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We have calculated the relaxation time of a cruciform structure in superhelical DNA as a function of the

superhelix density for palindromic regions of different lengths. The relaxation time has a sharp maximum

at the superhelix density which corresponds to the equilibrium transition point between the cruciform

structure and the reguiar double helix. This maximai value is shown o depend dramatically on the iength
of the palindromic region.

Cruciform structure
Kinetics

1. INTRODUCTION

DNA in a cell usually has the form of a negative
superhelix. Palindromic sequences (inverted re-
peats) of such DNA may exist as cruciform struc-
tures. Such structures were predicted theoretically
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in [3]. Then the evidence of cruciform states in
natural DNA was obtained with the aid of the
single-strand specific endonuclease [4,5]. The final
proof of the existence of the cruciform structures

in naturai DNA was obtained with the nelp of two-

dimensional gel electrophoresis [6]. One of the
striking features of a cruciform structure is its
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large relaxation tlme, as first observed in [7] for a
giant artificial palindrome (about 1 min). The re-
laxation time of a 31 bp natural palindrome was
shown to be as large as many hours [6].

What is the reason for such an unexpectedly
large relaxation time? How does it depend on the
superhelix density and the length of the palindro-
mic region? To answer these questions we have
performed theoretical calculations of the relaxa-
tion time for the transition between the regular
double helix and a cruciform structure in super-
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helical DNA. The relaxation time is shown to
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depend dramatically on the superhelix density,
reaching a maximum of many hours or more.

2. THEORY

We consider the process of the first order:

I's
Bkm;c 0

where by B we denote the regular double helix and
by C the cruciform structure. The relaxation time
7 is:

7= (k1 + ky)™? [9))

We will calculate the back rate constant X3 and the
equilibrium constant K and then find the forward
rate constant &y = Kkz.

There are two different routes of decay of a
cruciform structure, both leading to the formatxon
of the regular double helix. The first route involves
the sequential disruption of base pairs forming the
stems of the two hairpins of the cruciform struc-
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an intermediate state that eventually collapses into
the regular double helix. The elementary step of
the second route consists in the concerted disrupt-
ion of two basepairs, one from each stem, im-
mediately followed by the formation of two addi-
tional basepairs in the principal double helix. This
route also involves the transient formation of an
open region, though the open region is much
smaller than in the first route. It is not formed
until the hairpins become so small that their stems
are unstable.

Which of the two routes is more rapid depends
on the temperature and the value of superhelix
density. In any situation that may be of interest the
first route is always less favourable than the second
one. Indeed, the formation of an open basepair re-
quires the free energy [8]:

AF = (T — T)AT—H +20(1 - b)RTo 3)

The first term in the right part of this equation is
the energy increase due to the disruption of the
basepair (T is the DNA melting temperature, AH
is the enthalpy of melting) and the second term is
the energy decrease due to the relaxation of stress
in the principal double helix as a result of this dis-
ruption (o is the superhelix density, see [8]). Substi-
tuting the typical values of AH = 8.5 kcal .mol™!,

m=2352K, T=293K and b = 0.4 (see [8]) gives a
AF value which is positive up to the —¢ = 0.1. Note
that we have chosen as T;, the melting temperature
of AT pairs. So even the melting of AT pairs is un-
favourable under real conditions. We conclude
that for each elementary step the second route is
preferable to the first one. In a qualitative discus-
sion of the cruciform kinetics, a similar conclusion
was reached [9].

It is easy to find the back rate constant k> for the
second route because the elementary rate constant
for the transition of two basepairs from one bar of
the cross to the other has been thoroughly studied
[10]. These authors have studied artificial com-
plexes formed by 4 single strands. Such a complex
has the form of a cross with 4 double-stranded
arms, their ends free. The crossing point can freely
migrate experiencing random walk up to complete
dissociation that happens when one of the bars dis-
appears and the cross turns into two identical
double helices. The elementary rate constant k.. for
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the transition of two basepairs from one bar of the
cross to the other have been determined [10]. That
is the value that we need to calculate the k> value.

In contrast with the free-ended cross in [10],
which corresponded to undirected random walks
of the crossing point, in our case of a cruciform
structure in closed circular DNA the shift of the
crossing point entails a change of the superhelix
energy. Since the negative superhelicity is inherent
in natural DNA the subtraction of one basepair
from each of the two hairpins should lead to an in-
crease of the superhelix energy:

6G = —40RTo C))

Eq.(4) immediately follows from the general equa-
tion of the superhelix energy (see [11]) if one recalls
that the elementary step of the crossing point is a
simultaneous transition of two basepairs from the
two hairpins to the principal double helix.

The desired k; value is the reciprocal mean time
required before the stems of the hairpins reach
their critical length, whereupon they become un-
stable and form an open region. Such a region
rapidly collapses into the regular double helix.

The calculation of this mean time corresponds to
the well-known ‘gambler’s ruin’ problem of the
probability theory (see [12,13]) and the result is:

2
kz=k+gg’—i/—ll[af”_""l—l—(n—m+1)(ar+1)]_1

&)
where:
m = the critical length of the hairpin stems;
n = the maximum number of basepairs in the

cruciform structure under consideration;
exp(—400)

R
li

In most cases one may use a simplified equation:
ky=kia™ "™ ©

The equilibrium constant K of the process deter-
mined by eq.(1) is equal to [2,11]:

A
K= 5,3an+)\/2 H si—l (7)

i=1

Here & is the cooperativity factor for the helix—coil
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transition, A is the number of bases comprising the
loop of the cruciform structure, s; is the equi-
librium constant for the opening of the i-th base
pair to form the loop.

Thus for the rate constant k; of the cruciform
formation one obtains:

A
kl = k+a,3am+/\/2 H si—l (8)

i=1

The only quantity in eq.(6),(8) that remains to be
determined is m. The probability of the decay of a
small cruciform structure containing m basepairs
in its helical stem becomes about unity when the
time of its decay is of the same order of magnitude
as the time of the elementary step of the crossing
point migration 1/k,. The mean time of decay of
the helical region has been estimated in [13,14].
Using their result one can obtain an equation to
define m:

U mery
E—k_fs /(m — ») ¢))

1 _
k.

Here s is the mean stability constant of a base-
pair in stem, k7 is the growth rate constant of a
helical region and » is the minimal number of base-
pairs in a helical region in an isolated hairpin (the
size of nucleating region). The values ki and v were
determined [14] as k¢ = 10°s™" and » = 2.

Let us now turn to the quantitative estimates. At
room temperature and a sufficiently high ionic
strength k&, =2x10°s™! [10]. Assuming that
DNA with a GC-content of 50% melts at 80°C
(this corresponds to the conditions in [6]) and
taking AH = 8.5 kcal . mol~! one obtains s = 11.76.
Substituting the values of k., k:r, » and s into
eq.(9) we obtain m = 5. Note that virtually the
same value of m is obtained if one considers m as
the length of a hairpin stem melting at about 20°C.

3. RESULTS AND DISCUSSION

We can now calculate the dependence of the re-
laxation time 7 of the transition between the cruci-
form structure and the regular double helix on the
superhelix density o. Fig.l shows the results for
different numbers of basepairs in a palindromic
region and for m = 5. The value of n = 13 corres-

FEBS LETTERS

August 1983

W

-06-10?

Fig.1. Dependence of the relaxation time 7 on the super-

helix density ¢ for a cruciform structure containing »

basepairs in its stems: (1) n=30; (2) n=20; 3) n=13;
(4) n=10.

ponds to the palindromic region studied in [6].

The 7 value has a sharp maximum at the super-
helix density corresponding to the equilibrium
transition point between the cruciform structure
and the regular double helix. Most interestingly,
our calculations predict that at the transition point
the relaxation time for any cruciform structure
observed under real conditions at room tempera-
ture should be very large. The sharp decrease of
the rate constant of the cruciform decay is due to
the fact that at a high superhelix density any de-
crease of the cruciform stem is highly unfavour-
able because it leads to a considerable increase of
the superhelix energy. Therefore it is only after an
enormous number of unsuccessful attempts that
the cruciform structure undergoes the transition
into the regular double helix.

The reduced relaxation time at superhelix densi-
ties above the equilibrium transition point is the re-
sult of a sharp increase of the rate of the cruciform
formation. Since the process depends on the for-
mation of the minimal open region, it is highly
favoured by negative superhelicity [2]. As a result
the rate constant of the cruciform formation is a
function of the superhelix density but does not de-
pend on the size of the palindromic region (see
eq.(8) and fig.1).

Our data lead to the general conclusion that the
formation of a cruciform structure in a palin-
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dromic region of any size may be observed, at
room temperature, only at a sufficiently large
superhelix density, whose absolute value should be
higher than 0.05. It explains why the formation of
the cruciform structure was observed in giant arti-
ficial palindromes only after a considerable super-
coiling of their DNA preparations with the help of
DNA gyrase [7]. Authors in [7] were the first to
point out that the formation of a cruciform struc-
ture is a slow process. The first observation of a
sharp increase of the relaxation time at the equi-
librium transition point between the cruciform
structure and the regular double helix was in [6].
Our theoretical results agree very well with their
data. Indeed, Lyamichev et al. [6] have shown that
the relaxation time at the transition point for the
cruciform structure containing 13 bp in its stem is
definitely longer than 20 h. Our results suggest 50 h
(see curve 3 in fig.1).

Our quantitative estimates correspond to room
temperature. If one increases the temperature to,
say, 37°C, the dependence of the relaxation time
on the superhelix density would be basically un-
changed, though the absolute values of the relaxa-
tion time would decrease. The quantitative esti-
mates of the temperature dependence could not be
quite reliable since we do not have sufficient know-
ledge of the temperature dependence of some para-
meters, such as k¢, k., ». A rough estimate pre-
dicts that the temperature rise from 20-37°C
should decrease the relaxation time by a factor of
one hundred.
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