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ABSTRACT

The molecular electrostatic potential and steric accessibility of A-DNA
are computed for base sequences (dG.dC), and (dA.dT)n. An interpretation of
the results in terms of the structure of A-DNA is provided and differences
with respect to other forms of DNA, namely B-DNA and Z-DNA, are discussed.

INTRODUCTION

Already in the early history of the resolution of DNA structure it was
recognized that this biopolymer could exist in two distinct families of con-
formations termed A-DNA and B-DNA, the former being prevalent under conditions
of low humidity and relatively low salt concentration (1). Detailed studies
(2-4) have since brought to light the essential differences between these two
forms, amongst which we may cite the changed sugar pucker (C3'-endo in A-DNA
versus C2'-endo or C3'-exo 1in B-DNA), the altered rise per base pair (2.59 X
in A-DNA versus 3.38 X in B-DNA), the greater number of phosphates per turn
in A-DNA (11 versus 10 in B-DNA), the tilt of the base pairs (19° in A-DNA
versus 6° in B-DNA).

It seems certainly interesting to investigate what may be the effect of
these structural differences on the chemical and biochemical reactivity of
these two conformational varieties. We present in this paper the results of a
preliminary attempt at such a comparison based on the calculation of the mole-
cular electrostatic potential and of the accessibilities to important reactive
sites of the purine and pyrimidine bases for an A-DNA double helix. Previous
studies from our laboratory carried out for B-DNA have shown (5-8) the signi-
ficance of these properties for the understanding of many major aspects of the
reactivity of this biologically essential form of DNA.

For the sake of simplification and comparison with the results obtained
for B-DNA, the study of A-DNA was carried out, as for B-DNA, for the two base
pair sequences poly (dG.dC) and poly (dA.dT). In fact, it is known that DNAs
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having highly repeating sequences and few guanine-guanine base stacks do not
adopt stable A form and thus, in particular, this form does not seem to exist
for poly (dA.dT), while it is readily formed by poly (dG.dC) (9). Poly (dA.dT).
poly (dA.dT) and poly (dG.dC).poly (dG.dC) do not form the A-helix either (10).
On the other hand, it has been shown recently that, contrary to previous be-
Liefs, A-T rich, and even very A-T rich (95%) DNAs can adopt this form (11,
12). Whatever be the significance of the precise sequencing of the bases for
the stability of A-DNA, there can be no doubt that the utilization of the

model sequences poly (dG.dC) and poly (dA.dT) for the study of the general
aspects of the molecular electrostatic potential and base sites accessibility
in A-DNA will reproduce correctly the main features associated with these two
properties in this conformational form of DNA.

Finally, we shall also extend the comparison to the results which we have
obtained (13, 14) for a third family of DNA conformations, the left-handed
double helices termed Z-DNAs, which have recently appeared on the scene (14-
1”m.

METHOD

The model A-DNA segments studied involve full turns of this double helix
with 12 phosphates in each strand and repetitive base sequences dG.dC or dA.dT.
The geometry employed for these helices is that due to Arnott and Hukins (4).

Molecular electrostatic potentials were calculated by the superposition
of the base, sugar and phosphate potentials using the methodology described
previously (6, 7, 18). The resulting potentials are presented in three ways :
1) the potential minima associated with nucleophilic sites (attractive to
electrophiles) on the nucleic acid bases, 2) potential maps in planes perpen-
dicular to the helical axis, at the center of the model double helices, 3)
potentials on surface envelopes surrounding the double helices, these envelo-
pes being formed (7) by the intersection of spheres, with radii proportional
to the van der Waals atomic radii, surrounding each atom of the nucleic acid
(as in our previous studies of B- and Z~-DNA the proportionality factor of 1.7
was employed).

Atomic steric accessibilities were calculated by the methodology previou-
sly described for B- and Z-DNA (8, 13, 14). The results are presented as areas
(in ;2) accessible on the van der Waals sphere of the atom concerned toward a
test sphere of radius 1.2 R. (For related computations on accessibility see
also Alden and Kim (19, 20)).
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RESULTS AND DISCUSSION

We begin by considering the potentials associated with the reactive sites

of the nucleic acid bases. The results for the A-DNA double helix are contai-
ned in Table I, guanine and cytosine potentials being derived from the central
base pair of the poly (dG.dC) model and adenine and thymine potentials from
the central base pair of the poly (dA.dT) model. The site potentials range
between - 600 and - 800 kcal/mole, the large absolute values being due to the
cumulative effect of the unscreened anionic phosphate groups of the double
helix. (Possible screening schemes with countercations and their effect on the
potentials will be considered in a forthcoming publication).

A graphical comparison of these results is given on the left-hand side
of figure 1 where the site potentials are represented on a vertical scale,
guanine and cytosine on its left and adenine and thymine on its right. The
deepest potentials are seen to be associated with the purine ring nitrogens
N7 of guanine and adenine (notation N7(G) etc.) and with the carbonyl oxygens
06(G) and 04(T). The next deepest potentials are those of C8(G), N&(C), N6(A)
and C8(A). It is essential to note that all the sites enumerated above are
associated with atoms lying in the major groove of the A-DNA double helix.
In contrast, the sites on the opposing side of the base pairs, N3(G), 02(C),

TABLE 1. Potentials (kcal/mole) and steric accessibilities (Rz) of the
bases in A-DNA.

BASE - SITES
GUANINE N2 N3 N7 [%:] 06
Potential - 623 - 666 - 787 - 699 - 761
Accessibility 0.3 0.9 3.4 0.8 2.3
CYTOSINE N4 C5 02
Potential - 692 - 656 - 638
Accessibility 0.1 0.4 1.6
ADENINE N3 N6 N7 c8
Potential - 663 - 682 - 748 - 670
Accessibility 2.1 0.1 2.7 0.7
THYMINE C5 02 04
Potential - 665 - 655 - 725
Accessibility 0.0 2.8 1.3
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N3(A) and 02(T) are considerably weaker. We will return to this distinction
shortly.

Table I also contains the atomic accessibilities for the base atoms asso-
ciated with the potential sites discussed above. A graphic representation of
these results is also given on the left-hand side of figure 2. The most acces-
sible atoms are found to be the ring nitrogens and carbonyl oxygens intermin-
gled in the resulting order :

N7(G) > 02(T) > N7(A) > 06(G) > N3(A) > 02(C) > 04(T)
With the exception of 02(T) the three most accessible atoms are thus located
in the major groove of the helix. In distinction to N3(A), N3(G) has a rather
low accessibility as do the purine C8 atoms. The lowest accessibilities are
those of the pyrimidine C5 and the amino nitrogens.

Since accessibilities and potentials have been shown, through the examples
of B~ and Z-DNAs and of tRNAPhe (21), to play important roles in determining

A-DNA B-DNA A-DNA B-DNA
poly (dG.dC) poly(dA.dT) poly(d6.dC) poly (dA.dT) poly(dG.dC) poly (dA.dT) poly (dG.dC) poly (dA.dT)
CS(C) —= N(G) —
le—CS(T) 14 14
4-600 N4 (C) 5] -B00N8(A)
[«—C8(A)
o—o‘m
N2(G) —=| N2(G) —| N7(G) —=
C8(G) —=|
®e) — " 43 13
{-6s0 02071 650- N7(A) L oam
CS(C) —e|*—02(T) 06(6)—= l— N7(a) - o
NIG) —ofs—N3 A o) e—o02(T) ) )
le—C8(A) 06(6
N3G) —=|e— N3(A) ) —
jo— NB(A) N7(G) —| ——N3(A) [*— 04(T)
N4(C) —s 42 2
o) —{-700 4-70
02(C) —|
le—04 (T) — O4(T)
41 c8@—11 (com)
e— N7(A N3(G) — —
e {750 cae) — o2(M
—cC8(a) ——N3(A)
06(G) —f
CS(C) - —=f
N2(G; —
N4{C),C5(C)~—|
N7(G) — N(C) - 5 _:‘g;?:’ N2(G)N3G) L 1o, (N6IA)
4-800 J -800 02(c) ics(M)
keal/mole keal/mole A2 A2

FIGURE 1. Comparison of A-DNA and B-DNA FIGURE 2. Comparison of A-DNA and B-
-]
base site potentials (kcal/mole). DNA base atom accessibilities (A2).
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the reactivity of the bases of these nucleic acids we can hope to predict
similarly, be combining these two factors, particularly favourable sites in
A-DNA. For this acid one obvious conclusion would be that electrophiles should
preferentially attack N7(G), N7(A) and 06(G). Situated in the major groove
these three sites have both the deepest potentials and great accessibilities.
02(T), 02(C) and N3(A), situated in the minor groove have large accessibilities
but weaker potentials and 04(T) with a rather deep potential is disfavoured

by a smaller accessibility. The remaining sites have both low accessibilities
and relatively weaker potentials.

It may be interesting to compare the results found here for A-DNA with
the previous ones (8, 13) for B-DNA. The comparison is presented in Fig. 1
and 2. As for A-DNA, N(7)G, N7(A) and 06(G) were also found to be associated
with relatively deep potentials and good accessibilities in B-DNA. It may be
observed from Fig. 1 that for these highly reactive positions the potentials
are much deeper in A-DNA that in B-DNA. In fact, it can be seen from this fi-
gure that the limit of potential is deeper in A-DNA than in B-DNA. This is
due, partly, to the greater number of phosphates in the models used for the
A-DNA double helix (24 against 22 for B-DNA,in a helical turn) and, more impor-
tantly perhaps, to the tighter packing of phosphates in A-DNA, whose pitch is
28.2 ; compared to 33.8 R for B-DNA. This overall situation does not preclude,
however, the fact that the potentialsof N3(G), 02(C), N3(A) and 02(T) (all in
the minor groove) are weaker in A-DNA than in B-DNA.

Concerning the accessibilities, the most significant observations are the
slight decrease of accessibility in A-DNA with respect to B-DNA for N7(G) and
04(T) (in the major groove) and an increase for N3(G), N3(A), 02(C) and 02(T)
(in the minor groove).

These observations may be summarized by saying that, in passing from B-
DNA to A-DNA the potentials associated with the major groove sites deepen
while their accessibilities generally decrease (although they remain quite
appreciable). the potentials associated with the minor groove sites become
weaker and their accessibilities generally increase. The explanation for these
phenomena appears to be in large part due to the displacement of the base
pairs in A-DNA away from the helical axis toward the minor groove. The result
is that this groove is extremely shallow in A-DNA, in fact, it represents a
nearly flat face, with the bases exposed, while, in contrast, the major groove
becomes narrow and very deep. The trends in accessibility thus become unders-
tandable, the "minor groove" sites in A-DNA being more exposed and the major
groove sites more hindered.
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The trends in the distribution of the potenti;l become perhaps more un-
derstandable by looking on the isopotential maps in the planes perpendicular
to the helical axis and passing through the central base pair of our model
double helices. The results are shown in figure 3 for the poly (dG.dC) model
of A-DNA and in figure 4 for its poly (dA.dT) one. In both figures the helical
axis is indicated by a central cross, the phosphorus atoms of the backbones
passing through the plane are marked by the letters P and the central base
pair is indicated. From these figures the displacement of the base pairs from
the helix axis is clear. As a result of this situation, the backbones borde-
ring the deep and narrow major groove produce much more negative potentials
in this region than those found on the opposing flat side of the double helix.
This effect is accentuated by the orientation of the phosphate anionic oxygens
which point across the entrance to the major groove, rather than to the out-
side of the double helix as in B-DNA. The presence of more negative site po-
tentials in the major groove is thus comprehensible.

This situation is an interesting contrast to our findings for ZI-DNA 3,
14) where, according to the geometry due to Wang et al. (15), the bases of this
left-handed double helix are displaced towards the side of the 'major groove",
which becomes in fact a convex surface, leaving only a deep minor groove with
a consequent deepening of the site potentials on the corresponding side of the
nucleic acid bases, exactly the reverse of the situation in A-DNA.

FIGURE 3. Midplane potential for A-DNA, FIGURE 4. Midplane potential for A-
poly (dG.dC) model (isopotentials in DNA, poly (dA.dT) model (isopoten-
kcal/mole). tials in kcal/mole).
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A final view of the distribution of the potential around A-DNA is given
by the potentials on the surface envelopes surrounding the model double heli-
ces. A three-dimensional representation of the envelope for the poly (dG.dC)
model of A-DNA is shown in figure 5, in which the deep, narrow major groove is
clearly visible in the lower half of the figure. Above it may be seen the vir-
tually flat opposing face. Figure 6 shows a graphic of this poly (dG.dC) dou-
ble helix surrounded by the projected profile of the surface envelope and in
figure 7 the surface potentials projected on a plane are indicated by diffe-
rent degrees of shading, darker shadings implying more negative potentials
(see table 2 for details). Comparing figures 6 and 7, the most negative poten-
tials are seen to be concentrated in the major groove of the double helix in
the lower half of figure 7. The minimum potential of - 790 kcal/mole, (denoted
by the letter M) lies on the surface of a phosphate anionic oxygen on the edge
of the groove. On the opposing flat side of the helix (upper half of figures
6 and 7) there is almost no concentration of potential over the bases and the
values are some 100 kcal/mole weaker than in the major groove (local minimum =
- 700 kcal/mole).

The results for the poly (dA.dT) model of A-DNA are given in figures 8
(the molecular graphic of the double helix) and 9 (the surface envelope poten-
tial). A three-dimensional representation of the envelope is not given for this
base sequence as it is virtually indistinguishable from that in figure 5. Once
again a concentration of the most negative potentials can be observed in the
major groove of the helix, in the lower half of figure 9. The minimum potential,
denoted by the letter M, is - 784 kcal/mole. As for the poly (dG.dC) model the
potentials on the opposing flat side of the helix are roughly 100 kcal/mole
less negative (local minimum = - 696 kcal/mole).

Finally if the poly (dG.dC) sequence is compared with the poly (dA.dT)

FIGURE 5. Surface envelope graphic
of A-DNA, poly (dG.dC) model.
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TABLE 2. Shading used for surface
envelope potentials

SHADING POTENTIAL (kcal/mole)

- 488

538

588

638

N
N

- 689

- 739

sequence either in terms of the mid-plane potentials (figures 3 and 4) or in
terms of the envelope potentials (figures 7 and 9) the same overall order of
decreasingly negative potentials may be observed for the grooves, namely :
poly (dG.dC) major > poly (dA.dT) major > poly (d6.dC) minor
> poly (dA.dT) minor

CONCLUS IONS

The calculation of the molecular electrostatic potential and steric acces-
sibility for a model A-DNA double helix has drawn attention to the possible
importance of the base pair displacement away from the helical axis in influ-
encing the chemical and biochemical reactivity of this DNA conformation. The

4684



Nucleic Acids Research

FIGURE 6. Molecular graphic of FIGURE 7. Surface potentials for A-DNA,
A-DNA, poly (dG.dC) model. poly (dG.dC) model (for significance of
shading see table 2).

FIGURE 8. Molecular graphic of A-DNA, FIGURE 9. Surface potentials for A-DNA,
poly (dA.dT) model. poly (dA.dT) model (for significance of
shading see table 2).
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resulting inbalance between the two sides of the base-pairs with deeper poten-
tials, but decreasing accessibilities, in the major groove and the flattening
of the minor groove with variable effect on both properties, represent impor-
tant changes with respect to B-DNA. In particular while in B-DNA the major
groove represented the potentially priviledged region for electrophilic at-
tacks in G-C rich segments and the minor groove such a region in A-T rich
segments, the major groove will manifestly be predominant in A-DNA independen-
tly of its composition. This situation may perhaps be responsible in part for
the fact that the recently much explored oligopeptide antibiotics netropsin
and distamycin A, which interact without intercalation with nucleic acids and
bind preferentially to the minor groove of A-T rich regions of helical B-DNA,
bind much less, if at all, to A-DNA or to helical RNA (whose structure is
similar to A-DNA) (22-24). Other, complementary reasons for this selectivity
could be 1) the more negative values of the potentials at N3(A) and 02(T) in
B-DNA than in A-DNA, these atoms being the ones utilized for hydrogen bonding
with the amide hydrogens of the antibiotics and 2) the unsuitable arrangement
of the anionic oxygens of the phosphates (pointing across the entrance to the
major groove) in A-DNA : in B-DNA hydrogen bonds linking the positively char-
ged propionamidine group(s) of the antibiotics with these oxygens stabilize
the interaction.

The possible occurrence of local A-DNA characteristics is an overall B-
DNA double helix, a possibility substantiated by the recent detailed study of
the influence of base sequence on helix structure in the case of a B-DNA dode-
camer (25), also implies the occurence of the associated features of electros-
tatic potential and accessibility. Such an occurence may therefore be signifi-
cant for the manifestations of local biochemical reactivity. This aspect of
the situation has been considered recently extensively with respect to Z-DNA
and the possible significance of Z-DNA sequences in a B-DNA helix for the af-
finity toward chemical carcinogens (14, 15). It may be interesting to consider
the same problem with respect to A-DNA fragments. As examples we may consider
the NH2 group and C8 atom of guanine which are targets for the carcinogenic
polycyclic aromatic hydrocarbons and N-acetoxy-N-2-acetylaminofluorene, res-
pectively. The data of table I and Fig. 1 indicate that the potential at N2(G)
is practically the same in A- and B-DNA and its accessibility a little greater
in A-DNA. There is therefore little probability that the presence of an A-DNA
step in a B-DNA helix should produce a significant enhancement of the reaction
with polycyclic aromatic carcinogens. On the other hand, while the accessibi-
Lities to C8(G) are very similar in A- and B-DNAs, the potential associated
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with this site is significantly deeper in A-DNA than in B-DNA. Consequently,
the presence of an A-DNA fragment in a B-DNA helix could produce an enhanced
affinity for N-acetoxy-N-2-acetylaminofluorene.

Finally, we must remark that in spite of the obvious interest in evalua-
ting the intrinsic molecular electrostatic potential of naked nucleic acids
there is at least a similar interest in evaluating the influence of counter-
cation binding. We have presented such studies for B-DNA (24, 25) and Z-DNA
(13, 14) and shall present in a forthcoming publication the results for A-DNA.
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