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The stabilisation of different G-quadruplex intra- and intermolecular structures by a number of perylene
derivatives characterised by side chains ending with linear or cyclic amines was investigated by electro-
phoretic (EMSA) and spectroscopic (CD) techniques. The G-rich sequences included the biologically
relevant human telomeric TTAGGG runs and the NHE region of the c-myc oncogene.

The test compounds could be subdivided into two families: derivatives carrying a cyclic amine in the
side chains, which show a reduced binding to the G-quadruplex form, and linear amine congeners, exhib-
iting enhanced affinity. The latter efficiently induce pairing of multiple DNA chains, while the former are
not able to overcome the original folding of the nucleic acid sequence which is preserved in the complex.
Remarkably, addition of the perylenes to G-rich sequences paired in a double helical form results in
G-quadruplex induction by weak binders only. This is likely related to the ability of strong G-quad-
ruplex binders, but not of weak G-quadruplex binders, to efficiently intercalate into the double-
stranded arrangement, which becomes stabilised and is not prone to undergo denaturation and
subsequent G-quadruplex folding essentially for kinetic reasons. Hence, two apparently conflicting
requirements emerge from this work. In fact, linear alkylamino terminals in the perylene side chains
are capable of strong and selective G-quadruplex recognition, but only cyclic amine end groups favour
duplex-quadruplex transitions that are likely crucial to produce biological and pharmacological effects

in living systems.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The search for small molecules able to stabilize DNA G-quadru-
plex structures has recently raised large attention for potential
applications in anticancer chemotherapy.! The terminal regions
of chromosomes, the telomeres, represent their main target. These
regions are formed by repeated sequences maintained by a reverse
transcriptase called telomerase. When this enzyme is turned off,
like in somatic cells, only a limited number of cell divisions can
occur before cells enter senescence and, finally, die. On turn, when
telomerase is active this check point can be overcome and prolifer-
ation can continue indefinitely. Interestingly, telomerase is acti-
vated in almost 90% of cancer cells, thus rendering them
immortal.

The telomeric sequences, being guanine rich, can assume differ-
ent G-quadruplex folded arrangements depending upon experi-
mental conditions such as strand length and concentration, metal
ions and temperature.®> G-quadruplex structures can coexist in
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solution in equilibrium with the linear form. Compounds able to
bind efficiently a G-quadruplex form can shift this equilibrium
toward folded telomeric structures. The latter arrangements pre-
vent telomerase from binding to and processing them, hence sup-
pressing cancer cell immortality. Additionally, these altered
structural equilibria can cause telomere replication inhibition as
well as telomere dysfunction leading to short-term responses.’

Furthermore, several other genomic sites may adopt a G-quad-
ruplex folding.® These sequences are often located in close proxim-
ity to promoter regions where they may work as topological
switches involved in transcription regulation. An interesting exam-
ple is the NHE region of c-myc for which a role of the G-quadruplex
form in the regulation of the expression of the oncogene emerged
also in vivo.”® Obviously, the pharmacological outcome resulting
from the stabilization of G-quadruplex in different genomic
regions will be distinct.

All G-quadruplex structures present overlapping planar arrays
of four guanines in which each guanine pairs with two neigh-
bours by Hoogsteen bonding (G-tetrads)?; most of the small
molecules able to stabilize these nucleic acid arrangement pos-
sess an extended aromatic system that allows them to stack
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onto the G-tetrads. In addition, these ligands generally have
positively charged side chain/s which are supposed to further
stabilize the complex by interacting with the loops or the
grooves.'? The structure of these regions is dramatically affected
by the G-quadruplex arrangement assumed by the polynucleo-
tide chain.

Perylenes are a class of well known G-quadruplex binders.
The biophysical properties of the leading compound PIPER, as well
as of a large number of its derivatives, have been extensively
analyzed in terms of protonation degree, aggregation and DNA
binding.'#"1¢ It was suggested that aggregation is a key feature in
defining G-quadruplex binding efficiency although no clear cut
correlations have been drawn yet.!” In a previous work, we
reported the synthesis and characterization of a group of
compounds structurally related to PIPER.!® We observed that,
besides the presence of a fused aromatic ring system, the introduc-
tion of a cyclic amine in the side chains clearly favours selectivity
for telomerase versus TAQ polymerase inhibition. Since this selec-
tive effect did not appear to be related to enhanced binding to telo-
meric G-quadruplex, we proposed that the presence of a
pyrrolidine- or piperidine-containing side chain would rather
reduce the affinity for other nucleic acid conformations, than
improving G-quadruplex binding. This conclusion was further sup-
ported by the work of other groups.!®192° Additionally, it emerges
that modest changes in perylene side chains can not only alter the
balance between ds-DNA versus G-quadruplex recognition but can
promote selectivity among different G-quadruplex structures
(dimeric vs tetrameric arrangements).?'~23 In particular, a correla-
tion between pKa of nitrogens in the side chains and aggregation
degree is not sufficient to illustrate the different possible docking
processes in the G-quadruplex grooves. In fact, more information
concerning the thermodynamically and kinetically driven pro-
cesses occurring during selective DNA recognition is required.

To better dissect this issue, we now performed a detailed bio-
physical investigation examining the binding of substituted pery-
lene derivatives (bearing cyclic as well as linear terminal amines
in the side chains) to different possible G-quadruplex arrange-
ments (structures in Fig. 1) using different incubation conditions
in terms of time and temperature. In addition, we considered an
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above mentioned G-rich nuclease-hypersensitive element (NHE)
regulating c-myc transcription.®2* In fact, this sequence represents
a pharmacologically relevant target and exhibits different folding
features with reference to the telomeric structure(s). We will show
that selected perylenes may favour G-quadruplex switch between
distinct folding modes. Also, the perylene-induced transition from
double helical to G-quadruplex arrangement can be modulated by
the nature of the perylene side chains.

2. Results

2.1. Perylenes mediate induction of different G-quadruplex
structures

G-quadruplex formation induced by tested perylenes was evalu-
ated by electrophoretic mobility shift assays (EMSA) using different
sequences related to the human telomere and to the c-myc promoter
(pu27). While pu27 and 4GGG are intramolecularly folded, 1GGG
and 2GGG, which contain only 1 or 2 telomeric repeats, give rise to
G-quadruplex structures involving preferentially four or two dis-
tinct DNA strands, respectively. These forms are characterized by
different electrophoretic mobilities and, thus, are easily resolvable
by polyacrylamide gel techniques. Examples are reported in Figure
2. As expected, in 100 mM K" 1GGG and 2GGG are largely present
as linear monomers, whereas 4GGG and pu27 exhibit high electro-
phoretic mobility forms that can be safely attributed to intramolec-
ular G-quadruplex arrangements (labelled M1).!! In the presence of
Li*,ametalion unable to stabilize G-quadruplex structures (Fig. S1in
supplementary material), the electrophoretic mobility of 4GGG is
reduced, consistent with the presence of the linear monomer (MO),
whereas pu27 still retains (at least partly) its folded conformation.

As summarized in Figure 2, the tetrameric (T) form of 1GGG is
induced by addition of test ligands. In the presence of increasing
concentrations of K20, 2GGG was initially converted into a dimeric
form (D) and then transformed into the T form. It should, however,
be underlined that addition of all other test perylenes to 2GGG led
to formation of the T form only in the examined concentration
range. The amounts of perylenes required to produce 50% folding

X=C=0 R = (CH;),N(CHj3), K5
R = (CH,),(1-piperidino)  PIPER
R =(CH,),NH(CH,),OH K8
R = (CH,),N(CHa)3 K20
X =CH; R = (CH,),(1-piperidino) K19
B
1GGG 5" TACAGATAGTTAGGGTTAGACTTA 3’;
2GGG 5" TACAGATAGTTAGGGTTAGGGTTA 3’
4GGG 5" AGGGTTAGGGTTAGGGTTAGGG 3’
4GGGd 3’ TCCCAATCCCAATCCCAATCCC 5
4GGG-tail 5" TACAGATAGTTAGGGTTAGGGTTAGGGTTAGGG 3’
4GGG-tail-d 3 ATGTCTATCAATCCCAATCCC 5’
pu27 5" TGGGGAGGGTGGGGAGGGTGGGGAAGG 3’
pu27-d 3’ ACCCCTCCCACCCCTCCCACCCCTTCC 5

Figure 1. Chemical structure of tested compounds (A) and DNA sequences (B) used in this work.
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Figure 2. Effect of increasing concentrations of derivative K20 on the assembly of
G-quadruplex structures by tested oligonucleotides (1 uM, strand concentration) in
10 mM Tris, 1mM EDTA, 100 mM KCl at pH 8.0. Drug-DNA mixtures were
incubated 30 min at 25 °C and then loaded on a 16% native polyacrylamide gel in
TBE 0.5x containing 20 mM KCl. M = monomeric forms: M1 refers to the intramo-
lecularly folded G-quadruplex structure, M2 to the intramolecular G-quadruplex—
perylene bound form; D = dimeric forms; T = tetrameric forms.

Table 1
Induction of G-quadruplex structures by tested perylenes in 10 mM Tris, 100 mM KCl,
pH 8.0, after 30 min incubation at 25 °C

Perylene ECso (LM)

2GGG 1GGG
K5 40+1.2 8.7+09
PIPER 90+10 >100
K8 38106 11.0£1.3
K20 12.0+2.2 10.8+1.0
K19 20+2.8 25.0+1.5

ECsp values refer to the drug concentration required to induce 50% folding in 1GGG
or 2GGG.

of 1GGG or 2GGG are reported in Table 1. In particular, a reduced
efficiency of derivatives PIPER and K19 in stimulating G-quadru-
plex formation emerges.

Upon addition of perylene to 4GGG or pu27 a monomeric
G-quadruplex-ligand complex is observed (labelled M2 in
Fig. 2). By increasing the perylene/DNA ratio, other species
with electrophoretic mobility corresponding to dimeric and tet-
rameric forms can be detected. These complexes are difficult to
monitor using pu27 due to complex precipitation events.

Experiments performed with all tested sequences in the pres-
ence of Li* showed no substantial differences in the amount of
the drug-DNA complex although multimeric forms are largely
favoured (Fig. S1 in the supplementary material). This suggests
that the extent of G-quadruplex structure formed in the pres-
ence of each of the perylenes is poorly affected by the presence
of K" or Li*".

It is known that different G-quadruplex conformations are char-
acterized by distinct thermodynamic properties and folding/
unfolding kinetics.!' These parameters can be modulated by drug
binding to different extents. Thus, we monitored whether incuba-
tion conditions in the presence/absence of perylenes can induce
stabilization of otherwise unfavoured folded structures.

In the presence of 1GGG, the time or the temperature of incuba-
tion did not affect the structural properties of perylene-DNA com-
plexes (Fig. S2 in the supplementary material). This is in line with
the fact that, using this sequence, G-quadruplex can be generated
only by assembling four individual strands.

Also, the perylene-2GGG complexes, which are mainly
tetrameric, did not show detectable changes upon increasing incu-
bation time when temperature was kept at 25 °C. The only excep-
tion is represented by derivative K20, for which a long incubation
time at room temperature is sufficient to allow formation of
dimeric G-quadruplex arrangements at low drug/DNA ratio. How-
ever, if the perylenes are added during the DNA annealing step
(95 °C for 5 min), dimeric forms appear to be preferentially stabi-
lised. An example is reported in Figure 3. Notably, the total amount
of folded structure (dimers plus tetramers) is not affected by incu-
bation conditions. This agrees with previous results suggesting that
binding of PIPER to the tetrameric form of a two human repeats
sequence is kinetically driven, whereas binding to the dimeric form
is thermodynamically favoured.'!

When the test sequence was 4GGG, the intramolecular G-quad-
ruplex was efficiently converted into a tetrameric DNA complex
when K5 or K8 were present in the annealing step. Using compa-
rable conditions no such a change was observed with PIPER or
K19 (Fig. 4).

The pu27-perylene complexes were not modified by incubation
at high temperature (Fig. S3 in the supplementary material).

2.2. Conversion of ds-DNA into G-quadruplex does not parallel
G-quadruplex affinity

At physiological conditions, both the telomeric region and the
c-myc promoter are (at least partly) coupled to their
complementary strands. Thus, the ligand-induced conversion of
preformed double-stranded pu27 and 4GGG sequences into
G-quadruplexes was evaluated by electrophoretic mobility gel
shift assays. In agreement with literature data, we observed that
PIPER was very efficient in inducing G-quadruplex folding from
the duplex form of pu27.25 Unexpectedly, derivative K5 was com-
pletely ineffective (Fig. 5). Only by increasing incubation temper-
ature up to 95 °C it was able to promote intramolecular folding of
the G-rich strand.

Using a double-stranded 4GGG telomeric sequence, all tested
perylenes failed to promote G-quadruplex formation. To render
the G-quadruplex nucleation step easier, we prepared a construct
containing the 4GGG sequence only 50% (from the 5-end) paired
to its complementary sequence. Indeed, using this substrate, PIPER
was able to induce formation of the intramolecular G-quadruplex
(Fig. 5). Interestingly, K5 that proved to be a very strong G-quadru-
plex binder to the telomeric sequences, was again much less effi-
cient in inducing the displacement of the C-rich strand and
favoured preferentially multimeric structures (data not shown).

2.3. Perylene binding to G-quadruplex is modulated by DNA
architecture

To analyze the DNA folding of the G-quadruplex complexes in
deeper detail, we used circular dichroism spectroscopy.?® Addition
of the optically inactive perylenes to DNA can lead to generation of
induced CD signal deriving from the drug when bound to DNA.
However, we monitored the optical properties of DNA in the range
250-320 nm where (free and bound) perylene absorption is almost
negligible. In addition, all test compounds showed superimposable
UV absorption properties. Hence, we do not expect appreciable
induced CD contribution in this region. In any case, the dichroic
data were not used for a quantitative analysis of the DNA-perylene
binding process.

The spectral features of the tested G-rich DNA sequences are
summarized in Figure 6.

1GGG and 2GGG in 100 mM KCI showed low optical activity. In
agreement with the PAGE results, this confirms that in these exper-
imental conditions the oligos are essentially unfolded.
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Figure 3. Effect of increasing perylenes concentrations on the assembly of 2GGG (1 puM, strand concentration) into G-quadruplex structures in 10 mM Tris, 1 mM EDTA,
100 mM KCl at pH 8.0, at the reported incubation conditions. Reaction products were resolved on a 16% native polyacrylamide gel in TBE 0.5x containing 20 mM KCl. (A)
refers to K5, (B) to PIPER, in (C) the total amount of G-quadruplex structures (dimer + tetramer) induced by increasing concentrations of K5 using two different incubation

conditions is reported.
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Figure 4. Electrophoretic gel shift assay showing the effect of increasing concen-
tration of PIPER and K5 on the assembly of 4GGG (1 pM, strand concentration) into
G-quadruplex structures in 10 mM Tris, 1 mM EDTA, 100 mM KCl at pH 8.0, at the
given incubation conditions. Reaction products were resolved on a 16% native
polyacrylamide gel in TBE 0.5x containing 20 mM KCl.

4GGG is known to form a mixture of G-quadruplex structures in
the presence of K*, among which a hybrid-type intramolecular
(mixed parallel/antiparallel) is most relevant.?” This arrangement is
characterised by a strong positive dichroic peak at around 290 nm
with a shoulder at 265 nm and by a weak negative peak at 235 nm.

Addition of tested perylenes to these sequences induces an
increase in the optical activity depending upon the nature and
concentration of test perylenes. The relative increments in molar
ellipticity recorded at the wavelength of maximal response are
reported in Table 2. In particular with 1GGG and 2GGG intense
peaks located near 265 and 245 nm were observed, which suggests
a preferential G-quadruplex parallel arrangement of the bound
DNA (Fig. 6).28 Using 4GGG an increase in the optical activity
was recorded at 290-295 nm (Table 2) supporting a preferential
antiparallel folding.

Monitoring CD intensity variations, the test compounds appear
to fall into two distinct classes. In fact, derivatives having a piper-
idine residue in the side chain (PIPER and K19), produce modest
variations in the dichroic signal, whereas K5, K8 and K20 cause
remarkable increments in molar ellipticity.

The c-myc promoter sequence in 100 mM K* showed a very
intense dichroic signal corresponding to a parallel folding (Fig. 6).
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Figure 5. (A) Perylene-mediated induction of G-quadruplex in the G-rich strand of the c-myc promoter region (pu27). The DNA fragment (1 puM, strand concentration) was
annealed with its complementary strand and then incubated with increasing concentration of perylene in 10 mM Tris, 1 mM EDTA, 100 mM KCI at pH 8.0 for 24 h at 37 °C.
The double stranded (ds) and the G-quadruplex (Q) folds are included for comparison. Reaction products were resolved on a 16% native polyacrylamide gel in TBE 0.5x
containing 20 mM KCl. (B) Extent of G-quadruplex formation when double-stranded DNA obtained by annealing of the corresponding complementary strands of sequences
related to telomeric (4GGG and 4GGGtail) or c-myc promoter (pu27) region (1 nuM, double helix concentration) are incubated for 24 h at 37 °C with increasing concentration
of PIPER in 10 mM Tris, 1 mM EDTA, 100 mM KClI at pH 8.0. Data refer to quantification of EMSA experiments (corresponding to the example reported in (A)).

Its melting temperature was 83 °C, about 20 °C higher than the one
found for 4GGG (64 °C). These data indicate that under our experi-
mental conditions the promoter sequence is stably folded and, as a
consequence, no major CD change can be expected to occur upon
perylene addition (data not shown). According to literature data, in
the absence of K*, aremarkable reduction in the CD signal is observed
although still suggesting an overall parallel structure.?® In these
experimental conditions, addition of test perylenes induces a signif-
icant increment in the optical activity with a modest red shift of the
maximal absorption (corresponding to K* effect). Again, derivatives
containinga cyclicamine in the side chains are less efficient in affect-
ing DNA structure/stability in comparison to their congeners (Fig. 6).

The above described effects were obtained by addition of peryl-
enes to an already folded nucleic acid sequence. Monitoring the
melting/cooling processes of 1GGG or 2GGG bound to tested peryl-
enes, we observed complete reversibility. This was true also for
4GGG bound to PIPER or K19 (Fig. 7). However, when thermal
cycling was performed using 4GGG bound to K5 or K8, the preva-
lence of a different DNA complex was indeed observed upon cool-
ing to room temperature. In fact, the final CD spectra are
characterized by a positive and a negative peak at 260 and
240 nm, respectively, suggesting a conformational change to a pre-
dominant parallel arrangement of the G-quadruplex structure.
Derivative K20 showed an intermediate behaviour (data not

shown). Taking into account EMSA results, this process corre-
sponds to the formation of a tetrameric G-quadruplex, not induced
by PIPER and K19.

Using the pu27 DNA sequence, tightly organized in a parallel
folding, no major G-quadruplex structural changes were observed
as a result of thermal cycling (Fig. 7).

As different perylenes appear to give rise to different preferen-
tial G-quadruplex arrangements only when present in the folding
step of telomeric DNA, we investigated drug binding to the
unfolded form of 4GGG. In 100 mM Li* the sequence 4GGG is char-
acterized by a weak optical signal (Fig. 8), which supports lack of
G-quadruplex folding in agreement with PAGE data. Upon addition
of perylenes, the remarkable modification in the dichroic signal can
be safely attributed to a preferential parallel DNA arrangement.
Interestingly, in these experimental conditions K19 and PIPER do
stabilize a folded G-quadruplex structure but, again, they are lar-
gely less efficient than K20, K5 and K8.

2.4. Perylene side chains affect intercalation efficiency into ds-
DNA

As previously reported, perylenes can interact with double-
stranded DNA by an intercalative process. To clarify this issue with
the test perylenes, we performed DNA unwinding assays. When
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Figure 6. CD spectra of the tested oligonucleotides (1GGG, 2GGG, 4GGG and pu27 are 4 puM, strand concentration) in 10 mM Tris, 1 mM EDTA, KCI 100 mM, pH 8.0, in the
absence (solid line) and in the presence (dotted line) of K20 (14 uM) recorded at 25 °C. Perylene was added to the previously folded oligonucleotide and the spectrum

recorded after 30 min incubation at 25 °C.

Table 2

Molar ellipticity increase (%) for selected oligonucleotides (4 uM, strand concentra-
tion) produced by addition of the tested perylenes (10 pM) in 10 mM Tris, 100 mM
KCl, pH 8.0, at 25 °C (wavelength in brackets)

Perylene 2GGG (265 nm) 4GGG (295 nm)
K5 1365 162
PIPER 141 111
K8 139+7 161
K20 176 £ 6 46 +3
K19 40+2 5+1

drug-DNA incubation was performed at pH 8.0, K20, K5 and K8
completely unwound negatively supercoiled DNA at concentra-
tions between 10 and 20 uM (Fig. S4 in the supplementary mate-
rial). By further increasing drug concentrations plasmid DNA was
positively supercoiled, thus confirming an efficient intercalation
process. In the presence of PIPER or K19 (up to 100 uM), no
appreciable variation in the plasmid electrophoretic mobility was
observed. Interestingly, these two compounds undergo self-aggre-
gation under the test unwinding conditions. In order to reduce
aggregation, the same experiments were performed at pH 6.0, at
which intercalation was confirmed to occur with all test com-
pounds at comparable concentrations (20-50 uM). Comparable
results were obtained using relaxed DNA as a substrate, thus ruling
out a role for DNA topology in driving binding to the double helix
(Fig. S5 in the supplementary material).

3. Discussion

The stabilization of G-quadruplex is an attractive target to
interfere with the unrestrained replication of cancer cells, possibly

by more than one mechanism.? Besides telomeres, other genomic
regions have the potential to form G-quadruplex DNA, with impor-
tant biological consequences. Considering the plasticity of the
quadruplex arrangement, which can be formed intra- and intermo-
lecularly in parallel, antiparallel and mixed arrangements, it would
be very useful to devise molecular tools to efficiently discriminate
among distinct G-quadruplex architectures. To date, only very few
examples are known stemming from the porphyrin family, in
which selectivity for c-myc promoter has been incremented upon
extension of the cyclic core, or from telomestatin and diseleno sap-
phyrin for which preferential binding to different telomeric folding
(basket type and hybrid structure, respectively) has been
suggested.303!

It has been previously reported that among perylene deriva-
tives, it is possible to modulate the selective binding of double
stranded versus G-quadruplex DNA by affecting the aggregation
properties through side chains modifications.'#'%22 In this work,
we show that also selectivity within G-quadruplex structures can
be modulated by the perylene family, since test compounds are
able to bind to different G-quadruplex arrangements in a side-
chain dependent fashion.

Indeed, the perylene congeners we tested can be divided into
two distinct groups according to their affinity for the G-quadruplex
structures: derivatives carrying a cyclic amine in the side chains,
which show a reduced binding to the folded form, and linear amine
congeners, exhibiting enhanced binding. Worth noting is the sim-
ilar behaviour of PIPER and K19. Although the two compounds
do not share the same planar system, they showed comparable
DNA affinity and recognition selectivity in all our assays. This sug-
gests that the effects produced by an increase in nitrogen basicity
as a result of amide reduction (likely increasing DNA affinity) are
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Figure 7. CD spectra of oligonucleotide 4GGG or pu27 (4 uM, strand concentration) in 10 mM Tris, 1 mM EDTA, KCI 100 mM, pH 8.0, recorded at 25 °C. Solid line refers to the
spectrum of the DNA folded alone, dotted line corresponds to the same oligonucleotide after addition of perylene (14 uM) followed by an incubation of 30 min at 25 °C,
dashed line is the spectrum of the oligonucleotide folded in the presence of perylene (14 uM).

12000

® K5

10000 1 v PIPER .

8000 N

6000 -

4000

Mol. Ellip. (265 nm)
L]

2000

10 20 30 40 50
[perylene] uM

Figure 8. CD titration of 4GGG (4 puM, strand concentration) with perylenes in
10 mM Tris,1 mM EDTA, 100 mM LiCl, pH 8.0, 25 °C. The molar ellipticity recorded
at 260 nm is reported as a function of PIPER or K5 concentration.

possibly counterbalanced by partial loss of perylene planarity due
to the same process (decreasing drug/base stacking efficiency and,
hence, DNA affinity). In addition, it can be inferred that the car-
boxyl groups, missing in K19, are not actively involved nucleic acid
binding.

The different binding efficiency of the two identified groups of
derivatives was confirmed with different experimental approaches
both using telomere- and c-myc promoter-related sequences. Since
in our experimental conditions these two types of sequence

assume distinct conformations, at first glance our results could
be interpreted in terms of inability to bind G-quadruplex DNA in
a structure-specific fashion.

However, in the case of the telomeric sequence, the presence of
the test high-affinity perylenes K5, K8, and K20 forces G-quadruplex
into a distinct (possibly parallel) arrangement essentially through
the pairing of multiple DNA chains. An interesting finding refers to
the rearrangement of 2GGG from a tetramer to a dimer G-quadru-
plex upon increasing the incubation temperature. This behaviour
could be simply explained by the mass action law, considering the
higher number of complex units (terminal stacking) that can be
formed with the perylene structure when a tetramer is split into
two dimers. However, this is not the case using 4GGG, the mono-
meric form of which is converted into the tetrameric one upon
annealing in the presence of perylenes K5 or K8 (and not of PIPER
or K19). Interestingly enough, this process is associated with a dra-
matic change in the folding of the G-quadruplex structure that
evolves from an intramolecular mixed type to a multimeric (likely
parallel) form.

The annealing process is required to promote perylene-driven
stabilisation of the latter. Hence, the complex exhibiting the mixed
form appears to be kinetically favoured, whereas the tetrameric
complex is thermodynamically favoured.

If we remind that in our experimental conditions all test telo-
meric sequences likely assume preferentially parallel arrange-
ments while interacting efficiently with K5, K8 and K20, we
conclude that the strong (linear amine) perylene binders efficiently
recognise this G-quadruplex structure. This is true also in the case
of pu27 to which the above perylenes bind very strongly. The same
conclusions do not apply to our derivatives with cyclic amine side
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chains (PIPER and K19) which are not able to overcome the pref-
erential folding of the nucleic acid sequence which then ‘rules’ in
the complex.

Given the prominent affinity of K5 for the parallel G-quadru-
plex structure assumed by pu27, one would expect addition of
the perylene to the double helical form of the c-myc promoter
to favour the displacement of the G-rich strand from its comple-
mentary sequence and folding into the G-quadruplex conforma-
tion. Interestingly enough, this behaviour can be observed with
the weak binders only. Hurley and co-workers previously sug-
gested that the ability of PIPER to produce such a displacement
rests in the stacking of perylene molecules aligned with duplex
DNA, hence promoting denaturation of the duplex and subse-
quent folding into the G-quadruplex.?®> On the other hand, com-
pounds that can efficiently intercalate into ds-DNA do not
promote denaturation, but stabilization of the double helix and
render the strand-scission process less likely. As we previously
suggested and herein confirmed, cyclization of the terminal
amine in the perylene side chains dramatically reduces the
drug’s intercalative potential, possibly due to self-aggregation
processes.'® On the other hand, K5 behaves as a classical inter-
calator at physiological conditions as shown by our unwinding
experiments. Hence, its inability to produce complementary
strand separation. Probably, even if G-quadruplex might exhibit
higher affinity for K5 than its double helical form, the activation
energy of the process is possibly too high to allow ds melting
and G-quadruplex formation at 37 °C. Again, its appearance at
higher temperatures indicates that the perylene-G-quadruplex
complex is the thermodynamically favoured form. The impor-
tance of a less organized double helix to allow perylene-pro-
moted G-quadruplex fold is emphasized by the finding that,
using a DNA construct with the target telomeric sequence
annealed to a shorter complementary strand, the duplex-G-
quadruplex transition occurs.

In conclusion, our results highlight how minor variations in the
amine substitution at the side chains ends critically modulate the
recognition of G-quadruplex structures by perylene derivatives,
both in terms of binding affinity and of selectivity among different
G-quadruplex arrangements. Two apparently conflicting require-
ments have emerged: (i) to generate strong and selective G-quad-
ruplex binders linear alkylamino residues must be connected to
the planar ring system and (ii) to favour duplex-quadruplex
transitions, as reasonably required to produce biological and
pharmacological effects in living systems, cyclic amines are pre-
ferred. The reconciliation of these two features into a single phar-
macophore is the challenging goal for the rational design of novel
effective G-quadruplex directed drugs based on the perylene
template.

4. Experimental
4.1. General Procedures

Tested perylenes were synthesized accordingly to previously
reported procedures.!® Solutions were prepared freshly just before
use.

Synthetic oligonucleotides were purchased from Biosense
(Belgium) and were used with no further purifications.

4.2. Circular dichroism measurements

Oligonucleotides circular dichroism spectra from 230 to 350 nm
were recorded using 10 mm path length cells on a Jasco ] 810 spec-
tropolarimeter equipped with a NESLAB temperature controller
and interfaced to a PC 100 in 10 mM Tris-HCI, 1 mM EDTA,

100 mM KCl, pH 8.0. Before data acquisition, DNA solutions were
heated at 95 °C for 5 min and left to cool at room temperature over
night. The reported spectrum of each sample represents the aver-
age of three scans recorded with 1-nm step resolution. Observed
ellipticities were converted to mean residue ellipticity [0] = deg x
cm? x dmol~! (Mol. Ellip.).

Thermal denaturation experiments were performed by
recording the DNA optical signal as a function of the temperature.
Oligonucleotide solutions (4 pM) were equilibrated at 25 °C, then
the signal was recorded while increasing the temperature at
0.8 °C/min and stirring the solution to allow equilibration. Experi-
ments were performed in the presence or absence of tested deriv-
atives (4 uM final concentrations). Two to four scans were repeated
for each experimental condition. When required, the melted solu-
tion was cooled down at the same temperature change rate.

4.3. Electrophoretic mobility shift assay

Single stranded oligomers were 5'-labeled with 2P and T4
polynucleotide kinase, by incubating the reaction mixture at
37 °C for 30 min. Kinase was inactivated by heating the reaction
mixture at 85 °C for 5 min, followed by two phenol extractions.

A mixture of purified labelled and unlabelled oligonucleotides
(total final concentration 1 pM) was heated to 95 °C for 10 min
in Tris—-HCI 10 mM, EDTA 1 mM, KCl 100 mM, pH 8.0 buffer and
let to cool at room temperature over night. When annealing with
the complementary strand was required an equimolar solution of
the two strands was heated to 95 °C for 10 min and let to cool at
room temperature. The folding of the starting material was moni-
tored by native 16% polyacrylamide gel electrophoresis. After the
DNA folding step, 5 pL of compound was dispensed to each sample
to produce the required concentrations in a total volume of 20 pL.
Reaction mixtures were incubated at 25 °C, 37 °C or 95 °C for the
reported time. After incubation, 4 pL of gel loading solution (50%
glycerol, 0.25% bromophenol blue and 0.25% xylene cyanol) were
added and the samples were subsequently analyzed by native
16% polyacrylamide gels. Electrophoresis proceeded for 6 h in
TBE 0.5x containing 20 mM KCI running buffer. Resolved bands
on dried gels were visualized and quantified on a Phosphorlmager
(Amersham).

4.4. Unwinding assay

Supercoiled or relaxed pBR322 DNA (0.15 pg) was incubated in
the presence or absence of increasing concentrations of tested
ligands in 10 mM Tris-HCl, pH 7.5, 100 mM KCI, 1 mM EDTA, pH
8.0 or 6.0. After 30" incubation at 37 °C, the reaction mixtures were
loaded on 1% agarose gel, and run in TAE (40 mM TRIS, 18 mM
acetic acid, 1 mM EDTA). The reaction products were visualized
by ethidium bromide staining.

Acknowledgments
The authors gratefully acknowledge financial support from the

Ministry of University and Research of Italy and from the Univer-
sity of Padova.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmc.2008.08.068.

References and notes

1. Cuesta, J.; Read, M. A.; Neidle, S. Mini-Rev. Med. Chem. 2003, 3, 11.
2. Kelland, L. Clin. Cancer Res. 2007, 13, 4960.


http://dx.doi.org/10.1016/j.bmc.2008.08.068

C. Pivetta et al./Bioorg. Med. Chem.

Davis, ]J. AngewantdteChemie 2004, 43, 668.

Burge, S.; Parkinson, G. N.; Hazel, P.; Todd, A. K.; Neidle, S. Nucleic Acids Res.
2006, 34, 5402.

De Cian, A.; Lacroix, L.; Douarre, C.; Temime-Smaali, N.; Trentesaux, C.; Riou, J.
F.; Mergny, ]. L. Biochimie 2008, 90, 131.

Huppert, J. L.; Balasubramanian, S. Nucleic Acids Res. 2007, 35, 406.

Hurley, L.H.; Von Hoff, D. D.; Siddiqui-Jain, A.; Yang, D. Semin. Oncol. 2006, 33,498.
Yang, D.; Hurley, L. H. Nucleosides Nucleotides Nucleic Acids 2006, 25, 951.
Gellert, M.; Lipsett, M. N.; Davies, D. R. Proc. Natl. Acad. Sci. U.S.A. 1962, 48, 2013.

. Patel, D. J.; Phan, A. T.; Kuryavyi, V. Nucleic Acids Res. 2007, 35, 7429.
. Han, H.; Cliff, C. L.; Hurley, L. H. Biochemistry 1999, 38, 6981.
. Fedoroff, O.Y.; Salazar, M.; Han, H.; Chemeris, V. V.; Kerwin, S. M.; Hurley, L. H.

Biochemistry 1998, 37, 12367.

. Han, H.; Bennett, R. J.; Hurley, L. H. Biochemistry 2000, 39, 9311.
. Kern, ]. T.; Thomas, P. W.; Kerwin, S. M. Biochemistry 2002, 41, 11379.
. Mazzitelli, C. L.; Brodbelt, ]. S.; Kern, J. T.; Rodriguez, M.; Kerwin, S. M. J. Am. Soc.

Mass. Spectrom. 2006, 17, 593.

. Tuntiwechapikul, W.; Taka, T.; Bethencourt, M.; Makonkawkeyoon, L.; Randall

Lee, T. Bioorg. Med. Chem. Lett. 2006, 16, 4120.

. Franceschin, M.; Lombardo, C. M.; Pascucci, E.; D’Ambrosio, D.; Micheli, E.;

Bianco, A.; Ortaggi, G.; Savino, M. Bioorg. Med. Chem. 2008, 16, 2292.

. Sissi, C.; Lucatello, L.; Paul Krapcho, A.; Maloney, D. ].; Boxer, M. B.; Camarasa,

M. V.; Pezzoni, G.; Menta, E.; Palumbo, M. Bioorg. Med. Chem. 2007, 15, 555.

19.
20.

21.

22.

29.

30.

31.

. 16 (2008) 9331-9339 9339

Kern, ]. T.; Kerwin, S. M. Bioorg. Med. Chem. Lett. 2002, 12, 3395.

Kerwin, S. M.; Chen, G.; Kern, J. T.; Thomas, P. W. Bioorg. Med. Chem. Lett. 2002,
12, 447.

Franceschin, M.; Alvino, A.; Casagrande, V.; Mauriello, C.; Pascucci, E.; Savino,
M.; Ortaggi, G.; Bianco, A. Bioorg. Med. Chem. 2007, 15, 1848.

Rossetti, L.; Franceschin, M.; Schirripa, S.; Bianco, A.; Ortaggi, G.; Savino, M.
Bioorg. Med. Chem. Lett. 2005, 15, 413.

. Rossetti, L.; Franceschin, M.; Bianco, A.; Ortaggi, G.; Savino, M. Bioorg. Med.

Chem. Lett. 2002, 12, 2527.

. Phan, A. T.; Kuryavyi, V.; Gaw, H. Y.; Patel, D. ]J. Nat. Chem. Biol. 2005, 1, 167.
. Rangan, A.; Fedoroff, O. Y.; Hurley, L. H. J. Biol. Chem. 2001, 276, 4640.

. Paramasivan, S.; Rujan, L.; Bolton, P. H. Methods 2007, 43, 324.

. Ambrus, A.; Chen, D.; Dai, ].; Bialis, T.; Jones, R. A.; Yang, D. Nucleic Acids Res.

2006, 34, 2723.

. Dapic, V.; Abdomerovic, V.; Marrington, R.; Peberdy, J.; Rodger, A.; Trent, ]J. O.;

Bates, P. J. Nucleic Acids Res. 2003, 31, 2097.

Ou, T. M,; Ly, Y. ].; Zhang, C.; Huang, Z. S.; Wang, X. D.; Tan, ]. H.; Chen, Y.; Ma,
D.L.; Wong, K. Y.; Tang, J. C,; Chan, A. S.; Gu, L. Q. J. Med. Chem. 2007, 50, 1465.
Seenisamy, ]J.; Bashyam, S.; Gokhale, V.; Vankayalapati, H.; Sun, D.; Siddiqui-
Jain, A.; Streiner, N.; Shin-Ya, K.; White, E.; Wilson, W. D.; Hurley, L. H. J. Am.
Chem. Soc. 2005, 127, 2944.

Rezler, E. M.; Seenisamy, J.; Bashyam, S.; Kim, M. Y.; White, E.; Wilson, W. D.;
Hurley, L. H. J. Am. Chem. Soc. 2005, 127, 9439.



	Perylene side-chains side chains modulate G-quadruplex conformation in biologically  relevant DNA sequences
	Introduction
	Results
	Perylenes mediate induction of different G-quadruplex structures
	Conversion of ds-DNA into G-quadruplex does not parallel G-quadruplex affinity
	Perylene binding to G-quadruplex is modulated by DNA architecture
	Perylene side chains affect intercalation efficiency into ds-DNA

	Discussion
	Experimental
	4.1
	Circular dichroism measurements. measurements
	Electrophoretic mobility shift assay. assay
	Unwinding assay. assay

	Acknowledgments
	 Supplementary data
	References and notes


