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ABSTRACT
The influence of the solvent on the binding energies to DNA of six non-

Intercalating antibiotics - netropsin. dlstamycin-3. distamycin-2. SN 18071.
berenil and stilbamidine - is evaluated by combining the effect of the first hydration
shell with that of bulk water. The first effect is computed by a methodology based on
a spherical/point dipole model of water and limited to electrostatic interaction
energies. Hydration shells are obtained which are energy optimized with respect to
both water-solute and water-water Interactions for the complexes and for the
Isolated DNA oligomers and ligands. The method allows even very large complexes
to be studied In reasonable computation times. The second effect Is Introduced via a
cavity treatment. It Is shown that If the vacuum Interaction energies already predict
correctly the preference of the ligands for the minor groove of AT squences of B-
DNA. the Introduction of the solvatlon effect is Indispensable for reproducing the
order of affinity of the ligands and for bringing the values of the complexation
energies Into close agreement with experimental data.

INTRODUCTION

The Interaction of DNA with non-Intercalating llgands has been widely

studied experimentally for many years (1. 2. 3). Such studies present a multiple

Interest, since many of this class of ligands possess antitumoral or antiviral activity
and, In addition. In the case of peptidic ligands. can provide information upon the

nature of general nucleic acid-protein recognition (4).

Several attemps have also been carried out theoretically (5-7) In view of

determining the factors responsible for the binding and. especlally, for the marked

specificity of the great majority of these ligands for the minor groove of the AT

sequences of B-DNA. We have explored extensively from this point of view netropsin
and SN 18071 (7) (Fig. 1) and have been able to show that this specificity Is

governed by the steric fit of the llgands to this groove and their strong electrostatic

Interactions with DNA within It. Independently of whether hydrogen bonds may or

may not be formed with the purine or pyrlmidine bases.

Our previous computations have been carried out for interactions In

vacuum and the results obtalned indicate that the specificity for the minor groove

of A-T sequences Is thus an Intrinsic characterstic of these interactions. Two
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FIG3URE 1. Chemical formulas of the ilgands studied.

problems remained. however, to be solved. In the first place the interaction

energies obtained In vacuum do not necessarily reproduce correctly the order of the

ligand affinities observed experimentally. This aspect of the problem will become

particularly evident later In this paper when the results of computations for four more

compounds will be presented. In the second place. the theoretical interaction

energies seem much higher than Indicated by the experimental value available for

one of the compounds investigated t(vide Infra) .

The most obvious reason for these discrepancies appears to be the

omission of water in the theoretical evaluations and this paper is intended to remedy
this situation by Including explicitly the solvent effect In the computations.

METHODOLOG3Y
That water must play an Important role In complex formation becomes

clear when It is recalled that sites on the nucleic acid and on the ligand which can

strongly Interact with one another are often also sites that can be readily hydrated.
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Since the formation of the complex involves at least a partial dehydration of both the

nucleic acid and the ligand. one may foresee that the final complexation energy will

be a delicate balance of opposing terms. The inclusion of solvent effects therefore

seems an Inevitable step towards a full understanding of the mechanisms governing

DNA-ligand Interactions.

The methodology presently proposed for this sake belongs to the category

of the mixed discrete-continuumo procedures (8-10). It involves first a discrete

representation of water molecules which are directly bound to the entities in

interaction, completed by the introduction of the remaining water as a bulk effect.

For the discrete representation, since we are dealing with very large systems.

containing of the order of 1000 atoms (a turn of double stranded DNA and a

relatively large ligand), we have adopted a "supermolecule" procedure. based on

two assumptions: firstly. that the Interactions between water molecules and

between water and the solute may be approximated as purely electrostatic and.

secondly. that the water molecule may be represented as a sphere having at its

center a point dipole. This basis enables the construction of a methodology which

can be used for macromolecules with several thousand atoms and can provide an

energy-optimized first hydration shell with respect to both water-solute and water-

water interactions. The effect of the bulk solvent was introduced by a cavity

treatment following the method of Halicioglu and Sinanoglu (11).

The procedure involves two principal steps:

( 1) In the first one a "hydration envelope" is constructed around the solute

molecule by the superposition of spheres centered on each of Its non-hydrogen

atoms. The radii of these spheres for each type of atom (given in table 1) are

chosen as follows: for atoms capable of forming a hydrogen bond with water the

radius is the usual hydrogen bond distance for other atoms it is the distance for

Van der Waals contacts. A single water sphere Is then rolled over the entire solute

so that Its center describes the hydration envelope of the solute and at each position

of the center Its energy of interaction with the solute is calculated after aligning the

water dipole with the local field vector generated by the solute molecule. The

interactlon energy Is then simply given as a product of the water dipole moment by

the fleld intensity. The water sphere Is. in reality, not moved continuously over the

surface, but rather over a uniformly spaced grid of points on the surface of each

atom. All points on the envelope giving rise to interaction energies more negative

than a threshold value, taken to be -5 koal/mole. are considered as possible sites

for direct water binding. For smaller absolute values It Is assumed that a water

molecule would prefer to return to Its bulk water environment. Note that although the

water sphere is placed in contact with each accessible atom of the solute In turn, its
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TABLE 1. Hydration radii for different classes of atoms and their energy correction
(see text).

_YDRATIon ENEGY
ATMl 0 cotmo

RADIUS (A) KCCAIDfDLE)

Caliph 3.5 0.

C 3.2 0.
arom.

-N _ 3. 0.

-N-R 3. 0.

_.n3.0 -3.

C== 2.8 -2.

-0- 2.8 -3.

o 2.8 0 .

P 3.5 0.

Na 2.4 0 .

position may often correspond to contacts with several atoms and thus bridgingn

hydration positions between adjacent interaction sites are by no means excluded.

The field created by the solute molecule is obtained from an expansion of

atomic monopoles calculated by a modified Hrickel-Del Re procedure. described

previously (12). which has been shown to be capable of reproducing satisfactorily

the electrostatic properties of molecules obtained by much more detailed multipole

expansions.

The resulting energies are now sorted into ascending order and a first

guess at the hydration shell is made by placing waters on the envelope following this

order, but without occupying sites which would lead to the Intersection of water

spheres. When as many waters as possible have been added by this procedure. the

second step begins.

(2) In order to optimize the total energy of the water-solute system an

iterative cycling Is now carried out. Considering each water molecule In turn, we

search for the position on the hydration envelope which leads to an optimum energy

for the system. the water dipole being aligned at each such point with the net field

generated by the solute and by the other water molecules. This search Is limited, for

each water. to points on the hydration envelope belonging to that solute atom on

which the water molecule was originally placed. This simplification was introduced
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after preliminary tests had shown that free displacement of water molecules onto

neighbouring atoms during cycling did not lead to significant changes in the results

obtained, but. on the other hand. Increased considerably the computatlon time.

After all water molecules have been considered In this way, which we call a amacro-

cycle". the procedure Is repeated until convergence of the system energy to better

than 1 kcal/mole. However, at the end of each macro-cycle, water molecules

which become bound to the solute by less than the threshold value (-5 kcal/mole)

are eliminated from the system. Care must be taken, nevertheless, not to eliminate

at one time any two water molecules which are close together on the hydration

envelope. The final hydration energy of the solute is then simply calculated as the

sum of the individual water-solute interaction energies.

The methodology Is completed by a consideration of the bulk water effects

and this was done using the classical Halicioglu-Sinanoglu cavity treatment ( 11) .

The surface area of the solute necessary for this step is obtained In a natural way as

the total area of the hydration envelope described above. The formula used is

C = K ( 1/3)s [Y1 -2 A TI

where S Is the total area of the hydration envelope. y Is the water surface tension

and K1 (C71/3) is a constant depending on the volume fraction, T Is the absolute

temperature, and A denotes a coefficient of thermal expansion appropriate to the

cavity, approximated as In (11) by the expansion coefficient of the solvent. The

numerical values of the constants A and y were taken from (11).

In order to Introduce with this method the solution correction to the

macromolecule-ligand binding energies we first obtain an optimum ligand complex

geometry. using for this sake the semi-empirical Interaction methodology described

previously (7). This procedure calculates the macromolecule-ligand Interaction

energy EV as a sum of pairwlse additive Lennard-Jones (6-12) terms and of

electrostatic interactions between the monopole expansions of the charge density of

the macromolecule and of the ligand. Moreover, it allows an easy manipulation of

the ligand upon approaching the macromolecule with the aid of force calculations.

Ligand flexibility Is also permitted.
Once the most favorable resulting interaction energy EV is obtained, sub-

sequent hydration of the complex by the method described above leads to a complex

hydration energy Hcomp and a cavity energy Ccomp. We then separate the ligand

from the DNA oligomer and hydrate each species separately let us term the

resulting hydration and cavity energies HONA and CDNA and Hulg and Clig. respec-

tively. the isolated ligand being held In the geometry it adopts within the DNA

complex.
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The terms described above allow the binding energy in water EW to be ob-

tained in the following way:

Ew = EV + AH + AC
with

AH = ( HDNA * )

AC =C -0 +comp CDNA lig

where AH Is the hydration energy change on forming the complex, generally positive

since waters are displaced from DNA and from the ligand when they are brought
together. and AC Is the cavity energy change on forming the complex. generally
negative since the complex occupies less space than Its separated components.

This procedure, intended for application to nucleic acids, was first tested

on the hydration of nucleic acid components. bases. phosphates and sugars and

for isolated sodium ions. Good correlation was obtained with precedent poly-
hydration models based on quantum mechanical calculations or electrostatic

calculations more precise than those presently employed (9. 10. 13. 14). The

practical realisation of the procedure for the bases (15) entails, however, the

Introduction of two correction terms. The first is a damping of the base fields out of

the plane of the base. which arises from the neglect of higher multipoles in the

representation of the base electrostatic properties. A simple repulsive energy

addition with a dependance of 12zl was found to be appropriate, where z is the

displacement (in angstroms) of the point studied perpendicular to the base plane.

The second concerns the Interaction energy of water dipoles with base atoms which

bind water through one of Its protons. In these cases a point dipole placed at

roughly the position of the water oxygen atom underestimates the binding energy.

Table 1 gives the values of the corrections for the various types of atoms. These

constant corrections were applied to all water molecules situated on the hydration
spheres of the atoms concerned.

0
The water model adopted is a sphere of radius 1.6 A containing a point

dipole of 2. 1 Debye obtained from an SCF calculation in the same basis set as that

employed in determining our monopole expansions. This value is a little greater than

the experimental dipole moment of water but It does not seem that. In the case of a

method employing a point dipole model. there Is a necessity or an advantage in

using the experimentally measured value.

The polynucleotide models used in our calculations consist of 22 5'-

nucleotides forming double stranded oligomers of 11 base pairs. Two homo-

polymeric base sequences are considered. (dA) 1 1 (dT) 1 and (dG) 1. (dC) 1 1
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representing one helical turn of poly(dA). poly(dT) and poly(dG). poly(dC). res-

pectively. The geometry of these helices Is that of Arnott et al. (16). A simple

model screening by sodium cations is employed in which the Ion Is placed at the
o

bridge position of every phosphate at a distance of 2. 15 A from each anionic

oxygen. in the 0P10 plane (17).

The geometries of the ligands where constructed with standard bond

lengths and angles (18). In the case of netropsin the complexes with the different

grooves and base sequences of DNA employed were those of our previous study

(7). For SN 18071. however, the three central rings of the ligand were not

maintained co-planar, as In our previous work, but were allowed to turn. Torsions

of roughly 300 for the C-C bonds adjacent to the double bonds were found to

optimize the ligand binding energy. In accord with neutron dlffraction and ab Initio

theoretical studies of the conformation of the related molecule stilbene (19. 20).

RESULTS AND DISCUSSION

We will present. firstly. a descriptlon of the hydration shells found for the

DNA oligomers used subsequently as substrates for ligand binding. We will then give

a description of the hydration changes occuring after ligand binding, for the

example of netropsin. before passing to a comparison of the overall results for the

other llgands Investlgated: SN 18071. dlstamycin-2. distamycln-3. berenil and

stilbamidine (see figure 1).

(1) The hydration of B-DNA helical turns of poly(dA). poly(dT) and poly(dG).-
poly(dC) (table 2).

The number of water molecules positioned In the first hydration sphere of a

helical turn of poiy(dA) . poly(dT) Is 222. This corresponds to an average of 10

molecules per nucleotide. The experimental results (21 and reference therein)

estimate this number as 11-12 waters per nucleotide Increasing to 20 waters with an

Increase In the relative humidity. These 20 waters, however, are not all In direct

TABLE 2. Hydration of model oligonucleotides (HDNA and CDNA In kcal/mole).

SOLUTE NUMBER

DNA DNA OF WATER %NA DNA

CNONTION 5EQUE3 E ___C__

AT 222 -2589.4 745.1
B

GC 217 -2659.1 702.1

AT 177 -2513.8 726 2
A

OC 174 -2534 1 728 3
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contact with DNA. but 8 or 9 of them are bound through other water molecules. Our

results therefore seem to be satisfactory on this point. From our 222 water

molecules. 169 are positioned on the phosphates and cations. which gives an

average of 7-8 water molecules per screened-phosphate. The experimental results

obtained In very low humidity give this number as 5-6 per phosphate (22). The

water molecules positioned on the phosphates have the average Interaction energy

of about -13 kcal/mole. There are 37 water molecules positioned on the bases with

the total binding energy of -316. 1 kcal/mole. From them 14 are situated in the

minor groove (on Thy(02) and Adn(N3)) with the average energy of -9. 8

kcal/mole and 23 In the major groove (Thy(04) and Adn(N7)) with an average

energy of -7. 8 kcal/mole. Thus one can see that the minor groove has fewer water

molecules than the major groove, but with higher interaction energy per molecule.

Finally there are 16 water molecules located by our model on the sugar moieties with

an average binding energy of -6. 1 kcal/mole. Most of them are situated on the

sugar esteric oxygen. in the DNA minor groove.

These results can be qualitatively compared with the results obtained by

Dickerson and collaborators (23. 24) by a crystallographic analysis of water

positions in a monocrystal of a B-DNA dodecamer (CGCGAATTCGCG). In this study

an average of 2 water molecules per base pair were located in the major groove,

which correlates well with our findings. In the minor groove a spine of water was

discovered In the AT part of the dodecamer formed by water molecules bridging the

adenine N3 and thymine 02 atoms. These waters are In turn bridged by a second

layer of molecules that confers an approximately tetrahedral bond coordination on

the oxygen of the first water shell. In the Ideal spine there are two water molecules

per base palr but half of these do not Interact directly with the nucleic acid atoms.

Therefore our result of 14 water molecules for 11 base pairs is in quite good

agreement with these bindings. In contrast to our results. Kopka et al. (24) locate

only 3 water molecules per phosphate group. which Is probably connected with the

high lability of phosphate oxygens rendering their localization In the crystal difflcult.
Another Interesting point to which these authors draw attention Is the role of sugar

0'1 atoms, which according to them play an Important role in the hydration of the

minor groove. It Is Interesting to note that In our model the sugar 01' atoms are also

rather strongly hydrated.

In the case of a helical turn of poly(dG). poly(dC) 217 water molecules are

located In our first hydration shell (table 2). Out of these 157 are hydrating the

phosphates and catlons with an average energy of -13. 4 kcal/mole. 44 water

molecules Interact with the bases. from these. 30 are located in the major groove

(Gua(06). Gua(N7) and Cyt(N4)) with an average energy varying between -13. 7
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kcal/mole for Gua(06). -9. 0 kcal/mole for Gua(N7) and much weaker -5. 3

kcal/mole for Cyt(N4). The GC minor groove is much less hydrated with 14 water

molecules located on Gua(N3) and Cyt(02). They have, however, relatively strong

average interaction energies. -10. 3 kcal/mole for Gua(N3) and -8. 8 kcal/mole for

Cyt(02). Finally. there are 16 water molecules located on the sugars. mainly in the

minor groove In the vicinity of esteric oxygens. with an average energy of -6. 8

kcal/mole. The comparison of our results with those of Kopka et al. (24) Is difficult

because the GC base pairs are positioned at the ends of the dodecamer studied.

where intermolecular packing occludes the minor groove for the first two or three

base pairs from each end of the helix. The major groove of these base pairs is also

perturbed by spermine. In consequence it is not surprising that the strong hydration

of Gua(N7) which we find was not seen in the dodecamer studied.

The following conclusions may be drawn from a comparison of the

hydration schemes of the two model oligomers studied. Firstly. the hydration of the

phosphate-sugar backbone is very similar In both cases as concerns the number of

water molecules interacting and their average energy. Secondly. and in contrast.
there are big differences in the hydration energetics of the minor and major grooves

of the two sequences. In the case of poly(dA). poly(dT) model both grooves are

rather similar. with total hydration energies of -136. 7 kcal/mole for the minor

groove and -179.4 kcal/mole for the major groove. In the case of poly(dG).-

poly(dC) model. however, the major groove is much more hydrated than the minor

groove. the total hydration energies being -308. 8 kcal/mole and -139. 9 kcal/-

mole. respectively. This result can be correlated with our earlier calculations

concerning the electrostatic fields on the surface envelope of B-DNA. which also

showed that the strongest groove fields were associated with the GC major groove

and. also. that the difference In maximum fields between the major and minor
grooves was much more pronounced for the GC sequence than for the AT sequence

(25).

(2) An example of the effect of conpiex formation on the hydration scheme: the

case of netropsin.

When netropsin Is bound to the minor groove of the (dA) l (dT) 1 oligo-
mer. a total of 209 water molecules are located In the first hydration shell of the

complex. The screened-phosphates of DNA are found to have lost 18 waters

compared to the free oligomer. but the average Interaction energy per water

molecules Is the same (-13.4 kcal/mole). On the contrary. the sugars now bind 5

more waters although there is a slight decrease In their average binding energy (-

7. 0 kcal/mole). This shift of few water molecules from the phosphates to the sugars

can be Interpreted as due to a change In the electrostatic field distribution upon
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introducing the charged ligand (+2) into the minor groove. The number of water

molecules located in the major groove remains unchanged after complexation. but

their average interaction energy Is reduced by 1. 0 kcal/mole, being now -6. 9

kcal/mole. The reduction in electrostatic field in the major groove. which may be

deduced from this binding is in line with our previous observation (26) of a reduction

of the electrostatic potential in the major groove upon the binding of positively

charged ligands in the minor groove.

In the minor groove Itself the number of water molecules bound to the base

atoms is reduced by 4. with the slight increase in the average binding energy to -

10. 2 kcal/mole. In addition to those located on the atoms of DNA. there are 4 water

molecules bound to netropsin carbonyl oxygens. which point outwards from the

groove. In contrast. the charged ends of netropsin are completely dehydrated.

Netropsin. which when isolated binds 23 water molecules. can thus retain only very

few of them once It enters the groove of the nucleic acid.

Detailed description of the situation found with the other ligands will be

given separately. A general remark which can be made. however, from this

example. is that the changes in hydration occuring upon complexation can be quite

subtle. The introduction of a ligand into a groove of DNA does not simply displace

water molecules due to the resulting steric hindrances. It may also displace or. at

TABLE 3. Hydration of DNA-ligand complexes and of the separated ligand
(Hcomp. Ccomp' Hllg and Clig are given In kcal/mole).

LIGaD DNM BINDING HYDRATION OF COMPLEC HYDRATION OF LIGAND

::oforSe-3rove
umber of

B
umber of

H

ation qunc water Camp camp water hig hig
molecule miolecule

AT Kin. 209 -2456.8 708.3 23 -248.1 122.3
AT

aj. 208 -2535.9 769.2 25 -268.7 122.6
BMin. 202 -2498.5 677.7 23 -248.1 122.3

: aj. 216 -2600.4 745.0 27 -277.5 122.6
Netropein Kin. 182 -2523.1 776.5 24 -258.2 121.6

AT
maj. 166 -2447.8 711.4 25 -261.7 121.6

a GC
MKin. 186 -2642.7 785.4 24 -260.7 121.7
Maj . 168 -2488.0 725.5 25 -261.7 140.8

Sm 18071 B AT Kin. 213 -2524.1 742.9 20 -149.3 124.8GC Kin. 213 -2620.0 731.2 20 -149.3 124.8

AT Min. 215 -2531.7 718.7 22 -207.8 137.3Distamycin-3 B GC Kin. 209 -2609.4 700.9 19 -183.6 137.3

D.intaiycln-2 B
AT Min. 213 -2536.1 726.7 15 -159.1 107.3Diutamycin-2 B GC Kin. 210 -2619.0 712.0 18 -178.6 106.9

Berenil B AT min. 210 -2492.9 732.5 16 -174.0 82.4

Stilbamidine B AT Kin. 213 -2524.1 742.9 20 -149.3 124.8
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least. weaken the binding of rather distant water molecules due to Its electrostatic

influence and It may similarly enhance binding at other sites.

(3) The effect of solvation on the energetics of binding.

Table 3 contains the details of the hydration and cavity energles of the

various complexes and of the Isolated llgands. Table 4 gives the overall hydration

and cavity energy changes upon complexation and also the vacuum ligand binding

energies. which together allow the final energy of ligand binding In aqueous solution

to be calculated.

Let us first consider this last component to the overall energy. To the

previously established values of the In vacuum Interaction energy for netropsin and

SN 18071 we have now added results for four more compounds. In all cases In which

the computation were carried out for both AT and GC sequences, the results confirm

the preference for binding to the minor groove of the AT sequence of B-DNA which

appears thus to be an intrinsic property of these ligands. We have considered this to

be also the case for berenil and stilbamidine. for which we have therefore only

evaluated the binding energies corresponding to this Interactlon.

We may next consider the comparlson of the strength of the complexes

formed with DNA. for the preferred binding sites In the poly(dA). poly(dT) minor

groove of the six ligands. From table 4 It may be seen that the order of binding In the

absence of water Is:

Netropsin > Berenil > Stilbamidine > Distamycin-3 > SN 18071 > Distamycin-2.

Now, although exact experimental values for the complexation energies of

all these ligands are unknown. an Indirect Indication of their relative affinities with

respect to AT sequences may be obtained from the so-called C>0 values determined

by Baguley and his collaborators (1). These values are defined as the micromolar

ligand concentrations required to halve the observed fluorescence of ethidium

molecules bound to DNA. Among the compounds Investigated here their values

range from 0. 07 for distamycin A (the greatest affinity) to 1. 8 for stilbamidine (the

smallest affinity). passing through 0. 20 for SN 18071. 0. 55 for netropsin and 0. 90

for berenil. A comparison with the EV energies of table 4 shows immediately that no

correlation exists between the order of these energies and the order of affinities
deducible from the Cj0 values.

We may now consider the effect upon the energetics of binding of the

inclusion of the solvent effect. In the first place we may remark a certain number of

properties common to all the ligands. Thus. the hydration energy change AH upon

complexation is always positive. corresponding to the considerable loss of hydration
sites when DNA and the ligand are brought together. Similarly, the cavity energy
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change upon complexation AC Is always negative, since the complex has a smaller

surface area than the sum of the Isolated species. However, the essential result for

the present study appears when the hydration and cavity variations. AH and AC, are

added to the result for EV. The order of the binding energies. in water. EW now be-

comes:

Distamycin-3 : Distamycin-2 > SN 18071 > Netropsin > Berenil > Stilbamidine.

It is immediately obvious that this time the order correlates completeivwith the

affinity order Indicated by the C50 values (the C50 value for distamycin-2 is not

known). Moreover, it may also be noted that the values of the binding energies are

reduced from the order of 1-2 hundred (s) kcal/mole to only tens of kcal/mole in

water. values much more in line with what may be expected experimentally. Indeed.

in the case of netropsin an experimental binding enthalpy has been obtained (-9. 2

kcal/mole. reference 27) which Is at least of the order of magnitude of our

calculated value of -16. 7 kcal/mole. Thus. the Introduction of the solvent effect.

while not affecting the specificity features of the interaction as found In vacuum.
seems indispensable and sucessfull for reproducing the quantitative aspects of the

order of affinities and the values of the binding energies.

It niay be now Interesting to reconsider, in the light of our results. the

explanations for the binding strengths of different non-intercalating ligands which

are generally put forward. Preeminent among these is the role attributed to

TABLE 5. A qualltative comparison of the ligands studied.

POTENTIAL
TERKNAL

HYDROGEN DONA NErLr.am ANrDrNAl. TINGGRO.PS
LIGAND AMTEYGRCIDS ALONG TLM CEN NHART

THE LIGAND

Netropsin 2 4 + 2

SN 18071 0 0 + 2

Distamycin-3 1 4 + 1

Distamycin-2 1 3 + 1

Berenil 2 1 + 2

Stilbamidine 2 0 + 2

(*) This is the NH group of the central diazoamino linkage. The H of this group,
situated on the convexe side of the molecule points, however. in the complex.
towards the exterior and is thus not engaged In binding to the substrate (5).
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hydrogen bond formation between the ligand and sites of DNA. We present in table 5

a qualitative comparlson of the ligands studied. If we consider their hydrogen bond

forming capabilities and compare them with the vacuum binding energies that we

have obtained, a certain correlation appears: for example, netropsin would In

vacuum bind considerably stronger than SN 18071. the latter ligand being Incapable

of forming hydrogen bonds. In fact, a second factor modulates this order, namely

the charge on the ligand. The fact that berenil and stilbamidine are doubly charged

leads to their stronger binding in vacuum than that of distamycins (singly charged),

even though the former can form fewer hydrogen bonds. Similarly. SN 18071 binds

more strongly than distamycin-2. despite the considerable hydrogen forming

possibilities of the latter ligand. On the other hand, If we pass to the final binding

results, In water, there seems to be almost no correlation with the ability of

hydrogen bond formation. The present study shows rather that no single property of

the ligands allows an easy predictlon of their binding order. Hydrogen bond

formation certainly plays a role, but so do the charges on the ligand, its size and its

flexibiilty. It is a subtle balance of all these features that leads to the final binding

energy.

We may make a final remark concerning the possibility of the binding of the

ligands Investigated to the minor groove of the GC sequences. The values of EW In

table 4 suggest that this should be feasible for distamycin-3. The corresponding

high C50 value does not support this conclusion, but more recent experimental

studies by Zimmer et al. (28) have shown that distamycin-3 can indeed bind to

poly(dG). poly(dC) . It is also Interesting to note that the latter study concluded that

distamycin-2 could not bind to this sequence. which is again in correspondance

with our theoretical predictions.

CONCLUSIONS

We have proposed a method for studying the hydration of DNA oligomer-

ligand complexes which requires only reasonable computation expense. Its applica-

tion to a range of non-intercalating llgands has led to a very encouraging

Improvement of the correlation wlth experimental results for binding In solution.

Comparisons of both the specificity of given ligands for different grooves and

different base sequences of DNA and of the relative binding energies of different

ligands are well reproduced.

Several points of general Interest concerning complexation in solution

have come to light as a result of this study. Firstly, the change In the hydratlon of

DNA as a result of ligand binding does not correspond to a simple steric

displacement of water. The electrostatic effects of the ligand must be considered.
especlally when It Is charged, and these effects can be quite long range. Secondly.
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it seems that no single property of the lnd, such as its hydrogen bond forming

capabilities, can be used to predict Its binding strength. Lastly, the final

complexation energy in water appears to be a very subtle balance of many effects.

Strong ligand binding In Ovacuumn need not Imply strong binding in solution since

the dehydration of DNA and of the ligand are of considerable importance as is the

reduction of the cavity consequent to complexation.
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