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Interactions of Cationic Ligands and Proteins with Small Nucleic Acids: Analytic
Treatment of the Large Coulombic End Effect on Binding Free Energy as a
Function of Salt Concentratidn
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ABSTRACT: For nonspecific binding of oligopeptides and other cationic ligands, including proteins, to
nucleic acid oligomers, we develop a model capable of quantifying and predicting the salt concentration
dependence of the binding free energyGg,) by way of an analytic treatment of the Coulombic end
effect (CEE). Ligands, nucleic acids, and their complexes (species j of vafgnaee modeled as finite
lattices with|Z;| charged residues; the CEE is quantified by its characteristic Iédgpecified in charged
residues) and its consequences for the free energy and ion association of the oligomer. Expressions are
developed for the individual site binding constaliiss a function of position (site numbgrof a bound

ligand on a nucleic acid and for the observed binding con$lgnts an ensemble averagelqf Analysis

of AG{,s = —RTIn Kops and SKons = (9 In Kopg/(d In @) for binding of the oligopeptide KWK(Z. =

+8) to single-stranded (ss) dT(pd) oligomers (dT-mers) wheré, = {—6, —10, —11, —14,—15} in

the range 0.£0.25 M N& vyields Ne = 9.0 & 0.8 residues at each end, demonstrating that both KWK
and the above dT-mers are sufficiently short so that the CEE extends over the entire molecule. The
dependences d,ps and of SKops 0N |Zp| for a givenZ, are determined by the difference betwed 2

and the net number of charged resid@s the complex Q = |Zp| — Z.). ForQ < 2N, characteristic

of complexes of KWI§ with this set of dT-mers, the distribution of binding free energds? =

—RTIn K; for sites along the DNA oligomer is parabolic, alighs and SiKops are strongly dependent on

|Zp]. For Q = 2Ne, the distribution of binding free energiésG; is trapezoidal, and the dependence of
Kobs @and SiKops ON |Zp| is weaker. Application of the model to nonspecific binding of human DNA
polymeraseg to ssDNA demonstrates the significance of the CEE in determiKipgand SKops 0f binding

of a cationic site on a protein to a DNA oligomer.

Processes involving polymeric nucleic acids are generally The strong effects of [salt] on conformational transitions and
extremely salt concentration ([saklJependent, even atthe oligocation binding to polyelectrolyte nucleic acids are
lowest accessible [salt]. In particular, the equilibrium constant widely recognized; theoretical and computational analysis
(Kobg for nonspecific binding of polyamines, oligopeptides, show that those salt effects are primarily Coulombic in origin
and other oligocationic ligands to a site on the polymeric (10—17).

DNA or RNA exhibits a strong negative power dependence
on [salt] [SKops= (9 In Kepg/(a In [salt]), typically determined
below 0.3 M salt] 1—9). These studies, performed as a
function of oligocation chargé&, , found thatSKy,s of binding

to a polyanionic nucleic acid is proportional #p and that

the extrapolated value of the standard binding free energy
(AGg,s = —RTIn Kopg at 1 M salt is small in magnitude.

obs

Although less widely recognized and the subject of some
long-standing controversy (reviewed in r&8), processes
that involve short oligonucleotides or the ends of any nucleic
acid (NA) generally exhibit a very different [salt] dependence
than the corresponding processes involving the interior of a
polymeric nucleic acid as a result of Coulombic end effects
(CEE) (19—23). CEE are responsible for the experimentally
observed reductions in the [salt] dependence of the melting
tThis research was supported by the University of Wisconsin, temperature$T, = dT./(d log [salt])] for transitions of NA
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2 ' : : chemical potential of the oligoion and its salt derivative on
oligoion length (number of charged monomers). The coef-
15 L ficients are evaluated by fitting experimental da2®)(to

analytical expressions relating binding free energys§, .

= —RTIn Kqu9 and its salt derivativeFKops = (9 In Kopg/

(9 In aL)] to the numbers of charged residues on the NA
(]Zp]) and oligocationic ligand4, ). (Although properties of

Surface Cation Concentration (M)
T

0.5 1 - the nucleic acid are designated by the subscript D, our
|Zol=4 |Zo|=8 [Zp]=12  |Zp|=20 analysis is equally applicable to DNA and RNA lattices.)

0 , : : The model predicts that the trapezoidal and parabolic axial
0 5 10 15 20 profiles of surface salt ion concentration (Figure 1) lead
Axial Position (in nucleotides) directly to trapezoidal and parabolic axial profiles of site

FicurRe 1: Trapezoidal (for oligomer chargis| = 20) and binding free energAG? for oligocationic ligands and that
parabolic (for oligomer charge®s| = 4 and|Zp| = 8) axial profiles the transition from parabolic to trapezoidal behavioAg3?
of surface cation concentration calculated using Boltzmann relations occurs when the net number of charges in the com@Qlex
from bulk concentration and the surface potential obtained from |Zp| — Z. increases beyond\g, whereN, is equal to the

the cylindrical nonlinear PoisserBoltzmann model of a ssDNA . : ) :
oligomer (as described in rdB) at 0.1 M 1:1 salt. The curve for number of charges in each terminal region of the trapezoidal

|Zo| = 12 illustrates the transition between parabolic and trapezoidal distribution of AG;.

profiles. The axial position on the abscissa is counted from the left  The distributed binding model (DBM) relates axial profiles
terminus of the DNA lattice. of binding free energyAG? for ligand to the ensemble
average values of botpsandS:Kops AS an approximation

to the DBM, the central complex model (CCM) approximates
the ensemble-averagé@ps and its salt dependencBKops

by the binding constant of the central compl&x, and its
salt dependence&sK: = (3 In Kg)/(d In ay). Experimental
values ofK,psfor binding of KWKg (L8") are well described

increases by a factor of 3 at 0.1 M Nas the DNA length
increases from 39 to 169 charges. This trend is mirrored in
the [salt] dependences measured for these interactions
|SKopd at 0.1 M Na is ~30% smaller for binding of KWK
to a site on dT(pdT) than to dT(pdT), but only ~10%
smaller for binding of KWK to a site on dT(pdT) than to by the CCM for both short|Zo| < 16) and long {Zo| > 27)
dT(pdT)es ) o ) ) dT-mers. (For intermediate length dT-mers (36|Zp| <

Coulombic end effects on binding of oligocations to NA 27 the DBM is required.)
oligomers are the result of the stroagial dependence of
the surface electrostatic potential and of the surface salt ion
concentration, both for the oligocation and for the-2D
phosphates at each end of the NA molecudd—24).
Calculations for representative oligomers, modeled as charge
cylinders, at 0.1 M salt are shown in Figure 1. In particular,
Figure 1 shows that sufficiently long NA oligomers exhibit
a polyelectrolyte-like interior resulting in a trapezoidal axial
profile of the surface counterion concentration, tapering from
the polyion value to a much smaller value at each end. By
contrast, for short NA oligomers, Figure 1 shows that even
at the center of the NA the surface counterion concentration
is less than that of polyanionic NA and the axial profile is
parabolic instead of trapezoidaP@—22). Oligocationic
ligands with small numbers of positive charges also behave
as short oligoelectrolytes, characterized by surface anion
concentration profiles which are parabolic and everywhere
smaller than the polymeric value. The electrostatic potential
calculated for a cylindrical model of the nucleic acB)
exhibits an axial dependence which parallels those of the
surface counterion concentration. Since Coulombic interac-
tions account for the majority of the binding free energy in
nonspecific interactions of oligocations with nucleic acids,
the CEE exhibited in surface counterion concentration
profiles in Figure 1 are predicted to also characterize binding
behavior of oligocationic ligands, which therefore are
predicted to bind preferentially to the central region of the
NA lattice, especially at low [salt].

In this paper, we develop a simple predictive model of gAcKGROUND
Coulombic end effects and their consequences for the axial
distribution of complex formed between two oppositely  Binding of an oligocationic ligand (L) witlZ, univalent
charged oligoions of different lengths. The model introduces charges to a oligoanionic lattice (D) witl¥p| charges
a set of coefficients describing the dependences of the excesproduces a complex (DL) witHZp| — Z.| charges:

For any NA oligomer length our CEE analysis predicts
that a cationic ligand is expected to bind more weakly at
the ends than at the center of the anionic NA oligomer. (This

nalysis also predicts that if the ligand is an oligoanion, as
n the binding of a short anionic dA oligomer to a longer
anionic dU lattice, binding occurs preferentially at the ends
of the dU lattice because the CEE causes the Coulombic
contribution to the binding free energy to be least unfavorable
at the lattice ends.) The DBM (and CCM, where applicable)
explains the experimentally observed extreme sensitivity of
the per-siteKqps Of binding of a given oligocation &) to
changes in NA length2). The model confirms that these
effects are a manifestation of significant Coulombic end
effects present at typical experimental salt concentrations and
provides expressions for quantitative prediction&gf,and
SKops as functions ofiZp| and Z, for single-stranded NA
oligomers and oligocationic ligands of 6 or more charges
each. Application of the DBM to analyze nonspecific binding
of human polymerasg (pol §) to polymeric or oligomeric
ssDNA @27) shows that the behavior of boka,s and SKyps
are identical to that expected for ant4 oligocation [for
the 5 nucleotide (nt) binding mode] and for ant+10
oligocation (for the 16 nt binding mode). In both modes,
pol S is predicted to exhibit the same preference for the center
compared to the end of the DNA oligomer as the corre-
spondingZ, -valent oligocation, indicating the utility of the
DBM to analyze CEE in NA-protein interactions.
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LZL+ + D|ZD‘___x DLHZD\—ZLI— (1)

The effect of mean ionic activitya) of 1:1 salt onKops iS
related to the observed standard free energy chaaf,
in the binding reaction by

3 In K ps 1 [0AGS,d
SaKobsE Tha  pT =
dlna, RT\d In a.
A(lZ| +2I) = An; (2)
where ny = [Z]| + 27 = —(RT)79GI(® In a.) is the

thermodynamic extent of salt ion association with species |
(i = L, D, DL) of chemical potentialG’ (2, 3, 28). The
derivativeSKops is the experimentally accessible thermody-
namic measure of ion release from the nucleic acid and
oligocation upon binding10); SKKons is directly related to
the difference in salt componentligomer component
preferential interaction coefficientd’j for products and
reactants Z8).

We consider the limit of zero binding density where no
more than one ligand is bound to each NA even if the NA
lattice is long enough to support greater binding densities.
We assume that a ligand binding site on a NA oligomer
consists ofZ, contiguous charges (Figure 2A), so that the
NA hasQ + 1 sites for the ligand to bind, and that binding
interactions involving fewer thag, contiguous residues do
not occur. The binding of a singl& -valent cationic ligand
(L) to a lattice (D) with|Zp| charged residues forms the
complex DL, one of an ensemble of complexes (referred to
collectively as distributed binding; see Figure 2B). The
subscripti indicates that the bound ligand is positioned a
distance of charges from one end of the NA lattice (Figure
2A). Thus, the binding sites at the ends of the lattice have
= 0 ori = Q. In its simplest form, this model describes
ligands that have the same axial charge separdtias the
nucleic acid [applicable to KWKwhereb = 3.6 A (29),
similar to the value ob determined for ssSDNAh = 3.4+
0.2 A (12)]. This model may also be applied to flexible
oligocations withZ,_ charges but with larger mean axial
charge separation than that of the NA lattice, if they undergo
conformational changes upon binding to interact wih

consecutive charges on the nucleic acid. For example, theT

nonspecific DNA binding of 17-residue peptides with 4
cationic (K) residues interspaced with 3 or 4 alanines exhibits
site sizes much closer to 4 than to 130) as a result ofx
helix formation coupled to binding3(Q). If the ligand has
more charges than the NA oligomer, as in the case of KWK
(8 charges) and dT(pdd |6 charges), the subscriptn the
designation of the complex Dindicates that the bound NA
is positioned a distance afcharges from one end of the
oligocation (Figure 2C). Such complexes are characterize
by Q < 0. Analysis of this case requires some additional
assumptions, which are explicitly presented in the Appendix.

For the process of forming a complex Bh the limit of
zero binding density, the microscopic equilibrium binding
constant,K;, and corresponding free energy chang&;,
are both defined per site as

K= e “SV*0 = DL J[D]L] (3)

where [DL], [D], and [L] are respectively the equilibrium
molar concentrations of complexes, free NA, and free ligand
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Ficure 2: Complexes formed by distributed binding of oppositely
charged oligoelectrolytes. In all panels a ligand wihcharges
(white) binds to a lattice withiZp| charges (black) and occupigs
consecutive charges on the lattice (gray). (A) ¥ — 2. = Q

> 0, the complex has two charged flanking regions of sizieanfd

Q — i charges. The flanking region @fcharges is referred to as
short ifi < Neand as long if = Ne, whereN, is the length of the
Coulombic end effecte = 9.0+ 0.8 phosphates for ssSDNA lattice

at 0.1-0.25 M salt; see Table 2). (B) Schematic representation of
nonoverhanging members of the ensemble of complexes. The
position of the bound ligand is described by the site numifrem

one (left) terminus of the lattice, which is equal to the number of
unoccupied charged residues on the lattice; the corresponding
binding constant is denotédl. Complexes at positionsandQ —

i are identical, st&; = Kq-i. (C) Complexes with two short flanking
regions for whichQ < 0 (top) andQ = 0 (bottom). The position

of the DNA oligomer on the ligand lattice is characterizediby
the number of unoccupied ligand charges in the complex. The
number of sites for complexes witQ < 0 is |Q| + 1.

in solution. In the distributed binding model (DBM), where
AG? andK; depend ori, the macroscopic binding constant
is the average of all possible (nonoverhanging) binding
positions:

Q| ef(AG"i/RD
K,.=S ——— (DBM)
obs Zo QI +1

his expression provides the connection between the indi-
vidual binding free energies for each position of the 1:1
complex and the position-averaged experimentally deter-
minedKops (26). With use of the absolute value @f, eq 4

is applicable both to the usual situation whefie < |Zp|

and to the special cage > |Zp|. For all values o/, relative

to |Zp|, |Q| + 1 is the number of binding sites for the shorter
lattice on the longer lattice, independently of which lattice

4

d(NA or ligand) is longer in terms of number of charges.

In the DBM, SKobs (€q 2) is obtained from eq 4 fdoys

1Ql

> (8Ke e
1Ql

Z)e—(AG%/R'D
=i

where SKi = [—(1/RT][0AG(d In ai)]. Thus, in the
DBM, SKops iIs an ensemble average of the population-

SaKobs= (DBM) (5)
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weighted microscopicSK; for each complex, where the
distribution of complexes is determined G;. SinceAG?
and its derivativeSK; are thermodynamic quantities, they
are determined by the difference in chemical potentials
between final (product) and initial (reactant) values.

RESULTS

Analytical Description of the Coulombic End Effect on
Oligomer Chemical Potential and Its Salt Deaiive. Bind-
ing studies using the peptide KWKZ_ = 8) and short ss
dT-mers 26) revealed large effects of dT-mer length on the
site binding constanKqy,s and on the amount of salt ion
releaseAn (as measured b®Kops €q 2). To interpret these

results, we develop analytical expressions for the chemical

potential Gy and the salt ion associationas a function of
the number of charggZ;| on the NA (j= D) or oligocation
(i = L). We consider nucleic acid oligomers and oligopep-

Shkel et al.

= nuw|Z|, wheren,, is the per charge net ion accumulation
for a polymer (similarly,G° = G ,|Z|). For a homologous
series of long oligoelectrolytes witiZ| charges, where end
effects cannot be neglected, we find that the salt ion
accumulation per oligomer molecule differs from that
predicted for the same number of charged residues in the
interior of an infinite polyelectrolyte by an end effect
correction term designatedy2The possible contributions
of any charge- and length-independent factors tor an
oligomer (not accounted for by, ) are designated;, as

in eq 6:

n=ny+n,|Z —2y (large but not polymeri¢Z|)

(7)

The salt ion accumulation per charge of a polyion. eq
7) is expected to be much larger than that characteristic of
the low charge limit of a short oligomem(, eq 6).

tides as linear lattices of charged residues (monomers). ForlEquations 6 and 7 are the two leading terms in series

each, the total lattice lengtlr) is a linear function of the
number of lattice chargeg & |Z|b + 4), whereb is the
average axial spacing between nearest charged unitsg The
(“ci” refers to “charge independent”) term accounts for

expansions (see Appendix) of the per charge salt ion
accumulatiom, = (n — ng)/|Z| in powers of|Z| (eq 6) and
1ZI7* (eq 7).]

Similar considerations apply for the dependenc&bbn

oligomer with an uncharged terminal nucleosideijs the
length of that nucleoside; for KWK, is the length of the

tryptophan residue. Charge-independent contributions to the
net ion accumulation and chemical potential are denoted by

ne andGg; those quantities are the valuesroéndG® of an
oligomer after deletion of all its charged residues. Any

thermodynamic contributions twandG° which depend on

G° with respect to the logarithm of [salt] (eq 2):

G° =G5+ Gzl +.4Z° (smalliz]) (8)
9)

Here, similarly to eq 6Gg; is the charge independent term,

G* =G+ G, lZl —29 (large|Z|)

the accessible surface area of the lattice (such as interaction$s; , and G, are the per charge chemical potentials of

with water) are well modeled as length dependent. Similarly,
interactions which depend only on the lattice length (and
not charge) can still be considered dependent via the

oligomer in the limit of zero and polymerig|, respectively,
and.f; and g describe the corrections @8° arising from
CEE.

linear relationship above between length and charge. Thus, To quantify the ranges d¥| which are small (eqs 6 and

we reduce all possible interactions for a lattice in#-
dependent an¢Z|-independent terms.

For any homologous series of oligoelectrolytes (e.g.,
oligolysines or dT-mers) with sufficiently small numbers of
charged residugZ|, we assume that (and alsoG°) can be
represented as polynomial series |ifi (see Appendix).

8) or large (eqgs 7 and 9), we introduce the lengthwhich

will be seen to characterize the range of the CBEis the
length (in charged residues) below whitkiG°®) is described
more accurately by eq 6 (eq 8) than by eq 7 (eq 9). To match
the behavior oh (andG®) as described by eq 6 (eq 8) and
eq 7 (eq 9) at the lengtN,, we require continuity of the

Although the rigorous Taylor series is expected to converge functions (1 andG°®) and their first derivatives with respect

slowly, we find [both from fitting experimental data from
ref 26 to the DBM and from nonlinear PoisseiBoltzmann
(NLPB) calculations ofn(|Z|) for various NA oligomer
models, details of which will be published elsewhere] that,
for our purposes, truncation of the expansiorizit is an
acceptable approximation;
n=ng+n,dzl + %2

(small|Z|) (6)

Heren is the charge-independent term as discussed above,

nyois the salt ion accumulation per charge of a short oligomer

to |Z| at |Z] = N, yielding (after simplification and
expressing all other coefficients vig, <1, andNe)

Ny — Nuo= 27N, (10)
2y =SNG (11)
Gl — Glo= 24N, (12)
29 =GNz (13)

in the limit as the number of charges approaches zero, andEquations 10 and 11 relate the four coefficients characterizing

1 describes the nonlinear correctiomtarising in part from
CEE.

For polymeric DNA (where end effects are usually
negligible), experimental studie32) and theoretical calcula-
tions (33) using a cylindrical polyelectrolyte model find that
the salt ion preferential interaction coefficient (Donnan
coefficient) " and the ion accumulation= |Z| + 2I"' = 0
are directly proportional to the number of DNA charges,

salt ion associatiom( ., Ny 0, %, ¥) to each other and t;

egs 12 and 13 relate the corresponding four chemical
potential coefficients to each other and Ng. Additional
constraints on these coefficients are provided by the require-
ments that eqs 6 and 7 approximate the actual length
dependence af and that eqs 8 and 9 approximate the actual
length dependence @°. These constraints are implemented
here as a fitting algorithm minimizing the discrepancy
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between the experimental observabkess and SKqps and
the analytical expressions developed below from eg9.6
The thermodynamic differences between short and long NA
are then described simply by the length of the end effect, Equation 15 is exact for the case of ev@n For oddQ,
Ne, and by the coefficientsy; and &3, all of which are there are two equivalent central binding sites [withk=

obtained from nonlinear least-squares analysis of experi- (Q = 1)/2], both of which have essentially the same binding
mental data. free energy as that of the hypothetical center positidrat

Q/2. [The difference in binding free energy between positions
i =(Q £ 1)/2 andi = Q/2 is %1/2 and the difference in ion
accumulation is%/2, both of which are negligibly small
compared to other terms in these equations.] Equation 15 is
derived here for the cas&p| = Z. (Q = 0). The corre-
sponding derivation foQ < 0 is given in the Appendix.

(b) Distributed Binding of E" to NA Oligomers Forming
One Long Flanking Region @&N¢ Q < 2N.). Where the
lattice is somewhat larger than the ligand, binding of the
ligand at a positiori can produce one short and one long
flanking region. This occurs for site numbers0i < Q —

Ne (Wheni < NeandQ — i = Ng) andNe < i < Q (wheni

> NeandQ — i < Ng). The short and long flanking regions
are composed 0Q/2 — |Q/2 — i| and Q/2 + |Q/2 — ||
charges, respectively. We assume that their contributions to
Gp,,; are described by eq 9 for the long flanking region and
by eq 8 for the short flanking region:

o =de+e 2+ &)(9)2] +z) (15)
DL,c Ci u,02 1 2 G\“~L

Analytical Expressions for Chemical Potential and lon
Accumulation of an OligocationOligoanion ComplexWe
model each complex formed by a nucleic acid oligomer and
a shorter cationic ligand4p| > Z) as a NA lattice where
the ligand occupies a region @f consecutive charged units
on the NA oligomer, so that the complex in general has two
anionic flanking regions. Analytical expressions for the
chemical potentialG3, ; and ion accumulatiomp, ; of the
complex are derived for the case where the ligand and NA
are long enough that the two charged flanking regions of
NA on either side of the bound ligand do not interact
Coulombically with each other (see Appendix). NLPB
calculations performed for cylindrical oligomer models of
the ligand, ssDNA, and DNAligand complex at 0.15 M
salt (Appendix, Figure 6B) indicate that this approximation
is accurate for ligand and DNA lengthg, |Zp] = 6. A
flanking region is referred to as short if it has less tiNan
charges and as long if it hds. or more charges. A&Zp| . . . , i
andZz, are varied, the following cases are possible: a3 Goui = [Gci + Gu,O(% B ‘% B ") + gl(% - ‘% o 'DZ] +
|Zo] — ZL < N, so that both flanking regions of all 5 ., Q. 10 .
complexes in the ensemble are short; o)< Q < 2N,, SO [Gci + Gu,oo(E + ’E - ") - 29] +fs(Z)) (16)
that at least one flanking region of every complex is short;
or () Q = 2N, so that at least one flanking region of every For site number® — Ne < i < N, both flanking regions
complex is long. are short, and eq 14 applies. Correspondingly, central binding

(a) Distributed Binding of E* to NA Oligomers Forming IS described by eq 15. _ _
Short Flanking Regions (& Ne). Where the lattice is not (c) Distributed Binding of E* to NA Oligomers Forming
much larger than the size of the ligand, all possible positions TW0 Long Flanking Regions (Q 2Ne). Where the lattice is
of the ligand in the complex result in two short flanking much larger than the ligand, complexes can form where both

regions. These termini have lengthand Q — i, both of regions of the lattice flanking a bound ligand are long. If
which are smaller thaN.. We propose that the contributions ~ Pinding at positioni results in a complex with at leadt
from each short flanking region of a 1:1 complexrig charges in each flanking region£ NeandQ — i = N,

and Gg,; obey egs 6 and 8, such that each is a quadratic then both flanking regions are long, and their contributions
function ofi or Q — i. Monte Carlo (MC) simulations using 0 Gp,; are described by eq 9:

a cylindrical model for the complex ofét with a longer o — o .

NA (22) support the assumption that each charged NA Gou, = (GG + G“"""o 2g]o+ _

flanking region in the complex interacts independently with [Gg + Glo(Q— i) — 2] +f5(Z) (17)

salt ions to approximately the same extent as the correspond- _ . )

ing charged oligomer. All other contributions @}, and ~ 1he chemical potential of a complex determined by eq 17
noLi (described by the terns, f,) are assumed to depend d0es not depend on binding positigrall complexes with
only on the valence of the ligarigl and not on the position two long flanking regions have the same chemical potential
of the ligand on the NA lattice: as the central complex:

5= G+ Gog + 4% + GoLo=GoL =G + G2 —2d + 1) (18)
(G5 + God@— i) + 4(Q — ) +fe(Z) (14)

If one flanking region is shorti (< Neori > Q — Ng), eq 16
applies toGp ;.

(The expression fonp,, is analogous to eq 14 foBp, ;, Equations 14-18 express the chemical potential of central
wherg _each_ coefficient i6° is replaced by the corresponding 54 distributed complexe$g, . andG3, ) in terms ofGg,
coefficient inn.) G5 Goo 1, andg. The remaining ternig (andf, for n)

Central binding i(= Q/2) is of special significance; itis  characterizes any contribution from the region of the complex
predicted to have the most favorable binding free energy occupied by the ligand (see below for determination of these
because eq 14 has a minimumiat Q/2. The chemical terms).
potential of the central complex (subscript “c”) is obtained  Analytical Expressions for the Free Energy Change and
from eq 14 by substitution af = Q/2: Its Salt Dependence for BindingL.to a ssNA Oligomer.
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Table 1: Change in Free Energix@°) and Its [Salt] Derivative An) of Binding of an Oligocationic Ligand to Oligoanionic NA for

Distributed (A) and Central (B) Binding Modéls

A. Distributed binding model

HEE

Q Binding position, i i Q| —i AG? and An; (= S,K;)*
G :
Q| < N¢ 0<i<|Q |short short AG = AG: + (@] - 2i)? (20)
I :
Q_N.<i<A, An; = Ane+21(1Q] - 20 (21)
N.<Q@<2N,| 0<i<Q-N, short long
or or
G y
N.<i<Q long short QG?=ﬂG§O+TI(2Ne—Q+|2%—Q|)E (22)
0<i< N, short long
T, i
or or An; = Ang + Tl (2N, — Q+[2i - Q|)° (23)
Q—N.<i<Q | long short
Q> 2N, N, <i<Q-N, | long long AG] = AGY, (24)
An; = Ang, (25)
B. Central complex model II|:||:||:I:|.
Q DNA charge | 19I/2 1Ql/2 AG? and An, (= S,K.)
G
6 < |Zp| < N, | short short AG? = AG + 7‘(9 - 2N,.)? - Gi(| Zp| — N.)? (26)
T,
Ane = Ang + 5(Q = 2N = Ii(1Zp| - Ne)*  (27)
il o g
|Q| < 2N, | |1Zp| = N, short short AG? = AG,, + (2N, — Q) (28)
An. = Ang, + 2 (2N, - QY (20)
Q>2N. ||Zp|= N. long long AG® = AGS, (30)
An, = Ang, (31)

27 and|Zp| should be larger than or equal to 6 charges for the assumption of noninteracting flanking regions to apply (see AppeBgiagd
Anc in egs 20 and 21 are substituted from part B of this tabléhe expressions for the case@f< 0 are restricted to complexes allowing short
flanking regions only|Q| < N.. The absolute valugQ)| is used in this table and in the text where appropriate.

For central binding of an oligocation to a NA lattice, both

the strength and [salt] dependence of central binding mustare the limiting values oAG;

approach the polyelectrolyte limit as the length of the NA

Note that the quantitieAG? and An., (=SK.) in Table 1
obs and SKops for binding a
Z, -valent oligocation to an infinite polyanionic lattice where

lattice increases. For example, Figure 6A illustrates the end effects are negligible.

approach oSKysto its polyelectrolyte limit agZ| increases,
using NLPB calculations on a cylindrical oligomer model.

Imposing this requirement (see Appendix) allows the func-

tionsfs andf, (eqs 14-18) to be determined. In particular,
eq 47 predicts that, for central bindinl§e and |SKc| will

With an additional assumption discussed in Appendix, the
equations of Table 1 for complexes with short flanking
regions Q < Ng) can be extended to cases whitg| < Z;.
[such as KWK binding to dT(pdTy, |Q| < N¢] (26). Thus,
fitting data on the length dependence<gfsandSKqssyields

attain their maximum (polyelectrolyte) values once there are five quantities e, .1, .%, AGS, and SK.,) which in turn

Ne or more charges in both flanking regions of the complex.
This analysis provides expressions fer(cf. eq 14) and
f, in terms of model coefficients and polyelectrolyte values
(AG for fg, SK«w = An, for f,) for binding of the ligand to
polymeric NA:

fe=AG, — G+ G +Gj .7 + {§’1Nez (29)
Substitution of eqs 14, 16, and 17 whdgeis given by eq
19 and the appropriate expression @f (eqs 8 and 9) into
AGY= Gy ; — G — Gj provides expressions for the free
energy change of forming a complex with ligand at position
i. These expressions f&G’and AG; are given in Table 1
for the specified binding position)(and net numbers of
charges on the complexXdf and on the nucleic acid4p|).

yield the quantitiess;,, — GZ o 0, Nue — Nuo andy (from
egs 16-13).

Analysis of Experimental Data Using Distributed and
Central Complex Binding Models: Determination of Me
Range of the Coulombic End EffeExperimental values of
SKobs and logKops for binding L8 to ss dT-mersZ6) are
fit globally vs|Zp|, assuming that the end effect lenddthis
a property of the NA lattice and hence is the same for
analysis of both lodqs and SKops Values of logKqps and
SKops as a function ofZp| for |Zp| = 6—15 at 0.1 and 0.2
M salt were fitted to the distributed binding model (DBM,;
egs 4 and 5 and eqgs 2@5 from Table 1A) using NONLIN
(34) with 67% confidence intervals. Values &G? and
SK.. were fixed at the experimentally determined6)
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Table 2: Values of Globally Fitted Thermodynamic Coefficients of the Distributed Binding Model (Eg23)0Applied to KWKs Binding to
dT(pdT)z, with |Zp| = 6—15 (26)

Ne 1:1 [salt] (M) AG (kcal/moly 91 (kcal/mol) Gi. — G ¢ (kcal/mol) gP (kcal/mol)
9.0+0.8 0.1 —8.77 0.0193t 0.003 0.35+ 0.07 0.78+ 0.16
0.2 —6.46 0.0126+ 0.002 0.23+ 0.05 0.51+ 0.1
SKe A Ny — N ® Y
0.1-0.25 —6.54 0.019+ 0.003 0.34+ 0.07 0.77+0.16

2 Calculated from eq 12 Calculated from eq 13.Under the experimental conditions usdd=t 298 K), RT = 0.59 kcal/mol.¢ N is rounded
to the closest integer for easier comparison ik, Z,, andQ, all of which are also integer numbefsCalculated from eq 10.Calculated from
eq 11.

polymeric values for each salt concentration; valuegof
1, andNe were determined at each salt concentration from
the fit and used to calculate the other coefficients (via eqs
10—13). Table 2 presents the results of these global fits and
calculations for the coefficientss, G;,, — G, andg at
each salt concentration. Valuesf at 0.1 M Na (9.0 +
0.8) and at 0.2 M Na(9.2+ 0.8) are the same within error. 2]
The coefficient.7s changes only slightly in this range of -
[Na*] (from 0.0191+ 0.003 at 0.1 M Nato 0.01844- 0.003 :
at 0.2 M Na&). Therefore, Table 2 lists the average values
of Ne and.7; for this salt range and also lists valuesmf,
— nyo andy calculated from them (from eqs 10 and 11).
We also tested individual fits to experimental data, when
log KopsandSKops data are fit separately either to the central
complex model (CCM; egs 26, 28, and 30 for Idg,s eqs
27, 29, and 31 foSKq9 or to the DBM (egs 20, 22, and - . . M - o
24 for log Keps €Qs 21, 23, and 25 fd®Kopg. Values of 1zl
fitted quantities obtained from individual fits (not shown) pEgure3: Analysis of binding constartasand salt concentration
differ only slightly from those obtained from global fits. dependenceSKqp9 for L8t —ssDNA oligomer interactions using
Predictions OfAngsandSaKobstT 6—15-mers using global the distributed binding model (DBM; solid curves) and.the central
or individual fitted quantities differ by less than 3%:; values Ccomplex model (CCM; dashed curves). (A) Calculations of the

: . logarithm of the ensemble average binding constant Kgg) at
obtained from the global fit (in Table 2) have a smaller 0.1 M salt N& (26) and at 0.2 M Na as a function of DNA

|°gKobs

Sa Kobs

As Table 2 reports, the lengii characterizing the range 20, 22, and 24) and CCM (dashed lines; egs 26, 28, and 30). (B)
of the CEE for ss dT-mers is 9:8 0.8 charged residuebt Analysis of the log-log derivative ofKobs with respect to salt

; SN activit Kobs = 9 In Kqpdd In a; data from ref26) as a function

:)Sinr:j?; S'gn'f'ca”“y [salt] dependent over the range of the o |zD|yu(§?n§bsbBM (soloit()jsllinesa;i eqs 5, 21, 23, a21d 25) and CCM

‘ g data (0.20.25 M Na*_)._By_ contrast, the quantities (dashed lines; egs 27, 29, and 31).

a1, Gj, — G andg all exhibit significant [salt] depend-

ences between 0.1 and 0.2 M\ aach decreasing 35% over

this salt range. In the Discussion, we provide applications 3B is obtained from eq 5 with values &G/ either at

of these coefficients and the CEE length to interpret 0.1 M Na" or at 0.2 M Nd.

Coulombic end effects on properties of charged oligomers Both DBM and CCM predictions of 10¢ns and SKops

in solution (e.g., extent of ion accumulation, parabolic vs for dT(pdT), overestimate the experimental values because

trapezoidal profiles of surface counterion concentration) and only the binding of the first oligocation to this lattice was

on NA processes [parabolic vs trapezoidal profiles of free considered in this implementation of the DBM. However,

energies of binding £ to the NA oligomer, length depen-  dT(pdT):is capable of binding two KWKligands, and the

dence of ST, = dT./(d log [salt]) for conformational experimental data are analyzed to obtain an average binding

transitions from the ds to ss state of NA oligomers]. constant. Binding of the second ligand to an available site
Panels A and B of Figure 3 compare experimental values at dT(pdT), with one ligand bound is weaker than binding

of log Kops and SKops With expressions for DBM (solid line,  of the first ligand to site on the unoccupied lattice as a result

egs 20-25) and CCM (dashed line, eqs281) for the range  of CEE introduced by the bound oligocationic ligand (see

|Zp| = 6—15 at 0.1 and 0.2 M salt. Ensemble averaging, Appendix).

including the weaker noncentral binding modes (eq 4), yields CEE Reduces End Binding of an Oligocation to an

a smaller binding constant for DBM (solid lines) than that Oligoanion Lattice Relatie to the CenterFor binding of

predicted by CCM only (dashed lines). Experimental values the same oligocationic ligand (of valencgd = 8) to

of log Kops agree well with predictions from the DBM (eqs  oligoanionic lattices of different lengt@p| (5 < |Zp| < 40),

20—25) betweenZp| = 6—15. Values of logkons and SKops Figure 4 compares free energy changes for central binding

predicted by CCM (eqs 2631, dashed lines) are quite (AGg most favorable) and end binding G, least favor-

similar to the predictions of the DBM fojZp| < 11 and able) at 0.1 M salt. A¥, = |Zp| = 8 the difference between

deviate slightly for|Zp| = 14, 15. The solid line in Figure  central and end binding vanishes because there is only one
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FIGURE 4: Plot of AG? for binding of L8 to the lattice terminus,
i = 0 (lower dashed line), to the central sit&5? (upper dashed
line), and their differencAAG° = AGj — AG{ (lower solid line)
as a function of net charge of the compi®at 0.1 M Na. Also
shown is the ensemble averag&;, for the distributed binding
model (upper solid line).

binding site for the ligand on the DNA lattice. The difference
AAG® = AG, — AG{is less than 0.04 kcal/mol foZ, | =

8, |Zp| = 10 (soK. exceed¥{, by less than 7%). Far, =

8, |Zp| = 16, the differenc\AG? is less than 0.6 kcal/mol,
and the ratio of central to end binding constants is
approximately 3. For these length€)( < Ne, €.9.,|Zp| <
17), the strength of central binding depends stronglyZgi
AG? for central binding of B' to dT(pdT)s is more
favorable (more negative) by 1.1 kcal/mol than for central
binding to dT(pdT)o. The binding free energy for the end
site (AG,) also becomes more favorable in progressing
from dT(pdT)o to dT(pdT)4 but the effect is smaller in
magnitude (0.7 kcal/mol for end binding vs 1.1 kcal/mol for
central binding), resulting in an increase in the magnitude
of the differenceAAG®. For complexes with an intermediate
net number of chargeld. < Q < 2N, the strong effect of
|Zo| on AG observed for smalle@ is still present while
the axial dependence &G’ becomes more apparent. Even
though the free energy of end bindilyG>, does not
decrease further whejZp| = Z, + N, AGZ becomes 0.9
kcal/mol more favorable (more negative) |@| increases
from 17 @Q = Ne) to 26 @Q = 2N,), so that the difference
between central binding and end bindingAG°) becomes
greater AAG® ~ 0.6 kcal/mol for dT(pdT), and AAG® ~

1.6 kcal/mol for|Zp| = 22]. Therefore, the central binding
constant for the 22-meK() is predicted to be 11 times more
favorable than the end binding constalig)(at 0.1 M [salt].
For complexes with a large net number of charges
(Q = 2Ng), AAG® is constant (at the valuAAG® = 2g =
91N = 1.56 kcal/mol, as is evident from eq 22) for lengths
beyond|Zp| = Z. + 2N, (cf. Figure 4), and neitheAG_,
nor AG; depends orZp|. For binding of KWKs to such
long NA oligomers, the binding constant for the eight
phosphate sites at the ends of the oligonkg)j (s predicted

to be only¥4th as large as the polymeric valg at 0.1 M
[salt].

The Axial Distribution of Complexes on a LatticEhe
predicted dependence of binding free enery®’ on
binding positioni for the DBM is plotted in Figure 5 for
several oligomer lengths at 0.1 M [salt]. Equation 20 in Table
1A predicts a parabolic distribution &G for complexes
with short flanking regions|f3] < N, as is the case for
oligomers in the range dT(pdddo dT(pdT)s in Figure 5].
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Position i of Ligand Relative to Left Lattice Terminus (i=0)
Ficure 5: Plot of AG’ (smooth curves) at 0.1 M Navs site
position i comparing DBM (triangles) and CCM (maxima of
parabolas) with the observed per site experimental values of
AG}, (circles) @6). The solid line at the top of the graph
represents the free energy change for binding®ofth a polymeric
DNA lattice (AG?). The abscissa scale for the dT(pg@pta and
curves is shifted left 0.2 unit for clarity. The inset shows predicted
AG? vs site position for a binding of&* to dT(pd T}, (|1Zp| = 22,
parabolic curve) and to dT(pd¥)(|Zp| = 39, trapezoidal curve).

14

For the cas®. < Q < 2N, [applicable to dT(pd T} in Figure

5], the parabolic distribution oAG? is described by eqgs
20 and 22 (Table 1A). For large enough oligomeric lattices
(Q = 2Ny), the free energy of binding to interior sitdk <

i < Q — N is the same as that obtained for binding to the
interior of the corresponding polymeric lattice (eq 24). This
interior region corresponds to the plateau in the trapezoidal
distribution of binding free energy with the axial position
on the lattice [see the inset in Figure 5 for dT(psil)
Equation 22 describes the free energy change for binding to
N, sites in each terminal region of a trapezoidal distribution.
For each positiom, AG? initially decreases (becomes more
favorable) as the lattice lengtlZp| increases; onceéZp|
exceed<Z, + 2N, eachAG is a minimum independent of
|Zo].

Test of the Range of Applicability of the Central Complex
Model (CCM).For binding of 8" to short NA oligomers,
Figure 4 demonstrates the interplay between the greater
stability of the central complex and the increase in number
of noncentral sites with increasing NA lengtZ4|) on the
ensemble-averagefiG;,. for DBM (solid line). For com-
plexes with a small net number of chargfd| < N,
complexes at all positions on the lattice make similar
contributions to the overall binding affinityAG’ = AG?
for all i. Therefore, for short NA oligomers with. < |Zp|
< ZL + Ne, the value of AG? (K¢) for central binding
provides a simple and accurate estimate of the experi-
mentally observable (DBM ensemble-averaged) value of
AG,s (Kobg for formation of 1:1 complexes, with a relative
error not exceeding 3% in liops (30% in Kopgy at 0.1 M
salt. For the complexes of intermediate length € Q <
2N,) the difference betweeli; (from CCM) andK,ps (from
DBM) is more significant. The maximum deviation between
central and distributed binding free energies, observed for
Q =16, is 0.44 kcal/mol at 0.1 M salt, for whidk is twice
as large a¥Xops FOrQ = 2N (i.e., |Zp| = Z. + 2N,), sites
are added to the interior of the trapezoid (see inset to Figure
5), thereby weighting the distribution of possible complexes
toward those in the polyelectrolyte-like interior of the long
oligomer, and again the CCM well represents the observed
binding affinity. With increasing, Kopsapproache&; Kond
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K. = 0.7 forQ = 31 (Zp| = 39). As a result, the central ions and in the binding of an oligocationic (or oligoanionic)
binding constankK. is a very good approximation to the ligand.

experimentally determined site binding constant at both  According to eqs 69, ssNA oligomers with less than nine
extremes ofQ. At small Q, all sites are approximately charges are short oligomers at (.25 M salt in the sense

equivalent becausAAG® is nearly zero. At very larg®, that the extent of salt ion accumulation is better described
although there is a largeAG®, the vast majority of possible by eq 6 and the corresponding coefficiemg, and 7.
sites are within the plateau region of th&s? distribution, Similarly, ssNA oligomers longer than 9 charges are long
and thus the average free energy of binding per site is well oligomers at 0.10.25 M salt in the sense that the extent of
described byAG? = AG;,. ion accumulation is better described by eq 7 and the
corresponding coefficients,. and y. As the number of
DISCUSSION charges of a ssNA oligomer increases frigth= 1 to |Z| =

) o Ne — 1 =8, eq 6 (and the estimate of o, below) predicts a
Coulombic End Effect Causes Preference of Bindifig L strong increase in the extent of salt ion accumulafien
to the Center of the NA Oligoanion and Strong DependencesongoiOn (NA) chargefrom n, = 0.13+ 0.07 ton, = 0.26
of Kobs and SKops Of L*" Binding on NA Lattice Length. 4 0.08. (Of course, the total salt ion accumulation per NA
Theoretically predicted trapezoidal and parabolic axial melecule increases much more strongly as a result of the
profiles of surface counterion concentration (Figure 1) jncrease in the number of NA charges.) As the number of
provide insight into understanding of Coulombic end effects charges increases beyorld, salt ion accumulation is
in ligand DNA binding. The extreme ordering of salt ions Jescribed by eq 7. Equation 7 predicts a more gradual
(cation accumulation, coion exclusion) observed in the radial jncrease in the extent of salt ion accumulation per NA charge
ion gradients near a NA surface represents an entropic Cosfrom n, = 0.28+ 0.08 salt ions per oligomer charge|at
to reduce intrinsically unfavorable interactions within the — N, = 9 to the polyelectrolyte value afy, = 0.454 +
array of like charges on a NA molecule. The CEE results in g gg2 as|z| — o [predicted from NLPB calculations for
smaller salt ion gradients and a smaller entropic cost of the cylindrical model of the ssNA oligomet®) at 0.15 M
ordering salt ions in the terminal regions of any charged salt], wheren, is within 10% ofny. only for |Z| = 34.
oligomer or polymer. Binding of a cationic ligand to anionic In the binding of IZ* to ssNA,N. determines the transition
NA reduces the axial gradients in salt ion concentrations in frgm a parabolic to a trapezoidal profile of binding free
the vicinity of the binding site due to charge neutralization energyAG® vs axial position of the £+ ligand on the NA
(22). In the absence of Coulombic effects, a situation |attice, which occurs at the DNA oligomer lengty| = Z,
approached at high salt concentration, the oligocation would 4 2N, At this NA length, the binding constant of the central
bind equally weakly to all sites on the nucleic acid. As the complex approaches the value characteristic of the interior
salt concentration is reduced, all site binding const&ts  of 3 polyanionic NA, because the central region of the
for the cationic ligand at all positions on the NA lattice are trapezoidal profile has the binding strength and [salt]
predicted to increase. The increase in binding constant with dependence characteristic of the corresponding polyelectro-
decreasing [salt] is predicted to be much greater for interior lyte. For oligomers longer thafi,_ + 2Ne, Ne binding sites
binding than for binding to the terminal regions because the at each end of the oligomer exhibit weaker binding strength
derivative ¢ In K;)/(9 In a.) = —An; is calculated to be larger  and smaller magnitude of [salt] dependence of binding than
in magnitude for central binding than for end binding (eds the values characteristic of interior sités.parallel to the
21, 23, and 25). [Given the steeper salt ion gradients in the sharp decrease in salt ion accumulation per charge for an
interior than at the ends of the unbound NA, more salt ions oligomer when its length is reduced to less than $harp
are predicted to be released by central binding of the reductions in log Kpsand |SiKond Of LZ*—ssNA binding are
oligocationic ligand (E*) than in the case of end binding.]  gpseped when the NA length is reduced to less thantZ
At any specified [salt] where Coulombic effects are important 2N,
(€.g., 0.1 M), binding of a cationic ligand to the termini of = As stated above, the predicted regimes of trapezoidal and
any length NA and binding to any site on a sufficiently short parapolic profiles of binding free energiesG? as a func-
NA oligomer are less favorable than binding to the poly- tion of lattice length|Zo| are fundamentally related to the
electrolyte interior of a long NA oligomer. (By contrast, trapezoidal and parabolic profiles of surface cation concen-
nonspecific binding of an anionic ligand, such as a short ss tation on the same lattice. Considering a univalent cation
dA ollglomer to a longer ss dU oligomer, is predlcted by the 553 ligand with chargg_ = 1, our model predicts parabolic
extension of our theory to occur preferentially to the ends and trapezoidal profiles of surface concentration and a change
of the oligo dU lattice.) For binding of a cationic ligand'L  over from parabolic to trapezoidal as the DNA oligomer
to an oligoanionic NA lattice, the weaker binding modes length exceed$Zp| = 2N, + 1. (This prediction has been
reduce the observed (ensemble-averaged) binding constanfested with the cylindrical NLPB model, Figure 1. Although
below the value characteristic of binding the same oligocation thjs NLLPB model somewhat overestimates the experimental
to the correspondirjg polyanionic NA lattice and cause itto yajye of.% and underestimatesy o and N, it correctly
depend on NA lattice length. predicts the transition from a parabolic to a trapezoidal axial
The Significance of N= 9.0 + 0.8 Residues as a distribution of the surface cation concentration (as shown in
Characteristic of CEE Length for ssNXe obtain a CEE Figure 1) betweetZp| = 8 and|Zp| = 12.)
lengthN. = 9.0 & 0.8 residues for a ssNA at 6-0.25 M The cylindrical NLPB model of DNA oligomerslg) at
[salt]. In a series of NA lattices of varying length, the length  0.15 M univalent salt predicts for sSDNA that= 0.60+
Ne determines the transition from oligoelectrolyte to poly- 0.02,n,. = 0.454+ 0.02 and for dsDNA thay = 1.42+
electrolyte behavior in the interaction of the NA with salt 0.02,n,. = 0.612+ 0.02. These values were previously
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used to analyze the [salt] derivative of the transition where InKqsis linear with respect to la. (26). Values of
temperature $T, = dT./(d log [salt])] for denaturation of  coefficientsG;, predicted at 0.2 M by eq 33 with 0.1 M as
hairpin and two-stranded helice$8j. Experimentally ob- a reference point agree well with the values at 0.2 M [salt]
servedST, exhibit the same signature of the CEE as observed in Table 2.

in oligocation binding; transitions involving short oligomer  Comparison of Model Coefficients with Theoretical Pre-
strands exhibit a strong dependenceSdf, on |Zp|. This dictions. Determination ofy for sSDNA from theSKqps Vs
occurs when a ssNA oligomer is shorter thgn= 9.0 & |Zp| data (cf. Figure 3B) predicts a value of 0.770.16,

0.8 phosphate charges and a dsNA oligomer is shorter thanand theoretical calculations gfwith the NLPB cylindrical

Ne = 12 + 1 phosphate charges. (The latter estimation of model of the ssDNA oligomer yield a value of 0.600.02

the characteristic length of CEE for ds NA is obtained from (18). The good agreement between the two values of
eq 11 usingy = 1.42+ 0.02 and = 0.019+ 0.003.) For  supports the thermodynamic picture that Coulombic interac-
a short oligoelectrolyte hairpin helix witfZo| = 12 inds  tions and ion release (or uptake) are the predominant source
form, the salt dependence of the melting temperat8®)(  of the [salt] dependence of the nucleic acid processes in this
is only one-quarter of that observed for the corresponding [salt] range. The same set of model coefficierts, (o,
polymeric NA. The CEE exerts a smaller effect on the [salt] n,.,.%, y) describes salt ion accumulation in the vicinity of
dependence of stability of short two-stranded helices becausea NA oligomer and the salt dependence of helix melting and
the total extent of salt ion accumulation by the two denatured oligocation binding, indicating that the CEE model provides
strands (with a total of four ends exhibiting the CEE and a unified quantitative description of [salt] effects in processes
with each strand containing only half of the number of involving nucleic acid oligomers and/or involving oligomeric
charges of the ds form) is significantly less than that of the charged ligands.

one denatured strand [which has the same number of ends  gjncen,,, is accessible via both experiment and theoretical

(two) and charges as the ds form] obtained by melting a cajculations {8), we can estimate the extent of salt ion
hairpin helix. As a consequence, the amount of ion releaseaccumulation by an isolated charge on a short NA oligomer
An upon melting an oligomeric<(18 charges) two-stranded (n, ) from the differencer,.. — nuo) of Table 2. The NLPB
helix is much larger than for a hairpin helix of same number cg\cylations for the cylindrical model of the sSDNA oligomer

of chargegZ| in ds form and in some cases is coincidentally (11, 36) show thain,. = 0.454+ 0.002 at 0.15 M univalent
close to the amount of ion release from melting correspond- ¢ ¢ Thereforen, o = P8 _ (Mo — Nu)®P Or, equiva-
ing polymeric NA. For shorter two-stranded helices18 lently, nyo= 011+ 0.0l%wsalt ion accumulated by a charge
charges), where the single strands formed in thg tr_a}nsitionin an oligomer in the limit as oligomer charge approaches
are shorter thaNe = 9, the CEE causes a significant ;14 gait jon accumulation from Coulombic interactions with
reduction inST. For example STy is reduced from 16 ©0 5 \yeakly charged species is much smaller than salt ion

11°C when the number of charges in the two-stranded helical 5 ;mufation in the vicinity of a phosphate within the interior

form is reduced from 18 to 10. region of a polymeric single-stranded nucleic acid (0411
Other Measures of Coulombic End Effect at-8025 M 0.07 vs 0.454+ 0.002 at 0.15 M 1:1 salt). Our preliminary

Salt. The ion accumulation, per residue of an oligomer or \ pg calculations of, from the all-atom model of short
polyelectrolyte is the derivative of the per residue chemical (1Zo| < 9) ssDNA oligomers are consistent with this value

potential G; with respect to the logarithm of mean ionic 4 provide means of an alternative estimation of the model
activity of the salt (eq 2). The same relation approximately .qefficients.

holds for each pair of model coefficients When|Z| = 1 is substituted into eq 6, it yields— ng =

1[ 9GS Nuo + % = 0.13+ 0.07 salt ions accumulated because of
N, = — _T( e ) (32) Coulombix interactions by an individual (isolated) nucleotide
RT\dIna, at 0.1-0.25 M salt. We predict that this limiting value would

. also be obtained as the limiting case for analysis of binding
wheren, = {Nei, Nuo Mue, %1, 7} @nd the corresponding of LZ* to a series of short multistranded NA oligomers and
= {G Gio Glw 1, 0} Coefficientsn,, defined in the  of melting transitions of multistranded NA oligomers.
expressions (egs 6 and 7) relating salt ion accumulation to o coulombic End Effect on ProteirDNA Binding. Do
oligoion valence (or number of charges), are approximately ygtein-nucleic acid interactions exhibit Coulombic end
constant between 0.1 and 0.25 M [salf]. Coefficie®s  effects (CEE) comparable to those observed for interactions
defined in the expressions (egs 8 and 9) relating the chemicalys | z+9 T¢ what extent does the protein behave like an
potential of an oligoion to its valence, are [salt] dependent oligocation and contribute only a minor part &s when

because of eq 32. Given a value at one [salf] (e.g., 0.1 Orpinging to polyelectrolyte DNA at a typical salt concentra-
0.2 M from Table 2), a value at another [salt] is found by jon2 |n the absence of higher valent salt cations, the value

integrating eq 32: of SKypsdescribing the effects of 1:1 salt concentration on a
a protein—nucleic acid interaction is typically independent of
Ga(ay) = Go(ay red — RTfai N, d(ina,) = salt concentration over the observable range. By analogy with

o _ the binding of a sufficiently short oligocation to ss or ds
RTn, | - ) . ; :
ol red) M IN(a/8, e (33) polyanionic nucleic acids, thiSKys can be used to define
an effective charge on the binding surface of the prafeis

In eq 33,a+ . is the reference salt activity; in the present assuming for ssDNA that

context eithea. s = 0.083 M ([Na] = 0.1 M) or ay ret =
0.15 M ([Na"] = 0.2 M) can be used. Equation 33 is accurate s
over the range 0:20.25 M salt (0.083 M< a. < 0.19 M) SKpsp = —0.7Z, ¢ (34)
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Table 3: Salt Effects on a Binding HumghPolymerase to ssDNA to its site Siz_e (6t 1nt,~4+1 Charges_). I_n Fhe 16 r_]t
mode, pols binds to ssDNA as an oligocationic ligand with

b(lr?SlcrllgortTi]c?g)e DNA  Kops(MY) SKops Zien ~10 £ 2 charges. , ,
s polymeric (LGL0.6)x 10 —2.9£06 4.1t 1D This picture is also consistent with structural data f_or the
16-mer  (2£1)x 10°  —21+05 464 3.8 only availables polymerase-DNA complex @7) and with
16 polymeric (1 0.5)x 10F —6+1 86+1.5 the proposed model of binding of pglto ssDNA @7). In
16-mer (7+3)x 10°  —3.940.7 11.8+3.% the structure of a complex of p@lwith 16 bp dsDNA 87),

aValues ofKops are at 100 mM Na and 1 mM Mg+ values of the number of protein charges that are in the vicinity of DNA
SKobs are at 56-150 mM Na and 1 mM Mg*. ® Determined from phosphate charges [within 8 A, calculated by CCP4 Suite
SKops using eq 34¢ Determined from $Kops — SKobs19 Using the (38)] is 8 positive and 3 negative charges for thetd® 3
distributed binding model and CEE analysis (see text). DNA strand (referred to as chain T in 187) and 10 positive

and 4 negative charges for thet8 5 gapped DNA strand

and Slﬁf,sw = —0.97 x for dsDNA (6—9). (Here the [referred to as chains P and B7)]. The 3 phosphates of
subscript %" refers to binding of the protein to polymeric  chain D of dsDNA are in contact with 6 positive and 2
DNA.) For a binding surface of a protein of effective charge negative charges from the small 8 kDa domain of the protein,
Z_ <1, are the CEE on its interaction with oligoanionic DNA  which has higher affinity for binding to SSDNA than the other
or RNA the same as for an oligocation of this valence? Data 31 kDa domain of paoB (27). The observed contacts between
are currently available for only one well-characterized phosphates of chain D and the 8 kDa domain of péhet
system: human DNA polymerase (pol 8) binding to +4 positive charge on its binding site) agree with the
ssDNA 7). This enzyme binds to ssDNA in two modes proposal 27) that only the 8 kDa domain of pd interacts
characterized by occluded site sizes on ssDNA of 5 and 16with SSDNA in the 5 nt mode, becaugg,s and SKyps for
nucleotides (nt). Equilibrium constants for binding of pol  this mode are consistent with binding of an oligocationic
to both polymeric ssDNA [poly(@)] and moderate length  ligand with Z_ = 4. The effective charge on the binding
oligomeric ssDNA [dA(peA)1s] have been obtained as a surface of the protein deduced frdiops for the 16 nt mode
function of [salt] 7). Binding constants at 100 mM Na  (Z.er = 10 & 2) is the same within uncertainty as the net
and 1 mM Mg* and the [salt] dependence of bindirgjsy charge on both the 8 and 31 kDa domains of the protein
at 0.05-0.15 M Na" and 1 mM Mg are given in Table 3. within 8 A of the DNA in theabove structural analysis (net
Both Kq,s and SKyps are significantly smaller in magnitude 411 charge; 18 positive, 7 negative). This is consistent with
for binding to the 16-mer oligoanion than to polyanionic the structural proposal that both 8 and 31 kDa domains
DNA. Specifically, Kos for pol 8 binding to the 16-mer in  interact with the ssDNA in the 16 nt binding mod27y.
the 5 nt binding mode is 8 times weaker thégsfor binding The structural analysiS{) also suggests that 16 bp dsDNA
polyanionic ssDNA. For the 16 nt modEgs for binding is long enough to have all contacts with charges on the
the 16-mer is 10 times smaller thak.,s for binding protein surface of pgb in both 5 and 16 nt binding modes.
polyanionic ssDNA at low [salt] (0.05 and 0.075 M Na Therefore, the most likely explanation of the observed
(However,Kqpsfor the 16 nt mode is similar at higher [salt] reductions inKq,s and |SKond (Table 3) is the CEE.
(0.10 and 0.15 M N8&); the lack of an observed CEE on The above analysis, in terms of an effective charge on
Kops at 0.1-0.15 M salt is unexpected.) The magnitude of the interface of the proteinZ(ex), is of course a very
the [salt] dependencdSKopd) is reduced 36:35% from approximate method to treat CEE. Proteins differ greatly
polymer to oligomer in both modes at any [salt] in this range. from oligocations; even if the binding interface is oligoca-
Is this a CEE or is it another end effect, such as the loss of tionic, it is surrounded by the remainder of the heteroge-
contacts from truncation of the lattice? (This possibility is neously charged protein exterior. Charges on the protein in
unlikely for the 5 nt mode, though conceivable for the 16 nt the vicinity of (but not in) the interface may have a significant
mode.) effect onKqpsandSKqps FOr example, individual changes in

Calculation of effective charges on the gobinding sites cationic and anionic residues at distances 6fl3 A from
from eq 34 and the [salt] dependences of binding pob the interface of a peptideRNA complex (with 4 positive
polymeric DNA (Table 3) yieldsZ, ¢+ = 4 for the 5 nt charges in the interface with RNA) were shown by experi-
binding mode and, ¢ = 9 for the 16 nt binding mode. (At  ment and NLPB calculations to modul&&nsby up to 50%
0.05-0.15 M NacCl, the presence of 1 mM M¥igis predicted of the amount expected from the same change in the number
by cylindrical NLPB model to reduce the magnitude of of charges in the interface4@). The numerous anionic
SKobsee DY N0 more than experimental uncertainty10%, residues flanking the DNA binding interface of IHF appear
and therefore does not significantly affect these estimatesto reduce|SKyd to less than half the value predicted for
of Z,_«+.) An independent estimate d@f o+ can be obtained  binding of an oligocation with the same number of positive
from the differenceSKyps16 — SKopsw, Where the subscript  charges as in the interface with dsDN3Y.
“16” refers to binding of the protein to a DNA 16-mer. Recently obtained structures of complexes of a disulfide
Analysis of the differenceSKys. — SKops,16Using the DBM cross-linked dimer of the lac repressor DNA-binding domain
and coefficients from Table 2 (again neglecting the expected with specific (22 bp|Zp| = 40) and nonspecific (18 bfiZp|
small effect of 1 mM Mg" on SKopd Yields values foZ, e = 34) DNA sequences show that DNArotein charge
of ~5 (with a large uncertainty) for the 5 nt mode ard?2 charge interactions are localized at theZ3phosphates at
for the 16 nt mode. The two predictions fdr ¢ are in each terminus of DNA oligomergll). Our model predicts
agreement with each other within uncertainty, yielding the that the CEE will be manifested as a significant reduction
conclusion that pop binds to ssDNA in the 5 nt mode as in |SKqud (by up to~1.6 units at 0.£0.3 M 1:1 [salt]) for
an oligocationic ligand with a charge approximately equal binding to these DNA oligomers as comparedSg,p4 for
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binding to the same site embedded in polymeric DNA.
Experimental and theoretical studies of the Coulombic end
effect in this system are in progress.

APPENDIX

Approximation of Length Dependence of @d n by
Truncated Taylor Expansions |d| — 0 and|Z| — o Limits.
Two fundamental quantities describe the thermodynamic
behavior of ligand-lattice interactions studied here: excess
chemical potential@°) and the net salt ion accumulatiom [
—(RT)™1G°/(d In a.)]. To obtain the approximate
functional dependences &° on the number of chargeg|
of a charged linear molecule, it is useful to work with the
per residue Coulombic quantity, = (G° — Gg)/|Z|, where

Gy represents any charge-independent (ci) and length-
independent contribution to th&° of the species and is the
same for all lattice lengthsGg, = G°|;z=0. For very long
polyions, G; is expected to be independent |&@ because
CEE s |n5|gn|f|cant for average (per charge) properties. For
large oligomers, where CEE becomes significant, expansion
in inverse powers ofZ| yields

) = 1 G
G =G, —29—+ —  (@35)
2 il A1121) | 1iz=0 12|
Whereéﬁym = G8|1/\z|:o and Z:J = —[3G3/3(1/|Z|)]|1/\z|:o.

At small |Z|, the Taylor expansion yields

0

1[G
Go=G2, +&/1|Z|+Z

it\a)z

1ZI'  (36)

|Z|=0

whereG; ; = G{liz=0 and .93 = [0G/d|Z]lz=o

The Taylor expansions in general are slowly convergent,
and truncations as in the text would be expected to be valid
over limited ranges of 1Z| and|Z|, respectively. Neverthe-
less, we found that truncating each expansion at two terms
and matching them at some intermediate length to obtain
the corresponding coefficients (which differ from those of
original Taylor series) provide a very good approximation
to the overall length dependence @f(|Z|):

short: G) =

Got 4112 (37)

long: Gy= G, — 20/|Z| (38)
Analysis of the|Z| dependence of the per charge salt ion
association quantityi, = (n — ng)/|Z| proceeds similarly to
give

short: n,=f, ,+.%

|Z]
— 2511Z]

(39)

long: n,= A, (40)

Equations 3740 can be rearranged to the equations
presented in the text (eqs-8):

n=ng+n,Zl + %121 12 <N, (41)

n=ng+n.lZl =2y, [Z] =N, (42)
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G° =Gy +G{dZl + 47 1ZI <N,  (43)
G =G +Gi.lZl —29, 1Z|=N,  (44)

Whereassg o, 7, G, (Puo 7y, M), and 3y (27) represent
true expansion coefficients which describe the asymptotic
behavior ofG® andn as|Z| — 0 or |Z] — o, respectively,
Gio 91, Gig (Nuo 71, Nue) and 2y (2y) are approximations

of these coefficients. The set of coefficients differ from the
Taylor coefficients as a result of the Taylor series truncation
error, the smooth continuity constraints (eqs-13), and

of fitting equations of Table 1 (derived from eqs-8) to

the actualAG® and An. Consequently, eqs 6 and 7 are
approximations of the true functional dependencen @n

|Z|. The number of terms in eqs—® is the minimum
necessary to account for the deviation from the polymeric
limit (via vy and g) and yet still allow continuous first
derivatives ofG°(]Z|) andn(|Z]) across the full range dg|
values.

In general,G° andn depend on the number of oligomer
chargegZ|, the monomer sequence, [salt], and salt composi-
tion, etc. The expansions (egs 35 and 36) consider only the
length dependence. Consequently, the expansion coefficients
will be functions of all other significant variables (DNA
composition, structure, and solution conditions).

Determination of § (f,) from the Assumption of Nonin-
teracting Flanking Regions in the Limit of Large Ligand.
With the assumptions specified in the Results section, the
values of the chemical potentigb?, and np. of the
complex are modeled as polynomial functions|s&$| and
Z.. In principle, one can build Taylor expansions Gf,
andnp, similar to eqs 35 and 36 considering various ranges
of |Zp| andZ,_ . But with two independent variablegZf| and
Z,) the large number of permutations makes the derivation
lengthy. We use an equivalent and more intuitive approach
relating complex chemical potenti@g, (or np.) to chemi-
cal potential (om) of charged flanking regions. We assume
that the chemical potential of the central complex is equal
to the sum of chemical potentials of the two charged ends
(each described by eq 6 for@2 charged oligomer) and of
the neutralized part of the complex [represented here by the
termfsn(Z.), which is dependent only oA ]. For a central
complex formed between a large enough oligocation and a
somewhat larger lattice so that the flanking regions are short
and noninteracting

Q

GoLo=2/Gs+ G5

+ fl(%z] +14(Z)  (45)
The assumption is tested with NLPB calculations (Figure
6B), which indicate that the contribution of interactions
between the two flanking regions to tl#,s = AnNNPE of
the central complex at 0.£®.25 M salt is less than 5% for
Z, = 6. (The approximated values g differ by less than
2% atz, = 8, 5% atZ, = 6, and 9% a®Z, = 4 from the
exact values.)

Given eq 45 for a complex with short flanking regions,
the change in free energy with complexation is

AG=Gy . — Gy — Gf =

2G5+ G Q+ ,¢1Q2 +fs — G2 — G? (46)



Analytic Model of CEE in Ligand-DNA Binding
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SKobS=AnNLPB
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Ficure 6: NLPB prediction of the logrlog salt derivative of the
binding constanB.K,ps for (A) central binding of B to variable
ssDNA length (in chargeg¥p| and (B) central binding of &£ to
a ssDNA 60-mer |¢gp| = 60) for 2 < Z < 10 (filled symbols,
solid line). Open symbols and dashed line show the approximation
whennp, of the central complex is calculated as a sum of two
oligomers of (60— Z)/2 charges each. Details of the NLPB
calculation are given in ref8; the central complex is modeled as
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AGS = 2Gg + 2G5 Ny + 26N +
fo — G — Gu(ZL + 2N) + 29 — GY (49)

AG; is the limit of AG? at fixed Z_ and|Zp| — e« and is a

function of Z_ only. The value of this function is known to
us experimentally for oligolysine witl, = 8. We use eq

49 to expresss via AGZ, G7, and model coefficients

fo(Z) = AGS, — Gg + G; + GZ,Z, +.9NS (50)

after simplification using egs 12 and 13. Substitution of eq
50 into eq 46, along with the appropriate expressior3Rr
provides the final expression (eq 20 in Table 1).

Complexes Where the Peptide Has More Charges Than
the Nucleic Acid (Z> |Zp|). Equations in Table 1 are derived
for |Zp| = Z, and expressed through NA lattice coefficients
only (41, %, and Ng). Corresponding coefficients for the
ligand in general may be different from NA coefficients.
They are implicitly included iPAG?, and SK., which are
measured experimentall24—26).

The case of the shortest DNA oligomer, dT(pgTgquires
special treatment. Simply following the derivation in the text
produces expressions similar to eqs-31, where|Zp| and
Z, are interchanged andG?2(Z.) [SK«(Z.)] are replaced
with AGZ(|Zp]) [SK«(]Zp])], which are the polyelectrolyte
values for binding dT(pdE)to polylysine. Such information
is not available to us, and we need to relatg® for binding
of KWK to dT(pdT)® to the same set of model

a cylinder where the charges at the center of the cylinder axis arecoefficients as binding free energies for other DNA oligomer

turned off over the length of the bound ligard f).

whereG; is the ligand chemical potential ai@@f is the NA
chemical potential determined by eq 8 or eq 9. Analogous
equations apply to obtaiAn..

To determinefg andf,, we consider the situation where
the ligand is large so flanking regions do not interagt £
6), and the NA lattice is always sufficiently longer such that
there are less thaN, charges on either side of the bound
ligand (i.e.,Z. > N. and 0< Q < 2Ng). We require that
with fixed Z, and varying|Zp|, AGZ and An. for central
binding initially decrease and eventually plateau (i£Gg|
and|Anc| increase to plateaus) whef&s? = AG;, and Anc
= An., as|Zp| increases. (Figure 6A provides evidence for
such behavior 08Kypscalculated from the cylindrical NLPB
model of ligand-ssDNA binding; details of calculations will
be published elsewhere.) We require th&? andAnc have
continuous first derivatives at the value |@,| where their
minima are attained.

The first condition on the minimum oAG? [substi-
tuting Gy = Gg + G{.|Zo| — 2g within this range of
|Zp| into eq 46 and utilizing the linkage equation (eq 13)]
requires

0AG; . .
=9(1Zpl —=2) + G~ Gl =0 (47)
91 Zp]
which yields
1Zpl = Z, + 2N, (48)

EquatingAGZ from eq 46 toAG, at |Zp] = Z. + 2N (Q =
2Ne) we obtain

lengths. We do this with the additional assumption that
complexes with short flanking regionsQ < N¢) have
approximately the sam&° and n independent of which
lattice, DNA or oligolysine, is longer and th&® andn are
determined by the number of charg&s only. For example,
G° (andn) for the complex of KWKE" and dT(pdT¢ (Q
= —2) is assumed to be approximately equa3b(andn)
for the complex of KWK®" and dT(pdT®~ (Q = 2). We
assume that the shortest lattice occupies the same number
of charges as its valence on the long lattice. In this case, the
two complexes differ only by sign (and not by number) of
charges in flanking regions (Figure 2C). The above assump-
tion that the contribution of short flanking regions to complex
chemical potential strongly depends on the number of
charges, but not on the particular details of charge arrange-
ment on the lattice, yields

Zy|t+Z

LR

fo(Z) — 2G4 = Glpc-6+8=

. 1ol t 20 (20— 12512
u,0 2 ‘91 2 +

fo(1Zol) — 26242,

Gai + Glo

o p—
GLD,C,+6,—8 =2

|ZD| - ZL)ZI
> +

z[égi +

HereGg, G;, and.; are coefficients for the ligand. If we
assume that they are approximately equal to DNA coef-
ficients, the two bracketed terms in the preceding equation
are equal. Thefg(Z) — 2G] ZL andfs(|Zo]) — 2Gj (| Zo|

are constants (they have to be equal to each other and

therefore cannot depend on different length variables). The
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expression for the complex is symmetric with respecto
and |Zp|, and therefore eqs 26 and 27 for complexes with
short flanking regions are valid as written for the case of
|Zp| = 6 andZ_ = 8. The assumption of equal model
coefficients for NA and ligand lattices is tested by NLPB
calculations with the cylindrical model of the DNA oligomer,
showing that model coefficients in the limit of sm& (e.g.,
nyo and.%) are not sensitive to the structural details of the
lattice (to be published).

Contribution of Multiple Binding to ks and SKops for
KWKs—dT(pdT)z, Interactions.For DNA oligomers longer
than Z, charges, more than one cationic ligand can bind to

the lattice. Coulombic end effects provide a second source

of anticooperativity in addition to the ligand size effe4g)
on Kopsfor binding of multiple ligands to such a lattice. CEE

Shkel et al.

investigated (0.1 M salt) the first microscopic binding
constantK; (log K; = 5.734 0.01), is approximately a factor
of 2 larger than the seconld; (log K; = 5.43+ 0.02). Thus
the binding constant determined from the finite lattice model
without end effectsKops = 5.6 = 0.04) is bounded above
by K; and below byK,. These results support model
prediction for CEE in multiple bound ligands. In particular,
that after binding the first ligand to such a lattice, subsequent
ligands bind more weakly; each subsequent binding event
can be modeled as an interaction with a shorter lattice of a
length equal to the number of contiguous noncomplexed
charges.

Introduction of CEE in the Binding Isotherr@ur results
allow a test of the finite lattice modedi4) and 1:1 binding
model in applications to binding of a cationic ligand to DNA

reduces the zero binding density binding constant for an oligomers. Short complexes witkd| < N, do not exhibit a

oligomer from that characteristic for binding of the ligand
to a polymeric lattice where CEE is absent. Moreover,
binding of the first ligand creates two flanking regions of
anionic lattice of smaller length than the original oligomer,
both of which exhibit either trapezoidal or parabolic profiles
of cation concentratior2Q) and binding free energy depend-

ing on their length. Thus, for a long oligomer allowing

large difference in binding constant between the end and
center of the oligomer. Thus eaéh is well approximated

by K.. If, in addition, the NA lattice allows only a single
bound ligandQ < Z, then fitting of experimental data with
the 1:1 binding model yields a good estimationkaf,s =

K., with error not exceeding 30% for8t at 0.1-0.25 M
salt. Thus, for DNA-ligand complexes, wher® < min-

multiple bound ligands, binding of each subsequent ligand {Ne, Z }, inclusion of CEE into the 1:1 binding isotherm is
becomes increasingly less favorable as the flanking regions,sufficient at the level of application of central or distributed
on average, become shorter and change from a trapezoidafeq 4 and eqgs 2025) model expressions for the interpretation

to a parabolic distribution of surface counterion concentration of Ko, Obtained by the 1:1 isotherm.

and binding free energy.

Intermediate length complexes (M, 2.} < Q < 2N)

dT(pdT), represents an intermediate case between a longexhibit a more significant difference betwed. and

and short lattice. From the analysis of KWKdAT(pdT)z,
binding data with|Zp] = 6—15, dT(pdT), is predicted to
be a long oligomer|Zp| = Ng) with parabolic distribution
of AG?for ligands withZ, = 8 (Ne < Q < 2Ng). dT(pdT),
can have up to two ligands simultaneously bound if
overhanging modes are ignored. If the DBM (egs 20, 22,
and 28, Table 1) is applied to the first binding event, kKag

is predicted to be 6.@& 0.1. The binding constant for the
second binding event is relatedKg;, the binding constants
for two ligands bound at thigh and { + j + Z,)th positions
on the lattice ak, = (K)'3/% (3,5 *'K;)). De-
velopment of model expressions #; and multiple binding

is outside of the scope of this paper. An estimatiorkKef

ensemble-averagéd,,s calculated from DBM. If an accuracy
better than 50% is required for predicting a binding constant,
one should use the DBM to interpret results obtained from
experimental data by fitting the 1:1 binding isotherm. More
complexity is introduced when multiple binding is present
(Q = Z,). As discussed above, the use of the finite lattice
model without end effects4d) to fit experimental data for
dT(pdT), does not yield a low-density limit of binding
constant, but an average of binding constants for complexes
with a single ligand and a pair of bound ligands. The better
fit to experimental data of a modified isotherm (eq 51) with
distinct binding constants for binding of a single ligand and
for a pair of ligands allows a more detailed interpretation of

can be obtained by assuming a model in which the secondexperimental data than the finite lattice model with a single
ligand interacts with an unoccupied oligomer lattice with only binding constant. However, additional theoretical work is
8—14 charges. The upper limit for binding to a site with required to interpre; (eq 51) in terms of model coefficients

8—14 consequent unoccupied monomers is obtained fromof Table 2 and dissect effects of multiple binding modes on

the DBM for a 14-mer, yielding lod; < 5.2 + 0.1. The

observed binding constant is bounded between two model

predictions forK; andK, showing that finite lattice isotherm
with equivalent sites44) (without end effects) yields an

Kobs-

Long complexes withQ = 2N, exhibit only small
deviations of logonsfrom the polyelectrolyte interior value.
As in the case of multiple binding to intermediate length

average of two binding constants. This is also consistent with complexes, further development of the model to include

the observations from experimental da2®)( The titration
curves are statistically better describe26)( when two
different microscopic binding constants are used in the
binding isotherm:

v QUKL+ 2QKK (L]

L 14 QKL + QKK L]

(51)

Wherte = |ZD| - Z|_ +1 ansz = (|ZD| - ZZL + 2)(|ZD|
— 2Z, + 1)/2. For 8" and dT(pdT), under conditions

multiple binding is necessary.

Comparison of the Distributed Binding Model to Rieus
Models of CEEThe distributed model replaces the two-state
model of CEE suggested in r@&5, where distribution of
binding free energy along the DNA oligomer was modeled
as a polymeric interior anlle binding sites on both DNA
termini with binding free energy much smaller than that for
the polymeric interior. The Coulombic end effect length
defined here, represents the region on each end of the lattice
where binding free energy is different from the polymeric
interior. The determination dflg in the two-state model of
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CEE (25) approximated the free energy of binding to the
end of the oligomer (which is not an experimentally
accessible value) by the free energy of binding to a short
oligomer. The current model provides the entire distribution
of binding constants along the oligomer with a set of
coefficients that are obtainable by fitting experimental data.
Recently 26), the CEE lengtiN. was estimated as 1&

4 + Y Ki/Ks from long oligomer|Zp| = 39 experimental
data. For such oligomer,Ki/Ks (the ratio of the sum of
binding constants over one terminal region to a single site

polymeric binding constant) does not depend|dgi. The

large error in this estimation originates from the large relative

error in log Kobs — 10g Kopsp for long oligomers. The
unknown contribution to 10¢ons — 10g Kopse from multiple
binding also produces uncertainty M.. Data for short
oligomers (Zp| < 15) of the type presented in r@6 and

analyzed here and in r&b are free of these complications

and provide a more accurate determination of the CEE length

Ne = 9.0+ 0.8.
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