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Modeling and Biological Investigations of an Unusual
Behavior of Novel Synthesized Acridine-Based Polyamine
Ligands in the Binding of Double Helix and G-Quadruplex

DNA
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Three novel 2,7-substituted acridine derivatives were designed
and synthesized to investigate the effect of this functionaliza-
tion on their interaction with double-stranded and G-quadru-
plex DNA. Detailed investigations of their ability to bind both
forms of DNA were carried out by using spectrophotometric,
electrophoretic, and computational approaches. The ligands in
this study are characterized by an open-chain (L1) or a macro-
cyclic (L2, L3) framework. The aliphatic amine groups in the
macrocycles are joined by ethylene (L2) or propylene chains
(L3). L1 behaved similarly to the lead compound m-AMSA, effi-
ciently intercalating into dsDNA, but stabilizing G-quadruplex
structures poorly, probably due to the modest stabilization
effect exerted by its protonated polyamine chains. L2 and L3,
containing small polyamine macrocyclic frameworks, are
known to adopt a rather bent and rigid conformation; thus
they are generally expected to be sterically impeded from rec-

Introduction

The activity of many antimalarial, antibacterial, and anticancer
agents is based on their interaction with helical double-strand-
ed DNA (dsDNA).'* As a consequence, much effort has been
devoted over the past few decades to the design and synthe-
sis of new molecules that can reversibly bind and/or react with
dsDNA; the aim of these research efforts has been to use
these compounds as novel drugs or as probes to better under-
stand the mechanism of action of drugs that are already avail-
able.

More recently, interest has also focused on non-canonical
DNA structures. For example, a great deal of attention has
been devoted to clarifying the structural features of telomeric
DNA.¥¥ |n fact, the telomeric sequence has been found to be
closely related to the immortalization process of cancer
cells®™ and genetic stability."*"'” Therefore, it represents a
potentially suitable target for anticancer therapy. Telomeres
consist of guanine-rich sequence repeats (in humans, the hexa-
nucleotide motif d(TTAGGG) for example) located at the end of
chromosomes, where their function is to preserve chromo-
some integrity. Telomeric DNA is gradually shortened in normal
cells as a function of the replication cycle; this leads to cell-
cycle arrest and eventually apoptosis when a critical length

ChemMedChem 2010, 5, 1995 - 2005

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ognizing dsDNA according to an intercalative binding mode.
This was confirmed to be true for L3. Nevertheless, we show
that L2 can give rise to efficient m-t and H-bonding interac-
tions with dsDNA. Additionally, stacking interactions allowed
L2 to stabilize the G-quadruplex structure: using the human te-
lomeric sequence, we observed the preferential induction of
tetrameric G-quadruplex forms. Thus, the presence of short
ethylene spacers seems to be essential for obtaining a correct
match between the binding sites of L2 and the nucleobases
on both DNA forms investigated. Furthermore, current model-
ing methodologies, including docking and MD simulations and
free energy calculations, provide structural evidence of an in-
teraction mode for L2 that is different from that of L3; this
could explain the unusual stabilizing ability of the ligands
(L2>L3>L1) toward G-quadruplex that was observed in this
study.

minimum is reached.'® In contrast, cancer cells have evolved
mechanisms to maintain telomere length, the most common
of which is based on the activation of a reverse transcriptase
called telomerase; this occurs in 80-90% of tumor cells.""2"
Novel antitumor strategies are aimed at interfering with the
mechanisms of telomere maintenance by targeting telomerase
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directly according to an enzyme recognition process, or indi-
rectly by means of telomere-interacting agents.”?

The human telomeres are largely double-stranded DNA se-
quences, but the terminal 100-200 nucleotides at the 3’ end
are single stranded. This portion can easily fold into a G-quad-
ruplex arrangement, a DNA secondary structure that consists
of four guanines (G-quartet or G-tetrad) stacked in coplanar
cyclic arrays associated by eight Hoogsteen hydrogen bonds.
Optimal telomerase activity requires an unfolded single-strand-
ed DNA as substrate. Therefore, ligands that selectively bind to
and stabilize G-quadruplex structures may interfere with the
telomerase enzymatic process.

The number of identified G-quadruplex ligands has grown
rapidly over the past few years. Extensive efforts have been
made to establish reliable structure-activity relationships with
the aim of identifying effective and selective telomerase inhibi-
tors. As common structural features, they generally share a
large, flat, aromatic surface, and the presence of protonatable
side chains.”?

Classic dsDNA intercalators are likely to correspond to this
pharmacophoric model. Indeed, several derivatives of DNA
binders have also been considered as G-quadruplex binders.
An interesting example is represented by acridine derivatives.
Effective anticancer drugs containing this heterocyclic moiety
(such as amsacrine, m-AMSA) are generally able to efficiently
recognize DNA according to an intercalation binding mode.
However, several studies have shown that by modulating the
substitution pattern on this aromatic ring system, it is possible
to preferentially direct such ligands toward G-quadruplex
structures. In particular, a series of 3,6-disubstituted*2" and
3,6,9-trisubstituted acridines,**** as well as some compounds
characterized by a macrocyclic skeleton containing the acridine
moiety®>*" or the related quinacridine system,®? have been re-
ported as efficient G-quadruplex binders endowed with phar-
macological anticancer properties.

On the other hand, different substitution patterns, for exam-
ple at the 2,7-position, have, to date, been poorly investigated
as G-quadruplex binders, because they apparently do not pro-
vide relevant G-quadruplex recognition.®?

Herein we report the synthesis of a series of polyaza ligands
featuring an acridine moiety inserted in an open-chain (L1) or
macrocyclic (L2 and L3) aliphatic polyamine framework via
functionalization of the 2- and 7-positions of the heteroaro-
matic system. These ligands enable the exploitation of the
effect that a cyclic organization of the aliphatic polyamine
chain has on the recognition properties for various DNA struc-
tures; thus, we decided to carry out a comprehensive study on
the binding properties of L1, L2, and L3 toward telomeric G-
quadruplex structures, and to compare them with their respec-
tive dsDNA binding profiles.

Results and Discussion

Ligand L1 was synthesized by reaction of 2,7-dibromomethyl-
acridine (1 in Scheme 1) with the ditosylated amine 1-methyl-
1,4-di(4-toluenesulfonyl)-1,4-diazabutane (2) in the presence of
potassium carbonate, followed by removal of the tosyl (Ts)
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Scheme 1. Reagents and conditions: a) K,CO;, CH,CN, reflux, 5 h; b) HBr,
CH,COOH, 90°C, 24 h.

groups in hydrogen bromide/acetic acid in the presence of
phenol as an antioxidant. Similarly, the reaction of 1 with
1,4,7,10-tetratosyl-1,4,7,10-tetraazadecane (4)®® and 1,5,9,13-
tetratosyl-1,5,9,13-tetraazatridecane (5)® afforded the respec-
tive tosylated macrocycles 6 and 7, which were then depro-
tected in HBr/CH;COOH/phenol, and further isolated as hydro-
bromide salts (L2 and L3).

All new ligands under investigation feature one or two poly-
amine chains linked to the acridine moiety, and facile protona-
tion of the amine groups occurs in aqueous solution. Ligand
protonation was studied by potentiometric and '"H NMR meas-
urements in aqueous solution (see figures S1, S2, and a de-
tailed description in the Supporting Information). The stepwise
basicity constants (logK) potentiometrically determined at
298 K, are listed in Table 1.

All ligands can bind up to five acidic protons in the 2.5-10.5
pH range investigated, effectively affording various protonated
species at different alkaline to acidic pH values. In all three
cases, the diprotonated form [H,L]*" (L=L1, L2, or L3) is the
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Table 1. Protonation constants of ligands L1-L3.”

Equilibrium LogK

L1 L2 L3
L+H"=[HL* 9.76(1) 10.2(1) 10.1(1)
[HL' +H" =[H,L* 9.24(1) 8.3(1) 8.8(2)
[HLP2" +HT =[H,LP" 5.96(1) 5.6(1) 7.3(1)
[HLPT +HT =[H,*" 5.26(1) 3.5(2) 6.3(1)
[H,LI** +H* =[HLI" 3.21(2) 3.0(1) 3.3(2)

[a] Determined potentiometrically in Me,NCI (0.1 m) at 298 K; values in pa-
rentheses are standard deviations.

most abundant species at physiological pH. '"H NMR investiga-
tions indicated that the two first protonation steps occur on
the methylated nitrogen atoms in the case of L1, and on the
central nitrogen atoms of the tetra-amine chain in the case of
L2 and L3.

Acridine derivatives binding to dsDNA: solution studies

All derivatives were characterized spectroscopically, and their
binding to ctDNA was evaluated quantitatively by monitoring
the change in absorption properties of the ligands in the pres-
ence of increasing concentrations of nucleic acid. Unfortunate-
ly, under the experimental conditions used, it was not possible
to quantitatively monitor the DNA binding process for L3. In
fact, this ligand was very effective at inducing ctDNA precipita-
tion at even the lowest binding ratios examined. Spectra re-
corded for L1 are shown as examples in Figure 1a. L2 exhibits
analogous behavior. Table 2 lists the thermodynamic parame-
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Figure 1. a) Spectral changes of L1 with increasing ctDNA concentration and
b) binding isotherms for the process of L1 binding to dsDNAs of different
base composition (indicated). Titrations were performed in 10 mm Tris,

20 mm KCl, pH 7.5, 25°C.
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ters for the binding process of L1 and L2 to calf thymus DNA,
evaluated according to the McGhee and Von Hippel formal-
ism.B” Data for m-AMSA are also included for comparison.

The data in Table 2 indicate that our novel compounds have
slightly higher binding affinity than m-AMSA. The exclusion pa-
rameter (n), indicating the number of DNA bases involved in

Table 2. Thermodynamic binding parameters describing ligand-ctDNA
complex formation.

Ligand K,[107°m '] n [bases]
L1 1.07£0.11 52+0.1
L2 1.55+£0.20 3.1£0.1
m-AMSA 0.36+£0.03 3.2+03

[a] Carried out in 10 mm Tris, 20 mm KCl, pH 7.5, 25°C; K, is the binding
constant, and n is the exclusion number.

ligand recognition, although slightly less in the case of L2, is
close to the theoretical value of 4 required for an intercalative
binding mode. This leads us to assume a similar mode of DNA
interaction for m-AMSA and the two novel compounds.

To clarify this point, we performed topoisomerase | unwind-
ing assays. The assay involves incubation of supercoiled plas-
mid DNA with excess topoisomerase | and increasing concen-
trations of test compound. Topoisomerase | converts super-
coiled into relaxed plasmid DNA. After removal of the drug
and enzyme, re-supercoiling of the DNA occurs if the ligand
had been bound by an intercalative mode.>®

A summary of these results is shown in Figure 2. Derivatives
L1 and L2 behave similarly to the reference compound m-
AMSA, thus confirming their ability to promote DNA unwind-
ing.®¥ In contrast, L3 did not exhibit any re-supercoiling effect
across the whole drug concentration range tested.

a) [L1]/ uMm
sc r25 5 10 25 50 100

(L2]/ M

sC r 25 5 10 25 50 100

Figure 2. Topoisomerase |-mediated unwinding assays for compounds a) L1
and b) L2; sc: supercoiled DNA; r: DNA relaxed by topoisomerase I. Products
were resolved on a 1% agarose gel in 1x TAE buffer.
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Because the affinity of a ligand for DNA can be affected by
the DNA sequence, we monitored the binding process of the
three ligands to oligonucleotides of defined base composition,
namely poly(dA-dT) and poly(dG-dC) (Figure 1b, showing data
for L1). Binding isotherms in this figure show how the binding
of L1 and L2 to the tested DNA sequences are essentially
equal, and thus they confirm a lack of sequence selectivity. For
comparison, the thermodynamic binding parameters for the
complex formation of L1 and L2 with poly(dG-dC) are listed in
Table 3.

Table 3. Thermodynamic binding parameters for complex formation of
L1 and L2 with poly(dG-dC).”!

Ligand K,[107°m7"] n [bases]
L1 0.89+0.07 494+0.1
L2 1.26+0.18 2.8+0.1

[a] Carried out in 10 mm Tris, 20 mm KCl, pH 7.5, 25°C; K, is the binding
constant, and n is the exclusion number.

Finally, to further evaluate the dsDNA binding properties of
the novel tested ligands, we monitored the thermal stability of
a dsDNA sequence in the presence of increasing drug concen-
trations. The target DNA was prepared by annealing two com-
plementary oligonucleotides, one 5-end labeled with fluores-
cein, and the other 3'-end labeled with a quencher (DABCYL).
In the double-stranded form, the two labeling groups are in
close proximity, and thus the fluorescence signal is quenched;
upon dissociation (melting), the fluorescence signal is en-
hanced. In Figure 3a, the variation of the DNA melting temper-
ature (T,,) induced by increasing drug concentrations is report-
ed. Under our experimental conditions, a good correlation be-
tween unwinding data and dsDNA stabilization emerged.
Indeed, L1 and L2 turned out to be effective in stabilizing
dsDNA, with AT,, values similar to those recorded with m-
AMSA. Conversely, L3 did not promote duplex stabilization.

Altogether, these results allowed us to draw a picture of the
dsDNA binding pattern for these acridine derivatives. Although
all ligands efficiently interact with DNA, the nature of the side
chains plays a key role in the binding mode. Experimental re-
sults seem to suggest a preferential, non-intercalative binding
mode for L3. In this case, the driving force is mainly the elec-
trostatic interaction of the charged ligand with the nucleic
acid, which promotes DNA precipitation. In contrast, L1 and L2
showed similar behavior, resembling that of m-AMSA, thus
suggesting a more favorable balance of the m-m interactions
between the acridine moiety and the base pairs, on the one
hand, and the H-bond and salt bridge interactions, supported
by the charged substituents, on the other.

It is well known that small macrocycles such as L2 and L3,
which contain a rigid aromatic moiety in their structures, often
adopt bent conformations.*® As a consequence, one could
easily propose that the insertion of the acridine moiety be-
tween DNA base pairs would be more difficult in the case of
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Figure 3. Variation of the melting temperature (AT,,) of oligonucleotides ar-
ranged into a) double-stranded or b) G-quadruplex structures upon addition
of increasing concentrations of acridine derivatives in phosphate buffer con-
taining 50 mm KCl, pH 7.4; heating rate: 0.2°Cmin~".

macrocycles L2 and L3 than for L1. Surprisingly, whereas no
such intercalation seems to be present with L3, L2, which con-
tains an overall shorter cyclic aliphatic chain, is still able to in-
teract with dsDNA in a manner similar to the acyclic L1. Thus,
to gain a more in-depth insight, we decided to carry out a
modeling investigation.

Acridine derivatives binding to dsDNA: modeling studies

The binding mode of the diprotonated species of L1, L2, and
L3 toward dsDNA was investigated by docking procedures fol-
lowed by molecular dynamics (MD) simulations, with an explic-
it treatment of the aqueous environment.

The results shown in Figure 4 and in figure S3 (Supporting
Information) largely corroborate the solution studies, as the
three ligands feature different binding modes toward the poly-
G-poly-C double helix. For the open-chain ligand L1, the inter-
action can be described as properly intercalative both in the
case of the CG site, as well as for the GC site. In all situations
the adduct was stabilized by additional H-bond contacts in-
volving the terminal protonated nitrogen atoms and the car-
bonyl oxygen atom belonging to the cytosine and guanine
units (Figure 4a), or the phosphate groups (figure S3a, Sup-
porting Information). In fact, the planar acridine moiety of L1
can be easily lodged between the base pairs, unhindered by
the pendant arms, which, on the contrary, can be set in the
grooves. Moreover, the RMSD value evaluated as a function of
time during the recorded MD trajectory (figure S4, Supporting
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b)

c)

Figure 4. Results of the modeling procedures (docking and MD) for the ad-
ducts formed by diprotonated forms of a) L1, b) L2, or ¢) L3 and poly-G-poly-
C dsDNA. Results were obtained by starting from docking in a CG intercala-
tive binding site; hydrogen bonds are indicated by green lines.

Information) denotes that the L1-poly-G-poly-C adduct is
quite stable, and it is not disrupted during the 10 ns simulation
time.

On the other hand, L3, most likely hindered by the bent
conformation adopted by its macrocyclic structure, seems to
fail at intercalation and gives rise to groove binding, interact-
ing mainly through hydrogen bonds between its protonated
nitrogen atoms and the polyphosphate DNA backbone (Fig-
ure 4c and figure S3c, Supporting Information). After 10 ns MD
simulation, the DNA double helix is almost completely rebuilt,
and no trace of the CG or GC intercalative site remains.

As far as L2 is concerned, it shows an intermediate behavior
between L1 and L3. In spite of its rather rigid and strained
bent conformation, which is generally considered unsuitable
for the stereochemical requirement of a classic DNA intercala-
tor, modeling studies give evidence of stable conformations
for the L2-DNA adduct (Figure 4b), in which the macrocycle is
able to give rise to simultaneous -t and H-bonding interac-
tions. Indeed, L2 behaves as a multifunctional ligand toward
DNA by virtue of its small size. The presence of the shorter eth-
ylene spacers in place of propylene units featured in L3 ap-
pears to be essential for obtaining a correct match between

ChemMedChem 2010, 5, 1995 - 2005
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the binding sites of L2 and the nucleobases. The relative free
energies for these complexes were estimated through the mo-
lecular mechanics Poisson-Boltzmann surface area (MM-PBSA)
approach. Importantly, the MM-PBSA results are in agreement
with the thermodynamic parameters obtained by the solution-
phase studies, showing the higher intercalative ability of L1
and L2 than that of L3 (Table 4).

Table 4. Gibbs free energy values calculated by using the MM-PBSA ap-
proach for adducts formed between ligands L1-L3 and DNA.

Ligand AG [kcalmol™]
dsDNA® dsDNA®! G-tetrad DNA
L1 —5.20 —5.06 —9.60
L2 —9.00 2.08 —16.54
L3 8.85 5.65 —13.47

[a] CG intercalative site. [b] GC intercalative site.

Acridine derivatives binding to G-quadruplex forming
sequences: solution studies

The potential interaction of tested ligands with G-quadruplex
structures was evaluated by monitoring both the stabilization
and the induction of G-quadruplex structures assumed by telo-
meric sequences. The former were assayed by fluorescence
melting experiments: in this case an oligonucleotide (HTS) was
used that contains four repeats of the human telomeric se-
quence and which is labeled at the 5’ end with DABCYL and at
the 3’ end with fluorescein. Again, upon folding into a G-quad-
ruplex, these two labels are brought into close proximity, and
fluorescence is quenched. With an increase in temperature, the
DNA melts and the fluorescein signal can be detected.

As shown in Figure 3b, all our acridine derivatives can shift
the G-quadruplex melting temperature to higher values. The
values determined herein are lower than those reported for
other G-quadruplex-selective acridine derivatives (AT,,>30°C
was reported for BRACO-19 at 1 pum), but are relevantly higher
than those observed toward dsDNA.®* These data clearly illus-
trate how the efficiency of our novel ligands is modulated by
the nature of the side chains. In particular, L2 appeared to be
the most active in stabilizing a G-quadruplex structure, fol-
lowed by L3 and L1. Notably, m-AMSA was confirmed to be a
poor G-quadruplex binder. Thus, the similarity between L1 and
L2 in the dsDNA binding properties is not conserved when the
target sequence assumes a G-quadruplex structure.

To determine if this interaction reflects any ability of our
new tested compounds to induce the formation of G-quadru-
plex structures, we performed electrophoretic mobility shift
assays (EMSA), using an oligonucleotide containing only two
human telomeric repeats (2GGG). This sequence can form G-
quadruplex structures only by pairing two or four strands, thus
leading to dimeric or tetrameric structures resolvable by poly-
acrylamide gel electrophoresis (Figure 5). Among the tested ac-
ridine derivatives, only L2 was able to induce the folding of
2GGG into a tetrameric G-quadruplex structure, thus confirm-
ing it as the most efficient G-quadruplex binder.
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Figure 5. Effect of increasing of concentrations of a) L2 or b) L3 on the assembly of 2GGG (1 um strand concentra-
tion) into dimeric and tetrameric G-quadruplex structures in 10 mm Tris, 1 mm EDTA, 100 mm KCl, pH 8.0, at 37°C
for 24 h. Reaction products were resolved on a 16% native polyacrylamide gel in 0.5 TBE containing 20 mm KCl;
M =monomeric oligonucleotide, D =dimeric oligonucleotide, T=tetrameric G-quadruplex.

The induction of the tetrameric DNA arrangement for the
2GGG telomeric sequence correlates well with recent crystallo-
graphic data showing a related trisubstituted acridine bound
to a G-quadruplex” with two dimeric units held together by
one drug molecule stacked on the terminal G-quartets. Thus
this crystallographic structure was considered a suitable model
for computational studies.

Acridine derivatives binding to G-quadruplex-forming
sequences: modeling studies

The orientations resulting from MD simulation carried out on
selected poses of the acridine derivatives in complex with the
G-quadruplex obtained from docking are shown in Figure 6.
All these adducts remained quite stable during the simulation
(figure S5, Supporting Information).

All ligands insert into the tetrameric form of the G-quadru-
plex, between the 3'-end G-tetrad belonging to one G-quadru-
plex dimer and the 5-end of the other, in a manner similar to
that shown by the very effective G-quadruplex ligand BRACO-
19 present in the X-ray crystallographic complex structure.”
However, the acridine moieties of L2 and L3 give rise to stron-
ger m-m interactions with the 3’-end G-tetrad than in the case
of L1, the acridine system of which shows the most significant
deviation from the expected parallel position (16° between the
involved planes versus 3° and 3.5° for L2 and L3, respectively).
Moreover, all ligands cause, to varying degrees, a rotation of
one dimeric G-quadruplex unit relative to the other. Using the
BRACO-19-G-quadruplex complex as a reference, and consider-
ing the dihedral angle formed between 3'- and 5-end G-tet-
rads, a 1°, 3°, and 9° twist (figure S6, Supporting Information)
is observed for L2, L3, and L1, respectively.

Analysis of the L1-DNA complex shows that both m-stacking
and H-bonding interactions involve only one dimer, whereas
both the G-quadruplex units are simultaneously bound by L2
and L3 (Figure 6). As far as L2 and L3 are concerned, their
binding modes seem similar, with both ligands interacting by
mt-stacking with a guanidine residue of the 5’-end G-tetrad, and
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pared with L3, L2 causes a less
significant disruption of the TATA
tetrad, also present at the 3'-
and 5-end interface in the bio-
logical unit of the BRACO-19-
DNA complex. In particular, only
one adenine residue is consider-
ably shifted from its original po-
sition, and, at the same time, the
carbonyl group of a thymine res-
idue gives rise to an additional
H-bond interaction with a pro-
tonated nitrogen of the ligand,
thus exerting a significant role in
the stabilization of the adduct
(Figure 6b). However, in the case

Figure 6. Results of MD simulations of the adducts formed by the diproto-
nated species a) L1, b) L2, and c) L3 with the G-quadruplex structure formed
by the 2GGG oligonucleotide. Hydrogen bonds are indicated by green lines;
interacting and non-interacting DNA monomers (tube representation) are
colored in light blue and gray, respectively.
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of the L3 complex, both the aforementioned adenine and thy-
mine residues are in a different position, and no additional H-
bond contacts are established.

Altogether, the observations derived from the modeling pro-
cedures support the quite surprising results obtained from the
solution studies, which show evidence that the bent conforma-
tions of L2 and L3 do not prevent G-quadruplex recognition.
The binding free energy values obtained by the MM-PBSA cal-
culations indicate that binding affinity decreases in the order
L2>L3>L1 (Table 4), in agreement with the reported solution
studies.

Enzymatic and cellular activity

From the results discussed above, L2 turns out to be a poten-
tial telomerase inhibitor. Therefore, we decided to determine
whether L2 is able to efficiently interfere with the enzyme-
mediated elongation process of a proper template. Indeed, we
observed that L2 can efficiently inhibit telomerase activity with
an ICy, value of 1.7 um, well below the drug concentration re-
quired to interfere with the Taq polymerase amplification pro-
cess (10 um; figure S7, Supporting Information). For compari-
son, L1 was tested in the same way, and it was confirmed to
be unable to decrease telomerase activity.

Finally, the toxicity of tested compounds was evaluated with
the Hela cancer cell line, and the results are summarized in
Table 5. Our data show that after drug exposure for 72 h, all
novel derivatives are less cytotoxic than m-AMSA. The most cy-
totoxic compound is derivative L3, with an IC;, value of 32 um,
whereas for L2 and L4, IC,, values are > 100 um.

Table 5. IC;, values for all tested compounds obtained in Hela cells.

Compd 1Cs [UM]

m-AMSA 20+04
L1 > 100
L2 > 100
L3 324+6.2

This result is an interesting starting point. Indeed, a canoni-
cal telomerase inhibitor can be devoid of any toxic effect after
such short time exposures. Thus the properties associated with
the G-quadruplex interaction profile of L2, as revealed through
our work, indicate this compound to be a suitable lead candi-
date worthy of further optimization.

Conclusions

The new 2,7-substituted acridine derivatives L1, L2, and L3
show an unusual trend in their binding patterns toward canon-
ical double-helical DNA and non-canonical G-quadruplex struc-
tures. The DNA recognition profile of L1 is in line with the ex-
pectation, as it parallels the behavior shown by m-AMSA: it
binds to dsDNA through a pure intercalative process and
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poorly recognizes G-quadruplex structures. Ligand L2 features
a small macrocyclic framework which is generally expected to
adopt a rather bent and rigid conformation, usually not prone
to intercalative interactions with DNA. However, in spite of
this, L2 binds to dsDNA almost as well as the open-chain
ligand L1, and it shows the best performance toward a G-
quadruplex. Distinctly, ligand L3, characterized by the same
cyclic structure of L2, but with longer and more flexible propyl-
ene spacers, should, in principle, be able to adopt a planar
conformation more readily. Nevertheless, it is unable to interca-
late into dsDNA, nor can it induce G-quadruplex structures.

As pointed out by the molecular modeling studies, the
better performance of L2 relative to that of L3 and the open-
chain ligand L1 can be attributed entirely to its particular con-
formation and dimensions, which establish an optimal match
with both dsDNA and the tetrameric G-quadruplex structure.

The distinct DNA binding modes characterized for our novel
ligands could explain their effect on telomerase, with L2 being
a good inhibitor of this enzyme, a property that is coupled
with favorably low short-term cytotoxicity. These results indi-
cate how important it is to set up simultaneous combinations
of interactions of various kinds between DNA and ligand in
order to reach an optimal binding efficiency, thus effectively
opening new possibilities for the design of novel selective
DNA binders.

Experimental Section
Materials

The human telomeric sequence HTS 5-[DABCYL]-AGG-GTT-AGG-
GTT-AGG-GTT-AGG-GT-[FAM]-3" was synthesized and purified by
ATDBIO (Southampton, UK). Oligonucleotides 2GGG (5-TAC-AGA-
TAG-TTA-GGG-TTA-GGG-TTA-3'), 1GGG (5'-TAC-AGA-TAG-TTA-GGG-
TTA-GAC-TTA-3'), poly(dA-dT),s, poly(dG-dC),s, QMup (5'-[FAM]-
GTG-AGA-TAC-CGA-CAG-AAG-3'), QMdown (5-CTT-CTG-TCG-GTA-
TCT-CAC-[DABCYL]-3'), TS (5'-AAT-CCG-TCG-AGC-AGA-GTT-3'), ACX
(5'-GTG-CCC-TTA-CCC-TTA-CCC-TTA-CCC-TAA-3'), Tup (5-TGA-GGA-
TCC-GCC-TGG-ACA-GCA-TGG-3'), and Tdown (5'-GTC-GAA-TTC-TCG-
GCG-AGA-AGC-AGG-3') were provided by Eurogentec (Belgium).
QMup and QMdown were mixed at equimolar concentrations,
heated at 95°C for 5 min, and then cooled to room temperature
overnight before use. Calf thymus DNA (ctDNA) and plasmid
pBR322 were purchased from Sigma-Aldrich (USA) and Fermentas,
respectively, and used with no further purification. Reagents and
solvents for synthesis were purchased from Aldrich and used with-
out further purification.

Ligand synthesis

Ligands L1, L2, and L3 were synthesized by reaction of 2,7-dibro-
momethylacridine (1, Scheme 1) with 1-methyl-1,4-ditosyl-1,4-di-
azabutane (2), 1,4,7,10-tetratosyl-1,4,7,10-tetraazadecane (4),®” and
1,5,9,13-tetratosyl-1,5,9,13-tetraazatridecane (5).*® The resulting to-
sylated products 3, 6, and 7 were deprotected in a mixture of HBr/
CH,COOH.

Bis[N,N'-bistosyl-2-methylaminoethylaminomethyl]-(2,7)-acridine
(3): A suspension of 1 (1.91 g, 5.233 mmol) in dry CH;CN (170 mL)
was added dropwise over a period of 4h to a and vigorously
stirred suspension of 2 (5.21g, 13.6 mmol) and K,CO; (13.6 g,
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0.1 mol) in dry CH;CN (80 mL) at reflux. After the addition was
completed, the solution was held at reflux for an additional 5 h.
The resulting suspension was filtered, and the solution was evapo-
rated under vacuum to give a crude oil, which was purified by
column chromatography on neutral alumina (activity II/1ll, CH,Cl,/
EtOAc, 8:1 v/v as eluent). The eluted fractions were collected and
evaporated to dryness to afford 3 as a white solid. Yield: 1.98 g
(2.04 mmol, 39%); elemental analysis: calcd (%) for C,oHs3NsS,04: C
60.79, H 5.52, N 7.23, found: C 61.1, H 5.4, N 7.3.

Bis(2-methylaminoethylaminomethyl)-(2,7)-acridine pentahydro-
bromide (L1-5HBr-H,0): Compound 3 (0.97 g, 1 mmol) and phenol
(10.5 g, 0.112 mol) were dissolved in a mixture of HBr/CH;COOH
(33%, 100 mL). The reaction was stirred at 90°C for 24 h until a
precipitate was formed. The solid was filtered out and washed sev-
eral times with CH,Cl,. The pentahydrobromide salt was recrystal-
lized from EtOH/H,O (3:1) to yield 0.41 g (0.525 mmol, 52.5%). Ele-
mental analysis: calcd (%) for C,,H,oNs-5HBr-H,0O: C 32.59, N 9.05, H
4,69, found: C 32.6, N 9.1, H 4.7; "TH NMR (D,0, pH 2.50): 6 =9.60 (s,
1H), 8.50 (s, 2H), 8.38 (d, 2H), 8.18 (d, 2H) 4.65 (s, 4H), 3.64 (m,
4H), 3.53 (m, 4H), 2.84 ppm (s, 6H); *C NMR (D,0, pH 2.50): 6 =
150.6, 139.8, 138.5, 131.9, 130.3, 125.9, 120.65, 50.6, 44.3, 42.9,
333 ppm.

2,4,7,10-Tetratosyl-2,4,7,10-tetraaza[12]-(2,7)-acridinophane (6):
A suspension of 1 (1.40 g, 3.83 mmol) in dry CH,CN (140 mL) was
added dropwise over a period of 4 h to a vigorously stirred sus-
pension of 4 (3.5 g, 459 mmol) and K,CO; (9.82 g, 71.0 mmol) in
dry CH;CN (70 mL) at reflux. After the addition was completed, the
solution was held at reflux for an additional 5 h. The resulting sus-
pension was filtered, and the solution was evaporated under
vacuum to give a crude oil, which was purified by column chroma-
tography on neutral alumina (activity II/1ll, CH,Cl,/EtOAc, 8:1 v/v as
eluent). The eluted fractions were collected and evaporated to dry-
ness to afford 6 as a white solid. Yield: 1.55 g (1.60 mmol 41.8%);
elemental analysis: calcd (%) for C,HsNsS,O4: C 60.91, H 5.32, N
7.25, found: C, 60.8; H, 5.3; N, 7.2.

2,4,7,10-Tetraaza[12]-cyclo(2,7)-acridinophane  pentahydrobro-
mide (L2:5HBr): Compound 6 (1.00 g, 1 mmol) and phenol (10.5 g,
0.112 mol) were dissolved in a mixture of HBr/CH;COOH (33%,
100 mL). The reaction was stirred at 90°C for 24 h until a precipi-
tate was formed. The solid was filtered out and washed several
times with CH,Cl,. The pentahydrobromide salt was recrystallized
from EtOH/H,O (3:1) to yield 0.51 g (0.68 mmol, 68%). Elemental
analysis: calcd (%) for C,;H,;Ns:5HBr: C 33.45, N 9.29, H 4.28,
found: C 33.3, N 9.2, H 4.3; "H NMR (D,0, pH 4.10): 6 =9.89 (s, 1H),
8.62 (s, 2H), 8.36 (d, 2H), 8.24 (d, 2H) 4.61 (s, 4H), 3.51 (m, 4H),
3.41 (m, 4H), 3.29 ppm (s, 4H); 3C NMR (D,0, pH 4.10): 6 =149.30,
141.32, 138.29, 132.66, 131.05, 126.35, 122.41, 49.66, 44.56, 44.40,
42.63 ppm.

2,6,10,14-Tetratosyl-2,6,10,14-tetraaza[15]-(2,7)-acridinophane
(7): This compound was synthesized in dry CH;CN from 1 (1.00 g,
2.74 mmol), 5 (2.64 g, 3.28 mmol), and K,CO; (7.03 g, 50.9 mmol)
by following the procedure reported above for 6. Yield: 1.40g
(1.39 mmol, 51%); elemental analysis: calcd (%) for Cs,Hs,NsS,04: C
61.94, H 5.70, N 6.95, found: C 61.8, H 5.6, N 6.8.

2,6,10,14-Tetraaza[15]-cyclo(2,7)-acridinophane pentahydrobro-
mide (L3-5HBr-H,0): This compound was synthesized in a mixture
of HBr/CH;COOH (33%) from 7 (1.00 g, 1 mmol) in the presence
phenol (10.5g, 0.112 mol) by following the procedure described
for L2. Yield: 0.61 g (0.75 mmol, 75%); elemental analysis: calcd
(%) for C,H33N'5 HBr-H,0: C 35.41, N 8.60, H 4.95, found: C 35.5, N
8.6, H 5.0; "TH NMR (D,0, pH 4.26): =9.09 (s, 1H), 831 (s, 2H), 8.16

2002

www.chemmedchem.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C. Bazzicalupi, C. Sissi, P. Gratteri, et al.

(d, 2H), 7.93 (d, 2H) 4.59 (s, 4H), 3.06 (m, 4H), 2.71 (m, 4H), 2.23
(m, 4H), 1.66 (m, 4H), 1.44 ppm (m, 2H); >C NMR (D,0, pH 4.26):
5=149.31, 14133, 13839, 132.76, 130.04, 126.44, 122.42, 49.69,
44,64, 44.40, 42.66, 22.23, 21.94 ppm.

Potentiometric measurements. Potentiometric titrations
(—log[H*]) were carried out with 0.1m N(CH,),Cl (pK,=13.83) at
25.0+£0.1°C by using equipment and procedures previously de-
scribed.”" The computer program HYPERQUAD™? was used to cal-
culate the protonation constants of the ligands from emf data. Dis-
tribution diagrams were calculated by using the Hyss program.”

NMR spectroscopic measurements. 'H (300.07 MHz) and 'C
(75.46 MHz) NMR spectra were recorded at 298 K in CDCl; and D,0
solutions at various pH values on a Varian Gemini 300 spectrome-
ter. Small amounts of 0.01 M NaOD and DCl were added to the sol-
utions to adjust the pD. The pH was calculated from the measured
pD values by using the relationship: pH=pD—0.40.¥

DNA binding studies. Ligand-DNA spectroscopic titrations were
performed at 25°C in 10 mm Tris, 20 mm KCl, pH 7.5 with a Perki-
nElmer Lambda 20 apparatus equipped with a Haake F3-C thermo-
stat. Binding was monitored by recording the signal in the ligand
absorption range after the addition of scalar amounts of DNA to a
freshly prepared drug solution. For each drug/DNA ratio, the frac-
tion of bound ligand was calculated [v=(e—¢y)/(e,,—¢&,), for which
g and e, are the extinction coefficients of the free and DNA-
bound ligand, respectively]. Data were evaluated according to the
equation derived by McGhee and Von Hippel .2

Topoisomerase | DNA unwinding assay. Supercoiled pBR322 plas-
mid DNA (0.15 pug) was incubated with 1 U topoisomerase | (Invi-
trogen) and increasing concentrations of tested compounds for
24 h at 37°C. Reactions were terminated by two extractions with
one volume of phenol/CHCly/isoamyl alcohol (25:24:1). Samples
were loaded on an agarose gel (1%) and run at 40V for 3 h. Gels
were stained with ethidium bromide and photographed.

Fluorescence melting studies. The melting temperature of fluores-
cein-labeled DNAs in the presence or absence of ligands was de-
termined by fluorescence melting experiments performed in a
Roche LightCycler, using an excitation source at 4488 nm, and
reading the fluorescence emission at 1520 nm. Melting experi-
ments were performed in a total volume of 20 uL containing
0.25 um DNA and variable concentrations of tested derivatives in
LiP buffer (10 mm LiOH, 50 mm KCI, pH 7.4 with H;PO,). Reaction
mixtures were first denatured by heating at 95°C for 5 min, and
then cooled to 30°C at a rate of 0.5°C min~". The temperature was
then slowly increased (0.2°Cmin~") up to 90°C and again lowered
at the same rate to 30°C. Recordings were taken during both the
melting and annealing processes to check for hysteresis. T,, values
were determined from the first derivatives of the melting profiles
using the Roche LightCycler software. Each curve was repeated at
least three times, and errors were +0.4°C.

Electrophoretic mobility shift assay. Single-stranded oligomer
2GGG was 5'-end labeled with *P. DNA was allowed to fold over-
night, and then increasing ligand concentrations in 10 mm Tris-HCl,
1mm EDTA, 50 mm KCl, pH 8.0 were added. Reaction mixtures
were incubated at 25°C for 30 min and then loaded on native
(non-denaturing) 16% polyacrylamide gels. Electrophoresis pro-
ceeded for 3 h in 0.5x TBE supplemented with 20 mm KCI. Gels
were dried, and the resolved bands were visualized and quantified
on a Phosphorlmager (Amersham).

Taq polymerase assay. To meet proper working conditions, com-
pounds were assayed against Taq polymerase activity by using
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pBR322 (2.5 ng) as a DNA template and appropriate primer se-
quences Tup and Tdown (0.5 um) to amplify the 906-1064 se-
quence of the plasmid by PCR. The reaction was carried out in an
Eppendorf thermocycler performing 25 cycles of: 30 s at 94°C, 30 s
at 65°C, and 30 s at 72°C. The reaction products were resolved on
a 2% agarose gel in TBE (89 mm Tris base, 89 mm boric acid, 2 mm
Na,EDTA) and stained by ethidium bromide.

Telomerase activity (TRAP) assay. An aliquot of 5x 10° Hela cells
in exponential growth phase was pelleted and lysed for 30 min on
ice using 100 pL 0.5% CHAPS, 1 mm EGTA, 25% 2-mercaptoetha-
nol, 1.74% PMSF, and glycerol (10% w/v). The lysate was centri-
fuged at 13000 rpm (21500xg) for 30 min at 4°C, and the super-
natant was collected, stored at —80°C, and used as a telomerase
source. Telomerase activity was assayed by using a modified telo-
mere repeat amplification protocol (TRAP) assay.*”’ Briefly, a proper
substrate TS (100 ng) was elongated by telomerase by incubation
of the reaction mixture with 1 g protein extract at 37°C for
30 min in the presence or absence of increasing drug concentra-
tions. Product amplification was then performed by the addition of
100 ng return primer ACX and 2 U Taq polymerase and PCR am-
plification (33 cycles of: 30s at 92°C, 30s at 58°C, and 45s at
72°C). The reaction products were resolved by a 10% polyacryl-
amide gel (19:1) in TBE and visualized after staining with Sybr
Green |. Telomerase inhibition values are expressed as percent of
telomerase inhibition relative to control (no drug) lanes.

Cell toxicity assay. The HelLa (human epithelial) cell line was main-
tained in DMEM supplemented with 10% heat-inactivated fetal calf
serum, 50 UmL™" penicillin G, and 50 pgmL™" streptomycin at 37 °C
under a humidified atmosphere and 5% CO,. For the MTT assay,
cells were plated in 96-well plates at 10000 cells per well, and cul-
tured overnight. Afterward, compounds were added in triplicate,
and plates were incubated in the presence of the drug for 72 h. At
the end of this period, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide, a yellow tetrazole] was added to a final
concentration of 0.8 mgmL™", and incubation was continued for an
additional 2 h. After removal of the medium, DMSO was added
(150 uL per well). Soluble formazan salts formed by living cells
were homogenized by manual pipetting, and the absorbance at
A 540 nm was read. Results were analyzed as sigmoidal dose-re-
sponse curves.

Computational methods. The binding capacity of H,L1%", H,L2%",
and H,L3?" toward the telomeric G-quadruplex structure of se-
quence d(TAG-GGT-TAG-GGT) and toward double-helical DNA oli-
gonucleotides (10-mers) of base composition poly(dG-dC) was in-
vestigated. Ligand molecules and dsDNA containing CG or GC in-
tercalative binding sites were built by the Build module of Maestro
v. 8.5.9 Starting coordinates for the tetrameric G-quadruplex were
obtained from the biological unit of the BRACO-19-d(TAG-GGT-
TAG-GGT) complex X-ray crystal structure (PDB ID: 3CE5).”

Docking calculations were performed using Glide™” with the DNA
structures kept fixed in their original conformation throughout the
docking procedures. Selected poses of the ligand-target (both
dsDNA and G-quadruplex) complexes were submitted to MD simu-
lation for 10 ns in explicit solvent, and the RMSD values of the
complexes were monitored as a function of simulation time.

The atomic electrostatic charges of the ligands were calculated by
means of the RESP procedure,”® that is, fitting them to an electro-
static potential calculated at the HF/6-31G* level of theory using
Gaussian 09 software."” General Amber force field (GAFF) parame-
ters were then assigned to the ligands by the antechamber module
implemented in AMBER9 suite.® Each complex was immersed in a
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truncated octahedral box, the edges of which were located 10 A
from the closest atom of the DNA fragments, and which contains
~4700 water molecules for the poly(dG-dC) dsDNA oligonucleo-
tides, and ~5800 water molecules for the G-quadruplex complexes.
To maintain neutrality in the system, 16 and 38 K* counterions
were added to the solvent bulk of the dsDNA-water complexes
and to the solvent bulk of the G-quadruplex-water complexes, re-
spectively. In the case of the G-quadruplex structure, according to
X-ray data,”! 4 K* ions were placed along the axis within the cen-
tral core of the complex, midway between each G-tetrad. Before
starting the MD simulations, an energy minimization of the com-
plexes was performed by setting a convergence criterion on a gra-
dient of 0.01 kcalmol'A~'. Water shells and counterions were
then equilibrated for 40 ps at 300 K, after which 10 ns of MD simu-
lation in an isothermal-isobaric ensemble was performed without
any restraint on each complex. The ff03 version of the AMBER
force field was used for the DNA fragments and the counterions,”"
whereas the TIP3P model®” was employed to explicitly represent
water molecules. In the production runs, the ligand-DNA fragment
systems were simulated in periodic boundary conditions. The
van der Waals and short-range electrostatic interactions were esti-
mated within a 10 A cutoff, whereas the long-range electrostatic
interactions were assessed by using the particle mesh Ewald
method,® with 1 A charge grid spacing interpolated by fourth-
order B-spline, and by setting the direct sum tolerance to 107°.
Bonds involving hydrogen atoms were constrained by using the
SHAKE algorithm® with a relative geometric tolerance for coordi-
nate resetting of 0.00001 A. Berendsen’s coupling algorithms®!
were used to maintain constant temperature and pressure with
the same scaling factor for both solvent and solutes, and with the
time constant for heat-bath coupling maintained at 1.5 ps. The
pressure for the isothermal-isobaric ensemble was regulated by
using a pressure relaxation time of 1 ps in the Berendsen'’s algo-
rithm. The simulations of the solvated complexes were performed
using a constant pressure of 1 atm and a constant temperature of
300 K. A time step of 2 fs was used in the simulations, which were
carried out with the AMBER9 program suite.*”

MM-PBSA calculations. Free energies were calculated by using the
MM-PBSA method. The electrostatic contribution to the solvation
free energy was calculated with the nonlinear Poisson-Boltzmann
method as implemented in the adaptive Poisson-Boltzmann solver
(APBS)*® program through the AMBER/iAPBS interface. The hydro-
phobic contribution to the solvation free energy was determined
with terms dependent on solvent-accessible surface area. In these
calculations, we used a solvent probe radius of 1.4 A to define the
dielectric boundary, a physiological salt concentration of 0.154 M to
calculate the effect of salt on the free energies, and dielectric con-
stants of 1.0 and 80.0, respectively, for the solute and surrounding
solvent. Atomic charges for DNA fragments and ligands are the
same as those employed in the MD simulations. For atomic radii,
we applied the PARSE®” parameter set. In the case of the G-quad-
ruplex structures, the cations (K*) present within the negatively
charged central channel were also explicitly included in the calcu-
lation. The K ion radius was kept at 2.025 A, based on a previous
study.*® Free energies were estimated by collecting snapshots
every 40 ps during the last 4 ns of the MD simulations.

The entropic contribution was estimated with the normal mode
analysis (Nmode® module of AMBER suite); the snapshots were
minimized in the gas phase for a maximum of 1x10° cycles to
give an energy gradient of 1x10*kcalmol~'A~". Because of the
extensive computational requirement, the normal mode analyses
were performed by considering snapshots collected every 200 ps
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during the last 4ns of the MD simulations. Molecular graphics
were produced with Visual Molecular Dynamics (VMD)®” and Mer-

[61]

cury.
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