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AbstractÐQuantitative structure±activity relationships have been formulated for two sets of DNA binding topoisomerase agents
(bis-acridines and bis-phenazines) acting on murine P388 leukemia cells, murine Lewis lung carcinoma (LLC) cells and human
Jurkat leukemia wild-type (JLC) cells. For the acridines, all three QSARs (1±3) show only a (small negative) hydrophobic e�ect. In
sharp contrast, the phenazines in all three studies (4±6) show a strong hydrophobic e�ect, with the optimum ClogP being near 7.3
for all examples. This suggests that, despite the structural similarity of the compounds, di�erent modes of enzyme and/or DNA
binding may be involved. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Early studies of structure±activity relationships (SAR)
among cytotoxic DNA intercalating agents that act as
topoisomerase (topo) inhibitors suggested a positive cor-
relation between cytotoxic potency and the strength of
reversible DNA binding.1ÿ4 This led to the evaluation of
various dimeric compounds designed as potential bis-
intercalating agents,5ÿ7 because bis-intercalation can
theoretically greatly increase DNA binding. However,
while many such compounds did show a bis-intercalative
binding mode, their DNA binding strength (and cytotoxi-
cities) generally did not improve as much as expected,6,7

and the approach was abandoned.

This ®eld was revived recently with the discovery of
several new series of dimeric compounds comprised of
lipophilic, neutral intercalators (naphthalimides,8 imi-
dazoacridinones,9 acridines,10 and phenazines11) joined
by cationic linkers. These compounds do generally show
signi®cantly enhanced potencies in cell culture over the
respective monomers12 and in many cases broad-spec-
trum in vivo activity as well.

While many examples of these dimeric analogues have
been made and tested in cell culture, no quantitative
structure±activity relationship (QSAR) studies have
been reported. Recently, Gamage et al.10 reported SAR
for a set of substituted bis[(acridine-4-carboxamides)

propyl]methylamines (I). These are dimeric analogues of
the acridinecarboxamide derivative N-[(2-dimethylami-
no)ethyl]acridine-4-carboxamide (DACA), a lipophilic
mono-intercalator which is now in Phase II clinical
trials13 on the basis of its dual inhibition of both topo I
and topo II,14,15 and activity in resistant cell lines16,17 and
in experimental solid tumor models.13,18 Subsequently
Spicer et al.11 reported SAR on related bis[(phenazine-1-
carboxamide)propyl] methylamines (II), derived from
the previously-reported19 highly active monomers.
These sets of compounds, with a ®xed linker chain and
variations only in the chromophore substituents, pro-
vided good data sets for comparative QSAR analysis,
and we report this here.
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Results and Discussion

Eqs (1)±(3) were developed for the growth inhibitory
properties of bis(acridine-4-carboxamides), measured as
IC50 values (the concentration of drug to reduce cell
numbers to 50% of control cultures). These provide an
overview of the importance of substituent steric and
hydrophobic e�ects in analogues of I.

(i) IC50 values (molar) of substituted bis[(acridine-4-
carboxamide)propyl]methylamines (I) in murine P388
leukemia cells (Table 1)10

Log1/C=ÿ0.15(�0.14)ClogP+4.00(�1.03)B55ÿ1.06
(� 0.26)(B55)

2+0.26(�0.24)L6ÿ0.23(�0.18)B57+4.69
(�1.43)
n � 36 r2 � 0:800 s � 0:313 q2 � 0:706 �1�

B50=1.88 (1.78±1.97)

Outliers: 6-CF3, 3-Me, 5-C2H5, 6-NMe2

(ii) IC50 values (molar) of substituted bis[(acridine-4-
carboxamide)propyl]methylamines (I) in murine Lewis
lung carcinoma (LLc) cells (Table 1)

10

Log1/C=ÿ0.24(�0.18)ClogP+4.91(�1.33)B55ÿ1.31
(�0.34)(B55)2ÿ0.34(�0.22)B57+6.11(�1.64)

n � 38 r2 � 0:764 s � 0:426 q2 � 0:690 �2�

B50=1.87 (1.78±1.97)

Outliers: 3-Cl, 3-Me, 5-C2H5

(iii) IC50 values (molar) of substituted bis[(acridine-4-
carboxamide)propyl]methylamines (I) in human Jurkat
leukemia wild-type (JLc) cells (Table 1)

10

Table 1. Cytotoxicities of compound I against P388, LLC and JLC cells10

P388 cells Log1/C LLC cells Log1/C JLC cells Log1/C

No. X ClogP B55 L6 B57 Obsda Calcd eq (1) � Obsda Calcd eq (2) � Obsda Calcd eq (3) �

1 H 6.74 1.00 2.06 1.00 6.89 6.93 ÿ0.04 7.52 7.72 ÿ0.20 6.96 7.16 ÿ0.20
2 1-Me 7.34 1.00 2.06 1.00 6.77 6.84 ÿ0.07 7.85 7.57 0.28 7.39 7.07 0.32
3 1-Cl 7.47 1.00 2.06 1.00 6.40 6.82 ÿ0.42 7.38 7.54 ÿ0.16 6.90 7.05 ÿ0.16
4 2-Me 7.74 1.00 2.06 1.00 6.66 6.78 ÿ0.12 7.17 7.48 ÿ0.30 6.59 7.01 ÿ0.42
5 2-Cl 8.30 1.00 2.06 1.00 6.95 6.69 0.26 8.23 7.34 0.89 7.34 6.94 0.41
6 3-Me 7.34 1.00 2.06 1.00 5.46b 6.84 ÿ1.38 5.62b 7.57 ÿ1.95 5.89b 7.07 ÿ1.18
7 3-Cl 7.47 1.00 2.06 1.00 Ð Ð Ð 5.53b 7.54 ÿ2.02 6.05b 7.05 ÿ1.01
8 5-Me 7.74 2.04 2.06 1.00 7.64 7.57 0.06 8.75 8.45 0.30 7.96 7.87 0.09
9 5-C2H5 8.80 3.17 2.06 1.00 6.77b 5.68 1.09 7.57b 6.04 1.53 6.95b 5.94 1.01
10 5-CHMe2 9.60 3.17 2.06 1.00 5.56 5.56 0.00 5.98 5.85 0.13 5.68 5.82 ÿ0.14
11 5-C6H5 10.52 3.11 2.06 1.00 5.91 5.58 0.33 5.97 5.82 0.14 5.60 5.86 ÿ0.26
12 5-OMe 7.29 3.07 2.06 1.00 6.37 6.17 0.20 6.77 6.74 0.03 6.46 6.43 0.04
13 5-F 7.07 1.35 2.06 1.00 7.80 7.40 0.40 7.46 8.28 ÿ0.82 7.31 7.66 ÿ0.35
14 5-Cl 8.21 1.80 2.06 1.00 7.34 7.52 ÿ0.19 8.10 8.36 ÿ0.26 7.48 7.82 ÿ0.34
15 5-Br 8.51 1.95 2.06 1.00 7.82 7.48 0.34 8.22 8.29 ÿ0.06 7.62 7.78 ÿ0.16
16 5-CF3 8.64 2.61 2.06 1.00 6.62 6.90 ÿ0.28 7.41 7.56 ÿ0.15 6.94 7.20 ÿ0.26
17 5-NMe2 7.90 3.08 2.06 1.00 5.67 6.05 ÿ0.38 6.17 6.56 ÿ0.38 6.75 6.31 0.43
18 6-Me 7.74 1.00 2.87 1.00 6.46 6.98 ÿ0.52 7.25 7.48 ÿ0.22 6.75 7.01 ÿ0.26
19 6-OMe 7.29 1.00 3.98 1.00 7.12 7.34 ÿ0.22 7.70 7.59 0.11 7.29 7.08 0.22
20 6-F 7.07 1.00 2.65 1.00 7.62 7.03 0.59 7.70 7.64 0.06 7.28 7.11 0.18
21 6-Cl 8.21 1.00 3.52 1.00 7.18 7.08 0.10 7.89 7.36 0.53 7.29 6.94 0.35
22 6-Br 8.51 1.00 3.82 1.00 7.31 7.11 0.20 7.75 7.29 0.46 7.24 6.90 0.34
23 6-CF3 8.64 1.00 3.30 1.00 5.02b 6.96 ÿ1.94 6.80 7.25 ÿ0.46 6.45 6.88 ÿ0.43
24 6-NMe2 7.90 1.00 3.53 1.00 6.12b 7.13 ÿ1.01 6.50 7.44 ÿ0.94 6.65 6.99 ÿ0.34
25 7-Me 7.74 1.00 2.06 2.04 6.57 6.54 0.03 7.14 7.12 0.02 6.56 6.59 ÿ0.03
26 7-C2H5 8.80 1.00 2.06 3.17 5.97 6.12 ÿ0.16 6.12 6.48 ÿ0.36 5.79 5.99 ÿ0.20
27 7-CHMe2 9.59 1.00 2.06 3.17 5.84 6.00 ÿ0.17 5.68 6.28 ÿ0.60 5.68 5.87 ÿ0.19
28 7-CMe3 10.39 1.00 2.06 3.17 5.75 5.89 ÿ0.13 5.85 6.08 ÿ0.23 5.97 5.76 0.21
29 7-C6H5 10.52 1.00 2.06 3.11 6.15 5.88 0.27 6.22 6.07 0.14 5.99 5.76 0.23
30 7-OMe 7.29 1.00 2.06 3.07 6.88 6.37 0.51 7.70 6.88 0.82 6.83b 6.24 0.59
31 7-F 7.07 1.00 2.06 1.35 6.85 6.79 0.06 7.50 7.52 ÿ0.02 7.02 6.97 0.05
32 7-Cl 8.21 1.00 2.06 1.80 6.77 6.52 0.25 7.34 7.09 0.25 6.87 6.62 0.25
33 7-Br 8.51 1.00 2.06 1.95 6.65 6.44 0.20 7.46 6.96 0.50 6.65 6.52 0.13
34 7-NMe2 7.90 1.00 2.06 3.08 6.01 6.28 ÿ0.27 6.74 6.72 0.02 6.12 6.15 ÿ0.03
35 8-Me 7.74 1.00 2.06 1.00 6.75 6.78 ÿ0.03 7.80 7.48 0.32 7.15 7.01 0.14
36 8-Cl 8.21 1.00 2.06 1.00 6.13 6.71 ÿ0.58 6.91 7.36 ÿ0.45 6.62 6.94 ÿ0.32
37 5,7-di-Me 8.74 2.04 2.06 2.04 6.68 7.19 ÿ0.51 7.70 7.85 ÿ0.15 6.98 7.31 ÿ0.33
38 5,8-di-Me 8.74 2.04 2.06 1.00 7.62 7.43 0.19 8.50 8.20 0.29 7.96 7.73 0.23
39 1,5-di-Me 8.34 2.04 2.06 1.00 7.68 7.49 0.19 8.85 8.30 0.55 8.41 7.78 0.63
40 5-Me, 8-Cl 9.21 2.04 2.06 1.00 7.39 7.35 0.03 8.06 8.08 ÿ0.03 7.70 7.66 0.04
41 1-Cl, 5-Me 8.47 2.04 2.06 1.00 7.32 7.47 ÿ0.15 8.22 8.27 ÿ0.05 7.92 7.77 0.16

aData taken from ref 10.
bData points not included in deriving the respective eqs.
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Log1/C=ÿ0.14(�0.14)ClogP+4.19(�0.92)B55ÿ1.11
(�0.23)(B55)2ÿ0.40(�0.17)B57+5.44(�1.16)
n � 37 r2 � 0:842 s � 0:293 q2 � 0:789 �3�

B50=1.89 (1.82±1.97)

Outliers: 3-Cl, 3-Me, 5-C2H5, 7-OMe

In the above equations, C is the concentration of drug
(mol/litre) required to reduce cell number to 50% of
control cultures in leukemia cells, n is the number of data
points, r2 is the square of correlation coe�cient, q2 is the
measure of quality of ®t and s is the standard deviation.
ClogP is calculated octanol/water partition coe�cient,20

and B5 and L are Verloop's sterimol parameters. B5
de®nes the maximum width of substituent and L is the
length of the substituent moiety. Es is Taft's classical
steric parameter. All these parameters have been dis-
cussed previously, along with their applications.21 The
parameters were auto-loaded from our CQSAR data-
base and the QSAR analysis was executed with the C-
QSAR program. The parameters used in deriving
QSARs were selected using permutation in CQSAR pro-
gram, it automatically picks the best parameter to use.
This program includes all the commonly used substituent
parameters,22 and its utility in correlation analysis has
been discussed previously.23,24

Eqs (1)±(3), for activities of the compounds in three dif-
ferent cell lines are reasonably similar overall; this
re¯ects the original observation10 that the log1/C in the
di�erent cell lines were highly collinear. Looking at indi-
vidual parameters, a common feature of the equations is
that there is no positive role for hydrophobic properties
(and in fact the negative ClogP term has marginal sig-
ni®cance). This is not uncommon; we have often noted
a lack of positive hydrophobic interaction of ligands

interacting with DNA.25,26 All three equations contain a
steric parameter that is initially positive but then turns
negative at a B5 value of about 1.9 for substituents in
the 5-position. Gamage et al.10 also noted that small 5-
position substituents increase potency. They correlated
derivatives with 5-substituents with MR and suggested
that larger groups at this position decreased potency.
However, we are rather surprised at the uniform opti-
mum size (B50) for substituents in this location. Groups
in the 7-position all show small negative steric e�ects, as
also suggested in the original study. Eq (1) is slightly dif-
ferent from the other two in that a negative steric term of
marginal importance for 6-substituents is also present
(note con®dence limits). There are four unexplained out-
liers associated with QSAR 1, but steric e�ects are the
most di�cult to parameterise and B5 can only be expected
to give an approximate answer. Although r2 is not high,
the overall agreement among the equations is good.

The synthesis, evaluation and limited SAR study of rela-
ted bis[(phenazine-1-carboxamide)propyl] methylamines
(II) has recently been reported.11 Because these com-
pounds di�er from those of class I by only by an addi-
tional ring nitrogen (the ring numbering is di�erent), and
were evaluated in the same biological screens, it was of
interest to carry out comparative QSAR on these, and
Eqs (4)±(6) were derived.

(iv) IC50 values (molar) of substituted bis[(phenazine-1-
carboxamide) propyl]methyl-amine (II) in Murine P388
leukemia cells (Table 2)11

Log1/C=6.26(�5.11)ClogP±0.42(�0.37)(ClogP)2+0.51
(�0.35)L8ÿ1.25(�0.47)Es9ÿ17.85 (�17.73)
n � 17 r2 � 0:838 s � 0:356 q2 � 0:762 �4�

logP0=7.37 (6.94±10.25)

Table 2. Cytotoxicities of compound II against P388, LLC and JLC cells11

P388 cells Log1/C LLc cells Log1/C JLc cells Log1/C

No. X ClogP L8 Es9 Obsda Calcd
eq (4)

� Obsda Calcd
eq (5)

� Obsda Calcd
eq (6)

�

1 H 5.87 2.06 0.00 6.28b 5.30 0.99 6.97b 5.76 1.22 6.76b 5.90 0.86
2 2-Cl 5.68 2.06 0.00 4.92 5.04 ÿ0.12 5.08 5.28 ÿ0.20 5.62 5.65 ÿ0.03
3 3-Me 6.87 2.06 0.00 6.33 6.15 0.18 7.32 7.27 0.05 6.68 6.70 ÿ0.02
4 3-Cl 7.34 2.06 0.00 6.69 6.25 0.44 7.92 7.43 0.49 7.13 6.81 0.33
5 4-Me 6.87 2.06 0.00 6.43 6.15 0.28 7.59 7.27 0.32 6.99 6.70 0.29
6 6-Me 6.87 2.06 0.00 6.23 6.15 0.09 7.34 7.27 0.07 6.76 6.70 0.06
7 6-Cl 7.31 2.06 0.00 5.11b 6.25 ÿ1.14 6.82 7.43 ÿ0.61 6.68 6.81 ÿ0.13
8 7-Me 6.87 2.06 0.00 6.21 6.15 0.06 7.14 7.27 ÿ0.12 6.55 6.70 ÿ0.15
9 7-Cl 7.31 2.06 0.00 5.53 6.25 ÿ0.72 7.08 7.43 ÿ0.35 6.60 6.81 ÿ0.20
10 7-OMe 6.60 2.06 0.00 6.22 6.00 0.22 7.19 7.01 0.19 6.71 6.56 0.15
11 8-Me 6.87 2.87 0.00 6.16 6.56 ÿ0.40 6.97 7.27 ÿ0.30 6.83 7.05 ÿ0.22
12 8-Cl 7.31 3.52 0.00 7.01 6.99 0.02 7.36 7.43 ÿ0.07 7.38 7.43 ÿ0.06
13 8-OMe 6.60 3.98 0.00 7.13 6.97 0.15 7.62 7.01 0.61 7.52 7.39 0.14
14 9-Me 6.87 2.06 ÿ1.24 7.82 7.69 0.13 8.80 8.61 0.19 8.24 8.04 0.21
15 9-Cl 6.87 2.06 ÿ0.97 7.41 7.36 0.05 8.06 8.31 ÿ0.26 7.85 7.75 0.11
16 9-F 6.17 2.06 ÿ0.55 6.53 6.33 0.20 6.92 6.98 ÿ0.06 6.75 6.82 ÿ0.07
17 9-OMe 6.60 2.06 ÿ0.55 6.09 6.68 ÿ0.60 6.80b 7.61 ÿ0.81 6.91 7.15 ÿ0.25
18 6-9-di-Me 7.87 2.06 ÿ1.24 7.59 7.70 ÿ0.11 8.28 8.54 ÿ0.25 7.68 8.05 ÿ0.37
19 6-Cl, 9-Me 8.31 2.06 ÿ1.24 7.54 7.43 0.11 8.28 7.99 0.29 8.01 7.80 0.21

aData taken from ref 11.
bData points not included in deriving the respective eqs.
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Outliers: H, 6-Cl

(v) IC50 values (molar) of substituted bis[(phenazine-1-
carboxamide)propyl]methyl-amine (II) in murine lewis
lung carcinoma (LLc) cells (Table 2)

11

Log1/C=11.62(�5.01)ClogPÿ0.79(�0.37)(ClogP)2ÿ1.08
(�0.45)Es9ÿ35.12(�17.71)
n � 17 r2 � 0:845 s � 0:357 q2 � 0:617 �5�

logP0=7.32 (7.09±7.77)

Outliers: H, 9-OMe

(vi) IC50 values (molar) of substituted bis[(phenazine-1-
carboxamide)propyl]methyl-amine (II) in human jurkat
leukemia wild-type (JLc) cells (Table 2)

11

Log1/C=5.86 (�3.21)ClogPÿ0.40(�0.23)(ClogP)2+0.43
(�0.22) L8ÿ1.08(�0.29)Es9ÿ15.69(�11.16)
n � 18 r2 � 0:903 s � 0:226 q2 � 0:837 �6�

logP0=7.38 (7.09±8.11)

Outlier: H

These equations show that the additional nitrogen atom
in the ring system produces very signi®cant changes. As
for the bis(acridine-4-carboxamides), the three equations
for the di�erent cell lines are broadly similar, and similar
parameters occur (ClogP, Es5 rather than B55 and L6).
However, ClogP now becomes the parameter of over-
whelming importance, with close agreement in the three
examples on an optimum value (ClogP0=7.3±7.4). The
di�erent apparent steric e�ects of the phenazine 9-sub-
stituents (equivalent to acridine 5-substituents) is most
likely due to a smaller dataset in the phenazine case (no
large substituents were studied). However, the striking
dependence of log1/C on hydrophobicity in the QSAR
between these structurally similar series is impressive.

It cannot be due to direct steric di�erence between ring
CH or N. The di�erence in both calculated (ClogP) and
measured (MlogP) overall hydrophobicity between the
two parent molecules is also small. For I (X=H),
MlogP=3.40, ClogP=3.41; for II (X=H), MlogP=2.84,
ClogP=2.89. However, although we have not been able
to uncover any substituent electronic e�ects from the
QSAR studies, the electronic e�ects of the additional N
would be signi®cant, in two ways. Firstly it would
increase charge transfer interactions between the chro-
mophore and the receptor (likely DNA). Secondly, it
markedly a�ects the pKa of the nitrogen adjacent to the
carboxamide. For the monomeric compounds, the con-
jugate acid of unsubstituted acridine-4-carboxamide has
a measured pKa of 3.54, while that of the phenazine-1-
carboxamide is only 0.8.28 While it is unlikely that either
chromophore will be ionized in bulk solution at physio-
logical pH, it is possible that the acridine (but not the
phenazine) chromophore could become charged if
bound in the DNA microenvironment. Whether the

adjacent nitrogen is charged or not has a major e�ect on
the conformation of the carboxamide, since it can adopt
two di�erent H-bond con®gurations; carboxamide O
H-bonded to ring NH+,29 or carboxamide NH H-bon-
ded to ring N.29,30

Overall, these QSAR studies indicate quite di�erent
dependencies of cytotoxicity on structure between the
acridine and phenazine series. While limited previous stu-
dies31 of other ``aza-acridinecarboxamides'' have sug-
gested these are less interesting than phenazines, further
work in this area would be interesting in terms of com-
parative QSAR studies.

The problem of outliers is a di�cult one. For the acri-
dines of set I the 3-Me is consistently mis®t and the 3-Cl
is out of line in two of the three QSAR. This could be
due to a perturbation of the ortho amide moiety. The 5-
ethyl group is also mis®t in all three QSAR. Possibly
this is not well accounted for by the B55 term that is far
from a perfect steric parameter, but it is the best that we
have. In the phenazines of set II the parent compound is
an outlier in every instance. It is always more active
than predicted. The steric parameter takes care of the
large substituents, but not H. It will never be possible to
design a set of steric parameters that will be anywhere near
perfection for ligand±receptor interactions. Even knowing
the geometry of the active site we are not yet able to pre-
dict how ¯exible it will be in accepting a ligand. Allosteric
problems are even more di�cult to deduce.

The formulation of a new QSAR is always interesting,
however, until one establishes lateral relationships with
other QSAR the result must be accepted with caution.
We have been attempting to illustrate the importance of
such an approach.24ÿ27 In the present study although r2

is not particularly high, except for QSAR 6, the agree-
ment between the three QSAR for each set is excellent.
That is for QSAR 1±3 the hydrophobic terms are at best
marginal. The steric e�ect of 5-substituents dominates
the QSAR. The optimum steric e�ect (B50) for the three
equations ranges from 1.87 to 1.89 for the three di�er-
ent types of cells. For QSAR 4±6 the optimal logP
(logP0) ranges from 7.32 to 7.38! Having this kind of
agreement from 3 di�erent test systems speaks well for
the quality of the experimetal work and leaves no doubt
about two di�erent types of receptor interactions.
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