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We find that the hydrogen bond stretch bands of the double helix anpear to be nonlinear

enough to support solitary wave energy concentration. Coupling this fact to predictions
of our selfconsistent theory of helix melting gives rise to speculations of a mechanism

for base pair melting in RNA transcrivtion waich is consistent with the known energy

needs of that process. ', . L \ ,
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Where Solitons May Be Hiding in DNA and Their Possible Significance

in RNA Transcription

E. W. Prohofsky

) Department of Physics
Purdue University
West lLafayette, IN 47907
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We find that the hydrogen bond

-

stretch bands of the double helix ap-
pear to be nonlinear enough to support
‘ﬂ solitary wave energy concentration.

Coupling this fact to predictions of

SRR,

our selfconsistent theory of helix
melting gives rise to speculations of

a mechanism for base pair melting in

%]

RNA transcription which is consistent

with the known energy needs of that

Y

process,
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Several recent papers have discussed the possibility of solitary waves in
Q’f
1‘
4k double helical DNA associated with the :elical acoustic modes (1), The work
fy
W
e was stimulated by observations in DNA of resonant microwave absorption (2).
M
KX
Papers have alsc appeared which have disputed the theoretical predictions of
\J
s N :
Q. the likelihood of such solitary waves (3) and papers have also appeared which
.‘,.
$
?} challenge the experimental observations (4). Solitary wave phenomena require
KX
nonlinear effects and both experimental observations (5) and theoretical analysis
f"
’. v 3 » 3 : . s
,?‘ (6) indicate that helix acoustic modes are quite linear in their dispersion and
3
t -
1,0 . . . .
.6‘ amplitude dependence. In our theoretical studies of helix lattice dvnamics of
)
DNA we have found that a different region of the DNA spectrum is far more
)'v
n
? nonlinear (7) and seems to satisfy the quantitative requirements for scolitary
-
hh wave effects.,
w , : .
The highly nonlinear modes are the hydrogen bond stretch modes at 10 -
¢ -1
" 120 em ©.  These modes have been observed in both low frequency Raman « e
b
Y ing (8) and Fourier transform infrared absorption (9) experiments. I born
3
0
v cases the modes have been seen to soften in frequency with initeasine too o
{
. tute.  We have predicted theoretically that these modes are temper stare - 0
L%}
»
. in apreement with observations (10),
s.
.
A] The same vibrational modes have plaved a central rele in the theo
L)
) helis melting that we have developed basced on helical lattice dynamn «, P
\
'
X tonpetature dependence discussed above, conpled with theroad capane e o
.39 - -
] ted natnraltly to hvdrocen bond breakap and hedlis oo Ttinge, The oo e e ‘op
“; PolvdC) cpoly (dCY predict melting at g temperature dn (a0r oy dcom it wifs
12
\C ob-crvationss I that work all the paraucters were ditted to spoctr ol ey ~
~n . . . - . . - -
" toenr temperature and no parameters were fitted to retting, (11)
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Helix melting is an essential element in many biological processes. For

example, it is essential in the process of RNA transcription. Recent reviews

of this process reaffirm the belief{ that energy must flow into the RNA polymerase

complex from its surroundings (12). The ability of solitary wave effects to

concentrate excitations in these bands would help in understanding the problems

with energy flow in these processes, This biological role for nonlinear effects

in line with the original suggestions of solitary wave significance in bio-

lopical processes (13).
In this paper we discuss our helical lattice dynamics results for the

nenbinear modes and show how these results can be used to extract parameters

necded too evaluate the possibilities of nonlinear concentration. We then use

theory of melting developed to give order of magnitude estimates of the

Lhitades necded to induce base pair melting, and discuss the significance of

thece results tor RNA transcription,

drocen Boend Streteh Modes in the Double Helix

ot the vibrational modes of the double helix we have found

i

et st

Poods whtich com be chatacterized as vibrations that compress the

oo titween hase pairs, There are overlapping bands for all combina-

Ve sirs ot several pass bands in this region should exist regard-

dote o oo e (14) . Dispersion curves, i.e.. the change in freauency

EEn e shown 1or several such bands o Fipure 1 (15).  Theta

cobire ot the dasplacenents fromoone unit cell to the next.  These

! Pt b a T mdiniders frequencies, Tn one case the Tocal minimom is

e e b in othier caces dits at oa o sone odpe, The carves could
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‘:: be extended about either end i.e. the total 6 range can run from -180o <

)

o
. 6 - 180° or 0 < 8 < 360°. The curves would have symmetry about the
‘.‘
o)
, extension as the positive and negative phase shifts are connected by time
(R ¥
()
Q::' reversal invariance. Ccrrelating frequency with energy,and phase shift with
[ |
- wavevector and hence momentum for these excitations,one can relate these
!:"
' curves to particles with energy vs., momentum relations approximated by
‘:l
4 2
t
.'2‘. E = E, + -(—A‘%L (D
N
'\':. The effective miss m is then :
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where 8 is in radians and Aud is the change in frequency due to dispersion
cffects for a shift in the phase from cell to cell of A, Tn the solitary

wive analvsis by Davydov (13) the wave equation for such a system is given

[ AR
e

by the nonlinear Schrocedinger Fquation in one dimension
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x = z/a 1 3 and g = 3 (%)

! this becomes
bl
L R 2

+ 2g|w|2) y(x,1) = 0 (5)

M 9x
which has the solitary wave solution

i
o i(2kx ~ w1)

v = % g e sech[siﬁ—%—ﬁkll] (6)

N with

"0 2 ’
0 —A(kz-%) ko= “’%\ (7)

where Vo is the velocity of the centroid of the solitary wave. Concentration

J
of the excitation occurs in the square wave excitation case (13) for g > g
b cr
4
) where
W ﬂ2
SR (8)
» Ber 4y
)
‘fl
i and 7 is the extent of the initial excitation along x. f
ﬁ 5 :
K The terr U?,!“ is a measure of how the energy is lowered by increased con- !
> contration of the probability amplitude. In our selfconsistent temperature
»
::. dependent lattice caleulations we have found that the hvdropen bond sticteh
’f podes are anharmonic, dile, they Tower in frequency as the excitation Tovel
) o temperature incredse, be have tound this shift in frequency to be in roaeh
o sorcement with the observed freguency <hift from Tow tewperature to roon
o]
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room temperature., For vibrational systems the mean wave amplitude squared
is proportional to the temperature. Tle frequency is seen to drop with
increasing temperature and hence mean squared amplitude.

We can estimate G for particular excitation modes from Figure 2, 1In

. 2, . . ;
Equation 3, |w! is a normalized nondirmensicnal squared wave amplitude. We

2 ien AT

associate A lw[“ with T for regions of curve in Fipure 2. We also associate

the appropriate AE with ﬁAmA over that AT. AwA is the change in frequency

due to anharmonicity not dispersion, Then:

Auw

G _ _A
5 T AT/T (9)
Using this and Eqs. (2) in Egn. (4)
2
comat 6 el M 1o
7 °h f 20 FT/T )

. -1 : , .
For the 85 em band from Fivures 1 and 2 at T =z rcom temperature we estimate

v 2 10, For reasons discussed in the next section we ¢stimate pnil the minimum
1in

initial size of the excitation to be 2.5 in units of a. Vor this value

.. 7 1. One can expect nonlinear concentration ol excitations in these bands

X¥s ey

Pl s

in BRA.  In Fipure 2 one can sece that G would be cven larger at the higlier

Y

4

levels of excitation needed for helix melting,
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4, a polymerization event in the RNA backbone takes place. As a result of the
4,
X biackbone chemistry a pyrosphophate group is removed from the nucleoside
v
3. triphosphate (NTP) which is the source of the added RNA section. The pyrophos-
? phate group is later hydrolized but not at a site directly connected to the
0
i
by other operations. The overall energy flow in the transcription complex is
)
£ such that on the average 0.5 kcal/mole transcribed must be absorbed by the
" complex from its surroundings,
b For the purpeses of this discussion we will explore wavs in which enerpy

introduced into the complex can bring about base pair melting. The free cnergv
needed to melt a GC pair is generally accepted to be 3.5 kcal/mole and that
tor an AT pair 1 kcal/mole (12). 1f inflow of this amount of energy occurred

the net cenergy requirements of transcription would casily be met. The reason .

to consider this form of energy transfer to the transcription complex is that

Pd

we helieve it would involve the nonlincar hydrogen bond stretch modes. In our

<

theory of melting we calculate the vibrational fluctuations D on each hvdrogen

PN

bond where D = cuu- and u a is the displacements of atoms from equililaium !
due to phonon anplitude.  The selfconsistent softening of the bond and thermal

copansion are calenlated based on Do The softening and expansion lead to 4

R b 1
ty'v'v’ﬂ'\ h

sebtims of the hvdropen bonds.  In this sense D, which prows with excitation
Tewedy, drives the melting.  Tn our model where we looked at melting adjacent to

me bted Base pair in poly(dCyepely(dC) we found that when a hvdvogen Toad has
i OL,0050 3 el oy oceared (! HS N

Veorbo invs sti-ated the contribntion of individuaal vibrational bosade De)

toothe teralb flactanation D oas cen in Pivare 3, e hvdeceen bond stiero s hand
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at 95 - 100 cm-1 at 340K has D(w) = 5.5 x 10-3 2 from the entire band. lgnoring
the contributions of other bands one wonld only have to increase the excitation
of this band by a factor of 7.27 to bring on melting from the energy in this
band alone. Since the thermal occupation is about 2 phonons at this temperature
one would require 14-15 phonons to bring about melting. The energy of = 14
phonons is approximately the 3.5 kcal/mole generally associated with the binding
encrgv of GC base pairs. The localization to the hydrogen bond of these excita-
tions is in the localized amplitudes calculated and plotted in Figure 3.

1f we consider melting a GC base pair in terms of the needed energy in

one mode while all others are in thermal equilibrium at room temperature a

2

ditferent estimation is appropriate. One still needs a total D : 0.004 A
2

The thermal activation of all modes at room temperature is D_ =~ 0.028 A (7).

R
2

The needed additional fluctuation is AD = 0.012 A . For D(w) of the 95-100 cm_1
band D(w) = 0.0055 to make up this difference the excitation level would have
to 7.8 times that at 343K, This requires = 6 phonons in a packet arriving at
the base pair adjacent to the melted resion, The thermal activation level is

~ 7. The mean larpe fluctuation value from Bose-Finstein statistics is T 4-5,
Sieh o concentration of enerpy mav be achieved by capturing energy from the
divtonodines as is apparently needed to explain the enerpetics of DNA Lranserip-
tiov.  Such an oxcitation could travel in unmelted DRA without disvupting the

N5 os the DY Lor all bands is Tess for base pairs tar from a melted roction,

G0 v ror tle 95100 (m o band js ateat half the value at g cell(~) as for cell (1)

o 1o the e N, aw saen din Fipure 3.0 When the encroy propaate:s inte the cell
Je et the r el theechompe in Jocalived mode behavior vreatly dincereasos flae-
coatic e bite e and dicrapr o the hase pair.,
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It is an interesting question as to whether the RNA polvmerase is a proper

thermodynamic engine which runs on a  directed flow of energy or
is driven bv thermal fluctuations as niany belicve
(12). If solitary wave effects can be shown to in fact exist in

DNA one will have come a long way to showing that the RNA polymerase can be a
proper thermodynamic engine. Energv from the hydrolysis of pyrophosphate could
be absorbed before the thermalization of this energv., The entire helix could
act as an antenna for the absorption greatly increasing the fraction of energy
ahsorbed before thermalization. The processing and concentration of energy
would occur as the energy propagated on the one dimensional helix to the region
of transcription.

In the carlier section we estimated £ the initial size of the excitation
as being at least I 2.5 base units in length, This is based on the idea of a
planar longitudinal wave or shock wave from pvrophosphate hvdrolysis impinging
on a section of DNA helix from the side. A helical structure is just what's
needed to convert such an external excitation into a short wavelength excitation
ir. the internal coordinates of the DNA because of k-conservation selection rules.
For some forms of excitation a 10 fold helix would select excitations of 10
Forse pair wavelength or b = 360 on dispersion curves such as Figure 1. To

cemerate a hvdropen boend stretch wave where compression of either strand leads

to compre sieon of the hyvdrogen bonds the wavelength would be 5 base pairs or
/.‘“. Wi have coamociated half this wavelenyth with the minimum extend of the

Pl e wove cecitation and set £0= 2,5, Short wave lenpths can Tead Lo

pote Tor o i d v ckets and localization or concentration is nceded to

i et by et baee pairs addcent the already melted arca. Tt is intercsting

eatiecte s b ke bl il
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to speculate on how the existence of a small integer-fold helical structure
for DNA interacts with the need for energy transfer in process such as transcrip-
tion in early evolution of the system.

Better nonlinear models of wave propagaticn more appropriate to the case
of dispersive optical mcdes would allow a mere quantitative estimate of rany
of the energies which have been crudely estimated in this phencrenological dis-
cussion., The role of DNA excitations in bieclcgical processes may be important
and -cems likely to be,bised cn these simple estimates,

This werk supperted in part by ONR Crant NOOO1LZ-8€-K-0D252 and KIH Crant
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Figure Captions

Figure 1. Dispersion relations for several optical bands in poly(dG)-.-poly(dC).
The frequency is in cm-l and the phase is the relative phase between
neighbor unit cells. In terms of a wavevector q, this phase is qa

where a is the lattice constant.

Calculated change in frequency of selected zone center modes of
poly(dG)-poly(dC) as a function of temperature. For details see

reference (14).

Figure 3. The contribution to the fluctuation amplitude by individual
vibrational bands for the hydrogen bond adjacent the major groove
in poly(dG)-poly(dC). The three divisions are for the two base

pairs adjoining a melted base pair on either side and for a base

pair far away from the melted base pair. For the 95-100 cm-l band

the highest division is for the (+1) base pair i.e. 3' + 5' directien
in the G chain. The next highest is for the (-1) base pair i.e.

on the other side of the melt. The lowest division is for the

(») base pair i.e. far away from the melt., See reference 11 for

details,
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