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The structure of the interstrand cross-linked adduct formed between a C8-C8'-linked 
pyrrolobenzodiazepine (PBD) dimer (DSB-120; l,l'-(propane-l,3-diyldioxy)bis[(llaS)-7-methoxy-
1,2,3,lla-tetrahydro-5i/-pyrrolo[2,l-c][l,4]benzodiazepin-5-one]) and a self-complementary 
d(CICGATCICG)2 duplex has been determined from high-field ID- and 2D-NMR data using a 
simulated annealing procedure. The refined structure supports earlier observations from 
solution NMR experiments and indicates that the covalently bound molecule spans six DNA 
base pairs in the minor groove, forming a symmetric cross-link between the spatially separated 
internal guanines and with active recognition of an embedded 5'-GATC bonding site. This 
result confirms that template-directed approaches are useful for the design of linked DNA-
interactive PBD dimers with viable DNA cross-linking potential. Further, head-to-head 
connection of the PBD moieties results in an overall retention of 5'-GA bonding site preference 
for each alkylating PBD subunit. Structural analysis indicates that cross-link formation results 
in a localized perturbation of the DNA duplex, attributable in part to a mutual reduction in 
dynamic mobility or "covalent clamping" within the Gua4-Cyt7 base tract. However, ligand-
induced distortion is confined to the Cyt7 and Ino8 residues on each strand. The Gua(N2)-
Gua(N2) cross-link is stabilized by two directed H-bonds from the formed aminal residues to 
N3 acceptor atoms of adenine bases on the 3'-side of each covalently modified guanine. Evidence 
for sequence-specific cross-linking with DSB-120 is provided by extended modeling studies which 
suggest tha t recognition of the favored d(«GATO) motif is dominated by van der Waals steric 
factors, although electrostatic and H-bonded interaction terms also play a key role. This 
conclusion supports recent covalent footprinting studies revealing tha t this PBD dimer shows 
a selectivity for embedded base sequences of the type 5'-(pu/py)GATC(py/pu). 

Introduction 

Pyrrolo[2,l-c][l,4]benzodiazepines (PBDs; see Figure 
1) are of considerable current interest due to their 
ability to recognize and subsequently form covalent 
bonds to specific base sequences of double-stranded 
DNA. Such monofunctional alkylating compounds have 
potential therapeutic application in cancer treatment 
and as selective anti-infective agents.1,2 

The PBD antitumor antibiotics are produced by 
various Streptomyces species, with family members 
(Figure 1) including tomaymycin, anthramycin, sibiro-
mycin, neothramycins A and B, and DC-81 (I).3 The 
cytotoxic and antitumor activities of monomeric PBDs 
are attributed to their ability to form covalent DNA 
adducts via an acid-labile aminal bond to the electro-
philic imine Cll-position involving the exocyclic N2 of 
a guanine base in the minor groove of duplex DNA 
(Figure 2A).3'4 The C l I aS chirality provides a right-
handed molecular twist, when viewed from the C-ring 
toward the A-ring, which enables the PBD to mirror the 
curvature of B-form DNA and maintain isohelical 
contact with the walls and floor of the minor groove. 
The structure of an anthramycin-DNA adduct has been 
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studied using indirect methods.4 Molecular modeling, 
solution NMR, fluorimetry, and DNA footprinting ex
periments indicate that PBD monomers are generally 
sequence-specific with a binding site preference for 5'-
puGpu (particularly 5'-AG or 5'-GA) sequences.315'5 A 
correlation between DNA sequence specificity, relative 
induced distortion of DNA, and the kinetics of covalent 
binding has been reported.6 PBDs have been shown to 
inhibit DNA processing enzymes, with activity in accord 
with structure-activity predictions,4 although the role 
of DNA adduct formation is not understood. An assay 
system based upon inhibition of BamHl restriction 
endonuclease has revealed a correlation between DNA 
binding and biological activity, with sibiromycin repre
senting the most reactive PBD agent examined.7 

The cytotoxic potency of bifunctional alkylating agents 
is probably due to the production of interstrand DNA 
cross-links that are difficult for the cell to repair.8 DNA-
reactive molecules of current clinical application, such 
as the nitrogen mustards or mitomycins, generally act 
as G/C-specific DNA cross-linking agents, although AT-
specific cross-linkers such as bizelesin, a (+)-CC-1065 
analogue, have recently been selected for clinical trials.9 

However, such agents generally show selectivity for only 
relatively short DNA stretches,10 indicating a need for 
new agents capable of recognizing and bonding to more 
extended and/or mixed sequence tracts of duplex DNA 
to uniquely define an individual gene target and, hence, 
effect biological specificity. 

0022-2623/94/1837-4529$04.50/0 © 1994 American Chemical Society 
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Figure 1. Structures of the PBD monomers, including DC-81 (1) and the C8-C8'-linked dimer DSB-120 (2). 
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Figure 2. (A) Proposed reaction of tomaymycin hydrate with 
the exocyclic 2-amino group of guanine in DNA. (B) Two-arm 
induction of interstrand DNA cross-links. 

We recently reported the synthesis of a highly efficient 
DNA interstrand cross-linking agent, 2 (DSB-120; 1,1'-
(propane-1,3-diyldioxy)bis[( 1 laSO-T-methoxy-l ,2,3,1 Ia-
tetrahydro-5fl-pyrrolo[2,l-c][l,4]benzodiazepin-5-
one]), based on the PBD ring system.11 The PBD dimer 
2 consists of two DC-81 (1) subunits joined head-to-head 
through the A-ring C8-positions by a flexible 1,3-
propanediyldioxy linkage and represents an example of 
DNA template-directed drug design.12 Gel electro
phoresis and thermal denaturation studies with naked 
DNA samples have shown that 2 has a high affinity for 
DNA and forms irreversible interstrand DNA cross
links.11'13 Further, this compound is the most cytotoxic 
agent of a series of a,co-diether homologues in vitro, and 
it has been firmly established that the DNA cross-
linking ability of the PBD dimers correlates with 
cytotoxicity and antitumor activity.1115 The cellular 
pharmacology of this series of agents has recently been 
examined in a range of human tumor cell lines, reveal
ing (i) rapid and highly efficient formation of interstrand 
DNA cross-links with no evidence of single-strand 
breaks, (ii) poorly repaired cross-links, and (iii) drug-
induced arrest at the G2/M phase of the cell cycle typical 
for cross-linking agents.14 However, cellular sensitivity 
is determined by the levels of glutathione and pl70 

glycoprotein, suggesting that resistance may reflect 
partial inactivation of the drug by GSH binding. 

The present study details the structure of the co-
valently cross-linked adduct formed between 2 and the 
self-complementary d(CICGATCICG) duplex (Figure 
2B), obtained using a NOE distance-restrained simu
lated annealing procedure with data derived from high-
field solution 2D-NMR experiments.15 Features of the 
covalent binding behavior of 2 with this decanucleotide 
duplex have been compared with those of the equivalent 
2:1 tomaymycin-DNA adduct using NMR techniques. 
This preliminary study inferred that tethering of two 
such PBD units through the A-ring results in confor
mational stress of the DNA upon cross-link formation, 
together with a significantly altered presentation of the 
pyrrole C-ring to the minor groove when compared to 
the PBD monomer.15 Structural consequences from 
such effects are important for the design of cross-linkers 
using a DNA template-directed strategy, particularly 
where either tolerance or recognition of further DNA 
bases is required in the vicinity of the modified gua
nines. 

In order to establish the conformational effects of 
cross-linking by a C8-linked PBD dimer, we have 
extended our earlier qualitative NMR studies15 to 
determine the structure of the covalent 2-d(CIC-
GATCICG>2 adduct in aqueous solution. Analysis of 
this structure provides a quantitative description of the 
binding-induced DNA helical perturbation and high
lights the key molecular features likely to be essential 
for the design of this class of agent. In particular, this 
structure reveals that the covalently bound ligand spans 
six DNA base pairs (bp) in the minor groove, forming a 
4-bp symmetric interstrand cross-link between the 
spatially separated internal guanines. 

Further, cross-link formation with this agent involves 
active recognition of the 5'-GATC sequence through 
hydrogen bonding directed to the spanned adenine 
bases. This important finding is supported by extended 
molecular mechanics/dynamics (MM/MD) modeling stud
ies with 10-mer duplexes, d(CICGXXCICG>d(CICGYY-
CICG), containing alternative core base sequences. 
Energy calculations reveal that each PBD subunit in 2 
retains a covalent bonding preference for a 5'-GA site, 
leading to sequence-specific recognition and cross-link
ing of the d(-GATC-) motif. Searches of the EMBL 
databank show that such base sequences appear rather 
infrequently, although certain oncogene sequences (e.g., 
raf and int-2) may provide viable gene targets due to a 
high-frequency occurrence of preferred bonding sites.16 
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H 12AB H12A'B' 

Figure 3. Schematic model of the 1,4-interstrand cross-link 
between DSB-120 and d(CICGATCICG)2 showing the number
ing scheme for the DNA and the ligand. P denotes a 3'-OP-
(C>2~)OCH2-5' phosphodiester linkage. 

The present structural observations provide a structural 
basis for conclusions from earlier biophysical studies 
and reinforce findings from cellular pharmacology ex
periments. 

Results and Discussion 

Structure Refinement of the Cross-Linked d(CIC-
GATCICG>2 Adduct. The two-step mechanism for 
interstrand cross-link formation proposed on the basis 
of derived NMR data is shown schematically in Figure 
2B.15 The numbering scheme used for the electrophilic 
dimer ligand 2 and the self-complementary 10-mer 
duplex is shown in Figure 3. Initial molecular models 
for the ligand, DNA duplex, and interstrand cross-linked 
adduct were generated as described in the Experimental 
Section. Models with ILS + WS, ILR + l l ' S , H S + 
WR and ILR + 117? chirality at the B-ring C11/11'-
positions were constructed to determine the effect of 
stereochemistry upon structure refinement (see later). 

The cross-linked DNA minor groove adduct was 
examined using a simulated isothermal dynamic an
nealing procedure. The four-stage MM/MD-MD/MM 
protocol adopted, using X-PLOR,17 has been used for 
analogous NMR and MD studies with reversible, non-
covalent minor groove-binding ligands.18 Thermal equili

bration of the system was achieved within <5-10 ps, 
as judged from analysis of the velocity distribution and 
component energy terms. In the absence of counterions 
and explicit solvent molecules, a postheating acquisition 
period of 30 ps proved sufficient to ensure satisfactory 
convergence of the rms-averaged atomic coordinates. 
Indeed, structures obtained after more prolonged simu
lations for 50 and 100 ps showed little significant 
difference, although data acquired during 110-ps simu
lation (i.e., 10-ps heating and simulated annealing for 
100 ps) were used to determine the ultimate structure. 
In contrast to the dynamic stability of this system, 
protracted 'heating' of a native 12-mer duplex has been 
reported to induce a transition from B- to A-type DNA 
during simulation periods >30 ps, although less diver
gent behavior may result if time-averaged distance 
restraints are employed. 19a'b A recent study has shown 
that extended MD is essential for DNA duplexes to 
ensure conformational sampling.190 

Target NOE-derived interproton distance restraints 
(Table 2 from ref 15) were applied in a symmetric 
manner, assuming equivalence for both DNA strands 
(i.e., Cy t l^Cyt l l , Ino2=Inol2, etc.) and each PBD 
moiety in the adduct, with exact magnetic degeneracy 
for symmetrically disposed protons. No attempt was 
made to assign intermolecular DNA-ligand NOE con
tacts at this stage as the self-complementary nature of 
the DNA prevented distinction of each strand. Simi
larly, the centrosymmetric symmetry of both the ligand 
molecule and the complex leads to a possible 4-fold 
degeneracy for all observed NOEs. Thus, for example, 
the strong NOE from H9/H9' ligand protons to 
Ade5(H2)15 was initially treated as four distinct NOEs, 
i.e., H9-A5/15(H2) and H9'-A5/15(H2). Inappropriate 
or out-of-range NOEs were removed during subsequent 
stages of refinement, until all NOEs could be distin
guished unambiguously. Error ranges assigned to the 
NOEs were uniformly scaled for target distances rep
resenting the relative NOE intensities, with 2.75 A 
(strong, 1.8-3.15 A), 3.5 A (medium, 1.8-4.1 A), 4.5 A 
(weak, 1.8-5.3 A), and 5.0 A (very weak, 1.8-6 A), 
respectively. Thus, maximum rapp distances were con
strained to remain within 15-20% of the assigned 
target values.18a'b Soft glycosidic torsion constraints 
were applied equally to corresponding bases in each 
DNA strand (see the Experimental Section). 

Structures were initially examined using only short-
range NOE restraints <3.2 A involving the intra
molecular DNA and ligand components and the inter
molecular ligand-DNA contacts. Further NOE re
straints were applied or removed in a stepwise manner 
as the structure converged, until all experimental 
NOEs15 were accommodated. Long-range NOEs (>4.1 
A) were incorporated only during later stages of refine
ment. NOE degeneracy (see above) was ultimately 
achieved and retained only for protons in the 
-0(CH2)30- linker, involving contacts with Ade5-Cyt7 
and Adel5-Cyt l7 base segments. 

Stereochemical effects at the CH covalent linkage site 
of PBD antibiotics (see Figure 3) have been studied 
using NMR and biophysical techniques4,5,20 and have 
recently been reviewed.3b,c We have examined the 
consequences of a change in stereochemistry at the 
DNA-ligand link. Attempted refinement with R stereo
chemistry at either C I l ligand position resulted in 
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destabilization of the cross-linked DNA adduct, leading 
to disruption of base pairing associated with the co-
valently modified guanine residue. Such major ligand-
induced distortion causes the complementary cytosine 
(i.e., Cyt7/17) to uncouple from the stacked helix and 
become displaced from the helical axis into the major 
groove, with a concomitant, energetically unfavorable 
distortion of the local DNA backbone. In the case of the 
ClIi? + Cll ' i? ligand complex, induced perturbation in 
the adduct results in a severe loss of helical integrity, 
with propagated distortion effects and reduced base 
stacking. In contrast, stable adducts retaining general 
B-type DNA integrity were formed only with the sym
metric C I l S + C l l ' S ligand molecule, and it proved 
possible to accommodate all observed NOEs without 
significant violation (i.e., within ±0.5 A). This result 
is in accord with NMR studies of this adduct, which 
indicate exclusive S stereoisomers for the two CI l chiral 
centers.15 Equivalent C I lS geometry has recently been 
reported for the X-ray crystal structure of a 2:1 anthra-
mycin-DNA complex, where attempted crystallographic 
refinement with the less favorable ClLR chirality leads 
to similar distortive effects.21 

In the case of the favored C I l S + C l l ' S cross-linked 
adduct, a total of 288 interproton distance restraints 
(i.e., 202 DNA-DNA, 30 ligand-ligand, and 56 inter-
molecular DNA-ligand contacts), together with 20 DNA 
%-angle constraints, were used to generate the ultimate 
structure. The interproton DNA-ligand distances used 
for structure refinement accounted for all intermolecular 
NOE contacts determined from the solution NMR 
behavior15 of the cross-linked adduct (Table 4 in the 
supplementary material). These NOEs represent con
tact of reporter protons positioned in the floor and walls 
of the DNA minor groove tract with the A- and B-ring 
protons presented by the concave face of the PBD dimer 
(i.e., H6/6', H9/9', Hl l /11 ' , and H11A/11A'). Additional 
strong NOEs are provided by close base contacts involv
ing the -0(CH2)30- linker moiety, particularly for the 
H12/H12' protons (see Figure 3), consistent with effec
tive penetration of the minor groove by this portion of 
the molecule. Final NOE violations, following NOE-
restrained dynamic annealing for 100 ps, were within 
±0.07 A (rms = 0.008) of the target interproton dis
tances prior to final conjugate gradient relaxation and 
<±0.13 A (rms = 0.019) for all 288 NOEs in the fully 
refined adduct. The dynamic progress of the adduct 
system during the sampled annealing period is shown 
in Figure 4. The low-energy structure for the refined 
CI lS + C l l ' S symmetrically cross-linked d(CICGAT-
CICO2-2 adduct is shown in Figure 5, where the 
covalently modified guanine residues are necessarily on 
opposite strands of the DNA duplex. 

DNA Structure. The duplex clearly retains a gen
eral B-like DNA conformation (Figure 5A). Alternative 
refinement of the adduct with an A-DNA duplex initial 
geometry resulted in a closely similar structure with no 
significant difference (NOE violations <±0.17 A, final 
rms = 0.024), providing qualitative support for the 
NOE-driven dynamic annealing procedure. Helix analy
sis of the final duplex (Table 1) shows an average helical 
rise of 3.3 ± 0.4 A and a mean helical rotation of 40 ± 
6° (9.1 bp/turn). These values compare favorably with 
data for DNA-ligand complexes refined using an equiva
lent procedure, 18a'b suggesting that covalent modifica-

Jenkins et al. 

Figure 4. Dynamic progress of the cross-linked DNA-ligand 
adduct, sampled at 5-ps intervals during 100 ps, showing the 
molecular mobility (i.e., excursion) of the component residues. 

tion of the duplex induces no significant alteration in 
overall helical stacking. 

Examination of the structure reveals that the two 
covalently modified bases, Gua4 and Gual4, are stacked 
well into the helix and retain good H-bonded geometry 
with their complementary cytosines. Indeed, there 
appears to be little drug-induced perturbation of the 
exocyclic Gua(N2) amino group, and base stacking 
within the core Gua4-Cyt7 base tract is not appreciably 
disrupted. These observations reinforce conclusions 
inferred from the earlier NMR study.15 

Helical parameters for the host DNA duplex are 
collected in Table 1, showing that perturbation of base 
pairing is largely confined to the core AT-tract, manifest 
primarily as increased buckle terms. The base pair 
parameters are nevertheless in accord with values 
expected for the B-type DNA family. In agreement with 
the reported NMR behavior,15 most sugar puckers are 
near C2'-endo. However, Table 1 shows that base steps 
Ino2pCyt3 and Cyt3pGua4, together with the cor
responding Cyt7pIno8 and Ino8pCyt9 steps at the 3'-
end of the cross-link site, have decreased rise param
eters, indicating localized helical compression that may 
contribute to the unusual NMR behavior inferred for 
the Ino8/18 protons.15 Further, Ino8/18 has an unusu
ally low glycosidic torsion angle of -74°. In support of 
a localized perturbation effect, bases Cyt7/17 flanking 
the modified guanines to each 3'-side are also character
ized by furanose pseudorotations of 176° (high C2'-endo 
or near C3'-exo), compared to a mean value of 163 ± 8° 
for the duplex overall, and increased a- and <5-phosphate 
backbone torsion angles. However, such drug-induced 
perturbation effects are confined to the Cyt7—Ino8 and 
Cyt l7- Inol8 base tracts and not extensively propa
gated through the helix. 

Figure 6 A shows the minor groove width of the duplex 
determined from the interstrand P- • *P and H4'* • -H5' 
separations, indicating that the groove is effectively 
widened by 2 in the bonding region upon adduct 
formation. Similar effects have been reported for non-
covalent groove-binding ligands.22,23 Analysis of the 
dynamic behavior of the DNA duplex from the rms-
averaged atomic coordinates taken from snapshots 
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B 

Figure 5. Stereoviews of the cross-linked 10-mer duplex following X-PLOR refinement. (A) View of the entire adduct looking 
into the DNA minor groove. (B) Close-up view of the Gua4-Cyt7 core region of the DNA showing the orientation of the DSB-120 
molecule with respect to the walls of the minor groove. All H-atoms have been removed for clarity. The ligand is highlighted, and 
the DNA backbone phosphorus atoms are shown stippled. 

Table 1. Helical Parameters for the Cross-Linked dICICGATCICGh-Ligand Adducf 

base pair 

C\ll-Gua20 
Ino2-Cytl9 
Cyt3-Inol8 
Gua4-Cytl7 
Ade5-Thyl6 
Thy6-Adel5 
Cyt7-Gual4 
Ino8-Cytl3 
Cyt9-Inol2 
GualOCytl l 

tip C) 

- 4 
9 
1 

- 5 
2 

- 2 
5 

- 1 
Ii 
4 

incline (°) 

- 3 
-2 
3 
O 

- 3 
- 3 

O 
:i 

- 2 
- 3 

buckle C) 

19 
15 
S 

- 2 
12 

- 1 2 
2 
H 

- 1 5 
- 1 9 

propeller twist (°) 

- 9 
- 1 2 

5 
- 3 
- 6 

6 
3 

- 5 
- 1 2 

- 9 

base step 

Cytl-Ino2 
Ino2-Cyt3 
Cyt3-Gua4 
Gua4-Ade5 
Ade5-Thy6 
Thy6-Cyt7 
Cyt7-Ino8 
Ino8-Cyt9 
Cyt9-Gual0 

roll (°) 

10 
- 7 
- 5 

6 
(i 
6 

- 5 
7 

1(1 

twist C) 

44 
38 
11 
•10 

37 
40 
41 
38 
11 

slide (A) 

-0 .8 
-1 .1 
-1 .0 
-2.1 
-1 .7 
-2 .1 
-1 .0 
-1.1 
-0.8 

rise (A) 

3.68 
2.98 
3.17 
3.41 
3.64 
3.41 
3.17 
2.98 
3.68 

- Calculated using the NEWHEL92 program. 

a c c u m u l a t e d d u r i n g t h e M D a n n e a l i n g per iod ( F i g u r e s 
4 a n d 6B) ind ica tes t h a t c ross- l ink fo rmat ion r e s t r i c t s 
t h e mobi l i ty of a t o m s assoc ia ted w i t h b a s e s w i th in t h e 
b o n d i n g s i t e . T h u s , t h e mobi l i t ies of r e s i d u e s w i th in 
t h e G u a 4 - C y t 7 base t r a c t a r e effectively "st iffened" by 
a ~3-fold factor r e l a t i ve to t h e exposed s t r a n d reg ions . 

T h e mot ion of t h e l igand molecule is s imi l a r ly c l amped 
by a ~ 1.5-fold factor, a l t h o u g h a t o m s posi t ioned deep 
w i t h i n t h e m i n o r groove suffer more r e s t r i c t e d move
m e n t . 

I t is likely t h a t such effects will lead to increased t ime-
a v e r a g e d exposu re of t h e exocyclic 2 - amino p ro tons of 
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H4'-H5' or P-P pair 

B Sr 
= 5.0 
a 
o 
E 

c 
(C 

E 

4.0-
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2.0 

1.0J 

8 10 

DNA 

•P[»-
base number 

(i + 15) less 5.8 A, • ] and Figure 6. (A) Plot of P 
mean H4'- • -H5' [i — (i + 16), O] interstrand distances for the 
refined DNA-drug adduct, where i is the residue on the first 
strand. (B) Relative atomic excursion of the DNA nucleotides 
during MD for 100 ps with sampling at 0.2-ps intervals. Data 
represent the rms mean ± SD for all atoms in each residue, 
averaged for the two strands, and are normalized to the least-
mobile bases (Ade5/15; relative mobility = 1.0). 

Gua4/14, thereby facilitating solvent access and leading 
to faster exchange, in accord with earlier NMR observa
tions.15 Qualitative support for a drug-induced alter
ation of mean DNA flexibility is provided by compara
tive studies of electrophoretic mobility for native DNA 
and derived adducts formed with both PBD monomers 
and dimers (J. A. Hartley, unpublished results). How
ever, the consequences of such localized molecular 
stiffening upon enzymatic recognition and DNA repair 
processes are uncertain. Nevertheless, the poor inher
ent repair observed for intracellular cross-links14 in
duced by 2 suggests that this lesion is not repaired by 
a DNA repair mechanism that is scanning for DNA 
distortion. 

DNA-Ligand Interactions. The ligand alignment 
determined for 2 in the cross-linked adduct (Figure 5) 
is in qualitative agreement with that inferred from 
earlier 2D-NMR experiments.15 The methylene protons 
in the linker function are positioned close to the floor 
of the minor groove, and the groove penetration of the 
pyrrole C-ring is shallow. In contrast, the aromatic 
phenyl rings are aligned parallel to the walls of the 
minor groove and the H6/6' protons are in close contact 
with the groove floor. 

The two phenyl A-rings of 2 are oriented by 34° with 

respect to one another (Figure 5B) in the DNA adduct. 
This value is similar to the 30° twist reported for the 
ligand in the crystal structure of the d(CGCGAAT-
TCGCG)2-propamidine complex, where the ligand con
tains an equivalent 1,3-diphenoxypropane moiety.23a 

Further, the oxygen-oxygen (08* • -08') distance of 4.8 
A in the propanediyldioxy bridge determined here for 
the bound 2 molecule compares well with that of 4.7 A 
in the propamidine complex233 and a separation of 4.72 
A calculated for a fully antiperiplanar model 
-0(CH2)30- diether. Thus, the linker in 2 adopts a 
low-energy, extended all-trans conformation in the 
adduct (Figure 5A). The central C8-0(CH 2 ) 3 0-C8' 
linkage in 2 has torsion angles of (C7-C8-08-C12) 
175°, (C8-08-C12-C13) -164°, and ( 0 8 - C 1 2 - C 1 3 -
C12') —174°; these angles resemble those determined 
for analogous DNA-propamidine and related com
plexes.23 Similarly, the 7-methoxy groups are rotated 
from the plane of each A-ring, such that the C 8 - C 7 -
07-C14 torsion angle is -177°. 

The CIl- • -Cl 1' separation for the two covalent link
age sites in the final cross-linked structure is 12.5 A, 
which corresponds favorably with interstrand 
Gua4(N2> •-Gual4(N2) and Gua4(H22> •-Gual4(H22) 
distances of 11.5 and 12.5 A, respectively, in native 
B-type DNA. Equivalent separations for A-form DNA 
containing an embedded d(-GAT(»2 cross-link site are 
13.9 and 15.4 A, respectively. This correspondence 
indicates that the linker function in 2 has the optimum 
separation to effect interstrand cross-linking of a 4-bp 
bonding site within a normal B-type DNA structure and 
disagrees with earlier suggestions for optimal linker 
length from modeling studies.12,24 

The shape complementarity achieved between 2 and 
the host DNA in the adduct results in the formation of 
hydrogen bonds between the NlO-HlO donor groups 
and the N3 acceptor atoms of adenine bases positioned 
on the 3'-side of the alkylated guanines (Figure 3). 
Thus, two directed H-bonds are formed involving the 
spanned bases in the cross-link site, at a HlO* • -Ade5/ 
15(N3) separation of 1.88 A and with a subtended NlO-
HlO- • -Ade5/15(N3) angle of 142°. It is tempting to 
suggest that the formation of such H-bonded interaction 
with the 3'-adjacent base is implicated in the known 5'-
GA bonding preference of DNA-binding PBDs,3-6 par
ticularly as this arrangement would stabilize the formed 
covalent adduct. An equivalent H-bonded geometry has 
recently been suggested for a 2:1 anthramycin—DNA 
covalent adduct.21 Preliminary modeling studies with 
a sp3-hybridized, NIO/lO'-diprotonated adduct, sug
gested as a possible alternative species for covalently 
bound PBDs,15 indicate that cross-link stabilization is 
considerably reduced compared to the neutral aminal 
species (Figure 2A), largely as a result of steric clash 
and disruption of the favorable H-bonded geometry. 

Sequence Selectivity of Interstrand DNA Cross-
Linking. The possible sequence-specific interstrand 
DNA cross-linking of 2 was examined using an equiva
lent MM-MD-MM strategy, without applied NOE 
restraints but using glycosidic constraints, for 1:1 
covalent adducts with the 10-mer duplex variants 
d(CICGXXCICG)-d(CICGYYCICG), where X-Y repre
sents an embedded complementary base pair. These 
sequences, generated by base mutation of the parent 
d(CICGATCICG)2 duplex, were selected to assess the 
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Table 2. Interaction Energies (kcal/mol) of Covalent 
Complexes between DSB-120 and 
d(CICGXXCICG>d(CICGYYCICG) Duplexes 

XX(YY) core £bond net intermodular energy terms 
sequence bonding energy" A£vdw* AEeiec6 AEH-b<mdd 

72.8 
65.2 
62.0 
•57.5 
•55.7 
•50.3 

-8 .5 
-3 .6 
-1 .4 

0.3 
7.2 

13.4 

-4 .9 
-3 .0 
-0 .5 

0.7 
1.9 
3.4 

° Net bonding enthalpy calculated using .EtotaKcompiex) -
[•Etotai(DSB-i20)], following X-PLOR minimization. b van der Waals 
or steric contribution.c Electrostatic contribution. d Hydrogen-
bonded energy component. 

influence of the spanned core bases upon the energetics 
of cross-link formation. Models were evaluated for the 
PBD dimer 2 with C l lS .C l l 'S stereochemistry, as the 
incorporation of each R chiral C I l center results in 
~15—20 kcal/mol poorer interaction energy due to 
induced helical disruption (see above). 

Table 2 details the bonding enthalpies and component 
intermolecular energy terms computed for each of the 
six 10-mers following dynamic annealing for 20 ps at 
300 K. The interaction energies for DNA-2 cross-
linking show a clear ranking order, with XX = YY = 
AT representing the most favored bonding sequence. In 
marked contrast, XX = YY = GC provides the least 
favorable site for covalent binding. These results are 
supported by recent covalent footprinting studies of 
cross-linking using naked DNA samples and plasmid 
constructs with oligonucleotide inserts of defined se
quence (J. A. Hartley and T. C. Jenkins, unpublished 
results). Such electrophoretic studies confirm a bonding 
preference for embedded 5'-(pu/py)GATC(py/pu) duplex 
sequences with a strict requirement for a 4-bp cross
link site. In agreement with the predicted specificity, 
sequences containing spanned CpG, GpC, or GpG bases 
are disfavored for cross-linking and provide low-
frequency binding sites. 

Analysis of the component energy terms (Table 2) 
reveals that the predicted rank order is largely deter
mined by nonbonded van der Waals steric factors 
reflecting induced DNA and/or ligand perturbation 
effects. Interestingly, the electrostatic and H-bonded 
contributions to the bonding enthalpy, AEeiec and 
AEH-bond, respectively, both indicate the same rank order 
for interaction, with the least-favored adducts leading 
to endothermic destabilization. Examination of the rms-
averaged structures following energy minimization 
shows that the XX = AT and AA(TT) adducts retain the 
geometry determined for the d(CICGATCICG)2-2 solu
tion NMR structure, with H-bonded contact(s) involving 
the 3'-flanking adenine bases (see Figure 3). Such an 
arrangement is less favorable in the case of the cross-
linked XX = TA and CG adducts, whereas this geometry 
is disrupted in the XX = GC and GG(CC) structures due 
to clash involving steric contact between the spanned 
guanine bases and the -0(CH2)SO- linker moiety in 
the PBD dimer. 

Conclusions 
The structure determined for the d(CICGATCICG)2-2 

adduct using data from a 2D-NMR solution study 
confirms and extends our earlier finding113 that this 
PBD dimer forms a symmetric interstrand cross-link 

with double-stranded DNA involving a 4-bp bonding site 
but spanning six DNA base pairs overall. Interstrand 
minor groove cross-linking by 2 results in retention of 
general DNA structural integrity, with perturbation 
confined mainly to the Cyt7 and Ino8 nucleotides on 
each strand. Such ligand-induced distortion effects are 
not propagated through the helix. The overall lack of 
structural perturbation suggests that such covalent 
lesions may be less easily recognized by DNA repair 
nucleases, especially compared to the serious helical 
distortion induced by cross-linked major groove adducts. 

The present structure indicates that the conformation 
of PBD dimer 2 is ideal for bifunctional covalent 
interaction with guanines disposed on opposite strands, 
with a bonding preference for the 5'-GATC sequence due 
to induction of post alkylation hydrogen bonds involving 
acceptor bases within the spanned site. Further, the 
structure confirms evidence from molecular design and 
solution NMR studies that two suitably linked PBD 
monomer subunits can be accommodated within a host 
B-DNA duplex to effect formation of a cross-link. Our 
observations of binding site size and sequence specificity 
support conclusions accumulated from both biophysical 
studies and cellular pharmacology experiments. On this 
basis we suggest that this structure provides a firm 
foundation for the template-directed approach11'12 and, 
hence, the design of improved or tailored cytotoxic 
agents with recognition and bonding preferences for 
heterogeneous DNA sequences. 

Experimental Section 
Structure Refinement and Energy Minimization. Ini

tial coordinates for the d(CICGATCICG) 10-mer duplex and 
the mutated DNA sequences (see text) were generated for an 
idealized B-DNA conformation, selected on the basis of the 
reported NMR data.15 Interactive molecular modeling (GEMINI 
2.01 package) and structure refinement were performed using 
a Silicon Graphics Indigo workstation. 

Models for subsequent structure refinement and energy 
minimization were constructed using coordinates taken from 
the crystal structures of PBD monomers.25 The two strands 
of the self-complementary duplex were treated as equivalent 
for modeling purposes. Initial symmetric models for the cross-
linked adduct were generated by docking the ligand within 
the minor groove with (i) 1:1 stoichiometry, (ii) the concave 
surface of the molecule presented by the imine moieties facing 
the convex groove floor in a close isohelical fit, (iii) the CI l / 
C I l ' atoms of the PBD dimer (Figure 1) positioned adjacent 
to the exocyclic N2 atoms of Gua4 and Gual4, respectively, at 
an appropriate CIl- • -Gua(N2) covalent separation of 1.45 A, 
and (iv) a fully extended conformation for the 1,3-propanedioxy 
linkage. A rigid-body refinement procedure was used to align 
the PBD residues with the walls of the minor groove and to 
remove unfavorable atomic contacts. 

The energy was minimized at the all-atom level by using 
the X-PLOR 3.1 program.17 Rationalized molecular electro
static potentials (MEPs) were used for all DNA bases; MEPs 
for the 2'-deoxyinosine (Ino) and 2'-deoxy-A^-methylguanosine 
residues were determined from the semiempirical MNDO wave 
functions for the corresponding 3',5'-[CH30P(02')]-disubstitut-
ed 2'-deoxynucleosides using a published procedure.26 Such 
fragments were constructed using idealized B-DNA coordi
nates, with a methyl group replacing the exocyclic hydrogen 
(N2)—H22 not involved in Watson—Crick base pairing for the 
N2-alkylated guanosine. Additional force field parameters for 
inosine and iV^methylguanosine were interpolated from the 
default X-PLOR values for the purine nucleotides. 

Atom-centered MEPs were similarly calculated for the 
isolated PBD dimer molecule and the neutral l l , l l ' -diamine 
adduct (i.e., Cll/ll '-NHa), generated by formal addition of NH3 
to the C I l - N l O imines of DSB-120, for both all-R, all-S, or 
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mixed stereochemistry conformations. Force field paramete rs 
for the l igand were interpolated from related studies from 
these laboratories.1 1 1 8 

The stepwise protocol for s t ruc ture ref inement used (i) 400 
steps of conjugate grad ien t (Powell mechanics) minimizat ion 
to remove init ial bad contacts, (ii) molecular dynamics wi th 
hea t ing from 10 to 300 K dur ing 10 ps (0.2-fs t ime step), (iii) 
100-ps MD (1-fs t ime step) wi th coupling to a hea t b a t h a t 
300 ± 5 K (friction coefficient = 100 ps - 1 ) and sampling a t 
0.2-ps in tervals , and finally (iv) un res t r a ined Powell MM 
minimizat ion of the rms-averaged snapshots to a n u l t imate 
rms gradient of <0.10 kcal/mol A. Soft glycosidic torsion angle 
constraints (10 kcal/mol rad2) were applied throughout the 
ref inement for all nucleotides, wi th ^(pyrimidine/purine) val
ues o f - 1 1 5 / - 1 1 0 ± 10°, respectively. The SHAKE algori thm 
was used in t he dynamic annea l ing steps to ma in ta in bond 
lengths . P l ana r r e s t r a in t s were used to m a i n t a m planar i ty 
for each DNA base, bu t explicit r es t ra in t s were not required 
to ma in t a in a Watson—Crick base-paired geometry. No at
t empt was made to influence refinements by res t ra ining ei ther 
in te rna l or t e rmina l base pa i rs . 

The effects of solvent and counterions were simulated2 7 by 
us ing a dis tance-dependent dielectric constant wi th e — cry, 
with c = 1 for t he Verlet MD in s teps ii and iii and c = 4 for 
the Powell minimizat ion s teps i and iv. Nonbonded energy 
t e rms were included up to 11.5 A, with switching between 9.5 
and 10.5 A, and a factor of 0.4 was used to damp 1,4-
electrostatic interactions. Hydrogen-bonded interactions were 
switched on for heavy-atom donor to acceptor distances 
between 5.5 and 6.5 A, and t e r m s up to 7.5 A were included. 
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