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1 Homochirality of Life

For more than one century there has been evidence for the chiral nature of
life forms on earth. Pasteur was among the first to point this out (1848-
1880) and the universal nature of chiral symmetry breaking in DNA and
RNA is now very well established for all life forms. Figure 1 shows how

*For Comments in Nuclear and Particle Physics.




the Homochirality is manifest at the molecular level. With the discovery of
parity violation in charged current reactions in 1956, and of the Weak Neu-
tral Currents (WNC) in 1973, two universal symmetry breaking processes
were uncovered that could have effected the handedness of DNA and RNA
(WNC and g decay). Figure 2 shows these processes at the fundamental
level. The main problem is the extremely small symmetry breaking effects
(AE/kgT ~ 10717). There are plausible non linear mechanisms that could
have amplified this small symmetry breaking phase transition up to the full
symmetry breaking observed in life forms. However, there is a long standing
controversy as to whether these non linear effects are actually large enough
to have determined selection of the handedness of life[1, 2, 3, 4, 5, 6, 7, 8].
Recently there has been increasing interest in the chiral nature or hand-
edness of biomolecules. In fact there are some who claim that the com-
plex biomolecules structure of life must have arisen from a “Chirally Pure”
medium[3]. This concept combined with the likelihood that the period on
earth for life to have originated seems to be sometime between 3.8 and 3.5
billion years ago leaves a small window of 300 million years or less for life to
have emerged from the prebiotic medium. Some speculate the time could
be less than 10 million years. In this paper we review a recent conference
sponsored by UCLA on the ”Physical Origin of Homochirality in Life”, held
in Santa Monica, California, on 15-17 Feb 1995 and to be published by AIP
Press in 1995.
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2 The Molecular Parity Selection of Charged and
Neutral Currents

Charged current effects that violate parity are once candidate for the sym-
metry breaking[9. 10]. The WNC that interferes with the electromagnetic
field and gives rise to weak distortions of virtually all electromagnetic ef-
fects, could be one of the candidates that causes symmetry breaking in the
biosystem[11]. It could make the broken symmetry of the micro-world trans-
late to the macro-world. finally leading protein and both DNA and RNA to
display left-handed (L) and vight-haunded (R) form. respectively. For organic
molecules. however. the differcuce hetween the ground state energies of the
R- aud L-tvpe is about[6. 7] N/~ 107" kg7 of the thermal energy at room
temperature.

There have been various experimental tests of the effects of weak inter-
actions on biological materials — all null to date (see references 12 and 13 for
a review aud for an excellent introduction to this subject). We will return
to this issue later when we discuss possible new experiments.

There are other processes that select chiral states, for example absorption
of circularly polarized light[3. 2]. For some time there has been a debate as
to whether combinations of electric and magnetic fields could cause a chiral

symmetry breaking[3. 13]. Tor a recent discussion sce Barron. Science ..7..
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3 The Conditions for the Small Electroweak Asym-
metries in the Prebiotic Medium to be Ampli-
fied — Simulations

I the WNC interaction is possible to provide an additional energy in such
order in an organic biosysten. the handedness of the organic molecules might
appear. Such additional energy could be thought as a small bias in this
transition process. For simulation this small bias is converted into a non-
dimensional parameter g (AL /kgT) to characterizes the relative difference
in the time to effect the phase transition. A series ol simulations with
constant g has been done[l] that show an amplification process can occur.

In contrast to the gradnal build up ol svinmetry breaking[). 8], as pro-
posed by Nondepudi. we propose a more general condition that allows a:so
for an impulse of chiral svimmetry bhreakingl U] This will illustrate the gen-
eral principle. as well. lor example a natural fission reactor where large
amount of U?%?
seem to be an unimportant effect and has been ignored in the past literature
on this subject. But with increasing interest currently this issue should be
paid more attention. Here we present some results based on our previous
work|§]

may have accumulated by aceident. At first sight this might

da

o = AT+ B = Aa+ )+ Cg (1)
a

becomes

da

- = —Aa® + B(X = Ae)a + VEF(t) + Cg+ déyy (2)
al

where « is the amplitude of the symmetry breaking solution, A the control
parameter, ¢ is the interaction or bias symmetry breaking selector, A, the
symmetry breaking transition point (critical point), ¢'/2 is the rms value of
fluctuation (noise). and [(1) is the normalized fluctnation (noise), d is the
amplitude of a quasi d-pulsc. and dyy s the &-Tunction which dyyv = 1 when

A= MNand 6y = 0 when A # N,
/\ e /\u + ")[ (3)

where Ag is the initial value of A, 4 the evolution rate, and t the evolution
time.
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To solve the first order stochastic equation numericallv we assigned the
initial amplitude a to zero at time £ = 0. but the [(/) is a random number
generated by computer within [F1.1]0 To obtain the trace of the svmmetry
breaking amplitude a at different tinne for cach trial we just sampled the
amplitude a at difllerent time. Finallv. we assembled those data points from
about 40,000 trials to produce the IMigure 3. 1t is shown that a P__ = 88%
chance (probability) of favored process was selected[S8. 14]. This illustrates
the effect of a small symmetry breaking on a slowly evolving svstem. In
essence, the small bias is magnified by the process of signal averaging, where
the noise effect essentially cancels out. This process is sometimes called the
Kondepudi effect[1]. This finishes our overview of the possible physical origin
of Homochirality.
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4 The Santa Monica Symposium

For many vears there have heen several issues associated with the homochiral
structure of biomolecules. first observed by 1. Pasteur in 18.8:

a) Is a homochiral structure necessary for life as we know it?

b) Did homochirality precede the formation ol life (homochiral prebiotic
medium hypothesis)?

c) Is there any reasonable phyvsical mechanism that could have produced
the large chiral symmetry breaking in the prebiotic medium or in the
observed homochiral structure?

d) Is the homochiral structure an accident that occurred in the biological
systems and was later amplified?

e) Can the homochirality be used as a signature for existing or previous

iving svstems in the solar systenn or other parts of onr galaxy?

f) Are there any experiments that can be carried out now to clarily the
origin of homochirality?

These and many other questions were the basis for organizing the first sym-
posium on this subject in Santa Monica, California. Some of the leaders of
this field attended the meeting, made presentations and joined the discus-
sions, as well.

The meeting started with an overview of the importance of homochi-
rality in biomolecular life by Bonner (Stanford) and Goldanskii (Moscow ).
Their conclusions were that homochirality is alimost certainly required for
the formation of the complex sell veproducing biomolecular structures (i.e.
DNL) required for life. They both stated that the prebiotic medium should
have been homochiral. although. they dillered on how and even where this
may have happened. Mann (U. Penn.) and Cline (UCLA) discussed the
possible physical processes that could have helped produce chiral symmetry
breaking. Radioactive beta particle interactions to the influence of weak
neutral current all “violate parity” but are also very small eflects. There
was a brief discussion of the role that necarby supernova’s in the ISM before
the solar system formed could have plaved (see Figure -1). 1t was agreed that
some powerlul amplilication mechanisim must have intervened to achieve any
large eflect.
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On Febronary 16 the first session was “Biomolecular Aspects ol lo-
mochiralitv.”  There were four very interesting presentations: Goldanskii
(Moscow), Gilat (Technion). Avetisov (Moscow ) and Miller (UCSD). Goldan-
skii discussed the Frank process. a process invented by the British chemist
Frank that can be used to amplily physical or spontancous chiral symme-
try breaking in so far as no definite chemical reaction has been proposed
as an example of the Frauk process. Goldanskii showed that formaldehvde
could be assembled in a Frank tvpe process. Gilat indicated some other
types of chiral syimmetry hreaking processes that should be studied in the
laboratory. Avetisov discussed the very interesting question ol assceiibling a
complex structure like DN out of homochiral monomers. Heindicated that
even with a homochiral prebiotic medinm. a “complexity threshold™ would
be reached that is hard to understand passing through. Part of the final talk
in this session by Miller dealt with the famous Miller-Urey experiment that
showed many vears ago liow amino acids can be formed using an clectrical
discharge in a methane-water, etc. gas medium. In his talk Miller indicated
that homochirality is not needed to give birth to biomolecules, however. it is
a very great aid to Biology and life. Miller also pointed out that the organic
materials produced in the famous Miller-Urey experiment were tested and
found to be racemic!

The next part of the meeting. “Physical Origin of Homochirality - Sym-
metry Breaking,” took the better part of I'ebruary 16 and the first part of
the morning of February 17. and caused the most controversy. There were
three themes of this part:

a) The weak interaction which is the only universal chiral symmetry break-
ing svstem — MacDermott (Oxford U.), llegstrom (Wake Forest U.)

b) Small effects might be amplilied by anto catalvtic Irank-tvpe processes
- Nondepudi (Wake Forest UL}, Goldanskii and NacDermott.

¢) There may be more uselul mechanisms Lo break the svmmetry either
by a biochemical process or il the organic molecules are formed in the
ISM and subjected to polarized light from neutron stars — Ischenmoser
(Zurich), Nielsen (Copenhagen) and Bonner.

Let us elaborate a little on some of the newer results at the meeting.
MacDermott has carried out some very interesting calculations of the en-
ergy difference of different chirality biomolecular configurations due to the
weak neutral current and has found that gome systems could have 10714 /kT

I
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energy diflerence. orders of magnitude larger than all previous estimates.
Kondepudi once again cmphasized the importance of the Frank process and
the auto catalytic process and has even tested one of the ideas by studying
salt crystals where the symmetry is broken by stirring the liquid! Ischen-
moser showed how p-RNA could have symmetry breaking eflects. Finally
Bonner elaborated on the “abiotic™ possibilities of the homochirality and in-
dicated that the time available on the carly earth for such a process to take
place was less than 300 million vears aud could be even less. He indicated
that a more viable possibility could be formation of homochiral molecules in
the ISM and proposed a specilic mechianism due to the absorption ol polar-
ized U\ light from one or many neatron stars in the 1SN These ideas and
others lead to a healthy debate at the mecting. One issue was associated
with so called false chirality duce to clectric and magnetic fields discussed
by Barron (U. Glasgow), who's talk was presented by MacDermott; similar
ideas were discussed by Gilat.

The third session was devoted to Astrophysical and Planetary Aspects
ol Homochirality and Origin of Life on Earth. The presentations by Bada
(Scripps/UCSD) and Greenberg (Leiden) were very interesting. Bada first
showed that hiomolecular svstems (e mman teeth) progressively racemize
as they age and indicared that the age ol the Swiss Jecman is being deter-
mined this wayv. Then Bada pointed out that there is no evidence for non
racemized organic molecules in micrometeorites in the polar ice or at the
K-T edge in sediments. This is a serious constraint on theories where the
organic molecules were brought in by comets, etc. Of course. it may not be
directly relevant to what happened four billion years ago. The highlights
of Greenberg’s talk, titled “Photochemical Production of Non Chiral and
Chiral Organics in the Interstellar Dust: Laboratory, Observation and The-
ory,” were: organic materials make up ~ 1071 of the mass in the galaxy (as
dust); the Hallevs Comet carries 10% of the biomass on earth: organisms in
dust undergo complex chemical reactions with the help of UV light (this has
been studied in the laboratory where amino acids and otlier biochemicals
are produced). Greenberg’s main theme was that homochiral biomolecules
could be produced from the polarized light {from neutron stars over a long
period of evolution of the large gas clouds in the galaxy (see Figure 5)(this
concept was first discussed by W. Bonner, see Relerence 12, for example).
Greenberg went on to describe an experiment carried out with polarized
UV light and selective destruction of D or L molecules was observed, thus
confirming the Bonner hypothesis who's claim is that comets could have
brought in both homochiral organisms and water to the carly carth ~ 4

12
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billion years ago. (I'here was also a discussion that supernova in the ISM
could provide a chiral impulse by the anti neutrino and 2°A( production.
The final section of the meeting was Future Perspectives and ISxperi-
ments. It is clear that some experimental results care needed if this is to be
a viable field of study. Nhriplovich (Novosibirsk) discuss the possible study
of high frequency radiation on homochiral substances: a careful study could
vield the energy differences due to the weak neutral current. An open dis-
cussion on futurce experiments was held with many participants providing a
suggestion for an experiment. One interesting possibility suggested is to use
the new high intensity polarized electron guns for lincar colliders to study
the effects of polarized clectrons on hiomochiral materials. T'his suggestion
and other proposed experiments will be summarized i the proceedings.
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Figure 5: Possible extraterrestrial origin of terrestrial homochirality.
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5 Organic Molecules in Space and the Possible
Role of Nearby Supernovae and Neutron Stars

One of the main themes of the Santa Monica meeting was the likelihood

that most of the early organic material on carth was brought in by comets

and asteroids. Reference 15 gives a nice introduction to this concept.
There are some interesting "large numbers™ to consider in this regard:

1) the estimated amount of dust matter in the galaxy is ~ 0.001Mg, or
~ 108 solar masscs, largely in the form of dust grains. A {raction of
that material is in the form ol organic materials[15]:

2) the amount of interstellar dust that has accumulated on the carth (bring-
ing organic material) is poorly known[l16. 17]:
3) in a molecular cloud of density 10"\ /em? and of Tparsec radius. there

could be complex organic matter equal to 100 solar masses;

4) the earth revolves around the galaxy with a period of ~ 250 million years.
It likely encounters several dense molecular clouds in this trajectory;

5) it is likely that large quantitics of organic material were deposited in the

earth in the first one billion vears.

This information is obtained by the inlrared scattering from the dust in the
galaxy and by modeling of various U\ driven processes here on earth[15].
Ultraviolet photo processing plays an iniportant role in the organic chemistry
of the dust particles[16]. (See also Reference 19.)

There are three eflects from a supernova Il in the primordial cloud that

may have formed the solar system:
1.) D emission — with 7, +p — e¢T 4 » interaction in the hvdrocarbon

2.) Ve, Upy Vo 1y (& = pi. 7)) neutrino emission and coherent interaction

with the nuclei of the organic materials

3.) intense J emittances like 2°A¢ formed by supernova = that emit polar-
ized et particles that interact with the organic materials.
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Of course, all this time the effect of the weak neutral current can be driving
the svstem towards a homochiral state as the equations | and 2,
Lot us consider the rate ol these effecrs:

1.) for v, absorption and a supcrnova Ipe away (or inside a Ipe dense
cloud) the mumber of interactions will be ~ 10%/ke ol naterial - for
10047 ; of organic material this would be 10" grams of organic matter
that is active, the positrons [rom the v, interactions would lose energy
at a rate of 107'*MeV /cru and thus travel nearly a parsec.

2.) for the coherent v+ N — v+ N and for the carbon in the hvdrocarbons
we would have ~ 102 more or 10'! grams of active material

3.) for the 28A( - over the hall life there would be ~ 10% decavs producing
~ 10°%* that lose cnergy 10"™MeV/em for MeV ot the range of
the positrons would be ol order a parsee (ignoring possible maguetic
field eflects).

Consider the example where 0.001 M. of 2°A( is produced and assume
for simplicity that the encrgy of the ¢t is 1MeV and is contained in the gas
cloud. Assume the cloud has a density of 10" Atoms/cm? and that 1073 of
the atoms are organic the stopping power for et will be

LE
(/— ~ MoV /gram/cm? (4)
da

and for a density of p = 10" AMoms/cm” ~ 107" gram/cm” we find
dl. , .
da o~ —(NeN) ~ 10 e (~ 3par sec) (]
/)

(we neglect radiation p processes and maguetic ficlds)

2l

and for an average energy exchange of 10eV we have
G 3
/ *°Al decay (6)

For 0.001 M® of 26A(¢ and 1072 organics fraction we obtain a total of ~
103> collisions of polarized positrons with orgauic materials in the cloud
assuming all the et stop in the cloud. There will also be the same order of

105 collisions

polarized photons from the ete™ — ~- annihilation. 1t is estimated that
the asymunctry due to the weak interaction would be of order 107! to 1076
2
; . . ) : o\ < G e
depending on the positron energy (it scales like a? (U—/J ~ 107" for v/e ~
0.1). Thus it takes N ~ 1022 interactions for the asvmmetric to become
statisticallv important. In this example there are far more interactions.

16
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6 Future Tests in the Laboratory and Alternative
Viewpoints

As a bi-product of the Santa NMonica meeting there is now a renewed effort
to study the effect of weak interactions on biological materials[18]. Two
types of particle physics experiments are being studied:

1) with the powerful RIT clectron guns that provide polarized electrons for
the Stanford Lincar Collider and other syvstems. one can imagine a
new round of experiments to scarch for parity violation in biological
materials. In this experiment it would be possible to decelerate the
electrons to low cnergy where the effects should be relatively large. A
Novosibirsk-UCT.\ team is preparing a proposal for this experiments,

2) the possible use of reactor anti-nentrinos to simulate the elfects of weak
interactions. including coherent scattering [rom the nucleus.  (This
could simulate the effect of supernova v°, for example, by taking very
long time exposures to obtain an equivalent flux.)

Other terrestrial experiments include scarches for homochiral materials in
meteorite; experiments with crossed electrical and magnetic fields care purely
chemical methods of inducing homochirality.

Another class of extra terrestrial experiment will involve the search for
homochiral materials in comets. asteroids and perhaps Mars. Tt is obvious
that. if homochiral materials are found in these svstews and all displayed
the homochirality as that ol livine svstems on carth. the case for a common
physical origin is made much stronger. One intriguing possible experiment
would use the Rossetta Mission 1o a comel. a suggested detector SETH
(Search for Extraterrestrial Homochirality) would be the size ol a cigar and
measure the optical activity of the samples in situ.

We may be entering into a new era where the very foundation of life and
the physical forces of nature are secn to have a strong connection.
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