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ABSTRACT

No simple model exists that accurately describes
the melting behavior and breathing dynamics of
double-stranded DNA as a function of nucleotide
sequence. This is especially true for homogenous
and periodic DNA sequences, which exhibit large
deviations in melting temperature from predictions
made by additive thermodynamic contributions.
Currently, no method exists for analysis of the
DNA breathing dynamics of repeats and of highly
G/C- or A/T-rich regions, even though such
sequences are widespread in vertebrate genomes.
Here, we extend the nonlinear Peyrard-Bishop-
Dauxois (PBD) model of DNA to include a
sequence-dependent stacking term, resulting in a
model that can accurately describe the melting
behavior of homogenous and periodic sequences.
We collect melting data for several DNA oligos,
and apply Monte Carlo simulations to establish
force constants for the 10 dinucleotide steps (CG,
CA, GC, AT, AG, AA, AC, TA, GG, TC). The experi-
ments and numerical simulations confirm that
the GG/CC dinucleotide stacking is remarkably
unstable, compared with the stacking in GC/CG
and CG/GC dinucleotide steps. The extended PBD
model will facilitate thermodynamic and dynamic
simulations of important genomic regions such as
CpG islands and disease-related repeats.

INTRODUCTION

The stability of the DNA double helical structure is deter-
mined by the interplay of a host of interactions, including
hydrogen bonding, aromatic base stacking, backbone
conformational constraints and electrostatic interactions,

and the coordination of water molecules and metal ions.
These interactions depend on DNA structure in a strongly
nonlinear fashion. Not surprisingly, no simple model
exists that accurately describes the melting behavior of
double stranded (ds) DNA as a function of nucleotide
sequence. A relatively successful strain of models for
dsDNA denaturation originated from McClare’s (1)
ideas about the importance of nonlinear dynamics of
vibrational excited states in macromolecules, followed by
Davydov’s prediction that vibrational excitations can be
localized and trapped in a long lived state now known as
the Davydov soliton (2). Inspired by these ideas Englander
et al. (3) proposed that nonlinearity-induced localization
of vibrational energy in dsDNA may lead to local DNA
melting (DNA bubbles). This work in turn lead to, the
Peyrard-Bishop—Dauxois (PBD) model of DNA (4,5),
which uses a simple sequence-dependent nonlinear
Hamiltonian to represent the separation of the dsDNA
strands during a melting transition. The PBD model is
unique among DNA models in that it combines elements
from efficient ad hoc models of DNA melting and physi-
cally meaningful fully atomistic molecular dynamic simu-
lations. Calculations based on the PBD model have
successfully reproduced DNA melting and unzipping
data for a variety of DNA sequences (6-12) but the
model has also been used to calculate the probability for
transient melting of the adenovirus genome (13) and to
simulate the breathing dynamics of 100 bp long eukaryotic
promoter regions (B. S. Alexandrov et al., submitted
for publication). The sequence-dependence of the PBD
Hamiltonian is encoded by an anharmonic term, which
represents the H-bonding of a G—C or an A-T base
pair. A nonlinear term representing the stacking energy
of the consecutive base pairs mimics long-range effects
along the DNA helix, but uses a sequence-independent
average stacking force constant. The sequence-indepen-
dence of the stacking term reflects the observation that
the ratio of G—C to A-T hydrogen bonded base pairs is
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the strongest predictor of dsDNA stability. However, it is
well known that relatively subtle differences in the stack-
ing energies of the 10 dinucleotides steps can amount to
very significant deviations in the melting temperature
expected from a given G/C content (14-17). The best
known examples of this phenomenon are the large differ-
ences in the melting temperatures of poly(dA).(dT) versus
poly(dAdT), and poly(dG).(dC) versus poly(dGdC) (18).
Existing thermodynamic models of DNA melting that
incorporate a nearest neighbor (NN) stacking energy
term (16,19,20) perform significantly better than simple
regression fit empirical formulas for DNA melting tem-
perature. However, homogenous and periodic DNA
sequences exhibit cumulative deviations from the ideal
B-helix dsDNA structure, which result in further devia-
tions in melting behavior that are difficult to account for
by additive thermodynamic contibutions. Dynamic models
of DNA, which represent long-range effects offer an advan-
tage in this respect. In addition, such models offer certain
mechanistic insight into the initial dynamically governed
stages of DNA melting (DNA breathing), that have been
implicated as relevant to protein binding and transcription
initiation (B. S. Alexandrov et al., submitted for publica-
tion; 7,13,21,22). The large deviations in the melting behav-
ior of repeats and homopolymers was first reported in 1970
(18) and has since been discussed at length in the literature
due to the abundance of such sequences in vertebrate gen-
omes (23). However, potentially baring computationally
intensive fully atomistic simulations, no method exists for
analysis of the DNA breathing dynamics of repeats and
highly G/C- or A/T-rich regions. Here we extend the orig-
inal PBD model to include a sequence-dependent stacking
term, in order to study such sequences. We collect melting
data for several homogenous and periodic DNA oligos,
and apply Monte Carlo (MC) simulations to derive 10
(24) distinct stacking force constants for the PBD
Hamiltonian. The resulting PBD model has the potential
to be applied at the genomic scale to conduct thermody-
namic and dynamic simulations of important genomic
regions such as CpG islands and disease related repeats.

MATERIALS AND METHODS
DNA oligonucleotides
The sequences of the 36 bp oligonucleotides used in the

melting studies are listed in Table 1. The sequence of the

Table 1. Experimentally determined melting temperatures of dsDNA
oligos that are used in the simulations

dsDNA Melting Temperature, Stacking

Tm (°C) constant
(G)36-(C36 74 kGG
(GO)15.(GO)ss 96 kGe, kea
(AC)15.(GT)sg 67 kacs kca
(AG)15.(CT)sg 59 kags kaa
(A)36(T)36 45 kaa
(AGC)12.(GCT)12 75 kac, kce, kea
poly(AT).poly(AT)* 38% kar, kta

4T, taken from Ref. (18).

L60B36 used in the MC simulations is 5-CCGCCAGCG
GCGTTATTACATTTAATTCTTAAGTATTATAAGT
AATATGGCCGCTGCGCC-3'. The sequence of the P5
promoter used in the Langevin simulations is 5-ACGCT
GGGTATTTAAGCCCGAGTGAGCACGCAGGGTC
TCCATTTTGAAGCGGGAGGTTTGAACGCGCAG
CC-3'. The underlined AT residues at the transcriptional
start site are replaced with GC in the transcriptionally
silent PS5 mutant promoter (7).

DNA melting curves

All DNA oligos were synthesized and gel- and HPLC-
purified at the Keck DNA Synthesis Facility at Yale
University. The DNA was dissolved to 200mM in
30mM Na phosphate buffer pH 7.5, 100mM NaCl,
I mM EDTA. The complementary oligos were annealed
by heating to 100°C and stepwise cooling to room temper-
ature in a PCR cycler. The dsDNA oligos were HPLC
purifed on a DEAE-Superose column with a LiCl gradi-
ent. The absence of hairpin and G-quartet structures in
the dsDNA oligos was verified by native 10% PAGE per-
formed at various temperatures. dsDNA melting curves
were collected for 20°C-105°C at 250-280nm on a
Varian Cary 50 Bio UV/Vis spectrometer equipped with
a Peltier probe. The temperature was varied by 0.5°C/min.
The melting curves were obtained for the maximum absor-
bance wavelength for each oligo and normalized following
the procedure of Breslauer (25). Data were collected from
five independent experiments.

PBD simulations

The MC protocol used in this work is similar to what has
previously been used (9) to interrogate the melting behav-
ior of the PBD model. Steps were performed using a cutoff
value of 10A and a strand separation threshold of
y,> 1A, above which the DNA was considered melted.
At least 1000 simulations with different initial conditions
were conducted. MC simulations (9,12) of the L60B36
sequence and Langevin dynamic simulations (27) of the
PS5 promoter were conducted as previously described,
using the determined here new sequence-dependent
stacking term.

RESULTS AND DISCUSSION
The PBD model
The potential energy of the PBD model is

N
—a,v k —B(
H= Z {Dn(e Anyn __ 1)2 +§(1 + pe ,ﬂ()n""yn—]))(yn _ynl)z}

n=1

1

where the sum extends over all N base pairs of the DNA
molecule and y, denotes the relative displacement from
equilibrium of the n-th base-pair. The first term in
Equation (1) is the Morse potential, which represents the
hydrogen bonding of a Watson—Crick complementary
base pair. The parameters D, and a, in this term denote
the nature of the n-th base pair, i.e. A-T or G-C.



The second term is an anharmonic potential represent-
ing the aromatic stacking interaction between the n- and
(n-1)-th consecutive base pairs, augmented by a coupling
constant that depends on the relative displacement of
these two bases in a nonlinear fashion. This term is essen-
tial for simulating the local constraints of nucleotide
motion, which result in long-range cooperative effects
(5). The values of the relevant model parameters were
initially chosen to reproduce the melting transitions
of long homogeneous sequences. Subsequently, the
values B=035A"", Dar=005eV, Dgc=0.05eV,
art = 42A7" and age = 6.9A7", p=2 and k =0.025
eV/A® were optimized by fitting UV melting curves
of three short heterogeneous DNA sequences (6). The
stacking constant k is sequence-independent and
represents an average value of the stacking energy of
the different dinucleotides. Here we used DNA melt-
ing measurements and published data (18) to derive
10 k-parameter values, corresponding to the 10 dsDNA
dinucleotide steps.

DNA melting studies

A pioneering experimental study of homogeneous and
periodic DNA oligomers (18), which reported large differ-
ences in the melting temperatures of poly(dAdT) versus
poly(dA).poly(dT) and poly(dGdC) versus poly(dG).
poly(dC) formed the basic inspiration for the present
work. To obtain precise measurements suited to our
needs, we performed UV absorbance melting measure-
ments of six synthetic DNA oligonucleotides designed to
contain simple repeating combinations of different dinu-
cleotide steps (Table 1). The absence of hairpin, G-quartet
or other secondary structures in the DNA samples
was verified by native polyacrylamide electrophoresis
(PAGE) on the samples at various concentration and tem-
peratures. A poly(dAdT) oligo consistently formed hair-
pin structures even when annealed at high concentrations
and at different salt concentrations, and was discarded
from the study. For the simulations, we used the
poly(dAdT) melting data presented by Wells et al. (18).
As expected, the poly(dG) DNA displayed unusual bands
in the presence of K ions, but was of homogenous com-
position with the same gel mobility as control dsDNA in
the sodium phosphate/EDTA buffer used for the melting
studies (data not shown). None of the remaining oligos
used for the melting simulations (Table 1) displayed any
non-dsDNA structures as judged by the PAGE assay
(data not shown). The melting temperatures obtained
from UV absorbance measurements are shown in
Table 1. Our data are consistent with those reported by
others (18) in terms of the order of melting temperatures,
with quantitative differences due to the different experi-
mental conditions, including buffer composition and the
defined length of the oligos.

Melting temperature simulations

To establish a protocol for simulating the experimental
DNA melting data (see Materials and Methods section),
we used a recently developed MC method (9,12) with the
original PBD average stacking constant, and reproduced
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the melting temperature of a known heterogeneous DNA
sequence (6). Previously, we showed that the melting tem-
perature of a given DNA sequence predicted by PBD MC
simulations varies almost linearly with the value of a
chosen average stacking constant, while the shape of
the melting curve does not significantly depend on this
constant (12). These results were used to obtain the stack-
ing constants kgg and ks for the poly(dG).poly(dC) and
poly(dA).poly(dT) oligos. Next, we obtained the average
stacking constants for the poly(dAdT), poly(dAdC).
poly(dGdT), poly(dAdG).poly(dCdT) and poly(dGdC)
oligos by fitting to the experimentally obtained melt-
ing temperatures. To extract the individual stacking
constants from these average values we relied on the
following observation: it can be easily shown for widely
separated DNA strands that in the harmonic stacking
limit the partition function for any given sequence can
be expressed exactly in terms of an average stacking
constant

kaverage =

where k; are the individual stacking constants of the dinu-
cleotides present in the sequence. This relationship yields
one equation connecting each pair of stacking constants
participating in the oligos poly(dAdT), poly(dAdC).
poly(dGdT), poly(dAdG).poly(dCdT) and poly(dGdC).

A second equation is derived from of the ratios kga/
kag, kcalkac, kat/kta, whose values were obtained
from the literature. The proper choice of base stacking
constants for a given DNA model is hampered by the
complexity of the stacking interaction, and the difficulty
of separating the individual contributions to dsDNA sta-
bility (28). It should be noted that the choice of constants
also depends on the model, as evidenced by a number of
seemingly conflicting sets of base stacking energies
reported in the literature (28). Given the identical hydro-
gen bonding patterns, reproducing the large difference in
the melting temperatures of the polyGG and polyGC
oligos, shown in Figure 1, requires a very weak GG/CC
stacking term. As thoroughly described previously (28),
there is ample evidence that a GG/CC stack dinucleotide
is indeed remarkably unstable compared with GC/CG.
To be consistent with this observation, we obtained the
necessary stacking force constant ratios from a well-
established set of intrinsic stacking energies calculated by
Sponer et al. (29) from force-field calculations with the
empirical AMBER force field (30).

The initial values for the individual PBD stacking con-
stants were calculated using the above two independent
relations. These values were further adjusted to fit the
experimental melting data using the previously established
MC protocol (Materials and Methods section). The final
10 stacking constants are shown in Figure 2.

The uniform stacking PBD was conceived largely as
a qualitative model aimed at reproducing the basic char-
acteristics of DNA melting transitions. Here, we introduce
a more quanitative model that is capable of predicting
melting temperatures for the given, physiologically
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Figure 1. Normalized UV absorption melting curves for the
(dG)36.(dC)36 (squares) and (dGdC),5.(dGdC),g (circles) oligos.
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Figure 2. Values of the obtained PBD base stacking force constants in
eV/A?. The identity of the 10 dinucleotide steps is shown below the
bars. The stacking force constants are shown as vertical bars. The
dashed lines indicate the stacking constant of the average stacking
PBD model (black) and the average of the 10 stacking constants of
the sequence-dependent PBD model (red).

relevant buffer conditions. The sequence-dependent PBD
model has an average stacking constant that is 10% lower
(Figure 2) than in the homogenous stacking PBD.

The sequence-dependent stacking force constants were
tested on, and accurately reproduced the melting tem-
perature of poly(dAdGdC).poly(dGdCdT) (Figure 3).
A comparison of the experimentally determined DNA
melting temperatures, and the predictions of various
DNA models is shown Figure 3. As can be seen from
the figure, the previous PBD model, like most other
DNA models performs well for mixed sequences of inter-
mediate G/C content. However, these models fail for
sequences of 100% G/C or A/T content. The new
sequence-dependent PBD was derived from the shown
experimental data (Table 1, Figure 1) and strictly for the
given experimental conditions (buffer, salt, DNA concen-
tration). Nevertheless, the advantages of DNA sequence-
dependent stacking PBD potential over the previous
average stacking potential for thermodynamic and
dynamic simulations of genomic sequences are obvious.

100 1 e Experiment
8 = sdPBD
PBD
90 NN
1 — NNZ
e salt adj.
5 807 e
£ 701
‘_
60
501
40

CGs GG AGC: ACs AGis Ahss

polyAT

Figure 3. Experimentally determined and calculated melting tempera-
tures of periodic and homogeneous dsDNA sequences. The calculated
melting temperatures [T, (°C), on the vertical axis] are identified as
follows: experimentally determined, green bar; sequence-dependent
PBD (sdPBD), red; average stacking PBD (asPBD), brown; NN ther-
modynamic model (NNI, http://www.promega.com/biomath/calcl]1.
htm (16), dark blue; NN thermodynamic model (NN2, http://www.
basic.northwestern.edu/biotools/oligocalc.html) (14,31), light blue; salt
adjusted model calculated with a regression (http://www.promega.
com/biomath/calcl1.htm) (32), dark grey; basic regression model
(http://www.promega.com/biomath/calcl1.htm) (33), light grey. The
identity of the sequences is shown bellow the bars.

To further evaluate the performance of our extended
PBD model, we repeated simulations previously reported
by others. Zeng et al. (26) experimentally determined the
length and statistical weight of local DNA denaturation
bubbles at various temperatures. The PBD model was
quite successful at reproducing the nucleation size of inter-
nal denaturation bubbles observed in these experiments
(9), in contrast to thermodynamic models of DNA melting
(26). We repeated the PBD MC simulations (9) with the
new sequence-specific stacking constants and found that
the two models perform equally well at reproducing
the experimental data (data not shown). A more detailed
comparison of the two PBD simulations (Figure 4)
reveals that the predicted bubble locations are nearly iden-
tical. However, the bubble amplitudes predicted by the
sequence-dependent model are more pronounced, to
various degrees, than the amplitudes predicted by the
homogenous stacking model. This effect is independent
of the overall baseline shift due to the slightly lower
average stacking potential in the new PBD. In this case,
the main effect of the intricate cooperativity introduced
by the sequence-dependent stacking is larger amplitudes
in the bubble-forming region of the DNA sequence.

In addition to the bubble probabilities and amplitudes
that can be calculated using PBD MC and thermodynamic
methods, Langevin dynamics simulations yield the
lifetimes of transient DNA bubbles (B. S. Alexandrov
et al., submitted for publication; 27). Here, we repeated
previous simulations of the DNA bubble dynamics of the
P5 adenoassociated virus core promoter (100bp) and a
transcriptionally silent P5 mutant variant (27). In vitro
transcription, single strand nuclease data and PBD ther-
modynamic calculations for this promoter (7,21) have



shown strong correlation between transcriptional activity
and the presence of a transient bubble at the transcrip-
tional start site. PBD Langevin simulations suggested
that bubbles occurring at the start site are more stable
than equally likely but shorter lived bubbles forming at
the TATA-box of this promoter (B. S. Alexandrov et al.,
submitted for publication; 27). A propensity of the
P5 start site to open transiently was also suggested by
in vitro transcription experiments, in which negative super-
coiling of a circular DNA template was equivalent to intro-
duction of a 5bp mismatch at the start site of a linearized
template (21). Figure 5 shows bubble lifetimes calculated
from PBD Langevin dynamic trajectories of the PS5 pro-
moter with the sequence-dependent stacking potential.
The simulations predict a stable bubble at the P5 start

--------- Average stacking constant
Sequence-dependent stacking
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Figure 4. Average strand displacements for the sequence L60B36, cal-
culated by MC PBD simulations with an average (dashed line) and a
sequence-dependent (solid line) stacking term. Strand displacements are
presented on the vertical axis in A. The base pare position is shown on
the horizontal where base pair | is the first base at the 5" end of the
sequence.
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site, and a lack of dynamic activity at the same location in
the transcriptionally silent mutant. The recalculated, with
the new stacking, bubble life times, for the P5—wild-type
and P5 mutant promoters, showed more delineated differ-
ences than previously reported (27).

CONCLUSION

We have obtained 10 base stacking force constants that
systematically improve the performance of the PBD model
for homogenous and periodic DNA sequences. The new
stacking constants are all within 20% of the previously
used average stacking constant, suggesting that previous
PBD calculations on mixed DNA sequences are reason-
able. The experiments and numerical simulations reported
here show that the GG/CC dinucleotide stacking is
remarkably unstable, compared with the GC/CG and
CG/GC dinucleotide steps. Similar experimental results
(18) and ab initio and force field calculations (28,29)
have been reported, but have been frequently overlooked
due to the strength of the G—C hydrogen bond, which
dominates as a determinant of dsDNA stability.
However, such differences in the base stacking interactions
must contribute to the dynamic behavior of G/C-rich
genomic sites, with likely relevance to genomic function.

The modified PBD model demonstrates significantly
improved performance in predicting melting temperatures
for all tested homogeneous and periodic DNA sequences,
regardless of G/C content.

As we previously reported, PBD dynamic and thermo-
dynamic calculations predict the existence of transient
thermally induced bubbles at the transcriptional start
sites of many eukaryotic promoters. Langevin dynamic
simulations with the new PBD model on the A/T-rich
viral P5 promoter strongly support these predictions.

Average Lifetime [ps]

Position

Figure 5. Average bubble times (color scales) for (A) P5-wild type and (B) PS-mutant promoters. The bubble times are given in picoseconds on
the color scale. The bubble length is shown on the vertical axis in units of base pairs. The positions of the base pairs are shown relative to the

transcription start site (+1) on the horizontal axis.
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