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Bulged structures have been identified in nucleic acids and have been shown to be linked to
biomolecular processes involved in numerous diseases. Thus, chemical agents with affinity for
bulged nucleic acids are of general biological significance. Herein, the mechanism of specific
recognition and stabilization of bulged DNA and RNA by helical bimetallic species was
established through detailed molecular biophysics and biochemistry assays. These agents,
known as ‘flexicates’, are potential mimetics of o-helical peptides in cancer treatment,
exhibiting antimicrobial and antitumor effects. The flexicates have positive impacts on the
thermal stability of DNA duplexes containing bulges, which means that the flexicates interact
with the duplexes containing bulges, and that these interactions stabilize the secondary
structures of these duplexes. Notably, the stabilising effect of the flexicates increases with the
size of the bulge, the maximal stabilization is observed for the duplexes containing a bulge
composed of at least three bases. The flexicates bind most preferentially to the bulges
composed of pyrimidines flanked on both sides also by pyrimidines. It is suggested that it is so
because these bulges exhibit greatest conformational variability in comparison with other
combinations of bases in the bulge loop and bases flanking the bulge. Finally, the results
indicate that there is only one dominant binding site for the flexicates on the DNA and RNA
bulges and that flexicates bind directly to the bulge or in its close proximity. It is also shown
that the flexicates effectively bind to RNA duplexes containing the bulge region of HIV-1 TAR
RNA.

DOI: 10.1039/x0xx00000x
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[Fe,(D;]CLy (I = CysHyoN,) metallosupramolecular helicates (Fig.
S1).!® These molecules can also recognize other unusual DNA
structures, such as Y-shaped three-way junctions,'” ' three-way
junctions containing unpaired nucleotides, the so-called T-shaped
three-way junctions'® and human telomeric G-quadruplex DNA.%
[Fe,(I);]Cly is synthesized as a mixture of two enantiomers (M and
P, denoting left-handed and right-handed helical twist), which have
different structural effects on DNA.?"?? Therefore, chromatographic

Introduction

Bulged structures in nucleic acids are of general biological
significance.' They have been proposed to play an important role in
a number of biochemical processes, such as frame shift mutagenesis,
RNA splicing, protein binding recognition, the ribosomal
synthesizing machinery and expansion of triplet repeats during DNA
synthesis.”> Moreover, DNA repair proteins MutS® and RecA* bind

preferentially to bulged structures, and also tumor suppression
protein p53 prefers binding to bulges rather than other base
mismatches in DNA.® Bulges have also been suggested as binding
motifs for regulatory proteins involved with viral replication,
including the TAR region of HIV-1.%

In view of the importance of bulges in biological systems,
compounds capable of targeting bulged sequences could be used as
valuable probes for studying their role in nucleic acids function or
could even have significant therapeutic potential” A number of
attempts have been made to prepare such compounds. The most
promising bulge binding agents discovered to date are: those based
on NCS-chrom, a wedge-shaped enediyne antitumor antibiotic
neocarzinostatin  chromophore,  2-acylamino-1,8-naphthyridine,
rhodium intercalators or the zinc(I) complex of 1-(4-
quinoylyl)methyl-1,4,7,10-tetraazacyclododecane, and dinuclear
ruthenium complexes.'™"> Recently, we have demonstrated that
DNA duplexes containing bulges are specifically recognized by

This journal is © The Royal Society of Chemistry 2013

resolution of the enantiomers is required.

A new strategy to prepare optically and diastereochemically pure
monometallic complexes containing functionalized pyridine/imine
units has been reported™** including their use to create, via self-
assembly process, water-stable, optically pure bimetallic structures
with flexible linkers (Fig. 1A).>% Since the stereoselectivity in
these complexes does not rely on the helicate concept of mechanical
coupling they are described as flexicates. The sense of chirality of
the assembly is fully defined by the stereogenic centers in the
organic part of the molecule. The discovery of the mechanism of
steroechemical control in this type of complex was described” and
then thoroughly investigated.”® Each metal center has its
stereochemistry completely (>99.5%) defined by a combination of
steric effects and 7-stacking interactions. Traditional helicates are
different. They rely on mechanical coupling between metal centers
(so-called helication). We do not notionally link our complex units
together with various bridging groups that may be very flexible or
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indeed actually work slightly against the intended stereochemistry at
the metal (as in ligand L'*). While we have made some complexes
that do in part exploit mechanical coupling?’ the examples in this
manuscript do not. Thus, the term "helicate" is used in this article
only for traditional ones. It has been shown that in addition to
specific interactions with DNA, flexicates show promising
antimicrobial activity towards methicillin-resistant Staphylococcus
Aureus (MRSA) alongside modest toxicity towards the nematode
worm Caenorhabditis elegans™ and antitumor effects in particular in
the tumor cells resistant to conventional cisplatin.?®

We also showed in the precedent report® that [Fe,L'%]Cl,
flexicates (Fig. 1A) increase thermal stability of the DNA duplexes
containing a one-, two- and three-adenine bulge. To explore binding
of [Fe,L'%]Cl, flexicates to DNA bulges further, we examined in the
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Fig. 1 A. Diastereomerically pure metallo-helical “flexicate”
complexes of chiral ligands L', Only one ligand shown in full.
B. Chiral ligand L2, C: The fully complementary
oligonucleotide duplex used as a control. D: Oligonucleotide
duplexes containing a one-, two-, three-, four- and five-
nucleotide bulge (B = A, T, G or C; n = 1-5) flanked by various
combinations of bases X; and X,. Y; and Y. correspond to
complementary bases to X and Xa, respectively.

present work the interactions of A- and A-enantiomers of
[Fe,L'%]Cl, with DNA duplexes containing bulges of various sizes
and nucleotide sequences by means of biochemical and molecular
biophysics methods. Moreover, the presence of structural motifs,
such as bulges, may change the conformational flexibility of RNA
molecules and the bulges themselves may just flip out exposing the
internal regions of RNA to solvent and ligands. These factors play an
important role in binding of different molecules to RNA.?’ Owing to
the biological significance of RNA bulges we included in our study a
three-nucleotide bulge embodied in TAR RNA that represents an
attractive target for the intervention of human immunodeficiency
virus type 1 (HIV-1) replication by small molecules.

Experimental

Chemicals

The iron(IT) flexicates [Fe,L";]Cl, were synthesised as previously
described.? The synthetic oligodeoxyribonucleotides and

oligoribonucleotides used in this work were purchased from VBC-
genomics (Vienna, Austria). The quoted molar concentrations are
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related to the single strands. Stoichiometric amounts of
oligonucleotides were mixed to form a duplex. Formation of double-
stranded bulged structures was confirmed similarly as in our
previous study'® by electrophoresis in the native polyacrylamide
gels. T4 polynucleotide kinase was purchased from New England
Biolabs (Beverly, MA). [y-*’P]-ATP was from MP Biomedicals,
LLC (Irvine, CA). Acrylamide and bis(acrylamide) were from
Merck KgaA (Darmstadt, Germany). Deoxyribonuclease I (DNasel)
was from Roche (Mannheim, Germany).

UV melting experiments

The stability of DNA bulges in the presence of the flexicates was
monitored by measuring the absorbance at 260 nm (1 nm bandwidth,
average time: 10 s, heating rate 0.4 °C/min) as a function of
temperature. The experiment was run simultaneously on six masked
1 cm pathlength cuvettes of 1.2 mL volume using a Peltier controlled
6-sample cell-changer in a Varian Cary 4000 UV/vis
spectrophotometer. Melting temperature (77,) was calculated within
the thermal heating program by applying a first derivative
calculation. The concentration of oligodeoxyribonucleotides was
3x10°° M per strand except 49 bp long duplexes that were measured
at the concentration of 1x10° M per strand. The concentration of
oligoribonucleotides was also 1x10°® M per strand. The buffer
conditions were sodium phosphate buffer (10 mM, pH 7.0) for
oligoribonucleotides and sodium phosphate buffer (10 mM, pH 7.0)
and 100 mM NacCl for oligodeoxyribonucleotides.

Gel electrophoresis of DNA/RNA bulges

One of the strands of oligodeoxyribonucleotide duplexes or TAR
RNA were 5’-end labeled using T4 polynucleotide kinase and
[y-2P]ATP. Stoichiometric amounts of oligodeoxyribonucleotides at
the concentration of 1x10™ M per strand were mixed together in the
buffer to form a duplex. Flexicates were then added to the mixture at
25 °C so that the final concentration of the oligonucleotides in the
samples was 5x10° M. The samples were analyzed by
electrophoresis on 15% polyacrylamide gels in buffered solutions
consisting of Tris(hydroxymethyl)amino methane (89 mM), borate
(89 mM, pH 8.3) and EDTA (1 mM) run at 5 °C.

DNase I footprinting

Top or bottom strands of the oligonucleotide duplexes were 5’-end
labeled using T4 polynucleotide kinase and [y-*’P]JATP and
hybridized with the complementary bottom or top strands. 5 pL
solutions containing 1.11 x TKMC buffer (10 mM Tris pH 7.9, 10
mM KCI, 10 mM MgCl,, and 5 mM CaCl,), 3 x 10* M DNA (per
nucleotide), and various concentrations of the flexicates were
incubated for 15 min at 25 °C. Cleavage was initiated by the addition
of 1 puL of DNase I diluted in the precedent experiment to the
concentration that was sufficient to achieve partial cleavage of the
DNA duplexes. Samples were allowed to react for 10 min at room
temperature before quenching with 6 pL of 2x concentrated
formamide loading buffer followed by incubation at 90 °C for 3 min.
2 pL of the mixture containing DNA cleavage products were then
withdrawn and resolved by polyacrylamide (PAA) gel
electrophoresis under denaturing conditions (8%/8 M urea PAA gel).
The autoradiograms were visualized and quantified by using the bio-
imaging analyzer.

Fluorescence spectroscopy

This journal is © The Royal Society of Chemistry 2012
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A solution of the oligonucleotide duplex (1 M) was prepared in a 1
cm quartz cuvette in a total volume of 2.5 mL. The buffer was
composed of sodium phosphate buffer (10 mM, pH 7.0) and NaCl
(100 mM). Small volumes (2.5 pL) of flexicates were added to the
solution to obtain the desired concentration and thoroughly mixed by
pipetting. The mixture was kept undisturbed for 3 min at 25 °C. The
fluorescence was measured by using Varian Cary Eclipse
spectrofluorophotometer. The excitation and emission wavelengths
were set to 310 nm and 365 nm, respectively, the excitation and
emission slit widths were 5 nm, and the integration time was set to
5s.

Other physical methods

UV absorbance measurements were conducted on a Varian
Cary 4000 UV/VIS spectrophotometer equipped with a
thermoelectrically controlled cell holder and quartz cells with
the pathlength of 1 cm. The gels were visualized by using a
BAS 2500 FUIJIFILM bio-imaging analyzer and the
radioactivity associated with the bands was quantified by using
the AIDA image analyzer software (Raytest, Germany).

Results and discussion
DNA bulges

UV melting studies. We measured the DNA melting temperature
(T,,) to compare binding affinities of the flexicates for DNA bulges
of various sizes and nucleotide sequences. A series of typical
melting curves for G-C2-G and C-42-C DNA bulges in the presence
of A- and A-[Fe,L'%]Cl, are shown in the Figure S2 of the
Supplementary Information. Importantly, under the conditions of the
experiments of this study there is no measureable dissociation of the
flexicates.? It is so because the metal-ligand complex is far away
from notional equilibrium as the loss of ligand from the metal is
effectively irreversible in water, so the crucial measurement is the
kinetic stability. This is unusually high as a result in part of the
presence of the hydrophobic n-stacking. Full kinetic analysis of this
hydrolysis has been reported in our previous study,”® which to our
knowledge has not been reported for any other class of water-soluble
helicate. Circular dichroic spectra of solutions of these flexicates in
water showed no change over lengthy storage periods even in the
presence of nucleic acids with no indications of stereochemical
leakage. We also know from DNA titrations that the structure is
completely retained on binding to the major groove. In order to
effect dissociation we studied the stability at pH 1.5; even then the
flexicate complexes of chiral ligands Lla showed only ca. 8%
decomposition over 10 days. The 7}, corresponds to the midpoint of
a smooth transition obtained by recording the absorbance at 260 nm
as a function of the temperature (Fig. S2). The changed 7, values of
the duplexes [T}, of the duplex modified by the flexicate minus 7}, of
the control (unmodified duplex) (AT,,)] are generally affected by the
oligonucleotides’ dissociation constants and the stability of their
own secondary structures. The stronger the interaction between
DNA and [Fe,L'%]Cl,, the more the 7}, value increases.’*!

Effect of the bulge size. The thermal stabilities of the
oligonucleotide duplexes containing a four- and five-adenine bulge
(B = A, n=4,5; Fig. 1D) in the presence of the flexicates were
analysed and compared with the data for the duplexes containing a
one-, two- and three-adenine bulge reported in our precedent study
(Table 1).%® The fully matched duplex of sequence identical to that of
the bulged duplexes (Fig. 1C) was used as a control. Both 5‘- and 3°-

This journal is © The Royal Society of Chemistry 2015

sides of the bulges were flanked by G-C pairs (X; =G, ¥; =C, X, =
G, Y, = C; Fig. 1D). The T}, values of the nonmodified duplexes in
the absence of the flexicates decreased with increasing number of
unpaired adenines in the bulge (Table 1) from 45.0 °C for G-4/-G to
38.7 °C and 35.2 °C for G-42-G and G-43-G, respectively, to 35.1
°C and 32.6 °C for G-44-G and G-45-G, respectively. The same
duplex without a bulge had a melting temperature 54.9 °C. The
results listed in Table 1 show that A- and A-[Fe,L'%]Cl, have
positive impacts on the thermal stability of DNA duplexes
containing bulges and that the stabilising effect of the flexicates
increases with the size of the bulge. Interestingly, the maximal
stabilization of duplexes containing DNA bulges by A- and A-
[Fe,L'%]Cl, was observed for the duplexes containing a bulge of at
least three bases (adenines). A further increase in the bulge size
resulted in only a small enhancement of the stabilization of the
bulged duplexes by the flexicates. The melting temperature of the
duplexes was only slightly increased (1-2 °C) when the
flexicate:bulge ratio was increased from 1:1 to 2:1 which is
consistent with a single dominant binding site for the flexicates on
these bulges. The only exception is the G-47-G bulge whose T, is
moderately increased at 1:1 flexicate:bulge ratio, however on
increasing the ratio to 2:1 the AT, approximately doubles,
suggesting the presence of at least two binding sites per duplex. The
A-enantiomer was more efficient in stabilizing DNA bulges than the
A-enantiomer, except for G-43-G, where the A-enantiomer had
slightly greater stabilizing effect.

Table 1 Thermal stability of a fully matched GG duplex and
corresponding duplexes containing a one-, two-, three-, four- and
five-adenine bulge in the presence of A- and A-[F e,L'%]Cl,.

Compound AT, (CC) at1:1* AT, (°C) at 2:1°
GG duplex (7,,= 54.9 °C)*

A-[Fe,L'*]Cl, 1.2¢ 2.4¢
A-[Fe,L'%]Cl, 0° 0°

G-A1-G (T,,= 45.0 °C)°

A-[Fe,L'*]Cl, 3.6° 6.9
A-[Fe,L'%]Cl, 1.4¢ 2.5¢
G-42-G (T,,=38.7 °C)*

A-[Fe,L'%]Cl, 4.6 5.5
A-[Fe,L'%]Cl, 42° 5.5
G-43-G (I,,=35.2 °C)*

A-[Fe,L'%]Cl, 8.2¢ 10.2¢
A-[Fe,L'%]Cl, 8.8 10.3¢
G-44-G (T,,=35.1°C)

A-[Fe,L'%]Cl, 10.3 11.1
A-[Fe,L'%]Cl, 8.5 10.0
G-A45-G (T,,=32.6 °C)

A-[Fe,L'%]Cl, 11.2 12.6
A-[Fe,L'%]Cl, 8.2 9.7

“Flexicate:duplex was 1:1. ’Flexicate:duplex was 2:1. ‘Data

previously reported.?®

In summary, the results demonstrating the effect of the bulge
size examined by measuring the 7), (Table 1) suggest that in
particular bulges of three or more bases (adenines) show some
unique structural feature(s) not found in the fully matched duplex
that are responsible for the enhanced affinity of A- and A-
[Fe,L'%]Cl, flexicates for these DNA bulges. The observation that
the flexicates bind to a small bulge, composed of only one unpaired
base, suggests that bulky flexicates based on the the L'® ligand can
stick to the bulge from its exterior. On the other hand, it cannot be

Dalton Transactions, 2015, 00, 1-3 | 3

Page 4 of 10



Page 5 of 10

excluded that in the case of interaction of the flexicates with DNA
bulges containing three bases or more, the bulge could create a
cavity or pocket of the sufficient size capable to accommodate the
bulkier flexicate molecule.

Effect of bases in the bulge loop and bases flanking the bulge.
The effect of the composition of the bulge loop on the binding of A-
and A-[Fe,L';]Cl, was also investigated. The melting of three
oligonucleotide duplexes containing two unpaired thymines,
cytosines and guanines (B = T, C, G, n = 2; Fig. 1D) and three
duplexes containing three unpaired thymines, cytosines and guanines
(B=T,C, G, n=3; Fig. D) in the presence of the flexicates was
recorded. Both 5‘- and 3°-sides of the bulges were flanked by G-C
pairs (X; = G, ¥; = C, X, = G, Y, = C; Fig. 1D). Different
compositions of the bulge loops affected differently the thermal
stabilities of the duplexes (Tables 1 and 2). The melting
temperatures of two-nucleotide bulges G-72-G, G-C2-G and G-G2-
G were 36.1 °C, 36.0 °C and 41.2 °C, respectively, while the melting
temperatures of three-nucleotide bulges G-73-G, G-C3-G and G-G3-
G were 33.6 °C, 30.4 °C and 37.3 °C, respectively. As it can be seen
in Tables 1 and 2, the presence of A- and A-[Fe,L'%]Cl, stabilized
DNA bulges containing loops composed of purines (G-42-G, G-G2-
G, G-43-G and G-G3-G) less than bulges containing loops
composed of pyrimidines (G-72-G, G-C2-G, G-73-G and G-C3-G).
The greater stabilization of DNA bulges containing loops composed
of pyrimidines was observed also for [Fe,(I);]Cl,.'® The A-
enantiomer was more efficient in stabilizing DNA bulges than the A-
enantiomer, except for G-73-G, where the stabilizing effect of both
enantiomers was identical.

The conformation of the bulges, and thus their interactions with
the flexicates, might be expected to be affected by the types of bases
flanking the bulge. We explored the effects of bases flanking the
two- and three-adenine bulges on the binding affinities of A- and A-
[Fe,L'%]Cl,. We used oligonucleotide duplexes containing a two-
and three-adenine bulge (B = A, n = 2, 3; Fig. 1D) and various
combinations of bases flanking the bulge (X; =C, T, A, T, A; X, =
C,T,AAT, Y, =G AT AT, Y,=G,A, T,T, A for the two-
adenine bulge and X; =X,=C, T, A; Y, =Y,=G, A, T for the three-
adenine bulge; Fig. 1D). Variations of bases flanking the two-
adenine bulge affected the melting temperatures of the duplexes in
the following way: melting temperatures for C-42-C, T-42-T, A-A2-
A, T-A2-A and A-A2-T were 36.8 °C, 25.7 °C, 33.8 °C, 31.2 °C and
32.8 °C, respectively. Variations of bases flanking the three-adenine
bulge affected the melting temperatures of the duplexes in the
following way: melting temperatures for C-43-C, T-43-T and A-43-
A were 332 °C, 23.0 °C and 30.4 °C, respectively. Results
summarized in Tables 1 and 3 show that the thermal stability of
DNA duplexes containing two or three unpaired adenines in the
presence of the flexicates was higher if the bases flanking both the
5’-side and 3’-side of the bulge contained pyrimidines (C-42-C, T-
A2-T, C-A3-C and T-A43-T) rather than purines (G-42-G, A-42-A,
G-43-G and A-A43-A). Combinations of purine and pyrimidine as
bases flanking the two-adenine bulge, as in the T-42-A (pyrimidine-
purine) or A-A2-T (purine-pyrimidine), gave lower enhancement of
the thermal stability in the presence of the flexicates than if the
purines flanked both sides of the bulge as in the case of A-42-A. In
all cases, the A-enantiomer increased thermal stability of DNA
duplexes containing bulges more than the A-enantiomer.

Inspired by the results that we obtained in the previous
experiments (Tables 1-3), we decided to explore the effect of the
flexicates on the DNA bulges containing loops composed of
pyrimidines (thymine) and flanked on both the 5’-side and 3’-side of
the bulge by pyrimidines (cytosine) (B=T,n=2,3; X;=X,=C,

4 | Dalton Transactions, 2015, 00, 1-3
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Table 2 Thermal stability of duplexes containing a two- and three-
thymine, two- and three-cytosine and two- and three-guanine bulge
in the presence of A- and A-[F e,L!%]Cl.

Compound AT, (°C) at 1:1 AT, (‘C) at2:1°
G-T2-G (T,,=36.1°C)

A-[Fe,L';]Cl, 14.0 14.9
A-[Fe,L'%]Cl, 12.6 13.4
G-C2-G (T,,=36.0 °C)

A-[Fe,L';]Cl, 14.4 15.2
A-[Fe,L'%]Cl, 12.3 13.2
G-G2-G (T,,=41.2 °C)

A-[Fe,L';]Cl, 7.8 10.1
A-[Fe,L'%]Cl, 43 7.0
G-T3-G (T,,=33.6 °C)

A-[Fe,L'%]Cl, 16.7 17.6
A-[Fe,L'%]Cl, 16.7 17.7
G-C3-G (T,,=130.4°C)

A-[Fe,L';]Cl, 18.2 18.8
A-[Fe,L'%]Cl, 16.7 18.1
G-G3-G (T,,=37.3°C)

A-[Fe,L';]Cl, 14.0 16.7
A-[Fe,L'%]Cl, 9.1 119

“ Flexicate:duplex was 1:1. ? Flexicate:duplex was 2:1.

Table 3 Thermal stability of duplexes containing a two- and three-
adenine bulge with various combinations of bases flanking the 5°-
side and 3’-side of the bulge in the presence of A- and A-
[Fe,L'%]Cl,.

Compound AT, (°C) at 1:1* AT, ("C) at 2:1°

C-A2-C (T,,=36.8 °C)

A-[Fe,L';]Cl, 9.3 10.3

A-[Fe,L'%]Cl, 6.3 7.7
T-A2-T (T,,=25.7 °C)

A-[Fe,L';]Cl, 10.8 12.3

A-[Fe,L'%]Cl, 8.1 9.3
A-A2-A (T,,=33.8°C)

A-[Fe,L'%]Cl, 8.1 9.9

A-[Fe,L'%]Cl, 6.7 8.5
T-A2-A (T,,=31.2°C)

A-[Fe,L'%;]Cl, 7.1 8.8

A-[Fe,L'%]Cl, 6.0 7.3
A-A2-T (T,,=32.8°C)

A-[Fe,L'%]Cl, 6.1 9.7

A-[Fe,L'%]Cl, 4.8 6.2
C-A3-C (T,,=33.2°C)

A-[Fe,L';]Cl, 13.8 14.8

A-[Fe,L'%]Cl, 10.3 12.0
T-A3-T (T,=23.0 °C)

A-[Fe,L';]Cl, 13.6 15.3

A-[Fe,L'%]Cl, 10.2 11.8
A-A3-A (T,,=30.4°C)

A-[Fe,L';]Cl, 11.7 12.8

A-[Fe,L'%]Cl, 8.6 9.8

“ Flexicate:duplex was 1:1. ? Flexicate:duplex was 2:1.

This journal is © The Royal Society of Chemistry 2012
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Y, =Y, = G; Fig. 1D). Indeed, results listed in Table 4 confirm that
the combination of the bulge loop composed of pyrimidines with
pyrimidines as bases flanking the bulge, as in C-72-C and C-73-C,
gave the highest increase of the 7,,, of DNA duplexes containing a
two- or three-nucleotide bulge in the presence of the flexicates. In
aggregate, these results indicate that the flexicates bind most
preferentially to the bulges composed of pyrimidines flanked on both
sides also by pyrimidines. This might be a consequence of the fact
that extra pyrimidines in the bulges flanked by pyrimidines exhibit
greatest conformational variability in comparison with other
combinations of bases in the bulge loop and bases flanking the
bulge.*>*

Electrophoretic mobility shift assay. Similarly to our previous
report'® we used an electrophoretic mobility shift assay to explore
whether the stability of the flexicate-DNA bulge complex is
sufficient to withstand migration through a polyacrylamide gel. In
these experiments we used 14 bp long duplexes with the central
sequence which was identical with the sequence of the 12 bp
duplexes used for the melting experiments (Fig. 1D). These duplexes
were designed by the addition of the C-G pair on both ends of these
12 bp duplexes (see Fig. 3B as an example of the 14 bp duplex). The
autoradiogram of the gel run at 5 °C (Fig. 2) shows interactions of
the C-T3-C(14) bulge with A- and A-[Fe,L'%]Cl,. It can be seen that
in the presence of the A- and A-enantiomer of [Fe,L'%]Cl, (Fig. 2,
lanes 1-8) there appears a new slower-migrating band indicating
formation of a flexicate-DNA bulge complex. The intensity of the
slower-migrating band increased with increasing flexicate:duplex
ratio. The experiment was repeated under the same conditions with a
number of other 14 bp long duplexes containing a two- or three-
nucleotide DNA bulge. However, inspection of the gels (Fig. S3)
never revealed formation of a flexicate-DNA bulge complex in the
presence of A- and A-[Fe,L'%]Cl, as for the C-T3-C(14) bulge. On
the other hand, it is consistent with the results of the melting
experiments (Table 4) demonstrating that the highest increase of the
T, values in the presence of A- and A-[Fe,L'%]Cl, was observed for
the C-T3-C bulge. In other words, the stability of other flexicate-
DNA bulge complexes was not sufficient to withstand migration
through a gel. Inspection of the gel in Fig. 2 also shows that the
complex with the A-enantiomer was more stable in the gel than that
with the A-enantiomer which is again in agreement with UV melting
experiments (Table 4).

Table 4 Thermal stability of duplexes containing a two-thymine,
two-guanine and three-thymine bulge flanked by C-G pairs on both
sides in the presence of A- and A-[Fe,L!*%]Cl,.

Compound AT, (°C) at 1:1°
C-T2-C (T,,=35.1 °C)

AT, (°C) at 2:1°

A-[Fe,L';]Cl, 16.2 17.1
A-[Fe,L'%]Cl, 11.1 12.4
C-G2-C (T,,=34.1°C)

A-[Fe,L';]Cl, 13.0 13.3
A-[Fe,L'%]Cl, 8.3 9.9
C-T3-C (T,,=31.0 °C)

A-[Fe,L';]Cl, 18.5 19.4
A-[Fe,L'%]Cl, 16.6 18.2

“ Flexicate:duplex was 1:1. ® Flexicate:duplex was 2:1.

This journal is © The Royal Society of Chemistry 2015

a

1 1a
AfFe,L ICl, AfFe,L Cl,
—_— ]

ss C 1 2 3 4 5 6 7 8

Fig. 2 Autoradiogram of the gel run at 5 °C, demonstrating
interactions of the A- and A-[Fe2L133]CI4 with the C-T3-C(14)
bulge. Lane ss: control containing one strand in the buffer.
Lane C: control containing duplex in the buffer in the absence
of the flexicates. Lanes 1-4: duplex mixed with /\-[Fe2L1ag]Cl4
at 0.5:1, 1:1, 1511 and 21 (flexicate:duplex) ratios,
respectively. Lanes 5-8: duplex mixed with A-[Fe2L1"‘3]CI4 at
0.5:1, 1:1, 1.5:1 and 2:1 (flexicate:duplex) ratios, respectively.

DNase I footprinting. In order to further characterize the binding of
the flexicates to the DNA bulges, the A- and A-[Fe,L'%]Cl, were
mixed with the T-42-T(14) and G-C3-C(49) (see Fig. S4 for its
nucleotide sequence) duplexes at 0.25:1, 0.5:1, 0.75:1 and 1:1
flexicate:duplex ratios, respectively, and then partial cleavage by
DNase I was performed (Figs. 3 and 4). The autoradiograms of the
DNA cleavage-inhibition patterns for the T-42-T(14) are shown in
Fig. 3.

In the presence of both enantiomers cutting is markedly reduced
in 5’-AAT sequence in the top strand corresponding to the two
unpaired adenines and thymine flanking the bulge on the 3’-side
(Fig. 3, left panel). In the bottom strand the presence of the flexicates
inhibits the DNase I cleavage activity at the adenine residue paired
with thymine flanking the 5’-side of the bulge and at the guanine
residue separated by four base pairs from the bulge on the 5’-side.
The sequence of the T-42-T(14) bulge and sites protected by A- and
A-[Fe,L'*]Cl, from the cleavage by DNase I are summarized in Fig.
3B. The autoradiograms of the DNA cleavage-inhibition patterns for
the G-C3-C(49) bulge are shown in Fig. 4. In this case, the presence
of A- and A-[Fe,L'%]Cl, reduced the DNase 1 activity in the 5’-GC
sequence in the top strand corresponding to the guanine flanking the
5’-side of the bulge and the first cytosine of the loop. The DNase I
activity in the bottom strand was moderately inhibited only by the A-
[Fe,L'%]Cl, in 5°-TGC sequence located directly opposite the bulge.

The results of the DNase I footprinting summarized in Figs. 3B
and 4B are consistent with preferential binding of A- and A-
[Fe,L'%]Cl, to DNA bulges or in their close proximity. In addition,
the results shown in Fig. 4 confirm that the flexicates also bind to a
bulge containing DNA duplex that is markedly longer (49 bp) than
12 bp.
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Fig. 3 A. Autoradiograms of DNase | footprint of 5 end
labeled top (left) or bottom (right) strand of the 14 bp long
DNA duplex containing a two-adenine bulge T-A2-T(14) in the
presence of dlfferent concentrations of A- [FezL1 3]Cls (lanes 1-
4) and A- [FegL %]Cls (lanes 5-8). Lane C; DNA duplex in the
absence of flexicates. Lanes 1-4; DNA duplex mixed with A-
[FeoL'%]Cls at 0.25:1, 0.5:1, 0.75:1, and 1:1 (flexicate:DNA
duplex) ratios, respectively. Lanes 5-8; DNA duplex mixed
with A-[Fe,L'%]Cl, at 0.25:1, 0.5:1, 0.75:1, and 1:1
(flexicate:DNA duplex) ratios, respectively. Lane CO; DNA
duplex in the absence of flexicates and DNase |. Lanes T, A,
and G correspond to T, A, and G ladders. The nucleotide
sequence of the oligonucleotide is shown on the left side of
the gels. B. Sequence of the DNA duplex containing two-
adenine bulge showmg sites (shown as red circles) protected
by A- and A- [FezL ]Cl4 from the cleavage by DNase I.

2-Aminopurine fluorescence studies. The fluorescent analogue of
adenine, 2-aminopurine (2AP), has been widely used as a probe of
small molecule binding to DNA*** or RNA.***’ The fluorescence of
2AP is strongly quenched within the structure of double-stranded
DNA or RNA, but is enhanced when the base stacking or base
pairing is perturbed. Other factors known to affect the fluorescence
of 2AP are collisions with other bases and biomolecular
interactions.”®*’ In this study we employed the 2AP-labeled T-A3-
T(14) bulge to directly monitor the binding of A- and A-
[Fe,L'%]Cl,. The 2AP was incorporated at four different positions
either in the loop (Figs. 5B,C) or in the sequence opposite the bulge
(Figs. S5A,S5B).

If the 2AP was incorporated in the bulge loop of T-43-T(14)
duplex the fluorescence of the 2AP was markedly increased in
comparison with its fluorescence when it was incorporated in the
fully matched duplex (cf. Figs. 5A-C). The relatively high
fluorescence of the 2AP incorporated in the bulge loop is apparently
connected with the absence of hydrogen bonding between unpaired
2AP and a complementary base. On the other hand, unpaired purines
in the bulges present in the double-helical structure stack into the
helix,** *' which can partially quench fluorescence of the unpaired
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Fig. 4 A. Autoradiograms of DNase | footprint of 5 end
labeled top (left) or bottom (right) strand of the 49 bp long
DNA duplex containing a three-cytosine bulge G-C3- C(49) in
the presence of different concentrations of A-[FesL #3]Cls
(lanes 1-4) and A[F62L1a ]Cls (lanes 5-8). Lane C; DNA
duplex in the absence of flexicates. Lanes 1-4; DNA duplex
mixed with A- [FezL %]Cly at 0.25:1, 0.5:1, 0.75:1, and 1:1
(flexicate:DNA duplex) ratlos respectively. Lanes 5-8; DNA
duplex mixed with A- [FezL %]Cls at 0.25:1, 0.5:1, 0.75:1, and
1:1 (flexicate:DNA duplex) ratios, respectively. Lane CO; DNA
duplex in the absence of flexicates and DNase I. Lanes G, and
G+A correspond to Maxam-Gilbert G and G+A ladders. The
nucleotide sequence of the oligonucleotide is shown on the
left side of the gels. B. Part of the sequence of the DNA
duplex containing a three-cytosine bulge showmg sites (shown
as red circles) protected by A- and A—[FezL %]Cls from the
cleavage by DNase |I.

2AP. The observation that the increase of the fluorescence was
considerably higher if the AP was incorporated on the 3' side than on
the 5' side of the bulge (cf. Figs. 5B,C) can be interpreted to mean
that the stacking of the bases on the 3' side of the bulge is perturbed
more than on the 5' side.

If the T-43-T(14) bulged duplex was labelled in the sequence
opposite the bulge by 2AP, its fluorescence was increased only very
slightly in comparison with its fluorescence when the 2AP was
incorporated in the fully matched duplex (cf. Figs. S5A,S5B). This
slight increase in fluorescence of the 2AP paired with the
complementary bases flanking the bulge appears to be due to
fluorescence quenching from hydrogen-bonding interactions and
base stacking.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Fluorescence titrations of the 2AP-labelled fully
matched duplex (A) and the T-A3-T(14) bulged duplex (1 yM)
labelled b¥ 2AP in the bulge loop (B,C) with the enantiomers
of [Feol™;]Cls and [FeoL?%]Cl, flexicates. The buffer
conditions were 10 mM sodium phosphate buffer (pH 7) and
100 mM NaCl.

flexicate concentration (M)

Titrations of the corresponding fully matched duplex containing
2AP, used as a control, are shown in Fig. 5A. Addition of A- and A-
[Fe,L'%]Cl, to the fully matched duplex resulted in a faint, steady
increase of the fluorescence intensity. There was no difference
between the effects of enantiomers. We demonstrated previously that
flexicates based on the L** ligand are not very good DNA binders
and do not stabilize DNA bulges.”® Titration of the fully matched
duplex with A- and A-[Fe,L**,]Cl, (for its structure, see Fig. 1B)
lead to a small linear decrease of the fluorescence intensity (Fig.
SA).

Titrations of the 2AP-labeled T-43-T(14) bulge containing 2AP
in the sequence opposite the bulge by A- and A-[Fe,L!*%]Cl, resulted
only in a small decrease of the fluorescence intensity that culminated
at approximately 1:1 flexicate:bulge ratio (Figs. S5B,SC) and then
started to moderately increase. The difference between enantiomers
was minimal.

Titrations of the 2AP-labeled T-43-T(14) bulge having 2AP
incorporated in the bulge loop (Figs. 5B,C) by [Fe,L'%]Cl, lead to a
marked decrease of the fluorescence intensities up to approximately
1:1 flexicate:bulge ratio. Addition of A- and A-[Fesza3]Cl4 to the
2AP-labeled T-43-T(14) bulge gave the same results as for the fully
matched duplex which is in accordance with the previous results®®
indicating that flexicates based on the L** ligand do not recognize
DNA bulges. The binding of A- and A-[Fe,L'%]Cl, to the 2AP
labelled T-43-T(14) bulge saturates at approximately 1:1
flexicate:bulge ratios, which is consistent with the UV melting
studies suggesting a single major binding site for the flexicates on
DNA bulges containing two and more unpaired nucleotides.
Unexpectedly, the binding of [Fe,L'%]Cl, flexicates quenched the
fluorescence of 2AP incorporated particularly in the loop of the T-
A3-T(14) bulge (Figs. 5B,C). It is possible that the binding of the
flexicates to the unpaired 2APs in the DNA bulge could quench its
fluorescence because the interactions of the flexicates with bases in
the bulge loop could restrict their conformational variability. This

This journal is © The Royal Society of Chemistry 2015

restriction, presumably contributing to the enhanced thermal stability
of the bulged duplexes interacting with the flexicates, could increase
the base stacking interactions between the unpaired 2AP and
adjacent bases and consequently quench 2AP fluorescence.

The binding of [Fe,L'%]Cl, flexicates first quenched the
fluorescence of 2AP incorporated in the loop of the T-43-T(14)
bulge and at approximately 1:1 flexicate:bulge ratio it started to
increase upon further addition of the flexicates (Figs. 5B,C). At
present we have no explanation for this observation. We speculate
that when the flexicate occupies the major binding site (the bulge)
the next molecule interacts with the DNA duplex at a different place,
which leads to the fluorescence increase. Fig. SA demonstrates the
interaction of the Lla based flexicates with the 2AP-labelled fully
matched duplex which leads to the steady increase of the
fluorescence intensity, perhaps due to the perturbed base stacking or
base pairing in the presence of the flexicate.

RNA bulges/TAR RNA

Trans-activation response region (TAR) RNA represents an
attractive target for the intervention of human imunodeficiency virus
type 1 (HIV-1) replication by small molecules. The binding of the
viral trans-activator protein, Tat, to the TAR RNA is an essential
step in the HIV-1 replication cycle. Therefore, the blockage of Tat-
TAR interaction is a potential route for AIDS chemotherapy. Tat
binds to TAR RNA at the three-base bulge and interacts with two
base pairs above and below in the major groove of TAR RNA.** In
the present study, we investigated binding of A- and A-[Felea3]Cl4
to TAR RNA represented by A-UCU-G bulge hairpin (Fig. 6C) and
A-U3-G RNA duplex (Fig. 6B). The bulged sequences were chosen
that exhibit high affinity to the Tat protein.** We employed A-U3-G
TAR RNA duplex since it has been demonstrated that the TAR RNA
hairpin can be converted to the TAR RNA duplex (Fig. 6B) without
drastically affecting its Tat peptide binding ability.**

A s'AGCCAGAGAGCAGC
UCGGUCUCUCGUCGs®
full duplex

GB Gap~C
cCh GeCU
G%gGUCUCUCG G
5 CYP TARRNA AGG

Fig. 6 Sequences of RNA duplexes.

We utilized the measurement of the melting temperature by UV
spectroscopy and electrophoretic mobility shift assay to explore
binding affinity of A- and A-[Fe,L'%]Cl, to the TAR RNA. The
results summarized in Table 5 show that only A-[Fe,L'%]Cl, had
slightly positive impact on the thermal stability of the fully matched
RNA duplex (Fig. 6A). The T, of the A-U3-G RNA bulge was
increased by 7.2 °C and 8.1 °C at 1:1 and 2:1 flexicate:bulge ratios,
respectively, in the presence of the A-enantiomer and by 5.1 °C and
5.8 °C at 1:1 and 2:1 flexicate:bulge ratios, respectively, in the
presence of the A-enantiomer. The melting temperature of the TAR
RNA was increased by 6.1 °C and 7.2 °C at 1:1 and 2:1
flexicate:bulge ratios, respectively, in the presence of the A-
enantiomer and by 4.4 °C and 5.6 °C at 1:1 and 2:1 flexicate:bulge
ratios, respectively, in the presence of the A-enantiomer. The
Tvalues of RNA bulges in the presence of A- and A-[Fe2L1a3]Cl4
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were only slightly increased (by 0.7-1.2 °C) when the flexicate:bulge
ratio was increased from 1:1 to 2:1 which is consistent with a single
dominant binding site for the flexicates on these bulges.

Table 5. Thermal stability of the fully matched RNA duplex, the A-
U3-G RNA bulge and the TAR RNA in the presence of A- and A-
[Fe,L'%]Cl,.

Compound AT, (CC)at1:1° AT, (°C) at 2:1°
Fully matched RNA duplex (7,,= 62.9 °C)

A-[Fe,L'%]Cl, -0.6 -0.3
A-[Fe,L'%]Cl, 0.4 1.0
A-U3-G (T,,=46.5 °C)

A-[Fe,L'%]Cl, 7.2 8.1
A-[Fe,L'%]Cl, 5.1 5.8
TAR RNA (7,,= 67.4 °C)

A-[Fe,L'%]Cl, 6.1 7.2
A-[Fe,L'%]Cl, 44 5.6

“Flexicate:duplex was 1:1. ? Flexicate:duplex was 2:1.

The autoradiogram of the gel run at 5 °C (Fig. S6) shows
interactions of the TAR RNA with A- and A—[Feleag]CL;. There is
no new slower-migrating band in the gel that would indicate
formation of a flexicate-RNA bulge complex in the presence of A-
and A-[Fe,L'%]Cl, (Fig. S6, lanes 1-8). Thus, the stability of the
flexicate-TAR RNA bulge complexes was not sufficient to withstand
migration through a gel.

The Tat-TAR complex has long been considered an attractive
target for the discovery of novel antivirals because of its central role
in promoting infection by up-regulating HIV transcription. Here, we
report that A- and A-[Fe,L'%]Cl, bind to HIV-1 TAR RNA with a
promising activity. This finding implies that acting on the TAR RNA
by the flexicates may decrease virion production.** Research focused
on proving sufficient potency and selectivity of these metallohelices
to warrant pharmaceutical development is in progress in our
laboratory and will be reported in a separate communication.

Conclusions

In summary, our results show that [Fe,L'%]Cl, flexicates recognize
and stabilize bulged DNA and RNA. Both enantiomers of
[Fe,L'%]Cl, enhance thermal stability of DNA bulges containing at
least one unpaired nucleotide and the stabilizing effect of bound
flexicates rises with increasing number of unpaired nucleotides. Our
results also demonstrate that the flexicates prefer binding to duplexes
containing unpaired pyrimidines in the bulge and pyrimidines
flanking the bulge on both 5’-side and 3’-side. Generally, the A-
enantiomer was more efficient in stabilizing DNA as well as RNA
bulges than the A-enantiomer. As regards the binding mode of the
flexicates to DNA or RNA bulges, the results of our studies indicate
that there is only one dominant binding site for the flexicates on the
DNA and RNA bulges and that flexicates bind directly to the bulge
or in its close proximity. Notably, the [Felea3]Cl4 flexicates
stabilize a DNA bulge containing only one unpaired nucleotide.
Nevertheless, the stabilising effect of the flexicates increases with
the size of the bulge, but levels off when the bulge contains three and
more bases. It seems likely that bulky flexicates based on the the L'
ligand stick to the bulge from its exterior. However, it cannot be
excluded that the L'* flexicates could also insert into the hollow
pocket formed in a three or more nucleotide bulge by unpaired bases.
The specific recognition of DNA and RNA bulges by [Fe,L'*]Cl,
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enantiomers could contribute to the biological activity of the
flexicates.
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