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Abstract: It is becoming increasingly clear that nature uses
RNAs extensively for regulating vital functions of the cell, and
short sequences are frequently used to suppress gene expres-
sion. However, controlling the concentration of small mole-
cules intracellularly through designed RNA sequences that fold
into ligand-binding structures is difficult. The development of
“endless”, a triplex-based folding motif that can be expressed
in mammalian cells and binds the second messenger 3’,5’-cyclic
guanosine monophosphate (cGMP), is described. In vitro,
DNA or RNA versions of endless show low micromolar to
nanomolar dissociation constants for cGMP. To test its
functionality in vivo, four endless RNA motifs arranged in
tandem were co-expressed with a fluorescent cGMP sensor
protein in murine vascular smooth muscle cells. Nitric oxide
induced endogenous cGMP signals were suppressed in end-
less-expressing cells compared to cells expressing a control
motif, which suggests that endless can act as a genetically
encoded cGMP sink to modulate signal transduction in cells.

RNA performs a number of key intracellular functions.
Ribosomal RNA, tRNA, and mRNA are examples of func-
tional ribonucleic acids that are part of the cellular machinery.
However, RNA and oligonucleotides derived from RNA
sequences are also used to regulate the expression of specific
genes. One way in which this regulation is achieved is through
binding to complementary sequences through Watson–Crick
base pairing. For example, antisense oligonucleotides[1, 2] and
short interfering RNAs (siRNAs)[3,4] can be designed to
interfere with the translation of mRNAs to which their
sequences are complementary. In fact, siRNAs have become
important tools for chemical biology and enable the probing
of intracellular processes and the validation of therapeutic
strategies.[5] The mechanism of action of these sequences is
based on that of natural microRNAs used by cells to regulate
protein synthesis.

The oligonucleotides named above bind RNA targets
through duplex formation. However, RNAs that form binding

pockets for small molecules also exist. For example, ribo-
switches are natural nontranslated single-stranded RNAs, the
gene regulatory activity of which is modulated through
effector molecules. Riboswitches that bind low-molecular-
weight metabolites like cyclic di-cGMP,[6] SAM,[7–11] THF,[12,13]

FMN,[14] and glucosamine-6-phosphate[15] in bacteria are
known. The TPP responsive riboswitch is an example of
a riboswitch found in eukaryotes.[16–19] Artificial riboswitches
have been developed by fusing target-binding sequences with
aptamers. Theophylline-binding switches are used in cells to
influence splicing,[20] mRNA stability,[21–25] RNA silenc-
ing,[26–30] translation,[31–38] or posttranslational activity.[39] One
of these artificial switches affects the proliferation of T cells in
mice.[22] Intracellularly expressed RNA can form functional
nanostructures in bacteria,[40] and the intracellular synthesis of
short triplex-forming RNA strands can downregulate the
activity of endogenous gene promoters in human cells.[41]

Despite these impressive advances in RNA technology, to
our knowledge, no de novo designed RNA motifs have been
reported that act as sinks for small molecules in the cell. One
of the small molecules that regulate cell activity and that are
closely linked to human disease is 3’,5’-cyclic guanosine
monophosphate (cGMP), an important second messenger in
eukaryotes.[42] Pharmacologic and genetic manipulation of
cGMP-generating enzymes and cGMP-binding effector pro-
teins have demonstrated a central role for the cGMP signaling
system in physiology, pathophysiology, and pharmacotherapy
in mmamals. However, the spatiotemporal dynamics of
cGMP and its functional relevance are not well understood.
A recent technological advance was the generation of trans-
genic mice that express a fluorescent cGMP-sensor protein to
visualize endogenous cGMP signals in living mammalian
cells.[43] However, cGMP research would also benefit from the
development of methods that enable the experimental
manipulation of endogenous cGMP levels in cells. We
sought to achieve this goal by expressing a genetically
encoded RNA-based cGMP sink.

We noted that triplex structures may form in DNA[44–47] or
in RNA transcripts.[48] We had recently developed triplex-
based binding motifs for purines.[49] The binding pockets of
these motifs are gaps in the central strand of parallel DNA or
RNA triplexes.[50] Being derived from a canonical triple helix,
the de novo designed motifs lend themselves to systematic
optimization. The selectivity of the motifs for A or G
nucleotides or selected cofactors has been tuned through
variation of the bases at or near the binding pocket.[51]

Unfortunately, the motifs developed thus far are unsuit-
able for intracellular expression because both the 3’ and 5’
termini are part of the binding pockets. Since mRNAs
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typically feature a 5’ cap and a 3’ polyadenylate tail, they
would be unable to form the binding pocket or would require
elaborate processing with designed cleavage steps. Herein, we
report a de novo designed triplex motif termed “endless”,
which can fold to form binding pockets for cGMP within
a continuous sequence. A DNA sequence encoding a quad-
ruple version of endless was cloned into an expression plasmid
that was used to transiently transfect murine vascular smooth
muscle cells, a well-known model for cGMP signaling.[43,52]

Upon endless expression, NO-induced endogenous cGMP

levels were reduced, thus indicating that endless acts as a sink
for cGMP in intact cells.

Designed binding motifs with canonical base pairing form
on both the DNA and RNA level.[49] Figure 1 shows the
sequences tested in the in vitro stages of our sequence
development, which was on the DNA level since oligodeoxy-
nucleotides are less costly than oligoribonucleotides. We first
asked how the designed binding pocket may be formed
without involving the termini. Unlike known triplex-based
motifs,[49, 51, 53,54] endless-type sequences contain a bridging

Figure 1. Sequences of binding motifs and their affinities for purine-containing small molecules. a) Sequences studied on the DNA level with
binding site sizes of three nucleotides (motifs I and II) or one nucleotide (motifs III–VII); b) RNA binding motifs for in vitro characterization (VIII
and IX), control RNA motif X, which lacks the binding pocket, and the endless and control RNA motifs for in vivo studies; c) Designed cGMP
binding interactions. d) Dissociation constants for complexes with small molecules, determined by filtration assay at 10 mm phosphate buffer,
pH 7.0, 1m NaCl (DNA motifs) or 10 mm phosphate buffer, pH 7.0, 150 mm NaCl, 10 mm MgCl2 (RNA motifs) at 4 8C. Numerical values for the
dissociation constants are given at the top of each column. See Chapter 3 of the Supporting Information for further details.
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segment in the oligopurine strand, which is designed to form
a bulge. Our binding pockets featured two pyrimidines that
can engage the target purine in Watson–Crick and Hoogsteen
base pairing. Two assays were employed to detect ligand
binding. One assay involved membrane filtration (3 kDa cut-
off) to separate the solution with unbound nucleotides from
the folding motif or its complex with the ligand. In some
instances, UV-melting assays were employed, since some
triplex motifs release the ligand simultaneously with the
triplex-forming segment, resulting in a shift in the triplex-to-
duplex transition.[49]

The first assays were run with motif I, the three-nucleotide
adenine-specific binding site of which was bridged by
a phosphodiester-linked hexaethylene glycol chain. This
motif gave an apparent dissociation constant of 91 mm for
cAMP (Figure 1d and Table S2 in the Supporting Informa-
tion), suggesting that the bridge with its two phosphodiester
linkages does not block binding. Control experiments showed
the expected selectivity for cAMP over cGMP, with no
detectable binding to the latter (Table S2). Subsequent
experiments were performed with motif II, which has
a three-nucleotide gap and was designed to bind cGMP.
Motif II features a bridge of T residues and gave disappoint-
ing results, with no detectable binding to cGMP.

In order to determine whether nucleotides as bridging
units were tolerated at all, we next studied motifs III and IV,
which contain single-stranded flaps and a one-nucleotide
binding site but no continuous bridge. Both motifs bound
cGMP with double-digit micromolar affinity, thus suggesting
that nucleotides protruding from the central oligopurine
strand do not suppress binding. This encouraged us to test
motifs with a one-nucleotide binding pocket and a longer
bridge containing at least four bases (motifs V–VII). Very
high affinity for cGMP was measured, with Kd values down to
the nanomolar range (motif V, Figure 2 a). The affinity of the
bridged motifs for cGMP was also apparent from UV-melting
curves, which showed increases in the triplex melting point
(Table S1).

Motif VI was a compromise of target affinity and overall
length. Its binding site was therefore transferred to the RNA
level, leading to motifs VIII and IX (Figure 1). The latter is

a two-strand motif, whereas the former was produced from
three strands because very long synthetic RNAs were not
accessible. Gratifyingly, RNA motif VIII gave a shift in the
triplex melting point of 9.1 8C in the presence of cGMP,
indicating tight binding (Figure 2b). Moreover, the dissocia-
tion constant of the complex with cGMP, determined by
filtration assays, was 9 mm (Figure 1d). Importantly, control
filtrations with RNA motif VIII and other nucleosides or
nucleoside phosphates showed selectivity for cGMP over
other purine-containing structures (GTP, guanosine, adeno-
sine, NADH) or pyrimidine-containing compounds (cytosine,
thymidine, uridine; Figure 1d and Table S2). The actual
cGMP affinity of RNA motif VIII in intact cells was
inaccessible but the micromolar dissociation constants deter-
mined in vitro are in the range of the binding affinities of
intracellular cGMP receptor proteins and of the cGMP
concentrations reached in cells.[43] A control experiment
with RNA motif X, which lacks the binding pocket, contain-
ing a continuous oligopurine strand instead, showed no
detectable affinity for cGMP (Table S2). These results for
RNA motifs VIII and IX led to the final endless RNA motif
for expression in cells (Figure 3a), where it could act as
a cGMP sink. Multiple copies of this motif can be arranged in
a seemingly endless sequence, hence the name.

To test the functionality of endless in mammalian cells,
a DNA sequence encoding four consecutive motifs (endless4)
was cloned into an expression vector containing the strong
CAG (chicken actin/b-globin) promoter. The endless4 RNA
constituted the 5’ part of a longer transcript that also encodes
the fluorescence resonance energy transfer (FRET)-based
cGMP sensor protein cGi500[55] (Figure 3a). This strategy
allowed the co-expression of endless4 RNA with the cGMP
sensor used to monitor intracellular cGMP concentrations.
Primary vascular smooth muscle cells from mouse aorta,
which generate cGMP transients upon stimulation with nitric
oxide,[43,52] were transiently transfected with the endless4–
cGi500 construct or with a control construct encoding four
consecutive copies of a motif lacking a cGMP-binding pocket
(control4–cGi500). Transfected cells were recognized by their
fluorescence owing to cGi500 expression and were used for
FRET-based cGMP imaging. During imaging, cells were
superfused with increasing concentrations of the nitric oxide
donor DEA/NO (Figure 3b). Peak heights of the resulting
cGMP transients were taken to estimate half maximal
effective concentration (EC50) values for the nitric oxide
induced cGMP responses. A shift of the EC50 value from
132 nm for cells transfected with control4–cGi500 to 236 nm
for cells transfected with endless4–cGi500 was observed
(Figure 3c). Similar results were obtained in an independent
experiment with a different cell preparation (Figure S8 in the
Supporting Information). These results indicate that endless4

acts as an intracellular sink for cGMP, thereby reducing the
amount of cGMP available for binding to cGi500 and other
target proteins. Apparently, endless4 RNA is able to compete
well for cGMP binding with the cGMP sensor, a protein-
based cGMP binder.

Neither the cellular and nuclear morphology of the
transfected cells (Figure S7 and data not shown) nor the
evaluation of surface-exposed phosphatidylserine, a marker

Figure 2. Folding motifs of the endless type bind cGMP tightly. a) UV
spectra from filtration assay. Conditions: 10 mm phosphate buffer,
pH 7.0, 1m NaCl. b) Expansion of the UV-melting curve of motif VIII
in the presence or absence of cGMP, showing the shift in the triplex-
to-duplex transition. Conditions: 0.5 mm oligonucleotide, 10 mm cGMP,
10 mm phosphate buffer, pH 6.0, 1m NaCl, heating rate 1 8Cmin�1.
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for apoptotic cells, with annexin V by using flow cytometry
(data not shown) indicated adverse effects of endless4–cGi500
expression on cell viability as compared to the control4–
cGi500 construct. Studies are under way to correlate altered
intracellular cGMP levels upon expression of endless RNA
with biological responses in the affected cells.

In conclusion, we have developed the purine-binding
folding motif endless, which binds cGMP without engaging
the termini of the strand. There are several known ways to
stimulate cGMP production in the cell,[42] but there is no
known inducible sink for second messengers that we are
aware of. The results from the expression of endless in
eukaryotic cells suggest that it can be used as inducible sink
for endogenous cGMP in living cells. Experiments aimed at
developing other chemical biology tools based on ligand-
binding RNA sequences are under way.
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