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Inhibition of the ability of the enzyme telomerase to add telomeric repeats to the end of
chromosomes is a novel target for potential anticancer therapy. This paper examines the
hypothesis that compounds possessing a planar aromatic chromophore inhibit telomerase via
stabilization of, and binding to, a folded guanine quadruplex structure. Two series of telomerase
inhibitors have been designed based on the 2,6-disubstituted amidoanthracene-9,10-dione and
3,6-disubstituted acridine chromophores in order to investigate structure-activity relationships
between biological activity and substituent group size. The relative binding energies between
these compounds and the folded human telomere DNA quadruplex were determined using
molecular simulation methods, involving explicitly solvated structures. The results obtained
are in excellent agreement with the biological activity as measured in vitro using a modified
TRAP assay and in general agreement with the ranking order of binding enthalpies found in
isothermal titration calorimetry studies. This broad agreement provides strong support for
the hypothesis that guanine quadruplexes are the primary target for telomerase inhibitors
with extended planar chromophores.

Introduction
Telomeres are the noncoding regions of DNA at the

ends of chromosomes.1,2 Their function is to counterbal-
ance the truncation of the chromosome ends that occurs
with each replication cycle3 and thus prevent aberrant
recombination and degradation by exonucleases. Telom-
eres are composed of tandem repeats of short G-rich
sequences, exemplified by the human telomeric se-
quence 5′-TTAGGG. The ability of human germ cells,
immortalized cell lines, and tumor cells to replicate
indefinitely is due, at least in part, to the enzyme telom-
erase, a specialized ribonucleoprotein with reverse tran-
scriptase activity and an intrinsic RNA template on
which further telomeric DNA repeats are synthesized
on to chromosome ends. Telomerase activity has been
detected in 85-90% of all human cancers: there is in-
creasing evidence for telomerase to have a pivotal role
in proliferation, tumorigenesis, and cellular immortaliza-
tion.4-6 It is therefore a potentially highly selective tar-
get for chemotherapeutic intervention.7 It has been
shown that antisense or PNA molecules directed against
the telomerase RNA template can have a high degree
of potency.8

Guanine-rich DNA sequences have the ability to form
four stranded inter- and intramolecular guanine qua-
druplex structures9-12 under conditions of high sodium
or potassium ionic strength. Since the RNA template
of telomerase requires a nonfolded telomeric DNA
primer in order to effect telomere synthesis, the forma-
tion of a telomeric G-quartet structure at high potas-

sium ion levels results in the inhibition of telomerase
function.10,11 A number of small molecules have been
discovered to inhibit the function of telomerase, by act-
ing in an analogous way as potassium ions, to stabilize
G-quadruplex structures,13 which then effectively be-
come trapped and cannot then function as primers for
telomerase. Inhibitors based on the disubstituted tri-
cyclic amidoanthracene-9,10-dione (AQ) chromophore
were initially synthesized in this laboratory.14 Planar
aromatic chromophores are also key structural features
in the inhibitors tetra-[N-methylpyridyl]porphyrin15 and
N,N′-bis[2-1(-piperidino)-ethyl]-3,4,9,10-perylene-tetra-
carboxylic diimide,16 both of which also bind to G-
quadruplexes. Several ligand-G-quadruplex complexes
have been characterized, by spectroscopic and NMR
studies.15a,16 These have shown that discrete complexes
are formed with the folded G-quadruplex structure17

formed by the human telomere repeat d[TAG3(TTAG3)3]
and that a principal binding site is likely to be at the
5′-AG step.

Examination of five series of AQ regioisomers con-
cluded that while the positional placement of the sub-
stituent aminoalkylamido side chains dictates the exact
mode of binding to G-quadruplexes, it did not necessar-
ily affect their ability to inhibit telomerase.14c To im-
prove activity against telomerase, qualitative molecular
modeling has been employed to identify other suitable
chromophores, such as substituted fluorenones.18 These
studies also suggested that the acridine moiety, substi-
tuted in a manner analogous to the 2,7-amidoanthra-
cene-9,10-diones, would have at least comparable G-
quadruplex binding affinity, and hence telomerase activ-
ity, combined with superior physicochemical properties
such as aqueous solubility. The chemistry and biological
properties of these compounds will be reported else-
where.19
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To further improve the rational design of these and
other telomerase inhibitors we present here a detailed
molecular modeling investigation into the effects on
binding of both 2,6-disubstituted amidoanthracene-9,-
10-diones (AQ) and 3,6-disubstituted acridine (AC)
chromophores to the human G-quadruplex structure.17

Systematic variations in the size of the substituent end
groups on AQ and AC molecules have been examined.
Earlier studies on AQ compounds have demonstrated
the requirement of a cationic nitrogen atom at the
terminus of each end group, as part of cyclic pyrrolidino
and piperidino groups, in order for telomerase activity
to be achieved in the low micromolar range.14 Accord-
ingly we have used cyclic ring systems with progressive
increases in ring size (Chart 1).

The predictions and conclusions of the modeling are
compared here with their telomerase inhibitory activity
as measured in a modified TRAP assay.14b,c Since our
approach to the design of telomerase inhibitors is based
on the hypothesis of G-quadruplex stabilization, the
present study provides a searching test for the hypoth-
esis. The lack of a correlation between predicted G-
quadruplex affinity and telomerase activity would in-
dicate that the hypothesis is not a realistic one.
Conversely, the establishment of a correlation can be
taken as strong evidence in its favor and indicates that
further rational ligand design can with confidence be
based on it.

Molecular Modeling
We have adopted an approach to the calculation of

intermolecular energies which is as realistic as possible,
does not require the computational resources needed for
formal free energy computations, and importantly en-
ables a diversity of ligand substitutions to be examined.
Simulations were performed in fully solvated and ionic
environments. Relative binding energies for all com-
pounds in the AQ and AC series were calculated by
subtracting the total interaction energy of the explicitly
solvated drug and its surroundings in a neutral periodic
box from the identical system, when the drug was bound
to the folded human G-quadruplex DNA structure. The
resulting differences in interaction energy correspond
to the relative binding energy. This method is adapted
from a semiempirical method for calculating free energy
of binding first presented by A° qvist and co-workers.20

Although these energies are not identical to absolute
thermodynamic binding energies measured by biophysi-
cal methods, we show here that this approach to the
problem of predicting relative binding interaction ener-
gies for new analogues provides realistic intermolecular

binding energies which do correlate with biochemical
measurements of telomerase inhibition. They also are
in accord with the ranking order of binding enthalpies
determined by isothermal titration calorimetry and
reported below. We have previously shown14c with
equilibrium binding studies that anthraquinone ligands
can form stable 1:1 complexes with the folded human
G-quadruplex. We have developed14c a molecular model
for 1:1 ligand binding to a pseudo-intercalation site at
the 5′-AG step in the folded G-quadruplex structure,
extrapolating from NMR studies on linear quadru-
plexes.15 This forms the basis for the present modeling
studies.

Chemistry

Synthesis of the difunctionalized derivatives 3-7 and
10-14 was accomplished using procedures previously
described14,18,19 (Schemes 1 and 2). Briefly, acylation of
the diamine compounds 1 and 8 with 3-chloropropionyl
chloride then subsequent aminolysis by reflux treatment
with the appropriate amine, in the presence of NaI
catalyst, gave the desired analogues. Compounds were
obtained in good yield and were adjudged pure by
elemental analysis, mass spectrometry, and 1H NMR.
The free-base compounds were only sparingly soluble
in water, hence they were converted into biologically
acceptable acid addition salts in order to improve their
aqueous solubility.

Results and Discussion

The 10 inhibitors used in this study are shown in
Chart 1, with five in each AQ and AC series. Each
successive compound in the two series has progressive
increases in steric bulk by adding an additional carbon
to the substituent group ring. The final compound in
each series incorporates the 1,3,3-trimethyl-6-azabicyclo-
[3.2.1]octano bicyclic system in order to evaluate the

Chart 1. End-Group Substitutions (R) on the Amido-
alkyl Groups Attached to the Anthracene-9,10-dione
(AQ) and Acridine (AC) Chromophores

Scheme 1a

a Reagents and conditions: (i) chloropropionyl chloride, reflux,
2-3 h; (ii) (a) R2N, EtOH, NaI, reflux, 3-4 h, (b) HCl.

Scheme 2a

a Reagents and conditions: (i) chloropropionyl chloride, reflux,
2-3 h; (ii) (a) R2N, EtOH, NaI, reflux, 3-4 h, (b) maleic acid.
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effect of a large hydrophobic bulk while leaving the
cationic nitrogen relatively free to interact with the
G-quadruplex structure. Calculated relative binding
energies for the AQ and AC series are given in Table 1,
with the IC50 results of each compound for in vitro
telomerase inhibition. The clear overall trend in both
series is for the relative binding energy to increase as
the steric bulk of the substituent group is increased, in
excellent qualitative agreement with the telomerase
inhibition data. For each series, there is a large change
in binding energy as the transition is made from seven-
to eight-membered rings; the larger-ring compounds are
all inactive as telomerase inhibitors. Table 2 gives the
binding data for four out of five members of the acridine
series (the relative insolubility of the 1,3,3-trimethyl-
6-azabicyclo[3.2.1]octano derivative precluded a study
of its binding by isothermal titration calorimetry).
Calorimetric data for compound 3 are shown in Figure
1; that for the three other compounds examined is
closely comparable. These data (i) concur with the
assumption of the complexes having 1:1 stoichiometry
and (ii) show that the ranking order of binding enthal-
pies, though not their absolute values, is in overall
qualitative agreement with the calculated binding ener-
gies in Table 1.

The simulations with the AQ series have predicted
that the compound with highest affinity to the human
G-quadruplex structure would be the one with pyrroli-
dine end groups (10). This is reflected in its low
telomerase IC50 value, the lowest for the series. Telom-
erase activity decreases marginally for the six- and
seven-membered ring analogues (11 and 12) and is
effectively abolished for the larger eight-membered ring
(13) and bicyclic (14) derivatives. These trends are
accurately predicted by the relative binding energies
calculated from the simulations. Examination of the
final structures and the dynamic trajectories for all the

AQ simulations reveals that the AQ chromophore posi-
tion is not rigidly defined, but is free to move around in
the binding site (Figure 2D,F). This allows the chro-
mophore to compensate in part for any excessive steric
interactions as a result of larger end groups.

The predicted relative binding energies for the acri-
dine-based compounds again accurately reflect the
trends in the biological data. An initial study conducted
with the AFFINITY program, an automated docking
module21 in the InsightII suite, predicted the AC
compounds to be stronger binding ligands to G-quadru-
plex DNA than the corresponding AQ ones, ostensibly
due the protonated central nitrogen atom in the AC
chromophore. However, although the AC series gener-
ally exhibit slightly superior telomerase activity, it is
not to the degree which we initially anticipated. Ex-
amination of the simulation trajectories and final
structures suggests that differences in chromophore
position are significant factors in ensuring that the
additional charge in the AC series does not dominate,
so that overall binding of the AQ and AC series is
actually broadly equivalent. The cationic center incor-
porated into the aromatic moiety of the AC series
confines the chromophore to a specific position that
limits the size of the end groups that can be accom-
modated. It is evident from all the AC simulations that
the protonated nitrogen atom is located over the center
of the adjacent G-quartet (Figure 2E). The orientation
of the oxygens on each of the four guanines in the
quartet are such that an area of partial negative charge
is formed, strongly attracting partial cationic charges
and formally protonated species. This explains why
cations such as K+ and Na+ have been found to stabilize
G-quartets via their coordination to the guanyl oxygens
and represent a crucial component of the G-quadruplex
system. In contrast, the AQ chromophore has a more
uniform distribution of electron deficiency, with partial
positive atomic charges not being localized at any one
region. This is reflected in the mobility of the AQ
chromophore in the intercalation site; a clear distinction
can be seen when comparing the chromophore trajec-
tories in both series (data not shown). The additional
mobility of the AQ derivatives allows their protonated
side chains to fully maximize electrostatic interactions
with the negatively charged phosphate backbones of the
G-quadruplex.

There is an abrupt change in both predicted relative
binding energy and telomerase activity between com-
pounds with seven- compared to eight-membered end

Table 1. Calculated Energies (kcal/mol) for Anthraquinone (AQ) and Acridine (AC) G-Quadruplex Complexes, Together with IC50
Values for Telomerase Inhibition (µM), from TRAP Assay Studies

DNA + drug in
water box VdW

DNA + drug in
water box

electrostatic

DNA + drug in
water box

total energy

drug in
water box only

VdW

drug in water
box only

electrostatics

drug in water
box only

total energy

calculated
relative

binding energy IC50

AQ G-Quadruplex Complexes
10 -89.3 -211.6 -300.9 -58.2 -201.1 -259.2 -41.7 1.8
11 -83.9 -221.5 -305.4 -83.3 -188.8 -272.1 -33.3 4.5
12 -104.2 -200.8 -305 -80.3 -194.2 -274.5 -30.5 13
13 -103.2 -196.5 -299.7 -90.1 -188.7 -278.8 -20.9 .50
14 -113.2 -209.5 -322.7 -98.1 -201 -299.1 -23.57 .50

AC G-Quadruplex Complexes
3 -78.6 -419.7 -498.3 -66.5 -378 -444.5 -53.8 5.2
4 -83.3 -432.3 -515.6 -87.2 -359.8 -447 -68.6 2.8
5 -92.4 -372.3 -464.7 -83.4 -333.6 -417 -47.7 3.1
6 -79.3 -344.8 -424.1 -86.4 -385.1 -471.5 47.4 .50
7 -111.3 -296.5 -407.8 -90 -426.7 -516.7 108.9 .50

Table 2. Association Constants (K), Number of Molecules
Bound per G-Quadruplex, and Binding Enthalpies (∆H°), from
Isothermal Titration Calorimetry Measurements on Acridine
Complexesa

N K (×104 M-1) ∆H°

3 1.05(04) 9.72(82) -60.8(32)
4 1.10(28) 1.38(26) -20.9(62)
5 1.19(08) 1.38(17) -17.6(17)
6 1.03(22) 0.48(64) -6.9(17)

a The folded human telomere sequence d[AG3(T2AG3)3] was
used, and determinations were performed at 25 °C. No correction
was applied for potential contributions from heats of dissociation
of ligand dimers, which we have previously estimated14c to
contribute no more than 5-10%.
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group rings. This is especially so for the AC series,
where molecule 6 causes significant disruption to the
G-quadruplex structure, resulting in a net positive
binding energy. These positive values reflect the very
considerable loss of interactions between the drug and
DNA when the complex distorts. One possible explana-
tion for this comes from a consideration of the confor-
mational features of the seven- and eight-membered
rings. The interaction of the protonated nitrogen with

the negative phosphates is an important component in
the ability of these compounds to bind to DNA. Increas-
ing the steric bulk around the nitrogen not only shields
it from participating in effective electrostatic interac-
tions but also sterically restricts the formation of the
anchoring hydrogen bonds. Specifically the five-, six-,
and seven-membered rings are each relatively fixed in
one conformation. For example, the lowest energy
conformation for the six-membered ring is very dis-

Figure 1. Calorimetric data for the titration of compound 3 with the quadruplex sequence d[AG3(T2AG3)3], determined at 25.00
( 0.01 °C. Part A shows the time course for titration of drug into buffer. The peaks in the upper panels of A and B represent the
power output associated with each injection of ligand as a function of time. Integration of these peaks gives the corresponding
binding isotherm in the lower panels. Part B shows the titration of drug into DNA, for ligand:DNA ratios between 0 and 6.5:1.
Part C shows the final binding isotherm, obtained by subtraction of the time course in part A from that in part B.
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Figure 2. (A) View of a molecule of compound 11 (showing its solvent-accessible surface) and the adjacent guanine quartet
(showing its dot surface). Note that the chromophore is centrally located. (B) A similar view of a molecule of 13 showing the
relative mobility of the AQ chromophore. (C) A view of a molecule of compound 11, projected onto the plane of the adjacent
guanine quartet. (D) A side view of the human telomere quadruplex structure with the molecule of compound 14 bound. (E) A
view of a molecule of 3, projected onto the plane of the adjacent guanine quartet. Compound 3 possesses a central protonated
nitrogen (shown dark blue) which restricts the freedom of movement of the ligand through its interaction with the guanyl oxygen
atoms. (F) A view of a bound molecule of 13, showing it shifted to one side of the binding site.
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tinctly of chair-type, with the largest substituents in the
equatorial positions. A significant energy barrier must
be overcome in order to flip to the boat conformation,
especially when there are large substituents.

Figure 3 shows the RMS cluster plots for the side
chain ring moieties in the AQ series, with each snapshot
throughout the trajectory being compared to all the
others (only the ring carbon atoms are included). The
resulting plot reveals the scale of the conformational
differences seen throughout the simulation, where large
changes in ring conformation produce a spreading of
cluster points into the region of high RMS values.
Unsurprisingly, the rigidity of the five- and six-
membered rings is reflected in their virtually identical
cluster plots, (only that for compound 11 is shown;
Figure 3A), where the majority of the cluster points are
very close at low RMS values. There are two noticeable
families of conformations for the seven-membered ring,
one comprising chair and twist-chair, the other boat and
twist-boat conformers. The situation is quite similar to
that for the six-membered ring compound, except that
in this case the chair is part of a family of flexible
conformations, with the twist-chair being slightly more

stable due to eclipsing at the flat end. The cluster plot
(Figure 3B) reflects this pseudo-rotation as the cluster
points are far more spread out and reach into the region
of larger RMS values. The eight-membered ring has the
freedom to pseudo-rotate between the conformations in
each family, although the boat-chair family is signifi-
cantly more stable than the other families.22 This
feature is readily observed in the trajectories of this
compound and results in a cluster plot (Figure 3C),
where the majority of the conformations remain in the
boat-chair family, with some pseudo-rotating into other
families during the trajectory. Consequently, the mobil-
ity of the eight-membered ring is enhanced, and the end
group struggles to maintain the hydrogen bonds to the
backbone, reducing its effective binding.

The bicyclic 1,3,3-trimethyl-6-azabicyclo[3.2.1]octano
derivatives, on the other hand, still remain rigidly
restrained and disrupt the quadruplex structure by
expanding the grooves solely on account of their sizes
see the low region of RMS values in the cluster plot for
the bicyclic compound (Figure 3D). The expansion of
groove widths has been monitored by measuring the
distance between the backbone phosphate groups on

Figure 3. Cluster plots of the RMS deviations in atomic positions for the cyclic carbon atoms alone of the anthracene-9,10-dione
derivatives, following the superposition of every snapshot from each molecular dynamics simulation of a quadruplex complex:
(A) for 11, (B) for 12, (C) for 13, (D) for 14. In each case the y-axis represents snapshot number, going from 1 to 80.
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adjacent strands, at the pseudo-intercalation site of
ligand binding. A clear trend is apparent, with groove
width increasing steadily with substituent group steric
bulk. P‚‚‚P distances are 11.5, 12.4, and 13.5 Å for the
five-, six-, and seven-membered ring compounds, re-
spectively. For the eight-membered ring compounds 6
and 13, the ligand is shifted out of the intercalation site
(Figure 2F), and the groove widths reduce to 10.9 Å, a
clear indication that the eight-membered ring cannot
be readily accommodated in the grooves. This is par-
ticularly noticeable in Figure 2B, where the side chain
protrudes out of the DNA groove to a much greater
extent than, for example, the corresponding pyrrolidine
analogue (Figure 2A). The bicyclic analogues 7 and 14
produce an increase in groove width of approximately
2-3 Å compared to the pyrrolidine compounds. This
results in a severe distortion of the ligand-G-quadru-
plex complex, although the side chains of the ligands
still maintain relatively stable electrostatic interactions
with the backbone phosphate groups (Figure 2D).

We conclude that this molecular modeling study has
been successful in correctly predicting (i) the relative
G-quadruplex binding abilities and (ii) telomerase in-
hibitory activities of two series of planar aromatic
telomerase inhibitors. This provides strong correlative
support for the hypothesis that the mode of action of
these molecules is via interaction with four-stranded
G-quadruplex DNA structures14a,15,23 and provides a
firm foundation for further structure-based rational
design of ligands with enhanced selectivity and activity.

Experimental Section

Molecular Modeling. The InsightII suite of programs and
the CFF force field developed and validated by Molecular
Simulations Inc. was used for all model building and calcula-
tions.24 The coordinates for the solution NMR structure17 of
the folded intramolecular G-quadruplex human telomeric
repeat d[TAG3(TTAGGG)3] (Protein Data Bank entry 143D)
were used as an initial starting model. This system was
initially subjected to molecular mechanics energy minimization
(1000 steps steepest descent and 3 × 1000 steps Polak-Ribiere
conjugate gradient), followed by 140 ps of molecular dynamics
simulation (1.5 fs time step, at 300 K). The subsequent time-
averaged structure was further minimized (1000 steps steepest
descent and 3 × 1000 steps Polak Ribiere conjugate gradient)
and used as the basis for all further modeling studies.

A pseudo-intercalation site was introduced between the
diagonal T2A loop and the G-quartet segment of the structure
(at the 5′-AG step) by breaking the two phosphate backbones
and separating the two halves of the structure so that the
separation of the A‚G base pair and G-quartet increased from
3.4 to 6.8 Å. The sugar-phosphate chains were reconnected,
and molecular mechanics energy minimization (1000 steps
steepest descent with line searching followed by 1000 steps
conjugate gradient) was used to relieve any resulting steric
distortion while retaining the intercalation geometry between
G-quartet and loop motifs by means of appropriate positional
restraints.

Molecular models of the five derivatives in each AQ and AC
series were built and energy minimized using the same
computational steps as described for the G-quadruplex. The
minimized ligands were, in turn, docked into the intercalation
site. Initially, several possible orientations of the drugs in the
intercalation site were evaluated using manual docking within
the AFFINITY21 module of the InsightII package. This method
enables the rapid estimation of potentially low energy positions
to be made while simultaneously monitoring electrostatic and
van der Waals contributions to the total interaction energy.
Fixed docking was then employed to examine the most

favorable orientations more thoroughly using a Monte Carlo
procedure while allowing the drug atoms and defined binding-
site atoms to move. If the resulting ligand/receptor system was
within the predefined energy tolerance of the previous struc-
ture, the system was subjected to minimization. The resulting
structure was accepted based upon an energy check, which
uses Metropolis criterion, and also a check of the RMS distance
of the new structure versus structures found so far. The final
conformations of each drug-DNA complex were then obtained
through a further round of 100 steps of minimization where
the resulting interaction energy values were used to define a
ranking order.

The highest ranked structure in each case was placed in a
45 Å cubic cell. A sodium counterion was positioned between
each pair of guanine quartet planes, as described in the crystal
structure of the d(TG4T) quadruplex.25 An additional 22 sodium
counterions were included to neutralize the charge of the DNA
backbone. Chlorine ions were included at random positions
within the cell to neutralize the charge on the inhibitor (two
anions for the anthracene-9,10-dione structures, three anions
for the acridine structures) and a further two chlorine ions
were added to balance the sodium cations between the guanine
quartets. The cell was then solvated with explicit preequili-
brated water molecules.

The equilibration protocol comprised 1000 steps of steepest
descent/conjugate gradient minimization, followed by a 20 ps
simulation while constraining the DNA, inhibitor, and ions.
The constraints were removed and a further 300 steps of
minimization were performed, followed by a 30 ps simulation
during which the DNA, inhibitor, and ions were restrained.
These restraints were gradually relaxed during this simula-
tion. The final production simulation was 110 ps in duration,
and restraints were placed on the guanine amino groups to
ensure their coplanarity with the ring system.

The telomeric DNA and its associated backbone counterions
were deleted from the initial structure before solvating the 45
Å cubic cell. The resulting neutral system was equilibrated in
an identical manner to the inhibitor/DNA complex. After
analyzing the trajectories for one free inhibitor, it was found
that a production run of 50 ps was of sufficient duration to
obtain a stable interaction energy with the solvent.

The time-averaged structures from the resulting trajectories
were minimized (3000 steps) to yield the final structure to be
used for interaction energy measurements. This was ac-
complished using the DOCKING module available as part of
the Insight II molecular modeling package. Direct calculations
of the contributions of the van der Waals and electrostatic
components of the total interaction energy between each ligand
and its environment were made for both the bound and
unbound states.

Isothermal Titration Calorimetry. Calorimetric experi-
ments on compounds 3-7 were carried out using the isother-
mal titration module of a Microcal MCS high-sensitivity
titration calorimeter (Microcal Inc., Northampton, MA). Data
acquisition and analysis were performed using the Origin 4.10
software package (supplied by the manufacturer). All experi-
ments were conducted at 25.00 ( 0.01 °C in aqueous buffer
(10 mM Tris HCl, 150 mM KCl, pH 7.0). The human telomeric
DNA sequence d[AG3(T2AG3)3] was purchased from Oswel Ltd.
(Southampton, U.K.) and was used without further purifica-
tion. Nondenaturing polyacrylamide gels were used to show
that a single folded species was formed in the presence of the
KCl and that this was indistinguishable from that formed in
the presence of NaCl. Binding isotherms were determined by
serial 5 µL injections of ligand solution (1.4 mM) at 400 s
intervals from a 250 µL syringe rotating at 400 rpm into DNA
solution (37 µM). The raw calorimetric data were integrated
and corrected for sample concentration and cell volume af-
fording the heat output per injection. Control experiments
were performed to determine the heats of dilution for ligand
titrated into buffer, and the binding isotherm for each ligand-
DNA interaction was calculated by subtraction of the heat of
dilution.14c The binding enthalpy (∆H°), equilibrium binding
constant (Kb), and stoichiometry (n) for each ligand-DNA
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interaction were determined from the corrected binding iso-
therms using a nonlinear least-squares fitting procedure. It
was not possible to obtain reliable data on several compounds
in the AQ series, due to solubility problems, so only data on
the AC series is reported here.

Synthetic Chemistry. Melting points (mp) were recorded
on a Leica Galen III hot-stage melting point apparatus and
are uncorrected. NMR spectra were recorded at 250 MHz on
a Bruker AC25O spectrometer in either Me2SO-d6 or CDCl3

solution at 303 ( 1 K using Me4Si as internal standard. EI
(70 eV), FAB, and accurate mass spectra were determined by
The School of Pharmacy (University of London, U.K.). Elemen-
tal analyses were carried out by Medac Ltd. (Brunel Science
Center, Egham, Surrey, U.K.); results for elements indicated
by symbols were within (0.4% of theoretical values. TLC was
carried out on silica gel (Merck 60F-254) using CHCl3-MeOH
as eluent, with visualization at 254 and 366 nm. 3-Chloropro-
pionyl chloride was freshly distilled before use. Organic
solutions were dried over sodium sulfate.

2,6-Bis(3-chloropropionamido)anthracene-9,10-dione (9) was
prepared as previously described.14b,c,d The synthesis of com-
pound 11 has also been previously reported by us.14d

2,6-Bis(3-chloropropionamido)acridine (2). A solution
of proflavine (5 g, 23.9 mmol) in 3-chloropropionyl chloride (20
mL) was refluxed for 2 h, cooled to 0 °C, filtered, and washed
with EtOH (2 × 30 mL) and ether (2 × 20 mL). Recrystaliza-
tion from DMF-EtOH (5:1 v/v) gave the propionamide 2 (7.87
g, 92%) as dark yellow crystals: NMR (DMSO) δ 3.06 (4H, t,
J ) 5.9 Hz, COCH2CH2Cl), 3.96 (4H, t, J ) 5.9 Hz, COCH2CH2-
Cl), 7.85 (2H, d, J ) 9.1 Hz, H-2,7), 8.36 (2H, d, J ) 9.1 Hz,
H-1,8), 8.89 (2H, s, H-4,5), 9.59 (1H, s, H-9), 11.42 (2H, s br,
CONH).

3,6-Bis(3-piperidinopropionamido)acridine (4). To a
stirred refluxing suspension of 3,6-bis(3-chloropropionamido)-
acridine (1.50 g, 3.8 mmol) and NaI (0.3 g) in EtOH (50 mL)
was added dropwise piperidine (2.5 mL, 30 mmol) in EtOH
(10 mL). The mixture was stirred at reflux for 3 h, cooled to 0
°C, filtered, and washed with ether (50 mL). Recrystallization
from DMF-EtOH (4:1 v/v) gave 4 (1.53 g, 82%) as a pale yellow
solid: mp 249-250 °C; NMR (CHCl3) δ 1.61 (4H, m, N(CH2-
CH2)2CH2), 1.77 (8H, m, N(CH2CH2)2CH2) 2.59 (4H, t, J ) 6.3
Hz, COCH2CH2N), 2.61 (8H, m, N(CH2CH2)2CH2), 2.72 (4H,
t, J ) 6.3 Hz, COCH2CH2N), 7.92 (4H, m, H-1,2,7,8), 8.16 (2H,
m, H-4,5), 8.60 (1H, s, H-9), 11.79 (2H, s br, CONH); MS (rel
intensity) m/z 488 (100), calcd ([M + H]+) 488.3026, found
488.3040. Anal. (C29H38N5O2) C, H, N. Trihydrochloride salt
mp 256-258 °C.

3,6-Bis(3-pyrrolidinopropionamido)acridine (3). The
general procedure using pyrrolidine gave 3 (1.37 g, 78%) as a
pale yellow solid: mp 251-252 °C; NMR (DMSO) δ 1.95 (8H,
m, N(CH2CH2)2), 2.61 (4H, t, J ) 6.2 Hz, COCH2CH2N), 2.73
(8H, m, N(CH2CH2)2), 2.90 (4H, t, J ) 6.2 Hz, COCH2CH2N),
7.9 (6H, m, H-1,2,4,5,7,8), 8.58 (1H, s, H-9), 11.68 (2H, s br,
CONH); MS (rel intensity) m/z 460 (100), calcd ([M + H]+)
460.2713, found 460.2700. Anal. (C27H34N5O2) C, H, N. Trihy-
drochloride salt mp 266-267 °C.

3,6-Bis[3-(hexamethyleneimino)pipiperizinopropio-
namido]acridine (5). The general procedure with hexa-
methyleneimine gave 5 (1.57 g, 79%) as pale yellow crystals:
mp 245-246 °C; NMR (CDCl3) δ 1.80 (16H, m, CH2), 2.54 (4H,
m, COCH2NH2N), 2.82 (12H, m, NCH2), 7.92 (4H, m, H-1,2,7,8),
8.16 (2H, m , H-4,5), 8.60 (1H, s, H-9), 11.79 (2H, s br, CONH);
MS (rel intensity) m/z 516 (100), calcd ([M + H]+) 516.3399,
found 516.3381. Anal. (C31H41N5O2) C, H, N. Trihydrochloride
salt mp 246-248 °C.

3,6-Bis[3-(heptamethyleneimino)pipiperizinopropio-
namido]acridine (6). The general procedure with hepta-
methyleneimine gave 6 (1.32 g, 66%) as yellow crystals: mp
241-242 °C; NMR (CDCl3) δ 1.49 (20H, m, CH2), 2.51 (12H,
m, NCH2), 2.81 (4H, t, J ) 6.5 Hz, COCH2CH2N), 7.92 (4H,
m, H-1,2,7,8), 8.16 (2H, m, H-4,5), 8.60 (1H, s, H-9), 11.79 (2H,
s br, CONH); MS (rel intensity) m/z 248 (100), calcd ([M +
H]+) 544.3652, found 544.3623. Anal. (C33H44N5O2) C, H, N.
Trihydrochloride salt mp 223-224 °C.

3,6-Bis[3-(1,3,3-trimethyl-6-azabicyclo[3.2.1]octano)-
propionamido]acridine (7). The general procedure with
1,3,3-trimethyl-6-azabicyclo[3.2.1]octane gave 7 (1.80 g, 75%)
as orange crystals: mp >360 °C; NMR (CDCl3) δ 1.00 (6H, s,
CH3), 1.11 (6H, s, CH3), 1.25 (4H, m, CH2), 1.34 (6H, s, CH3),
1.46 (4H, m, CH2), 1.68-1.89 (4H, m, CH2), 2.22 (2H, m, CH),
2.50 (4H, t, J ) 5.3 Hz, COCH2), 2.80-3.05 (4H, m, COCH2-
CH2N), 3.20-3.30 (4H, m, CH2), 7.92 (4H, m, H-1,2,7,8), 8.16
(2H, m, H-4,5), 8.60 (1H, s, H-9), 11.79 (2H, s br, CONH); MS
(rel intensity) m/z 624 (100), calcd ([M + H]+) 624.4278, found
624.4236. Anal. (C39H53N5O2) C, H, N. Trihydrochloride salt
mp 218-220 °C.

2,6-Bis(3-pyrrolidinopropionamido)anthracene-9,10-
dione (10).The general procedure using pyrrolidine gave 10
(1.94 g, 94%) as a brown powder: mp >300 °C dec; NMR
(DMSO) δ 1.68 (8H, m, N(CH2CH2)2), 2.50 (8H, m, N(CH2-
CH2)2), 2.57 (4H, t, J ) 6.8 Hz, COCH2CH2N), 2.74 (4H, t, J )
6.8 Hz, COCH2CH2N), 8.05 (2H, dd, J ) 8.6 and 2.0 Hz, H-3,7),
8.15 (2H, d, J ) 8.6 Hz, H-4,8), 8.44 (2H, d, J ) 2.0 Hz, H-1,5),
and 10.70 (2H, s, D2O removes, CONH); MS (rel intensity) m/z
488 ([M]•+, 4), 417 ([M-C4H9N]•+, 8), 346 ([M-C8H18N2]•+, 34),
292 ([M-C11H20N2O]•+, 20), 238 ([M-C14H22N2O2]•+, 7), 84
([C5H10N]•+, 42), and 55 ([C3H3O]•+, 100). Anal. (C28H32N4O4‚
0.25H2O) C, H, N. Diacetate: mp >300 °C dec.

2,6-Bis[3-(hexamethyleneimino)propionamido]an-
thracene-9,10-dione (12). The general procedure using hex-
amethyleneimine gave 12 (1.28 g, 65%) as a pale yellow solid:
mp >360 °C; NMR (CDCl3) δ 1.80 (16H, m, CH2), 2.54 (4H, m,
COCH2), 2.82 (12H, m, NCH2), 8.06 (2H, d, J ) 2.1 Hz, H-1,5),
8.26 (2H, d, J ) 8.5 Hz, H-4,8), 8.34 (2H, dd, J ) 8.5 and 2.1
Hz, H-3,7), 11.99 (2H, s, D2O removes, CONH); MS (rel
intensity) m/z 545 (100), calcd ([M + H]+) 545.3128, found
545.3110. Anal. (C32H40N4O4) C, H, N. Maleate: mp 202 °C.

2,6-Bis[3-(heptamethyleneimino)propionamido]an-
thracene-9,10-dione (13). The general procedure using hep-
tamethyleneimine gave 13 (1.89 g, 92%) as a yellow solid: mp
258-259 °C; NMR (DMSO) δ 1.49 (20H, m, CH2), 2.51 (12H,
m, NCH2), 2.81 (4H, t, J ) 6.5 Hz, COCH2), 8.10 (2H, dd, J )
8.6 and 2.0 Hz, H-3,7), 8.16 (2H, d, J ) 8.6 Hz, H-4,8), 8.42
(2H, d, J ) 2.0 Hz, H-1,5), 10.56 (2H, s, D2O removes, CONH);
MS (rel intensity) m/z 573 (100), calcd ([M + H]+) 573.3441,
found 573.3420. Anal. (C34H44N4O4) C, H, N. Maleate: mp
189-190 °C.

2,6-Bis[3-(1,3,3-trimethyl-6-azabicyclo[3.2.1]octano)-
propionamido]anthracene-9,10-dione (14). The general
procedure using 1,3,3-trimethyl-6-azabicyclo[3.2.1]octane gave
14 (3.3 g, 70%) as a yellow solid: mp 255-256 °C; NMR
(CDCl3) δ 1.00 (6H, s, CH3), 1.11 (6H, s, CH3), 1.25 (4H, m,
CH2) 1.34 (6H, s, CH3), 1.46 (4H, m, CH2), 1.68-1.89 (4H, m,
CH2), 2.22 (2H, m, CH), 2.50 (4H, t, J ) 5.3 Hz, COCH2), 2.80-
3.05 (4H, m, COCH2CH2N), 3.20-3.30 (4H, m, CH2), 8.09 (2H,
d, J ) 2.1 Hz, H-1,5), 8.25 (2H, d, J ) 8.5 Hz, H-4,8), 8.35
(2H, d, J ) 8.5 and 2.1 Hz, H-3,7), 11.24 (2H, s, D2O removes,
CONH); MS (rel intensity) m/z 653 (100), calcd ([M + H]+)
653.4067, found 653.4040. Anal. (C40H52N4O4) C, H, N. Male-
ate: mp 204 °C.

Modified Telomeric Repeat Amplification Protocol
(TRAP) Assay. The ability of agents to inhibit telomerase in
a cell-free assay was assessed with a modified TRAP assay
using extracts from exponentially growing A2780 human
ovarian carcinoma cells as described previously.14b,c,18 The
TRAP assay was performed in two steps: (a) telomerase-
mediated extension of the forward primer (TS: 5′-AATC-
CGTCGAGCAGAGTT, Oswel Ltd., Southampton, U.K.) con-
tained in a 40 µL reaction mix comprising TRAP buffer (20
mM Tris-HCl (pH 8.3), 68 mM KCl, 1.5 mM MgCl2, 1 mM
EGTA, 0.05% v/v Tween 20), 0.05 µg bovine serum albumin,
50 µM of each deoxynucleotide triphosphate, 0.1 µg TS primer,
and 3 µCi of [R-32P]dCTP (Amersham plc, U.K.). Protein (0.04
µg) was then incubated with the reaction mix ( agent (acid
addition and quaternary dimethiodide salts) at final concen-
trations of up to 50 µM for 20 min at 25 °C. A lysis buffer (no
protein) control, heat-inactivated protein control, and 50%
protein (0.02 µg) control were included in each assay. (b) While
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heating at 80 °C in a PCR block of a thermal cycler (Hybaid,
U.K.) for 5 min to inactivate telomerase activity, 0.1 µg of
reverse CX primer (3′-AATCCCATTCCCATTCCCATTCCC-5′)
and 2 units of Taq DNA polymerase (“red hot”, Advanced
Biotechnologies) were added. A three-step PCR was then
performed: 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 1 min
for 31 cycles. Telomerase-extended PCR products in the
presence or absence of compounds were then determined either
by (a) electrophoretic separation using 8% w/w acrylamide
denaturing gels and analysis by phosphorimaging or autora-
diography or by (b) harvesting on Whatman filters (25 mm
glass microfiber) and analysis by liquid scintillation counting.
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