis. Statistically significant differences
in percent binding were observed between the short and
long groups for each of the ligands. An average of 47.8% of
input ppGpp bound to aptamers with longer P1 stems ver-
sus an average of 36.6% binding to aptamers with shorter
stems (Figure 5G). Similarly, for pppGpp a higher percent-
age of binding was observed for aptamers with longer P1

stems than for aptamers with shorter P1 stems (30.8% ver-
sus 20.7%). Although these effects are relatively small, they
suggest that a longer P1 stem could result in a greater num-
ber of secondary structure folding options and therefore a
higher probability that the optimal binding conformation is
present in solution.

However, the range of binding preferences for the two
ligands in aptamers in the short P1 group (represented
as ppGpp/pppGpp ratios) differed substantially from the
range exhibited by those in the long P1 group (Figure 5H).
The ratio of ppGpp-bound to pppGpp-bound for each of
the aptamers in the short P1 stem group varied widely (av-
erage value of 3.29 with a standard deviation of 3.03), indi-
cating a large variation in the preference for binding to one
ligand or the other. This group included all of the aptamers
with strong preference for one ligand or the other (e.g. a ra-
tio of ppGpp/pppGpp bound of 0.1 for the aptamer with
strong pppGpp preference to ∼6.4 for an aptamer with a
strong preference for ppGpp). In contrast, the aptamers in
the longer P1 stem group all displayed similar binding to
each of the two ligands (an average ratio of 1.43, with a stan-
dard deviation of 0.25). These observations are consistent
with a model in which the shorter P1 stem affords less con-
formational variability, reducing the occurrence of confor-
mations that are able to bind both ligands and thereby pro-
moting binding to one over the other. Of note, the seven ap-
tamers with a short P1 stem that also have a 5′-NAGG P3-
P0-ss motif are the same seven aptamers that prefer ppGpp.
This suggests that the combination of those features is suf-
ficient to drive ppGpp-specificity.

Ligand-specificity and the natA and selB genes

We showed above that only one aptamer, C101, was strictly
specific for pppGpp rather than ppGpp (Figures 3, 4D, 6D).
This aptamer, from the natA gene of Clostridiales bacterium
oral taxon 876, Strain F0540 (Cbot), has been reported
to regulate ion transport (48)). We used RNA-DRaCALA
to test whether pppGpp-binding specificity is also a prop-
erty of natA aptamers from four other species from the
list of 105 potential ppGpp-binding candidates reported
by Breaker and colleagues (25) (Supplementary Table S1;
Supplementary Figure S4A). C94 was previously shown to
bind ppGpp with a Kd of ∼400 nM, but it was not tested
for pppGpp binding (25). We found that C94 preferentially
bound pppGpp (19% pppGpp bound versus 8% ppGpp
bound), although it was not strictly specific for pppGpp
(Supplementary Figure S4). Another aptamer, C105, was
unable to bind either ligand, and the remaining two of the
four candidates, C99 and C100, bound ppGpp and pppGpp
similarly. For comparison in the same experiment, the To
ilvE aptamer, described above, also bound equally to ppGpp
and pppGpp (Supplementary Figure S4B,C).

Although C94 was not quite as pppGpp-specific as C101
(Supplementary Figure S4B,C), the two aptamers have
∼90% sequence identity (Supplementary Figure S4D,E).
C94 and C101 both contain a P1 stem-loop shorter than
45 nt, i.e. the length more favorable for ligand specificity, as
described above. They also have the same P3-P0-ss, a 5nt-
long sequence that lacks the two G nt next to P0 typical
of aptamers that display a preference for ppGpp (Supple-
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mentary Figure S4E and Figure 7D). Most differences be-
tween C94 and C101 correspond to covariations, compati-
ble mutations, or mutations in the single-stranded loops of
P1 or P2, i.e. far from the binding pocket. However, they
differ in the location of a feature identified above as a con-
tributor to pppGpp binding, the P1-ACA motif, perhaps
accounting for C101’s greater degree of pppGpp specificity
(Supplementary Figure S4). That is, they both share the P1-
ACA 0/1 positioning, but in C101, this motif is the canon-
ical ACA sequence (Figure 6D), whereas in C94, it is GCA
(Supplementary Figure S4D,E).

C94 and C101 are found in the Clostridiales taxon while
the other 3 natA aptamers that were tested for (p)ppGpp
binding, C99, C100, C105, are from other bacterial taxa
(Cohnella and Paenibacillus; see Figure 8; Supplementary
Table S1). Thus, preferential binding of pppGpp may have
evolved and/or propagated by horizonal transfer in the
Clostridiales taxon. It seems likely that additional pppGpp-
specific aptamers occur in cis with natA genes in other
species in this taxon.

At least one other aptamer-containing gene may be
associated with ligand-specific binding, the gene for
selenocysteine-specific translation elongation factor selB,
typically found in the Selenomonadales. Indeed, two selB
aptamers, C81 and C90, were specific for ppGpp (Figures 3
and 6C; see also section below). Potential evolutionary re-
lationships between species having (p)ppGpp-aptamers are
depicted in Figure 8.

Additional ykkC subtype 2a aptamers

To expand the family of ykkC subtype 2a aptamers, two
in silico approaches were used to search genomes for more
homologs. First, 2700 bacterial genomes from all domains
were searched for any matches to either of our refined mod-
els for ppGpp-binding or pppGpp-binding aptamers. 101
candidates were obtained from this search and a fitness
score for each to the ppGpp and pppGpp models, as well as
to the original ykkC subtype 2a (p)ppGpp aptamer model
(25) was calculated (Supplementary Table S2). In addition,
fitness scores to several other ykkC subtype models, includ-
ing the ykkC subtype 2b PRPP aptamer model (23), the
ykkC subtype 2c (d)ADP/(d)CDP aptamer model (24), the
ykkC subtype 2d orphan aptamer model (45,49), and the
ykkC subtype 1 guanidine I aptamer model (22) were deter-
mined (Supplementary Table S2). Each of these models has
been described extensively and reviewed recently (49).

Twenty-two of the 101 candidates fit best to either the
ppGpp or the pppGpp models, 19 of which were identi-
fied bioinformatically by Sherlock and colleagues (25) (Sup-
plementary Tables S1 and S2). Forty-nine aptamers fit best
to the consensus model for binding PRPP, and 30 fit best
to other ykkC subtypes. The high incidence of ‘best fits’
to models other than those for (p)ppGpp results from the
high similarity among ykkC aptamer subtypes, especially
(p)ppGpp-binding subtype 2a and PRPP-binding subtype
2b, which can differ by as little as one nucleotide in stem-
loop P3 (23,25,47). The bacterial class and order for each
of the new aptamers identified in this search is shown in
Figure 8. These results suggest potential evolutionary re-
lationships among the experimentally confirmed (p)ppGpp

binding aptamers, the predicted PRPP binding aptamers,
the predicted (d)ADP/CTP binding aptamers, and the pre-
dicted guanidine binding aptamers.

The second approach used a bioinformatic analysis of
preselected genes from our experimental validation of
(p)ppGpp aptamers (natA, an ABC transporter; selB, a
selenocysteine-specific translation elongation factor; and
rex, a redox-sensitive transcriptional repressor) (Figure 3).
In a two-step procedure, a search for homologs of these pro-
teins (annotated as well as unannotated) was followed by
a search for ykkC aptamer homologs adjacent to the cod-
ing sequences. Among hundreds of identified protein cod-
ing homologs, twenty-three ykkC aptamers associated with
natA genes were identified, almost exclusively in Paenibacil-
laceae bacteria (numbered natA1 to natA23). One of the 23
natA-associated aptamers was identified previously (C99;
Supplementary Table S1, Figure 8 and Supplementary Fig-
ure S4). Two additional aptamers were found in selB ho-
mologs within the order Selenomonadales (named selB1 and
selB2), and two in rex homologs in Peptococcaceae Desul-
fosporosinus bacteria (rex1 and rex2; Figure 8). In contrast
with the homologs discovered with the first method de-
scribed above, most of these aptamers fit best to either of
our new (p)ppGpp models (Figure 8 and Supplementary
Table S2). More broadly, these results support the conclu-
sion from Breaker and colleagues that aptamers and the lig-
ands that bind them are not distributed randomly: they are
often conserved with the genes they regulate.

DISCUSSION

Use of RNA-DRaCALA for aptamer identification and anal-
ysis

We show here that RNA-DRaCALA provides a rapid and
accurate method for testing ligand binding to multiple
RNA aptamers and for determining binding affinities in
vitro. The affinities of the previously characterized ilvE T.
oceani ppGpp aptamer, determined by the traditional in-
line probing method (25) and by RNA-DRaCALA (Fig-
ure 2), were very similar. In addition, the specificity of
RNA-DRaCALA was shown by the inability of similar
molecules to compete with the radiolabeled (p)ppGpp or
TPP ligand for binding to the known aptamers. Based on
results of our screen of a large set of ppGpp aptamer can-
didates, we suggest that RNA-DRaCALA is a useful al-
ternative to in-line probing for identifying aptamers that
bind a specific ligand for which a radiolabeled form is avail-
able. Other recently identified modified nucleotides could
be close enough to (p)ppGpp to be able to bind a subset
of the ykkC subtype 2a aptamer homologs (32). For in-
stance, the smaller pGpp might be able to bind aptamers
with 3 nt P3-P0-ss that did not allow (p)ppGpp binding,
such as C2, C33 and/or C66 aptamers (Supplementary Fig-
ure S3A,B,C). For many modified nucleotides, there is no
corresponding aptamer family identified yet. One could se-
lect candidate aptamers from multiple orphan aptamer fam-
ilies and screen them with RNA-DRaCALA for binding
newly described ligands.

Our analysis of 30 in-silico predicted ppGpp-binding ap-
tamers revealed that most of them did bind to ppGpp,
though with varying affinities. In addition, a large subset of
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Figure 8. Diversity and conservation of ykkC aptamers homologs. Phylogenetic tree of the ykkC family of aptamers analyzed in vitro and/or in silico in
this study using the PhyloT software (http://phylot.biobyte.de/). Candidates from the list of 105 candidates (25) that were tested in vitro appear as solid
black lines with C numbers. New homologs found using a two-step in silico protein homology/aptamer search appear with a gene name tag and dotted
lines in the color corresponding to their best fitness score (see legends), or by a solid black line if tested in vitro. Other homologs found using a one-step
RNA-blast appear as dotted lines. A line can refer to multiple candidates in the case they are found in the same species. Binding preferences for ppGpp or
for pppGpp or for both ligands are indicated by blue or red circles or by an X for weak or no binding.

the ppGpp-binders also bound to a second form of the lig-
and containing an extra 5′ phosphate, pppGpp, although in
most cases the aptamers bound ppGpp better than pppGpp.
There is a very high degree of ligand specificity among dif-
ferent ykkC aptamer subfamilies (e.g. for PRPP, guanidine,
and (p)ppGpp), as noted previously (22,23,25). It is possi-
ble that some other aptamer subfamilies may also contain
binding pockets capable of recognizing multiple very closely
related compounds. There are also riboswitches containing
two tandem aptamers, but these need not be closely related
ligands.

Complexity of factors governing affinity and specificity

Not surprisingly, we found that elimination of even a small
number of non-binding aptamers from bioinformatically-

derived data sets used to generate secondary structure mod-
els improved the accuracy of the models. The consensus
models determined from the set of experimentally validated
ykk2a aptamers highlighted regions critical for ligand bind-
ing and are in good agreement with the features important
for binding in the two crystal structures of ppGpp-bound
aptamers.

There are also effects of stem length and motif position
that influence ligand affinity but are not easily represented
in the secondary structure models, suggesting additional
complexity and/or context effects. For example, P1 stem
length is highly variable among the confirmed (p)ppGpp
aptamers. Analysis of the aptamer binding properties in-
dicated that longer P1 stem lengths correlate with higher
binding affinities for both ppGpp and pppGpp, whereas
shorter P1 stem lengths correlate with specificity for one

http://phylot.biobyte.de/
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ligand or the other. We suggest that longer stem length
could increase variation in RNA conformation that could
increase the probability of a conformation optimal for lig-
and binding. In contrast, shorter stem length could restrict
conformational variation and thereby restrict binding by
one of the two ligands. A second feature not apparent in
the secondary structure models in Figure 5A and B is the
variable position of the P1-ACA motif among the family of
(p)ppGpp binding aptamers. Figure 5C illustrates the vari-
able positions of the motif, one of which was preferred in
pppGpp-binding aptamers.

We also note that (p)ppGpp ligands themselves can take
on different conformations. In current protein-(p)ppGpp
X-ray structures, about half contain (p)ppGpp in a ring-
like form and half contain (p)ppGpp in an elongated form
(31,50). It is possible that an RNA aptamer could have
evolved to prefer one conformation of (p)ppGpp or the
other. Additional mutational and biochemical analysis and
crystal structures of ligand bound aptamers, such as those
performed to compare PRPP- and ppGpp-binding (44,47),
or PRPP- and guanidine binding (51), will be required to
further identify sequence and structure determinants im-
portant for ligand binding and the specificity for similar but
distinct ligands such as ppGpp and pppGpp.

Ligand specificity and gene homology

Bacteria can contain different relative amounts of ppGpp
and pppGpp. pppGpp has been reported to be the predomi-
nant form in at least some firmicutes, and ppGpp appears to
be the predominant form in many proteobacteria (32–34),
suggesting that the relative affinities of an aptamer for the
two ligand forms could reflect their abundance in the partic-
ular bacterial species. Alternatively, preference for one form
could reflect a specific regulatory response to varying abun-
dance of that form. We identified examples in which the
function of the gene adjacent to the (p)ppGpp-sensing ap-
tamer appeared to correlate with the aptamer’s preference
for ppGpp or pppGpp, and this connection was restricted
to certain branches of the phylogenetic tree (Figure 8). The
two tested selB aptamers were ppGpp-specific, whereas the
only pppGpp-specific aptamers that we identified were as-
sociated with natA homologs. This suggests a connection
between the aptamer’s ligand specificity and the function of
the regulated gene. Of note, the protein SelB has recently
been identified as a potential ppGpp-binding protein by a
capture-compound mass spectrometry approach (30), sug-
gesting that ppGpp can affect both the activity and the syn-
thesis of the SelB protein in various species.

Two natA aptamers from the same bacterial genus (natA
Cbot and natA from Clostridium sp. BL8) preferentially
bound pppGpp versus ppGpp, while natA aptamers from
other genera did not display this preference. Thus, the ap-
tamer’s specificity might correlate with the phylum, genus,
or species in which it is found, and the specificity of the ap-
tamer might be predictive of the ligand that is dominant in a
particular taxon. The basis for the apparent dominance of
pppGpp for regulation of natA genes in Clostridiales tax-
ons is unknown of course, but it could reflect the absence of
the enzyme responsible for converting the pentaphosphate
to the tetraphosphate or simply from the relative instability

of the tetraphosphate. If (p)ppGpp-binding RNA aptamers
evolved before the protein targets that bind (p)ppGpp, the
ligand binding specificity of the aptamer could predict the
form of the ligand used in the current day stringent re-
sponse. However, why the tested selB genes respond primar-
ily to ppGpp, and why some natA genes respond primarily
to pppGpp remains to be determined.

Improvements to the RNA DRaCALA approach

To adapt the DRaCALA technique for identification of
RNA aptamers, it was necessary to immobilize RNA on
the nitrocellulose filters. Instead of biotinylating the RNAs
themselves, as was reported previously (38), we used bi-
otinylated antisense oligonucleotides that hybridized to 3′-
tags added to the aptamer RNAs (Figure 1). This antisense
approach made the RNA-DRaCALA technique more suit-
able for screening large numbers of aptamers, because it
was both more cost effective and more time and labor ef-
ficient. SELEX (systematic evolution of ligands by expo-
nential enrichment) of streptavidin-binding RNA aptamers
(52) has recently been optimized (53), and in theory this
could be employed to immobilize a predicted aptamer on
a filter without the need for biotinylation of the RNA. Al-
ternatively, an MS2 coat protein binding sequence linked to
the RNA could be used instead of biotin, replacing strepta-
vidin with MS2 coat protein to anchor the RNA to a filter
(54). Such an aptameric tag could greatly facilitate direct
analysis of RNAs made in cells.

Although many small ligands are available in radiola-
beled form (e.g. nucleotides, amino acids, sugars, urea, etc),
radiolabeling is not the only option for identifying ligand
binding by DRaCALA. For example, Cimdins-Ahne and
colleagues describe a version of DRaCALA using mass
spectrometry to determine ligand levels in the bound and
unbound fractions of the diffusion assay (55). Alternative
methods can also be imagined, such as fluorescent labelling
(although with the risk of modifying the binding properties
of the ligand), or the use of specific staining reagents to de-
tect the ligand on the filter.

Relevance of dissociation constants obtained in vitro by RNA
DRaCALA to binding of ligands in vivo

The Kds for (p)ppGpp-aptamer interactions obtained in
vitro by RNA-DRaCALA or by nuclease or in-line probing
are sometimes much lower than predicted from the concen-
trations likely to be present in vivo. One possible explana-
tion could be that regulation of transcription by these lig-
ands is kinetically driven, as has been shown for the FMN
riboswitch, where higher concentrations of the ligand than
predicted by the Kd are needed to bind and drive the confor-
mational change in the aptamer fast enough to occur in the
narrow time window preceding passage of RNA polymerase
through the transcription termination signal (56,57).

Another consideration possibly relevant to the high ap-
parent affinity of (p)ppGpp for the To ilvE aptamer is that
the solution conditions are quite different in vivo versus in
vitro. For example, high salt and the presence of other po-
tential ligands might reduce the affinity of (p)ppGpp for the
aptamer in cells. Although we did not observe any competi-
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tion between GTP and (p)ppGpp under our in vitro condi-
tions (Figure 2), there are likely to be many potential ligands
in vivo, including GTP, that bind weakly to the aptamer. At
times these potential ligands are likely to be at much higher
concentrations than (p)ppGpp. If the affinity of (p)ppGpp
for the aptamer were not as high as it is, it is possible that
the large number of weakly binding ligands could effectively
lock the aptamer into its ligand bound conformation, pre-
venting regulation of aptamer conformation throughout the
full (p)ppGpp concentration range.

Alternatively, in some cases, the low Kd could be an
artifact of measurement at a non-physiological tempera-
ture. For example, T. oceani grows optimally at 68◦C, much
higher than the temperature at which the affinity of ppGpp
for the To ilvE aptamer was measured in vitro (37◦C). Be-
cause the stability of aptamer RNA folding is a key for lig-
and binding, and RNA folding would be more stable at the
lower temperature, ligand affinity might appear greater at
the lower temperature. Similarly, a low Kd was also observed
for the pheA aptamer from Thermoactinomyces daqus (Fig-
ure 4A), a bacterium typically grown at 55◦C, consistent
with the hypothesis that aptamers found in thermophilic
species might have higher apparent affinities for ligands
when measured at 37◦C.

Potential uses for newly described ppGpp or pppGpp-specific
aptamers

Testing predictions about whether ppGpp versus pppGpp
is dominant in any particular evolutionary lineage requires
experimental analysis. We suggest that aptamers primarily
responsive to changing concentrations of only one of the
ligands, i.e. ppGpp or pppGpp, could be used as biosensors
in vivo. A riboswitch fused to a reporter could be designed
to monitor the levels of the ligand without the need for ra-
dioactive labeling, harsh extraction techniques, or analy-
sis by high performance liquid chromatography-mass spec-
trometry. Using key aptamer features identified in this study
could help improve the design of more specific, and perhaps
more sensitive, aptamers to use as biosensors for (p)ppGpp.
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