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We find that the hydrogen bond

stretch bands of the double helix ap-

pear 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 transcription which is consistunt

with the known nerpy needs of that
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Several recent papers have discussed the possibility of solitary waves in

double helical DNA associated with the '.helical acoustic modes (1). The work

was stimulated by observations in DNA of resonant microwave absorption (2).

Papers have also appeared which have disputed the theoretical predictions of

the likelihood of such solitary waves (3) and papers have also appeared which

challenge the experimental observations (4). Solitary wave phenomena require

nonlinear effects and both experimental observations (5) and theoretical analysis

(6) indicate that helix acoustic modes are quite linear in their dispersion and

amplitude dependence. In our theoretical studies of helix lattice dynamics ot

DNA we have found that a different region of the DNA spectrum is far moit

tnonlinear (7) and seems to satisfy the quantitative requirements for setlta~rv

w.ave effects.

The highly nonlinear modes are the hydrogen bond stretih modes it Ht -

120 cm . These modes have been observed in both low frequentv Rair~i it.

ing (8) and Fourier transform infrared absorption (9) expeiriments. I i n

casecs the modes have been seen to soften in frequencN. with in, itnt 14:

toll C. We have predicted theoretical lv that these modt-i irt. tempnt i ,t,

inl at) irnent with obse(-rvations (10).

The S;Ime vibrational modes have plaved a tent ral ieI( in t ht- Ill, I

h :melt ing thlit we hijve developed based oil lie Iii a l.i t i .ii. in

I tf Ilr cc it.'In . 11ce dIS i eised aboive, nilp]ed U, I h 1 11 ~. 1 1 1AWI

d t I I. tt I I I i it I.t I tI I I td I-i oi i~ i~ ,t Stl jw.& 1,1 1 I iti I ii I t I I il. or

' tavalad
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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

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

h al processes (13).

Ini this papvr we discuss our helical lattice dynamics results for the

i, ire.ir P1OdtS and show how these results can be used to extract parameters

d, d ti ,ij.lute the possibilities of nonlinear concentration. We then use

%• V, ii It t iu, developed to give order of magnitude estimates of the

, , I tidth ii ,ded ti, induce base pair mel ting, and discuss the significance of

. , s , i NNA transcription.

S i,! -t tth M(,des in the Double Helix

, U, ,l t Ilie 'ihrcktinnal modes of the double helix we have found

, ,i- "iih .in b. clhiia(tetized as vibrations that compress the

. .. ,h;, ; irs. 'There are overlapping bands for all (flhlina-

!if,; , s v. l p11As b.inds in this rCgionl should txist rg,,ard-

" , ( 14). lispersion cur\'es, i.e.. the change in fren iency

,wn 1 r ,er. such hInIs i1 Figure 1 (15). Tint a

l u 1 ilV s . Iit ,l I l 4e1 un i t I Il to t ie( nux t . 1"l itt '

. I., i i rr.: ItI cujii, s. Ii I nc *- ius tie 1 ,w'; il i.ii t s

., ill of h ' . its a ;t'i lkm t'lhi trvcs ii l(i

Jr.
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be extended about either end i.e. the total 8 range can run from -1800 <

8 1800 or 0 < 8 < 3600. The curves would have symmetry about the

extension as the positive and negative phase shifts are connected by time

reversal invariance. Correlating 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

E E + _(_ )(1
0o 2m

The effective mass m is then

m = (Ap)
2

2AE

m- 2 A 2~

m = Ajj
m 2Afiw d

2Aw d

if ; is the 1at t ice spacing

2

wire 0 is in rodian;i and Aw d is the change in frequency due to dispersion

.l fc, ts Ior a shift in the phase from cell to cell of t'. In the solitary

w.iv ;a 1vsis by Daivydov (13) tho wave equation for such a system is given

Iv tfo iiu lin c'r , I l i (,,Id i n r Fqu~iti n in one diriension

11A4

f!

FSf + 4 3

II
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f t ma 2 Gx = z/a =2ma2 and g 2

this becomes

,2
+ - + 2g ip 2) I(X,T) = 0 (5)

3x
2

which has the solitary wave solution

i(2kx - wi) s [g(x - (6)

2 2

with

2=  2 = maV4 k- (7)
16

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

of the excitation occurs in the square wave excitation case (13) for g cr

w I r e 2

uCr (8)

is h exte nt of the initial excitation along x.

'Ihe t rr, 2 is , a picatisre of how the energ y is lowered by increased con-

Str:t im) of tho p ro1'd)bilitv -Implitude. In our selfconsistent temper+iture

I I d 4 oI I I t Ic .k a- t i 1is we ha ,.V f o nd that tlie hvd to -ein b, e nd s t I t Ih

1c, .: i :. Oi ,. l.h v I t) in Ire(r lt-ii V -Is th (.xc it it ion I I. ',1

0 (.'!1lP, 1.11iiT i t 141.0 4'. 'c ,V I lnI( this silift ill f reqi cv to be ill r' '

,') . n'llt f.i I )lit, Ol+;lf\'41 ' .t ' iiv'It I ft from I o tl~ii wr.ttire to r,,ri

:, l ll~ P+ ( 10 ) . ;if ' i 1 ' d c ' it) w i tht .''+ ) ill( , I . - ilf , l + ' , ) it f

.,' ) i l~ tl. i , ,\'i . - I t). + 'l l l . ) p i tl !., , I t, t.1 x.l i h , 11+ , , ll, -11-{ ,LI

" 1 t " ,%,r % .. %. , , . . % % % ), % •

. . I- *
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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. In

Equation 3, 1q! 2 is a normalized nondimensional squared wave amplitude. We

associate A P,- with A for regions of curve in Figure 2. We also associateT

the appropriate AE with fiA A over that AT. Aw A is the change in frequency

due to anharmonicity not dispersion. Then:

G _ A (9)
- AT/T

Using this and Eqs. (2) in Eqn. (4)

2 2 AwAma - = (Ai)_ A
x 2Ad t -T/T (10)

ilr the 85 (m- I hand from Fi ,,ures I and 2 at T z room temperature wc estirnate

z 10. For re.asons discussed in the next section we estimate 9 the minimumm i n

it il size of the excitaNtion to be 2.5 in units of a. For this valuc

1- --. One can expect non I i neiar concent rat ion of (e' i tat ions in t he(,e hnds

in I)NA. II Fig,,ure 2 one can see that G would be even 1.rger at the hii 1wr

Iv(-l., o1 excit it ion tf t.lded f r hel ix m lting.

I' t lt. I- it-w t PNA I I/tll %ript i(,n th. htis[ I- C' . I

i .~ ~ ~ ~ ~ ~ I III li '1 It, I, , l w idh', ;I 1),%A - RNA hv\I, id , b . 1 l ir i!- 1-1, ', 1, .,

I ' - l I i , "' ,.i t fi, )1 i , it ONA 1,; , l ,I . I I , i w I .
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a polymerization event in the RNA backbone takes place. As a result Of the

bact(k[one, chemistry a pyrosphophate grouilp is removed from the nucleoside

triphosphate (NTP) which is the source of the added RNA section. The py'rophos-

phate group is later hydrolized but not at a site directly connected to the

Other operations. The overall energy flow in the transcription complex is

such that on the average 0.5 kcal /role transcribed must be absorbed by t he

tinplex from its surroundings.

For t he purposes of this di scuss ion we will exp lore wayls in whii th n(r gv

introduced into the complex can bring about base pair melting. The free energy

needed to melt a GC pair is generally accepted to be 3.5 kcallmole and thait

h'c ;in AT pair 1 kcal/mole (12). If inflow of this amount of energy occurred

the Tnet energy requirements of transcription would easily be met. The reaison

to cou.lsiider this form of energy transfer to the transcription complex is thlat

wi believe it wouild involve the nonlinear hydrogen bond stretch modes. In our

4% ~Hwi y of we! Ii II' We ca lcuilate the vibrational fluct nat ions 1) on each hivdtIw'en

bu;,d where. 1) i u u and u a is the displacements of aitoiis from eqL'(i I ilIi him

diii- t of phonorin ;iu I it ide. lhie se ! cousi stent sof tening of the bond an,] 11) r i-m

4..4).1ion ic.(11, Ilkated basedf on D. The softening iiid expansion leaid t

cjn i)) ith lii' ivlioycii lwuds. Ini this ;cnse D, which ),rows with excit[it ion

1.: 1 d r i vs tIc 1melIt inlg. 1l11 our model uwhere we I oIkod -it mel t ing, ad iti. cnt to

ill,; 1 'd I 10;. Ji iI i 1 t, I (W ) poh I '(i C ) we f o lnd t hat When,1 I h V d i . I , od his

t .lv .,'4 I i t 44 t1 4 hf i ltI b t i'1 (, d iV i h lI " ib t ))i1

e Ir -P 4d

Liit i ii141 'iI ii~I
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-l~ 30
at 95 -100 cm at 340K has D(w) z 5.5 x 10 A from the entire band. Ignoring

the contributions of other bands one woiild only have to increase the excitation

of this band by a factor of 7.27 to bring on melting from the energy in this

baind alone. Since the thermal occupation is about 2 phonions at this temperature

01nf. Would require :14-15 phonons to bring about melting. The energy of Z14

phoenons is approximately the 3.5 kca I/mole generally associated with the binding

eiiwrgv of GC hast, pairs. The localization to the hvdrogen bond of these excita-

ion-, is in the localized amplitudes calculated and plotted in Figure 3.

If we consider melting a GC base pair in terms of the needed energy inl

'MIL mode while all others are in thermal equilibrium at room temperature a
2

dlifferent estimation is appropriate. One still needs a total D : 0. 004 A
2

'tI II th]erm.) aci(-t i vat ion of all1 modes at room temperatuLre i s D Rz0.028 A (7).
2 -

Tlw needed ;idd it ional fIluctUat ion is AD = 0.012 A . For D(w) of the 95-100 cm

b-ind Woku) = 0.0055 to make up this difference the excitatio~n level would have

2.8 t imcss thiat at 343K. This requires z6 phionons in a picket arriving at

1h !tI!;e p1. l ad sco~t to the me1l ted region. I lire thermal act iVat ion lCee is

7.'I lit Ii~ 1:Ig ictitat in val ue f rom Bosc-lE.inqt cin stait i st ics is 4-5.

(-I iS nl It i on of enlergy ma'y be aich ieved by c~i ll-n i ng energy f rom hie

nd i rio a ; 'ij'Irilt IY oce'lerl t () tx!li t IIL' (rier2et it (So f DiNA t Irs i-

iI . ' wh ;II In j( it a ionl uil d t ravel in tininel ted [):A %w i thon t ci i orpt ii., Hic

1.' Ii( t,, I j ' a I ltialids is !,-I s, for base lait s t~! t I'[T a rl( I t ct' -i i'fl.

it1M 1K-Il imo I!n .iV t 1half the v.ii'c it i r-,Ie') KI- .11 (

1 iv o I I' .. ,n inl Vi:I tl 3. Vlwn thes il.it I 'I:iIt il-it lit' 1

1, t it In ' .1' 111.1 1wt 1, lte 1"I

I
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It is an interesting question as to whether the RNA polv-merase is a proper

thermodynamic engine which runs on a directed flow of energy or

i, d r i vn bY therma I l Itt ions Ns nII-mY he IjeW'V(

(121). if solitary wave effects can be shown to in fact exist in

D1,A one will have ('omea long way to showing that the RNA polymerase can be a

proper thermodynamic engine. Energy from the hydrolysis oif pyrophosphate could

he absorbed before the ther-malization of this energy. The entire helix could

act as an antenna for the absorption greatly increasing the fraction of energy

abs;orbed before thermalization. The processing and concentration of energpy

would occur as the energy propagated on the one dimensional helix to the region

,,f transcription.

In the earlier section we estimated 2 the initial size of the excitation

;i.- being at least Z 2.5 base units in length. This is based on the idea of a

planar long i tidinal wave or shock wave from pyrophosphate hydrolysis impinging

.4.on a cct ion of DNA helix from the side. A helical structure is just what's

ii-dod to colnver t such an external exc itat ion into a short wavelength exc itat ion

it, thic internall (oirdiuates of the DNA because of k-c onservat ion select ion roles.

1o(r (oMe, f ormis of 4-a( at ion a 10 f old hel ix woul d ePl ect exc itat ions of 10

1 arsvt-lonipth or ti 36 0 on dispersion curves suIch as Figure 1. 1To

ti -IteL ;I hVd r()'m k be1('11d st ret 'h wave where compression of either strand leads

(JI tfhe hvdrogeu bonds tho wavelength would be 5 base paiirs or

0. . . 1.'i.( S i lito'( 11;1 f this 11 %%'iI~ i wi lth 11C' uiniMUM CXt kciii Ot I W

''c 1 . '%4 ~ ' *:-C'itilt ol ;I11 !i n t -~2.5. Slott t~ v lc'itt s (Oin it id tt'

1' 1t i I J( i(ts .1t1)(1 local /1 t 10o1 or colict'li I I 0t ion is,, needed ftcc

ir it 1% 111( I . p lri i i re dy mil tcd area. It is, inlt~r tl i 1 u
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to speculate on hcw the existence of a small integer-fold helical structure

for DNA interacts with the need for nergy tra3nsfer in process such as tr,3rsCrip-

tion in early evolution of the system.

Better on Lfnear mocdels of wave propagation mere appropr1ate to the c3se

of dispersive optical Tcdes would allc.w a more quantitative estirrate of rfany

of the ernergies which have leen crudely estimated in this pheno'mrenological dis-

cuss'on. The role of DNA excitations in blological processes may be impcrt nt

and - e-.s 1ikely to be,bsed c.n these sr',ple estimates.

This w, rk suylpcrted in p,-rt by ONR Cr.nt .OOOA1"-86-K-0252 and NIH Crnt

P; 2 43.

..
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Figure Captions

Figure 1. Dispersion relations for several optical bands in poly(dG).poly(dC).

The frequency is in cm 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.

Figure 2. 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- I band

the highest division is for the (+I) base pair i.e. 3' - 5' direction

in the G chain. The next highest is for the (-I) 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 1I for

dot-a i Is.
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