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A molecular mechanics and molecular dynamics approach was used to examine the

structure of complexes formed between the d(CGCGAATTCGCG)2 duplex and

netropsin, distamycin, and four carbocyclic analogues of netropsin and distamycin

(1–4). The resulting structures of the ligand–DNA model complexes and their

energetics were examined. It is predicted that the compounds 1–4 should have a de-

creased affinity for the minor groove of AT-rich regions in comparison to netropsin

and distamycin. From the energetic analysis it appears that van der Waals and electro-

static interactions are more important than specific hydrogen bonds in stabilizing the

ligand–duplex complexes. We predict that compounds 1 and 2 are effectively

isohelical with the DNA minor groove. The superior DNA-binding afforded by 1 and 2

in comparison to 3 and 4 results from their more effective penetration into the minor

groove and smaller perturbation of molecular structure upon complex formation.

Nucleic acids are important targets in the

chemotherapeutic treatment of diseases and

neoplasms. Interference with gene function

and prevention of transcription and transla-

tion can kill invading microorganisms or tu-

mour cells. A number of natural and synthetic

compounds are known to bind to DNA double

helix in a nonintercalative manner [1, 2]. This

is possible because most DNA-binding mole-

cules possess cationic functional groups, com-

plementary in size to one of the grooves, have

an aromatic ring system, or a combination

factors of these [1]. The structure of two

well-known compounds of this type, the antibi-

otics netropsin and distamycin is shown in

Fig. 1. Biophysical and footprinting studies
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have shown that these compounds bind in the

narrow minor groove of B-DNA by means of

hydrogen bonds, ionic charge attractions, as

well as van der Waals interactions [3–5]. They

have a binding preference to stretches of

AT-rich regions over GC base pairs because

binding to the latter is sterically hindered by

the presence of the bulky 2-amino group of the

guanine residue that protrudes into the minor

groove [3]. Further, the deepest negative po-

tential wells in the minor groove of DNA occur

at (AT)n sequences ensuring that biscationic

netropsin analogues gravitate to such se-

quences [6]. Such sequence binding micro-

heterogeneity is now better understood based

on the recent structural information available

from several X-ray diffraction analyses of

drug–DNA dodecamer complexes [3, 4].

The synthesis and testing of analogues of

netropsin and distamycin is a subject of active

research [2, 7–9]. These studies clearly show

that the length of three pyrrole rings is opti-

mal for binding of this class of compounds,

and a further increase in the number of

heterocycles to target for a longer DNA se-

quence is not feasible due to the phasing in-

compatibility [8] which arises because of the

lack of dimensional correspondence between

oligopeptides and oligonucleotides. It has

been found that a sequence-specific ligand

binding to a longer specificity region of DNA

is best obtained by connecting two netropsins

or their analogues together via a short con-

necting chemical group or linker [8, 9]. Alter-

natively, we can develop the strategy that con-

sists in replacing the N-methylpyrrole rings

with new subunits of an appropriate repeat

length that permits to retain the attractive

features of netropsin and distamycin [8, 10].

We focused on the strategy that consists in re-

placing the N-methylpyrrole rings with carbo-

cyclic rings with a minor modification of

cationic heads (Fig. 2). Carbocyclic analogues

of netropsin and distamycin are readily avail-

able, can be modified easily, and are stable un-

der most experimental conditions [10–12].

Recently, compounds 1–4 which were investi-

gated on the standard cell line of mammalian

tumour MCF-7, revealed high antitumour ac-

tivity [12]. In order to improve their sequence

selectivity and overall DNA-binding proper-

ties, it is important to understand in detail

their mode of interaction at the molecular

level. Consequently, computational methods

can be useful in modelling ligand–DNA asso-
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Figure 1. The structures of netropsin and

distamycin, with nitrogen atoms numbered.

Figure 2. The structures of carbocyclic analogues

1–4 of netropsin and distamycin, with nitrogen at-

oms numbered.



ciations to predict the structure and probe the

stereochemistry of recognition. We have ex-

amined a representative range of carbocyclic

analogues of netropsin and distamycin (com-

pounds 1–4 in Fig. 2) in terms of a computed

binding energy with a model DNA sequence

and structure-activity relationships using

combined molecular mechanics and molecu-

lar dynamics methods.

METHODS

Chemistry. The synthesis of compounds

1–4, together with complete spectral charac-

terization, has been reported in the previous

paper [12].

Molecular modelling. Initial structures for

netropsin, distamycin and molecules 1–4

(Fig. 1 and 2) were constructed using the

HyperChem version 5.11 program, which was

also used for manipulation and interactive

docking manoeuvres. This program was run

on an Intel Pentium II 450 MHz personal com-

puter.

Initial coordinates for the 12-mer DNA du-

plex host were taken from the crystal struc-

ture of the d(CGCGAATTCGCG)2 complex

from the Brookhaven Protein Databank (PDB

file 1bna) [13]. Initial models for each com-

plex were constructed by docking the ligands

at a core A4-T7 location within the minor

groove with a) 1:1 stoichiometry, b) the con-

cave surface of the molecules facing the con-

vex groove floor, and c) fully extended, all-

trans ligand conformations. Ligands 1–4 are

asymmetric in structure, therefore two alter-

native orientations of these for compounds in

the minor groove of DNA were considered. A

rigid-body refinement procedure was used to

align the ligand molecules with the walls of

the minor groove, and to remove unfavour-

able atomic contacts, prior to energy minimi-

sation. For netropsin, distamycin and 1–4, al-

ternative positions of the compounds were

considered by translation of the ligand along

the 5�-AATT-3� minor groove tract of the

DNA. Ligand displacements were restricted

±2 bp from an initial location. The AMBER

force field [14–16] (as implemented in

HyperChem 5.11) was used for all energy cal-

culations. Additional non-standard AMBER

force-field parameters required for the lig-

ands were derived here by interpolation.

Atom-centered charges for each molecule

were computed from the AM1 wavefunctions

(HyperChem 5.11) by the procedure of Orozco

& Luque [17], which provides derived charges

that closely resemble those obtainable from ab

initio 6-31G* calculations.

In the case of compounds 1–4, the molecular

modelling is further complicated by different

distinct conformations available for the

ligand molecules. These compounds can adopt

structures with the carboxamide groups in

various potential orientations with respect to

one another. The structural demands of the

receptor may lead to binding of the molecule

in a conformation that would not be favoured

in its nonbound state. Models were con-

structed for possible ligand conformations dif-

fering in the relative orientation of the

carboxamide group and terminal amino group

with respect to the minor groove (Fig. 3A and

3B) and were subjected to molecular mechan-

ics energy minimization to establish the effect

of conformation upon DNA binding. Ranking

orders of 1 A > B > C > D; 2 A > B > D; 3 A > B >

D > C > E; 4 A > B > C > E were determined for

the ligands. On this basis, models 1A, 2A, 3A

and 4A were selected for subsequent molecu-

lar dynamics refinement (see below).

The DNA–ligand complexes were initially

regularized by conjugate-gradient molecular

modelling to reduce poor intermolecular

steric contacts so as to minimize the energy of

the bound ligand alone and for minimization

of the unrestrained complex to an energy gra-

dient of < 0.01 kcal/(Å � mol). Molecular dy-

namics (MD) simulations of each complex

were subsequently performed for 5 ps (inte-

gration time step = 1 fs) at 300 K. Potential en-

ergy analysis during molecular dynamics

progress showed that the systems reached
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equilibrium rapidly, typically at [times of]

< 2 ps. Atomic coordinates were sampled at

0.2-ps intervals during the simulation period.

In each case, the averaged structure from the

accumulated snapshots was subjected to final

molecular mechanics relaxation. The

Polak-Ribiere minimization method was ap-

plied with a gradient value of 0.01 to test for

convergence, to generate the refined complex.

van der Waals and H-bonded energy terms

were included up to 8 Å, but explicit base pair

restraints were not used. Solvent and

counterions were not included explicity for

reasons of computational expense. Instead,

their effect was simulated using a simple dis-

tance-dependent dielectric constant with � =

4rij. This formalism is well established in the

field of protein modelling and has been tested

in some detail for a nucleic acid model system

with satisfactory results [14, 18]. Distance re-

straints corresponding to Watson-Crick

base-paired geometry were not included, and

no attempt was made to restrain either termi-

nal base pairs or the DNA backbone. Binding

energy and component perturbation energies

were computed using:

�Ebind = �Eper(ligand) + �Eper (DNA) +

�Einter and �Einter = �Evdw + �Eq +

�EHB

where �Ebind is the energy of binding, �Einter

is the ligand-DNA interaction energy, and the

�Eper terms represent the component pertur-

bation energies for the ligand and DNA, rela-

tive to the unbound species. The decomposed

van der Waals (�Evdw), electrostatic (�Eq)

and H-bonded (�EHB) binding terms are

given by

�Eterm = Eterm (complex) – (Eterm(DNA) +

Eterm (ligand free))

Perturbation energies were obtained by sub-

traction of the vdw-, q-. and HB-terms corre-

sponding to the refined complex and to the

minimized free molecules. Energy minima for

compounds 1–4 were determined by a semi-

empirical method AM1 (as implemented in

HyperChem 5.11). The terminal dimethyl-

amine nitrogen of the (dimethylamino)propyl

tail (pKa about 9.3) of ligands 1–4 was as-

sumed to be singly protonated. Conforma-

tional searching in torsional space was per-

formed using the multiconformer method

[19]. Conformations thus obtained were con-

firmed as minima by vibrational analysis.

The expansion of groove widths has been

monitored by measuring H4�-H5� interstrand

separation [20]. Positions of hydrogen atoms

attached to deoxyribose C4� and C5� atoms

were generated by HyperChem 5.11, which

was also used to calculate interstrand dis-

tances between the atoms H4� and H5�. Two

H4�-H5� distances were measured for each nu-

cleotide pair, making a total of 18 distances

for each dodecanucleotide duplex. Each H4�
or H5� atom was paired up with a H5� or H4�
atom on the opposite strand (n + 3), nucleo-

sides along the 3� direction.

RESULTS AND DISCUSSION

Binding of netropsin, distamycin and its

carbocyclic analogues

The calculated binding energy and compo-

nent energies for each minimized complex are

collected in Table 1. The total binding energy

varies between –75.1 kcal/mol for distamycin

and –56.3 kcal/mol for compound 4. The

binding of the compounds 1–2 and 3–4 are

predicted to be less favourable by about 10

kcal/mol and about 19 kcal/mol, respectively,

relative to distamycin. The ranking order for

binding (Table 1) is dominated by van der

Waals (�Evdw) factors, rather than electro-

static (�Eq) or H-bonded (�EHB) terms.

Structural distortions from the standard ge-

ometry are expected in the binding of any

structurally complex ligand, as the two mole-

858 K. Bielawski and others 2000



cules optimize their structures to maximize

the interaction energy. The conformational

adaptability of duplex DNA is clearly evident

from the wide range of perturbations ob-

served in structures of complexes with pro-

teins and ligands of natural origin [3, 21, 22].

Overall, the d(CGCGAATTCGCG)2 duplex

perturbations in minimized complexes are

quite modest (Table 1). The ligand induced

perturbation is small for netropsin, dista-

mycin, 1 and 2 models, about 1–3 kcal/mol,

with the most extreme effect for compound 4,

about 5 kcal/mol. It is interesting to note that,

for netropsin and distamycin complexes, the

hydrogen bond term becomes significant (a

contribution of about –2.7 kcal/mol), con-

trasting with the smaller by about 50% aver-

age values of –1.6 and –1.2 kcal/mol for 1–2

and 3–4, respectively. It should be kept in

mind, that the calculated differences in

ligand-duplex binding are based on a simple

comparison of the binding energy values and

do not include important contributions origi-

nating from entropic and solvent effects

[23–25].

Details of netropsin and distamycin

groove-binding interaction with

d(CGCGAATTCGCG)2

In the structure for the low energy netro-

psin–d(CGCGAATTCGCG)2 complex (Fig.

4B) after molecular dynamics refinement the

drug molecule is located within the A5-T8

tract of the DNA. In agreement with crystallo-

graphic (Fig. 4A), solution NMR, and

footprinting studies [26, 27], netropsin occu-

pies a 4-base pair 5�-AATT site. Each amide

group of netropsin is positioned approxi-

mately midway between two successive base

pairs. The amide NH groups make bifurcated

hydrogen bonds to adenine or tymine bases

on opposite strands and on two adjacent base

pairs, exactly like the water bridges observed

in the minor groove spine of hydration in the

unliganded DNA [27]. The model for

netropsin (Fig. 4B) shows a weak contact, via

the N(8) amide group of netropsin with N3

(A18) distance of 3.4 Å. An equivalent hydro-

gen bond is also seen in the crystal structure

(Fig. 4A) but is considerably stronger at dis-

tance of 2.6 Å. This behaviour is due to a small

displacement of netropsin relative to the crys-

tal structure position and the more extended

conformation adopted by the ligand. In our

model, netropsin makes a snug fit to the floor

of the minor groove and is bound via a strong
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Figure 3. Conformation of the studied com-

pounds, showing the distinct orientations avail-

able for the amide groups and amine group rela-

tive to the DNA.

A, compounds 1 (R = H) and 2 (R = OCH3); B, com-

pounds 3 (R = H) and 4 (R = OCH3).



hydrogen bond. The inner-facing nitrogen of

one amidinium group (N9) forms the hydro-

gen-bond to the N3 A(17) of 3.3 Å length,

while the inner-facing nitrogen of the other

amidinium (N1) is involved in the hydrogen

bond to O2 (C21) of 3.1 Å length, four base

pairs away. However, in the crystal structure

only one end of netropsin lies deep in the mi-

nor groove, and, at the other end of the mole-

cule, the guanidinium group interacts with

DNA via a bridging water molecule (PDB file

101D) [27]. This feature has also been ob-

served in the X-ray structures of other minor

groove ligands [3]. This result points to an ob-

vious limitation of the present model; as the

solvent is not included explicitly in the calcula-

tions no such binding mode could be pre-

dicted. Further, the amidinium and guanidi-

nium groups in our model are twisted out of

the planes of the pyrrole rings, by 38� and 24�,
rather than by 0� and 17�, respectively, found

in the crystal structure [26]. However, in view

of the 2.2 Å crystallographic resolution and

the high temperature factors associated with

the bound ligand, such structural differences

are unlikely to be significant.

860 K. Bielawski and others 2000

Table 1. Calculated energies for interaction of netropsin, distamycin and compounds 1–4 with

d(CGCGAATTCGCG)2

Ligand �Ebind �Evdw �Eq �EHB �Eper(DNA) �Eper(drug)

(kcal/mol)

Netropsin –72.5 –46.1 –28.3 –2.6 3.5 1.0

Distamycin –75.1 –51.9 –25.2 –2.9 3.8 1.1

1 –64.5 –45.0 –24.1 –1.8 4.1 2.3

2 –66.2 –48.7 –23.4 –1.5 4.6 2.8

3 –57.7 –49.7 –16.8 –1.3 6.0 4.1

4 –56.3 –49.4 –17.7 –1.2 6.8 5.2

All energies were calculated using the AMBER force field. Refer to Methods for details.

Figure 4. Bifurcated hydrogen bonds be-

tween NH of the ligands and DNA minor

groove N and O atoms.

A, Netropsin–d(CGCGAATT
5Br

CGCG)2 crystal

structure [22]; B, Low energy netropsin–d(CGC-

GAATTCGCG)2 complex after MD-refinement; C,

Low energy distamycin–d(CGCGAATTCGCG)2
complex after MD-refinement. The distances be-

tween potential hydrogen bond donors and accep-

tors are dashed. Straight segments of the ligands’

backbone between numbered amide circles mark

the locations of pyrrole. DNA numbering system

used was as follows:

Base pair C1 G24 is at the top of the helix as

drawn here. The nitrogen atoms are numbered as

in Fig. 1.



Distamycin forms effectively a centrosym-

metric complex (Fig. 4C), with DNA base se-

quence preferences that resemble those exhib-

ited by netropsin. On account of its larger

size, additional hydrogen-bonded contacts, at

distances of 3.2 Å and 2.9 Å, are made via N1

to N3 (A17) and N(9) to N3 (A5), respectively.

Distamycin makes closer contacts with O2

(T19) and O2 (T7) than does netropsin, at dis-

tances of 3.0 and 2.8 Å, respectively (Fig. 4C).

These closer contacts are reflected in the van

der Waals and hydrogen bond energies deter-

mined for distamycin (Table 1). In contrast to

the crystal structure of distamycin bound to

d(CGCAAATTTGCG)2 [27], in our model the

entire drug molecule is shifted down the mi-

nor groove by approximately one base pair

step. This difference in ligand binding to

AAATTT and AATT sequences emphasizes

the subtle role played by DNA structure in de-

termining the precise location of ligands. Our

molecular modelling studies suggest that the

formation of hydrogen bonds to guanine N3

atoms is hindered by adenine NH2 group

which comes in close contact with pyrrole

rings of distamycin.

The calculation of groove width depends on

the choice of the reference atom. Consider-

ation of the atoms involved in contacting a

ligand suggests that C4� or C5� can be more

appropriate than the conventional choice of

phosphorus atoms [20, 28]. The expansion of

groove widths has been monitored by measur-

ing the H4�-H5� interstrand distance. The in-

duced widening of the minor groove is evident

in the ligand-bound region, compared with the

native DNA crystal structure (Fig. 5). Indeed,

the induced opening of the A5-C9 minor

groove tract is apparent for all the compounds

studied, suggesting that increased van der

Waals factors may be involved. The minor

groove is mostly unchanged in width for rep-

resentative compound–DNA complexes, as

compared with the crystal structure for the

netropsin–DNA complex (PDB file 101D), but

is opened by about 0.5–1.5 Å in comparison

with the native DNA duplex (PDB file 1bna).

Induced perturbations of the DNA duplex are

small and not propagated beyond the immedi-

ate binding site.

Details of groove-binding interaction of the

carbocyclic analogues of netropsin and

distamycin with d(CGCGAATTCGCG)2

The structures for the minimized 1–d(CGC-

GAATTCGCG)2 and 2–d(CGCGAATTCG-

CG)2 complex (Fig. 6A and B) shows that the

ligands occupy symmetric sites that span 1

fewer base pairs than dose netropsin (in agre-

ement with its shorter length), to give an ef-

fective 3-base pair 5�-ATT-3� binding site or

recognition sequence. The molecule makes a

snug fit to the floor of the minor groove

(Fig. 7A and B).

The close fit favors increased van der Waals

and H-bonded interactions with the DNA, and

inducing a small perturbation of the duplex

(Table 1; Fig. 7A and B), which suggests that

the molecules 1 and 2 are of the same iso-

helicity with the minor groove of the DNA as

is netropsin itself. This suggests that short
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Figure 5. Plots of minor groove width based on

H4�-H5� distances (see Methods) for the native

d(CGCGAATTCGCG)2 (DNA-1bna), its crystal

complex with netropsin (101D) and complexes of

netropsin, distamycin and their carbocyclic ana-

logues 1–4 with d(CGCGAATTCGCG)2 after

MD-refinement.

Dodecamer base pairs are numbered as in Fig. 4.



homologues of netropsin can be accommo-

dated more deeply into the groove, in agree-

ment with the superior DNA-binding activity

observed for 1–2 than for 3–4. The proto-

nated terminal dimethylamine nitrogen of the

(dimethylamino)propyl tail is adjacent to a

negatively charged phosphodiester linkage.

Introduction of a moderately hydrophobic

methoxy group at positions ortho to the amide

moieties of each phenyl ring of 1 would result

in close (2.1–2.3 Å) contacts between the

methoxy H atoms and sugar H4�, H5� atoms

of the DNA backbone. These effects are

stabilizing the complex. This is reflected in a 2

kcal/mol increase in the binding energy of

compound 2 in comparison to 1.

The structures for the minimized 3 and

4–d(CGCGAATTCGCG)2 complexes (Fig. 6C

and D) show that, in the minor groove of DNA,

these ligands have an alternative orientation

with respect to compounds 1 and 2. The 3 and

4 analogues form centrosymmetric 4-base

pair complexes with the ligands displaced to-

wards the 5� end of the 5�-AATT binding site

by approximately one-half a base pair step, rel-

ative to netropsin (Fig. 4A and B). This dis-

placement facilitates increased van der Waals

contacts with the walls of the minor groove.

Our detailed models reveal that the extent of

each binding site for 3 and 4 is not exactly

4 bp, but rather lies somewhere between 3 and

4 bp. The benzene rings of 3 and 4 are posi-

tioned roughly in the plane of the bases, and

amide group are located between base pairs

(Fig. 6C and D). Interestingly, neither 3 nor 4

are able to make strong hydrogen-bonded con-

tacts with A6 and T20 base acceptors located

at the floor of the minor groove. When three

carboxamide NH groups of 3 and 4 face in-

wards, the strong curvature of 3 and 4 would

prevent significant interaction in the minor

groove. No regular pattern of bifurcated hy-

drogen bonds then exists, as shown in Fig. 6C

and D. Additional hydrogen-bonded contact of

3 and 4 in comparison with netropsin, are

made at distances of 3.4 Å and 3.2 Å, respec-

tively via NH2 (amine) to the O2 (C21). Our

model is consistent with the observed reduced

affinity to AT pairs and increased affinity to-

ward GC sequences of the carbocyclic ana-

logues of distamycin and netropsin in compar-

ison with parent compounds [29, 30]. In addi-

tion to decreasing affinity for the 5�-AATT-3�
match site, there are weaker contacts with the

O2 atom of C21, indicating that the bind-

ing-site size requirement for 3 and 4 extends

862 K. Bielawski and others 2000

Figure 6. Bifurcated hydrogen bonding be-

tween NH on the ligands and DNA minor

groove N and O atoms.

Low energy complexes between the carbocyclic

analogues and d(CGCGAATTCGCG)2, after

MD-refinement: A, 1; B, 2; C, 3; D, 4. The dis-

tances between potential hydrogen bond donors

and acceptors are dashed. Straight segments of

the ligands’ backbone between numbered amide

circles mark the locations of benzenes. The DNA

numbering system used was the same as in the

legend to Fig. 4. The nitrogen atoms are num-

bered as in Fig. 2.



over slightly more than the four central AT

base pairs. In contrast to the smaller com-

pounds 1 and 2, the energy wells for these lig-

ands within this AT tract are narrow and the

data indicate that specific interactions with

flanking sequences strongly inhibit ligand

translation along the minor groove. The three

benzene rings of 3 and 4 are slightly twisted

so that each ring can be parallel to an appro-

priate fragment of the enclosing walls of the

DNA minor groove (Fig. 7C and D). The com-

pounds 3 and 4 produce an increase in groove

width of approximately 1.5 Å compared to the

netropsin–DNA complex (Fig. 6). The hydro-

phobic methoxy groups of 4 are situated out-

side the minor groove, therefore the binding

energy for 3 and 4 is almost the same.

An important component of the binding en-

ergy that molecular mechanics is unable to

fully take into account, involves the role of wa-

ter molecules. Neither the angular depend-

ence of the hydrogen bonds nor the hydrogen

bond network is modeled in the classical force

field. It is possible that the model could be im-

proved by the inclusion of explicit solvent in

the molecular modelling calculations because,

in the crystal structure, water molecules are

located in the minor groove vicinity of the

bound netropsin [26].

An accurate definition by molecular model-

ling of the optimal binding site for the com-

pounds studied alone has been hampered by

the fact that the DNA fragment used in the

model contains a limited number of binding

sites. Various dodecamer sequences, even

though they exhibit a similar general trend,

show much dissimilarity in the detail of their

structure [3, 21, 31, 32]. Analysis of DNA com-

plexes with netropsin, distamycin, and their

analogues led to debate over the contributions

Vol. 47 Molecular modelling of the interaction of carbocyclic analogues 863

Figure 7. Views of the low energy com-

plexes formed between the

d(CGCGAATTCGCG)2 and the carbo-

cyclic analogues of netropsin and

distamycin after molecular dynamics

refinement.

A, 1; B, 2; C, 3; D, 4. Ligand molecules are

shown in green.



of H-bonding, electrostatic, and van der Waals

interactions to minor groove binding affinity

and specificity. To design improved drugs

that target the minor groove of DNA, it is es-

sential to have a more detailed understanding

of such interactions. It is obvious that the in-

teraction model presented here should be vali-

dated by accurate physical measurements.

The availability of additional experimentally

determined data sets should help to further

validate the model and simulations.

CONCLUSIONS

Our molecular modelling approach, using

the d(CGCGAATTCGCG)2 duplex as a model

DNA host, provides a qualitative method for

comparing the binding properties of carbo-

cyclic analogues of netropsin and distamycin.

For netropsin itself, this procedure suggests a

drug conformation that is closely related to

that in the crystal structure of the complex

[27]. We predict that analogues of netropsin 1

and 2 would be effectively isohelical with the

DNA minor groove. The superior DNA-bin-

ding afforded by compounds 1 and 2 with re-

spect to 3 and 4 results from their more effec-

tive penetration into the minor groove and re-

duced perturbation factors. From the analysis

of our model it appears that van der Waals

and electrostatic interactions are more impor-

tant in stabilizing the complexes than specific

hydrogen bonds formation.
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