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ABSTRACT

According to Salam condensation may be relevant in biochemistry, as a factor
contributing to the homochirality of amino acids. We attempt to show that DNA
packaging may be modelled, by interpreting chromatin as a form of soft matter, in
which a phase transition has induced chromatin into a condensed mode. In the
context of the origin of life we show the relevance of simultaneous discussion of
DNA packaging, transcription, and DNA replication. Beyond a certain critical length
of the protogenome (RNA), physical properties of inert condensed matter may have
given rise to a spontaneous regulating mechanism of certain significance for the
evolution of life on Earth.
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*. - T^ r - 1- INTRODUCTION

In attempting to describe plausible scenarios for the origin and early evolution of
life, several stages have been considered amongst them we may mention the following:

-The origin of species
-The origin of the eukaryotic cell

-The origin of the living cell, or progenote
-The origin of translation

-The RNA world
-The thioester world

The origin of natural selection.

In the present work we comment on the second and the last of these aspects of
the origin of life. While the former is, according to Margulis and coworkers,
presumably of rather recent occurrence the latter is perhaps one of the first difficulties
that had to be overcome at the interface of biological and chemical evolution. A
common (genetic) theme shall be applied to the discussion of both problems

Similarly, in chemical evolution many stages have been discussed, amongst
them we would like to mention only:

-The origin of nucleic acids
-The origin of proteins

-The origin ofchirality of amino acids
-The origin of nucleotides
-The origin of amino acids

We restrict our comments to the origin of chirality of amino acids, in view of the
conjectures that have been formulated recendy by Salam (1991). We feel that the main
novelty of Salam's work in theoretical biology is his appeal to physical condensation
in the sense of Bose and Einstein .

The possibility that phenomena analogous to physical condensation might occur
in living systems had been anticipated by Delbriick (1963) and FrOhlich (1969). While
Delbruck conjectured the relevance of condensation in general terms, both FrOhlich
and Salam share their interest in biochemistry, in the cell membrane and amino acids,
respectively.

The essence of the analogy used by Salam is that the 'superfluidity' exhibited by
amino acids is to 'superfluidity' in superconductors and not to liquid helium. In view
of the considerable theoretical difficulties still to be overcome, perhaps the best way to
determine Tc may be by means of experiments.

The novelty of Salam's approach lies in the fact that he has been led to conjecture
that Bose-like condensation -a cooperative phenomenon - is a further factor
contributing to biochirality. In spite of some difficulties still to be overcome in Salam's
rationalization of the first principle of biochemistry, the proposal of molecular
cooperative phenomena in a biological context deserves further consideration (Chela-
Flores, 1991).

We feel that the analogy between Bose condensation and biological phenomena
may also be fruitfully discussed, in particular in the context of genetics, and from the
point of view of the origin of life. This is the subject that shall occupy our attention in
this work.

However, it may be worthwhile to point out that in all of these approaches to
chemical evolution and the origin of life, we have to face a major difficulty:

Studies of sedimentary rocks may not provide direct evidence of the origin and
earliest evolution of life. In fact, we cannot rule out the existence of traces of life from
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the oldest specimens now available (Schildowski, 1988). Mote precisely (Schopf etal,
1983), we may recall that it is widely accepted that living organisms dating 3.5
Gigayears before the present (Gyrbp) have left fossils in the Warrawoona Group of
Western Australia, as well as in the sediments of the Overwacht Group in South
Africa. This situation induces us to search for earlier evidence of life in the even older
Isua Supracrustal Belt of Western Greenland. The sedimentary rocks retrieved from
this region date from the interface of the Hadean/ Early Archean suberas about 3.8
Gyrbp.

The data indicates that the molecular structure of the Isua kerogen (a mixture of
organic substances lacking regular chemical structure) has been severely altered, and
that the carbonates (minerals such as dolomite and limestone) have been
metamorphosed, rendering impossible a clear estimate of their initial isotopic
composition. To sum up, it is not yet possible to exclude either of the following two
options:

(a) Even if the isotopic composition of carbonates was due to their biotic origin,
their source may have been from autotrophic or heterotrophic ecosystems.

(b) The Isua kerogen may have been of abiotic origin.

1.1. ALL LIVING SYSTEMS CONTAIN WITHIN THEM EVIDENCE OF THEIR
HERITAGE.

Nevertheless, the biochemical and molecular genetics of all living systems
contain within them evidence of their heritage. Thus, comparative metabolic,
biochemical, and genetic studies of extant organisms may provide important insights
into the nature of the early stages of evolution, which are beyond the reach of
geologist's research (Gest and Schopf, 1983). This argument invites studies on
biochemistry and genetics as a possible means means of studying life's origins.

Many clear examples of biological properties that may have been preserved over
significant time periods may be cited, amongst them:

(i) The first is provided by the molecular mechanisms of transcriptional
regulation in yeast. The mechanism of transcriptional initiation, in particular, is
substantially conserved throughout the eukaryotic kingdom. Important illustrations are
that vertebrate transcription factors fuction in yeast cells, and that yeast and mammalian
TATA factors are functionally interchangeable (Struhl, 1989).

(ii) A second example is the remarkable homologies observed in heat-
shock proteins extending from bacteria to man (Lindquist, 1986).

One further example will be considered more carefully, since it will serve a
useful purpose in our scenario for life's origin.

1.2 THE RELATIONSHIP BETWEEN DNA PACKAGING, TRANSCRIPTION,
AND DNA REPLICATION.

We have some insights into the underlying mechanisms of gene silencing, which
is observed in mammals. Since the most frequent mode of gene control is at the
transcriptional level (Darnell, 1982), the important phenomenon of X chromosome
inactivation is probably due to inhibition of RNA synthesis (transcription). Thus the
remarkable structural alterations in the heterochromatic X chromosome may be directly
related to the regulation of transcription (Chela-Flores, 1987).

The relationship between DNA packaging and transcription in eukaryotic gene
expression should be seen together with an intimate relationship that is observed
between transcription and DNA replication. Remarkable examples of such coupling are
known in molecular genetics (DePamphilis, 1988).

Thus we have been led to study the consequences of assuming:

1.2.2 Hypothesis 1

The packaging of DNA with structural proteins is correlated with
the way in which DNA can interact with and, hence, respond to the
strongly coupled transcriptional and replication signals.

On the strength of this working hypothesis, based on an earlier one by Sperling
and Weiss (1980), we have made a study of the chromatin repeat length (X), which is
the average amount of DNA wound around a core of histones.

What is new in the above assumption is the hypothetical exclusion of factors
other than DNA replication and transcription in the correlated function of gene
expression and replication with DNA packaging. One important possibility that our
hypothesis leaves out is a further coupling with the nuclear membrane (lamin proteins
and other factors).

To be more precise, the X length parameter consists of two segments:
(i) The first one (L) consists of two full turns of DNA wound about the

histone core, contributing a fixed number of base pairs to the overall value of X.
(ii) The second segment is called the linker DNA (/). It is a variable length

of DNA; its average length varies with species, cell type and developmental stage. It
links adjacent nucleosomes, contributing to the flexibility of the chromatin fiber.

We may summarize the above information in terms of a simple formula:

A selection of values of X is given in table 1 for a wide range of eukaryotes,
from sac fungi and true slime molds to cells from a variety of tissues from
echinoderms and chordates (Chambon, 1978):

TABLE 1. THE CHROMATIN REPEAT LENGTH FOR A SAMPLE OF CELLS

CELL TYPE
Aspergillus
Yeast
Neurospora
Physarum
Tetrahymena micronucleus
Rat fetal liver
Rat liver
Syrian hamster liver
Chick oviduct
Tetrahymena macronucleus
Rabbit cerebellar neuron
Chicken erythrocyte
Sea urchin gastrula
Sea urchin sperm

IN BASE PAIRS
154
165, 163
170
171, 173
175
193
196, 198
196
202
202
200
207, 212
218
241

In other words, this parameter ranges from 154 to 241 bps. However, what is
more interesting to notice is that for a given cell, X also changes at different stages of
ontogeny (cf,, the examples of the rat liver cells).



On the basis of Hypothesis 1 we have been able to rationalize why X, is longer
for slowly dividing cells than in rapidly dividing cells. Further, the same assumption
has helped us to obtain some insight into the experimental results (Jaegger and
Kuenzle, 1982) that show variations of X for the same type of cells (neurons) at
different stages in ontogeny (Chela-Flores, 1992a):

The temporal evolution of the repeat length is a decreasing
function of time in mammalian cortical neurons, whereas it is an
increasing function of time for granule cells around the time of birth.

A certain consensus is now emerging in the sense that chromatin is an essential
part of the transcriptional mechanism (Felsenfeld, 1992):

Instead of the once held opinion that the chromatin most prominent DNA-
binding proteins (the histones) played mainly structural roles, the view is now
emerging that nucleosomes are not merely inducing DNA bending, but rather they are
biochemically active complexes. Likewise, X should be envisaged as a dynamic
parameter to be understood in its intimate relationship with the transcription process.
This implies that a relationship between chromatin structure at the nucleosome level
and transcription seems possible.

1.3. GENETIC STUDIES OF EXTANT ORGANISMS MAY PROVIDE
INSIGHTS INTO THE EARLY STAGES OF EVOLUTION

General genetic relationships have been identified in extant organisms. Some
examples are the ones we have just described above in the case of eukaryotic cells
(i.e., gene silencing and gene expression in the neurons of the embryonic brain).
These relationships, if extrapolated back to the early stages of evolution, may provide
important insights into some aspects of the origin of life which, as we have seen, are
beyond the reach of geological research.

To sum up, we are led to:

1.3.3 Hypothesis 2

We conjecture that the proposed coupling of DNA packaging,
transcription, and DNA replication may be extrapolated back to the
early stages of the evolution of life on Earth.

2. CAN GENETICS BE MODELLED WITH PHYSICAL ANALOGIES?

As stated above, an important insight into basic molecular mechanisms of
genetics was anticipated by Delbruck by suggesting that both, biological systems as
well as simpler condensed systems (such as inert condensed matter), may exhibit the
following property:

In spite of being exposed to a supply of external energy, a physical system itself
will not respond (i.e., the energy that has been supplied to it is either stored or
dissipated). Such system will only respond when the energy available is larger than a
certain threshold, but the system may respond to subthreshold energies if some
external effect contributes to destroy some underlying order or structural property.
Physicists (quantum liquid specialists) and biologists (geneticists) are familiar with
such phenomena:

Quantum liquid theorists call these phenomena superconductivity, or
superfluidity. For the sake of brevity we limit ourselves to superconductivity.
Electrons may not be excited from their ground state (at least in metals and alloys at
low temperatures, where the microscopic mechanisms are well understood), unless the

excitation energy is larger than a threshold value-an 'energy gap'. However, the
presence of certain magnetic fields may disrupt the order of motion that has originally
given rise to the phenomenon.

Geneticists, as we have seen above, call such phenomena gene silencing. Free
energy is supplied by metabolism. Normally, in eukaryotic cells wastes from
fermented food molecules in the cytoplasm enter the mitochondria and pass through a
cycle of reactions, which produce most of the ATP for both the mitochondria and the
rest of the cell, in particular for the chromosomes inside the nuclear membrane. In
spite of free energy being supplied by metabolism, a whole X chromosome remains
silent (Lyons, 1961), Thus, in female mammals two identical X chromosomes
respond differently to metabolic energy; the Barr body normally does not respond and
remains silent, but this situation is reversible as follows from recent experiments of
Lyon and coworkers in aging female cats (Wareham etai, 1987).

Also very early in embryogenesis the silencing of the Barr body is reversible
(Migeon et al, 1986). In the case of genetics the analogous concept is called the
chromatin packaging or, alternatively, chromatin condensation, but we prefer to
reserve the term condensation to the physical phenomenon studied in physics by Bose
and Einstein.We may conclude that analogies such as those of Delbruck, Frohlich, and
Salam may have some heuristic value in genetics.

2.1 CHROMATIN IS A FORM OF CONDENSED MATTER, COMPARABLE IN
DENSITY WITH SOME LIQUIDS AND SOLIDS

Chromatin packaging may be studied in terms of the variable T) parameter. To
be more specific, this possibility may be illustrated by emphasizing that tight packing
of chromatin yields DNA concentrations p within localized regions of inter phase
nuclei of (Olins andOlins, 1974):

p = 200 mg I ml

significantly higher values are expected for met a phase chromosomes, since the T|
parameter may be one or two orders of magnitude larger. This value is of the same
order of magnitude as the upper bound for the densitiy of liquid helium four
(London, 1954a):

p ~ 145 mg I ml

where the phenomenon of condensation is known to occur. Another example is liquid
helium three, where the phenomenon of superfluidity also occurs at low
temperatures at a value of density of (London, 1954b):

p ~ 80 mg I ml

The packing ratio r\ (degree of condensation) of chromatin is given by the
formula (Finch and Klug, 1976):

V = L, I L ,
1 2

where Lj denotes DNA length in the fully extended state, and L_ denotes the length

of the coiled, or folded state achieved at any state of condensation. In the
nucleosome we have 165 base pairs (bps) of DNA rolled over a histone core; in this
case

r



L. = 600 A and = 55 A

Thus,
TJ (nucleosome) slO

2.2 CAN CHROMATIN PACKAGING, TRANSCRIPTION, AND REPLICATION
BE MODELLED USING THE ANALOGY WITH PHYSICAL CONDENSATION?

In a search for some quantitative bases for the problem of the origin of natural
selection, we may turn to a study of genetics in which we considered some regularities
that have been observed in the rate of propagation of DNA polymerase (r.) and RN A

polymerase (r). We have remarked that some data suggests the linear relation (Chela-

Flores, 1992b):
T, = \ir%

where \x is a constant. We have shown that interpreting Hypothesis 1 in terms of the
physical analogy suggested earlier (in different contexts) by Delbriick, Frohlich, and
Salam, allows us to study the linear formula in a thermodynamic formulation. This
reinforces our arguments in favour of the analogy between genetics and condensed
matter, which may be seen in this light as a valuable working hypothesis for
approaching quantitative aspects of DNA packaging and gene expression in the early
Earth.

3. ON THE ORIGIN OF NATURAL SELECTION

Ultraviolet (UV) radiation played a dual role at the origin of life. In the first place
it provided ample free energy to drive a variety of chemical reactions that were needed
in order to generate the earliest replicators. The effect of UV radiation on the proto-
genome may be discussed in two stages:

(i) As we have discussed above, in the second half of the Early Archean,
some 3,5 Gyrbp, prokaryotic cells definitely existed (cf., for example the dome-like
calcareous structures, the stromatolites, which were discovered three decades ago in an
environment hostile to its predators, the hypersaline waters of Western Australia).
Such organisms may have used light in an anoxygenic atmosphere. Seeking protection
from UV rays by burying themselves in the mud was no solution, since they required
light. The solution may have been to seek filters, or UV defense mechanisms
(UVDMs).

For instance, they may have lived in solutions rich in certain salts, so that
UV radiation may have been absorbed, but visible light may have been let in. Another
strategy may have been to develop mechanisms for repairing sun-damaged DNA (i.e.,
thymine dimers formed by the UV effect on DNA). Repair enzymes in contemporary
organisms may remove the unnecessary chemical units that UV energy may generate.

(ii) Besides from the rigorous discussion of Isua kerogen and carbonates,
we cannot exclude the existence of life during the latter part of the Hadean subera
(earlier than 3.9 Gyrbp). Whatever conditions we conjecture for the Hadean
environment cannot be confirmed by geologic data, since sedimentary rocks from this
earliest subera have not been preserved.

In order to address the question of how to rationalize the UVDM in terms of
molecular relics, rather than geological data, we consider DNA packaging in
chromatin.

3.1 THE UV PARADOX

Candidates for UVDMs have to be found for the protection of the very products
of the UV-driven reactions (the early replicators). Otherwise, fast mutation rates would
be unavoidable, due to the large doses of UV rays delivered by the early Sun (less than
one billion years old) to the surface of the Earth. In such conditions it is not possible to
have slow mutation rates, which are needed for natural selection to take place. This is a
statement of the UV paradox as formulated by Sagan (1965).

One hint as to how to rationalize this paradox may be found in a contemporary
genome, namely that of a viroid:

This is a pathogenic stretch of nucleic acid which succeeds to be resistant to an
UV-rich environment. In fact, a viroid is a nucleic acid species without capsid: Its
molecular weight is relatively small, in fact, smaller than prokaryotic RNA polymerase
(1.1 - 1.3xlO5). Its length can be as small as 240 bps. They can be isolated from
certain organisms affected by disease. Viroids cannot be detected in healthy organisms
of the same species. They have been extensively studied by Diener (1979).

Nevertheless, viroids may be injected into an organism; for instance, into a
dicotyledonous plant by means of the purpule bacterium Agrobacterium tumefaciens.
Then autonomous replication of the nucleic acid follows, giving rise to a characteristic
syndrome.

A specific example is the potato viroid (potato spindle tuber viroid) PSTV,
which is a firm double helix structure arising from base pairing amongst its 359 bps.
With the resulting degree of packing this viroid presents an elusive target for
inactivation by means of UV radiation.

Returning to the formulation of Hypothesis 2, we may conclude that, in
principle, by modulating DNA packaging, the proto-gene (and similarly, the
protogenome) may have been sufficiently short so that the intrinsic properties of the
first replicators may have turned them into elusive targets to UV rays.

3.2 AN ILLUSTRATION

A simple order-of-magnitude estimate may clarify the above arguments on the
PSTV resistance to the UV radiation. The length of a typical prokaryotic gene, for
instance rDNA of Escherchia coli, is given by:

Lj = 6 kb,

If Ti assumes the value typical of a contemporary 30 nm fiber

250 < TJ < 400,

then the length of the coiled state would satisfy the following inequality:

L2 < ISO nm

However, as we know, during the Hadean subera the far UV window

150 nm < Xyy < 300 nm



was the source of 3,400 cal/cm^/yr, a s opposed to 2 cal/cm^/yr for wavelenghths
smaller than 150nm (Sagan, 1965). We have denoted the UV wavelength as X^.

In other words, we have considered a plausible prokaiyotic gene with an equally
plausible packing density (Chela-Flores, 1985).

This protogene presents a target for UV light which is in the range of
wavelengths corresponding to the primordial Sun exposure. We have considered
particularly the most damaging UV window, where the most abundant flux of energy
was being delivered through the early anoxygenic atmosphere.

Hence, just as in the case of the potato viroid (PSTV), which is known today to
present an elusive target to UV radiation, the protogene may have escaped fast
mutation rates purely on structural basis, independent of its environment.

On this basis, natural selection may have been the plausible trigger to the early
evolution of a protogenome, provided the total length was somewhat longer than the
above example, and the packing density was somewhat higher than the corresponding
value considered.

To sum up, Hypothesis 2 suggests that the origin of natural selection-
independent of any given pattern of transcription and replication-may be understood in
terms of DNA packaging of a short (viroid-like) stretch of nucleic acid (either DNA or
RNA).

In view of hypothesis 1, which couples transcription and DNA replication to
DNA packaging, encourages us to extend the implications of our first hypothesis to
other problems confronting our understanding of the origin of life.

4. THE SPONTANEOUS ORIGIN OF THE MAIN REGULATING MECHANISMS
OF GENE EXPRESSION

Our next priority is to rationalize in terms of standard chemistry and physics the
spontaneous origin of the main regulating mechanisms of gene
expression: DNA replication, transcription and DNA packaging. Subsequently, the
question of the origin of translation and the genetic code must also be addressed, but
this has been done adequately by other researchers.

In this work we have considered physical condensation, in the same sense as it
was used by Salam in the context of chemical evolution.

We are suggesting that condensation may have played the role of a
regulating mechanism during the course of biological evolution, and that
understanding such a mechanism may be relevant at the macromolecular level to both
natural selection and symbiosis.

Some modest progress in the direction of clarifying the origin of regulatory
mechanisms is possible by adopting the view that cells are environments for
macromolecules which may migrate into a host cell from a wide variety of sources.

The foreign DNA is capable of crossing the membrane of the host cell. For
instance, DNA may invade either prokaiyotic cells (such a Daptobacter), or eukaiyotic
cells (such as the ancestral cryptomonad) in the form of plasmids or transposons.

Once the holobiont is formed, regulating mechanisms may be set in motion.
These may eventually control the interactions between the associated bionts.

One extreme example of such interaction is to be found in insects: the leafhopper
Euscelidius is a genera of large homopterans. Schwemmler has studied the
symbiogenesis in insects as models for cell differentiation, morphogenesis, and
speciation (1991).

He found that if the symbionts of Euscelidius of one generation were prevented
from infecting the eggs, only head-thorax embryos are produced (i.e., no abdomen is
produced).

4.1 A GENERAL HYPOTHESIS

To sum up, at the present stage of our understanding of the interconnections of
chromatin structure and function, suggested by our hypothesis 1, we cannot make
much progress in some important problems concerning symbiosis such as pinning
down the genetic mechanisms that may predispose organisms for symbiosis, but a
general hypothesis nevertheless may be useful as a frame for our discussions:

4.1.1 Hypothesis 3.

In eukaryotic organisms that succeed to establish symbioses with
each other, the host and its cytobiont alter their metabolism in such a
way that the consequent alterations in gene expression are
characterized by k-parameter changes in both the endosymbiont's
DNA-, as well as host's native DNA-packaging.

In the protozoan, Tetrahymena, nuclei, which presumably may have been
the result of early symbioses, have different X parameters, characterizing different
patterns of gene expression for both its macronucleus and the micronuclei. Symbiosis
between two eukaryotes are known to occur in a species of freshwater alga called
cryptomonad - the flagellated protist Cryptomonas <|> (Douglas et al, 1991).

Cryptomonads contain an unusual membranous structure, which is sometimes
also called a "nucleosome". This organelle contains both DNA and RNA. The DNA is
more similar to that of red algae than that of cryptomonad nucleus. Indeed the
ancestral cryptomonad may have become photosynthetic by the incorporation of red
algae containing chloroplasts.

We may recall that the accepted view is that chloroplasts were originally
photosynthetic bacteria. The recent work leads us to the view that some eukaryotes
obtained their chloroplasts from other eukaryotes:

An ancestral eukaryote may have been the host of another-a red algae - The
holobiont is an organism containing several genomes, but the novelty is that two of
them should be complexes of DNA and proteins. In fact, in deciding the origin of
cryptomonad the standard approach of comparing homologies between the genomes
of different eukaryotes may, for the above reasons, be supplemented with a further
test involving the X parameter.

However, in so doing we are not binding ourselves to a given gene (rRNA) of
the eukaryotic nucleus in order to address questions of phylogeny, but rather we are
binding ourselves to global properties-expressed by the X parameter- of both
genomes (endosymbiont and host), in order to discuss questions of phylogeny.

5. DISCUSSION AND CONCLUSIONS

We have illustrated with chromatin repeat lengths of the mammalian brain that
global statements of the structure of the genome can be rationalized, at least in some
cases when transcriptional replication can be separated. We are suggesting (in
agreement with Hypothesis 1) that the X parameter may be correlated with the
changing patterns of gene expression for different cells. New experiments on the
repeat lengths of both nuclear genomes of cryptomonad algae are, therefore,
suggested. The pattern of X parameter variations should be characteristic of the
symbiotic partners, before they entered into mutualistic dependence.

It seems premature to investigate the qualitative and quantitative implications of
the genetic mechanisms that seem to underlie symbiosis; for that purpose it may be
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necessary to model DNA packaging as we have illustrated above in the as yet
unresolved problem of polymerase dynamics. This remains to be done.

We have had three objectives in mind:
(i) By restricting ourselves to the genetic level (including the possibility of

molecular cooperation, i.e., collective phenomena), we have shown the relevance in
the context of the origin of life of simultaneous discussion of DNA packaging,
transcription, and DNA replication.

(ii) For values larger than a certain critical length of the protogenome
(RNA), physical properties of inert condensed matter may have given rise to
spontaneous regulating mechanisms of certain significance for the evolution of life on
Earth. We have suggested how DNA packaging may be modelled by assuming the
physical phenomena of condensation in the problem of polymerase dynamics.

(iii) For the discussion of questions of phylogeny in organisms which are
the result of endosymbiosis of two eukaryotes, we are not necessarily restricted to a
given nuclear gene (rDNA), but rather we have indicated in this context the relevance
of global properties of both genomes (endosymbiont and host).
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