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ABSTRACT:. For nucleic acid oligomers with variable chain lengths, the salt concentration ([salt]) dependences
of the denaturation temperatur@,j and of the free energy of helix formation at 3T (AG3,) are
predicted using nonlinear PoisseBoltzmann (NLPB) calculations. Analysis of experimental data reveals
that the ratio of the [salt] derivative of melting temperatusd,{ = dT./d log[salt]) to the value for a
polymer with the same base compositi@ii{/STn.) is independent of base composition sitongly
dependent on the number of DNA chargeg|)( below ~8 bp for two-strand helices (formed from
association of two complementary strands) and betd® bp for hairpin helices (formed from folding

of one self-complementary strand). We interpret th&®/STh. ratios in terms of the ratio of
thermodynamic ion release from the oligoman(, per charge) to that from the same oligomer embedded

in polymeric DNA (An,., per charge). Experimental values $T/STn» and its dependence dd| are

in good agreement with NLPB predictions for a preaveraged (essential structural) model of DNA. In
particular, the NLPB calculations describe the stron@émdependence o T, observed for melting of
oligomeric hairpin helices than for melting of two-strand helices. These calculations predict an
experimentally detectable=(L0%) difference betwee®T, and STy which increases strongly with
decreasing length for two-strand helix lengths<df5 bp and for hairpin helix lengths of30 bp. From

NLPB values ofAn/Any., we predictAG3, as a function of [salt] an{Z|. Predictions of thermodynamic

and thermal stabilities of oligomeric helices as functions of length and [salt] are consistent with and
represent a significant refinement of the average oligomer salt effect currently in use in nearest neighbor
stability predictions.

Nucleic acid oligomers (oligoelectrolytes) are extensively of DNA oligonucleotide arrays, salt concentration is used
used in biophysical studies as models of polymeric nucleic as a control variable for oligomewnligomer hybridization
acids (polyelectrolytes). Recently, DNA oligomers and other processes with the aim of differentiating a target 27-base
charged oligomers have been applied in microelectrome- DNA oligomer (based on the anthrax lethal factor sequence)
chanical devicesl{ 2) and, by themselves or as a part of from one with a single mismatch),

DNA—nanoparticle biocomposites, in new technologies of  Thermodynamics of processes involving nucleic acid
biocomputation Z) and of optical 8) and conductivity 4) oligomers, including conformational transitions and binding
sensors for high-selectivity DNA detection. All these new of oligocations, exhibit a strong dependence on [salt] and,
applications are based on the ability of charged nucleic acidin general, on the number of oligomer charges (i.e., chain
oligomers to bind specifically to each other or to other length) as a consequence of Coulombic interactions. Well-
charged ligands or proteins. In all these studies, the saltcharacterized examples include the strong reduction relative
concentration ([salt}) is found to be a very important to corresponding polymeric properties in [salt] dependences
variable. For example, in emerging technological applications of the melting temperatureS{,, = dT./d log[salt]) of
oligomeric helices, including self-complementary d(TA)
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Ficure 1: Salt concentration dependence of the transition temper-
ature 8T, = dT/d log[salt]) as a function of the number of
phosphate chargdg| from hairpin melting studies (gray circles)
and two-strand helix melting studie®) presented in Table 1.

the derivative ofT, with respect to log[salt] for correspond-
ing polymeric DNA, to separate these two effects and
interpret the|Z| dependence of oligomerigT, employing
electrostatic calculations with the nonlinear PoissBoltz-
mann (NLPB) equation.

Another example is provided by the free energy of DNA
duplex formation at 37C (AG3,) (7), where the reported
oligomeric 9AG3,/0 In[salt], obtained as an average of
[salt] dependences determined for duplexes-e1@ bp and
varying GC contents, is found to be 35% lower than its
polymeric value. Commenting on the differences between
poly- and oligoduplexes, the author concludes that “the

nearest neighbor parameters themselves are not length

dependent but the salt dependence is length-dependent i
ways that are still not fully understood”. In this study, we

derive expressions of practical use to predict or interpret the

dependence ahGZ, of formation of two-strand and hairpin
helices on the number of oligomer chargeégd)(and [salt].

We test whether Coulombic theory and the preaveraged

structural model of a nucleic acid oligomer are capable of
predicting and interpreting these [salt] effects as a function
of nucleic acid oligomer length (i.e., number of oligomer

charges) and solution variables in an effort to understand

the origin of differences between oligomeric and polymeric

behavior. We investigate the length dependence of the

thermodynamic extent of salt ion accumulation per DNA
phosphate,? rigorously defined in terms of the salDNA
preferential interaction coefficierdt, (expressed per DNA
phosphate) asl@)

n,=1+2I, (1)
using numerical NLPB calculations with a cylindrical
(standard primitive) model of a nucleic acid oligomer.

The results show that at moderate [salt] (6-Q1M) the
onset of the polyelectrolyte level of ion accumulation per
structural charge for a homologous series of oligomers of
increasing length is determined primarily by oligomer radius,

2The subscript u here and below denotes quantities expressed per

oligomer charge (i.e., per phosphate).

n
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and not by the Debye length. We conclude that Coulombic
end effects on average properties (such as ion accumulation)
must be considered in interpretations of experimental data
for nucleic acid oligomers belo 1 M salt, at least for
oligomers that are shorter than 10 times the oligomer radius.
Coulombic end effects are always important for analysis of
salt effects on processes such as fraying of helices or end
binding of ligands which occurs at the ends of polymeric or
oligomeric nucleic acid chains.

MODEL AND METHOD OF ANALYSIS

Salt Effects omAGg,; ,and T, of Nucleic Acid Confor-
mational ChangesThe salt dependences®f (ST, = dT./d
log[salt]) andAG;, for conformational transitions of nu-
cleic acid oligomers are related to those of the corresponding
polymeric nucleic acids by (see the derivation in the

Appendix)

ST, _ An, |z @
SThe AN N, —X
aAngs,u_ Anu aAngs,uqo (3)

dIn[salt] An,, dIn[salt]’
where AGg , is observed change in free energy in the
transition expressed per oligomer charge, is the stoi-
chiometrically weighted difference between the number of
thermodynamically associated ions per phosphate for product
and reactant states (cf. eq 14} is the number of phosphate
chargesN, is the number of nucleotides in the double-helical
conformation of DNA oligomer, anK is the number of
nucleotides not contributing to the reaction enthalpy (e.qg.,
in a hairpin loop, estimated as described in the Appendix).
We only consider processes without any change in the total
number of nucleic acid structural charges (e.g., no protona-
tion or deprotonation). Limiting values &T,, An,, and
AGgs, as |Z| — o are denoted with a subscript. They
refer to a hypothetical block polymer of the oligomeric
sequence with one phosphate charge per monomer (base);
though values 08T andAn,, are not available for these
block polymers, they are approximated from data for
polymers with the same GC content as the oligomer. For
polymeric DNA, ST is known to decrease linearly with
increasing GC conten(, 21). Here we use an average of
the published relationships:

SThe = 19.6(1— 0.38¢0) 4)
wherefgc is the fraction of GC base pairs.

In egs 2 and 3An, andAn,., are expressed per phosphate
charge. The number of oligomer charg&smay be different
from the number of nucleotides, because of the absence
of phosphates on terminal nucleotides of DNA strands. In
what follows, we examine the case for whi@) = N, — 2
for two-strand helices aniZ| = N, — 1 for hairpin helices.

The dependence of the ion association quamijtgn |Z|
is calculated by the NLPB equation as described below and
expressed in the form of a linear relationship as the inverse
number of oligomer phosphate charges

=Ny — %ZZ' for |Z| = |Z], (5)



7092 Biochemistry, Vol. 43, No. 22, 2004 Shkel and Record

Table 1: Salt Dependence of Melting Temperat8&,(= dT./d log[salt]) in Transitions of ss- and dsDNA Oligomers and Thermodynamic
Extent of lon Release Calculated from Experimets(") and Numerically from eq 7 at 0.15 M Salki"")2P

T STn AH?°
Nn fac [salt] (M) (°C) (°C) (kcal/mol) —Ang® —Anjm ref
Hairpin Helix Melting
18 0 0.01-0.5 40.5 8.8 423 0.056+ 0.006 0.062 5
20 0 43.5 10.0 503 0.064+ 0.006 0.072
22 0 45 10.9 5890 0.072+ 0.007 0.080
26 0 47 13.0 734 0.091+ 0.009 0.092
30 0 48 14.1 88% 0.102+ 0.01 0.101
36 0 50.5 147 112% 0.110+ 0.01 0.111
44 0 52 16.2 1439 0.124+ 0.012 0.120
poly 0 57 18.2 3.9 0.157+ 0.016 0.158
13 0.31 0.0+0.1 28 4.1 24 0.022 0.002 0.031 9
13 0.62 69 47 39 0.032 0.003 0.031
17 0.71 0.0+0.3 83 8.1 59 0.05% 0.006 0.055 11
24 0.33 0.0020.3 55 115 54 0.06% 0.006 0.087 12
24 0.33 0.0+0.1 354 11 63.1 0.07% 0.008 0.087 10
24 0.33 44.7 125 61.2 0.0800.008 0.087
Two-Strand Helix Melting

12 0.67 0.0120.15 35.5 438 45 0.11& 0.01 0.114 15
16 0.5 0.002-0.3 58 12.3 58 0.096: 0.01 0.127 12
16 0.5 0.0+0.1 16.5 10.9 54.2 0.122 0.012 0.127 10
16 0.5 13.9 11.8 54.9 0.1360.014 0.127
20 0.4 0.02-0.5 43 6.9 68 0.146- 0.015 0.133 14
20 0.2 0.02-1 49.9 15.6 72.4 0.14F 0.015 0.133 13
20 0.2 45.6 16 66.5 0.142 0.014 0.133
24 0.67 0.0+0.1 53.1 6.6 90 0.134 0.013 0.138 18
28 0.42 0.0040.1 53.0 15.7 98 0.13% 0.014 0.141 17
32 0.67 0.0150.115 69.4 6.2 134 0.132 0.013 0.143 16

2Values of AnS*® are evaluated from experimental measuremenf&.0ST,, and AH® with eq 22.° The error in values oAn"" is £0.004.
¢ Calculated from eq 26, per nucleotide vala, (@and assumption of salt- and temperature-indepenB@g/AH;,, = 55.5 °C. ¢ Per nucleotide
value of polymeric d(AT)AH; ., measured experimentallg)( © This value is used aAnﬁfff in normalization of experimental data of hairpin and

two-strand helix melting transitions for Figure ‘Talculated directly from eq 21 and not from the linear relationship of eq 7.

where the end effect parameter, describes the deviation  for both single-stranded (ss) and ds oligomers]. The dielectric
in ion accumulation and/or exclusion of an oligomer from constant of the molecular interioDg,) is taken to be 2 and
that of the corresponding polymer aiif; is the minimum of molecular exterior Deyx) is 78.7 (water at 25C). The
number of oligomer phosphate charges required for eq 5 tochoice of dielectric constants is consistent with previous
predict n, within a specified accuracy. We apply this calculations 22, 23). The NLPB equation is employed as a
relationship to a DNAs— kDNAgsoligonucleotide transition ~ method of calculation of ion concentration and electrostatic
between two conformations of the nucleic acid, whieiis potential distribution, using a numerical algorithm which is
the number of strands generated by dissociation of the doublesimilar to that employed previousI24) (details of numerical
helix (k = 1 for hairpin helicesk = 2 for two-strand helices)  calculations will be published elsewhere). Numerical values
and where the changes in ion accumulation Are per of ny are calculated as described in the Appendix (eqs 20
double-stranded molecule ard, per charge and 21) at 0.01, 0.05, 0.15, 0.3, 0.6dah M salt (1:1) for
typical structural parameters of ss- and dsDNi € 7 A,
AN = Kkng— Nys= AN, | Z| = 2(Kyes— 749 (6) ags = 9.4 A, bss = 3.4 A, andbgs = 1.7 A) and lengths
between 2 and 70 charges. Coefficiens andy of eq 5
2(Kyss— Va9 are determined by a linear fit of, as a function of 17| at
An, = Any,, = () a sufficiently large|Z|.

e 1Z]

where|Z| is the number of phosphate charges in the double- RESULTS . ]
stranded (ds) DNA conformation amth, e = Ny .ss— Nue.ds Dependences of §Tor Oligo- and Polymeric DNA on
Equation 7 states thatn, differs from the polymeric value ~ Base Compositianin this section, we test the hypothesis
(Any.) at a given|Z| by an amount which depends on both that t_he depenglence &, of an oligomer on GC_ content
the end effect parametey)(and the number of the stratkd at a fixed [salf] is the same as that of corresponding polymer

Cylindrical Oligomer Model of a Nucleic AcidNLPB so thatST/STn.» is independent of base composition. Table
calculations are performed with a cylindrical oligomeric 1 Summarizes literature values$y for melting transitions
model of the nucleic acid oligomer with a minimal set of of oligomeric DNA two-strand and hairpin helices. Experi-
important structural inputs: number of phosphate chargesmental values oBT;* in Table 1 are average values over
(1Z)), average axial charge separatibhgnd effective radius  the indicated salt range of the experimental data. Polymeric
(a). The oligomer charge is uniformly distributed along the STne Values defined by eq 4 are also average values
length|Z|b of the cylinder axis. The cylinder has uncharged approximately over the same [salt] range. Values\of®
cylindrical caps 4 A in length [whereby the distance of for these transitions are calculated from eqs 22 and 28 of
closest approach of anions to the terminal charges is the saméhe Appendix using experimentally measu&t,” and T
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Table 2: Salt Dependence of the Thermodynamic Extent of Salt lon Accumulation per DNA Phosph&te ¢s- and dsDNA Oligomers (A)
and Melting Transitions (B) Predicted by NLPB Calculations for the Preaveraged Model of the Nucleic Acid Ofigjomer

(A)
SS ds
[salt] (M) Tue Ny y 12 2yIny e Tue Ny o y |Z], 2yINy e

0° -0.12 0.76 —0.06 0.88

0.01 —0.198 0.603 1.64 12 (16) 5.44 —0.126 0.748 2.65 16 (20) 7.1
0.05 —0.235 0.53 0.92 8(10) 3.5 —0.157 0.688 1.84 12 (16) 5.3
0.15 -0.273 0.454 0.6 5 (8) 264  —0.194 0.612 1.42 10 (13) 4.6
0.3 —0.301 0.398 0.46 5(7) 2.3 —0.225 0.550 1.19 9(12) 4.3
0.6 —-0.331 0.338 0.34 4 (6) 2.0 -0.261 0.478 0.97 8(12) 4.1
1 —0.354 0.292 0.27 4 (6) 1.85 —0.189 0.422 0.83 8(12) 3.9
ood -0.5 0 0 -05 0 0

(B)
dsDNAZ~ — 2 ssDNAZ/2~ dsDNAZ~ — ssDNAZ-
[salt] (M) Anyg —(2yss— a9 2(2yss— ydglAnye PAT —(yss— Va9 2(yss— Yag/ ANy 1Z];

o° -0.120

0.01 —0.145 —0.63 —8.6 24 0.99 13.6 24
0.05 —0.158 —-0.04 =0 16 0.92 11.6 18
0.15 —0.158 0.22 2.8 8 0.82 10.4 14
0.3 —0.152 0.27 35 8 0.73 9.6 14
0.6 —0.140 0.29 4.1 12 0.64 9.2 14
1 —0.130 0.29 4.4 12 0.56 8.6 12
ood 0 0 0

aValues of the minimum oligomer lengt&|, are calculated for the less than 10% (values in parentheses for less than 2%) deviation of numerical
values ofn, from the linear relationship of eq ¥.The error inl',. is £0.001, inny. is £0.002, and inAn, . is =0.004, and the relative error in
y is less than 3%:NLPB and CC limit of low [salt].? Theoretical prediction for the Coulombic part in the limit of high [salt].

values and direct determinations or estimatef\bi® (see SS—
the Appendix). Values oAn"" are calculated from eq 7. two-strand

Numerical coefficients for eqs 5 and 7 are summarized in o ¢ o © ®
Table 2 at six salt concentrations. Values/of,"" at 0.15 g
M are presented for comparison withn]® in Table 1 0.8 ! 8
because all experimental data include this [salt].

Each experimentaBT," is normalized by the corre-
sponding polymericST,. and plotted in Figure 2 as a
function of the number of phosphate charggs Figure 2
reveals two clear trends from this normalizatio8T, "/ 0.4 hairpin
STh depends strongly ofZ| for a sufficiently small|Z]| °
and the dependence 8fT,”/ST on |Z| is much stronger °
for hairpin helices than for two-strand helices. The difference 02
betweenST, and ST,. exceeds 20% for two-strand helix
lengths of<8 bp and for hairpin helix lengths of18 bp. 0 . : : —
Both Figures 1 and 2 provide evidence for the effect of 5 15 25 35 45 )
oligomer chargdZ| on ST, especially for hairpin helices. 12| e
The normalization by5 Ty (Figure 2) separates the charge Ficure 2: Dependence BT,/STn. of DNA hairpins (gray circles)
effect from the base composition effect 8ik,. Experimen- and two-strand helicesY) on the number of oligomer phosphate
tally determined values of thanS*/Anf? ratio are plotted chargegZ|. Polymeric values 08T are calculated as described
R ! . in Model and Method of Analysis. Error bars are estimated from
in Figure 3. They depend strongly on the number of oligomer . 7o, uncertainty i8Ty. and the+0.6 °C uncertainty inST,.
chargesZ| and show no significant variation with sequence, '
thereby supporting the assumption that/An,. is sequence-  eypression forAn,, the change in ion accumulation per
independentAnf™/Ang ratios [Figure 3 (gray circles and  nycleic acid phosphate converted from the ds to the ss state
O)] agree within the experimental uncertainty with NLPB (see Table 2 for numerical coefficients) fa > 8 (5 bp):
predictions by eqs 9 and 12 from the next section [Figure 3
(solid lines)]. An 28

Melting of Two-Strand Helicegk = 2). For melting of L=1-%T 9)
helices formed from two complementary strand, (12— Any,

18), the process is

This expression and eq 2 predict the dependen&Tgfor
dsDNAZ ™ — 2ssDNA-Y~ (8) denaturation of a two-strand DNA helix on the number of
phosphate§Z| in the two-strand form in the vicinity of 0.15
From eq 7, at 0.15 M salt (1:1), we obtain the following M salt [where the number of base pairs equals|@|5¢ 2)
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FiGURe 3: Comparison oAng/AnS ¢ calculated from Table 1 for 2
hairpins (gray circles) and two-strand helic€y,(and theoretical 10
calculation by egs 9 and 12-.
for a two-strand helix oligomer lacking one terminal 5
phosphate on each single strand]:
1z — 2.8 0 — %—
ST, = STm,ooT (10) 5 15 25 1zl 35 45 o

FiGUrRe 4: Prediction ofST, for DNA two-strand (A) and hairpin
when |Z] = 8 nucleotides. Figure 4A compares predicted (B) helices. (A) The solid line shows the predicted aver&gdg
values ofST, with experimental values ST.” for melting ?(alues otI)tained bg’ eq 10bf0f 6(11 GfC CO”&?%“ 44%. Thed dotted

: : ) - : ines are lower and upper bounds for predi corresponding
of 0I|go_rr_19r|9 DNA two Strandohellces with a base GC to GC contents of 20 and 67%. Empty circles are experimental
composition in the range of 2657% measured between 0.01 yajyes ofST, for two-strand helices. Individual predictions $T,
and 0.3 M salt. The solid line represents the predicted (#) are evaluated from eqs 4 and 10. Error bars for individual
dependence & Ty, on |Z| calculated from eq 10 for melting  predictions are estimated from the 7% experimental uncertainty in

of an oligomer with an average GC content forhis cata set {419 e Jumerca unceranyy Su o shen e,
(44% GC), for which base compositidit,. = 16.3°C. averageST, values obtained with eq 13 for a GC content of 36%.

Dashed lines represent the predicted beh_avioS'Qf for Dotted lines are predictions &T;, for GC contents of 0 and 71%
lower and upper bounds 08T, corresponding to 20 and for the entire set of hairpin data. Filled circles are experimental

67% GC DNA. Experimental points are in agreement with values of STy for hairpin helices. Individual predictions Ty
this prediction (the experimental uncertainty 8, is (#) are evaluated from eqgs 4 and 13.
estimated to bet0.6 °C as described in the next section). . - :
In addition, Figure 4A compares individual predictions of salt (1:1) for|z| = 13 is
ST (®) calculated with NLPB values oAn}"™ and ex- An 10.4
; Xp o e it . 12)
perimental T and AH°. Individual predictions ofST, AN 1Z (
demonstrate better agreement with experimentally measured
values; the standard deviation of individual predictions from Comparison of eq 12 with eq 9 demonstrates a larger

experimental ya_lues BT is 2 “T“es sma!lgr than that of dependence oAny/An,. on |Z| for unfolding or folding of

average prediction. The ”“me“c"?" coefficients in the nu- hairpin helices than for two-strand helices, where the creation

merators of eqs 9 and 10 are predicted to vary strongly with of two shorter denatured strands reduces the difference

[salt] for this DNA conformational transition, and are only betweenAn and An,.. For hairpin melting, the length
U,00 ]

quantitatively accurate in a small [salt] range near 0.15 M. dependence of the salt derivatigd. is predicted from eas
Melting of Hairpin Helicegk = 1). Self-complementary 2 ail)nd 12: m!SP g

DNA strands of a sufficient length form hairpin helices:

u,00

o7 o Z—104
m

meZ] — X+ 1 (13)

dsDNA“?™ — ssDNA“~ (11)

In this reaction, the number of phosphalBsis the same in ~ whereX is the number of bases in the hairpin helix which
the ss and ds forms of an oligomer, in contrast to melting of do not contribute to the enthalpy of melting. (To a first
two-strand helices, whel@| is reduced by half upon strand  approximation, for a hairpin loop size df, basesX = Ny
separation. + 2 (25); for a double hairpinX = N.)

The NLPB numerical prediction ofAn, for the pro- Comparison of experimental measurementS@}" and
cess of hairpin meltingy; 9—12) in the vicinity of 0.15 M prediction from eq 13 at 0.15 M salt is presented in Figure
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Table 3: Prediction ofr,, and AG3, for Helix Formation per Mole of Duplex from NLPB Calculations Af for Hairpin Helix Melting and
Two-Strand Helix Melting

[saltf (mM)  An'™  Anmm AGyP(callmol)  AG“M(cal/mol)  To®(°C)  AH°e®(kcal/mol) ST (°C)  Tp™(°C)
Hairpin Helix Melting (N, = 24, from ref12)

2.44 40 34.6 310.3 51.5 311.3
8.4 1060 960.4 316.1 55 10.0 316.6
10 3.34 1.36
33.6 2220 1999 322.6 57.4 11.1 322.9
50 3.63 1.79
100 3080 3080 328.5 53.3 12.2 328.5
150 3.63 1.99
300 4040 4291 334.4 55.5 13.8 334.7
1000 2.99 1.87
Two-Strand Helix Melting i, = 12, from ref15)
10 1.45 15
12 3500 3577 296.4 44 15.1 295.1
42 4540 4539 302.4 44.3 12.3 302.5
50 1.58 1.28
150 1.58 1.14 5440 5440 308.7 47.5 10.5 308.7
300 1.52 0.98 5846 9.1 311.7
600 1.4 0.82 6191 7.6 314.3
1000 1.3 0.72 5880 6408 311.5 42.4 6.7 315.7

@ Numerical values oSTy, (3G3/RT)/(d In[salt]), andAn are calculated from eqs 2, 24, and 7, respectively. Polymeric [salt] dependences of
melting temperature are evaluated with eqSHy »(0.15 M)= 17.1°C (for ref12) andSTy(0.15 M)= 14.6°C (for ref 15). At salt concentrations
above 0.3 M, polymeric values of the salt derivative of the melting temperature are scaled as polymeric ion release from column 2 using the
assumption of salt independenceRT,,JAH; , (Appendix).® Calculated directly from eq 21 and not from the linear relationship of eq 7.

4B. To® and ST,® for Elson’s data are estimated from AGas= AGaps 0~ 0-RTANy ol 2] rsal
sa

Figure 1 of ref 5 with an uncertainty ifiy," of £0.5 °C, 2(kyss— 7adol In(—) (14)
producing an uncertainty i85 of 0.6 °C. The solid line [salt],
shows theST, values calculated from eq 13 with an average .

GC content for this data set (36% GS8Tn. = 16.9 °C). T = Tmo

Dashed lines represent the predicted behavioS6f for ST |Z] [1 B 2(Kyss— Yago
lower and upper bounds @il,, corresponding to 0 and 71% me0Z| — X + k|. An,., olZ|
GC DNA. Experimental values &T,, are in agreement with o

this predicted length dependence (estimated above anyhere g subscript 0 denotes values at a reference [salt].
uncertainty inSTy, of £0.6 °C assumed for all experimental |ytegration of eqs 2 and 24 is performed at constant values
data), including three shorter hairpins, 13-nucleot@jeX7- of y (Table 2) andy; therefore, egs 14 and 15 are accurate
nucleotide {1), and three 24-nucleotide double hairpit6, ( between any two consecutive [salt] in Table 2 and for
12). Individual predictions ofST, (®) demonstrate better  gligomers longer than a specified minimum number of
agreement with experimentally measured values; the standarq;hargeSZh (Table 2). Variations with [salt] oft, Any., and
deviation of individual predictions from experimental values k(yss — yq9 are neglected in this integration because they
of ST is 2 times smaller than that of the average prediction. introduce less than 10% error #AG,,dd In[salt] andST,
Equation 13 predicts a large reduction in the oligomeric P€tween any two consecutive [sal] from Table 2, which is
ST, as compared to the polymeric value. This effect is much comparable to the experlmentaller_ror in these denv;eltlves.
stronger than for a two-strand helix with the same number Tab_le 3 compares .the pr_edlctlon fofm and AGW
of phosphate chargeg| at the same [salt], even though the of hel.'x forrrlllat:l)n Obt?"”gd Vlwth ?qz ltlanf? .15. W'thdthe
Coulombic end effect is the same in the helical form, becausefv)\;g_e;t'gﬁgti% hZ}ﬁ(rnr:':gﬁinva'll'JﬁZ Itr\]NoOgtugi-e:Izrﬁlea)g:)sen
of the difference in the Coulombic end effect in the denatured 9.

state. The numerical coefficients in the numerators of e Sfrom those in Table 1 because both, and AGg, were
) 95 determined over a wide range of [salt], from 0.008 to 0.3 M

12 and 13 vary with [salt], although not as strongly as the (12) and from 0.001d 1 M (15). As the first reference [salt]
corresponding coefficient for the reaction of two-strand helix we choose 0.15 M for ref2 and 0.1 M for refi5. When

melting. Figure 4B shows that eq 13 provides a prediction

of thg length depepdence of the' averagay W'th'n [salt]o, they are found by linear interpolation between the

experimental uncertainty for the entire set of experimental , - c|osest available values. Values Bf, and AGS, for

data of oligomeric DNA transitions between 0.01 and 0.3 o5ch subsequent [salt] (both increasing and decreasing) are

M. calculated with eqs 14 and 15. For better accuracy, average
Effect of Oligomer Length and [Salt] on the [Salf] Values ofST, and An from each [salt] range are used for

Dependence chGZ..and T,. On the basis of the calculated ~substitution in eqs 14 and 15.

obs
length dependence of, for ss- and ds-nucleic acids (eq 7),
we integrate eqs 2 and 24 to obtain the following expression DISCUSSION
for T, and AGg,, of oligomeric DNA transitions as a Separating the Length and Sequence Dependence,of ST
function of [salt] and|Z]| Although salt effects on the thermodynamic stability and

In( [Sa't]) (15)

[salt],

values of ST, and An™™ are not available at a given
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thermostability of poly- and oligomeric nucleic acids depend
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as does the predicted value 6AG3,,/d In[salt] (from

on the nucleic acid base composition (or sequence), our0.175 at 0.15 M to 0.144 at 1 M).

results indicate (Figures 2 and 3) that within the error of

Equations 9 and 14 predict the effect of [salt] on the free

considered experimental data, the base composition depenenergy of formation of two-strand helices in the vicinity of

dence of ST, and dAGZ,/9 In[salt] is attributed to their

0.15 M salt:

polymeric values and the chain length dependence is at-

tributed toAny/An, .

The predicted dependencesif,/An,., on the number of
oligomer chargesZ|, is a purely Coulombic effect related
only to electrostatic interaction of the helical array of charges
of a nucleic acid with each other and with ions in solution.

It is not affected by the presence or absence of other

1 0AGY _ 0AGY,, An, _ 9AGY. 7

1Z| 9In[salt] 3 In[salt] An,,, d In[salt]\

— 2.8)
1Z]
In other words, in the vicinity of 0.15 M the Coulombic end

effect acts to reduce the [salt] dependenceAds,; by a
factor of (Z] — 2.8)/Z|. At 1 M salt, the multiplicative factor

interactions (such as the absence of a stacking interactioni" this expression becomegZ( — 4.4)1Z].

between bases in a hairpin loop). The Coulombic effect is

influenced by the axial charge density and the radius of the

This prediction ofAn/An,. and T, (Table 3) overesti-
mates experimentally observed behavibilaM salt (1:1),

looped region of the hairpin. Here we assume that phosphate'ndicating that effects other than Coulombic salt effects may

charges in the hairpin loop accumulate ions to the same

extent as they would in a double-helical region. The length
dependence ohn/An,., results simply from a Coulombic

end effect: charges at the oligomer ends interact with other

oligomer charges in one direction, while oligomer charges
in the middle interact with oligomer charges in both
directions. Non-Coulombic interactions (stacking, base
pairing, hydrogen bonding, etc.) are accounted for in
AGZ/(1 M), in the enthalpy of reactionAH°, and by the
term N, — X explicitly entering eq 2.

Prediction ofdAG3,/d In[Salt] for Two-Strand Helices (k
= 2) from NLPB Analysis at 0.151 M Salt Referencer

be significant at this [salt]. This effect may include volume
and [salt]-dependent terms neglectechin(27) or specific
salt effects. We tested the effect of ion size, neglected in
the NLPB equation, onAnj/An,. using the Modified
Poissor-Boltzmann equation [MPB2@)] with an ion radius
of 2 A at 1 Msalt (1:1). We found a57% change im\n,
(AnYEP = —0.124) andygs — 2yss (yhe © — 2yae © = 0.27),
resulting in a<1% change inAny/An,., which cannot
explain the observed deviation oAG/“"and ST,
from AG%;Pand ST,® at 1 M salt (Table 3).

A specific anion effect, perhaps from weak preferential
(Hofmeister) interactions of Clwith bases in ssDNA, may

provides empirical expressions for the [salt] dependence of P& significant above 0.15 M saleg). By analogy with

the free energy of polymeric (eq 16) and oligomeric (eq 17)
two-strand helix formation between 0.02cah M (with 1
M as a reference [salt])

AGY,,, = AGy;,(1 M) — 0.175 In[salt]— 0.20  (16)

AG;, = AGj,(1 M) — 0.114(Z|/2) In[salt] (17)

In eq 16 for polymeric nucleic acids, values &Gz, ,, are
expressed in kilocalories per mole of base pairs. Oligomeric
AGg, values in eq 17 are expressed in kilocalories per mole
of ds oligomer, obtained as a fit of experimental two-strand
data on ds oligomers with-416 bp and with various GC
contents 7). Here we apply eq 14 to evaluateG3, —
AGE; (1 M). (Note thatAG3; = —AG;,, becauseAGZ, in
nearest neighbor (NN) theory is the free energy of helix
formation andAGg,in egs 24 and 25 is the free energy of
helix melting.)

The polymeric value 00AGz,/d In[salt] (—0.175) from
eq 16 is related ta\n.: Any. = 0.909AG3,./d In[salt]
(obtained from eq 25 at 37TC and after substitution afn.,
= AnywlZ| and AGg,,, = —AG3,,|Z|/2). The numerical
factor of Y/, in this expression arises from conversion of
AG;3,,, per base pair taAG;,, per phosphate. The experi-
mentally observed ion releagen] s (—0.157+ 0.03) is in

agreement with the NLPB resulAf{;(0.15 M)= —0.158

+ 0.004]. In conformational transitions of nucleic acids,
ANy (from NLPB) has a broad maximum between 0.1 and
0.3 M, varying by only a few percent in this ranggy; this
explains the relative invariance s, . and the linearity of
Tme With respect to In[salt] in this [salt] range. Above 0.3

M, |An.| decreases (from 0.158 at 0.15 M to 0.130 at 1 M)

previous work 19), this effect is introduced as the additional
term KsgNy[salt], in the right-hand side of egs 28 and 29,
where the coefficienKs, describes the strength of a specific
anion effect with a single DNA base. We estiméig from
melting data for 6 bp15) and 10 bp 14) two-strand helices
above 0.3 M NaCl. Assuming that Coulombic contributions
to ion accumulation are negligible between 21&M NacCl
(14), we obtain &g, 0f 0.055 M for the effect of NaCl on
ST, of a 10 bp two-strand helix. On the other hand, use of
a Kgp of 0.083 M yields agreement between predicted
values of AGZ; and T, at 1 M salt for the 6 bp helix
(Figures 5 and 6) and experimental dat8)( Predictions of
AGS, and T, between 0.01 and 0.15 M salt are not
significantly altered by this term. The apparent difference
between two values oKs, may result from neglecting
Coulombic interactions abevl M salt or from any depen-
dence ofKs, on DNA composition. Figures 5 and 6 indicate
that combination of Coulombic and specific anion effects
may be sufficient to explain the [salt] dependencd gaind
AG3, in melting of oligomeric helices.

On the basis of the corrections for specific ion effects and
substituting the average values @Gz, /(9 In[salt]) and
Any/Any, in the [salt] range of 0.151 M into eq 14, we
propose following the approximate expression for [salt] and
charge dependence AfG3; between 0.15 and 1 M

AGS, = AGS(1 M) — 0.177(0.52 — 1.8) In[salt]+
0.614,{|Z| + 2)[salt] (18)

where we use an average, of =0.07 M for CI~ salts.
Equation 18 is derived only for the salt range of G-115M.
Below 0.15 M salt, it is more accurate to use eq 14. Equation
18 is written with AG3(1 M) as a reference point for
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Ficure 5: Prediction ofT,, for melting of the 24-nucleotide double
hairpin (L2) (A) and the 12-nucleotide two-strand helik5j (B).
Circles are experimental data, and solid lines are predictioiig, of
evaluated as described in the text.
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FiGure 6: Prediction ofAG3, for melting of the 24-nucleotide
double hairpin 12) (A) and the 12-nucleotide two-strand helit&)
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AG, = AGZ(1 M) — 0.177(0.52| — 4.8) In[salt]+
0.614,{|Z| + 1)[salt] (19)

The polymeric valu®AG3, /(3 In[salt]) for hairpin helices
(eq 19) is exactly the same as that for two-strand helices
(eq 18). The numerical factor relating the polymeric and
oligomeric salt dependence of free energy is now

1 0AGy;  9AGz, (7| — 10.

12| dIn[salt]  dIn[salt]\ |Z|
at 0.15 M and
1 0AGy MGy, (z

— 8.67

1Z]

at 1 M. Substituting the average values/Auf/An, . in the
[salt] range of 0.151 M into eq 14, we obtain eq 19.
BecauseAn/An, is less [salt]-dependent for hairpin helices
than for two-strand helices (see the next section), eq 19
should be applicable over a broader [salt] range (from 0.01
to 1 M).

Predicted Difference between Salt Effects on Oligomeric
and Polymeric Nucleic AcidS here are two distinctions in
the predicted salt dependences between polymeric and
oligomeric nucleic acids. The first is the reduction in the
oligomeric Any (and, consequently, i8T, and dAGg,J
(0 In[salt]); the second is the stronger [salt] dependence of
oligomeric An, (and, consequently, nonlinearity iy, and
AG;,, with respect to log[salt]). The first effect is espe-
cially evident in hairpin melting, where the oligomeric slope
dAG3//(d In[salt]) (OAn) is roughly half the polymeric
value over the entire [salt] range (0:61 M) and slowly
increases as [salt] increases. For two-strand oligomeric
helices,An, is more similar toAn,., and exhibits the opposite
trend with respect to [salt], being the same as the polymeric
value at 0.01 M, only 25% smaller than the polymeric value
at 0.05 and 0.15 M salt, but only 50% of the polymeric value
at 1 M. The nonlinearity ofT, and AG;, is especially
expressed for the shortest two-strand helices. FaX.as
12 (jZ] = 10) two-strand helix, numerical data from Table 3
predid a 2 times smalleST, at 1 M than at 0.15 M salt,
which is consistent with experimental measuremeh§. (
For hairpin helices, the nonlinearity is predicted to increase
with decreasing salt concentration, which is also observed
in experimental data (Figures 5 and 6). The differences
between oligomeric and polymeric [salt] dependences in-
crease with a decrease |ifi|. The predictedAn, is 74% of
the polymeric value for the shortest two-strand heli¥)(
and 20% of the polymeric value for the shortest hairpin helix

1Z| 3 In[salt] 3 In[salt)\

(B). Circles are experimental data, and solid lines are predictions (9).

of AG3, evaluated as described in the text.

application in NN theory. Such a high [salt] is also often
used in DNA arrays to minimize electrostatic repulsion of
two strands and optimize the hybridization conditions.
Prediction ofdAG3,/9 In[Salt] for Hairpin Helices (k=
1) from NLPB Analysis at 0.151 M Salt The analogous
prediction of averageéAG3,/d In[salt] at 0.15-1 M salt for
hairpin melting from NLPB analysis of the Coulombic end
effect and with the empirical term for specific anion effect
yields

Coulombic End Effect; Experimental Results and Theo-
retical ApproachesVarious theoretical descriptions of the
effect of [salt] on nucleic acid processes involve calculation
of the [salt] derivative of the electrostatic free energy of
reactants and products (obtained by integration and/or
charging) 80—37). Alternatively, Record and co-workers
(19, 25, 27, 38) developed a direct thermodynamic analysis
connecting the [salt] derivative of thermodynamic charac-
teristics of a charged biopolymer/oligomer process to the
change in the thermodynamic extent of ion association
for the products and reactants (eqs25 of the Appendix).
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We call the differences in the [salt] dependence of Coulombic end effect on the thermodynamic extent of ion
thermodynamic parameters between oligomers and polymersaccumulation for DNA oligomers. It follows from eq 5 that
Coulombic end effects and relate them to the effects of the 4v/n,. value from Table 2 represents the length at which
oligomer ends on ion distribution around an oligomer. These the extent of salt ion accumulation per DNA phosphate is
effects are illustrated by an approximately trapezoidal half the polymeric valuen(/n,. = 0.5). It is evident from
distribution of surface potential and local counterion con- Table 2 that this length decreases gradually with increasing
centration along a cylindrical model of a long nucleic acid [salt] in the range of 0.021 M, not scaling with the Debye
oligomer obtained from Monte Carlo (MC39) and NLPB length. Our unpublished NLPB calculations with a range of
(22) calculations. The surface counterion concentration a andb for the preaveraged DNA oligomer model indicate
exhibits the polymeric value in the interior region but that this length is approximately proportionaldand weakly
decreases almost linearly in two terminal regions, each of dependent o above 0.01 M salt (1:1).
which constitutes 20 charges for dsDNA and 10 charges for
ssDNA at -12 mM salt 89). Similarly, the surface potential CONCLUSIONS

distributior_l is trapezoidal for sufficiently long oligomers; Explicit expressions for the thermodynamic extent of salt
each terminal region spans 14 charges at 0.001 M salt and,, 4ccumulation by a DNA oligomer as a functions of
10 charges at 0.1 M salt for dsSDNAZ). Thus, at the end  qigomer length (number of phosphate charges) are obtained
of the oligomer (or polymer), the surface counterion con- penyeen 0.01 ahl M salt (1:1) for structural parameters of
centration is lower than in the interior of the polymer (or g5 anq dsDNA. These expressions describe the sequence-
sufficiently long oligomer), and consequently,is smaller. — j,qenendent contribution of oligomer charges to the [salf]
Investigation of the dependencemfon |Z| and [salff was  jependence of its thermodynamic parameters. Combined
performed for a cylindrical model of ds- and sSDNA by grand it the sequence-dependent enthalpy of the reaction and

canonical Monte Carlo (GCMC) simulations at 0.802 e yolymeric salt derivative of the melting temperature, they
0.0135 M salt (1:1)25). GCMC predictions of oligomer — orqvide prediction of the [salt] derivative of the oligomer
n,, and, consequently, the log[salt] dependence of the g temperature in good agreement with experiments.
o!lgomer meltmg temperature, are consistent W"Fh the VeTY Our calculations predict not only the average oligomeric [salt]
different behaviors of hairpin and two-strand helix melting dependence (Figure 4) but also differential effectson
data in the range of 0.062.0135 M salt (1:1), whichis at 45T in the experimental [salt] range (Figures 5 and 6)
the lower end of the usual experimental range (typically, ¢or the two most common conformational transitions of DNA
0.01-0.5 M). The salt dependence of the free energy of jigomers, and we conclude that the preaveraged DNA
duplex formation AGg) is mqstly Stgd'ed between 0.1 and oligomer model (with the set of structural parameters
1 M salt, because of the choice Af53,(1 M) as areference  gqified above) is sufficient to describe experimental [salt]
state in NN theory. Our results provide an extension of the yenendences of nucleic acid oligomeric transitions. On the
treatment of Coulombic end effects to higher [salt] necessary 4qis of the obtained length dependence of the thermody-

to explain experimental data above 0.01 M salt. namic degree of ion accumulation, we propose expressions

Some other theoretical analyses have reached a different, [salt] and length dependence of the free eneX@g, of
conclusion, namely, that thermodynamic characteristics of t5rmation of the two-strand helix and of the hairpin helix

even short oligomers exhibit polyelectrolyte-like behavior \hich agree with experimentally observable dependence of
at moderate [salt]. The existence of this controversy is clearly AG, on salt concentration.

revealed in the recent authoritative treatise on nucleic acids

(40), where both interpretations are presented (one in ChapterACKNOWLEDGMENT

8 and the other in Chapter 11). In some analyses based on ) . i
Debye-Huckel approximation41), the BBGKY hierarchy We thank Dr. H. Ni for preliminary NLPB calculations.
of equations 42), or counterion condensation (CC) theory APPENDIX

(43), the Debye length is predicted to be the characteristic

length which determines the onset of polymeric behavior of  The thermodynamic extent of ion accumulationisrthe
oligomers. By this approach, a 20 bp dsDNA oligomer is thermodynamic quantity which characterizes the conse-
sufficiently long to be in the polyelectrolyte limit at 0.1 M quences of salt cation accumulation and salt anion exclusion
salt. For example, CC4@) and Monte Carlo (MC)44, 45) in the vicinity of the nucleic acidn is related to the salt
analyses, both using local, distance-dependent dielectricnucleic acid preferential interaction coefficient (Donnan
parameters and either the cylindrical moddl)( or a coefficient) " by

structurally detailed model of DNA, predict only a few

percent difference in number of accumulated conterions per n=|Z + 2I' (20)
phosphate for the polyion and 20 bp oligomer at 0.1 M.

However, the data in Figure 1 and other experimental datawhereZ is the total nucleic acid charge. Equation 20 can be
on molecular 47) and thermodynamicig, 49) consequences  rewritten per nucleic acid phosphate as eq 1 in the text.
of salt—nucleic acid interactions show clear differences in Expressed per phosphatg|s the same as the quantity called
salt effects between the oligomer and polymer even at0.1 1 by Recordet al (50). For polymeric dsDNA at low
0.3 M salt and are consistent with our calculations from Table (limiting law) [salt], I'y = —0.06 andn, = 0.88 (19). The

2A, indicating that the extent of salt ion association per DNA ion—oligomer preferential interaction coefficiehitis related
phosphate for a 20 bp dsDNA at 0.15 M salt is only 87% of to integrals over space of the local deficit in concentration
the polymeric value. Our calculation provides a means of of an excluded co-ion&-) as compared to its “bulk” value
evaluating a length characterizing the consequences of thg27, 51):
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_ bulk
r= [[C.(n—cC™dv (21)
The co-ion distribution for calculations afis evaluated from
the mean field approximatio®_ = C_"uke™y, wherey is
the magnitude of the reduced electrostatic potential.

The preferential interaction coefficient is related to the
[salt] dependence of thermodynamic properties of a confor-
mational transition such as the equilibrium constant and
melting temperaturel, 24, 25). In derivation of egs 2 and
3, we use 19

2RT, 2 RT,Z
2.3031 AT = —2.303——=An  (22)
AH° AH°

ST,

2

RT..
STy = —2.303 " An, 23)
NG,
020 GRTA 24
e (24)
dAGy,
2 0bse . GRTA 2
dln[sal] o (25)

where oligomeric valuef\H° and An are expressed per
molecule in the ds form and the relation=1+ 9 In y./d
In[salt] accounts for the nonideality of the salt ion (in the
[salt] range of 0.0+1 M, o = 0.9 for NaCl). Polymeric
values in eqs 2225 refer to a polymer composed of a

repeated oligomer sequence with all phosphate charges

presentAH; and An., are expressed péi, nucleotides of
the polymer. The following relationships for oligo- and
polymeric values (per molecule and per charge) are assume

AH(T) = AH (T (N, — X) (26)
AHZ(T0) = AHG (T N, (27)
An= Any|Z| (28)

An, = An, N, (29)

where X is the number of nucleotides in the nucleic acid
helix not contributing to the reaction enthalpy. We use<an
of 2 for two-strand helices (because B,%ase pairs have
0.5\, — 1 stacking interactions in a linear duplex); likewise,
X = Ny + 2 for one-strand hairpin helices with loops Mdf
nucleotides. HoweverX = 8 for double hairpins with two
loops of four nucleotides each, because no stacking interac
tions are lost at the interior of the double hairpin.

In DNA transitions,AH;, is a strong function ofTy
because of the large heat capacity charig®. Extant data
indicate thatRT%¥AH;,, is not significantly [salt]- and
temperature-dependent in polymes8(24) and oligomeric
(54, 55) DNA transitions. Substituting eqs 2&9 into eqs
22—25, dividing eq 22 by eq 23 and eq 24 by eq 25, and
assuming the constancy Bff,#AH? ., we obtain eqs 2 and

U0’

3. The same assumption is used for evaluation of transition

enthalpy for ref 5 in Table 1 and polymeric values of salt
derivative of melting temperature at high salt in Table 3.
Polymeric Values of STand An. Somewhat different

Biochemistry, Vol. 43, No. 22, 2004099

STh» On GC content exist in the literature. Frank-Ka-
menetskii 20) generalized the [salt] dependence of the
melting temperature of four polymeric DNAs with GC
contents between 0.24 and 0.72 measured at-@®A. M
salt asST, = 18.3(1— 0.3&cc). Blakeet al. (21) obtained
larger values of5T,, at any GC content at 0.073 M salt:
from 21 °C for poly-AT to 13.2°C for poly-GC @1).
However, the results of Blake and Frank-Kamenetskii yield
the sameST,(0% GC)5T,(100% GC) ratio of 1.6. Experi-
mental measurements at a fixed GC content showShat

is approximately constant between 0.01 and 0.3 M salt (1:
1) but decreases above 0.3 M salt. For example, for poly-
d(AT) (5), an ST, value of 22.5°C is obtained using the
two low-[salt] experimental determinations (0.01 and 0.06
M), while the 15% smalleST, value of 18.2°C is obtained
from data at three [salt] (0.01, 0.06, and 0.5 M). Thus, for
normalization of experimental data in Figure 2, we choose
a polymeric STy value of 19.6(1— 0.38cc) °C as an
average between the values of Blakel)( and Frank-
Kamenetskii 20). The resulting uncertainty irSTye is
approximately+7%, comparable to the experimental uncer-
tainty in the determination 08T, and its variation with
[salt].

In the numerical calculation atn/Any., as a function of
|Z|, we use polymeric structural quantities of a nucleic acid
model @ andb) obtained by Bonett al. (24) from fitting of
experimental measurements on T2 phage DNA dialysis and
B-DNA melting transitions. The GC content of polymeric
DNA in these experiments is in the range of-30%. Thus,
the NLPB An,. value of —0.158 from Table 2 at 0.15 M
corresponds to such a GC content. This also agrees with the
sequence dependence/i, ., which we estimated with eq

3 of this work from Table 1 of Blaket al. (21), where 0%

C yields aAny, of —0.18 and 100% GC yieldsAn, . of
—0.12. DNA oligomers from two examples of the [salt]
dependence cAG3, and Ty in Figures 5 and 6 have similar
GC content; that of the 24-nucleotide double hairdig) (s
33% and that of the 12-nucleotide two-strand heli%) (50%.

Coulombic End Effects in lon AccumulatioRor suf-
ficiently long oligomers, the differences between polymeric
and oligomeric preferential interaction coefficienty,
(counterionI'qy =1+ I'y), I'ny (co-ion,I'n,=T'y), and the
thermodynamic degree of ion associatiprfollow a linear
dependence on the inverse number of oligomer charges (see
eq 1)

ueo (30)

1z

Because of the electroneutrality conditidry (= 1 + I'n ),

we need to know only onE to calculate another one, and
thermodynamic quantities such as the thermodynamic degree
of ion association{=I'y + I, = 2y — |Z| = |Z| + 2I'y),
which determines the [salt] dependence of experimentally
observable quantities (egs 2 and 3). On a per molecule basis,
counterion accumulation and coin exclusion are described
by (multiplying eq 30 by|Z|)

I,=Tg, —7 (31)

rh=T,—v (32)

expressions for the dependence of the polymer derivative For a molecule with a non-zero net chargjg,> 0, I'; < 0,
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andI'y + I'y > 0, the last inequality meaning that the net
effect is always an accumulation of the number of ions near
a charged molecule. The end effect parametraracterizes

the decrease in counterion accumulation (eq 31), the increase

in co-ion exclusion (eq 32), and the net decrease in the per
charge thermodynamic extent of ion association (eq 5) of
an oligomer relative to the corresponding polymer. Table 2
provides values off 'y, Nue, andy for ss- and dsDNA
oligomers at several salt concentrations.

Onset of the Polymeric Bebar in Conformational
Transitions For melting of two-strand helices, the relative
difference between oligomeric and polymeric ion release
obtained from eq 7 is

(33)

An— An,
An

_ 2(’yds - 27/55)
Anu’m|Z|

00

For melting of two-strand helices at 0.15 M salt, using the
fitting parameters in Table 2, we predict that differs from
An, by more than 10% for lengths a&f28 (i.e., 15 bp). The
same length characterizes the approach to the polymeric limit
of ST, for this reaction (compare egs 9 and 10). For two-
strand helicesyqs — 2yssVvaries strongly with [salt], indicating
that ST, and AG;,, are less linear functions of In[salt] for
two-strand helices than for polymers. The valueyaf —
2ysschanges sign at0.05 M [consistent with MC calcula-
tions 25), whereygys — 2yssis negative below 0.013 M]. If
studied in the vicinity of 0.05 M salt, the difference between
An and An,, for melting of two-strand helices is predicted
to be reduced from that predicted at 0.15 M salt.

For hairpin melting, the relative difference between
oligomeric and polymeric ion release is expressed as

An— An,
An

_ Z(Vds - yss)
ANy 12|

(34)

00

A more than 10% difference for hairpins betwe&n and
An,, predicted for lengths of 100 charges~+50 bp) should
be observed in studies &fG;, , versus [salt]. HoweveST,
is predicted to be more similar to the polymer value at any
chain length. The relative difference between the oligomeric
and polymericST, exceeds 10% for oligomers shorter than
30 bp. The difference in polymeric and oligomena is
more pronounced for hairpin helices than for two-strand
helices with the same base composition and number of
charges. In contrast with melting of two-strand helices, the
differenceAn — An,, for hairpin helices shows very weak

5.
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