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ABSTRACT

The quantum mechanical description of biosyatems, which emphasize

their dielectric properties and the presence of an uncorrelated condensate

of phonons, (in analogy vith Bose-Einsteln condensation), is extended to a

description of biosystems, in vhich the condensed phonons show anomalous

averages, (in analogy vith superconductivity). The theory is used to show

that a quantum ultraviolet defense mechanism may have been present at the

origin of chemical evolution, removing a difficulty in the standard scenario.

Suggestions are made as to how to proceed experimentally to show the existence

of a correlated phonon condensate.
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I. ON THE ROLE OF ORDER IN BIOLOGY.

": ie concept of order in biology is non-trivial. Molecular

Biologv has made spectacular progress, but until recently no

dominant role has been played by the various kind of order known

in other domains such as physics, where it has been a fundamental

concept for real progress in the study of condensed matter, parti-

cularly at low temperatures.

The first example of non-trivial order worked out in detail

by physicists is found in superconductors, first discovered in 1911,

but understood only starting in 1950 (Frohlich, 1950) leading up

to the standard theory (Bardeen, Cooper and Schrieffer, 1957). In

metal and alloy order is established, not in physical space, but

rather in momentum space, and is of long-range nature. On the

other hand, the existence of superconductive regions in biological

macromolecules has been suggested in the recent past:

(a) An electron spin resonance experiment involving chemical

carcinogenesis might be explained in terms of the mito-

chondria entering a superconductive state (Cooper, 1978).

(b) irradiation of various biological objects with coherent

mm waves in the frequency region of 0.5 x 10 Hz

produces extraordinary non-thermal effects including a

sharp resonance with frequency 2 x 10 Hz. This pheno-

menon may be understood (Frohlich, 1975) on the assumption

that the only broadening of the underlying giant dipole

vibration arises from its electric coupling with the thin

layers of structured water found attached to the bio-

molecules, for it has been shown that the dielectric
p

absorption of this water lies in the region of 10 Hz

(Schwann, 1965; Grant/1966). It was thus conjectured

that the absence of other types of friction might suggest

the existence of a superconductive region {Frohlich,

1977) .

(c) In the context of enzyme catalysis, electron pairing

(the mechanism underlying superconductivity) may play a

role (Conrad, 1978).

Without bringing out clearly the role played by

either metabolism, or the dielectric properties of

membranes and DNA other suggestions had been made earlier:

(d) It was recognized long ago (London, 1961) that the highly

organized nature of the superconductivy state has a unique

character peculiar to the quantum liquids, this character

remains unaffected by heat or any other external influence

suggesting the existence of such a state in certain large

organic molecules such as proteins.

(e) It was further indicated that if nature wanted to protect

the information contained in the genetic code, for instance

against the ravages of external influences, the quantum

liquid behaviour (as in superconductors and He II, amongst

others) would be an appropriate way to preserve living

matter (Little, 1964; 1965).
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On the other hand, the phenomena of superfluidity and cjpor-

conductivity have many features in common. In this context,

collective properties of boson systems have been studied in detail

(Valatin and Butler, 1958). Order in momentum space has been

introduced by allowing atoms of Helium II (bosons), to pair up in

analogy with superconductors. In the fully paired theory a type

of order (pairing) occurs, which is not identical with the Bose-

Einstein condensation, which represents another type of order

understood earlier in quantum statistical mechanics.

The implications of the underlying energy gap, which does

not appear in He II, was pointed out later (Girardeau and Arnowitt,

1959) ruling out this mechanism in superfluid helium,but leaving

open the question of whether other boson systems may pair up

producing a physically realistic energy gap.

The rest of this paper is set out as follows:

In Section II, having accepted the possible relevance of

superconductive type of behaviour in biosystems, we point out the

singular position that vibrating modes must play in a quantum

mechanical description of the macromolecules of life and adopt,

as a starting point the microscopic theory (Wu and Austin, 19 78a)

of biosystems that incorporates the phonon condensation suggested

earlier (Frohlich, 1968), and indicate how to extend it to give

paired structure to the condensate. The limit of validity of

the approximation is clarified in Section III. In Section IV

we point out that in the evolution of nucleic acids, the proposed

theory does not imply any changes in the phonon condensate; but,

-It-

this dues nut necessarily apply to earlier stages of evolution.

In Section V we explain the ultraviolet paradox for the origin of

chemical evolution and suggest that it may be answered by appeal

to the microscopic theory of Section III. In Section VI we explain

how the phonon condensate correlations may provide the necessary

ultraviolet defense mechanism required to remove the paradox and

thus an underlying difficulty with the standard scenario for the

origin of life. Finally, in Section VII, we gather the hints of

the microscopic approach to biosystems at the onset of evolution

("protobionts"),in order to translate the theory into a possible

experimental attack on the problem of whether the phonon

structured condensate is present in biosystems. A specific series

of experiments is suggested.
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II. A MICROSCOPIC APPROACH TO BIOLOGICAL HACROMOLECOLES.

It is difficult to ignore the relevance of vibrational modes

of macromolecules in biological process, which has led (Eyster and

Prohofsky, 1977) to the characterization of DNA vibrations and to

predict DNA'S vibrational modes at frequencies spanning the

electromagnetic spectrum from radiowaves to the infrared.

The importance of macromolecular vibrational modes may be

further enhanced by the following observed facts:

(i) an increment up to 40% in the growth rate of yeast

(Grundler and Keilmann, 1983) in the temperature range 30-35°C

occurs when they are irradiated with nun waves.

(ii) human red blood cells seem to be subject to Brownian

motion until they get stuck together in what is known as rouleaux.

It has been found that erythrocytes seem to rush forward to each

other, once they have approached to within 4ym (Sewchand and

Rowlands, 1983).

These considerations have led to an interesting microscopic

approach (Wu and Austin, 1977; 1978a) to biological macromolecules

(including nucleic-acids), inspired by the seminal phenomenological

approach of Frohlich (Frohlich, 196 8), We proceed to consider

this microscopic approach, and to make a suggestion to incorporate

further non-trivial order into the quantum mechanical description.

Other microscopic approaches to Bose-Einstein condensation in

Biology have been followed up (Bhaumik, Bhaumik and Dutta-Roy,

1976; Del Giudice, Doglia, Hilani, and Vitiello, 1933; Paul, 1983).

-6-

Due to the strong dipolar characteristics of biological macro-

molecules granted to them by the presence of hydrogen bonds, we may

therefore consider a biological system as consisting of three parts:

a) oscillating units of giant dipoles occuring along the ma-

cromolecules,

b) the rest of the system considered as a thermal bath,

c) metabolic energy source coupling directly to the oscilla-

tory units. The interaction between the oscillatory units

produces a narrow band of frequencies u.

wo < Mi < "max

corresponding to the normal modes of the electromagnetic

oscillations. In second quantization we assign to the

i-th normal mode quanta for which a± represents a

creation operator with its corresponding destruction

operator a±.

In view of the arguments presented in section I, we add a

fourth component to our general quantum description of a

biological system,

d) we assume correlations of the Valatin-Butler type amongst

the a-quanta (which in the earlier microscopic approach

as well as in ours, are assume to be bosons).

The rest of the biosystem (the heat bath)may be described

as before, with creation operator b^ together with its corresponding

destruction operator b^. Finally, the metabolic energy will be

represented by creation and destruction operators(P , P ) .
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The Hamiltonian for the biological system can be written then

t „ *

f .

where fl^, f! are the excitation energies corresponding to the

heat bath and metabolic quanta, and A,x,?,Vi denote coupling

strengths for a 1-quantum, 2-quanta, and paired terms, respectively.

For simplicity, the more complete 2-quanta term has been

omitted in order to focus our attention on the significance of

our pairing terra (Livshits, 1972; Wu and Austin, 1978b; Yushina,

1982; Frohlich, 1982; Mills, 1983).

The operators

relations.

, P , p satisfy boson commutation

. THE PHENOMENA OF PAIRING AMD BOSE-EINSTEIN CONDENSATION.

The microscopic theory with y = 0 has already been discussed

(Wu and Austin, 1978a).

The rate of change of the number of quanta in the i-th mode

is given by

'I- ~ ~Tt i-fc (2)

where TV. — Q: 6i.

Using the commutation relations the eqn. of motion becomes,

•!,{

'/-V';<,.;r( -<,.;r( (3)



This equation will be required in Section VI.

In the limit A = x = 0 the ground state may be written as

i -t> N -~. ! { •>, .4 •./. / •) ' ' i l ^ N . (4)

(7)

from which it may be shown that.

where |0> is the vacuum of the a-quanta. The minimization procedure

ensures that with the Valatin-Butler transformation,

t

t
V*

a

N -> -•>

In this approximation the eqn. of motion (3) reduces to the

Wu-Austin eqn., in spite of there being pairing coupling, and

hence Bose-Einstein condensation follows in this non-trivial case,

in which order of the Bose-Einstein type is preceded by pairing.

(5)

a J. -
a modified version of the fermionic transformation {Valatin, 1958;

Bogoliubov, 1958), the boson a-variables create and1destroy

particles out of |ij>>, which is the vacuum state of the a-quanta.

If we are dealing with a large object namely, an object with

a number of particles sufficiently large so that

(6)

is negligible, then the particle number N i conmutes with the

Harailtonian where = at a..

In the case of inorganic superconductors this is a very

good approximation since (March, Young and Sampanthar, 1967):

-11-
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IV. EVOLUTION OF NUCLEIC ACIDS.

Once we apply the physical microscopic theory to nucleic

acids, for example,we are presented with the following situation

(i) The first Darwinian protobionts were able to replicate

due to physical forces that allowed the formation of

complementary base pairs. The error threshold (Eigen,

Gardiner, Schuster and Winkler-Oswatitsch, 1982) set a

length limit of about 100 nucleotides.

(ii) When translation of genes into proteins was achieved,

enzyme machinery reduced the error rate enough to allow

gene lengths of up to several thousand nucleotides.

(iii) A third stage in the process of achieving greater gene

lengths was reached ĥen a mechanism appeared that detected

and corrected errors. This led to the present situation

when gene lengths of millions of nucleotides are possible.

The underlying physical mechanism of double-order (pairing

as well as Bose-Einstein condensation) proposed in this work may

be extended confidently to the third stage of the process of

growth of gene lengths, for in this situation N is so large that

it is not essentially different from the situation encountered

in more familiar cases of superconductivity and superfluidity.

In these cases,

) (9)

where S is some small adimensional quantity, and the ground

state (4) is a good approximation to the a-quanta vacuum. Thus

all the merits of the Hamiltonian with u = 0 retrived by our

fully correlated theory, since n ± commutes with the Haniltonian

to a very good approximation. Therefore, all the impressive

experimental successes {Keilmann and Kell, 1983) are maintained.

-12-
-13-



V. ON THE ORIGIN OF EVOLUTION: THE UV PARADOX.

When we extend our consideration of evolution from our

physical point of view, back to the primitive stages (ii) and

(i) of Section IV, we are not able to show directly the Bose -

Einstein characteristic of coherent excitations by putting

must have been some four tftemsand million years ago (Sagan, 1965):

\ > = 0 (10)

since now the conmutator I yl. ^ fj I contains new non-vanishing

terms due to the pairing phenomena and N is no longer large, since

the protobionts were at most of a length of up to 100 nucleotides.

Yet, pairing may still play a significant role, as we hope

to show now.

Let us apply the microscopic theory with a Hamiltonian

given by Eqn. (1) to the first Darwinian protobionts. This

particular biosystem was in an environment which was ultraviolet

(UV) rich, except deep underwater, where the UV radiation is

damped out. Before we consider the implications of the

Hamiltonian (1) we must face paradox which may be clearly stated

as follows: UV rays must have played a significant role in the

origin of life on Earth, since it is a major source of free

energy. Without UV rays the primitive atmospheric gases would

have been deprived of the necessary free energy to start chemical

evolution. However, the photon flax F incident on top of the

atmosphere in the wavelength range

• • -~, - .,-"' \ y •'••(" . .. ( 1 1 )

F = /"x 10 0 Cm. Me U2)

In other words, it must have been sufficient to deliver a

lethal dose to many simple metazoan forms of life. It seems

difficult to conceive, therefore, how Darwinian evolution could

have had a fair opportunity: once UV rays played the role of

starting off chemical evolution, natural selection had no

opportunity to preserve desirable characteristics, since these

would be inexorably mutated away by means of the same rich source

of UV rays. In other words, the origin of chemical evolution

itself becomes a fascinating problem, whose solution lies within

the scope of quantum mechanics, if we can show in terms of our

Hamiltonian (1) that a reasonable explanation to the above paradox

may be offered.

We observe, in passing, that failure to answer this paradox

in a convincing manner within the scope of quantum mechanics has

led recently (Crick, 1981; Hoyle and Wickramasinghe, 19 78) to

alternatives to the standard scenario (Oparin, 1953; Haldane, 1965)

for the origin of life on Earth.

Following the viewpoint (Zubay, 1983a) of working with

hypothesis which are subject to experimental verification, we

retain our expectation that life originated on Earth, and there-

fore proceed to consider the problem of the origin of chemical

evolution.
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VI. QOAHTUM OI.TRft.VIOIOT DEFENSE MECHANISMS.

From what was said in the previous section we approach the

paradox from the point of view of supplying a missing UV defense

mechanism (UVDM), whose origin lies in the nature of the quantum

mechanical y-term of our microscopic theory (cf. Eqn. 1 ) .

The volume of the primitive oceans has been estimated to be

less than one-tenth of the volume of water in contemporary oceans,

the difference (nine-tenths) has been supplied by outgassing from

the interior (Kenyon and Steinman, 1969).

According to Weyl (Weyl, 1968) the volume of the oceans

increased significantly during Precambrian times and approached

its present value at the beginning of the Cambrian.

Therefore, even if the protobionts did not enjoy universally

the scarce shelter offered during the early Precambrian by the

oceans, at the dawn of prokaryotic life, the microscopic theory

offers a possibility for a substantial UVDM, through the coupling

of the y-term in Eqn. (1) by means of the underlying energy gap A,

The pairs will be nreserved in the ground state, provided that the

radiation energy (ER) it is subjected to is such that

(13)
-k.- "• — * t

whereas EB may yet destroy the coupling of one- and two-quantum

processes.

However,this primordial situation (X = x= °» V, ? ¥• 0) in

the Hamlltonian (1) destroys order of the Bose-Einstein type. For

-16-

as in the y=0 theory (Wu and Austin, 1978a), working to the lowest

order in the coupling constants, it is possible to write the state

vector at time t,

• 3 f a a )

(14)

where H o denotes the non-interacting system Hamiltonian with an

exact eigenstate Ity->•

Substituting (14) and (3) into the expectation value

l. y (15)

we obtain for the protobionts where |n, HJ^_y=r=o
 = ° i s n o t a

good approximation:
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•v\. s - - * • • < • • ' "

i

: ";"

(16)

where n, denotes the thermal average of the number of t-th quanta,

Pj, denotes the thermal anomalous average

F = < r
(17)

s -c
and f (n., n.) denotes some function of n , n.; | denotes some

function of F., F . The Wu-Austin parameters of the (n=0) theory

are the same, namely

i) The number of quanta supplied to the 1.-th mode is

t

(18)

ii) If N(hu) denotes the number of excitations with energy

hD in the heat bath,

^ A^\%\ e
_ i, u) •

-18-
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(20)

The fourth contribution to<^n.^in Eqn. (16) comes, for the small

macroraolecules of the protobiont, from the fact that the limit (S)

is not a good approximation, unlike the low temperature quantum

liquids (superconductor,helium-3 in its A- and B-phases), where

N = Sn. is large, and where therefore.

(21)

The condition for stationarity^ ii ."y = 0 leads to Bose-

Einstein condensation in the p = 0 theory. However, in the

present correlated-phonon condensate of the biosystem, even if

radiation breaks the X and x coupling, the y-coupling remains up

to radiation energies

A (22)

even though Bose-Einstein condensation fails,in the sense of Wu-

Austin. If the heat bath is a small part of the biosystem, as

compared to the correlated phonon condensate, practically the

protobiont remains unaffected by the radiation within the UV

window

(23)
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where E R = 1/*R, -K = 1. and in window (23) only 0.06% of the UV radiation would tend to

destroy the correlations in the phonon condensate, thus demonstrating
At the present time UV rays in the near window

that most of the biosystem (since the heat bath is assumed small in

(24) this specific example) remains unaltered under UV radiation, except

3 00 Jĵ vv <"' A ••"' '2cT0 '-,-,
^ u v -•>, v.- - -' r:>>\ i n t h e v e r y far r e g i o n (on^y 0,06% of the total energy flux). This

illustrates the fact that the correlated phonon-condensate may have
can be damaging (strongly absorbed in nucleic acids), since these

been a potent UVDM in the early Archean, when chemical evolution
rays are not absorbed by the ozone layer.

originated.

Yet, nucleic acids here developed certain repair mechanisms,

an example of current UVDM (Zubay, 1983b).

Consider the far UV-window

IJTA y Ck,* <C ? '>? ->i>n, - < 2 5 >

This is the source of 3.400 cal/cm /yr (Zubay, 1983a)

opposed to 2 cal/cm /yr for

( 2 6 )

In other words, if we cut-off at 150 nm we are letting through

0.06% of the UV rays which are being filtered.

Hence, with pairs of correlation length

3 \ — 5(0 ->)MV (27)

we have that

--20- x



VII. DISCUSSIOH AND CONCLUSIONS.

It is clear that UVDM must have had the highest evolutionary

priority (Sagan, 1965): they would be necessary to permit survival

at all and to keep the mutation rate down to tolerable levels.

Hence, we feel that a quantum UVDM such as the one suggested in

Section VI may have been crucial for the very origin of life on

Earth. This new UVDM is based on the microscopic theory of a

correlated phonon condensate in biosystems, as was explained in

Section II.

The difficulty with this proposal is, however, to justify

the possibility for such a high frequency collective excitation

right into the UV region, say of some 10 1 5 Hz. Although such

high collective excitations are not inconceivable, arising from

oscillations of bound electrons (Frohlich, 1981), one would

expect, for genetic material, lower excitation energies exposing

themselves, for instance, in resonance oscillations of DNA with

microwaves (Weisburd, 1984). However, we have already mentioned

in Section IV that protobionts were most likely very short macro-

molecules (at most' 100 nucleotide pairs) . If frequency is

assumed to be inversely proportional to length, the coherent

excitation (underlying the correlated phonon condensate) required

for the UVDM may well have occurred. In this context, such an inverse

proportionality has been observed in Stokes-Raman shifts in poly-

L-glutamic acid (one of the compounds created in the classical

Miller-Urey experiments), which are integer multiple of a basic

frequency 950 cm'1 (MW = 93,000) and 850 cm"1 (MW 103,000), although

the lengths in protobionts are smaller (Biscar and Kollias, 1973a;

1973b). Some gross qualitative arguments may help to device

experiments which may give some evidence for this quantum mechani-

cal approach to the origin of evolution itself, and to help

sharpening the present work.

The existence of assuming a critical temperature for the

thermal destruction of the y-term, as in the case of superconducti-

vity, we should expect a BCS type of relation

(29)

However, since in superconductivity (excluding the type II

superconductors), •? /^J 1.000 nm and Z S, 150 nra, we
^J Q O ^

have the lower bound for the transition temperature T l o into
c

the regime enjoying the UVDM (low mutation rates):

>

where T ' denotes the transition temperature for superconductors.
c

Hence, since the lower bound, an order of magnitude above the

transition temperature for superconductors, is still a very weak

constraint and does not rule out T lo below zero degrees

Centigrade, it is possible that some liquid other than water may

have played a role in the polymerization of protobionts. Such a

liquid ought to have the property of remaining in the liquid

state under freezing conditions. Solutions of hydrogen cyanide

have this property.
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Summarizing the various hints from the microscopic theory,

we find that a candidate for a protobiont would be some short

polynucieotide of the order of 100 nucleotide pairs at temperatures

below some critical value T'BIO{we remark in passing that polymeriza-

tion of protobionts at somewhat low temperatures is quite the

opposite from the procedure suggested by Fox (Fox and Dose, 1972).

Assuming the circumstantial evidence suggesting that RNA-

like polymers probably preceded DNA, in replication a strand of

RNA serves as a template along which complementary nucleotides are

assembled according to the base-pairing rules to form a complementary

•strand carrying a duplicate copy Itself,

This process is experimentally feasible (Eigen and Winkler-

Oswatitsch, 1981). Supplying a complex protein (Qo replicase) the
P

process of de novo synthesis of single-stranded RNA of the phage

Qg, has been achieved. From our previous arguments the replication-

process of this short genetic material should show a certain mutation

rates when irradiated with UV rays above the critical temperature

T(Bio)_
c

The observed mutation rate for higher temperatures (i.e.

well above the lower bound), should drop abruptly below T'Bio'>

since for T < T' 1 O the y-term ought to start functioning as an

UVDM. To estimate theoretically the numerical value of T ' is

not possible at the present stage, since even the lower bound here

in Eqn. (30) is not strong enough. Thus a series of experiments

in which the replicators are irradiated with UV rays at ever

decreasing temperatures, ought to show an abrupt drop in the

mutation rate and fix the value of ^

We conclude that the ample experimental support for coherent

excitations in biology inherent in uncorrelated phonon condensate

in biosystems has been used to address ourselves to questions

relevant to the origin of chemical evolution from a quantum

mechanical point of view, by extending the coherent excitation

theories with a phonon condensate (analogous to superfluidity of

He II), into a theory with a correlated phonon condensate (analogous

to the superconductivity theory of BCS).
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