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Nucleic acids are exciting biomolecular targets because they
offer the potential to regulate information transfer at the
beginning, before the genetic code is translated into proteins.
Metal complexes that bind to DNA have been of particular
interest, with the cationic charge that metals impart being
particularly attractive for recognition of these polyanions.[1]

Examples include complexes that coordinate to the bases,[2]

intercalate,[3] or bind to the phosphate backbone[4] of regular
duplex DNA or, more recently, that recognize less common
DNA structures such as bulges,[5] quadruplexes,[6] or junc-
tions.[7] Such complexes have been explored as therapeutic
drugs,[2] fluorescent imaging agents,[8] footprinting agents,[9]

and for nanotechnology applications.[10]

RNA binding by metal complexes is much less well
understood.[11] Yet, RNA is an emerging biomedical target
because its high structural diversity makes it highly suitable
for supramolecular recognition. For example, a Diels–Alder-
ase ribozyme was developed by in vitro selection[12] and
riboswitches have evolved naturally that are key to bacterial
gene regulation. Both types of functional RNAs depend on
specific ligand binding, for example, to a three-way junction
(3WJ)-type cage as in the Diels–Alderase and the purine
riboswitch,[13] with subsequent structural rearrangement.

Hannon, Coll, and co-workers described the binding of
a nano-sized dimetallic metal complex (a metallo-supra-
molecular cylinder) to the central cavity of a DNA 3WJ.[7a]

Given that junctions are common in RNA structures, their
recognition seemed an attractive initial step towards RNA
structural recognition agents. Herein, we report the ability of
a di-iron(II) supramolecular cylinder to recognize an RNA
3WJ and use X-ray crystallography to characterize the
binding mode. While there are some crystal structures of
RNAs with simple hexaqua or hexammine cations,[14] to the
best of our knowledge this is the first crystallographic study of
a designed metal complex bound to RNA.

We first crystallized the di-iron(II) supramolecular cylin-
der with a palindromic RNA hexanucleotide sequence (Fig-
ure 1A), which was selected to allow a direct comparison with
the structure of the analogous DNA in complex with the
cylinder.[7a,c,d] Crystals diffracting to 1.91 � were obtained
under similar crystallization conditions and contain exclu-
sively the M enantiomer of the cylinder. The structure reveals
an RNA 3WJ with the cylinder sitting at the heart of the
junction (Figure 1B). Additional cylinder molecules reside at
the GC termini of the duplex RNA arms that radiate from the
junction, with the bases making p-stacking interactions with
the cylinder phenylene rings forming what is in effect an
additional non-covalent pseudo-junction.

While the overall structure obtained is highly similar to
the one of the DNA 3WJ, distinct differences exist in the
mode of recognition of the cylinder by the RNA 3WJ. These
variations mainly originate from the specific conformation of
the DNA versus the RNA oligonucleotide. Whereas the
double-stranded parts of the DNA in the 3WJ adopt a B-form,
the RNA shows its usual A-form. Overall, the DNA 3WJ
resembles a truncated cone (Figure 1C) with a narrower top
being formed by the 3’ ends (Figure 2A), while the 5’ ends
point away from the central opening. The top and bottom
openings of the RNA 3WJ are more similar in size (Fig-
ure 1B) with the 3’ and 5’ ends bent away from the central
opening, effectively side-stepping any interaction with the
cylinder. Accordingly, the narrowest part of the RNA
junction is formed by the central adenine and uracil bases.
In the DNA 3WJ, two main interactions with the cylinder are
described: 1) the bases at the junction form a p-stacking
interaction with the central phenylene rings of the cylinder
(Figure 2B), and 2) the terminal pyridine rings of the cylinder
engage in van der Waals interactions with the C5’ sugar
moieties. The opening at the top of the cone is sufficiently
narrow that the cylinder does not penetrate it (Figure 2A). It
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is unclear whether the narrow opening originates from the
rigidity of the 3WJ structure or is caused by attractive
interactions with the cylinder. This question will be of
importance for the discussion below. The central p-stacking
interactions with the cylinder can also be observed in the
RNA 3WJ (Figure 2B). Here the uracil base also interacts
with one phenylene, while the cylinder is shifted such that
each adenine base now stacks with two central phenylenes of
one ligand and a C1’H-p interaction is formed. Superimposing
both structures based on the central AT and AU base pairs
reveals a shift of the cylinder by 2.0 � towards the 3’-end in
the RNA structure. Given that the p-stacking interaction
between the RNA bases and the phenylene rings of the
cylinder constitutes the only interactions observed, and
considering that the position of the cylinder within the
junction is not constricted by the narrowness of the 3’-end as
in the DNA structure (Figure 2B), the cylinder should be
allowed to move freely within the RNA junction to maximize
the stabilization from the p-stacking interactions with the

bases of the junction. Conse-
quently, the position of the cylinder
within the DNA 3WJ, which does
not seem to be free to move and
optimize the stacking interactions,
should result in a lower contribu-
tion of the stacking interaction to
the stability of the structure. The
overall stabilization in the DNA
versus the RNA structure is also
dependent on whether the 3’ ends
in the DNA structure merely steri-
cally restrict the optimal position-
ing of the cylinder within the
junction or provide additional sta-
bilization through van der Waals
interactions. The structure of the
cylinder is virtually the same in
both DNA and RNA 3WJs, that is,
it is not influenced by the different
stacking interactions.[15]

To complement our studies we
were curious to see RNA 3WJ
formation, and the influence of

the cylinder, in solution (Supporting Information, Figur-
es S1–S5). We chose three RNA sequences that potentially
form a 3WJ analogous to a known DNA 3WJ (Figure 1A).[7c]

Cylinder-promoted formation of the 3WJ was followed by
native gel electrophoresis, in which the S1 RNA strand was
5’ end labeled with 32P-phosphate. 200 nm of each RNA strand
was used in the presence of 100 mm NaCl at 4 8C (Figure 3A).
In the absence of Mg2+ ions or the cylinder, distinct self-
assembly of the three strands into either an open dimer or
a 3WJ was observed. Whereas additional MgCl2 (10 mm) had
virtually no effect, excess cylinder clearly stabilized the 3WJ
and reduced the amount of dimer (78 % 3WJ, 14% dimer, 8%
single strand; distributions of the three states under all
conditions tested are summarized in Figure S1). The strong
stabilization of the 3WJ by the cylinder was verified using
a bulkier cylinder [Fe2(L-CF3)3]

4+ with the same charge but
having two central trifluoromethyl groups on each ligand that
will not fit into a 3WJ. Indeed, no additional 3WJ formation
was induced (Figure 3; Figures S1,S2). This stabilizing effect
goes beyond the pure electrostatic interaction with duplex
RNA, because the stabilizing effect of 20 mm cylinder is
clearly larger than that of 10 mm Mg2+ (Figure 3), which is in
agreement with the extensive stacking interactions observed
in the crystal structure. Interestingly, while the M enantiomer
shows a higher affinity than P towards DNA,[7c] no difference
between the M and P cylinders could be detected for RNA
3WJ formation under any conditions tested, within the error
limits (Figure 3C; Figures S1,S3).

At 4 8C, the open RNA dimers are relatively stable.
Raising the temperature to 25 8C lead to melting of the two
strands at both low and high RNA concentration (Figure 3B;
Figure S2 B). Even in the presence of a tenfold excess of
a racemic mixture of the cylinders no open dimer, but instead
80% 3WJ, was present in solution. Again, the bulky cylinder
did not additionally promote 3WJ formation (Figure 3B).

Figure 1. Formation of an RNA 3WJ stabilized by a cylindrical di-iron(II) complex, [Fe2L3]
4+

(L =C25H20N4). a) Palindromic RNA sequence used for crystallization (left) next to the three RNA
strands S1, S2, and S3 as used in the gel studies. The M and P enantiomers of the cylinder and the
formation of the 3WJ stabilized by a cylinder molecule are shown on the right. b) The crystal structure
of the RNA 3WJ complexed with the cylinder as seen from the top (left) and a surface representation
from the side (right). c) Side view of the corresponding DNA 3WJ/cylinder complex as a surface
representation (PDB: 2ET0). Panels (b) and (c) were prepared with MOLMOL and DS Visualizer
3.5.[15]

Figure 2. Comparison of the morphologies of the RNA/DNA 3WJ-
cylinder complexes. a) Space-filling models of the RNA (left) and DNA
(right) 3WJs with the cylinder (green) seen from the top. Cytidine 5
forms the top edge of the 3WJ, which is much narrower in the DNA
(C5-C4’, grey atoms; C5-C5’, black; C5-O1P, red; RNA/DNA= 8.0/
5.9 �, 8.5/5.3 �, and 11.6/5.9 �, respectively, from the central cylinder
axis). b) Stacking interactions between the AU (gold) and AT (cyan)
base pairs with the two central B and C rings of the cylinder (green).
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These findings indicate that the perfect size and shape of the
di-iron(II) cylinder plays the major role in stabilization of the
RNA 3WJ.

To confirm the binding between the RNA and the cylinder
we performed UV/Vis and circular dichroism (CD) experi-
ments (Figure S4). Increasing amounts of a racemic mixture
of the cylinder, which itself shows no CD signal, were added
to the three RNA strands using a constant concentration of

RNA and increasing amounts of cylinder.
The overlay of the CD spectra of the RNA
3WJ in the presence of up to ten equivalents
of racemic cylinder shows that the spectrum
of the RNA retains its typical shape (CD
signal below 300 nm) throughout the titra-
tion, confirming that the A-form conforma-
tion of the double helical RNA arms remains
unchanged (Figure S4A; note that the con-
centration of RNA is 50 times higher in the
CD experiment than the gel studies). The
corresponding UV/Vis spectra show that the
presence of the RNA has no effect on the
metal-to-ligand charge transfer (MLCT)
band between 400 and 650 nm, confirming
the structural integrity of the cylinder (Fig-
ure S4 B). However, in the same MLCT
region, the CD spectra show an increased
negative elipticity corroborating a binding
event between the di-iron(II) cylinder and
the RNA.

Having shown that the cylinder stabilizes
an RNA 3WJ, the question arises whether the
cylinder preferentially binds to DNA or
RNA. We established an assay to follow the
competition between analogous RNA and
DNA 3WJs. Up to five equivalents of RNA
3WJ were added to a constant concentration
of the competing DNA 3WJ-cylinder com-
plex. A decrease in DNA 3WJ accompanied
by a simultaneous increase in RNA 3WJ was
observed (Figure 3D; note, RNA migrates
slower on the native gel than DNA). The
inverse experiment was conducted and
showed the same overall effect: an increase
in DNA 3WJ was paralleled by a decrease of
RNA 3WJ, although the concurrent increase
in single-stranded RNA S1 seemed less
pronounced. The difference in the inherent
stabilities of the RNA and DNA 3WJs
complicates quantification of the cylinder
binding preferences; while the RNA 3WJ
might be slightly preferred over the DNA
3WJ, it is also more stable in the absence of
cylinder, which might be reflected in the
experiment. However, despite the inherent
structural differences in the binding of the
cylinder to the two nucleic acid junctions,
they compete with one another for cylinder
binding. It appears that the difference in
Gibbs free energy for binding must be small

and that the interaction between the cylinder and the nucleic
acid junctions is sufficiently dynamic to allow for equilibra-
tion.

Small-molecule recognition by nucleic acids and the
accompanying stabilization of a specific structure or a sub-
sequent structural change are key to natural processes, for
example, in riboswitches as well as for medical applications,
but are so far only poorly understood. This study is the first of

Figure 3. Formation of an RNA 3WJ in the presence of increasing amounts of the di-
iron(II) [Fe2L3]

4+ complex followed by 15% native gel electrophoresis (200 nm each S1*,
S2, and S3; 100 mm NaCl; 3WJ/cylinder ratios are 1:0.5, 1:1, 1:2, and 1:10 (lanes 7–10
and 13–17)) at a) 4 8C and b) at 25 8C. c) Comparison of stabilization by the M versus P
enantiomers of the cylinder (25 8C). Lanes 11 (a,b) and 17 (c) are controls containing
a bulkier cylinder [Fe2(l-CF3)3]

4+. Lanes 1–6 (a,b,c) and lanes 11 and 12 (c) are controls
without one or two of the RNA strands or the cylinder, as indicated. d) Competition of
RNA versus DNA 3WJ formation in the presence of the di-iron(II) complex [Fe2L3]

4+

followed by 20% native gel electrophoresis (200 nm each S1*, S2, and S3; 25 8C; 100 mm

NaCl; ratio of preformed 3WJ (RNA = orange, DNA= blue) to cylinder was 1:1 (lanes 4–9
and 13–18)); equivalents of the added 3WJ are 1:0.2, 1:0.5, 1:1, 1:2, and 1:5 (lanes 5–9
and 14–18)). Lanes 1–3 and 10–12 are controls missing either one or two of the RNA/
DNA strands or the cylinder, as indicated.
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its kind to characterize in detail the binding of a designed anti-
cancer di-iron(II) supramolecular cylinder to an RNA 3WJ
1) at atomic resolution in the solid state, 2) in solution, and
3) to establish the competition with a respective DNA 3WJ.
Both nucleic acid 3WJs were similarly stabilized by the
cylinder. This is surprising because of their inherent structural
differences and the dynamic nature of the recognition of 3WJs
by metal-based drugs.

Experimental Section
The interaction between the cylinder and RNA was investigated by
native polyacrylamide gel electrophoresis (PAGE) in which one
strand (S1*) was radioactively labeled using [g-32P]-ATP. CD and
UV/Vis titrations were performed at a constant concentration of
RNA 3WJ (10 mm) and varying amounts of each di-iron(II) cylinder
enantiomer (0.5–10 equiv). Crystals of the cylinder-RNA complex
were grown at 20 8C under the following conditions: Tris-HCl (50 mm,
pH 8.5), Mg(OAc)2 (165 mm), PEG 400 (15%). Diffraction data were
recorded at the X06DA beamline of the Swiss Light Source (Paul
Scherrer Institute, Villigen, Switzerland). Full materials and methods
are available online in the Supporting Information.

The atomic coordinates have been deposited with the PDB under
accession code 4JIY.
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