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The good results obtained in the past decade with various types of potential bisintercalating agents, e.g., LU
79553, DMP 840, BisBFI, MCI3335, WMC-26, BisAC, BisPA, and the asymmetrical derivative WMC-79
(Chart 1), prompted us to investigate a new series of asymmetrical bisintercalators, contmtinShart

2), which can combine the potentiality of bisintercalation with a possible different mechanism of action due

to two diverse chromophores. The DNA-binding properties of these compounds have been examined using
fluorometric techniques: target compounds are excellent DNA ligands, with a clear preference for binding
to AT-rich duplexes. In vitro cytotoxicity of these derivatives toward human hormone-refractory prostate
adenocarcinoma cell line (PC-3) is described. Apoptosis assays of four selected compounds are also reported.
Very potent cytotoxic compounds, some of them capable of inducing early apoptosis, have been identified.

Introduction to DNA by bisintercalatio¥ Further studies showed that WMC-
26 binds to DNA in an unsymmetrical fashion, wherein one
aromatic residue intercalates into DNA, whereas the other binds
to a groove; furthermore, WMC-26 is endowed with some
sequence selectivity, preferring to bind to GC-rich DRA.

Some new potential anticancer drugs are composed of two
planar intercalating monomers connected by an appropriate
linker to give bis derivatives, which generally present higher

DNA affinity and prolonged drug residence time in DNA with BisAC and BisPA exhibited intriguing biological properties:

respect to the monomer. Thu_s, we can expect to enhance thenigh DNA affinity, a remarkable preference for binding to AT-
biological properties Of. mon0|ntercalator§. In the past decade, rich duplexes, very broad and potent spectrum of cytotoxic
on the basis of this rationale, many positive results have been activity 57 '

achieved with various types of potential bisintercalating agents. The hypothesis previously reported of an unsymmetrical
In Cha_lrt 1 are reported some successful t_axamples: IDIS'binding to DNA for WMC-26 focused our interest on asym-

(bgnzmrsoqymolmgs) LU 79552nd DEAP. 84@ bls(ben;qfu- metrical dimeric compounds constituted by two different
r0|soqum(5JI|n'es) B.'SBFsl and MC|333.5’ bls(!mlda;oacr|Q|ne) chromphores properly linked. So far, very few examples of
WMC-26,° bis(acridine-4-carboxamide) E§|3A@_b|s(_pyr|m|- asymmetrical bis derivatives have been reported in the
dogcndlne_) BisPA,and the asymmetrical bis derivative WMC- literature—1% However, this appears an intriguing approach
79-In particular, L.LJ. 79553 has §hown potent antitumor activity i, may combine the potentiality of bisintercalation with a

and has been positively tested in the clinic for the treatment of possible different mechanism of action of two diverse chro-

i ta,b; isi i
solid tumors;2"it does form bisintercalation complextsand mophores. The asymmetrical bis derivative WMC-79 (Chart 1)

it binds selectively to alternating purirg@yrimidine motifs, . S - .
. S is a DNA-binding agent endowed with potent and selective
particularly those containing GpT (ApC) and TpG (CpA) stéps, antitumor activity. This compound induces apoptosis in sensitive

ggtn?c?rll)ét\:vatetzlélyr:igmgg\s/é?F;Or:ifunrqneorssizalt?o;l\élPhgiorr;zzhe d cell_s. at low nanomolar concentrations anql positive in vivo
clinical trials?2 It is a potent DNA binder, but appears to be activity in  human colon cancer xenograft in nude riice.
onlyamonoihtercalato%bthe capacity to inhibit topoisomerase Thus (C;hart .2)' we d§3|gned and synthes[zed a series of
Il seems responsible 1,‘or its cytotoxicity.BisBFI showed asymmetrical bis derivatives, compountts—t with two dif-

; ferent chromophores, usually connecting the reagents shown by

promising in vitro and in vivo antiproliferative activity, was - -
the polyamine, found to be the most appropriate among our
more potent than parent compound LU 79553, and seems tobisintercala’tor§:7 In a more detailed manner, we can say that

behave asa b|S|nterpa}Ia€dMCI3335 has been shown toldlsplay compoundsia—c represent a mix of BiSAC and BisPA (AC
a very high cytotoxicity toward CEM human leukemia cells. PA subseries), compoundsi—k are a mix of BiSAC and LU
The high cytotoxic potential of MCI3335 is attributed to its 79553 (AC-MIT subseries), and compoundé—r are a mix

]?Onrh%ngegitzzpa&? itto ;’(')22 tﬂo[t)N?ovr:]II)Tea [r)n'\?';keccljeg:ge;er;)ce of BisPA and LU 79553 (PAMIT subseries); compountksis
’ P ge by structurally related to WMC-79, whildt possesses a linker

tqp0|s_omeras_e_l or H'.WMC'ZG showed .h'gh and se_Iectl_ve different from those of the other target compounds, but similar
biological activity against colon cancer in the NCI in vitro to that of LU 79553

screening, further confirmed in vivo in nude mice bearing colon
adenocarcinoma xenografts; preliminary experimental and mod- chemistry

eling results suggested that bifunctional WMC-26 does not bind Schemes 1 and 2 show the synthetic pathways leading to the
target derivativeda—t. According to Scheme 1, the suitable
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Chart 1. Structures of LU 79553, DMP 840, BisBFI, MCI3335, WMC-26, BisAC, BisPA, and Asymmetrical Bis Derivative WMC-79
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6a—e; in a similar way,6f was obtained fronRa and 1,4,7,-
10-tetraazadecane. Target compoufidsh were obtained by
condensation of3al? with 6ab, respectively, in the above
experimental conditions, while target compoudds-k and1t
were prepared by treatment of the suitable intermedaes
either with5a or with 5b in 2-ethoxyethanol at 80C.

As shown in section A of Scheme 2, the reaction of the
appropriate 6-chloro-2,3-dihydrd417H-pyrimido[5,6,1d€dacri-
dine-1,3,7-triones3a—d'?~1* with bis(3-aminopropyl)methy-
lamine, in ethoxyethanol and triethylamine at 8D, gave the
compounds7a—d. In the same experimental conditions, treat-
ment of 7d with 2€!! yielded 1c, showing that the ACPA
subseries may be prepared starting from either comp@uword
compound3. Target compoundsl—r were obtained by reaction
of the suitable intermediaté@a—d either with5a or with 5b in
2-ethoxyethanol at 80C. Finally, section B of Scheme 2
describes the condensation of (i) 5-chloro-8-methyH&,2,3]-
triazolo[4,5,1elgacridin-6-one 4)'° with bis(3-aminopropyl)-
methylamine to yield8 and (i) 8 with 5a to give target
compoundls always in 2-ethoxyethanol at 8C.

All target compoundda—t were examined as water-soluble
hydrochloride salts, prepared by the usual methods, to estimat
their DNA-binding properties and their antineoplastic activity.

Results and Discussion

DNA-Binding Properties. As shown in Table 1, competitive
displacement @) fluorometric assay€ with DNA-bound
ethidium was used (a) to determine “apparent” equilibrium
constants Kappy for drug binding, as theCsg value is ap-
proximately inversely proportional to the binding constdratnd
(b) to establish possible base- or sequence-preferential bitfding.

NO,
ST oe
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In the present study, fluorescence displacement assays were
performed at pH 7 to enable comparison in biological conditions.
In Table 1 are reported theap, values, related to CT-DNA,
AT, and GC, of the new derivativesa—t. Mitonafideld a
monomeric naphthalimide the chromophore of which is the base
of many bis derivatives reported here, was chosen as a reference
drug. Mitonafide binds tightly to DNA with a marked GC
specificity!® and its Kqpp value related to CT-DNA was
determined. The results indicate that target compounds possess
excellent DNA affinity, generally greater or much greater than
that of ethidium and mitonafide. Some considerations can be
made about the CT-DNAKyp, values. (i) In the AG-PA
subseries, compounds—c, it may be evinced first thata,b
are the strongest DNA binders among all target derivatives and
second that the nature of substituent X does not affect the DNA
affinity, whereas the concurrent lengthening of the carboxylic
and imidic side chains is detrimental for DNA binding. (i) In
the AC-MIT subseries, compoundsl—k and1t, we can say
that a nitro group as the Z substituent and a methoxy group as
the substituent X significantly increase the DNA affinity,
whereas two methoxy groups as substituents X and Y signifi-

gcantly decrease the affinity. Comparing the pafr < 1t,

endowed with equal chromophores and different linkers, it can
be outlined that the linker aft seems much more efficient in
terms of DNA binding. (iii) In the PA-MIT subseries,
compoundsli—r, what was previously observed concerning
substituent groups can be confirmed. (iv) Finally, compound
1sis the weakest DNA ligand of all target derivatives.
Generally, the binding behavior of target compounds with
synthetic polynucleotides reflects what we observed for CT-
DNA. A clear, very remarkable in some cases, preference for
binding to AT-rich duplexes is to be outlined, with the only
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Chart 2. Structures of Target Compoundsa—t and Reagent&—5?2
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2d (X=Y=OMe; n=2) 3d (X=Y=H; n=3)

2e (X=Y=H; n=3)
aFor substituents ofa—r see Table 1.
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aReagents and conditions: (a) bis(3-aminopropyl)methylaminédere or 1,4,7,10-tetraazadecane #&f; in 2-ethoxyethanol/EN, 80 °C; (b) 3ain
2-ethoxyethanol/EBN, 80 °C; (c) 5a for 1d,f,h,i,j,t or 5b for 1eg,k, in 2-ethoxyethanol, 80C. Substituents: X=Y = H for 6af, X = NO;and Y=H
for Gb, X = OMe and Y= H for 6c, X =Y = OMe f0r6e, R= (CH2)2N(CH3)2 for 6a—d and6f, R= (CH2)3N(CH3)2 for 6e R = (CH2)3N(CH3)(CH2)3NH2
for 6a—e, R = (CH),NH(CH_),NH(CH)2NH for 6f. For compoundd see Table 1.

exception compoundt, devoid of any preference. However, and BisPA which present the same binding site preferéfce,
this is not surprising for the subseriéa—c, a mix of BisAC but also compound$d—t with a chromophore moiety similar
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Scheme 2
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a Reagents and conditions: (a) bis(3-aminopropyl)methylamine in 2-ethoxyethahbl@Bt°C; (b) 2ein 2-ethoxyethanol/EN, 80°C; (c) 5afor 1l,n,q,s
or 5b for 1m,0,p,r, in 2-ethoxyethanol, 80C. Substituents: XY = H for 7a,d, X = OMe and Y= H for 7b, X =Y = OMe for 7c, n = 2 for 7a—c,
n = 3 for 7d. For compoundd see Table 1.

Table 1. Substituent§,DNA Binding,? and Cytotoxic Activity against Human Hormone-Refractory Prostate Adenocarcinoma (PC-3) of Target
Derivativesla—td

binding Kapp x 107 M~1) cytotoxic activity

compd X Y z n AT® CT-DNA GC Glso TGl LCso
la H 26.8 (1.3) 20.7 21.3 0.10 1.0 8.3
1b NO, 22.5(.9) 20.0 12.1 0.007 0.16 1.6
1c 5.04 (14) 3.39 0.359 0.25 0.60 25
1d H H H 2 1.84 (4.1) 1.31 0.444 0.52 2.0 54
le H H NO; 2 7.12(7.1) 9.69 1.00 0.60 1.0 4.4
1f NO, H H 2 8.75(1.4) 3.30 6.24 0.089 0.63 3.0
1g NO; H NO, 2 14.8 (2.1) 9.10 7.08 0.008 1.3 41
1h OMe H H 2 5.06 (30) 6.27 0.169 0.00016 0.014 3.6
1i OMe OMe H 2 0.391 (1.3) 0.846 0.303 0.15 3.8 >50
1 H H H 3 3.74(6.9) 2.32 0.541 0.60 0.99 41
1k H H NO; 3 4.86 (6.1) 4.55 0.792 0.050 0.090 3.6
1l H H H 2 2.57 (2.4) 1.97 1.08 0.023 2.2 8.4
im H H NO; 2 4.52 (4.3) 4.01 1.06 0.023 0.010 2.6
1n OMe H H 2 4.81 (4.5) 5.19 1.06 0.051 0.85 4.0
1o OMe H NG, 2 4.34 (4.8) 5.86 0.913 0.083 0.50 9.3
1p OMe OMe NG 2 1.24(1.6) 0.86 0.792 0.017 0.34 4.0
1q H H H 3 3.13(3.4) 227 0.906 0.42 0.83 3.8
1r H H NO; 3 11.3 (20) 6.81 0.548 1.70 3.2 6.6
1s 0.452 (1.7) 0.269 0.264 0.017 1.6 5.1
1t 13.1 (none) 145 125 0.062 0.39 25
MIT 0.340 0.15 3.8 56

2 See the structures in Schemes 1 an@T-DNA, AT, and GC refer to calf thymus DNA, [poly(dAdT)], and [poly(dG-dC)L, respectivelyKapp =
1.26[Cs0 x 107, in which 1.26 is the concentratiop) of ethidium in the ethidiumrDNA complex,Cso is the drug concentrationf) that effects a 50%
drop in the fluorescence of bound ethidium, and sahe value oKap, assumed for ethidium in the complexDrug concentrationyM) required to inhibit
cell growth by 50% (GJp) and by 100% (TGI) or to kill 50% of the initial cell number (€ after 48 h of drug exposure. All assays were performed in
triplicate. 9 Reference compound mitonafide (MIT)In parentheses is the binding site preference, considered to be significant only forti§/[[3—C]
ratio differing by >30% from the sequence-neutral unity value (i€0.7 or>1.3).

to that of mitonafide, which has a marked GC specificity, are compound mitonafide against the human hormone-refractory
AT preferential. A different binding fashion was outlined for prostate adenocarcinoma cell line (PC-3) are reported. The
LU 79553 and MCI3335, which possess chromophores relatedresults are expressed in terms of growth inhibition 505,Gl
to that of mitonafide. Anyway, in the case of BisPA we found and total growth inhibition, TGI, which represent the drug
an opposite binding preference among monomers and dimersconcentration required to inhibit cell growth by 50% and by
(GC vs AT, respectivelyj,and a different binding mechanism  100%, respectively, giving an idea of the cytostatic action of
between a monomer and a bis derivative may be assumedthe drugs, and lethal concentration 50,sbGvhich represents
because the linker too can play an important role. the drug concentration required to kill 50% of the initial cell
Cytotoxic Activity. In Table 1 in vitro cytotoxic activities number, giving an idea of the cytocide action of the drugs. Each
of target asymmetrical bis derivativds—t and of reference quoted value is the mean of triplicate experiments. Almost all
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Figure 1. Selected compounds affect the cell viability of PC-3 prostate cancer cells. The viability of PC-3 cells was evaluated by FDA staining.
PC-3 cells were treated with vehicle or the do©f the target compounds at 3T, were incubated for 5 min at 3T with 0.125ug/uL FDA, and

were analyzed by flow cytometric analysis (¥evehicle). Data expressed as the percentage of FDA positive cells are thetm@@nof three
separate experiments. Statistical analysis was performed by Stutléedts The asterisk indicatgs< 0.01.

derivatives possess §lvalues in the low nanomolar and the
submicromolar range; the most active appears tdtéGlso

in the subnanomolar range). The TGI values are often located
in the submicromolar range and in two cases in the low
nanomolar rangelh and 1m). All the LCsp values are in the
low micromolar range. Overall, these data indicate that the target

as the use of a different linked{ compared tdlf) generally
leads to a moderate increment of the in vitro activity.

(iii) In the PA—MIT subseries (compounds—r), considering
1l as the parent compound, the introduction of aN@up as

the Z substituent(m) yields the same Gg value, but much

lower TGl and LGy values compared to those of the parent

derivatives are potent cytotoxic agents against PC-3 cells, muchcompound. The introduction of one or two methoxy groups,

more than the reference compound mitonafide. This fact is not
surprising as with a bis derivative we expect to enhance the
biological properties of monointercalators. However, LU 79553
gave an G, after 78 h of drug exposure, of 0.321;3 even if

either in the presence or in the absence of a nitro Z substituent
(compoundsln—p), does not cause any dramatic change in
terms of the activity profiles. In this subseries the homologation
of the side chain generally produces a decrease in the activity

the data are relative to another experiment and cannot be directly(1q and, especiallylr compared td| and1m), in contrast with

compared with the G} values of Table 1, we can say that many
target derivatives are much more active in vitro than LU 79553
vs the PC-3 cell line. Other bis derivatives relatedlts-c
possess similar potent cytotoxic activity against the same cell
line: (i) BisAC 1 and BisAC 2 (Chart 1, X Hand X=7,7-
NO,, respectively), Iy = 19 and 33 nM, correspondingly, after
144 h of drug exposure (data not published); (ii) BisPA 1 and
BisPA 2 (Chart 1, X= H and X = 9,9-OMe, respectively)
ICs0 = 1.6 and 1.2 nM, correspondingly, after 144 h of drug
exposure.

The following remarks can be made.

(i) In the AC—PA subseries (compounds—c), considering
laas the parent compound, the introduction of a,N@up as
the X substituent Ib) leads to the best results, while the
lengthening of the side chaindd) affords small contrasting
effects on the activity profile.

(ii) In the AC—MIT subseries (compoundbkd—k and 1t),
consideringld as the parent compound, the introduction of a
NO, group as the Z substitueritd) does not significantly change
the in vitro activity, whereas the introduction of a N@roup
as the X substituentlf) enhances the cytostatic and cytotoxic
activities, as was mentioned above in (i). The concurrent
introduction of two NQ groups as X and Z substituentsg]
leads to a GJ value of 8 nmol, although the TGI and k&£
values are similar to those of the parédt A methoxy group
as the X substituentlf) leads to the best derivative in the
subseries, while two methoxy groups as X and Y substituents
(1i) contribute to a decrease in the cytostatic and cytotoxic
activities with respect to those of the monosubstitutdThe
homologation of the side chaidj(k compared td.d,e as well

what was previously reported in (ii).

(iv) Finally, compoundLs the only asymmetrical bis deriva-
tive made of a triazoloacridone chromophore, linked with a
benzoisoquinolinedione, shows a good in vitro activity profile.

As previously noted with BisAC and BisP®,there is not a
good correlation between cytotoxic activity and DNA-binding
properties; nevertheless, some considerations can be made. Thus,
we found a very high correlation fdh vs 1i (compoundd.d—

k): the addition of two vs one methoxy group, which causes a
7-fold decrease in the DNA binding affinityKgedCT-DNA,

1h) = 6.27 vsK4p{CT-DNA, 1i) = 0.846), induces an almost
complete loss of cytotoxic activity fati. Compoundslb, 1h,
and1lm, three of the most potent cytotoxic derivatives, are also
very attracted to DNA (420 times more than ethidium).
However, 1s the weakest DNA ligand, shows high cytotoxic
activity.

On the basis of their activity profiles and structure diversities,
four compounds Ib,h,m,9 were selected for further studies.
We analyzed whether the treatment of PC-3 cells with these
antitumor agents would be able to induce apoptotic and/or
necrotic cell death.

To this aim, we evaluated the changes in the PC-3 cell
viability by flow cytometry. In any case, the percentage of dead
PC-3 cells increases according to the treatment time, indicating
that the different compounds affect the PC-3 cell viability in a
time-dependent manner. At 248 h a massive reduction of
cell viability was observed (Figure 1).

Moreover, biparametic flow cytometric analysis allows us to
establish whether the different compounds induce a distinct
pathway of cell death, e.g., apoptosis or necrosis, by annexin
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(a) Im (b) 48h target compoundlm induces a significant reduction (from
MR Oh 4h 8h 24h MR Ve 1h 1Is 1b 92.3% to 1.2%) of PI/AnnV~ intact cells and early (4 h)
; translocation of PS in about 12.5% of the PC-3 cells (PI
AnnV*). PS exposure ofm-treated PC-3 cells increased in a
time-dependent manner, and about 33.6% of the PC-3 cells
displayed PS 24 h after the treatment. Target compdilind
induces necrosis as proved by the increased percentage (from
6.3% to 55.7%) of Pi/AnnV~ PC-3 cells and the corresponding
decrease (from 92.3% to 5.0%) of PAnnV~ intact cells. Late
(24 h) PS exposure (PIAnnV*) was observed with target
compoundslsand 1h.

Figure 2 shows that, in accordance with cytofluorimetric

Figure 2. Selected compounds induce in a time-dependent manner : ; : ;
distinct pathways of PC-3 prostate cancer cell death. (a) Time-course analysis, agarose gel electrophoresis evidences necrosis or

analysis of DNA fragmentation from PC-3 cells untreated and treated 2POPt0SIs of PC-3 cells depending on the different compounds
with 1m target compound for different times (4, 8, and 24 h) was Used. MR is a molecular ruler indicating 200, 400, 600, etc.
performed by agarose gel (1.7%) electrophoresis. (b) Analysis of DNA base pairs. Indeed, time-course analysis of target compbund
fragmentation from cells treated with vehicle (Ve) iy 1s and1b shows very early apoptosis induction as demonstrated by DNA
target compounds (L4g) for 48 h was performed as described above. |5dder formation alread 4 h after treatment. DNA ladder
Data shown are representative of three separate experiments. formation increases at later times. such a<8 h. PC-3 cell

Table 2. Selected Compounds Induce PS Exposure in PC-3 Prostate  tréatment with target compouriginduces apoptosis as proved

Cancer Cells in a Time-Dependent Marmer by the characteristic ladder pattern of DNA, whereas the target
PI-/ANNV-  PIYANNV-  PIH/ARNV:  PIH/ANNV* compoundlb displays a diffuse smearing of degraded DNA,
- indicating cell necrosis. PC-3 cells treated with the target
Time 4 h . .
vehicle  92.3+ 1.9 6.3+ 0.9 02401 12401 compoundlh show both necrotic and apoptotic cell death.
im 67.7+£23 16.3+ 1.8 12.5+ 1.0 3.5+ 0.4 Neither apoptosis nor necrosis is observed in PC-3 cells treated
1b 66.5+2.4  28.6+2.6 1.9+0.2 3.0£05 with vehicle.
1s 69.4+20  28.6+2.0 0.9+ 0.1 1.1+ 0.2 e
1h 811+ 19  164+16 1.3+ 02 12401 It seems that the presence of two “acridinic™-type chro-
Time 8 h mophores (compountb) results in cellular death by necrosis,
vehicle 835:27  14.3+09 0.24 0.1 20405 while the presence of a benzoisoquinolinedione chromophore
im 49.0+ 1.9 26.9+ 1.4 16.3+ 1.2 7.8£0.9 (compoundslh,m,9 may confer the capacity of inducing
1b 53.0+ 2.6 37.9+23 3.6+ 0.6 55+1.2 apoptosis.
1s 54.8+19  42.0£20 1.3+0.2 1.9+0.1 . .
n 627+ 2.0 3204 1.2 15+ 0.1 20106 'As preylously noted, D.l\/I'P 840 has been shown_to interfere
! with topoisomerase Il activit§t Thus, as a hypothesis, we can
Time 24 h . .
vehicle  81.2-2.9 1564+ 1.2 0.4+ 01 28406 say that the proapoptotic activity of th&éh, 1m, and 1s
im 315+ 1.3 28.6+ 2.4 33.6+ 1.9 6.3+ 1.0 compounds is probably related to their ability to stabilize
1b 37.5+20  44.0£26 29+06  156+12 topoisomeraseDNA cleavable complexes convertible into
if} éégi ii gggi ig gggi %‘1‘ igéi ié double-strand-DNA breaks (DSBs), which trigger apoptosis of
' ‘ ' ' o T T PC-3 prostate cancer cells. The difference in the time course of
Time 48 _ .
vehicle  79.1+2.6 17.0+ 1.2 0.6+ 0.1 34+1.2 imvs 1h and1s(4-8 hvs 24 h) may pe related to the d'ﬁere.m
1m 12104 87.3+ 2.9 4.0+ 0.6 75421 capabilities of these compounds to interact with and stabilize
1b 5.040.9 55.7+ 2.4 4.14+0.9 3524 2.6 the DNA—topoisomerase Il complexes or to other differences
1s 1.0+0.2 27.3+2.1 57.0+ 1.9 15.7+1.9 in the mechanisms responsible for DSB generation. However,
1h 23+01 244419  59.0+24  143+18 the ability of 1b to induce PC-3 cell death, by a necrotic instead

2 The apoptosis of PC-3 cells treated at different times (4, 8, 24, and 48 of an apoptotic mechanism, suggests the presence of a different
h) with the LG of the selected compounds was evaluated by biparametric mechanism of action. Compountlb seems to activate a
cytofluorimetric analysis using Pl and FITC-conjugated annexin V. Data topoisomerase-independent cell death. as evidenced by the
expressed as the percentage of positive cells are the mesid of three P p ' . .y
separate experiments. absence of the double-strand-DNA breaks characteristic of
S apoptosis, but induces massive DNA degradation, the hallmark
V (AnnV) and propidium iodide (PI) treatment. In fact, a of necrosis. Thus, the cytotoxicity of compoui, with a very
characteristic feature of necrotic cell death is the loss of plasmahjgh DNA-binding capability, also regarding [poly(d@IC)J,,

membrane integrity. This damage can be highlighted by may be due to its DNA-binding properties as recently proposed
treatment with nonvital PI dye, which is allowed to penetrate py Bajlly for similar compounds.

into the cell, intercalating DNA and turning it fluorescent. The

phosphatidylserine (PS) exposure represents an early andcgnclusions

widespread hallmark of apoptotic cells. During the early phases

of apoptosis, when the cell membrane remains intact, PS From the present successful study we can state the follow-
translocates from the inner to the outer layer of the plasma ing: (i) The asymmetrical bis derivativds—t represent a new
membrane. Thus, apoptotic cells may be evidenced by annexinclass of interesting antitumor agents endowed with noticeable

V, which binds to negatively charged PS. Therefore/®RhnV~- DNA-binding properties and antiproliferative activity. (ii) The
cells are living cells, PI/AnnV~ cells are necrotic, PTAnnV* selected compountb,h,m,smay act as new leads in the field
cells are early apoptotic cells, and™AnnV™ cells are late of anticancer derivatives. (i) In particulatm, showing high

apoptotic or necrotic cells. DNA affinity, very potent cytostatic and cytocide action, and

The results of biparametric flow cytometric analysis for the an intriguing capacity of early apoptosis induction, may be a
selected compounds are reported in Table 2. Treatment withgood candidate for in vivo preclinical studies.
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Experimental Section

Synthetic Chemistry. Melting points were determined on a

Buchi 540 apparatus and are uncorrected. Thin-layer chromatog-
raphy (TLC) was accomplished using plates precoated with silica

gel 60 F-254 (Merck). Al*H NMR spectra were recorded on a
Varian VXR 300 instrument. Chemical shifts are reporteddas
values (ppm) downfield from internal M8i in the solvent shown.

The following NMR abbreviations are used: br (broad), s (singlet),

d (doublet), t (triplet), m (multiplet), ar (aromatic proton), ex
(exchangeable with fD). Elemental analyses were performed on
an EA1108CHAZ-O elemental analyzer (Fisons Instruments).
N4-[2-(Dimethylamino)ethyl]-1-({ 3-[(3-aminopropyl)-
methylamino]propyl} amino)-9-oxo-9,10-dihydro-4-acridinecar-
boxamide (6a). Example of the General Procedure for the
Preparation of 6a—f, 7a—d, and 8.N4-[2-(Dimethylamino)ethyl]-
1-chloro-9-ox0-9,10-dihydro-4-acridinecarboxamige; 0.3 g, 0.97

Antonini et al.

[5,6,1-ddacridin-6-yl } amino)propyl]methylamino]propyl } amino)-
7-nitro-9-0x0-9,10-dihydro-4-acridinecarboxamide (1b):yield
71%; mp 152-154 °C; hydrochloride mp 201202 °C (EtOH);

IH NMR (CDCls) 6 1.86-2.04 (m, 4H, 2x CHjy), 2.23-2.50 (m,
15H, 5x CHjy), 2.50-2.78 (m, 8H, 4x CH,), 3.18-3.38 (m, 4H,

2 x CHyp), 3.43-3.59 (m, 2H, CH), 4.30 (t, 2H, CH), 6.08 (d,
1H, ar), 6.30 (d, 1H, ar), 7.01 (d, 2H, ar), 7.30 (t, 1H, NH, ex),
7.39-7.57 (m, 2H, ar), 7.86 (d, 1H, ar), 8.00 (d, 1H, ar), 8.12 (d,
1H, ar), 8.60 (d, 1H, ar), 8.96 (s, 1H, ar), 10.55 (t, 1H, NH, ex),
10.70 (t, 1H, NH, ex), 13.63 (s, 1H, NH, ex). Anal. 485~
ClI3N100g) C, H, N.

Data for N4-[3-(dimethylamino)propyl]-1-({ 3-[[3-({ 2-[3-(dim-
ethylamino)propyl]-1,3,7-trioxo-2,3-dihydro-1H,7H-pyrimido-
[5,6,1-ddacridin-6-yl } amino)propyllmethylamino]propyl }amino)-
9-0x0-9,10-dihydro-4-acridinecarboxamide (1c)yield 71%; mp
119-121 °C; hydrochloride mp 8890 °C (EtOH); *H NMR
(CDCl) 6 1.78-2.09 (m, 8H, 4x CH,), 2.23-2.40 (m, 15H, 5x

mmol), bis(3-aminopropyl)methylamine (0.32 mL, 2.0 mmol), and - ¢,y 2.40-2.70 (m, 8H, 4x CH;), 3.20-3.42 (m, 4H, 2x CHy),
triethylamine (0.5 mL) were stirred in 2-ethoxyethanol (10 mL) at 3 5g (t, 2H, CH), 4.24 (t, 2H, CH), 6.00 (d, 1H, ar), 6.52 (d, 1H,

80°C for 2 h. The resulting mixture was partitioned between GHCI
(2 x 30 mL) and an excesd @ M aqueous NzCO; (30 mL) The

ar), 7.04-7.18 (m, 2H, ar), 7.367.58 (m, 4H, ar), 8.03 (d, 1H,
ar), 8.21 (t, 2H, ar), 8.52 (m, 1H, NH, ex), 8.64 (d, 1H, ar), 10.80

organic layer was worked up to give a residue which was purified (m 21 2x NH, ex), 13.45 (s, 1H, NH, ex). Anal. (gHsClsNsO7)
by flash chromatography on a silica gel column eluted first with ¢ '}y N T T

CHCI/MeOH (7:3, v/v) and then with CH@MeOH (7:3, v/v)
containing 32% aqueous NH15 mL for 1 L of eluent) to obtain

Data for N4-[2-(dimethylamino)ethyl]-1-({ 3-[[3-(1,3-diox0-2,3-
dihydro-1H-benzo[de€lisoquinolin-2-yl)propylmethylamino]-

6a(0.22 g, 50% yield) as a dense oil, pure enough to be employed oy} amino)-9-oxo-9,10-dihydro-4-acridinecarboxamide (1d):

in the next step:XH NMR (CDClg) 6 1.55 (m, 2H, CH)), 1.82 (m,
2H, CHy), 2.15 (s, 3H, CH), 2.22 (s, 6H, 2x CHa), 2.27-2.53
(m, 6H, 3x CHy), 2.64 (t, 2H, CH), 3.25 (m, 2H, CH), 3.40 (m,
2H, CHp), 6.10 (d, 2H, ar), 7.02 (t, 2H, NKex), 7.17 (t, 1H, ar),

7.25 (d, 2H, ar), 7.49 (t, 1H, ar), 7.59 (d, 1H, ar), 8.23 (d, 1H, ar),

10.85 (t, 1H, NH, ex), 13.40 (br s, 1H, M, ex).

yield 82%; mp 138140 °C; hydrochloride mp 196198 °C
(EtOH); 'H NMR (CDCls) 6 1.82-2.04 (m, 4H, 2x CH,), 2.28
(s, 3H, CHy), 2.38 (s, 6H, 2x CHjg), 2.55 (t, 4H, 2x CHy), 2.63
(t, 2H, CH,), 3.30-3.43 (m, 2H, CH), 3.48-3.62 (m, 2H, CH),
4.23 (t, 2H, CH), 6.25 (d, 1H, ar), 7.027.38 (m, 3H, 2ar+ NH
ex), 7.58 (t, 1H, ar), 7.68 (t, 3H, ar), 8.20 (d, 2H, ar), 8.30 (d, 1H,

In a similar manner, the following compounds were prepared: ar), 8.58 (d, 2H, ar), 10.95 (t, 1H, NH, ex), 13.55 (s, 1H, NH, ex).

(i) 6b—f from the appropriate 1-chloro-9-ox0-9,10-dihydro-4-
acridinecarboxamid2b—e and the suitable amine; (ila—d from
the appropriate 6-chloro-2,3-dihydrd47H-pyrimido[5,6,1€d€-
acridine-1,3,7-trion8a—d and the suitable amine; (ii§ from 4

Anal. (C37H46C|2N606) C, H, N.

Data for N4-[2-(dimethylamino)ethyl]-1-{ 3-[[3-(5-nitro-1,3-
dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-2-yl)propyl]-
methylamino]propyl} amino)-9-oxo-9,10-dihydro-4-acridinecar-

and bis(3-aminopropyl)methylamine. All the intermediate deriva- poxamide (1e):yield 71%; mp 157159 °C; hydrochloride mp

tives 6a—f, 7a—d, and8 were not characterized, but used in the
next step after purification by flash chromatography.
N4-[2-(Dimethylamino)ethyl]-1-({ 3-[[3-({ 2-[2-(dimethylami-
no)ethyl]-1,3,7-trioxo-2,3-dihydro-1H,7H-pyrimido[5,6,1-deacri-
din-6-yl} amino)propyllmethylamino]propyl } amino)-9-oxo0-9,10-
dihydro-4-acridinecarboxamide (1a). Example of the General
Procedure for the Preparation of 1a-t. Compoundéa (0.21 g,
0.46 mmol), 6-chloro-2-[2-(dimethylamino)ethyl]-2,3-dihydro-
1H,7H-pyrimido[5,6,1-de]acridine-1,3,7-trion8% 0.37 g, 1 mmol),

128-130°C (EtOH);'H NMR (CDCly) 6 1.80-2.06 (m, 4H, 2x
CHy), 2.29 (s, 3H, CH), 2.36 (s, 6H, 2x CHa), 2.48-2.72 (m,
6H, 3 x CHy), 3.29-3.49 (m, 2H, CH)), 3.50-3.62 (m, 2H, CH),
4.22 (t, 2H, CH), 6.25 (d, 1H, ar), 6.98 (t, 1H, NH, ex), 7.18 (t,
1H, ar), 7.22-7.31 (m, 1H, ar), 7.55 (t, 1H, ar), 7.68 (d, 1H, ar),
7.82 (t, 1H, ar), 8.188.38 (m, 2H, ar), 8.66 (d, 1H, ar), 9.04 (s,
1H, ar), 9.22 (s, 1H, ar), 10.91 (t, 1H, NH, ex), 13.38 (s, 1H, NH,
eX). Anal. (Q7H45C|2N70g) C, H, N.

Data for N4-[2-(dimethylamino)ethyl]-1-({ 3-[[3-(1,3-dioxo0-2,3-

and triethylamine (0.5 r_nL) were stirred in 2-ethoxyethanol (10 mL) dihydro-1H-benzo[ddlisoquinolin-2-yl)propyl]methylamino]-
at 80°C for 2 h. The mixture was cooled at room temperature and propyl}amino)-7-nitro-9-oxo-9,10-dihydro-4-acridinecarboxa-

partitioned between CHEI(4 x 20 mL) and an excess of 1 M
aqueous N#O; (20 mL). The organic layer was worked up to

mide (1f): yield 63%; hydrochloride mp 213215 °C; 'H NMR
(CDCl) 6 1.83-2.03 (M, 4H, 2x CHy), 2.23-2.38 (m, 9H, 3x

give a residue which was flash-chromatographed on a silica gel CHy), 2.46-2.62 (m, 6H, 3x CH,), 3.33-3.58 (m, 4H, 2x CH,),

column eluted first with CHGIMeOH (1:1, v/v) and then with
CHCI/MeOH (1:1, v/v) and 32% aqueous Nib mL for 1 L of
eluent) to give purela (0.3 g, 83%): mp 166162 °C; hydro-
chloride mp 233-235°C (EtOH);*H NMR (CDCl) 6 1.86-2.04
(m, 4H, 2x CHy), 2.23-2.40 (m, 15H, 5x CHjg), 2.55-2.73 (m,
8H, 4 x CHy), 3.20-3.40 (m, 4H, 2x CH,), 3.43-3.56 (m, 2H,
CHy), 4.31 (t, 2H, CH), 6.00 (d, 1H, ar), 6.45 (d, 1H, ar), 6.79 (t,
1H, NH, ex), 7.05-7.15 (m, 2H, ar), 7.367.55 (m, 4H, ar), 7.98
(d, 1H, ar), 8.20 (t, 2H, ar), 8.62 (d, 1H, ar), 10.73 (t, 1H, NH, ex),
10.82 (t, 1H, NH, ex), 13.21 (s, 1H, NH, ex). Anal.4{8s,ClsNgOs)
C, H, N.

In the same experimental conditions, derivatites from 6b
and 7d were prepared, respectively. Derivatived—t were also
prepared in a similar manner from the suitable intermediétes
f, 7a—d, or 8, but without using triethylamine. All the target
compoundsla—t were converted to water-soluble hydrochloride
salts by the usual methods.

Data for N4-[2-(dimethylamino)ethyl]-1-({ 3-[[3-({ 2-[2-(dim-
ethylamino)ethyl]-1,3,7-trioxo-2,3-dihydro-1H,7H-pyrimido-

4.22 (t, 2H, CH), 6.42 (d, 1H, ar), 7.07 (t, 1H, NH, ex), 7.28 (d,
1H, ar), 7.65-7.78 (m, 3H, ar), 8.18 (d, 2H, ar), 8.32 (d, 1H, ar),
8.55 (d, 2H, ar), 9.10 (s, 1H, ar), 10.72 (t, 1H, NH, ex), 13.90 (s,
1H, NH, eX). Anal. (Q7H45C|2N70g) C, H, N.

Data for N4-[2-(dimethylamino)ethyl]-1-{ 3-[[3-(5-nitro-1,3-
dioxo-2,3-dihydro-1H-benzofddisoquinolin-2-yl)propyl](methyl)-
amino]propyl}amino)-7-nitro-9-0x0-9,10-dihydro-4-acridine-
carboxamide (1g): yield 63%; hydrochloride mp 236232 °C
(EtOH); *H NMR (CDCl3) 6 1.80-2.03 (m, 4H, 2x CHy), 2.21—
2.42 (m, 9H, 3x CHg), 2.43-2.70 (m, 6H, 3x CH,), 3.30-3.60
(m, 4H, 2x CHyp), 4.22 (t, 2H, CH), 6.35 (d, 1H, ar), 7.04 (t, 1H,
NH, ex), 7.19-7.28 (m, 1H, ar), 7.65 (d, 1H, ar), 7.83 (t, 1H, ar),
8.22-8.40 (m, 2H, ar), 8.6868.78 (m, 1H, ar), 8.99 (d, 2H, ar),
9.17 (s, 1H, ar), 10.65 (t, 1H, NH, ex), 13.83 (s, 1H, NH, ex).
Anal. (C37H44C|2N8010) C, H, N.

Data for N4-[2-(dimethylamino)ethyl]-1-({ 3-[[3-(1,3-diox0-2,3-
dihydro-1H-benzo[d€lisoquinolin-2-yl)propylmethylamino]-
propyl}amino)-7-methoxy-9-oxo-9,10-dihydro-4-acridinecar-
boxamide (1h):yield 82%; mp 169-171 °C; hydrochloride mp
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79—-81 °C (EtOH); 'H NMR (CDCl3) 6 1.83-2.03 (m, 4H, 2x
CHy), 2.29 (s, 3H, CH), 2.40 (s, 6H, 2x CHj3), 2.50-2.61 (m,
4H, 2 x CHy), 2.68 (t, 2H, CH), 3.30-3.46 (m, 2H, CH), 3.52-
3.63 (m, 2H, CH), 3.88 (s, 3H, OCHh), 4.22 (t, 2H, CH), 6.25 (d,
1H, ar), 7.16-731 (m, 3H, 2 art NH ex), 7.62-7.84 (m, 4H, ar),

8.18 (d, 2H, ar), 8.55 (d, 2H, ar), 11.03 (t, 1H, NH, ex), 13.44 (s,

1H, NH, eX). Anal. (G8H48C|2N607) C, H, N.

Data for N4-[2-(dimethylamino)ethyl]-1-({ 3-[[3-(1,3-diox0-2,3-
dihydro-1H-benzo[delisoquinolin-2-yl)propyljmethylamino]-
propyl}amino)-6,7-dimethoxy-9-o0x0-9,10-dihydro-4-acridine-
carboxamide (1i): yield 63%; mp 158-160°C; hydrochloride mp
204—207°C (EtOH);H NMR (CDClg) 6 1.83-2.00 (m, 4H, 2x
CHy), 2.21-2.37 (m, 9H, 3x CHy), 2.45-2.60 (m, 6H, 3x CH,),
3.30-3.43 (m, 2H, CH)), 3.47-3.58 (m, 2H, CH)), 3.98 (s, 3H, 2
x OCHg), 4.22 (t, 2H, CH), 6.25 (d, 1H, ar), 6.72 (s, 1H, ar), 7.06
(m, 1H, NH, ex), 7.63 (s, 1H, ar), 7.67.77 (m, 3H, ar), 8.18 (d,
2H, ar), 8.58 (d, 2H, ar), 11.00 (t, 1H, NH, ex), 13.47 (s, 1H, NH,
EX). Anal. (QggHs()ClzNGOg) C, H, N.

Data for N4-[3-(dimethylamino)propyl]-1-({ 3-[[3-(1,3-dioxo-
2,3-dihydro-1H-benzofdisoquinolin-2-yl)propyllmethylamino]-
propyl} amino)-9-ox0-9,10-dihydro-4-acridinecarboxamide (1j):
yield 62%; mp 123-125°C; hydrochloride mp 7577 °C (EtOH);
1H NMR (CDCl3) 6 1.70-2.04 (m, 6H, 3x CHy), 2.25 (s, 3H,
CHj3), 2.35 (s, 6H, 2x CHg), 2.56 (t, 6H, 3x CH,), 3.30-3.43
(m, 2H, CH), 3.50-3.62 (m, 2H, CH), 4.23 (t, 2H, CH), 6.29
(d, 1H, ar), 7.1%7.38 (m, 2H, ar), 7.527.60 (m, 2H, ar), 7.78 (t,

2H, ar), 8.20 (d, 2H, ar), 8.30 (d, 1H, ar), 8.58 (d, 2H, ar), 8.70 (t,

1H, NH, ex), 10.97 (t, 1H, NH, ex), 13.70 (s, 1H, NH, ex). Anal.
(C3gH4sCI2NgOg) C, H, N.

Data for N4-[3-(dimethylamino)propyl]-1-({ 3-[[3-(5-nitro-1,3-
dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-2-yl)propyl]-
methylamino]propyl} amino)-9-oxo-9,10-dihydro-4-acridinecar-
boxamide (1k): yield 76%; mp 108-110 °C; hydrochloride mp
118-120°C (EtOH);*H NMR (CDCl3) 6 1.70-2.10 (m, 6H, 3x
CH,), 2.24 (s, 3H, CH), 2.40 (s, 6H, 2x CHy), 2.45-2.63 (m,
6H, 3 x CHy), 3.25-3.42 (m, 2H, CH), 3.50-3.62 (m, 2H, CH),
4.23 (t, 2H, CH), 6.22 (d, 1H, ar), 7.18 (t, 1H, ar), 7.27.30 (m,
1H, ar), 7.56-7.60 (m, 2H, ar), 7.82 (t, 1H, ar), 8.68.38 (m,
3H, ar), 8.66-8.71 (m, 2H, art NH ex), 9.04 (s, 1H, ar), 9.21 (s,
1H, ar), 10.89 (t, 1H, NH, ex), 13.36 (s, 1H, NH, ex). Analsdds~
CIbN7Og) C, H, N.

Data for 2-[2-(dimethylamino)ethyl]-6-({ 3-[[3-(1,3-diox0-2,3-
dihydro-1H-benzo[delisoquinolin-2-yl)propyl]methylamino]-
propyl}amino)-2,3-dihydro-1H,7H-pyrimido[5,6,1-d€acridine-
1,3,7-trione (11): yield 45%; mp 156-158 °C; hydrochloride mp
124-126°C (EtOH);*H NMR (CDCl3) 6 1.83-2.03 (m, 4H, 2x
CHy), 2.29 (s, 3H, CH), 2.54 (s, 6H, 2x CHjg), 2.59 (t, 4H, 2x
CHy), 2.70 (t, 2H, CH), 3.40-3.58 (m, 2H, CH), 4.20-4.38 (m,
4H, 2 x CHy), 6.78 (d, 1H, ar), 7.43 (t, 1H, ar), 7.60.79 (m,
3H, ar), 8.18-8.28 (m, 3H, ar), 8.38 (d, 1H, ar), 8.58 (d, 2H, ar),
8.77 (d, 1H, ar), 10.92 (t, 1H, NH, ex). Anal. {81,4CI:N¢O7) C,
H, N.

Data for 2-[2-(dimethylamino)ethyl]-6-({ 3-[[3-(5-nitro-1,3-
dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-2-yl)propyl]-
methylamino]propyl} amino)-2,3-dihydro-1H,7H-pyrimido[5,6,1-
delacridine-1,3,7-trione (1m): yield 41%; mp 119121 °C;
hydrochloride mp 133135°C (EtOH);H NMR (CDCls) 6 1.85—
2.03 (m, 4H, 2x CHy), 2.32 (s, 3H, CH), 2.39 (s, 6H, 2x CHy),
2.59 (t, 4H, 2x CHy), 2.70 (t, 2H, CH), 3.40-3.58 (m, 2H, CH),
4.20-4.38 (m, 4H, 2x CHy), 6.78 (d, 1H, ar), 7.40 (t, 1H, ar),
7.65 (t, 1H, ar), 7.86 (t, 1H, ar), 8.38.40 (m, 3H, ar), 8.668.75
(m, 2H, ar), 9.08 (s, 1H, ar), 9.25 (s, 1H, ar), 10.92 (t, 1H, NH,
eX). Anal. (Q8H430|2N709) C, H, N.

Data for 2-[2-(dimethylamino)ethyl]-6-({ 3-[[3-(1,3-dioxo-2,3-
dihydro-1H-benzo[delisoquinolin-2-yl)propylJmethylamino]-
propyl}amino)-9-methoxy-2,3-dihydro-H,7H-pyrimido[5,6,1-
delacridine-1,3,7-trione (1n): yield 57%; mp 117119 °C;
hydrochloride mp 263265°C (EtOH);!H NMR (CDCl) 6 1.83—
2.03 (m, 4H, 2x CH,), 2.28 (s, 3H, CH), 2.36 (s, 6H, 2x CHy),
2.56 (t, 4H, 2x CHy), 2.65 (t, 2H, CH), 3.42-3.57 (m, 2H, CH),
3.91 (s, 3H, OCH), 4.18-4.36 (m, 4H, 2x CH,), 6.78 (d, 1H,
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ar), 7.22 (d, 1H, ar), 7.607.79 (m, 3H, ar), 8.148.26 (m, 3H,
ar), 8.55 (d, 2H, ar), 8.71 (d, 1H, ar), 10.95 (t, 1H, NH, ex). Anal.
(C39H46Cl2N6Og) C, H, N.

Data for 2-[2-(dimethylamino)ethyl]-6-({ 3-[[3-(5-nitro-1,3-
dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-2-yl)propyl]-
methylamino]propyl } amino)-9-methoxy-2,3-dihydro-H,7H-
pyrimido[5,6,1-d€lacridine-1,3,7-trione (10):yield 87%; mp 148
150°C; hydrochloride mp 257259°C (EtOH);H NMR (CDCly)

0 1.83-2.03 (m, 4H, 2x CH,), 2.29 (s, 3H, CH), 2.37 (s, 6H, 2

x CHa), 2.55 (t, 4H, 2x CHy), 2.65 (t, 2H, CH), 3.42-3.57 (m,
2H, CH,), 3.90 (s, 3H, OCHh), 4.20-4.37 (m, 4H, 2x CH,), 6.77

(d, 1H, ar), 7.21 (d, 1H, ar), 7.71 (s, 1H, ar), 7.88 (t, 1H, ar), 8.22
(d, 1H, ar), 8.39 (d, 1H, ar), 8.628.70 (m, 2H, ar), 9.07 (s, 1H,
ar), 9.22 (s, 1H, ar), 10.93 (t, 1H, NH, ex). Anal.3{845CI,N7O10)

C, H, N.

Data for 2-[2-(dimethylamino)ethyl]-6-({3-[[3-(5-nitro-1,3-
dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-2-yl)propyl]-
methylamino]propyl } amino)-9,10-dimethoxy-2,3-dihydro-H,7H-
pyrimido[5,6,1-d€lacridine-1,3,7-trione (1p):yield 87%; mp 188
190°C; hydrochloride mp 122124°C (EtOH);*H NMR (CDCly)

0 1.83-2.03 (m, 4H, 2x CH,), 2.30 (s, 3H, CH), 2.38 (s, 6H, 2

x CHa), 2.57 (t, 4H, 2x CHy), 2.69 (t, 2H, CH), 3.41-3.55 (m,
2H, CH,), 3.93 (s, 3H, OCH), 4.02 (s, 3H, OCH), 4.20-4.37 (m,
4H, 2 x CHy), 6.75 (d, 1H, ar), 7.67 (s, 1H, ar), 7.86 (t, 1H, ar),
8.22 (d, 1H, ar), 8.37 (d, 1H, ar), 8.41 (s, 1H, ar), 8.70 (d, 1H, ar),
9.05 (s, 1H, ar), 9.19 (s, 1H, ar), 10.97 (t, 1H, NH, ex). Anal.
(C4oH47CI2N7O19) C, H, N.

Data for 2-[3-(dimethylamino)propyl]-6-({ 3-[[3-(1,3-dioxo-2,3-
dihydro-1H-benzo[de€lisoquinolin-2-yl)propyl]methylamino]-
propyl}amino)-2,3-dihydro-1H,7H-pyrimido[5,6,1-d€elacridine-
1,3,7-trione (1q): yield 85%; hydrochloride mp 175177 °C
(EtOH); *H NMR (CDCl3) 6 1.83-2.03 (m, 6H, 3x CHy), 2.22—
2.34 (m, 9H, 3x CHg), 2.42-2.60 (m, 6H, 3x CH,), 3.40-3.58
(m, 2H, CH), 4.14-4.28 (m, 4H, 2x CH,), 6.78 (d, 1H, ar), 7.43
(t, 1H, ar), 7.62-7.79 (m, 3H, ar), 8.168.23 (m, 3H, ar), 8.38 (d,
1H, ar), 8.58 (d, 2H, ar), 8.70 (d, 1H, ar), 10.95 (t, 1H, NH, ex).
Anal. (C39H46C|2N607) C, H, N.

Data for 2-[3-(dimethylamino)propyl]-6-({ 3-[[3-(5-nitro-1,3-
dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-2-yl)propyl]-
methylamino]propyl } amino)-2,3-dihydro-1H,7H-pyrimido[5,6,1-
delacridine-1,3,7-trione (1r): yield 88%; mp 106-108 °C;
hydrochloride mp 123125°C (EtOH);*H NMR (CDCl) 6 1.85—
2.03 (m, 6H, 3x CHy), 2.29 (s, 9H, 3x CHj3), 2.42-2.60 (m, 6H,

3 x CHyp), 3.42-3.58 (m, 2H, CH), 4.17-4.32 (m, 4H, 2x CH,),
6.78 (d, 1H, ar), 7.39 (t, 1H, ar), 7.64 (t, 1H, ar), 7.86 (t, 1H, ar),
8.19-8.42 (m, 3H, ar), 8.628.78 (m, 2H, ar), 9.08 (s, 1H, ar),
9.23 (s, 1H, ar), 10.90 (t, 1H, NH, ex). Anal. {¢1,sCl,N;Oq) C,

H, N.

Data for 2-[3-(methyl{ 3-[(8-methyl-6-0x0-6H-12%riazolo-
[4,5,1d€acridin-5-yl)amino]propyl }amino)propyl]-2,3-dihydro-
1H-benzoldgisoquinoline-1,3-dione (1s):yield 80%; mp 187
189°C; hydrochloride mp 229231 °C (EtOH);H NMR (CDCly)

0 1.88-2.07 (m, 4H, 2x CHy), 2.35 (s, 3H, CH), 2.53 (s, 3H,
CHg), 2.61 (t, 4H, 2x CHy), 3.58-3.69 (m, 2H, CH), 4.22-4.30

(m, 2H, CH,), 7.01 (d, 1H, ar), 7.627.77 (m, 3H, ar), 8.128.20

(m, 3H, ar), 8.25 (s, 1H, ar), 8.40 (d, 1H, ar), 8.57 (d, 2H, ar), 9.42
(t, 1H, NH, eX). Anal. (63H330|N604) C, H, N.

Data for N4-[2-(dimethylamino)ethyl]-1-({ 2-[(2<{[2-(1,3-di-
oxo-2,3-dihydro-1H-benzold€lisoquinolin-2-yl)ethyllamino} -
ethyl)amino]ethyl} amino)-7-nitro-9-oxo-9,10-dihydro-4-acridi-
necarboxamide (1t):yield 28%; hydrochloride mp 276272 °C
(EtOH)h'H NMR (CDCl3) 6 2.20 (br s, 2H, 2x NH, ex), 2.35 (s,
6H, 2 x CHg), 2.60 (t, 2H, CH), 2.83-3.10 (m, 6H, 3x CHy),
3.17-3.34 (m, 4H, 2x CHy), 3.60-3.70 (m, 2H, CH), 4.38 (t,
2H, CH,), 6.15 (d, 1H, ar), 7.02 (br s, 1H, NH, ex), 7.28 (d, 1H,
ar), 7.40 (t, 2H, ar), 7.59 (d, 1H, ar), 7.85 (d, 2H, ar), 8:B®R7
(m, 3H, ar), 8.90 (s, 1H, ar), 10.62 (br s, 1H, NH, ex), 13.65 (br s,
1H, NH, ex). Anal. (GgH47ClsNgOg) C, H, N.

Biophysical Evaluation. 1. Fluorescence Binding StudieS.he
fluorometric assays have been described previotislkhe Cso
values for ethidium displacement from CT-DNA and from synthetic
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[poly(dA—dT)], (AT) and [poly(dG-dC)], (GC) oligonucleotides
were determined using aqueous buffer (10 mMHRO,, 10 mM
NaH,PQ,, 1 mM EDTA, pH 7.0) containing 1.2&M ethidium
bromide and kM CT-DNA, AT, and GC, respectivelif-”

All measurements were made in 10 mm quartz cuvettes at 20
°C using a Perkin-Elmer LS5 instrument (excitation at 546 nm,
emission at 595 nm) following serial addition of aliquots of a stock
drug solution ¢5 mM in DMSO). TheCs, values are defined as
the drug concentrations which reduce the fluorescence of the DNA-
bound ethidium by 50% and are calculated as the mean from three
determinations.

2. In Vitro Cytotoxicity. The human androgen-independent
prostate adenocarcinoma cell line (PC-3) was used for cytotoxicity
testing in vitro using the FDA and SRB (sulforhodamine B) as8ay.
Cells were maintained as stocks in DMEM (Gibco) supplemented
with 10% fetal bovine serum (Gibco) and 2 mMglutamine
(Gibco). Cell cultures were passaged twice weekly using trypsin
EDTA to detach the cells from their culture flasks. The rapidly
growing cells were harvested, counted, and incubated under the
appropriate concentrations 7 1P cells/well) in 96-well microtiter
plates. After incubation for 24 h, target and reference compounds
dissolved in culture medium were applied to the culture wells in
quadruplicate and incubated for 48 h at 32 in a 5% CQ
atmosphere and 95% relative humidity. At the same time a plate
was tested to value the cell population before the drug addition
(T,). Culture fixed with cold trichloroacetic acid (TCA) (J.T. Baker
B.V., Deventer, Holland) was stained by 0.4% sulforhodamine B
(SRB) (Sigma-Aldrich, Milan, Italy) dissolved in 1% acetic acid.
Bound stain was subsequently solubilized with 10 mM Trizma
(Sigma-Aldrich, Milan, Italy) and the absorbance read on the
microplate reader Dynatech model MR 700 at a wavelength of 520
nm. The cytotoxic activity was evaluated by measuring the drug
concentration resulting in a 50% reduction in the net protein increase
(as measured by SRB staining) in control cells during the drug
incubation (Gg), the drug concentration resulting in total growth
inhibition (TGI), and the drug concentration resulting in a 50%
reduction in the measured protein at the end of the drug treatment
as compared to that at the beginning ¢5)C The percentage of
growth inhibition was calculated asTj(— T,)/(C — T,)] x 100 for
concentrations for whicfi; > T, and as [{; — T,)/T,] x 100 for
concentrations for whicfi; < T,, whereT, = absorbance at time
zero, C = absorbance in the presence of vehicle, and=
absorbance in the presence of drug at different concentratiogs. Gl
TGI, and LG, were obtained by interpolation on a graph of the
percentage of growth versus Idd). Each quoted value represents
the mean of triplicate experiments.

3. Viability and Apoptotic Assays. a. Cytofluorimetric Analy-
ses.The viability of PC-3 cells was evaluated by FDA stainfg?
PC-3 cells treated with vehicle or with about the g@f target
compounds at 37C, 5% CQ, were incubated for 5 min at 3T
with 0.125ug/ul FDA, an agent that is metabolized to fluorescein
in living cells, in 0.2 mL of binding buffer. Apoptosis of PC-3
cells treated with about the Lsgof target compounds was evaluated
by annexin V binding® and biparametric Pl/annexin V cytofluo-
rimetric analysi$? To detect early stages of apoptosis, the expres-
sion of annexin V, a Ca-dependent phospholipid-binding protein
with high affinity for phosphatidylserine was employed. Moreover,
simultaneous staining of cells with FIFAnnexin V and with Pl
allows the discrimination of intact cells (annexim N?1-), early
apoptotic cells (annexin ¥/PI7), and late apoptotic or necrotic cells
(annexin \VF/PI). Apoptotic cells become annexinf\after nuclear

condensation has started, but before the cells become permeable ®)

to PI. Briefly, 2 x 10° PC-3 cells treated with the Lggof selected
compounds fo6 h were resuspended in 0.2 mL of binding buffer
(10 mM Hepes/NaOH, pH 7.4, 150 mM NaCl, 5 mM KCI, 1 mM
MgCl,, 1.8 mM CaC}) in the presence of gL of FITC—annexin

V (Bender MedSystem, Vienna, Austria) and were incubated for
10 min at room temperature in the dark. The cells were washed,
resuspended in 0.2 mL of binding buffer containing 0 of PI

(20 ug/mL in PBS) (Molecular Probes, Eugene, OR), and then
analyzed as mentioned above. The percentage of positive cells
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determined over 10000 events was analyzed on an FACScan
cytofluorimeter (Becton Dickinson, San Jose, CA) using the
CellQuest software. Fluorescence intensity is expressed in arbitrary
units on a logarithmic scale.

b. DNA Fragmentation Assay. The time course of selected
compound Ib,h,m,9 induced nucleosomal DNA fragmentation was
performed by agarose gel electrophor@&Briefly, 5 x 10° cells/

mL were cultured at 37C, 5% CQ, and treated with the Lfg of
selected compounds for different times (2, 4, 6, and 8 h). After
treatment, the cells were washed, and DNA was extracted using
the Genomix Cells and Tissues Mini Preparations kit (Talent,
Trieste, Italy). The DNA samples were electrophoresed on a 1.7%
agarose gel and stained with ethidium bromide, and the assays were
acquired by a ChemiDoc (BioRad, Milano, Italy).

Supporting Information Available: Elemental analysis results
for target compounds. This material is available free of charge via
the Internet at http://pubs.acs.org.

References

(1) (a) Bousquet, P. F.; Bfan M. F.; Conlon, D.; Fitzgerald, K. M.;
Perron, D.; Cocchiaro, C.; Miller, R.; Moran, M.; George, J.; Qian,
X. D. Preclinical Evaluation of LU 79553: A Novel Bis-Naphthal-
imide with Potent Antitumor ActivityCancer Res1995 55, 1176—
1180. (b) Villalona-Calero, M. A.; Eder, J. P.; Toppmeyer, D. L,;
Allen, L. F.; Fram, R.; Velagapudi, R.; Myers, M.; Amato, A.; Kagen-
Hallet, K.; Razvillas, B.; Kufe, D. W.; Von Hoff, D. D.; Rowinsky,
E. K. Phase | and Pharmacokinetic Study of LU79553, a DNA
Intercalating Bisnaphthalimide, in Patients with Solid Malignancies.
J. Clin. Oncol.2001, 19, 857—869. (c) Gallego, J.; Reid, B. R.
Solution Structure and Dynamics of a Complex between DNA and
the Antitumor Bisnaphthalimide LU-79553: Intercalated Ring Flip-
ping on the Millisecond Time ScalBiochemistryl999 38, 15104
15115. (d) Bréa, M. F.; Ramos, A. Naphthalimides as Anti-Cancer
Agents: Synthesis and Biological Activit¢urr. Med. Chem.: Anti-
Cancer Agent2001, 1, 237—255.
(2) (a) O'Reilly, S.; Baker, S. D.; Sartorius, S.; Rowinsky, E. K.; Finizio,
M.; Lubiniecki, G. M.; Grochow, L. B.; Gray, J. E.; Pieniaszek, H.
J.; Donehower, R. C. A Phase | and Pharmacologic Study of DMP
840 Administered by 24-Hour Infusio\nn. Oncol.1998 9, 101—
104. (b) Pavlov, V.; Kong Thoo Lin, P.; Rodilla, V. Cytotoxicity,
DNA Binding and Localisation of Novel Bis-Naphthalimidopropyl
Polyamine DerivativesChem.-Biol. Interact2001, 137, 15-24. (c)
Nitiss, J. L.; Zhou, J.; Rose, A.; Hsiung, Y.; Gale, K. C.; Osheroff,
N. The Bis(naphthalimide) DMP-840 Causes Cytotoxicity by Its
Action against Eukaryotic TopoisomeraseBlochemistry1998 37,
3078-3085.
Brafe, M. F.; Cacho, M.; Garcia, M. A.; de Pascual-Teresa, B.;
Ramos, A.; Dominguez, M. T.; Pozuelo, J. M.; Abradelo, C.; Rey-
Stolle, M. F.; Yuste, M.; Banez-Coronel, M.; Lacal, J. C. New
Analogues of Amonafide and Elinafide, Containing Aromatic
Heterocycles: Synthesis, Antitumor Activity, Molecular Modeling,
and DNA Binding Propertiesl. Med. Chem2004 47, 1391-1399.
Bailly, C.; Carrasco, C.; Joubert, A.; Bal, C.; Wattez, N.; Hildebrand,
M.-P.; Lansiaux, A.; Colson, P.; Houssier, C.; Cacho, M.; Ramos,
A.; Bra'na, M. F. Chromophore-Modified Bisnaphthalimides: DNA
Recognition, Topoisomerase Inhibition, and Cytotoxic Properties of
Two Mono- and Bisfuronaphthalimide®iochemistry2003 42,
4136-4150.
(5) (a) Cholody, W. M.; Hernandez, L.; Hassner, L.; Scudiero, D. A;;
Djurickovic, D. B.; Michejda, C. J. Bisimidazoacridones and Related
Compounds: New Antineoplastic Agents with High Selectivity
against Colon Tumors]. Med. Chem1995 38, 3043-3052. (b)
Tarasov, S. G.; Casas-Finet, J. R.; Cholody, W. M.; Kosakowska-
Cholody, T.; Gryczynski, Z. K.; Michejda, C. J. Bisimidazoacri-
dones: 2. Steady-state and Time-Resolved Fluorescence Studies of
their Diverse Interactions with DNAPhotochem. PhotobioR003
78, 313-322.
Antonini, |.; Polucci, P.; Magnano, A.; Gatto, B.; Palumbo, M;
Menta, E.; Pescalli, N.; Martelli, S. Design, Synthesis, and Biological
Properties of New Bis(acridine-4-carboxamides) as Anticancer
Agents.J. Med. Chem2003 46, 3109-3115.
Antonini, |.; Polucci, P.; Magnano, A.; Sparapani, S.; Martelli, S.
Rational Design, Synthesis and Biological Evaluation of Bis-
(pyrimido[5,6,1d€lacridines) and Bis(pyrazolo[3,4 8}acridine-5-
carboxamides) as New Anticancer AgerktsMed. Chem2004 47,
5244-5250.
(8) (a) Cholody, W. M.; Kosakowska-Cholody, T.; Hollingshead, M. G.;
Hariprakasha, H. K.; Michejda, C. J. A New Synthetic Agent with
Potent but Selective Cytotoxic Activity against CandeMed. Chem.

®

()

@)



New Asymmetrical Bis Deratives

2005 48, 4474-4481. (b) Kosakowska-Cholody, T.; Cholody, W.
M.; Monks, A.; Woynarowska, B. A.; Michejda, C. J. WMC-79, a
Potent Agent against Colon Cancers, Induces Apoptosis Through a
P53-Dependent Pathwalylol. Cancer Ther2005 4, 1617-1627.
Cherney, R. J.; Swartz, S. G.; Patten, A. D.; Akamike, E.; Sun, J.
H.; Kaltenbach, R. F.; Seitz, S. P.; Behrens, C. H.; Getahun, Z,;
Trainor, G. L.; Vavala, M.; Kirshenbaum, M. R.; Papp, L. M,
Stafford, M. P.; Czerniak, P. M.; Diamond, R. J.; McRipley, R. J.;
Page, R. J.; Gross, J. L. The Synthesis and Antitumor Evaluation of
Unsymmetrical Bis-ImidesBioorg. Med. Chem. Letl.997 7, 163~

168.

Spicer, J. A.; Gamage, S. A.; Finlay, G. J.; Denny, W. A. Synthesis

and Evaluation of Unsymmetrical Bis(Arylcarboxamides) Designed

as Topoisomerase-Targeted Anticancer Dri&jsorg. Med. Chem.

2002 10, 19-29.

Antonini, |.; Polucci, P.; Jenkins, T. C.; Kelland, L. R.; Menta, E.;

Pescalli, N.; Stefanska, B.; Mazerski, J.; Martelli, S. @&-fmi-

noalkyl)amino]-4-N-(w-aminoalkyl)carbamoyl]-9-0x0-9,10-dihy-

droacridines as Intercalating Cytotoxic Agents: Synthesis, DNA

Binding, and Biological Evaluatiod. Med. Chem1997, 40, 3749~

3755.

Antonini, I.; Cola, D.; Polucci, P.; Bontemps-Gracz, M.; Borowski,

E.; Martelli, S. Synthesis of (Dialkylamino)alkyl-Disubstituted Py-

rimido[5,6,1delacridines, a Novel Group of Anticancer Agents

Active on a Multidrug Resistant Cell Lind. Med. Chem1995 38,

3282-3286.

Antonini, |.; Polucci, P.; Kelland, L. R.; Menta, E.; Pescalli, N.;

Martelli, S. 2,3-Dihydro-H,7H-pyrimido[5,6,kdelacridine-1,3,7-

trione Derivatives: A Class of Cytotoxic Agents Active on Multidrug

Resistant Cell Lines. Synthesis, Biological Evaluation and Structure-

Activity RelationshipsJ. Med. Chem1999 42, 2535-2541.

(14) Antonini, |.; Polucci, P.; Magnano, A.; Gatto, B.; Palumbo, M.;
Menta, E.; Pescalli, N.; Martelli, S. 2,6-Rifaminoalkyl)-2,5,6,7-
tetrahydropyrazolo[3,4,5npyrimido[5,6,1de]acridine-5,7-diones:

Novel, Potent, Cytotoxic, and DNA-Binding Agents.Med. Chem.
2002 45, 696-702.

(15) Cholody, W. M.; Martelli, S.; Konopa, J. 8-Substituted 5-[(Ami-
noalkyl)amino]-6H#-triazolo[4,5,1d€lacridin-6-ones as Potential
Antineoplastic Agents. Synthesis and Biological Activify. Med.
Chem.199Q 33, 2852-2856.

9

~

(10)

(11)

(12)

(13)

Journal of Medicinal Chemistry, 2006, Vol. 49, No. 2207

(16) (a) McConnaughie, A. W.; Jenkins, T. C. Novel AcridifiEriazenes
as Prototype Combilexins: Synthesis, DNA Binding and Biological
Activity. J. Med. Chem1995 38, 3488-3501. (b) Jenkins, T. C.
Optical Absorbance and Fluorescence Techniques for Measuring
DNA-Drug Interactions. IrVlethods in Molecular Biologyol. 90:
Drug-DNA Interaction ProtocotsFox, K. R., Ed.; Humana Press:
Totawa, NJ, 1997; Chapter 14, pp 19518.

(17) (a) Morgan, A. R.; Lee, J. S.; Pulleyblank, D. E.; Murray, N. L.;
Evans, D. H. Review: Ethidium Fluorescence Assays. Part 1.
Physicochemical Studieblucleic Acids Resl979 7, 547-569. (b)
Baguley, B. C.; Denny, W. A.; Atwell, G. J.; Cain, B. F. Potential
Antitumor Agents. 34. Quantitative Relationships between DNA
Binding and Molecular Structure for 9-Anilinoacridines Substituted
in the Anilino Ring.J. Med. Chem1981, 24, 170-177.

(18) Bailly, C.; Pommery, N.; Houssin, R.; "Hehart, J.-P. Design,
Synthesis, DNA Binding, and Biological Activity of a Series of DNA
Minor Groove-Binding Intercalating Drugs. Pharm. Sci1989 78,
910-917.

(19) Feigon, J.; Denny, W. A_; Leupin, W.; Kearns, D. R. Interactions of
Antitumor Drugs with Natural DNA: Proton NMR Study of Binding
Mode and KineticsJ. Med. Chem1984 27, 450-65.

(20) Grever, M. R.; Schepartz, S. A.; Chabner, B. A. The National-Cancer-
Institute - Cancer Drug Discovery and Development Prog&emin.
Oncol. 1992 19, 622-638.

(21) Vermes, |.; Haanen, C.; Steffens-Nakken, H.; Reutelingsperger, C.
A Novel Assay for ApoptosisFlow Cytometric Detection of
Phosphatidylserine Expression on Early Apoptotic Cells Using
Fluorescein-Labeled Annexin-\d. Immunol. Method4995 184,
39-51.

(22) Sandstrom, K.; Hakansson, L.; Lukinius, A.; Venge, P. A Method
to Study Apoptosis in Eosinophils By Flow Cytometdy.Immunol.
Methods200Q 240, 55-68.

(23) Matassov, D.; Kagan, T.; Leblanc, J.; Sikorska, M.; Zakeri, Z.
Measurement of Apoptosis by DNA Fragmentatidfethods Mol.
Biol. 2004 282 1-17.

JMO0606793



