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Abstract—The interaction of the natural alkaloid berberine with various G-quadruplex DNA structures and its ability to inhibit
telomerase have been examined and compared with those of a synthetic piperidino derivative and the related compound coralyne.
The results show that these molecules have selectivity for G-quadruplex compared to duplex DNA, and that their aromatic moieties

play a dominant role in quadruplex binding.
© 2005 Elsevier Ltd. All rights reserved.

G-rich DNA sequences can adopt non-duplex structures
based on the association of four guanine bases in a stable
hydrogen-bonded arrangement, the G-quartet.! Several
G-quartets can be stacked on one another and held
together by intervening sequences to form G-quadruplex
structures. G-quadruplex structures at telomeres may
play an important role in telomere maintenance, both
from the structural and the functional points of view,
where their formation may be in equilibrium with the
binding of hPOT1 and other proteins to the 3’-end telo-
meric DNA single-stranded overhang.? Molecules able
to induce G-quadruplex structures have been intensively
studied for their ability to inhibit telomerase and thereby
act as potential anticancer agents. A wide range of such
small molecules have been characterized, including
acridines, triazines, porphyrins, perylenes and anthra-
quinones.>™
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Berberine is an antibiotic alkaloid originating from
Chinese herbal medicine;® its anti-bacterial activity has
been demonstrated against many species.” The drug
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was subsequently screened for anti-cancer activity fol-
lowing evidence of anti-neoplastic properties.® More
recently, berberine was shown to inhibit telomere elon-
gation® and to bind to G-quadruplex DNA.!® Coralyne
is a synthetic analogue of berberine!! that also binds to
triplex DNA..!?> Competition dialysis experiments'® have
shown that both compounds have selectivity for triplex
DNA, and to a minor extent for quadruplex DNA com-
pared to duplex DNA.

Berberine and coralyne include an N'-containing aro-
matic moiety (Scheme 1A), which appears suitable for
stacking interactions with a G-quartet. In this study,
we have examined their ability to induce and stabilize
various G-quadruplex structures, including the human
G-quadruplex, as well as their efficiency in inhibiting

Figure 1. Models for the complexes of berberine (top) and piperidino-
berberine (bottom) with a monomeric G-quadruplex (blue) and ligand
molecules (yellow).
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telomerase. We have also examined the effect of adding
a side chain analogous to that of the previously studied
N,N'-bis[2-(1-piperidino)ethyl]-3.,4,9,10-perylene-tetra-
carboxylic diimide (PIPER)!3-'# onto the berberine scaf-
fold. Molecular modelling!® studies of interactions
between berberine derivatives and the human parallel
G-quadruplex structure'® indicate that berberine is
stacked on the terminal G-tetrad of the quadruplex
(Fig. 1), and the side chain of piperidino-berberine can
interact with one of the four grooves of the quadruplex.

The synthetic strategy, reported in Scheme 2, uses as a
key intermediate the previously described acetonyl-ber-
berine 1, which can be readily obtained by condensation
of berberine with acetone.!” Compound 1 was trans-
formed to 2 by displacement of the acetonyl group with
1,3-diiodopropane. Substituting the iodine atom on 2
with piperidine gave the berberine derivative 3 with
the desired side chain.!'® This was isolated as the chloride
salt using an anion exchange resin (Scheme 2).

The ability of the three compounds to form inter- and
intramolecular G-quadruplex structures was investigat-
ed by polyacrylamide gel electrophoresis (PAGE);
Fig. 2),"” using the DNA oligomers 2HTR and TSG4
(Scheme 1B). 2HTR is able to form only dimeric and/
or tetrameric intermolecular G-quadruplex struc-
tures;'>1* TSG4 can also form an intramolecular G-
quadruplex structure and can act as a substrate for tel-
omerase elongation in a modified TRAP assay.'*?°
PAGE shows that berberine and its analogues are able
to induce G-quadruplex dimeric structures (Fig. 2A),
but each to a different extent (Fig. 2B). Coralyne is the
most efficient in inducing an intermolecular G-quadru-
plex. The three compounds are unable to induce a
monomeric G-quadruplex structure with TSG4 at
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Figure 2. G-quadruplex structure formation induced in 2HTR and
TSG4 oligonucleotides by berberine and its derivatives studied by
native polyacrylamide gel electrophoresis according to the described
experimental procedure. Major bands are identified as single stranded
DNA (ss), dimeric (D), tetrameric (T) and monomeric (M)
G-quadruplex structures, according to previous studies.'>*™* (A)
Experiments were performed at 12 pM oligonucleotide (2HTR)
concentration in MES-KCI buffer (pH 6.5) at increasing concentra-
tions of the berberine derivatives and with no drug (lane 0). In lanes P
and P3, 2HTR was incubated with 30 uM PIPER and PIPER3,
respectively.!>'* Drug concentrations: 10 uM (lane 1), 30 uM (2),
50 uM (3), 70 uM (4) and 100 pM (5). (B) Percentage of G-quadruplex
structures formed (Gg” represents the ratio of the intensity of the
relative band on the electrophoresis gel with respect to the total
amount of DNA, obtained by Instant Imager'®) as a function of drug
concentration (C (uM)) relative to the band shift assays reported in
(A). (C) Same as in (A) but using TSG4 oligonucleotide and a 5 mM
KCI-10 mM MES buffer (pH 6.5).

5mM K" concentration (under these experimental con-
ditions no G-quadruplex structure is formed in the ab-
sence of drug, while monomeric G-quadruplex would
be totally folded in 50 mM KCIL:'* Fig. 2C).

A fluorescence resonance energy transfer (FRET)-based
method was used to probe the thermal stability of G-
quadruplexes, using fluorescein and tetramethyl-rhoda-
mine conjugates attached to the 5'- and 3’-ends of the
oligonucleotide as donor and acceptor moieties,?! in or-
der to monitor the melting transitions.?? The oligonu-
cleotide (F21T) used was a 21-mer human telomeric
sequence [GGG(TTAGGG);].>* The K™ concentration
and other experimental conditions®* are analogous to
those used for the crystallization of the sequence
[AGGG(TTAGGG);].!® An increase in the G-quadru-
plex melting temperature (7;,,) was observed (Fig. 3)
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Figure 3. Melting temperatures for F21T at increasing concentrations
of berberine, piperidino-berberine and coralyne, as derived from the
first derivative of the melting curves obtained by FRET experiments.

with all three compounds. Piperidino-berberine increas-
es G-quadruplex stability compared to berberine. Cora-
lyne, which has a fully aromatic core, is much more
active than either. The concentration of coralyne was
kept under 2 uM because above this concentration its
intrinsic fluorescence becomes significant. We find that
the berberine derivatives are able to stabilize a pre-
formed G-quadruplex structure at 50 mM K™, but are
unable to induce an analogous monomeric G-quadru-
plex structure with 5mM K™ (Fig. 2C).

The selectivity of G-quadruplex interacting compounds
for G-quadruplex DNA with respect to duplex DNA
is relevant to the potential therapeutic applications of
these molecules.>>?” We have analyzed the effect of
the three berberine derivatives on the melting tempera-
ture of calf thymus DNA,?® and compared them to the
behaviour of ethidium bromide, which also binds to
G-quadruplexes, but with low affinity and specificity.
Ethidium bromide increases the Ty, of CT DNA by ca.
3°C at a 0.1 drug:DNA molar ratio (R) and by 11 °C
ata R of 1 (see Supplementary data). At the same ratios,
berberine derivatives do not show any significant effect
(AT, <1°C), with the exception of coralyne, which
produces a slight increase (AT, ca. 3°C), at R=1. It
is worth noting that at this ratio berberine derivatives
show very weak interaction with genomic duplex
DNA, while they show significant quadruplex stabiliza-
tion at lower ratios (in the FRET experiments the DNA
concentration was 0.2 uM).

The telomeric repeat amplification protocol (TRAP) as-
say was used to measure telomerase inhibition.?” TSG4
oligonucleotide (Scheme 1B) was used as a telomerase
substrate:? it is able to form an intramolecular G-quad-
ruplex prior to telomerase synthesis, since the K™ con-
centration used in the TRAP assay (68 mM) is in the
appropriate range for G-quadruplex formation. Howev-
er in the absence of a G-quadruplex stabilizing ligand, it
is efficiently unfolded and extended by telomerase.'42°
TRAP assays performed at increasing concentrations
of the three berberine derivatives are shown in Figure
4: coralyne shows higher telomerase inhibitory activity,
with an ICsy value of ca. 70 uM, compared to
>130 uM for the other two.
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Figure 4. Inhibition of human telomerase by berberine and its
derivatives by the telomerase repeat amplification protocol (TRAP)
assay, using TSG4 as substrate. In lane 0, no drug was added, in lane R
cell extract was not added. The considered drugs concentrations were
30 uM (lane 1), 50 uM (2), 70 uM (3), 100 pM (4) and 130 pM (5).

A comparison between PAGE results using an oligonu-
cleotide 2HTR) with two and one (TSG4) with four
G-rich repeats shows that berberine derivatives are
selective in inducing intermolecular G-quadruplex with
respect to intramolecular G-quadruplex. Analogous
selectivity was previously observed for telomestatin
and a porphyrin derivative,*® which was correlated with
their different biological effects. The thermal stabiliza-
tion of a pre-formed intramolecular G-quadruplex
shows that these compounds are able to stabilize rather
than to induce G-quadruplex intramolecular structure.
In both cases, coralyne is the most active compound
of this series, probably due to its fully aromatic core.
This correlates with the TRAP results, which show that
coralyne is the most efficient telomerase inhibitor. It is
notable that all the compounds studied show very weak
interactions with genomic duplex DNA, suggesting high
selectivity for G-quadruplex over duplex DNA (as
shown by competition dialysis®!). This is important if
these ligands are to be used as probes for G-quadruplex
structures in biological systems, as well as for their
development as potential drugs.
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