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Effects of torsional strain on thermal denaturation of DNA
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A class of simple statistical mechanical models for DNA melting, first proposed by Poland and Scheraga, has
been demonstrated to exhibit a first or second order thermodynamic singularity, notwithstanding the intrinsic
one-dimensional nature of the problem. In the present paper we consider the case of circular DNA and show
that the inclusion of twist elastic energy in the Poland-Scheraga models leads either to suppression of the
thermodynamic singularity or to a weak, third order singularity. Such behavior may also be present in linear
DNA under mechanical influences that preclude the release of torsional strain.
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The thermodynamic properties of DNA near the melting, [N,—o(N,+N;) ]2
or denaturation, point have become the focus of intense in- H=K N, —€oN;+ Ugy. (1)

terest in the theoretical physics commurity-5]. A class of

simple models, proposed in their original form by Poland ' . . - . .
- L . The first term in Eq(2) is the distributed twist elastic energy.
and ScheragéP9 [1], exhibits a thermodynamic singularity, ghe untwisting imposed by the unbinding i§ base pairs is

e e b o e o e cggsumec 0 prodce  istpropartonaNgon the emai-
' 9 ing N, intact bases. Herer quantifies the extent to which

E)i\éﬁj dseeotl:_t\llcz)r;jmlgs%? rgspsatuerﬁg?r?“:uzbrlzﬁ df)l:ﬁ vt/raelite'lqhizﬁ]e circular chain is underwound or overwound. The limit
POy P 9 ; g=1 corresponds to complete unwinding of the DNA. When

produces an effective long-range interaction that leads to ‘3<0, the DNA duplex is overwound. The constaitis

thermodynamic singularity in this one-dimensional system. : . A i
; ) roportional to the torsional rigidity of double helical DNA
Depending on whether excluded-volume effects betwee ll<~10_12 erg). The second and third terms describe, re-

single and duplexed strands are or are not taken into accou Lsectively, the base-pairing energyyt-2 keal/mole) and
the thermodynamic singularity can have the character of eiz Y, P 9 %o

ther a first[2] or a second ordef3] phase transition. We thev\elzxclgltljed-vol_umehlnterr?ctlonbn;]ent_lone? ?]k_)ove. lized

denote those two alternatives as case | and case II, respelg—I e will examine the phase behavior of this generalized

tively. o.and—Scherag'a} model in thngrand canonical ensemble, in
Experimental studies of DNA melting have not yet pro- Wh'Ch. _the partition funct|onZ_ (Zl’.ZZ) depends on the

vided any clear support for the presence of a thermodynamiti"g.""C'tleszl andz, of, respectively, intact and broken base

singularity. In particular, optical absorption studies of thePalls as

transition usually yield smoothly sigmoidal behavijéi, al-

though this might be attributed to finite size effects or to the

sequence heterogeneity of DNA. However, the PS models do

not incorporate an additional important effect, namelgs-

tic strain. It is well known that stretching DNA can cause

denaturatior 7]. We will focus on the case of denaturation- i , o

inducedtorsional strain. As shown in Fig. 1, because of the NUmbersNy ; of, respectively, intact and brokenﬁt())ase pairs 1s

interwinding of the two strands of duplexed DNA, a dena-elated to the corresponding partition functizly_Y, of the

turation bubble induces extra elastic twist in the undenaturedtress-free PS model by

portions of the strand. For circular DNA, this strain energy

cannot be relieved in the absence of special cutting enzymes, OO OO0,

and progessive supercoiling can be expected to arrest the

denaturing transition. The thermal denaturation of circular

DNA is well known to be sensitive to the degree of over- or

underwinding of the loop before it is clos¢fl]. In the bio-

physics literature, sigmoidal thermodynamic behavior is also
connected with the development of supercoil[8g
It is the aim of this Rapid Communication to demonstrate 2000000\,
that, when supercoiling is included in the PS model for the
case of circular DNA, the thermodynamic singularity is, in-

deed, smeared out or seriously weakened by induced tor-
sional strain. The starting point is the inclusion of distributed FIG. 1. The creation of a denaturation bubble induces extra twist
twist energy[9] in the PS Hamiltonian: in the undenatured portions of DNA.

N;_N
ZK(Zl’ZZ):lef\nz zllzZZZﬁlsz, 2

The partition functionZ . of a chain with prescribed
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Applying Cauchy’s theorem to E@2), we obtain

2 — BKNZ/N; 7K =0 ‘
& 2V f g b (2 Case II
N.,N, 2.7 1 2 ZT1+1ZIZ\|2+1 . 8

(4)

The functional form oZ¥=%(z,,z,) near the thermodynamic
singularity of the PS models adopts one of two different

forms: FIG. 2. Dependence of the fraction of broken pats=N,/N
K=o on the reduced temperatutdor case Il withp,=0.5 ando=0.
Z°7%(z1,25) o {[ ze(1) — z1 ]+ c(Dt+b(D[ ze(1) — 2,] The dashed curve showw!(t) for the K=0 case, i.e., with
_ denaturation-induced twist energy fully relaxed. The solid curve
—a()[z(1) ~ 21"} 4 (5a) showsM (t) for BK=1. In the second case there is no thermody-
namic singularity. The melting transition in the strain-unaffected
75792y, 25) {[ ze(I1) — z4 ]+ (It case is at=0.

+a(l[ze(I)—2z]"1} 4, (5b)

—10—8—6—4—2024t

Z%=%0,2) (M—0)(2—-M—o0)
wherezg(1,11), c(l,11), a(l,1l), andb(l,1l) are positive num- In z ]_ K (1-M)2 ' (83
bers that depend oBe,. The parametet is the reduced
temperature, which vanishes at the melting point. The expo-
nentsp,>1 and 0<p;<1 play a key role in the thermody- M B z ZK=0,0 8b
namic properties of the melting transition. 1-M ZK=9%02) 9z (02). (8b)

Case I[Eq. (53] corresponds to PS models in which
excluded-volume interactions are included, both for the more ) )
flexible single strands and for double strands. These interac- We first focus on the case=0. Using Eq.(5b) for
tions lead to a first order melting transition. However, in case?" (0.2), we obtain the results fawl(t) shown in Fig. 2.
Il [Eq. (5b)] excluded-volume interactions are included only FOr case lithere is no thermodynamic singularity a&0.
between single strands. In case Il, at the critical temperatur&he functionM(t) has a smooth, sigmoidal behavior, even
t=0 a pole in the complex plane merges with the branch cufor very small values of, and there is no specific heat
Starting atze(”)' Corresponding to a continuous phase tran_anomaly. PhyS|Ca”y, this is due to the continuous arrest of

sition. The mean length of a denaturation bubble diverges df'€ denaturation by the buildup of strain energy as more and
t=0, while the correlation lengtl(t) diverges ag/P1, and ~ More bubbles open. The transition is never completed, and

the specific heat exponent=2—1/p, . The powerp, thus  the “denatured” case consists of large bubbles connected by
plays the role of a critical exponent, and hyperscaling igightly twisted double-stranded sections. For case |, the ther-
obeyed with the dimensionalitgt equal to 1. In case |, the Modynamic singularity is not completely removed, but the
mean size of a bubble remains finite at the critical temperafl'St Order phase transition is transformed into a weak, third
ture. The melting transition is first order. order transitior{10] (see Fig. &

Performing the integration over, in Eq. (4) we obtain

M=N, /N  K=0

Zy, n,* j; dzexd —Nf; ;(z,M)] (6) -1 -2 >t % C

0.9

with M=N,/N the fraction of all pairs that are broken, and 0.8 Case I

z=12,. The functionf, , is the sum of entropic and enthalpic 0.7

terms: 0.6

fLn(zM)=M Inz+(1—-M)In[Z°(0,2)] _----_-%v:‘ BK—l
+BK(M—=0)?/(1-M). 7 0.3 /
In the thermodynamic limitN—-ce, but with M finite the FIG. 3. Dependence of the fraction of broken pafs-N,/N

partition function is dominated by the minimum f, with  on the reduced temperatutdor case | withp,=1.5. The dashed
respect to botlz andM. Effectively f, ,(z,M) plays the role  curve showsM(t) for K=0, and the solid curve showd (t) for

of a Landau variational free energy per base pair. This leadgK=1. In the second case, there is a third order thermodynamic
to the following coupled equations of state fdr(t): instability.
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M=N, /N t (O)
1 —=—=""6=0.8

c=0
__{/ 0=—0.8 : Case I

-1 -0.5 0.5 1 1.5 t

FIG. 4. Dependence of the fraction of broken paits=N,/N
on reduced temperatutdor different values of the degree of over- FIG. 5. A plot of the transition temperatutés) of under- and
and underwinding for case | with,=1.5 andBK=1. Foro#1 overwound DNA as a function of the degreeof over- or under-
there is a third order thermodynamic singularity. feor 1 the first ~ winding, for case | withp,=1.5 and BK=1. Wheno=1, the
order singularity of standard case | PS models is recovered. Thimterwinding of the two strands of duplexed DNA has been
dashed curve is the fraction of broken pairs when 0. removed.

W_e now turn to the effects of nonzero \_/glues for the un It thus seems clear that inclusion of denaturing-induced
derwinding parametear on the melting transition. In the case . : :
- S . - _stresses in the PS model for circular DNA either removes the
of a transition that is first order in the absence of strain-

related effectgcase J, we find that, with one exception to be thermodynamic singularitycase 1) or weakgns I t_o such an
outlined below, underwinding or overwinding does notextent that one would encounter great difficulty in observing

change the qualitative effect of strain energy on the transi'—F experimentally(case J. The one exception is the introduc-

tion. The “renormalization” of the order of the transition is tion of “complete” underwinding, corresponding to the un-
the same, although the transition temperature will chang€€rwinding parametes=1. However, an important limita-
with o. Figure 4 displays the dependence of the denaturefion on the present model is that we have assumed that the
ratio N, /N on the reduced temperature for different valuesstrains created as the result of the appearance of denaturation
of . Of note is the fact that underwinding can lower the bubbles are taken up entirely in the form of torsion of non-
transition temperaturbelowits value forkK =0. Underwind- ~ denatured sections. On the other hand, the denatured section
ing also enhances denaturation at low temperatures, evenay be able to absorb some part of the torsional stress. It
though the full transition is frustrated. This qualitative resultappears very unlikely that either effect will “restore” the
is in general accord with recent experimental observationsritical behavior encountered in the absence of coupling to
[11]. strain. It is well known that torsional stess on undenatured
Figure 5 displays the transition temperature of under- angbortions of DNA also producewrithing, e.g., formation of
overwound DNA as a function of. Note the minimum in  heterogeneous three-dimensional interwound plectonemic
the transition temperature at=1. At the special valuer  structures. It is likely that the effect of writhing will be to
=1, which corresponds to a strand of duplexed DNA thatsuppress the reappearance of the first order transition for
has been underwound to the point that the two individuaF 1, because plectonemic structures are inherently inimical
strands are completely unwound, the transition temperatur® strand separation. Such structures might account for the
is lowered, and the first order transition to full denaturing isnonmonotonicity of melting temperature as a functionoof

recovered. observed if11].
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