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A Unified Poland-Scheraga Model of Oligo- and Polynucleotide DNA
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ABSTRACT Key biological and nano-technological processes require the partial or complete association and dissociation of
complementary DNA strands. We present a variant of the Poland-Scheraga model for DNA melting where we introduce a local,
sequence-dependent salt correction of the nearest-neighbor parameters. Furthermore, our formulation accounts for capping and
interfacial energies of helical and coiled chain sections. We show that the model reproduces experimental data for melting tem-
peratures over the full experimental range of strand length, strand concentration, and ionic strength of the solution. In particular,
we reproduce a phenomenological relation by Frank-Kamenetskii for very long chains using a parameterization based on melting
curves for short oligomers. However, we also show that the parameters of the Poland-Scheraga model are still not known with
sufficient precision to quantitatively predict the fine structure of melting curves. This formulation of the Poland-Scheraga model
opens the possibility to overcome this limitation by optimizing parameters with respect to an extended base of experimental data
for short-, medium-, and long-chain melting. We argue that the often-discarded melting data for longer oligomers exhibiting
non-two-state transitions could play a particularly important role.

INTRODUCTION

A quantitative understanding of basepairing and opening of
the double-helix in DNA or RNA strands is relevant for
many fundamental biological processes like transcription,
replication (1), or RNA folding (2) and interference (3), as
well as bio- and nanotechnological applications like DNA
chips (4), DNA self-assembly (5) or guided nano-assembly
of colloidal nanoparticles with DNA linkers (6,7). There
are two standard theoretical descriptions of DNA thermal
denaturation: the nearest-neighbor (NN) model quantitatively
describes the melting of short oligonucleotides (8—10),
which exhibit a two-state transition from a fully paired, dou-
ble-helical complex to two separated single strands with
random coil conformations; and the Poland-Scheraga (PS)
model of polynucleotide melting (11,12) describes longer
chains on the secondary structure level as an alternating se-
quence of double-stranded (helical) parts and (coiled) loops.
The NN- and the PS-model have been employed routinely
for several decades to describe a large variety of DNA-
and RNA melting experiments, and the same formalism is
widely used to investigate RNA folding (13,14). A possible
point of criticism is the large number of adjustable parame-
ters, which makes it (too) easy to fit individual sets of exper-
iments. Not surprisingly, much effort has been devoted to the
comparison of parameters extracted from different systems.
Ten years ago, Santalucia concluded, A unified set of
NN-parameters is now available for making accurate predic-
tions of DNA oligo- and polymer thermodynamics’’ (10).
However, the compilation of results in Santalucia (10)
also shows a large number of unrelated boundary terms and
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salt corrections to be used in different limits. Furthermore,
the available descriptions were limited to two-state melting
transitions of short oligomers and to stepwise melting of
long polymers, i.e., to the limit where DNA denaturation
becomes independent of the DNA concentration in the sam-
ple. The situation is more complicated for longer oligomers
exhibiting partial internal melting before strand separation.
Recent experiments of Zeng et al. (15) and Zeng and Zocchi
(16) have shed some doubts on the applicability of the stan-
dard formalism in this biologically (3,17) and technologi-
cally (4,5) important limit.

In this article, we present a unified PS like model covering
the full experimental range of chain lengths, strand, and salt
concentrations and compare its predictions to available exper-
imental data. In the first section, we augment a recent, unified
formulation for oligomer and polymer melting (18) by a
systematic extension of oligomer salt corrections (19) to the
longer chains limit. Furthermore, we pay particular attention
to the estimation of confidence limits on model predictions,
illustrated here for a parameterization of the model, which
is essentially based on published data for oligomer melting.
In a second section, we discuss the generic behavior of the
model, i.e., the influence of variations of strands and ionic
concentrations on the result of melting experiments for
DNA duplexes of different length. The following quantitative
comparison to experiment data shows that the model repro-
duces experimental data from short oligomers to long DNA
polymers. This includes the controversial non-two-state melt-
ing of long oligomers where, however, the uncertainty of the
predictions becomes particularly large. We conclude that
experiments along the lines of Zeng et al. (15) and Zeng
and Zocchi (16) could play an important role in future at-
tempts to improve the parameterization.
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mailto:daniel.jost@ens-lyon.fr
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MODEL AND METHODS
Association equilibria and internal melting

We treat a complex AB in equilibrium with two strands A and B, each con-
sisting of N basepairs (bps). For the association equilibrium A + B < AB
between bound and unbound states, we can write the law of mass action

(CA/C()) (CB/C()) AGO
AP — exp| — ), (1
CAB / Co kB T

where ¢ is a reference concentration (usually co = 1 M), ¢4, ¢, and c4p are,
respectively, the concentration of A, B, and AB, and

AGy = AGi + AGY, (N) @
is the Gibbs free energy difference between the bound and unbound forms at
the reference concentration. AG, depends on both, the internal free energy
difference, AGi = Gag™ — G4™ — G™, and the difference of the mixing
entropies with the solvent AG®,;,. For chains of length N the latter can be
estimated as AGYy = —kgT log(0.44(N — 1)) (see (18) and Appendix A
of this article).

From Eq. 1 and using the definitions of the total, strand, and complex con-
centrations which are related via ¢y = cao(T) + cg(T) + 2cap(T), ca(T) =
cg(T) = (1 = Og(D)cy/2 and cpp(T) = O (T) c1/2, we can derive the
degree of association Oy (cr, T) (20)

Oc(x) = 1 + x—/x(2 + x), 3)

with x = L@—‘,‘Texp(%
a=1).

Internal hybridization of the complex and the individual strands can be de-
scribed in terms of the fraction ®;,(7) of bound basepair steps as a function
of temperature. Here we assume that only the complex can form double-
helical sections, hence, the experimentally observable overall fraction of

bound basepair steps (see note below Eq. 4) is given by

®<CT, T) = ®int(T)®ext(CT;T>- (4)

) (e = 4 for self-similarity strand A = B, otherwise

(Note that experimental data used in this article for ® are UV absorbance
data. Typically, optical absorbance curves exhibit a linear increase in the
pre- and post-transition regimes due, respectively, to a slight elevation in
the average stacking of the double-stranded DNA and to the unstacking of
bases in the single strands (21). The ®@-curves are obtained from a normali-
zation of the absorbance data (22) that deletes these linear contributions.)

Unified Poland-Scheraga model

To proceed, we need to determine the free energy AGiy, as well as the
degree of pairing ®;,(7) from a statistical mechanical description of single-
and double-stranded DNA. In this article, we employ a recent formulation
(18) of the PS model with a direct mapping to a lattice model.

The PS model describes DNA at the secondary structure level as a sequence
of double-stranded sections and denatured loop- or end-domains. We write
the association free energy in the double-stranded regions in the so-called
“doublet format™ (21) as a sum over sequence-dependent nearest-neighbor
pair formation free energies Agnn(T) = Ahnn — TAsny for the 10 different
basepair steps. Furthermore, our description includes boundary terms. We
consider two different capping energies w4, and wgc for double-stranded
chain ends with w(T) = Ah,, — T As,, as well as cooperativity factors o
and ¢ suppressing the opening of loop and end domains respectively.

In Fig. 1, we show the contributions of the different free energies to the total
partition function of the system. The reference state is the helical state (Zpe;ix =
1). Therefore, the contribution of an internal loop (size n) is
Zioop = 0 n~°exp(8 > Agnn) and the contribution of a free end (size 7) is
Zena = @ i€exp(8 Y Agnn + Bw). Here, n° and 7 account for, respec-
tively, the number of self-avoiding polygons of length 2n and the number of
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FIGURE 1 Example of a secondary structure, definition of the different

contributions in the partition function. Z;.; is the contribution of an helical
stem, Zjo0p is the contribution of an internal loop of size 1, and Z,q is the con-
tribution for a free end of size 7. The term w refers to the capping free energy.
The total partition function is the product Z = exp(—Bw)ZpeiixZioopZhelixZend-

possible conformations for a free end of length 27. The values ¢ and ¢’ take
into account the steric interactions in the loops and in the free ends. The values
of ¢ and ¢’ have to be derived from polymer theory. The parameter ¢ has been
extensively discussed (11,22-25) and is equal to 1.764 for noninteracting self-
avoiding loops and 2.15 for interacting self-avoiding loops. The value of ¢ is
equal to 0.16 (26,27). The total partition function is the product of the different
partial partition functions. Here we only consider the formation of native con-
tacts in double-stranded DNA, but the general case can be discussed in the same
framework (28,29). Furthermore, it is possible to treat secondary-structure for-
mation in DNA or RNA single strands using the same formalism (13,14).

The PS model can be solved using dynamic algorithms based on recursion
relations (11,12,28,29). In Appendix B, we show how the method proposed
by Garel and Orland (29) for the calculation of partition functions and free
energies can be adapted to the doublet format. Use of the Fixman-Freire
algorithm (29,30) substantially accelerated the calculations.

Parameters and confidence limits

Despite the large number of adjustable parameters (10 Az, 10 Asnn, 2 A,
2 As,,, g, and 7), the PS model clearly represents a drastic simplification of the
true problem. The key assumption is that all nongeneric contributions to the
melting free energy difference can be written as a sum of independent
basepairs contributions. Furthermore, it is common to only partially consider
the sequence dependence of the boundary terms. For example, since the 5" and
3’ of the sugar-phosphate backbone are chemically different (with corre-
spondingly modified solvation and stacking effects, etc.) there is no reason
to expect identical free energy penalties for 5’ — A/3’ — T and 5' - T/3' — A
ends as well as for 5’ — G/3’ — C and 5’ — C/3’ — G ends. Similarly, one would,
in general, expect sequence- and salt-dependent forking energies; yet the
available experimental data does not allow us to determine these values
reliably. In general, the basic assumptions and ad hoc choices can only be
corrected or justified a posteriori by evaluating the success of the model
in describing (and even more importantly) predicting the results of experi-
ments (10,21,31). Some care has thus to be taken in estimating parameter
values and the associated confidence limits from comparisons to experimental
data. In this article we use Monte Carlo methods (32) to account for the prop-
agation of these errors in the calculation of model predictions, i.e., results are
calculated for (and averaged over) an ensemble of models with parameters
drawn from a multidimensional Gaussian distribution defined by the mean
values and the covariance matrix resulting from the parameter fits.

Nearest-neighbor parameters

Short oligomers exhibiting a two-state melting transition can be used to
determine the association and capping free energies. In the NN-model,
AGy = Y Agnn + 2Agini, where Agnn and Ag;y; are pair formation and
initiation NN-parameters (10). In the unified PS-model, AGy = Y Agnn+
20w + AG&ix. Equating the two expressions yields w(T) = Ahy,; — T(Asin;
— AS°,.ix/2), where AS®ix = 1.5 kg accounts for the mixing entropy of olig-
omers at a typical size of 10 bps used in experiments employed for param-

eterizing the NN-model (an arbitrary standard deviation of 30% is assumed
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TABLE 1 Unified PS parameters and their standard deviations
in a 1 M [Na*]-buffer

Sequence Ah (kcal/mol) As (cal/mol/K)
AA/TT —7.93 + 0.31 —224 *+ 1.0
AT/TA —7.15 + 0.78 —202 + 26
TA/AT —7.23 = 0.82 —21.6 = 2.7
CA/GT —8.44 + 0.77 —229 +25
GT/CA —8.47 + 0.66 —229 + 22
CT/GA —7.73 * 0.66 —209 + 22
GA/CT —8.29 + 0.61 —226 = 2.0
CG/GC —10.54 + 0.82 —27.1 + 2.7
GC/CG —9.81 + 0.73 —24.6 + 24
GG/CC —8.02 + 0.68 —19.6 = 2.3
Cap with G/C 0.08 + 0.99 —37 + 34
Cap with A/T 222 + 1.02 28 +33
Log o —-9.0 £ 2.7

Log @ —57 + 14

vs (cal/mol/K) -89 = 2.7

AS° ik (cal/mol/K) 3.0 =09

Kq (K™ (429 = 0.29) x 107°

Ko (K™ (=3.95 + 0.16) x 107°

Ka (K (9.4 + 0.29) x 10°°

for AS® ;). The corresponding total of 24 relevant parameters in the limit of
short oligomers undergoing two-state melting (10 Ahnn, 10 Asnn, 2 Al =
Ah,, 2 and Asiy = As,, + AS®0i/2) corresponds to the number of indepen-
dent parameters, which can be determined uniquely from the corresponding
experiments (31,33-35).

Correlations between NN-parameters are not negligible (correlation
between A/nn and Asny approaches 99% for a given basepair step). To
have access to the covariance matrix, we repeated the analysis of Allawi
and SantaLucia (33) (singular value decomposition (32) and of error evalua-
tion via the Bootstrap method (36)), which consists in optimizing the melting
temperatures prediction for short two-state oligomers, using the same exper-
imental data. Our results (Table 1) slightly deviate from Allawi’s values due
to the larger number of resampling trials carried out (>100,000, compared to
30 in Allawi and Santalucia (33)).

Salt correction

Experimental observations (19) show that changing the salt concentration
from 1 M to 100 mM shifts the melting temperature by ~10 K. These vari-
ations are described by a number of phenomenological salt corrections that
are different for short oligomers and polymers (10,19). A systematic, statis-
tical-mechanical approach should derive the observed melting temperatures
from a model with salt-dependent parameters. Given that DNA is a highly
charged molecule, such a dependence is not surprising and is formally the
result of integrating out microscopic degrees of freedom of the DNA along
with those of the solvent molecules and salt ions.

The correction most used in bioinformatics programs (DINAmelt (37),
MELTING (38)) is the one given by Santalucia (10) for oligomer
NN-parameters:

Asxy([Na™]) = Assn(IM) 4 0.368 x log[Na®™]. (5)

This correction is sequence-independent, while Owczarzy et al. (19) have
recently shown that the melting temperatures of oligomers undergoing
two-state melting follow the phenomenological rule

d 1
W(T_m) = (Kaf(GC) + Kp)

+ 2Kglog[Na® ], (©)
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where K, K, and K3 are empirical numbers of the same order (see Table 1)
and f(GC) is the GC content of the sequence. Equation 6 cannot be used
directly for our purposes. To infer the salt-dependence of the local NN-param-
eters Al and Asyn we proceed in two steps: firstly, we follow the literature
(39,40) and assume that the complexation enthalpy is independent of salt-con-
centration. In contrast, the gain in mixing entropy of counterions released
from molten chain sections does depend on the salt concentration (41,42).
With

1/T,, = (ASy + kg log(cr/(co/et)))/AH, @)
for two-state melting, we can rewrite Eq. 6 in the form

d

diog[Nat])A50) = &Ho X {(Kf(GC) + K)

+ 2 Kglog[Na™]}. ®)

Secondly, instead of applying Eq. 8 to the whole sequence, we use the
local GC content fi(GC) of a basepair step. This results in a correction of
the form

As([Na*]) = As(IM) + Ar{(4.29(GC)
—3.95)log[Na*] x 107
+ 941log’[Na*] x 10°°}  (9)

for the NN-pair formation and capping entropies. We have checked that our
results do not change significantly if larger environments up to 5 bps are
taken into account for calculating fi(GC). Typical values of ds([Na']) =
As([Na*]) — As(1 M) for the different basepairs are reported in Table 2.
Note that the fits of the salt correction parameters and of the NN-parameters
have been realized separately. Correlations between Ky, K,, and K3 exist
and are considered in the error propagation analysis.

Cooperativity

There is no a priori reason why the cooperativity parameters should not have
an enthalpic contribution, or why they should be independent of DNA
sequence and of the salt concentration. To date, the interfacial parameters
o and ¢ are not known with sufficient precision. The cooperativity ¢ is in
the range 1074-107° (24,25,29,43) corresponding to a loop nucleation free
energy 2y = —kgTlog 0 = —2vsT of ~10 kgT. The bare free-end formation

TABLE 2 Salt correction from Eq. 9
ds([Na™]) (cal/mol/K)

Sequence 0.01 M 0.05 M 0.1 M 0.5M

AA/TT 3.0 £ 02 1.6 = 0.1 1.1 £0.05 0.3 £ 0.01
AT/TA 27 +03 1.5+02 1.0 =*0.1 0.2 = 0.03
TA/AT 2.8 =03 1.5 £02 1.0 = 0.1 0.2 = 0.03
CA/GT 24 =02 12+01 08 *=0.1 0.1 = 0.02
GT/CA 24 =02 12 +01 08 *0.05 0.1 *+0.02
CT/GA 22 +£0.2 1.1 £0.1 07 *=0.05 0.1 =£0.02
GA/CT 23 +02 1.1 = 0.1 0.8 £ 0.05 0.1 %= 0.02
CG/GC 19+02 08=*x01 04=x005 0.0=0.02
GC/CG 1.8 £02 07 *0.1 04 +£005 0.0 =% 0.02
GG/CC 15+02 06=01 03=x005 0.0=0.02
Cap with G/C 0.0 =02 0.0 = 0.1 0.0 = 0.05 0.0 = 0.01
Cap with A/T 08 04 0502 03 =0.1 0.0 = 0.03
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FIGURE 2 —d®/T versus T for different random
sequences (IGC) = 0.5): N = 10 (first line), N = 50
(second line), N = 500 (third line), and N = 50,000 (fourth
line). (Leff) [Na™] = 0.1 M and ¢ = 2 x 1073 M (dashed

lines), cr =2 x 107> M (solid lines),and cr =2 x 107’ M
(dotted and dashed lines). (Right) ¢z = 2 X 107> M and
] [Na*] = 1 M (dashed lines), [Na"] = 0.1 M (solid lines),
" and [Na™] = 0.01 M (dotted and dashed lines).
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parameter ¢ is of course correlated to o (with the opening of a free-end there is
a creation of one interface whereas, with a loop, two interfaces appear) and
G ~ +/a. In the following, we assume & = 0.3,/0. The numerical values of
the different parameters are listed in Table 1. The lack of data concerning
o forces us to assume an high arbitrary standard deviation of 30% for log o
and to neglect possible correlations between ¢ and NN-parameters.

Generic melting behavior

The generic behavior of the model is shown in Fig. 2 for random sequences
(fIGC) = 0.5) of different lengths (N = 10, 50, 500, or 50,000). In the two
columns of the figure, we compare the evolution of the hybridization observ-
able —d®/dT as a function of the strand concentration ¢t and the ionic
strength of the [Na*]-buffer.

Oligomer melting curves (N = 10, 50) show one or two peaks. The height
and width of the main peak are related to the chain length. For short oligomers,
the transition occurs in a temperature interval of ~40 K and centers around
physiological temperatures (310 K). Melting curves for short- (N = 500)
and medium-sized DNA polymers exhibit several peaks due to successive
domain opening. For very long chains (N = 50,000), —d®/dT becomes again
featureless due to the superposition of large numbers of simultaneously
occurring domain-melting events.

The strand concentration ¢t has a strong influence on oligomer hybrid-
ization, but has negligible effects for long chains. Generally, larger concen-
trations reduce the single-strand gain in mixing entropy and stabilize the
complex. The relative importance of the strand translational entropy is

highest for short chains at low concentrations resulting in two-state transi-
tions. For longer oligomers and higher concentrations, internal melting
competes with strand dissociation, and the two-state character of the tran-
sition is lost.

Variation of the salt concentration leads to comparable shifts of melting
curves in all length regimes, and only to small changes in curve shapes.
Low concentrations tend to stabilize bubbles and single strands (due to
the decreasing screening effect of counterions (19,42)). Closer inspection
reveals effects of the sequence-dependence of the salt correction (shown
in Eq. 9). Lower salt concentrations tend to favor the partial opening of
AT-rich domains like TATA boxes (promoter region in eukaryote genes
and transcription initiator (44)).

QUANTITATIVE COMPARISON
TO EXPERIMENT—PREDICTIVE POWER

In the following, we compare available experimental data to
the predictions of the model. Good agreement for the short
oligomers used for the parameterization is to be expected,
but not trivial: the experimentally observed two-state melting
behavior (i.e., the irrelevance of fluctuations) has to be
a property of the correctly parameterized model including
fluctuations. The following comparisons for long polymers
and intermediate chain lengths constitute true tests of the

Biophysical Journal 96(3) 1056—1067
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predictive power of the model, since the experimental data
was not used for the parameterization.

Short oligomers (~10 bps)

The average error in the predicted melting temperatures

1
(ATw) = 5> ITo =T (10)

for the data sets from the literature (19,33) that we used for the
parameterization is (AT,,) = 1.7 K (compared to (AT,,) =
2.4 K using Eq. 5 for the salt correction and to the average ex-
perimental error of 0.3 K). The more detailed comparison of
calculated and experimental melting temperatures in Fig. 3
shows that there are no preferred salt or strand concentrations
over the entire experimentally available range of [Na']
[0.01 M, I M] and cr € [3.7 x 107°M, 6.3 x 10~* M]: all
data points are uniformly aggregated along the bisectors
with error estimates corresponding to the typical deviation
from the experimental value. Moreover, the two-state behav-
ior of the transition can be shown by evaluating the maximum
Snax of £ = Oy — O (15). If the sequence presents a two-
state transition, ®.,; = ® or 2., = 0 (Fig. 4). Note that
the comparison is made to the full model including fluctua-
tions, which were neglected for the parameterization. Thus,
the model properly reproduces the experimental observation
of two-state melting for the sequences in question. Neglecting
the cooperativity factors would lead to drastically different
results (18).

Long polymers (>10 kbps)

In the opposite limit of very long DNA, melting curves
become again relatively featureless (see Fig. 2) and can be
characterized by a melting temperature, which depends on
the GC-content, f;c. More than 30 years ago, Frank-Kame-
netskii (45) and Vologodskii et al. (46) proposed the follow-
ing empirical relations:

Biophysical Journal 96(3) 1056—1067

58 FIGURE 3 Calculated melting temperatures T,," as
a function of the experimental ones T,,°*P for (leff) 92
sequences from Owczarzy et al. (19) at five different salt
concentrations (cp = 2 x 107° M): 69 mM (orange),
119 mM (blue), 220 mM (cyan), 621 mM (black), and
1.02 M (violet) (green dots are representative of the stan-
dard deviations); and for (right) 20 sequences from Santa-
Lucia et al. (53) at various strand concentrations ([Na*] =
1 M): e € [3.65 x 1075, 107°] (blue), ¢y € [107°,1077]
(black), and cr € [107%, 6.32 x 107*] (green).

295 310 325 340 355

T = TAT + f(GC)(TSC —T4T) (11)

with

TAT = (355.55 + 7.91og[Na™|)K
and
TG = (391.55 + 4.89 log[Na™ |)K.

We have generated random DNA sequences of length N =
50,000 with 0.4 < fc < 0.6 within the experimental range.
Fig. 5 A shows excellent agreement between our results and
Eq. 11, provided our variant Eq. 9 of the Owczarzy’s salt cor-
rection is used. We consider this agreement to be a key result
of this work, since it presents a systematic derivation of long-
chain experimental behavior from short-chain data used in
the parameterization on the basis of a statistical mechanical
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FIGURE 4 2., for different chain length (N) random sequences
(AGC) = 0.5) in a 0.1 M [Na']-buffer with cp = 2 x 1074 M (dots). The
oligomers of Zeng et al. (15) in a 0.05 M [Na']-buffer with ¢; = 2 x
107°M (crosses, experimental results; dots, calculated results) and typical
short oligomers (37) in a 1 M [Na']-buffer with cr = 2 x 107% M (dots)
are shown in the inset.
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FIGURE 5 (A and B) Computed T, with the unified PS-model for random
heteropolymers (50,000 bp) with different GC content AGC) in 74.5 mM
(dots) and 220 mM (squares) [Na™] buffer. Salt corrections are Eq. 9 (A)
or Eq. 5 (B). The drawn error bars are representative of the standard devia-
tions due to parameterization. (C and D) Theoretical T,, computed for
random polymers if the transition was two-stated (C) or if the nucleation
entropy was null (D); we use the salt correction we introduced in the article.
Dashed lines represent the empirical relations given by Frank-Kamenetskii
(45) for very long polymers (Eq. 11).

model. In particular, Fig. 5 A provides strong evidence for the
validity of our local salt correction (9) for the NN parameters.

Short polymers (100 bps < ... < 10 kbps)

Melting curves for short- and medium-sized polymers show
arich structure, but can be discussed independently of strand
concentration (Fig. 2). To test the predictive power of our
model, we have chosen PN/MCS-13 (note that this sequence
is a 4660-bp duplex composed by a pBR322 mixed 245-bp
repetitive sequence. pPBR322 is associated with the primary
accession number JO1749 (43)). Fig. 6 shows that our model
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reproduces the melting temperature of PN/MCS-13 fairly
well, but fails to predict the fine structure of the curves. In
particular, calculated and measured differential melting
curves agree only qualitatively. Other bioinformatics pro-
grams (DINAmelt (37), MELTSIM (47), etc.) give similar
results for these sequences.

How are these deviations to be interpreted? Apart from
melting curves calculated using the standard parameters,
Fig. 6 contains several other curves for parameter combina-
tions drawn randomly within the correlated confidence limits
from the parameterization. The curves work equally well (or
badly), in particular the deviations from the experimental curve
are actually within the confidence limits of the theoretical
predictions and do not reveal shortcomings of the model itself.

This raises the question whether the model has any predic-
tive power for polymer melting beyond Eq. 11. Judging from
the ensemble of differential melting curves, the answer ap-
pears to be negative. However, the position-dependent melt-
ing temperature, which allows for a convenient identification
of simultaneously opening basepairs, appears extremely
robust with respect to the small uncertainties in the parame-
terization (48). Errors on local T, are of the same order of
magnitude as for oligomers. Testing these more detailed pre-
dictions using techniques based on the one-electron oxida-
tive modifications of guanine induced by UV-laser (49) is
therefore an interesting challenge.

Long oligomers (20 bps < ... < 100 bps)

While short oligomers show two-state melting, this is no lon-
ger true for longer chains. Compared to the polymer case, the
additional difficulty arises that results depend on the strand
concentration (Fig. 2).

Attention recently focused on this regime with the develop-
ment of an experimental protocol by Zeng et al. (15) and Zeng
and Zocchi (16) for measuring the degree of strand association

@ 0.5

ext

FIGURE 6 Melting curves ® (A), Oy, (B), —d®/dT
(C), and evolution of the local basepair melting temper-
ature (D) for PN/MCS-13 (43,47) in a 74.5 mM [Na*]
buffer. Green lines are experimental data, black lines
4 are computed results with standard parameters, and

é’ other colored lines (gray, red) represent simulations
3 c with different random set of parameters (see text).

c
25

@
18

0 B
c D
_. 03!
e
= 0.2|
o
%0.1- ,f(“
f
O_M?&
340 350 360 370 340 350 360
T(K) T(K)

370

Biophysical Journal 96(3) 1056—1067



Jost and Everaers

FIGURE 7 Melting curves © (A), O (B), —d®/dT
(C), and evolution of the local basepair melting temper-
ature (D) for the sequence L60B36 of Zeng et al. (15) in
a 50 mM [Na™]-buffer (cr = 2 x 107° M). Green dots

are experimental data, black lines are computed results
150 with standard parameters and other colored lines (gray,
red) represent simulations with different random set of
parameters. Red curve underlines a set of parameters
that reproduce well the experimental plots for L60B36.
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0., independently of the degree of basepairing and stacking.
In Fig. 7 we compare calculated and experimentally measured
results for an oligomer L60B36 (15) with one AT-rich domain
in the center. Using the standard parameters, our model
incorrectly predicts a two-state transition. However, other pa-
rameter combinations within the confidence limits correctly
reproduce the opening of an internal bubble before strand
separation and lead to good agreement with both ® and O,
(see Fig. 7). Fig. 4 compares the calculated and experimental
results for X, for the five sequences (insef) of Zeng et al.
(15) and Zeng and Zocchi (16) and shows the generic behavior
of ¥..x for random sequences. The large, asymmetric error
bars for long oligomers highlight the particular sensitivity of
the predicted behavior to the parameterization uncertainty.

CONCLUSION

We have presented a unified Poland-Scheraga model of DNA
thermal denaturation. In contrast to previously available

—de/dT (K™

310

280 300

-de/dT (K™)

320 330 340 350

formulations, our description covers the entire crossover
from oligo- to polynucleotide melting behavior and is appli-
cable in the full experimental range of DNA strand and salt
concentrations. We have used this Ansatz to discuss generic
aspects of DNA melting and were able to obtain a systematic
link between the different phenomenological sequence and
salt dependences of short- and long-chain melting tempera-
tures. Within the expected margin of error, our model
reproduces experimental data for DNA of arbitrary length
including the case of non-two-state-melting of longer
DNA-oligomers. However, here (and to some degree in the
case of domain melting of polymeric DNA) the model predic-
tions for easily observable qualitative features are particularly
sensitive to the remaining parameterization uncertainty.

Fig. 8 shows how the uncertainty in the knowledge of
particular parameters (or parameter classes) affects predic-
tions for melting curves in the various length regimes. In
most cases, the dominant contribution comes from the set of
20 NN-parameters for the dinucleotide steps. They are most

FIGURE 8 Melting curves —d®/dT for short random
(N = 10) and long (L19AS2 (15)) oligomers and for short
(PN/MCS-13) and long random (N = 50,000) polymers.
For each chain-length DNA, we vary different parameters:
initiation (red), capping (black), cooperativity (green), and
NN-parameters (violet). The thick lines represents the mean
curve over the variation of parameters. The thin lines are
the confidence limits. The standard parameters curves are
the dashed blue lines.

60 370

3
T(K)
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easily determined using data for short oligomers undergoing
a two-state melting transition (10,21), since results in this
case become independent of the cooperativity parameters
and o. We emphasize that the Frank-Kamenetskii relations
cannot be used directly to determine (linear combinations
(34) of) the microscopic parameters of the PS Hamiltonian.
They represent a sequence average over highly cooperative
domain opening events and are not given by a trivial average
over the employed NN-parameters (see Fig. 5, C and D).
However, Figs. 5 A and 8 suggest that a proper comparison
to averaged melting temperatures calculated from the full
PS-model might be an excellent (albeit computationally ex-
pensive) strategy to refine the NN parameters. The coopera-
tivity parameters ¢ and ¢ affect the melting profiles of short
polymers and, in particular, long oligomers. The sensitivity
of these sequences has to be used to minimize errors during
the parameterization process (50). The best strategy to deter-
mine their values is to devise comparative melting experi-
ments along the lines of Blake and Delcourt (43), which allow
us to isolate their effect (for more details, see Appendix C).

However, there will still exist inherent error bars that re-
flect the hypothesizes of the model and the ad hoc simplifi-
cations made. To reduce the intrinsic errors, one solution
should be to increase the number of parameters describing
chemical or physical effects not taken into account in the
PS model (elasticity, basepair dependence of cooperative
factors, etc.). Nevertheless, this could make the model diffi-
cult to parameterize and computationally more demanding.

For future work, our results suggest (a combination of)
several strategies:

1. The analysis of the importance of the various parameter
types for particular melting experiments (Fig. 8).

2. The design of (comparative) melting experiments isolat-
ing particular parameters following the framework used
in Blake and Delcourt (43) (more details and examples
can be found in Appendix C).

3. A simultaneous fit of the model to an extended base of ex-
perimental data for short-, medium-, and long-chain melt-
ing. This option is finally available with this formulation
of the Poland-Scheraga model where all cases are treated
within the same statistical-mechanical framework.

APPENDIX A: MIXING ENTROPY AND CHEMICAL
EQUILIBRIUM

To calculate the chemical equilibrium between the individual strands and the
dimer, we need to account for the translational entropy, i.e., the entropy of
mixing with the solvent. Using a lattice approach, one can show that the en-
tropy of mixing per unit volume for two species P and Q is given by (51)

P
*TASmix/V = kBT<V_10g(I) + lOg(l - (I)))a (12)
P

Q

where @ is the volume fraction of species P, and Vp and V|, are the respective
molecular volumes. We have ® = cpVp and 1 — & = ¢V, where cp and cq

1063

are the respective concentrations (cp = np/V with np the number of particles
P, and the same for Q). Now we apply precedent equation to the DNA-water
problem. P is either a single strand (A or B) or a double-strand (AB), and Q is
water. All the studies are made at very low DNA concentration, i.e., & << 1,
then (1 — ®)/Vg log(l — ®) = —®/Vy = —cpVp/V. Therefore, the entropy
of mixing per molecule P can be obtained as

—TASmix/I’lP = —TASmix/V/Cp
Vi
= kBT(]Og(CPVp) - —P) . (13)
Vo

Finally, if concentrations are measured in units of a reference concen-
tration ¢ (typically ¢ = 1 M),

—TAS i /np = kBT<10g(C—P) + log(covp) —V—P), (14)
Co VQ

where vp and v are the respective molar volumes.
Now we combine the entropy of mixing with the single-chain partition
functions to obtain the free energy per molecule

C
Co

Gy = G + kBT<1og( A) + log(covs) —VVA > (15)
water

(and the same for B and AB). The chemical potential per molecule can be
calculated by differentiating the free energy density with respect to density,

d
Mo = E(CAGA)

= Gi:t + kBT<log(c_A) + log(cova) — VA + 1)
Co Vwater
(16)

(and the same for B and AB). To obtain the law of mass action, we equate the
chemical potentials of the bound and unbound molecules uap = ua + Ug:

(68 - G& — G /) = tog )

CaBCo

CovaV,
Jr10g<0AB)

VAB
_Va + VB —Vap

a7

VWE[CI‘

By assuming that the molar volumes in the complex simply add up vag =
(va + vp), this simplifies to

AGo=kgT log ( A% > = (G -G —GyY)

CABCo

— kBT(IOg(C()VAB/4) + 1) (18)

By defining Gy = (GAp™ — GA™ = Gp™) and AG i = —kpT(log(covap/
4) + 1), we find Eq. 2. The molar volume of the duplex is proportional to the
number of dinucleotide steps in the double-strand: vag = (N — 1)v,, where
vy is the molar volume of one dinucleotide step. Numerically, we obtain
AGYi = —kgT log(0.44(N — 1)).

Biophysical Journal 96(3) 1056—1067
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APPENDIX B: SOLVING THE UNIFIED PS MODEL
Recursion relations

First, we consider the forward partition function Zg« + 1) starting at base 1,
ending at base o + 1, bases @ and « + 1 being paired. There are three ways
to have these bases closed: either the dinucleotide basepair step (¢ — 1, «) is
double-stranded, or there is a loop starting at any base « and ending at a, or
the duplex is completely open from base 1 to base « (Fig. 9). Therefore, con-
sidering the closed state as the reference state, we can write

a—2
Zila + 1) = Ziw) + 03 (a— o) e Z(al)
o =2
+ 6’(0{ — 1)535:‘%1‘&71’ (19)

where (a — /)™ accounts for the number of self-avoiding polygons of length
2(a — o) (i.e., the number of loops starting at base ' and ending at base «);
(o — l)c, accounts for the number of possible conformations for a free end,
Zoa = Dt Dgnn(i, i+ 1), with Agan(, i + 1) the NN-stacking free en-
ergy of basepairs (i, i + 1); ¢ and ¢’ take into account the steric interactions
between loop or the free end with the rest of the chain. The value of ¢ has
been extensively discussed (11,22-25) and is equal to 1.764 for noninteract-
ing self-avoiding loops and 2.15 for interacting self-avoiding loops. The value
of ¢’ is derived from polymer theory (26) and is equal to 0.16 = 1.16 — 1.

In a similar way, we consider Z,(«) the backward partition function, start-
ing at base « and ending at base N, with base « being paired. So,

N—1
Zo(@) = Zy(a+ 1)+ 0 Y
o =a+2
(o —a) ‘e Zy(of + 1)
+ a(N — ) efeen-t, (20)

Finally, we denote by Z(«) the second forward partition function, start-
ing at base 1 and ending at base «, base « being closed and base o — 1 being
opened. In the same way, Z satisfies

(a0 — o) “efewarZy (o)

+ F(a— 1) o, (21)

The probability p(«) that basepair « is bound can be expressed as

Zo(a)Zy(a + 1) + Zp(a)Zy(e) + e Plorton)
pla) = ~ ;
(22)
where Z is the total partition function (Fig. 10)
7 = e*ﬁ(o)1+wN) + €7ﬂwNZf(N>
N—1 ,
+ 7Y (N—a) 17 (a). (23)
a=2
o+l o+1 o o+1 o+l
o+ [

(L = (O + O )+ L
1 1 [} 1

FIGURE 9 Graphical representation of the recursion relation for Z(« + 1).
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FIGURE 10 Graphical representation of total partition function Z.

We can now express ®;

O = }:p (24)

(X—l

and AGj, = Zf\/;]l Agnn(iyi+ 1) — kgT logZ. The technical issue is now
to solve numerically Eqs. 19-21. An answer is to simplify the recursion re-
lations and speed up their numerical resolutions by using the Fixman-Freire
algorithm (29,30).

Fixman-Freire algorithm
We first fine-tune the recursion relations. With

a—1

Z(a) = exp(—ﬁZAgNN(i,i + 1))zf(a), 25)

i=1

N—-1

Z(a) = exp(fﬁZAgNN(i,i + 1))2,,(a), 26)

i=a

a—1
Zi(@) = exp(~ 8)_ Agw(iii + 1) Ze(@), @D

i=1

we derive
Zf*((X + 1) 76A§NN a0+ 1 Z*( )
a—2
+ oola Z a—o)Z () + 1), (28)
o =2
ZZ(a) :efﬁAgNN(a,aJrl)Z;(a + 1) + go(a — l)eﬁAgNN(afL,a)
N
XY (o —a— 1) e ez (o)
o =3
+ 0y (a)efremnleta), 29)

Zi (o) + a(a— 1), (30)

-2
(
E 0[*0[

where () = gePhew(@atl) g (o) = ge—Fham(@at) (o — 1) and
o2 (a) = ge Prew(@=Lea) (N — o). The Fixman-Freire approximation con-
sists in developing

1
=Y ge ™ 31
k=1

We introduce new variables

« phila Z "2 o (32)
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N
e bie e”f<°‘)z Z e*bia/e*ﬁAgNN(a/*lya/)ZZ(a/). (33) Z;(3) _ e_ﬂ(AgNN(2s3)+A8NN(1a2)+lUl) + 66—{3AgNN(273) (40)
o =a
Therefore Zf*(4> — o B(AenN(34) +Agnn(2,3) + Agnn(1,2) +w1)
+ G PBenn(3.4) +Bgnn(23))
* — ohile) _ ,=bi pui(a—1)
Zi(a) = e e lie (34) 4 52 BB 41)
Z;(a) — Phenn(a—la) [eVi(a) — el ev,(aﬂ)]’ (35) Then
and we obtain new recursions relations /.LI-(Z) = log(Z_If (2)), 42)
pile + 1) = pi(a) + log(A + B+ C + D), (36) i b
wi(3) = log(Z;(3) + ¢ "Z;(2)), 43)
vile) = vila + 1) + log(A' + B+ C' + D), (37)
1;(4) = log(Z;(4) + e*”fz;(3) + e*z”fz;(z)). (44)
with
In the same way for »;
A = efh,- B = e*.ﬁAgNN(‘XsDﬁLl) X
(1= e emile=-w(e) Z;(N) = e, 45)
C = go(a) x
ZII are e @21 D = g (a)e @ Zy(N = 1) = ¢ PhamVINron) 4 g, (46)
k=1
A = b B = e BAan(a—la) ZZ(N*2) — o BOENN=2N=1)+ Agan(N—1N) + )
(1 —eh HK“HFW(“H)) Agnn (N—2,N—1 4
C' = ogo(a—1)x - ge AT 4 g2 “7)
z[: akefzbke,,k(a+3)fy,(a+l) D = 02(a)e—ui(a+1)’ Hence,
= v,(N) = log(zg(1\/)676AgNN(N71,N))7 (48)
and for Z*,
(N — 1) = log(e PAewW=2N=-Dze (N — 1)
!
Zi =0y e e D 4 ga—1). (38) + e e P TINZ(N)), “9)
k=1
vi(N —2) = log(e PAemV=3N"272(N — 2)
To solve this relation, we have to know initial conditions 4 e bi g BBgNN (N72’N71>ZZ ( N — 1)
75(2) = ¢ BAan(12)+w1) 39 o B .
7 (2) (39 + o i PRewN-LN 7o () (50)

24 T T T T
20

22- E‘: 15 ’,,—"%—-

20 5'_5 o 2
18 ’ : % %
= -
_%_516‘
§' 14- : -
N|_E 1

10 ﬁ‘%ﬁ" y

0.025 0.035 0.04 0.045

1/N

FIGURE 11 T2 — T,1°°P a5 a function of 1/N for
different values of vys: —10.9 cal/mol/K (triangles),
—8.9 cal/mol/K (squares), and —6.9 cal/mol/K (dots).
Error bars reflect the confidence limit on NN-parameters.

Biophysical Journal 96(3) 1056—1067



1066

Jost and Everaers

50, T T T T T T

)
w &
s

w
=

N
=%

Tloop _ tend (K
m m

N
=

-
&

10r

1 FIGURE 12 T, — T, as a function of 1/N for
different values of AS°..: 5 cal/mol/K (triangles),
1 3.0 cal/mol/K (squares), and 1 cal/mol/K (dots). Error
bars reflect the confidence limit on NN-parameters.

1

OsO1 002 003 004 0.05 91,91\? 0.07 0.08 0.09

For Z*,
Zi(1) =0 (51
Z;(2) =0 (52)
7:.(3) = a2°. (53)

The algorithm consists in solving recursion relations for y; and »;, in de-
ducting values for Z#*, Z,*, and Z*. Then it is easy to compute p(a0), Oy,
and O,,.

APPENDIX C: IMPROVING THE MODEL
PARAMETERIZATION

For example, to parameterize ys = kg, log o, we propose to study two types
of sequences: Sioop = GpAnGp (one central bubble) and Szi00p = GoppAn,
2G2p3AN2Gopss (two internal bubbles) with P large enough to neglect border
effects. Following Blake and Delcourt (43), we can compute the difference
of melting temperatures Ty, 2 — T,,/°°P of the different bubbles (T,,,°°P for
Sioop and T, for Sa100p) for various N. As both sequences have the same
basepair composition, this observable should not be very sensitive to NN pa-
rameters and should be responsive to the energy difference between the two
types of strands, which is ~2y. Fig. 11 shows the simulated evolution of
T, 2% — T, 1°°P yersus 1/N for different ys values with the error bars due
to standard deviations of NN-parameters. We remark that the observable
is more and more sensitive to vyg as long as 1/N increases. Therefore, exper-
iments have to be done with short bubbles (N must be big enough to permit
to observe the bubble subtransition). Moreover, we notice that errors due to
NN-parameters uncertainty limit the accuracy of theyg parameterization by
~10%. Nevertheless, as experimental error are ~0.3 K, a precise evaluation
of ys is possible with sequences in the range N € [20-40].

In the same manner, to parameterize AS° ik, We can study Sioop and Sena
= AnpGapAnp. Fig. 12 reveals the sensitivity of Ty, *P — T, according
to AS®ix for little N. Nonetheless, error bars do not allow a precise eval-
uation of AS®;.. This difference with the previous example comes from
the important role played by the borders. Indeed, NN-initiation parameters
have large standard deviations that automatically reflect on the theoretical
errors. Without an improvement on the errors of the initiation enthalpies
and entropies, there is no hope to parameterize AS%;, with these types
of experiments.

Biophysical Journal 96(3) 1056—1067
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Moreover, as seen in Fig. 4, the two-state parameter 2.« is highly o-de-
pendent for long oligomers. Therefore, more experimental data for long olig-
omers would allow better estimates for the cooperativity factors by including
the =,,.x values in the global parameterization process.

R.E. acknowledges support from the chair of excellence program of the
Agence Nationale de la Recherche (ANR/France).
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