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Novel Acridine-Triazenes as Prototype Combilexins: Synthesis, DNA Binding, 
and Biological Activity 
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A series of bifunctional ligands has been developed as prototype DNA-binding combilexins using 
a DNA template-directed approach. These novel agents contain a 1,3-diaryltriazene linker 
moiety, present in the established DNA minor groove-binder berenil [1,3-bis(4’-amidinophenyl)- 
triazenel, which is attached to an intercalating acridine chromophore by a functionalized 
thiazole residue. This 9-arylacridine is predicted to cqnfer rotational freedom to the hybrid 
molecule and thus facilitate bifunctional interaction with double-stranded DNA through a 
combination of ‘classical’ intercalation and minor groove-binding processes. The noncovalent 
DNA-binding properties of these acridine-triazene combilexins, together with the component 
molecular fragments, have been examined by fluorescence quenching and thermal denaturation 
studies with calf thymus DNA and two oligonucleotides, [poly(dA-dT)h andIpoly(dG-dC)h. In 
addition, the binding behaviors of these acridine compounds are compared to those of proflavine 
(3,6-diaminoacridine) and its 9-phenyl derivative. The results indicate that the hybrid agents 
(i) are more DNA-affinic than either molecular component, (ii) retain the AT-preferential binding 
properties of the parent difunctionalized 1,3-diaryltriazene residues, despite weak GC- 
preferential behavior associated with the acridine chromophore, and (iii) have a reduced binding 
affinity at pH 7 that  reflects the protonation status of the acridine. In contrast, the more 
basic proflavines show much greater binding affinity and a marked preference for GC-rich 
DNA sequences. In vitro cytotoxicity data with L1210 mouse leukemia and A2780 human 
colon cancer cell lines show that the conjugate molecules are -10-40-fold more potent than 
the acridine or triazene subunits and have activities that compare favorably with those of other 
reported synthetic combilexins. Intercalative binding modes with a model d(GATACGATAC). 
d(GTATCGTATC1 target duplex have been investigated using molecular modeling techniques. 
These studies provide a rational basis for the binding properties and suggest that  the prototype 
combilexins can bind in a bimodal manner that induces little distortion of the host DNA duplex. 
Energy-minimized models for the possible dual interactions are discussed. 

Introduction 
The search for more effective anticancer agents has 

focused to  a large extent on the design of molecules 
capable of recognizing and binding to target DNA base 
sequences.l Such ligands offer a potential means of 
controlling gene, and especially oncogene, expression by 
inhibiting or competing with the sequence-specific bind- 
ing of regulatory proteins to genomic DNA and/or 
interfering with transcription processes.2 As a conse- 
quence, several design approaches have been exploited 
in the quest for novel and effective recognition agents.lb 

Selective control of gene function is currently being 
assessed using synthetic oligonucleotides targeted to- 
ward either “A (antisense approach) or duplex DNA 
(antigene stratem).3 Nevertheless, low molecular weight 
molecules that bind to double-stranded DNA in a 
nonintercalative, sequence-directed manner continue to  
be an alternative focus of a t t e n t i ~ n . ~  However, high- 
resolution NMR, X-ray crystallography, molecular mod- 
eling, and DNA footprinting studies have shown that 
most neutral or cationic agents of this class, particularly 
noncovalent ligands, bind preferentially to AT-rich 
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sequences in the minor groove of B-DNA (see, for 
example, refs 5-10). 

Recent approaches to the design of DNA-binding 
compounds capable of recognizing heterogeneous DNA 
sequences have included bifunctional molecules (com- 
bilexins) containing linked intercalative and minor 
groove-binding moieties.ll In this strategy, the coupling 
of a groove binder with a DNA-affinic intercalating 
chromophore provides a basis for modulating the se- 
quence-selective binding behavior and/or tailoring the 
hybrid ligands for mixed-sequence recognition. Ideally, 
this latter feature would require the intercalant to 
exhibit a measure of GC site specificity rather than 
sequence-neutral binding. Natural molecules that bind 
to DNA in a reversible, bifunctional manner include the 
antitumor agents actinomycin D, echinomycin, and the 
anthracyclines. 

Synthetic combilexins based upon a phenoxazone 
intercalant and two minor groove-binding ligands, ne- 
tropsin and distamycin, have been reported.12 Further 
examples have been developed, including (i) a simple 
acridine linked to netropsin and distamycin 
(ii) a series of agents with 9-anilinoacridine linked to 
lexitropsin (e.g., NetGA) or SPKK oligopeptide units,14 
(iii) an ellipticine-distamycin derivative,16 and (iv) an 
oxazolopyridocarbazole-netropsin derivative (Net- 
OPC ).I6 

In this article we report the design and synthesis of 
a series of hybrid acridine combilexins, where the 

0 1996 American Chemical Society 



Hybrid Acridine-Triazene Combilexins 

intercalative chromophore is combined with a distal, 
functionalized 1,3-diaryltriazene moiety to provide sec- 
ondary interaction with the DNA minor groove. Berenil 
[ 1,3-bis(4'-amidinophenyl)triazene, 'diminazene'l is an 
archetypal DNA-binding agent with antiprotozoal and 
antiviral proper tie^.^,'^ Extensive biophysical studies 
have shown that this crescent-shaped molecule binds 
preferentially to AT-rich tracts in the minor groove of 
duplex DNA with favored binding sites consisting of 
three to four consecutive A-T base pairs ( ~ P ) , ~ ~ ~ J O  

although a recent NMR study has shown that a spanned 
G-C pair can be tolerated.loC Removal of one or more 
amidine group in berenil, or replacement with a carbo- 
nyl residue, results in diminished binding affinity and 
attenuation of the AT-selective behavior,1° while the 
introduction of cationic functions leads to a restoration 
of binding activity (T. C. Jenkins, unpublished results). 

The prototype combilexins described (16-23 in Scheme 
2) retain the linear 1,3-diaryltriazene linkage present 
in berenil, necessary for a isohelical fit within the DNA 
minor groovels and to provide favorable hydrophobic 
interaction with the groove  wall^.^!^ In contrast to  
berenil, however, the hybrid molecules are essentially 
monofunctionalized with regard to the remote protona- 
table residue, with the 'berenil analogue' 18 bearing a 
single amidine group. Thus, the acridine component in 
the hybrid agent can be regarded as a formal replace- 
ment for one of the amidine residues in the parent 
berenil molecule. Replacement functional groups for the 
terminal amidine residue have also been examined, 
including neutral ketone and amide functions (16 and 
171, together with basic w-aminoalkyl benzoate esters 
(i.e., 19-23). This is the first report of synthetic 
combilexins that do not contain a lexitropsin or oli- 
gopeptide as the minor groove-binding component. 

The diaryltriazene moiety is attached to the planar 
acridine chromophore through a functionalized thiaz- 
oleethanol group. This linkage was selected following 
molecular modeling and quantum mechanical studies, 
as the 5-membered ring permits facile rotation about 
the (acridine)CS-aryl bond, without steric hindrance 
due to atomic clash of o-H atoms with the acridine H-1/8 
protons. Thus, interplane torsion angles of -20-30" 
can be achieved due to a low energy barrier, in contrast 
to six-membered aromatic systems (e.g., 9-phenyl) where 
the orthogonal arrangement is favored. Flexibility at 
this junction is essential for delivery of substituents 
intended to interact with the groove, as the groove walls 
are effectively oriented at -40" relative to  the mean 
intercalation plane in B-DNA. The thiazole-(CH&O- 
linker was judged to be optimal for attachment of a 1,3- 
diaryltriazene through a 4-carboxylate ester, allowing 
the substituents to protrude into either groove of the 
DNA duplex template upon intercalation of the acridine. 
This molecular skeleton represents a rational alterna- 
tive framework for connection to replace the ubiquitous 
9-amino- or 9-anilinoacridine linkage developed from the 
antileukemic agent m-AMSA. Details of the drug 
design and energy calculations will be described else- 
where. 

DNA-binding results are presented for the combilex- 
ins and the separate component molecules with calf 
thymus DNA and two polyoligonucleotide duplexes. In 
vitro cytotoxicity data against two cell lines are de- 
scribed. The prototype combilexins are compared to  
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proflavine (3,6-diaminoacridine) and its 9-phenyl de- 
rivative 28 to examine the effects of ring substituents 
upon DNA-binding affinity, groove delivery of the aryl 
group, and possible site-selective intercalation. The 
increased basicity of proflavine would be predicted t o  
enhance binding as effective intercalation is likely t o  
require N-protonation of the aromatic chromophore. 
Results from a molecular modeling study with a defined 
DNA sequence are described, illustrating a possible 
interaction mode with double-stranded DNA and pro- 
viding a qualitative basis for bifunctional binding by 
these novel composite agents. 

Chemistry 

Commercially available thiazole 1 was selected as a 
starting point for the synthesis, with the ethanol moiety 
acting as a two-carbon linker between the 9-arylacridine 
chromophore and the pendant minor groove-binding 
function. The adopted strategy involves the 4-ami- 
nobenzoate ester 6 as a synthon for the target 1,3- 
diaryltriazenes. Our initial synthetic approach to 6, via 
the corresponding nitro ester 5, is shown in Scheme 1. 

Catalyzed protection of 1 with 3,4-dihydro-W-pyran 
(DHP) gave the O-tetrahydropyranyl derivative 2 in 
essentially quantitative yield. Thiazole 2 was subse- 
quently deprotonated using l-butyllithium and treated 
with 10-alkylacridinone 3;19 acidic workup of the addi- 
tion product furnished 9-(2-thiazolyl)acridine 4 in good 
yield, and subsequent acylation gave the nitrobenzoate 
5. However, catalytic hydrogenation of 5 led to simul- 
taneous reduction of the nitro group and the acridine 
ring system. lH-NMR analysis revealed formation of 
aminoacridan 7 due to  the appearance of two singlets 
a t  5.71 and 6.26 ppm, corresponding to the H-9 and 
H-10 acridan ring protons, respectively. TLC examina- 
tion indicated similar rates of reduction for the compet- 
ing reduction steps, preventing isolation of the target 
amino ester 6. Equivalent facile hydrogenation of the 
acridine ring was observed for 4 and 9-phenylacridine. 

The alternative strategy used for the amino ester 6 
and the triazene combilexins is shown in Scheme 2. 
Treatment of 8 with mesitylenesulfonyl chloride (MtsC1) 
in refluxing acetone gave sulfonamide 9 in good yield. 
Base-catalyzed coupling of 9 with alcohol 4 using 1,3- 
dicyclohexylcarbodiimide (DCC) gave the protected ester 
10 in good yield. Subsequent deprotection by treatment 
with methanesulfonic acid at room temperature gave 
amine 6 in essentially quantitative yield, without cleav- 
age of the ester function. Diazotization of 6 and 
coupling with the appropriate substituted aniline gave 
the target triazenes 16-23 in moderate yield. Anilines 
11-15, used in the preparation of triazenes 19-23, 
were synthesized (Table 1) by esterification of the 
appropriate aminobenzoic acid as shown in Scheme 2. 

9-Phenylproflavine (28) was synthesized via the fully 
protected acridinone 26 (Scheme 3). Thus, treatment 
of 3,6-diaminoacridinone 2420 with ethyl chloroformate 
gave bidcarbamate) 25 in good yield, and subsequent 
trisalkylation with NaWMEM chloride provided acri- 
dinone 26. Grignard addition of PhhtgCl to 26, followed 
by mild acidic workup, gave the 9-phenyl bidcarbamate) 
27; cleavage with aqueous HBr afforded proflavine 28 
in good yield. Bis(sulf0namide)-protected acridinone 26 
represents a novel and useful synthon for the hitherto 
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5 : X -  NO2 
6 : X * NHp 

Reagents: (i) DHP/4-TsOWA; (ii) n-BuLilTHFl-78 “C, then acridinone 3;l9 (iii) HCVEtOWA; (iv) 4-nitrobenzoyl chloride/CH&ld 
pyridint?& (v) H@d-CPTHFlrt. 

inaccessible 9-substituted proflavines. Selected proper- 
ties for the combilexins are collected in Table 1. 

Resulta and Discussion 
DNA-Binding Properties. Thermal denaturation 

data for interaction of the hybrid acridine-triazenes 
18-23, acridine derivatives, and parent berenil ana- 
logues with calf thymus DNA (CT-DNA) and the oligo- 
mers [poly(dA-dT)lz and [poly(dG-dC)lz are shown in 
Table 2. The results show that these agents stabilize 
the thermal helix - coil transition (Tm) for the CT-DNA 
duplex at  pH 6.0, albeit to only a small extent. Cor- 
respondingly smaller positive AT, values were deter- 
mined for CT-DNA at pH 7.0, indicating that N-proto- 
nation of the acridine chromophore to the acridinium 
species (cf. PKa for acridine = 5.6) leads to more effective 
binding. By comparison, proflavine and 28 stabilize CT- 
DNA t o  a much greater extent at both pH values, 
reflecting the increased basicity of the 2,6-disubstituted 
chromophore (cf. pKa for proflavine = 9.7) and hence 
greater affinity for the polyanionic DNA duplex. The 
phenyl substituent in 28 weakens binding to CT-DNA 
by 30-40% relative to  proflavine. A similar effect is 
evident for acridine and 9-phenylacridine (Table 21, 
suggesting that the introduction of an aryl group leads 
to general destabilization of a DNA-acridine or DNA- 
acridinium complex but does not prevent intercalation. 
Equivalent effects are observed for binding to [poly(dA- 
dT)Iz and [poly(dG-dC)lz. 

The AT,,, values determined for the simple 9-aryl- 
acridines resemble that of acridine itself. However, 
comparison of AT, data for 4 and 6 with values for 
combilexins 18-23 shows that elaboration of the acri- 
dine side chain leads to a progressive increase in the 
strength of binding, with the hybrid molecules providing 
the greatest differential stabilization. Biphasic rather 
than monophasic DNA melting behavior was seen with 
several compounds (Table 2), suggesting possible sec- 
ondary modes of interaction for these ligands. Reliable 
Tm values could not be determined for 16-18 due to 

thermal instability, particularly a t  low pH or with the 
high-melting GC-containing nucleic acids, as observed 
for other functionalized diaryltriazenes including 32 and 
33 (unpublished results). Precipitation and/or ligand- 
induced aggregation similarly prevented determination 
of T, values for 6 and 19 with [poly(dG-dC)]z at the 
concentrations used in this assay. 

Generally small AT, S h i h  were obtained for the GC- 
containing synthetic polynucleotide with all compounds, 
suggesting that the stabilization of thermal denatur- 
ation is reduced at high temperatures. However, pos- 
sible preferential binding for combilexins 19-23 is 
indicated from the markedly different drug-induced 
effects upon the low- and high-temperature portions (AT 
and GC segments, respectively) of the melting curves 
with the ‘pseudorandom’ CT-DNA native sequence (not 
shown). While not conclusive, this behavior suggests 
that AT-containing sequences are likely to  be favored 
for binding. 

The positive AT, shifts for hybrid monofunctionalized 
ligands 19-23 are intermediate between the values 
determined for acridine and the doubly functionalized 
1,3-diaryltriazenes, although the values are small com- 
pared to those reported for other synthetic combilexins, 
including a netropsin-acridine derivative (NetGA in 
Table 2),14a Net-OPC,16 and anilinoacridine-SPKK 

The superior stabilizing effects of the 
parent berenil and 30 molecules when compared to 29 
is in part due to poor basicity associated with the 
morpholine function, as 29 will be only -10% protonated 
at  pH 7 whereas both berenil and 30 are fully diproto- 
nated at  physiological pH. The DNA-binding affinities 
of diaryltriazenes have been shown to be strongly pH- 
dependent, particularly where protonatable amine or 
amidine functions are present (unpublished results). 

Fluorescence quenching assays employing bound ethid- 
ium and an excess of [poly(dA-dT)ln can be used to 
distinguish intercalating agents from nonintercalative 
ligands, as the latter exert a greater effect due to their 
inherently larger DNA-binding site sizes.21 Competitive 
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18 : R = 4-C(NH)NH2 

11 : NR'2 = 4-morpholine 
12 : NR'2 = 1.piperidine 

13 : NR2 a 1.pyrrolidine 

15 ~ NW2 = -NMe2 
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19 : R I 4.C02(CH2)2N(4.morpholine) 

20 : R I 4-C0p.(CH2)2N(l.piperidine) 

21 : R = 4COp(CH2)2N(1.pyrrolidine) 

23 : R = 3.C02(CH2)2NMe2 

14 : NW2 = -NMe2 para 22 : R L 4-C02(CH2)2NMe2 

a Reagents: (i) MtsCVCHzCldpyridine/A; (ii) alcohol 4/DCC/THF/A; (iii) CH3S03Wrt; (iv) ClCHzCHzNR2/acetone/COdA; (v) NaNOd 
HC1 (aq), 0-5 "C, then 3- or 4-aniline, pH 7. 

Scheme 3a 
0 

iii r- RWN & N R ' R ~  

27 :R' = H ; R2 COzEt 7' 1 i v c  28 : R' = R~ = H 

24 : R = R' = R2 = H 

25 : R = R' = H : R2 = CO2Et 

26 : R = R' = CH20CH2CH20Me : R2 = C02Et 
ii [7 

a Reagents: (i) EtOCOCVA, then HC1 (aq)/MeOWA; (ii) NaH/DMF, then MEM chloride; (iii) PhMgC1, then HC1 (aq)/EtOWA; (iv) HBr 
(aq)lA. 

(cc50) assays involving displacement of DNA-bound 
fluorochrome ethidium at a considerably higher [ethidi- 
uml:[DNAl ratio facilitate the determination of 'appar- 
ent' equilibrium constants (Kapp) for drug binding, as 
the cc50 value is approximately inversely proportional 
to the binding constant.22 Such Kapp values have been 
shown to correlate with computed interaction enthalpy 
for a wide spectrum of minor groove-binding ligands, 
particularly where the host DNA duplex contains an AT 
tract of suitable length to  accommodate the molecule.23 

In the present study, fluorescence quenching and 
displacement assays were performed at  pH 5 to ensure 
that the added drugs were present predominantly as 

the cationic species, as in previous acridine s t ~ d i e s . ~ ~ ~ , ~ ~ ~  
The CC50 values (Table 2) determined for ethidium 
displacement from CT-DNA by combilexins 16-23 
indicate that the hybrid molecules, particularly base- 
functionalized agents 18-23, are strong DNA-binding 
ligands with affinities similar to that of berenil but 23- 
120-fold greater than that of acridine. Thus, Kapp values 
of (2.1-10.5) x lo6 M-l for 18-23 compare with 8.9 x 
lo4 M-l for acridine and (1.9-2.9) x lo6 M-l for the 
parent berenil analogues. In contrast, the neutral 
ketone and amide combilexins 16 and 17 are markedly 
less affinic with activities that approach those of the 
simple parent acridines, in agreement with the dimin- 
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Table 1. Properties of the Aniline Esters 11-18 and Triazene 
Combilexins 16-23 
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where the intercalating acridine or ellipticine chro- 
mophores have little innuence upon the overall sequence 
recognition p r o p e r t i e ~ . l l J ~ ~ ~ ~ ~  

Footprinting experiments with a tyrT duplex DNA 
fragment were not conclusive as to base sequence 
preference since the hybrid ligands 16-23 do not give 
a distinct footprint and inhibit cleavage by DNase I, 
even at  low concentration (K. R. Fox, unpublished 
results). In certain cases, drug-induced precipitation of 
the DNA fragment provided further experimental dif- 
ficulty. The failure to give a distinct pattern of cleavage 
may result from fast dissociation of the ligand from the 
DNA-drug complex, as has been suggested for m- 
AMSA.26 Attempted viscometric studies to determine 
DNA helical lengthening induced by the acridine residue 
were similarly thwarted due to problems associated with 
aggregation or precipitation (W. D. Wilson, personal 
communication). The intercalative component of bind- 
ing for the composite molecules is hence assumed from 
the behavior established for the parent acridine chro- 
mophores. 
Cytotoxic Activity. In vitro dytotoxic activity was 

determined for the acridines and combilexins using the 
human A2780 colon cancer cell line (Table 2). Cytotoxic 
potency was also evaluated using L1210 leukemia cells 
for the hybrid compounds, and the component acridine 
and symmetric diaryltriazene molecules (i.e., berenil, 29, 
and 301, to enable comparison with other reported 
combilexins. Similarly, both 24 and 28 were examined 
and compared to  the parent proflavine. 

yielda 
compd mp(OC) (a) formula a n a l . b  

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

119.5-120.5 
94-95 
97-98 
120-121 
84.5 -85.5 
227-228.5 dec 
230-232 dec 
192-194 dec 
195-197 dec 
163-165 dec 
94-96 dec 
153-155 dec 
115-118 dec 

62 
72 
48 
75 
60 
26 
46 
54 
38 
34 
35 
62 
32 

a Yields are unoptimized. Indicated elemental analyses are 
within f0.4% of the theoretical values. Characterized by NMR 
and HRMS. 

ished binding predicted for unprotonated carbonyl- 
functionalized derivatives.1° Similarly, CC50 values of 
2150 pM were determined for 31 and the monofunc- 
tionalized triazenes 32 and 33, indicating reduced 

'binding affinity. On this basis, we infer that the 
94hiazolylacridine residue in the hybrid ligands (e.g., 
18) behaves as an effective replacement function for one 
of the amidine residues of berenil and must contribute 
to the overall binding process. 

The quenching (Q) values for combilexins 16-23 with 
[poly(dA-dT)lz are intermediate between those for 
acridindproflavine and the berenil analogues (Table 2), 
with the behaviors of 19 and 20 resembling those of the 
difunctionalized counterparts 29 and 30, respectively. 
Thus, the Q value for 18 is -2-fold higher than for the 
bis(amidine) berenil but indicates that it is considerably 
more effective than acridine itself. As noted from the 
displacement assays, the quenching activities of the 
neutral ketone and amide 16 and 17 more closely 
resemble that of the acridine component. The interca- 
lator compounds, including acridine derivatives 4 and 
6 and T~-AMSA, '~~ are clearly less effective than either 
the hybrid composite molecules or the simple diphenyl- 
triazenes. These results indicate that a minor groove- 
binding mode, rather than a strict intercalative process, 
is implicated for the hybrid ligands. Thus, we conclude 
from the T, and ethidium displacement data that both 
modes of interaction must be involved in the overall 
binding by these ligands. 

The Q values determined using native or synthetic 
DNAs of different base composition can give information 
relating to their base- or sequence-preferential binding.l" 
Table 2 reveals that the conjugate ligands 16-23 show 
enhanced affinity for the poly(dA-dT) duplex with some 
-3-fold AT specificity, as observed for berenil and the 
difunctionalized analogues. In contrast, the simple 
acridines show favored binding to [poly(dG-dC)lz, 
with a weak GC specificity that increases to -2-fold in 
the case of proflavine. The binding behavior seen for 
the acridine chromophores is less marked than for 
m-AMSA14" but is in accord with a reported weak 
preference of proflavine for GC-rich DNA sequences.24 
These results indicate that the triazene structure frag- 
ment of the hybrid molecules exerts a dominating role 
in the binding process, leading to overall AT specificity. 
This finding is in agreement with recent competition 
studies and results for other synthetic combilexins, 

bennll : X = Y = C(NH)NHp 
20 : X = Y = COp(CH2)2N(4.morpholine) 
30 : X = Y = C02(CH2)~(1-pipetidine) uy 3 1 : X = Y = H  

X 32: XI H : Y =C(NH)NHp 

33 : X = H ; Y = COz(CH2)2N(l.piperidine) 

Table 2 shows that acridine and the simple 9-aryl- 
acridines, including 4, 6, and acridinone 24, are es- 
sentially inactive toward both cell lines. Similarly, 
neither berenil nor the functionalized diaryltriazenes 
29 and 30 show significant cytostatic potency. Weak 
cytotoxic activity is general for both symmetric and 
unsymmetric 1,3-diphenyltriazenes, particularly for 
monohctionalized derivatives (e.g., IC50 values of > 150 
pM for 31-33 and 44 pM for the symmetric triazene 
equivalent of 22 in L1210 cells). In marked contrast, 
the acridine-triazene combilexins 17-23 show good 
cytotoxic potency in both cell lines, such that the hybrid 
agents are -10-40-fold more toxic than either of the 
component molecular fragments. Only the hybrid 
acetophenone 16 shows poor activity (see below). 

Compounds 17-23 represent the most potent hybrid 
agents from this series, with cytotoxic activities that 
compare favorably with behavior reported for other 
combilexins with L1210 cells, including netropsin- 
anilinoacridine agenta (IDSO = 0.5-8 p M ,  e.g., NetGA),14" 
netropsin-OPC derivatives (cc50 = 3-37 and 
hybrid SPKKcompounds (ICs0 = 2-5 ~ M 1 . l ~  However, 
such hybrid ligands remain much less cytotoxic than 
established DNA intercalants, including m-AMSA and 
adriamycin.14 

In qualitative agreement with DNA-binding data, the 
hybrid combilexins with protonatable basic side chains 
generally confer greater cytotoxic activity, particularly 
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Table 2. DNA-Binding" and in Vitro Cytotoxicity Data for the Acridines, Triazenes, and Hybrid Combilexins 16-23 

8 OIWb induced AT,,, shift ("C) at pH 6.od inhibitory IC50 concn @MY 
compd AT CT-DNA GC CC5OC@M) AT CT-DNA CT-DNA,H~,O GC L1210 A2780 

acridine 26 24 22 142 0.7 1.7 0.7 0.8 45 > 100 
9-phenylacridine 23 22 18 175 0.6 1.3f 0.4 0.4 80 > 100 
4 22 21 19 190 0.7 1.0 <0.2 '0.2 > 100 
6 24 20 17 230 0.8 l.lf 0.4f g > 100 
16 19 25h 33h 123 g 100 '100 
17 21 26h 36h 96 g 28 5.3 
18 12 18 31 2.9 2.4 g g g 66 16 

32 2.6 
6.2 3.9 

19 17 28 39 6.1 0.9 2.4-f f 
20 14 27 52 3.2 1.9 2.4 1.5 0.2 
21 15 26 45 2.8 1.5 2.9 1.4 0.3 3.4 3.5 
22 16 35 66 3.6 1.7 3.N 1.8f <0.2 3.2 3.1 
23 14 17 34 1.2 1.6 2.lf <0.2 3.0 3.8 
proflavine 24 20 14 24.4 16.4 11.5 7.0 2.7 0.47 
24 67 '100 
28 22 19 16 20.3 11.7 6.9 3.3 2.0 1.2 
berenil 5 9 19 4.4' 9.9 7.9 32 
29 14 15 17 6.8 3.6 1.4 > 100 
30 11 13 14 5.7 14.5 7.7 > 100 
NetGAk 5.5 7 12 5 3 81 
m-AMSAk 25 3.8 4.5 8.9" 4 1 0.05' 0.1 

AT, CT-DNA, and GC refer to [poly(dA-dT)]2, calf thymus DNA, and [poly(dG-dC)]2, respectively. Drug concentration to give 50% 
quenching of fluorescence of bound ethidium at  an added [ethidium]:[DNA] molar ratio of 0.1:l (see text); mean value (f l  pM) from three 
determinations. Drug concentration to give 50% drop in fluorescence of bound ethidium at  an added [ethidiuml:[CT-DNA1 molar ratio 
of 1.26:l (see text); mean value (f5%) from three determinations. Mean value (fO.l-0.2 "C) from three determinations for a [drug]: 
[DNAp] ratio of 1:5. e Drug concentration required to inhibit cell growth by 50% after 48 h (L1210) or 96 h (A2780). f Biphasic melting. 
g Measurement prevented by aggregation or thermal decomposition effects. Extrapolated value due to precipitation at  high ligand 
concentrations. i CC50 = 1.4 pM at pH 7.4 in Tris buffer, from ref 23. J Values determined for a [drug]:[DNAp] ratio of 1:20. AT, values 
measured at pH 7.0 with a [drug]:[DNAp] ratio of 1 : l O  (from ref 14a). Following drug exposure for 24 h (from ref 14a). " Data from ref 
22b. 

in the L1210 cell line. Thus, the reduced relative 
activities of 16, 17, and 19 (Table 2) are suggested to 
reflect the neutral ketone or amide pendant groups and 
the weak basicity of the morpholine residue, respec- 
tively. The uniformly poor biological activity of 'berenil' 
combilexin 18 is attributed to problems due to aggrega- 
tion in aqueous media; experimental difficulties with 
the neutral ketone 16 similarly contributed to a reduced 
activity. No compound from this study had a significant 
influence upon the relative resistance of a derived 
cisplatin-resistant A2780 cell line. 

The 9-aryl derivative 28 shows good toxicity with both 
cell lines, comparable to proflavine itself, but 240-fold 
higher activity compared to 9-phenylacridine. Thus, the 
introduction of this substituent in 28 does not seriously 
diminish the activity of proflavine (Table 21, suggesting 
that proflavine analogues of these combilexins may offer 
superior biological potency. 

Molecular Modeling. In view of the favored GC 
binding of the parent acridines and AT-preferential 
binding of the conjugate molecules indicated from 
our fluorescence studies, we have examined the inter- 
actions of these ligands with DNA using a model 
d(GATACGATAC).d(GTATCGTATC) duplex (Figure 1). 
This core sequence, with an embedded B'-CpG intercala- 
tion site flanked on each side by a 3-bp A/'" base stretch, 
has been used in molecular modeling studies to examine 
the conformation and dynamics of DNA-proflavine 
intercalation.28 Further, this asymmetric sequence, 
derived from an earlier crystallographic study, provided 
a source of high-quality atomic coordinates suitable for 
an extended DNA complex. This 10-mer duplex was 
selected for modeling purposes solely on the basis of the 
binding behaviors of the ligands, reflecting the avail- 
ability of sites suitable for dual CpG intercalation and 
AT-specific groove binding. However, it should be noted 

0 
5'-direction of 
minor groove 
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/'O$ 3-direction of 
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Figure 1. Schematic representation of bifunctional complex 
formation with the combilexins, viewed looking into the minor 
groove and showing the numbering system used for the DNA. 

that this particular sequence may not represent the 
optimal sequence for binding with the composite ligands. 

Replacement of the ligand molecule in the reported 
low-energy DNA-proflavine complexz8 with the candi- 
date acridine, using a molecular overlay procedure, 
facilitated construction of model complexes for energy 
minimization and subsequent comparison. Where fea- 
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Table 3. Binding Energies (kcdmol) for Intercalation of the 
N10-Protonated Acridinium Salts with 
d( GATACGATACM(QTATCGTATCP 

McConnaughie and Jenkins 

nonbonded contacts with the floor and walls of the minor 
groove and (ii) reduced perturbation of the DNA base 
pairing in the vicinity of the intercalation site. Thus, 
the 9-phenyl group attached to acridine effects -9 k c d  
mol further stabilization in the most favored complex, 
although the equivalent proflavine - 28 mutation is 
destabilizing by -6 kcdmol due to partial disruption 
of the favorable major groove wall contacts for the 
DNA-proflavine complex. Interactions between the 
arene substituents and the DNA bases are mostly weak, 
although the flexible ethanol group in 4 provides -3 
kcdmol further stabilization due to H-bonded contact 
with sugar 04' acceptor atoms in the minor groove. 

Superior binding enthalpies are computed for the 
hybrid combilexins 16-23 (Table 3), where the most 
favored interactions appear for ligands with protonat- 
able amine or amidine functions in the distal side chain. 
Thus, the rank order 18 > 20-23 > 19 broadly reflects 
the basicity of the basic residues, whereas the lower 
Ebmd values for 16 and 17, bearing neutral substituents, 
resemble the energies computed for the less elaborate 
acridines, including 6. These conclusions are in qualita- 
tive agreement with the binding behavior and biological 
potency determined for the agents (Table 2). Protona- 
tion of the side chain amine groups in combilexins 19- 
23 wgs shown to improve the enthalpy of interaction 
by 14-19 kcdmol. 

The 9-aryl substituents are accommodated within the 
DNA minor groove in an isohelical fashion and induce 
little distortion of the helix other than a slight widening 
of the minor groove due to 'clamping' of the ligand. 
Thus, the berenil analogue 18 spans a 4-bp tract 
adjacent to the intercalation site, whereas the more 
extended ligands 19-23 effectively span a 5-bp base 
sequence. In the latter cases, close (ligand)N-Ha *DNA 
contacts are formed involving H-bond acceptor nucle- 
otides. Minor groove orientation of the distal substit- 
uents appears to have little influence for this DNA 
duplex (Table 3), with binding thus predicted to favor 
5'-GATACpG PS-CpGTATC) rather than 5'XpGATAC 
(%'-GTATCpG) by only -2 kcdmol. 

The lowest-energy DNA-ligand complexes achieved 
for 18 and 22 are shown in Figures 2 and 3, respectively. 
In each case, the planar acridine chromophores are well 
stacked within the CpG intercalation site and the 
thiazole rings are rotated by -25" from coplanarity. 
Interestingly, the alkyl substituents on the thiazole ring 
are directed along the path of the minor groove but do 
not make contact with the groove walls. The thiazole- 
CHzCHzOCO linker appears to be almost optimal for 
delivery of a 1,3-diphenyltriazene, such that low-energy 
near-type-I complexesloa are formed, with the central 
nitrogen atom of the triazene effectively positioned in 
the plane of a base pair. The two phenyl rings are 
oriented toward the floor of the minor groove in a 
parallel alignment with the groove walls and with the 
inner-facing atoms making close hydrophobic contact 
with the A3-C5G16-T18 segment. Snug isohelical fit 
is achieved by concerted right-handed torsional rotation 
of the phenyl rings, such that twist angles are I 12". In 
the case of 18 (Figure 21, good H-bonded contacts are 
achieved with T3(02) and T3(04') acceptor atoms, at 
(amidinium)N-H* -0 separations of 1.89 and 1.95 A, and 
subtended angles of 143" and El0, respectively. In 
contrast, 22 (Figure 3) makes a single contact with A2- 

&hd for possible drug alignment@ 

acridine -31.4 (-16.4) -27.5 (-14.9) 
9-phen$- -40.2 (-16.2) -26.9 (-14.4) 

4 
6 -50.9 -43.6 -35.1 -35.2 
16 -57.7 -56.5 -32.3 -34.9 
17 -59.8 -58.5 -33.4 -35.6 
18 -74.4 -73.4 -42.2 -47.6 
19 -66.8 -65.3 -46.0 -48.1 
20 -71.6 -70.8 -46.7 -48.4 
21 -70.3 -68.5 -48.4 -50.6 
22 -69.1 -68.6 -46.2 -49.3 
23 -67.9 -67.0 -47.8 -50.5 
proflavine -53.1 (-39.8) -34.8 (-27.1) 
28 -46.7 (-39.3) -32.5 (-31.3) 

acri me 
-54.1 (-38.7) -51.3 (-32.3) -34.2 (-19.3) -36.5 (-16.8) 

CG denotes an embedded 5'-CpG intercalation site (see text). 
Values in parentheses refer to N10-unprotonated acridine ligands. 
Alignment of the acridine 9-substitutent relative to the 

5'-GATACGATAC strand. 

sible, alternative ligand alignments with respect to the 
DNA host were examined, with ti) the acridine N10 ring 
atom directed toward either the minor or major groove 
and (ii) the attached C9 substituents directed toward 
either the 5'- or 3'-end of the DNA in the corresponding 
major or minor groove. Thus, two distinct DNA-ligand 
complexes were evaluated in the case of the symmetric 
acridine compounds, whereas four complexes, differing 
solely in groove location for the 9-substituent, were 
examined for asymmetric ligands 4,6, and 16-23. The 
effects of protonation at  the N10 acridine ring position 
and, where possible, in the basic side chains were also 
examined for selected molecules. 

Table 3 indicates that all the ligands can form stable, 
low-energy complexes by intercalation with a model 
DNA duplex. More stable complexes are formed with 
an N10-protonated acridinium species than the free 
base acridines, with a 7-24 kcdmol increase in binding 
energy for the most energetically favored complexes. 
This result is consistent with the pH-dependent binding 
behavior (Table 2) and confirms that unprotonated 
acridines are poor DNA intercalants. 

The effect of ligand orientation is only weak for 
unsubstituted acridine free base, with an enthalpy 
difference of <2 kcallmol in favor of an intercalated 
complex where the N10 heteroatom is directed toward 
the major rather than minor groove. This energy 
difference increases to -4 kcaVmol upon N10 protona- 
tion, although the favored orientation remains unal- 
tered. Interestingly, proflavine is computed to bind to 
this DNA with the exocyclic amino groups positioned 
in the major groove, for both neutral and N10-proto- 
nated species, in agreement with crystallographic stud- 
ies.28$29 Proflavine is predicted to bind more strongly 
than simple acridine by -22 kcdmol for both the free 
base and the favored acridinium species, in accord with 
our T, results. 

For all 9-arylacridines examined (Table 31, the most 
energetically favorable complexes are formed with the 
attached aromatic moiety positioned within the minor 
rather than major groove and with the N10 atom of the 
intercalated chromophore directed toward the major 
groove. Analysis of the energy components (not shown) 
indicates that this results from (i) generally superior 
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Figure 2. Stereoview of the lowest-energy DNA-18 complex looking into the DNA minor groove and showing the alignments of 
the thiazole and 1,S-diaryltriazene residues. All H atoms have been removed for clarity. The combilexin molecule is highlighted, 
and the DNA backbone phosphorus atoms are shown stippled. 

Figure 3. Stereoview of the energy-minimized DNA-22 complex looking into the DNA minor groove. All H atoms have been 
removed for clarity. The hybrid ligand molecule is highlighted, and the DNA backbone phosphorus atoms are shown stippled. 

(04'), with an excellent H-bonded geometry, such that 
the (amine)N-H***O separation is 1.92 A and the 
subtended angle is 171". Neither molecule induces 
significant perturbation of the host DNA duplex, al- 
though the extended 22 ligand causes a partial Ei'-end 
fraying that would be ameliorated by using a longer 
model sequence. Further, 22 induces an increased 
propeller twist for the A4oT17 base pair, caused by 
localized ligand-induced helical compression, but this 
effect is not propagated. 

Previous modeling studies of DNA complexes with a 
netropsin-acridine hybrid (NetGA)ll and a distamycin- 
ellipticine conjugate ('Distel')15 indicate that bifunctional 
binding can be achieved with snug accommodation of 
the lexitropsin functions within the minor groove. 
However, bimodal binding with either ligand induces 
pronounced helical bending toward the minor groove in 
the vicinity of the intercalation site, leading to localized 
deformation (for a review, see ref 11). In marked 
contrast, the acridine-triazene combilexins are pre- 
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dicted to  induce negligible base pair disruption or 
conformational perturbation of the DNA, suggesting 
that the linker function used is here sufllciently flexible 
to prevent distortion effects and possible mutual inter- 
ference between the two binding components.26b 

Conclusions 
This study has shown that a DNA template-directed 

strategy can be used to develop novel hybrid molecules 
designed to interact with the DNA duplex through a 
bimodal association process: (i) intercalation of an 
acridine chromophore and (ii) simultaneous minor groove 
binding of an attached monofunctionalized diaryltria- 
zene moiety related to berenil. Fluorescence-based 
studies confirm that these combilexins have a strong 
binding affinity for DNA, with&,, values of (2.1-10.5) 
x lo6 M-l for binding of 18-23 to CT-DNA. However, 
this behavior is sensitive to the protonation status of 
the acridine intercalant as stronger binding is seen at 
lower pH values; both proflavine and 28 bind avidly to 
DNA at pH 7 due to effective N10 protonation of the 
more basic chromophore. 

The binding data clearly demonstrate that the com- 
posite agents are more DNA-affinic than either of the 
separate monofunctionalized molecular component fiag- 
ments, with activities that resemble or exceed those of 
their difunctional berenil analogues. Significantly, this 
result indicates that a suitably substituted acridine can 
compensate for removal of one cationic function from 
the parent 1,3-diaryltriazene derivative (e.g., berenil - 
18 or 30 - 20), where such groups largely dictate their 
behavior as minor groove-binding ligands. Tethering 
to  an intercalant in this way could be expected to assist 
with anchorage, particularly if the conjugated entities 
exert negligible mutual effect on the binding processes 
and do not induce conformational changes that may 
impede binding by either ~omponent.ll9~~ 

One goal of this study was to examine the sequence- 
selective binding of the hybrid molecules and to estab- 
lish whether the intercalant residue has a modulating 
influence on the AT-preferential minor groove binder. 
The spectroscopic studies reveal that the combilexins 
show a preference for AT base tracts rather than GC- 
rich sequences, with a selectivity that is dominated by 
the 'berenil-like' component despite a weak GC specific- 
ity associated with the acridine. Similar retention of 
AT specificity is also reported for lexitropsin-based 
combilexins, where the intercalant moieties have no 
marked effect upon the sequence-selective binding of the 
linked groove-sensing component.ll 

Preliminary molecular modeling studies with a model 
DNA sequence confirm that a bimodal interaction is 
energetically feasible. Energy-minimized complexes of 
the combilexins indicate a snug isohelical fit of the distal 
triazene function within the minor groove, good base 
stacking with the intercalated acridine, and, impor- 
tantly, no gross helical distortion. Further, the com- 
puted binding energies show that superior binding is 
realized for an N10-protonated chromophore and, pref- 
erably, also with a cationic distal side chain function. 
This model provides a good qualitative structural basis 
for the solution-binding properties. Binding to AT tracts 
will be preferred due to energetically favorable H- 
bonded and nonbonded intermolecular contacts, whereas 
GC binding will be strongly disfavored by steric clashes 

McConnaughie and Jenkins 

with the exocyclic guanosine 2-NH2 g r o u p ~ . ~ t ~ J ~  How- 
ever, as our DNA footprinting experiments were unsuc- 
cessful, further discussion of base sequence selectivity 
and the molecular interactions involved must await 
NMR or crystallographic structural studies with oligo- 
nucleotide duplexes of defined sequence. 
In vitro evaluation of the acridine-triazenes reveals 

good cytotoxic activity against two cancer cell lines, with 
potencies comparable to other reported combilexins, 
such that the hybrid agents are -10-40-fold more toxic 
than either of the molecular components. Interestingly, 
this increased potency is in qualitative agreement with 
the improvement in DNA-binding affinity. 

The comparative data (Tables 2 and 3) suggest that 
combilexins containing a proflavine rather than an 
acridine would result in (i) substantially greater DNA 
binding, (ii) markedly increased cytotoxicity, and (iii) 
improved aqueous solubility. Such replacement would 
alleviate the difficulties that arise due to  poor protona- 
tion of the simpler acridine. Our modeling studies 
establish that acridine and, in particular, proflavine 
chromophores have a preferred orientation for DNA 
intercalation that favors delivery of a 9-aryl substituent 
into the minor groove. On this basis, we suggest that 
these hybrid molecules may be suitable for further 
elaboration as 'threading-type combilexins, where the 
attached functions thread through the DNA helix and 
possibly lead to sequence-specific DNA recognition and 
improved antitumor potency.30 Suitable attachment of 
secondary acridine substituents (e.g., by using an N10- 
alkylacridinium linkage) would facilitate unambiguous 
delivery of moieties directed toward simultaneous sens- 
ing of both the major and minor grooves. Synthesis of 
proflavine analogues based upon the prototype acridine 
derivatives is currently in progress. 

Experimental Section 
Synthetic Chemistry. The 'H-WR spedra were recorded 

at 260 MHz (300 Kin DMSO&, unless otherwise stated) with 
a Bruker AC250 spectrometer, using MerSi as internal stan- 
dard. A Perkin-Elmer 172OX-FT instrument furnished the IR 
spectra. UV-visible spectra (EtOH) were obtained with a 
Shimadzu UV-2101PC instrument; E values are given in units 
of M-l cm-'. Mass spectra (MS and high-resolution MS 
(HRMS)) were recorded with a VG7070H spectrometer (source 
T = 115-150 "C) using either electron impact (EI: 70 V, 100 
mA) or chemical ionization (CI: 50 eV, C&) techniques. Fast- 
atom bombardment (FAB: glycerol matrix) spectra were 
obtained using xenon (5 keV, 1 mA). Melting points (mp) were 
determined on a hot-stage apparatus and are uncorrected. 
Elemental analyses were carried out by Medac Ltd. (Brunel 
University, Uxbridge, U.K.); results for elements indicated by 
symbols are within &0.4% of the theoretical values. TLC was 
carried out with silica gel (Merck 60F-254), with visualization 
at 254366 nm andlor by 12 staining, using the following eluent 
systems: A, CHCl3-MeOH (98:2, v/v); B, CHCl3-MeOH (95: 
5, v/v); C, CHCl3-MeOH (90:10, v/v); and D, CHCl3-MeOH 
(80:20, v/v). Column and radial chromatography were ac- 
complished using silica gel (Merck 9385 or 15111 and Merck 
7749, respectively) or alumina (neutral 90, Merck 1077). 
9-Phenylacridine was prepared by a literature procedure.lQ 
Proton NMR Assignments. Unambiguous NMR assign- 

ments for the acridine ring protons were established in CDCl3 
solution at 297 K by titration with the lanthanide shift reagent 
Eu(fod)a ('Resolve-Al EuF'OD'). In each case, the rank order 
for perturbation of chemical shift is given by: H-45 >> H-9 > 
H-1/8 > H-3/6 % H-2/7, with all protons resonating at lower 
chemical shift value. Assignments for the H-2/7 and H-3/6 
protons (where present) were confirmed using spin decoupling 
and 2-D NOESY methods (results not shown). 
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5424 (Tetrahydro-W-pyran-2-yl)oxylethyll-4-methyl- 
thiazole (2). A solution containing thiazole 1 (20.00 g, 0.14 
mol), 3,4-dihydro-W-pyran (DHP; 23.1 g, 0.27 mol), and 
4-toluenesulfonic acid monohydrate (1.90 g, 0.01 mol) in CH2- 
Cl2 (200 mL) was heated to gentle reflux. After 6 h, further 
DHP (9.2 g, 0.11 mol) was added and reflux was continued for 
2.5 h. After digestion in EtOAc and filtration through a bed 
of alumina, solvent removal in vacuo afforded 2 (31.53 g, 99%) 
as a pale yellow oil: IR (film) 3074,2943,1723 (br), 1543,1441, 
1416, 1381, 1353 cm-l; NMR (CDC13) 6 1.51-1.81 (m, 6H, 
O(CH2)3), 2.42 (s, 3H, thiazole-CH& 3.05 (t, J = 6.5 Hz, 2H, 
thiazole-CHzCHz), 3.45-3.60 (m, 2H, thiazole-CHzCHd, 3.70- 
3.75 (m, lH,  O(CH)CH,Hb), 3.88-3.94 (m, 1H, O(CH)CH&,), 
4.62 (t, J = 3.2 Hz, lH,  O(CH)O), 8.57 (s, lH,  H-2); MS (CI: 
CH4) m / z  (re1 intensity) 228 ( [M + HI++, 421, 144 ( [ M  - 
C5H70]’+, 48), 126 ( [ M  - CsHg021’+, 781, 125 (341, 112 (291, 
101 (73), 100 (29), 99 (43), 85 ([Cf,Hg03’+, loo), 83 (51),71(37). 
2-[2-(9-Acridinyl)-4-methyl-5-thiazoly1lethanol (4). A 

solution of 1-butyllithium (1.6 M solution in hexanes, 96.0 
mmol) was added dropwise to  a stirred solution of 2 (20.00 g, 
88.0 mmol) in anhydrous THF (30 mL) maintained beneath a 
blanket of N2 at -78 “C. After 45 min, a solution of acridinone 
3’9 (22.4 g, 79.0 mmol) in anhydrous THF (80 mL) was added 
and the mixture was allowed to warm to room temperature. 
After 4 h, water was added and solvent removed in vacuo. The 
residue was digested in EtOH (75 mL) and aqueous HC1 (2 
M, 75 mL) and heated at 40 “C for 10 h. Neutralization with 
Na2C03 gave a solid which was extracted with CHCl3-MeOH 
(9:1, v/v, 400 mL). Recrystallization from MeCN afforded 4 
(18.35 g, 73%) as a yellow crystalline solid: mp 173-175 “C; 
IR (KBr) 3305 (br, OH), 2867,1519,1436 cm-’; NMR (CDC13) 
6 2.55 (s, 3H, thiazole-CHs), 3.12 (t, J = 6.4 Hz, 2H, CH2CH2- 
OH), 3.93 (t, J = 6.4 Hz, 2H, CH2CH20H), 7.49 (AB2M m, 3J 
= ~ , ~ H Z , ~ J = ~ . O H Z , ~ H , H - ~ / ~ ) , ~ . ~ ~ ( A B ~ M ~ , ~ J = ~ . ~ H Z ,  
4J = 1.1 Hz, 2H, H-3/6), 7.91 (br ABM m, = 7.7 Hz, 2H, 

384 (sh) (log E 3.93), 362 (4.19),346 (3.97),253 (5.19),216 (4.45) 
nm; MS (EI) m / z  (re1 intensity) 321 ( [ M  + HI+, 241,320 ([M1‘+, 
1001, 319 ( [M - HI’+, 561, 289 ( [ M  - CHzOHl’+, 431, 85 (21); 
Rf 0.31 (solvent B). Anal. ( C I ~ H ~ ~ N ~ O S )  C, H, N, S. 
2-[2-(9-Acridinyl)4-methyl-5-thiazolyllethyl4-Nitroben- 

zoate (5). 4-Nitrobenzoyl chloride (17.50 g, 94 mmol) was 
added with stirring to a refluxing solution of 4 (15.00 g, 47 
mmol) in CHZC12 (200 mL) and pyridine (7 mL). After 10 h, 
further acid chloride (3.00 g, 16 mmol) was added and reflux 
continued for 2 h. On cooling, the solution was washed with 
dilute aqueous Na2C03 and then water, and the organic phase 
was dried (MgS04), filtered, and concentrated. Trituration 
with Et20 afforded 5 (20.00 g, 91%) as pale yellow needles: 
mp 189-190 “C; IR (KBr) 1733 (C=O), 1523 + 1348 (NOz), 
1270 em-’; NMR (CDC13) 6 2.63 (s, 3H, CH3), 3.45 (t, J = 6.5 

7.51 (br AB2M m, 3J = 7.7 Hz, 2H, H-2/7), 7.80 (AB2M m, 3J 
= 7.7 Hz, 4J = 1.2 Hz, 2H, H-3/6), 7.89 (br ABM m, 3J = 7.7 
Hz, 2H, H-1/8), 8.22-8.30 (br m, 6H, H-4/5, H-2’/3’/5’/6); UV 
385 (sh) (log E 3.85), 362 (4.11), 347 (sh) (3.91), 253 (5.14), 213 
(4.47), 202 (4.48) nm; MS (CI: CH4) m / z  (re1 intensity) 498 
( [M + CzHsl’+, 161, 471 ( [ M  + 2Hl’+, 271, 470 ( [M + HI.+, 931, 
469 ([MI’+, 351,440 (301, 303 ( [ M  - C?H4N04I++, 291, 302 ( [M 
- C7H6NO4]’+, 50), 59 (37), 57 (27); Rf 0.67 (solvent B). Anal. 
(Cz6HigN304S) C, H, N, S. 
Synthesis of 2-[2-(9,1O-Dihydroacridin-9-yl)-4-methyl- 

5-thiazolyl]ethyl4-Aminobenzoate (7) by Catalytic Hy. 
drogenation of 5. A mixture of 5 (5.00 g, 10.65 mmol) and 
Pd-C catalyst (lo%, w/w Pd, 0.50 g) was suspended in THF 
(100 mL) and hydrogenated using a Parr shaker apparatus 
(45 psi, room temperature) for 3 h. Removal of catalyst by 
filtration and solvent removal gave a solid that was digested 
in CHC13-MeOH (9:1, v/v). Trituration with hexane and 
filtration gave a bright yellow solid consistent with formulation 
as the acridan 7 (4.00 g, 85%): NMR (CDC13) 6 2.18 (s), 2.32 

H-1/8), 8.26 (ABM q, 3J = 7.7 Hz, 4J = 0.7 Hz, 2H, H-4/5); UV 

Hz, 2H, CHZCH~OCO), 4.71 (t, J = 6.5 Hz, 2H, CH2CH20CO), 

(s, 3H, CH3), 3.00 (t, J = 6.7 Hz, 2H, CHZCH~O), 4.29 (t, J = 
6.7 Hz, 2H, CHzCHzO), 5.71 (s, lH,  H-9), 6.26 ( 6 ,  lH,  DzO 
removes, 10-H), 6.77 (br ABM m, 2H, H-1/8), 6.86-6.93 (br 

AB2M m, 2H, H-2/7), 6.94 (AB q, J = 8.7 Hz, 2H, H-3’/5’), 7.17 
(br AB2M m, 2H, H-3/6), 7.32 (br ABM m, 2H, H-4/5), 7.85 
(AB q, J = 8.7 Hz, 2H, H-2’/6’); MS (FAB) m / z  (re1 intensity) 
442 ( [M + HI.+, 17), 441 ([MY+, 57), 439 ( [M - 2H]’+, 13); 
HRMS obsd 441.1524, calcd for C26H23N302S 441.1511. 
4-(2’,4’,6-Trimethylbenzenesulfonamido)benzoic Acid 

(9). A solution of 2-mesitylenesulfonyl chloride (MtsC1; 31.95 
g, 0.15 mol) in CHzCl2 (100 mL) was added during 30 min to 
a solution of 4-aminobenzoic acid (8; 20.00 g, 0.15 mol) in 
pyridine (50 mL) and CHzCl2 (50 mL). After reflux for 1.5 h, 
the mixture was cooled and concentrated in vacuo. Recrys- 
tallization from EtOH, with charcoal treatment, afforded 
sulfonamide 9 (29.38 g, 63%) as a colorless solid: mp 212.5- 
213 “C dec; IR (KBr) 3303 (NH), 3200,2940,1703 (C=O), 1610, 
1516, 1406 cm-l; NMR 6 2.22 (s, 3H, 4‘-CH3), 2.60 (s, 6H, 2’33’- 
CH3), 7.03 (s, 2H, H-3’/5’), 7.04 (AB m, J = 8.3, 1.2 Hz, 2H, 
H-3/5), 7.78 (AB m, J = 8.3, 1.2 Hz, 2H, H-2/6); MS (FAB) 
m / z  (re1 intensity) 320 ( [M + HI++, 30), 259 (241, 207 (31); Rf 
0.29 (solvent C). Anal. ( C I ~ H ~ ~ N O ~ S )  C, H, N, S. 
2-[2-(9-Acridinyl)-4-methyl-5-thiazolyllethyl4-(2”,4,6- 

Trimethy1benzenesulfonamido)benzoate (10). A mixture 
of 4 (10.00 g, 31.21 mmol), sulfonamide 9 (20.00 g, 62.6 mmol), 
and 4-(dimethy1amino)pyridine (3.80 g, 31.1 mmol) was sus- 
pended in anhydrous THF (300 mL) and stirred beneath a 
blanket of argon. 1,3-Dicyclohexylcarbodiimide (DCC; 12.90 
g, 62.5 mmol) and oven-dried molecular sieves (3 g, type 4A) 
were added, and the mixture was stirred at room temperature 
for 21 h and then heated at 50 “C for 2 h. The cooled mixture 
was filtered and the filtrate washed serially with saturated 
aqueous KzCO3 solution, dilute aqueous AcOH, and water. The 
dried organic phase was concentrated and the residue digested 
in hot CH2C12, treated with decolorizing charcoal, and filtered 
while hot. Trituration with petroleum ether (bp 60-80 “C 
fraction) gave ester 10 (11.57 g, 60%) as a yellow crystalline 
solid: mp 210-214 “C; IR (KBr) 3262,2930,1696 (C=O), 1605, 
1511, 1337 cm-’; NMR 6 2.14 (s, 3H, 4”-CH3), 2.51 (s, 3H, 
thiazole-CH3), 2.55 (s, 6H, 2”,6”-CH3), 3.37 (t, J =  5.9 Hz, 2H, 

2H, H-3”/5”), 7.03 (AB q, J = 8.6 Hz, 2H, H-3’/5’), 7.58 (br 
ABzM m, 3J = 7.7 Hz, 2H, H-2/7), 7.78 (br ABM m, 3J = 7.7 
Hz, 2H, H-1/8), 7.83 (AB q, J = 8.6 Hz, 2H, H-2’/6‘), 7.90 (br 
AB2M m, = 7.7 Hz, 2H, H-3/6), 8.26 (br ABM m, 3J = 7.7 

278 (sh) (4.37), 253 (5.12), 205 (4.95) nm; MS (FAB) m l z  (re1 
intensity) 623 ( [ M  + HI’+, 461, 622 ([MI’+, 61), 532 (181, 439 

CHZCH~OCO), 4.54 (t, J = 5.9 Hz, 2H, CHZCH~OCO), 6.94 (s, 

Hz, 2H, H-4/5); UV 386 (sh) (log e 3.82), 362 (4.09), 345 (3.891, 

( [ M  - CgH1102Sy+, 20), 391 (221, 303 ( [ M  - C I ~ H ~ ~ N O ~ S I ’ + ,  
98), 302 ( [ M  - C16H17N04S]’+, 100),301 ( [ M  - CI~HI~NO~SI” ,  
54); Rf 0.47 (solvent B). Anal. ( C ~ ~ H ~ ~ N ~ O ~ S ~ * H Z O )  C, H, N; 
S: calcd, 10.17; found, 9.13. 
2-[2-(9-Acridinyl)-4-methyl-5-thiazolyllethyl 4-Ami- 

nobenzoate (6). A solution of 10 (3.00 g, 4.83 mmol) in 
methanesulfonic acid (50 mL) was stirred a t  room tempera- 
ture for 30 min, the reaction quenched with water, and the 
mixture adjusted to pH 9-10 using dilute aqueous KOH. The 
resulting brown solid was extracted with CH2C12-MeOH (9: 
1, v/v, 100 mL) and the organic phase washed with water, dried 
(MgS04), and concentrated. Recrystallization from MeCN 
gave 6 (1.96 g, 92%) as a yellow crystalline solid: mp 178- 
180 “C; IR (KBr) 3412 (NH), 3318, 3173, 1690 (C=O), 1650, 
1602, 1519 cm-’; NMR (CDC13) 6 2.62 (s, 3H, CH3), 3.39 (t, J 
= 6.4 Hz, 2H, CH2CH20CO), 4.08 (br s, DzO removes, NH2), 

2H, H-3’/5’), 7.52 (AB2M m, 3J = 7.7 Hz, J = 1.1 Hz, 2H, H-2/ 
7), 7.80 (AB2M m, 3J = 7.6 Hz, 4J = 1.3 Hz, 2H, H-3/6), 7.88 
(AB q, J = 8.7 Hz, 2H, H-2’/6’), 7.91 (br ABM m, 3J = 7.7 Hz, 
2H, H-1/8), 8.30 (br ABM m, 3J = 7.6 Hz, 2H, H-4/5); W 385 
(sh) (log E 3.94), 362 (4.201, 347 (3.991, 298 (4.471, 253 (5.231, 
217 (4.60) nm; MS (EI) m / z  (re1 intensity) 439 ([MY+, 71, 320 

CsHsNO2]’+, 461, 120 ([C7H6NO]’+, 16); Rf 0.39 (solvent B). 
Anal. (C26H21N302S) C, H, N, S. 
General Alkylation Procedure. 2-(Dimethylamino)- 

ethyl 4-Aminobenzoate (14). A suspension of 4-aminoben- 
zoic acid (8; 47.60 g, 0.35 mol), 2-chloro-N,”-dimethylethyl- 
amine hydrochloride (50.00 g, 0.35 mol), and anhydrous 
NaHC03 (120 g, 1.43 mol) in acetone (500 mL) was stirred 

4.60 (t, J = 6.4 Hz, 2H, CH2CH20CO), 6.63 (AB q, J =  8.7 Hz, 

( [ M  - C7HsNO]’+, 831, 319 ( [ M  - C,HsN03’+, 45), 289 ( [ M  - 
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with gentle reflux. After 6 h, the mixture was cooled using 
an external ice-water bath and filtered. Solvent removal 
afforded a pale yellow oil which was dissolved in CHzClz (200 
mL) and washed with saturated NazC03 (2 x 150 mL aliquots) 
and water (100 mL). The organic solution was dried (NazSO4) 
and concentrated under reduced pressure to give a colorless 
oil which crystallized spontaneously. The product was dis- 
solved in hot EtOAc, boiled with decolorizing charcoal, 
and filtered. On coolihg the title ester 14 (54.13 g, 75%) 
appeared as colorless prismatic needles: mp 120-121 "C; IR 
(KBr) 3434 (NH), 3334, 3188, 2823,2773, 1678 (C-0),1600 
cm-l; NMR (CDCl3) 6 2.33 (8 ,  6H, NCH3), 2.69 (t, J = 5.8 Hz, 
2H, CHzCHzN(CH&), 4.12 (br s, 2H, DzO exchanges, NHd, 
4.37 (t, J = 5.8 Hz, 2H, CHzCHzN(CHs)z), 6.63 (AB 9, J = 8.6 
Hz, 2H, H-3/5), 7.85 (AB q, J = 8.6 Hz, 2H, H-2/6); MS (EI) 
m / z  (re1 intensity) 209 (EM + HI'+, 9%), 164 ([M - NMezI.+, 
3), 120 ([M - C4HioNQI'+, 35), 92 ([M - CsHioNOzI'+, 131, 71 
([C&NI.+, 100),58 ([C3HsN].+, 100); Rr.0.25 (solvent C). Anal. 
(CiiHdzOz) C, H, N. 
General Diazotization-Coupling Procedure. 2-[2-(9- 

Acridinyl)-4-methyl-S-thiazolylJethyl 4'-[lH-[4"-[[2-(Di- 
methylamino)ethoxylcarbonyllphenyll-3~triazenolben- 
zoate (22). Amine 6 (500 mg, 1.14 mmol) was suspended in 
2 M aqueous HCl(6 mL) and DMSO (1 mL) and cooled to 0-5 
"C using an external ice-water bath. A solution of NaN02 
(79 mg, 1.14 mmol) in water (3 mL) was then introduced 
dropwise with stirring, and the mixture was stirred at this 
temperature for 1 h. A solution of aniline 14 (237 mg, 1.14 
mmol) in 2 M aqueous HCl(3 mL) was added and the stirred 
mixture adjusted to pH 6 by addition of solid NaOAc. After 
stirring for 1 h, the mixture was adjusted to pH 7 using solid 
NaOAc. The product was extracted with CHCl3-MeOH (9:1, 
v/v), and the organic phase was dried (MgSOd), filtered, and 
concentrated under reduced pressure to give a yellow/orange 
solid. Radial chromatography (silica gel, 5%, v/v, MeOH- 
CHCL) afforded 22 (0.46 g, 62%) as a yellow powder: mp 153- 
155 "C dec; IR (KBr) 2959 (br), 1722 (br) (C-O), 1606, 1524 
cm-l; NMR (CDCls) 6 2.36 (s, 6H, NCH3), 2.64 (8 ,  3H, CH3), 
2.75 (t, J = 5.8 Hz, 2H, CH&HzN(CH3)z), 3.43 (t, J = 6.3 Hz, 
2H, CHzCHzOCOAr), 4.45 (t, J = 5.8 Hz, 2H, CHzCHdV(CH3k), 
4.67 (t, J = 6.3 Hz, 2H, CHzCHzOCOAr), 7.44 (AB 4, J = 8.7 
Hz, 2H, H-2"/6", established by spin decoupling), 7.45 (AB q, 
J = 8.7 Hz, 2H, H-3'/5'), 7.%7-7.54 (br ABzM m, 2H, H-2/7), 
7.79 (br ABzM m, 3J = 7.5 Hz, 2H, H-3/6), 7.91 (br ABM m, 

= 8.5 Hz, 2H, H-3"/5"), 8.27 (br ABM m, 3J = 7.5 Hz, 2H, 
H-4/5); UV 370 (sh), (log 4.69), 364 (4.701, 253 (5.19), 214 
(4.57) nm; MS (FAB) m/z'(rel intensity) 659 ([M'J+, E%) ,  
302 ([M - Cl8HzoN404I'+, 32); Rf 0.40 (solvent C). Anal. 
(CwH34Ns04S.Hz0) C, H, N, S. 
2-[2-(9-Acridinyl)-4-methyl.6-thiazolyllethyl4'-[ 1R-(4"- 

Amidinophenyl)-3-triazenoJ~~oa~ (18). Aniline 6 (500 
mg, 1.14 mmol) was diazotized and treated with a solution of 
4-aminobenzamidine dihydrochloride (0.24 g, 1.14 mmol) using 
the general procedure. After stirring for 18 h at room 
temperature, the crude product was collected by filtration and 
washed with water. Digestion in MeOH-CHCl3 (50%, v/v) and 
trituration with petroleum ether (bp 60-80 "C fraction) gave 
18 (0.36 g, 54%) as a yellow/orange solid mp 192-194 "C dec; 
NMR 6 2.56 (s, 3H, CHd, 3.46 (br t, 2H, CHZCHZO), 4.63 (t, J 
= 5.7 Hz, 2H, CHZCHZO), 7.56-7.65 (br m, 6H, H-2/7, H-3'/5', 
H-2/6"), 7.81-7.93 (br m, 6H, H-3/6, H-118, H-3"/5"), 8.03 (AB 
q, J = 8.6 Hz, 2H, H-2'/6'), 8.26 (br ABM m, 2H, H 4 5 ) ;  MS 
(FAB) m / z  (re1 intensity) 586 ([MY+, 221,429 (31), 306 (loo), 
303 ([M - Cl4H12Ns0~I.+, 36); HRMS obsd 586.2035, calcd for 

S,6-Diamino-B(lON)-acridinone (24). A mixture of con- 
centrated aqueous HCl(300 mL) and anhydrous tin(I1) chloride 
(94.80 g, 050 mol) was heated to reflux (CARE! HC1 gas 
evolved). 2,2',4,4'-Tetranitroben~ophenone~~ (15.0 g, 41.41 
mmol) was then added during 15 min while maintaining the 
mixture at 90-100 "C. Concentrated aqueous HC1 (30 mL) 
and EtOH (25 mL) were then added, and reflux was continued 
for 3 h. On cooling, further concentrated aqueous HCl(50 mL) 

2H, H-1/8), 8.06 (AB q, J =  8.6 Hz, 2H, H-2'1"), 8.11 (AB 9, J 

C S ~ H Z ~ N ~ O Z S  586.2025. 

McConnaughie and Jenkins 

was added and the mixture left to stand for 18 h. The 
precipitate was collected by filtration and partially dried in 
air, digested in hot aqueous HCl(O.1 M, 230 mL), boiled with 
decolorizing charcoal, and filtered. On cooling, the filtrate was 
adjustedto pH 13 with aqueous NaOH, heated to reflux for 
20 min to dissolve any inorganic materials, and filtered. The 
solid was washed with aqueous NaOH (20%, w/w, 50 mL) 
followed by hot water and dried in vacuo (PzOS) to furnish 
acridinone 24 (5.83 g, 62%). Radial chromatography (silica 
gel, 20%, v/v, MeOH-CHCl3) provided an analytical sample 
as a cream-colored solid: mp >300 "C (lit.2o mp >320 "C); IR 
(KBr) 3337 + 3214 (NH), 1637,1595,1526,1473 cm-'; NMR 
6 5.86 (br s, 4H, DzO exchanges, NHz), 6.32 (d, 4J = 1.9 Hz, 

7.77 (d, 3J = 8.7 Hz, 2H, H-1/8), 10.57 (br s, lH,  DzO 
exchanges, H-10); UV 360 (log E 4.451, 306 (3.66), 268 (4.921, 
234 (4.28) nm; MS (EI) mlz (re1 intensity) 446 (13), 225 ([MY+, 
loo), 91 (65); Rf 0.33 (solvent D). Anal. (C13H11N30.0.1HzO) 
C, H, N. 
~~B~[(e~oxy~l)aminol-9(10H)-arridinone (25). 

Ethyl chloroformate (8.51 g, 78.4 mmol) was added dropwise 
to a stirred solution of acridinone 24 (3.50, 15.5 mmol) inN,N- 
diethylaniline (14 mL) and the mixture heated to 90 "C for 30 
min. On cooling, MeOH (50 mL) and 2 M aqueous HCl(50 
mL) were added, and the volatiles were removed by boiling. 
The resulting brown precipitate was filtered, washed with 2 
M aqueous HC1 and water, and dried in uacuo (P&, ~ 0 . 5  
mbar). The product was digested in hot EtOH, treated with 
decolorizing charcoal, filtered, and triturated with water. 
Filtration and recrystallization from DMF-water (4:1, w/v) 
gave carbamate 25 (2.30 g, 40%) as a light-brown solid: mp 
>250 "C dec (lit.20 mp 270 "C); NMR 6 1.28 (t, J = 7.1 Hz, 6H, 

2H, H-4/5), 6.39 (dd, 3J = 8.7 Hz, 4J = 1.9 Hz, 2H, H-2/7), 

CH3),4.19(q, J =  7.1 Hz,4H, CHz), 7.17(dd, 3 J = 8 . 8 H ~ , 4 J  
= 1.9 Hz, 2H, H-2/7), 7.85 (d, 4J= 1.8 Hz, 2H, H-4/5), 8.05 (d, 
3 J  = 8.8 Hz, 2H, H-1/8), UV 384 (log E 4.041, 366 (4.06), 333 
(4.45),277 (5131,230 (4.54) nm; MS (FAB) mlz (re1 intensity) 
371 ([M + 2 H F ,  28%), 370 ([M + HI.+, 911, 369 ( [MY,  17), 
342 (6), 324 ([M - CzHsOI'+, 6), 297 (81,252 (91,207 (11). Anal. 
(CieHleNsOsQ0.5Hz0) C, H, N. 
3,6-Bis[ [ (2-methoxyethoxy)methyll (ethoxycarbonyl)- 

amino1-10-[(2-methoxyethoxy)methy11-9(10iY)-acridino- 
ne (26). A solution of 25 (1.00 g, 2.71 mmol) in anhydrous 
THF (20 mL) was treated with NaH (80%, w/w, dispersion in 
oil, 0.41 g, 13.67 mmol) and stirred for 40 min. The mixture 
was cooled to 0-5 "C, treated with MEM chloride (1.69 g, 13.58 
mmol), and allowed to warm to room temperature. After 1 h, 
the reaction was quenched cautiously with water and the 
mixture concentrated and extracted with EtOAc and dilute 
aqueous KzC03-NaCl solution. The organic phase was sepa- 
rated, washed with waer ,  dried (NazS04), and concentrated. 
Purification by chromatography (silica gel, solvent system B) 
afforded acridinone 26 (0.91 g, 53%) as a brown oil: NMR 
(CDCl3) 6 1.28 (t, J = 7.1 Hz, 6H, OCH&H3), 3.39-3.40 (m, 
Oc&), 3.54-3.88 (m, 4H, CHZCHZOCH~), 4.25 (4, J = 7.1 Hz, 
4H, OCHZCH~), 4.83 (8 ,  unassigned MEM-CHd, 5.23 (s, 4H, 
NCHzO), 5.76 (8,2H, N(lO)-CHzO), 7.30 (dd, 3J = 8.7 Hz, 4J = 
1.8 Hz, 2H, H-2/7), 7.79 (d, 4J= 1.7 Hz, 2H, H-4/5), 8.47 (d, 3J 
= 8.6 Hz, 2H, H-1/8); MS (FAB) m/z (re1 intensity) 635 ([M + 
HP+, 39%), 634 ([MY+, 100). This material (85-90% by NMR) 
was used without further purification. 
9-Phenyl-3,6-bis[(ethoxycarbonyl)~inola~~e (27). 

A solution of PhMgCl(2 M solution in EtzO, 0.80 mmol) was 
added to a stirred solution of 26 (0.45 g, 0.71 mmol) in dry 
THF (5  mL) at -78 "C. Three further portions of PhMgCl 
solution (0.40 mmol) were introduced during 18 h stirring at 
room temperature. The reaction was quenched with water and 
the mixture concentrated, treated with 2 M aqueous HCl(10 
mL) and EtOH (10 mL), and heated to 60 "C for 30 min. 
Concentrated aqueous HC1 (5  mL) was added and heating 
continued for 1 h. After stirring for 15 h at room temperature, 
the mixture was neutralized (KzC03) and extracted with 
EtOAc. The organic phase was washed with water, dried 
(MgS04), filtered, and concentrated. Radial chromatography 
(silica gel, solvent system C) gave 27 (0.13 g, 42%) as a bright 
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yellow powder: mp '150 "C dec; IR ( D r )  2978 (br), 1736, 
1632, 1610, 1553, 1459, 1200 cm-'; NMR 6 1.29 (t, J = 7.1 

7.54 (br m, 6H, H-1/8, H-2/7, H-!2'/6'), 7.63-7.65 (br m, 3H, 

391 (4.271, 274 (4.99), 241 (4.44) nm; MS (FAB) m/z 
(re1 intensity) 431 ( [ M  + 2H]'+, 311, 430 ( [ M  + HI'+, 1001, 185 
(24), 93 (go), 89 (241, 57 (34); Rf 0.60 (solvent C). Anal. 
(C25H23N304.0.25HzO), C, H, N. 
9-Pheny1-3,B-diaminoacridine (28). A stirred mixture of 

27 (50.0 mg, 0.12 mmol) and aqueous HBr (10 mL of 48%, w/w, 
solution) was refluxed for 2 h. On cooling, the mixture was 
adjusted to pH 9 with solid K&03 and extracted with MeOH- 
CHC13 (1:4, v/v). The organic solution was dried (MgSOd), 
filtered, and concentrated and the residue digested in MeOH 
and then treated with excess ethereal HC1. The formed 
precipitate was collected, washed with ethereal HCl followed 
by EtzO, and dried in air to give the hydrochloride salt of 28 
(23.5 mg, 61%) as a red powder: IR (KBr) 3307 + 3182 (br) 
(NH), 1626, 1474 cm-l; NMR 6 6.78-6.82 (br m, 4H, H-2/7, 
H-4/5), 7.14 (d, 35 = 9.0 Hz, 2H, H-1/8), 7.36-7.39 (br m, 2H, 
H-2'/6'), 7.60-7.62 (br m, 3H, H-3'/4'/5'); UV 465 (log E 4.46), 
3.16 (sh) (3.68), 265 (4.61), 286 (4.33) nm; MS (FAB) mlz (re1 
intensity) 287 ( [ M  + 2H]'+, 8), 286 ( [ M  + HY+, 28); HRMS obsd 
286.1355, calcd for C19H16N3 286.1344 ( [ M  + HI'+). 

Thermal Denaturation Studies. Optical thermal dena- 
turation experiments were performed in stoppered quartz 
cuvettes using a Varian-Cary 219 spectrophotometer fitted 
with a Neslab ETP-3iRTE4 circulating heatinglcooling ther- 
moprogrammer, as detailed p rev io~s ly .~~  Heating was applied 
at  1 Wmin until denaturation was complete, as judged from 
the increase in optical absorbance at  260 nm. Calf thymus 
(CT-DNA) (type-I, highly polymerized sodium salt; 42% G + 
C content] and the synthetic oligonucleotides [poly(dA-dT)lz 
and [poly(dG-dC)lz, both as sodium salts, were purchased 
from Sigma Chemical Co. Ltd. and used without further 
purification. Molar extinction values of 6260 = 6600,6550, and 
8400 (M phosphate)-' cm-l, respectively, were used.33 Aque- 
ous solutions of the DNA samples were prepared in Millipore- 
purified water containing 10 mM sodium phosphate and 1 mM 
EDTA. Solutions were buffered at  pH 7.00 f 0.01 or 6.00 f 
0.01 for CT-DNA and at  pH 6.00 f 0.01 for the oligonucle- 
otides; working solutions (100 pM) were prepared by dilution 
of a stock solution. DNA-drug solutions were prepared by 
addition of the ligand compound in DMSO to give a final drug 
concentration of 20 pM. A fxed drug:DNAp molar ratio of 1:5 
was used throughout as this ratio was established to represent 
incomplete saturation of each DNA by the ligands under 
investigation. 

In all DNA-drug studies, DMSO (max 6.25%, v/v) was used 
as cosolute to prevent precipitation of the ligands. Linear 
correction factors were applied to  correct for the effects of 
DMSO in all working solutions. Thermal denaturation tem- 
peratures (T,) for the DNA and DNA-ligand complexes were 
determined using a published procedure.32 Values of 40.9 f 
0.1 and 94.2 f 0.1 "C at  pH 6 were established for [poly(&- 
dT)]z and [poly(dG-dC)lz, respectively. Similarly, CT-DNA 
gave T,  values of 63.7 f 0.1 "C (pH 6) and 67.8 f 0.1 "C (pH 
7). The change in DNA-melting behavior (AT,) induced by 
the added compound is given by AT, = T,(DNA + ligand) - 
T,,,(DNA), where T,(DNA) represents the drug-free control. All 
induced shifts are reported as the mean from three determina- 
tions. 

Fluorescence Binding Studies. "he Q values for (uench- 
ing were determined for each DNA (20 pM) in 0.01 M ionic 
strength aqueous buffer (9.3 mM NaC1,2 mM NaOAc, 0.1 mM 
EDTA, pH 5.0) containing 2 pM ethidium bromide (Sigma), 
as described previo~s ly . '~~  These concentrations were selected 
to effect minimal ethidium displacement and maximum drug- 
induced quenching of fluorescence.22 The CCso values for 
ethidium displacement were determined using solutions in the 
same buffer containing 1.26 pM ethidium bromide and 1 pM 
CT-DNA.14a,22a23 All measurements were made in 10-mm 
pathlength quartz cuvettes (3 mL) at  20 "C using a Perkin- 

Hz, 6H, CHZCH~), 4.21 (q, J = 7.1 Hz, 4H, CHzCHd, 7.44- 

H-3'/4'/5'), 8.29 (d, J = 1.7 Hz, 2H, H-4/5); UV 421 (log E 4.351, 
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Elmer LS5 spectrofluorometer (excitation at  546 nm; emission 
at  595 nm) following serial addition of aliquots of a stock drug 
solution (-5 mM in DMSO). The Q and Cc50 values are 
defined as the drug concentrations which reduce the fluores- 
cence of initially DNA-bound ethidium by 50%. Values are 
reported as the mean from three determinations. Apparent 
equilibrium binding constants (Kapp) were calculated using a 
value of lo7 M-' for ethidum.22a Most compounds and their 
DNA-bound complexes showed neither optical absorption nor 
fluorescence at 595 nm and did not interfere with the fluo- 
rescence of unbound ethidium. However, these effects pre- 
vented determination of reliable competitive cc50 values for 
both proflavine and 28. 
In Vitro Cytotoxicity. A2780 Experimental Protocol. 

The A2780 cells were grown in Dulbecco's modified medium 
containing 10% fetal calf serum, gentamicin (50 mg/mL), 
amphotericin B (2.5 mg/mL), glutamine (2 mM), insulin (10 
mg/mL), and hydrocortisone (0.5 mg/mL). Single cells, har- 
vested by trypsinization (0.02% EDTA/O.O5% trypsin), were 
plated at  (0.1-5) x lo3 in 96-well microtiter plates and allowed 
to attach overnight. Compounds were dissolved in DMSO and 
diluted with buffer (pH 7.0) to give stock solutions containing 
50.5%, v/v, DMSO. Drugs were added to  the cells at  various 
concentrations following dilution of the stock solution. After 
continuous exposure to the drug for 96 h, the cytotoxicity was 
assessed by staining with sulforhodamine B (SRB) as follows. 
The medium was aspirated, and the cells were exposed to  ice- 
cold trichloroacetic acid (lo%, w/v) for 30 min. The cells were 
then washed five times with water, held in SRB (100 mL of 
0.4% solution in 1%, v/v, aqueous acetic acid) for 10-15 min, 
and then washed five times with 1% aqueous acetic acid. After 
air-drying overnight, the protein-bound SRB was solubilized 
with Tris base (100 mL of 10 mL) and the plates were assessed 
at 540 nm using a plate reader (Titertek Multiscan MCC/340, 
Flow Laboratories). By comparing treated with untreated 
control wells, IC50 values (concentration of drug required 
to inhibit the growth of cells by 50% when compared to  
solvent-treated but drug-free controls) were determined 
using a computer software package (Titersoft 11, Flow Labo- 
ratories). 
L1210 Experimental Protocol. Drug solutions of ap- 

propriate concentration were added to a cell culture containing 
mouse L1210 leukemic cells at 5 x lo3 cells/mL of medium. 
Stock drug solutions containing 50.5%, v/v, DMSO were used, 
and it was separately established that this level of cosolvent 
was tolerated. Cells were exposed to  the drugs for 48 h at  37 
"C, and the IC50 values were calculated by counting the 
number of remaining living cells with a Coulter counter and 
comparison with drug-free controls. Assays were performed 
in duplicate. 

Molecular Modeling and Energy Calculations. Models 
for the ligand molecules were generated using crystallographic 
bond lengths and angles.34 The DNA sequence used for 
modeling was the d(GATAC*GATAC).d(GTATC.GTATC) du- 
plex, where the central 5'-CpG intercalation site is flanked on 
each side by a 3-bp AT tract, representing the 10-bp core of a 
dodecamer duplex used in an extended study of DNA inter- 
calation by proflavine.28 

Initial docked models were generated by graphics overlay 
of atomic coordinates for the acridine chromophore of each 
ligand with that of proflavine in the minimized DNA- 
proflavine complex.28 Subsequent maneuvers involved 
graphics manipulation of the substituents and side chains to 
(i) remove unfavorable intermolecular atomic clash and (ii) 
locate groove-binding or interacting molecular fragments in 
their most favorable groove positions. Models for the inter- 
calated complexes were examined for each possible ligand 
alignment, with the acridine N10 atom positioned in either 
the major or minor groove and any 9-substituent positioned 
in the corresponding minor or major groove. This situation is 
more complex for ligands bearing asymmetric 9-substituents 
as two distinct orientations of the attached function are 
possible, differing in the groove alignment of the polar residue 
with respect to the 5' - 3' direction of the d(GATACGATAC1 
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strand. Docked complexes were subjected to molecular me- 
chanics (MM) energy minimization using the X-PLOR 3.1 
package; the protocol used for minimization is described 
elsewhere.% No advantage was discerned using a more 
rigorous molecular dynamics (MD) strategy, with a four-step 
MM-MD-MD-MM protocol resulting in qualitatively similar 
structures following simulation for either 20 or 50 ps at 300 
K (not shown). Atom-centered molecular electrostatic poten- 
tials (MEPs) were used for all ligands and DNA  nucleotide^.^^ 
Necessary additional force field parameters were interpolated 
from earlier reports from this l a b o r a t ~ r y . ~ * ~ ~ ~ ~ J ~  Binding 
energies for interaction (Table 3) were calculated using Ebmd 
= Ecomplex - (EDNA -t where the EDNA and terms 
represent the energies computed for the separately minimized 
free molecules. All DNA-ligand complexes were examined as 
the N10-protonated acridinitun salts, although equivalent 
neutral, unprotonated forms were also studied for selected 
acridines. In the case of hybrid molecdes 18-23, the distal 
basic residues were examined as both the neutral and proto- 
nated species. 
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