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Effect of Spatial Inhomogeneity in Dielectric Permittivity on DNA Double
Layer Formation

J. R. C. van der Maarel
Department of Biochemistry, University of Minnesota, St. Paul, Minnesota 55108 USA

ABSTRACT In solutions of tetramethylammonium (TMA™) DNA (double stranded) without added low-molecular-weight salt,
the counterion radial density is calculated using the cylindrical Poisson-Boltzmann equation with a distance-dependent
quasimacroscopic dielectric permittivity. Comparisons with small-angle neutron scattering data indicate that any inhomo-
geneity in dielectric permittivity is confined to one or two solvent layers from the DNA surface. At least for TMA™, which may
be too large to penetrate the grooves of DNA to any significant extent, dielectric inhomogeneity modeled in this way has no
detectable effect on the radial distribution.

INTRODUCTION

Many properties of DNA are governed by electrostaticlocal counterion distribution and electrostatic free energy
interactions between the negatively charged phosphate mofdayaram et al., 1990; Lukashin et al., 1991b).

eties, positively charged counterions, and simple salt. Be- The structural arrangement of counterions near DNA can
cause of strong Coulomb interactions, small ions accumube inferred from neutron or x-ray scattering methods, if the
late about DNA and a double layer is formed. The formationmomentum transfer is on the order of the inverse double
of the double layer has important consequences for, e.glayer thickness. The scattered intensities are sensitive to the
thermodynamic properties and inter- and intramolecular orset of spatial Fourier transforms of the DNA, DNA-coun-
ganization (Katchalsky, 1971; Onsager, 1949; Andersonerion, and counterion density correlation functions (partial
and Record, 1995). An example of the latter category is th&tructure functions; Lovesey, 1984). Small-angle neutron
electrostatic free energy difference between different douscattering (SANS) methods based on the variation in isoto-
ble-helical DNA configurations (e.g., B- and Z-form; pic composition of either solvent or solute have made it
Lukashin et al., 1991a). Most models in theoretical studiepossible to determine individual partial structure functions
and interpretations of experimental data treat the small iong, solutions of mononucleosomal DNA fragments and poly-
as charged spheres and DNA as charged wormlike polymeigyrenesulfonate (PSS) coils with tetramethylammonium
embedded in a uniform medium with a dielectric constant 0f(TMA*) counterions (van der Maarel et al., 1992a, 1993;
~80. According to some theoretical and experimental asgygot et al., 1994 Kassapidou et al., 1997, 1998a). It was
sessments, the dielectric constant inside the grooves angiaon that by optimizing some of the geometric parameters,
near the surface takes much lower values (Jayaram et alye ¢lassical or modified Poisson-Boltzmann (PB) equation
1989; Mazur and Jernigan, 1991). In particular, Jin andyith yniform permittivity gives a good description of the

Breglauer (1,988) reported a dielectric constant-e20 structure (Alfrey et al., 1951; Fuoss et al., 1951; Bhuiyan et
within the minor groove of the poly[d(AToly[d(AT)] al., 1996). Chang et al. (1990, 1991) investigated the dis-

gyplix;robm (’;he fltlj'oresc;:er;\cel prolpertllesé'oflatrmnor grciovte'tribution of heavy metal Cs and TI" about DNA and
rected binding ligand. ow focal dielectric constan cylindrical micelles with small-angle x-ray scattering

might be.related to the presence of a dielectric boundarndSAXS). The intensities compared favorably with the rele-
changes n the water structure, a'nd the presence Of. high IQ%ant combination of partial structure functions derived from
CO“C‘?U"?‘“‘?”S- The range of the mhpmogenglty n dlelecm"fhe PB equation, provided a considerable fraction of Cs
permittivity is unknown, but theoretical studies show thatand TI* counterions penetrate the DNA grooves. This effect
the bulk value is recovered within a few angstroms Ofgvas not observed in the TMA-DNA SANS invéstigations
the DNA surface (Lamm and Pack, 1997; Jayaram an . Y . . ’
. : : ' ’ .probably because of a difference in cation radius between
Beveridge, 1996). It is conjectured, however, that the varl-phe relazvel bulkv TMA" cation and the heavy metal ions
ation in the dielectric constant has a significant effect on thé : thought)i/t of ir):terest o gauge the effectVE/)f inhomogé
neity in dielectric permittivity by a comparison of previ-
ously reported SANS data with the prediction of PB theory,
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profile is inferred from previously published SANS exper- density confines most counterions to the immediate vicinity
iments on 163-bp DNA fragments. Electrostatic interactionsof the macroion, and the concentration at the cell boundary
are most important under minimal screening conditionsjs much lower than the average value. If fluctuations in
and, hence, the ionic strength was kept as low as possibladial densities are neglected (at the same level of approx-
without the addition of simple electrolyte. A limitation of imation as the PB equation), the partial structure functions
the present approach is that TMAcounterions (which are can be expressed, to a good approximation, as a product of
necessary for sufficient neutron scattering contrast) cannderms involving the radial profiles and a term related to the
penetrate the grooves and/or come very near to the surfacgolymer structure with vanishing cross section (Kassapidou
Accordingly, we can only probe the medium dielectric et al., 1997, 1998a). Taking the ratio of the nucleotide-
response beyond a certain distance from the DNA spineounterionS,,.and nucleotide monomé&,,,, structure func-
axis, determined by the physical extent of the DNA mole-tion eliminates the polymer structure:
cule, intermediate hydration water, and counterion size.

Snd@  alg)

Sin(@  an(@)’

THEORY
. . with the cylindrical Fourier (Hankel) transformation
For polyelectrolytes without added simple salt, a self-con-

sistent solution charge distribution can be obtained from the et

solution of the PB equation and the cell model (Alfrey et al., alq) = 27TJ’ drrJo(anpi(r) (i =m,c) 2
1951; Fuoss et al., 1951). The requirement for applying the o

cell model is that the DNA chain is locally rodlike over a

length far exceeding the double layer thickness and bearingnd J, denotes the zero-order Bessel function of the first
a sufficiently large number of charges. Theory and comkind. From the full set of partial structure functions, infor-
puter simulation show that the effect of the discreteness ofnation on the radial counterion density profile can be ob-
the DNA charges on the counterion concentration profile isained without resorting to a model of (inter- and intra-)
generally small and dwindles a few angstroms from thechain correlations (Kassapidou et al., 1997, 1998a). In the
DNA surface (Conrad et al., 1988; Hochberg et al., 1994)long wavelength limitg — 0) electroneutrality requires that
The fragment is assumed to be a uniformly charged rod withhe ratio in Eq. 1 goes to unity.

lengthL and is placed along theaxis of a coaxial cylinder

of the same lengthL and radiusr,,, The cell radius is

determined by the nucleotide concentratioy pAmt2,, = Radial profiles

1, with the longitudinal axis projected nucleotide repeat _ )
distanceA = 0.171 nm. Electroneutrality requires compen- | ransform (Eg. 2) can be further evaluated using analytical
sation of the total DNA charge by the mobile simple Coun_gxpressmns of the rat_j|al densities. If the radlgl DNA density
terion charges within the cell volume. In the longitudinal 'S assugned to be uniform for & r = ry and is given by

direction, along the DNA axis, the nucleotide monomer (m)Pm(f)7Tp and zero for > r,, wherer,, is the DNA radius,

and counterion (c) distributions are assumed to be uniform®€ obtains
Away from this axis, the corresponding densities are given

by the radial profilegp,,(r) andp.(r), respectively. an(Q)

gL>1 1)

_ 23(ary
ar

©)

whereJ, is the first-order Bessel function of the first kind.
The DNA cross section might also be described by a Gauss-
The charge distribution and radial density profiles (obtainedan radial density profile with second momefi) = r§/2.

from the PB equation) can be assessed by comparison witln the present range of momentum transfer, the Hankel
experimental scattering data. The scattered intensities ateansform of such a Gaussian profile is very similar to Eq.
sensitive to the partial structure functions, which are the3, and the radius, can be interpreted as a cross-sectional
spatial Fourier transforms of the DNA, DNA-counterion, radius of gyration.

and counterion density correlation functions. For correla- The radial counterion density profile can be obtained
tions within a single cell volume, the partial structure func-from the solution of the PB equation. Apart from the cell
tions have been evaluated by van der Maarel et al. (1992ajadius, the other structural parameters are the distance of
However, for lower values of momentum transfer and/orclosest approach between the counterion center of mass and
higher DNA density, correlations between different cellthe DNA spine axig, and the linear charge density=
volumes become progressively more important, and th&/A, whereQ is the Bjerrum length@ = €*/4megkT). The
experimental data deviate from the single-cell calculationsdistance of closest approach is not necessarily equal to the
In the case of neutron radiation the conditigh > 1 is  DNA radiusry; rather, one expects a slightly larger value
often fulfilled, and one essentially probes local structuredue to counterion size and intermediate hydration water.
about the polyion. Furthermore, the high DNA linear chargeWithout added simple salt, the dimensionless potential sat-

Structure functions
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isfies the PB equation 1.00

[re(r)¢' (] = —4mQegprexi — ()] (4)

with boundary conditions 050f

2
S =22 ® e =0 (5)

re e(ro)’

SH'IC / Smm

0.007
Here the prime denotes differentiation with respect to the

radial coordinate, pg is the counterion concentration at the
cell boundary, andg is the bulk dielectric constant of the
solvent. Equation 4 allows for a quasimacroscopic inhomo- -0.50 : :
geneity of the medium through a spatially dependent dielec- 0
tric constante (r). The permittivity should change continu- g(m )

ously from the valuee, at the DNA surface (at radial

distancer) to the bulk value at larger distances. The radialFIGURE 1 Nucleotide-counterion partial structure function divided by

. . . . _the nucleotide (DNA) partial structure function versus momentum transfer.
dependence is unknown, but I will adopt the apprOX|mat|0nThe nucleotide concentration amounts to 0.05 mof/dFhe lines represent

of Lukashin et al. (1991b): the ratio in Eq. 1, calculated with the structural parameters in Table 1, and
radial counterion profiles calculated with dielectric correlation lengths
1 1 [1 1lfr—r, (F—T, (in nm): 0 (—); 0.1 (= — -); 0.15 (+=); 0.2 (=~ -).
et e ok (6)
er) e |e €| A Ae

whereK; is the first-order modified Bessel function aad  1998). These parameters take the values 0.8 and 0.17 nm,
denotes the correlation length. In the standard magglis  respectively, in close agreement with the expected values
constant at any distance(() = eg, i.e.,A. = 0), andthe PB  for a double helix in the B-form. The distance of closest
equation can be solved analytically (Alfrey et al., 1951;approach between the counterion center of mass and the
Fuoss et al., 1951). In the case of a spatially dependenyNA spine axis was obtained from a fit of the classical PB
dielectric constant, the radial counterion profile and itsresults (with uniform medium permittivity) to the experi-
Hankel transform (Eq. 2) have to be evaluated by numericainental partial structure functions and takes the vajue
procedures. 1.4 nm (van der Maarel et al., 1992a). The relevant struc-
tural parameters are collected in Table 1.

The derived cross-sectional radius of gyration (0.8 nm) is
RESULTS AND DISCUSSION slightly smaller than the DNA outer radius of 1 nm, which
The partial structure functions for 163-bp DNA fragmentsis due to the relatively open molecular structure and the
were measured by SANS and contrast matching in wategxistence of grooves. The relatively large valug ofan be
(Groot et al., 1994). The counterion was TMAand there rationalized in terms of the physical extent of the DNA
was no added low-molecular-weight salt in solution. Fig. 1molecule, hydration water, and counterion size. In TMACI
displays the ratio of the nucleotide-counterion and the nusolutions with cation concentrations similar to those within
cleotide (DNA) structure function for 0.05 mol nucleotides/ the DNA double layer, intermolecular correlations about
dm®. More data on 1100-bp DNA and 0.1 mol nucleotides/TMA ™ start rising at~0.36 nm and peak at0.46 nm from
dm® 163-bp DNA are available (van der Maarel et al., the nitrogen atom (Finney and Turner, 1988). The first
1992a; Kassapidou et al., 1997, 1998a), but they show thBydration shell comprises 26 2 water molecules, irrespec-
same features and are not presented here. tive of concentration in the range 0.5-1.9 mol/kg. Accord-

The fragments can be considered as semiflexible rodlikéngly, if the TMA™ counterions are drawn into close contact
molecules, because the contour length (55 nm) is approxwith the DNA phosphates with a concurrent displacement of
mately equal to the DNA persistence length (50 nm). Withinhydration watery is expected to take a value around 1.4
the present experimental range of momentum trangter( nm. The relatively large intermolecular correlation distance
10), the scattering data are sensitive to correlations oveand the extended hydration structure of the TMAon
distances on the order of the double layer thickness, and
effects of finite contour length and/or flexibility are negli-
gible. The intrachain structure can be described, to a goo§ABLE 1 Various geometric parameters for 163-bp DNA
approximation, by the highy limiting form of the form  nnm
function of a rod with a finite cross section. In previous A Mo o e Teell Ly L
work, the second moment of the cross section (i.e., radius af.171 0.8 1.0 1.4 7.9 50 57
gyration) and the nucleotide repeat distance were obtameg Spine axis projected repeat distancg DNA radiusi,, outer radiust,,

from a fit in the presence of excess salt to suppress int€fgistance of closest approadh;,, cell radius (0.05 mol nucleotides/Ll;,
molecular interference (van der Maarel and Kassapidougersistence length;, contour length.
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prevent significant penetration of the grooves and/or very 000
close approach to the DNA surface. A less effective DNA 10.00¢
charge screening by TMAcounterions is also indicated by
a 5° downward shift of the duplex melting temperature
(irrespective of ionic strength) and a slight upward shift of
the critical phase boundary concentrations pertaining to
liquid crystal formation (Kassapidou et al., 1998b and un-
published results).
The data displayed in Fig. 1 can be interpreted with Egs.
1 and 2, together with radial density profiles for nucleotides
and counterions away from the DNA spine axis. To gauge 0.01¢
the effect of a spatially dependent dielectric permittivity, the ;
counterion profile and its Hankel transforig(q) were 0.00
calculated for four different values of the dielectric corre-
lation lengthA, = O (i.e.,e(r) = €g), 0.1, 0.15, and 0.2 nm, el
respectively. The spatially dependent dielectric reéSPONSLIGURE 3 Counterion concentration profile versus distance away from
(Eq. 6) is displayed in Fig. 2. At the DNA outer radiug,= the DNA axis. The curves are calculated according to Egs. 4—6 with the
1 nm, the dielectric constant was set at a value of 4.0, anetructural parameters in Table 1 and correlation length¢in nm): 0
the bulk constant was fixed ai = 78.4. The PB equation (—): 0.1 (==-); 0.15 (~-); 0.20 (~ -). The inset displays the inner
was numerically solved with fourth- and fifth-order Runge- 9ouPle-layer region.
Kutta formulas, and the counterion concentration at the cell
boundarypg was optimized to satisfy boundary conditions
(Eg. 5) (Matlab numeric computation software; The Mathfinement translates into a scaling of the transfayfy) and,
Works, Natick, MA). In the calculation of the potential, the hence, of the ratio in Eqg. 1 toward higher values of momen-
distance of closest approach, cell radius, and nucleotideum transfer. As can be seen in Fig. 1, the best agreement is
(charge) repeat distance were fixed at their nominal valuesbserved when the correlation lengthdoes not exceed 0.1
(Table 1). Fig. 3 displays the calculated radial counteriomm. In the present range of momentum transfer, variation of
concentration profiles. Hankel transforms of the counteriorthe DNA cross section within reasonable limits has little
profiles divided by the nucleotide profile are shown in Fig. influence on the general features.
1. The calculated ratio (Eq. 1) goes correctly to unity in the In addition to the dielectric correlation length, the coun-
g — 0 limit, which confirms the convergence of the numer- terion profile depends on the assigned values of the distance
ical procedures. of closest approach, cell radius, and DNA charge repeat
With increasing dielectric correlation length, the counte-distance. The cell radius is fixed through concentration, and
rion concentration close to the DNA surface increases wittthe nucleotide repeat distance is well known. Of particular
a concurrent decrease at the cell boundary. Stronger coimportance is the distance of closest approach; its value was
obtained from an optimization of the PB results with a
uniform medium dielectric constant to the experimental
SANS data (van der Maarel et al., 1992a). The decay length
of the inner double layer is inversely proportional to surface
charge density (Rouzina and Bloomfield, 1996), and, hence,

1.00¢

0.10¢

p.(r) * 103

100

g(r)

601

40

201

to a very good approximation the transfory(g) scales
with the inverse of the distance of closest approach. A
second effect of a smalleg value is similar to an increase
in dielectric correlation length, because closer to the DNA
surface counterions experience a lower dielectric permittiv-
ity (see Fig. 2). Accordingly, a smaller distance of closest
approach cannot compensate for the effect of a larger cor-
relation length, because a decrease.iand an increase in
A have a similar effect on the structure functions. A larger
r. value is unlikely in view of the physical extent of the
DNA molecule and TMA™ counterion.

The partial structure functions are calculated, neglecting
small ion correlations and density fluctuations. These ef-

FIGURE 2 Medium dielectric response versus radial distance awayfrorq:ectS potentially modify the Scattering for two reasons: 1)

the DNA spine axis. The curves are calculated according to Eq. 6 wit
correlation lengtha_ (in nm): 0.1 (——-); 0.15 (~); 0.2 (—--). The value

of e, was set at 4.0, and the bulk constagtwas fixed at the value 78.4.
The dashed vertical denotes the distance of closest appmaeHhl.4 nm.

hthey result in a change of the average counterion profile and

2) they give an additional scattering contribution (van der
Maarel et al., 1992b; Auvray and de Gennes, 1986). For
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