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overlap of π molecular orbitals 
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Stacking interaction. 
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A coarse-grained model, 
grouping the nucleotides 
in one unit  



Parameter values  [from Campa, Giansati, Phys. Rev. E 58, 3585 (1998) ] 
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Improvement of the PBD model: 
sequence dependent stacking parameters 

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

L60B36 used in the MC simulations is 50-CCGCCAGCG
GCGTTATTACATTTAATTCTTAAGTATTATAAGT
AATATGGCCGCTGCGCC-30. The sequence of the P5
promoter used in the Langevin simulations is 50-ACGCT
GGGTATTTAAGCCCGAGTGAGCACGCAGGGTC
TCCATTTTGAAGCGGGAGGTTTGAACGCGCAG
CC-30. The underlined AT residues at the transcriptional
start site are replaced with GC in the transcriptionally
silent P5 mutant promoter (7).

DNAmelting 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,
1mM EDTA. The complementary oligos were annealed
by heating to 1008C 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 208C–1058C at 250–280 nm on a
Varian Cary 50 Bio UV/Vis spectrometer equipped with
a Peltier probe. The temperature was varied by 0.58C/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 10 Å and a strand separation threshold of
yn! 1 Å, 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
P5 promoter were conducted as previously described,
using the determined here new sequence-dependent
stacking term.

RESULTS AND DISCUSSION

The PBDmodel

The potential energy of the PBD model is
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where the sum extends over all N base pairs of the DNA
molecule and yn 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 Dn and an in this term denote
the nature of the n-th base pair, i.e. A–T or G–C.

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

dsDNA Melting Temperature,
Tm (8C)

Stacking
constant

(G)36.(C)36 74 kGG

(GC)18.(GC)18 96 kGC, kCG
(AC)18.(GT)18 67 kAC, kCA
(AG)18.(CT)18 59 kAG, kGA

(A)36.(T)36 45 kAA

(AGC)12.(GCT)12 75 kAG, kGC, kCA
poly(AT).poly(AT)a 38a kAT, kTA

aTm taken from Ref. (18).
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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.

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 PBDMC 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 (100 bp) 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

Figure 3. Experimentally determined and calculated melting tempera-
tures of periodic and homogeneous dsDNA sequences. The calculated
melting temperatures [Tm (8C), 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 (NN1, http://www.promega.com/biomath/calc11.
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/calc11.htm) (32), dark grey; basic regression model
(http://www.promega.com/biomath/calc11.htm) (33), light grey. The
identity of the sequences is shown bellow the bars.

Figure 2. Values of the obtained PBD base stacking force constants in
eV/Å2. 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).

Figure 1. Normalized UV absorption melting curves for the
(dG)36.(dC)36 (squares) and (dGdC)18.(dGdC)18 (circles) oligos.
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Successes of the PBD Model 
§  Predicts a sharp melting (denaturation) transition of long DNA 

chains.                                  Dauxois, Peyrard, Bishop, Phys. Rev. E 47, R44 (1993) 

Choi, Kalosakas, Rasmussen, et al., Nucleic Acids Res. 32, 1584 (2004) 
Alexandrov, Gelev, Yoo, et al., PLoS Comput. Biol. 5, e1000313 (2009)  

Apostolaki, Kalosakas, Phys. Biol. 8, 026006 (2010) 
Huang, Lindblad, J. Biol. Eng. 7, 10 (2013) 

§  Quantitatively reproduces melting curves of short heterogeneous and 
periodic DNA segments (20-40bp).        

§  Provides the characteristic multi-step melting observed in single 
heterogeneous DNA molecules.           Cule, Hwa, Phys. Rev. Lett. 79, 2375 (1997) 

Campa, Giansati, Phys. Rev. E 58, 3585 (1998) 
Alexandrov, Gelev, Monisova, et al., Nucleic Acids Res. 37, 2405 (2009) 

§  Accurately predicts the position of large base pair openings due to 
thermal fluctuations in DNA gene promoter sequences (at functionally 
relevant sites). 

§  Guides the design of promoter variants controlling transcriptional 
activity through genetic engineering. 

Alexandrov, Gelev, Yoo, et al., Nucleic Acids Res. 38, 1790 (2010) 
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Alexandrov, Gelev, Yoo, et al., 
Nucleic Acids Res. 38, 1790 (2010) 

Separate contributions of DNA dynamics and TF binding 
to transcriptional activity 

SCP1 (artificially constructed) 
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Non-Exponential Decay of Fluctuations 

Local displacement 
autocorrelation function 

Local energy  
autocorrelation function 

Slow fluctuations: 
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Quantifying the stretched exponential parameters 

filled symbols  -->  CD 
open symbols  -->  CE 

Activation energies 4-6 kJ/mol 
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T-dependent Structure Factor 

Voulgarakis, Kalosakas, Ramsussen, Bishop, Nano Lett. 4, 629 (2004) 

Time evolution of a thermalized Τ7 bacteriophage 
sequence (~70bp) à  S(q,ω) 
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Lyapunov exponents of heterogeneous DNA sequences  

Hillebrand, Kalosakas, Schwellnus, Skokos, Phys. Rev. E 99, 022213 (2019) 
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Charge-Lattice interactions 
Komineas, Kalosakas, 
Bishop, Phys. Rev. E 65, 
061905 (2002) 
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χ=0.6 eV/A,    t=0.1 eV,   initial condition: ground state at T=0 K (~20 sites polaron) 

Kalosakas, Ramsussen,  Bishop, J. Chem. Phys. 118, 3731 (2003) 



Anomalous diffusion at higher T due to vibrational hot spots 

Kalosakas, Ngai, Flach,  Phys. Rev. E. 71, 061901 (2005) 

0,
( 0)n n nt δΨ = =

χ=0.6 eV/A, 
t=0.1eV 

Anomalous diffusion (sublinear diffusion 
and a plateau) at higher T  

Nonlinear on-site interaction: 
modified exponential law 
 

Linearized case: power law 
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localized at the site n0 
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Kalosakas, Phys. Rev. E 84, 051905 (2011) 

Dependence of D(T) on the electron-phonon coupling constant 
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