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Abstract--The bis-intercalator diterealinium (NSC 366241), composed of two 7 H-pyridocarbazoles linked by a bis(ethylpiperidinium), 
binds to DNA with a binding constant greater than 10 ~ M -I. One distinctive aspect of the 3-D X-ray structure of a DNA-ditercalinium 
complex is its asymmetry. We propose here that the activity of ditercalinium may be related to structural polymorphism and dynamic 
conversion between conformers. It was previously reported that activity is closely related to linker composition. Activity increases with 
increasing conformational restraints of the linker. We suggest these conformational restraints can lead to asymmetry in DNA complexes 
and that this asymmetry results directly in structural polymorphism. Using the Cambridge Structural Database (CSD) as a source of 
information about chemical fragments that are analogous to the linker of ditercalinium, we have explored the conformational space 
available to ditercalinium. The results indicate that the linker is highly constrained and that the DNA complex is intrinsically 
asymmetric. We propose a reasonable mechanism of ring reversal that is consistent with the conformations of analogous fragments 
within the CSD. 

Introduction 

Affinity for DNA is a common characteristic of  
compounds with antitumor activity. In part because of 
their high DNA affinity) ~ bis-intercalators are attractive 
chemotherapeut ic  prospects.  The bis-intercalator 
ditercalinium (NSC 366241, Fig. IA), composed of two 
7H-pyridocarbazoles linked by a bis(ethylpiperidinium), 
binds to DNA with a binding constant greater than 10 7 

M-~. 3 Ditercalinium possesses antineoplastic activity 4 and 
at one point reached clinical trials. The mode of action of 
this compound is unique among non-covalent DNA 
binding agents: it induces malfunction of DNA repair 
systems. ~ 

One distinctive aspect of the 3-D X-ray structure of a 
DNA-ditercalinium complex 9't° is its asymmetry. This 
asymmetry was not anticipated. The DNA and the drug 
alone are both symmetric. Ditercalinium is a symmetrical 
dimer and the DNA is a self-complementary duplex, 
[d(CGCG)]2. In the X-ray structure, one linker nitrogen 
(N-21) of ditercalinium forms a hydrogen bond to an N-7 
position of a guanine. A second guanine N-7, related to 
the first by pseudo two-fold symmetry, has no hydrogen 
bonding partner. Instead, the proton of the second linker 
nitrogen (N-21'), related to the first by pseudo two-fold 
symmetry, is directed away from the DNA toward the 
solvent region. As we have described," asymmetry of the 
linker causes asymmetry of the DNA. The hydrogen bond 
at one end of the complex effectively pulls one base pair 
toward the major groove. 

We propose here that the activity of ditercalinium may 
be related to structural polymorphism and dynamic 
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l~gure l. (A) Ditercalinium, and (B) Flexi-Di. 

conversion between conformers. It was previously 
reported that activity is closely related to linker 
composition, t~3 Activity increases with increasing 
conforrnational restraints of  the linker. We suggest that 
these conformational restraints can lead to asymmetry in 
DNA complexes and that this asymmetry results in 
structural polymorphism. The conforrnational space of this 
type of asymmetric complex contains degenerate states. 
Therefore, the complexes should be dynamic, converting 
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between these states. In the case of ditercalinium the 
asymmetry of  the DNA complex results in two 
isoenergetic complexes interconverted by reversal of the 
relative orientations of  the piperidinium rings. Ring 
reversal can be achieved by net rotation of the linker about 
its long axis (Fig. 2). The conformation of the DNA at 
each end of the complex similarly interconverts. We 
propose a dependence of activity on asymmetry and 
dynamics. The unusual activity of ditercalinium may 
ultimately be related to the dynamic nature of  its 
complexes with DNA. 

L INTERCALATOR J J INTERCALATOR J 

J INTERCALATOR J I INTERCALATOR J 

Figure 2. Schematic representation of ring reversal. Arrows represent the 
directions of  the N-H bonds of  the linker. In the diterealinium- 
[ d ( ~ ) ]  2 complex, the linker proton labeled with an up arrow forms a 
hydrogen bond to the DNA and that labeled with a down arrow is 
directed out toward the solvent region. Ditercalinium appears to form a 

dynamic complex with DNA, converting between isoenergetic states. 

Each analog of ditercalinium that is active in eukaryotes is 
observed or predicted to form an asymmetric complex 
with DNA. Conversely each inactive analog is observed or 
predicted to form a symmetric complex. For example, 
Flexi-Di n (Fig. 1B) forms a relatively symmetric complex 
with DNA and is inactive. Flexi-Di is composed of two 
7H-pyridoearbazoles linked by a flexible, spermine-like 
linker of the same length and charge distribution as 
ditercalinium. A lack of conformational restraints of  the 
linker facilitates symmetry in this DNA complex. In the 
crystal structure of  a DNA-Flexi-Di complex, u protons of 
both linker nitrogen atoms are directed toward the DNA 
such that each linker nitrogen of  Flexi-Di forms a 
hydrogen bond to an N-7 position of a guanine. This 
symmetric complex, with one energetic minimum, is 
expected to be static. Insertion of a methylene between the 
two piperidinium groups of  ditercalinium maintains 
asymmetry (model building, unpublished) and activityJ 3 
In contrast, insertion of an ethylene between the two 
piperidinium groups abolishes asymmetry (model 
building, unpublished) and activity. ~3 

Here we describe the structural basis for asymmetry of the 
ditercalinium complex. Using the Cambridge Structural 
Database (CSD) (5.07, April 1994) m4 as a source of  
information about chemical fragments that are analogous 
to the linker of ditercalinium, we have characterized the 

conformational space available to ditercalinium. The 
results indicate that the linker is highly constrained and 
that the DNA complex is intrinsically asymmetric. We 
propose a reasonable mechanism of ring reversal that is 
consistent with the conformations of analogous fragments 
within the CSD. 

Results 

We have employed the CSD as a source of information 
about the conformation of the linker of ditercalmium. The 
crystal structure of  ditercalinium alone has not been 
reported. However, many structures of molecules that are 
analogous to ditercalinium are contained in the CSD. Two 
classes of molecules are defined here. Class I fragments 
(Fig. 3A) are single ring systems and Class II fragments 
(Fig. 3B) are dual ring systems. 
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Figure 3. Schematic diagram of CSD search fragments. (A) Class ! 
fragment, and (13) Class H fragment. Torsion angles are labeled at the 
central bond. Endocy¢lic torsion angles are denoted by oL Exocy¢li¢ 
torsion angles involving a methylene substituent are denoted by ]3 and 
indicate the axial or equatorial position of the methylene substituent. 
Exocy¢li¢ torsion angles with three atoms from one ring and the fourth 
from the second ring are denoted by ~i and indicate the equatorial or axial 
position of the substituent ring. Exocyclic torsion angles involving two 
atoms from each ring are denoted by V and indicate the relative rotation 

of one ring with respect to the other. 

As expected, 15,16 each Class I fragment in the CSD is in the 
chair conformation and each substiment methylene group 
in the equatorial position. Endocyclic torsion angles are 
denoted here by the angle ¢x(I) (Fig. 3A). For simplicity, 
we have taken the absolute value of each torsion angle 
described. Although 0~(I) is 60 ° in an ideal chair, this 
requires C-C-C bond angles of 109.5 ° rather than the 
preferred 112.4 °. Therefore, o~(I) observed in real chairs is 
around 56 ° and C-C-C bond angles are 111°. t~ Twist boat 
and boat conformations are characterized by certain a(I) 
near 30 ° and 0 °, respectively. The observed distribution of 
¢x(I) is shown in Figure 4A. The distribution of 282 torsion 
angles ¢z(I) is nearly Ganssian and averages 55.6 °. The 
range is from 50.9 ° to 60.4 ° (o = 1.94°). Thus all 47 Class 
I fragments are in the chair conformation. No examples of 
boat or twist boat conformations are observed. Exocyclic 
torsion angles involving the methylene group are denoted 
by ~(I) (Fig. 3A). For equatorial conformers IS(I) is 
expected to be around 180 ° and for axial conformers 
around 60 °. The observed distribution of [~(I) is shown in 
Fig. 4B. The torsion angle ~(I) averages 179.9 ° and is 
always greater in absolute value than 171 ° (o  = 3.01°). No 
examples of axial methylene groups in Class I fragments 
were observed. 
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Figure 4. Frequency distribution of torsion angles of CSD entries 
containing Class I and II fragments. Absolute values of torsion angles 
were used for the analysis described here. Distributions of torsion angles, 
in increments of one degree, were calculated and normalized. (A) 
Endecyelic torsion angles for Class I molecules [ ¢t (I)1 are black and for 
Class II molecules [ ~t OI)] are gray. Exocyelic torsion angles ¥ near 60 ° 
[7(60)] are diagonal lines. All torsion angles for ot (I), ct flI), and ¥(60) 
lie between 49* and 64 °. There are 282 ct (I), 60 ~x OI), and 10 y (60) 
torsion angles. (B) Execyelic torsion angles I~ for Class I molecules [13 
(I)] are black, 1~ for Class II molecules ~ (II)1 are gray, 5 are horizontal 
lines, and ynear 180" l¥ (180)1 are diagonal lines. All torsion angles for 
~(I), 13 (ID, 5, and y (180) lie between 170 ° and 180 °. There are 94 1$ (I), 

2015 0IL 20 & and 10 ¥(I 80) torsion angles. 

Each Class II fragment is in a dual chair conformation 
with ring substituents in equatorial positions. Endocyclic 
torsion angles of each Class II fragment are denoted by 
ct(II) (Fig. 3B). The observed distribution is shown in 
Figure 4A. The torsion angle ct(II) averages 54.6 ° and 
ranges from 50.8 ° to 57.4 ° (o = 1.49°). Exocyclic torsion 
angles indicating the position of the methylene substituent 
are denoted by the angle [3(II) (Fig. 3B). For an equatorial 
substituent [~(II) is expected to be 180 °, and for an axial 
substituent 13(II) is expected to be near 60 °. The observed 
distribution of 13(II) is shown in Figure 4B. For Class II 
fragments, 13(II) averages 179.9 ° and ranges from 174.3 ° 
to 179.8 ° ( o  = 2.92°). Similarly the exocyclic torsion 
angle that describes the equatorial/axial position of 
substituent rings is denoted by torsion angle 6 (Fig. 3B). 
An equatorial position is indicated by 5 near 180 °. For 
Class II fragments 8 averages 179.8 ° and ranges from 
177.0 ° to 180.0 ° (o = 1.77°). The observed distribution of 

5 in Class II fragments is shown in Figure 4B. There are 
no axial substituents in Class II fragments. 

Class II fragments could potentially exist as two staggered 
rotamers along the central bond. The torsion angle 
describing the rotameric character along the central bond 
is denoted by V- One rotamer, termed the 6021802 rotamer 
(Fig. 5A, B), has two torsion angles y near 60 ° and two 
near 180 °. The second, termed the 6031801 rotamer (Fig. 
5C, D), results from a 120 ° rotation of the 6021802 rotamer 
about y and has three torsion angles near 60 ° and one near 
180 °. Observed angles 7 fall exclusively into clusters near 
60 ° and 180 ° (Fig, 4A, B). Values of 7 in the 60 ° cluster 
average 56.4 ° and range from 52.6 ° to 61.4 ° (o = 2.80°). 
Values of 7 in the 180 ° cluster average 178.2 ° and range 
from 175.2 ° to 180.0 ° (o = 2.01°). The 6031801 rotamer is 
not observed among Class II fragments but is not expected 
to be energetically prohibitive. CSD entry VAYXUO, 
which was screened out (Oc_~ = 0.043 A) and therefore not 
included as a Class II fragment, does contain a 603180 ~ 
rotamer. 

Switching N-21 (Fig. 1A) to a carbon has little effect on 
the conformation of Class I fragments. The geometry of 
cyclohexane rings is similar to that of piper•din•urn rings. 
Among Class I fragments, 15 of the 47 are cyclohexane 
rings and 32 are piperidinium rings. The average 
endocyclic torsion [ot(I)] of cyclohexyl Class I fragments 
[55.4 ° (o  = 1.17°)] is similar to that of piper•din•urn Class 
I fragments [56.7 ° (o = 2.59°)]. Average C-20 to C-24 
distances are similar, 4.29 J~ (o  = 0.04/~) in cyclohexane 
rings and 4.35 A (o  = 0.03/~) in piper•din•urn rings (see 
Fig. 1 for numbering scheme). Average C-20 to C-21 or 
C-20 to N-21 distances are similar, 1.516/~ (o = 0.004 A) 
in cyclohexane rings and 1.480 /~ (o = 0.003 A) in 
piper•din•urn rings. In addition, the average exocyclic 
torsion [ 13(I)] of cyclohexyl Class I fragments [178.4 ° (o = 
1.22°)] is similar to that of piperidinium Class I fragments 
[177.4 ° (o  = 2.14°)]. 

Class I fragments are excellent predictors of Class II 
conformation. These two classes of fragments are 
conformat ional ly  consistent .  Both adopt chair 
conformations with exocyclic substituents exclusively in 
equatorial positions. The equatorial link of one ring to 
another does not alter the conformation of either. 

Bis-cyclohexane conformation should be a good predictor 
of bis-piperidinium conformation. All five Class I1 
fragments contain dual cyclohexane rings (no dual 
piperidinium rings were extracted from the CSD) so that 
no direct information on bis-piperidinium conformation 
was obtained. The predicted correlation between bis- 
cyclohexane and bis-piperidinium conformation is based 
on the following observations: (i) mono-cycl ic  
conformation is an excellent predictor of  bis-cyelic 
conformation, and (ii) cyclohexane conformation is an 
excellent predictor of piper•din•urn conformation. 

The geometry of the linker of ditercalinium in the DNA 
complex is similar to that observed in Class II fragments. 
Rings of the linker of diterealinium adopt the dual 
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Figure 5. Representations of various dual chair conformations of the 
linker of diterealinium. Bold lines and larger atoms are nearer to the 
viewer than thin lines and smaller atoms. Arrows indicate the direction of 
N-H bonds. Linker protons labeled with up arrows are directed toward 
the DNA, and those laheled with down arrows are directed away from 
the DNA. R represents the int~rcalative group and connecting methylene 
groups. (A) Newman projection of the 6021~t ~ rotamer. Two of the y 
torsion angles that define this rolamer are labeled. (B) Saw horse view of 
the conformation shown in (A). (C) Newman projection of the 603180 . 
rotamer. All four y torsion angles that define this rotamer are labeled. 
The proton near the vertical arrow has been skewed to the left for clarity. 

(D) Saw horse view of the conformation shown in (C). 

chair/602180 z rotamer  with exclusively equatorial  
substituents. Endocyclic torsion angles (~) for the linker 
of  ditercalinium average 63.8 ° and range from 47.1 ° to 
72.7* (o = 8.04°). Exocyclic torsion angles for ~ average 
168.5 ° and range from 155.5 ° to 179.9 ° (a  = 10.06°), and 

for 8 average 170.0 ° and range from 166.6 ° to 174.4 ° (o  = 
3.36°). Values of  V are 50.5 °, 77.9 °, 164.1 ° and 168.5 °, 
giving averages of  64.2 ° (o = 19.40 °) and 166.3 ° (o  = 
3.15 °) for the two clusters. The range of endocyclic and 
exocyclic torsion angles for the linker of ditercalinium is 
broader than that of  either piperidinium or cyclohexyl 
Class I and II fragments. This dispersion of angles may be 
due to inaccuracies caused by the relatively low resolution 
(1.7 A) of the DNA complex in comparison with those of 
the small molecule entries in the CSD or by DNA-induced 
conformational distortion. 

The conformation of the dual ring system of Class II 
fragments is highly constrained. As a result of  these 
constraints, in the five examples extracted from the CSD, 
the range of the distances between methylene carbon 
atoms (corresponding to the C-20-C-20 '  distance of 
ditercalinium) is small, with a minimum 10.23 A and a 
maximum 10.27 A (mean = 10.25 A, o = 0.02 A). The 
observed C-20-C-20 '  distance in the ditercalinium 
complex is considerably less, 9.70 A. In spite of  the 
constraints of  the bis(ethylpiperidinium) ring system, in 
ditercalinium this system is compressed relative to that of  
Class II fragments, suggesting that the local environment 
of ditercalinium affects its conformation. 

Discuss ion  

Asymmetry and dynamics 

D N A - d i t e r c a l i n i u m  complexes  are intr insical ly  
asymmetric. This asymmetry is favored by the dual ring 
system. Preferences for (i) chair conformations; (ii) 
equatorial positions of  substituents; (iii) 6021802 rotamers 
combine to impose an approximately 180 ° difference in 
the directions of  the two N - H  bonds of the linker. When 
the proton of one linker nitrogen forms a hydrogen bond 
with the DNA and is directed toward the DNA, the proton 
of  the other is directed toward the solvent region. 
Therefore, hydrogen bonds with the DNA can form with 
either one linker nitrogen or the other, but not readily with 
both. 

The asymmetry of the DNA-ditercalinium complex results 
in a degenerate ground state. The orientation of the linker 
can reverse by net rotation about its long axis (Fig. 2). 
Upon such ring reversal, the linker nitrogen that initially 
forms a hydrogen bond to the DNA is redirected toward 
the solvent. Similarly the linker nitrogen that is initially 
directed toward the solvent is redirected toward the floor 
of  the major groove to establish a hydrogen bond with the 
DNA. 

The mechanism of ring reversal is somewhere between 
two limiting possibilities. The first possibility is by 
dissociation of the intercalated complex, rotation of the 
linker about its long axis (or end-for-end rotation of the 
entire molecule), and reassociation with the DNA. The 
second possibility is by rotation of the linker about its long 
axis within the bound state. This second possibility is 
consistent with experimental results. The lifetime of  the 
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bound state is long (around 1 s). ms NMR line broadening of 
linker-proton NMR resonances t2 is consistent with 
lifetimes of each ring orientation that are much less than 1 
S. 

Certain linker conformations would facilitate ring reversal 
within the bound state. Ring reversal may be initiated by 
independent 120 ° rotation of a single ring (torsion angle "/) 
as shown in Figure 6. This rotation of ~/, upon slight 
adjustment of positions of both rings, leads to an 
intermediate (a 603180 m rotamer, Fig. 6, middle), stabilized 
by hydrogen bonds between each linker nitrogen atom and 
the DNA. A structure-based model of this intermediate is 
shown in Figure 7A. From the intermediate, rotation of the 
second ring by 120 ° restores the more stable 6021802 
rotamer and completes the ring reversal. 

N7 . . . . . . . . . . . . . .  - . . . . .  N7 
; floor of major groove ! 

I ~ N7 . . . . . . . . . .  - N7 
i i 
i ! 
H H 

1l - 

" ' "  N7 . . . . . . . . .  N7 

R i 

lqgmre 6. Ring reversal pathway in the bound state. The N-7 atoms o f  
guanine are indicated, one o f  which forms a hydrogen bond to the l inker 
in the ground state. The intercalative groups and connecting ethylene 
groups are represented by R. Arrows indicate the direction of linker N-H 
bonds. Linker protons labeled by up arrows form hydrogen bonds to the 
major groove of the DNA. Rotation of one ring (with its linker proton 
initially directed away from the DNA) about the central bond of the dual 
piperidinium ring system by 120 ° yields the intermediate. Subsequent 

rotation of the other ring yields the second isoenergetic ground state. 

The intermediate can be achieved without serious 
disturbance of the intercalative moieties, and is expected 
to be only nominally less stable than the ground state (i.e. 
the observed 3-D structure of the DNA-ditercalinium 
complex). The intermediate rotamer (603180 m) is observed, 
although less frequently than the 6021802 rotamer, in dual 
six-membered rings in the CSD. Furthermore, the 

intermediate is stabilized by hydrogen bonds between 
ditercalininm and DNA and lacks unfavorable steric 
interactions (modeling, unpublished). 

Many aspects of the dual ring system are invariant in the 
series of fragments found in the CSD. This invariance 
indicates that the geometry is highly constrained and that 
the conformations observed in the CSD are relaxed and 
unperturbed, not artifactual, crystal lattice-induced states. 

From an analysis of X-ray structures of bis-intercalated 
complexes, we have formulated a series of testable 
hypotheses. We have proposed: (1) a novel mechanism by 
which antitumor agents can bend DNA;" (2) that localized 
destabilization (inferred from unstacking of DNA bases) 
could increase the deformability of DNA; 9'm° (3) that the 
activity of ditercalinium in E. coli is caused by excessive 
or unusual deformability of its DNA complexes; 9,m (4) that 
the (A)BC exonuclease repair system recognizes damaged 
DNA by its excessive or unusual deformability; (5) that 
specific conformational restraints of the linker of 
ditercalinium lead to intrinsic asymmetry in its DNA 
complexes; (6) that ditercalinium complexes are dynamic, 
converting between degenerate states; (7) that the unique 
activity of ditercalinium in mammalian systems is related 
to structural polymorphism and dynamic conversion 
between conformers. 

DNA bis-intercalation 

As demonstrated by the ditercalinium complex, bis- 
intercalation can distort DNA in ways that cannot be 
predicted by summing the effects of two mono- 
intercalation events. In complexes of triostin A and 
echinomycin m9.20 some of the base pairs are in Hoogsteen 
rather than Watson-Crick base pairing arrangements. 
Although Hoogsteen base pairing may not predominate 
under all conditions in these complexes in solution, 2~ 
Triostin A clearly increases the relative stability of the 
Hoogsteen arrangement. 

Similarly DNA binding can distort bis-intercalator 
conformation. The linker of ditercalinium is flexionally 
stressed in the DNA complex, differing significantly from 
the consensus conformation derived from the CSD. Each 
of the dual ring systems found in the CSD is linear while 
that of ditercalinium is curved (Fig. 7B) and compressed 
along its long axis. The C-20-C-20' distance is 
considerably less in ditercalinium than in dual ring 
systems found in the CSD. This curvature and 
compression of ditercalinium may arise from an 
imposition by the DNA of coplanarity of the two 
chromophores of ditercalininm. 

Methods 

Three-dimensional structures of two types of molecules 
were extracted from the Cambridge Structural Database 
(CSD) (5.07, April 1994) with the program QUEST) 4 
Class I fragments (Fig. 3A) contain a single ring system 
and Class lI fragments (Fig. 3B) contain dual ring 
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Figure 7. Stereo diagrams of the ditercalinium-[d(CGCG)] 2 complex. Ditercalinium bis-intercalates into the DNA via the major groove. DNA is shown 
in thin lines and ditercalinium in dashed lines. Dual cyclohexane rings, in bold lines, are superimposed on the linker of ditercalinium. Thus, carbon 
atoms in each model are analogous to nitrogen atoms in the linker. (A) A Class II fragment (CSD entry SOVBAG) was converted to the 6031801 rotamex 
using the program CHAIN 22 to form the intermediate in the ring reversal pathway. This CSD entry was used because its C-20--C-20' distance is closest 
to the average of all five Class H fragments. C-20--C-20' atoms in the model were docked onto the corresponding atoms of the linker. The fragment was 
rotated such that the linker nitrogen atoms would be equidistant from and in hydrogen bonding range of the N-7 positions of guanines on the DNA. (B) 
The uppermost ring of a CSD Class II fragment (entry SOVBAG) was superimposed onto a corresponding ring of 

ditercalinium. 

systems. The ring system of a Class I fragment is defined 
as a mono-substituted cyclohexane or piperidinium ring. 
The ring is linked to an acyclic methylene group via the 
NC atom (see Fig. 3A). One substituent of the methylene 
group is the previously defined cyclohexane/piperidinium 
ring system and the other is unrestricted. 

The ring systems of Class II fragments are dual, analogous 
to the linker of ditercalinium. However the linker nitrogen 
atoms of ditercalinium are replaced by nitrogen or carbon 
atoms. Each ring is linked to a methylene group via the 
NC atom (see Fig. 3B) and no other substituents are 
allowed on the ring system. The second substituent of 
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each methylene group is left unrestrained. Note that Class 
I is not a subset of Class II. 

Three-dimensional coordinates of each Class I and II entry 
within the CSD were extracted. Entries are excluded if (i) 
coordinates are not present; (ii) the Ctc_ c is greater than 
0.04 J~; (iii) the crystallographic R-factor is greater than 
7%; or (iv) flagged with error or disorder. With these 
conditions, the CSD contains 47 Class I fragments and 
five Class II fragments. Geometric analysis was performed 
with the program GSTAT. t4 Molecules were displayed on 
a Silicon Graphics Indigo II workstation with the program 
CHAIN. 22 
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