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Abstract-The crystal structure of the l-methyl derivative of the anticancer drug amsacrine [4’-(acridin- 
9-ylamino)-3’-methoxy-methanesulphonanilide] as its hydrochIo~de salt has been determined. The 
compound crystallizes in the monoclinic space group P2Jn with cell dimensions a = 15.302(3), 
b = 8.035(2), c = 18.258(4) A and /3 = 102.68(2)“, and has been refined to a final R of 0.055. The acridine 
chromophore is significantly non-planar, with a butterfly conformation about the C(9)-N(l1) bond. 
The bonding geometry about the C(9) atom has been significantly altered compared to non-distorted 
amsacrine structures, as a result of this non-planarity. Energy calculations have been used to examine 
the flexibility of the moiecuie with respect to rotations about the C(Q)-N(l1) and N(llf-C(l2) bonds, 
and with respect to intercalation into a ~nucieoside duplex model for DNA. The latter calculations 
have been compared with solution DNA-binding and in vitro activity data for 1-methyl-amsacrine 
hydrochloride. The molecular modelling studies find that the energy of interaction between l-methyl- 
amsacrine and a DNA intercalation fragment is significantly higher than for amsacrine itself, in accord 
with the biological data. 

The anti-cancer a&dine derivative amsacrine 
[m-AMSA; 4’-(acridin-9-ylamino)-3’-methoxy- 
methanesulphonanilide] has clinically useful activity 
against disseminated tumours, especially acute leu- 
kaemia. A continuing search for derivatives active 
against other tumours has led to the study of several 
hundred compounds and s~cture-activity relation- 
ships have shown that the ability to bind to DNA by 
intercalation is a necessary condition for biological 
activity both in vitro and in uiuo [l-4]. 

In this study, we examine the molecular structure 
of the hydrochloride salt of 1-methyl-amsacrine. 
Computerised molecular modelling and energy cal- 
culations are used to simulate the intercalation 
process. The results of this study are compared with 
measurements of DNA binding ability in solution 
and biological activity. This study thus provides a 
test case for the comparative examination of these 
various approaches. In particular, we wish to exam- 
ine the proposition that computerised modelling of 
a drug and its receptor site can relate to biological 
response parameters. 

EXPERIMENTAL 

Crystals of 1-methylamsacrine HCl were grown 
from ethanolic solution. The orange prismatic 
needle-shaped crystals showed monocIinic symmetry 
with preliminary oscillation and Weissenberg X-ray 
photographs. Accurate cell dimensions were 
obtained by least-squares analysis of 25 8 values 
measured on a CAD4 diffractometer. 

i To whom correspondence should be addressed. 

Crystal data: a = 15.302(3), b = 8.035(2), c = 
18.258(4) A, p = 102.68(2)“, C22H22N03Cl,Slr 
M = 443.96, ,u = 26.66 cm-’ space group P2,/n, 
2 = 4, D, = 1.345 g cmw3 Cu-K, radiation (a = 
1.54178 A). 

Intensity data were collected on the diffractometer 
using a -2 scan technique, in the range 1.5 < ff < 55, 
for a crystal of dimensions 0.3 x 0.1 x 0.02 mm. The 
maximum scan time was set at 120 set with a scan 
speed chosen so as to have a constant o(I)/Z of 0.03. 
The intensities of three standard reflections were 
periodically monitored during the course of data 
collection; no appreciable crystal decay was 
observed. The intensities of 2777 reflections were 
measured, which reduced to 2304 unique reflections. 
Of these, 965 had Z < 2&Z) and were used in struc- 
ture refinement. 

The structure was solved by routine use of the 
MULTAN 82 direct methods program [5]. Full- 
matrix least-squares methods were used for regne- 
ment of non-hydrogen atom positional and individual 
anisotropic thermal parameters. Hydrogen atom 
positions were calculated by geometric consider- 
ations; these were not included in least-squares 
refinement, but were taken account of iu the cal- 
culation of structure factors. An empirical absorption 
correction was applied to the data. The orientations 
of the l-methyl group atoms were optimised by cal- 
culation of semi-empirical intramolecular energy 
using an interactive molecular graphics system; the 
orientation corresponding to the lowest energy 
resulting in a lowering of the non-bonded energy 
term from -18.4 to -32.2 kcal mol-*. 

Refinement converged to an R value of 0.055 



and a weighted R, of 0.056. with weights w = 
l/u’(Z) + 0.041’ e.s.d. of an observation of unit 
weight was 1.639, and the maximum shift/error in 
the final least-squares cycle was 0.01. Calculations 
were performed with the Enraf-Nonius SDP 
package, with atomic scattering factors taken from 
ref. [6]. Positional parameters are given in Table 1. 

Molecular modelling of interactions between l- 
methylamsacrine salt and DNA, was accomplished 
by use of interactive computer graphics combined 
with semi-empirical energy calculations [7]. The 

Table 1. Positional parameters and their estimated standard 
deviations 

Atom 

Cl 
s19 
020 
021 
023 
NlO 
Nil 
N18 
Cl 
ClMe 
c2 
c3 
c4 
C4A 
C5A 
C5 
C6 
c7 
C8 
C8A 
c9 
C9A 
Cl2 
Cl3 
Cl4 
Cl.5 
Cl6 
Cl7 
c22 
c24 
H5 
H6 
H7 
HX 
H10 
Hll 
H14 
H16 
H17 
H18 
H221 
HZ22 
H223 
H241 
H242 
H243 
HMel 
H2 
HMe2 
H3 
HMe3 
H4 

with parameters A and B chosen so as to control 
atom-atom contact distances [9, 111. Partial charges 
for l-methylamsacrine were calculated by the 
CND0/2 method [12]; those for dCpG were taken 
from ref. [13]. The dielectric constant was approxi- 
mated by a distance-dependence formalism: E = 1 
forr<3A,E=4forr<7A,andE=0.75r-1.25 
for3Airr7A. 

The 1-methylamsacrine salt molecular structure 
was manipulated in the intercalation site of dCpG 
by means of interactive computer graphics, and low 
energy structures for the complex were recorded. 
Manipulations and associated calculations were per- 
formed on a Gresham-Lion Supervisor 214 system 
linked to PDP11/34A-VAX 11/750 computers. 

DNA binding constants were determined in 0.01 
SHE buffer to poly(dA-dT), using the fluorometric 
ethidium displacement technique [26], which has 
been shown to give reliable determinations of acri- 
dine-DNA binding affinity. Unwinding angles were 
also determined in 0.01 SHE buffer at 2.5”, using 
plasmid PNZ 116 DNA [27]; pK, values [3], cyto- 
toxicity [28] and in viva antileukemic activity [29] 
were determined using literature procedures. 

RESULTS 

Molecular structure 

x J ‘ HA*) 
- 

0.4686(2) 0.0668(4) 0.7252(l) 4.04(7) 
0.9348(2) 0.1945(S) 0.6119(2) 5.69(9) 
0.9179(4) 0.150(l) 0.5363(4) 6.9(2) 
0.8653(4) 0.266(l) 0.6422(4) 8.8(2) 
1.3133(4) 0.5396(9) 0.6542(3) 4.7(2) 
1.4501(4) 0.1323(9) 0.3962(4) 3.1(2) 
1.3628(4) 0.287( 1) 0.5767(3) 3.4(2) 
1.0157(4) 0.327( 1) 0.6310(4) 4.1(2) 
1.5554(5) 0.321(l) 0.5771(4) 3.1(2) 
1.5371(6) 0.428( 1) 0.6376(S) 3.9(3) 
1.6433(5) 0.287(l) 0.5761(4) 3.2(3) 
1.6646(5) 0.200(l) 0.5170(S) 3.8(3) 
1.6014(6) 0.143(l) 0.4588(5) 4.0(3) 
1.5117(5) 0.180(l) 0.4576(4) 2.8(3) 
1.3644(6) 0.189(l) 0.3836(4) 3.8(3) 
1.3093(6) 0.171(l) 0.3114(5) 4.6(3) 
1.2272(6) 0.244( 1) 0.2961(5) 4.7(3) 
1.1945(6) 0.332(l) 0.3512(S) 4.7(3) 
1.2457(5) 0.346( 1) 0.4208(5) 3.9(3) 
1.3316(5) 0.272(l) 0.4393(4) 2.9(3) 
1.3898(5) 0.274( 1) 0.5131(4) 2.8(2) 
1.4858(5) 0.258(l) 0.5182(4) 2.8(3) 
1.2724(5) 0.297(l) 0.5876(4) 3.1(3) 
1.2482(6) 0.421(l) 0.6290(4) 3.4(3) 
1.1623(6) 0.432(l) 0.6436(4) 3.7(3) 
1.1012(S) 0.307(l) 0.6133(4) 3.3(3) 
1.1241(6) 0.178(l) 0.5720(5) 4.0(3) 
1.2114(6) 0.171(l) 0.5611(5) 3.7(3) 
0.9721(9) 0.024(2) 0.6613(8) 10.9(5) 
1.2933(7) 0.676( 1) 0.6939(6) 6.5(3) 
1.3286 0.1005 0.2722 
1.1878 0.2364 0.2443 
1.1364 0.3887 0.3366 
1.2205 0.4085 0.4580 
1.4674 0.0549 0.3598 
1.4096 0.2844 0.6237 
1.1462 0.5305 0.6713 
1.0800 0.0909 0.5525 
1.2281 0.0764 0.5325 
1.0050 0.4314 0.6571 
0.9296 -0.0723 0.6565 
1.0272 -0.0306 0.6526 
0.9879 0.0348 0.7186 
1.3416 0.7577 0.7083 
1.2423 0.7455 0.6655 
1.2751 0.6520 0.7408 
1.5839 0.5085 0.6551 
1.6914 0.3205 0.6194 
1.4819 0.4930 0.6211 
1.7278 0.1819 0.5199 
1.5285 0.3695 0.6815 
1.6215 0.0770 0.4201 

me acriame. 

The molecular structure of l-methylamsacrine is 
shown in Figs 1 and 2, and calculated bond lengths 
and angles are given in Table 2. 

It is apparent that the acridine ring system in 
the title compound is significantly non-planar, and 
adopts a butterfly conformation about the C(9)- 

Fig. 1. A computer-drawn view of the molecular structure 
of I-methylamsacrine, projected onto the mean plane of 1. 
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intercalated DNA molecule was approximated by 
crystallographic co-ordinates from the study of an 
intercalated self-complementary dinucleoside, 
dCpG [8]. This approach has been described in detail 
elsewhere [9. lo]. 

Intermolecular energy was approximated as 

E TOT = EE-s + EN-B 

qlq? A B 
EE-S = -; EN-B = - - - 

ert? r6 r12 
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Fig. 2.1-Methylamsacrine, shown projected approximately 
along the N(10) and C(9) atoms. 

N(lO) axis. The angle between the two arms of the 
butterfly (planes 1 and 2 in Table 3) is 21.5(8)0. This 
non-planarity contrasts with the closely coplanar 
acridine rings in amsacrine itself, as salt [ 141 and free 
base [15,16], as the mesyl derivative [15], and as the 
2-methoxy derivative [17]. The 1-nitro a&dines, by 
contrast, generally adopt this butterfly conformation. 

The anti-tumour agent nitracrine [18] [9-(3-di- 
methylaminopropylimino) - 1 - nitro - 9,lO - dihydro- 
acridine] has a 20” angle between the planes of the 
two outer acridine rings [19]. The crystal structure 
of an analogue with slight variation in the side-chain 
has a 19” inter-plane angle [20], whereas the 2-nitro 
analogue has a completely coplanar acridine ring 
system [21]. In the case of the l-nitroacridines this 
distortion has been ascribed to interaction between 
the 1-nitro group (which is thus also distorted out of 
the a&dine plane) and substituents on the 9-position 
of the acridine when the compound exists as the 
iminoacridan tautomer [22]. It has been suggested 
[25] that the electron-withdrawing properties of the 
nitro group are responsible for nitracrine adopting 
the non-planar iminoacridan form, but this seems 
unlikely in view of the planar 2-nitro derivative. In 
the case of 1-methylamsacrine, the acridine non- 
planarity must be due to steric rather than electronic 
factors, suggesting that the latter may also be of 
lesser importance in the case of the 1-nitro acridines. 
Table 2 shows that this non-planarity has produced 
significant changes in the bonding geometry around 
the N(11) substituent at the 9-position. The C(9)- 
N(ll) bond is considerably shortened in l-methyl- 

Table 2. (a) Selected bond lengths (A) with estimated standard deviations in parentheses 

l-Methyl- Nitracrine 
Amsacrine amsacrine Amsacrine analogue 
HCl [lo] HCl base [ll] U81 

C(8A)--C(9) 1.424(5) 1.440(10) 1.411(3) 1.472(5) 
C(9)-C(9A) 1.441(5) 1.458(9) 1.408(3) 1.482(5) 
C(9)-N(U) 1.359(6) 1.318(8) 1.387(2) 1.285(5) 
N(ll)-C(12) 1.431(6) 1.443(9) 1.409(2) 1.460(5) 

(b) Selected bond angles (degrees), with estimated standard deviations in parentheses 

Amsacrine 
HCl 

l-Methyl- 
amsacrine 

HCl 

C(4A)-C(9A)-C(9) 118.3(5) 
C(5A)-C(8A)-C(9) 118.9(5) 
C(8A)-C(9)-C(9A) 118.6(5) 
C(8A)-C(9)-N(U) 123.9(5) 
C(9A)-C(9)-N(U) 117.4(2) 
C(9)-N(ll)-C(12) 129.6(5) 

116.4(8) 
116.2(8) 
117.8(7) 
125.1(7) 
117.1(7) 
128.4(7) 

Amsacrine Nitracrine 
base analogue 

118.6(2) 
118.3(2) 
118.7(2) 
120.7(2) 
120.5(2) 
125.4(2) 

119.7(l) 
118.7(l) 
113.9(l) 
130.8(l) 
114.9(l) 
126.1(l) 

Table 3. Least-squares planes for 1-methylamsacrine-HCl with deviations from the planes in A 
and estimated standard deviations in parentheses. Atoms excluded from a plane calculation are 

indicated by * 

Plane 1 
C(1) 0.019(10), C(2) 0.003(10), C(3) - 0.004(10), C(4) - 0.018(10), C(4A) 0.040(10), 
C(9A) - 0.040(10), C(9)* -0.106(g), N(10)*0.124(7), C(lMe)*0.172(11), N(ll)* - 0.662(8) 

Plane 2 
C(5) - 0.014(11), C(6) 0.000(11), C(7) 0.005(11), C(8) 0.004(10), C(5A) 0.024(10), 
C(8A) - 0.019(g), C(9)* - 0.080(S), N(10)*0.158(7), N(ll)* - 0.602(8) 

Plane 3 
C(12) 0.022(g), C(13) - 0.007(9), C(14) - 0.007(9), C(15) 0.007(9), C(16) 0.008(S), 
C(17) - 0.022(9), N(ll)* - 0.027(7), H(ll)*0.80(7), C(9)*0.789(8) 
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Table 4. Selected torsion angles (degrees) with estimated standard deviations in 
parentheses 

C(BA)-C(9)-N( 1 l)-C(12) 
C(9)-N(ll)-C(lZ)-C(13) 
C(SA)-C(9)-N(ll)-H(ll) 
N(ll)-C(12)-C(13)-0(23) 
H(ll)-N(ll)-C(12)--C(13) 

Amsacrine 
HCI [lo] 

21(l) 
48(l) 

-149(l) 

-3(l) 
-147(l) 

l-Methyl- 
amsacrine 

HCI 

2.2(B) 
-127.8(B) 

178.7(B) 
3.8(B) 

55(l) 

Amsacrine 
base [ll] 

54.2(3) 
-163.5(3) 

3.0(3) 
3.0(3) 

34(3) 

amsacrine compared to amsacrine itself, although it 
is not as short as found in the l-nitro acridines 
[19-221. Bonds C(8A)-C(9) and C(9A)-C(9) are 
shorter in the amsacrine structures, which together 
with the C(9)-N(l1) bond length change, indicate 
that the steric hindrance produced by l-substitution 
results in changes in the electronic distribution of 
the 9-amino acridines. In the case of the I-nitro 
derivatives, the result is a 9-imino,9,10-dihydro acri- 
dine since the C(9)-N(ll) bond has true double 
bond character and N(11) does not have a bonded 
hydrogen atom. This extreme change is not produced 
in the 1-methylamsacrine reported here, as witnessed 
by the unequivocal location of a hydrogen atom on 
N(11). 

The conformation of 1-methylamsacrine is pri- 
marily defined by the torsion angles around the 
C(9)-N(l1) and N(ll)-C(12) bonds (Table 4). 
It is apparent that these angles have significantly 
different values from those in amsacrine itself, as 
free base [15] and hydrochloride salt [14]. These lat- 
ter two structures themselves adopt distinct con- 
formations. which have been shown to be inter- 

360 
G=+L 

convertible at modest energy cost [15]. Calculation 
of the intramolecular energy for 1-methylamsacrine 
with respect to rotations about these two bonds (Fig. 
3) shows that the observed conformation is not in 
the vicinity of the global energy minimum, but is at 
a point some 6 kcal mol-’ higher in energy. This 
conformational map indicates that the introduction 
of the l-methyl group has diminished the flexibility 
of the anilino group, and that the several low-energy 
forms are less readily interconvertible than in the 
amsacrine structures. 

DNA interaction 

The interaction of l-methylamsacrine salt with 
DNA was studied by determining its association 
constant K for calf thymus DNA, and its unwinding 
angle using closed circular supercoiled plasmid PNZ 
116 DNA. The results are shown in Table 5, together 
with comparative data for salts of amsacrine, the 
isomeric 3-methylamsacrine, and 9-aminoacridine. 
While addition of a methyl group to amsacrine in the 
unhindered 3-position slightly increases the acridine 
pK, as expected, placement at the l-position 

0 a 
0' Nll-Cl2 + 360 

Fig. 3. Energy-contour plot for l-methylamsacrine. Torsion angles C(SA)-C(9)-N(ll)-C(12) and 
C(9)-N(ll)-C(12)-C(13) are varied along the vertical and horizontal axes respectively. Contours 
have been drawn at intervals of 1 kcal mol-‘. Point A marks the crystallographically observed confor- 

mation, and B the global minimum. 
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Table 5. Physicochemical and biological data for amsacrine analogues 

3919 

Me0 

NH 

Compound PK,* 

9-Aminoacridine 9.9 
Amsacrine 7.43 
l-Methylamsacrine 6.71 
3-Methylamsacrine 7.70 
5’-Methoxyamsacrine 7.63 

l-i 4 
DNA Binding 

log Kt unwindingt 

5.59 17 
5.57 21 
5.87 13 
5.95 20 
4.69 19 

Cytotoxicity Antileukemic Activity 
Go§ ODII ILSl 

2600 20 inactive 
33 13.3 78 

1300 200 inactive* * 
12 10 120 

4900 >500 inactive 

* pK, of acridine nitrogen, in 20% DMF [3]. 
t Association constant, calf thymus, DNA 0.01 SHE buffer. 
$ Unwinding angle, PNZ 116 plasmid DNA [27]. 
0 Nanmolar concentration of drug needed to reduce L1210 cell numbers by 50% [28]. 
/( Optimal dose of drug in mg/kg/day, given on days 1, 5 and 9 after implantation of lo6 P388 

leukemia cells (ref. [29]). 
1 Percentage increase in lifespan of treated animals over controls; values over 25% regarded as 

significant [29]. 
** Determined using L1210 leukemia. 

decreases it by nearly a whole unit, providing further 
evidence of the molecular distortion induced. Asimi- 
lar lowering of pK, has been noted [3] for other l- 
substituents. However, the binding of the mono- 
cations to DNA at pH 7 is affected very little by the 
addition of the methyl group, with l-methylam- 
sacrine rather surprisingly showing the strongest 
binding. On addition of the side-chain to 9-amino- 
acridine a small increase in unwinding angle is seen, 
due presumably to additional interaction of the anil- 
ino ring with the DNA, and this is not affected by a 3- 
methyl group. By contrast, the measured unwinding 
angle for 1-methylamsacrine is lowered by over 30%, 
suggesting either a redistribution of drug between 
“intercalated” and “externally bound” forms, or a 
“partially-intercalated” complex which induces a 
smaller unwinding of the DNA. Accordingly the 
interaction between amsacrine and DNA was 
explored by molecular modelling techniques using 
computer graphics and energy calculations on a di- 
nucleoside model for intercalation. 

Molecular modelling 

Intercalation of 1-methylamsacrine salt from the 
major groove of DNA was simulated with the acri- 
dine perpendicular to the base-pair hydrogen bond 
directions. This had a total energy of -69 kcal mol-’ 
(-34 kcal mol-’ for the non-bonded term and -35 
kcal mol-’ for the electrostatic one). A 30” diagonal 
orientation, together with translation so that the 
acridine is asymmetrically stacked between bases 
of just one strand, resulted in a lower energy, of 

-81 kcal mol-’ for EN-B and -41 kcalmol-’ for 
EN-~). This is the lowest energy found for the major 
groove side (Fig. 4) and has the l-methyl group 
tucked into a hydrophobic cleft around the ribose 
groups of a backbone. 

Intercalation of 1-methylamsacrine from the DNA 
minor groove was less easy to achieve due primarily 
to steric hindrance between the atoms of the sugar 
rings and the intercalator. Few low-energy positions 
were found. The best orientation was almost per- 
pendicular to the base-pair hydrogen bonds (Fig. 5), 
with the only stacking being between guanine bases. 
The energy of interaction was -87 kcal mole1 (-41 
and -46 kcal mol-’ for EN-B and E,_s respectively). 
At this position, the methoxy substituent was able 
to interact hydrophobically with a 3’ sugar residue. 

l-Methylamsacrine was thus found to be capable 
of only minimal intercalation between base pairs in 
the DNA model used in this study. For intercalation 
from either groove, overlap between nucleotide 
bases and acridine is restricted to the ring of the 
acridine that is substituted by the methyl group. 
Further entry is hindered by the proximity of hydro- 
gen atoms on the nitrogen bridge and on the anilino 
ring, as well as the l-methyl group. The conformation 
of 1-methylamsacrine is such as to render sterically 
inaccessible to intercalation the terminal ring of the 
acridine that does not carry the methyl group. 

Intercalation from either groove is probably not 
differentiated by the energy calculations. Both are 
of significantly higher energy than calculated for 
amsacrine itself with the same dinucleoside duplex 
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Fig. 4. Computer-drawn views of 1-methylamsacrine 
intercalated into the major groove of a dinucleoside frag- 

ment of double-stranded DNA. 

model for DNA, due to the greater extent of inter- 
calation, and hence base pair-acridine chromophore 
overlap with amsacrine. Intercalation from the minor 
groove for amsacrine has an associated energy of 
- 113 kcal mol-’ at low-energy positions. This in turn 
is less than for a simple acridine such as proflavine 
(3,6_diaminoacridine). Thus, l-methylamsacrine can 
be considered as a “pseudo intercalator” that, by 
comparison with amsacrine itself, only weakly stabil- 
ises a 6.8 8, base-pair-separated DNA site. 

The inability of I-methylamsacrine to more than 
partially intercalate is due to two principal factors. 
The non-planarity of its acridine chromophore 
together with the steric hindrance resulting from 
the l-methyl group render full intercalation in the 
normal sense, difficult to achieve. In addition, the 
conformation of the anilino group with respect to the 
acridine provides in itself constraints to intercalation. 

Biological activity 

Addition of the 3-methoxymethanesulfonanilide 
side-chain to the biologically inactive 9-amino- 
acridine provides the clinically useful antileukemic 
drug amsacrine [30]. The reasons for this marked 

change in biological protile are many, and it cannot 
be explained totally in terms of alterations in the 
interaction of the compound with DNA. Never- 
theless. studies on a large number of amsacrine ana- 
logues [l-4] have demonstrated the absolute depen- 
dence of biological activity in this series on eficient 
DNA intercalation. Thus the inactive 5’-methoxy- 
amsacrine derivative has a measured unwinding 
angle of 19” but NMR data suggests only a very 
small degree of overlap with the base-pairs of the 
intercalation site [30]. The crystal structure and mol- 
ecular modelling data presented here suggests a simi- 
larly low degree of overlap of the acridine chro- 
mophore of 1-methylamsacrine in the binding site, 
which may account for its complete lack of biological 
activity and that of other l-substituted amsacrines 
[3]. Finally, it should be noted that the nitracrine 
series of l-nitro acridines, which have an analogous 
butterfly-shaped, non-planar acridine chromophore, 
have also been reported to bind non-covalently to 
DNA by intercalation (231. However, the anti-cancer 
and cytotoxic activities are not due to this inter- 
calative interaction, but to covalent DNA binding 
via enzymatic activation to reactive species [24]. 

The data for binding of 1-methylamsacrine to 
DNA appears to conflict with the molecular model- 
ling results, which indicate that the compound should 
be a weak intercalator. However, its high DNA 
association constant also contrasts with the markedly 
lower unwinding angle compared to amsacrine. We 

Fig. 5. As in Fig. 4. but for minor-groove intercalation. 
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tentatively conclude that the association constant is 
not solely a measure of intercalative binding, as 
discussed above, and therefore that the calculated 
relative energies of intercalation may be more rel- 
evant parameters in this context, particularly in 
relation to the prediction of biological activity in the 
series. However, since the measurement of DNA 
binding used is an indirect one, further experimental 
data is required for firm conclusions to be made. The 
situation is rendered more complex by evidence that 
intercalating drugs when bound to DNA, form ter- 
nary complexes in vivo with topoisomerase II, that 
may at least in part be responsible for cytotoxicity 

[311. 

REFERENCES 

1. B. C. Baeulev, W. A. Denny, G. J. Atwell and B. F. 20. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

Cain, J. med: Chem. 24, 526 (1981). 
2. B. C. Baguley, W. A. Denny, G. J. Atwell and B. F. 21. 

Cain, J. med. Chem. 24, 170 (1981). 
7 W. A. Denny, B. F. Cain, G: J. Atwell, C. Hansch, 

A. Panthananickal and A. Leo. J. med. Chem. 25.276 22. 
.J. 

(1982) 
4. W. A. Denny, B. C. Baguley, B. F. Cain and M. J. 

Waring, in Molecular Aspects of Anti-Cancer Drug 
Action (Eds S. Neidle and M. J. Waring), p.1. Macmil- 
lan, London (1983). 
P. Main, S. J. Fiske, S. E. Hull, L. Lessinger, G. 
Germain, J.-P. Leclercq and M. M. Woolfson, Multan- 
82. A System of Computer Programs for the Automatic 
Solution of Structures from X-ray Diffraction Data, 
Universitv of York, England (1982). 
International Tables for- X-ray Crystallography, Vol. 
III. Kvnoch Press. Birmineham f1962). 
S. Needle, Biochem. Sot. ?rans. ‘12, lb08 (1984). 
H.-S. Shieh, H. M. Berman, M. Dabrow and S. Neidle, 
Nucl. Acids Res. 8, 85 (1980). 
S. A. Islam and S. Neidle, Acta Crystallogr. B40, 424 
(1984). 
S. A. Islam, S. Neidle, B. M. Gandecha, M. Partridge, 
L. H. Patterson and J. R. Brown, J. med. Chem. 28, 
857 (1985). 
S. A. Islam and S. Neidle, Acta Crystallogr. B39, 114 
(1983). 

23. 

5. 

6. 

7. 
8. 

9. 

10. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 
11. 

J. A. Pople, D. P. Santry and G. A. Segal, J. them. 
Phys. 43, 129 (1965). 
R. A. Pearlstein, P. L. Dreno, M. Pensak and A. J. 
Hopfinger, Biochim. biophys. Acta 655, 432 (1981). 
D. Hall, D. A. Swann and T. N. Waters, J. them. Sot., 
Per!& Trans. 1334 (1974). 
Z. H. L. Abraham, S. D. Cutbush, R. Kuroda, S. 
Neidle, R. M. Acheson and G. N. Taylor, J. them. 
Sot., Perkin Trans. 461 (1985). 
J. S. Buckleton and T. N. Waters, Acta Crystallogr. 
C40, 1587 (1984). 
J. M. Karle, R. L. Cysyk and I. L. Karle, Acta Crystal- 
logr. B36, 3012 (1980). 
See, for example, L. Szmigiero and M. Gniazdowski, 
Arzneim.-Porsch, 31, 1875 (1981), and references 
therein. 
Z. Dauter, M. Bogucka-Ledochowska,, A. Hempel, 
A. Ledochowski and A. Kosturkiewicz, Rocz. Chem. 
50, 1573 (1976). 
A. Hempel, S. E. Hull, M. Bogucka-Ledochowska and 
Z. Dauter, Acta Crystallogr. 835, 474 (1979). 
A. Hempel, S. E. Hull, Z.-Dauter, M. Bogucka-ledo- 
chowska and A. Konitz, Acta Crystallogr. B35, 477 
(1979). 
W. C. Stallings, J. P. Glusker, H. L. Carrell, M. Bogu- 
cka-Ledochowska, A. Ledochowska and J. J. Stezow- 
ski, J. biomol. Struct. Dynam. 2, 511 (1984). 
W. R. Wilson, W. A. Denny, S. J. Twigden, B. C. 
Baguley and J. C. Probert, Br. J. Cancer. 49, 215 
(1984). 
J. W. Pawlak, K. Pawlak and J. Konopa, Chem.-Biol. 
Interact. 43, 151 (1983). 
J. J. Stezowski, P. Kollat, M. Bogucka-Ledochowska 
and J. P. Glusker, J. Am. them. Sot. 107,2069 (1985). 
W. R. Wilson, B. C. Baguley, L. P. G. Wakelin and 
M. J. Waring, Molec. Pharmac. 20, 404 (1981). 
B. F. Cain, B. C. Baguley and W. A. Denny, J. med. 
Chem. 21, 658 (1978). 
B. C. Bagulev and R. Nash, Eur. J. Cancer. 17. 671 
(1981). - . 
G. J. Atwell, B. F. Cain, B. C. Baguley, G. J. Finlay 
and W. A. Denny, .I. med. Chem. 27. 1481 (1984). 
W. A. Denny, G.-J. Atwell and B. C. Baguley, J. med. 
Chem. 26, 1625 (1983). 
J. Minford, Y. Pommier, J. Filipski, K. W. Kohn, D. 
Kerrigan, M. Mattern, S. Michaels, R. Schwartz and 
L. A. Zwelling, Biochemistry 25, 9 (1986). 


