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Trisubstituted Acridines as G-quadruplex Telomere Targeting Agents. Effects of Extensions of
the 3,6- and 9-Side Chains on Quadruplex Binding, Telomerase Activity, and Cell Proliferation
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The synthesis is reported of a group of 3,6,9-trisubstituted acridine compounds as telomeric quadruplex-
stabilizing ligands with systematic variations at the 3-, 6-, and 9-positions. A new microwave-assisted
methodology has been developed for trisubstituted acridine synthesis. Strtattivity relationships are
reported using surface plasmon resonance and a fluorescence melting assay to examine quadruplex binding,
together with a telomerase inhibition assay. These reveal relationships between G-quadruplex stabilization
and telomerase inhibition and optimal 3,6- and 9-substituent side-chain lengths for maximal activity.
Qualitative molecular modeling using molecular dynamics simulations has been undertaken on four
guadruplex-DNA complexes. Long-term exposure of MCF7 cancer cells to a subset of the most active
compounds, at doses lower than theg@alues, showed that one compound produced a marked decrease

in population growth, accompanied by senescence, which is consistent with telomere targeting by this agent.

Introduction identified as one of the key stages in oncogenic transformétion.
Telomerase function and telomere capping have thus developed
into promising targets for anticancer chemotherapfies.

In addition to the targeting of the enzyme itself, a number of
ways of influencing the DNA substrate of the enzyme itself
have been studied, thus opening the way to compounds with a
dual role as initiators of telomere uncapping and telomerase
inhibitors. These two functions would be expected to result in
short-term and long-term effects respectively, by contrast with
other types of telomerase inhibition, which have focused on the
latter, with attendant problems of an extended time lag.

The single-stranded telomeric overhang which is used by
telomerase as a primer during the elongation phase of its action
is capable of forming four-stranded DNA G-quadruplex struc-
tures!”-18In vitro, the use of small molecule ligands to stabilize
such structures in DNA sequences mimicking the telomeéric 3
%verhang has been shown to result in the inhibition of telomerase
activity.19-23 Furthermore, cell culture experiments with a
number of these compounds have been shown to have pro-
nounced effects on cancer cell liMds?® suggesting that
stabilization of such structures is incompatible with the correct
T S - functioning of telomerase and cancer cell telomere maintenance
participation in maintaining telomere_ homeostasis and other in general, thereby causing destabilization of the telomere cap
putative roles in DNA-damage signaling pathways. and associated processes. The postulated mechanism of action

Telomeres are differentially regulated in normal somatic cells gf these compounds is a denial of access to the telomere, both
compared to cancer cells, primarily through differing levels of for telomerase and other telomere-associated proteins, such as
active telomerase enzyme. The correlation between the detectioripe length-mediating single-strand-binding protein PGT2?
of high levels of active telomerase in cancer cells and its absencerhis can then lead to uncappiftcausing chromosomal end-
or down-regulation in surrounding noncancerous cells has beens-end fusiong? cell cycle arrest, and growth inhibition. Other
well established? 4 and the activation of telomerase has been sydies have also shown that the stabilization of quadruplexes
with small molecules hinders the ability of telomere-associated
* Corresponding author. Tel 44 207 753 5969. Fax 44 207 753 5970. helicases such as BLM and WRN to unwind these higher-order

Telomere status is maintained and regulated in all cells
through a complex capping mechanism that prevents chromo-
somal ends from being recognized as damaged DNA and allows
faithful chromosome replication during the cell cyéA host
of telomere-associated proteins (including TRF1, TRF2, and
POT1) ensure that the telomere, which typically consists of
several kilobasepair of double-stranded, G-rich DNA and a
100-200 bp single-stranded overhang on tHestand, does
not elicit DNA-damage response pathways or lead to abnormal
chromosomal rearrangements. Exposure of the '3end due
to uncapping results in cellular senescence and apogtosis.

The enzyme telomerase plays a crucial role in capping
assembl?28 It allows the extension of telomeres shortened over
successive rounds of replication due to the end-replication effect,
and in the absence of this process, telomeres are observed t
become critically short after a number of rounds of replication,
thus triggering growth arrest and replicative senescence or
apoptosi€ 11 It can thus be seen to work on two levels, the
more basic level being templating and extension of the telomere
3'-overhang while the higher level involves more general
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Figure 1. Trisubstituted anilinoacridines.

compound and the colocalization of cytoplasmic hTERT with
ubiquitin, suggesting that the induced displacement of the

enzyme from the telomere targets it for enhanced degradation.

Inhibition of telomerase is thus an important effect associated
with telomere-targeting agents, but the full mechanism of action
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heterogeneous reaction mixtures from which only a small
amount of product acridone (2% in the cas&pand unreacted
starting material were obtained. Use of pyrrolidine as solvent
led to complete consumption of the starting material; however,
isolation of solid acridone materials from concentrated reaction
mixtures by partition between basic aqueous and organic phases
proved frustrating and irreproducible at times, as highlighted
in the synthesis oB, where an oily residue was frequently
encountered. Employing cosolvents such as DMF and acetoni-
trile produced similar results, with hard to manipulate oily
residues being produced. Analysis of reaction products by LC/
MS indicated peaks [(M- C4HoN)H™, (M — C4HoN)H2T, (M

— (C4HgN)2)HT, (M — (C4HgN)2)HZF] consistent with species
arising from elimination of a pyrrolidine fragment {&N).
Given our concerns regarding the questionable stability of

is expected to occur through multiple pathways involving the g_chioroacridines, it was important at this stage of the synthesis
onset of senescence and apoptosis as well as the elicitation o, gptain pure acridone. Given the notorious insolubility of

a DNA-damage response. Although early models of telomeraseacridones' a reputation upheld By-10, practical purification

inhibition suggested that a drawback of telomerase-targeted

therapies would be the extended time lag required before
telomeres reached critically shortened lendfs;372 clear

evidence is emerging that G-quadruplex telomere-targeted agents
can influence events at the telomere on a much shorter time

scale, both in vitro and in vivét37

A large number of mostly planar, aromatic compounds have
been shown to be G-quadruplex-stabilizing ligands, including
those based on a central acridine scaff§id! We have
previously reported on a number of such trisubstituted acridine
analogues with a variety of side-chain modifications and
stereoisomer variations, with the best compounds exhibiting
strong G-quadruplex binding, high selectivity for quadruplex
over duplex DNA, and accompanying telomerase inhibitory
activity in the nanomolar rangé:2038.3%We present here data
from biophysical, biochemical, and cellular studies showing that
selective binding of 3,6,9-anilinoacridines (Figure 1) to qua-
druplex telomeric DNA correlates with telomere targeting and
telomerase inhibition and that there are optimal 3-, 6-, and
9-side-chain lengths for maximal activity. In addition to the use

of two biophysical methods (FRET and SPR assays) and the

biochemical TRAP assay, molecular dynamics simulations were
used to examine qualitative structuractivity relationships for
interaction with quadruplex DNA, with respect to variations at
the 3- and 6-positions.

Results

Chemistry. Following methodology adapted by us to a
generic synthesis df (n = 2),204%acridinesle—g (wheren =
2) were prepared via the key 9-chloroacridine intermedidte
(Scheme 1). The diaminoacridor2*! was acylated with
3-chloropropionyl chloride followed by amination with pyrro-
lidine and activation with phosphorus pentachloride and phos-
phoryl chloride to givell typically with an overall yield of
27% over the three steps. Heating a methanolic solution of
with the required anilinel5a—c, prepared in a three-step
sequence from available 4-nitroaniline, furnished pliee-g
typically in 55-61% yield from11 (overall yield from2 15—
16%) after purification by repeated flash chromatography.

The synthesis of 3,6-extended acridiiés-d and1h—j was
effected with modifications necessary to dissect differences in
reactivity and solubility of acridoneg{-6) and stability of the
9-chloroacridines {1—-14) relative to compound§ and 11,
respectively.

Initial attempts at the synthesis of acridoi@s10 employed
conditions developed for the preparatior7df However, these
conditions (heating with excess pyrrolidine in ethanol) gave

methods are limited to washing or recrystallization with alcohol
or alcohol/DMF mixtures. These techniques, however, have not
proved effective in the purification of acridon8&s-10.

The impurities associated with acridong@s10 were found

to be transmitted along the synthesis pipeline. Analysis by LC/
MS of 9-chloroacridine intermediatel?—14 again indicated
the presence of elimination products and respective acridone
8—10, which had either remained unreacted or resulted from
hydrolysis of the 9-chloroacridine when isolated from the
reaction mixture. As feared, the 9-chloroacridii@s-14 proved

to be unstable, in contrast tbl, which can be stored, not
permitting purification at this point in the synthesis, k-14
were submitted immediately to the final couplings with excess
aniline. Target acridines were found to be thermally labile with
elimination of pyrrolidine to provide an olefinic product as
observed by'H NMR analysis. Heating was restricted in the
final coupling reaction to apprehend this elimination but with
the effect of decreasing reaction efficiency. Crude mixtures were
obtained whose components included target acridine, aniline,
acridone, and elimination products from which pure target
acridines were extruded by repeated flash chromatography. Thus,
the serieslb—d (R = N(CHs);, n = 3-5) and1h—j (R =
3-(pyrrolidin-1-yl)propionamidoanilina) = 3—5) were prepared

in respective overall yields of-14% and 2-6% from2, which

are lower than that observed for the synthesis of 3,6-bis-
propionamidoacridinete—g (n = 2) (overall yield 15-16%).

It was considered that problems associated with this synthetic
route may be bypassed by employing a route centered on 3,6-
diazido-9-chloroacridine 16), readily available from2 by
diazotization and then treatment with thionyl chlorfddn a
step that introduces the 9-substituent earlier in the synthesis,
compoundl6 was coupled with the aniliné5b to give pure
9-substituted diazido acridin&T) in 83% yield [cf an average
yield of 13% when introducing the 9-substituent later in the
synthesis (Scheme 1)]. Catalytic hydrogenatiofidproceeded
smoothly (67%) to givel8. With the application of microwave
heating, the 3,6-bis(chloroalkylamido) derivativiE®-21 were
able to be prepared in parallel with yields ranging from 60 to
80%. Reaction with pyrrolidine at only room temperature
furnished pure target acridine in an average yield of 57%, after
only one round of flash chromatography.

Comparing the two synthetic routes presented, we find that
acridineslh, 1i, 1j are prepared in higher overall yield (19%,
24%, 9%, respectively) by employing the diazido route (Scheme
2) compared to the 9-chloroacridine route (Scheme 1) (3%, 6%,
2%), which is notable as the diazido route is a longer synthesis
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Scheme 1.9-Chloroacridine Route to 3,6,9-Trisubstituted Acridies
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a(i) CI(CH2)n=2-sCOCI, 80°C; (ii) pyrrolidine, A; (iii) PCls, POCE, A; (iv) 15a—c or N,N-dimethylaminoaniline, MeOHA.

by two steps. In addition, the diazido route is advantageous as In terms of the 3,6-extended analogdésind1h—j, the 3,6-
cleaner chemistries are employed. bis-butanamido derivativéh gave a relatively low FRET value
FRET Assays of Quadruplex Binding.The melting curves ~ (ATm = 22.63°C), whereas the shortest 3,6-bis-propionamido
obtained for compoundbka—d were all of the same shape with derivative 1f and longest 3,6-bishexanamido derivatitg
a major transition' y|e|d|ng a [Con&ﬂm=20<,c value and a Sma”' showed the greatest stabilization. The 9-modified acridirees
minor transition occasionally observed at lower temperatures and1g compare well with the 3,6-modified acridinésand 1]
(Table 1). Only the major melting transitions are reported here, and have markedly highekTy, values tharth.
as the smaller transitions were not large enough to yield TRAP Assays of Telomerase Activity.Compounddla and
consistently accurate temperature measurements. For the mairib both show sub-micromolar inhibition of telomerase activity,
melting step, the trend across the series was one of decreasingn agreement with an earlier study @a.1°2°The®ECs, value
quadruplex stabilization with increasing side-chain length. for this compound reported here (113 nM) is within experimental
Comparing FRET results for extended acridides-d and error of the two previously reported values (95 and 115 nM,
le—j has been hampered by the inconsistent shape of some'espectively). A large decrease in telomerase inhibitory activity
me|[ing curves, which may be quantified by the poor cor- was found with increasing side-chain eIongation (Table 1) This
respondence betweexil,, and [Conc};Tm:ZGC values. In some closely paraIIeIS the trend in the FRET assay data for these four
cases it is difficult to discern obvious trends. For 3,6-bis- compounds but is much more striking in the TRAP data, with
propionamido acridines modified at the 9-positids;-g, there 1c and 1d exhibiting *ECso values of 1.9 and 6.%M,
is a slight increase in Ty, with 9-substituent length that plateaus, respectively.
although such a trend does not hold when comparing the Acridine 1f was found to be the most potent telomerase
[conclat,=20c parameter. inhibitor (®ECso = 67.4 nM) of the compounds presented in
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Scheme 2.Diazido Route to 3,6,9-Trisubstituted Acridides
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Table 1. Quadruplex FRET and TRAP Déta Table 2. SPR Data

ATm(1uM) [conclt,=20cc  error lECso error ratio
compd (°C) M) (uM) (nM) (nM) Kdspna Kcapna (Kgapnal
1a 275 07 01 113 1 compd (x1P MY (x1P MY Kdspna)
1b 16.5 1.1 0.1 99 2 la 1.0 31.0 31.0
1c 6.8 2.1 0.1 1930 320 1b 0.1° 4.8 48.0
1d 4.7 2.6 0.1 6910 1400 1c 0.4 1.8 45
le 34.8 0.3 0.02 167 16.1 1d 0.1 0.6 5.8
1f 37.6 0.1 0.01 67 15 le 6.8 74.0 10.9
1g 37.9 0.3 0.01 117 7.9 1f 1.0 29.0 29.0
1h 22.6 0.7 0.08 326 16.1 1g 6.0 77.0 12.8
1i 36.2 0.3 0.01 255 23.3 1h 5.0 3.0 0.6
1j 39.3 0.3 0.00 146 1.8 1i 0.7 11 1.6
22 14.6 2.5 0.4 5200 nd 1j 0.3 18.0 72.0
23 5.5 13.8 1.7 >20000 nd 22 1.1 1.3 1.2
23 nd nd nd

a ATm(1uM), change in melting temperature a4 drug concentration;

[concht,=20c, cOncentration of compound required to effect #2Ghange
in melting temperature®ECso, concentration of compound required to
achieve 50% inhibition of telomerase inhibition; nd, not determined

this study. A propionamide-based linker in the 9-position is

a Fitting errors for determination df with a particular SPR data set are
+5%. Experimental errors iK based on reproducibility in repeat experi-
ments aret:20% for the quadruplex studieKqspna, binding constant of
compound to double-stranded DNK4pna, binding constant of compound
to quadruplex DNA;KG4DNA/Kd3DNA, ratio of Kgspna 10 Keapna; nd, not
determined® Note that values oKgspna for 1b and 1d are upper limits.

optimal in this series, as the compounds \{vith a longer 9-pqsition Thus Keaona/Kasona Values are likely to be greater than 48 and 5.8,
side chain e (acetamide) andlg (butanamide)] have potencies respectively.

a factor of 2 worse thadf. Analogous to the observations in
the FRET studieslh shows a significant decrease in inhibitory tion range examined, ligands bound significantly more tightly
potency, which nevertheless improves as the 3- and 6-side chaingo quadruplex DNA and had slower kinetics than binding to
become longer, although the effect is more pronounced in the duplex DNA, in particular with respect to dissociation (Figure
TRAP than in the FRET assay. Acridinégeandlg are roughly 2a,b). As can be seen for compoutalin Figure 2b, the duplex
equipotent withlj (*'ECso values of 108-200 nM). Interest-  curves reached a steady-state plateau soon after injection of the
ingly, compoundlLi, which displays similar G4 DNA stabiliza-  compound. With the quadruplex, however, at the lowest
tion as1f, is a less potent telomerase inhibitor. Telomerase concentrations, it took significantly longer to reach a steady state
inhibition correlates well overall with the FRET data, providing plateau (Figure 2a; note the different time scales in parts a and
evidence for the utility of this technique in screening the potency b of Figure 2). The association reactions are bimolecular with
of potential telomerase inhibitors. rates that are concentration-dependent, but the first-order
Surface Plasmon Resonance Studies of Quadruplex Af-  dissociation reactions can be directly compared. The kinetics
finity . SPR vyields direct information on the binding of the differences between the duplex and quadruplex reactions are
ligands to both the human quadruplex and duplex DNA and apparent in the plots. The steady-state RU (response units)
thus enables the determination of the ratio of the two equilib- values were determined in the plateau regions of the sensorgrams
rium-binding constantsKgspna/Kasona, Table 2), which is a and are plotted versus the free compound concentration (from
measure of G-quadruplex binding selectivity. In the concentra- the flow solution) in Figure 2c. Fitting of binding curves using



586 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 2 Moore et al.

steric bulk of these ligands at the 3- and 6-positions is both
unfavorable for quadruplex binding and detrimental to duplex
i affinity. Conversely,1e and 1g exhibit the largest values for
Keapna but show lower ratios due to an increase in duplex
i binding. The importance of duplexquadruplex selectivity and
the favorable effect of trisubstitution was also evident when all

Pr— . the 3,6,9-acridines studied were compared to the disubstituted
s analogue22, which demonstrated a roughly equal affinity for
- - both forms of DNA (Table 2).

Experiments on quadruplex binding kinetics were also
P performed with 1a, although only sensorgrams at lower
0 500 1000 1500 2000 O 100 200 300 400 500 600 700 800 . . . . .
Time (second) concentrations that are dominated by the single strong binding
site were analyzed. As the kinetics for binding to duplex DNA
were too rapid to be accurately assessed by SPR methods, only
qguadruplex binding was examined. Both the association and
dissociation rates were lower for the acridirguadruplex
interaction than for the corresponding acridirtkiplex complex,
but the larger affinity constants for quadruplex DNA were
mainly derived from the effect on the dissociation kinetics. The
binding constants calculated using the kinetics methods were
within experimental error of those determined by steady-state
measurements (data not shown).

Molecular Modeling. Molecular dynamics simulations were
0 1107 2407 3107 4407 5107 6107 7407 & 107 performed on four G-quadruplex ligand complexes, with
[Compound 11] compoundsla—d (Figure 3a-d). An initial simulation for the
Figure 2. (a, b) SPR sensorgrams for the interaction of compdland — pative quadruplex resulted in an average rmsd value of 1.59 A
with the human telomere G-quadruplex hairpin DNA (a, left) as well for the DNA residues +21 over the whole trajectory, which is

as a duplex hairpin with a CGAATTCG stem sequence (b, right) are "~ .
shown. The concentrations of the compounds increase fromi@ similar to the rmsd for the loop residues (average rmsd 1.52

M (lower curve) to 8x 10°7 M (highest curve) in both plots. The ~ A). The rmsd of the G-quartets remained steady and low
experiments were conducted at 25 in HEPES buffer with 200 mM throughout the course of the simulation, with an average value
K*. (c) Binding isotherms are shown for compoulaivith the -AATT- of 0.58 A, in accordance with previous reports on long-term
duplex (blue squares) and G-quadruplex (black circles) and were quadruplex simulation® 45 The TTA loops, on the other hand,

constructed with results from experiments such as those in a and b. : o P . .
The RU values from the steady-state region of the sensorgrams WereShOWEd much higher variation, again in accord with previous

plotted versus the concentration of the compounds. The lines in the simulation studie$>4°
figures were obtained by nonlinear least-squares fits of the data to a The MD runs for the four ligand complexes showed that the
two-site-binding model. presence of the ligand has only a minor impact on the flexibility
of the quadruplex structure, apart from compodddIits longer
a two-binding-site model suggests that the acridines all had aside chains make favorable contacts with the loops, thereby
single strong binding site on the quadruplex with a weaker reducing the flexibility of the DNA backbone at those positions.
secondary binding interaction associated with a20-fold The behavior of the quadruplexda complex illustrates two
lower affinity. This weaker interaction could not be accurately phenomena that have a significant impact on quadruplex
evaluated in the experimental concentration range and only theflexibility. The rotational barrier for the EN bond between
stronger binding constants are reported here. With the otherthe acridine and the 3- and 6-substituted amide appears to be
compounds, the kinetics of quadruplex dissociation are fasterrelatively low, and the amide can therefore “reverse” (with
and the RU values at each concentration are significantly lower respect to the starting conformation) into a conformation
than with 1a. Sensorgrams fotb are shown as examples in  whereby the carbonyl oxygen faces toward the center of the
the Supporting Information. The faster dissociatiod bfelative uppermost quartet rather than away from it. This causes a shift
to 1acan be seen, and the duplex shows very little binding of in the entire side chain and subsequently in the chromophore
1b. The duplex binding constants faéb and1d are quite low position, resulting in a tighter “crescent” shape for the 3,6-

and are upper limit estimates. acridine, forcing the substituent in question to make new
All K values determined by the steady-state method are givencontacts with the DNA. Although this did not result in major

in Table 2.Kgspna Values are in a smaller range (fromx110P changes in quadruplex structure, it indicates that the pyrroli-

to 6.8 x 10° M~1) compared tdgspna Values, which showed — dine-phosphate interactions made by the 3,6-side chains are

greater variation, from & 10° M~ (for 1d) to 7.7 x 10’ M1 not very stable and can be influenced by intramolecular changes

(for 1g). Elongation of the 3- and 6-side chains significantly in conformation, possibly due to nonoptimal side-chain length.
decreased quadruplex affinity, both in the group of compounds Conformational changes in the loops also have an impact on
containing an uncharged 9-side chalte{d) and in the set ligand position. As was seen for the native quadruplex, the loop
containing the charged terminal pyrrolidine group at the regions relaxed during the simulation and lost some of their
9-position (e—j). The ratio of quadruplex-to-duplex binding initial structure, accounting for their generally larger rmsd. As
was still very favorable forlb, due to its diminished duplex the three TTA loops expanded during the simulations, the C5
affinity; however, this effect is even more noticeable for the methyl groups of the thymines tended to become more deeply
3,6-hexanamido derivativéj, which due to its low dsDNA buried within the pocket, thereby making the groove on the
affinity displayed the best quadruplex selectivity of all the ligand-facing side of the loop shallower and displacing the
ligands studied here. This suggests that in general the addecpyrrolidine group of the ligand. This caused disruption of the
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(a) (b)
(c) (d) !
Figure 3. Average (minimized) structures extracted from particular segments of the MD simulations for the-igldAdcomplexes containing
compoundsla,b. Segments were chosen upon visual inspection of the trajectorieka, (g9d (0-375 ps), green (500575 ps), blue (9251000

ps); (b)1b, red (0-200 ps), green (258400 ps), blue (506650 ps), magenta (7600 ps); (c)lc, red (0-150 ps), green (375550 ps), blue
(575-700 ps), magenta (87®75 ps); and (d)Ld, red (206-300 ps), green (3508450 ps), blue (675750 ps), magenta (86050 ps).

loop contacts made by the 3- and 6-substituents, and althoughcell death is the result of general, and irreversible, cell damage
the third loop demonstrated equivalent motion, the 9-substituentcan be determined by the calculation of and@alue. Those
was not buried deeply enough in the pocket to be affected. for 1b were 8.75«M in the MCF7 breast carcinoma cell line
Elongation of the side chains by one methylene with respect and >25 uM in the IMR90 noncancer fibroblast line. In the
to 1a (ie compoundlb) appeared to overcome both of these latter cell line, compounda showed a similar lack of toxicity
problems to some extent, as the differing 3- and 6-side chains(ICso > 25uM), while results from six different tumor cell lines
make contacts that are neither affected by the loop thymineshave been previously determined for it (the averagg ikC10.6
nor prone to the amide reversal observed i@ Further + 0.7 uM).2* Compoundif exhibited a small decrease in cell
increases in the length of the side chains to give compoliads ~ growth over the 96-h assay period, although 50% cytotoxicity
and 1d caused greater variation in the ligand motion on the was not reached in the concentration range examined and the
quadruplex surface due to the greater flexibility of the 3- and ICso values in the MCF7 and IMR9O0 cell lines were theag5
6-side chains (Figure 3c,d). It was noticeable farthat the uM. For all other compounds with 3,6- and 9-position modifica-
conformation of one of the 3,6-substituents differs with respect tions, 1Gy values were>25 uM in the MCF7 and IMR90 cell
to both 1a and 1b. The greater length caused it to straighten lines.
out and probe the loop more thoroughly, whereas the shorter A series of long-term studies was undertaken in order to
groups of both the latter compounds caused interactions closeassess the effects of selected compounds when administered at
to the upper lip of the groove. Furthermore, fiax—c the tight concentrations below the gvalues. Compoundb produced
binding of one of the 3,6-side chains was usually offset by looser a large decrease in the rate of population growth in 4-week
binding of the other substituent to the loop with which it was exposure experiments, even at concentrations considerably
in contact, accompanied by a correspondingly increased fluctua-below its 1G value in the MCF7 cell line (Figure 4a). Ata 5
tion over the course of the simulation. Witl, the longer 3,6- uM concentration, cell numbers were insufficient after the third
side chains made tighter interactions with the DNA loops, and week for a continuation of the experiment, with a drop in the
the ligand position was considerably more stable over the coursecell number recorded after week 2. A2/, a delayed effect
of the simulation, as can be seen for averaged snapshots takemwas observed, with the number of population doublings falling
during the experiment (Figure 3d). significantly after 2 weeks, and even atyM exposure, a
Cell Biology Studies.Long-term cell viability studies were  discernible difference was observed between the control and
undertaken on two compounds, representative of the most potentreated cells. The rate of population growth remained relatively
telomerase inhibitors in each subgrotip;-d andle—j. Cellular low thereafter, although there were indications that the cells
responses to exposure were examined in order to establish shortmay have started to recover after days-28.
term cytotoxicity profiles prior to these studies. The sulfor- Compoundlf produced only a minor decrease in the short-
hodamine B (SRB) assay is a widely used method for the term growth rate of MCF7 cells with respect to vehicle controls
assessment of cellular chemosensitivity in a high-throughput (Figure 4c), despite being a significantly more potent telomerase
format#748 The upper threshold level of cytotoxicity at which inhibitor, as judged by its®ECso value. As in previous
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Figure 4. (a). Plot of population doublings (PD) against time for cellular exposure to compbluhree separate concentrations; VC, vehicle
control). Long-term (4-week) cell growth experiments 1drwere performed using the breast adenocarcinoma cell line MCF7, with cells exposed
twice per week and counting carried out weekly. (b) Percentage of total cells counted staining for senescence-ghgatéatedidase (SA&-

Gal) activity upon long-term (4-week) exposurelfo at varying concentrations.indicates that counting of stained cells following exposurékio

was difficult due to the shrunken morphology of the cells; see the text for further details. (c) Plot of population doublings (PD) against time for
cellular exposure to compourid (three separate concentrations; VC, vehicle control). Long-term (4-week) cell growth experiments for compound
1f were performed using the breast adenocarcinoma cell line MCF7, with cells exposed twice per week and counting carried out weekly. (d)
Percentage of total cells counted staining for senescence-ass@tigadattosidase (SA-Gal) activity upon long-term (4-week) exposureltoat

varying concentrations. Cells were stained once per week following twice-weekly exposure.

experiments, no effect was observed in the first week of as a tendency for the fraction of stained cells to be higher in
exposure and the overall divergence from the controls was notregions of dense clustering. This may be due to paracrine effects
large. However, a decrease in the proliferation rate was notedassociated with the expression of senescence-inducing genes
after the second week at 5 and 4Bl concentrations, although  in cells that have already undergone senescence them8elves.
the results suggest that after 8 weeks the growth rate of the Analogous four-week experiments carried out wifhwere
exposed cells was gradually returning to pre-exposure levels.insufficient to establish any significant trends in senescence
Senescence was estimated with the/B&al assay, in parallel ~ staining over longer time periods. An increase in the number
with the long-term tissue culture studies, using a fraction of Of cells staining for senescence was initially observed after
cells set aside after counting. The number of cells stained for Which cell populations treated with 20M compound consis-
senescence thus corresponds directly to the data recorded ieéntly showed around 20% senescent cells (Figure 4d). The
the plots describing the population doubling behavior of the corresponding values at 1 and:s1 were lower, decreasing to
cell populations. A clear increase in the percentage of cells Just above vehicle control levels after 28 days. This supports
staining for SAB-Gal was observed with respect to controls, the gradufal return to control prollferatlon rates at these
even at a uM concentration for compountb (Figure 4b). At conce_ntratlons after-34 vv_eeks as obse_rved in the growt_h rate
higher concentrations, staining and counting of the B&al experiments. Morphologically, no shrinkage or distortion of
expressing fraction was affected by the morphology of the cells nqrmal cell shap.e.was observeq even after 4 weeks of treatment
following exposure. At 2:M and above, shrunken, shriveled with 1f, and staining was consistent with what was observed
cells were observed, making it difficult to distinguish the [OF compoundlb.
characteristic blue coloration upon staining. Cells staining for
SA-5-Gal were observed to show localized staining in the
nucleus, the intensity of color ranging from faint at low Biophysical and in Vitro Assays. The biophysical FRET
compound concentrations to increasingly intense as the amountand SPR assays, together with the TRAP assay, all show that
of compound was increased. Additionally, populations exposed the side-chain length in this series of trisubstituted acridines is
to compound displayed a proportion of stained cells exhibiting optimal for quadruplex binding and telomerase inhibition when
an enlarged and flattened morphology that has been describech = 2 or 3 (i.e., compoundsla and 1b, respectively).
as a characteristic feature accompanying seneségpas well Additionally, the effect of the third, 9-position substituent on

Discussion
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Figure 5. Biophysical correlations for compoundsi—d and le—j. (a, b) FREF-SPR correlations; comparisons of [conglorc and Keapna

would be expected to show an inverse correlation, with strong quadruplex binders demonstrating low FRET values (red bars) and high SPR values
(black bars). (c, d) FRETTRAP correlations; changes in [corg]-2c-c and®ECsq values should be directly proportional, with potent compounds
showing both low FRET values (red bars) and TRAP values (black bars). (e, f) FBRR correlations; as with the FRETRAP correlation, a
favorableKsapna/Kasona ratio (black bars) translates into increased telomerase inhibition in the TRAP assay (blackAba($)kM), change in

melting temperature at/AM drug concentration; [cong},=2c°c, concentration of compound required to effect &£2ahange in melting temperature;

lECsp, concentration of compound required to achieve 50% inhibition of telomerase inhilitigs, binding constant of compound to double-
stranded DNAKgapna, binding constant of compound to quadruplex DN#gapna/Kasona, ratio of Kgspna t0 Keapna.

the acridine scaffold is highly additive, as can be seen for the indoloquinolines? benzoindologuinoline® dibenzophenan-
data obtained for the disubstituted acridine analc2®e throlines®3 and ethidium derivative¥: The data for the present
We have compared the data derived from the FRET and SPRseries confirm that an improvement in quadruplex stabilization
experiments, since both provide measures of ligaeadruplex as determined by FRET corresponds directly to enhaffted
binding affinity. Although the FRET assay gives an indirect EGCso values (Figure 5c,d), again providing support for high-
estimate of quadruplex binding, since stabilization of the throughput FRET as a screening approach.
quadruplex may not be directly related to binding affinity, a  Addition of ligand to the DNA probe in FRET experiments
plot of [conChr,=20cc against Keapna for the ligand set was also observed to cause the appearance of a minor melting
nevertheless shows that they have an inverse proportionalitystep prior to the main melting process from which Thevalues
relationship (Figure 5a,b), giving strong support to the use of are derived in a number of experiments. These compounds thus
high-throughput screening of compounds using FRET as anincrease the stabilization of the DNA structure as a whole, yet
indicator of quadruplex affinity®5? Compound 1f is the also cause minor local destabilizing effects. This may be due
outstanding outlier from this pattern, with anomalously low to interactions with the loop regions, which are likely to be less
duplex and quadruplex binding indicated by the SPR studies, stable than the central guanine-stacked core and may transmit
which contrast with its high potency in both the FRET and small effects to the fluorophores through small rearrangements
TRAP experiments. The second correlation that we observe isof the G-stacks due to changes in loop topology. The effects of
between the FRET and TRAP data. The postulated mechanismchanges in loop structure on quadruplex stability have been
of action implies that increased quadruplex stabilization results investigated using both biophysiéaland computation&?*®
in more potent telomerase inhibition. This has been found approaches, and they may have an important impact on
previously for structurally related 3,6,9-trisubstituted acridiffes, quadruplex targeting in the future as compounds designed to
as well as for more structurally diverse molecules, such as interact more efficiently with the quadruplex loop sequences
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are investigated. These data also gives some insight into changeshain structure may significantly alter the binding mode of the
in quadruplex structure upon melting and the steps involved in compounds on the G-quartet surface.
this process. Computational studies have attempted to assess The results presented here highlight a number of structural
the importance of various intermediates in the folding of jssues related to ligareDNA interactions that could usefully
quadruplexe8? and conversely, some of these processes may pe addressed in the further development of 3,6,9-acridines. The
be of importance in understanding quadruplex unfolding. One choice of initial starting conformation for the ligand G-quartet
of the principle factors governing quadruplex formation and syrface was based on structu@etivity relationships (SARS)
stabilization is the role of the monovalent cations that coordinate from previous work® and relied on three main assumptions
within and between the G-stacks of the quadruplex Eore. supporting the chosen orientations. First, the three acridine
Loss of cations from within the core causes significant sybstituents should attempt to contact the three loops of the
destabilization of the quadruplex structure. Compounds such quadruplex, as it has been shown that modifications at all three
as 9-anilinoacridines, which, at physiological pH, contain positions can cause significant changes in binding affinity and
cationic chromophores capable of interacting with the uppermost potency?®2° Second, a charge on the central nitrogen of the
G-quartet through “pseudocation” effe€tanay therefore exert  acridine appeared favorable and may assert this influence
their stabilizing effect partly by blocking, or diminishing, cation  through positioning directly above the potassium axis that runs
loss from between the G-quartets. through the center of the quadruplex structure, perpendicular
In a manner similar to the FRET/TRAP correlation, the to the G-quartets. In this way, it may act as a “pseudo-potassium
relationship between the SPR and TRAP data should be oneion” in the stabilization of the uppermost G-tet&dlhird, only
whereby increased ligand binding affinity for quadruplex DNA one exposed quartet of the quadruplex was considered as a
corresponds to greater potency in the TRAP assay. However,binding site on the basis of the crystal structure (thefége”).
the TRAP assay contains a PCR step, the efficiency of which This face is exposed to water, whereas the secofdaée lies
is related to the duplex affinity of the compound tested, and it directly adjacent to the same face from a neighboring quadruplex
was therefore decided to compare telomerase inhibition datain the crystal packing arrangement and had been suggested to
with the quadruplex-to-duplex binding rati€¢apna/Kasona), be the more energetically favorable site for bindifdt is
rather than directly with the quadruplex affinity data alone. In difficult to judge the extent to which the choice of starting
this way, the impact of both thi€s4pna andKgspna properties conformation played a role in the MD simulations performed.
of the acridines on the inhibition assay are taken into account. Genetic algorithm (GA) conformational searches performed
Plots of®ECsg values against the binding ratio confirmed this during the setup of the ligareDNA complexes indicated that
inversely proportional relationship, and the use of the ratio gave there was not a significant energetic difference between the
a better correlation than the useKéspna alone (Figure 5e,f). lowest energy conformers of the acridines. Changes in ligand
This is especially important in the comparison between com- position are therefore likely to be dependent on overcoming
poundslaandlb. Although the former shows a 10-fold greater energetic barriers between local minima of similar energy on
affinity for quadruplex DNA compared with the latter, the the quadruplex surface, rather than energetic differences between
diminished duplex affinity oflb leads to both compounds ligand conformations. Movement of the 3- and 6-side chains
having comparabl&sspona/Kdsona ratios, which is reflected in can be seen to be dependent mainly on the position of the
their similar®ECso values. This was further underlined by the charged terminal pyrrolidine group and the interaction this
results of the TAQ inhibition assay, which showe@&5% PCR moiety makes with the spatially relevant DNA backbone. The
inhibition even at 2uM for all four trisubstituted acridines  side-chain length of compourigis less than optimal, as neither
examined {a—d, data not shown). side chain has the full potential to maximize its electrostatic
The use of a two-binding-site model in the SPR experiments and van der Waals (VDW) energy interactions with the
and thus the identification of a weaker binding site to the corresponding loops. Compoutid is more favorable, the extra
quadruplex DNA structure may be reflected in the corresponding length in the side chains allowing more systematic sampling of
two-step FRET melting curves noted above. It has been the loop cavity, and the added flexibility of the side chains
suggested that the two faces of the parallel quadruplex are notdecreases the impact of variations in the loop structure on
energetically equivalent in terms of binding to molecules such binding site and orientation during the MD simulations.
as acridines with extended side chalfsnd it is conceivable ~ However, with compoundsc and 1d, the modeled structures
that one face presents the major binding site for the compoundsat first sight appear to contrast with the data obtained from the
examined in this study while the other represents the weakerbiophysical experiment. In the model, the increased side-chain
site. This highlights the varying extents to which the acridine lengths of these two compounds would be expected to lead to
chromophore and the side chains are responsible for thea corresponding increase in quadruplex binding, yet this is not
observed quadruplex affinity and ultimately potency against the conclusion from visual inspection of the MD trajectories.
telomerase in the TRAP assay. The final measured affinity isa  Although qualitative observations on liganduadruplex
combination of these two features, with the acridine providing interactions gave important insights into the behavior of the
a strongr— stacking interaction with the G-quartet while the complex, attempts at quantitative correlations between the
side chains probe outlying DNA structure. This is confirmed biophysical assay data and computationally derived ligand
when trisubstituted acridines are compared with disubstituted binding free energies were unsuccessful. This reflects the
analogues, and the resulting improvement when going from two difficulties inherent in modeling DNAligand interactions using
to three side chains is due not simply to the decreased duplexexplicit solvent systems. Factors influencing this include the
binding affinity of the 3,6,9-acridines but also to the increased treatment of electrostatics and the relatively short time scale (1
ligand—DNA interactions that can be attributed to the third ns) used for the MD simulations. Conformational sampling of
moiety. Comparisons between large sets of acridine com- ligand positions on the quadruplex surface is compromised by
pound$?39show that correlations are evident among structurally the short time scale nature of MD models, and the lack of an
related subseries of compounds, but not among diverse com-experimental DNA-ligand structure for the human intramolecular
pounds in general. This suggests that large variations in side-quadruplex complicates this issue. Additionally, it is likely that
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the model neglects to give a complete representation of the SRB assay. Normal cell proliferation generally continued for a
balance between solvent exposure and DNA binding of the side 1-week period before a major response was observed but then
chains. Increased side-chain flexibility may therefore lead not rapidly decreased following compound exposure, with a con-
so much to tighter quadruplex binding but to increased solvent comitant increase in observed senescence. The shape of the
exposure, which is consistent with the experimental data. responses in terms of cell growth therefore suggests that the
The SAR of the 9-substituent suggests that it is required not early change in growth rate observed was the initial cellular
just for its role in decreasing duplex intercalation but also as response to this type of damage: slowing population growth
an important third moiety for interaction, for example, with the and increasing the number of cells entering senescence.
appropriate quadruplex loop. However, it is difficult to deter- Furthermore, the observed results are likely to be directly related
mine the extent to which quadruplex binding is dependent on to compound structure, as similar data have been reported for
electronic effects exerted on the acridine chromophore by the compoundla?*34The shriveled morphology of the cells treated
side chains. Changes in side-chain properties may thus havewith 1b may also be indicative of apoptotic cell death, and
an impact on the acridine that is difficult to predict or model although the phenotype could not be accurately described in
simply in terms of increases or decreases in binding due to VDW our hands, a shrunken cytoplasm and fragmented nuclei have
or electrostatic ligandDNA interactions. This may be espe- been described as hallmarks of this prodsshis reflects
cially the case with the 9-anilinoacridines, in which the presence results such as those reported for the pentacyclic acridinium
of the aniline group at the 9-position has been suggested tocompound RHPS4, where onset of senescence has been
play an important electronic role in the protonation state (and described at higher concentration levels and apoptosis at lower
hence physicochemical properties) of the acridine chromo- ones?®or TMPyP4, which showed the same initial lack of effect
phore0-62 but then elicited an apoptotic response in the following 2
In short, the structureactivity relationships of all three ~ Weeks®* Further experiments are needed to investigate the

acridine substituents, taken together, are important for the overallPossible induction of apoptosis under these experimental condi-
effectiveness of a particular compound, and the modeling is tlons.
consistent with the conclusion that it is difficult to break down In terms of senescence, the profile of increased senescence
the molecule and attempt to make individual modifications parallels the decrease in the number of population doublings
without altering the DNA-ligand contacts at other parts of the over the first +-2 weeks, perhaps indicating the accelerated
molecule. Targeting all three loops simultaneously is crucial, senescence of the fraction of cells most affected by the
thereby increasing DNAligand contacts and facilitating stron-  compound. Moreover, the stabilization of the number of cells
ger binding as well as selectivity. The modeling also highlights staining for senescence, as well as the population growth rate,
the key role of the quartetacridine interaction, as was after 3-4 weeks shows that there is a subpopulation that is
previously observed in the crystal structure of a disubstituted particularly sensitive to exposure to the compound. This may
acridine with a dimeric quadruplex having diagonal lobps. be due to heterogeneity in telomere length (or less likely in the
Both the guanines and the chromophore of the ligands remained3'-overhang), implying a subpopulation of cells with telomeres
very stable over the course of the experiment, regardless of theof shorter length than the population average. This is in accord
side chains attached, although these are important for improvingwith observations of telomere length using Southern blots, which
the selectivity and strength of binding, and variations in their show populations of cells with some having short telométes.
structure are significant, although further work is required to Shorter telomeres would subsequently accelerate the onset of
accurately model the impact of side-chain modifications. senescenc¥, which may be accelerated by the presence of
Cellular Effects. The cellular changes expected following the compounds, in agreement with the results of theoretical
exposure to telomere-targeting compounds are varied andstudies on the effects of telomerase inhibitors on population
complex, reflecting the interactions of telomeric proteins, DNA, growth 5.6
and RNA involved in telomere maintenance. Targeting of  The observed halt to cell growth may be a consequence of
telomeric DNA in particular is further complicated by issues two separate but linked events, with senescence from telomere
of selectivity and specificity. However, the overall correlations length reduction not being solely responsible for the decrease
between the quadruplex-affinity (FRET, SPR) and biochemical in population doublings It has been demonstrated that an
assay results (TRAP) suggest that these struetacgvity alteration of telomere state, rather than simply telomere length,
relationships are derived primarily from the strength of the may be at least partially responsible for entry into replicative
ligand—quadruplex DNA interaction, rather than more indirect senescenc¥;%8 and this altered state may rely heavily on the
effects that might modulate activity in a cell-based assay, such condition of the 3-overhang, as it can be shown that much of
as interference with proteirquadruplex recognition or other  this overhang is lost in senescent human c¢&lidn this
macromolecular interactions. Above all, the efficacy of such hypothesis, a change in telomere state would signal initial entry
compounds in the in vivo setting depends on their selectivity into senescence while shortening of the overall telomere length
for quadruplex over duplex DNA, as well as their underlying results in diminished chromosome protection, triggering cHsis.
drugability. This is of particular significance with respect to the biological
The specific inhibition of telomerase would be expected to data for compoundb, which showed significantly less short-
result in an extended time lag associated with the gradual term cytotoxicity (as measured in the SRB assay) in the human
shortening of telomeres prior to the onset of replicative fibroblast cell line IMR90 than in the cancer cell line MCF7.
senescence. The MCF7 cell line has telomeres of average lengtiThis supports the postulate that telomeres and their associated
5—6 kb, and direct telomerase inhibition would thus be expected capping mechanism are differently regulated in normal and
to take considerably longer (a loss of 4 kb at a rate of 100 bp cancer cells in a manner that is not simply dependent on the
per replication and 0.7 PD per day would occur after ap- presence or absence of telomerase and therefore they represent
proximately 57 days). Compountlb, however, produces a a promising target for small-molecule intervention in their own
pronounced antiproliferative effect within—2 weeks, at right. There is increasing interest in nontelomeric quadruplexes
concentrations well below the égvalue as determined in the  as possible targets for selective drug action, and the promoter
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Figure 6. Representative picture of MCF7 cells following long-term
(4-week) incubation with compoundb (1 M) after staining for
senescence-associatgehalactosidase (SE-Gal) activity (blue, ar-
rows). Approximate magnification factor200.

regions of oncogenes such asmyc have received special
attention®® Such sites are within double-stranded DNA, con-
trasting with the uniquely single-strandedderhang telomeric

Moore et al.

(ii) Protonation of the 9-position extended side chains in
compoundsle—j results in elevated Ty, values and generally
higher potency against telomerase.

(iii) Extending the 9-position substituent length does not have
a major effect on either binding or potency. It is possible to
counterbalance the adverse effects of extended 3,6- substituents
with an extended substituent at the 9-position.

(iv) Selectivity for quadruplex over duplex DNA is correlated
with both affinity and telomerase inhibition.

(v) Potency against telomerase and a high level of quadruplex
affinity are necessary features though not sufficient by them-
selves for cellular activity. Compounds need to have appropriate
cellular uptake and metabolic stability.

Of the compounds synthesized and evaluated in this study,
only two, 1a and 1b, can be said to meet these criteria. An
analogue of these has recently been chosen as a candidate for
clinical studies in human cancer.

Materials and Methods

Fluorescence resonance energy transfer (FRET), PCR inhibition
(TAQ), and telomeric repeat amplification protocol (TRAP) assays
were carried out following previously published proced#és,

DNA, and presumably are most accessible during transcription while surface plasmon resonance (SPR) experiments were also

or replication. It has been calculafédhat there are up to

350 000 potential quadruplex sites in the human genome

(although it is likely that many cannot form stable quadru-
plexe$?). Thus, the issue of selectivity for a particular quadru-
plex may be important. There is little data available to date,
but one study has showhthat compoundla has a 5-fold
selectivity for the human telomeric quadruplex compared to the
c-mycone. This selectivity may be significantly higher in cells

conducted according to reported meth&d¥.

FRET Assay.All oligonucleotides and their fluorescent conju-
gates (Eurogentec, Southampton, UK) were initially dissolved as a
stock 50uM solution in purified water; further dilutions were carried
out in the relevant buffer. The labeled oligonucleotide F21F [5
FAM-d(GGG[TTAGGG}E)-TAMRA-3'; donor fluorophore FAM
is 6-carboxyfluorescein; acceptor fluorophore TAMRA is 6-car-
boxytetramethylrhodamine] used as the FRET probe was diluted
from stock solution to the correct concentration (400 nM) in a 50

a therapeutic setting, even a small effect that down-regulatesheating to 85°C for 10 min, followed by cooling to room

the expression of oncogenes is beneficial.

Biological results for compounidlb, which exhibits binding
and telomerase inhibitory activity equivalent to thoselaf
while suggesting an improved SAR, underline the short time
scale of effects in the MCF7 breast cancer cell line and
demonstrate a link between cell growth inhibition and the onset

of senescence (Figure 6). Furthermore, these effects were,
observed at concentrations considerably below the reported

short-term cytotoxicity (I1G) value of the compound, and these

temperature in a heating block. Compounds were storedl8ét

°C as 10 mM stock solutions in DMSQO; final solutions were
prepared using 10 mM HCI in the initial 1:10 dilution, after which
50 mM potassium cacodylate buffer (pH 7.4) was used in all
subsequent steps. The 96-well plates (MJ Research, Waltham, MA)
were prepared by aliquoting 30 of the annealed DNA into each
well, followed by 50uL of the compound solutions. Measurements
ere made in triplicate on a DNA Engine Opticon (MJ Research)
with excitation at 456-495 nm and detection at 53545 nm.
Fluorescence readings were taken at intervals of’G.®ver the

studies showed that the compound is significantly more potent range 36-100 °C, with a constant temperature being maintained

in this cancer cell line than in a normal somatic cell fibroblast
line (IMR90). The inability of compoundf to produce cell

for 30 s prior to each reading to ensure a stable value. Final analysis
of the data was carried out using the program Origin 7.0 (OriginLab

growth arrest and senescence may be due to several factorsgorp., Northampton, MA).

metabolism at the 9-substituent amide bond or reduced cellular

uptake as a result of the additional charge on the pyrrolidine
group at the 9-position are both possibilities. The calculated
log P value for compound&a andlb are respectively 1.4 and
1.9, whereas that folf is —0.36. We conclude that potent
telomerase inhibitory activity and quadruplex affinity are

TAQ Assay. The procedure used was based on the internal
control sequences that have been reported in the liter&uke.
master mix was prepared containing the TS forward primer (0.15

ug; 5-AAT CCG TCG AGC AGA GTT-3), NT reverse primer

(0.5uM; 5'-ATC GCT TCT CGG CCT TTT-3, TSNT template
(200 pM; 3-AAT CCG TCG AGC AGA GTT AAA AGG CCG
AGA AGC GAT-3), MgCl, (1 mM), and equal amounts of dNTPs

necessary though by themselves insufficient features for cellular (20 4M), as well asTaq polymerase (1.25 U; RedHot, ABgene,

activity. The extra charge at the 9-position in compodhchay
well be one charge too many.

The biophysical and biochemical data overall suggest a
number of structureactivity correlations for these trisubstituted
acridines:

(i) With the 9-position substituents not having a cationic
charge [i.e., compoundda—d, with R = N(CHa),], both
quadruplex binding and telomerase inhibition are optimal with
the shortest 3- and 6-side chains, i.e., witk= 2; extending
the side chains by even one carbon atom beyord 3 has a

Surrey, UK), in addition to th&aqreaction buffer (ABgene). All
primers were obtained from Invitrogen (Paisley, UK) and had been
HPLC-purified by the supplier. Compound solutions (prepared as
before) were then pipetted into the reaction tubes, and the
appropriate amount of master mix was added with mixing.
Amplification was carried out using a two-step protocol with an
initial denaturing step at 92C for 2 min, followed by 33 PCR
cycles (92°C for 30 s, 52°C for 30 s, 72°C for 45 s), and the 36
bp product was visualized on a 10% v/v polyacrylamide gel using
SYBR Green | staining (Sigma).

TRAP Assay. Telomerase activity in the presence of the

highly deleterious effect on quadruplex binding and telomerase compounds was assessed using a modified version of standard

potency.

published TRAP protocol®:7375 Cell extract from exponentially
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growing A2780 human ovarian carcinoma cells was used as the charges and atom types applied using the MMFF94 meth&d.
enzyme source and total protein upon extraction was quantitatedStepwise minimizations using the MMFF94s force fi@lavere

using the standard Bradford assay metfoBriefly, the TRAP
assay was carried out in two steps with an initial primer-elongation

subsequently carried out to a convergence of 0.02 kcal ol
over 5000 steps using the Powell metffodith a cutoff of 11 A.

step and subsequent PCR amplification of the telomerase productsThis was followed by a conformational search on the ligand side
to enable detection. In part 1, a master reaction mix was preparedchains (all rotatable bonds) using a genetic algorithm (GA) as

containing the TS forward primer (Olg; 5-AAT CCG TCG AGC
AGA GTT-3), TRAP buffer [20 mM Tris-HCI (pH 8.3), 68 mM
KCI, 1.5 mM MgCh, 1 mM EGTA, 0.05% v/v Tween-20], BSA
(0.05uQ), and dNTPs (12xM each). Compounds were prepared
to 10 times final concentration (or vehicle controls) as described
above, added to the PCR reaction tubes, and maintained@it O

implemented in SYBYL81-8 The 100 lowest energy conformers
were generated using a search performed overl®* generations
with a population of 1000 and a selective pressure ofddgain
with a cutoff of 11 A and a dielectric constant of 80.

Following output from the conformational searches, quadruplex
and ligand were brought into close proximity with the acridine

Simultaneously, the required amount of protein was thawed to 0 chromophore parallel to the G-quartet (approximately distance 3.4

°C on ice and diluted in TRAP lysis buffer (pH 7.4, 0.5% CHAPS,
10 mM Tris-HCI, 1 mM MgC}, 1 mM EGTA, 5 mM fS-mercap-
toethanol, 10% glycerol) to the required concentration (@0
uL). The appropriate amount (2) was then combined with the
master mix on ice and aliquoted into the PCR tubes to give a final
volume of 40uL. The initial telomere elongation step was carried
out for 10 min at 30°C, followed by a protein heat inactivation
step (4 min at 92C) and final maintenance of the mixture at@.
Following heat inactivation of telomerase, 40 of a PCR reaction
mix containing ACX primer (1uM; 5'-GCG CGG [CTTACC}
CTA ACC-3) and 2 UTagpolymerase (RedHot, ABgene, Surrey,
UK) in TRAP reaction buffer was added to each tube to start the
PCR protocol for part 2, with thermal cycling being carried out in
three parts following an initial 2 min denaturing period at @2

(33 cycles of 922C for 30 s, 55°C for 30 s, 72°C for 45 s). The
PCR-amplified reaction products were run out on a 10% v/v PAGE
gel and visualized using SYBR green | (SignigECso values were

calculated by quantitating the TRAP product using a gel scanner

A) and the acridine nitrogen placed above the central potassium
channel. Ligand conformers with 3- or 6-side chains clashing with
the DNA were then excluded, yielding generally between three and
five structures for further work. Conformers chosen in this way
were merged with the quadruplex and the aggregate (DNA plus
ligand) and minimized in the same manner as has been described,
with the DNA remaining fixed as a static set (convergence of 0.02
kcal molYA, 5000 steps Powell minimization, cutoff 11 A,
dielectric constant of 4). Once merged, the structures were
superimposed using the quadruplex as a template and the ligands
separated from the complex to yield a molecular database containing
the quadruplex and all the ligands docked in this manner.
Subsequent preparation of the DNMAgand complexes (with
compoundd a—d), further minimizations, and molecular dynamics
(MD) calculations were performed using the XLEAP, ANTE-
CHAMBER, and SANDER modules of the AMBER7 packdde.
85

All calculations were carried out in AMBER 7 using the Parm99

and GeneTools software (Syngene, Cambridge, UK). Measurementsversion of the Cornell et al. force fiefd,the TIP3P potential for

were made with respect to a negative control run using the

equivalent TRAP-PCR conditions but with the protein extract

either omitted or heat inactivated by incubation at'@2(20 min).
SPR Experiments.The Biosensor-SPR experiments were per-

waters?” the parm99.datparameter set for the nucleic aciiand
GAFF atom type®:89for the ligand. Ligand charges were derived
using the MMFF94 methddand defined in the ligand preparatory
files as part of the new residue input. Periodic boundary conditions

formed on BIAcore 2000 and 3000 optical biosensor systems using were applied, with the particle-mesh Ewald (PME) meffaced
four-channel streptavidin-coated sensor chips (Biacore, Inc.) asto treat long-range electrostatic interactions. The solute was first

previously describe#f2°Briefly, streptavidin-coated sensor chips
were preconditioned with three to five consecutive 1-mL injections
of 1 M NacCl in 50 mM NaOH and washing with Hepes buffer at
pH 7.4 [0.01 M Hepes, 0.20 M KCI, 3 mM EDTA, 0.005% (v/v)
surfactant P20]. Conditioning was continued until the change in
SPR signal was less than 1 RU/min. Immobilization of the DNA

on the surface was carried out by noncovalent capture of biotiny-

solvated in a water-box, the dimensions of which extended to a
distance at least 10 A from any solute atom (total VDW box size
approximately 61x 54 x 50 A®). Potassium counterions were
subsequently added using XLEAP to attain overall system neutrality,
with standard potassium parameters as applied in the Cornell et al.
force field (VDW radius 2.658 A).

Minimizations and MD runs were performed using SANDER,

lated DNA sequences representative either of the human telomericwith the SHAKE algorithm enabled for hydrogen atoms in dynamics

quadruplex (5biotin-d[AG3(TTAG3;)3]-3') or a hairpin duplex DNA
sequence (5hiotin-CGAATTCG-CTCT-CGAATTCG-3. Manual
injection of 25 nM DNA in Hepes buffer (pH 7.4) at a flow rate of
2 ul/min was used in order to achieve long contact times with the
surface and to better control the amount of DNA bound to the
surface. Folding of the quadruplex DNA with respect to time under

runs aml a 1 fstime step with an 11 A nonbonded cutoff. Overall
equilibration of the system was carried out in successive steps, with
initial equilibration of the system at constant volume followed by
further rounds at constant pressure once the desired system
temperature (300 K) had been reached. Following two primary
rounds of solvent minimization, solute restraints were gradually

similar conditions to those used on the sensor chips was verified reduced to 0.2 kcal mol/A over six 10 ps MD steps (100, 50, 25,

by a series of melting/cooling experiments using both CD and UV

10, 5, 0.2), followed by 100 ps of unrestrained MD. The final

methods. All the binding study procedures were automated using geometry was then the starting point for the full 1 ns production
cycles of sample injection and surface regeneration. To minimize run, with energy information and averages printed out every 250
possible unwanted mass transport effects, all SPR kinetics experi-steps, coordinates captured at 0.5 ps intervals, and the nonbonded

ments were conducted at flow rates of-5000 xL/min with low

surface densities of immobilized DNA. For the steady-state analysis,

flow rates were typically 1630 uL/min. Global fitting of the

list updated every 10 steps. Trajectories were examined visually
using the VMD software packadé This allowed mapping of any
large conformational changes to distinct time periods in the

association and dissociation curves was performed using thetrajectory and the comparison with energy and rmsd values.

supplier's software (BIA Evaluation Software, Biacore, Inc.) and

Sulforhodamine B (SRB) Growth Inhibition Aassay and

was done in a concentration range where the compounds bindLong-Term Cell Culture Experiments. The SRB assay was

significantly only to the strongest binding site.
Molecular Modeling. The crystal structure of the parallel 22mer
telomeric G-quadruplex in potassium buffer (PDB ID 1KHivas

carried out in 96-well microtiter plates (Nunclon Surface, Nunc
AJS, Denmark) according to published proced#&<.48Short-term
cytotoxicity measurements were carried out in the human breast

used as the starting point for the computational work. Preparation adenocarcinoma cell line MCF7 and in the human fibroblast cell

and manipulation of the structure and initial building of the ligand
DNA complex prior to the molecular dynamics (MD) simulations
was carried out using programs within the SYBYL 6.9 suite (Tripos,
Inc., St. Louis, MO). Ligands were constructed in SYBYL, with

line IMR9O0, both of which were obtained from the European
Collection of Cell Cultures (Salisbury, UK).

Long-term experiments were carried out using the MCF7 cell
line. Counting and media changes were carried out according to
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standard procedures as has been rep8ft&dyith cells maintained Supporting Information. Analytical data for compoubahave been
in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, previously presentetf.
Groningen, NL) supplemented with 10% v/v fetal calf serum (Life 3,6-Bis(chloroalkylamido)acridones (4-6). A suspension o2
Technologies, Paisley, UK), 0.5g/mL hydrocortisone (Acros and acid chloride was heated at the specified temperature for the
Chemicals, Loughborough, UK), 2 mMglutamine (Invitrogen), indicated time. The reaction suspension was allowed to cool to room
and a X solution of nonessential amino acids (Invitrogen) under temperature and placed in an ice bath, and ice-cold anhydrous
a humidified 5% CQ, 95% air atmosphere. Cell culture followed diethyl ether was added. The solid produced was isolated by
a regular weekly pattern based on the rate of growth and the cellsfiltration and stirred in a 1:1 ice-cold mixture of aqueous sodium
reaching confluence, with counting, reseeding, and the first treat- hydrogen carbonate and diethyl ether. This suspension was filtered,
ment on day 1 followed by reexposure at the same compound and the solid obtained was washed with ice-cold water and diethyl
concentration on day 4. This protocol was maintained fei84 ether and dried in vacuo over phosphorus pentoxide to afford pure
weeks, with analysis and staining experiments being carried out title product.
following the change of medium and transfer to a fresh flask on  3,6-Bis|[(pyrrolidin-1-yl)alkylamido]acridones (8—10). A solu-
day 1. tion of 4, 5, or 6 (stated amount) in pyrrolidine (stated volume)
Staining for Senescence-Associatefi-Galactosidase (SAB- was heated under reflux for the specified time. The reaction solution
Gal) Activity. Staining for SAS-Gal activity was carried out ~ was allowed to cool to room temperature and then poured into a
according to the instructions of the supplier (Cell Signaling stirred saturated aqueous sodium hydrogen carbonate solution
Technology, Inc., Beverly, MA). In brief, cells from long-term  (stated volume). Stirring was continued until a solid formed which
exposure studies were retrieved at the end of each week and seededas collected by suction filtration, washed with ice-cold diethyl
in 35 mm 6-well plates (Nunc A/S) at a density o&110° cells in ether and water, and then dried in vacuo over phosphorus pentoxide
2 mL media and incubated overnight under standard conditions to afford title product.
together with the appropriate concentration of the compound under  3,6-Bis[(pyrrolidin-1-yl)alkylamido]-9-chloroacridines (12—
investigation. After an approximately 24-h incubation period, the 14).A suspension 08, 9, or 10 and phosphorus pentachloride and
growth medium was removed, and the cells were washed, fixed, phosphorus oxychloride was heated under reflux with concomitant
and stained using the supplied staining solution [400 mM citric dissolution for the stated time. The reaction solution was allowed
acid/sodium phosphate (pH 6.0), 1.5 M NaCl, 20 mM MgQ&@ to cool to room temperature and then placed in an ice bath. Ice-
mM potassium ferrocyanide, 5 mM potassium ferricyanide, 1 mg cold anhydrous diethyl ether (stated volume) was then added to
of X-gal (5-bromo-4-chloro-3-indolyB-p-galactopyranoside)], fol- the cooled reaction solution. The resulting solid was isolated by
lowed by incubation overnight at 37C (5% CQ). Cells were suction filtration, washed thoroughly with anhydrous ice-cold
examined by light microscope (mag. 20800x) and counted the diethyl ether, and then added portionwise to a stirred mixture of
next day for the characteristic senescence-associated developmerite—agueous ammonia solution (0.88@hloroform in an ice-bath.
of blue coloration. Further ammonia solution was added to ensure the mixture remained
Chemistry. Melting points (mp) were recorded on a Stuart alkaline. The chloroform layer was separated and the aqueous layer
Scientific SMP1 melting point apparatus and are uncorrected. IR extracted with chloroform. The combined organic extracts were
spectra of solids were recorded using a Perkin-Elmer SPECTRUM washed with brine and treated in the usual manner to give typically
1000 FT-IR spectrometer. NMR spectra were recorded at 400 MHz a dark brown residue that was triturated with ice-cold diethyl ether
(*H) and 100 MHz £3C) on a Bruker spectrometer in either CRCl  to afford a crude product which was submitted directly to the
(Aldrich) or DMSO-ds (GOSS) or CROD (GOSS) solutions using  synthesis of trisubstituted acridines.
TMS as an internal standard or in the cas&®Gfspectra the residual 3,6-Bis(chloroalkylamido)-9-anilinoacridines (19-21). A sus-
solvent peak of CDGland DMSOds. Mass spectrometry services  pension ofl8 and the appropriate acid chloride, triethylamine, and
were provided by The School of Pharmacy (nominal and HRMS toluene, if required, was microwaved at 180 for 5 min in fixed
ESI, MALDI) and the EPSRC National Mass Spectrometry Service hold time mode. The resulting reaction mixtures were filtered to
Centre (Chemistry Department, University of Wales, Swansea, isolate the titte compounds as solid products, which were then
Singleton Park, Swansea SA2 8PP, HRMS ESI). TLC analysis was triturated with ether, dried, and immediately submitted to the next
carried out on silica gel (Merck 60F-254) with visualization at 254 synthetic step.
and 366 nm. Treatment of an organic solution in the usual manner  3,6-Bis[(pyrrolidin-1-yl)alkylamido]-9-anilinoacridines (1).
refers to stepwise drying with magnesium sulfate, filtration, and Method A (1a—j). EitherN,N-dimethylaminoaniline oL5a—c was
then evaporation of the filtrate in vacuo. Preparative flash chro- added portionwise to a solution of the appropriate 9-chloroacridine
matography was carried out with BDH silica gel (BDH 153325P). 11—-14in MeOH (stated volume) and the resulting solution heated
Reagents and chemicals unless indicated were purchased fronunder reflux conditions for the stated time. The reaction solution

Sigma-Aldrich. Solvents were purchased from BDRN-Dim- was evaporated and the resulting red brown solid partitioned
ethylaminoaniline was generated by neutralization of the com- between chloroform and 20% aqueous ammonium hydroxide
mercially available dihydrochloride sal-Chlorohexanoyl chlo- solution. The organic layer was separated and washed with brine
ride 8 acridone,%! 3,2 and7;1° 9-chloroacridined. 11° and 16;42 and treated in the usual manner to give crude product as a red brown

and acridined al® and22%8 were prepared as reported. Details for  solid which was purified by flash chromatography eluting with the
the preparation of anilines5a—c and acridine23 by treatment of stated solvent mixture of dichloromethane and methanol with 10%
9-chloroacridine with anilind5b are presented in the Supporting  Vv/v triethylamine. Fractions containing product were evaporated
Information, together with IR data on all compounds reported here. and partitioned again between chloroform and 20% dilute aqueous
Analytical rpHPLC was performed with a Waters 600S Controller ammonium hydroxide solution. The organic layer was separated
HPLC system connected to a Thermosep Products Spectra Serieand the aqueous layer further extracted with chloroform. The
UV detector. HPLC method Al had the following parameters: combined organic extracts were washed with brine and then treated
column, Hamilton C18; flow, 0.6 mL/min; gradient-® min, 20%- in the usual manner to give red brown solids, which were dried in
80% methanol in water containing 0.1% trifluoroacetic acid); a pistol in vacuo over phosphorus pentoxide to afford the pure title
detection, 290 nm. HPLC method B1 had the following param- product.

eters: column Phemonex Prodigy C18; flow, 1 mL/min; gradient, =~ Method B (1h—j). A solution of the 3,6-bis(chloroalkylamido)-
0—27 min, 0%-46% acetonitrile in 30% acetonitrile in water 9-anilinoacridine {9—21) in anhydrous pyrrolidine (1 mL) was
containing 46 mM sodium octyl sulfonate with pH adjusted to 2.8 stirred overnight at room temperature. LC/MS analysis at this point
with phosphoric acid; detection 268 nm. Acridirds-j were found indicated reaction completion. The reaction solution was evaporated
to be>95% pure by applying HPLC method Al. The puritydf and the resulting crude product purified by flash chromatography
and 1f, which were submitted for cell biology studies, was also eluting with 3:6:1 methanol/dichloromethane/triethylamine as de-
assessed with HPLC method B1. Details are presented in thescribed above for method A to give to pure title products.
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3,6-Bis(4-chlorobutanamido)acridone (4).A brown suspen-
sion of2 (5.019 g, 22 mmol) and 4-chlorobutyryl chloride (50 mL,
63 g, 450 mmol, 20 equiv) was heated at €D overnight. The

now yellow suspension was treated as described in the general

methods to affordt (9.301 g, 96%) as a brown solid: mp 316
(dec);*H NMR (DMSO-ds) 6 2.076 (m, 4H,J = 6.7 Hz), 2.571(t,
4H,J = 7.3 Hz), 3.734 (t, 4HJ = 6.5 Hz), 7.201 (dd, 2HJ) =
1.9, 8.8 Hz), 8.089 (d, 2Hl = 8.8 Hz), 8.127 (d, 2HJ = 1.7 Hz),
10.370 (bs, 2H), 11.646 (bs, 1H¥C NMR (DMSO-ds) o 27.7,
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25.0, 26.7, 28.2, 36.5, 53.5, 55.6, 104.6, 113.2, 116.3, 126.7, 142.0,
143.2, 172.0, 174.9; HRMSHESI) vz 560.3595 (MH', Cs3HaeNsO5
requires 560.3595).
3,6-Bis[4-(pyrrolidin-1-yl)butanamido]-9-chloroacridine (12).
A suspension 05 (3.029 g, 6 mmol) and phosphorus pentachloride
(1.249 g, 6 mmol) in phosphorus oxychloride (20 mL) was refluxed
for 2.5 h. The resulting solution was treated as described in the
general methods to afford crud@ as a brown solid (1.261 g, 40%).

3,6-Bis[5-(pyrrolidin-1-yl)pentanamido]-9-chloroacridine (13).

335, 44.9, 48,5, 104.7, 113.2, 116.4, 126.8, 142.0, 143.1, 170.9,7 prown suspension o® (983 mg, 1.85 mmol) and phosphorus

175.0; HRMS (MALDI)m/z434.1033 (MH, C,1H22N3O3 requires
434.1033).

3,6-Bis(5-chloropentanamido)acridone (5)A brown suspen-
sion of 2 (1.002 g, 4 mmol) and 5-chlorovaleroyl chloride (6 mL,
7.2 g, 46 mmol, 12 equiv) was heated at°@for 4 h. Treatment
of the reaction mixture as described in the general methodsgave
as a light brown solid (1.485 g, 72%): mp 33CZ (dec);'H NMR
(DMSO-dg) 6 1.768 (m, 8H), 2.427 (t, 4H] = 6.8 Hz), 3.681 (t,
4H,J = 6.1 Hz), 7.191 (dd, 2H) = 1.8, 8.8 Hz), 8.088 (d, 2H]
= 8.6 Hz), 8.129 (d, 2H) = 1.4 Hz), 10.274 (bs, 2H), 11.614 (bs,
1H); 13C NMR (DMSO-dg) 6 22.3, 31.5, 35.6, 45.0, 104.6, 113.2,
116.3, 126.7, 142.0, 143.1, 171.6, 174.9; HRMS (MALD)z
462.1346 (MH, Cy3H26CloN3O3 requires 462.1346).

3,6-Bis(6-chlorohexanamido)acridone (6)A brown suspension
of 2 (2.223 g, 0.01 mol) and 6-chlorohexanoyl chloride (16.39 g,
0.1 mol, 10 equiv) was heated at 70 for 5 h. Treatment of the
reaction mixture as described in the general methods §asa
brown solid (2.454 g, 51%): mp350°C (dec);'H NMR (DMSO-
dg) 0 1.448 (m, 4H), 1.654 (m, 4H), 1.761 (m, 4H), 2.397 (t, 4H,
J=7.3Hz), 3.651 (t, 4HJ = 6.5 Hz), 7.191 (d, 2H]) = 8.8 Hz),
8.083 (d, 2HJ = 8.8 Hz), 8.134 (s, 2H), 10.256 (bs, 2H), 11.615
(bs, 1H);*3C NMR (DMSO-ds) 6 24.2, 25.9, 31.7, 36.3, 45.2, 104.6,
113.2,116.3, 126.7, 142.0, 143.1, 171.8, 174.9; HRMS (MALDI)
m/z 490.1659 (MH", CusH3oN303 requires 490.1625).

3,6-Bis[4-(pyrrolidin-1-yl)butanamido]acridone (8). A solution
of 4 (1.735 g, 4 mmol) in pyrrolidine (7 mL, 5.964 g, 84 mmol, 21

equiv) was heated under reflux overnight. The reaction solution

pentachloride (0.55 g, 2.6 mmol, 1.43 equiv) in phosphorus
oxychloride (20 mL) was heated under reflux for 3 h. The reaction
solution was treated as described in the general methods to afford
crudel3 as a brown solid (600 mg, 59%).

3,6-Bis[6-(pyrrolidin-1-yl)hexanamido]-9-chloroacridine (14).
A suspension 010 (624 mg, 1.1 mmol) and phosphorus pentachlo-
ride (368 mg, 1.8 mmol, 1.6 equiv) in phosphorus oxychloride (15
mL) was heated under reflux for 3 h. The reaction solution was
treated as described in the general methods to afford drdids a
brown solid (241 mg, 37%).

3,6-Diazido-9{4'-[3"-(pyrrolidin-1-yl)propanamido]anilino }-
acridine (17). Aniline 15b (62 mg, 0.2 mmol) was added to a
solution of the diazido acridin&6 (6 mg, 0.2 mmol) in NMP (3
mL) followed by catalytic HCI (5 drops) and the resulting solution
stirred at room temperature for 1 h, at which point TLC analysis
indicated reaction completion. Ethyl acetate (15 mL) was added
and the red solid produced isolated by filtration and washed with
ethyl acetate and then diethyl ether to yiédlas a red solid (86
mg, 87%): mp 206-205°C; 'H NMR (CD3;OD) ¢ 2.028 (m, 2H),
2.140 (m, 2H), 2.932 (t, 2H] = 6.7 Hz), 3.132 (m, 2H), 3.537 (t,
2H,J= 6.5 Hz), 3.684 (m, 2H), 6.574 (d, 2K,= 1.9 Hz), 6.608
(dd, 2H,J=1.9, 9.3 Hz), 7.111 (d, 2H = 8.7 Hz), 7.605 (d, 2H,
J = 8.7 Hz), 7.671 (d, 2HJ = 9.3 Hz); HRMS (+ESI) m/z
493.2220 (MH, CyeH2sN100 requires 493.2207).

3,6-Diamino-9{ 4'-[3"-(pyrrolidin-1-yl)propanamido]anilino }-
acridine (18).A slurry of 10% Pd/C catalyst (3 mg) in ethyl acetate

was allowed to come to room temperature and cold saturated (0-5 ML) was added to a solution &7 (25 mg, 0.0508 mmol) in

aqueous sodium hydrogen carbonate (30 mL) added with stirring.

Stirring of the resulting oily mixture was continued until the point
a brown solid collected. This solid was taken up into 10%

hydrochloric acid, washed with dichloromethane, and then made

basic wih 5 N aqueous sodium hydroxide. The light brown solid

formed was isolated by suction filtration and washed with cold ether

and water. Yield8 (1.564 g, 78%): mp 312C (dec);'H NMR
(DMSO-dg) 6 1.680-1.648 (m, 8H), 1.782 (m, 4H), 2.46:2.447
(m, 16H), 7.182 (dd, 2HJ = 1.9, 8.8 Hz), 8.074 (d, 2H] = 8.8
Hz), 8.131 (d, 2H,J = 1.8 Hz), 10.275 (bs, 2H), 11.626 (bs, 1H);
13C NMR (DMSO-dg) 0 23.0, 24.2, 34.6, 53.4, 55.0, 104.6, 113.2,
116.3, 125.7, 142.1, 143.2, 172.0, 175.0; HRMS (EShvz
504.2969 (MH, CygH3503Ns5 requires 504.2969).
3,6-Bis[5-(pyrrolidin-1-yl)pentanamido]acridone (9). The green
solution of5 (466 mg, 1 mmol) in pyrrolidine (5 mL, 4.26 g, 60

methanol (5 mL) in a Parr hydrogenator flask and the reaction
suspension shaken at 20 psi fdr 1 h. At this point, LC/MS and
TLC analysis indicated reaction completion. The mixture was
filtered through Celite and the filtrate evaporated to gieas a
red solid (15 mg, 67%): mp 265210 °C; 'H NMR (CD3;0OD) ¢
2.067 (m, 2H), 2.179 (m, 2H), 2.970 (t, 2H,= 6.7 Hz), 3.171
(m, 2H), 3.576 (t, 2H,J = 6.5 Hz), 3.723 (m, 2H), 6.613 (d, 2H,
J = 1.9 Hz), 6.647 (dd, 2H) = 1.9, 9.4 Hz), 7.150 (dJ = 8.7
Hz), 7.644 (d, 2H,) = 8.7 Hz), 7.710 (dJ = 9.3 Hz);13C NMR
(DMSO-dg) 6 22.7, 32.0, 49.6, 52.9, 94.5, 105.5, 114.3, 119.9,
123.0, 127.2, 128.1, 128.8, 138.0, 142.9, 154.2, 167.6; HRMS
(+ESI) m/z 441.2417 (MH, CyeH29N6O requires 441.2397).
3,6-Bis(4-chlorobutanamido)-9{4'-[3"-(pyrrolidin-1-yl)-
propanamido]anilino}acridine (19). A suspension o018 (30 mg,
0.068 mmol), 3-chloropropionyl chloride (2 mL), and triethylamine

mmol, 60 equiv) was heated at reflux overnight. Treatment of (37 #L, 27 mg, 0.27 mmol, 4 equiv) was microwaved and the

reaction solution as described in the general methods gasea
light brown solid (514 mg, 90%): mp-350 °C (dec);'"H NMR
(DMSO-dg) 6 1.482 (m, 4H), 1.651 (m, 6H), 1.774 (m, 6H), 2.427
(m, 12H), 3.682 (t, 4H,) = 5.6 Hz), 7.192 (d, 2HJ = 8.4 Hz),
8.085 (d, 2HJ = 8.6 Hz), 8.129 (s, 2H), 10.291 (bs, 2H), 11.642
(bs, 1H);3C NMR (DMSO-) 6 23.0, 23.1, 28.0, 36.4, 53.5, 55.3,

resulting reaction mixture treated as described in the general
methods to affordl9 as a red solid (35 mg, 79% yield): LC/MS
(+ESI) mVz 649.27 (MH').
3,6-Bis(5-chloropentanamido)-9£4'-[3"'-(pyrrolidin-1-yl)-
propanamido]anilino}acridine (20). A suspension 018 (30 mg,
0.07 mmol), 5-chlorobutyryl chloride (2 mL), and triethylamine

104.6, 113.2, 116.3, 126.7, 142.1, 143.2, 172.0, 175.0; HRMS (37 uL, 27 mg, 0.27 mmol, 4 equiv) was microwaved and the

(+ESI) m/z 532.3292 (MH, C3;H42Ns05 requires 532.3282).
3,6-Bis[6-(pyrrolidin-1-yl)hexanamido]acridone (10).A solu-
tion of 6 (3.831 g, 8 mmol) in pyrrolidine (14 mL, 11.928 g, 168

mmol, 20 equiv) was heated under reflux for 15 h. The reaction

resulting reaction mixture treated as described in the general
methods to affor@0 as a red solid (37 mg, 80%): LC/MS-ESI)
m/z 677.30 (MH").

3,6-Bis(6-chlorohexanamido)-9£4'-[3"-(pyrrolidin-1-yl)-

solution was treated as described in the general methods to givepropanamido]anilino} acridine (21). A suspension o018 (25 mg,

10as a brown solid (3.295 g, 75%): mp350°C (dec);'H NMR
(DMSO-dg) 6 1.297-1.367 (m, 4H), 1.4191.490 (m, 4H), 1.634
(m, 12H), 2.370 (m, 12H), 3.309 (t, 4H,= 7.0 Hz), 7.186 (dd,
2H,J= 1.3 Hz, 8.8 Hz), 8.080 (d, 2H, = 8.9 Hz), 8.132 (s, 2H),
10.239 (bs, 2H), 11.615 (bs, 1HEC NMR (DMSO-ds) 6 23.0,

0.06 mmol), 6-chlorohexanoyl chloride (48 mg, 0.29 mmol, 5
equiv), and triethylamine (32L, 23 mg, 0.23 mmol, 4 equiv) was
microwaved and the resulting reaction mixture treated as described
in the general methods to affol as a red solid (24 mg, 59%):
LC/MS (+ESI) m/z 705.25 (MH").
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3,6-[4-(Pyrrolidin-1-yl)butanamido]-9-[4'-(N,N-dimethylami-
no)anilino]acridine (1b). By Method A. A dark red brown solution
of N,N-dimethylaminoaniline (26 mg, 0.19 mmol, 1.1 equiv) and
12 (87 mg, 0.17 mmol) in anhydrous methanol (7 mL) was heated
under reflux for 4 d. Product isolation and purification by flash
chromatography eluting with a 3:6:1 mixture of methanol/dichlo-
romethane/triethylamine gavkb as a red brown solid (13 mg,
13%): mp 112°C (dec);'H NMR (CDClz, 3 mg/mL)¢ 1.821 (m,
8H), 1.889 (m, 4H), 2.521 (m, 4H), 2.573 (m, 12H), 2.937 (s, 6H),
6.693 (d, 2HJ = 8.6 Hz), 6.903 (d, 2HJ = 7.8. Hz), 7.178 (bs,
2H), 7.825 (bs, 2H), 7.865 (bs, 2H), 10.229 (bs, 2H); HRMESI)
m/z 622.3866 (MH, C37H4gN-7O; requires 622.3864).

3,6-Bis[5-(pyrrolidin-1-yl)pentanamido]-9-[4'-(N,N-dimeth-
ylamino)anilino]acridine (1c). By Method A. An ice-cooled
solution ofN,N-dimethylaminoaniline dihydrochloride salt (170 mg,
0.8 mmol, 1.1 equiv) and triethylamine (128, 91 mg, 0.9 mmol,
1.2 equiv) in anhydrous methanol (10 mL) was stirred for 15
minutes under nitrogen and then added slowly to an ice-cooled
solution of 13 (408 mg, 0.74 mmol) in methanol (5 mL). The
resulting solution was allowed to come to room temperature and
then heated at reflux for 2 days under nitrogen. Product isolation
and purification by flash chromatography eluting with 3:5:2
dichloromethane/methanol/triethylamine galeas a red brown
solid (12 mg, 2%): mp 133133°C;H NMR (CDCl;, 1 mg/mL)
0 1.596 (m, 4H), 1.751 (bs, 12H), 2.487 (bs, 16H), 2.918 (s, 6H),
6.867 (d, 2HJ = 7.9 Hz), 6.662 (d, 2HJ = 8.5 Hz), 7.405 (bm,
2H), 7.807 (bm, 2H), 7.869 (bm, 2H), 9.363 (bs, 2H); HRMS
(+ESI) m/ 2 650.4180 (MH, CsgHs N0, requires 650.4177).

3,6-Bis[5-(pyrrolidin-1-yl)hexanamido]-9-[4'-(N,N-dimeth-
ylamino)anilino]acridine (1d). By Method A. An ice-cooled
solution ofN,N-dimethylaminoaniline dihydrochloride salt (99 mg,
0.47 mmol, 1.1 equiv) and triethylamine (0.2 mL, 1.43 mmol, 3.3
equiv) in anhydrous methanol (10 mL) was stirred for 15 minutes
under nitrogen and then added slowly to a solutiod4{248 mg,
0.43 mmol) in anhydrous methanol (10 mL). The resulting solution
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10.063 (s, 2H), 10.519 (s, 1H), 11.032 (s, 1H), 11.066 (s, 2H),
13.861 (s, 1H); HRMSLESI) m/z 691.4078 (G,H3sNgO3 requires
691.4078).
3,6-Bis[3-(pyrrolidin-1-yl)propionamido]-9-{ 4'-[3"-(pyrroli-
din-1-yl)butanamido]anilino}acridine (1g). By Method A. A
solution of15c¢ (83 mg, 0.3 mmol, 3 equiv) in MeOH (5 mL) was
added dropwise to a solution @fl (50 mg, 0.1 mmol) in MeOH
(5 mL) and the resulting solution heated at4Dfor 5 h. Product
isolation and then purification by recrystallization from MeOH/
diethyl ether afforded.g as a red brown solid (39 mg, 55%): mp
168-170°C; *H NMR (CD;0OD) ¢ 1.788-1.955 (m, 14H), 2.428
(t, 2H,J = 7.2 Hz), 2.6742.774 (m, 10H), 2.962 (t, 4H} = 7.1
Hz), 3.147 (t, 2H,J = 6.9 Hz), 3.341-3.472 (m, 6H), 6.684
(d, 2H,J = 8.8 Hz), 7.055(d, 2H,) = 8.7 Hz), 7.137 (dd, 2H,
J=1.9,9.4 Hz), 7.961 (d, 2Hl = 9.4 Hz), 8.360 (d, 2H) = 1.9
Hz); HRMS (ESI) n/z 705.4206 (MH, C4Hs3NgOs requires
705.4235).
3,6-Bis[4-(pyrrolidin-1-yl)butanamido]-9-{4'-[3"-(pyrrolidin-
1-yl)propanamido]anilino} acridine (1h). By Method A. A solu-
tion of 9-chloroacridinel2 (534 mg, 1 mmol) and the anilink5b
(725 mg, 3 mmol, 3 equiv) in methanol (20 mL) was heated under
reflux for 4 days. Product isolation and purification by flash
chromatography eluting with 3:6:1 methanol/dichloromethane/
triethylamine gaveld as a red brown solid (82 mg, 11%).

By Method B. A solution of 19 (10 mg, 0.015 mmol) in
anhydrous pyrrolidine (1 mL) was stirred overnight at room
temperature. Product isolation and purification affordddas a
red brown solid (7 mg, 60%): mp 17679 °C; IH NMR (CDs-
OD) 6 1.977-2.100 (m, 16H,) = 7.1 Hz), 2.530 (t, 2HJ = 6.51),
2.607 (t, 4HJ = 7.1 Hz), 2.78 (t, 2H,) = 7.1 Hz), 3.026 (m, 4H),
3.088 (t, 4H,J = 8.0 Hz), 3.180 (m, 8H), 7.171 (d, 2H,= 8.8
Hz), 7.266 (dd, 2H,J = 1.9, 9.4 Hz), 7.646 (d, 2H] = 8.9 Hz),
7.991 (d, 2H,J = 9.4 Hz), 8.405 (d, 2H,) = 1.8 Hz); HRMS
(+ESI) miz 719.4413 (MH, C4HssNgOs requires 719.4391).

was allowed to come to room temperature and then heated at reflux  3,6-Bis[5-(pyrrolidin-1-yl)pentanamido]-9-{ 4'-[3"-(pyrrolidin-

for 2.5 d under nitrogen. Product isolation and purification by flash
chromatography eluting with 3:6:1 methanol/dichloromethane/
triethylamine gaveld as a red solid (19 mg, 12%): mp 15961
°C; 'H NMR (CDClz, 2 mg/mL)d 1.379 (m, 4H), 1.589 (m, 4H),
1.688 (m, 4H), 1.805 (bs, 8H), 2.509 (m, 8H), 2.624 (bs, 8H), 2.935
(s, 6H), 6.627 (d, 2HJ = 8.2 Hz), 7.008 (d, 2H,J = 9.5 Hz),
7.519 (m, 2H), 7.833 (dd, 2H] = 1.8, 7.5 Hz), 8.024 (bs, 2H),
9.977 (bs, 2H); HRMS+ESI) m/z 678.4501 (MH, C41HseN7O;
requires 678.4490).
3,6-Bis[3-(pyrrolidin-1-yl)propionamido]-9-{ 4'-[2"-(pyrroli-
din-1-yl)acetamido]anilino}acridine (1e). By Method A A
solution of15a(132 mg, 0.6 mmol) and1 (300 mg, 0.6 mmol) in
methanol (5 mL) was heated at 8C for 6 h. Product isolation
and purification by flash chromatography eluting with 3:6:1
methanol/dichloromethane/triethylamine galMeas a red brown
solid (412 mg, 61%): mp 207211 °C; H NMR (1e4TFA,
DMSO-dg) 6 1.832 (m, 2H), 1.886 (m, 6H), 2.028 (m, 6H), 2.814
(d, 2H,J = 4.645 Hz), 2.974 (t, 4H]) = 7.24 Hz), 3.086 (m, 6H),
3.493 (m, 6H), 3.572 (m, 6H), 7.336 (dd, 2Bl= 1.6, 9.5 Hz),
7.382 (d, 2H,J = 8.8 Hz), 7.719 (d, 2H) = 8.9 Hz), 8.094 (d,
2H,J = 9.4 Hz), 8.508 (d, 2HJ = 1.6 Hz), 10.003 (s, 2H), 10.187
(s, 1H), 10.860 (s, 1H), 11.039 (s, 1H), 11.064 (s, 2H), 13.899 (s,
1H); HRMS (+ESI) m/z 677.3949 (MH, C4H3sNgO3 requires
677.3922).
3,6-Bis[3-(pyrrolidin-1-yl)propionamido]-9-{ 4'-[3"'-(pyrroli-
din-1-yl)propanamido]anilino} acridine (1f). By Method A. A
solution of15b (430 mg, 1.8 mmol, 3 equiv) antl (300 mg, 0.6
mmol) in methanol (50 mL) was heated under reflux for 15 h.
Product isolation and purification by flash chromatography eluting
with 3:6:1 methanol/dichloromethane/triethylamine gafias a red
brown solid (290 mg, 60%): mp 147149°C; 'H NMR (1f-4TFA,
DMSO-dg) 6 1.888 (m, 6H), 2.035 (m, 6H), 2.874 (t, 2BlI= 7.215
Hz), 2.969 (t, 4H,J = 7.3 Hz), 3.086 (m, 6H), 3.485 (m, 6H),
3.571 (m, 6H), 7.337 (m, 4H), 7.724 (d, 28l= 8.91 Hz), 8.087
(d, 2H,J = 9.5 Hz), 8.492 (d, 2HJ = 1.9 Hz), 9.932 (s, 1H),

1-yl)propanamido]anilino} acridine (1i). By Method A. A solution

of 15b (7 mg, 0.2 mmol) and.3 (100 mg, 0.2 mmol) in methanol
(10 mL) was heated under reflux for 4 days. Product isolation and
purification by flash chromatography eluting with 3:6:1 methanol/
dichloromethane/triethylamine affordédas a red brown solid (21
mg, 16%).

By Method B. A solution 0f20 (10 mg, 0.02 mmol) in anhydrous
pyrrolidine (1 mL) was stirred overnight at room temperature.
Product isolation and purification affordde as a red brown solid
(8 mg, 74%): mp 187189 °C; 'H NMR (CD;OD) ¢ 1.762 (m,
8H), 1.955 (m, 8H), 1.984 (t, 4H] = 7.1 Hz), 2.513 (t, 4H) =
6.8 Hz), 2.668 (t, 2HJ = 7.2 Hz), 2.789 (m, 4H), 2.909 (t, 41,
= 7.7 Hz), 3.001 (m, 8H), 3.217 (t, 2K,= 7.2 Hz), 7.037 (d, 2H,

J = 8.8 Hz), 7.213 (dd, 2H) = 1.9, 9.3 Hz), 7.560 (d, 2H] =

8.8 Hz), 7.950 (d, 2HJ = 9.3 Hz), 8.312 (d, 2HJ = 1.6 Hz);

HRMS (+ESI)m'z 747.4702 (MH, C4HsoNgO3 requires 747.4705).
3,6-Bis[4-(pyrrolidin-1-yl)hexanamido]-9{ 4'-[3"-(pyrrolidin-

1-yl)propanamido]anilino}acridine (1j). By Method A. A solu-

tion of 15b (128 mg, 0.6 mmol, 1.2 equiv) ant¥4 (284 mg, 0.5

mmol) in methanol was heated under reflux for 2.5 d. Product

isolation and purification as described in the general methods

afforded1f as a red brown solid (44 mg, 12%).

By Method B. A solution of 21 (12 mg, 0.017 mmol) in
anhydrous pyrrolidine (1 mL) was stirred overnight at room
temperature. Product isolation and purification by flash chroma-
tography eluting with 3:6:1 methanol/dichloromethane/triethylamine
afforded1f as a red brown solid (5 mg, 38%): mp 13436 °C;

IH NMR (CD3OD) 6 1.471 (quintet, 4HJ = 7.6 Hz), 1.695
1.816 (m, 8H), 1.910 (m, 4H), 1.987 (m, 8H), 2.488 (t, 4H+
7.4), 2.691 (t, 2H,) = 7.2 Hz), 2.833 (m, 4H), 2.969 (t, 4H,=
8.1 Hz), 3.048 (t, 2H,) = 7.0 Hz), 3.100 (m, 8H), 7.068 (d, 2H,
J = 8.8 Hz), 7.230 (dd, 2H) = 2.0, 9.3 Hz), 7.582 (d, 2H] =
8.8 Hz), 7.953 (d, 2HJ = 9.3 Hz), 8.327 (d, 2HJ = 1.8 Hz);
HRMS (+ESI)nVz 775.5029 (MH', C4gHsaNgOs requires 775.5018).
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