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We present an analytical model, based on a Green-function technique, for the electric potential surrounding
dissolved DNA which treats the full, discrete charge distribution of homopolymer B-DNA and the aqueous
solvent as concentric, dielectric cylinders. The resulting expressions manifest the symmetry of the system, with
terms equivalent to a continuous line charge and with distinctive helical terms both due to the sugar-phosphate
backbone and due to the base pairs. This theoretical approach quantifies the structural information in the

potential with continuing approach to the DNA surface.

PACS number(s): 87.15.—v, 36.20.—r, 41.20.Cv

An ab initio calculation of the electric potential and field
for dissolved DNA is currently an intractable problem. In the
past a number of idealizations have been used to model the
thermodynamic and electrostatic properties of DNA, with
emphasis either on the solvent [1-4] or on the structural
details of DNA [5]. Another class of models treats in detail
both DNA and the solvent [6,7], but the size of the system is
limited by computational power. In general, each class of
models exhibits definite but limited reliability in addressing
this complex problem.

Here we report the results of our theoretical investigation
of the structural information retained in the electric potential.
While the dominant charges of DNA are the phosphate
groups, a nucleotide pair (unit cell) has either 45 (deoxyade-
nylic acid—deoxythymidylic acid) or 46 (deoxyguanylic
acid—deoxycytidylic acid) partially charged atoms [8]. Here
we model homopolymer B-DNA by taking into account each
atom as a partial charge at its atomic coordinate. We have
used partial charges from Renugopalakrishnan, Lakshmi-
narayanan, and Sasisekharan [9] for the backbone and from
Pearlman and Kim [10] for the bases in the parameters de-
termined by Arnott and Hukins [11]. In addition to the DNA
macromolecule, concentric regions of condensed ions and
bulk solvent are modeled as dielectric media with cylindrical
symmetry. Initially we modeled the solvent as three dielec-
tric regions as shown in Fig. 1(a), where b is the DNA ra-
dius. While the phosphate groups are essentially bound sur-
face charges, counterions and other solvent ions are free
charges. Surrounding the polyelectrolyte DNA is a region of
condensed ions known as the Manning layer [12—-14], mod-
eled as the cylindrical shell from b to 4 in Fig. 1(a). In
biological systems this region is at a molarity of about 2
independent of the molarity of the surrounding bulklike sol-
vent, which is typically tens of millimolars.

Recently we solved the problem of the local electric field
that arises from the phosphate groups using a Green-function
technique, i.e., a helical charge distribution in concentric di-
electric media, pointing out that the full power of the Green-
function approach is required for analytical solutions [15].
While limiting the charges to that of the phosphate groups
successfully identified a helical ““signature,” it failed to rec-
ognize the partial charge distribution of the sugars and the
bases. Here we extend the theory to a more realistic model
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for DNA. We have considered using the multipole expansion
to account for the sugars and especially the bases. However,
a comparison of the relative contributions from subsequent
terms in the expansion, at length scales relevant to this sys-
tem, indicates that the dipole approximation is not always
valid and the multipole expansion is not a useful approach
for the region manifesting structural information.

Given the linearity of Maxwell’s equations we have taken
a reductionist approach to build up the potential due to the
full charge distribution. Let us focus our attention on deriv-
ing ®,, the potential in the Manning region (the develop-
ment of the potential in the other two regions makes use of
similar manipulations). First consider a point charge at a di-
electric boundary as shown in Fig. 1(a). It is straightforward
to show [15] that the potential is given by
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for b<p<d, where the prime on the sum indicates the m=0
term is divided by 2, and

FIG. 1. (a) Geometry for a single phosphate embedded in three
concentric dielectric media (three-layer model). (b) Cylindrical sur-
face containing the lattice of charges associated with one helix of
phosphates.
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FIG. 2. Surface plots (z=0 plane) of the terms comprising the electric potential: (a) zero mode; nonzero mode contributions for the (b)
phosphate groups, (c) ribose groups, (d) guanine, and (e) cytosine. Computations were performed as described in Ref. [15]. Note the radius

is 1-4 A from the DNA surface (b=10 A).
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I, and K,, are the two linearly independent modified Bessel
functions of order m. The sum on m reflects a discrete Fou-
rier expansion in ¢, while the z dependence is handled with
a continuous Fourier expansion (integration over k). Note the
difficulty associated with computing the sums and integrals
of the products of multiple modified Bessel functions. The
resolution to this difficulty is found by recognizing the sym-
metries of DNA and decomposing the helical charge distri-
bution into a set of ten lines of discrete charges as shown in
Fig. 1(b). More specifically, the position of the nth charge on
the sth line (with fixed angular coordinate ¢,) is
(b,d;,z, ), where

z,s=nP+sAz,
27

oe(l

with 0ss<(Ny—1) and —<n<o and where P is the
helix pitch and Az is the rise per residue as shown in Fig.
1(b). The sum on 7 (for fixed s) builds up one line of discrete
charges and is effected by means of the Poisson summation
formula [16]:
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where this & function will trivialize the integrals in the po-
tential equations, reducing them to a form that is computa-
tionally tractable. Let @3 represent the contribution from a
single line of discrete charges. It will be convenient both
conceptually and computationally to split off the zero mode
(m=0, k=0) contribution from the higher-mode terms:

D= (m=0,k=0)+DP3(m=0k>0)
+®5(m=1,k=0)+D5(m=1,k>0).

Each mode reflects coherence in the electric potential, where
the m modes are periodic in angular separation and the k
modes are periodic in the z direction [note that k~(27/P)
for a pitch P].

It is straightforward to build up the contribution to the
potential by a lattice of atoms as shown in Fig. 2(b) by sum-
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ming over all s. Note that this lattice defines a cylindrical
surface. Although the double-helix configuration of point
charges does not possess cylindrical symmetry, the lattice of,
for example, phosphates can be located on a single cylindri-
cal surface and thus our separation of Laplace’s operator in
cylindrical coordinates is natural indeed.

Recall that the second interface at p=d corresponds to
the outer extent of the Manning region. We have quantified
the reflection from the dielectric layer at p=d and it is in-
significant. While the phosphate charges are taken to lie at
the DNA surface, rescaling b allows the lattice of atoms in
Fig. 1(b) to represent the lattice associated with any atom in
the nucleotide pair. Apart from its radius, the helical lattice
geometry is uniquely characterized by the helix pitch P and
the vertical rise per residue Az. Given the three-layer poten-
tial, it is a simple matter to obtain the potential for an infinite
helical charge distribution for a two-layer dielectric, where a
given charge lies entirely within the first (e;) layer. We can
then build up the electrostatic potentials associated with the
various chemical structures making up the complete DNA
macromolecule. To obtain the potential from an infinite helix
of identical base pairs, we simply rescale the radius a—a;
and charge q—g;, shift angles and altitudes ¢—o+a;,
z—z+ & for each atomic partial charge residing in the given
base, and then separately sum over all the constituent atoms
belonging to each base:
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where the sums over 15 and 12 correspond to the separate
guanine and cytosine bases, respectively, and the superscript
j on @ labels the cylindrical shell containing g, . In contrast,
for the sugar-phosphate backbone we add the dyadically re-
lated groups before performing the sum over the constituent
partial atomic charges:

Ploubie nelin( P2 $:2) = Plain(p, d+ a2+ 5))
+®{le]ix(p9¢_ a/j ,Z (S])

For a given backbone charge q;, the contribution to the po-
tential has the form

2qil€
q;, ’In(p),
2l 2l ; (2l )
VI A —A‘Z—5J)Po.zmmz1<o x5 Pl
€, €
— 2 4,
€(€t+¢€;) a; "No
2¢ \ P ’



RAPID COMMUNICATIONS

50 STRUCTURE IN THE ELECTRIC POTENTIAL EMANATING FROM DNA R701

o INg-1

A 2q:Ng 2 27z 278,

Pl nein(M=1k>0)=—"—2, > 2cos| —5~ (INg=m)+mé |cos| —5= (INg=m)+ma;

=1 m=1

1 . 2w 2gq;Ny - - 27z
X——lNo—m ﬁfn,(zmp)(wo—m)Km(‘I‘;‘ (lNo—m)P) +—b7-r 1—2 ) > 2 cos 5 (INg+tm)—mé
=-oo m=max[1,1-INy]
75;

X cos

where we have made use of the definition
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As expected, the resulting analytical expressions manifest
the symmetry of the system. For each chemical structure the
leading term (m=0, k=0) is equivalent to a continuous
line charge as shown in Fig. 2(a); we refer to the sum of
these leading terms as the zero mode. A subset of higher-
order terms due to the sugar-phosphate backbone have a
characteristic length scale of 5 A beyond the DNA surface as
shown in Figs. 2(b) and 2(c). Another subset of higher-order
terms are due to partial charges of the bases and have a
characteristic length scale of several angstroms beyond the
DNA surface as shown in Figs. 2(d) and 2(e). These higher-
order “corrections” to the logarithmic term make significant
contributions to the electrostatic potential near the DNA sur-
face and represent the “signatures” in the potential for both
the double helix and specific bases.

At distances far from the surface the electric potential due
to DNA limits to that of a continuous line charge, as re-
quired. With continuing approach the nonzero modes begin
to contribute, first as a helical signature and then with base-
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specific structural information. Inspection of Fig. 2 indicates
that the gradients of the nonzero modes dominate those of
the zero mode near the DNA-solvent interface. Care must be
taken, however, in interpreting the results of any idealized
model, including this one [15].

In summary, we have presented an analytical solution for
the electric potential due to the complete microscopic charge
distribution of dissolved B-DNA. This result is relevant to
experimental efforts to image nucleic acids with atomic force
microscopy [17] and to experimental, theoretical, and com-
putational investigations of intermolecular interactions and
diffusional encounter in general [7,18]. We plan to extend
our investigation, incorporating more sophisticated models
of the surrounding solvent [18] and to merge this analytical
solution with computational methods to gain insight into the
relative contributions of the microscopic charge distribution,
the geometry of the DNA-solvent interface [6], and the dy-
namics of water and solvent ions [14,19,20] in intermolecu-
lar interactions [21,22].

We thank John Barach for insightful comments. This re-
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FIG. 2. Surface plots (z=0 plane) of the terms comprising the electric potential: (a) zero mode; nonzero mode contributions for the (b)
phosphate groups, (c) ribose groups, (d) guanine, and (e) cytosine. Computations were performed as described in Ref. [15]. Note the radius
is 1-4 A from the DNA surface (b=10 A).



