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Denaturation of supercoiled DNA: a Monte Carlo study
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Abstract

A theoretical investigation of the denaturation characteristics of a supercoiled DNA has been presented employing
a Metropolis Monte Carlo algorithm to examine the overall melting profiles of a supercoiled plasmid as the
temperature is varied. We show that in contrast to a previously presented algorithm, this much simpler method is
sufficient to explain almost all the overall denaturation characteristics and it also correctly calculates the detailed
denaturation probabilities of each base pair at various degrees of supercoiling. We also present for the first time a
theoretical investigation of the alkaline denaturation of a supercoiled plasmid. Although one can qualitatively
reproduce the denaturation profiles using the present Monte Carlo algorithm, the agreement with experiment is not
as good as in the case of thermal denaturation. The possible sources of discrepancy between theory and experiment
have been discussed. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction biochemical processes, like transcription, replica-
tion, recombination and the binding of unwinding
proteins [6-9].

A supercoiled DNA can be imagined as a closed

Although more than 30 years have passed since
the discovery of DNA supercoiling [1], interest in

it is still very much alive [2-5]. This is due to the
realisation that DNA in living organisms almost
always exists in supercoiled form and the excess
free energy of supercoiled DNA facilitates several
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circular ring made up of two intertwined DNA
strands. The strands are composed of comple-
mentary base pairs which under proper conditions
form hydrogen bonds with each other and give
rise to a double-stranded helical pattern desig-
nated as the B-DNA structure. The B-DNA struc-
ture is additionally stabilised through stacking
interactions between successive bases of each
strands. Under elevated temperature or change in
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the pH and ionic strength of the solution, the
hydrogen bonds may be broken and the base
stacking disrupted. Study of such denaturation
transitions, both experimentally and theoretically,
has helped a lot in understanding the role of
supercoiling in influencing DNA structure and
energetics.

Theoretical calculation of partition function of
a supercoiled DNA undergoing conformational
transition has received much attention over the
years. A population of supercoiled DNA will fol-
low a distribution probability of its conformatio-
nal state at thermodynamic equilibrium given by
Z=Y.e ©/RT: where G, is the free energy of
conformation of the ith state, R is the universal
gas constant, T is absolute temperature and Z is
the partition function. It was perceived early on
that the methods usually employed for rapid eval-
uation of partition function for linear DNA are ill
adapted for this case. The problem resided in the
fact that whereas in the case of a linear DNA
molecule one can consider the transition to be
influenced by the states of a small number of
neighbouring bases, in the case of a supercoiled
DNA such a view is essentially incorrect. The
topological constraint is defined by L, =T, + W,
for closed circular DNA, where L,, the linking
number, is the number of times the two strands of
a closed DNA duplex cross over each other; T,,
the twisting number of a DNA, is the number of
base pairs per turn of the double helix; and W,,
the writhing number, is the number of times a
duplex axis crosses over itself in space. Under
these constraints the states of all the bases in the
molecules are correlated, i.e. dependent on each
other, at least in principle.

The first rigorous approach to this problem was
formulated for -calculating the denaturation
probabilities of a supercoiled DNA [10]. In this
work, two algorithms were suggested. One was a
modification of an earlier algorithm by the same
group for calculating the denaturation probabili-
ties of a linear DNA [11] such that the proper
contribution of the supercoiling energy was taken
care of. The second algorithm was much simpler
but involved a very substantial amount of approxi-
mation. It was based on the idea of self consistent
calculation of the required quantities. The first

algorithm, although quite accurate, had the disad-
vantage that it could not be extended to include
more than two states for the base pairs. An
approximate approach to take care of multiple
states under transition was suggested much later
[12].

However, a fresh approach was suggested to
solve the denaturation problem [13]. This method
involves counting of low energy states and also
the states available through thermal fluctuations.
A number of biologically important sequences
were examined proceeding from this approach
[14]. At the same time, another statistical me-
chanical approach was made by Kastura et al. to
predict the non-B-form transition probability in a
supercoiled DNA [15]. This method has intro-
duced a kind of renormalisation of statistical
weight for each of the secondary structures (B-
form, interior loop, Z-form and cruciform) con-
sidered under transition.

For the present study, we utilise the impor-
tance sampling scheme in Monte Carlo methods.
This avoids the necessity to calculate the partition
function while yielding all the equilibrium aver-
ages of interest. We have simulated the thermal
and alkaline pH induced denaturation transitions
in supercoiled DNA. Sun et al. [16] have devel-
oped a Metropolis Monte Carlo algorithm to ana-
lyze the strand separation transitions in superhe-
lical DNA. They have used a complicated set of
moves, called shuffling operation, that randomize
the location of unpaired regions to minimize the
correlation among the sampled states. In this
calculation a very large value of nucleation en-
ergy was used to locate the instability in the
B-lactamase gene region of plasmid pBR322. The
probability of change of secondary structure of a
base pair was much less since nucleation energy
had been taken to be large. Hence successively
sampled states remained highly correlated and
equilibrium distribution could be reached only
very slowly. For this the authors had to use the
shuffling operation so as to decorrelate successive
sampled states. Furthermore, they did not apply
their algorithm for determination of denaturation
profile of supercoiled DNA. We have used a low
nucleation energy (e, = 2.5 kcal /mol) [17,18] in
our calculation which has helped us to do away
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with the necessity of introducing shuffling proce-
dure to reach an uncorrelated state. It had also
been shown [19] that at nucleation energy (e,)
values higher than e, = 2.5 kcal /mol the melting
transition becomes sharper and loses the true
transition characteristics of a supercoiled DNA.

2. Method

The bases in a supercoiled DNA can be imag-
ined to have a multiple number of states available
to them, depending on the type of transition
being analyzed. In thermal denaturation, accord-
ing to the usual practice, we designate the base
pairs to be in the helix state (h) and those un-
paired, in the coiled state (c). For alkaline denat-
uration, since the disruption in base pairing may
be due to ionization of the nitrogeneous bases, we
introduce a third type of state, which we desig-
nate as ionised coil (ic).

In the Metropolis Monte Carlo scheme [20]
used here, one considers a fundamental move
consisting of the following two steps:

1. generate a candidate state, j, from the cur-
rent state, i, according to a specified
probabilistic rule; and

2. use the energy difference between the two
states to determine which step is to be se-
lected as the new current state.

In step 2, the Metropolis criterion [21] is to be
used: accept the state j with probability = exp[(G,
— G))/KgT1if G;> G; and with probability = 1 if
G; < G;. Here G; and G; are the free energies of
the ith and jth states, respectively.

For the particular model presented here, the
above scheme is realised in the following manner.

Each configuration of the DNA is represented
by a sequence of base states: h, ¢ or ic. The
energy of the system changes when one base pair
undergoes a transition. Contributions to this en-
ergy change come from different sources.

The factor that creates the major difference
between the linear and supercoiled DNA is desig-
nated as the supercoiling free energy. This energy
originates from the elastic deformation of the
DNA duplex under the condition of supercoiling

and has contributions from both twist- and bent-
deformed potential. The writhing energy arises
from bending deformation and is assumed to vary
with the square of the bending. Radius of curva-
ture at each point of the bent molecule is equal
to the radius of a circle whose circumference is
equal to the contour length of each writhing turn.
Under these considerations the supercoiling free
energy of DNA which is N base pairs long,
having n base pairs in the coil state is given by
[19,22]

o 2miCaLk n/Az)°
*  N+(a—Dn

D

where ALk is the linking difference, A; is the
number of base pairs per turn of canonical B-
DNA, and C and « are the functions of persis-
tence length and torsional rigidity of the DNA. It
should be noted that the functional form of su-
percoiling energy expression does not depend on
the exact partitioning of the effective linking dif-
ference into twisting and writhing because T, and
W, are related to the total linking number L,
through the linear relationship L, =T, +W,. It
will only change the value of C and « (for details
of expression see Sen and Majumdar [19] and Sen
and Lahiri [22]). Fluorescence depolarization, time
resolved fluorescence and dynamic light scatter-
ing measurements based on gel shifts and several
theoretical analyses showed that the torsional
rigidity of the double helical DNA varies in wide
range from 1 X 10719 to 4 x 10~ *° erg-cm [23-28].
The persistence length of a duplex DNA also
varies in a wide range [29]. The value of C used
by us in the calculation is within the range de-
rived from the reported values of bendability and
torsional rigidity. The change in the supercoiling
free energy AG, when one base pair goes from
helix to coil state or vice versa is calculated from
Eqg. (1) accordingly.

The other factors come from the disruption of
the hydrogen bonded structures and stacking
between the bases. Taking the helical state as the
reference, the free energy change during
helix—coil transition is given by

AG,=€—TAS + ¢, + AG, (2)
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where (e — TAS) represents the free energy of a
broken base pair and e, is the nucleation energy
for denaturation with AS determining the change
in entropy per base pair due to melting and €
represents the enthalpy change. In general, these
parameters are dependent on the base sequence.

When we consider the helix to ionised coil
transition, formation of ionised coils introduces
two more terms in addition to helix—coil transi-
tion; one is the ionisation energy and the other is
the screened coulomb interaction. A simple
derivation from the Henderson—Hasselbach
equation under conditions of reversibility leads to
the equation:

AGj,, = 2.303(pK, — pH) KT 3)

The free energy change involved in the screened
coulomb interaction [30] between the ionised
bases is given by

gige "
AG, . = Z % (4)

U r'ij

where « is the Debye parameter, r;; is the dis-
tance between the ith and jth base pairs, €, is
the dielectric constant of the medium, g; and g;
are the normal electronic charges of the ith and
jth base pairs, respectively, and pK,, pH and Kg
have the usual meaning. So, the energy needed
for the transition from helix to ionised coil is
given by
AGhic = Ath + AG'ion + AG'elec (5)
For coil to ionised coil transition the energy
parameters needed are only the ionisation energy
and screened coulomb interaction energy, i.e.
AG

= AC:"ele(: + AC;ion (6)

cic

The energy parameters described above are
more or less sequence dependent, e.g. the energy
needed for breaking the AT base pair is different
from that of the GC base pair. The energy needed
for transition depends also on the nearest neigh-
bour base pair, whether it is in helical state,
coiled state or ionised coil state.

1.0

0.8

Degree of melting

0.0 ¥———1—r——p—————

Cycles/base (X 100)

Fig. 1. The attainment of equilibrium is shown. The hollow
square corresponds to 55°C, the solid square to 75°C and the
hollow triangle to 95°C.

For two-state transition in thermal denatura-
tion, starting from an initial configuration where
all the base pairs are in helical state, we consider
the first base pair and apply the usual Metropolis
Monte Carlo technique. The next base pairs are
then sequentially chosen and this process is cont-
inued to the end of the sequence; one may call it
one Monte Carlo step per base pair (MCS /base).
The first few cycles are taken for the equilibration
of the system (Fig. 1). For calculation of any
parameter, discussed in the result, the ensemble
is considered after attaining the equilibrium.

In the analysis of transitions involving three
states, the choice of a state to make transition
from the original state to any of the other two is
made by the following rule: a random number is
generated and compared with 0.5 — if it is less
than 0.5, the choice for transition to one state is
made, if not, then it is tested for transition to the
other state. The method used for acceptance or
rejection of the new state is the same as described
above. The equilibrium values are calculated from
runs of 60000 MCS /base, rejecting the result of
the first 10000 MCS /base. We have ensured that
these are the true equilibrium states and they do
not show any correlation. We have calculated the
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degree of melting [which is ¢ /(¢ + h) for thermal
denaturation and for alkaline denaturation (c +
ic) /(¢ + h + ic)] taking the averages of the values
generated at the intervals 5 MCS/base, 7
MCS /base and 9 MCS /base and the results from
these three calculations show no appreciable dif-
ference. The values used to generate the denatu-
ration profile, both thermal and alkaline, are de-
termined by taking the average of the values
generated at intervals of 5 MCS /base. For calcu-
lation of denaturation probability profiles at a
fixed temperature, 50 blocks of 100 MCS /base
are employed for averaging. The programs are
implemented in FORTRAN 77 and run on a
Pentium-133 processor. A standard run involving
1000 MCS /base for ¢X174 plasmid (5386 base
pairs) is completed in approximately 22 cpu-sec.

3. Results and discussions

The method, outlined above, has been utilised
to calculate the melting characteristics of a super-
coiled DNA ¢X174 (ALk = —31) in TEA buffer,
where the effect of base pair heterogeneity is
minimised. We have plotted the overall melting
profile of the DNA as a function of temperature
in Fig. 2 and compared it with the experimental
data [31]. The parameters used in the energy
expressions for our Monte Carlo calculations are
e=7.9 kcal /mol, €, = 2.5 kcal /mol, AS =12 e.u.
and « = 23.4, as reported by Sen and Majumdar
[19]. The value of C is taken as 1.5 kcal /mol
which lies within the reasonable range as dis-
cussed previously. The Monte Carlo denaturation
profile is in good agreement with the experimen-
tal data. The discrepancy at lower temperature
may be due to the residual denaturation [32].
Lyubchenko et al. [32] have demonstrated that
denaturing gradient gel electrophoresis shows an
early melting of covalently closed circular super-
coiled DNA compared to the linear DNA. This
may explain the discrepancy observed when theo-
retical results are compared to experimental data
obtained by their group earlier [31]. The nucle-
ation energy parameter e, used by Sun et al. [16]
fails to explain even qualitatively the experimen-
tal denaturation profile, as provided in [31] (Fig.
3). This is in sharp contrast to the close match

1.0

08 /
06 /

0.2 - /

Degree of melting

00 +—r——7—"7—— 17—
40 50 60 70 8O 90 100

Temperature in °c

Fig. 2. Comparison of theoretically derived (hollow triangle)
and experimentally observed (solid triangle) melting profiles
of ¢XI174 DNA in TEA buffer (see text).

obtained in our theoretical analysis using the
nucleation energy parameter value (e, =25
kcal /mol) given in [17,18] (Fig. 3). When ¢ X174
DNA is taken in 7.2 M NaClO, solution, the
strong chaotropic activity cause the AT and GC

0.8 4

0.6

Degree of melting

0.2 ~

o+
40 50 60 70 80 90 100 110

Temperature in °c

Fig. 3. The curve represents the melting profile with nucle-
ation energy (e,) = 10.0 kcal /mol (hollow circle) and €, = 2.5
kcal /mol (solid circle).
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base pairs to show different denaturation ener-
gies. Under these conditions also the melting
profile simulation study through Monte Carlo
method using identical supercoil density yielded
good agreement with the experimental data (Fig.
4).

In Fig. 5 we have plotted the melting probabili-
ties of the individual base pairs of a naturally
occurring supercoiled pBR322 plasmid DNA
which was considered as a heteropolymer with
€xt = 7.2 kcal /mol and e = 8.2 kcal /mol [12].
We have included in the same figure the melting
probabilities of a hypothetical homopolymer of
the same length and supercoiling density (Fig.
5a). The difference in their profile is striking. The
pBR322 plasmid has very pronounced peaks
between 3200 and 3300 and also at the region
between 4150 and 4350 for native levels of super-
coiling, which is in complete agreement with other
theoretical calculations [13]. These are the termi-
nator and the promoter regions of the pg-lacta-
mase gene. Similar analysis with ¢ X174 showed
multiple regions of high peaks (Fig. 6). These
overlaps all the gene encoded in the DNA se-
quence. It is interesting to note that our method
is sensitive enough to identify the transcribing

/A

0.8 4:/
% 0.6 /

£

§0.4— /‘

0.2 - //

P
o
_ /A/‘
0.0 T T T T T T T T T T

40 50 60 70 80 90 100
Temperature in °C

Fig. 4. The melting profile of ¢X174 DNA in 7.2 M NaClO,
solution is represented by a solid triangle (hollow triangle for
theoretical profile).

regions from any segment of DNA through a
melting probability calculation. In Fig. 5b,c we
see that there is no significant change in the peak
regions with change of supercoil density, except
for an increment of peak height with supercoil
density.

As an extension to the three-state transition
problem of this Monte Carlo simulation tech-
nique we next studied the alkali denaturation
melting profile of ¢ X174 DNA. We have taken
pkoar = 10.47 and pkygc =10.0 [33]; e\ =7.2
kcal /mol and e = 8.2 kcal /mol [12]; dielectric
constant €, = 80.0; k~* = 4.4 A for ionic strength
corresponding to 0.5 M NaCl solution and tem-
perature 40°C. The distance between successive
base pairs in normal double helical B-DNA is 3.4
A. In the case of denaturation, the flexibility
arising along the DNA chain may change the
distance between successive base pairs; further-
more, since the supercoiled DNA actually is not
linear but bent (in many places), the distance
between ith and (i + j)th base pair can vary. For
the sake of simplicity, we have taken different
r., values to calculate the effective distance
between i and (i + j)th segments, neglecting the
angle between successive segments. We have ex-
amined how the melting profiles change with
change in r;;,, under the above assumptions. We
have also compared the denaturation profiles with
change of number of interacting bases. Increasing
the number of interacting bases from n =2, the
denaturation profiles (Fig. 7) do not cause drastic
change for the value of x chosen. The nature of
saturation with increment of n value is the same
for all r (the distance between successive base
pairs) values considered (data not shown). The
value of « is a function of bendability and torsio-
nal rigidity of the DNA at different states. Sen
and Labhiri [22] showed that for non-ionised po-
lymers the value of « is 23.4 under thermal
denaturation condition. For elevated pH, the
DNA may be considered as a heteropolymer poly-
electrolyte which has three states: helix, coiled
and ionised coil. The stiffness of the polymer is
expected to be higher for predominantly charged
coil regions and hence the value of o« would
change. Fig. 8 presents the alkali denaturation
profile of ¢X174 with the value o = 23.4 (taken
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Fig. 5. (@) The melting probability of a hypothetical homopolymer of pBR322 DNA with AL, = —30. (b,c) The melting
probabilities of the same DNA at the base pair level considering that as a heteropolymer with AL, = —30 and AL, = —41,

respectively.

from thermal denaturation) and « = 10. In both
cases, the distance between successive base pair is
taken as 3.4 A. If the value of « were taken to be
greater than 23.4, then the transition would have
been sharper and hence not representative for a

supercoiled DNA (data not shown). When com-
pared with the experimental data [34] the Monte
Carlo profile with « = 23.4 shows slightly higher
cooperativity whereas the profile with « =10
shows a slightly less cooperativity. The nature of
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Fig. 6. The melting probability of the ¢X174 (supercoiled
density, o = —0.06) at the base pair level.

the profile with the value o = 10 is similar to the
experimental value having a rightward shift. The
persistence length of a polymer varies to a large
extent at different ionic conditions [29] and con-
sequently the bendability will also change. So,
with change of pH, the bendability and hence the
value of a would change. But in the case of an
ionized polymer, the value of « and its exact
nature as a function of pH remains unknown.
Currently a number of groups have suggested that
the effective persistence length and torsional
rigidity at different pH should be calculated con-
sidering the DNA to be an elastic plus elec-
trostatic rod [3]. By incorporating the dependence
of « on pH we might be able to reduce the
discrepancy. In Fig. 8, we have also shown the
change of denaturation profiles with changes of
ri., value. Once we can determine the exact
nature of the variability of these values from
results of more rigorous experiments, we would
be able to reproduce the alkali denaturation pro-
file more accurately by this theoretical approach.
Finally, it should be noted that throughout our
calculation we have considered twisting and bend-
ing to be independent, although there are recent
works [35,5] which suggest the existence of such
dependence.

1.0

0.8 ~

0.6

Degree of melting

0.0 4+
7 8 9 10 11 12 13

pH

Fig. 7. Alkaline denaturation profiles of ¢X174 DNA for
different electrostatic energy. The energy has been truncated
after n base pairs; where n=1 (hollow circle), n=2 (solid
circle), n =3 (hollow triangle) and n = 4 (solid triangle).

The present method is of general applicability
in that it can in principle be extended to take into
account any amount of complexity. At high super-
coiling limit, these considerations are expected to
throw light on the structural features of non-B-
form DNA like V-form DNA. It has been shown
that when a plasmid DNA is taken to a highly
denatured state through alkali treatment it
sometimes attains a physical state, defined as
denatured supercoiled DNA. This structure has
been shown to harbour large regions of single
stranded DNA and behaves as a better biochemi-
cal substrate than supercoiled DNA [36]. Similar
structure has been shown to exist as a replication
intermediate by Baker et al. [37]. The present
analysis is a step towards the development of an
algorithm for generating such a structure through
Monte Carlo simulation.

4. Conclusions

We have proposed a Metropolis Monte Carlo
algorithm for calculating both the overall melting
profile of a supercoiled DNA and the detailed
melting probabilities of specific base sequences
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0.6

0.4 -

Degree of melting
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Fig. 8. Alkaline denaturation profiles of ¢ X174 DNA with o =23.4 and a =10 (with r;;= 3.402\) are represented by the triangle
(upward) and circle, respectively. The square reprents the denaturation profile with rj=31Aand a=234. Here, the value of
C = 1.66 kcal /mol has been used. The corresponding experimental melting profile is represented by triangle (downward, see text).

within the supercoiled molecule. The analysis has
the novelty that it is sensitive enough to identify
transcribing regions and may have good predic-
tive values for unknown sequences. We have also
proposed a multistate transition algorithm which
can be used for both temperature and alkali
transition. We found that the thermal denatura-
tion profile agreed closely with the experimental
data and previous theoretical analysis. The base
denaturation probabilities also show good agree-
ment with experiment and theoretical results. The
method, conceptually very simple, is of general
applicability and of comparable accuracy with
other more specified methods.
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