Biophysical
Chemistry

Biophysical Chemistry 101-102002) 461-473
www.elseviercom/locate/bpc

Electrostatic free energy of the DNA double helix in counterion
condensation theory

Gerald S. Manning*

Department of Chemistry, Rutgers University, 610 Taylor Road, Piscataway, NJ 08854-8087, USA

Abstract

Polyelectrolyte theory based on counterion condensation is extended from the standard line charge model to helical
and double helical charge arrays. The number of condensed counterions turns out to be the same as for a line charge
with charge density equal to the axial charge density of the helix. Also, the logarithmic salt dependence of the
electrostatic free energy is the same in the range of lower salt concentration, so that the limiting laws remain
unchanged. However, the internal free energy of the condensed layer of counterions and the overall electrostatic free
energy depend on the helical parameters. At higher salt, the free energies of both single and double helix are negative,
indicating electrostatic stabilization of the helical charge lattices due to the mixing entropy of the condensed
counterions. Except at very low salt, the free energy of a single helix is higher than the free energy of a double helix
with twice the charge density. WitB-DNA parameters and single strands modeled as single helices, the predicted
salt dependence of the free energy of transition from double helix to separated single strands has a maximum at
approximately 0.2 M salt, close to the location in the laboratory of this well-known feature of the DNA strand
separation transition. We also calculate the electrostatic free energy for the transition of the DNA double helix from
the B to the A conformation. TheB form is electrostatically stable over most of the salt range, but there is a
spontaneous electrostatic transitiomtoear 1 M salt. The electrostatic free energy values are close to the experimental
values of the overal{electrostatic plus non-electrostaticansition free energies fot-philic base pair sequences. We
are led to suggest that the experimentally obse®«d-A transition forA-philic sequences near 1 M salt in water is
governed by the polyelectrolyte properties of these two conformations of the DNA double helix. The effect of
ethanol, however, cannot be attributed to lowering of the bulk dielectric constant.
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1. Introduction itive everywhere in its salt concentration range of
validity, the corresponding free energy of the single
We have embarked on a project aimed at gen- helix becomes negative at the higher end of the
eralizing the counterion condensation theory of salt concentration range of validity<1 M) [1].
polyelectrolytes from its traditional underlying The physical interpretation of the mathematical
polyion model of a line of discrete charged sites formulas indicates the reason. The radial dispersal
to helical geometries that are more realistic for of charge in the helical structure weakens electro-
polynucleic acids. In an initial paper, we were able static repulsions among polymer charges relative
to calculate the number of condensed counterions,to the line model. Increasing salt weakens the
their internal free energy, and the total polyelectro- repulsions in the helix still further in the range of
lyte free energy of an array of charges uniformly salt where the integrity of the layer of condensed
spaced along a single helical pdttl. From these  counterions is not violated. With the electrostatic
results, it is clear that our extensions of conden- repulsive component of free energy sufficiently
sation theory will not change many of the essential diminished, the dominant contribution comes from
features of the line-based theory. Specifically, a the favorable local translational entropy of the
critical linear charge density for emergence of a condensed counterions, so the net effect is a
condensed layer remains, and its value is the samenegative free energy. The mixing entropy of the
as in line charge theory. Further, there will be no condensed counterions stabilizes the helical charge
effect on the ‘limiting laws’ of line charge polye- array relative to isolated charges at infinity. In the
lectrolyte theory at low salt. The physical reason present paper, we will find other interesting trends,
underlying invariance of these aspects of polyelec- including some that can be checked for consistency
trolyte behavior to enhancement of structural detail with experimental data.
is their dependence only on long-range electrostat- Our goal in this paper, then, is a further exten-
ics; the atomistic structure of the polyion is not sion of the theory to a double helical array of
sensed at far distances. The mathematical formu-charges, so that we can make applications to DNA
lation of the extended theory, reviewed below, physical chemistry. We will model both the strand
makes the physics transparent. separation transition of DNA and the transition
The limiting laws are derived from the small- betweenB and A conformations of the DNA
ion concentration dependence of the polyelectro- double helix.
lyte free energy and are the same for helix and
line charge at low salt. The free energy itself is 2. Theory
lower for the single helix than for a line charge of
the same linear charge density]. This result is Associated with the transfer from bulk solution
intuitively reasonable, since the charge on the Of 6 counterions per charged monomer to a layer
single helix may be viewed as radially dispersed condensed on a polyion withi charged monomers
from a line charge coinciding with the central axis IS a free energyiyansrereferred to the produdt &

of the helix. of the Boltzmann constant and absolute
Perhaps the major advantage of the extendedtemperature,
theory will be its ability to yield an interesting 1000

concentration dependence at higher salt that differs Gyanste/k o =N6In (@)
from the line charge theory. Even at higher salt, yveQ

the linear charge density critical for counterion In this equationc is the salt molarity in bulk,
condensation does not change, nor does the num-assumed in excess over polyion charges, qns
ber of condensed counterions, nor does chargea bulk activity coefficient for the salt. We are
‘renormalization’ (reduction of the effective poly-  thinking of a system like DNA in excess NaCl,
mer charge by exactly the amount of charge in the Na,SQ,, or MgC} , and’ in Eq. (1) is the number
condensed layer of counteriofig]). But whereas  of counterions in the formula for the salt. The

the line charge polyelectrolyte free energy is pos- local activity of condensed counterions @0,
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whereQ is an internal partition function with units
cm®/mole polyion charge. It is assumed that
does not depend of, which means that short-
range interactions(‘size effects) among con-
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e Ky

SUM=Y (3)

i<y Vi

wherek is the inverse Debye length, amgis the

densed ions are neglected. Note that writing this distance between chargésand, on the polyion.
equation does not commit us to the existence of a This formula states that the ionic component of

condensed layer, sincé is a variable to be

free energy is the sum of repulsive Debye—Huckel

determined by a free energy minimization proce- screened ion interactions over all pairs of charged

dure that could(and, below a threshold polyion
charge density, dogsrequire 6 to vanish. An
important point is that the-In ¢ term in Gyanster

monomers on the polyion, but with the unsigned
charge on each monomer renormalized to the value
(1-278)g. In other words, each charge on the

represents the bulk translational entropy lost when polyion is effectively reduced by the charge of the
counterions condense, which in typical associating condensed counterions.
systems dictates the absence of binding in the The formula fork?® is (8m) X 107N, a1, Where
dilute limit ¢— 0. N,, is Avogadro’'s number, and is the ionic

A second free energy component accounts for strength of the salt in molarity. The ionic strength
the ionic interactions among polymer charges and is proportional to salt molarity and equals it if
small ions from the salt. In our theory, it has the the salt is mono: monovalent. The factor SUM in
form, Gion is thus a function of salt concentration, and

in fact it diverges as—In ¢ in the dilute limit. It

Gion/kel' =(1-26)*1sSUM @ is this entropy-like divergence of the work required
whereZ is the unsigned valence of the counterion, to charge the polyion against ionic repulsions that
lg is the Bjerrum lengthy?/DkgT (g is the unit makes the polyion—counterion associating system
electrical charge, and is the dielectric constant unusual. The energy of dissociation becomes infi-
of the solvent, and nite along with the dissociation entropy, so even
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Fig. 1. The polyelectrolyte free energy of a single helix, Et), and a double helix, Eq.19), as functions of the logarithm of
uni:univalent salt molarity. Multiply the dimensionless scale & to get the free energy per mole monovalent charge on the
polyions (per mole phosphate for DNAThe single helix is taken as one of the helices of double heli@NA: a=9.225 A, b=
3.375 A,h=5.374 A,£=2.11(at 25°C). The double helix isB-DNA: a=9.225 A,b, =3.375 A,h,=1.688 A,h=5.374 A, £,=
4.23,Aa=—3.218 rad Ad = —3.696 A.
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in dilute conditions the latter does not dominate, as well as large, is by removing the logarithmic
and counterions do not necessarily dissociate from divergenceA =0. But settingA =0 in the equilib-
the polyion. rium conditionA In ¢c+B=0 leaves us withB=0
For the model of a long line aV charges with also. The two equationd=B=0 can be solved
uniform spacingp, all charges are equivalent, and for the number of condensed counteriohsand
to evaluate SUM we need only know that the also the internal partition functio@ of the con-
distancer, between a pair of charges separated by densed layer(The result for the former is deter-
n—1 other charges along the line is equaliig mined entirely by the divergence, that is, we solve
A(0)=0 for the equilibrium value of6, which

0 —knb
(SUM)jine=(N/b) Y € therefore turns out to be independent of salt con-
a1 centrationc). There is a threshold charge density
=—(N/b)In (1—e*) evaluated in terms of the dimensionless charge

=—(N/b)In (xb) density parametef,
A kb
—(N/b)In 1 ‘2 (4) &=1s/b=q?/DkgTh (5
K

When&<1/Z, there are no condensed counter-
In the second line of E(4), we have noted an  ions (the minimizing value of is zero, andQ is
analytical formula for the summation in the first undefined. Wherg > 1/Z, the well-known solution

line. The third line isolates a leadingIn ¢ diver- for the line charge model if3,4],

gent term; the second term in this line tends to

zero with salt concentration e=zl(1 _ L] (6)
It is clear that the combined free energy VAS

Guansiert G ionCONtains two functionally independ-

ent classes of terms. There are twa lterms, one Q"ne=4weNA\,b3Z’v+v
from Gyansier COrresponding physically to the dis- v
sociation entropy of condensed counterions, and X[g_lJ(l—e_"b]z @
one from G, that is characteristic of the electro- z Kb

static energy in line charge geometry. The physical
origin of these Irc terms is transparent. Moreover,
there is no physical reason to believe that any
other Inc terms lie hidden elsewhere in the free
energy, for example, in the internal partition func-
tion Q0 (which does not contain the long-range
electrostatics handled separately by the renormali-
zed charge formulation ofG,). We therefore
assume that all terms in the combined free energy
other than the two la terms are well-behaved in
the low-salt limit. The two functionally independ-
ent classes of terms are then theclterms and
the non-divergent terms.

We may now implement the equilibrium condi-
tion that the® derivative of the combined free
energy equals zer@for more detail, see Ref3] 1 1 1
or [4]). The 6 derivative has the form(6)In ¢+ Giine/ NkgT = — 2(2_ Z_éjln (1-e7)— 7
B(0, O, c¢), whereA and B have the indicated 1
dependencies, anB is well-behaved in the low- +Z_2§ (8)
salt limit. The only way such an expression can
be made to vanish as an identity édnfor small ¢ Turning now to the model of a single helical

We have not placed a subscript ‘line’ doh
since it turns out that the same formula applies to
both the single and double helical models. Symbols
in the formula forQ, thus far undefined are the
basee of natural logarithms, and the coion valence
Z' and number of coiong' in the chemical formula
for the salt.

To get the optimized total polyelectrolyte free
energy per charged monomey, &N, that is, the
reversible work required to assemble teharges
on the line from their isolated reference state at
infinity, substitute the above formulas férand Q
into the sum of the free energy componefts,
and Gtansfel
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Strand Separation
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Fig. 2. The polyelectrolyte free energy component for the strand separation transit®/DNA as a function of the log of
uni:univalent salt molarity. Multiply the dimensionless scale ®7'20 get free energy per mole base pair. The separated strands
are modeled as regular helices, each congruent with one of the helicesBADIN& structure.

NG (electrostatic)

.5
LOG [SALT]

Fig. 3. The polyelectrolyte free energy component for BBNA — A-DNA double helical transition as a function of the log of
uni:univalent salt molarity. Multiply the dimensionless scale ®7'20 get free energy per mole base pair. The structural parameters
for B-DNA are given in the caption to Fig. 2. FarDNA they are:a=8.590 A, by, =2.548 A, b,=1.274 Ah=4.462 A, £,=5.60,
Aa=—2.412 radA5=8.270 A.

array of N charges[1], we again note that all a pair of charge sites separatedsy 1 other sites
charged sites are equivalent for a long helix, so along the helical trajectory,

the requirement for evaluation of SUM in E(B) 12

is knowledge of the length, of the chord between 7, =nb{1+ (2a%/n%?)[1 —codnb/h)|} (9)
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wherea is the radius of the helix, antl is its rise
(increment of axial coordinate per radian change
of rotation angle. The lengthb is also present in
this formula. It is essentially the samk that

appears as the charge spacing in the line chargep -1

model, but here it is the uniform spacing of the

G.S. Manning / Biophysical Chemistry 101—102 (2002) 461473

carrying the information that the polyion charges
are arrayed along a helix of radiusand riseh.
Notice from Eq.(12) that the ‘structure’ is relative

to a line charge with the same linear charge density
as the helix, and that
(STRUCTURBg;gie neiix COllapses to zero if the

projections onto the central axis of the charge sites nelical radiusz vanishes.

on the helix. In other wordsg/b is the linear
charge density of the helix.

When Eg.(9) is used forr, in Eg. (3), the
—Inc¢ divergence in SUM can be isolated by
adding and subtracting a line charge summation

o e—Knb

(see first line of Eq(4)),
+N ;[ o ) (10

(SUM)SingIe helix— (SUM) line

The logarithmic divergence is contained in
(SUM))ire (third line of Eq.(4)); while the explicit
infinite series in Eq.(10) converges ag (i.e. c)
tends to zero, since with E€9) for r, the general
term is of ordem ~3.

The same minimization procedure employed for
the line charge goes over to the single helix, and
the identical number of counterions, E@), con-
denses on the helix, since the divergent term is
identical for both models. The internal partition
function of the helix is different,

Osingle helix=Q in€XA
_Z(STRUCTURBSing|e heli)} (11)

where Q). is given by Eq.(7), and the ‘structure
factor’ is a convergent infinite series,

e— Krp

rn

1
(STRUCTURBSingIe helix— Z Z
n=1
2a?
exg —knb 22 1-co
X

a b

\/”n%z(l‘”{ )

no
h
—exp(—knb)

nb

h

)

1+
22

(12

The polyelectrolyte free energy of a single helix
with N=P charges is obtained by using E®),
Eg. (11, and Egq. (12) in the formulas for
Gyanster aNd G o, EQ. (1) and Eq.(2). It differs
from the free energy;.., EQ. (8), of a line with
the same number of chargéand the same linear
charge densityby a term dependent on the relative
structure,

GSingIe heli)/PkBT:G Iine/Pk g
N 1 5 1

Z[ Z¢

The free energy of the DNA double helix is
enriched by the interaction of the charggshos-
phate groupson one helix with those on the other.
We assume that the monovalent negative charges
of DNA are located on its phosphorous atoms, and
that there aré® of them on each DNA strand. The
total number of DNA charges is the¥i=2P. For
ideal DNA, the phosphorous atoms on each strand
lie equally spaced along a right-handed helix. One
helix can be geometrically transformed into the
other by a screw rotatiofa rotation combined
with a displacement along the central axi¥he
crystallographic datd5] are presented such that

the following representation of the two helices,
r($) andr () is natural,

](STRUCTURBsmg.e helix (13

r(d) = [acodL b+ a)asin(d + o) ,hd + 8]
r'(d)=[acod + ') asin(d +a') ,hd + ']

Notice that the helices are congrue(game
radiusa and riseh), and that they share the same
parameter, the rotation angde The phase angles
a anda’, and the vertical displacemerntsand d’,
have definite numerical values as given in crystal-
lographic table45], and these values are different
for different DNA conformations, such as the ideal
A andB forms.

(14
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The linear charge density continues to be a key 0 on the unprimed helix to site ‘above’ on the

parameter. Appearing in the formulas below will primed helix. For the chord from site O to site

be b,, the uniform spacing of the projections onto ‘below’, we again takei=1, 2, 3,.. while chang-

the central axis of the charges on one of the helicesing n to —n in the first line of Eq.(15),

in the duplex. The associated reduced linear charge

density is&, =1Ig/b,. Also appearing i$,, defined _ A3 )?

as equal td1/2)b,. The quantityb, is the uniform ro""'_”bl{(l B n_bl)

2a?

n?b?

spacing of a line of 2 charges with the same
length as the central axis of the double helix. This

hypothetical line has a charge density equal to the

average linear charge density of the double helix.

The corresponding reduced linear charge densityE

f‘§2=l|3/192=2§1-

In evaluating SUM in Eq.(3), we first make
the obvious remark that thg# phosphate pair can
either be on the same helix, @ercan be on one
helix and j on the other. Decomposing SUM
accordingly, we get a sum corresponding to pairs
of phosphates, both members of the pair residing
on the unprimed helix, and another sum corre-
sponding to pairs of phosphates with both on the

primed helix. These sums are identical, and each

is equal to(SUM)gingie neiix@iven by Eq.(10) with
N=P andb=b,.

In addition to the intrahelical sums, SUM con-
tains a summation of pairwise interactions of

phosphate charges on different helical strands, and

we direct attention to the evaluation of this term.
From Eqg.(14), we obtain an expression for the
distancer,,, between charge site 0 locateddat

0 on the unprimed helix(¢$) and thenth charge
site b =¢,, on the primed helix’'(),

Yo :{(}’lbl'i' A8)2

1/2
+ 2a2[1 — CO{%bl + AOL)]}

{( ASJZ 2a?
=nbyf| 1+ — | + 55

n%bh?

S

whereAa=a'—a andAd=28"'—3. In writing this
formula, we have used the geometric relatigp=
nb,/h. In Eq. (15), we may taken=1, 2, 3,.. so
thatr,, is the length of the chord from charge site

nbq

(15

1/2
X [1 —co{%bl - Aaj}} (16)
Finally, oo is obtained from either E¢(15) or
g. (16) by settingn=0, and the term in SUM
corresponding to it is subsequently handled in
isolation from the others. In all of these chord
lengths, there is nothing special about site 0 on
the unprimed helix. It can be any of tlRecharges
on the unprimed helix, and for this reason the
constituent summations in SUM all have a prefac-
tor P.

We have at this point analyzed SUM in E@)
into four separate summationglus the isolated
00 term), namely, the two identical sums of
pairwise interactions among charges on each of
the two helical strands, the ‘upward’ sum of
interactions between a charge on the unprimed
helix and charges ‘above’ it on the primed helix,
and the ‘downward’ sum of interactions between
a charge on the unprimed helix and charges
‘below’ it on the primed helix. Each of these four
sums goes fromm=1 to «, and each is either
identical or similar tad( SUM)singie neixin EQ. (10);
that is, we may add and subtract a line charge
summation in each of them, thus isolating in each
the logarithmic singularity of the third line of Eq.
(4) (with N=P andb=b,), and leaving an infinite
series in each that converges in the dilute salt limit
(identical or similar to the series appearing in Eq.
(10)).

We determine the number of condensed coun-
terions from examination of the In singularity.
Since the total number of double helical charges
N is equal to 2, we get a term fromG neer IN
Eq. (1) equal to—2P6 In c. Referring to the above
discussion, and recalling thatscales like,/c we
get from G, in Eg. (2) the term —2P(1—
7Z0)2¢, In c. Combining these terms, differentiating
with respect to the number of condensed coun-
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terions per charge on the double heli2pP of 1 roo
them), and solving for by setting the coefficient So= E(bZ/rOU)e (21)
of In ¢ equal to zero, we find,
whereryy is the length of the chord from a charged
9—21(1— 1 J_ 1[1_1] (17) site on the unprimed helix to the site ‘directly
N 278, ) across’ from it on the primed helix. It is obtained

Zg,
by settingn=0 in either Eq.(15) or Eg. (16).
exactly the same as the classical line charge The term S is an infinite series,

condensation formula, Eq6), since &, is the

average linear charge density of the double helix. 1= e K o
Pursuing the standard minimization procedure, _52 {( Juby) —e 1} (22)
we arrive at a formula for the condensed layer " L
partition function, wherer, is the chord-distance between two charge
! wbin2 sites on the same helix separated /by 1 other
Oboubic heliszIine(e_;,) sites on that helix. This length is found from Eq.
l-e™* (9) with b=b,. The termsS, and S_ both
X exd —2(STRUCTURBpoubie heiid originate from the interstrand interactions,
(18
. 1= 1 ewor _
where O, comes from Eq.7) with b=b, and +=ZZ —{ —e nm} (23
£=£,. In EQ.(18) Q)i is thus the internal partition =17 | (row/nba)
function of the counterions condensed on a line gnq
charge of density equal to the linear charge density
of the double helix. The formula for the ‘structure 1 = @ 1o,
factor’ is given below. _= Z Z {ﬁ _enkbl} (24)
The polyelectrolyte free energy per double heI- =111 (o-/nb1)
ical charge can be written in the form, wherero, andr, _,, are interhelical chord-distanc-

es from Eq.(15) and Eq.(16), respectively. The
three infinite series,, S, andS_ all converge in
the limit k — 0. Along with the isolated terns,,
1 they represent the relatively short-range conse-
+2[2 7t ](STRUCTURBDoubIe helix quence of deforming an idealized linear lattice of
2 (19) charge sites into a three-dimensional double helical

array.

where Gy is from Eq. (8) with N=2P, b=b,,

and&=¢&,. Accordingly, Gy is the polyelectrolyte 3. Applications and discussion
free energy of a line of charges with charge density

equal to the linear charge density of the double 3.7 polyelectrolyte free energy
helix.

The information that the polyion is a double
helix is contained in the factor
(STRUCTURBpoubie heiie Which appears in both
Eqg. (18) and Eq.(19). It may be expressed as
follows,

2__
2PkeT 2PkBT z

Z&,

—e~ kb2

Gpouble helix _ Giine 1[ 1 JI l—e <

The behavior of the line charge model is simple
[1]. Its polyelectrolyte free energy is nearly linear
in log[sali, and lines of higher charge density
have higher free energy. A line charge of charge
density equal to the linear charge density of a
(STRUCTURB pousie nei=S o+ S +S, +S_ helical charge array has a substantially higher

(20) electrostatic free energy than the helizee, e.qg.
Fig. 2 of [1]). The focus of this section will be on
Here, the behavior and applications of the helical models.
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We present first the polyelectrolyte free energies
of single and double helices, using BEd.3) and
Eqg. (19). In the graphical representation of Fig. 1,
the numerical values of the double helical struc-
tural parameters are characteristic of tBieform
of DNA [5]. The structural parameters for the
single helix are those of one of the helices in the
double helix. Both free energies are on a ‘per
phosphate’ basi&and in units ofkg7) and are thus

469

by the crossover point, since only the polyelectro-
lyte contribution to the totalAG is shown to
vanish there.

As salt concentration continues to increase, Fig.
1 shows the polyelectrolyte free energy entering a
negative regime that bottoms out atkgT per
phosphate charge, or approximately0.6 kca)
mole phosphate. The negative values signify sta-
bility of helical assemblies of identical charge sites

directly comparable. The free energies are shown relative to the same charges isolated at infinity.

in their dependence on l¢spld, where [salf is
the molarityc of uni:univalent salt such as NacCl.

Electrostatic stabilization in this range is caused
by the translational entropy of the counterions in

Several features of the polyelectrolyte free ener- the condensed layét]. The transitions to stability

gy stand out from Fig. 1. We begin with the

are in the higher salt range of the plot, but the salt

monotone decrease of both curves: an increasedconcentrations there are actually modest. For the
salt concentration dampens electrostatic effects. single helix the onset of electrostatic stability

Next, notice the linearity of both curves in the
region of low salt concentration. The leading term
Giine in both Eq.(13) and Eq.(19) is given by
Eq. (8). In this equation the term that depends on
salt concentratior(through k) is proportional to
—In(kb) at low salt, whence the observed linearity
with log[salf at the low-salt end of Fig. 1. An
important further elaboration in the range of dilute
salt is that the free energy of the double helix is

larger there than the free energy of the single helix.

This property also follows from inspection of the
leading Gy, term for both free energies. The
dominant —In ¢ term in Eq.(8) is multiplied by
a larger numerical coefficient for the double helix
than for the single helix, since the linear charge
density&, for the double helix is twice as large as
for the single helix. The low-salt ends of the
curves in Fig. 1 are thus dominated by classical
condensation line charge behavif8]. The free
energy is linear in lofsald, and is greater for the
higher linear charge density.

With increasing salt concentration, the double

occurs at slightly over 0.1 M salt, while for the
double helix, the threshold concentration is only
approximately 0.06 M. As previously discussed
[1], the mathematical condition for validity of the
dominant effect of counterion condensation on free
energy is that the Debye screening length* be
much greater than the linear polyion charge spac-
ing b, i.e. kb<1, and both nmr measurements on
DNA [6] and all-atom molecular dynamics simu-
lations[7] indicate integrity of the condensed layer
for kb values as high as 0.5. The value wdf for

the double helix at the stability threshol(@.063

M) is only 0.14. The electrostatic stability of
helical charge arrays suggested by Fig. 1 may
therefore be realistic.

Actually, we have found corroborating evidence
for a negative polyelectrolyte free energy in data
from computer simulations d@-DNA. From atom-
ic-level molecular dynamics trajectories at moder-
ately high counterion concentration, Jayaram et al.
[8] have calculated enthalpies and entropies cor-
responding to bonds and angles, non-bonded van

and single helical curves cross. The polyelectrolyte der Waal'’s interactions, hydration, and electrostat-
free energy of the single helix becomes greater ics including fractional charges on all atoms and

than for the double helix, despite the much higher
linear charge density of the latter. Three-dimen-

DNA interactions with Nd& counterions. From
these data we have estimated the negative value

sional charge dispersal as quantitatively expressed— 1.4 kcal/mole phosphate for the part of the free

in the STRUCTURE term is of greater degree in

the double helix and seems to be the decisive phate charges and the Na

factor in this salt range(A side remark is that
denaturation of a DNA double helix to single

energy of B-DNA in water associated with phos-
counteriofi$he
estimate is obtained from the column labeled ‘B
(watep’ in the authors’ Table (a). DNA electro-

strands modeled as single helices is not implied statics is said to be ‘dominated by phosphate
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repulsions’, so the entries in rows 3 and 4 for
direct electrostatic interactions among DNA atoms
(unfavorable and among counterions and DNA
atoms (favorable since primarily consisting of
attractive counterion—phosphate interactjoase
added, and then divided by 78 to account roughly
for the effect of hydration on the ionic interactions.
The result is a net favorable-2.3 kca)/mole
phosphate. Then the ‘counterion-release’ entry of
row 9 is deconstructed to find the unfavorable
entropic free energy of bringing free Na counter-
ions into the condensed layer. It works out, with
the authors’ assumptions, #90.9 kca)/mole phos-

phate, not enough to turn around the large stabiliz-

ing contribution from direct Na -phosphate
electrostatic energy. The stated estimat#.4 kcal
for overall favorable polyelectrolyte free energy is
the sum—2.34+0.9 kcal)

3.2. The strand separation transition

When B-form double helical DNA is heated, a

G.S. Manning / Biophysical Chemistry 101—102 (2002) 461473

double helix with 2 phosphates into two individ-
ual strands each wittP phosphates. Of course,
Agpoel IS just the difference of the two curves in
Fig. 1, but the single differential plot in Fig. 2
provides additional insight and allows comparison
with experimental data on DNA strand separation.

Over most of the range shown in Fig. 2, the
electrostatic transition free energy increases with
increased salt concentration; added salt stabilizes
the double helix against strand separation. At lower
salt, Ag is linear in lodsal. As seen from Eq.
(8), Eqg.(13), and Eq.(19), the value of the slope
in the linear region is the classical line charge
counterion condensation valgé/2)(é71—£51).

The feature in Fig. 2 that is new is seen at the
higher salt end of the plot. The curve begins to
bend at approximately 0.1 M, hits a maximum
value at 0.25 M, and then decreases. It has been
known for decades, and never satisfactorily
explained, that when measured values of the tran-
sition, or ‘melting’, temperatureT,, are plotted
against logsalf, deviation from linearity (with

narrow range of temperatures is encountered atslope about equal to the counterion condensation

which the constituent strands unwind from each
other and separat®]. The transition is variously
called strand separation, helix-to-coil, or simply
melting. Although the separated polynucleotide
chains are relatively flexible, their high polyelec-
trolyte charge densityf3] is consistent with the
retention of irregular helical structurébut see
below). In our application to the electrostatics of
the strand separation transition, we adopt a simpli-
fied model of the single strand as a regular helix
with structural parameters equal to one of the
helices in intactB-DNA.

In Fig. 2, we plot the free energy difference,

Agpolyer= G single heiid (Pk )
- GDoubIe heli/(zpk BT) (25)

using Eg. (13) and Eg. (19). The quantity
Agpoyel then gives the polyelectrolyte component
of the free energy of the strand separation transi-
tion in units ofkgT per phosphatéor RT per mole
phosphat® To avoid confusion, note that the
‘single helix’ term can be multiplied and divided
by 2, and then it becomes obvious that the right-

predicted valug is observed in this salt range,
followed by a maximum. The salt dependence of
the melting temperature is strongly correlated to
the salt dependence of the transition free energy,
and Klump’'s extensive tabulation of measured
overall transition free energies shows maxima at
approximately 0.3 M NaC[9]. Klump makes the
interesting observation that DNA is maximally
stable against disruption to individual strands in
physiological salt conditions, and we can now gain
from Fig. 2 an insight into this behavior as possibly
a consequence of the fundamental electrostatics of
helical assemblies of phosphate charges.
Modeling of the single strand as a regular helix,
even if understood as simplified, is uncertain. An
early energy minimization efforftLl0] attempted to
explain the high polyelectrolyte charge density of
a single polynucleotide as the net result of a locally
extended chain of individual nucleotides of aver-
age length much less than characteristic of the
nucleotide conformation in the double helix. There
is reason to wonder, then, if a line charge with
charge spacing,=4.0 A, £,=1.8 [3] might be a

hand side represents the electrostatic free energybetter polyelectrolyte model for the separated
per phosphate for the process of separation of astrand than a regular helix. We have calculated
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Agpoer Using the double helical model for the
intact double helix and line charges for the sepa-
rated strands. We continue to find a maximum
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range are in line with the straightforward expec-
tation of electrostatic stability of thR arrangement
of phosphates relative to the higher charge density

(not shown, but it occurs at a salt concentration A assembly.

near 0.02 M, an order of magnitude less than
where it is observed experimentally and predicted
theoretically with the single helix model. State-of-
the-art molecular dynamics simulation of a single
oligonucleotide strand with variable base compo-
sition would be helpful.

3.3. The B— A transition

The DNA double helix can exist in a variety of
different conformations with fully hydrogen-bond-
ed base pairs. Thé& conformation is globally
stable in aqueous solution of moderate ionic
strength, including physiological, but other struc-
tures become stable in more extreme conditions.
In the idealA conformation the two helices are
right-handed as iB, but the base pairs are wound
near the periphery, so that a large vertical hole
appears in a top view of the molecul@l]. The
central hole is exposed to solvent and small ions
through a gaping major groovgl2]. Both the
linear and three-dimensional charge density are
high compared to th& form [8]. Interest in theA
structure of DNA has been rekindled by high-
resolution diffraction patterns showing its appear-
ance in the DNA binding sites of some protein—
DNA complexes [13]. Apparently, part of the
recognition process for binding is a protein-
inducedB — A transition in the cognate DNA site.
In this section, we present and discuss the polye-
lectrolyte component of the free energy of the>
A transition.

The polyelectrolyte free energy difference
Agpoie for the B— A transition is plotted in Fig.

Agpolyel=c;ADouble helix/(zpk J)
- Ggouble heIi)/(sz BT) (26)
where Eg. (19) is used with distinct sets of

numerical values of the structural parameters of
and B forms [5]. More precisely, thenAgpoye is

Of greater interest in Fig. 3 is the electrostatic
transition to negative values as the salt concentra-
tion approaches 1 M. It is known that the ease of
conversion to thel structure is strongly dependent
on the base pair sequenf®]. The A conforma-
tion has been observed in aqueous solution der
philic’ sequences like CGG in and above 1 M
salt but not below, whileB-philic’ sequences like
AA-TT have a stablé structure even in high salt
[15,14. Our polyelectrolyte theory does not refer
to the base pairs at all, but only to the ionized
phosphate groups. Nonetheless, the energy scale
exhibited in Fig. 3 is right on target fot-philic
sequences. The measured overall transition free
energy for the CC contact under physiological
conditions is 0.19 kc@mole [14]. The electrostatic
component of the transition free energy in Fig. 3
at 0.1 M salt is 0.13 kcdmole base pair(The
number of base pairs equals the number of Ivanov
‘contacts’ within end effect§14]. There are two
phosphates per base pair, so the values in Fig. 3
are multiplied by 7). The apparent agreement
between overall and electrostatic transition free
energies supports the idea discussed by Olson and
Zhurkin [13] that steric clash of exocyclic base
groups in theB conformation ofA-philic sequences
may raise the structuréhon-polyelectrolyt¢ ener-
gy of the B conformer to a level more or less
isoenergetic taA. In contrast, the structural and
associated energetic characteristics Biphilic
sequences (measured transition free energy
approximately 1 kcalmole AA-TT contac) may
be such that the polyelectrolyte contribution is
only a 10% perturbation on the overall large and
positive free energy, not enough to induce a high-
salt conformational change tb.

Our discussion has assumed water as solvent,
and in this solvent thes-DNA conformation is
known to be stable for all sequences in physiolog-
ical salt concentration. However, the form of
DNA becomes stable in mixed wag&icohol sol-

the polyelectrolyte component of the free energy vents of sufficiently high ethanol content, and

of transition in units ofRT per mole phosphate.
The positive values seen over most of the salt

indeed, the classification inté-philic and B-philic
sequences stems from the observation that the
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former convert fromB to A at relatively lower
ethanol mole fraction14]. Can this observation
be explained in terms of our theory by using the
lower bulk dielectric constants characteristic of the
mixed solvents? The answer is no. We have
calculated Ag,oyer @s @ function of decreasing
dielectric constant at the fixed salt concentration
0.1 M (not shown, and the values are always
positive (electrostatic stability ofB). A more
microscopic treatment of the mixed-solvent system
[8] may be required for adequate accuracy.

The A form of DNA is usually not stable. RNA,
on the other hand, is stable only in tHeform in
typical conditions, because the riboseTJH group
that distinguishes RNA from DNA does not fit
well into a B structure, and possibly also because
of more subtle torsion angle straid47]. Given
this circumstance, polyelectrolyte theory is not
expected to contribute much knowledge toward
the strong forward driving force in a hypothetical
B— A RNA transition. It may be worth mention-
ing, however, that our results in Fig. 3 are generally
consistent with simulations of an RNA sequence
[17], which indicate Poisson—Boltzmann electro-
static stability of theB conformer, decreasing at
higher salt concentrations.

In summary, our polyelectrolyte calculations
provide limited but potentially useful information
on the B— A transition. While implying little to
nothing about the energetics d-philic DNA
sequences, the effect of alcohol content, or the
natural preference of RNA foA, they raise the
possibility that the polyelectrolyte contribution to
the transition free energy is the controlling factor
in the high salt conversion of-philic sequences
from B to A. The polyelectrolyte component of
transition free energy in Fig. 3 favoring at low
salt is quantitatively similar to the measured over-
all transition free energy fad-philic sequences in
the same condition§14]. If the net contribution
of other components to the transition free energy
for A-philic sequences is smdll3] and, as expect-
ed, insensitive to salt, then the high-salt conversion
to A would be driven by the polyelectrolyte trend
seen in Fig. 3. This conclusion also seems to be
consistent with atomistic-level free energy simu-
lations with Poisson—Boltzmann electrostatics
[17]. The extent of decrease of tlfe~ A transition

G.S. Manning / Biophysical Chemistry 101—102 (2002) 461473

free energy as salt is increased from 0.1 to 1.0 M
is quantitatively similar there to what we see in
Fig. 3, and for a particulaA-philic sequence ‘salt
is nearly able to switch the conformational pref-
erence tA’ [17].
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