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The problems of the origin of life and biochemical evolution are analyzed in the context of
the biochemical organization concept proposed by the authors earlier. The traditional view
according to which the evolution of biological systems of lower levels preceded the forma-
tion of systems of higher levels is criticized. It is suggested that the formation of the cell and
biological systems of lower levels (subcellular structures, supramolecular structures, bio-
macromolecules) occurred in a coordinated manner. Nussinov—Mekler’s hypothesis that dust
(regolith) grains coated with a lipid shell were cell predecessors and Rudenko’s concept of
the evolution of elementary open catalytic systems (EOCSs) are modernized. The evolution
of EOCSs occupying various compartments of regolith grains resulted in their integration
into a system of higher rank where EOCS played the role of standard blocks (the supramol-
ecular structure level). The further evolution occurred by rearrangement of the standard

blocks.
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INTRODUCTION

Recently, we have proposed a concept of biochemical
organization (Kurganov & Lyubarev, 1991; 1992;
Kurganov, 1993). In the framework of the concept, the
organization of biological systems is considered as the
unity of structure, function and regulation. Since bio-
logical systems are multilevel hierarchic systems, bio-
logical structures of each level have own functions and
control laws. We consider the cell and lower structural
levels as biochemical levels. Thus, we refer biomacro-
molecules, supramolecular complexes, subcellular
structures (organelles) and cells to biochemical levels.
On this basis, we have defined the biochemical organi-
zation as a set of principles of the structural organiza-
tion, functioning and regulation of biological systems
realized at biochemical levels (Kurganov, 1993).

The concept of biochemical organization can serve
as a methodological basis for planning and carrying out
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research in biological chemistry and related areas. In
particular, it is expedient to reconsider such a funda-
mental problem as the problem of the origin of life in
the context of this concept.

EVOLUTIONARY PROBLEMS IN THE
CONTEXT OF THE CONCEPT OF
BIOCHEMICAL ORGANIZATION

In terms of the concept of biochemical organization, a
theory of the biochemical evolution should answer two
principal questions. First, it is necessary to understand
how the evolution of structures is correlated with the
evolution of functions and control mechanisms. The
second problem is the interrelation between the origin
and evolution of different levels. As applied to bio-
chemical systems, the problem is formulated as fol-
lows. In what sequence did such levels as biomacro-
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molecules, supramolecular complexes, subcellular
structures and cells emerge and evolve?

It is most widely believed that structural levels were
formed in succession “from bottom to top” in the
course of biochemical evolution: initially low-molecu-
lar weight organic compounds emerged, then biopoly-
mers formed, further supramolecular structures (mi-
celles, coacervates, microspheres, etc.) arose;- and,
finally, protocells appeared. It is precisely this scheme
which is stated in most of reviews on the problem of
origin of life (Oparin, 1968; Fox and Dose, 1977; Fol-
some, 1979; Dose, 1984, 1986; Gladilin, 1991). Be-
sides, Bernal (1967) supposed that one more stage,
namely, the stage of separate organelle formation had
to exist.

At present the validity of the first stage is doubtless.
Numerous experiments demonstrated the possibility of
the formation of biologically significant low-molecular
weight organic compounds under the conditions mim-
icking those presumiably occurred on the abiotic Earth
(for reviews, see Oparin, 1968; Fox and Dose, 1977,
Folsome, 1979; Miller, 1986; Or6 et al., 1990; Gladilin,
1991). On the other hand, numerous attempts to simu-
late a prebiotic synthesis of polymers similar to biolog-
ical ones have failed (for reviews, see Mekler, 1980;
Or6 et al., 1990; Gladilin, 1991). The main difficulties
were the low rate of polymerization and formation of
links atypical for biopolymers. This led Mekler (1980)
to believe that only oligopeptides (up to ten monomers)
and oligonucleotides (up to twenty monomers) could
be formed in prebiotic water.

Besides, the mechanism of transition from biopoly-
mers to cellular structures remains unclear. There are
two approaches to this problem. According to Bernal
(1967), the mechanisms of template synthesis of pro-
teins and nucleic acids emerged before the appearance
of phase-separated systems (PSSs). Oparin and his fol-
lowers had the alternative view. According to them
(Oparin, 1968, 1978, 1980; Oparin and Gladilin, 1980;
Gladilin, 1991), the emergence of PSSs was a neces-
sary precondition for the evolution of biologically sig-
nificant mechanisms. The latter is proved by the fol-
lowing fact. Living organisms are able to counteract an
increase in entropy, due to spatial separation which per-
mits the organisms to interact with the environment se-
lectively. Hence, the transition from the chemical evo-

lution to the biological forms of organization of matter
is associated with the appearance of PSSs.

This conclusion completely agrees with the concept
of biochemical organization. In recent years the prob-
lem of the importance of spatial separation (i.e. com-
partmentation) of biological processes has been actively
discussed (Friedrich, 1984; Lyubarev and Kurganov,
1989; Spivey and Merz, 1989; Ovadi, 1991). According
to Friedrich (1984), “compartmentation is one of the
fundamental principles in the organization of living
matter: the very existence of cell is a manifestation of
biological compartmentation”. Much attention is given
to microcompartmentation, i.e. localization of processes
in a small volume as compared to the volume required
for statistical description. We believe that it is micro-
compartmentation which permits a system to be led out
of the sphere of the obedience to statistical laws, thus
avoiding entropy increasing and equilibrium (Karasev et
al., 1989; Lyubarev and Kurganov, 1989, 1994).

Coacervates (Oparin, 1968), proteinoid microspheres
(Fox & Dose, 1977), marigranules and marisomes
(Yanagawa and Egami, 1980; Yanagawa et al., 1980)
and other structures based on insoluble polymer com-
plexes (Gladilin, 1991) are suggested to be examples of
PSSs. Some of these systems were formed from artifi-
cial polymers, and the possibility of their abiogenic
synthesis has not been proved. The others were formed
from polymers with links atypical for biopolymers, and
it is unclear how these polymers can transform to the
usual biopolymers. Besides, all the systems do not pro-
vide microcompartmentation.

According to Oparin, the emergence of PSSs was also
necessary for the appearance of another characteristic
feature of life, namely, purposeful structure of the parts
and the whole. He rejected the idea that “the intrinsical-
ly organized protein and nucleic acid molecules, pur-
posefully adjusted in their structure to the functions they
fulfil in living systems, could emerge in the aqueous so-
lution” (Oparin, 1978). Oparin considered that “the
functional fitness of the parts of the organism, especial-
ly of the biologically significant molecules, could
emerge only in the course of evolution as a result of nat-
ural selection; but this had to be a selection not of the
separate parts, but of the whole integral system”.

An analogous opinion was given by Keosian (1978),
who considered to be impossible that “biochemical
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compounds, biochemical reactions and mechanisms ...
appeared in probiotic water with the functions they
would have in a living thing before there were living
things”.

In terms of the concept of biochemical organization
the function of a biological system of a certain level
should be realized as the role of this system in the sys-
tem of the higher level (Kurganov and Lyubarev, 1992).
Therefore, the evolution of a function is impossible,
while the corresponding structure evolves separately.

Similar considerations can be applied to the evolu-
tion of control mechanisms. The concept of biochemi-
cal organization suggests two kinds of control: autoreg-
ulation directed to the maintenance of a constant level
of key parameters of the system, and “tracing” signals
from the higher levels (Kurganov and Lyubarev, 1991,
1992; Kurganov, 1993). It is clear that mechanisms of

“tracing” cannot appear while the system evolves in.

isolation. It should be emphasized that it is mechanisms
of “tracing” which provide the functioning of the given
- system in a system of a higher level. Thus these mech-
anisms are a significant system-forming factor. There-
fore, it is hard to imagine the appearance of a new level
in the absence of regulatory links with lower levels.

THE ORIGIN OF PROTOCELL

Thus, according to the concept of biochemical organi-
zation, the appearance of the levels from biomacromol-
ecules to cells by the scheme “from bottom to top” is
invalid. On the other hand, the supposition that the for-
mation of biochemical systems occurred “from top to
bottom” is even more absurd, because higher systems
consist of systems of lower levels. Therefore, we con-
sider as the most acceptable the notion about the simul-
taneous and coordinated formation and development of
the structures of biochemical levels.

This supposition can seem absurd as well, if we do
not take into account the following consideration. As
Cairns-Smith (1985) noted, a cooperative system (e.g.,
an arch) can be gradually constructed, if it is built on
some support. According to Cairns-Smith, living sys-
tems “used to lean on something low tech”. He sup-
posed that first organisms might be crystals of clay.

Wiichtershiiuser (1988) advanced a hypothesis that
metabolism had originated at mineral surfaces prior to
the origin of the first cells. Clegg and Wheatley (1991)
adopted this position and supposed that these non-bio-
logical surfaces had been subsequently replaced by
membranes, and nuclear and cytoplasmic matrix pro-
teins.

Kuhn and Waser (1982) suggested a model in which
early mechanisms of transiation could evolve in pores
of different sizes in rocks. Baltscheffsky and Jurka
(1984) discussed the possibility of the simultaneous,
stepwise emergence of interacting oligopeptides,
oligonucleotides, and protomembranes. These authors,
however, did not propose concrete mechanisms of the
interaction and evolution.

In some aspects, the notion about simultaneous evo-
lution of the structures of biochemical levels is present
in Oparin’s theory as well. Indeed, Oparin (1978) sug-
gested that “at first, there could appear only the protein-
like and nucleic acid-like polymers, whose intramolec-
ular structure had no biological purposiveness. Only
when these polymers were combined in multimolecular
PSSs, their interactions brought to a mutual adjustment
of their molecular structure and biological functions as
a result of natural selection of the whole open sys-
tems”. Thus, in Oparin’s theory protein-like and nucle-
ic acid-like polymers play the role of a support provid-
ing the evolution of structures and functions of each
biochemical level. But, as it has been discussed above,
this model of support is unlikely.

Deamer and Oré (1980) supposed that the structures
formed by amphiphilic non-polymeric molecules (like
liposomes) were a more adequate model of protocells
than biopolymeric structures, because liposomes
demonstrated barrier functions (see also Morowitz et
al., 1988; Or6 et al., 1990). Day (1984) came to the
same conclusion, but he considered, however, that
polynucleotides had been formed outside lipid vesicles.
Cavalier-Smith (1987) suggested a model of “obcell”
consisting of genes and ribosomes attached to the outer
surface of a lipid vesicle containing a light-driven pro-
ton pump and proton-driven pyrophosphate synthase,
but the origin of these protein and nucleoprotein struc-
tures was not discussed.

Woese (1979) supposed that the life emerged not in
the ocean but in salt water droplets in the early Earth’s
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atmosphere. He casually noted that these droplets could
have been coated with membranes, but he did not dis-
cuss the origin of the membranes. Oberbeck er al.
(1991) modified Woese’s hypothesis and concluded that
in atmosphere only polymerization step could occur.

In our opinion, the hypothesis suggested by Nussi-
nov and Vekhov and elaborated by Mekler is the most
interesting. -

Nussinov and Vekhov (1978) supposed that up to the
appearance of liquid water the Earth surface had been
covered by clay-like dust grains called regolith grains
by the authors by analogy with Moon’s ground. Unlike
Moon’s regolith Earth’s one had to possess consider-
able porosity. They were lighter than water and could
float. Nussinov and Vekhov supposed that regolith
grains could serve as platforms for the origin of life.

Mekler (1980) advanced a hypothesis that floating
regolith grains sorbed lipids located on the water sur-
face and covered with a lipid shell. A similar supposi-
tion was further made by Nussinov and co-workers as
well (Nussinov and Serebrovskaya, 1986; Nussinov
and Maron, 1990). The regolith grains covered by a
lipid layer (“reinforced liposomes”) sorbed and con-
centrated various orgainic (mainly hydrophobic) com-
pounds, including oligopeptides and oligonucleotides
synthesized in small quantities in the ocean.

Further, biopolymers could be formed by dehydration
condensation in the hydrophobic environment of the li-
posomes. Complexes of metal ions with oligopeptides
served as pre-enzymes. The functional activity of the
pre-enzymes increased simultaneously with the molecu-
lar mass as far as “reinforced liposomes” evolved.

Mekler explains the appearance of the connection be-
tween the phenotype and the genotype on the basis of
the principle of cross stereocomplementarity postulated
by him (Mekler, 1980): the complementarity of amino
acids to their anticodons is suggested. In accordance
with this principle oligopeptides and oligonucleotides
interacted with each other being outside liposomes, and
liposomes presumably sorbed finished blocks of the fu-
ture genome of the protocell. The principle of cross
stereocomplementarity and some other postulates of
Mekler’s general theory have not gained wide recogni-
tion yet. Recent data (Mekler and 1dlis, 1993; Zamjat-
nin, 1993) have testified, however, to their validity. In

any case, Mekler’s hypothesis on the origin of life has
independent significance.

Thus, Nussinov and Mekler suppose that precursors
of protocells had appeared before biomacromolecules,
supramolecular complexes and cellular organelles were
formed. Nevertheless, there were precursors of struc-
tures of all the above-mentioned levels in the “rein-
forced liposome”. Indeed, oligopeptides and oligonu-
cleotides are precursors of biomacromolecules, and
complexes of oligopeptides and oligopeptides with
oligonucleotides are precursors of supramolecular
structures. As to cellular organelles, regolith pores may
be considered as their precursors. Thus, the biochemi-
cal levels from biomacromolecules to the cell could
evolve simultaneously.

Nussinov-Mekler’s hypothesis combines the earlier
ideas of many researchers. Similar to Oparin’s theory, it
assumes that PSSs were formed on an early stage of
evolution. Like Deamer and Oré (1980), Mekler con-
siders the lipid shell to be a necessary component of
protocells which provides the hydrophobic environ-
ment and barrier function. On the other hand, Nussinov
and Mekler supported the idea on the important role of
clay mineral surface in the origin of life which was sug-
gested by Bernal (1967) and developed by many inves-
tigators (Kuhn and Waser, 1982; Cairns-Smith, 1985;
Wichtershidauser, 1988; Otroshchenko et al., 1992).
In addition, like Woese (1979) and Cairns-Smith
(1985), they also supposed the presence of a mineral
support at the beginning of the evolution.

The main advantage of Mekler’s “reinforced lipo-
somes” is that they provide microcompartmentation in
contrast to other models. This feature approximates
them to contemporary cells and help us to understand
how protocells can counteract an increase in entropy.

FROM PROTOCELL TO CELL

Thus, in a certain period of the Earth evolution “rein-
forced liposomes” appeared on the ocean surface. They
represented porous aluminoferrosilicate grains (regolith
grains) coated with a lipid cover. Numerous oligopep-
tides and their complexes with metals possessing cat-
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alytic activities are located in pores, in the lipid cover
and between the cover and regolith surface. What could
further happen with these particles? What mechanism
of their evolution could lead afterwards to the appear-
ance of cell?

The “reinforced liposomes” were open systems.
The sun activity and geophysical processes provided

them with an energy flow ensuring an nonequilibrium-

state and conditions for self-organization (Fox, 1988).
The methods of nonlinear thermodynamics of open
nonequilibrium systems have been used to model the
early stages of evolution (Nicolis and Prigogine,
1977; Eigen and Schuster P., 1979; Babloyantz, 1986;
Fox, 1988; Cramer, 1993), but such models are
macroscopic and do not take into account microcom-
partmentation.

Rudenko (1969, 1980, 1983a,b) suggested a theory of

evolutionary catalysis (see also Karasev et al., 1989)..

According to the theory, “elementary open catalytic sys-
tems” (EOCSs) are an object of chemical evolution.
EOCS is an‘integral aggregate of a catalyst, reacting sub-
stances and products. According to Rudenko, such sys-
tems are capable of autoevolution and autocomplication.
The foundation of such autoevolution is a basic exer-
gonic reaction accomplished by the catalyst. Irreversible
alterations of EOCS are possible under the action of ac-
cidental factors; if this alteration is coupled with the
basic reaction, it can have an endergonic character and
be accompanied by complication of the system. Thus,
EOCS undergoes evolutionary alterations which result in
changes in many parameters of the system including the
catalytic activity. Rudenko infers the principal law of
EOCS evolution. According to this law, the evolutionary
alterations which are accompanied by maximal increas-
ing of the absolute catalytic activity of the system pro-
ceed with the maximal rate and probability.

Using the theory of evolutionary catalysis we can
consider catalytic systems arising inside the “rein-
forced liposome” as EOCSs. Unlike Rudenko we con-
sider that EOCSs were included into the high level sys-
tem from the very beginning. This supposition does not
contradict the theory of evolutionary catalysis, but sup-
plements it. Besides, we suppose that the absolute cat-
alytic activity is not the only criterion of selection in
the course of EOCS evolution. The parameter charac-

terizing the efficiency of the system, namely, the coef-
ficient of utilization of energy of the basic reaction for
useful work in the evolving catalytic system, is not of
lesser importance. While Rudenko considers that the
probability of positive or negative results at a single
evolutionary alteration is equal to 1/2, in our opinion
this probability depends on the absolute catalytic activ-
ity and the efficiency. Since positive alterations are usu-
ally endergonic, they become more probable as the ef-
ficiency increases. The efficiency is connected with the
degree of system organization. Hence, as the structural
organization of the system is complicated, its catalytic
activity increases.

The initial set of EOCSs and their distribution within
the “reinforced liposome” were accidental. However,
the interactions between different EOCSs had to play a
significant role in the course of autoevolution. A cou-
pling arising between systems promoted the increase in
their activity and efficiency, thus favoring them in com-
petition with other systems. As a result of the natural
selection it is precisely EOCSs which could be inte-
grated into a united protocell metabolic network had to
remain. Such processes having played an important
role in the cell formation may be called as an integra-
tive selection.

In the course of the evolution of “reinforced lipo-
somes” the development of biopolymer structures oc-
curred owing to utilization of energy of basic exergonic
processes. Protein and glycoprotein systems making
the protocell framework (plasma membrane and cell
wall, cytoskeleton, vacuolar system) were gradually
formed. They replaced and ousted the inorganic alumi-
noferrosilicate framework. In the end the evolution has
led to systems constructed of biomacromolecules unit-
ed into complex supramolecular structures and forming
plasma membrane, organelles, etc.

The formation of reproduction mechanisms occurred
simultaneously. While protocells retained the inorganic
framework they could not be reproduced by division.
Nevertheless, the mechanisms of translation and tran-
scription could be evolved just at this stage. The re-
placement of the inorganic framework with the
biopolymer one permits the realization of the mecha-
nism of division. From this moment we may speak
about appearance of real cells.
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SUPRAMOLECULAR BIOSTRUCTURES AS
STANDARD FUNCTIONAL BLOCKS

According to Rudenko (1969, 1980) EOCS can be al-
tered towards complication of the mechanism by di-
viding the process into elementary stages. In this case
the evolution of EOCS leads to the formation of a mul-
tienzyme system. Another approach is reported by
Karasev and Stefanov (1986), who considered EOCSs
as precursors of individual enzymes (see also Karasev
et al., 1989).

The most significant argument in favor of the first ap-
proach is that the basic reaction should be exergonic. At
the same time, many reactions catalyzed by individual
enzymes are endergonic. The functioning (and, hence,
autoevolution) of such enzymes is possible only within
a multienzyme system (or under artificial conditions).
Another argument in favor of the assumption that EOCS
is the precursor of the multienzyme system is data on
physical interactions of enzymes within metabolic sys-
tems. The fact that two or more consecutive enzymes
are capable of forming a complex (Friedrich, 1984;
Srere, 1987; Keleti et al., 1989; Srere and Ovadi, 1990)
means that these enzymes have recognition sites on
their surfaces. This testifies in favor of their co-evolu-
tion. On the basis of the numerous data on enzyme-en-
zyme interactions together with other experimental data
the conclusion has been drawn that the enzymes of a
common metabolic system can form ordered multien-
zyme ensembles, namely, metabolons (Srere, 1987;
Karasev et al., 1989; Lyubarev and Kurganov, 1989,
1994; Kurganov and Lyubarev, 1991, 1992). We sup-
pose that it is metabolons which are the final result of
EOCSs evolution.

Analyzing principles of construction and evolution
of complex specialized systems, Ugolev (1985) has put
forward a concept of standard functional blocks. The
essence of the concept is that different functions ful-
filled by cells of different animal tissues are composed
of elementary functions realized by certain combina-
tions of a limited number of functional blocks. It
should be noted that such blocks have to possess a
basic control mechanism besides an elementary func-
tion (Kurganov and Lyubarev, 1991). The evolution is
associated with appearance of new combinations of

standard blocks. According to Ugolev, functional
blocks are molecules or supramolecular complexes,
i.e., structures of different levels of organization. Nev-
ertheless, Ugolev has given emphasis to supramolecu-
lar complexes, and it is not by accident. In our opinion,
it is the structures of this level that should be consid-
ered as standard blocks.

As has been noted above, one of the most characteris-
tic features of living matter is compartmentation. This
feature appears in going from the level of individual
macromolecules to supramolecular structures (Karasev
et al., 1989; Kurganov and Lyubarev, 1989, 1991,
1992). Another indispensable feature of living systems
is vector character of accomplished processes (Mitchell,
1991). When analyzing different biological levels from
this view point it may be seen that the above-mentioned
features appear at the level of supramolecular structures.

" Indeed, an individual enzyme (biomacromolecular

level) catalyzes direct and reverse reactions with the
same efficiency: the reaction direction depends solely
on the ratio of the concentrations of substrates and prod-
ucts of the reaction. The situation changes, however, in
going to supramolecular structures.

Owing to the structural and functional coupling of
proteins accomplishing exergonic and endergonic (or
equilibrium) processes, the resulting process performed
by a supramolecular structure is of a vector character.
Ribosome (Spirin, 1986), multienzyme complexes, e.g.
pyruvate dehydrogenase complex (Oliver and Reed,
1982; Friedrich, 1984), and myosin ATPase (Harold,
1991) may serve as examples. Besides, many supramol-
ecular structures are associated with membranes, which
further promotes the vector character of processes
owing to division of compartments (Harold, 1991). Ac-
tive transport systems (Henderson, 1991), coupling of
translocator with an enzyme adsorbed on the membrane
surface, e.g., adenine nucleotide translocator with crea-
tine kinase (Saks er al., 1980), coupling of electron
transfer with ATP synthesis (Mitchell, 1991; Skulachev,
1991) are examples of the vector character of processes
performed by supramolecular structures.

Thus, the transition from biomacromolecules to
supramolecular biostructures leads to the emerging of
compartmentation and the appearance of the vector
character of processes. This allows us to conclude that
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it is supramolecular biostructures that form the first re-
ally biological level. The notion about supramolecular
structures as standard functional blocks whose combi-
nation and rearrangement lead to the formation of func-
tioning structures of the higher level will enhance the
understanding of evolution of both biological structures
and biological functions.
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