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Introduction 

One of the best characterized prototypal "drug-receptor" 
interactions is that between planar drugs and nucleotides. 
There is a wealth of physical chemical information on the in
teraction of planar aromatic dyes with DNA, RNA, and other 
nucleotides supporting an intercalated structure1 for the 
dye-nucleotide complex. 

Compared to the relatively large number of empirical po
tential energy calculations on peptides and nucleotides, there 
have been relatively few such studies of nucleotide-intercalator 
interactions. Sobell has used his X-ray structures of drug-
nucleotide complexes as a basis for building molecular models 
of the drug-dinucleotide complex.2 Alden and Arnott have 
used constrained model building to construct a stereochemi-
cally reasonable drug-decanucleotide complex.3 Pack and 
Loew have carried out quantum mechanical calculations on 
fragments of the dinucleotide intercalator complex.4 A very 
important study by Gilbert and Claverie,5 using empirical 
potential functions, compared the interaction energy of 
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proflavin, 9-aminoacridine, and acridine using a fixed geo
metrical model and focusing on base-intercalator interac
tions. 

To our knowledge, no one has carried out an empirical po
tential function calculation on a base-paired dinucleotide 
phosphate and its complex with an intercalator varying all the 
torsional (14) and intermolecular (12) degrees of freedom. We 
describe such a study below. 

The first goal of this study was to see whether these empir
ical energy calculations could find qualitatively reasonable 
structures for both base-paired dinucleotides and their inter
calated complexes. The results of our calculations indicate that 
such methods can be successfully used in structure prediction 
of intercalated complexes. 

A second goal was to calculate the energetics of drug in
tercalation, and, by examining the components of this process, 
gain insight into the important interactions which determine 
the kinetics and thermodynamics of drug intercalation. We 
discuss these insights below. 

We carried out our calculations on the interaction of the 
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Figure 1. Dihedral angles in dinucleoside phosphate illustrated for GpC: 
X = C6N1C1'C2' (CpG) and C8N9C1'C2' (GpC); e = C4'C3'03P;fi = 
C3'03'P05; ./• = 03'P05'C5'; <j> = P05'C5'C4; « = 05'C5'C4'C3'; x' 
= C2'C1'N9C4 (CpG) and C2'C1'N1C2 (GpC). 

base-paired dinucleoside phosphates 
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U )y and %{ )5y 
C • • • G G • • -C 

with ethidium (1), proflavin (2), and 9-aminoacridine (3). Our 

(i_> 

reason for this choice is the well-established preference of 
ethidium and proflavin for pyrimidine-3',5'-purine sequences 
in solution6-7 and in the solid state.2 Thus, the third goal of this 
work was to see whether the calculations could reproduce and 
rationalize this preference. 

Computational Details 
We used a potential function of the following type: 

V-tl^ + B^W-M+tivfcnl* (D 
The sum over i and) extended over all atom pairs separated 

by more than three bonds or on different molecules and con
tains contributions from electrostatic, exchange repulsion, and 
dispersion attraction. We use the final term in the potential to 
describe the torsional energy for rotation around the single 
bonds in the molecule, of which there are seven for each di
nucleoside phosphate (Figure 1). The dispersion, exchange 
repulsion, and torsional terms were taken from literature 
values8 (Table I). Electrostatic charges on the nucleotide atoms 

Table I. Potential Function Parameters Employed 

Nonbonded Terms 
torn pair 

HH 
HC 
CC 
CN 
NN 
CO 
NO 
OH' ' 
NH' ' 
OO 
PO 
PN 
PC 
PH 

A . Cl H'.l 

19.05 
120.45 
746.8 
746.8 
746.8 
746.8 
746.8 
120.45 
120.45 
746.8 

2400.0 
2400.0 
2400.0 

383.4 

V 
1643.0 

11 297.0 
92 430.0 
92 430.0 
92 430.0 
49 029.0 
49 029.0 
11 297.0 
11 297.0 
42 156.0 

256 774.0 
305 369.0 
305 369.0 

3466.0 

C/ 
3.76 
3.67 
3.6 
3.6 
3.6 
3.6 
3.6 
3.67 
3.67 
3.6 
3.6 
3.6 
3.6 
3.6 

bond 

C-N 
C-P 
C-C 
O-P 

Tors 
h 

0.0 
0.0 
0.0 
0.0 

on; 1 B irricrs 
V2 

0.9 
0.0 
0.0 
1.5 

Vy 

0.0 
1.21 
1.16 
1.5 

" In kcal/mol -A.6 * In kcal/mol. '' In A-1. '' Note that Aih B,j, 
and Cjj for the H-bonded hydrogen • • • N or O interactions are set to 
zero. 

were taken from our ab initio calculations;9 those for the drug 
atoms came from CNDO/2 calculations10 carried out by us. 
The dielectric constant e was taken as 1. 

Two features of our potential function deserve further em
phasis. First, we used a combination Vi and Vi Fourier po
tential function for the P-O bonds (\p and B), which we and 
others1' have shown enables one to reproduce the tendency for 
R-O-P-O groups to have a gauche dihedral angle. Secondly, 
we treat hydrogen-bonded H's as Hagler, Huler, and Lifson 
did in their empirical potential function studies on amide 
crystals,12 assigning them no dispersion or exchange repulsion 
interaction with the electron-donor atom. Hagler, Huler, and 
Lifson found that this approach allowed a successful analysis 
of amide crystal energies and structures, with no special H-
bonded potential required. 

The internal angles and bond angles for the BDNA structure 
were taken from Arnott13 and those for drug-nucleotide 
complex from Sobell.2 Hydrogen atoms were added to these 
structures in standard orientations. The Sobell structure was 
built for CpG; we constructed the GpC isomer by switching 
the purine and pyrimidine while retaining the geometry of the 
sugar-base connection from Sobell's structure. 

The initial dihedral angles for the BDNA dinucleoside 
phosphate were taken from Arnott13 and the initial dihedral 
angles for drug-dinucleoside phosphates from Sobell.2 Ethi
dium (1) was placed initially as in the Sobell structure and the 
initial orientations for 9-aminoacridine (3) and proflavin (2) 
on top of the ethidium chromophore. 

The energy was minimized using the Fletcher-Powell-
Davidon method on numerically calculated derivatives.14 The 
calculations continued until energy changes were less than 0.1 
kcal/mol in an iteration and the gradients were all less than 
1 kcal/A or 0.1 kcal/deg. Some runs were minimized more 
accurately than this and suggested that the above criteria led 
to reasonable stopping points for the calculation. 

Results and Discussion 
A. Structures. 1. Torsional Angles. Table II summarizes the 

values of the torsional angles that define the sugar-phosphate 
backbone and sugar-base orientation. It should be noted that 
in the drug-nucleic acid complex the normal C3'-exo (C2'-
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Table II. Calculated Torsional Angles for GpC and CpG in DNA and DNA--lntcrculator Conformations" 

827 

angle" 

X1S 
to 

0 
4< 
0 
t 

x' 
X 
a: 

0 
i' 
O 
( 
X 

angle 

X 
to 

0 
4> 
e 
( 
x' 
X 
to 

0 
1> 
S 
€ 

x' 

BDN A'' 

215.0 
329.1 
151.4 
39.2 
98.9 

200.9 
35.0 

215.0 
329.1 
151.4 
39.2 
98.9 

200.9 
35.0 

BDNA'' 

215.0 
329.1 
151.4 
39.2 
98.9 

200.9 
35.0 

215.0 
329.1 
151.4 
39.2 
98.9 

200.9 
35.0 

EB'' 

214.4 
318.4 
167.3 
33.1 
80.8 

136.8 
90.5 

214.4 
318.4 
167.3 
33.1 
80.8 

136.8 
90.5 

EB'' 

214.4 
318.4 
167.3 
33.1 
80.8 

136.8 
90.5 

214.4 
318.4 
167.3 
33.1 
80.8 

136.8 
90.5 

BDNA 

205.8 
317.8 
154.8 
62.0 

100.5 
182.5 
56.9 

205.6 
317.9 
154.7 
61.7 

100.2 
182.3 
57.6 

BDNA 

205.6 
316.5 
154.7 
67.1 

101.5 
178.9 
52.4 

205.8 
316.8 
154.1 
66.2 

100.4 
180.8 
51.2 

EB 

231.6 
277.8 
165.3 
70.3 
68.1 

148.3 
87.6 

235.4 
276.9 
166.0 
71.0 
66.2 

145.6 
91.2 

EB 

217.0 
288.9 
149.8 
73.0 
65.3 

152.7 
93.4 

219.0 
291.1 
149.5 
73.6 
65.5 

147.2 
96.0 

GpC 

EB' 

236.1 
269.0 
169.7 
69.7 
64.2 

156.3 
99.1 

236.8 
268.1 
169.9 
70.3 
62.8 

159.6 
97.9 

CpG 

EB' 

232.9 
270.9 
166.2 
70.9 
62.3 

159.7 
97.5 

233.7 
271.5 
166.9 
70,1 
61.5 

160.0 
96.1 

PF' ' 
(major) 

235.3 
269.7 
165.0 
73.6 
61.3 

167.9 
94.2 

243.3 
275.6 
173.6 
70.4 
65.2 

161.2 
83.1 

PF 
(minor) 

223.5 
275.7 
152.3 
73,4 
65.6 

166.3 
99.5 

224.8 
274.8 
152.8 
73.5 
65.9 

166.7 
99.7 

PF' ' 
(minor) 

231.7 
269.4 
164.8 
73.4 
64.7 

157.7 
99.4 

231.7 
269.3 
165.3 
73.3 
65.0 

157.4 
98.7 

PF 
(major) 

223.5 
277.3 
150.4 
70.6 
64.3 

164.3 
98.6 

227.0 
276.0 
152.4 
68.8 
64.4 

168.7 
100.0 

9AA'' 
(minor) 

233.0 
273.5 
162.7 
71.3 
62.2 

153.9 
104.8 
234.3 
272.9 
164.2 
70.9 
61.4 

154.5 
104.1 

9AA 
(minor) 

218.4 
280.6 

89.7 
110.0 
53.9 

174.4 
101.5 
234.6 
285.7 
133.7 
80.8 
58.0 

153.4 
102.3 

9AA'' 
(major) 

232.4 
274.0 
161.6 
72.3 
62.7 

153.2 
105.5 
234.0 
273.2 
162.6 
72.5 
62.1 

154.3 
104.8 

9AA 
(major) 

220.7 
290.2 
138.1 
77.1 
59.6 

156.2 
104.5 
230.4 
283.3 
153.0 
73.1 
61.6 

160.9 
90.9 

" The torsional angle is defined in terms of four consecutive atoms, ABCD; the positive sense of rotation is counterclockwise from A to D 
while looking down the BC bond. Sec Figure 1 and caption for definition of angles. h Starting values; BDNA from ref 11; EB from ref 2. BNA 
= dinucleoside phosphate complex; 9AA = 9-aminoacridine-dinucleosidc phosphate complex; PF = proflavin-dinucleoside phosphate complex; 
EB = ethidium-dinucleosidc phosphate complex. '' Ethidium bromide without the ethyl and phenyl side chains. '' Proflavin major has the N + 

group of proflavin pointing in toward the nucleoside; proflavin minor (see Figure 4) has the N+ group pointing away. '' 9-Aminoaeridinc (major) 
has the N+ group pointing in toward the nucleoside; 9-aminoacridine (minor) has the N+ group pointing away from the nucleoside. -1 The first 
seven angles refer to the first dinucleoside phosphate, the second to its H-bonded partner. « Our torsional angles are related to those of 
Sundaralingham32 in the following way: our x = Sundaralingham's x + 120; a; = 360 — ^; 0 = 360 — \j/\ \p = 360 — to'; 0 = 360 -co; c = 360 
- 0 ' ; x ' = x ' - ' 8O. 

endo) deoxyribose sugar ring puckering of BDNA is altered 
to a mixed sugar puckering of the type C3 /-endo(3'-5')C2'-
endo.2 The conformations of the sugar rings, however, were 
not varied during the minimization calculations. Figure 2 
compares the BDNA and energy optimized structures for the 
base-paired GpC and CpG structures and Figure 3 compares 
the Sobell model and energy optimized structures for ethidium 
GpC and ethidium CpG complexes. 

As one might expect, the corresponding torsional angles of 
the two dinucleotides are almost identical for each complex 
since the drug-nucleic acid or BDNA complexes have a dyad 
or "pseudo"-dyad axis. In addition, the dihedral angles for most 
of the drug-nucleic acid complexes are similar indicating that 
the different drug-dinucleotide structures are closely related. 
The one exception is proflavin, with the ClO atom of the 
chromophore pointing toward the major groove. The starting 
conformation for this structure has the chromophore stacked 
between the base pairs of the dinucleotides with the amine 
groups pointing directly at the phosphate backbone. In this 
orientation the repulsive contribution for the interaction of the 
amine groups of the drug with the sugar-phosphate backbone 
of the nucleic acid dominates the total energy of the complex. 
To relieve the steric repulsion the dinucleotides are forced to 
move away from each other. This complex is the least stable 

of all the drug-nucleic acid structures because of this steric 
repulsion of the amine groups with the backbone. 

Most of the conformational changes that occur when a drug 
intercalates between the base pairs of the nucleic acids result 
from (1) repuckering of the sugar rings and (2) a change in the 
dihedral angles of the sugar-phosphate backbone. The distance 
between the bases must increase from 3.4 to 6.8 A when a drug 
intercalates between the base pairs of DNA. Our results in
dicate that by changing the pucker of the sugar rings of DNA, 
the backbone of DNA can be extended approximately 3.4 A 
to accommodate the intercalator without a "large" change in 
the torsional angles. For example, a comparison of the differ
ences in the torsional angles (excluding x and x') of the opti
mized BDNA structure with the optimized drug-nucleic acid 
structures, excluding proflavin (major), shows that the largest 
change in the dihedral angle is approximately 40° for to and 
\p. For the other torsional angles the changes are generally less 
than 20°. Previous work by Alden and Arnott3 suggests that 
the angle \p should increase by 120° if both the sugar puckers 
are C3'endo when a drug molecule intercalates. The same 
angle, in our calculations, only increases by approximately 40°. 
In addition Alden and Arnott3 constrained their model building 
of hexa- and decanucleotides to those structures whose back
bone and base structure closely resembled normal DNA for 
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Figure 2. (a) Calculated and observed (ref 11) BDNA structures for GpC. (b) Calculated and observed (ref 11) BDNA structures for CpG. 

Figure 3. (a) Calculated and observed (ref 2) EtBr-GpC complex, (b) Calculated and observed (ref 2) EtBr-CpG complex. 

those nucleotides adjacent to the intercalation site. That is why 
we must do our energy calculations on at least hexanucleotides 
for a complete comparison to be made. 

The values of x and x' do not vary by much with the dif
ferent drug-nucleic acid complexes. Their angle is essentially 
determined by the base stacking interactions which are very 
similar for all of the intercalators. There is a change, however, 
in the value of x' between the optimized BDNA structure and 
the BDNA angles taken from Arnott,13 the value changing 
from 35.0 to 71.3°. 

2. Hydrogen Bond Distances. One important test of the va
lidity of our potential energy function is the length of the hy
drogen bond between the bases of the two dinucleoside mo
nophosphates that are base paired in the BDNA and drug-
nucleic acid structures. Table III gives the length of the six 
hydrogen bonds that are formed between the two self-com
plementary dinucleotides. All of the hydrogen bonds, with the 
exception of the proflavin (major) structure, have "acceptable" 
distances. 

In each complex there is a small variation in the length of 
the different hydrogen bonds. This effect is accentuated if 
ethidium bromide is the intercalator. It is likely that the side 
chains of ethidium, especially the phenyl ring, interact with 
the base in such a way as to shorten one hydrogen bond and 
lengthen the other. When the side chains are removed from 
ethidium, the hydrogen bond lengths for the drug-nucleic acid 
complex are very similar to the other intercalator structures 
which also do not have side chains. In addition, the difference 
in the bond lengths is more pronounced for the first set "top" 
base pairs of three hydrogen bonds than it is for the bottom 
base pairs (GpC). It is possible that the positive side chain 
(ethyl group) of ethidium bromide, which has the methyl group 
pointing up, interacts with the bases in such a way as to distort 
the first set of hydrogen bonds more than the second set. 

The calculated hydrogen bond energy we find for G-C is 
roughly half that found by Pullman15 using similar empirical 
functions. Thus, it is interesting that our optimized structure 
has such reasonable H-bond lengths and structure, since the 

full negative charge of the two phosphates (18 A apart) might 
be expected to drive the dinucleoside phosphates apart. We also 
carried out calculations on the GpC base pairs with Na+ ions 
bifurcating the PC>2~ groups and these had structures very little 
altered from those in which Na+ was not included.16 

3. Comparison of Experimental Structures with Energy-
Optimized Complexes, a. Ethidium (1). A comparison between 
the crystal and calculated structures of ethidium bromide with 
dinucleosides is important to test the reliability of the potential 
energy functions for these types of calculations. Table IV 
compares the values of the 14 torsional angles that are variables 
and the six hydrogen bond lengths for a crystalline complex 
of ethidium bromide with 5-iodocytidyl(3'-5')guanosine 
(CpG) and our optimized structure of the drug with cyti-
dyl(3'-5')guanosine monophosphate (CpG). The deviations 
of the angles and bond lengths are relatively small indicating 
that our potential energy functions can (1) reproduce the 
characteristic changes (torsional angles) necessary for the 
sugar-phosphate backbone to extend from 3.4 to 6.8 A and (2) 
maintain the hydrogen bonds that help stabilize the DNA and 
drug-nucleic acid structures. 

It is important to note that our calculations give intercalation 
structures in closer agreement with the Sobell crystal structure 
(Table IV) than with the Sobell model (Table II). The latter 
was built to "fit" into double-stranded DNA; it is thus not 
surprising that our calculations, which do not have this con
straint, come closer to the crystal structure coordinates. 

b. Proflavin (2). Sobell has recently suggested2 that inter
calators may be divided into three classes depending on the 
direction of entrance into DNA. Actinomycin D and ethidium 
bromide enter from the minor groove, while drugs such as 
daunomycin and proflavin enter from the wide groove. Some 
drugs (9-aminoacridine) can enter from either side. Our work 
has provided a convenient check on some of Sobell's assump
tions. Proflavin, for steric conditions, has to bind in the major 
groove. However, there are two orientations of the drug when 
it approaches from this direction; (1) that illustrated in Figure 
4 (proflavin minor) or (2) that with N5, Nl, and N7 pointing 
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Table III. Hydrogen Bond Lengths 

H bonds 

N3-N1 ' ' 
N4-06 ' ' 
0 2 - N 2 ' 
NI-N.V' 
0 6 - N 4 ' ' 
N 2 - 0 2 ' ' 

H bonds 

N3-N1 ' ' 
N4-06" 
0 2 - N 2 ' ' 
N 1 - N 3 ' ' 
0 6 - N 4 ' ' 
N 2 - 0 2 ' ' 

BDNA" 

2.85 
2.91-
2.84 
2.85 
2.91 
2.84 

BDNA 

2.85 
2.78 
2.79 
2.86 
2.79 
2.80 

EB" 

2.98 
2.91 
2.72 
2.98 
2.91 
2.72 

EB" 

2.89 
2.65 
3.01 
2.89 
2.65 
3.01 

BDNA 

2.77 
2.86 
2.82 
2.76 
2.86 
2.83 

BDNA 

2.85 
2.81 
2.79 
2.84 
2.83 
2.76 

EB 

2.75 
3.00 
3.25 
2.62 
3.01 
3.36 

EB 

2.83 
2.82 
2.73 
2.83 
2.84 
2.69 

GpC 

CpG 

EB'' 

2,77 
2.78 
2.93 
2.81 
2.77 
2.91 

EB'' 

2.83 
2.77 
2.90 
2.80 
2.78 
2.93 

PF 
(minor) 

2.80 
2.81 
2.87 
2.81 
2.82 
2.87 

PF 
(minor) 

2.84 
2.74 
2.83 
2.84 
2.73 
2.84 

PF 
(major) 

2.76 
2.86 
3.01 
2.74 
2.82 
2.79 

PF 
(major) 

3.63 
4.61 
3.21 
3.46 
4.40 
3.18 

9AA 
(minor) 

2.80 
2.77 
2.88 
2.79 
2.78 
2.91 

9AA 
(minor) 

2.90 
2.92 
2.76 
3.11 
3.19 
2.90 

9AA 
(major) 

2.81 
2.81 
2.87 
2.80 
2.81 
2.89 

9AA 
(major) 

2.83 
2.80 
2.77 
2.84 
2.86 
2.71 

" Starting values; sec Table Il Ethidium bromide without the ethyl and phenyl side chains. '' Top base pairs. '' Bottom base pairs. 

Table IV. Comparison of Model Calculations with Crystal 
Structure 

X 
U) 

<t> 
1> 
6 
t 

x' 

X 
ill 

4> 

+ 
8 
t 

x' 

N3-
0 4 -
0 2 -

-Nl 
-N6 
-N 2 

crystal 
structure" 

Torsional Angles' 

calcd 
model'' 

: (dcg) 
A. First Dinueleosid 

199 
288 
150 
74 
79 

134 
91 

B. Second Dinucl 
191 
305 
136 
69 
69 

135 
96 

eosi 

Hydrogen Bond Length 
2.88,2.91 
2.89,3.01 
2.81,3.02 

e 
217 
289 
150 
73 
65 

153 
93 

de 
219 
291 
150 
74 
66 

147 
96 

s ( A ) 
2.83,2.83 
2.82,2.84 
2.73,2.70 

deviation 

18 
1 
0 
I 

14 
19 
2 

28 
14 
14 
5 
3 

12 
0 

0.06'' 
0.12'' 
0.20'' 

" H. M. Sobell, private communication, rcf 2. h These results, CpG. 
'' The torsional angles is defined in terms of four consecutive atoms, 
ABCD; the positive sense of rotation is counterclockwise from A to 
D while looking down BC bond. '' Average deviation between calcu
lated and observed H-bond distance. 

down rather than "up" as they are in Figure 4 (proflavin 
major). Our calculated energies (Table V, comparison of 
pro'flavin (minor) and proflavin (major)) suggest very strongly 
that the amines are pointing away from the helix. This allows 
the chromophore to slide between the base pairs of DNA to 
maximize the base stacking interaction. If the amines are 
pointing toward the helix the bases will not be able to stack 
effectively with the chromophore, which will result in a higher 
energy for the complex. Our results show that the drug-base 
and drug-backbone energy is much higher for the amines 
pointing toward the helix than for the opposite orientation. In 
this context, it is of interest that Patel and Canuel7 have noted 
that the proflavin intercalation geometry which places the 

Figure 4. Calculated structure for proflavin (minor)-GpC complex looking 
down from the top of the nucleoside. 

intercalator directly beneath the bases (with the relative or
ientations of the sugar-base and C-NH2 bonds similar to our 
Figure 4) is more consistent with his NMR results (approxi
mately equal upfield chemical shifts for all the proflavin pro
tons) than the model proposed in ref 3, in which the proflavin 
is moved to an intercalation geometry in which the the hy
drogens on the side of the molecule with the NH2 and N groups 
would be expected to have rather different chemical shifts than 
the H's on the other side. The X-ray structure of a ribonu
cleotide CpG proflavin complex recently reported is also 
qualitatively consistent with our structure,18 although they 
found, interestingly, a C3'endo pucker for both sugars and our 
calculations assume the mixed sugar pucker proposed by So
bell.2 

c. 9-Aminoacridine (3). Our calculated results suggest a lack 
of preferential orientation of 9-aminoacridine, consistent with 
Sobell's assumption that the chromophore can enter and bind 
from either groove. There is no steric consideration with the 
drug entering from either side of the helix because it does not 
have amine groups on the side of the chromophore. Also, there 
is apparently no preference in terms of the interaction energy 
(Table V) for the chromophore to point toward the major or 
minor groove for GpC, although for CpG there is a definite 
preference for the minor groove structure. Note also (Table 
II) that the torsional angles for the structure where 9-
NH2(minor) interacts with base-paired CpG are rather dif
ferent that those found for 9-NH2(major) interacting with 
base-paired CpG or with 9-NH2(major) or (minor) interacting 
with base-paired GpC. This is fascinating especially in view 
of the fact that Sakore et al.19 found two intercalated struc
tures for 9-aminoacridine interacting with iodo-CpG. One is 
symmetric with the 9-aminoacridine symmetrically disposed 
between the base pairs, and the other is asymmetric, with the 
intercalator closer to one nucleotide. This asymmetry appears 
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Table V. Energy Component Analysis (kcal/mol) 

base-base 
base-bk 
bk-bk 
torsional 

base-base 
base-bk 
bk-bk 
drug-base 
drug-bk 

E 
AE (without drug) 
A£ 

base-base 
base-bk 
bk-bk 
torsional 

base-base 
base-bk 
bk-bk 
drug-base 
drug-bk 

E 
AE (without drug) 
AE 

BDNA" 

83.45 
54.55 

-47.37 
-7 .25 

-25.04 
8.28 

10.83 

77.45 

BDNA" 

97.29 
59.52 

-47.12 
-7 .23 

-34.51 
0.68 

10.91 

89.54 

EB" 

108.21 
67.48 

-59.17 
-8 .77 

-18.26 
6.02 

10.06 
-76.39 
-60.23 

-31.05 
28.12 

108.50 

EB" 

109.02 
65.05 

-59.17 
-8.78 

-23.28 
7.17 

10.07 
-77.84 
-57.83 

-35.59 
10.54 

-125.13 

BDNA 

GpC 

EB EB'' 

A. Intramolecular Components'' 
85.66 
58.07 

-64.06 
-13.12 

108.53 
59.02 

-62.78 
-15.05 

B. lntermolecular Co 
-27.16 

8.06 
11.04 

58.49 

BDNA 

-20.43 
7.59 

10.68 
-79.01 
-83.51 

C. Total Compo 
-74.96 

29.07 
-133.45 

CpG 

EB 

107.94 
58.23 

-62.10 
-15.34 

mponents 
-21.65 

8.54 
10.79 

-79.95 
-79.34 

nents 
-72.88 

27.92 
-131.37 

EB'' 

A. Intramolecular Components1' 
95.83 
69.84 

-64.92 
-13.57 

109.07 
66.24 

-64.18 
-15.09 

107.99 
59.03 

-62.20 
-15.71 

B. lntermolecular Components' 
-33.30 

1.83 
11.17 

66.88 

-23.19 
5.17 

10.76 
-79.09 
-81.81 

-21.81 
8.47 

10.79 
-80.39 
-78.93 

C. Total Components 
-72,12 

21.90 
-139.00 

-72,76 
19.68 

-139.64 

9AA 
(minor) 

107.88 
59.47 

-62.83 
-14.80 

-21.66 
8.73 

10.92 
-79.07 
-73.04 

-64.40 
29.22 

-122.89 

9AA 
(minor) 

109.66 
67.05 

-70.18 
- 1 1.04 

-21.12 
3.87 

13.47 
-73.89 
-86.99 

-69.17 
24.83 

-136.05 

9AA 
(major) 

107.79 
59.72 

-63.00 
-14.64 

-22.30 
8.56 

10.93 
-77.54 
-72.12 

-62.60 
28.57 

-121.09 

9AA 
(major) 

109.43 
66.68 

-64.62 
-14.72 

-24.00 
4.22 

11.09 
-76.82 
-71.36 

-60.10 
21.20 

-126.98 

PF 
(minor) 

107.99 
59.89 

-62.49 
-15.21 

-22.55 
8.20 

10.90 
-76.48 
-81.09 

-70.84 
28.24 

-129.33 

PF 
(minor) 

109.77 
67.54 

-63.00 
-15.74 

-24.50 
4.81 

11.14 
-75.54 
-81.55 

-67.07 
23.14 

-133.95 

PF 
(major) 

107.40 
57.08 

-62.04 
-16.22 

-22.97 
7.65 

10.46 
-75.11 
-70.43 

-64,18 
22.87 

-122.67 

PF 
(major) 

109.84 
67.32 

-62.69 
-15.75 

-15.42 
3.12 

11.54 
-63.74 
-81.59 

-53.61 
24.84 

-120.49 

" Starting values; see Table 11. * Ethidium bromide without the phenyl or ethyl side chains. ' Base refers to atoms of guanine and cytosine 
of dinucleoside; bk refers to all other atoms of dinucleoside monophosphate (sugar and phosphate group): drug refers to atoms of the interca-
lator. 

in our calculated torsional angles for 9-aminoacridine 
(minor)-CpG; the other three 9-aminoacridine structures we 
find are symmetric. It is also encouraging that our 9-NH2 

minor and 9-NH2 major structures for CpG have the 9-amino 
groups as found by Sakore et al.19 for the asymmetric structure 
(9-NH2 group pointing toward the base-sugar bond) and 
symmetric structure (9-NH2 group pointing away from the 
sugar-base bond). 

B. Interaction Energies. The interaction of a drug with two 
base-paired dinucleoside monophosphates (GpC) can be en
visaged as a two-step process in the gas phase. A schematic 
diagram of the sequence of events for the 'formation of a 
drug-nucleic acid complex is shown below. The first step is the 

C J (a) 

(b) 

unstacking of the base-paired nucleic acid followed py the in
sertion of a drug chromophOre between the unstacked base 
pairs. The first step is an endothermic process, i.e., energy is 
required to separate the bases. The second step, the insertion 
of the drug between the base pairs, must be an exothermic 
process that is larger in magnitude than the initial process if 
intercalation is to occur. 

Table VI. Drug Specificities for CpG Base Pair AE (CpG H- drug 
-*• complex) 

energy component" 

base-base 
base-backbone 
backbone-backbone 
torsional 

base-base 
base-backbone 
backbone-backbone 
drug-base 
drug-backbone 

ethidium'' proflavin' 

A. Intramolecular'' 
13.24 

-3 .60 
0.74 

-1 .52 

B. Intermol 
10.11 
3.34 

-0.41 
-79.09 
-81.81 

13.94(14.01) 
-2 .30 (-2.52) 

1.92(2.23) 
-2.17 (-2.18) 

ecular' 
8.80(17.88) 
2.98(1.29) 

-0 .03 (0.37) 
-75.54 (-63.74) 
-81.55 (-81.59) 

C. Total 
-139.00 -133.95 (-120.49) 

9-AA'' 

13.83 
-2 .79 
-5 .26 

2.53 

12.18 
2.04 
2.30 

-73.89 
-86.99 

-136.05 

" In kcal/mol. ' 1 / 2 . In parentheses is proflavin with its amines 
pointing toward the major groove. d 3. '' Intramolecular energies 
involve those interactions within the dinucleoside phosphates. J ln
termolecular energies include both dinucleoside phosphate-dinu-
cleoside phosphate intermolecular interactions and those between the 
drug and the dinucleoside phosphate. 

Table V gives a breakdown (component analysis) of the 
different contributions to the interaction energy of a drug in-
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Table VII. Base Sequence Specificity of lntercalators. Differences in Interaction Energies of Drugs with CpG and GpC 

energy component" ethidium* ethidium' proflavine 9-AA" 

base-base 
base-backbone 
backbone-backbone 
torsional 

base-base 
base-backbone 
backbone-backbone 
drug-base 
drug-backbone 

-9.65 
-4.55 
-0.52 

0.41 

3.38 
3.81 

-0.05 
-0.08 

1.70 

-5.55 

A. 

B. 

Intramolecular^ 
-13.03 
-16.54 
-0.25 
-0.03 

Intermolecular* 

C. 

3.45 
8.75 
0.07 

-1.45 
2.40 

Total 
-16.63 

-8.39 
-4.12 

0.35 
-0.08 

4.19 
2.84 
0.11 
0.94 

-0.46 

-4.62 

-8.53 
-4.81 
-0.76 

0.37 

4.44 
1.89 
0.03 
0.72 
0.76 

-5.89 

" Energies in kcal/mol; a negative value implies a stronger interaction with base-paired CpG than GpC. * Ethidium cation with side chain 
(1). '' Ethidium cation in initial Sobell geometry. '' Proflavin (2): used minor groove structure for comparison. '' 9-Aminoacridine (3); used 
major groove structure for comparison. 1 Intramolecular energies involve those interactions within the dinucleosidc phosphate. e Include both 
nucleoside-nucleoside and nucleoside-drug intermolecular interactions. 

teracting with two base-paired self-complementary dinu-
cleoside monophosphates (GpC and CpG). The components 
are divided into two sections: (1) intramolecular effects, 
base-base, base-backbone (bk), and backbone-backbone, and 
torsional terms, and (2) intermolecular contributions resulting 
from base-base, base-backbone, backbone-backbone, drug-
base, and drug-backbone interactions. 

The designation for base-base contributions refers to indi
vidual atom-atom interactions where both atoms are on one 
of the four bases of the two base-paired dinucleosides. An in
tramolecular base-base interaction refers to interactions be
tween base atoms in the same base or between bases on the 
same dinucleoside phosphate. An atom-atom interaction such 
as drug-bk (backbone) gives the contribution to the energy 
based on the drug-sugar phosphate backbone interaction. The 
atoms of the drug refer to the different intercalators. The ab
solute values for the energies are not important because they 
include many atom-atom interactions involving atoms whose 
relative orientations do not change during the minimization 
(e.g., Ni and Cs on guanine). Table VI contains the difference 
in energy components during the intercalation process base-
paired CpG + intercalator ->• complex. Table VII compares 
the differences in energy components for the intercalation 
process with base-paired CpG with those components for 
base-paired GpC. In each case, we have separately calculated 
the contribution to complex formation of electrostatic, dis
persion, and exchange repulsion atom-atom terms and these 
are tabulated in detail in ref 33. 

1. Step (a). Unstacking of Nucleotides. In evaluating the 
component analysis data two points become apparent re
garding the interaction energy of the drug-nucleic acid com
plexes we have studied. First, all of the drugs that form "rea
sonable" drug-dinucleoside complexes have essentially the 
same magnitude for the first step (the unstacking of the bases 
of the dinucleoside) for the intercalation process. To form an 
intercalation complex the distances between the bases of the 
dinucleoside must be increased from 3.4 to 6.8 A. This requires 
a conformational change in the sugar-phosphate backbone (it 
must be extended), and results in an increase in energy as the 
basis of the dinucleoside monophosphates becomes "un-
stacked". This increase is ~15 kcal/mol loss of dispersion for 
both GpC and CpG base-paired dinucleoside phosphates. In 
addition, there is a change in electrostatic energies for the 
unstacked dinucleotide. For GpC, the unstacked dinucleotide 
is 4 kcal/mol higher in electrostatic energy; for CpG, the un
stacked form is 3 kcal/mol lower. These changes are all in
tramolecular and the difference in electrostatic components 

is an important reason why it is easier to unstack CpG than 
GpC dinucleoside phosphate. The intermolecular energy 
contribution to unstacking GpC comes mainly from the less 
optimum interbase H bonds in the unstacked structure. In 
CpG, there is a substantial dispersion attraction (between the 
two guanines in the stacked structure), which is lost on un
stacking. Thus, the calculated net destabilization for step (a) 
is 15-30 kcal/mol for the dinucleotide drug interactions in 
Table V. 

It appears from experimental kinetic measurements that the 
unstacking free energy of activation is about 15 kcal/mol for 
proflavin-DNA intercalation.20 Our calculated activation 
energies cannot be compared rigorously to these, but the fact 
that the numbers are in the same range is encouraging. 

2. Step (b). Drug Intercalation. The results of Table VII show 
that the intercalation complex is formed because of the strong 
interaction between the drug and the two dinucleosides. For 
examples, there is a gain of ~1$0-160 kcal when ethidium 
bromide interacts with dinucleoside base pairs in their "un
stacked" conformation (step (b)). The total difference, 
therefore, is a net stabilization in the gas phase of •~130-140 
kcal/mol ethidium bromide-nucleic acid structure. There is 
a large variation in the interaction energy of step (b) for the 
different intercalation complexes. 

In comparing the interaction energy of different intercala
tors with GpC and CpG it is clear that the different binding 
energies result mainly from the interaction of the drug with 
the sugar-phosphate backbone and the bases of the dinu
cleosides. With this type of analysis one would also not expect 
there to be a great difference in the binding energy between 
proflavin and ethidium without the side chains. The difference 
in the interaction energy for these two molecules is indeed very 
small. The difference in binding energy for the two ethidium 
molecules, with and without side chains, is also small. The 
relatively high energy of the proflavin (major) orientation is 
a result of the amines actually being too close to the phosphate 
backbone and distorting the nucleic acid structure. 

One would also like to understand the nature of the effects 
which change the gas-phase AE of — 130 to — 140 kcal/mol to 
the observed AG ~ —10 kcal/mol for ethidium-DNA inter
actions.1 A qualitative estimate of the energetics of solvation 
of nucleotide, ethidium, and complex comes from the reaction 
field stabilization for ions:21 

2t a 
(2) 

where q is the charge of the molecule, t = 80 (H2O), and a is 
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the cavity radius. If we use the dimensions of the dinucleotide 
perpendicular to the helix axis (roughly 18 X 10 A (/• ~ 7 A)) 
for the dinucleotide and its complex and an average "radius" 
of 6 A for ethidium one calculates solvation estimates for di
nucleoside phosphate {q = —2), ethidium (q = \), and complex 
(q = —1) of—95, —27, and — 24 kcal/mol and a contribution 
of AG (solvation) to the intercalation process of ~ 100 kcal/ 
mol. Estimating the rotation and translational entropy change 
on association as Page and Jencks22 (AG trans-rot ~20 
kcal/mol) have leads to a net AG of ~ -10 to —20 kcal/mol 
for the interaction of cationic intercalations into DNA. Al
though the above estimates are very crude, they do suggest that 
our gas-phase A£"s are not unreasonable.23 

3. Drug Specificities. Table VI compares the interaction 
energies of the three drugs with base-paired CpG. As one can 
see, the order of binding affinities is in the order ethidium 
j£9-aminoacridine > profiavin. There is some direct experi
mental evidence which suggests that ethidium bromide binds 
more tightly to DNA than does profiavin and 9AA is also more 
tightly bound than profiavin.26 It is premature, however, to 
compare directly our results with the experimental work. DNA 
has ten different base pair combinations with which the two 
chromophores can bind. It is expected that each of the ten 
drug-base pair combinations will have a different equilibrium 
constant because of the different drug-base interactions. 

4. Base Specificity. In Table VII we compare the interaction 
energies for drug GpC interactions with drug CpG interactions. 
Krugh was the first to note a preference of ethidium for the 
pyrimidine-3',5'-purine isomer.6 Patel has noted such a pref
erence for profiavin as well.7 Our calculated interaction 
energies for ethidium and profiavin are consistent with these 
observations. Since we used the Sobell CpG structure2 as the 
basis for our sugar pucker and initial dihedral angles, a more 
negative calculated AE for the experimentally favored CpG 
sequence might be suspect because this geometry choice could 
have biased the results. Clearly, calculations allowing more 
geometrical flexibility in the sugar are required to sort out this 
point.27 

However, it is encouraging that the calculations are able to 
reproduce this energy difference. Whether one uses the initial 
Sobell or energy optimized geometries, the main factors fa
voring pyrimidine-3',5'-purine specificity are (1) the difference 
(mainly electrostatic) in intramolecular base-base interaction, 
which favors the unstacked structure by 3 kcal/mol in CpG 
and the stacked structure by 4 kcal/mol in GpC and (2) the 
intramolecular 3'-base-backbone interaction (mainly elec
trostatic), which destabilizes the unstacked structure by ~1 
kcal/mol in GpC and stabilizes it by ~4 kcal/mol in CpG. 

Pack and Loew4 have previously focused attention on the 
latter interaction as playing the most important role in causing 
pyrimidine-3',5'-purine sequence specificity, and in our cal
culations using the Sobell and initial BDNA geometry, effect 
(2) is slightly larger than (1). On the other hand, base stacking 
calculations by Pullman15 find that the GpC base-paired 
structure is 2.8 kcal/mol harder to unstack (from the BDNA 
structure to °° separation) than the CpG base pair and this 
supports our finding of factor (1) (base-base interaction) as 
a reason that intercalation is easier between base-paired CpG. 
We conclude that both factors (1) and (2) are important; the 
fact that the electrostatic component is the predominant one 
in both base-base and base-backbone interactions suggests 
experiments of base specificity as a function of ionic strength 
or with esterified phosphates. The relative sequence specificity 
due to base-backbone interactions should be more sensitive 
to the extent of anionic character of the phosphate than the 
backbone-backbone interactions, which are more shielded 
from solvent, so one might be able to experimentally assess the 
relative roles of factors (1) and (2) in determining base se
quence specificities. 

It is clear from studies that the main reason for the pyrim-
idine-3',5'-purine specificity is intramolecular and not de
pendent on the drug-nucleic acid interaction. One could en
visage purine-3',5'-pyrimidine drug preferences (e.g., actino-
mycin)2 but only if the drug-nucleotide interactions overcome 
the inherently smaller energy to open up pyrimidine-3',5'-
purine sequences. 

Conclusion and Further Considerations 

Our calculations are the first attempt to use a empirical 
potential energy function to study the interaction of drugs with 
small nucleic acid components to determine the origin, nature, 
and magnitude of the forces that dictate the conformation and 
intermolecular structure of such a complex. We have mini
mized the complex energy varying all torsional (14) and in
termolecular (12) degrees of freedom. Comparing hydrogen 
bond lengths and torsional angles of the sugar-phosphate 
backbone in the calculated and crystal structure of ethidium 
bromide-dinucleoside monophosphate gives us confidence that 
our program is capable of producing reasonable geometries for 
this type of complex. The profiavin intercalated structure we 
find to be of lower energy is closer to that observed by X-ray 
crystallography than the alternative structure we considered. 
Thus, we feel that our first goal has been realized. Secondly, 
we have found reasonable energies for base unstacking and 
drug intercalation. An extremely crude solvation estimate has 
indicated that our calculated interaction energies are quali
tatively reasonable and points out the importance of solva-
tion-desolvation effects in determining intercalation energies 
for cationic drugs. Thirdly, our calculations explain the ob
served pyrimidine-3',5'-purine sequence specificity of ethidium 
and profiavin in terms of intramolecular base-base and 
base-backbone interactions and suggest similar specificity for 
9-aminoacridine, for which, to our knowledge, no solution-
phase specificities have been determined. Thus, we feel that 
we have reached the goals we set for ourselves in the Intro
duction. However, it is necessary to make some cautionary 
remarks about the results we have obtained. First, we started 
our minimization calculations out at or near the Sobell or 
BDNA structures; in a number of cases, we checked to see that 
different starting guesses converged to the same structure. 
However, it is clear that if we started the two dinucleoside 
phosphates far enough apart, the energy minimizer would 
never bring them together because of the electrostatic repulsion 
which leads to an energy barrier required to bring two anions 
in contact. One might change this by using distance depen
dence dielectric functions,23 but these have not yet been ade
quately calibrated for our use here. In any case, we have no 
guarantee that we have found the global minima in our cal
culations, only that we have found physically reasonable local 
minima near observed or model-built geometries. 

Secondly, our potential functions need to be further vali
dated.28 Our calculations include only electrostatic, exchange 
repulsion, and dispersion effects. Based on the results of ref 12 
and 29, we feel that the neglect of polarization and charge 
transfer energies is a reasonable one for this system.30 These 
energies may be of significant magnitude, but are unlikely12 

to affect the structure of the complexes in a major way. A more 
serious approximation lies in the crude way in which solvation 
is handled here, and we feel that it is worth expending con
siderable effort on improved solvation models such as those of 
ref25and31. 

Thirdly, our use of a fixed sugar pucker needs to be exam
ined and the recent work of Levitt and Warshel27 puts us in a 
position to do so. However, the essential point of the Levitt-
Warshel paper27 is the extreme flexibility of the furanose ring. 
This suggests that the 15-30 kcal/mol barrier we calculate for 
"opening up" the dinucleotide (step (a) in the intercalation 
process) is likely to be an upper bound for this process. 
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Fourthly, the extension of these studies to tetra- and hex-
anucleotides is necessary to be sure of the "relevance" of these 
model calculations to intercalation into polynucleotides. The 
fact that our dinucleotide calculations find a minimum energy 
near BDNA and our dinucleotide-intercalator calculations 
find a minimum near the Sobell model built intercalation ge
ometry is encouraging in this regard. Of particular future in
terest is the neighbor exclusion rule, in which intercalation 
occurs at every other site, which has been explained2 on the 
basis of sugar pucker changes. 

Finally, there are a number of other questions to which we 
plan to devote future attention: (1) What is the role of sugar 
repuckering in the intercalation process? (2) What is the ki
netic pathway and the energetics along this pathway for the 
intercalation process? (3) We have only considered two of the 
ten dinucleotide intercalation sites in this study. What does one 
find for the remaining eight sites? (4) How do the results re
ported here change when one considers intercalation into larger 
nucleotide fragments, e.g., tetra- and hexanucleotide base-
paired sequences? (5) What differences does one expect be
tween ribonucleotides and the deoxyribonucleotides studied 
here? 
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