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This brief review describes a characteristic property of living systems—dissymmetry. The progression of
phenomena beginning with dissymmetry in the simple chiral molecules that make up living organisms and
leading to the manifestation of dissymmetry in psychology is examined. The advantages contributed by
dissymmetry in simple molecules to the more complex formations, which originate from and are composed of
these molecules and which bring about organization in living systems, are indicated. The theory of
chirodiastaltic interactions, as an agent of this organization, is examined. The possibility of initiating and
maintaining dissymetry in the form of chiral purity of matter with the participation of autocatalytic and
nonequilibrium thermodynamic processes is analyzed. The current hypotheses that explain the emergence of
dissymmetry during the evolution of life are reviewed. The fluctuation hypotheses and assumptions
concerning the influence of weak constant factors are examined and the corresponding schemes for evolution

are presented.
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Asymmetry, rather than symmetry, can serve as a symbol of diversity
and greatness of natwre.

Ya. Kavabata

Who could imagine that God would turn out to be a weak left-hander?

1. INTRODUCTION

If a physicist is asked what is the most general,
purely physical, distinguishing feature of the diverse
substances that make up living matter he, however
strange it may seem, will only be able to give one
answer, namely, optical activity, the property of mat-
ter to rotate the plane of polarization of transmitted
light.

A mathematician, in answer to the same question,
would say dissymmetry 12 He would explain that those
objects are said to be dissymmetrical which do not
have a center or a plane of symmetry and can exist in
two forms, right-handed and left~handed that can be
superposed by the operation of mirror reflection.

A biologist will answer the question in greater detail:
all the most important substances out of which living
organisms are formed consist of dissymmetrical, or,
as it is customarily said, chiral, molecules that can
exist in two mirror-image forms. Furthermore, the
substances that constitute the structural basis of living
matter and that carry the basic vital functions are en-
counted in organisims in the biosphere only in one of
these two forms and the maintenance of “optical puri-
ty,” i.e., prohibition or elimination of the other form,
is an important aspect of life processes.’™

A consequence of the unequal number of molecules of
the two indicated forms in a substance is the rotation
of the plane of polarization of light by this substance.
Thus, optical activity, which the physicist discovers
in Hving matter, is an indicator of a particular dissym-
metry. This dissymmetry, apparently, is related to
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some fundamental properties of life processes and is an
inherent property of living matter. In living systems,
not only the simplest building blocks (molecules), but
also all the more complicated structures including
protein polymers have chiral symmetry. Furthermore,
morphological dissymmetry is also characteristic of
living organisms themselves and of their functions.

Such a clearly expressed inequality between left and
right in living systems, not observed in the inorganic
world (which was pointed out a long time ago by Pas-
teur and Curie), is to this day somewhat puzzing or, in
any case, difficult to explain,

Thus, the very narrow and specific problem of the
rotation of the plane of polarization of light by living
matter is unexpectedly developing into an important
and fundamental problem in biology, physics, and
chemistry. Some experimental information from biol-
ogy and its physical interpretation are presented below
and an attempt is made to discover where does the ad-
vantage of chiral molecules as building blocks of living
systems lie and to determine the mechanisms by which
dissymmetry is established and maintained. As will be
seen, analysis of these problems unavoidably leads to
consideration of the fundamental problems of the origin
of life. The problem of dissymetry is now, apparently,
transformed from a special chemical-biological prob-
lem into a general physical problem.'?®

2. MANIFESTATION OF DISSYMMETRY IN
LIVING SYSTEMS

Let us examine briefly some experimental informa-
tion from biology that illustrates the overall situation
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described above.

The basic elements out of which living matter is built
up {constituting approximately 95 to 97% of living mat-
ter) are C, H, O, and N. The elements Ca, P, and S
are less common and there are 3 to 4 other elements
that are still less common, while the content of all the
remaining elements is less than 0.01%. It is possible
to identify fairly clearly a comparatively small number
of classes of substances that comprise the basic, con-
stitutional part of living organisms, including primarily
the protoplasms (nuclei, cytoplasms) and consisting,
for the most part, of the first four elements mentioned
above in various combinations. These substances pri-
marily include proteins, polypeptides, nucleic acids,
lipids, and certain polysaccharides.'™®

The basic structural elements of proteins and poly-
peptides are @-amino acids, more precisely, their
acid residues, connected by peptide links. There ex-
ists a large number of amino acids,?*?? of which only
20, in various combinations, enter into the composition
of the diverse proteins. These include, for example,
serine and alanine.”

(I:OOH C1200H (fOOH CI:OOH
NH,—C—H H— C—NH, NH;~C—H H~C —NH,

L, 1 (1) L, .(m)
H—C—0OHOH—C—H H—C—HH—C—H .

| |

H H I-Il l-li

‘) al) o) a0

serine alanine

All the amino acids are present in all proteins only
in the l-configuration.

Nucleosides [5 (6) types in all], the basic structural
elements of the nucleic acids RNA and DNA, contain
only the d-configuration of ribose sugar. The other
most important sugars that enter into the composition
of polysaccharides, glucose and fructose, are encount-
ered only in the d-configuration, while the sugar rham-
nose occurs only in the I-form. This'list could be
greatly increased.

Thus, there exists a certain set of primary substan-
ces that play a basic role in organisms and that have a
particular configuration, which is the same for all
living systems.

Dissymmetry in the basic substances involves, gen-
erally speaking, a definite dissymmetry in the basic
products of nutrition,®*'?® predetermining their con-
figuration. Thus, yeasts utilize only natural d-sugars,
leaving the “unnatural” (it is better to say nonbiological
or “not found in nature”); they do not grow in a medium
consisting only of the latter.”’ The transport proper-

DThe notation d and 1 denotes the conformation of the molecule,
corresponding to right and left (or right-handed and left-
handed isomer). This notation is conventional in stereochem-
istry. The (+) and (-) signs indicate the direction of rotation
of the plane of polarization; this information is less impor-
tant and less informative.

2Some bacteria can nevertheless live on “nonbiological” nutri-
tion although they grow much more slowly and are less viable.
However, at the same time they do not alter the sign of the
asymmetry of their substances nor the degree of asymmetry.
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ties of the antipodes also differ greatly; biological
membranes allow one of them to pass through and
block the other.2*

Substances that play a secondary role in an organism,
those that have a metabolic function, metabolites, food
supply,25 and excretions, conform less strictly with the
conservation of sign rule and can, depending on condi-
tions, exist in both configurations or in the form of a
mixture of the two configurations, a “racemate”. For
example, terpenes are such substances: in various
plants only d-limonene is encountered in one group,
{-limonene is encountered in other groups, and, final-
ly, a mixture is encountered in a third group. Many
bacteria, which utilize only one of the glucose anti-
podes [d(+)], separate out as a by-product one type,
the left lactic acid; other bacteria separate out the
right lactic acid; and, a third group separates out a
mixture.” Furthermore, within the organism, these
by-products remain optically pure, while outside the
organism they rapidly racemize. There are many
such examples.

It may be stated that the loss of optical purity on
leaving the sphere of influence of the basic life proces-
ses is generally characteristic of secondary substan-
ces. As will be see further on, it may be assumed
that their optical purity arises or is maintained under
the influence of the basic substances or structures.

Here, it is necessary to make some stipulations. In
some work, a strict distinction was made between
“primary” substances, which have a mandatory asym-
metry with particular sign (see, for example, Refs.

3 and 4) and “secondary” substances, for which a defi-
nite sign (and, occasionally, dissymetry in general) is
not mandatory. However, at the present time, it is not
clear to what extent such a categoric separation is
based on some kind of independent considerations.

On the other hand, it is also difficult to make a sharp
distinction because during the past decade (see Ref. 26
and 27) it has been discovered that in a number of or-
ganisms some substances with the opposite sign are
nevertheless encountered (for example, d-amino acids

and l-sugars). The information at this point is still

fragmentary and the frequency with which such sub-
stances are encountered is not clear, but, in these
cases, it has always turned out that the role of d-amino
acids and l-sugars differs from that of the primary
substances and they are secondary substances.?’

Without going further into the details of the biochemi-~
cal aspects of this problem, the following results,
which should not give rise to any doubts and which are
basic to our subject, may be stated:

(a) in living systems, chiral molecules are prefer-
red as starting, primary substances;

(b) substances, especially those that relate to the
basic constitutional part of an organism, exist in or-

91n many higher organisms, d-lactic acid is liberated when
muscles are contracted, while the mixture d+1 is liberated
when glucose 1s consumed and processed.
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ganisms as optically pure isomeric forms;

(c) for the more important substances, a single con-
figuration with a particular sign, specific for each sub-
stance, is clearly preferred.

Dissymmetry in the simple starting molecules also
leads to dissymmetry in the conformation® of the fol-
lowing links in the hierarchy of biological structures:

amino acids —~ polypeptides —proteins,
simple sugars —~polysaccharides,
mononucleosides —~nucleotides —nucleic acids,

although the sign of the conformation does not have to
coincide (see below) with the sign of the configuration
of the starting molecules.

It is well-known that right-handed a-helices are the
predominant conformation of proteins. Various types
of polysaccharides, such as cellulose in trees, con-
sist of left-handed spiral-shaped formations. Nucleic
acid chains are right-handed helices consisting of I-nu-
cleotides; the helical structure, as is well-known, is
also reflected in the secondary structure of RNA and
DNA. Such vitally important pigments as chlorophyll,
steroids (derivatives of cholestorol), and many oth-
ers'®19:28:2930 46 3 definite sign for the secondary
conformation. Left-handed polypeptide helices (con-
sisting of /-amino acids), if they are formed, are
much less durable than the right-handed forms.'®20:26+3!
Apparently, it may be asserted that asymmetrical con-
formations are, in general, characteristic of biopoly-
mers in living organisms and, . in addition, each con-
formation has a definite sign.

The dissymmetry described is also observed in the
upper structural hierarchy, although somewhat less
uniquely; there is some scatter.

It is well-knownthat in nature morphological dissym-
metry is widespread, beginnings’ with the spiral-shaped
structure of bacteria colonies, left-handed helical vas-
cula in plants, helically-curved sea shells and so on,
and including the dissymmetry of the human body. 2™ 3273%

However, there is no doubt that the connection with
the signs of the basic substances is by no means direct
here and, apparently, is not unique.

This can be illustrated with many examples. Thus,
the aquatic plant duckweed is encountered in nature in
right-handed and left-handed forms. It propagates both
sexually (via seeds) and vegetatively (via shoots). In
this case, the first method does not lead to an inheri-
tance of the sign, while the second method definitely
leads to an inheritance of the sign. In biological ob-
jects, the entire spectrum of occurrence of morpholo-
gical antipodes is represented: from 1:1 (as for duck-
weed) to an almost complete preponderance of a single
sign; the number of “morphologically racemic” forms,

©The term “conformation” here denotes the shape of a polymer
chain with a given chemical composition and structure: elon-
gated strand, straight and curved spiral, ball, and so on.

9 The tobacco mosaic virus is, as a rule, a right-handed helix.
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however, is much less than the number of forms with
a particular dissymmetry. The manifestation of dis-
symmetry is itself obscured. Thus, both right-handed
and left-handed cones are encountered on a single pine
tree, although approximately 70% of the cones are left-
handed. The stems of bindweed curl only to the right,
while the leaves on the stems are positioned both on
the right and on the left sides of the spirals. The in-
heritance spectrum is also very broad, ranging from
a complete absence of inheritance of the sign of the
morphological structure to strict inheritance asa
family characteristic.

In the latter case, rare specimens of the inverse
structure are mutants, have distinguishing biological
features (compare, for example, Ref. 36) and, which
is important, often are less viable. Thus, the typical
(right) form of the snail Fruticicola lantzi is more
viable than the inverse form®'®; the right-handed form
of the rhizopoda Globorotalia truncatulinoides resists
low temperatures, while the left-handed form is ther-
mophyllic®; I-beets contain more sugar than the d-
specimens; I-potatoes grow better.

However, the work of Kizel’*®"" has shown that the
structure of the constitutionally important substances
examined above and the system for basal metabolism
in all species have the same sign: individuals with
right-handed and left-handed morphological structure
use food with one sign and so on. In this manner, in-
version of the sign of morphological dissymmetry
arises not as a result of inversion in the base substan-
ces, but as a result of differences in some secondary
or tertiary factors, which affect the intermediate stag-
es in the structural hierarchy, i.e., some intermedi-
ate links in the long path for transmitting information
about the structure of the primary substances into the
system that directly controls the morphology. For this
reason, it is natural that along this path, the signs can
change according to definite rules (as in the transition
from l-amino acids to the right-handed a-helices of
proteins) and a certain statistical scatter in the signs
can occur. As yet, all these mechanisms have not been
adequately studied.

Dissymmetry is also observed in the most diverse
life functions, including psychology. Thus, sweet d-
leucine or tyrosine are distinguished from the bitter
I-isomers and many isomers are distinguished accord-
ing to smell. Left-handed (~) chloromycetin (levomy-
cetin) is an active antibiotic, in contrast to the inactive
d (+) form. The compound /-phenylalanine causes
serious psychic illness, in contrast to the harmless
d-isomer 2?84

There are differences in the functioning of extremi-
ties, as well as differences in the functions of the left
and right hemispheres of the human brain.

The effects of dissymmetry even enter into the sphere
of psychology. We note, for example, that visual per-

® This distinction is used by geologists as an argument in favor
of the existence of Atlantis,¥ since the geographic territories
available to antipodes become sharply limited.
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ception of Raphael’s Madonna changes significantly on
reflection in a mirror.!#?

From this cursory review, the profound role dissym-
metry plays in biology, undoubtedly originating in some
important internal mechanisms, is evident.

3. PHYSICAL MECHANISM FOR OPTICAL
ACTIVITY

Optical activity is a particular manifestation of the
gyrotropic properties of matter, which in their turn
are a manifestation of spatial dispersion.***® Spatial
dispersion of electromagnetic excitations arises in an
atomic-molecular system as a result of interactions
between different parts of the system with the charac-
teristic distances for these excitations (for example,
the interaction range of particles and the distance over
which particles or excitations are transported) being
comparable to the wavelength in the medium, while the
speed with which the interactions are transmitted is
comparable to the speed at which the excitation propa-
gates.

Spatial dispersion is in fact a consequence of the non-
local nature of physical coupling in the system.

Thus, for example, the electric polarization in the
field of a light wave in the presence of spatial disper-
sion depends not only on the field at a given point, but
also on the field in a certain neighborhood of the point.
This can be described by the expression

P) = {e—DE®+ 7YV, E®I+a(Y, (V,E@I+...}. (1)

The second term on the right side represents first-or-

der spatial (gyrotropic) dispersion. As can be seen,

in order for it to appear there must be a definite asym-
metry, primarily an absence of a center of symmetry.

In this case, dissymmetry appears, therefore, as a
condition under which these interactions are manifested
in connection with the excitation. In isotropic media,
gyrotropic phenomena are manifested as the rotation of
the plane of polarization of light passing through the
media. I is this effect that is referred to as optical
activity, especially in chemistry and biology. The gen-
eral theory of optical activity in molecular systems
and its relationship to chemical structure are examined,
for example, in Ref. 42-55; for optical activity in
amino acids, see, for example, Refs. 56 and 57, and in
proteins see Refs. 28 and 58."

Optical activity can be intrinsic to the entire mole-
cule as a whole or localized in a more or less isolated
functional group, referred to in this case as the “chro-
mophore of optical activity”. Gyrotropy in a substance
is determined by the superposition of the contributions
of the molecules which make up the substance, as well
as by possible collective effects. With a disordered
arrangement and orientation of molecules, only the
first factor is significant. Analysis shows that in this

DSee Ref. 30, page 307 for optical activity in nucleic acids and
the same reference, page 352 for optical actlvity in polypep-
tides and proteins,
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~ are situated in a chiral structure.

case only molecules that lack a center as well as a
plane of symmetry," i.e., chiral molecules, which
were mentioned above, contribute to the effect. If the
system is ordered, then collective effects that are
characteristic of media with spatial dispersion, such
as excitons,*®"*+%%:%% polaritons,***® and solitons,® can
arise and contribute to the effect.

Optical activity can arise in systems that consist of
particles that are inactive in their free state, if they
In such systems,
gyrotropy arises as a result of the indicated collective
processes, special structure of conduction bands,® and
S0 on, or itcan be induced by the internal chiral field
(see below).

Analysis of a great deal of material accumulated in
crystal physics shows**that spiral-shaped formations
(having a screw axis of symmetry) are the most char-
acteristic structural motif of gyrotropic objects. This
also relates to objects that consist of chiral molecules.
In this case, optical activity is determined by the struc-
ture of the molecule as well as by the structure of the
formation. It was indicated above that spiral-shaped
structures are highly characteristic of biological poly-
mers (for their optical activity, see Ref. 16, 28, 63—
66). Many of the liquid crystalline substances that en-
ter into the composition of living systems also have
spiral-shaped structures. In large polymer systems,
intramolecular or, more precisely, intrapolymer ex-
citons and solitons are also observed.®®

The potential barrier between d- and I-isomers for
free molecules is symmetrical; its height and shape
are primarily determined, as for internal rotations in
general,®® by the short-range repulsive forces that
create spatial barriers. Since this barrier is usually
low, the transitions d—! and [ —d will to some extent
occur as a result of thermal motion, especially at high
temperatures. This circumstance is very important
for what follows.

The transition from the pure isomer to the d +! mix-
ture (or the association dl) is called racemization, and
the substance that contains an equal quantity of d- and
I-molecules is called a racemate (naturally, it does not
rotate the plane of polarization). Of course, the rate
of racemization depends on the external conditions, the
temperature, and the state of aggregation. Many sub-
stances in the liquid phase racemize spontaneously
without external actions. Naturally, the propensity for
racemization depends on the details of the chemical
structure and varies over a very wide range.

It is stated in the literature that the dissymmetry that
gives rise to optical activity arises naturally at a defi-
nite stage in the complexity of the molecule. This is
incorrect. It follows from the discussion above that
optical activity arises in molecules that consist of not
less than four atoms because a molecule can be non-
plapar (and, therefore, lack a plane of symmetry) only
if it has more than three atoms. However, for the

”Strictly speaking, a four-fold rotation-inversion symmetry )
axis () should also be abgent.
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simplest chiral molecules (for example, H,O;) racemi-
zation occurs so easily and rapidly that it is impossible
to observe optical activity in these substances. In
practice, all the molecules that are more or less stable
with respect to racemization have 12 to 13 atoms (in
particular, the naturally occurring amino acids, serine
and alanine have 13 and 14 atoms, i.e., they are some
of the simplest relatively stable molecules). There is
a large number of substances in nature, for example,
pigments and dyes, that are fairly complex but inactive.
For this reason, the chirality of a molecule cannot be
related to its complexity.

Let us note in passing that the simple separation into
d- and /-forms is directly applicable only to the simple
molecules with a single chromophore, for example,
amino acids of the type (I) and (II).

For the details of chemical nomenclature see, for
example, Refs. 70, 71, For large and complex mole-
cules with several different, spatially separated, and
weakly interacting chromophores (for example, pro-
teins such as hemoglobin), it is difficult to make a
classification according to d- and /-forms because the
individual chromophores can have different d- or I-
configurations and different absorption bands, and they
can impart different signs of rotation in these bands.
Nevertheless, in general, it is always possible to iso-
late out of a large number of possible isomers® a pair
of mirror-symmetric chromophores. This conforma-
tion will play a basic role for protein-type macromole-
cules. Here, as indicated above, it is very often pos-
sible to identify a d- or I-helix. Below, unless other-
wise stated, we will use the labels d and / and we will
refer to the simplest “building blocks”, for example,
amino acids.

4. INTERACTIONS BETWEEN CHIRAL MOLECULES

In order to understand the role of dissymmetry and
the mechanism by which the chirality of the initially
simple molecules affects the complicated formations
that arise from them, it is necessary to understand the
nature of intermolecular interactions.

Already at the time of Pasteur and Van Hoff it was
known that the interaction between the chiral molecules
d - d differs from that between the molecules d-1. It
is well-known experimentally that the physical proper-
ties of pure d- and l-substances, in which the forces
F,, and Fy; areinvolved, are significantlydifferent from
from the properties of the racemates (forces Fy;, Fy;
i,j=d,1).

The components of intermolecular forces of any origin
that are different for pairs of chiral molecules with
identical and different signs are called chirodiastaltic
interactions.*’ It is evident that it is these particular
components that are responsible for identifying and dis-
tinguishing left- and right-handed molecules. These
components must depend especially strongly on the mu-

9’Thus, cholic acid (11 chromophores) can have about 2000
isomers, of which, however, only one isomer with a definite
symmetry is encountered in living organisms,
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tual orientation of the molecules, which is what deter-
mines their decisive role in creating strictly defined -
“structures” out of chiral molecules in biological mac-
romolecules and gives them the decisive role in the
problem being discussed.

Let us first examine, following Ref. 40, the long-
range static interactions between neutral molecules.
Their field can be represented in the form of a multiple
expansion. Analysis of symmetry properties shows
that since each multipole component has, generally
speaking, a higher symmetry than the chiral molecule,
the chiral components can arise if the molecule contains
not less than two asymmetrically placed multipoles.
Thus, for example, for a molecule belonging to the
symmetry group C,, these can be a dipole and a quad-
rupole; for the symmetry group C;, a combination of a
quadrupole and an octupole is necessary; and, so on.
In the case of complete disorder, when an average with
respect to orientation is taken, the electrostatic chiro-
diastaltic components turn out to be negligibly small.
However, in the limiting case of fixed position and
orientation, the contribution can be large. A rough
estimate for the particular case of antiparallel dipole
moments and a distance of 5 A shows that the combina-
tion 77 must be more stable than the combination ij by
approximately 80-100 cal/mol. The presence of a con-
stant magnetic field can give a significantly smaller
contribution, but again favoring the combination involv-
ing like molecules.

For comparatively large molecules, where the cor-
responding multipoles are usually spatially separated,
the chirodiastaltic terms can, with favorable distances
and orientations, increase by a factor of 10 to 15,
which already exceeds by a factor of two the energy of
thermal motion at 20° C.

With an ordered asymmetrical positioning of mole-
cules (for example, in a spiral structure), the effect
can also be noticeable when each molecule contains a
single multipole, for example, a dipole (strongly polar
groups NH,,OH). In this case, interactions will arise
between spirals as well as between a spiral and an indi-
vidual chiral molecule.

The contribution of dispersion interactions for mole-
cules that do not have a constant moment in the ground
state turns out to be of the order of 1-2 cal/mol (of the
order of 0.1% of the total dispersion energy) favoring
unlike pairs. Thus, polar chiral molecules give a sig-
nificantly larger effect. It may be that it is for this
reason that amino acids, which have a large dipole mo-
ment (for example, for a-alanine ~13-19 D), are an
appropriate “structural material” for a chiral strue-
ture.

For resonance interactions, the magnitude of the
term being examined is very small, even in case of
ordered orientation in crystals.™

For short-range repulsive forces, it is very difficult
to make a calculation in general form because they de-
pend especially strongly on the details of the configura-
tions of the partners and their arrangement. From
general considerations, it is clear that here the compo-
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nent of interest to us will be greater than for long-range
forces. In Ref. 40, on the basis of indirect considera-
tions, the upper limit for the energy of chirodiastaltic
interactions is estimated, in this case, to be of the or-
der of 700-1000 cal/mol, i.e., this energy is very
large. A large quantity of empirical material in mod-
ern stereochemistry (compare, for example, Refs.

68, 70, 71) likewise indicates that the short-range
steric interactions arising as molecules approach each
other and come into contact contain a large asymmetri-
cal component.

With still greater justification it may be said that as
yet there is no quantum mechanical theory for exchange
forces, for hydrogen bonds," "™ and for the forces in-
volved in chemical bonds.

Here, the same stipulation as above should be made:
d -1 interactions can only be discussed with respect to
simple molecules. For macromolecules such as pro-
teins, interactions with some other molecule will in
many cases be determined not by the sign of the con-
formation of the protein as a whole, but by the “local”
sign of the functional group that enter into direct con-
tact.

Let us emphasize for the following that the contribu-
tion of chirodiastaltic interactions in various situations
can vary over a very wide range, 2 to 3 orders of
magnitude, and can become significantly greater or
less than the thermal energy depending on the presence
of a constant moment, positioning, multipolarity, and
SO on.

A physically similar phenomenon is the phenomenon
of induced optical activity. This phenomenon consists
of optical activity arising in a symmetrical achiral
molecule A located near a chiral molecule X (within
the force field of the latter). This effect is observed
with purely van der Waals interactions as well as with
associations of A and X, with the introduction of X into
the substance A, with the dissolution of A in the sub-
stance X, and so on. A great deal of experimental
material has been accumulated here (see, for example,
Ref. 73) that agrees well with theory.™™® Induction is
also manifested with chiral molecules, for example,
protecting them from racemization in a chiral solvent.

It follows from the discussion above that “contamina-
tion” of an achiral, and especially a racemic, sub-
stance by an admixture of chiral molecules (or an ex-
cess of one of the antipodes) can make it optically ac-
tive, shift the point of equilibrium of the antipodes, and
so on. The influence of such impurities can begin at
0.1-0.5%,™ and of an excess of the anitpode at approxi-
mately 5% or less.”® Induction phenomena, apparent-
ly, play an extremely important role in autocatalytic
reactions (see below) and during crystalization.

All the interactions examined above have an electro-
magnetic character. If we start with the same assump-
tion concerning intramolecular interactions, then from
general considerations about the conservation of parity,
the wave functions, the energy levels, and the transi-
tion probabilities in antipodes must be the same. Then,
correspondingly, the force fields of the optical isomers
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must have mirror symmetry. From this it follows that
binary interactions of free molecules must satisfy the
conditions

(¢ 7 =d, . (2)

In addition, in substances that form a racemic mixture
or a racemic association, we must have respectively

Fyz=>Fy (3)

Fyy =Fyy+Fy

or
Fu<Fy (4)

In all cases, the potential barrier between the isomers
must be symmetrical, and the physico-chemical prop-
erties of the isomers must be identical. Indeed, up to
the present time no difference has been discovered in
these properties of the substances. In ideal, optically
pure substances, consisting of a single antipode, we
must have

FA=Fh. (5)

However, in real substances, as mentioned above,
some quantity of the other antipode is always present.
Then, in a concentrated solution or melt, say of the
d-isomer, the forces that act on the observed d-mole-
cules and on the impurity I-molecules will be different,
especially if the interactions are not binary:

Fla= Fh, FiF), (6)

i.e., the barrier between the right- and left-handed
forms will be asymmetrical (partially as a result of
induction): if, for example &, > #,;, then the transi-
tion I —d will require less energy than the reverse tran-
sition. With increasing degree of racemization, the
barrier will approach a symmetrical one.

Racemization will proceed more rapidly or more
slowly, depending on the balance of the forces being
examined; it often continues for minutes, but some-
times for days and years. However, only the racemic
state with the greatest disorder and the highest entropy
will be in thermodynamic equilibrium; at the same time,
the 1:1 ratio of antipodes will be satisfied, of course,
only statistically.

The relationships between the forces (2)-(6) and the
corresponding energy balance determine all the charac-
teristics of the physico-chemical processes in chiral
substances. The chemical combination of optically ac-
tive substances can form compounds of the type A,B,
as well as A;B,, i.e., two pairs of so-called diastereo-
isomers (the properties of different pairs are different),
with the sign of one of the partners not necessarily co-
inciding with the sign of the other. The most stable
and probable conformation will be determined by the
balance of chirodiastaltic forces, similar to those ex-
amined above. Thus, for example, it is known experi-
mentally that polypeptide chains constructed from amino
acids of a single sign are much stronger and longer
than chains made of alternating (d-!-d~-1-. . .) iso-
mers, while chains with an irregular sequence of iso-
mers, in general, do not occuxxm'm'a1

Thus, due to the chirodiastaltic interactions, the
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symmetry (sign) of the starting substances, in principle,
predetermines the sign of the more complicated com-
pounds of oligomers and polymers that are formed from
them, and in addition, this symmetry does not neces-
sarily have to be the same as for the starting substan-
ces. Here, the stipulation should be repeated: the
degree of uniqueness at different stages of complexity
can vary in accordance with the magnitude of the forces
at these stages.

5. ADVANTAGES GAINED BY LIVING SYSTEMS
AS A RESULT OF THE CHIRALITY OF THEIR
COMPONENTS

At the present time in biophysics, the basic physical
requirements imposed on substances that make up liv-
ing systems and the conditions necessary for the emer-
gence of these systems have been identified to some
extent.>1871928:& 1,6t yus examine, from the point of
view of these requirements and on the basis of the con-
siderations presented above, the physical meaning of
the results of Sec. 2 and the potentialities for under-
standing these results.

An appreciable manifestation of spatial dispersion
implies the presence of closer and stronger interrela-
tionships and of more intense and rapid interactions
between the parts of the systems being examined, of
intensive collective processes, in particular transport
processes, and the development of excitons and soliton
effects.'® In biology, this indicates easier and more
rapid intra- and intermolecular communication and
transmission of information. It is known that the capa-
bility for a cooperative change of state is a biologically
valuable property of a system. The advantages impart-
ed to living systems by the presence of spatial disper-
sion in their components are, undoubtedly, great.!®:8:&
However, these considerations do not explain the rea-
sons for preferring chirality, since it is known that
second-order spatial dispersion [the third term on the
right in (1)], which occurs in symmetrical systems,
also leads to the appearance of the listed effects. And
yet, for the particular case of proteins in a helical
(i.e., chiral) a-conformation, the contribution of exci-
ton cooperative effects is much greater than in the
achiral B-conformation.®

Nevertheless, in general, the special role of chirality
must be sought not so much on the energetic and trans-
port level, as on the level of order, coding, informa-
tion, and self-instruction. It has already been pointed
out above that on the atomic level the composition of
living systems is very simple and uniform. The diver-
sity is small even on the low-molecular level: 20 ami-
no acids, 5 nucleosides, and so on.!” The enormous

10The significant role of soliton effects in biological systems
is pointed out in Ref, 62.

DAt the same time, similar chemical structures are encount-
ered in various components of living organisms. These in-
clude, for example, structures that are similar chemical
types: ATP (“energy source”), NAD (“hydrogen carrier”),
and nueleotides—information carrying components RNA and
DNA.
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existing diversity of substances in living systems (for
example, tens and hundreds of thousands of protein poly- "~
mers, more than 800 enzymes) appears at a fairly high
level in the structural hierarchy as a result of different
combinations of the same “building blocks”., The num-
ber of symbols in the genetic code likewise is small.

It has already been noted long ago that from the chemi-
cal point of view the uniqueness of living matter con-
sists not in its composition or in some special proper-
ties of the reactions, but in the ordered nature of struc-
tures and of reactions; the overall plan of the chemical
structure of different living organisms has a great unity,
as do the chemical reaction mechanisms. At the same
time the expenditures of energy on biological ordering
are relatively small.®

In this situation, an exceptional role in the structure
of optimal living systems is played by the minimal
nature of the information required, by the ease of iden-
tification and discrimination, by the simplification of
coding or the “simplicity of the signature” (Quastler®®),
all these considerations simplifying the “instructing ac-
tions of information-carrying molecules” (Eigen“), by
the one-sidedness of the course of chemical reactions,
and by the uniqueness of their end results. It is evi-
dent that chiral molecules, both as a source and pre-
server of information as well as an object of identifica-
tion, satisfy these requirements in the best possible
way. Let us illustrate this with a simple example.

When the biologically important asparagine (amino)
acid is formed from the symmetrical fumaric acid
molecule, the formation of two antipodes of the former
(nonplanar) molecule is possible and equally probable:

HoH
10
i HOOC =C— C= COOH
oy Lo
HOOC —C =C—COCH H NH,
AT
W, ;

1
NHy  HOOC—=C—Ce COOH
i

H H

Here, the reagent can approach and effect a substitution
both from the left and the right side of the substrate
molecule, so that four equally probable variants in all
are possible. At the same time in the completely
asymmetrical molecule of the type

Ry Ry

HOOC—C—C—COOH [V’
b &,

itis evidentthat, inthe general case, there will be only
one possibility for a substitution.

Since additional chirodiastaltic forces act between
chiral molecules, they behave more uniquely than sym-
metrical molecules when approaching one another and
in the presence of exchange interactions, short-range
forces,'” and chemical bonds. In stereochemistry, a
large number of rules have been established for deter-
mining the path of reactions and the direction of attach-

121n particular, it is likely that chirodiastaltic forces dictate
the arrangement of bases in proteins and nuclelc acids.
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ment for chiral molecules.”'%'¥ Here, we will pre-
sent only one example.

Thus, the natural amino acid alanine can be trans-
formed into bromopropionic acid according to two
paths:

COOH NOBr (I:OOHENHJ COOR
!
NHy— C — H ~—S B C = H | —>»H—C—NH,
| i ! ! d-)
CHy 4(+)  CHy | CH
C,HeOH P2 il —
i CooH
I E
E NH,—C—H i) WV
': CHy
T
G00C,Hs <':ooc_,_ H  COOH
NH;—C —H—>H~C —Br—->>H~C —~Br
I i | a(+)
') CHy H, CHg
NOBr  d(+) H,Q

It is evident that in different links of the reaction the
symmetry of the configuration is conserved or changes
(the so-called Walden inversion), and in addition, the
same reagent will or will not yield an inversion de-
pending on the situation. But, in any case, the alter-
nation of symmetry for the entire chain is uniquely
determined by the initial choice of substances and their
symmetry, i.e., ambiguity is reduced to a minimum."?
The possible continuations of the reaction are shown
enclosed in the broken lines. It can be seen that de-
pending on the chosen path a different symmetry is ob-
tained for the end product. The direction of transport
is also determined (the diffusion of d- and I-isomers

in chiral media is different'’). Since, as was indicated
above, the energy necessary for producing order in
biological systems is relatively small, the compara-
tively weak chirodiastaltic forces can create the order
or maintain it. On the other hand, since these forces
can significantly change their magnitude in the case of
a transition from the simpler formations to more com-
plicated ones, at different stages of complication rang-
ing from small molecules to biological structures, the
degree of uniqueness can vary. We can speculate that
it is this particular circumstance that leads to the scat-
ter in the nature of the morphological dissymmetry and
its inheritance that was noted above.'?

It it is assumed that the considerations presented
above explain qualitatively the preference for chiral
molecules for the structure of the functioning of living
organisms,®® then it is evident that the advantages of
chirality can be realized only under conditions of opti-
cal purity (the presence of molecules with only one type
of symmetry), which reduce by a factor of two the re-
quired amount of information. A long time ago, Kuhn®
expressed the idea that the one-sidedness of biochemi-
cal reactions is a consequence of this purity. He also
made the statement that optical purity in biological sys-
tems is based on a few “stereo-independent,” basic sub-

B This is especially clearly seen in modern maps of metabolic
paths in organisms.“”
105ee Ref. 90a for stereospecific details of the genetic code.
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stances, i.e., that the substances that make up these
systems can be divided, depending on their role in the
organism, into “driving” (stereo-independent) and
“stereo-dependent”substances, the Ssymmetry of which
is dictated by the former and is lost on leaving the
sphere of influence of the driving type. Driving sub-
stances are the carriers of micromolecular informa-
tion as well as the macromolecular information that
follows from it and that drives and instructs the be-
havior of the system.

Apart from this, optical purity also provides other
advantages:

(a) great strength in the structure of polymers, as
mentioned above; in addition, the amount of information
for constructing the chain with alternating symmetry
would be twice as great;

(b) in a2 symmetry-alternating chain, cooperative,
primarily exciton, phenomena would be practically
impossible, especially with an irregular sequence;

(c) a rapid reaction rate; indeed, if the racemic sub-
stance dl reacts with a racemic substance DL, two
reactions will occur (say, d+D and I+ L), and, ac-
cording to the law of mass action, the rate will be four
times slower than the rate of reaction of two pure anti-
podes; in comparison with enzymatic reactions (see
below), the rate would be lower by a factor of 10 to 20;
this relates both to the rate of growth of polymer chains
(the a-helical polypeptide structures form much more
rapidly than the achiral A-forms?*) and to the repli-
cation rate of proteins and the rate at which food is
utilized (those that are more rapidly assimilated sur-

vive more easily®'®);

(d) according to Ref. 94, optical purity of RNA-type
formations (more precisely, the fact thattheyare made
up of links with identical symmetry) must provide for
their chemical stability relative to such destructive re-
actions as hydrolysis, which is often encountered under
natural conditions,

All the enumerated factors, apparently, lead to a high
probability for homeostasis, i.e., stability of internal
processes of the medium relative to external actions
and their intensification, in particular, for example,
by a more rapid response to external action and a more
intense exchange with the surrounding medium.

These properties, apparently, impart to chiral mole-
cules and optically pure substances a definite “selec-
tive value”'® and make them more capable of creating
the elements of self-organization, i.e., organisms that
consist of such substances have an advantage in natural
selection. Here, it is appropriate to mention one of the
overall positions of Eigen applicable to this particular
problem®®: “No information can be extracted from

19The terms “selective value” and “evolutionary adaptability”
applied to individual amino acids or nucleosides and so on
are, of course, completely arbitrary: this value, in the full
sense of the word, arises at the higher levels of the struc-
tural hierarchy. See Ref. 95 for “evolutlonary adaptabllity”
of biological macromolecules.
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degenerate {in our case racemic—V.K.) carriers of
information.”

As already stated, only racemic states, which have
the lowest order and highest entropy, can be in thermo-
dynamic equilibrium.“’ It is clear from general con-
siderations that some kind of factors must maintain a
highly ordered and cooperative system far from equili-
brium. This also pertains to maintaining optical puri-
ty.

6. POSSIBLE PATHS FOR ESTABLISHING
OPTICAL PURITY

Biological systems are intrinsically open thermody-
namic systems. The presence of active exchange with
the surrounding environment, exchange of energy and
matter, and “through-put through the system”, are
some of the important properties of such systems or
“dissipative structures”, #+*''% in which the thermo-
dynamic processes are irreversible and nonlinear.

The thermodynamics of nonequilibrium open struc-
tures®™® indicates the possibility for the existence of
stationary nonequilibrium states, gives criteria for
their dynamic stability and leads to the existence of a
definite threshold for the occurrence of unstable states.
Beyond the threshold for stability of a stationary equili-
brium state, fluctuations increase significantly, both
with respect to amplitude as well as distribution in
time and space. They attain macroscopic dimensions,
the system becomes unstable, and, subsequently,
evolves toward a new, nonequilibrium, but stationary,
state. In the latter state, the entropy of the system
is not maximum and the system shows a definite order
and cooperative characteristics.'%¢"1% Deferring to
the cited references for details, we note the impor-
tance, for our purposes, of the fact that in similar
types of chemical reaction processes no less than two
stationary states, usually symmetric with respect to
the composition of components relative to the thermo-
dynamic equilibrium composition, are possible. In
this case, there can be spatial separation of the com-
ponents.

We will examine only a few studies that deal specially
with the mathematical analysis of the problem concern-
ing the relationship of antipodes in living systems.

In Ref. 104, using the methods of systems analysis
it is shown that a system consisting of chiral mole-
cules has in a closed state only a single stationary
state, corresponding to equilibrium with respect to the
isomers, i.e., a racemic state. In the presence of
exchange with the surrounding environment (“through-
put through the system”), two states, favoring one of
the isomers, but symmetric with respect to the race-
mic state, will exist. In this case, the states separate
further and further in the direction of optical purity as

19 Ap elementary calculation shows®? that with the transition
from a pure antipode to a racemic mixture there is a gain in
energy of the order of 1.38 kcal/mol (R In2), while the tran-
sition from the racemate in an optically pure state requires
about 400 cal/mol,
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the exchange increases. These two states appear in-
stead of a single equilibrium state after the exchange
flow reaches a certain threshold value, corresponding
to the results obtained by Prigogine. Above this
threshold value fluctuations can no longer return the
system to the equilibrium racemic state.'®®

In Ref. 105, biological factors were also introduced
into the analysis: the probability for capturing definite
territories, the possibility for migration of populations,
fixed or migratory (for example, on land and in the
ocean), and so on. The results agree, in general, with
those stated above: either the state with an identical
concentration of right and left organisms C;, =C,, or the
state with C; =0 or C, =0, is possible. Thus, states
with optically pure isomers turn out to be possible and
are stable, and in the presence of strong exchange with
the surrounding environment, they are the only pos-
sible states.

In Ref. 106, the nonlinear kinetic equations, including
also possible differences in the diffusion of anitpodes .
and the racemate, are analyzed using the same meth-
ods. The same results are obtained: a small, initial
inequality in the concentration of antipodes or a large
fluctuation can lead to a large increase in the population
of the one symmetry type and to suppression or extinc-
tion of the other type in large noncommunicating terri- -
tories. Equality in antipode systems can be maintained
only in the case of prolonged existence under the low-
probability conditions of complete initial equality of
antipodes or absence of fluctuations. In Ref. 107, a
similar nonlinear problem with diffusion was analyzed.
It was demonstrated that even in the absence of fluctua-
tions the nonlinearity of the kinetic processes can in-
crease the population of either symmetry. Here, it is
appropriate to mention a result obtained by Eigen,
namely, that selection and evolution cannot occur in -
equilibrium systems; this result, in particular, relates
to racemic systems (in equilibrium with respect to
composition).

L2

As an example of macroscopic fluctuations that lead
to a separation of antipodes, let us examine the well-
studied phenomenon of spontaneous crystallization (the
processes of replication of large molecules have a
great similarity with crystallization phenomena).

In any racemic melt in which Fy, > F;,, there will be
a tendency for growth of #7 groupings, arising as a re-
sult of local fluctuations in the concentration of anti-
podes. Such a fluctuation will become a center which
will attract the ith antipode and which will stimulate
the transition j —i, which will be energetically favor-
able in its vicinity (here, the barrier will be asymmet-
rical; see above). If the melt is supercooled (i.e.,
there is an outflow of heat), then the fluctuations in this
unstable open state will grow to macroscopic dimen-
sions becoming centers of crystallization and crystals
of pure antipodes will precipitate out of the melt. It
should be kept in mind that the process of nuclei forma-
tion is slow in comparison with the rate of growth of
crystals, and for this reason, a relatively small fluc-
tuation during the formation of nuclei can grow into a
large fluctuation in crystallization, and sufficiently
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large, so that the system will not return to the equili-
brium racemic state. Due to chirodiastaltic forces and
induction, the formed crystals will grow,m maintaining
their purity. In this manner, a unique autocatalytic
process occurs here. Such a phenomenon has been re-
peatedly observed®®+1%! 514 a large number of or-
ganic substances are known that yield optically pure
crystals of eutectics.!™ Naturally these phenomena are
also observed during crystallization from solutions.

The influence of fluctuations will become stronger as
crystallization accelerates; i.e., with departure from
equilibrium conditions. This is demonstrated, in par-
ticular, in Ref. 111-113.'® of course, processes such
as this could also have occurred repeatedly with bio-
logically important substances and protobiological
molecules in nature: with the drying out of ponds,
during the cold seasons, and so on. In the case of
crystallization from chiral solvent, due to induction,
there can be a very significant overbalance of one of
the antipodes, up to tens of percent.

A second example, which is more important from the
point of view of biology, are the autocatalytic reactions
examined by Calvin.'”® Such reactions can lead to grow-
th in fluctuations up to macroscopic dimensions. Let
us consider an example.

- ~~\K catal
e N,

Ag 8 ! Y Cq

o \\
I l P \
react

A G

Let the substance A (chiral molecules), reacting with
the substance B (achiral molecules), yield the sub-
stance C, the molecules of which are chiral. Under
the usual conditions, as stated above, such reactions
lead to the formation of the racemate C.

However, if the molecules C have some catalytic
influence, due to chirodiastaltic interactions or chemi-
cal properties, the formation of the first molecule,
say, accidentally a right-handed molecule C,, will sub-
sequently catalyze the formation of the substance C,,
especially if the rate constants satisfy K ..., <K .4a-
Calvin and his co-workers gave a number of examples
of such reactions; extimples of especially active bio-
chemical reactions of this type are given in Refs. 107,
116, and 117. The mechanism for such catalytic action
is probably, to a significant degree, also determined by
the induction phenomenon described above: the formed
molecule C can induce activity in the achiral molecule
B, induce activity in A or inhibit its racemization (or
the racemization of C) in the case that it is a chiral
molecule.

Examples have also been presented of asymmetrical
reactions, which proceed in the solid phase and which

19 The details of the process are analyzed in Ref, 108,

19 However, the magnitudes of the fluctuations are nevertheless
finite. For example, in natural quartz deposits, a statistical-
ly equal quantity of right and left antipodes is always found,
even though individual crystals can attain tens of kilograms
(only optically pure crystals occur).
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are, in essence, autocatalytic: the role of an asym-
metrical agent— catalyst (inhibiting racemization) is
played by the internal chiral field of a crystal under-
going a transformation.'*®

Apparently an accidental fluctuation can, as a result
of autocatalytic processes caused by chirodiastaltic
forces, grow into a macroscopic formation in many
ways. Naturally, the examples presented are far re-
moved from the processes of self-instruction and self-
organization of biological molecules and represent, of
course, only a primitive prototype of such processes at
a low-molecular level. The discussion above illus-
trates the general statement: “The presence of cataly-
tic functions together with a feedback mechanism gives
the system the capability of autocatalytic growth and
represents a prerequisite for self-organization” (Eigen).

7. ONE-SIDEDNESS OF METABOLIC PROCESSES
IN LIVING SYSTEMS

The exchange flux that maintains the stability of bio-
logical systems consists, as already stated, of a flow
of energy and matter, occurring as a result of the
chemical reactions involved in metabolism.

Chiral molecules can be formed in chemical reactions
both from chiral and from symmetrical molecules. In
the first case, if the starting molecule is one of the
antipodes, then the substance formed will in general be
optically active and have a particular sign. If the start-
ing material is a racemate, then two parallel, equally
probable, reactions will occur with d- and I-isomers
and the substance formed will be inactive (i.e., a race-
mate). In the second case, on the strength of and within
the framework of the initial considerations, the forma-
tion of both antipodes is equally probable and the sub-
stance formed will likewise be inactive. The reactions
(1) and (ITI) are examples.

As a result, for synthesis of an active substance from
an inactive starting product (with symmetrical mole-
cules) or from a starting racemate, the action of some
asymmetrical agent is necessary.”” This action can be
two-fold: (1) synthesis in the presence of an asymmet-
rical agent (“asymmetrical synthesis”)™ 119120 yhich
could consist of chiral catalyzer, an optically active
solvent, circularly polarized light, an impurity com-
pound in an optically active substance,m and so on;
and, (2) synthesis of a racemate with its subsequent
decomposition (“asymmetrical decomposition”) again
by some asymmetrical action, chiral reagent, and so
on. Analysis of the chemical kinetics of such proces-
ses shows that the first path always yields a higher rate
and a greater optical purity than the second path.

At the present time, as a rule, reactions that pro-
ceed under the influence of a chiral catalyzer, an en-
zymez‘» that is present in the organism, play a role in

191t is even practically impossible to distinguish separately
existing antipodes using chemical methods without any indica-
tor of dissymmetry. In biological systems, chiral molecules
have the function of recognition, as mentioned above.

205ee Refs, 16, 28, 121, and 122 for the physical properties
of enzymes.
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the processes occurringin living system. Inthiscase,
each enzyme “controls” its own reaction and acts only
on a substance with a particular symmetry; such en-
zyme action is the result of precise steric organization
of the “chiral” structure of the enzyme applicable to the
“instructing” reaction in virtue of the chirodiastaltic
interactions and inductive influence. For example, we
point out the fact that the reaction (III} in the presence
of the enzyme aspartase yields almost pure /-aspartic
acid.

If, under laboratory conditions, the use of an asym-
metrical agent such as circularly-polarized light, a
gyrotropic mineral, or an active solvent, yields an op-
tically purity of the order of several percent, then en-
zymes in living systems yield an optical purity approxi-
mately 100%. We emphasize here as well that, for
racemic substances, it would be necessary to have
twice as many enzymes.

However, enzymatic synthesis reactions, even under
the best conditions, cannot by themselves provide a
purity of 100%. As is well-known, a catalyzer does not
displace the equilibrium point of a reaction; it only
changes the ratio of the reaction rates for forming one
or the other antipode (in addition, this ratio can attain
values of 100:1 and 1000:1). For this reason, in cata-
Iytic reactions, the ratio of the quantity of antipodes
will increase, reach a maximum, and then will asymp-
totically drop to 1, although very slowly, if the system
is closed and reaches thermodynamic equilibrium. In
open biological systems, if the reaction terminates
near the maximum, for example as a result of the re-
moval of some component from its sphere of influence,
then it can yield a greater purity (we note that the time
to establish diffusive equilibrium in a cell is usually
comparable to the time for attaining 2 maximum ratio).
However, no catalyst can yield a purity of 100%.

Thus, in addition to asymmetric synthesis, mechan-
isms are required for removing antipodes that are not
needed and products of unavoidable (although perhaps
insignificant) racemization. Such mechanisms are
actually known in biochemistry.>**?¢*""®" From the
foregoing it is clear that we have in mind not only (and,
perhaps, even not largely) the preference for optical
purity,but also the presencein living systems of a whole
system of substances and processes that maintain opti-
cal purity in the organism, specifically by continuous
metabolism, elimination, and acquisition of new sub-
stances from the outside. The development of such a
system in itself indicates the importance of optical
purity to living organisms.

8. POSSIBLE REASONS AND MECHANISMS FOR
THE EMERGENCE OF DISSYMMETRY IN LIVING
SYSTEMS

Let us summarize the results. We point out from a
purely physical point of view the advantages gained by
living systems as a result of chirality and optical puri-
ty. Chirality of primary molecules (amino acids,
sugars, nucleosides) of definite symmetry leads to
chirality in biopolymers of a definite symmetry. The
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mechanism for such a relationship, as well as the ad-
vantage of chiral polymers can, in principle, be under-
stood in terms of the considerations presented above.
Dissymmetry in biopolymers, apparently, also leads
to dissymmetry in living systems. The mechanisms
involved in this relationship at the present level of
understanding cannot be completely traced, but the
importance of their existence, at least in principle, can
be understood. However, two of the most important
questions concerning the “starting” structures have yet
to be answered.

At the present time, it has been demonstrated suffi-
ciently convincingly that such substances, as, for ex-
ample, amino acids, could have been synthesized under
natural conditions from the simplest molecules: HCHOQ,
HCN, NH,, CHO,, and so on. Apparently, the bases for
RNA and DNA, for example adenine and guanine, can
also be synthesized from the same molecules (NH,CN
and so on) .2'9+15:88:81115.128-132 yowever, all of the simp-
lest molecules indicated are achiral, and for this rea-
son, under ordinary conditions the formations of both
antipodes is equally probable; rademization of an opti-
cally pure substance, even if it appears in excess, is
very likely. For this reason, obtaining (and maintain-
ing) optical purity requires an asymmetrical agent.

The first question follows from the foregoing: what kind
of agent led to dissymmetry in the formation of the first
biologically important chiral molecules, i.e., what
agent created a sufficiently great starting imbalance of
such molecules with one type of symmetry?

Further, all the considerations presented above,
based on quantum mechanics, thermodynamics, and
the theory of electromagnetic interactions, assume that
both symmetry types are equally probable. What
caused the preference for one particular symmetry in
the entire biosphere? This second question can also be
stated as follows: at what stage in evolution did the
presence of a definite symmetry type become an advan-
tage for living systems?

Evidently, these two questions are one of the most
important aspects of the problem of finding a physical
mechanism for the origin of life.

Prebiological evolution has been examined in many
studies (see, for example, Ref. 8, 15, 126-128, 133).
We will introduce only those assumptions that are rele-
vant for the questions stated here.

The first group of assumptions relates the appearance
of dissymmetry to accidental processes: an accidental
“choice” of symmetry type during the emergence of
living systems.

The scheme of evolution is usually presented in the
following form®*%:

1. molecular evolution: formation of the simplest
molecules (NH,;, H,O, CH,, CH;0O, CO,, and so on)
approximately 5*10° years ago;

2. chemical evolution: formation of complex mole-
cules (amino acids, carbohydrates, simple polymers);

3. protobiological evolution: protobiological mole-
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cules (proteinoids, '* proteins, enzymes, and so on); 2"’

4. beginning of life: substances with weak signs of
life (probionts), the first, simplest living systems
(archeobionts,m blue-green algae) approximately 4-3.2
+10° years ago;

5. biological evolution: differentiation of living sys-
tems including man.

Here, two types of hypotheses are stated. According
to the first, the symmetry was chosen during the sec-
ond and third stages as a result of the growth of fluctu-
ations, by the mechanisms examined above, to macro-
scopic dimensions. The life that subsequently arose
was chirally and optically pure from the very beginning.
Following some conclusions reached by Kuhn!®® the fol-
lowing mechanisms can be considered, but only as a
primitive illustration.

Let a segment of the RNA molecule consisting of 20
bases appear. Polymer formations of this size are
realistic; they are even encountered in nonliving mat-
ter and are justified by energy estimates.®"3® If all
the possible, purely accidental, variations are consid-
ered for the inclusion of d- and I-ribose molecules into
the nucleosides, then one out of 10® such segments may
be expected to have all ribose molecules of the same
symmetry, say, the d-symmetry. This formation will
have the greatest strength (as a structure made up of
elements of a single symmetry type; see above). For
this reason, cooperative effects will be more strongly
developed in such a structure. This will make the
structure most stable with respect to external condi-
tions (for example, destruction due to hydrolysis), i.e.,
most able to survive in the conventional sense of this
term. Having survived, it can become a “coding ma-
tric” (again, conventionally) for subsequent more com-
plicated formations (the mechanism for this is exam-
ined in Ref. 136 and, in the final analysis, reduces to
chirodiastaltic interactions). In other words, the “d-
link” would have a “selective value” in Eigen’s sense.
It should be kept in mind that, for example, for F,,
> F,, (which may be expected for ribose), the proba-
bility for the formation of groupings such as dd and ddd,
can be expected to be greater than for groupings such
as Id and dld, while the probability for attachment of,
say, dld to the initial link of another d or I molecule
would be different, i.e., the polymer nucleus that aris-
es will stimulate a particular symmetry for the “con-
tinuation.” For this reason, the expectation of a *d-
segment” or an “I-segment” will be greater than that
stated above.

However, the transition to contemporary biological
gsystems requires additional, gualitatively new factors.
The quantity of informatioh contained in the link being
examined is 20 bits, while the formation of an RNA
molecule requires 150-200 bits; the formation of a
gene or protein requires 2, 500 bits; a virus requires

) The first primitive “enzymes” could have been the amino
acids themselves and thelir chiral oligomers 1%

2D Fobacterlum isolatum in Swaziland and related organisms
(dating ~3,2x 10° years).
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For this reason, there must be an intermediate link,
“prebiological” or “proto-Darwinian”, between the
primitive chemical evolution under consideration and
the protobiological evolution.'*® Here, different as-
sumptions have been made, for example, concerning
the fact that the initial genetic code was more primi-
tive.}® For other assumptions see Refs. 136 and 139.
Leaving details aside, we emphasize that the choice of
symmetry in any given versions must be made at the
very beginning of chemical evolution. We present here
the scheme for evolution as put forward by the propo-
nents of the fluctuation versions based on the ideas of
Oparin'® (Table I).

Other hypotheses assume the initial formation of both
racemic and optically pure forms of life. Racemic life
did not survive the competition for the reasons indicated
above, while of the two biological antipodes, againas a
result of fluctuations, but now of a biological character,
one gained the advantage between stages 4 and 5 (see
the analysis in Ref. 141), and subsequently reproduced
forms similar to itself. These hypotheses are losing
supporters.

The weak point of both hypotheses is the necessity for
assuming that life arose in one particular area, even
though the area may be large, and within a particular
time interval, Current concepts of the possible paths
for natural synthesis make this assumption unlikely,
definite opinions have been stated concerning the multi-
ple origins of life (Oparin in Refs. 129-132, Ponnam-
peruma in Refs. 8 and 128). The emergence of life in
multiple acts, in different areas and during different
periods of time implies, within the framework of these
hypotheses, that chirally pure populations of either
symmetry survive with equal probability in nonadjoining
territories. Competition between these populations can
arise after their (expanding) territories come into con-
tact, but, again, a different outcome can result for
different pairs of territories.

Here, we need only note that the spreading of the
“seed” of a particular symmetry with dust could rapid-
ly spread this symmetry over enormous areas (under
laboratory conditions that cannot be controlled, dust
often leads to asymmetrical crystallization'3:1'242),

An extreme point of view is the proposition, first
stated, apparently, by Jordan, that asymmetrical life
forms arose as a result of a special event on a global
or even cosmic scale. It is difficult to construct a
model of such an event.

Along these lines, as in fiction, visitors from other
planets have been suggested; this merely transfers the
problem to other planets. Organic substances have
not been discovered in the samples of lunar soil pro-
vided by the Apollo flights'**™#; traces of amino acids,
resembling, in general, those that have been establish-
ed in problonts and archeobionts, have been discover-
ed on some meteorites. This probably indicates the
similarity of the events leading to their creation and,
indirectly, points to the multiplicity of such events.
Although the results are somewhat contradictory, in no
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TABLE L.

Small molecules

Elements of weak symmetry breaking
in isolated reaction volumes

Macromolecules

Selection of antipodal monomers
during the formation of polymer
structures

Nuclei of living matter;
coacervation and development
of phase-separated systems

Morphogenesis of dissymmetry

Evolution towards self-
replicating metabolic systems
and establishment of the bio-
chemical unity of life

Final breaking of symmetry in
the biosphere

Further evolution of living
matter

Perfection of the chiral purity of
biomolecular systems

case has a significant departure from the racemic
state been discovered.***6"#® Apalysis of the data
from Mars leads to the same conclusion.®"**! Traces
of a departure from the racemic state in living organ-
isms have been found in old rocks.?'%?1%

A second group of assumptions relates dissymmetry
to the possibility of contact with gyrotropic minerals.
Thus, for example, natural quartz is widely dispersed
in the form of optically pure, enantiomorphic crystals.
On the other hand, it is known that chemical reactions
occuring in the presence of quartz as a catalyst lead to
the formation primarily of one of the antipodes,?+!18:120
The possibility of a catalytic influence on the formation
of life has been noted for many minerals.'®* This pos-
sibility cannot be doubted. However, the same diffi-
culty occurs here: within a single deposit the number
of right-handed and left-handed crystals is statistically
identical. It has also been suggested'®*''*® that contact
with natural magnetic rocks (for example, ferrimag-
netic magnetite) could play a possible role. However,
a magnetic field by itself is not enough. As shown by
P, Curie long ago, in order to obtain a gyrotropic ef-
fect, two asymmetrically situated fields must be pres-
ent. The possibility of obtaining a single symmetry
type is also not clear.

The next group of theories explains the appearance of
dissymmetry by geophysical factors. Even the influ-
ence of the spiral motion of the earch relative to the
galaxy (!) has been suggested.'*®%*7 The possible role
of the earth’s magnetic field has also been examined.
However, no definite results have been obtained.!*®1%°
We repeat that two fields are necessary and the gravi-
tational field, apparently, is not to be considered.

A very important factor could be circularly polarized
sunlight reaching the surface of the earth. Since chi-
ral molecules exhibit circular dichroism, such light, on
absorption by these molecules, can cause photochemi-
cal asymmetrical synthesis or asymmetrical decom-
position, even in a racemate.'®®"'®" Many such reac-
tions are known™®"120+181-183 4ith 2 maximum yield of
the order of 20% (Ref. 164). Short wavelength radia-
tion with X <3000 A is photochemically most active.
The fraction of this radiation in sunlight reaching the
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earth’s surface is of the order of 1.5% (Refs. 115 and
146), i.e., it is not small, and in the initial oxygenless
atmosphere it was much greater. There is information
in the literature concerning the fact that light scattered
by the atmospheres of all planets is partially circularly
polarized.'® Statements have also been made in the
literature concerning the excess of right-handed circu-
larly polarized components in daylight at the earth’s
surface,'?’® However, the scarce experimental infor-
mation from geophysics does not provide reliable sup-
port for this notion. In Ref. 166(a), the fraction of
elliptical polarization in daylight turned out to be very
small, and in addition, an excess of a particular sym-
metry type was not established.

Circular polarization can arise when light is reflected
from an absorbing surface (ore bodies, ionosphere),
especially under oblique incidence, with total internal
reflection’®® in sea water and in inlets, and So on.
However, there are few experimental observations of
this type and the presence of a single, definite sign of
polarization under different conditions is very doubtful.

Significant elliptical polarization has been noted for
scattering of light from aerosols'®” with an asymmetry
in signs appearing under real scattering conditions. In
this connection, it should be noted that the assumed
primary nuclei of life (“coacervates” according to
Oparin'*®'® and “microspheres” according to
Fox'3+168:18%) wore shaped like spherical drops suspend-
ed in sea water. In Ref, 170, it is proposed that photo- -
synthesis played an important role on the surfaces of
spherical droplets in fog in the initial atmosphere. The
scattering of light by such drops can result in signifi-
cant circular polarization. T :

Circular polarization can, in principle, arise as a
result of the Faraday effect, caused by the earth’s
magnetic field. The sign of the effect does not change
as a result of a back and forth passage, i.e., an accu-
mulation effect is possible. But, the earth’s magnetic
field is weak and the effect in gases is small (however,
the effect is greater in water).

Another important factor has not been adequately ana-
lyzed. Synthesis of amino acids and pyrimidine and
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TABLE II.

Stages Largest Typical struc-
of evo- forma- tural elements Degree of Reason for
lution tions and examples dissymmetry dissymmetry
I Nuclei Protons, neu- 100% Weak interactions
trons, neutrinos
I Atoms H C, O Of order 0 Loss of dissymmetry
due to stronger
interactions
II1 Small H,, CO, H,O, Of order 0
molecules CO,, NH;, CHy
v Medium-size Amino acids Close to 0, Dissymmetry arises
molecules sugars, pyrimi- but greater due to autocata-
dines than in stages lytic processes
Iand II .
\% Macromole- Proteins, Between 0 Dissymmetry arises
cules RNA, DNA and 100% due to increase in
autocatalytic pro-
cesses; possible
coexistence of right
and left geographic
territories.
VI Unicellular Probionts, Almost 100% Dissymmetry amplified
organisms bacteria, by biological repro-
viruses duction and metabolism.
Only one symmetry
type, determined by
violation of parity con-
servation in weak inter-
actions
vIl Multi- Plants, 100% Same
cellular animals
organisms

purine bases is possible as a result of lightning dis-
charges. As already mentioned, these chemicals have
been synthesized under laboratory conditions with
strong electric discharges (see, for example, Refs. 8,
94, 127, 172). Natural lightning discharges yield cur-
rents of many thousands of amperes; in past geological

epochs, they could have been stronger. These currents

simultaneously create powerfulelectric and magnetic
fields. It is known that there exists a preferred direc-
tion for these currents: a negative charge most often
strikes the earth., These twoasymmetric fields, acting
on chiral molecules, in which the electric and magnetic
moments do not coincide, could under some conditions
create’® dissymmetry during synthesis. No relevant
experiments have been performed.

Finally, a fourth group of theories related the prefer-
ence of one type of symmetry in molecules in biological

systems to the violation of parity conservation in weak
interactions. At first, these proposals arose as spec-
ulations (compare Ref. 173-177). However, later,

they were given a theoretical foundation. Three ideas

) The contribution of discharges to the energy balance of the
Earth is small,!!® but the local liberation of energy is enor-
mous,
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were proposed along these lines.

1. The effect on molecular structure of bombard-
ment by longitudinally polarized “left-handed” elec-
trons emitted by radioactive elements in the earth’s
crust, for example *°K, which emits high energy elec-
trons (1300 keV).?¥ This may involve: (a) asymmetri-
cal decomposition or synthesis of a molecule during
radiolysis'™ and (b) asymmetrical polymerization or
crystallization as a result of bombardment,'73+174+179:180
The decay of C, which enters into the composition of
the molecules themselves, is also indicated as a pos-
sible source.'®"!® The energy of the electrons in this
case is significantly less (~155 keV), but this atom is
one of the basic components of living matter {(while the
content of **K in living matter is negligible and its oc-
currence in the earth’s crust amounts to only ~2.5
at.%'%218) g0 that the effect of *C is significantly
more likely (compare also Ref. 181b).

A very large number of experiments have been per-
formed (see the discussion in Ref. 15 and the reviews
in Refs. 151 and 183). Stronger sources have also

20 The contribution of this decay to the same energy balaunce is
noticeable and was much greater during past epochg. 115146
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been used: **P, %Co, ®Sr. The question has been re-
peatedly discussed and there have been reports of posi-
tive effects.’®*'% However, the situation remains un-
clear and the results of the experiments are contradic-
tory. 186191

2. The effect, basically photochemical, of circularly
polarized bremsstrahlung, created by the same elec-
trons in matter. Of course, it is not easy to separate
this effect from the preceeding effect. If the fraction
(very small) of the particles that lose their energy by
deceleration is computed, the fraction of the radiation
that falls into the photochemically active frequency
range is taken into account, and the small yield of most
asymmetrical photoreactions is also taken into account,
then this path turns out to be highly improbable.

Recently, the question concerning the effect of weak
interactions on living systems has been analyzed anew
in Ref, 192, but the situation remains unclear.

3. Optical activity can arise in molecular systems as
adirect result of interactions vianeutral weak currents.

The idea that violation of parity conservation could be
connected to neutral weak currents (see reviews in
Refs. 193-195) was proposed by Ya. B. Zel’dovich'®
and then, as applied by biological systems, inRef. 197.
The mechanism of the phenomenon was analyzed in
Refs. 198-200 and in Refs. 201-202; the expected
effect was the appearance of an insignificant asymmet-
ry (chirality) in atomic and molecular systems. This
should result in the rotation of the plane of polariza-
tion by these systems (pairs of heavy atoms were ex~
amined), and in addition, the rotation should be very
small (107-10"° rad/cm).

Such dissymmetry, if it arises, can, generally
speaking, also lead to asymmetric synthesis and asym-
metric chemical reactions, although a specific mecha-
nism for this has not been discussed (except for the
note of Ref. 197) and appears improbable.

It was noted in Ref. 203 that the effect must be great-
est for strongly forbidden transitions and, in that
case, can attain an order of magnitude of 10®*. The
magnitude 10™ mentioned above lies at the limits of
accuracy of modern experiments. The results of ex-
periments so far are contradictory (see Refs. 204-208
and the reviews in Refs. 209 and 210). It was reported
in Ref. 211 that in molecular systems it is possible to
have an effect that is several orders of magnitude
greater; this report has not yet been discussed and has
been checked neither theoretically nor experimental-
ly.2? InRef. 213, effects involving two-photon excita-
tion were predicted; these also turned out to be small,
but, in the opinion of the authors, under special condi-
tions these effects could be greater (two photons with
exactly equal energy). This effect could play a role in
the presence of a high radiation density.

Recently, it has been proposed that dissymmetry re-
lated to weak interactions could also appear as a result
of the interaction of neutrons with electron shells in
molecules.?!

All effects connected with weak interactions must be
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very small. Supporters of the hypotheses described
above point out that small effects can be greatly ampli~
fied and accumulate in autocatalytic processes, and
processes such as nonequilibrium crystallization or
polymerization'! «13:18:187:215.218 ¢ ppected with the pres-
ence of chirodiastaltic forces. Further, it is pointed
out that in connection with the presence in cosmic
dust?!?218 of comparatively complex molecules (possi-
bly even amino acid type molecules?™®) such molecules
could, over long periods of time, be subjected tointense
actions (although here the possibility of “accumula-
tion” of the effect for isolated molecules is unclear).
We present here, without discussion, the scheme for
evolution as it is presented by supporters of these hypo-
theses (Table I is taken from Ref. 11); they explain
the inequality of signs as arising spontaneously.

In this group of hypotheses, the mechanism for the
predominance of primary substances with configuration
having different symmetry (I-amino acids and d-sugars,
for example} should be explained in greater detail. In
light of the remarks made above concerning chirodias-
taltic interactions, this does not present any difficult-
ies because depending on the specific conditions both a
favored, as well as a reduced, synthesis {or composi-
tion) of the given isomer can occur.

As can be seen, the second to fourth groups of as-
sumptions, which relate the appearance of dissymmet-
ry to the effect of a constantly acting factor, remain
unproven. Of these, two can be singled out.

The assumption of asymmetric photosynthesis or
photocomposition (compare Ref. 220) remains attrac-
tive. In this connection, we recall the work described
in Ref, 221, in which a noticeable elliptical polariza-
tion of light scattered by cosmic dust is demonstrated
(using the Crab nebula as an example). However, the
indicated shortcoming of geophysical data in general
and especially of information concerning a preference
for one type of symmetry suggest that for the present
this proposition should be treated cautiously.

Recently, a number of reports has appeared concern-
ing success in searching for asymmetrical composi-
tion??2?2® or asymmetrical crystallization®* as a result
of the action of longitudinally polarized electrons.
Clearly, these studies should continue because this

possibility is realistic.

In connection with the whole foregoing discussion it
is still difficult to choose between the fluctuation hypo-
theses and the assumption of a constantly acting factor.
We mention here some considerations concerning enan-
tiomorphism on a cosmic scale. 25

We see that the problem of chirality of molecules in
living organisms, which would appear to be strictly
biochemical problem, is becoming a big and many-
sided problem in physics and biology, which has not yet
been solved, and we see that the problem of dissym-
metry in living systems, perhaps, is entering within
the purview of physics.

1A. V. Shubnikov, Problema dissimetrii material’nykh ob”ektov
(The Problem of Dissymmetry in Material Objects), Izd, AN

V. A. Kizel’ 291



SSSR, M., 1961,

?H. Weyl, Symmetry, Princeton University Press, Princeton,
1952, [Russ, transl. ed. by B. A. Rozenfel’d), Nauka, Mos-
cow, 1968,

%G. F. Gause, Asimmetriya protoplazmy (Asymmetry of Pro-
toplasm), Izd. AN SSSR, Moscow, 1940.

‘L. Pasteur, Uber die Asymmetrie bei naturlich Vorkommen-
den organischen Verbindungen, Teubner, Leipzig, 1907.

5B. Bentley, Molecular Asymmetry in Biology, Vol.I, Aca-
demic Press, New York, 1969; ibid., Vol. II, 1970.

8A. Cushny, Biological Relations of Optical Isomeric Sub-
stances, John Hopkins University Press, Baltimore, 1926.

M. Goodman and F. Morehouse, Organic Molecules in Action,
Gordon and Breach, N. Y., 1972 [Russ, Transl, ed. by A, P.
Purmal, Mir, Moscow, 19771, )

%S, Ponnamperuma, Origins of Life, E, P. Dutton, N. Y., 1972
[Russ. Transl. ed. by G. A, Deborin, Mir, Moscow, 19771,
SW. Bonner, In Frontiers of Biology, Vol. 23; Exobiology ed.
by C. Ponnamperuma, North-Holland, Amsterdam, 1972, p.

170,

10p, Trurre, Afinidad 32, 873 (1975).

UW, Thiemann, Naturwissenschaften 61, 476 (1974).

12K, Harada, “Molecular Evolution” in Chemical Evolution and
the Origin of Life, ed, by R. Buvet and C. Ponnamperuma,
North-Holland, Amsterdam, 1971.

13g, Harada, Naturwissenschaften 57, 114 (1970).

4G, Wald, Ann. N, Y. Acad. Sci. 69, 352 (1957); J. Abernety,
J. Chem. Educ. 49, 456 (1972).

15proc, of Int. Symp. on Generation and Amplification of Asym-
metry in Chemical Systems, Julich, BRD, 1973; Julich,
Kernforschungsanlage GmbH, 1973.

16\, V. Vol’kenshtein, Obshchaya biofizika (General Biophys-
ics), Nauka, M., 1978,

1"H. Maler and U. Kordes, Foundations of Biochemistry [Russ.
Trans. ed. by A, A. Baev and Ya. M. Varshavski;, Mir, M.,
1970]; Z. A. Shabarova and A. A, Bogdanov, Khimiya nuklei~
novykh kislot (The Chemistry of Nucleic Acids), Khimiya, M.,
1978,

185, Lehninger, Biochemistry, Worth Publishers, N, Y., 1975
(Russ. Transl. ed. by A, A. Baev and Ya. M. Varshavskil,
Mir, M., 1976).

19peptides, Polypeptides, and Proteins, Proc. of the Rehovoth
Symp. (1974) ed. by R. Blout et al ., Wiley-Interscience, New
York, 1974,

20poly-a-Amino Acids ed. by Q. Fasman, Dekker, London,
1962,

213, Greenstein and M, Winetz, The Chemistry of Amino Acids,
Wiley, New York, 1961.

22E, A, Bell in MTP Int. Rev, of Sci. Ser. 1; Org. Chem, Vol. 6,
ed. by D, H. Hay, Butterworth, London, 1973, p. 1.

23N, R, Tumalaev in Problemy vozniknoveniya i sushchnosti
zhizni (Problems of the Origin and Essence of Life), ed. by
A. 1, Oparin, Nauka, M,, 1973, p. 31.

27, Koch, V. Rogers, and T. Dwyer, Austral. J. Biol. Sci. 10,
342 (1957).

25A. R, Kizel’, Khimiya protoplazmy (The Chemistry of Proto-
plasm), Gostekhizdat, M., 1940; A, R, Kiesel, Chemie des
Protoplasmas, Springer, Berlin, 1930.

263, Z, Ulbricht in Comparative Biochemistry, Vol. 4, Aca-
demic Press, New York, 1962, p. 1. -

23, Corrigan, Science 164, 142 (1969).

M, V. Vol’kenshtein, Molekulyarnaya fizika (Molecular Phys-
ics), Nauka, M., 1975,

2%G, Barrett in Ref. 15, p. 77.

¥prundamental Aspects and Recent Developments in ORD and
CD ed. by F. Ciardelli and P, Salvadori, Hayden, New York,
1973,

8y, 1. Lim, A. L. Mazanov, and A. V. Efimov, Molek. Biol.
12, 206 (1978).

®w. Ludwig, “Symmetrieforschungen im Thierreich,” Studium
generale Bd. 2, S. 231 (1949),

292 Sov. Phys. Usp. 23(6), June 1980

3W. Ludwig, Rechts- Link- Problem im Thierrich und beim
Menschen, Springer, Berlin, 1932,

%y, V. Kasimov, Blologicheskaya izomeriya (Biological Iso-
merism), Nauka, L., 1973.

%V. Deglin, Nauka i zhizn’, No. 1, 104 (1975).

%A, R. Kizel’, Dokl. Akad. Nauk SSSR 25, 481 (1939).

TA. R, Kizel’, ibid. 31, 602 (1941).

®E. Martin and R. Mortlock, J. Mol. Evol. 16, 111 (1977),

#M. F. Zhirov, Atlantida (Atlantis), Mysl’, M., 1964, p. 196.

40D, Cralg and D, Mellor, “Bonding and Structure” in Topics
in Current Chemistry, No. 63, Springer, Berlin, 1976, p. 1.

4M. Gaffron, Art. Quart. 13, 329 (1950).

2R, Arnheim, Art and Visual Perception, Univ, of California
Press, Berkeley, 1974 (Russ. Transl. ed. by V. P, Shestakov,
Progress, M., 1974), p. 42.

%. M. Agranovich and V. L. Ginzburg, Kristallooptika s uche-
tom prostranstvennoi dispersii (Crystal Optics Including Spa-
tial Digspersion), Nauka, M,, 1978,

41, D. Landau and E, M. Lifshitz, Elektrodinamika sploshnykh
sred (Electrodynnamics of Continuous Media, Pergamon I’
Press, N, Y., 1960), Gostekhizdat, M., 1957.

%y, A, Kizel’, Yu. 1. Burkov, Opticheskaya aktivnost’ kristal-
lov (Optical Activity in Crystals), MFTI, Dolgoprudny;, 1977.

46y, A, Kizel’, Yu.I. Krasilov, and V. I. Burkov, Usp. Fiz.
Nauk 114, 295 (1974) [Sov. Phys. Usp. 17, 745 (1975)].

¥p, Crabbé, Optical Rotary Dispersion and Circular Dich-
roism in Organic Chemistry, Holden-Day, San Francisco,
1965,

4p, Crabbé, Application of Chiropitcal Methods in Chemistry
(Russ, Transl. ed. by E. 1. Klabunovskii, Mir, M., 1976).

49C. Djerassi, Optical Rotatory Dispersion, McGraw- Hill,
N. Y., 1960 (Russ. Transl, ed. by V. M. Potapova, Il. M,,
1962).

501, Velluz, M, LeGrand, and M. Grosjean, Optical Circular
Dichroism Academic Press, N. Y., 1965 (Russ. Transl. ed.
by Yu. N, Chirgadze, Mir, M., 1967),

SIM. V. Vol'kenshte‘in, Molekulyarnaya optika (Molecular Op-
tics), Gostekhizdat, M., 1951, Chap. H.

52D, Caldwell and H. Eyring, The Theory of Optical Activity,
Wiley, N.Y,, 1971,

3A, Buckingham and P. Stiles, Accounts Chem. Res. 7, 258
(1974).

E. Power and T. Thiruchamandran, J. Chem. Phys. 55, 5321
(1971).

%E, Power and T. Thiruchamandran, ibid. 60, 3695 (1974).

%6Jen Tsi Yang, Ref. 20, Chap. 6.

53, Beyhock, idid. Chap. 7.

8. J irgensons, Optical Rotatory Dispersion of Proteins, Sec-
ond Rev, Edition, Springer, Berlin, 1973.

5%, M. Agranovich, Teoriya &ksitonov (Theory of Excitons),
Nauka, M., 1968,

§9K. Natori, J. Phys. Soc. Jpn. 39, 1013 (1975); T. Kato, J.
Tsuikava, and T. Murao, ibid, 34, 763 (1973); E, L. Ivchenko
and G. E. Pikus, Fiz. Tverd. Tela (Leningrad) 16, 1933 (1974)
[Sov. Phys. Solid State 18, 1261 (1975)].

81A. S. Davydov, Teoriya tverdogo tela (Theory of Solids),
Nauka, M., 1968,

824, S, Davydov, Bilologiya i kvantovaya mekhanika (Biology
and Quantum Mechanics), Naukova Dumka, Kiev, 1979.

$3C. Deutsche, J. Chem. Phys. 52, 3703 (1970).

84, Harris, idid. 43, 959 (1965).

85M. Philpott, idid. 56, 683 (1972).

863, Snir and J. Shellman, J. Phys, Chem. 77, 1653 (1973).

819, Mizushima, Structure of Molecules and Internal Rotation
Academic Press, N, Y., 1954 (Russ, Transl, ed. by V. M.,
Tataevskii, Il, M., 1957),

8V, G. Dashevskil, Konformatisii organicheskikh molekul
(Conformation of Organic Molecules), Khimiya, M., 1974,

®[nternal Rotation in Molecules ed, by W. J. Orville-Thomas,
Wiley-Interscience, New York, 1974 (Russ. Transl. ed. by
Yu. A, Pentin, Mir, M., 1977),

V. A. Kizel’ 292



"°E, Eliel, Foundations of Stereochemistry, Wiley, New York,
1969 (Russ. Transl. ed. by V., M, Potapov, Mir, M., 1971).

"y, M. Potapov, Stereokhimiya (Stereochemistry), Khimiya,
M., 1977.

"21,, Dissado, J. Phys., C 7, 463 (1974),

3B, Bosnich, Ref. 30, p. 254.

B, Bosnich and D. Watts, J. Amer. Chem. Soc. 90, 5744
(1968); B, Norden and P, Schipper, Chem. Scr. 12, 72 (1977).

TSP, Schipper, Mol. Phys. 29, 1705 (1975); Chem. Phys. Lett,
30, 323 (1975); Chem, Phys. 12, 15 (1976).

*D, Cralg, E. Power, and T. Thiruchamandran, Proc. Roy.
Soc. London, A 348, 19 (1976).

"D, Craig, L. Radom, and P, Stiles, ibid. 343, 11 (1975).

K. Kovacs, J. Mol. Evol. 10, 161 (1977),

"H, Morowitz, J. Theor. Bio. 25, 491 (1969}.

898, Dudley, S. Mason, and R. Peacock, J. Chem. Soc. Farad.
Trans, 71, 997 (1975).

81F, Vester, Ref. 15, p. 15; G. Spach, Chimia 28, 9 (1974); J.
Mol. Evol, 13, 35, 47 (1979).

821,, A, Blyumenfel’d, Problemy biologicheskoi fisika (Prob-
lems in Biophysics), Nauka, M., 1977,

$34. Quastler, The Emergence of Biological Organization, Yale
Univ. Press, New Haven, 1964 (Russ. Transl. ed. by L., A,
Blyumenfel'd, Mir., M., 1967).

84M. Eigen, Self-Organization in Matter (Russ. Transl, ed. by
M. V. Vol’kenshtein, Mir, M., 1973).

855, Fox and J. Nakashima, Biochem. Biophys. Acta 140, pM
155 (1967). .

8M. Morrison and M, Mosher, Asymmetric Organic Reactions
(Russ, Transl. ed. by E, I. Klabunovskii, Mir., M., 1978);
R, Pearson, Symmetry Rules for Chemical Reactions, Wiley-
Interscience, New York, 1976; Y. Izumi and A, Tai, Stereo-
Differentiating Reactions, Academic Press, New York, 1977.

8W. Elias, J. Chem, Educ. 49, 448 (1972).

88g, Degly and D. Nicholson, Metabolic Paths (Russ, Transl,
ed. by I. S. Kulaeva, Mir, M., 1973); A, S. Malygin, Karta
metabolicheskikh putei (A Map of Metabolic Pathways),
Nauka, M., 1976.

89y, Umbarger in MTP Int. Reviews of Sciences, Sec. 1: Bio-
chem, ed. by H. Kornberg and D. Phillips, Butterworth, Lon-
don, 1975, p. 1,

%G. Melcher, J. Mol. Evol. 3, 121 (1974); L. L. Morozov and
E, I. Fedin, Biofizika 21, 238 (1976); L. Morozov, Origins
of Life 9, 187 (1979).

'w. Kuhn, Angew. Chem, Bd. 49, S. 215 (1936); Ergebn. En-
zymforsch 5, 1 (1936).

%23, E. Bresler, Usp. Fiz. Nauk 115, 121 (1975) [Sov. Phys.
Usp. 18, 62 (1975)].

9%y, v. Alekseev, Usp. Fiz. Nauk 120, 647 (1976) [Sov. Phys.
Usp. 19, 1007 (1976)].

%G. Shramm 1in The Origin of Preblological Systems, ed. by
S. W, Fox, Academic Press, N. Y., 1965 (Russ. Transl. ed.
by A.I. Oparin, Mir, M., 1966, p. 303).

%M. Conrad, J. Mol. Evol. 10, 87 (1977).

%M. Eigen, Quant. Rev. Blophys. 4, (43), 149 (1971) /Russ.
Transl. in Usp. Fiz. Nauk 109, 545 (1973)].

, Prigogine, In Theoretical Physics and Biology, ed. by
A, Marois, North-Holland, Amsterdam, 1961, p. 23.

$p, Glansdorff and I, Prigogine, Thermodynamic Theory of
Structure, Stability and Fluctuations, Wiley-Interscience,
New York, 1971 (Russ. Transl, ed. by K. P, Gurov, Mir, M.,
1973).

9Cooperative Effects, ed. by H. Haken, American Elsevier,
New York, 1974; H. Haken, Synergetics, Springer-Verlag,
Berlin, 1977,

107, Bertalanffy, General System Theory, G. Brasilier, New
York, 1968,

10lg, P, Gurov, Fenomenologicheskaya termodinamika neobra-
timykh protsessov (Phenomenological Thermodynamics of
Irreversible Processes), Nauka, M., 1978,

1®M, V. Vol’kenshtein, Usp. Fiz. Nauk 109, 499 (1973) [Sov.

293 Sov. Phys. Usp. 23(6), June 1980

Phys. Usp. 16, 207 (1973)].

199E | Schrédinger, What is Life?, MacMillan, N. Y., 1945,
(Russ. Transl, ed. by A, A, Malinovskﬁ, Atomizdat, M.,
1972).

I4F Seeling, J. Theor. Bio. 31, 355 (1971); 32, 93 (1971); 34,
197 (1972); F. Frank, Biochim. Acta 11, 459 (1953).

1%L, Harrison, J. Theor. Bio. 39, 333 (1973).

1%p_Decker, J. Mol. Evol. 4, 49 (1974),

1A, Hochstim, Orlg. Life 6, 317 (1975),

18M, 1. Kabachnik, L. L. Morozov, and E. I. Fedin, Dokl.
Akad. Nauk SSSR 230, 1135 (1976). L. L. Morozov, ibid, 241,
481 (1978).

18y, Soret, Zs. Krist. 34, 630 (1901).

182 Pincock, R. Perkins, and R. Bradshaw, J. Mol. Evol. 4,
67 (1974).

1y, Morowitz, J. Theor. Bio. 25, 491 (1969).

I2E, D, Rogacheva, Dokl, Akad, Nauk SSSR 165, 1298 (1965)
[Sov. Phys, Dokl. 10, 1125 (1966)].

13, Thiemann, J. Mol. Evol. 4, 85 (1974),

1145 Collet, M, Brienne, and I.Jagues, Bull. Soc. Chim.
France fasc. 1, 127, 336 (1972),

15M, Calvin, Chemical Evolution, Oxford Univ. Press, N. Y.,
1969 (Russ. Transl. ed. by A, 1. Oparin, Mir, M., 1971).

H6p, Decker, Nature New Biol. USA 241, 72 (1973).

g Seeling and O, Rossler, Z. Naturforsch. 276, 1441 (1972).

‘88, Green and M. Lahav, Ref. 15, p. 421; M. Cohen and B.
B, Green, Chem. in Britain 9, 490 (1973).

H9E 1, Klabunovskii, Stereospetsificheskil kataliz (Stereospec-
ific Catalysis), Nauka, M., 1968.

128, 1. Klabunovskii, Asimmetricheskii sintez (Asymmetric
Synthesis), Khimiya, M., 1965.

1211 v, Berezkin and K. Martinek, osnovy fizicheskoi khimii
fermentativnogo kataliza (Foundations of the Physical Chem-
istry of Enzymatic Catalysis), Vysshaya shkola, M., 1977.

122M, v, Vol’kenshtein, Fizika fermetov (Physics of Enzymes),
Nauka, M., 1967.

123p | Cramer, Inclusion Compounds (Russ. Transl, ed. by I. 1.
Chernyaev, II, M., 1958).

124proiskhozhdenie zhizni i evolyutsionnaya biokhimiya (Origin
of Life and Evolutionary Biochemistry), ed. by G. M. Deborin,
Nauka, M., 1975.

1%5p_ Jacob, La Logique du Vivant, Gallimard, Paris, 1970.

1265, Fox and K. Dose, Molecular Evolution and the Origin of
Life, Freeman and Co., Washington, 1972.

12'Biochemical Evolution and Origin of Life ed. by R. Buvet and
C. Ponnamperuma, American Elsevier, New York, 1971;
Proc. 1st Int, Symp. on the Origin of Life on Earth ed. by
A, Oparin, Pergamon Press, Oxford, 1959.

128, Ponnamperuma, Quart. Rev. Blophys. 4, 77 (1971).

1294 1, Oparin, Vozniknovenie zhizni na Zemle (Origin of Life
on Earth), Izd. AN SSSR. M., 1957.

1®A, 1, Oparin, Orig. Life 7, 3 (1976).

”‘Problemy vosniknoveniya i sushchnosti zhigni (Problems of
the Origin and Essence of Life), ed. by A, I. Oparin, Nauka,
M., 1973; Ablogenez i nachal’nye stadii evolyutsii zhizni
(Abiogenesis and the Initial Stages of the Evolution of Life),
ed. by A, I, Oparin, Nauka, M., 1968; D, Kenyon and
G. Steinman, Biochemical Predestination, McGraw-Hill,

N. Y., 1969 (Russ, Transl, ed. by A, 1. Oparin, Mir, M.,
1972).

tRA I, Oparin, Genesis and Development of Life, Academic
Press, New York, 1968,

133M. Rutten, Origin of Life by Natural Causes, Elsevier, N. Y.,
1971 (Russ. Transl. ed. by A, L. Oparin, Mir, M., 1973);

E. Broda, Evolution of Bioenergetic Processes (Russ. Transl.
ed. by A, 1. Oparin, Mir, M., 1978).

143, Fox, Ref. 124, p. 315.

155, Fox, Naturwissenschaften 56, 1 (1969); F. Crick, J. Mol.
Biol. 38, 367 (1968).

1%y, Kuhn, Angew. Chem. 84, 838 (1972); H. Kuhn in Syner-
getics, Proc. of the Int, Workshop on Synergetics, Bavaria

V. A, Kizel’ 293



(1977), Springer, Berlin, p. 325 (1977).

1¥M, Verlander and L. Orgel, J. Mol. Evol. 3, 115 (1974).

18p, Debye, Z. Phys. Chem. 53, 1 (1949).

I3E, Argyle, Orig. Life 8, 287 (1977).

10F_ Crick, S. Brenner, A. Klug, and G. Plezenik, ibid. 7, 389
(1976).

141pM, Ageno, J. Theor. Biol. 37, 187 (1972).

12w, Thiemann and A. Wagener, Angew. Chem. 9, 740 (1970).

13K, Williams and G. Smith, Orig. Life 8, 91 (1977).

14¢C, Ponnamperuma, Ref. 15, p. 131,

16¢C, Gehrke, R. L. Zumwalt, K. Kuo, C. Ponnamperuma, and
A, Shimayama, Orig. Life 6, 541 (1975).

1465, Miller, H, Urey, and 1. Oro, J. Mol. Evol. 9, 59 (1976).

@1, Ferrara, S.Indini, and P, Temussi, J. Theor. Biol. 67,
241 (1977).

18K Kvenvolden and C. Ponnamperuma, Proc. Nat. Acad. Sci.
USA 67, 468 (1971).

187, Hayes, Geochim. and Cosmochim. Acta 31, 1395 (1967).

1507,, Stryer in Biology and the Exploration of Mars ed. by
C. Pittendrigh, NASA Publ. No. 1296, Washington, 1966.

1513, Hayes, Geochem. Cosmochim, Acta 31, 1395 (1967),

152K, Kvenvolden, Nature 221, 141 (1969).

153p, Allen and R. Gillard, Chem. Comm., p. 1091 (1967),

154y, Otroshenko and N. Vasilyeva, Orig. Life 8, 25 (1977).

155H, Noyes and W. Bonner, Ref. 15, p. 61.

155, Granick, Ann. N, Y. Acad. Sci. 89, 292 (1957).

157¢, Dongorosi, Rev. Roumaine Phys. 6, 297 (1961); G. Pic-
cardi, Atti Fondaz. Giorgio Rochi 16, 109 (1961).

1585 . P, Dubrov, Geomagnitnoe pole i zhizn’ (The Geomagnetic
Field and Life), Gidrometeoizdat, M., 1974,

5%y, Valeovie, Orig. Life 8, 7 (1977),

1601,. Barron, Mol. Phys. 23, 1027 (1972).

l8lT  E, Pavlovskaya, Ref. 124, p. 239,

1828, Norden, Nature 256, 567 (1977); Inorg. Nucl, Chem. Lett.
67, 480 (1977); 13, 355 (1977).

1637, Davis, S. Ackerman, and L. Tenney, J. Amer. Chem. Soc.
67, 480 (1946); A. Dauviller, The Photochemical Origins of
Life, Academic Press, New York, 1965; O. Burhardt,
Angew, Chem, 86, 222 (1974).

1844, Kagan, G. Balavoin, and R. Moradpour, J. Mol. Evol. 4,
41 (1974); J. Amer. Chem, Soc. 96, 5152 (1974); Ref. 15, p.
217,

18D, Cofeen in Proc. of 17th Plenar. Meeting of COSPAR, San
Paulo, 1974, COSPAR, The Hague, 1974, p. 37; X. Kawata,
Icarus 33, 217 (1978).

166y, G. Fesenkov, Astron, Zh, 37, 785 (1960) [Sov, Astron. 4,
741 (1960)], V. A. Kizel’, Otrazhenie sveta (Reflection of
Light), Nauka, M., 1973; A, Iwanoff and T. Waterman, J.
Marine Research 16, 255 (1958); G. Kattawar, G. Plass, and
J. Guinn, J. Phys, Ocean, 3, 353 (1973); B. Lundgren, Rep.
17, Inst. Phys. Ocean, Copenhagen, 1971, p. 34.

181G, V. Rozenberg and I. M, Mikhailov, Opt. Spectrosc. (USSR)
5, 671 (1958).

185, Fox, Naturwissenschaften 56, 1 (1969); S. Fox Ref. 94,
p. 362.

189K, Dose, Orig. Life 5, 239 (1974).

10C, Woesee, J. Mol. Evol. 13, 95 (1979),

111, Bohren, J. Theor. Bio. 85, 755 (1977).

12N, Fuller, R. Sanchez, and L. Orgel, J. Mol. Evol. 1, 249
(1972); L. Orgel, The Origin of Life, Butterworth, London,
1973.

113¢, Vester, T. Ulbricht, and U. Krauch, Naturwissenschaften
46, 68 (1957).

14T, Ulbricht, Quart. Rev. 13, 48 (1959).

115A, B, Migdal, Poiski istiny (The Search for Truth), Znanie,
M., 1978,

1785 Petit, C.R. Acad. Sci. A 248, 1317, 1413 (1977).

A, Garay, Orig. Life 9, 1 (1978).

18\, Yearian, W. Bonner, and M. Van Dort, Nature 264, 197
(1976).

1D, Rein, J. Mol. Evol. 4, 15 (1974).

294 Sov. Phys. Usp. 23(6), June 1980

8%, Thiemann, Orig. Life 7, 475 (1975),

18y Noyes, W. Bonner, and I. Tomlin, ibid. 8, 21 (1977);
C. Y. Prescott et al., Phys. Lett. 77B, 347 (1978},

18y, Libby, Radiocarbon Dating, University of Chicago Press,
Chicago, 1952,

183\, Sweeney, A. Toste, and C. Ponnamperuma, Orig. Life 7,
187 (1976); A. Maum and H. Primakoff, Preprint University
of Pennsylvania, University Press, Washington, February
12, 1979,

184w, Bonner, M. Van Dort, and M. Yearian, Nature 258, 419
(1975); 264, 197 (1976).

185K, Kovacs and A, Garay, Nature 254, 538 (1975).

1%p, Walker, Orig. Life 7, 383 (1976).

181Cg, Fajszi and 1. Czege, ibid. 8, 277 (1977).

1871, Keszthelyi, ibid., p. 299.

18k Kovaes, J. Mol, Evol. 10, 161 (1977).

19, Bonner and R. Lemmon, ibid., 11, 95 (1978),

110, Merwitz, Rad. Env. Biophys. 13, 63 (1976),

12K, Kovaes In Origin of Life, Proc. of the 2nd Meeting of
ISSOI, Tokyo, 1978 ed. by Haruchiko Noda, Japan Sci. Soc.
Press, Tokyo, 1978, p. 333; L. Keszthelyi, ibid., p. 327; J.
J. Czege, Cs, Fajszi, and L. Kesthelyi, ibid., p. 333; M. Ak-
aboshi et al., ibid., p. 343.

193p, Cline, A. Mann, and C. Rubbia, Scientific American 231,
(6), 108 (Dec., 1979) [Russ, Transl, Usp. Fiz. Nauk 120, 97
(1976)].

195 Weinberg, Usp. Fiz. Nauk 118, 505 (1976).

1%y, M. Shekhter, Usp. Fiz. Nauk 119, 593 (1976) [Sov. Phys.
Usp. 19, #8, 645 (1976)].
1%ya, B. Zel’dovich, Zh. Eksp. Teor. Fiz. 36, 964 (1959) [Sov.
Phys. JETP 9, 682 (1959)].
1T Ulbricht, Orig. Life 6, 303 (1975).

%A, N. Moskalev, R. M. Ryndin, andI. B. Khriplovich, Usp.
Fiz, Nauk 118, 409 (1976) [Sov. Phys. Usp. 19, 220 (1976)].
19y, A, Alekseev, Ya. B. Zel’dovich, and L. I. Sobel’'man, Usp.
Fiz, Nauk 118, 385 (1976) [Sov. Phys. Usp. 19, 207 (1976)].

20p | Close, Nature 264, 505 (1976).

2My,, B. Zel’dovich, D. B. Saakyan, I. 1. Sobel’man, Pis'ma,
Zh. Eksp. Teor. Fiz. 25, 106 (1977) WETP Lett, 25, 94
(1977).

@] B, Khripolvich, Zh. Eksp. Teor. Fiz. 71, 1665 (1976) {Sov.
Phys. JETP 44, 872 (1976)}; O. P. Sushkov, V.V, Flambaum,
and I, B, Khriplovich, Zh, Eksp. Teor. Fiz. 74, 868 (1978)
[Sov. Phys. JETP 47, 453 (1978)].

23ya. 1, Azimov, A. A, Ansel’m, A. M. Moskalev, and R. M.
Ryndin, Zh. Eksp. Teor. Fiz. 67, 17 (1974) [Sov., Phys, JETP
40, 8 (1974)]; A, N. Moskalev, Author’s Abstract of Doctor’s
Dissertation, L., 1977.

240, Baird et al., Phys. Rev. Lett, 39, 798 (1977); R. Conti
et al., Phys. Rev, Lett, 42, 343 (1979).

%y, Close, Nature 284, 528 (1976).

2061,, M, Barkov and M. S, Zolotarev, Pis’ma Zh. Eksp. Teor.
Fiz. 26, 379 (1978); 28, 544 (1978) [JETP Lett. 26, 357
(1978); 28, 503 (1978)].

201,, M. Barkov and M. S. Zolotarev, Kvant, Elektron, (Mos-
cow) 5, 1737 (1978) [Sov. J. Quantum Electron, 8, 986 (1978)];
Phys. Lett. 85B, 308 (1979).

2®1, Lewis et al., Phys. Rev. Lett. 39, 795 (1977).

2% B, Khriplovich, Kvant. Elektron, (Moscow) 5, 1731 (1978)
[Sov. J. Quantum Electron. 8, 983 (1978)].

21%¢, Hayley, ibid., p. 1740 [ibid., p. 988]; G. Felnberg,
Comm, Nucl. Part, Phys. 8, 143 (1979).

a1y, N, Labzovskii, Zh. Eksp, Teor. Fiz. 73, 1623 (1977) [Sov.
Phys. JETP 46, 853 (1977)].

221, N. Labzovskii, Zh. Eksp, Teor. Fiz, 75, 856 (1978) [Sov.
Phys. JETP 48, 434 (1978)},

2%, G, Drukarev and A. I. Moskalev, Zh. Eksp, Teor. Fiz. 73,
2060 (1977) [Sov. Phys. JETP 46, 1078 (1977)].

2R Harris and L. Stodolsky, J. Chem. Phys. 70, 2789 (1979);
Phys. Lett. 8B, 313 (1978),

V. A. Kizel’ 294



215K, Wagerer, J. Mol. Evol. 4, 77 (1974),

28w, Thiemann and W. Darge, Orig. Life 5, 263 (1974).

IR, Robinson, Proc. Astrosphys. Soc. Austr, 3, 12 (1976).

180, Townes, Observatory 97, 52 (1977) [Russ. Transl. Usp.
Fiz. Nauk 127, 479 (1979)].

M1, V, Samsonenko, Usp. Fiz. Nauk 105, 363 (1971),

2208 Norden, J. Mol. Evol, 11, 313 (1978).

2ip_ Martin, Mon. Not. R. Astron. Soc. 159, 179 (1972).

295 Sov. Phys. Usp. 23(6), June 1980

22CERN Courier 19, 115 (1979).

223M, Akaboshi, M. Noda, and K. Kawai, Orig. Life 9, 181

(1979).
24K Kovacs, Orig. Life 9, 219 (1979).

257, Petit, C.R. Acad, Sci. A 284, 1317, 1413 (1977).

Translated by M. E. Alferieff

V. A. Kizel’

295



