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It is generally considered that an improved understanding of the molecular basis of drug 

action will lead to the design of new compounds and advances in medica! practice. 

Severa! important groups of antitumour agents are known to act by binding to DNA, 

interfering with its structure and function. A vital part of the search for new 

chemotherapeutic agents has been to investigate how these compounds recognise and 

bind to DNA. DNA-drug interactions are particularly amenable to investigation at the 

molecular leve! since the structure of the target (DNA) is known in considerable detail. 

The aim of this workshop was to discuss progress in the field of DNA-drug 

interactions. The topics covered included: 

- Factors goveming the sequence-specific interaction of minor-groove binding drugs and 

intercalative agents with O NA. 

- DNA damage by antitumour drugs and compounds which are covalently attached to the 

O NA. 

- Design of new sequence-specilic DNA binding molecules and modification of existing 

compounds. 

The list of internationally n!nowned speakers covered both the interaction of ligands 

with DNA and the methods used to address these problems. These ranged from high 

resolution techniques such as molecular modelling, X-ray crystallography and NMR to 

chemical studies on the action of severa! DNA cleaving agents, solution studies using 

footprinting techniques, in vitro measumment of binding parameters, and cell biology 

studying the effects of drugs on growing cells. 

In discussing the interaction of each drug with DNA severa! questions were addressed: 

- How does it bind?. 

- Does it ha ve any sequence selectivity?. 

- What effect does it ha ve on DNA structurc?. 

- What are.the kinetics of its interaction?. 

- How does it cleave or modify DNA ?. 

In this workshop each of these questions are considered in depth for severa! DNA 

binding drugs, both natural and synthetic. We believe that the present volume containing 

the summaries of the different contributions will aid both the design of novel 

compounds as well as indicate new DNA target sites. 

On behalf of al! the participants we would like to thank the Instituto Juan March for 

generously supporting this workshop, and Andrés González in particular for looking 

after all the practica! details. 

Keith R. Fox (Southampton, UK) & José Portugal (Barcelona, Spain) 

Instituto Juan March (Madrid)
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THE DEVELOPMENT OF BISINTERCALATING DNA THREADING AGENTS 

LAURENCEP.G. WAKELINANDWILLIAMA. DENNY 

St. Lukes Institute of Cáncer Research, Highfield Road, Rathgar, Dublin, Ireland and The Cancer 
Research Laboratory, Auckland University Medica! School, Auckland, New Zealand. 

DNA intercalating agents that bear two bulky sidechains on opposite sides of their 
chrornophores ha ve the capadty to bind in a rnanner where one sidechain comes to lie in each of the 
DNA grooves. Threading cornpounds of this type have two particularly interesting properties. 
Firstly, if the sidechains are chernically different and if their interactions with DNA are groove­
specific then it rnay be possible to use such cornpounds as platforrns for the delivery of reactive 
functional groups to DNA in a regio-selective rnanner. Secondly, the act of threading a bulky 
sidechain through the DNA helix necessarily slows both association and dissociation rates which 
has important consequences for the relationship between the DNA residence time of the ligand and 
its affinity for DNA. Specifically, threading agents offer the possibility of developing cornpounds 
that have rnoderate binding constants but very slow dissodation rates. These characteristics are 
precisely those required of anticancer agents whose rnechanisrn of action relies on their ability to 
inhibit transcription by irnpeding the passage of RNA polyrnerase. 

The naturally-occwing antiturnour antibiotic nogalarnydn is a DNA threading cornpound 
which we used as a parad.igm for the design of simple intercalating threading agents. The essential 
structural deterrninants of nogalarnycin include a bulky neutral hydrophobic sugar ring (a 'greasy 
~ll') anda positively charged rigidly-held bicyclic sugar (a 'hook') disposed on opposite faces of an 
mtercalating anthracycline chrornophore. The 'geasy ball' lies in the DNA rninor groove and the 
'hook' rnak~ specific hy~rogen bonding interar;.tions with GC basepa~rs in t~e rnajor groov.e. 
Nogalamycm has an affinity for DNA of about 1o:'-106 M-1, has DNA res1dence limes rneasured m 
rnany thousands of seconds and is a very potent inhibitor of RNA polyrnerase. We will describe our 
work on the developrnent of nogalarnycin-rnimetics based upon 9-anilinoacridines substituted in 
the.4 position with a carboxarnide sidechain bearing a positively charged h9ok. These cornpounds, 
wh1ch we terrn arnsacrine-4-carboxamides, ha ve affinites in the range of 1!9-107 M-1, are very GC­
selective and sorne have residence times of about 6 seconds. The latter should be cornpared with 
the 2 rnsec residence time of arnsacrine, the parent cornpound that lacks the threading 'hook'. 
Whilst this is an irnpressive slowing of the dissociation rate it still falls far short of the performance 
of nogalarnycin. 

Our.•next step to increase the residence time of threading agents yet further was to try to 
hamess the phenornenon of bifunctional intercalation to the cause. We reasoned that a threading 
cornpollild cornprised of two independently binding chrornophores would have more difficulty 
dissociatíng thim a simple rnonofunctional agent. Thus, we synthesised a series of cornpounds in 
which two 9-arninoacridine chrornophores were joined together through their 9-arnino positions 
with linkers of suitable lengths to perrnit the forrnation of one- and two-basepair sandwich 
~isinte~lation cornplexes. All the cornpounds were substituted in the 4 position of each acridine 
rmg With the positively charged carboxarnide hook. We found that their affinities and residence 
times were strongly dependent upon the nature of the linker. A two-basepair bisintercalation 
threading cornplex dissociated with a residence time of about 70 sec cornpared toa value of 170 
rnsec for the non-thread.ing homologue lacking the hook. We are now synthesising rigidly-linked 
threading diacridines and varying the nature of the hook as well as its substitution pattem. 

Instituto Juan March (Madrid)
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Structural Characterization of Drugs and Carcinogens Bound to DNA Oligomers. 

Thomas R. Krugh 

Department of Chemistry University of Rochester Rochester, NY 14627-0216 

One and two-dimensional NMR spectroscopy, energy minimization and 
molecular dynamics simulations have been us~d to characterize the structure and 
dynamics of anthramycin, benzo(a)pyrene, acetylaminofluorene, and aminofluorene 
bound to oligodeoxynucleotides in solution. 

Anthramycin forms a covalent aminal linkage to the 2-amino group of 
guanine, forming a stable adduct which covers a 4 base pair region. There is little 
distortion of the duplex as anthramycin fits snugly into the minor groove, as shown 
from NOE interactions between anthramycin and DNA protons. 

A covalent adduct of (+)-trans-anti-benzo[a]pyrene (BP) attached toa guanine 
amino group in the BP-modified oligomer d(C1C2T3A4T5G6T7[(+)-trans-anti-BP­
G8]C9A10Cll)• d(G12T13G14Cl5A16Cl7A18Tl9A20G21G22) duplex was 
synthesized. This BP-11-mer duplex exhibits NOESY crosspeaks between BP 
protons and the G8, C9, A16 and C17 nucleotide protons that clearly delineate the 
location and orientation of the BP moiety in the minor groove with its pyrene ring 
oriented in the 5' direction of the modified strand and situated near the sugar 
phosphate backbone of the unmodified strand. Chemical exchange crosspeaks 
indicate the presence of a second conforrnation of the BP-11-mer. 

N-acetyl-2-aminofluorene adducts bound at the Cg position of guanine have 
been synthesized and studied by two-dimensional NMR, energy minimization, and 
molecular dynamics. In the d(C1C2A3C4[AAF-G5]C6A 7C8C9)• 
d(G10G11T12G13C14G15Tl6Gl7Gl8) modified duplex, referred toas the AAF-
9-mer, eight of the nine complementary nucleotides forrn Watson-Crick base pairs. 
The AAF-G5 and C14 bases show no evidence of hydrogen bond formation, 
consistent with the observation that the AAF-G5 base adopts a syn conformation. 
Key distance restraints obtained from NOESY data recorded at 32 oc using a 
100 ms mixing time were used in conformational searches by molecular mechanics 
energy minimization studies using the program DUPLEX. The final, unrestrained, 
minimum-energy conformation was then used as input for an unrestrained 
molecular dynamics simulation using AMBER 3.1 to further characterize the 
structure at the site of adduct formation. Chemical exchange crosspeaks are 
observed and thus the AAF-9-mer exists in more than a single conformation on the 
NMR time scale, although one conformation is predominant (~70% ). The structure 
of the predominant conformation of the AAF-9-mer shows stacking of the fluorene 
moiety on an adjacent base pair, while the distal ring of the fluorene moiety 
protrudes into the minor groove. The dispruption of the duplex structure provides 
a clear rationalization for inhibitation of transcription, and for deletion mutations, 
should bypass occur. 

A 2-aminofluorene (AF) modified deoxyoligonucleotide duplex, 
d(C1A2C3C4A5[AF-G6]G7 A8A9C10). d(G11T12T13C14C15T16G17Gl8Tl9-G20) is 
being studied as a model for the binding of the carcinogen, 2-aminofluorene, to the 
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c-H-ras1 proto-oncogene DNA sequence. Chemical exchange crosspeaks for DNA 
protons near the modification site and for fluorene protons in NOESY, ROESY and 
TOCSY spectra at 10.0 oc and 20.0 oc reveal the presence of two major 
conformations of the AF-modified duplex. The base protons, H1' sugar protons, 
and carcinogen protons for each conformation have been assigned by analysis of a 
200 ms NO ESY spectrum at 2.0 °C, pH 7 .O in 020. In one conformation of the 
AF-10-mer, Afext, the AF moiety is located in the major groove with the DNA 
maintaining a conformation similar to B-DNA; in the second conformation, Afint, 
the fluorene is stacked within the duplex. Imino proton spectra reveal Watson­
Crick base pairs for all ten complementary nucleotides in the Afext conformation 
and nine out of ten for the Afint conformation. Distance restraints obtained from a 
100 ms NO ESY experiment at 2.0 oc were u sed in conformational searches by 
energy minimization. The two structures are shown below. 

Extemal-AF confonnation 
with AF-G•C intact 

References: 

Inserted-AF confonnation 
with AF-G and C displaced 

Structure and Stereochemistry of the Anthramycin-d(A TGCA T)2 Adduct from 
Two-Dimensional NMR Spectra, T. R. Krugh, D. E. Graves, and M. P. Stone, 
Biochemistry, 2.8.. 9988-9994 (1989). 

Structural Characterization of an N-acetyl-2-aminofluorene (AAF) Modified 
DNA Oligomer by NMR, Energy Minimization, and Molecular Dynamics, S. F, 
O'Handley, D.G. Sanford, R. Xu, C. C. Lester, B. Hingerty, S. Broyde, and T. R. 
Krugh, Biochemistry, 32, 2481-2497 (1993). 

Acknowledgments and Collaborators: This AAF-9-mer research was perfonned in 
collaboration with Suse Broyde and Rong Xu at NYU, Brian Hingerty at Oak Ridge, along 
with Suzanne F. O'Handley, Charles Bailey, David Sanford, and Cathy Lester at Rochester. 
The BP work was done by Matthew Fountain, and the AF work was perfonned by Linda 
Eckel. Anthramycin experiments were done in collaboration with David Graves 
(University of Mississippi) and Michael Stone (Vanderbilt). The National Institutes of 
Health and the Department of Energy (SB and BH) provided funding for these projects. 
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Structure-a/finity relationships tor DNA bifunctioaa/ intercalators. 

Federico Gago and José Gallego 
Departamento de Fistología y Farmacología 
Universidad de Alcalá de Henares, Madrid 

In the binding of bisintercalators to a DNA double helix a mínimum number of 
events need be considerad: i) diffusion of the ligand leading to a productiva encounter 
with the polyanion; ii) unstacking of DNA bases coupled with, or followed by, stacking 
interactions with the drug's chromophores in a process involving considerable 
desolvation of both the drug molecule and the DNA groove to which it binds; iii) 
additional interactions with minar fmajor groove components resulting in further 
stabilization of the complex. Thus it can be seen that both enthalpic and entropic terms 
must contribute to the favourable binding free energy. 

Traditional work in structure-activity relationships (SAR) for this group of 
compounds has dealt with the effects that introduction of new substituents or removal 
of existing ones have on the binding properties of a ~iven drug. Among the best 
known examples are those provided by [N-MeCys ,N-MeCys7

] TANDEM and 
TANDEM, triostin A analogues lacking either half or all of the N-methyl groups of 
cysteines and valines, respectively, whose binding specificity is dramatically reversed 
with respect to the parent compound1

• Triostin A, in common with echinomycin, binds 
preferentially to CpG steps whereas the demethylated derivativas bind better to TpA 1•

2
. 

Moreover, TANDEM shows a pronounced affinity for poly[d(AT)]•poly[d(Al)] to which 
it binds in a highly cooperativa fashion3

. 

Not until very recently, however, have molecular biology techniques allowed the 
modification of the other interacting species, i.e. DNA itself, in which tums out to be 
another very important aspect of SAR studies. Thus, it has been shown that removal 
of the exocyclic amino group of guanine (by replacement of this base with 
hypoxanthine) leads to the loss of echinomycin's specificity for CpG steps4

• On the 
other hand, introduction of an extra amino group in the minar groove of AT regions 
(by replacing adenine with 2,6-diaminopurine) confers this same ligand enhanced 
binding affinity for any YpR combination other than the usual CpG step5

• Furthermore, 
the affinity of echinomycin for these new binding sites in the modified DNA is at least 
one arder of magnitude greater than that for normal DNA. 

All of these findings reveal a complex interaction behaviour that is still far from 
being co,mpletely understood. Although x-ray and NMR techniques have provided a 
wealth of structural data on sorne of these complexes, computational chemistry tools 
can al so be used in an attempt to deepen our understanding of the relativa importance 
of the considerable number of torces involved in the binding process. In the light of 
our previous observation6 that the conformational preference of A:T base pairs flanking 
CpG echinomycin binding sites could be strongly influenced by the electrostatic 
component of the stacking interactions between the heteroaromatic ring systems, we 
have investigated to what extent this hypothesis can be extended in arder to account 
for the observed changes in binding specificity and affinity. This same study 
highlighted the unfavourable electrostatic interaction between the quinoxaline ring 
systems of echinomycin and the GC base pairs sandwiched between them. From this 
it was inferred that any favourable changa in orientation or magnitude of the dipole 
moments of either the drug chromophores or the DNA base pairs could lead to 
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increased binding affinity. In order to explore the possible role of stacking interactions 
in determining the binding preferences of echinomycin, the charge distribution and the 
dipole moments for these non-standard base pairs were calculated. Molecular models 
were then generated for the complexes of echinomycin, TANDEM and [N-MeCys3,N­
MeCys7] TANDEM with several DNA sequences, and the different contributions to their 
relative stability were evaluated. 

We demonstrate that theoretical analyses of this kind can be of considerable 
value to gain further insight into the fine tuning of these drug-DNA interactions. In 
terms of DNA reading motifs it would seem that the classical definition of optimal 

binding site as a step comprising two adjacent base pairs falls somewhat short, and 
a longer sequence of at least tour base pairs would be more appropriate for this class 
of compounds. 

The present shortcomings and future developments of this type of techniques 
will also be discussed. 
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Kinetic studies on the interaction of sequence selective ligands 
with individual DNA binding sites 

Keith R. Fox 
Dept. of Physiology & Pharmacology, University of Southampton, Southampton, S09 3TU, 
U. K. 

Various biophysical studies have shown that the dissociation of severa! sequence 
selective ligands from DNA is a slow process, with half lives of severa! minutes or more1•2• 

Most of these studies have used mixed sequence DNAs and therefore only provide average 
kinetic data. We have developed a variation of the footprinting technique for visualising the 
dissociation of sequence-selective ligands from individual binding si tes within mixed sequence 
DNA3

• In this technique a complex between the ligand anda radiolabelled DNA fragment 
is dissociated by addition of a vast excess of unlabelled DNA. The mixture is then 
footprinted at various times after addition of the cold DNA. Results for a number of 
antitumour antibiotics will be described, including actinomycin, echinomycin, T ANDEM and 
mithramycin, measuring their dissociation from both natural and synthetic DNA fragments. 
We have also used this technique for measuring the association and dissociation rates for 
severa! intermolecular triplex helices. 

Actinomycin (selective for the dinucleotide GpC), dissociates from mixed sequence 
DNAs with an average half-life of about 20 minutes at 20°C. The dissociation from each GC 
site is not identical and reflects the nature of the surrounding sequences. Experiments with 
synthetic DNA fragments reveal that actinomycin dissociates from GC sites surrounded by 
regions of (A T). more slowly than those flanked by A.. T •. There is no difference between 
AGCT and TGCA. Examination of kinetic parameters of the regions of enhanced DNase I 
cleavage around each footprinting si te confirm that these arise from ligand-induced alterations 
in local DNA structure, though these often decay more slowly than the footprint itself. 

Echinomycin (a bifunctional intercalator selective for CpG), also shows a spectrum 
of dissociation rates from DNA. While dissociation from several sites on tyff DNA is slow 
( > 30 minutes) one si te (ACGC) is much faster and is complete within 2 minutes. The related 
synthetic ligand TANDEM, which is selective for the dinucleotide TpA, especially when 
flanked by AT -rich regions dissociates much faster and is complete by 2 minutes . 
Dissociation from isolated TATA si tes is faster than ATAT. In contrast, dissociation of 
TANDEM from blocks of (AT). is much slower, and requires more than 30 minutes. The, 
and suggests a cooperative interaction of this ligand with (AT). tracts. 

In contras! the AT-selective minar groove binding ligand distamycin dissociates 
rapidly from DNA. At 4 oc the footprints disappear befare the first time point after adding 
the competitor DNA (<20s) . 

Similar studies with intermolecular triple helices reveal that triplex formation can take 
longer than 30 minutes. The rate of formation depends on the exact nature of the target 
sequence. 

l. Muller, W. & Crothers, D.M. (1968) J. Mol. Biol. 35, 251-290. 
2. Fox, K.R., Walc:elin, L.P.G. & Waring, M.J. (1981) Biochmristry 20, 5168-5119. 
3. Fletchec, M.C. & Fox, K. R. (1993) Nuckic Acids Res. 21, 1339-1344 
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ONA MINOR GROOVE BINOING OF NONINTERCALATING AGENTS ANO 

THEIR EFFECTS ON THE CATALYTIC ACTIVITY ANO ONA BINOING OF 

GYRASE 

C. Zimmer. H. Simon and K.Storl 

lnstitut für Molekularbiologie der Friedrich-Schiller- UniversiHit Jena 

Winzerlaer Str . 10 , 07745 Jena, Germany 

Many drugs and cytotoxic agents bind lo DNA by nonintercalating mean s 

in the minar groove of double helical 8-0NA and may actas inhibitors of 

enzymes in the ONA metabolism, e.g . they can specifically inhibit DNA and 

ANA polymerases (reviewed in 1 ) . Most of these ligands show a high pr efe­

rence lar AT base pair sequences . We have investigated the influence of 

minar groove binders on the catalytic activity of DNA gyrase , an essenti a l 

enzyme of the DNA metabolism in prokaryotes . Using gyrase from 

Streptomyces noursei a difieren! inhibitory effect on the enzyme a ctivity 

of various ligands has been found depending on the chemical struc-

ture and DNA binding behaviour of the ligands . The molecular mechani sm 

of the interference of three drugs with the gyrase binding on DNA was 

studied by applying a gel retardation assay using a 162 bp fragment from 

pBR322 containing a strong gyrase site . The results showed that binding 

of the enzyme lo this DNA fragment is effectively inhibited by the GC-

specific agent chromomycin A
3 

but is poorly or not influenced by the AT -

specific drugs distamycin A and netropsin . The specific inhibitory effe c t 

of chromomycin A
3 

on DNA binding and cleavage reaction of gyrase may be 

related to a competitiva and specific interaction of the ligand with GC ­

sequences located at and near the cleavage site. In contrast, the very 
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weak inhibitory potency of distamycin A and the ineffectiveness of ne ­

tropsin are explained by the relatively low numbers of AT-aflinity sites 

for these ligands present in the 162bp fragment. We further suggest that 

in presence of Mg
2

+ chromomycin A
3 

binds as a dimer lo the mino r groove 

of the GGCC center and to other GC region~ of the gyrase recognition site 

which strongly prevents the enzyme from DNA binding . 

The molecular mechanism of the high inhibitory potency of chromomycin 

A
3 

is discussed in terms of the stru c tural model of the interaction of !h e 

gyrase tetramer with the DNA segment containing the cleavage site . 

References : 

(1) Zimmer,Ch . and Wahnert,U . (1986) Prog .Biophys . Moi.Biol. 47, 31-112 . 
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Sequence-specific binding of Elsamicin to DNA 

José Portugal 
Departamento de Biología Molecular y Celular. 
Centro de Investigación y Desarrollo. CSIC. 

J. Girona-Salgado 18-26. 

08034-Barcelona (Spain) 

Elsamicin A is a new fennentation product which appears to exhibit strong inhibitory activity 
against various tumors, and is presently undergoing Phase 1 clinical trials. Elsamicin A contains a 
novel aglycone chromophore, chartarin, in common with the antibiotic chartreusin, but differs in 
the presence of an amino-sugar sugar in its disaccharide moiety. Direct interaction with DNA is 
believed to be central to the mechanism by which elsamicin acts. 

In order to analyze the sequence-selective binding of elsamicin A to O NA, we undertook a O N Ase 
1 footprinting study using various DNA restriction fragments [1]. The elsamicin binding si tes can 
be mapped in regions which are rich in guanine+cytosine. We have also performed a 
complementary approach based on the use of different restriction enzymes containing, or not, the 
CpG step within or near their cleaving sequence.The sequence-specificity of the elsamicin A 
binding to DNA was investigated considering the inhibition of the rate of digestion of linearized 
pBR322 DNA by Aatll, Clal, EcoRI, Hindiii and Nrul restriction enzymes[2]. Elsamicin A 
inhibits the rate of digestion by Nrul to a greater extent than it does for the other enzymes, thus 
evidencing the sequence-selective binding of elsamicin to GCG regions in DNA Our results also 
show the important role of the neighboring sequenccs in the elsamicin A-DNA interactions and 
their effects on the cleavage by restriction enzymes. 

Altemating GC-tracts ha ve been shown to be related with the 5' -regions of various housekeeping 
genes, and may represent regulatory regions. Since these altemating CG sequences are among 
those required to observe the Z-fonn DNA, we consider whether the elsamicin binding to CGC 
sequences could be part of the mechanism used to inhibit transcription. The interaction of 

poly[d(G-C)] and poly[d(G-m5C)] with elsamicin A has been studied under the B and Z 

confonnations[3]. Both the rate and the extent of the B-to-Z transition are diminished by the 
antibiotic, as inferred by spectroscopic methods under ionic conditions that otherwise favor the 
leftt-handed confonnation of the polynucleotides. Moreover, elsamicin converts the Z-fonn DNA 
back to the B-fonn. Circular dichroism data indicate that elsamicin binds to poly[d(G-C)] and 

poly[d(G-m5C)] to form right handed-bound elsamicin region. The elsamicin A effect might be 
explained by a model in which the antibiotic binds preferentially to a B-form DNA, playing a role 
as an allosteric effector on the equilibrium between the B and Z confonnations, thus favoring the 
right-handed one. 

Furthennore, the ability of elsamicin A to cleave DNA in the presence of ferrous iron and reducing 
agents has been analyzed using experimental and theoretical approaches. Experimentally, the 
antibiotic causes DNA breakage in the presence of ferrous ions and a reducing agent The DNA-
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cleaving activity appears to be partially blocked by the action of superoxide dismutase and ca talase. 
These results indicare that the elsamicin A aglycone moiety, chartarin, can be involved in the 
production of free ~adicals. We performed a broad theoretical study based in the quantum 
mechanical frarilewóik, which pennits to determine the redox properties of elsamicin that lead to 
the generation of ra<jical species. We suggest that the oxidation-reduction mechanism of the 
aglycone moiety of elsamicin (a lactone) leading to DNA breakage is different from the mechanism 
followed by other well characterized anti-cancer drugs, whose chromophore is a quinone [4] . 

References 

l. Salas, X. and Portugal, J. (1991) FEBS Lett. 292, 223-228 
2. Párraga, A. and Portugal, J.(1992) FEBS Lett. 300, 25-29 
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Structural Aspects of DNA Minor-Groove Recognition. 
S. Neidle. 
CRC Biomolecular Structure Unit, Institute of Cancer Research, 
Cotswold Road, Sutton, Surrey 8M2 5NG, UK. 

The minor-groove of AT-rich B-form DNA is the site of binding of 
a range of synthetic ligands and natural products, sorne of which have 
established therapeutic utility. The minor-groove is also the locus of 
recognition for a number of proteins and protein domains. Structural 
studies by both NMR and X-ray crystallography have established the 
major features of recognition for a number of low molecular weight 
drugs and ligands and in particular crystallography has revealed the 
role played by changes in DNA sequence in the recognition process. A 
picture of the relative importance of the various factors contributing to 
binding stability and sequence preference, i~:; now emerging, with 
information on the effects of factors such as groove width, hydrogen 
bonding and sequence changes. 
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HOW DO DNA BINDING DRUGS WORK? 

Alexander Rich 
Department of Biology 

Massachusetts Institute of Technology 
Cambridge. Massachusetts USA 

Many drugs that bind to DNA are known to inhibir transcription 

and/or replication in vivu. The three -dimcnsional structure of a number 

of DNA-drug complexes have been solved. That allows us to think about 

the detailed manner in which the drug interacts with DNA. Sometimes 

these structures provide clues as to the manner in which the drug acts 

when polymerases are present. However. a number of interesting puzzles 

rema in . 

The structure of a number of DNA drug complexes will be surveyed 

in order to assist in drawing inferences about biological activity . This will 

include a number of intercalating drugs. such as Adriamycin and 

Daunomycin which are used in human chemotherapy . Other drugs that are 

not used clinically, but are very active biologically include Nogalomycin as 

wcll as Echinomycin. 

The structure of a ditercalinium~DNA complex will be described, as 

well as the unique way in which this drug kills its host cell . 
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MAJOR GROOVE RECOGNITION OF DNA BY TRIPLE HELIX­
FORMING OLIGONUCLEOTIDES ANO OLIGONUCLEOTIDE 
INTERCALATOR CONJUGA TES 

T. Garestier. J.S. Sun, C. Escudé, J.L. Mergny, C. Giovannangeli and C. Hélene, 
Laboratoire de Biophysique, INSERM U.201, CNRS URA 481, Muséum National 
d'Histoire Naturelle, 43 rue Cuvier, 75005 París, France 

With the aim of controlling gene expression at the transcriptional leve) 
oligonucleotides or derivatives of oligonucleotides have been targeted to double­
stranded deoxyribonucleic acid sequences. Canonical triple helices are formed when 
oligonucleotides containing thymines and cytosines bind to 
oligopurine.oligopyrimidine stretches of double-helical DNA. Cytosines provided 
that they are protonated on the N-3 position bind guanines whereas thymines 
recognize adenines. This recognition is specific and has a slow kinetics compared to 
that of a single stranded DNA recognition. Thus, the double-stranded target for 
triple-helix formation is restricted to a purine-pyrimidine sequence and an acidic pH 
is required for triple-helix formation. 

In order to increase the stability of these short triple helices, especially at 
physiological pH, we have synthesized intercalator-oligonucleotide conjugates. 
lntercalation takes place at the triplex-duplex junction with "classical" intercalators 
such as acridine or psoralen derivatives. We have recently discovered intercalators 
(benzopyridoindoles) that bind more strongly to triple-helical than to double-helical 
nucleic acids. Oligoribonucleotides containing C and U as a third strand exhibit a 
stronger affinity for DNA duplexes than deoxynucleotide-containing analogs. 2'-0-
methyl substitution in the riboses further enhances triple-helix stability. Triple helix 
formation can be also used in the antisense strategy. An oligopurine target sequence 
can be recognized by two oligopyrimidine sequences which form Watson-Crick and 
Hoogsteen hydrogen bonds. These two oligopyrimidines can be tethered to each 
other and form "oligonucleotide clamps" which can arrest nucleic acid-processing 
enzymes. 

- N.T. Thuong & ·c. Hélene. Sequence-specific recognition and modification of 
double-helical DNA by oligonucleotides. Angew. Chem. Int . Ed . Engl . (1993) g 
666-690. 

- C. Escudé, J.S. Sun, M. Rougée, T. Garestier & C. Hélene. Stable triple helices are 
formed upon binding of RNA oligonucleotides and their 2'-0-methyl 
derivatives to double-helical DNA. C. R. Acad. Sci. Paris, t. 315, Série III (1992) 521-
525. 

- C. Giovannangeli, T. Montenay-Garestier, M. Rougée, M. Chassignol, N.T. Thuong 
& C. Hélene. Single-stranded DNA as target for triple-helix formation.f. Am. 
Chem. Soc. (1991) 1.1.0 7775-7777. 
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SEQUENCE-RECOGNITION ELEMENTS ANO CONFORMATIONAL CHANGES 
ASSOCIA TED WITH BINDING OF SMALL MOLECULES TO DNA 

MJWaring 

University of Cambridge, Department of Pharmacology, Tennis Court Road, Cambridge 
CB2 IQJ, England. 

Most small molecules bind to DNA via the minor groove of the helix, and it has 
long been suspected that the exocyclic 2-amino group of guanine plays a key role in 
identifying their preferred binding sites. The purine 2-amino substituent not only 
obstructs access to the floor of the groove; it al so disrupts the pattem of hydration, alters 
the electrostatic potential, and provides the only hydrogen bond donor available to 
interact with a ligand. We have sought to verify the notion that the 2-amino group of 
guanine is the critica) element of recognition by removing it and/or shifting it. Removal 
amounts to converting guanosine nucleotides to inosines. Shifting the 2-amino group 
can be accomplished .by relocating it on the A • T base pairs which then become 2,6-
diaminopurine-thymine (DAP • T) pairs. Samples of ryr T DNA containing these 
modifications have been prepared using the polymerase chain reaction (PCR), and their 
interactions with selected peptide antibiotics have been measured. Actinomycin, which 
binds preferentially to GpC steps, and echinomycin, which bis-intercalates around CpG 
steps, were chosen as representative intercalators; netropsin was studied as a minor 
groove-binder selective for AT-rich clusters . 

Inosine-containing tyr T DNA, which lacks the 2-amino group altogether, failed 
to bind echinomycin (judged by footprinting analysis) at any concentration up to 80 j.!M 
[1] . In order to investigate whether DNA containing inosine in only one strand would 
interact with the antibiotic, appropriately substituted samples of a synthetic 51-mer were 
prepared by PCR. Again , the binding of echinomycin to its cognate CpG sites was 
drastically impaired or even abolished when either one or both strands of the duplex 
lacked the guanosine nucleotides. By contras!, tyr T DNA entirely substituted with DAP 
residues in place of adenines provided an excellent substrate for binding actinomycin as 
well as echinomycin [2]. Examination of DNAse 1 footprinting pattems revealed that 
the effect of shifting the purine 2-amino group on to the A • T base pairs was to provoke 
a massive redistribution of binding sites for both antibiotics, such that the newly created 
sites containing DAP • T pairs were substantially preferred over the cognate GpC or 
CpG -containing sites (which still remained in the DNA samples examined). The new 
binding sites for actinomycin seemed to preserve the 5'Pu-Py3' arrangement of the 
canonical sites but with DAP-Py steps apparently preferred over GpC. 
Correspondingly, the new echinomycin binding sites preserved the 5'Py-Pu3' 
arrangement of the canonical sites but with Py-DAP steps strongly preferred over CpG. 
Indeed, the concentration-dependence of footprinting at particular sites suggested that 
for echinomycin there must be at least an order of magnitude increase in the affinity of 
the antibiotic for its new sites. The C5o for half-maximal protection of CpG sites by 
echinomycin in normal DNA is typically about l-2jlM whereas the Cso for protection of 
TpDAP sites in the substituted DNA is more like 0.1 j.!M. 
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Substitution with inosine aml/or DAP also had a marked effect on the sites of 
binding of netropsin. With inosine-substituted DNA netropsin could be seen to form 
footprints over practically the whole length of the DNA fragment, whereas with DAP­
substituted DNA it produced no footprints at all . With DNA containing both inosine 
and DAP, i.e. DNA in which the purine 2-amino groups had been totally transferred 
from guanines to adenines, footprints were formed entirely at GC (now inosine • C) 
clusters and not at the canonical AT (now DAP • T) clusters. Taken as a whole, the 
results with inosine and DAP-substituted DNAs leave little room for doubt that the 2-
amino group of guanine is the critica! determinan! for recognition of specific binding 
sites in DNA. 

The nucleotide-substitution approach has al so been employed to investigate 
whether Hoogsteen base pairs are formed around sites where echinomycin binds to DNA 
[3] . Because Hoogsteen pairs demand the formation of a hydrogen bond from N(3)-H of 
the pyrimidine base to N(7) of the purine, their formation can be prevented if 7-deaza­
purine analogues are incorporated into the DNA in place of the normal nucleotides [4] . 
Again, tyr T DNA was prepared by PCR containing 7-deazadeoxyadenosine (c7A) or 7-
deazadeoxyguanosine (c7G) residues in place of their natural counterparts. Quantitative 
footprinting with DNAase 1 was undertaken to determine accurate Cso values for half­
maximal suppression of enzymic cleavage at all nucleotides affected by echinomycin 
binding [5]. No consisten! differences between the values for natural, c7 A-substituted 
and c7G-substituted DNAs were detected. These experiments also argue against any 
anti-syn conformational transition occurring in purine nucleotides associated with bis­
intercalation of echinomycin, because any such transition should incur an energy penalty 
in c7A or c7G-substituted DNA yet none was observed. 
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Sequence Selective DNA Minor Groove Binders 

as Potential Anticancer Agents 

J. William Lown 
Department of Chemistry, University of Alberta 

Edrnonton, AB, Canada T6G 2G2 

One of the rnost challenging problems in the use of drugs in the treatrnent of human disease is 
of specificity. Many antineoplastic and antiviral drugs interfere with the replication and 

transcription of DNA by binding to double-stranded DNA and here again a lack of specificity is in 

evidence. Consequently the action of such agents is non-selective and gives rise to side effects of 
varying severity. Therefore the question arises whether one should tailor the binding preference of 

DNA-binding agents to particular base sequences and thereby produce new drugs that rnight be 

more effective clinically and al so serve as useful tools for the study of DNA binding in molecular 
biology. The principie of the use of oligonucleotides, or modifications thereof, while elegant is, in 

practice, plagued with difficulties of cellular uptake, intracellular instability, subcellular 

distribution, and diastereomer problems associated with backbone modification. 
Recent advances in our understanding of molecular recognition between polypeptides and 

nucleic acids, together with the advent of new DNA sequencing and footprinting technology, 

perrnit the design of sequence selective agents. We ha ve developed oligopeptides related to natural 

prototypes netropsin and distamycin but which are rationally designed to recognize specific DNA 

sequences. Such oligopeptide-based agents offer significan! advantages over oligonucleotide 

probes including, ready cellular uptake, concentration in the cell nucleus and good intracellular 
stability. 

The new "lexitropsins", or information-reading oligopeptides will serve as vectors for the 

delivery of DNA-interactive groups to sensitive sites. These groups include cleaving agents to 

produce rniniature restriction enzymes and anticancer agents, as well as alkylators which also ha ve 

provided good anticancer Jeads. At the same time the antiviral potential of the lexitropsins have 

been developed. We are aiming to develop lexitropsins for any predeterrnined 15 bp sequence 

(representing a unique target for the human genome) individuallexitropsins. A central problem in 

targeting longer sequences of DNA is related to the lack of phasing or spatial correspondence 

between repeat units in the ligand and the chiral DNA receptor. Chirality of rninor groove binding 
ligands is anticipated to influence binding. This led us to explore a system of constrained dirneric 
arrangement of two netropsin units using optically pure C2v-symmetric linkers: 

(-)-( 1 R,2R)-bis(netropsin)-1 ,2-cyclopropanedicarboxarnide (BNC) and 
( + )-( 1 S,2S)-bis(netropsin)-l ,2-cyclopropanedicarboxamide 

Netropsin exhibits an entropy-driven preferential sequence specificity for rninor groove binding to 

poly(dA)•poly(dT) versus poly(dA-dT); hence studies were performed on a duplex DNA 

d(CGAAAA TTITCGh containing a 5'-AAAA segrnent The following conclusions were drawn: 

Isohelical binding occurs for (1R,2R)-BNC with each netropsin subunit oriented against a 

5'-TTIT si te. Cyclopropane linker and N-rnethylpyrrole rings follow the right-handed twist of the 
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base pairs along minor groove of 5'-AAAAITIT. Complexes stabilized by single hydrogen 

bonds with thymidine-Oz instead of three-center bifurcated bonds proposed for netropsin binding. 
Cyclopropane group is oriented away from DNA in the complexes of both enantiomers - this 

forces each netropsin to be aligned differently. Binding of (1R,2R)-BNC gives strand selectivity 

for 5'-ITIT. Less favorable binding of (1S ,2S)-BNC results in alignment of the netropsin 

moieties against 5'-AAAA. Binding of (1S,2S)-BNC induces additional twisting between arrúde 

and N-methylpyrrole groups to accommodate hydrogen bonding to the walls of the groove. 

l. TJ Dwyer, BH Geirstanger, Y . Bathini, JW Lown and DE Wemmer. "Design and Binding of 
a Distamycin A Analog to d[CGCAAGTTGGq•d[GCCAACITGCG] : Synthesis, NMR 
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3. C. Bailly, P. Colson, C. Houssier, R. Houssin, D. Mrani, G. Gosselin, J-L Imbach, MJ 
Waring, JW Lown and J-P Henichart. "Binding Properties and DNA Sequence-Specific 
Recognition of two Bithiazole-Linked Netropsin Hybrid Molecules." Biochemisrry 31 (1992): 
8349-8362. 

4. D. Mrani, G. Gosselin, C. Bailly, R Houssin, KE Rao, J. Zimmermann, ]. Balzarini, E. De 
Clercq, J-P Henichart, J-L. Imbach and JW Lown. "Synthesis, Determination of Sequence 
Selective DNA Minor Groove Binding and Biological Evaluation of Hybrid Bithiazole-Linked 
Netropsin Derivatives." European Journa/ of Medica/ Chemisrry 27 (1992): 331-344. 
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SEQUENCE SELECTIVE BINDING OF ACTINOMCYIN D TO DUPLEX AND SINGLE­
STRANDDNA 

David E. Graves Department of Chemistry, University of Mississippi , University, 
Mississippi 38677 

The thermodynamic properties associated with the interaction of actinomycin D with 
DNA duplexes containing both classical -XGCY- and non classical -T(G)nT- binding 
sites are examined. The influences of flanking base sequences on the binding parameters 
for the -XGCY -sequences are compared. These flanking base studies revealed that of 
the two classical ac tinomycin D intercalation sites examined (both containing -GC-steps), 
the -TGCA- sequen ce binds actinomycin D with a higher affinity than the -CGCA­
sequence, yet binding to both of these sequences is quite high (K¡01 = 106 M-1) . The non 
cl assical -TGGGT-containing sequen ce was found to ha ve comparable binding 
properties with the classical -XGCY- intercalation sites; however, the -TGGT- sequence 
exhibited a considerable drop in binding affinity, as well as marked changes in binding 
energetics. The binding of actinomycin D is demonstrated to be highly influenced by the 
sequence both at the intercalation site and by neighboring bases which flank the 
intercalation site. 

In addition, actinomycin D was found to interact with single-strand DNA and thi s 
interaction was demonstrated to be highly sequence specific, with binding affinities 
ranging from 104 to 107 M-1 (strand). Our studies reveal single base changes within the 
non self-complementary 11-mers can result in drastic changes in binding affinities for 
these actinomycin D-single-strand DNA interactions. 
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Neocarzinostatin Chromophore as a Probe of Unusual DNA 
Structures 

lrving H. Goldberg 
Department of Biological Chemistry 

and Molecular Pharmacology 
Harvard Medica) School 

Boston, Massachusens 02115 

The nonprotein chromophore of the enediyne antitumor antibiotic 
neocarzinostatin (NCS-Chrom) generales sequence-specific bistranded Iesions in 
duplex DNA in the presence of thiol activating agents. NCS -Chrom intercalates 
between the DNA base pairs by way of its hydroxy-naphthoate moiety, so as to place 
the reactive enediyne portion in the DNA minor groove. Nucleophilic attack of the 
thiol at the C12 position of tbe chromophore IDI!Iates the process of 
cycloaromatization to form an indacene diradical intermediate as the DNA damaging 
species. The radical centers at C2 and C6 of the drug abstrae! hydrogens from tbe C5', 
C4' and/or C1' sites on the deoxyribose of tbe complementary DNA strands. At 
A G .C..• G CI. sequences 1 '-chemistry at the .C.. residue generates an abasic si te with a 
deoxyribonolactone moiety on one strand, and 5'-cbemistry at the I. residue generales 
a strand-break wilh a thymidine 5'-aldebyde on tbe opposite strand, the bistranded 
lesion being staggered two nucleotides in the 3'-direction. At AGI.• A CI. bistranded 
lesions are formed due to 4'-chemistry al the I. residue of AGI. and 5'-cbemistry al 1hc 
I. residue of ACI.. 4'-chemistry produces botb strand breaks (3'-phosphoglycolatc 
ends) and abasic sites (4'-hydroxylation product). Bistranded Iesions involving 
abasic sites are believed to be mulagenic, whereas those consisting of double­
stranded breaks may be lethal. Substantial deuterium isotope effects have bccn 
found, especially for the reaclions involving 1 '- or 4' -chemislry. Further, by 
following deuterium transfer from attack sites on the deoxyribose of DNA 10 thc 
radical sites on NCS-Chrom, il has been shown thal C2 on the drug abslracts hydrogen 
from C1' of .C.. of AG.C... and C6 abstracts hydrogen from C5 ' of I. of GCI. on the 
complementary strand, in support of a proposed model for drug-DNA interaction . 

The precise chemistry of attack at AG.C..• G CL however, is sensitive to tbc 
microstructure of the DNA at this site. For example, the placement of a stabJe./a•T 
base-pair mismatch immediately 5' to the attack site alters the chemistry so thal thc 
1 '-chemistry at the C.. residue is essentially replaced by 4'-chcmistry. This result can 
be understood in terms of lhe known crystal structure of the wobble G•T mismatch, 
where the 2-amino group of the G residue projects deeper into the minar groove so as 
to hinder access of the radical on the drug to the deep lying C1' position. On the o1hcr 
hand, placement of a re1atively stable G•A mismatch on the 3'-side of the I. of AGI. is 
associated with the appearance of significan! 1'-chemistry. These results emphasi zc 
the role of minor groove microstructure in determining the chemical mechanisms of 
DNA damage and underscore the potential usefulness of NCS-Chrom as a probe of DNA 
microheterogeneity . · 

NCS-Chrom activated by thiol also causes single-base bulge-specific cleavage, 
along witb otber intercalating/cleaving agents, sucb as bleo-mycin, 
methidiumpropyl-EDT A and ortbo-pbenantbroline. Selective cleavage occurs on the 
strand opposite the one containing tbe bulge, just 3' to the bulge, independent of the 
sequence. There is no cleavage at the bulge. These data are cons1stent with the 
known preference of inter-calating drugs for binding near or at a bulge; our data 
suggests that binding is at the bulge itself. 
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Recen ti y we ha ve found that NCS-Chrom, unexpectedly, site-specifically 
cleaves single-stranded or duplex DNA containing a two-base bulge only in the 
absence of thjol. DNAs, duplex or single-stranded, not containing the bulge structure 
are not attacked by the drug. Cleavage is at the nucleotide at the 3'-side of the bulge 
and is due lo 5'-chemistry. Most interestingly, a new NCS-Chrom product is generated 
in this reaction due to the activation of the drug by an intramolecular process, under 
the influence of the DNA bulge conformation. It appears that the DNA, bent at the 
sile of the bulge, participates in its own destruction . This reaction involves a novel 
mechanism of NCS-Chrom activation with the formation of an unusual drug reaction 
product. The mechanism of the reaclion and the chemical struclure of the drug 
producl will be described. These s1udies extend 1he utility of NCS-Chrom as a probe of 
unusual DNA structures. 

Goldberg, I.H.: Mechanism of neocarzinostatin action: role of DNA microstructure in 
determination of chemislry of bistranded oxidative damage. Accounts of Chemical 
Rescarch 24: 191-198, 1991. 

Kappcn, L. S. and Goldberg. l. H.: Neocarzinostatin acts as a scnsitive probe of DNA 
microhetcrogcncity: Switching of chemistry from CJ' lo C4' by a G·T mismalch 5' lo 
thc site of DNA damage. Proc. Natl. Acad. Sci. USA .8..2.: 6706-6710, 1992. 

Mcschwitz, S. M. , Schultz, R. G., Ashley, G. W .. and Goldberg, l. H.: Selcctive abstraction 
of 2 H from C- 1 · of the C. residue in AGC.•ICT by 1he radical ccnter at C-2 of 
ncocarzinostatin chromophore: slructure of 1he drug-DNA complex rcsponsible for 
bistranded lcsion formation. Biochemistry 11: 91 17-9121, 1992. 

Kappcn, L.S. and Goldbcrg, I.H.: DNA conformation induced activation of an cnediyne 
anticanccr drug for site-specific cleavage. Science 2.U: 1319-1321. 1993 . 

Henscns, O.D., Helms, G.L .. Zink, D.L., Chin, D.-H., Kappen, L.S., and Goldberg, I.H.: 
Bifunctional involvemenl of the hydroxy naphthoate moiety in the activation of 
ncocarzinostatin chromophore in DNA-mediated sile-specific cleavage. J. Am . Chem. 
S oc. ill: 1 1030- 1103 1, 1993 . 
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Round Table Discussion on Design of Sequence-Selective DNA 
Binding Ligands 

Moderator: J. William Lown 

In order to define its scope and to guide the discussion the moderator proposed the following 
topics. 

Antisense 

1 . Lack of consistency of results in different cell systems and in different Jaboratories. 

2. Control sequences- the disturbing phenomenon of "anúsense acúon" by random oligos often 
equals or exceeds that of the supposed specific probe. 

3. Poor cellular uptake remains perhaps the most serious obstacle to further development. 

4 . The existence of 2° diastereomers in an n-merJbackbone-modified to overcome intracellular 
nuclease degradaúon,remains a serious problem. 

5. The inability ofmany backbone modified oligos to stimulate RNAse Hin DNA:RNA hybrids 
requires attenúon. 

Antigene 

l. Poor cellular uptake and intranuclear access is a serious limitaúon for potenúal triplex-forming 
oligos. 

2 . Limited sequence recogniúon via triplex formaúon which limits potenúal targets. 

3. Pepúde nucleic acid (PNA) has promise but poor solubility and intracellular uptake limits its 
applicaúon. 

Groove Binders 

l . The newer lexitropsins exhibit good cell penetraúon and concentrate in the nucleus. 

2 . At present they show limited sequence recogniúon. 

3. Phasing is importan! n the design of ligands aimed at targeúng 14-16 base pairs. 

4 . Isohelicity and strand selectivity must be taken into account in designing such longer ligands. 

Biology 

l. What sequences should be targeted? e.g . protooncogenes, the MDR gene? 

2. Solid tumors remain the most refractory targets. Are anúsense or anúgene strategies useful 
here? 

3. Will anúgene agents pose a risk as mutagens or carcinogens? 

4. Can these newer agents offer advantages over exisúng chemotherapeuúc drugs with respect to 
the resistance problem. 

A lively discussion ensued that served the purpose of súmulaúng further debate on these 
issues during the workshop. The suggestion was made that such a round table discussion fonn a 
regular part of subsequent conferences in this field. 
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Crystal structure of Anthramycin/C-C-A-A-C-G-T-T-G-G: Covalent 
Drug Binding Within the Minar Groove. 

Mary L. Kopka, David S. Goodsell, Kazimierz Grzeskowiak, 
Duilio Cascio and Richard E. Dickerson 

Molecular Biology Institute, University of California 
Los Angeles CA 90024, U .S.A. 

Anthramycin, a pyrrolo[1,4)benzodiazepine drug related to tomaymycin 
and sibiromycin, is known to interact with the minor groove of DNA via a 
covalent bond to the N2 amine of guanine. Hurley and coworkers ha ve shown 
that the preferred mode ofbinding is to guanine of a triplet sequence R-G-R, with 
R-G-Y and Y-G-R as secondary choices, and with least binding to Y-G-Y (R = 
purine; Y= pyrimidine). We have just completed the first x-ray crystal structure 
of a minor-groove-binding drug covalently linked to B-DNA, the 2:1 drug:DNA 
complex of anthramycin with C-C-A-A-C-G-T-T-G-G. The residual error or R 
factor is 22.5% for data out toa resolution of 2.3 Á. 

Figure l. Covalent binding of anthramycin to B-DNA sequence 
T-G•-G. In this stereo view, the drug (ball-and-stick) sits in the minor 
groove behind the DNA (thin bonds). A covalent bond extends from 
the 7-membered ring to the N2 amine of guanine 9. One hydrogen 
bond (dotted lines) connects the anthramycin -CH=CH-CO-NH2 "tail" 
to the C2 carbonyl oxygen of thymine 8; other H-bonds connect 
guanine 10 and cytosine 12 to the -QH at the "head" of the drug 
molecule and the NH of the 7-membered ring. Only the bottom half of 
the 10-base-pair DNA helix is shown; another anthramycin molecule 
binds to the upper half in the same manner. 
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One anthramycin molecule binds to the central G of sequence T -G-G near 
the 3' end of each chain of the B-DNA decamer helix, as shown in Figure l. 
In addition to the covalent bond between 7-membered ring of the drug and 
guanine N2 amine, drug and DNA are connected by hydrogen bonds shown as 
dotted lines in Figure l. DNA-drug complexes stack atop one another in the 
crystal in a way that promotes stacking contacts between anthramycin 6-
membered rings. 

These pyrrolo[l,4]benzodiazepines are important in that they represent 
sorne of the very few examples of minor-groove-binding drugs that exhibit a 
preference for GC base pairs rather than AT. The design of sequence-reading 
drugs requires that one know how to engineer GC-preferences as well as AT­
preferences. T-G-G is an example of the intermediate binding site for 
anthramycin. We will investiga te complexes with the optimal R-G-R si te, such as 
C-A:G.:A-C-1-T-C-T-G and C~-C-1-T-C-C-G . These have the added 
advantage of isolating the drug-binding site from the ends of the helix. We also 
will examine complexes of tomaymycin, which cannot form the same hydrogen 
bonds as anthramycin because the -OH is positioned differently on the 6-
membered ring. From these comparisons should come an explanation of the 
molecular basis for GC sequence specificity and strength of binding in this class 
of DNA-binding drugs. 
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DISSECTING THE FREE ENERGY OF ANTHRACYCLINE ANTIBIOTIC 
BINDING TO DNA 

Jonatha.n B. Chaires 
Department of Biochemistry 

University of Mississippi Medical Center 
Jackson, MS 39216-450 

USA 

The rational design of new anticancer antibiotics targeted toward DNA requires a thorough 
understanding of the DNA binding properties of existing cornpounds with proven clínica! utility . 
A thorough understanding requires not only structural information about the drug - DNA 
complexes, but also a complete thermodynamic and kinetic characterization of the drug- DNA 

binding interaction. The clinically important anthracycline antibiotics ( daunorubicin, 

doxorubicin) have become, arguably, the best characterized of the intercalating antibiotics, a.nd as 
such are an important point of departure in efforts to design new DNA binding drugs . New 
thermodynamic resulta will be presented that allow us to attempt to dissect the DNA binding free 
energy of anthracycline antibiotics into its component parts, and to evaluate the contributions to 
the binding free energy of specific constituents on both the DNA and the drug. Binding results 
obtained using a series of synthetic deoxyoligonucleotides of varying sequence will be discussed . 
Binding studies using a judiciously selected series of anthracycline derivative will be described 
that begin to illuminate the contributions of specific chemical constituents on the antibiotic to 
DNA binding. Among the results of these latter studies, a quantitative evaluation of the 
electrostatic contribution to the binding free energy emerges. Further, the critica! contribution of 
the daunosarnine moiety to the DNA binding free energy becomes clear by cornparison of the 
binding of anthracycline derivatives in which the daunosarnine has been chernically or 
stereochemically altered. The anthracycline antibiotics daunorubicin and doxorubicin are unique 
in possessing both intercalating and groove binding moieties. We will report binding studies on 
the anthracycline aglycone moieties that will show quantitatively the importance of the dual 
binding rnode of the parent antibiotics to their tight DNA binding. Drs. Waldemar Priebe and 

David G~aves, from the M. D. Anderson Cancer Center, Houston, Texas, and tht. University of 

Mississippi, Oxford, Mississippi, rt.pectivel¡¡ , are important collaborators in this project. 

Supported by National Cancer institute Grant CA35695. 
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SYNTHESIS OF A NOVEL OXYGENATED C8-LINKED PYRROLOBENZODIAZEPINE 
DIMER : A POTENT DNA-CROSS LINKING AGENT 

M.P. Foloppel, D. Subhas Bosel, J.A. Hartley2, M. Berardini2, T.C. Jenkins3, S. Neidte3, D.E. Thurston t• 

1 Scbool Of Pharmacy and Biomedical Sciences, University of Portsmouth, King Henry 1 Street, Portsmouth PO 1 2DZ, UK.; 
2Depar1rnent Of Oncology, tlnivéisity College and Middlesex School of Medicine, 91 Riding House Street, l..ondon, WIP 
913T, UK.; 3cRC Biomolecular Structure Unit, Institute OfCancer Research, Sutton, Surrey, SM2 5NG, UK. 

The pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) such as anthrarnycin and DC-81 are a well known group of 
antitumour antibiotics that exert their biological activity through covalent interaction between the C-11 
position of their central B-ring and N-2 of guanine in the rriinor groove of DNA l. They are known to be 
sequence selective with a preference for Pu-G-Pu tripletsl. Recently, DSB-120 (1), the frrst example of a C8-
linked PBD dimer was synthesiz.ed that consists of two DC-81 units joined through a propy1 linker2,3. Tiús 
compound has remarkable cytotoxicity and is one of the most efficient DNA cross-linking agents known to 
date. DSB-120 spans 6 base-pairs and has a preference for PuGATCPy or PyGATCPu sequences. In order 
to explore structure activity relationships, a number of analogues with homologous linkers have been 
prepared (i.e. 2)3. The novel analogue (3) containing a central oxygen in a seven-atom linker has now been 
synthesized and evaluated for DNA-binding affinity and cytotoxicity. 
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The data in Table 1 show that 3 is a highly efficient DNA cross-linking agent (as measured by a plasmid 
cross-linking assay; C50% = concentration of the drug required to effect 50% cross-linking of a sample of 
pBR322 DNA), approximately 3.5 times more poten! than the equivalen! dimer containing a pentyl linker 
(2). Interestingly, although the overall DNA binding affmity (as measured by thermal denaturation; t'J.T m = 
increase in DNA melting temperature for drug-treated calf thymus DNA compared to control) is identical for 
both compounds (i.e. t'J.T m = 8. 1), 3 appears to be significan ti y less cytotoxic across the three cell lines 

examin . ~ed~·----------------------------------------------
1c50 (J.unol l 

" Compound ATm(OC) c50'1.(¡1mol) L1210 ADJ{PC6 K~t;? . HOBC1b 15.1 0.055 0.01 0.0005 0.2 1 A B ' 

2 8.1 0.07 0.0045 0.0004 0.5 CH
3
0 ~ N C 

2 

3 8.1 0.02 0.22 0.036 3.5 o 
DC-81 0.7 0.38 0.33 NA OC-11 

Table 1: Thermal denaturation, cross-linking efficiency and in vitro cytotoxicity data. 

A molecular modelling study of the interaction of 3 with specific sequences of DNA will be described and 
possible reasons for the differences between cross-linking efficiency and cytotoxicity in relation to the 
analogue 2 discussed 

l. Thurston, D.E., "Advances in the Study of Pyrrolo[2,1-c)[1,4]benzodiazepine (PBD) Antitumour 
Antibiotics", In "Molecular Aspects of Anticancer Drug-DNA lnteractions" Volume 1, Topics in 
Molecular and Structural Biology, Eds. Neidle, S. and Waring, M.J. Macmillan Press, pp 54- 88 (1993). 

2. Bose, D.S., Thompson, A.S., Ching, J., Hartley, J.A., Berardini, M.D., Jenkins, T.C., Neidle, S., Hurley, 
L.H. and Thurston, D.E. J. American Chemical Society, 114,4939-4941 (1992). 

3. Bose, D.S., Thompson, A.S., Smellie, M., Berardini, M.D., Hartley , J.A., Jenkins, T.C., Neidle, S. and 
Thurston, D. E. J. Chem. Soc. Chem. Commun., 1518-1520 (1992). 

The CRC (Grant to JAH, TCJ, SN & DD. CRCT and UPEL are thanked for financia! support. Instituto Juan March (Madrid)
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MINOR DNA ADDUCTS OF PLATINUM COMPLEXBS 

Viktor Brabec 

Institute of Biophysics 1 Academy of Sciences of the Czech 
RepubliC 1 Kralovopolska 135 1 612 65 Brno 1 Czech Republic 

Numero~s studies suggest that the antitucor action of 
platinum drugs is related to its ability to react with cellular 
DNA. The platinum drugs bind to DNA preferentially to guanine 
residues at the N(7) position 1 producing monofunctional adducts 
that can subsequently close to bifunctional lesions . Most of the 
structural information currently available pertains to the 
intrastrand cross-links of platinum between adjacent purines. 90 
% of these adducts are formed in the reaction of DNA with cis­
diamminedichloroplatinum(II) (cisplatin) 1 which is ene of the 
most effective anticancer drugs. Its minor DNA adducts are 
monofunctional lesions 1 interstrand cross-links and intrastrand 
cross-links between two nonadjacent purines. 

Clinically ineffective trans isomer of cisplatin (trans­
platin) cannot form intrastrand cross-links between adjacent 
purines for sterical reasons. It has been 1 therefore 1 speculated 
that these DNA adducts of clinically effective cisplatin and its 
simple analogues are most likely responsible for antitumor 
act i vi ty of these drugs. Neverthe less 1 the DNA les ion ( or 
lesions) of cisplatin and its simple analogues still rernains (or 
rernain) to be established conclusively. 

It has been almost axiomatic that the monofunctional DNA 
adducts of platinum complexes do not affect DNJ, conformation. 
This view has been related to antitumor inefficiency of mono­
functional platinum complexes. 

The bifunctional platinum complexes can form DNA interstrand 
cross-links 1 but these adducts are not considered the lesions 
responsible for antitumor effect. This view is oainly derived 
from th~ observation that clinically ineffective transplatin 
forros more interstrand cross-links than does cisplatin. The 
latter speculation is 1 however 1 based on the assumption that both 
isomers form identical interstrand DNA lesions. However 1 DNA 
interstrand cross-links of transplatin have bee:: studied less 
thoroughly so that the latter assumtion has no experimental 
support. 

In the present work 1 we have extended physico-chemical and 
molecular biology methodologies to evaluate OSA distortions 
produced by the monofunctional adduts and interstrand cross-links 
of platinum complexes. It has been shown that rnonofunctional DNA 
adducts of platinum induce in DNA .conformational distortions in a 
sequence dependent manner. The monofunctional binding at the 
guanine residues in the sequences Py-G-Py (Py is a pyrimidine 
residue) results in the breakage of hydrogen bonds between 
platinated deoxyguanosine and complementary deoxyC}~idine. 

A systematic study of the interstrand lesion formed in DNA 
by clinically ineffective transplatin revealed that this lesion 
was formed between the sites in DNA 1 which were different from 
those involved in the interstrand cross-link of cisplatin. In 
addition 1 the DNA interstrand cross-links of cisplatin and 
transplatin induce in DNA different conformational alterations. 
Taken together 1 the role of the DNA monofunctional adducts and 
interstrand lesions in the mechanism of antitumor effect of 
~latinum drugs deserves further systematic examinations. 
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ULTRASONIC VELOCITY MEASUREMENTS ARE A NEW 
METHOD FOR INVESTIGATIONS OF DNA-UGAND 
INTERACTIONS. 

V.Buckin, L. De Maeyer, Th. Funck, Max-Pianck-lnstitute for Biophysical 
Chemistry, D-37077 Goettingen, Germany, 
E.Kudrjashov, F.Braginskaya, lnstitute of Chemical Physics Acad. Sci. of Russia, 
Moscow, Russia, 
B.Kankiya, Center of Radiobiology and Radiation Ecology, Georgian Acad.Sci. , 
Georgia, 
L.Marky, New York University, New York, U.S.A. 

The ultrasonic velocity in a solution is a sensitive probe for the 
hydration of the salute. Any binding of a ligand to DNA is accompanied 
by an overlap of the hydration shells of the DNA and of the ligand and 
therefore can be detected by following the change of ultrasonic velocity. 
The modern technique of ultrasonic measurements makes it 
possible to carry out differential titrations in 0.2 mi of a DNA solution 
by adding ligands directly in an ultrasonic resonator cell , at DNA 
concentrations less than 1 mg/ml. 

The ultrasonic titration curves for binding magnesium, netropsin (a 
minar groove ligand), ethidium and daunomycin (intercalators) to DNA 
duplexes of known sequences have been obtained. The stoichiometry 
of the DNA-Iigand complexes, binding constants and structural 
characteristics of the complexes have been evaluated from these 
curves. lt was shown that the structure of the magnesium-DNA 
complex depends on the nucleotide sequence. In this sense 
magnesium recognizes nucleotide sequences of a DNA double 
helix. The mechanism of the recognition is suggested. In case of 
netropsin, ethidium and daunomicyn the formation of secondary 
complexes have been detected and analyzed. 
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HYDRATION EFFECTS IN THE INTERACTION OF THE MINOR GROOVE 
LIGANDS NETROPSIN AND DISTAMYCIN TO POLYNUCLEOTIDES 

Luis A. Marky*, Dionisios Rentzeperis*, and Donald W. Kupket 
*Department of Chemistry, New York University, New York, NY 10003; and, 

tDepartment of Biochemistry, University of Virginia, Charlottesville,VA 22908. 

The non-intercalative ligands netropsin (Net) and distamycin (Dis) have been 
used to probe the relative hydration of the minor groove of eight synthetic 
polynucleotides of known sequence and composition. We used a combination of 
densimetric, calorimetric, and spectroscopic techniques to obtain complete 
thermodynamic profiles (~G 0

b, ~Hb, ~Sb and ~ Vb) for the association of Net 
and Dis to each polynucleotide. The interaction of each ligand to a given pair of 
isomer polynucleotides with identical composition and different sequences 
resulted in similar binding affinities. However, the duplexes with altemating 
purine/pyrimidine sequences generated much larger exothermic heats, less 
favorable entropies and larger volume contractions than did the córresponding 
homopurine/homopyrimidine duplexes. Furthermore, if we assumed similar 
structures for each pair of ligand-polynucleotide complexes, thereby creating 
thermodynamic cycles, the resulting differential thermodynamic profiles 
suggested that homopurine sequences in their unligated state are more hydrated 
than altemating purine/pyrimidine sequences. In addition, increasing the dG•dC 
content of the polynucleotides sharply reduced the affinity for the ligands, 
lowered the exothermic heats and raised the unfavorable binding entropies. 

The overall results showed an enthalpy-entropy compensation with a Tcomp. 
of 320 K, characteristic of processes where water molecules play a vital role. 
This suggests that differential hydration primarily is responsible for the observed 
differences in the thermodynamic parameters. Another important fmding was 
the apparent linear ~Sb-~ Vb correlation supporting the hypothesis that the 
observed volume changes reflect the coulombic-hydration contribution to the 
entropy. The slopes of the fitted lines, ~Sbvs ~ Vb, for Dis and Net are about one 
half and one quarter, respectively, the slope reported for the protonation of small 
organic acids. These reflecta 14% volume compression of the water dipoles in 
the minor groove of the unligated duplexes. Thus, the amount of water release 
from the minor groove is believed to be a function of the DNA sequence. It is 
this effect that gives rise to the observed linear correlation because other entropic 
contributions appear nearly identical for these ligand-polynucleotide systems. 
This work was supported by Grants GM-42223 (L.A.M.) and GM-34938 
(D.W.K.) from the National Institutes of Health, USA. 
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Structural Studies of Covalent Carcinogen-DNA Adducts 
and Antitumor Drug-DNA Complexes 

Dinshaw J . Patel 

Cellular Biochemistry and Biophysics Program 
Memorial Sloan-Kettering Cancer Center 

1275 York Avenue 
New York, New York 10021 

My presentation will discuss recen! structure determinations using combined NMR­
molecular dynamics approaches on the following systems: 

( 1) Benzo[a]pyrene-N2-guanine covalent adducts 
(2) benzo[c]phenanthrene-N6-adenine covalent adducts 
(3) Sterigmatocystin Mycotoxin-N7 -guanine covalent adducts 
(4) Duocarmycin-N3-adenine covalent adducts at DNA duplex and triplex leve! 
(5} SN-07 Anthracycline-N2-guanine covalent adducts at DNA duplex and triplex level 

The emphasis will be on covalently modified adducts positioned opposite their Watson­
Crick complementary base, as well as positioned opposite other bases reflecting base 
substitutions mutations and opposite deletion sites reflecting trame shift mutations. 
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RELATIONSHIPS BETWEEN STRUCTURE, DNA ADDUCT FORMATION AND 
CYTOTOXICITY FOR TWO SERIES OF NITROGEN MUST ARD 

ALKYLA TING AGENTS 

William A Denny, Theodore J. Boritzki, Graham J. Atwell and Lynn R. Ferguson 

Cancer Research Laborarory, University of Auckland School of Medicine, Privare Bag 92019, 
Auckland, New Zealand. 

Compounds which can be selectively activated to cytotoxic species in the chronically-hypoxic 
regions found in solid tumour tissue are of interest as potential tumour-specific drugs. These 
compounds (hypoxia-selective cytotoxins; HSCs) comprise an hypoxia-selective trigger 
(usually reductively-activated) and a cytotoxic effector which is then released in the centre 
of the solid tumour. Nitrogen mustards, which have an ability to kili hypoxic (non-cycling) 
cells by a well-understood mechanism (cross-linking of DNA), are a promising class of 
effector molecules for HSCs. Their suitability as effectors depends on a number of factors, 
including the nature of the DNA adducts formed by them, and the susceptibility of these 
adducts to repair by cellular enzymes. We report here interrelationships between these 
properties for two series of DNA-targeted mustards, designed as potential high-potency 
effectors for HSCs. 

For aniline mustards attached toa DNA-intercalating acridine moiety, the regiospecificity of 
alkylation depends on the length of the linker chain. While analogues tethered by a short 
chain alkylate as expected at the N7 position of guanine, longer-chain analogues (e.g. 1) 
alkylate double stranded DNA almost exclusively at the NI of adenine (the first aniline 
mustard reported todo so). 

Aniline mustards attached to a DNA minor groove locating polybenzamide structure (e.g., 2) 
also alkylate exclusively at AT sites, although the exact regiospecificity of alkylation appears 
to depend more subtly on structure. Preliminary evidence suggests alkylation at either A or 
T sites within AT-rich regions. 
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NEW DNA INTERCALATING AGENTS DERIVE!> I<'ROM 
PYRIDOp,l-ajBENZIMIDA1..0LilJM SALTS. 

J. Pastor,a J. Siro,• J. L. Garcia Navio,3 J . J. Vaquero,• J. Alvarez-Builla,• 
M. Ballesteros\> y F. Gago~ 

BDeplo. de Qulmica Organica, bDepto. de Qulmica Analítica y cocpto. de fannacologia. 
Universidad de Alcalá. E-28871 Alcalá de Henares. Madrid . 

Following a research project on the synthesis of new DNA interculating agents, 1 

the preparatiun uf diiTercnt bisint~n:alating agents,2 taking the complex ditercalinium­

ld(CGCG)]¡ as a modcl,3 is dcscribed .The methodology used to build lhe moleculcs, 

rclated lo 1 and 1, togcthcr with structural caractheristics and the results of diiTerent in 

2 

vitro evaluations will be prcscntcd. 
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2. S. C. Zimmcrmann, C. R. Lambcrson, M. Cory and T. A. Fairley, ./.A m. Chem . 

Soc.l989, 111,6805 . 

3. L. D. Williams and Qi Gao. Hioc:hemistry, 1992, 31, 4315 . 

Instituto Juan March (Madrid)



62 

Probing DNA-Ligand Interactions using Circular Dichroism 

Spectroscopy 

by Paula J. Bates• & Alisan Rodger 

Physical Chemistry Laboratory, South Parks Roád, Oxford, UK. 

•Present address: C.R.C. Biomolecular Structure Unit , The Institute of Cancer 

Research, Sutton, Surrey, U.K. 

Circular dichroism spectroscopy has been used to investigate the binding of chiral 

transition metal tris-(1,10-phenanthroline) complexes to calf thymus DNA, 

poly(dA-dT) and poly(dG-dC). The results have been used to assess the merits of a 

number of proposed models for [Ru(phen)3]2+-DNA complexes. 

The racemization of A- [Co(phen)3.f3+ in the presence of [Co(phen)3]2+and 

DNA has also been studied. It would appear that the presence of DNA causes a 

dramatic increase in the rate of racemization. The kinetics of the reaction have 

been investigated using stopped-flow techniques. 
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Interaction with DNA of viologens based on phenanthridinium 
systems: new luminescent probes/photoreagents for polynucleoti­
des. 
Colmenarejo, G.,1 Bárcena, M.,1 Gutiérrez-Alonao, M.C.,~ Orellana, G.,~ Mon­
tero, F.1 

l. DepArtamento de Bioqulmlca. y Biologfa MoleculAr 1, Facultad de Qulmica., Univei"Bidad 
Complutense de Madrid, E-28040 Madrid (Spain). 

2. Departamento de Química. Orgánic& I, Facultad de Qufmica., Uaiversida.d Complutense de 

Madrid, E-28040 Madrid (Spain) . 

The interc.tlative binding of aromatic heterocyclic cationic molecules with DNA has been 

well documented in systems such as acridine dyes, ethidium bromide, anthra.cyclines, por­

phyrins, etc. Viologens are a group oí ca.tionic organic compounds derived from dialkyla.ted 

2,2'· or 4,4'-bipyridines¡ all oí them are good electron a.cceptors towa.rds a great va.riety of 

reductants, a.nd have been widely used as pesticides due to their mutagenic power. 

Most of viologens ha.ve been demonstra.ted to intera.ct with DNA via groove binding¡ only 
recently, an interca.lative binding mode has been proposed for two viologens derived from 
dia.zapyrene1 a.nd diazaperopyrene.2 We have taken a.dva.ntage of the high a.ffiDity of phenyl­
phenanthridiaiwu ~y~Lt:ms (e.g. ethldium) for DNA to design a.nd eynthesize a fa.mily of 
aza.-a.nalogues that might interact with polynucleotides via. interca.lative binding, with the 
aim of exploiting the redox properties of the resulting viologens. 

OQn·PYP Me2-PYP 

n•2.3 

In this way, quaterniza.tion oí the heterocyclíc nitrogen atorru of 6-(2-pyridyl)-phena.n· 
thridines (pyp) with alkyl cha.ins has yielded severa.! strongly luminescent viologene. Their 

interaction with DNA has been characterized by means of binding isotherms (vía visible 

spectrophotometry), viacometric titrations, a.nd CD. Molecular mecha.nice techniques ha.ve 

been employed in order to investigate structura.l and energetica.lly the interca.lative binding 
of these drugs into oligonucleotides. The redox potentials in water have been measured by 
cyclic volta.mmetry. The strong emission from the excited state (e.g. ), "'"556nm for DQ2-

PYP) is quenched upon binding to DNA¡ experimenta with mononucleotides suggest tha.t 

the deactivation mecha.nism proceeds via. a photoinduced electron transfer from the DNA 
bases. The obta.ined reeults open the possibility oí employing these drugs as luminescent 

probesfartificial photonuclea.ses íor DNA. 

l. Blacker, J.A., et a.l J. Ohem. Soc. Ohem. Oommun. {1986),1035-1037. 

2. Sla.ma.-Schwok, A., et al Biocbemistry (1989)28,3227-3234¡3234-3242. 

Ac:knowledgements. The auCbom th&nk tbe Compluten1e University of Madrid and Che Uriac.b-

1838 private Foundat.ion (Barcelona) for their generous support of this researcb tbrough fundlng 

&nd doctor&! gran u to G.C. and M.C. G.-A. Tbis work was parti&lly supported &lao by DGICYT 

(Pro.ject PB92-0908). 
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· The Bjnding of 9-HydroxyelUpticine to DNA 

Alison Rodger, Gareth Fennel, Harriet Latham, Adrian Elcock 

Physical Chemistry Laboratory; South Park~ Road, Oxford, OXJ 4A.J, UK 

Derivatives ofthe naturally occurring plant alkaloid ellipticine show promise 
as anticancer agentsl. Binding of ellipticines to DNA is thought to interfere with the 
action ofthe enzyme Topoisomerase II (an enzyme responsible for the 
interconversion oftopological isomers ofDNA) resulting in the fonnation ofa 
'cleavable complex' and subsequently breaks in the DNA strands. Intercalation ofthe 
ellipticine ring system between DNA base pairs is a necessary, though not by itself 
sufficient, component for determining antitumour activity. 

CD, LD and UV absorption spectroscopies have been used to distinguish 
intcrcalation binding modes of9-hyd...""Oxyellipticine from externa! stacking modes (as 
evinced by exciton signals in tbe CD spectra) previously suggested by Monnot et al 
for 7-hydroxyisoellipticines2. Externa) stacking occurs more readily on mixed 
sequence CT-DNA than on the altemating pur-pyr sequences poly(dG-dC) and 
poly(dA-dn. The occurrence of extemal stacking at highcr drug concentrations 
suggests a possible reason for the suppression of cytotoxicity at hjgh drug doses. 

Molecular dynamics simulations have been uscd to investigate the 
intercalative binding of 9-hydroxyellipticine to the dodecamer ATA TATA TATA T 
with 22 sodiwn ions and approx. 2400 explicit \Vater molecules. Preliminary analysis 
of a 200ps dynamics trajectory shov."S the drug to be quite stable in tbe binding si te 
with little disruption ofbase-pairing adjacent to the intercalation site. 

C Auclair, Arch. Biochem. Biophys. 259, 1-14, (1987) 

2 M. Monnot, O. Mauffret, V. Simon, E. Lescot, B. Psaume, J-M. Saucier, 
M. Charra, J. Belehradek, S. Fermandjian, J. Biol. Chem. 266, 1820-1829, 
(1991) 
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Visualizing the dissociation of small ligands from DNA 

Michael C. Fletcher· & Keith R. Fox 

We have developed a footprinting protocol for visualising the dissociation of 
sequence-selective ligands from individual binding sites in mixed sequence DNA (Fletcher 
& Fox, 1993). This technique has been applied to a number of antitumour antibiotics 
including actinomycin, echinomycin, mithramycin and nogalamycin, measuring their 
dissociation from both natural and synthetic DNA fragments. 

Actinomycin, which is selective for the dinucleotide GpC, dissociates from mixed 
sequence DNAs with an average half-life of about 20 minutes at 2o•c. Dissociation from 
each GC site is not the same and reflects the nature of the surrounding sequences. 
Experiments with synthetic DNA fragments reveal that actinomycin dissociates from GC sites 
surrounded by regions of (A1). more slowly than those flanked by A..T •. There is no 
difference between AGCT and TGCA. Examination of kinetic parameters of the regions of 
enhanced DNase 1 cleavage around each footprinting site confirm that these arise from 
ligand-induced alterations in local DNA structure. 

Echinomycin, a bifunctional intercalator selective for CpG, also shows a spectrum of 
dissociation cates from DNA. While dissociation from several sites on tylT DNA is slow 
( > 30 minutes) one site (ACGC) is much faster and is complete within 2 minutes. 
Dissociation from a CG site flanked by blocks of (A 1). is slow (about 30 minutes) while it 
is apparently faster from a CG site surrounded by T •. A. regions ( < 10 minutes). The related 
synthetic ligand TANDEM, which is selective for the dinucleotide TpA, especially when 
flanked by AT-rich regions dissociates much faster and is complete by 2 minutes. 
Dissociation from AT AA is faster than from ATA T. In contras!, dissociation of T ANDEM 
from blocks of (A 1). is much slower requiring more than 30 minutes, and suggests a 
cooperative interaction of this ligand with (A T). tracts. 

Mithramycin, a GC-selective minor groove binding ligand, produces three footprints 
on tyff_ DNA. Dissociation from isolated GG si tes is much faster (about 30s) than from other 
GC-rich regions. Although the drug does not bind to A.GCT. it yields a footprint at a GC 
flanked by (A1). from which it dissociates with a half-life of approximately 2 minutes. 

The anthracycline derivative nogalamycin binds by spearing between the DNA base 
pairs, positioning substituents in both major and minor grooves. It has not absolute sequence 
binding preference but appears to recognise particular dynamic features of DNA structure. 
It binds best to regions of alternating purines and pyrimidines, especially to the sequence 
TGC. This ligand shows the slowest dissociation kinetics of the ligands so far investigated; 
several sites are still occupied more than 4 hours after commencing the dissociation process. 

In contrast the AT-selective minor groove binding ligand distamycin dissociates 
rapidly from DNA. At 4 •e the footprints disappear before the first time point after adding 
the competitor DNA ( < 20s). 
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DNA BINDING DOMAIN OF PHAGE 029 PROTEIN P6. 

R. Freire, M. Salas, J. M. Hermoso. 

Centro de Biología Molecular "Severo Ochoa" (CSIC-UAM), 

Universidad Autónoma, Cantoblanco, 28049Madrid, Spain. 

B. subtillis phage 029 has a linear double-stranded DNA with a terminal 
protein covalently bound at both S' ends. Replication is initiated at both 

genome ends by the viral DNA polymerase using the terminal protein as 

primer. The 029 protein p6 is required in vivo for DNA replication and 

stimulates in vitro the initiation reaction by forming a multimeric nucleoprotein 
complex, in which DNA is wrapped around a protein core. The protein p6 
binds in a coopera ti ve way to DNA through the rninor groove, and it has been 
proposed that DNA bendability is recognized as the signal for complex 
formation. 

We ha ve determined that the DNA binding domain of protein p6 is 

located at the N-terminal region, which contains the sequence: 

1-AKMMQREITKTIVNVAKMV-19. Protein p6 mutants, obtained by site­

directed mutagenesis, were tested for DNA binding, by DNase 1 footprinting. 
A change of R toA at position 6 gave rise toa mutant protein inactive in DNA 
binding. Changes in QS, T9, and K 2, 10, and 17 produced mutant proteins with 
impaired DNA binding activities. 

We have alsotested for DNA binding, a peptide that contains the N­

terminal19 arnino acids of wild-type protein p6, and the corresponding peptide 
with the substitution R toA at position 6 (R6A peptide).Although both peptides 
induce the same DNase 1 footprint pattern, the peptide R6A binds to DNA with 
100-fold less affinity than wild-type peptide, in agreement with the results 
obtained with the mutant protein. The DNA minor groove binding drug 

distamycin competes with the wild-type peptide for DNA binding, suggesting 
that the peptidebinds to the DNA through the minor groove, as it does protein 
p6. In order to study the peptide structure we ha ve obtaméd the CD spectra of 

the peptide in the absence and presence of DNA. We observed that the a helical 
content of the peptide increased u pon addition of DNA. 
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The role or atacklng lntenctlons In modulatlng the blndlng afllnlty or 

echlnomycln ror dlfferent ollgonucleotldes 

José Gallego and Federico Gago 

Departamento de Flslologta y Fannacologta, Universidad de Alcalá de Henares (Madrid). 

Echlnomycln, a member of the qulnoxaline famHy of antlblotics, blnds to DNA by blslntercalation, 

generally sandwtchlng a CpG step. The blndlng selectlvity of echlnomycln lar CpG sltes ls wldely 

considerad to be determinad by a number of hydrogen bonds between the antlblotic and the guanina 

bases. However, the stacldng lnteractlons between the chromophores of the antlblotlc and the adjacent 

base palrs must also play a role as the drug blnds differently to d(ACGD2 relativa to d(TCGA)2, or to 

d(ACGTACGD2 relativa to d(TCGATCGA)2" 

In the lnteractlon between stacked heteroarornatic systems, the electrostatlc tenn has been 

shown to detennlne thelr relatiVa orlentation, the van der Waals contributlon belng rather lndlscrlminate 

In comparison 1. The reason lar thls lles on the polarity of the charge dlstributlons, whlch can be 

accurately calculated by theoretlcal methods and representad In a simple fashion by the di poi e moment 

vectors. We have prevlously shown2 that: Q on Hoogsteen base palr formation, the dlpole moment of 

an AT base palr alters 1ts orlentatlon and lncreases from a value of about 2 O found for the Watson-Crick 

confonnatlon to more !han 5 O; IQ the calcutated dipole moment of the qulnoxallne-2<arboxamlde 

chromophores of echlnomycln 1s also large, as supported by experimental measurement (4.15 ± 0.03 

0). The conjunctlon of these two factors helped explaln why echinomycln prefers blndlng to d(ACGTh 

over d(TCGA)2, and why Hoogsteen palring schemes are only observad for the flanldng AT palrs of the 

fonner complex. 

We have now lnvestlgated the complexas of echlnomycln wlth !he octanucleotides 

d(ACGTACGD2 and d(TCGATCGA)2 (named A and T, respectively) by molecular dynamlcs slmulation 

technlques In aqueous solutlon, and a detalled analysis of the stacking lnteractlons lnvolving both the 

drug and the DNA base palrs has been perfonned. Our models suggest that, In addltlon to the drug-DNA 

stacking lnteractions, the stacldng !orces between the DNA base palrs are crucial to the stabilization of 

the complexas. Experimental work by NMR spectroscopy'l has shown that echlnomycln blnds 

cooperatively and more strongly to the A sequence relativa to the T sequence. Moreover, Hoogsteen 

AT palrs are translendy fonned only In the A complex, in which the AT palrs were also observed to be 

destabilized relativa to free DNA. We note that when the AT pairs adopta Hoogsteen scheme In this 

sequence the arrangement of dlpole vectors ls very favourable. On the contrary, In the complex of 

echlnomycln wlth T Hoogsteen AT base palring would give rise to a difieren! and unfavourable 

electrostatlc lnteractlon scheme and hence the Watson-Crick confonnatlon ls preferred for the A T base 

palrs of thls complex, In conSI)Il8nce wlth the experimental observatlons. 

(1) Reln, R. In Perspectives In Quantum Chemlstry and Biochemistry, vol. 11, Pullman •. B. Ed.; John Wiley 

& Sons: New York, pp. 307-362 {1978). 

(2) Gallego, J .; Ortiz, A. R.; Gago, F. J. Med. Chem. 36, 1548-1561 (1993). 

(3) GDbert, D. E.; Felgon, J. Blochem/stry 30, 2483-2494 (1991). 
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NEW DNA INTERCALATING AGENTS DERIVED FROM 
INDOW[3,2-a)QUINOLIZINIUM SAL TS. 

A. Molina., a J. L. Garcia Navio,a J. J. Vaquero,a J. Alvarez-Builla,a 
M. Ballesterosb y F. Gagoc 

aDepto. de Química Organica, bDepto. de Química Analítica y CDepto. de Farmacología. 
Universidad de Alcalá. E-28871 Alcalá de Henares. Madrid. 

Following a research project on the synthesis of new DNA intercalating agents, 1 

the preparation of different compounds, taking the complex ditercalinium-[d(CGCG)h as a 

model,2 is described.The methodology used to build the molecules, related to 1 and 2, 

together with structural caractheristics and the results of different in vil ro evaluations will 

be presented . 
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The Sequence-speci fic H'13 Box Peptide of TCF-1 Adopts a 

Predominantly a--tielical Ccnfonnation in Solution and Recognizes 

the Minar Groove of DNA. 

Leo van Haute•"', Pnnemiek van Oers•, Mar-e van de Wetering•, Dennis 
Dooijes•, Rob Kapteina. & Hans Clevers•. 

•Department of Irmunology, Lhiversity 1-bspital Utrecht, 3508 GA 

Utrecht and "' Department of 1\l"R Spectroscapy, Bijvoet Center for 
Biomalecular Research, Lhiversity of Utrecht, 3584 m Utrecht, The 

Netherlands. 

The High Mability Group (HMG) 1 bax is a pratein motif that 

mediates DNA binding in a novel family af transcription-regulating 
proteins. Severa! members af this family, including the lymphoid 
specific prateins TCF-1 and LEF-1 and the mammalian sex­
determining factor SRY, carry a single H'13 bax with affinity for 
the minar groove of the heptamer ~ binding moti f ~ or 

variations thereof. To initiate studies on the stnuctural 
characteristics of the TCF-1 H'13 bax, INe have expressed the 87-
amino acid H'13 bax in milligram quantities in Escherichia coli 
and purified the soluble peptide ta > 95/. homogeneity. The peptide 
bound DNA with the same specificity as the complete protein and 

was capable of inducing DNA bending. Circular dichraism <rnl 
analysis revealed TCF-1 H'13 bax ta adapt an appraximately 60/. a­

helix/40/. random coil conformation in salution. In the presence of 
an equimolar amount of double-stranded ~ containing the cognate 
motif, the CD spectrum changed significantly, implying the 
induction of a structuralmodification upon DNA/protein 
association. 

Instituto Juan March (Madrid)



70 

MODELLING AND NMR STUDIES OF A SERIES OF POTENT 
DNA MINOR GROOVE CROSSLINKING AGENTS 

Terence C. Jenkins •¡, Stephen Neidle 1, David E. Thurston2, and Laurence H. Hurley3 

1CRC Biomolecular Structure Unit, lnstitute of Cancer Research, Sutton, Surrey SM2 5NG, 

U.K.; 2Department of Pharmacy & Biomedical Sciences, University of Portsmouth, 

Portsmouth, Hants. POI 2DZ, U. K.; 3College of Pharmacy, University of Texas at Austin, 
Texas 78712, U.S.A. 

The sequence-specific covalent DNA-binding properties of a series of synthesisect 1•3 C8-to-C8' 
linked pyrrolo[2,1-c][1,4]benzodiazepine (PBD) dimers (e.g. DSB-120}, where the PBD units 

are linked by a 1,(1}-aikanedioxy diether linkage, have been modelled extensively using combined 
molecular mechanics and dynarnics techniques. PBDs form covalent bonds to guanine via the 
exocyclic arnino-groups positioned in the rninor groove of duplex DNA4•5, and our modelling 
suggests that the separation of the two alkylating units in the PBD dimers would favour the 
formation of interstrand DNA crosslinks for separated guanines disposed on adjacent strands. 

YN!í)'o~o'(I(Y 
lvN~OMe MeO~N'__j o o DSB-120 

Calculations for covalent complexes of DSB-120 with defined d(CGYGXXCY'CG) duplexes 
indicate: X X = AT >> AA(TT) = GG(CC) > CG > T A > GC, and that Y = pyr > pur. In the 
most favoured crosslinked DNA-drug adduct, the molecule spans 6 DNA bases and actively 
recognises an embedded d(·GATC.) motif. Two directed (ligand)N-H .. ·N3(Ade) hydrogen 
bonds are implicated in the recognition of spanned adenines within this crosslink site. Similar 
behaviour is computed for the homologous PBD dimer containing a -O(CH2)50- linkage, 

where the favoured binding site contains a d(·GANTC.) motif (where N =A- T > C » G). 

The self-complementary 1 0-mer d(CICG ATCICG) duplex was designed to test the interstrand 

crosslinking potential of DSB- 120. High-field 1 H-NMR (500 MHz) examination of the 1: 1 
stoichiometric adduct shows that the duplex is crosslinked symmetrically via the minor groove 
N2-positions of the core guanines, with 11 S, 11 'S stereochemistry in the ligand and mini mal 
DNA distortion. Refinement ofthe complex using molecular dynamics (X-PLOR) with dynarnic 
annealing and using interproton NOE distance restraints from the 20-NMR study gave a 
structure in which the crosslinked duplex retains an overall B-like DNA integrity. 

The implications for DNA recognition by this series of PBD dimers will be discussed. 

Acknowled¡:ement: We thank the Cancer Research Campaign (U.K.) for financia! support. 

1 .Bose, D.S., Thompson, A.S., Ching, J., Hartley, J.A., Berardini, M., Jenkins, T. C., 
Neidle, S., Hurley, L.H. and Thurston, D.E.: J. Amer. Chem. Soc. 114,4939-4941 (1992). 

2.Bose, D.S., Thompson, A.S., Smellie, M., Berardini, M.D., Hartley, J.A., Jenkins, T.C., 
Neidle, S. and Thurston, D.E.: J. Chem. Soc. Chem. Commun. 1518-1520 (1992). 

3.Jenkins, T.C., Neidle, S. and Thurston, D.E. Proceedings of the 11th Symposium on 
Chemistry of Heterocyclic Compounds, Prague, Czech Republic, Aug 29-Sep 4 ( 1993). 

4.Puvvada, M.S., Hartley, J.A., Jenkins, T.C. and Thurston, D.E.: Nucleic Acids Res. 21, 
3671-3675 (1993). 

5. Thurston, D.E.: in Molecular Aspects of Anticancer Drug-DNA lnteractions, Vol. 1, (Neidle, 
S., and Waring, M.J.: eds}, Macrnillan Press, London; pp 54-88 (1993). 
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Are DNA Triplexes A-form or B-form? Implications for Recognition. 

C.A. Laughton. CRC Biomolecular Structure Unit, Institute of Cancer 

Research, Sutton, Surrey SM2 SNG, U.K. 

Recently, there has been discussion as to whether the (polypurine) · 

(polypyrimidine) ·(polypyrimidine)-type triplexes have conformational 

features resembling A-DNA, as in the original fibre-diffraction-derived 

model, or more like B-DNA. Reasons for supporting the latter model 

include the deterrnination by runr of triplex sugar puckers, and the 

observation that a number of ligands which bind in the rninor groove of 

B-DNA but not A-DNA, can bind to triplexes. Reported here are the 

results of two 160ps molecular dynamics simulations of the triplex 

d(A)w·d(T)Jo d(T)w, performed with explicit solvent under periodic 

boundary conditions, starting from both A- and B-type structures. Both 

simulations show similar behaviour, with partial unwinding of the 

helices (reduction in twist and increase in rise), and a preponderance of 

01'-endo sugar puckers. The rninor groove has a width of 6.3-7.3 Á anda 

depth of about 3.6 Á (as calculated using CURVES [1]) . For comparison, the 

rninor groove of canonical 8-DNA has a width of 6.0 Á and depth of 5.5 Á, 

and for A-DNA the values are 10.9 and near zero, respectively . 

Reference: 

[1] R. Lavery and H. Sklenar, f. Biomol. Struct. Dyn., 6, 63-91 (1988). 
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Post-translational regulation of P-glycoprotein in mammalian tumour cells 

expressing a distinctive drug resistance phenotype after exposure to fractionated 

X-irradiation. 

Siobhán McClean and Bridget T. Hill 

Human ovarian (SKOV-3) and Chinese hamster ovarian (CHO) tumour cells, 

following in vitro exposure to fractionated X-irradiation expressed a distinctive 

multiple drug resistance phenotype characterised by : (i) resistance to Vinca alkaloids 

and epipodophyllotoxins, whilst retaining sensitivity to anthracyclines, and (ii) 

overexpre.ssion of P-glycoprotein (Pgp) in the absence of any concommitant elevation 

in Pgp mRNA. To establish the mechanism associated with this Pgp overexpression 

in these X-ray-pretreated sublines (SKOV-3/DXR-10 and CHO/#DXR-10), the half­

life of Pgp was exarnined in [35S]-methionine-labelled cells after 

immunoprecipitation with two monoclonal antibodies to Pgp and compared to that of 

drug-selected 'classic' multidrug resistant (MDR) sublines. A reduced rate of Pgp 

turnover was identified in both human and hamster DXR-10 sublines, with a half-life 

of ¿ 40h, compared with 10- 17 hin drug-selected MDR sublines. These results 

provide one of the f.t.rst detailed examples of Pgp regulation by post-translational 

increased stability and demonstrate that the development of drug resistance following 

X-ray-pretreatment may arise by a mechanism distinct from that resulting after drug 

selection. 
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MOLECULAR DYNAMICS AND QUANTUM MECHANICS SIMULA TI ONS 

OF THE INTERACTIONS BETWEEN THE DNA AND CATIONS. 

Modesto Orozco 1• F.J.luque2 , C.laughton3 • and S.Neidle3 

1Departament de Bioqulmica. Facultat de Oulmica. Universitat de Barcelona . Martl i Franqués 1. 

Barcelona 08028. SPAIN 
2Departament de Farmacia. Unitat Fisicoqulmica. Faculta! de Farmacia. Universitat de Barcelona . 

Avgda Diagonal sn. Barcelona 08028. SPAIN 
3 CRC Biomolecular Structure Unit. lnstitut of Cancer Research . Sutton, Surrey SM2 5NG. UK. 

Molecular Dynamic (MOl and ab initio methods have been used to study the interaction 

between B-DNA and cations. A fully hydrated dodecamer was used as a model of B·DNA, and 24 

Na~ counterions were used to mimic general cations interacting with the DNA. 

The polarization is expected to have a key role in the interaction between an anion like the 

DNA and a cation like the Na~ . Accordingly, this e Hect cannot be longer ignored, but must be 

incorporated into the MD simulations . For this purpose. a preliminary MD simulation of the 

DNA +water+ Na~ system was performed at the NPT IP = 1 atm, T = 298 Kl ensemble using the 

standard AMBER/AA Force-Field and periodic boundary conditions . These simulations allowed us 

to determine diHerent pattems of interaction between the DNA and the Na+ . Selected 

configurat ions representative of the diHerent patterns of interaction ("families" ) were used to 

recompute the ESP charges for the phosphate -Na • system using a mixed classical-ab initio 6 · 

31 + G • method . The charges for the diHerent " families " of configurations were weighted according 

to their probability factors. yielding to a set of configurationally-averaged charged. These new 

charges were used in additional MD simulations. These provide new "families" and new probabil ities 

factors , which lead to the definition of a new set of charges. Th is iterative process was repeated 

until convergence. 

The final ESP charges were u sed in two 150 ps MD simulations of the DNA +water+ Na + 

system. which allowed us to determine the pattems of interaction between B·DNA and counterions. 

and the changes in the phosphate charge distribution due to the vicinity of water and counterions. 
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THE ANTI Z-DNA REACTIVITY OF Z-DNA FORMING SEQUENCES IS AFFECTED 
BY PLATINUM ANTITUMOR DRUGS. 

José Manuel Pérez, Victor. M. González and Carlos Alonso. Centro de Biología Molecular 
"Severo Ochoa". Universidad Autónoma de Madrid. Facultad de Ciencias. 28049-Madrid 
(Spain). 

The effect of the binding of cis-diamminedichloroplatinum(II) (cis-DDP) and Pt-pentamidine 

(Pt-pent.) on the Z-DNA reactivity of potential Z-DNA forming sequences inserted in plasmids 

and the induction of the Z-DNA form in poly(dG-meldC) .poly(dG-médC) have been studied 

by ELISA and by CD spectroscopy, respective! y. The results indica te that cis-DDP and Pt-pcnt. 

increases the Z-DNA reactivity of Z-DNA forming sequences in a plasmid containing a 

(dG .dC) 16 insert (pUCZ8) and in the pF18 plasmid containing a native Z-DNA forrning sequence 

of Drosophila hydei. The molar ratio of platinum bound to nucleotides (rb) to produce 50% of 

the induced Z-DNA reactivity was 0.10 for cis-DDP:pF18 and 0.15 for Pt-pent. :pF18 and 0.10 

for both cis-DDP:pUCZ8 and Pt-pent. :pUCZ8. However, the efficacy of Pt-pent. to provoke 

in both plasmids the induced Z-DNA reactivity is about 2.5-fold higher than the capacity of 

cis-DDP. lt was observed, moreover, that while Pt-pent. was capable of inducing Z-DNA 

reactivity in a GC-rich DNA sequence of the Hsp 70 protein of Trvpanosoma cruzi inserted in 

pUC8 (p2M4E03) and in sequences of pUC8, cis-DDP suppresses the Z-DNA reactivity existing 

in these plasmids . We show, in addition, that pentamidine also induces Z-DNA reactivity in 

all the plasmids indicated above. The CD spectra of poi y (dG-meldC).poly(dG-me'dC) showing 

that the drugs are able to induce the Z-DNA form suggest that the increase in Z-DNA reactivity 

observed in plasmids bound to the drugs, may be dueto shifting towards a Z-DNA or Z-DNA 

like conformation of the Z-DNA forming sequences. 
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Multiple mode of binding of the distamycin-analoque FCE-24517 

with d(CGTATACG) 2. A 2D-NMR study supported by MM and MD 

calculations. 

S. Mazzini8
, G. Musco•, E. Ragg•·, S. Pencob 

"Dip. Scienze Molecolari Agr.,University of Milano,, via 
Celoria,2 20133 Milano, Italy; b Centro ricerche Farmitalia Carlo 
Erba, Via papa Giovanni XXIII, Nerviano (MI), Italy 

The interaction of a new distamycin analogue (FCE-24517, formed 
by a distamycin moiety linked to a nitrogen mustard) with the 
"AT"-rich oligodeoxynucleotide d(CGTATACG) 2 was studied by a 
combined usage of 20-NMR techniques ( ROESY, TOCSY and natural 
abundance 13c, 1H correlation). Proton and carbon resonances were 
assigned in terms of specific strand and residue. 

The analysis at different temperatures of the NMR signals lead 
to the characterization of the complex from both a kinetic and 
a structural point of view. NOE contacts were found between the 
drug pyrrolic and _propionamidinic protons and the H-2 and H-1' 
protons, located in the "TATA" segment. 

In spite of the presence of an alkylating moiety, the drug wa s 
found to bind only reversibly to the minor groove of the 
octanucleotide, forming two 1:1 complexes, which are present in 
solution in equal amounts and in slow exchange. The presence of 
multiple equilibrium reactions was preved by means of NOESY and 
ROESY spectra, where all the chemical exchange cross-peaks were 
analysed. The mean time of residence in the double helix was thus 
measured. 

The mobility of FCE-24517 within the minor groove was also 
studied by unrestrained molecular dynamics calculations. 
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DNA-Rifamycin SV interaction. Oxidative damage of DNA and the effect of 
antioxidants. 

Pilar Muñiz, Victoria Valls, Maria R. Oliva*, Eraci Drehmer, José Climent and 
Guillermo T. Sáez 
Oepartment of Biochemistry and Molecular Biology. Faculty of Medicine . 
University of Valencia. and *Department of Clinical Analyses and lnmunology. 
Hospital Virgen de las Nieves. Granada Spain. 

Quinone containing-antitumor antibiotics are able lo produce DNA damage 
by interacting with and/or free radical release during their oxidation mechanism. 
Activated free radical semiquinones can either rcact directly with biological 
targets such as DNA or RNA or generate the cytotoxic oxygen derived 02 -- and 

·OH. The formation of reactive oxygen s pecies has bcen proposed as the basi s for 
both lhe anlilumor acli1·i1y and for lht: t·ylolo.'\icity i.e. cardioloxicily of 
anthracyclins 1_ Oxygen reac1i1e spccies s uch as supero.'\ide (02· -) hydrogen 

peroxide (H202l and hydroxyl radi cal (OH.) are generated by different 

carcinogens. are mulagenic . lransforrn cells . and are carcinogenic. and it is 
bclieved that they play a role in lhe increasc of lipid peroxidation products whith 
age2 A cornmon fcature of thcsc processes is lhc DNA darnage induced during 
oxidalivc slrcss2 ,3_ ·OH radical s havc hccn shown lo darnagc deoxyribose and to 
rclcasc thiobarbituric acid (TBA) -rcactilc malcrial s both from DNA and frorn its 
sugar moiely4 Since thc original ohscnalio ns in 198-l hy Kasai and Nishimura5 , 
it has hecn clear that ·OH . which are considcred the most reactive species of 
oxygen intermediates, mediatc 8-0HdG fo rmation . The identificalion of 8-0HdG 
is specially importan! since its prcsence in DNA is considered as a possible factor 
in carcinogenesis. Thus thc prc s enc~: of 8 -0HdG in DNA template causes 
alpha-po lymerase lo mi scodc incorporali o n of nucleolides in the replicated 
s trand6 This effect is cnhanced when lhc oxidized base is upstream of a 
pyrimidine (C ). while lilllc selcclivily appt:ars lo he in the nucleotide inserted 
oppositc 8-0HG6 Thcsc resull s are su_ppl)rtcd by recen! data which clea rly 
indicate the mutagcnic acti1·ity of 8-0HdG '-

DNA-drug interaction studies ha1·c hecn pcrformed to invcstigate the 
damaging effect of Rifamycin SV and co pper(ll) ions on DNA , both "in vitro" 
and "in vivo".to define the possiblc reacti1·c s pccics involved in the degradation 
mechanism and lo emphas izc thc role o f free radical scavengers against the 
obscn·ed oxidativc damage. Foot-printing studies . previously performed in 
co laboration with Dr. Portugal's group. sho,, · the binding of the drug to A and T 
rich regions of the Hindlll and BamHII digested TyrTDNA fragment. 

lncubation of calf thymus DNA in the presence of rifamycin SV induces a 
decrease in the absorbance of DNA at 260 nm. The effect was found to be 
proportional to the antibiotic concentration and enhanced by copper(II) ions. In 
the presence of rifamycin SV and copper(ll) , a significan! increase in 
thiobarbituric acid-reactive (TBA-reactive) material is also observed. This effect 
is inhibited to different degrees by the following antioxidants : catalase 77%; 
thiourea 72%; glutathione (GSH) 62%; ethanol 52%; and DMSO 34%, suggesting 
that both hydrogen peroxide (H202) and hydroxyl radicals (-OH) are involved in 

DNA damage. Rifamycin SV -copper(ll) mixtures were al so found to induce the 
production of peroxidation material from deoxyribose and, in this case, 
glutathione and ethanol were the most effective antioxidant substrates with 
inhibition rates of91% and 88% respectively. 
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Electrophoretic studies show that calf thymus DNA becomes damaged after 20 
min. incubation in the presence of both agents and that the damaged fragments 
run with migration rates similar to those obtained by the metal chelating agent 
1,1 0-phenanthroline. The normal DNA electrophoretic pattern was found to be 
preserved by catalase, GSH at physiological concentrations, and by thiourea . No 
protection is observed in the presence of ethanol or DMS08. 

Free radical production during rifamycin SV oxidation was assessed by 
E. P.R. studies revealing the formation of a semiquino species which was modified 
in the presence of copper(ll) ions. These resul.ts are consisten! with the damage 
induced by the antibiotic to isolated hepatocytes.9 

The effect "in vitro" and "in vivo" of rifamycin SV on the formation of 
8-hydroxy-2'-deoxyguanosine (8-0HdG) has also been investigated . Oxidative 
modification of 2'-deoxyguanosine has been measured as an indication of DNA 
damage using HPLC with electrochemical detection . Rifamycin SV in the 
presence of copper(II) ions induces the formation of 8-0HdG in calf thymus 
DNA. The effect is enhanced by increasing the antibiotic conccntration and 
inhibited by catalase and hydoxyl radical ("OH) scavengers. such as thiourea and 
ethanol. depending on the rifamycin SV concentration . Reduced glutathione 
(GSH) inhibits DNA damage and this effect is proportional to the final 
concentration of the tripeptide in the incubation medium. A significan! increasc in 
the formation of 8-0HdG and of malondialdehyde (MOA) in rat livcr DNA was 
observed only in GSH depleted animals after 5 days of rifamycin SV treatment 10 

These results support the involvement of H202 and ·OH in the mcchanism of thc 

oxidativc modification of DNA ac hieved by rifamycin SV and cmphasizcs thc 
antioxidant properties of GSH against free radical induced damagell _ 

This work was supponed by a Grand DGICYT PM89-0095 and PA92-0514 lo G.T.S. 
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THREE"OIMENSIONAL STRUCTURE OF THE A-TRACT DODECAMER 

d(CGCAAATTTGCG) COMPLEXED WITH THE DRUG HOECHST 33258 

M. Cristina Vega • .Isabel García and Miquel Col! 

Unidad de Química Macromol..cular C.I.D.·C.S.I.C. 

1)pto. da 1119enleria Oufmica, Univarsidad Politécnica de Cataluña. 

DiaQOnal647, Barcelona 08028 . SPAIN 

. Nelropsin, distamycin and Hoechst 33258 are drugs with a common characteristic: 

their conformational planarity. Tt.is plays an important role in their interaction with 

the minor groove of DNA, in particular when AT base pairs are present. The DNA minor 

groove is narrower when the N2 atoms of the guanines are absent. This allows the dnug 

te fit tightly in the groove . 

We have tletermined the crystal s: ructure of the complex d(CGCAAATTTGCG)·Hoechst 

33258 at a. resolution of 2.4 A. The drug binds in the minor groove displaced from the 

center of the AT sequence covering from the A6.T19 base pair te almost the C10.G15 

base pair. The piperazine ring is positioned over the T9.A16 base pair (Fig.t) . The 

A4.T21 base pair is not covered by the drug. 

Two three-centered hydrogen bonds are found between the dnug and the DNA bases : 

Nt (Hoechst)-02( T19 and T7) ; N3(Hoechst) ·N3(A 18) and 02(T8). Other hydrogen 

bon.ds are formed between the drug and DNA deoxyribose atoms: 01 (Hoechst)·04'(T21) 

and the N6(Hoechst)-03'(#C24) . 

In order to understand the contormat ional var iability of the DNA and the influence ot 

drug binding, the present structure is compared with other DNA dodecamers with 

different sequences or complexed with different drugs. The DNA molecule presents a high 

propeller twlst in the A T base pairs as observed in previous dodecamer structures. A 

three-centered hydrogen bond occurs in the major groove between the N6 atom of AS and 

the 04 atoms of T19 and T20. 

Fi_g. 1 Stereo diagram o! the final omit map showing the position o! the drug in tha DNA 
minor groove. 

Instituto Juan March (Madrid)



80 

lH NMR STRUCI1JRAL ANÓ TIIERMODYNAMICAL ANAL YSIS OF DRUG-NUCLEIC 
ACID INfERACfiONS: PROFLA VINE WITII DEOXYTETRANUCLEOTIDES OF 
. DIFFERENTBASESEQUENCE 

Alexei N. Veselkovl and David B. Davies2 

Department ofPhysics and Chemistry, Insnument Development lnsútute, 
Sevastopol, 335053, Crimea, Ukraine. 

2 DepartmentofChemistry, Birkbeck College, University ofLondon, 
Gordon House, 29 Gordon Square, London, WCIH OPP, UK. 

The inleracúons of proflavine (PF) and four self complementary deoxyribonucleoside 
triphosphates, 5'-d(ApGpCpl), 5'-d(ApCpGpl), 5'-d(GpCpGpC) and 5'-d(CpGpCpG}, have been 
invesúgated by ID and 2D 500 MHz lH NMR spectroscopy. Proflavine binds preferenúally to the 
CG site of the tetramers in the duplex state and, as the four tetranucleotides contain O, 1 and 2 CG 
sequences, the effect of binding with different flanking residual nucleosides can also be studied. 

From a detailed analysis of the concentraúon dependences of proton chemical shifts of the 
interacúon of PF with the tetranucleorides, the contributions to the multiple equilibria of the PF, the 
deoxytetranucleoúdes and their different complexes (1 : 1, 1:2, 2:1, 2:2) ha ve been elucidated. The 
results show that PF binds preferenrially to the CG si te of the tetramers in the duplex state and to 
the reverse sequence (GC) in the monomer state.l,2 

The structures of the intercalation comp1exes of PF with the tetranucleotides ha ve been determined 
by a combinaúon of 2D NOE spectra and the calculated induced limiting chemical shifts of the PF 
protons. It was found for the PF-tetranucleoúde dup1ex complexes (1 :2) that mutual orientations of 
the planes of CG base pairs and the dye chromophore do not depend on tetramer base sequence nor 
on the type of nucleoside flanking the ligand binding si te. Nevenheless, the nature of the 
nucleotide sequence has marked influence on the magnitudes of the equilibrium association 
constants and, hence, on the probability of formation of such complexes in solurion. 

From a detailed analysis of the temperature dependences of the PF proton chemical shifts in the 
mixture with the tetranucleotides, the thermodynamic parameters (Mi and ~S) of different PF­
tetranucleotide complexes (i.e., 1:1, 1:2,2:1, 2:2) have also been determined.3 The results show 
that hydrophobic interactions play a significan! role in intercalaúve binding of PF to 
deoxyletranucleotide duplexes in aqueous solution. The results also show that the calculated 
melting temperatures (f m) of the PF-tetranucleotide duplexes are 12-15K greater than the T m for 
the tetranucleotides without the ligand and are also greater (5-7K) than T m determined directly 
from the experimental temperature dependences of chemical shifts which are weighted averages for 
the multicomponent system. 

References: 

l. Veselkov A.N., Davies D.B., Djimant L.N., Parkes H.G., Mol. Biol., 1991,25, 1504. 

2. Veselkov A.N., Davies D.B., Djimant L.N., Parkes H.G., Biophysics, 1992,37, 17. 

3. Davies D.B., Djimant L.N., Veselkov A.N., Nucleos & Nucleot., 1994,13 (1), (in press). 
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Reversa! from Z- to 8-form of poly[d(A-T)) induced by the 

antibiotics netropsin and distamycin. 
G. 8urckhardt and C. Zimmer 
lnstitut für Molekularbiologie der Friedrich-Schiller-Universitat Jena 

Winzerlaer Str. 10, 07745 Jena, Germany 

The antibiotics netropsin and distamycin represent the group of parent 

minor groove binders, which show a high preference for AT-sequences of 

8-0NA; whereas sequence-specific binding to A- and Z-ONA was not ob­

servad (1 ). However, interaction with the Z-form of poly[d(G-C)] of 

distamycin and sorne analogs may occur under certain conditions (2), but 

it is still unclear whether these ligands may bind AT-specifically to Z­

ONA or they will convert it to 8-0NA. To answer this ques ~ ion we have 

studied the binding of netropsin and distamycin to the Z-form of 

poly[d(A-T)]. which exists in solution in presence of 95 mM NiCI
2 

at 5 M 

NaCI (3). CO measurements showed that the transition from 8- to Z-form 

of poly[d(A-T)] occurring in 5 M NaCI solution between 85 mM NiCI
2 

and 

95 mM NiCI
2 

is inhibited by these ligands . Netropsin and distamycin form 

stable complexas with this ONA duplex polymer at 4 to 5 M NaCI (1 ). CO 

titration studies of netropsin and distamycin A with the 8-form (at 5 M 

NaCI) and Z-form (at 5 M NaCI plus 95 mM NiCI2 ) of poly[d(A-T)) indicated 

that these ligands induce a conversion from the Z- to 8-form of the duplex 

polymer. Our data suggest that AT-specific interaction of netropsin and 

distamycin with ONA stabilizes ONA 8-conformation but not the Z-con­

formation. Structural reasons of these differential binding behaviour of 

nonintercalators are discussed. 

References: 
(1) Zimmer,C. and Wahnert,U. (1Stl6) Prog.8iophys.Mol.8iol. 47, 31-112. 

(2) Rao, K.E. et al. (1989) J.8iomolec.Struct.Oyn. 7, 335-345. 

(3) 8ourtayre, P. et al. (1987) J .8iomoi.Struct.Oyn. 5,97-104. 
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Novel bís-platinum-complexes and their interaction with DNA. 

Haralabos Zorbas• and Wolfgang Beck•• 
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lnorganic metal complexes are frequently used for therapeutic purposes. Especially plat­
inum complexes are administered in cancer diseases. The most importan! compounds in 
cancer chemotherapy are cis-diamminedichloroplatinum(ll) (cis-DDP, cisplatin) and carbo­
platin. Cisplatin is used alone or in combination with other drugs mainly in the treatment of 
testicular and ovarian tumours with very good results. The biological target of cisplatin is 
the DNA. The reaction of cisplatin with DNA leads to several adducts that cause inhibition 
of DNA replication and cell death. The most abundan! DNA modification , the d(GpG)-1 ,2-
intrastr::~nd crosslink, results in a profound distortion of the DNA secondary structure 
(bending and unwinding) which eventually leads to cy1otoxicity. Although cisplatin is a po­
ten! antitumour agent, it also displays undesirable side eflects, e.g., extreme nephrotoxicity, 
nausea and vomiting . Emerging resistance to cisplatin is another majar problem. Therefore, 
many other platinum compounds (cisplatin analogues) were synthesized as an alternativa 
to cisplatin; sorne of them are at difieren! stages of clinical trials. A recen! interesting deve­
lopment are the dinuclear bis-platinum-complexes which display unique structural features 
in comparison with known cisplatin analogues, and therefore may react fundamentally dif­
ferently and/or more eflectively with DNA, e.g., through enhanced formation of interstrand 

crosslinks. This difieren! and stronger DNA binding could result in a better chemotherapeu­
tic potential. 

In our project novel bis-platinum-complexes in which two cis-PtCI2 units are connected with 
a spacer will be synthesized. These complexas are thus potentially tetrafunctional. The 
spacer length can vary. The biochemistry and biology of these new compounds will be in­
vestigated, in particular: 

• The molecular interaction with DNA (aflinity, base specificity, influence of the neighbour­
ing sequences, the kind of crosslinks, eflects on the DNA secondary structure) will be 
analysed with chemical (DMS, OH radicals, ethylnitrosourea, KMn04, Os04, DEPC, BAA, 
CAA) and enzymatic (DNase 1, exonucleases, single strand specific nucleases) means 
with the aim to determine whether these bis-platinum-complexes bind the DNA more 
strongly/diflerently than cisplatin. 

• The effect of these compounds on DNA replication will be analysed quantitatively with the 
aim to ascertain whether they are more poten! inhibitors than cisplatin. 

• lt will be investigated, whether these compounds possess antitumour activity and if they 
are active against cisplatin resistan! cells. 

• lt should be answered if these compounds are suitable for further analyses as an alterna­
tiva to cisplatin. 
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246 Workshop on Tolerance: Mechanisms 
and implications. 
Organized by P. Marrack and C. Martí­
nez-A. Lectures by H. von Boehmer, J. 
W. Kappler, C. Martínez-A., H. Wald­
mann, N. Le Douarin, J. Sprent, P. Mat­
zinger, R. H. Schw_¡¡rtz, M. Weigert, A. 
Coutinho, C. C. Goodnow, A. L. DeFran­
co and P. Marrack. 

247 Workshop on Pathogenesís-related 
Proteins in Plants. 
Organized by V. Conejero and L. C. Van 
Loon. Lectures by L. C. Van Loon, R. Fra­
ser, J. F. Antoniw, M. Legrand, Y. Ohashi, 
F. Meins, T. Boller, V. Conejero, .c. A. 
Ryan, D. F. Klessig, J. F. Bol, A. Leyva 
and F. García-Oimedo. 

248 Beato, M.: 
Course on DNA - Protein lnteraction. 

249 Workshop on Molecular Diagnosis of 
Cancer. 
Organized by M. Perucho and P. García 
Barreno. Lectures by F. McCormick, A. 
Pellicer, J. L. Bos, M. Perucho, R. A. 
Weinberg, E. Harlow, E. R. Fearon, M. 
Schwab, F. W. Alt, R. Dalla Favera, P. E. 
Reddy, E. M. de Villiers, D. Slamon, l. B. 
Roninson, J. Groffen and M. Barbacid. 

251 Lecture Course on Approaches to Plant 
Development. 
Organ ized by P. Puigdoménech and 
T. Nelson. Lectures by l. Sussex, R. S. · 
Poethig, M. Delseny, M. Freeling, S. C. de 
Vries, J. H. Rothman, J. Modolell, F. Sala­
mini , M. A. Estelle, J. M. Martínez Zapater, 
A. Spena, P. J. J. Hooykaas, T. Nelson, 
P. Puigdoménech and M. Pagés. 

252 Curso Experimental de Electroforesis 
Bidimensional de Alta Resolución. 
Organizado por Juan F. Santarén. Semi­
narios por Julio E. Celis, James l. Garrels, 

Joel Vimdekerckhove, Juan F. Santarén 
y Rosa Assiego. 

253 Workshop on Genome Expression and 
Pathogenesis of Plant RNA Viruses. 
Organized by F. García-Arenal and P. Pa­
lukaitis. Lectures by D. Baulcome, R. N. 
Beachy, G. Boccardo, J. Bol, G. Bruening, 
J. Burgyan, J. R. Díaz Ruiz, W. G. Dou­
gherty, F. García-Arenal, W. L. Gerlach, 
A. L. Haenni , E. M. J. Jaspars, D. L. Nuss, 
P. Palukaitis, Y. Watanabe and M. Zaitlin. 

254 Advanced Course on Biochemistry and 
Genetics of Yeast. 
Organized by C. Gancedo, J. M. Gance­
do, M. A. Delgado and l. L Calderón. 

255 Workshop on The Reference Points in 
Evolution. 
Organized by P. Alberch and G. A. Dover. 
Lectures by P. Alberch, P. Bateson, R. J. 
Britten, B. C. Clarke, S. Conway Morris, 
G. A. Dover, G. M. Edelman, R. Flavell, 
A. Fontdevila, A. García-Bellido, G. L. G. 
Miklos, C. Milstein, A. Moya. G. B. Müller, 
G. Oster, M. De Renzi, A. Seilacher, 
S. Stearns, E. S. Vrba, G. P Wagner, 
D. B. Wake andA. Wilson . 

256 Workshop on Chromatin Structure and 
Gene Expression. 
Organized by F. Azorín, M. Beato and 
A. A. Travers. Lectures by F. Azorín, M. 
Beato, H. Cedar, R. Chalkley, M. E. A. 
Churchill, D. Clark, C. Crane-Robinson, 
J. A. Dabán, S. C. R. Elgin, M. Grunstein, 
G. L. Hager, W. Horz, T. Koller, U. K. 
Laemmli, E. Di Mauro, D. Rhodes, T. J. 
Richmond, A. Ruiz-Carrillo, R. T. Simpson, 
A. E. Sippel, J. M. Sogo, F. Thoma, A. A. 
Travers, J. Workman, O. Wrange and 
C. Wu. 
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257 Lectura Course on Polyamines as mo­
dulators of Plant Devalopment. 
Organized by A. W. Galston andA. F. Ti­
burcio. Lectures by N. Bagni, J. A. Creus, 
E. B. Dumbroff, H. E. Flores, A. W. Galston, 
J. Martin-Tanguy, D. Serafini-Fracassini, 
R. D. Slocum, T. A. Smith andA. F: Tibur­
cio. 

258 Workshop on Flowar Davalopmant. 
Organized by H. Saedler, J. P. Beltrán and 
J. Paz Ares. Lectures by P. Albersheim, 
J. P. Beltrán, E. Coen, G. W. Haughn, J. 
Leemans, E. Lifschitz, C. Martín, J. M. 
Martínez-Zapater, E. M. Meyerowitz, J. 
Paz-Ares, H. Saedler, C. P. Scutt, H. 
Sommer, R. D. Thompson and K. Tran 
Thahn Van. 

259 Workshop on Transcription and Repli­
cation of Negativa Stra!'ld RNA Viruses. 
Organized by D. Kolakofsky and J. Ortín. 
Lectures by A. K. Banerjee, M. A. Billeter, 
P. Collins, M. T. Franze-Fernández, A. J. 
Hay, A. lshihama, D. Kolakofsky, R. M: 
Krug, J. A. Melero, S. A. Moyer, J. Ortín, 
P. Palese. R. G. Paterson, A. Portela, M. 
Schubert, D. F. Summers, N. Tordo and 
G. W. Wertz. 

260 Lectura Course Molecular Biology of 
tha Rhizobium-Laguma Symbiosis. 
Organized by T. Ruiz-Argüeso. Lectures 
by T. Bisseling, P. Boistard, J. A. Downie, 
D. W. Emerich, J. Kijne, J. Olivares, 
T. Ruiz-Argüeso, F. Sánchez and H. P. 
Spaink. 

261 Workshop Tha Ragulation of Transla­
tion in Animal Virus-Infectad Calls. 
Organized by N. Sonenberg and L. Ca­
rrasco. Lectures by V. Agol, R. Bablanian, 
L. Carrasco , M. J. Clemens, E. Ehrenfeld, 
D. Etchison, R. F. Garry, J. W. B. Hershey, 
A. G. Hovanessian, R. J. Jackson, M. G. 
Katze, M. B. Mathews, W. C. Merrick, D. 
J. Rowlands, P. Sarnow, R. J. Schneider, 
A. J. Shatkin, N. Sonenberg, H. O. Voor­
ma and E. Wimmer. 

263 Lectura Coursa on the Polymarase 
Chain Raaction. 
Organized by M. Perucho and E. Martínez-

Salas. Lectures by D. Gelfand, K. Hayashi, 
H. H. Kazazian, E. Martínez-Salas, M. Me 
Clelland, K. B. Mullís, C. Oste, M. Perucho 
and J. Sninsky. 

264 Workshop on Yaast Transport and 
Enargatics. 
Organized by A. Rodríguez-Navarro and 
R. Lagunas. Lectures by M. R. Chevallier, 
A. A. Eddy, Y. Eilam, G. F. Fuhrmann. A. 
Goffeau, M. Hofer, A. Kotyk, D. Kuschmitz, 
R. Lagunas, C. Leao, L. A .. Okorokov, A. 
Peña, J. Ramos, A. Rodríguez-Navarro, 
W. A. Scheffers and J. M. Thevelein 

265 Workshop on Adhasion Receptors in 
the lmmuna Systam. 
Organized by T. A. Springer and F. Sán­
chez-Madrid. Lectures by S. J. Burakoff, 
A. L. Corbi-López, C. Figdor, B. Furie, J. 
C. Gutiérrez-Ramos, A. Hamann, N. Hogg, 
L. Lasky, R. R. Lobb, J. A. López de Cas­
tro, B. Malissen, P. Moingeon, K. Okumu­
ra, J. C. Paulson, F. Sánchez-Madrid, S. 
Shaw, T. A. Springer, T. F. Tedder andA. 
F. Williams. 

266 Workshop on lnnovations on Protea­
ses and their lnhibitors: Fundamental 
and Applied Aspects. 
Organized by F. X. Avilés. Lectures by T. 
L. Blundell, W. Bode, P. Carbonero, R. 
W.Carrell , C. S. Craik, T. E. Creighton, E. 
W. Davie, L. D. Fricker, H. Fritz, R. Huber, 
J. Kenny, H. Neurath, A. Puigserver, C. 
A. Ryan, J. J. Sánchez-Serrano, S. Shal­
tiel , R. L. Stevens, K. Suzuki , V. Turk, J. 
Vendrell and K. Wüthrich. 

267 Workshop on Role of Glycosyi-Phos­
phatidylinositol in Cell Signalling. 
Organized ·by J. M. Mato and J. Larner. 
Lectures by M. V. Chao, R. V. Farese, J. 
E. Felíu , G. N. Gaulton, H. U. Hiiring, C. 
Jacquemin, J. Larner, M. G. Low, M. Mar­
tín Lomas, J. M. Mato, E. Rodríguez­
Boulan, G. Romero, G. Rougon, A. R. 
Saltiel, P. Stralfors and l. Varela-Nieto. 

268 Workshop on Salt Tolerance in Mi­
croorganisms and Plants: Physiological 
and Molecular Aspects. 
Organized by R. Serrano and J. A. Pintor-
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Toro. Lectures by L. Adler, E. Blumwald, 
V. Conejero, W. Epstein, R. F. Gaber, P. 
M. Hasegawa, C. F. Higgins, C. J. Lamb, 
A. Lauchli , U. Lüttge, E. Padan, M. Pages, 
U. Pick, J. A. Pintor-Toro, R. S. Quatrano, 
L. Reinhold, A. Rodríguez-Navarro, R. 
Serrano and R. G. Wyn Jones. 

269 Workshop on Neural Control of Move­
ment in Vertebrates. 

Texts published by the 

Organized by R. Baker and J. M. Delgado­
García. Lectures by C. Acuña, R. Baker, 
A. H. Bass, A. Berthoz, A. L. Bianchi, J. 
R. Bloedel, W. Buño, R. E. Burke, R. Ca­
miniti, G. Cheron, J. M. Delgado-García, 
E. E. Fetz, R. Gallego, S. Grillner, D. Guit­
ton, S. M. Highstein, F. Mora, F. J. Rubia 
Vila, Y. Shinoda, M. Steriade and P. L. 
Strick. 

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

Workshop on What do Nociceptors Tell 
the Brain? · 
Organized by C. Belmonte and F. Cerveró. 
Lectures by C. Belmonte, G. J. Bennet, J. 
N. Campbell, F. Cerveró, A. W. Duggan, J . 
G:>llar, H. O. Handwerker, M. Koltzenburg, 
R. H. LaMotte, R. A. Meyer, J . Ochoa, E. 
R. Perl , H. P. Rang, P. W. Reeh, H. G. 
Schaible, R. F. Schmidt, J . Szolcsányi, E. 
Torebjork and W. D. Willis Jr. 

2 Workshop on DNA Structure and Protein 
Recognition. 
Organized by A. Klug and J. A. Subirana. 
Lectures by F. Azorín, D. M. Crothers, R. 
E. Dickerson, M. D. Frank-Kamenetskii , C. 
W. Hilbers, R. Kaptein, D. Moras, D. Rho­
des, W. Saenger, M. Salas, P. B. Sigler, L. 
Kohlstaedt, J. A. Subirana, D. Suck, A. Tra­
vers and J. C. Wang. 

3 Lecture Course on Palaeobiology: Pre­
paring for the Twenty-First Century. 
Organized by F. Alvarez and S. Conway 
Morris. Lectures by F. Alvarez, S. Conway 
Morris, B. Runnegar, A. Seilacher and R. 
A. Spicer. 

4 Workshop on The Past and the Future 
of Zea Mays. 
Organized by B. Burr, L. Herrera-Estrella 
and P. Puigdoménech. Lectures by P. 
Arruda, J. L. Bennetzen, S. P. Briggs, B. 
Burr, J . Doebley, H. K. Dooner, M. Fromm, 
G. Gavazzi, C. Gigot, S. Hake, L. Herrera­
Estrella, D. A. Hoisington, J. Kermicle, M. 
Motto, T. Nelson, G. Neuhaus, P. Puigdo­
meolech, H. Saedler, V. Szabo andA. Viotti . 

5 Workshop on Structure of the Major His­
tocompatibility complex. 
Organized by A. Arnaiz-Villena and P. Par­
ham. Lectures by A. Arnaiz-Villena, R. E. 
Bontrop, F. M. Brodsky, R. D. Campbell, 
E. J. Collins, P. Cresswell, M. Edidin , H. 
Erlich , L. Flaherty, F. Garrido, R. Germain, 
T. H. Hansen, G. J. Hammerling, J . Klein , 
J. A. López de Castro, A. McMichael , P. 
Parham, P. Stastny, P. Travers and J. 
Trowsdale. 

6 Workshop on Behavioural Mechanisms 
in Evolutionary Perspective. 
Organized by P. Bateson and M. Gomendio. 
Lectures bv J. R. Alberts, G. W. Barlow, 
P. Bateson, T. R. Birkhead, J. Carranza, C. 
ten Cate, F. Colmenares, N. B. Davies, R. 
1. M. Dunbar, J. A. Endler, M. Gomendio, 
T. Guilford, F. Huntingford, A. Kacelnik, J. 
Krebs, J. Maynard Smith, A. P. M0ller, J. 
Moreno, G. A. Parker, T. Redondo, D. l. 
Rubenstein , M. J. Ryan, F. Trillmich and J. 
C. Wingfield. 

7 Workshop on Transcription lnitiation in 
Prokaryotes. 
Organized by M. Salas and L. B. Rothman­
Denes. Lectures by S. Adhya, H. Bujard, 
S. Busby, M. J. Chamberlin , R. H. Ebright, 
M. Espinosa, E. P. Geiduschek, R. L. Gour­
se, C. A. Gross, S. Kustu , J. Roberts, L. B. 
Rothman-Denes, M. Salas, R. Schleif, P. 
Stragier and W. C. Suh. 
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8 Workshop on the Diversity of the lmmu­
noglobulin Superfamily. 
Organized by A. N. Barclay and J. Vives. 
Lectures by A. N. Barclay, H. G. Boman, l. 
D. Campbell, C. Chothia, F. Díaz de Espada, 
l. Faye, L. García Alonso, P. R. Kolatkar, 
B. Malissen, C. Milstein, R. Paolini, P. Par­
ham, R. J. Poljak, J. V. Ravetch, J. Salzer, 
N. E. Simister, J. Trinick, J. Vives, B. Wes­
termark and W. Zimmermann. 

9 Workshop on Control of Gene Expression 
in Yeast. 
Organized by C. Gancedo and J. M. Gan­
cedo. Lectures by T. G. Cooper, T. F. Do­
nahue, K:-D. Entian, J. M. Gancedo, C. P. 
Hollenberg, S. Holmberg, W. Horz, M. 
Johnston, J. Mellar, F. Messenguy, F. Mo­
reno, B. Piña, A. Sentenac, K. Struhl , G. 
Thireos and R. S. Zitomer. 

1 O Workshop on Engineering Plants 
Agaiilst Pests and Pathogens. 
Organized by G. Bruening, F. García-01-
medo and F. Ponz. Lectures by R. N. Bea­
chy, J. F. Bol , T. Boller, G. Brueníng, P. 
Carbonero, J. Dangl , R. de Feyter, F. Gar­
cía-Oimedo, L. Herrera-Estrella, V. A. Hil­
der, J. M. Jaynes, F. Meins, F. Ponz, J. 
Ryals, J. Schell, J. van Rie, P. Zabel and 
M. Zaitlin. 

11 Lecture Course on Conservation and 
Use of Genetic Resources. 
Organízed by N. Jouve and M. Pérez de la 
Vega. Lectures by R. P. Adams, R. W. Allard , 
T. Benítez, J. l. Cubero, J. T. Esquinas­
Alcázar, G. Fedak, B. V. Ford-Lioyd, C. Gó­
mez-Campo, V. H. Heywood, T. Hodgkin, 
L. Navarro, F. Orozco, M. Pérez de la Vega, 
C. O. Qualset, J. W. Snape and D. Zohary. 

12 Workshop on Reverse Genetics of Ne­
gative Stranded RNA Viruses. 
Organized by G. W. Wertz and J. A. Melero. 
Lectures by G. M. Air, L. A. Ball , G. G. 
Brownlee, R. Cattaneo, P. Collins, R. W. 
Compans, R. M. Elliott, H.-D. Klenk, D. Ko­
lakofsky, J. A. Melero, J. Ortín , P. Palese, 
R. F. Pettersson , A. Portela, C. R. Pringle, 
J. K. Rose and G. W. Wertz. 

13 Workshop on Approaches to Plant Hor­
mona Action. 
Organized by J. Carbonen and R. L. Jones. 
Lectures by J. P. Beltrán, A. B. Bleecker, 
J. Carbonen, R. Fischer, D. Grierson, T. 
Guilfoyle, A. Jones, R. L. Jones, M. Koorn-

neef, J. Mundy, M. Pagas, R. S. Quatrano, 
J. l. Schroeder, A. Spena, D. Van Der 
Straeten and M. A. Venís. 

14 Workshop on Frontiers of Alzheimer Di­
sease. 
Organized by B. Frangione and J. Avila. 
Lectures by J. Avila, K. Beyreuther, D. D. 
Cunningham, A. Delacourte, B. Frangione, 
C. Gajdusek, M. Goedert, Y. lhara, K. lqbal, 
K. S. Kosik, C. Milstein, D. L. Price, A. 
Probst, N. K. Robakis, A. D. Roses, S. S. 
Sisodia, C. J. Smith, W. G. Turnen and H. 
M. Wisniewski. 

15 Workshop on Signal Transduction by 
Growth Factor Receptors with Tyrosine 
Kinase Activity. 
Organized by J. M. Mato and A. Ullrich. 
Lectures by M. Barbacid, A. Bernstein, J. B. 
Balen, J. Cooper, J. E. Dixon, H. U. Hiiring, 
C.- H. Heldin, H. R. Horvitz, T. Hunter, J. 
Martín-Pérez, D. Martín-Zanca, J. M. Mato, 
T. Pawson, A. Rodríguez-Tébar, J. Schles­
singer, S. l. Taylor, A. Ullrich, M. D. Water­
field and M. F. White. 

16 Workshop on lntra- and Extra-Cellular 
Signalling in Hematopoiesis. 
Organized by E. Donnall Thomas and A. 
Grañena. Lectures by M. A. Brach, D. Can­
tren, L. Coulombel, E. Donnall Thomas, M. 
Hernández-Bronchud, T. Hirano, L. H. 
Hoefsloot, N. N. lscove, P. M. Lansdorp, 
J. J. Nemunaitis, N. A. Nicola, R. J. O'Rei­
lly, D. Orlic, L. S. Park, R. M. Perlmutter, P. 
J. Ouesenberry, R. D. Schreiber, J. W. Sin­
ger and B. Torok-Storb. 

17 Workshop on Cell Recognition During 
Neuronal Development. 
Organized by C. S. Goodman and F. Jimé­
nez. Lectures by J. Bolz, P. Bovolenta, H. 
Fujisawa, C. S. Goodman, M. E. Hatten, E. 
Hedgecock, F. Jiménez, H. Keshishian, J. 
Y. Kuwada, L. Landmesser, D. D. M. O'Lea­
ry, D. Pulido, J. Raper, L. F. Reichardt, M. 
Schachner, M. E. Schwab, C. J. Shatz, M. 
Tessier-Lavigne, F. S. Walsh and J. Walter. 

18 Workshop on Molecular Mechanisms of 
Macrophage Activation. 
Organized by C. Nathan and A. Celada. 
Lectures by D. O. Adams, M. Aguet, C. 
Bogdan, A. Celada, J. R. David, A. Ding, 
R. M. Fauve, D. Gemsa, S. Gordon, J. A. 
M. Langermans, B. Mach, R. Maki, J. Mauel, 
C. Nathan, M. Rollinghoff, F. Sánchez-Ma­
drid, C. Schindler, A. Sher and Q.-w. Xie. 
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19 Workshop on Viral Evasion of Host De­
tense Mechanisms. 
Organized by M. B. Mathews and M. Este­
ban. Lectures by E. Domingo, L. Enjuanes, 
M. Esteban, B. N. Fields, B. Fleckenstein, 
L. Gooding, M. S. Horwitz, A. G. Hovanes­
sian, M. G. Katze, l. M. Kerr, E. Kieff, M. B. 
Mathews, G. McFadden, B. Moss, J. Pavlo­
vic, P. M. Pitha, J . F. Rodríguez, R. P. Ric­
ciardi, R. H. Silverman, J . J . Skehel, G. L. 
Smith, P. Staeheli, A. J . van der Eb, S. 
Wain-Hobson, B. R. G. Williams and W. 
Wold. 

20 Workshop on Genomic Fingerprinting. 
Organized by M. McCielland and X. Estivill. 
Lectures by G. Baranton, D. E. Berg, X. Es­
tivill, J. L. Guénet, K. Hayashi, H. S. Kwan, 
P. Liang, M. McCielland, J: H. Nadeau, D. 
L. Nelson, M. Perucho, W. Powell, J . A. 
Rafalski, O. A. Ryder, R. Sederoff, A. J . G. 
Simpson, J . Welsh and H. Zischler. 
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T he Centre for lnte rn ational Meetings on Biology 
has bee n created within the 

Instituto Juan March de Estudios e In vestigaciones , 

a prívate found ation which complements the work 
of thc Fundación Juan March (established in 1955) 

as an entity specialized in scientific acti vities 
in general. 

T he Centre's initi at ives stem from th c Plan 
for lntc rn ation a l Meetings on Biology , 

supported by the Fundación Juan Murch. 

A total of 30 mcetings and 3 Juan March Lecture 
Cyclcs, a ll dealin g with a wide range of subjects 

of hio logica l int c rcst , were o rganized bctween 
1989 and 199 1 wi thin the scope of thi s Plan. 

The Centre e ndcavours to actively and 
sistematically promntc cooperation among Spanish 

a nd foreign scie ntisb working in the field of Bio logy, 
through thc o rganization of Lecture 

and Experimental Courses, Workshops, Semin ars, 
Symposia and the Juan March Lectures on Biology . 
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The lectures summarized in this publication 

were presented by their authors at a workshop 

held on the 15th through the 17th of November, 

1993, al the Instituto Juan March. 

A ll published articles are exact 

reproductions of au{hor's text. 

There is a limited edition of 450 copies 

of this volume, available free of charge. 


