B to Z transition of the DNA
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Abstract—In this paper we study the transition from B DNA to Z DNA. We find soliton solutions for angular and longitudinal fluctuations in the
DNA lattice. However non bonded interactions couple the angular and longitudinal fluctuations. Only when the coupled equations are solved
exactly can we identify the mode which leads to the transition from B DNAto Z DNA.
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l. INTRODUCTION

The right handed helical structure of (B form) DNA was
discovered by Watson and Crick [1]. The left handed form
of DNA (Z form) was discovered by Rich et.al [2]. Initially
the Z form was thought to be an aberration [11]. Later it was
found to play a pivotal role in the transcription process [3].
In this paper we suggest that the Z form of DNA induces (or
facilitates) Soliton formation which allows transcription to
take place.

It has been established [4] that the DNA can switch from the
left handed (B) to the right handed (Z) conformation and
vice versa. Further there is evidence of synchronous
stretching and rotation from the B form to the left handed Z
form [5]. This transition is concisely written in the
parametric form of the helix. The parametric form of the
right handed helix is

X (t)=acost, y; (t)=asint, zt =bt

@
The stretching of the DNA lattice may now be written as
X (1) > X, (1), N=123,.... @)
yi (t) = Vi (1) N=123.. 3)
The stretching is accompanied by rotation:
Xy (t)=—acost =acos(t+7) (4)
Y.y (t)=-asint=asin(t+7) (5)

This corresponds to a lattice stretching and base flipping as
has been confirmed via MD (molecular Dynamics)
simulations [5].

The rotation of the bases takes place about the
Glycosidic bond. We note that in the Z DNA the base
motions (oscillations, twisting and tilting) are slower by
about a factor of % than the motion in B DNA [5]. Using P

http://www.ijritcc.org

NMR and nuclear Overhauser effect Patel et. al. have
demonstrated that in the right handed B DNA the guanosine
residue is in anti conformation while in the Z DNA This
may be accounted for by the stretching which the lattice
undergoes in the guanosine residue is in the syn
conformation. transformation from B to Z DNA. The
phosphate backbone exists in a double well.

The potential for rotation about this bond, for the Z DNA
may be written as

V =V, (1-cos3y )~ 9V, (1/12 —gt//Aj
4
(6)
This is the double well potential observed by [5] via
Molecular Dynamics simulation. However in reality the
potential is modified via non bonded interactions (while still
retaining the double well profile). We write this potential as

2 t
\V/ hAS _E 7

where the coefficients A, B, as obtained from fig.(5) of [5]

For this potential the solutions are Domain walls (Tanh
Solitons, ()) which propagate down the lattice. According to
this picture the BZ junction is a propagating Domain wall.

'

1. MODEL AND DOMAIN WALL SOLUTIONS

We approximate the lattice by a point mass m attached to

a base of mass M and moment of Inertia | about the

glycosidic bond. The model thus accounts for both

longitudinal and angular fluctuations. The Hamiltonian for

the system may be written as
H=H+H,

. 9 Ic? .
Ho = 1y, +9VOZ(V/§ —Zw§)+7‘t//

(®)
©)



H Zmu

(A .2 ) mc; .
—u +y
(10)

We have neglected any interaction between longitudinal
and angular fluctuations. The equations of motion which
follow from the above Hamiltonian are

. 2 "

I'//n-l_Al//n-l_B _mct';//n:O (11)
. 3 2"

mu, +Au,+Bu —mc’u, =0 (12)

The domain wall solutions of the above system of equations

[6] is:

v ztanh((t/fo—a)t)/ftﬁ)
u, = tanh(((X—W)/ﬁL\/E) (14)

These solutions describe a longitudinal and an angular
Solitons. The longitudinal Soliton produces a compression
of the lattice while the angular fluctuation produces a
rotation about the glycosidic bond resulting in the left
handed DNA. The potential energy of longitudinal and

(13)

2 2
angular Domain wall is ~ A land A or the height
2B, 2B,

N

of the respective double wells. We note that [Ej~

14Kcals/mol, as obtained from Molecular Dynamics

2
simulations. DNA give (%J~ 0.3 Kcals/mole.
L

1. STATISTICAL MECHANICS

The double well model offers a convenient platform to
study the inter conversions of energy from the molecular
twist (Tw (read i ) to the axial writhe (Wr (read U )). We
note first that the motion of the bases and the lattice
fluctuation are on different time scales (Base rotation is of
the order of nano seconds and lattice fluctuation is of the
order of micro seconds). Hence we consider the partition
functions separately. The partition function for the

Hamiltonian H, is

7~ e—[ll_jﬂgo,s . e—(ll_)ﬁgo,a
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1(2AY2 ] 1 IR
Ea==|— | {l+=exp|—¢| —m
0. m 2 ° 2B

17)

1/2 2 1/2
K, :1(2—6) and K, = im* (18)
2\m 2B

one obtains for the statistical average value of ¢, (in the
linear approximation),

_ 19z
(¢) 7 od, Inz,=

L A3 1/2 Lﬂ A3 1/2
| 2| tanh| 22| g,
a1\ 2B 2L\ 2B
(19)

3 1/2
The asymptotic value of (@) istanh LB A~ &, -
2L (2B ’

To understand the behavior near ¢, = 0 we neglect

the ¢;’ term. The non bonded interactions may be written as

Z ZV ViVhiat ‘//VI 2'//v|+1
(20)

The first term in the exponential of (22) represents
the interactions between positive and negative super coiling
[14]. The next term represents the non bonded interactions
[15]. Ramachandran plots of Polynucleotides by Olson and
Flory [15] have shown that there are only certain regions in

the (l//wl//‘,iﬂ) space contribute to the interaction. We
denote these regions by two dimensional gaussians whose
half width at half height are given by A(‘/’vi) and B

(in+l) respectively. Evaluating the partition function now
gives
() = exp(

Qy)’ ]

2 (21)

Since  is small expanding the exponential to first order
we get
2
(g =1~
2 (22)
Near ¢ ~Owe have parabolic behavior as observed by
Rich et. al.



V. DYNAMICS
The results of the last section show that it is important to
include the coupling term Jy¢@ wheng, =0

Including this term in the Hamiltonian, we find the coupled
equations of motion to be

17, + Ay, + By -mciy, + Y Ve 2 "z o0 (23

A(V/n) 2 B(un)ug

mii, + AU, +Bud-mciu +> Ve 2 e 2 " =0
n

(24)
Expanding the exponential one obtains

Aly,)B(u,)
2

7, + A, + By —mcly, +V w,us =0

(25)

mi +Au +Bu’-mclu +V wwfun =0 (26)
We look for travelling wave solutions [6] of the form

v, = f(z-wt), (27)

u, = f,(z-V,t) (28)

(v +me?) f, + AT +B 1> +vw ff2=0

(29)

(mv;+mc?) f, + A f,+B f7+V w f,f2=0 (30)

We convert the above coupled equations to the
dimensionless form

Af +Bf, +C f2+Dff?=0 (31

Making the substitutions

et A iy by G 2D L @
Bl u0 0 Bl uO Bl uO
f f C 1 D 1
ﬁ: f,_lznl,_zznz,_lz_z,_lz_s (33)
Bl 0 u0 Bl u0 Bl uO
we obtain
d2
dsrzll +m1, +M; +Mn: =0 (39
dZ
d;'z +M,+mM5 +Nin, =0 (%)

Adding two equations one obtains
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d2
E(’h"”?z)"’(’h+’72)_(771+772)3+4771’72(’71+’72):0 (36)
Let us put
i(X2nz+ 1 —i(£2nz+
771+772:y1771:ke(2 0)’772:Ee el (37)

Where n=0,1,2,3.........

We note here that

2

d7y

@ Tyy ry=0 (38)
d 2
EX +2y=y° (39)
n, +1n, =tanh(o) (40)
o e—i(J_r2n7z+0)
or kel(_zn 0) + = tanh (G) (4]_)

Taking the real part we obtain

+2
k cos(+2nz + 0)+W =tanh(c) (42)
(4k2 +1) cos(+2nz +6) = tanh (o) (43)

tanh (o)
cos(¥2nz+60)=———= 44
(x2n7+0) (4k*+1) 44

Since 22Nz + @ = 0, we obtain
4k* =1 (45)
1
k=+= 46
or 5 (46)
Hence

cos(+2nz +6) =%tanh(c) (47)

or +2nz+6=cos* B tanh (c)} (48)

This gives 6 =c0os™ |:% tanh (G):| F2nz  (49)

Here +2nis the winding number []. (The positive
(negative) sign of n refers to the positive (negative) super
coiling of DNA [].) Note that if &= 7 it corresponds to a

base flip. This corresponds to the B DNA to Z DNA
transformation (see equations (1) — (5)). For



For the DNA, the linking number LK , can be expressed
in terms of the twist Tw and the writhing number Wr [12]

Lk =Tw+Wr (50)
We identify & with the twist Tw and N with linking
number LK . We note that the free energy of the super coiled
DNA in terms of the linking number and twist has been
derived by [12].
We note that the energy of the Lattice due to the presence of
the Soliton is given by

1 Mu?2v? n
MY 2 =—25Vsech?| —
M2V = Z (Ij

n

(51)

Thus both the axial writhe Solitons and the Molecular
twist Solitons have the above energy distribution. In the
model developed far there is no scope of energy interchange
as we have not built any interaction between the angular and
longitudinal fluctuations. As there is coupling between the
two forms of energy we are forced to include the coupling
term yu .Further in the limit of t=0 (static case) one obtains

the modified Marko-Siggia model. For t # O the equations
describe both bending and twisting of the DNA as the
Soliton propagates down the lattice.

V.  CONCLUSION

We have developed a physical picture of the transition
from B DNA to Z DNA. In the process we have made the
following approximations:

1) We have neglected the non bonded interactions

2) We have neglected interactions between longitudinal and
angular fluctuations

This model yields a picture of coupled domain wall model.

A particular solution of the coupled model (=)
corresponds to the B DNA to Z DNA transition.
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