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A density functional theoryDFT) is presented for describing the distributions of small ions around an
isolated infinitely long polyanionic DNA molecule in the framework of the restricted primitive model. The
hard-sphere contribution to the excess Helmholtz energy functional is derived from the modified fundamental
measure theory, and the electrostatic interaction is evaluated through a quadratic functional Taylor expansion.
The predictions from the DFT are compared with integral equation th@&7), the nonlinear Poisson-
Boltzmann(PB) equation, and computer simulation data for the ionic density profiles, electrostatic potentials,
and charge compensation functions at varieties of solution conditions. Good agreement between the DFT and
computer simulations is achieved. The charge inversion phenomena of DNA are observed in a moderately
concentrated solution of 2:1 and 2:2 electrolytes using the DFT, IET, and computer simulation, but can never
be predicted from the PB equation. The predictions of charge inversion from the DFT prove to be more
accurate than those from the IET when compared with computer simulation data. The preferential interaction
coefficients from the DFT are also compared with those from the PB equation and Monte Carlo simulation, and
it is shown that the DFT is superior to the PB equation.
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I. INTRODUCTION ing to the mean-field density functional of an electrolyte of

. . . . point charge$10,1]]. Unlike the CC theory, the PB equation
Deoxyribonucleic acidDNA) is a well-known substance is not confined to polyions of cylindrical symmetfs]. For

as a.carrier of gene'tic.information. Besides .its' biOIO,gicalexample, its linear version has been used to calculate the
function, the polyanionic DNA molecule exhibits typical g|ectrostatic potential around biopolymer with most compli-
polyelectrolyte features in aqueous solution. The interactiongiaq geometnj12]. However, it has proved that the PB
between the polyion and surrounding small ions are of Siggqyation is invalid if concentration of added salt is hjgH,
nificance for DNA conformational stability, as well as other .o the volume effect between small ions has evident ef-
thermodynamic and transport properties in solufiba3). fects on the total excess free energy under these conditions
The studies of physical properties of DNA solution started;y 41 | arge errors were also reported in the PB calculations
about 35 years ago, when the famous counterion condensgs mtivalent electrolyte even at low ionic concentrations
tion (CC) theory was established by Manning]. This \yhen compared with Monte CarldC) simulations[15,16.
theory is based on the experimental phenomenon of CC on gyneriments have confirmed that multivalent cations,
Fhe surface of a st_rongly charged polyion. Mann_lng's W(_Nksuch as magnesiuf2+) and Putresciné2+), play substan-
mplude; two theprles. one 1S proposed to d?sc”be the infiga| roles in many molecular biological processes involving
_mtely d"_“t? .SOIUt'On’ and is successt_JIIy applle_d to CaICUIat'protein-nucleic acid interactions and conformational transi-
ing the limiting IE.IWS of thermodynamic properu{i‘;G]; the __tion of functional biopolymerq17,18. The nonviral gene
other adopts a simple two-phase model to describe solutions, \¢er in piological studies or gene therapy for clinical
at moderate salt concentrations, in which the correspondmgeatmem also needs DNA condensation induced by multiva-
Enlc ptrlofllter? arcecd(;,\rzlved by m|n|n2|2|ggdthte f:eE enefgy. ; lent cations or multivalent cationic amphiphiles in aqueous
bet(;]e? )f{ CeC d e?rylwils etzx en feth 0 take a:ccgpun ; olution[19-23. Furthermore, in the systems containing the
oth finite and actual structure of the array ot dISCrel&y, iy alent counterions at high concentrations, an interesting
g:_harges by Sc_hurr and Fupmo[@] W't.h an alternative aux- phenomenon, termed “charge inversion” or “overcharging,”
iliary assumption. A further modification was also carried out, .« observed20], where a strongly charged polyion binds
to extgnd the CC theory to cell model and to calculate .th ore ions than necessary to neutralize its own charge. This
osmotic pressure of relatively concentrated DNA solutlonphenomenon was observed in electrophoretic mobility by
[3]- . . . . Strauss, Gershfeld, and Spidi28], which is considered to
An alternative classical theory is Poisson-BoltzmgRAB) e induced by volume exclusion of small iofs,25. How-
equation, which is the Euler-Lagrange equation CorresDondtezver, the classical PB theory has proved unable to predict
charge inversion in above conditiof35]. This deficiency of
the PB theory is mainly due to its ignorance of the ionic size.

*Corresponding author. Electronic address: Over the past 40 years, various modifications of the PB
yangxyu@mail.tsinghua.edu.cn equationg15,27,28 have been developed in the framework
"Electronic address: gaogh@mail.tsinghua.edu.cn of the restricted primitive modgRPM) of electrolyte solu-
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tion, where the small ions are modeled as charged particles The rest of this paper is organized as follows. Section Il
of uniform size, and the solvent is a continuous dielectricdescribes the DFT theory for interested systems. Numerical
continuum. Incorporating the excluded volume effect, vari-solutions for the ionic density profiles, mean electrostatic
ous versions of modified PB theories have been successfullyotentials, charge compensation functions, and preferential
applied to the systems involving planar electrof9],  interaction coefficients are presented in Sec. Ill. The conclu-

spherical macroiorf30], and linear polyelectrolyt¢31,32  sjons and perspectives for future work are given in Sec. IV.
with multivalent ions at high salt concentrations.

An alternative way to include ionic correlations is using Il. THEORY
integral equation theorylET) or density functional theory A Molecul del
(DFT). Both theories involve the hard-spheitdS) correla- - volecular mode

tion due to ionic size. IET originated from the study of ho- We consider an isolated double-stranded DNA molecule
mogeneous electrolyte solution. The original Ornstein-n an electrolyte solution. The polyion of DNA is modeled as
Zernike equation of IET is popularly solved using an infinitely long, impenetrable cylinder with uniformly dis-
hypernetted chaitHNC) closure[33]. There are two ver- tributed charges along its central axis. Since there are various
sions of HNC closure proposed for the study of polyelectro-conformations of DNA molecules in aqueous solution, we
lyte  solution: hypernetted  chain/hypernetted  chainpropose a model B-DNA, in which the average charge spac-
(HNC/HNC) [34] and hypernetted chain/mean spherical aP1ing on the DNA molecule i$©=0.17 nm and the radius of
proximation (HNC/MSA) [33,35. Since the HNC/MSA  pNA is R=0.80 nm. All species of ions are modeled as
theory has proved to pe much more convenient and accuraiarged hard spheres with equal diametkrs0.40 nm, and
than HNC/HNC(38], it has been extensively used in the the minimal separation between ions and axis of the polyion
calculation of ionic profiles and electrostatic potential for thejs 1 0 nm. Both the radius and diameter given above have
system involving various geometrigd3-37. Unlike the PB  taken into account the effect of hydration. The solvent water
and HNC, DFT starts with the simple thermodynamic prin-is modeled as a continuous structureless media with invariant
ciple that the system reaches equilibrium as its grand canonjjjelectric constant=78.4 at any position, corresponding to
cal potential reaches minimui38]. Many studies of DFT {15t of the pure water af=298 K. The temperature of sys-
have been carried out for the electrolyte solution next to thgem isT=298 K. All the parameters given above are applied
charged or uncharged surface with simple geometries, SUGH the main part of this work, but to compare with the mo-
as planar[39,4Q, spherical[41], and cylindrical surfaces |ecylar simulation data they may be changed in consistence

[42,43. It has been reported that the results from DFT agregyith the corresponding literature and are pointed out in the
well with MC simulation, better than those from other theo- captions.

ries[41,42,44. Since both of DFT and HNC/MSA take into
account the excluded volume effect of small ions, both of B. Density functional theory

them are adequate for observing the phenomenon of over- |, grand canonical ensemble, the system reaches equilib-

charging. However, recent work of Deserabal. [45] has  (jym when the grand canonical potentilis at its minimum
shown that HNC/MSA quantitatively overestimates over- ~ . L L .
value (). By virtue of variational principle, the equilibrium

charging if the charge density of polyion or the bulk concen-_." ~ =~ """ . : : .
tration of added salt is high. In contrast, DFT predict over-diStribution of ioni, {pi}, is obtained from Euler equation

charging of spherical polyion and planar electrode accurately SQ{pit] ~
with respect to MC results, even at high salt concentration or 3o(n) |- 0, Ql{p}l=9. (1)
for intensively charged objec{89,41,44. ' P

In the present work, a partially perturbative DFT for an  For the system studied in this work, the grand potential
isolated model DNA immersed in an electrolyte solution isfor small ions surrounding a DNA molecule can be expressed
proposed. In the standard DFT, the excess Helmholtz energys a functional of Helmholtz energy for density profile of
functional is divided into several parts due to various inter-certain specie$p;} through the Legendre transform
actions. The hard-spher@lS) contribution to total excess N
free energy is usually evaluated through a weighted-density _ _
approximation(WDA) [47]. Recently, Yu and WU48,49 Q[{pi}]_':[{p‘}]+§l drfVei(t) = mlei(r) - (2)
improved Rosenfeld’s fundamental measure thg&§~52
for HS correlation functions. Since this new WDA proves WhereVp;(r) is external field due to the DNA molecul, is
more accurate than other theorigt8], we adopt it in our the total number of ionic specieg; is the chemical potential
present work. Similar to the approaches employed by Yuof ion i, andF[{p;}] represents the Helmholtz energy func-
Wu, and Gad41] and Patra and Yethirg#2], the electrical tional.
interaction term is obtained using a quadratic Taylor expan- Then the problem focuses on finding out an accurate and
sion with respect to a uniform fluid. The established DFT isexplicit expression of Helmholtz energy functional. In gen-
used to calculate the microscopic properties of mobile ionsgral, Helmholtz energy functional can be divided into two
i.e., ionic density profiles, electrostatic potential profiles, anderms
charge compensation functions, as well as thermodynamic _ cid e
property of preferential interaction coefficients. These results FpiH] = FLpid] + FTHpit] 3
are compared with those from the PB equation, IET, andvhere the first term on right of E3) is the ideal-gas con-
molecular simulation$45,53-5%. tribution, the second term is the excess Helmholtz energy
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due to the interactions between ior89{p}] is obtained O, ()] =", ]+ D"V [n,(r)]. (15

accurately from classical statistical mechanics .
y Both of the terms on the right of Eq15) are evaluated as

_ N functions of weighted density,(r)
Fllip}l=keT2 | drp(Din[pi(NATI-1  (4) n In(L-ny)
] DM, (1)]= = Mg In(L —ng) + 2+ 22—

whereA,; is the thermal wavelength of componeérandkg is n3 3677n3
the Boltzmann constanE®{{p;}] can be further decomposed n2
into several parts according to different types of interactions. + 36m(1 - ng)? (16)

In the present worki=*{{p;}] is divided into three parts, i.e.,

FUpit] = FEp] + FRd{mit] + Fal{ni}]. (5

and

Ny - N NNy, - N
The first term is direct Coulomb contribution calculated OV, (r)]=- =2 - Z 722 n(1 - ny)
. . . 1 n3 127Tn3
by summing the electrostatic potential over the space
NaNyz - Ny
zz:&%pi(r)pi(r - : (17)
FelpH =2 f f drdr’ 2 |’r' '(_)r” |( 2zepp ) g 127n5(L - ng)?

) Fal{pi}] is obtained through a second-order functional

The second and the third terms in K§) denote HS con-  Taylor expansion of the residual Helmholtz free energy
tribution and coupling of Coulombic and HS interactions, around a uniform f|uic[4]_]-

respectively. According to the modified fundamental measure
theory (MFMT) [48], F takes the form
Y(EMD) [481, Bl BRSPII=BFETITH EAc@e'(p.(r) -

=kgT f O"n,(r)]dr (7
- —2 E ACP*(Iri = 1D (pi(r) = P (p;() = p})
where ®"{n,(r)] is the reduced excess Helmholtz energy 2is1j=1
density due to HS correlation, amg(r) is the weighted den- (18

sity, given b
¥ 9 y where {p?} is the bulk density of, AC(1 , and C(2

direct correlation functions due to the residual eIJectrostanc.
Ne(1) = 2 Ni(r) 2 pit W =rdr’  (8)  The AC™® will finally disappear in Euler equation and
=1 AC(Z)e'(r) can be evaluated explicitly by thé1SA) [56,57
where the subscripte=0, 1, 2, 3, V1, and V2 denote the from

indices of six weight functionw(“)(r), ie., - 2
I (2el _Z'ZEZB[@_(E) —1} r<o
ooil2 =) AC%(r) = € o o r
WO =="5— (9) ’
i 770'i2 , 0 r>ao
(19
w(r) = M, (10)  WhereB is given by
270y 1
+1-(1+2)2
) == Cr 202 (20)
w2(r) = 8(y/2 - 1), (11) K
. and 1/k is known as Debye screening length calculated from
w3(r) = (ai/2 - 1), (12) o
477,8e2 b
v — =nn) (21)
w (r) =(rlr)8oi/2 =), (13
Incorporating the explicit expressions of Helmholtz en-
Wi¥D(r) = (r/r)&(ail2 =) (14y  €rgy mentioned above, the Euler equations @gbecomes
270, ex
i . i 1 hs + _ 4% 1”3
where (r) is the Dirac delta function and(r) denotes the pi(r) = plexp) —— keT 5pi(r) Mihs [d/(r) ]
Heaviside step functiow!”(r), w'¥(r), andw¥?(r) are di-
rectly related to the geometry of a spherical particle. A ~@el ,
According to the MFMT[48], the HS Helmholtz energy +§ dr’ ACI*(|r" = r)pi(r") = py] (22)
density is divided into the scalar weighted densiti§sand =
the vector weighted densiti€¥) whereFpy is evaluated from Eq.7), ,u, hsis excess chemical

011912-3



WANG, YU, AND GAO

PHYSICAL REVIEW E 70, 011912(2004)

10.000
10.000 5 51mM 1:1 electrolyte 3 57mM 2:1 electrolyte
] DFT 1% OFT
= o MC(Cation —_
S 1.000; . Motion, = ‘ o MC(Cation)
c ----PB ~ 1.000 4 e MCG(anion)
[=} c E
= o]
< 0.1004 2
g 5
S €
S 00104 8 0.100-
) 5
(&} (&)
0.001 4
0.010
0.5 15 2.5 3.5 45 5.5 ] . : ' ;
rlo 0.5 1.5 25 35 45 55

FIG. 1. Concentration profiles of a 1:1 model electrolyte around
rodlike DNA molecule at bulk the concentration of 51 mM. The

rloc

FIG. 2. Concentration profiles of a 2:1 model electrolyte around

distancer is measured with respect to the surface of cylindrical DNA molecule at the bulk concentration of 57 mM. The distance

DNA in units of the ionic diameter.

potential due to HS correlatioir) is the mean electrostatic

is measured with respect to the surface of DNA in units of the ionic
diameter.

potential obtained from solution of Poisson equation in cy-the anionic profile accurately. However, it is noted that the

lindrical geometry./(r) is given by

47re

o) In(%)E pr)zrdr (23

r

with the constraint of electroneutrality

©

27-rbf drrE pi(Nz=1

R

(24)

deviations of anionic profiles have little effect on electro-
static potential and charge compensation function, since the
local concentration of anion in vicinity of DNA is very low.
Figures 3 and 4 give ionic density profiles for 1:1 model
electrolyte at bulk concentration of 0.495 M and for 2:2
model electrolyte at bulk concentration of 0.501 M, respec-
tively. The reduced local density is defined as the ratio of
local number density to bulk density or ratio of local concen-
tration to bulk concentration, i.egi(r):pi(r)/pib:Ci(r)/Cib.
From Figs. 3 and 4 one can see that the PB equation sub-
stantially underestimates the counterion accumulation in vi-

) . cinity of DNA, while the ionic density profiles from DFT are
wherer andr’ are the distances between the ion center and

polyion axis, the subscrifgtdenotes the different species of
ions, b is the charge spacing of DNA, arel denotes the
elementary charge. If the volume exclusion of ions is ig-
nored,Fg and Fys become zeros, then E(R2) becomes

pi(N)lpf = exp[— Bziey(r)]. (25)

Equation (25) is the integral version of the nonlinear PB
equation for cylindrical geometry.

I1l. RESULTS AND DISCUSSION
A. Density profile

We first compare the concentration profiles obtained from
the DFT with those from MC simulatiofb5] and the non-
linear PB equation in Fig. 1 for 1:1 electrolyte solution at the
bulk concentration of 51 mM. The curves in this figure show
that ionic profiles from both the DFT and nonlinear PB equa- FIG. 3. Reduced density profiles for a 1:1 model electrolyte
tion agree well with those from MC simulation except the 515und DNA molecule at bulk concentration of 0.495W= 298 K,
deviation of co-ion profile produced by the DFT in the regionr=0.9.8 nm,0;=0.425 nm,s=78.5. The distance is measured
near DNA molecule. The similar curves are plotted foryyith respect to the surface of DNA in units of the ionic diameter.
57 mM 2:1 saltin Fig. 2. The prediction of counterion profile Circles represent MC simulation resuf63]. The solid and dashed
from the DFT is obviously better than that from the PB whencurves are predictions from the present DFT and nonlinear PB

compared with the MC resul{&5]. From Fig. 2 one can see equations, respectively. The inset shows counterion profiles near
that both the DFT and nonlinear PB are unable to describeontact.

35
rlc

4.5 55
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4.0
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rlc FIG. 6. Reduced density profiles from DFT for 1:1, 2:1, and 2:2

_ . model electrolytes around DNA molecule at bulk concentration of
FIG. 4. Reduced density profiles for a 2:2 model electrolyte1.0 M. The distance is measured with respect to the surface of
around DNA molecule at bulk concentration of 0.501M=298 K,  DNA in units of the ionic diameter. The inset shows an enlargement

R=0.98 nm, 0;=0.425 nm,e=78.9. The distancer is measured of the region in which overcrosses of counterion profile and co-ion
with respect to the surface of DNA in units of the ionic diameter. profile occur again.

Legend is the same as Fig. 3. The inset shows counterion profiles

near n . . .
ear contact concentration. Only the curves for divalent salt show cross-

in good agreement with those from MC simulatiofiss]. ~ ©vers of counterion and co-ion profiles.
This difference is caused by the ionic correlation, which is
included in the MC and DFT, but neglected in the PB equa-
tion. Figure 5 compares the DFT, HN@5], PB, and mo- ) ] ]
lecular dynamicgMD) [45] results for 0.49 M 2:2 electro- ~ Mean electrostatic potential expressed as £§) is cal-
lyte solution. The ionic profiles predicted by the HNC and culated from ionic profiles obtained in the above section.
DFT are almost superposed, and both of them coincide bettdrigure 7 shows the electrostatic potential profiles produced
with the MD data than the PB equation does. As shown irPY the DFT, PB, and MC simulatiof53]. The curve calcu-
Figs. 4 and 5, all the MC, MD, HNC, and DFT predict a lated f_rom the_DFT agrees very well with the MC results,
crossover of the reduced density profijg.(r) andg,_(r) at especially withinr=3.0 o The.d|ffer.ence between the DET
the position about ~ 1.7, while the nonlinear PB equation &nd MC results beyond=3.0v is mainly due to the numeri-
fails to describe this phenomenon. Crossovegafr) and cal'error, which will be dllscusseo! later. The_ zeta potential,
g,_(r) is an important symbol of overcharging, and we will defined as the electrqstatlc potentla! at th_e distance of closest
return to this point later. approach between ions and polyion, is 1.81105015/Ie_

The ionic profiles from DFT are plotted in Fig. 6 using given by MC[53]. and 1.87 kT/e calculated by the DFT.'”
semilogarithmic scale for three types of salt at 1.0 M bulkth|s work. The difference between these two methods is un-

B. Mean electrostatic potential

10.01 25
DFT 0.495M 1:1 electrolyte
8.0 & MD(cation)
’ o MD(anion) DFT
————— HNC/MSA e MC
----PB o
R 6.0- ‘ PB
\’: \
o \
404 \»
\\
\\\
2.0 S -
B R 5 e e s e o e O, ‘o~;: -----------
3 e YU SE60 ooV v
00 — T T M T L) T T T T T T T T T
05 15 2.5 3.5 4.5 05 10 15 20 25 30 35 40 45 50 65
rlo rloc

FIG. 5. Reduced density profiles for a 2:2 model electrolyte FIG. 7. Reduced mean electrostatic potential around DNA for a
around DNA molecule at bulk concentration of 0.490 M@ 1:1 electrolyte as a function of distance at the bulk concentration of
=298 K, R=0.786 nm,0;=0.425 nm,e=78.5. The distance is 0.495 M (T=298 K, R=0.98 nm,0;=0.425 nm,e=78.5. The dis-
measured with respect to the surface of DNA in units of the ionictancer is measured with respect to the surface of DNA in units of
diameter. the ionic diameter.
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FIG. 8. Reduced mean electrostatic potential around DNAfora F|G. 9. Mean electrostatic potential around DNA for 2:1 and 1:1
2:2 electrolyte as a function of distance at the bulk concentration Oélectrolytes as a function of distance at the bulk concentration of
0.49 M (T=298 K, R=0.786 nm,¢;=0.425 nm,¢=78.9. The dis- 50 mM. The distance is measured with respect to the surface of
tancer is measured with respect to the surface of DNA in units of pNA in units of the ionic diameter. The inset gives the full curves
the ionic diameter. of mean electrostatic potential over a wide range of distance.
noticeable. The mean electrostatic potential predicted by thg

" PB | tive than MC it DN lose for 1:1 electrolyte. However, a great difference be-
noniinear IS more negative than resutts near Atween the electrostatic potentials from the PB and DFT exists
(the zeta potential predicted from the PB is 2.2 ke). As

for 2:1 electrolyte even at very low concentrations.

ment;or!ed in above lS(tacélon, londchcNo/rAreIterl]tlonfleadi to Imore Figure 10 gives the electrostatic potentials from the DFT
counterions accumulated aroun , INErEIore, It volume, 1:1, 2:1, and 2:2 salts at the bulk concentration of

exclusion of small ions is included the electrostatic field PrO-500 mM. Curves for 2:1 and 2:2 behave alike in electrostatic

duce_d by p(_)lylon deC“nes _faster_ alonglirection than that potential, and due to that, the extremely low concentrations
predicted without this consideration.

predg:tledey g‘? HZNS;A'IQ ?Fth PBt’ t?]ndlef[A'bj aretcotm- fIytes are much lower than for 1:1 electrolyte. This is because
paredin Fig. © for 2.2 electrolyte at the bulk concentralion oly;y a1ent cation screens the external electrostatic potential

490 mM. For 1:1 electrolyte, HS contribution only acceler—much more efficiently than monovalent cation does.

a:]es countehnon ds_crelzent, b;_ﬂ Ifl C(t)unttertl_ons tdOltJ_b:e _Tlhelr The influence of bulk concentration on the electrostatic
chargeg(such as divalent catignelectrostatic potential wi otential for 2:1 electrolyte is predicted from the DFT and

r(Tdutce tshtgrply,t ar][q Ieven becomdes Zozltlvl\(/albm Fig. 3 th e results are shown in Fig. 11. From this figure one can see
:ahec ror? ?hlc po er|1_ 1a cturv;:, F;i% g:;ef yDNA: 90(1?5 oWl at zeta-potential decreases as bulk concentration increases.
roug € zero line at about=u. rom surtace, — at high concentratiorfe.g., 1.0 M, there is a second charge

anld then r_r;_amltams pOS(I;IV%beIOI’e(Ijt reduces tqt_zero.l Sltnc version that occurs at the second cross of electrostatic po-
only a positively charged object produces a positive electrog, - rve and zero line.

static field around it, DNA and ions within the distance

~0.30 just act integrally as a positively charged object. This 24

is the characteristic of charge inversion or overcharging. This 500mM
phenomenon can never be predicted by the PB equiijn P
but can be predicted correctly by HNC, DFT, and computer 184 )
simulation. The negative electrostatic field produced by a - 11
polyion causes an accumulated layer of counterions in the o 1o ’

closest annular around DNA, while the positive electrostatic ¥ |

potential presenting beyond this layer causes another accu- o 0.9

mulated layer of co-ion. These two accumulated layers cor- 0.6

respond to the cusps of counterion and co-ion profiles at 0.3_'\

aboutr=0 andr=2.00, respectively, in Figs. 4 and 5. We 1IN T

also find that the electrostatic potentials computed from the WT~—
DFT coincide very well with the MD results and are better 0.3 T T T T
than those predicted from the HNC. The superiority of the 0 "o 2'5r/0 > e >
DFT over the HNC will be discussed theoretically in the next

section.

FIG. 10. Mean electrostatic potential around DNA predicted by
As in Fig. 9, no charge inversion is predicted from eitherDFT at the bulk concentration of 500 mM. The distamcs mea-
the PB equation or DFT in dilute solution, and the meansured with respect to the surface of DNA in units of the ionic
electrostatic potentials from the PB equation and DFT areliameter.
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| Fthi %1' Mte?r? elect_rostalt:‘)lc"[zotentlal [:rett_jlcted_lf)g D(I;thor_ azl FIG. 13. Charge compensation function for a 2:2 electrolyte at
electrolytes at the various bulk concentrations. 1he GIStanEE g g v by concentratioiT=298 K,R=0.786 nm,s;=0.425 nm,

Lneas%red_mth_res;iecr: to thtf] SL;rfI?CG of DN,:\(;nOgn,\l/tls of the 'O_r:j'cs:78.3. The distance is measured with respect to the surface of
iameter. The inset shows the full curves of 0. over a widey\ A iy units of the ionic diameter.

range of distance.

. also compare the DFT, HNG45], and PB with MD [45]
C. Charge compensation results for 2:2 electrolyte in Figs. 13 and 14. From Figs.

To describe the process that mobile ions gradually neul2—14, one can see that charge compensation functions pre-

tralize the fixed charges on DNA surface, a charge comperflicted from the PB vary monotonously alonglirection and
sation function is defined d&4] are qualitatively different from the molecular simulation re-

sults. However, the charge compensation functions for 2:2

' electrolyte predicted by DFT, HNC, and MD overshoot the

Q(r) = Zij E Zpi(r')r'dr’ (26)  unity and reach their maximum. As shown in Fig. 14, at low

01 bulk concentration, the DFT and HNC predict almost identi-

wherer andr’ are the distance from DNA axiQ(r) repre- Cal curves, but both of them deviate from MD results. At
sents the integral of the total charges over all species dfigh bulk concentration, the HNC overestimates the charge
mobile ions within the annular volume extending radially inversion and predicts a higher peak of charge compensation

from central axis to and axially over a length. Since every ~ function than MD does. A similar overestimation of over-
b length on DNA surface bears one uélementary charge ~ charging has also been shown in the electrostatic potentials

Q(r) will finally converge to unity at bulk limit obeying the Predicted by HNC in Sec. Ill B. However, the DFT computes
electroneutrality condition. the charge compensation functions correctly with respect to

The charge compensation curves obtained from the non-

. . 1.2
linear PB and DFT at bulk concentration of 911 mM are
compared with the MC simulation resu[t4] in Fig. 12. We ; _ o MC(0.12M)
c o~ e MC(0.68M)
12 2 117 DFT
911 mM 1:1 electrolyte a2 i HNC
C 1.0 AARP-PCECETIEESS 8_
2 e E 1.0
@ 0.8- St * MC o
o * DFT o
Q. ST PB E)
£ 08 ; £ 0.9-
o o
“E’, 04 [
g0/
O o024¢ 0.8 v T T T . T . T
] 0.5 1.5 25 3.5 4.5
00 rlo
0.5 18 rlo 25 35 FIG. 14. Charge compensation function for a 2:2 electrolytes

(T=298 K,R=0.786 nm,g;=0.425 nme=78.5. The distance is
FIG. 12. Charge compensation function for a 1:1 electrolyte atmeasured with respect to the surface of DNA in units of the ionic
911 mM bulk concentratioT=298 K, R=0.80 nm,0;=0.40 nm,  diameter. The curves crossing unity line correspond to the bulk
£=78.358. The distance is measured with respect to the surface concentration of 0.68 M and the others correspond to the bulk con-
of DNA in units of the ionic diameter. centration of 0.12 M.
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rlo o

. . . FIG. 16. Density profile, electrostatic potential, and charge com-
1-1F|Gd 215l ?h?rgletcomfinosal\z%n ILunctlon E)ret(_jlcte_(ﬁhbydPFT for nensation function from DFT for a 2:1 electrolyte at the bulk con-
- and < de gchroy es a .h uf Confcgr’]\lf.lon' . ef 'E ANCE centration of 1.0 M. The distanaeis measured with respect to the
Is measured with respect to the surface o In units of the 10N\ rface of DNA in units of the ionic diameter. The curves for elec-

diameter. The |nse_t shows an enlargement of the region in Whlcﬂostatic potential and charge compensation function have upward
charge compensation function of 2:1 electrolyte falls down belowdisplacements of 0.75 and 0.25, respectively

1.0 again.

pressed as the inverse of first derivative of the electrostatic
potential. We get it from Eq23) using electroneutrality con-
dition

4me( -1 1"
E(r) == V() =T7Te(% +;f > api(r’)r'dr'>
0 i

MD results, even at the region around the peak. All above
comparisons show that the DFT is better than the HNC.
As pointed out by Desernet al. [45], the overestimations
of HNC/MSA with respect to MD data are probably due to
two facts: (i) the excluded volume used in HNC/MSA and
MD is not identical;(ii) HNC/MSA theory does not take into
account all the size and charge correlations. The deviation of
HNC/MSA herein are considered to be mainly due to the first
reason, because the overestimation of HNC/MSA is also ob-
served under the similar conditions in the study of LozadaAt the position wheréQ(r) crosses unity linef(r) changes
Cassou, Saavedra-Barrera, and Henderf88]. In their its sign and/(r) reaches its extremum, which is shown at the
study, the electrostatic potentials around charged electrodeertical auxiliary line AB or EF in Fig. 16. Then we also
are investigated by HNC/MSA and MC simulation. Although differentiateQ(r)
both of the methods take the identical model of ion as
charged hard spheres, the HNC/MSA somewhat overestimate
the overcharging. On the other hand, excess Helmholtz func-

tional approximation in DFT are alm_ost identical_ to thgt in Similarly, it is easy to find out that the(r) reaches its ex-
HNC/MSA, except the HS correlation, which is derived yomm at the place where density profiles of counterion and
from the Carnahan-Starling equation in the DFT, and is the, jon cross each other as shown at the vertical auxiliary line
same as the Percus-Yevick approximation in HNC/MSA. ltcp or GH in Fig. 16. It is concluded that when one of the
has proved that the Percus-YeVK_:k approx!manon is _not afree phenomena, overshoot @fr), change of the sign of
the good as the Carnahan-Starling equation, especially ifyy o jonic profile overcross is found, the other two must
dense fluid. The HS correlation is crucial for ionic profiles occur simultaneously and vice versa. Al of the three phe-
around DN.A.’ for }he lons are T““Ch more crowded therPfhomena have the same meaning of charge inversion. There-
The'refore, Itis beheve.d that the improvement of the appProXitare there must be something inaccurate for the points below
mation of HS correlation makes DFT a better prediction 0fzero in electrostatic potential curve predicted by MC in Fig.

overcharging than HNC/MSA. . . LI
Interestingly, in Fig. 15 DFT predicts a minimum of ;,erl?;(;;%srgﬁrrgscrossover Is shown in the corresponding ionic

charge compensation function after the maximum for 2:1
electrolyte at the bulk concentration of 1.0 M. To explain

why this charge compensation function crosses the unity line
twice and why the corresponding electrostatic potential The preferential interaction coefficient characterizes the
crosses the zero line twice, we discuss the relationships béateraction between a polyion and its surrounding small ions
tween the ionic profile, electrostatic potential, and chargg43,55. For each ion species it is obtained by integrating the
compensation function in detail. From the knowledge ofdifference between its local density and its bulk density over
electromagnetics, the electric field intensiycan be ex- the volume outside the polyions. For a cylindrical polyion

2e
= E[_ 1+Q(n)]. (27)

VQ= Zwbz zpi(N)r. (28)

D. Preferential interaction coefficient
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FIG. 18. DNA-ion preferential interaction coefficients for a 1:1
FIG. 17. DNA-ion preferential interaction coefficients for a 2:1 salt at various bulk concentrations.

salt at various bulk concentrations.
IV. CONCLUDING REMARKS

one measures it with respect to the length per unit charge, A density functional approach has been proposed to cal-

leading to the definition culate the small ion distribution around a model DNA mol-
ecule. A WDA approach developed by Yu and W8] is
o used to evaluate the HS contribution to the free energy func-
tional, while the electrical interaction is obtained through a
T =27b | drr[pi(r) - pP]. (29 i i i i
i Pi pi perturbation around the corresponding uniform fluid. Com-
0 pared with previous MC and MD results, ionic profiles com-

puted from the present DFT are in good agreement with
In practice, we use a large cutoff radidg as the upper limit  those from simulations for monovalent or divalent salt in
of the integral rather than infinityR: is selected large both dilute and concentrated electrolyte solutions.
enough that polyions have negligible effects on small ions at Electrostatic potential profiles and charge compensation
r=Rc. If the finite concentration of polyion is considered, functions predicted by the DFT also agree excellently with
finite cell boundary condition is always employed in simula-computer simulation results. In the mean time, the difference
tions and theoretical calculatiofs5]. ThereforeR: must be  between the PB and MC presenting in ionic profiles is mag-
designated less than the cell radius. In fact, the polyion connified by integration. The relationships among ionic profile,
centration should be selected sufficiently dilute so that thelectrostatic potential curve, and charge compensation func-
effect of polyion dispears at cell boundary, otherwise thetion are also discussed. It is concluded that the three phe-
preferential interaction coefficient defined in E89) cannot  nomena, i.e., overshoot 6J(r), change of the sign ofA(r),
be calculated properly. However, in the present work, eacland ionic profile overcross, have the same meaning of charge
system contains only one isolated DNA molecule, thereforeinversion. These three phenomena can be predicted by the
any large cutoff radius is adequaR,; =400 is designated for DFT, HNC, and computer simulations for multivalent salt at
the solution with its bulk concentration not more thanmoderate bulk concentration, but never be predicted by the
100 mM, whileRz=300 is applied to more concentrated so- PB equation. Charge inversion is usually overestimated by
lution. The preferential interaction coefficients of counterionthe HNC at high bulk concentration, but can be predicted
and co-ion, calculated from the DFT, M[B5], and PB for  correctly by the DFT under the same condition. The higher
pure 2:1 and 1:1 electrolyte at different bulk concentrationperformance of the DFT is then discussed theoretically and
are compared in Figs. 17 and 18, respectively. The prefererattributes to the superior approximation of the HS correla-
tial interaction coefficients from the DFT perform a bettertion. At last, the thermodynamic quantity of preferential in-
consistency with the MC than those from the PB equation foteraction coefficient is calculated to characterize the interac-
both of counterion and co-ion. The better prediction of thetions between polyion and one species of small ions. The
DFT is obviously caused by its better estimation of localresults from DFT are consistent with the MC results, and
density of ions than that from the PB. better than those from the PB equation.
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The model of DNA and small ions considered in this work lyte solution, similar to that in vivo, can be investigated by
is somewhat simple and unable to compare with real molsome maodifications. The work for realistic systems along this
ecules directly. The models of DNA, which characterize theline is under study.

DNA geometry more accurately, have been applied in com-
puter simulation54,58. These models as well as the more
elaborated models for small ions may be adopted in our fu- e gratefully acknowledge the financial support from the

ture work. Since the modified fundamental measure theory islational Natural Science Foundation of ChiiRtoject Grant
applicable to mixtures, the system involving mixed electro-No. 2037603Y.
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