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ABSTRACT: Gaps in the central strand of oligonucleotide
triplexes bind nucleoside phosphates tightly. Watson—Crick
and Hoogsteen base pairing as design principle yield motifs with
high affinity for nucleoside phosphates with A or G as nucleo-
base, including ATP. The second messenger 3/,5'-cAMP is
bound with nanomolar affinity. A designed DNA motif accom-
modates seven nucleotides at a time. The design was imple-
mented for both DNA and RNA.

1I biological cells contain mono-, di-, and triphosphates of
Anucleosides and use them as substrates, components of
cofactors, signaling molecules, and energy sources for enzymatic
reactions. As a consequence, there is a keen interest in binding
motifs for nucleoside phosphates. Synthetic receptors for nucleo-
side phosphates that can act as sensors include azacrown ethers,"
transition-metal complexes,” and polymers.® Several RNA sequence
motifs that bind nucleotides have been identified by systematic
evolution of ligands by exponential enrichment (SELEX).*~® This
includes aptamers for ATP,” "' GTP,"> coenzyme A," and S-
adenosyl methionine."*"* Cationic building blocks give aptamers
with increased specificity.'®'” An aptamer that binds cAMP with 10
UM dissociation constant has also been reported."® Fusing nucleo-
tide-specific aptamers and ribozymes can produce aptazymes whose
catalytic activity is modulated by nucleotide concentration in
allosteric fashion.'® Aptazymes have also been reported for cAMP,
cCMP, and cGMP.**~ %

Changing the specificity of aptamers from one nucleotide to
another can be difficult, though, and a change in specificity from
ATP to GTP involved a mutation rate of 24%."% Also, there is no
obvious approach for generating aptamers that bind several
nucleotides at a time without multiplying the motifitself. Further,
nucleotide-binding aptamers composed of DNA> are rare,
which is unfortunate, as synthetic oligodeoxynucleotides are less
expensive than oligoribonucleotides. Finally, the disassembly of
nucleotide binding motifs and the controlled release of the
nucleoside phosphates are not trivial to program when complex,
folded unimolecular structures are involved.

An interest in developing ATP storage devices prompted us to
study nucleotide binding motifs that are based on inexpensive
synthetic oligodeoxynucleotides and that assemble via designed,
canonical base pairing. Here we report a four-strand system
based on a DNA triple helix whose specificity is readily switched
from A to G and can bind more than one nucleotide at a time. It
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binds cAMP with nanomolar affinity, i.e., more tightly than the
known aptamer'® or allosteric ribozyme.**

Figure 1 shows the first binding motif tested (I). It consists of
four strands that together form an interrupted triplex with a
single nucleotide gap in the oligopurine strand. This gap can
accommodate a nucleotide. The motif was designed such that
three distinct transitions could be expected in UV—melting
curves: one for the release of the triplex-forming oligonucleotide
(TFO) and one each for the disassembly of the shorter and the
longer duplex. The experimental melting profile showed all three
transitions (Figure 2a). Upon addition of adenosine §'-tripho-
sphate (ATP), only the triplex transition showed a significant
shift, with a ATy, of 8.2 °C, i.e.,, more than the increase typically
seen for extension of a triplex by three nucleotides. This suggests
that the triplex motif binds the triphosphate tightly at micromolar
concentration. Since the nucleotide should be the more weakly
binding component, the shift in the transition also suggests that
TFO and nucleotide dissociate from the remaining complex
simultaneously.

A range of different adenosine phosphates were then tested as
ligands for I (Figure 2b, Table 1). All induced melting point
increases. At high magnesium concentration, dATP produced a
greater shift in the triplex melting point than other nucleotides,
while in the absence of Mg*" dAMP was bound most tightly. An
exceptionally large ATy, (416 °C) identified the cyclic mono-
nucleotide 3/,5'-cAMP as a particularly good ligand. Neither of
the nucleoside phosphates with a mismatched nucleobase (C, G,
T) showed any significant effect on the triplex transition (see also
Table S1, Supporting Information).

We then redesigned the motif to bind guanosine phosphates
by changing the ligand-pairing nucleobases from T to C. The
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Figure 1. Binding motifs: (a) base pairing in the recognition pocket; (b) sequences employed. Nucleobases designed to pair with the target nucleotide

are shown in red.
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Figure 2. UV—melting profiles of motif I: (a) full melting curve in the presence or absence of ATP (note that the addition of 10 equivalents of ligand
lowers the overall hyperchromicity); (b) expanded region showing triplex melting, in the absence or presence of nucleotides. Conditions: 1 yM
oligonucleotides, 10 #M nucleotide, 10 mM phosphate buffer, pH 7.0, 1 M NaCl, 80 mM MgCl,.

resulting motif (II) now showed melting point increases for G as
base (Table 1), confirming that the most likely interaction is
Watson—Crick and Hoogsteen base pairing. The AT, value
observed for dGMP (+10 °C) is respectable, given that the
melting curve experiments were performed at pH 7.0, i.e., above
the more acidic buffers favoring the protonation of the central C
in the TFO that is required for Hoogsteen base pairing.*®

We then performed UV—melting studies with an RNA
version of motif I (motif IIT). Annealing led to a complex whose
triplex transition was too low to be accurately measured in the
absence of a nucleotide. In the presence of adenosine phosphates,
a shift to observable triplex transitions was observed, even though
the pH was again fixed to a value that is physiologically relevant
but not optimal for the C:G:C™ base triplets in the core regions
of the motif (Table 2). Triplex stabilization was again specific for
A as nucleobase, with a significantly lower AT,,, in the presence of
dGMP and no detectable stabilization in the presence of dCMP
or dTMP.

Next, we asked whether the designed motif can bind more
than one nucleotide at a time. Motif IV contains two gaps in the
central strand of the triplex. Again, an increase in the triplex
melting point was observed upon addition of cAMP (Figure 3).
Two equivalents gave a more pronounced stabilization than 1
equiv, and the stabilizing effect leveled off as the concentration
was increased further. When motif V with its seven-nucleotide
wide gap was incubated with a mixture of cAMP and cGMP (10
UM each), a melting point increase of 5.5 °C was measured
(Table 1), again suggesting that binding of nucleotides was
occurring.

We then designed intramolecular folding motif VI, whose
binding pocket includes the 3'- and $'-termini of the sequence.

Melting curves again showed individual transitions for the
dissociation of the triplex and duplex regions (Figure S8,
Supporting Information). The triplex transition was shifted by
+17.5 °C in the case of cAMP (Table 1).

Finally, absorption measurements from filtration assays gave
dissociation constants for representative complexes between
oligonucleotides and nucleoside phosphates (Table 3). For this,
the length of two of the strands of motif I was changed to
minimize the elution of residual oligonucleotides through the
filtration membrane. The values given in Table 3 are upper limits
of the dissociation constants, as neither partial dissociation
during the centrifugation nor traces of oligonucleotides in the
eluate can be ruled out. Even so, low micromolar (ATP) or
nanomolar (cAMP) dissociation constants were found for the
cognate nucleotides, while nucleotides with a noncomplemen-
tary nucleobase gave little or no detectable binding (motif VII
and ¢cGMP, TMP, dCMP, UMP, see Table SS, Supporting
Information). When the central two purine-rich strands of motif
VII were replaced with a continuous strand that does not leave a
gap for nucleotide binding, the ability to bind cAMP disappears
(Figure S12, Supporting Information). The same is true for a
version of motif I with continuous central strand. Its melting
point does not change upon addition of cAMP (Figure S13,
Supporting Information). Again, this demonstrates that the
designed binding pocket is indeed where the nucleotide binds.

For motifs IV and V, the stoichiometry of complex formation
is not 1:1, so that true binding or dissociation constants have
other dimensions than M '. Ignoring this fact, apparent dis-
sociation constants of 14.2 uM (IV, cAMP) and 177 uM (V,
cAMP plus cGMP) are obtained from the absorption measure-
ments (Tables S7 and S8, Supporting Information).
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Table 1. Triplex Melting Points” (°C) of Sequence Motifs I,
II, V, and VI in the Absence or Presence of Nucleotides®

MgCl, (80 mM) no MgCl,

motif nucleotide T AT, T AT,

I 14.0 <10

I dAMP 23.9 9.9 22.6 >12.6

I dATP 26.0 12.0 159 >5.9

I AMP 20.5 6.5 17.5 >7.5

I ADP 22.3 8.3 15.0 >S5.0

I ATP 222 8.2 13.8 >3.8

I cAMP 30.0 16.0 26.8 >16.8

I dGMP 14.0 0 10 0

I TMP 14.0 0 <10

I dCMP 12.0 —2.0 <10

1I 14.0 <10

1I dGMP 24.0 10.0 224 >12.4

11 dGTP 19.5 S.5 10.6

11 GMP 15.0 1.0 12.5 >2.5

11 GDP 15.2 12 10.4

1I GTP 18.3 13 10.2

1I dAMP 12.0 —2.0 10.8

1I TMP 14.0 0 10.5

1I dCMP 13.0 —1.0 104

v 16.0

A% cAMP

+¢GMP*  nd 21.5¢ 55
VI n.d. 143
VI cAMP n.d. 31.8 17.5

“ Mean of two melting curves. ’ Conditions: 1 uM oligonucleotides, 10
uM nucleotide, 10 mM phosphate buffer, pH 7.0, 1 M NaCl, except for
motif V. “To triplex in the absence of ligand. 4 Buffer: 20 mM Tris. HC],
pH 6.7, 450 mM NaCl, 100 mM KCl, 10 mM MgCl,, 1 mM MnCl,,
S mM CaCl,. 10 uM of either nucleotide.

Table 2. Triplex Melting Points” for RNA Sequence Motif II1
in the Presence or Absence of Nucleoside Phosphates

nucleotide Tp (°C) AT, (°C)

<10.0

ATP 18.5 >5.5

ADP 16.1 >6.1

AMP 17.1 >7.1

dATP 16.8 >6.8

dAMP 18.5 >8.5

dGMP 11.8 >1.8

TMP <10.0

dCMP <10.0

“Mean of two melting curves at 5 uM oligonucleotides, 50 uM
nucleotide, 10 mM phosphate buffer, pH 7.0, 1 M NaCl, 80 mM MgCl,.
b . . o .

To triplex melting point without ligand.

Our results show that DNA-based triplex motifs bind nucleo-
side phosphates of both the deoxy and ribo series at micromolar
concentrations. The order of affinity may, in part, be explained by
the fact that the cyclic nucleotides cAMP and ¢cGMP have the
least steric demand and feature a phosphodiester, rather than a
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Figure 3. Melting points of the triplex in IV at different cAMP
concentrations (1 #M IV, 10 mM phosphate, pH 7.0, 1 M NaCl). Note
that the T, increase begins to level off at 2 equiv of the nucleotide.

Table 3. Dissociation Constants” for Complexes between
Motifs VI—VIII and Nucleotides, As Determined in Filtration
Assays

motif buffer” nucleotide Kg (uM)
VI A cAMP 1.5
VII A cAMP 0.3
VII B cAMP <0.3
VII A ATP 4
VIII C cGMP 30

“ At4°C." Buffers: (A) 10 mM phosphate buffer, pH 7.0, 1 M NaCl; (B)
20 mM Tris. HC], pH 6.7, 450 mM NaCl, 100 mM KCl, 10 mM MgCl,,
1 mM MnCl,, S mM CaCly; (C) 10 mM phosphate buffer, pH 6.2,
200 mM KCl, S mM MgCl,, 0.1 mM EDTA. See the Supporting
Information for further details.

monoester group. The latter can dissociate twice, leading to a
(partially) doubly negatively charged phosphate group, whereas
the former can dissociate only once.

Physiologically relevant intramolecular triplexes are known.”
The designed binding motifs also bear some similarity to
adenine- and guanine-binding riboswitches that regulate gene
expression. The riboswitches use Watson—Crick base pairing in
the recognition of ligands,”” but do not employ conventional
Hoogsteen base pairing, and fully engulf their target bases,
creating a binding pocket too small for nucleoside phosphates.

Aptazymes and riboswitches respond to changes in ligand con-
centration, and our results point to possible applications of triplex
motifs as sensor or chemical biology tools. But, more importantly, our
results also show that one triplex motif can bind several nucleoside
phosphates at a time and release them upon gentle heating,

Nucleoside phosphates are linked to energy in the cell. The
ability to harvest energy-rich compounds and releasing them, in
the form of mechanical work or heat, at a different time and/or
place, again without the use of fossil fuel, and without environ-
mental pollution, is directly linked to the energy challenge of a
sustainable planet. It is therefore significant how easily ATP-
binding DNA sequence motifs can be designed and generated
from commercially available oligonucleotides. Since a number of
small DNA triplexes are known whose three-dimensional struc-
ture has been solved,”® our results also point to opportunities in
the design of other binding motifs for nucleoside phosphates.

6

B EXPERIMENTAL SECTION

UV—Melting Experiments. Melting curves were recorded at
260 nm. The samples were prepared in quartz cuvettes with 10 or 2
mm path length. The oligonucleotides of the binding motif were either 1
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or 5 uM in the given buffer. Mononucleotide concentrations ranged
from 0.2 to 50 uM, as stated for the individual assays. The rate of heating
was 1 °C/min. A modest level of hysteresis was observed in some cooling
curves that all but disappeared when cooling at a rate of 0.2 °C/min. For
the determination of melting points, heating curves were used exclu-
sively. Melting points were calculated as the maxima of the first
derivatives of the 95 point-smoothed melting curves, using UV WinLab
3.0 software of the spectrophotometers.

Filtration Assays. Solutions of oligonucleotides forming the bind-
ing motif (500 4L, 10 #M) and the nucleotide (5, 10, 20, or 70 uM) were
prepared in the buffer of choice. The solutions were vortexed and heated
to 95 °C for S min. Annealing was induced by allowing the solution to
cool from 95 to 4 °C in 2 h. The samples were transferred to Amicon
Ultra filter devices (3 kDa cutoff). The filtration was performed at 4 °C
and 13000g for 1 h. To the filtrate (450 uL) was added buffer to give a
final volume of 600 uL. The absorption of the resulting solution was
measured in the range of 200—400 nm. The concentration of the eluted
mononucleotide was calculated according to Lambert—Beer’s law
(extinction coefficients at 260 nm: cAMP 12300 M ' cm™'; ATP
15400 M ' em™'; cGMP 13600 M~ ' cm™'; TMP 9700 M ' em ™,
dCMP 9100 M~ cm™'; UMP 10000 M~ cm ™ ").? For the determina-
tion of the dissociation constants, it was assumed that all unbound
mononucleotides are eluted through the membrane and that the off-rate
is slow compared to the time scale of the filtration. It was also assumed
that the absorption in the eluate is caused by nucleotides only, as control
experiments with just the oligonucleotides did not show significant
absorption. Since either of these assumptions are for ideal assay
conditions, the dissociation constants reported are believed to be at
the upper limit of the true values (ie., binding may, in fact, be tighter
than reported).
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