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Structure of the DNA Complexing Agent Anthramycin

ARVID MOSTAD, CHRISTIAN ROMMING and BERIT STORM

Department of Chemistry, University of Oslo, Oslo 3, Norway

The crystal structure of the title compound has
been determined by X-ray diffraction methods
using 2477 observed reflections collected on an
automated diffractometer at 110 K. The crystals
are orthorhombie, space group P 2,2,2,, with
unit cell dimensions a="17.979(3) A, b=13.525(5)
A, and ¢=16.222(6) A. The structure was re-
fined to a conventional R-factor of 0.048 for
1624 reflections with sin 6/A>0.5 A-l, The
e.3.d. for bond lengths and angles not involving
hydrogen atoms are 0.003—0.004 A and 0.2°,
respectively.

The molecule is twisted 40—50° from one
end to the other along the long axis. A previ-
ously suggested pharmacophoric pattern is
found to fit poorly to the present structure
if the atoms showed to be important for the
biological activity are to be included. It is
suggested that the molecular twist may be of
importance for the fit of the molecule into one
of the grooves of DNA.

Anthramycin (5,10,11,11a-tetrahydro-9-hy-
droxy-11-methoxy-8-methyl-5-oxo-14-pyrrolo-
[2,1-c][1,4]benzo-diazepine-2-acrylamide) with
S-configuration in the 1la position has been
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shown to exhibit a number of biological effects
which have been correlated to its ability to
interact with DNA. The molecule does not
show the usual structural features that have
been associated with a tight binding to DNA.*
The interaction has been extensively studied,
and a number of observations concerning the
binding mechanism have emerged.*~* There are
thus indications of a covalent nature of bond-
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ing, that guanine-containing DNA in helical
conformation is essential and that the binding
capacity of DNA amounts to about one anthra-
mycin molecule per ten base units. It has also
been demonstrated that the DNA molecule
gains in rigidity by the reaction, that this effect
is not induced by intercalation,® and that the
aromatic ring in anthramyecin is inclined about
40° to the base pairs in the complex.

These facts may well indicate that the anthra-
mycin molecule interacts with DNA by fitting
into one of the grooves of the helical structure
where it can bind to the guanine bases and
stabilize the complex through hydrogen bonds.

A pharmacophoric geometric pattern has
been suggested for a group of compounds, in-
cluding anthramycin, showing antileukaemic
activity.®’ In order to test this pattern and to
study the mechanism of interaction with DNA,
we have investigated the crystal structure of
anthramyecin methyl ether by X-ray methods.
The methyl ether is readily hydrolyzed and
converted to anthramycin and was chosen for
the study because of its higher stability.

EXPERIMENTAL

A sample of anthramycin methyl ether mono-
hydrate was given to us by Hoffmann-La Roche,
Basel. The compound was in the form of light
yellow needle-shaped crystals which could read-
ily be cut to a size suitable for the X-ray ex-
periments. The crystal selected was prismatic
of dimensions 0.1 x0.2x 0.4 mmé Data were
collected on a SYNTEX Pl four-circle dif-
fractometer using graphite crystal monochro-
mated MoK« radiation (4=0.71069). The tem-
perature at the crystal site was 110 K. Cell
parameters were determined by a least-squares
fit to the diffractometer settings for 15 general
reflections. Intensity data were recorded using
the 6/20 scanning mode; the scan speed (26)
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was from 1 to 2° min™? depending on the in-
tensity. All reflections Witgesin 6/A<0.54 A
were measured; reflections in the interval 0.54
A1 gin 6/A<0.76 At were measured only if a
quick scan gave an intensity larger than a
preset value. The scan range was from 0.7° be-
low 26(e,) to 0.9° above 20(a;) and the back-
ground counts were taken for 0.35 of the scan
time at each of the scan limits.

Out of the 2947 unique reflections recorded,
2477 with I>2.50(I) were retained for the
structure analysis. The standard deviations for
the intensities were calculated from o(I)=
[Cr+ (0.020y)?]k where Cy is the total number
of counts and Cy is the scan count minus back-
ground count. The usual corrections were made
for Lorentz and polarization effects, but no
correction was made for absorption and ex-
tinction.

Scattering factors used were those of Doyle
and Turner for O, N and C,® and of Stewart,
Davidson and Simpson for H.® Description of
the computer programs applied are given in
Refs. 10 and 11. The quantity minimized in
the least-squares calculations was >wAF? where
w is the inverse of the variance of the observed
structure factors.

CRYSTAL DATA

Anthramycin methyl ether monohydrate,
C;,H,,N;0,-H,0, orthorhombic.

t=18 °C: a="7.9793) A; b=13.525(5) A;
c=16.222(6) A; V=1750.6 A. t=—163 °C:
a=17.968(3) A; b=13.317(7) 4; ¢=16.071(9) A;
V=1705.3 A. M=23417.37; Z=4; F(000)="736;
u(MoKe)=1.1 cm™; D,(t=18 °C)=1.318 g
em™3; D, (t=-163 °C)=1.353 g cm™. Space
group P 2,2,2, (No. 19) from systematic ab-
sences.

STRUCTURE DETERMINATION

The structure was solved by direct methods
using the program assembly MULTAN."
Phases were determined for 175 reflections with
E>1.75; an E-map revealed the positions for
most of the non-hydrogen atoms, the rest were
found by successive Fourier refinements. Posi-
tions of hydrogen atoms were calculated from
stereo-chemical considerations after a prelim-
inary least-squares refinement; the choice be-
tween two sets of hydrogen positions for the
methyl group C(21) was made on the basis of
B-values obtained after further refinements.

The least-squares refinements included po-
sitional parameters for all atoms, anisotropic
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Table 2. Fractional atomic coordinates and
B-values for hydrogen.

Atom x Yy z B

H2 0.510 —-0.250 0.658 1.2
H6 0.091 —-0.297 0.868 2.5
H7 —-0.101 —0.244 0.970 2.5
H11 0.232 0.080 0.847 1.2
H12 0.475 0.086 0.789 1.2
H13 0.521 —-0.077 0.856 1.2
Hi41 0.712 0.004 0.731 1.2
H142 0.779 1.080 0.794 1.2
H15 0.792 —0.209 0.682 1.2
Hlie6 1.010 —0.074 0.668 1.2
H181 1.274 —0.087 0.612 2.5
H182 1.328 -0.127 0.523 2.5
H211 —0.198 -0.124 1.068 4.7
H212 —0.290 —0.037 1.002 4.7
H213 —0.140 —0.058 1.061 4.7
H22 —-0.073 0.095 0.931 2.6
H241 0.289 0.105 0.603 4.7
H242 0.208 0.143 0.691 4.7
H243 0.396 0.170 0.669 4.7
H251 0.654 0.148 0.935 2.6
H252 0.739 0.151 0.862 2.6

thermal parameters for the heavier atoms and
isotropic thermal parameters for hydrogen
atoms; the latter were constrained to three
B-values common for groups of hydrogen
atoms. The refinements using all 2477 observa-
tions lead to a conventional R-factor of 0.043,
R,=0.039 and S=(JwdF*n—m)t=1.69. In
order to avoid the influence of bonding elec-
trons on the bond distances, the refinement of
the parameters of the heavy atoms was re-
peated using the 1624 data with sin /4> 0.5
A-1; this resulted in a slightly poorer R-value
(0.048) and a better goodness-of-fit (S=1.14).
The parameters obtained in this way are listed
in Tables 1 and 2 and were applied for the
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Fig. 1. Schematical drawing of anthramycin
with numbering of atoms.
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calculation of structural data used in the discus- DESCRIPTION OF THE STRUCTURE
sion. Tables of observed and calculated struc-
ture factors are available from the authors.
An analysis of the molecular motions in
terms of rigid body vibrations resulted in in-

significant changes in interatomic distances.

The asymmetric unit including one molecule
of water is schematically drawn in Fig. 1 where
the numbering of the atoms is also given.
Structural data are listed in Table 3.

Table 3. Structural data for anthramyecin.

Bond length (4) Bond angle (°)

Cl1-C2 1.342(4) C2-Cl1-Cl4 110.2(2)
C1-Cl4 1.513(3) C2-C1-Cl5 122.7(2)
Cl1-C15 1.447(3) Cl14-C1-C15 127.1(2)
C2-N3 1.396(3) C1-C2-N3 111.6(2)
N3—-C4 1.366(3) C2-N3-C4 123.0(2)
N3-C13 1.475(3) C2-N3-C13 110.1(2)
C4—C5 1.480(3) C4—-N3-C13 126.9(2)
C4-020 1.242(3) N3-C4-Cs 119.6(2)
C5—C6 1.418(4) N3—C4—020 119.8(2)
C5—C10 1.413(3) C5—C4—020 120.6(2)
C6—C7 1.383(4) C4-C5-C6 113.8(2)
C7-C8 1.403(4) C4-C5-C10 127.4(2)
C8—-C9 1.386(4) C6—-C5-—C10 118.7(2)
C8-C21 1.508(4) C5-C6—-C7 121.9(3)
C9-C10 1.426(3) C6—-C7—-C8 120.1(3)
C9-022 1.378(3) C7—C8—C9 118.6(2)
C10—-N11 1.380(4) C7-C8—-C21 120.7(3)
N11-C12 1.428(3) C9—-C8—-C21 120.7(2)
C12-C13 1.520(4) C8—-C9-Cl10 122.7(2)
C12-023 1.437(3) C8—C9—022 121.6(2)
C13-Cl4 1.552(3) C10—C9—022 115.7(2)
C15-C16 1.345(4) C5—C10—-C9 117.9(2)
C16—C17 1.482(4) C5—C10—~N11 128.3(2)
C17-N18 1.336(3) C9—C10—N11 113.8(2)
C17-019 1.250(3) C10—N11-C12 128.6(2)
023-C24 1.428(4) N11-C12-C13 112.9(2)
N11-C12-023 112.9(2)
Average values C13-C12-023 106.4(2)
N3-C13-C12 109.6(2)
C-H 0.97 N3-C13-Cl4 103.8(2)
N-H 0.89 C12—-C13-Cl4 113.4(2)
O-H 0.85 C1-C14—C13 103.5(2)
Cl1-C15—Cl6 125.2(2)
C15-C16—C17 119.8(2)
C16—-C17-N18 115.8(2)
C16—-C17-019 122.7(2)
N18-C17-019 121.6(3)
C12-023—C24 113.2(2)
Selected torsional angles (°)
C9-Cl0-N11-C12 169.3 C5—-C4—-N3-C2 —-173.8
Cl10-N11-C12-C13 —27.8 C5—-C4—-N3-C13 6.9
N11-C12-C13-Cl4 —168.7 C4-N3-C2-C1 -173.1
N11-C12-023-C24 69.7 N3-C2-C1-Cl4 —0.6
N11-C12-C13—-N3 75.8 C2-C1-C15-Cl6 —173.8
C12-C13-C14-C1 —111.0 C14—C1-C15-C16 7.9
Cl13—-Cl14—-C1-C15 173.7 Cl1-C15-C16—-C17 —-178.4
C6—-C5—-C4—-020 21.3 Cl15—-C16—-C17—-N18 —166.4
C6—-C5—-C4—-N3 —156.8 C15-C16—-C17—-019 13.8
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The molecule is composed of a six-membered
aromatic ring and a five-membered ring, both
fused to a seven-membered ring, and an acryl-
amide side chain. The phenyl ring is planar,
all displacements out of the least-squares plane
through the six atoms being less than 0.03 A;
the substituent atoms are situated within 0.10
A from this plane. There are significant varia-
tions in the C—C distances within the benzene
ring [from 1.383 to 1.426 A] as well as in the
bond angles. The bond lengths and angles in-
volving the substituents C21 and 022 are quite
normal, including the difference in external
angles at C9.

Only two of the atoms in the seven-membered
ring appear to be sp* hybridized, i.e. C12 and
C13, both atoms are chiral centres giving rise
to epimeric isomers. For the atoms N3, C4,
C5, C10 and N11, the sum of the bond angles
are within 1° of 360°, thus indicating sp? hybrid-
ization. The conformation of the ring may be
described as that of a twisted boat, somewhat
flattened because of the sp? hybridized state
of five of the atoms.

From the torsional angles given in Table 3 it
may be seen that C12 and N3 are situated above
the plane of the aromatic ring as viewed in Fig.
1 and that C13 is situated still further above
the plane; the N3—Cl13 bond forms an angle
of 28° with this plane. _

The rather short C10—N11 bond length
[1.380 A] indicates some double bond char-
acter and may explain the increase in the bond
lengths C9—C10 and C5—C10 as well as the

Structure of Anthramycin 643

decrease in the C5-—Cl10—C9 angle relative
to the values normally found in a benzene ring.

It may also be seen from the torsion angles
in Table 3 that the chain of atoms from C4 to
C16 is nearly planar but with a right-handed
twist of 6 —7° at each of the single bonds. The
near planarity would be expected for the con-
jugated system including the ‘“peptide’ bond
C4—-N3.

The atoms N3, C2, C1 and Cl4 of the five-
membered ring are strictly co-planar, whereas
the fifth atom, C13, is situated above the plane,
giving the ring an envelope conformation.

The bonds of each of the atoms in the side-
chain, C15, C16 and C17, are coplanar; the
chain is nearly planar with a small right-
handed twist about each of the bonds C1—Cl15,
C15—C16 and C16 —C17. The dimensions of the
amido group appear to be normal.!?:13

A stereoscopic view of the packing of the
anthramyein molecules in the crystal is shown
in Fig. 2. There are four potential hydrogen
donor atoms (022, 025, N11 and N18) and five
hydrogen acceptors (019, 020, 022, 023 and
025) for hydrogen bonding. With the excep-
tion of N11 all are used for hydrogen bonding
between molecules in the crystals; relevant
distances and angles are given in Table 4.

DISCUSSION

One of the reasons for the present structure
determination was to test the triangular phar-
macophoric pattern proposed for anthramycin

Fig. 2. Stereoscopic view of the packing of anthramyecin molecules in the crystal. The a and ¢

axes are pointing upwards from the paper plane.
Acta Chem. Scand. B 32 (1978) No. 9
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Table 4. Hydrogen bonds between donor atoms (D) in the molecule given in Table 1 to acceptor

atoms (A) in surrounding molecules.

D A Equiv. pos. D-AA) D-H(A) H-A(A) /DHA(9)
N18 022 -2, 2-y, }+2 2.859 0.974 1.947 158.7
N18 023 z—1, y, z 2.909 0.852 2.084 162.7
022 025 z+1, y, oz 2.569 0.886 1.702 165.4
025 019 -2z, 2—y, 2—% 2.736 0.867 1.890 166.7
025 020 l-z, y—13, $—2 2.723 0.806 1.928 168.9

T~

Fig. 3. The pharmacophoric triangle, ¢f. Table

.

and similar compounds.® This pattern is repro-
duced in Fig. 3, and the results are compared
to the proposed values as well as to results
from other investigations in Table 5.

For anthramycin the triangle of importance
for its biological activity is assumed to be the
atoms N18(N), 023(01) and 022(02). It ap-
pears from the found values that the fit to
the proposed pattern is rather poor for the
present compound. Another possibility for the
choice of triangle in anthramycin, consists of
the atoms N18, 020 and 023 where the dis-
tances are 7.45 A (N—01l), 8.71 A (N-02) and
4.36 A (01-02). Even if this seems to be in
better agreement with the proposed pattern,
the atom 022 is excluded from the pharma-
cophor, and this atom is shown?! to be im-

portant for the activity of the compound. It
has been shown, however, that the mechanism
of biological action may vary for the different
compounds containing the pharmacophoric
triangle;'* thus, the triangle may be of impor-
tance for some common mechanism involved
in the action, e.g. in transport.

Another interesting feature in the structure
of anthramycin is the twist about the long
axis of the relatively flat molecule.

The absolute configuration of anthramyecin
has been shown to be the one illustrated in
Scheme 1 where C13 (1la-position) has the S
configuration for the biologically active form.
The rapid epimerisation at Cl2 leaves the
absolute configuration at this atom of less im-
portance for the biological activity,! whereas
the S configuration at C13 is imperative. It is
interesting to note that the configuration at
this point determines whether the twist along
the molecule is left- or right-handed.

It follows from the discussion of the con-
formational angles that the active form has a
right-handed twist along the entire molecule
amounting to about 45° from the phenyl ring

Table 5. Interatomic distances (A) in various molecules with reference to the pharmacophoric

triangle (see text).

Ref. N-O1 N-02 01-02

Proposed dimensions 6 7.08 +0.56 8.62+0.38 3.35+0.65
Anthramyein 7.457 11.621 4.818
Camptothecin 15 5.495 7.706 2.656
Demecolcine 16 7.117 7.265 2.697
Vincristine 17 7.43 8.01 3.00
Cycloheximide 18 5.427 8.225 3.113

(2 conformers) 18 5.391 7.754 2.727

Acta Chem. Scand. B 32 (1978) No. 9
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Fig. 4. Stereoscopic drawing of the biologically active form of anthramyein.

to the amido group. This is illustrated stereo-
scopically in Fig. 4.
- It may be noted that for a molecule of about
14 A length like the present one to fit into one
of the grooves of helical DNA a right-handed
twist of about 40° along the molecule is needed.
This mechanism of DNA-anthramycin complex
formation would facilitate the interaction with
guanine and would account for the stiffening
of the DNA molecule, the dependence of a
proper DNA conformation for the complex
formation and may also give the angle of 40°
between the aromatic ring in anthramycin and
the DNA base pairs indicated from the electric
dichroism experiments. Also, in & DNA where
25 % of the bases are guanine there may be
expected to be on average three bases between
guanine molecules. In the interaction mech-
anism indicated above the anthramycin mole-
cule will cover at least five bases and thus
block a mean number of two guanine molecules.
The result would be an anthramycin to base
proportion of 1:8.

Based on the above considerations a complex
formation by a fit of anthramyecin into one of
the DNA helical grooves appears reasonable.
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