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ABSTRACT: Riboswitches for the bacterial second messenger c-di-GMP control the expression of genes involved in numerous
cellular processes such as virulence, competence, biofilm formation, and flagella synthesis. Therefore, the two known c-di-GMP
riboswitch classes represent promising targets for developing novel modulators of bacterial physiology. Here, we examine the
binding characteristics of circular and linear c-di-GMP analogues for representatives of both class I and II c-di-GMP riboswitches
derived from the pathogenic bacterium Vibrio choleae (class I) and Clostridium dif f icile (class II). Some compounds exhibit values
for apparent dissociation constant (KD) below 1 μM and associate with riboswitch RNAs during transcription with a speed that is
sufficient to influence riboswitch function. These findings are consistent with the published structural models for these
riboswitches and suggest that large modifications at various positions on the ligand can be made to create novel compounds that
target c-di-GMP riboswitches. Moreover, we demonstrate the potential of an engineered allosteric ribozyme for the rapid
screening of chemical libraries for compounds that bind c-di-GMP riboswitches.

The bacterial second messenger c-di-GMP (Figure 1,
compound 1) is a circular RNA dinucleotide that is

biosynthesized from two GTP molecules by various GGDEF-
domain diguanylate cyclase (DGC) enzymes and is degraded
by various EAL- or HD-GYP-domain phosphodiesterases
(PDE).1,2 Numerous studies have shown that c-di-GMP in
certain species activates extracellular polysaccharide production
and biofilm formation but inhibits motility and virulence. To
exert its function, c-di-GMP commonly binds and allosterically
alters enzymes or other proteins that carry specialized receptor
sites such as PilZ domains.3,4 However, this second messenger
is also bound by at least two distinct classes of riboswitches,5,6

and these interactions directly control the expression of a
diversity of genes involved in physiological changes brought
about by increasing or decreasing c-di-GMP concentrations.
Riboswitches are structured RNA elements that commonly

reside within the 5′ untranslated regions (UTRs) of bacterial

mRNAs where they control gene expression by directly binding
ions or small molecules such as metabolites, coenzymes, amino
acids, and nucleobases.7−10 Riboswitches typically consist of
two different functional domains: a ligand-binding aptamer
domain and an expression platform that is more directly
involved in regulating gene expression.9−11 Ligand binding
stabilizes a specific structural state of the aptamer and
subsequently alters folding of an expression platform usually
located immediately downstream of the aptamer. Different
expression platform structures control gene expression by
regulating such processes as transcription termination,9−11

translation initiation,9,10 and RNA splicing.6,12−14
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We15−19 and others20−27 have reported the potential utility
of riboswitches as the targets for antimicrobial compounds. For
example, the thiamin analogue pyrithiamine has been shown to
bind to TPP riboswitch and suppress bacterial15 and fungal
growth.27 Most antibiotics currently used affect only a few
cellular processes,28 and bacteria have well-developed resistance
mechanisms to protect these processes.29 Therefore, ribos-
witches offer promising new targets for developing additional
antibiotics classes with novel modes of action.
In this study, we focused on examining ligand analogues for

representatives of two c-di-GMP riboswitches classes (Figure
2A,B). We examined the binding characteristics of sugar-
modified (compounds 2 and 5), backbone-modified (com-
pound 3), and base-modified (compound 4) circular c-di-GMP
analogues (Figure 1) for the riboswitches derived from the
pathogenic bacteria Vibrio choleae and Clostridium dif f icile.
Representatives of these riboswitch classes have been crystal-
lized, and atomic-resolution models for their ligand-bound
structures are available (Figure 2C,D).30−32 Empirical binding
data from this study and others33,34 combined with modeling
studies should permit the generation of analogues with potent
riboswitch-modulating activities.

■ RESULTS AND DISCUSSION

Riboswitch Binding Affinities of Circular c-di-GMP
Analogues. The thermodynamic binding characteristics of c-
di-GMP analogues were evaluated by using a method called in-
line probing,35,36 wherein changes in RNA structure due to
ligand binding are observed as changes in the levels of
spontaneous RNA degradation. For these assays, the riboswitch
aptamer regions from the 5′ untranslated region (UTR) of the

Tfox-like gene in V. choleae and from a possible virulence gene
in C. dif f icile were chosen as representatives of class I and II
aptamers, respectively. RNA aptamer constructs 110 Vc2 RNA
(Figure 2A) and 84 Cd RNA (Figure 2B) were 5′ 32P-labeled,
trace amounts were subjected to in-line probing reaction
conditions, and the resulting products were separated by
denaturing polyacrylamide gel electrophoresis (PAGE) and
then visualized using a PhosphorImager (see Supplementary
Data for all detailed methods).
Compounds 1−5 initially were examined at a ligand

concentration of 50 μM to assess relative affinities (Supple-
mentary Figure 1). These assays reveal patterns of spontaneous
RNA cleavage and corresponding structural changes that are
largely consistent with those observed previously,5,6 indicating
that analogue binding is similar to that of the natural ligand.
The use of a range of ligand concentrations revealed the
concentrations of ligand required to half-maximally modulate
RNA structure (e.g., see Figure 3A,C). These data were then
plotted to yield binding curves and KD values (e.g., see Figure
3B,D).
The KD values obtained for the circular analogues 2−5 for

both class I and II aptamers (Table 1) reveal that the class I
aptamer retains a strong affinity (KD ≤ 10 nM) to compounds
2 and 3 that have relatively minor modifications. However,
compound 4, wherein a single GMP is replaced by AMP, and
compound 5, whose 2′-OH group is modified by a bulky tert-
butyldimethylsilyl (TBDMS) group, experience a 20,000-fold
and 2,000,000-fold loss in binding affinity, respectively. The
result with 4 is similar to that reported recently for a similar
construct evaluated by different binding assays.33 Note that the
KD value for 1 is so low that it cannot be accurately measured

Figure 1. Chemical structures of c-di-GMP and several circular analogues.
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by in-line probing, and the number listed has been previously
estimated30 by determining the kinetic parameters (kon and koff)
of ligand-aptamer interaction. Likewise, due to limitations of in-
line probing, the KD values for 2 and 3 listed in Table 1 should
be considered an upper limit.
In contrast to the class I aptamer, the class II aptamer

maintains strong interactions with all circular analogues (KD
values of less than or equal to 10 nM; Table 1). The results
with both classes are consistent with their atomic-resolution
structure models,30−32 which reveal that class I aptamers make
aptamer-ligand contacts via the 2′-hydroxyl groups of c-di-GMP
(Supplementary Figure 2A), whereas class II aptamers do not
(Supplementary Figure 2B). These differences in molecular
recognition contacts permit the use of c-di-GMP analogues that
carry bulky groups such as TBDMS at the 2′ ribose positions
but retain function as class II riboswitch ligands. This finding
highlights opportunities to introduce other chemical groups at
these positions potentially to create compounds that have the
characteristics needed to modulate gene expression in cells.
Notably, the patterns of RNA degradation products

generated during in-line probing of the class I aptamer with

50 μM concentration of circular analogues (Supplementary
Figure 1) reveal several differences between 4 and other
analogues (Supplementary Figure 2). Specifically, nucleotides
13−17, 95, and 96 remain susceptible to spontaneous cleavage
(unstructured) when 4 is bound, whereas these nucleotides
become resistant to spontaneous cleavage (structured) when c-
di-GMP or its other analogues are bound. This is consistent
with the observation that both G bases are recognized by class I
aptamers, and the change from G to A in one nucleotide of the
ligand causes a loss of ligand affinity and a loss of folding by the
P1 region of the aptamer.

Riboswitch Binding Affinities of Linear c-di-GMP
Analogues. In addition to the circular analogues, we prepared
18 linear c-di-GMP analogues (Table 2) and subjected these to
aptamer binding and riboswitch function assays. Linear
analogues have two properties that are more attractive from a
drug development perspective. First, these compounds
generally are simpler in chemical structure and therefore less
costly to synthesize. Second, linear compounds are structurally
more dissimilar to c-di-GMP than certain circular derivatives
and therefore might be less likely to interact with protein
receptors. It is known5,6,34 that c-di-GMP riboswitches from
both classes retain some affinity for pGpG (compound 7; KD
∼300 nM), which is the linear breakdown product of the
second messenger. Thus, we expected that some linear
analogues prepared for this study would have a high probability
of binding to these aptamers.
Indeed, we find that all linear analogues interact well with the

class II aptamer, while only six of these compounds are rejected
at concentrations up to 100 μM by the more selective class I
aptamer (Table 2). As an example of this in-line probing data,
compound 8 with 110 Vc2 RNA (Figure 3C) exhibits robust
structural modulation. A plot of the normalized fraction of
RNA cleaved in three regions (Supplementary Figure 3A,
regions a−c) of the RNA versus the logarithm of the
concentration of 8 (Figure 3D) reveals a KD value of ∼10
μM (Table 2). Analyses for the other ligands with both aptamer
classes (data not shown) were conducted in a similar manner.
Several specific modifications were included in the collection

of linear analogues that address important questions. For
example, removal of the 5′ phosphate (Table 2, Gα position R1)
eliminates a charged chemical group that otherwise is expected
to decrease the compound’s ability to cross bacterial cell
membranes. Similarly, the introduction of more hydrophobic
groups (e.g., Me, TBDMS) at 2′ oxygen atoms (R2 of Gα; R4 of
Gβ) also might improve cell permeability. Also, the use of a
phosphorothioate linkage should increase both the cellular
permeability37 and the resistance against phosphodiesterases.38

Although methylphosphonate linkage analogues (R3 = Me)
were prepared, the compounds exhibited extremely low
solubility in both water and dimethylsulfoxide and therefore
were not subjected to further analysis.
Among the linear analogues, the natural breakdown product

of c-di-GMP (7) exhibits the best KD value for both riboswitch
classes. For the class I riboswitch, the presence of the 5′
phosphate group causes very little change in affinity compared
to the same analogues lacking this group. This is surprising
since both phosphate groups are predicted to form contacts
with functional groups of class I aptamers.30,31 We speculate
that the linearization of the ligand might disrupt this aptamer-
ligand contact, and therefore removal of this terminal
phosphate group in the linear form of the ligand has no
further detrimental effect on affinity.

Figure 2. Sequences, secondary- and tertiary-structure models for
representative class I and class II c-di-GMP aptamers. (A) A
representative c-di-GMP-I aptamer called Vc2 110 RNA from V.
choleae. (B) A representative c-di-GMP-II aptamer called 84 Cd RNA
from C. dif f icile. Red nucleotides are conserved in at least 90% of the
representatives identified by bioinformatics.5,6 (C) Atomic-resolution
model for the ligand-binding site of a c-di-GMP-I aptamer.30,31

Aptamer and c-di-GMP structures are depicted in gray and yellow,
respectively. Locations of chemical modifications examined in this
study are highlighted in red. (D) Atomic-resolution model for the
ligand-binding site of a c-di-GMP-II aptamer. 32 Other annotations are
as described for panel C.
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In contrast, the class II KD values for the compounds with 5′
phosphate were typically 3- to 10-fold better than those for the
corresponding analogues lacking this group. Since a hydrogen
bond is known to form between the exocyclic amine of an
adenine moiety in the class II riboswitch and one of the
nonbridging phosphate oxygen atoms of c-di-GMP,32 the 5′
phosphate of each linear analogue might retain this interaction.
However, the sulfur substitution of a nonbridging phosphate
oxygen of our linear analogues (R3) does not affect the binding
affinity with the class II aptamer.
Another notable observation is that the removal of one or

both of the 2′ oxygen atoms (H at R2 and R4) as in compounds
8−11 causes one or more orders of magnitude loss in affinity
with the class I aptamer. The losses in affinity for compounds 8
and 9 are similar to the losses observed for compounds 12 and
13 that carry the TBDMS group at R2 and for compounds 14
and 15 that carry Me groups at R2. These results suggest that
the larger modifications likely block the natural aptamer-ligand

Figure 3. Representative in-line probing assay results and KD determinations. (A) Autoradiogram of in-line probing products from 5′ 32P-labeled 84
Cd RNA separated by denaturing 10% PAGE. RNAs were incubated with concentrations of 3 ranging from 100 pM to 100 nM. Sites a, b, and c
indicate regions that undergo substantial structural modulation. NR, no reaction; T1, partial digest with RNase T1; −OH, partial digest with alkali.
Selected bands in the T1 lane are labeled to identify the G nucleotide located 5′ of the RNase T1 cleavage site. (B) Plot of the normalized fraction of
84 Cd RNA cleaved versus the concentration of 3. (C) Autoradiogram of in-line probing products from 5′ 32P-labeled 110 Vc2 RNA incubated with
concentrations of 8 ranging from 100 nM to 350 μM. Other details are as described for panel A. (D) Plot of the normalized fraction of 110 Vc2 RNA
cleaved versus the concentration of 8.

Table 1. KD Values and Transcription Modulation Rates for
Circular c-di-GMP Analogues with Both c-di-GMP-I and -II
Aptamers

c-di-GMP-I c-di-GMP-II

KD (nM)a terminated (%)b KD
a (nM) elongated (%)b

1 0.01c 52.0 ≤0.2d 58.3
2 5 43.8 2 54.0
3 9 42.3 2 56.2
4 200 14.1 2 44.4
5 20,000 13.0 10 44.0

aMeasured by the in-line probing assay. bMeasured by the single
round transcription termination assay. The percentage of the
terminated products for the class I and the elongated products for
the class II without any ligand are 5.2% and 13.7%, respectively (see
Supplementary Figure 4 for detail). cValue taken from ref 30. dValue
taken from ref 6.
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contacts, but otherwise these compounds are well accom-
modated in the aptamer binding pocket.
Riboswitch-Mediated Transcription Termination Trig-

gered by c-di-GMP Analogues. The function of at least
some riboswitches is dictated by kinetic factors such as the
speeds of RNA folding, aptamer-ligand association, and RNA
transcription rather than by the thermodynamic equilibrium
between the aptamer and its target ligand.39 The majority of
riboswitches in Gram-positive bacteria including C. dif f icile
control gene expression through ligand-dependent competition
between a properly folded aptamer structure and an alternate
mutually exclusive structure that prohibits or promotes
formation of an intrinsic transcription termination
stem.10,11,40 Therefore, each riboswitch may have only a short
time to bind its ligand before RNA polymerase reaches the
terminator stem region and its genetic decision-making point.
Some riboswitch aptamers do not have time to reach
thermodynamic equilibrium with their ligand, and in these
cases the rate constant for ligand association with the aptamer
may be more important than its KD value.
Given this distinction in kinetic versus thermodynamic

functions of some riboswitches, we examined whether some
of our analogues can trigger riboswitch function during
transcription in vitro, thereby causing transcription termination
(class I riboswitch) or transcription elongation (class II
riboswitch). Specifically, in vitro transcription termination
assays using Escherichia coli RNA polymerase were conducted
with certain analogues (Supplementary Figure 4), and the

percentages of full-length relative to total RNA transcripts were
recorded (Tables 1, 2).
A terminator stem was not readily observed by bioinfor-

matics analysis of the Vc2 riboswitch, and therefore we chose to
use one of the 12 class I riboswitch representatives from C.
dif f icile. DNA templates corresponding to the C. dif f icile c-di-
GMP-I riboswitch associated with the flagellar operon is a
genetic OFF switch, and therefore ligand binding should cause
transcription termination. Indeed, near complete production of
a full-length transcript is evident in the absence of ligand, but
the reactions yielded close to 50% terminated products when
incubated with c-di-GMP or analogues 2 and 3 (Supplementary
Figure 4A). All other analogues tested triggered termination to
a much lesser extent (Tables 1, 2), which is consistent with
their lower binding affinities. However, the differences in KD
values between analogues are not perfectly reflected by the
differences in transcription termination values (Table 1). This
suggests that the kinetics of analogue association or other
structural differences between the analogue-aptamer complexes
influence the extent of transcription termination, rather than KD
values alone.
DNA templates corresponding to the c-di-GMP-II riboswitch

used for our binding studies is a genetic ON switch, and
therefore ligand binding should induce the production of full-
length transcripts. As expected, only about 14% of transcripts
are full length when the reaction lacks c-di-GMP, whereas this
ligand and analogues such as 2−5 induce the production of full-
length transcripts to near 50% or greater (Supplementary
Figure 4B). Again, the extent of full-length transcription

Table 2. Structures, KD Values, and Transcription Termination Effects for Linear c-di-GMP Analogues with c-di-GMP-I (Vc2
110 RNA) and c-di-GMP-II (84 Cd RNA) Aptamers and Their Corresponding Riboswitches

c-di-GMP-I c-di-GMP-II

R1 R2 R3 R4 KD (μM)b terminated (%)c KD (μM)b elongated (%)c

6 OH OH O− OH 1 8.4 2 19.3
7 PO3

−H OH O− OH 0.3 0.3
8 OH H O− OH 10 10
9 PO3

−H H O− OH 20 3 21.4
10 OH H O− H >100 4.9 30 17.3
11 PO3

−H H O− H >100 30
12 OH O-TBDMSa O− OH 10 8
13 PO3

−H O-TBDMS O− OH 8 0.5 24.2
14 OH OMe O− OH 20 10
15 PO3

−H OMe O− OH 50 3 20.3
16 OH OH S− OH 3 5.4 2 15.4
17 PO3

−H OH S− OH 8 0.8 19.1
18 OH H S− OH >100 9
19 PO3

−H H S− OH >100 5 22.1
20 OH O-TBDMS S− OH 20 9
21 PO3

−H O-TBDMS S− OH 30 0.8 20.0
22 OH OMe S− OH >100 10
23 PO3

−H OMe S− OH >100 3 28.6
aTBDMS indicates a tert-butyldimethylsilyl group. bMeasured by in-line probing assays. cMeasured by single round transcription termination assays.
The percentage of the terminated products for the class I and the elongated products for the class II riboswitches without any ligand are 5.2% and
13.7%, respectively (see Supplementary Figure 4 for details).
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production generally corresponds with the binding affinities for
the circular analogues (Table 1). In contrast, nearly all of the
linear analogues yield levels of full-length transcription that are
within 2-fold of the value observed without ligand addition
(Table 2). This finding suggests that these analogues at a
concentration of 100 μM cannot bind with sufficient speed to
promote transcription elongation efficiently, despite the fact
that some of these compounds exhibit KD values in the low
micromolar range.
Preliminary experiments were conducted to determine if

some analogues can trigger riboswitch-mediated gene regu-
lation. This was achieved by using riboswitch-reporter fusion
constructs carrying either a wild-type or a mutant class I
riboswitch located upstream of the coding region for the E. coli
lacZ gene similar to that described previously.5 However, cells
carrying the reporter construct coding for the mutant
riboswitch that cannot bind c-di-GMP exhibits similar changes
in expression upon analogue addition as that observed for cells
carrying the wild-type construct (Supplementary Figure 5 and
data not shown). Since c-di-GMP is involved in bringing about
many changes in cell physiology and gene expression, the
analogues might be influencing other cellular factors and
causing gene expression changes that mask the effect of the
riboswitch. Other constructs or methods will be needed to
convincingly evaluate the effects of these and other analogues
on riboswitch-mediated gene regulation.
Engineered Allosteric Ribozyme Assay for c-di-GMP

Analogue Screening. We assessed whether an engineered
allosteric hammerhead ribozyme constructed recently42 can be
utilized in a more rapid assay for analogue binding to and
activation of a c-di-GMP riboswitch. This allosteric ribozyme
(Figure 4A) was generated by conducting in vitro selection on a
parental population of RNAs formed by fusing a c-di-GMP-I
riboswitch aptamer derived from the Vc2 RNA to a
hammerhead ribozyme via short bridging domains. 42 In a
15-min assay (Figure 4B), the RNA construct exhibits robust
activity (79.5% cleavage) in the absence of c-di-GMP, whereas
the addition of the second messenger strongly suppresses
activity (7.5% cleavage).
Four additional compounds (4, 5, 13, and 22) that exhibit

different KD values as determined by in-line probing also were
examined for their effects on allosteric ribozyme activity. The
results indicated that the levels of ribozyme inhibition
correspond well to the KD values measured for each compound
(Figure 5). Furthermore, our findings are consistent with the
molecular recognition characteristics of class I aptamers when
examined using other c-di-GMP analogues and other binding
assays.32−34,42 Since the ribozyme assays can be conducted with
small amounts of RNA with far less incubation time and could
make use of fluorescence readouts, this method could be
applied for the efficient and rapid screening of analogues that
modulate c-di-GMP-I riboswitches. Although a corresponding
allosteric hammerhead ribozyme has not been made for c-di-
GMP-II aptamers, a natural allosteric group I ribozyme that
undergoes self-splicing and is controlled by a c-di-GMP class II
riboswitch exists.6 This RNA should also be useful in screening
for c-di-GMP analogues that bind to and activate class II
riboswitches.
In summary, the aptamer binding characteristics for more

than 20 circular or linear analogues of c-di-GMP were
established, and several compounds were determined to
modulate riboswitch-mediated transcription termination. More-
over, several compounds were evaluated for their ability to

regulate an engineered allosteric ribozyme that can serve as a
biosensor for screening chemical libraries for compounds that
bind c-di-GMP-I riboswitches. This RNA or similar allosteric
ribozyme constructs41 have the functional characteristics
needed for the rapid and high-throughput screening of c-di-
GMP analogues. Such assays can be used in a manner similar to
that demonstrated for glmS riboswitches.43,44

Figure 4. Allosteric hammerhead ribozyme assay. (A) Structure and
sequence of allosteric hammerhead ribozyme (14-II). The allosteric
ribozyme consists of the c-di-GMP class I aptamer (blue) and a
hammerhead ribozyme (green) joined via a communication module
bridge (red). The arrowhead indicates the cleavage site. Binding of c-
di-GMP or its analogues to the aptamer triggers a conformational
change within the bridge, and this structural reorganization dictates the
activity of the adjoining hammerhead ribozyme. Ribozyme activity is
inhibited by the binding of c-di-GMP or its analogues. (B)
Representative gel image of allosteric ribozyme assays. Pre and Clv
identify uncleaved RNA precursors and its 5′-cleavage products,
respectively.
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■ METHODS
c-di-GMP and Analogues. c-di-GMP and its circular analogues

(cyclic bis(3′-5′)-2′-deoxyguanylic/guanylic acid (c-dGpGp), mono-
phosphothioic acid of c-di-GMP (c-GpGps), cyclic bis(3′-5′)guanylic/
adenylic acid (c-GpAp), and 2′-O-di(tert-butyldimethylsilyl)-c-di-
GMP) were chemically synthesized as described previously.45−48

pGpG (7) was purchased from Biolog Life Science Institute. All linear
analogues except for pGpG were purchased from the W. M. Keck
Foundation Biotechnology Resource Laboratory at Yale University and
were synthesized by solid-phase oligonucleotide synthesis methods.
The identities of all analogues were confirmed by high-resolution mass
spectrum analysis (Supplementary Table 1). The purities of these
compounds were >95% as measured by analytical HPLC with an
Agilent Eclipse XDB-C18 column (5 μm; 75 mm length and 4.6 mm
internal diameter) using a gradient of acetonitrile (0−30%) in
triethylamine-acetate buffer (pH 7.0) and analysis by absorbance at
260 nm.
In-Line Probing. The 110 Vc2 (class I) and the 84 Cd (class II)

RNAs were prepared according to published methods5,6 and subjected
to in-line probing analyses as described previously.35,36 Briefly, 5′ 32P-
labeled RNA (∼50 pM) was incubated at room temperature (∼23 °C)
for approximately 40 h in 100 mM KCl, 50 mM Tris-HCl (pH 8.3 at
23 °C), and 20 mM MgCl2. Cleavage products were separated by
denaturing 10% PAGE, and the resulting gel was dried and imaged
using a PhosphorImager (Molecular Dynamics). Analyses of band
intensities were carried out using ImageQuant software (Molecular
Dynamics). Areas of band-intensity modulation were identified and
measured. The band intensity values were normalized and plotted
against the logarithm of the concentration of ligand. Apparent KD
values were determined by quantitating the amount of RNA
degradation for a given nucleotide position over a range of ligand
concentrations.
Transcription Termination Assays. A DNA template encom-

passing the class I riboswitch sequence from C. dif f icile (5′ UTR of the
flagellar operon) was fused to a sequence carrying the B. subtilis lysC
promoter. Also, a DNA template harboring the class II riboswitch
sequence from C. dif f icile (5′ UTR of the ompR gene) carrying its
native promoter was prepared. Transcription termination assays were
conducted using a method of single-round transcription adapted from
that described previously.5,6 All circular analogues and some linear
analogues that showed relatively low values for KD (less than ∼5 μM)
except for 7 and 10 were subjected to this assay.
Allosteric Ribozyme Assays. An allosteric ribozyme (14H-II)

that responds to c-di-GMP binding42 was prepared by in vitro
transcription with T7 RNA polymerase. Briefly, the double-stranded
DNA template including T7 promoter was incubated for 2 h at 37 °C
in transcription mixture containing 50 mM Tris-HCl (pH 7.5 at 23

°C), 15 mM MgCl2, 5 mM dithiothreitol, 2 mM spermidine, 0.1 mM
EDTA, 2 mM each of the four NTPs, 1000 units of T7 RNA
polymerase, and 10 μCi [α-32P]UTP. Also, 100 μM c-di-GMP was
added to the mixture to favor isolation of ribozymes that are inactive
when bound to the second messenger. The full-length RNA product
was then purified by denaturing 8% PAGE and isolated from the gel
using elution buffer (50 mM Tris-HCl [pH 7.5 at 23 °C], 200 mM
NaCl, and 1 mM EDTA [pH 8.0 at 23 °C]). Trace amounts of
internally 32P-labeled RNA were incubated with analogues at a
concentration of 100 μM for 15 min at 23 °C. Reactions were
terminated by the addition of stop buffer containing 95% (v/v)
formamide and 25 mM EDTA. Products were separated by denaturing
8% PAGE, and the yields were quantitated by ImageQuant software
(Molecular Dynamics).
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