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Preface

Nobody knows how and where life originated. Although it is exceptionally
difficult to define life and to define living systems, it is generally accepted that
life as we know and experience it today on our planet is the result of biological
(Darwinian) evolution. More and more complex living systems evolved from
simpler ones. Prokaryotes are likely to be older than eukaryotes. Furthermore,
it is generally assumed that all forms of life (current or extant) descend (or
descended) from one or more first cell(s) that once emerged from the nonliving
as a result of a prebiological chemical evolution on Earth or somewhere else.
The first cells were probably preceded by some cell-like structures that were
not yet cells but already resembled cells. These structures are generally called
protocells, protobionts or progenotes.

Nobody knows what the first hypothetical cells and their precursor struc-
tures looked like. If one assumes that the first cells were already based on
the three types of macromolecules that are so essential for the functioning
of all contemporary cells - DNA, RNA, and proteins - then one has to admit
that the first cells were already chemically very complex systems. As a logical
consequence, it is assumed that protocells were simpler entities.

The field of prebiotic chemistry deals with experimental and theoretical
approaches and scenarios toward an understanding of how biologically rele-
vant molecules may have been formed and how they may have developed into
protocellular systems, which eventually led to the origin of life. As a result of
a number of studies, certain progress has been made during the last couple
of years in at least five different areas that belong to the essential pieces of
the big puzzle of understanding the origin of the first living systems. These
five areas are covered in this special volume of Topics in Current Chemistry:
(1) The prebiotic chemistry of simple amphiphilic molecules and their self-
assembly into compartmentalized structures; (2) The prebiotic chemistry of
nucleobases, nucleotides and oligonucleotides as essential elements of the hy-
pothetical “RNA-world” and its relation to the proposed “pre-RNA-world(s)”;
(3) The prebiotic chemistry of amino acids and peptides; (4) The possible pre-
biotic origin of homochirality; and (5) The possible formation of protocellular
structures.

The chapters summarize a number of scientific hypothesis and recent ex-
periments that are largely based on a variety of important contributions made
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by a large number of origin-of-life scientists and their research teams during
the last century. Their experimental investigations, their ideas and their way of
thinking have stimulated many researchers to study one of the most multidisci-
plinary and one of the most difficult question humans ever asked: the question
of the origin of life, the the deepest roots of our admirable, miraculous living
world.

Whether we will ever fully understand the transition from the nonliv-
ing to the living world, which is assumed to have happened at least about
3.5-3.8 x 107 years ago on our planet or somewhere else, is unclear at the mo-
ment. It is likely that we first need to make - in parallel to the developments
in the field of prebiotic chemistry - further progress in a deeper, more de-
tailed understanding of how living systems actually work. We need to better
understand how the “elements” of all living systems, how cells function, how
they are dynamically organized internally and how they communicate with
the outside. It may well be that significant progress will be made during the
next years within the field of systems biology that will further stimulate studies
in the area of prebiotic chemistry. It is likely that completely new ideas and
hypotheses about the origin of life will emerge as progress is also made in other
research fields.

Zurich, July 2005 Peter Walde
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Abstract A membrane boundary structure was essential for the advent of cellular life.
The membranes of contemporary cells are composed of a mosaic of proteins embedded
in a bimolecular layer of phospholipids, each of which requires a complex enzymatic
pathway for its synthesis. The earliest forms of life could not have had such a highly
evolved pathway in place. Amphiphilic monocarboxylic acids are present in carbonaceous
meteorites and can be synthesized under simulated geochemical conditions. Such com-
pounds have physical and chemical properties that allow them to assemble into bilayer
membranes and are therefore plausible components of the first cellular membranes.
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1
Introduction

Life on the Earth most likely arose from vast numbers of natural experi-
ments in which various combinations of organic molecules were mixed and
recombined to form complex interacting systems, then exposed to sources
of energy such as light, heat, and oxidation-reduction potentials presented
by donors and acceptors of electrons. This mixing and recombination prob-
ably did not occur in free solution, but rather in fluctuating environments
at aqueous-mineral interfaces exposed to the atmosphere under conditions
that would tend to concentrate the organic material so that reactions could
occur. Through this process, incremental chemical evolution took place
over a period of ten to several hundred million years after the Earth had
cooled sufficiently for water vapor to condense into oceans. At some point,
membrane-bounded systems of molecules appeared that could grow and re-
produce by using energy and nutrients from the environment. An observer
seeing this end product would conclude that such systems were alive but
would be unable to pinpoint the exact time when the complex structures took
on the property of life.

Here we will assume that the structures described above would be rec-
ognizable cells. The first cellular life had four key properties: (1) polymeric
materials were encapsulated within a membrane-bounded structure; (2) the
bounded system of molecules had the ability to capture energy and nutri-
ents from the local environment; (3) the system could grow by spontaneous
noncovalent addition of components from the environment and by catalyzed
energy-dependent formation of covalent bonds between monomers to form
polymers; and (4) the growing system could reproduce and evolve using
a process directed by a replicating information-storage molecule.

Current research efforts have progressed to the point where the above pro-
cesses have been investigated individually, so that the challenge now is to
assemble them into an integrated system that exhibits the properties of the
living state. This chapter focuses on the self-organizing properties of am-
phiphilic compounds that produce microscopic compartments necessary for
the appearance of the first cellular forms of life.
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2
Self-Assembly Process in Early Forms of Life

All cellular life today incorporates two processes we will refer to as self-
assembly and directed assembly (Fig. 1). The latter involves the formation
of covalent bonds by energy-dependent synthetic reactions and requires that
a coded sequence in one type of polymer in some way direct the sequence of
monomer addition in a second polymeric species. On the other hand, spon-
taneous self-assembly occurs when certain compounds associate through
noncovalent hydrogen bonds, electrostatic forces, and nonpolar interactions
that stabilize orderly arrangements of small and large molecules. Three well-
known examples include the self-assembly of water molecules into ice, DNA
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Fig.1 Cellular life today uses both self-assembly and directed assembly processes to grow.
Self-assembly (upper diagram) is essential to the synthesis and stability of membrane
structures and protein folding, while directed assembly (lower diagram) underlies the
synthesis of proteins according to the base sequences in DNA and mRNA. We assume that
on the early Earth, random polymers similar to peptides and nucleic acids were produced
by a yet unknown synthetic pathway (center). The random polymers, if capable of growth
in a membrane-bounded microenvironment, would have been subjected to selection and
thereby begin biological evolution



4 D.W. Deamer - J.P. Dworkin

strands into a double helix, and newly synthesized protein chains into func-
tional folded conformations. The latter two examples occur spontaneously,
but the processes are enzyme mediated for regulatory reasons or to exclude
undesirable conformations. A fourth self-assembly process involves certain
compounds that can form closed membrane-bounded microenvironments.
Such boundary structures, and the compartments they produce, have the po-
tential to make energy available in the form of ion gradients and can provide
a selective inward transport of nutrients. Furthermore, membranous com-
partments in principle are capable of containing unique systems of macro-
molecules. If a yet unknown macromolecular replicating system of polymers
could be encapsulated within a membrane-bounded compartment, the com-
ponents of the system would share the same microenvironment, and the
result would be a major step toward cellularity, speciation, and true cellular
function [1-6].

We know very little about how this event might have occurred at the
origin of cellular life, but recent advances have provided clues about pos-
sible sources of amphiphilic molecules, assembly of membrane structures,
and encapsulation mechanisms by which large molecules can be captured in
membrane-bounded microenvironments. Here we will describe the chemical
and physical properties of such systems and several experimental models that
incorporate certain properties related to the origin of cellular life.

3
Sources of Amphiphilic Compounds on the Early Earth

There are only two possible sources of organic compounds on a primitive
planetary surface: delivery during late accretion in the late Hadean era, fol-
lowed by chemical evolution, or synthesis by geochemical processes in the
primitive atmosphere and hydrosphere. Earlier investigations focused on
chemical synthesis of monomers common to the primary macromolecules
involved in living systems, with the goal of determining whether it was pos-
sible that biologically relevant compounds were available on the primitive
Earth [7, 8]. Most of these studies emphasized water-soluble compounds such
as amino acids, nucleobases, and simple carbohydrates. Here we will focus
on self-assembling hydrocarbon derivatives. The most straightforward geo-
chemical synthesis of hydrocarbons and their amphiphilic derivatives is the
Fischer-Tropsch type synthesis (FTT). In this reaction, carbon monoxide is
mixed with hydrogen and exposed to a hot catalyst such as metallic iron.
Under these conditions, a remarkable reaction occurs in which hydrocarbon
chains are synthesized by single-carbon additions, yielding alkanes, mono-
carboxylic acids, and alcohols ranging up to 30 or so carbons in length.
Examples of such syntheses described in the literature include the pioneering
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observations of Oré et al. [10], with more recent results reported by McCol-
lum et al. [11] and Rushdi et al. [12].

In the classic experiments of Miller and Urey [7, 8] the mixture of reduced
gases was assumed to be a simulation of the original terrestrial atmosphere,
which, by analogy with the outer planets, would have contained hydrogen,
methane, ammonia, and water vapor. At sufficiently high energy fluxes, such
mixtures of reduced gases generate hydrogen cyanide and formaldehyde,
which in turn react by Strecker synthesis to produce amino acids, purines,
and a variety of simple sugars. The proposal that organic compounds could
be synthesized under prebiotic conditions was given additional weight when
it was convincingly shown that carbonaceous meteorites contained amino
acids, hydrocarbons, and even traces of purines [13-15]. If such meteorites
represent samples of the primitive solar system components that underwent
synthetic chemical reactions, it was reasonable to assume that similar reac-
tions may have occurred on the Earth’s surface.

This view was challenged in the late 1970s when lines of evidence emerged
that the early atmosphere was composed of carbon dioxide and nitrogen
rather than the mixture of reducing gases assumed by the Miller-Urey
model [16,17]. Carbon dioxide does not support synthetic pathways lead-
ing to chemical monomers [9], so interest was drawn to the second po-
tential source of organic material: extraterrestrial infall in the form of mi-
crometeorites and comets. This scenario was first proposed by Oré [18]
and Delsemme [19] and more recently extended by Anders [20] and Chyba
and Sagan [21]. The total organic carbon added by extraterrestrial infall
over ~ 10% years of late accretion can be estimated to be in the rage of
10'6-10'® kg, which is several orders of magnitude greater than the total or-
ganic carbon in the biosphere. From such calculations it seems reasonable
that extraterrestrial infall was a significant source of organic carbon in the
prebiotic environment [22].

The discovery of biologically relevant compounds in meteorites also in-
dicated that organic synthesis can occur in other environments, which im-
mediately leads to the question of sources and synthetic pathways. Clues
to a possible source of the meteoritic organics have been provided by in-
frared and millimeter astronomy. Vibrational and rotational spectral features
obtained from molecular clouds indicate the presence of a plethora of carbon-
containing compounds [23,24]. Spectral features obtained from molecular
clouds indicate the presence of a hundred or more carbon-containing com-
pounds [23,24]. Because dense molecular clouds are the birthplace of stars
and solar systems, it seems reasonable that the organic substances present
in comets and the parent bodies of meteorites were derived from the carbon
compounds present in the original molecular cloud that gave rise to the solar
system.

Dense molecular clouds attenuate the interstellar radiation field, permit-
ting the synthesis and survival of more complex species in the gas phase than
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is possible in the diffuse interstellar medium. At the low temperatures in these
dark molecular clouds (10-50 K), mixtures of molecules condense to form ice
mantles on the surfaces of refractory dust grains where they can participate
in additional gas-grain chemical reactions. Comparison of infrared spectra of
low temperature laboratory ices with absorption spectra of molecular clouds
indicates that interstellar ices are mainly composed of H,O mixed with CO,
CO,, CH30H, NH3s, and other components, the latter ingredients generally
comprising 5 to 15% of the total. The ices are exposed to ionizing radiation
in the form of cosmic rays (and secondary radiation generated by their inter-
action with matter) and UV photons impinging upon the attenuated diffuse
interstellar medium (ISM) or generated by stars forming within the cloud.

Laboratory experiments have shown that radiation processing of simulated
presolar ices leads to more complex molecular species [25-27]. Hundreds of
new compounds are synthesized, although the starting ices contain only a few
simple common interstellar molecules. Many of the compounds formed in
these experiments are also present in meteorites and cometary and asteroidal
dust (interplanetary dust particles — IDPs), and some are presumably rele-
vant to the origin of life, including amino acids [28,29], quinines [30], and
amphiphilic material [31].

The consensus view is that organic molecules and their building blocks are
synthesized in dense molecular clouds and then become components of the
presolar nebula where they are further altered; these nebula give rise to stars,
solar systems, and the parent bodies of meteorites. However, the molecules
must be delivered to habitable planetary surfaces if they are to take part in
the origin of life. This requires that they survive the transition from the dense
cloud into a protostellar nebula and subsequent incorporation into planetes-
imals, followed by delivery to a planetary surface. Theoretical calculations
suggest that a fraction of the extraterrestrial organics present in comets
should survive even during impact with a planetary atmosphere [32], and
experimental results confirm that some organic species do, in fact, survive
planetary accretion. The most convincing evidence comes from deuterium
isotopic measurements of meteorites and interplanetary dust particles (IDPs)
collected on Earth. Such objects contain many of the same compounds and
classes of compounds produced in interstellar simulations, and meteoritic
organics frequently have large deuterium excesses [33]. These excesses are
difficult to understand in terms of solar system chemistry but may be ex-
plained by a variety of interstellar chemical processes that produce organic
compounds [34].

Even today, meteorites and IDPs deliver organic materials to the Earth’s
surface at a rate of ~ 1 x 10°kg/year [35]. During the late bombardment
period, which lasted until about 4 billion years ago, the amount of extrater-
restrial organic material brought to the prebiotic Earth was likely to have
been orders of magnitude greater [21]. Thus, the early Earth must have been
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seeded with organic matter created in the interstellar medium, protosolar
nebula, and asteroidal/cometary parent bodies.

From these considerations we conclude that both exogenous delivery and
endogenous synthetic pathways provided organic material to the prebiotic
environment, a process summarized in Fig. 2. We cannot be certain about
the relative amounts of endogenous synthesis and extraterrestrial delivery
of organics, but it is likely that both sources played significant roles in the
subsequent emergence of life by providing specific molecular species that
were essential ingredients. The question to be answered now is what fraction
was degraded to simple carbon compounds such as CO and CO; and what
fraction was incorporated directly into the molecular systems leading to the
origin of life.

SIMPLE CARBON COMPOUNDS
IN INTERSTELLAR MEDIUM (ISM)

SYNTHETIC REACTIONS
IN ICY GRAIN MANTLES

COMPLEX ORGANICS IN ISM

DELIVERY TO
PLANETARY SURFACE
DURING LATE ACCRETION

COMPLEX ORGANICS, > @
EXTRATERRESTRIAL ORIGIN
ORIGIN OF LIFE

DEGRADATION

SIMPLE CARBON
COMPOUNDS (CO2,

CO, CH4)
\ COMPLEX PLANETARY

ORGANICS

GEOCHEMICAL AND

PHOTOCHEMICAL

SYNTHESIS
Fig.2 All terrestrial carbon was initially delivered to the primitive Earth during accretion.
Much of the carbon was degraded to simple carbon compounds that could then undergo
synthetic geochemical reactions to produce more-complex species. However, a fraction of
the delivered organic carbon was likely to survive intact, especially during late accretion.
This fraction had the potential to be incorporated into the molecular systems that gave
rise to the origin of life
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4
What Amphiphiles Composed the First Cell Membranes?

Amphiphilic molecules are among the simplest of life’s molecular compo-
nents and are readily synthesized by nonbiological processes. Virtually any
normal alkane having ten or more carbons in its chain takes on amphiphilic
properties if one end of the molecule incorporates a polar or ionic group (see
below). The simplest common amphiphiles are therefore molecules such as
monocarboxylic acids (anions), monoamines (cations), and alcohols (neutral
polar groups).

CH; — (CH,), — COOH — H* + CHj3 — (CH,), — COO~  (anion)
CH; - (CH,),, —NH, + Ht* — CH3 — (CH;),, — NH3t (cation)
CH3 - (CH3), — OH (neutral amphiphile)

Lipids are far more diverse chemically than other typical biomolecules such
as amino acids, carbohydrates, and nucleotides. The definition of lipids in-
cludes simple fatty acids and their glycerol esters, sterols such as cholesterol,
and phospholipids, sphingolipids, and cerebrosides. Lipids are generally de-
fined by their common hydrophobic character, which makes them soluble
in organic solvents such as chloroform. Virtually all lipids also have a hy-
drophilic group, which makes them surface active.

Eukaryotic phospholipids typically have two fatty acid chains linked to
a glycerol by ester bonds, with the third position of the glycerol esterified
to a phosphate group. Most phospholipids also have a head group such as
choline, ethanolamine, or serine attached to the phosphate, and one such
lipid is shown below (1-palmitoyl, 2-oleoyl phosphatidylcholine). The precise
function of the variable head groups has not yet been established.

0]

HSC\/\/\/\/\/\/\/\)k
- 0 01/ CH,
3 *N=
\/\/\/\/=\/\/\/\)k AN N CHs
0 7o CH,

Scheme 1

The other lipid commonly present in eukaryotic membranes is cholesterol,
a polycyclic structure produced from isoprene by a complex biosynthetic
pathway. It is interesting to ask whether it is conceivable that prebiotically
plausible reactions might also produce complex amphiphiles. The earliest
investigations aiming to answer this question were carried out by Harg-
reaves et al. [36], Oré and coworkers [37, 38], and, more recently, Ourisson
et al. [39] and Conde-Frieboes and Blochliger [40]. In all such reactions,
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energy-dependent condensation reactions are used to produce complex lipids
from mixtures of phosphate, fatty acid, and glycerol. Examples of such lipids
include phosphatidic acid and phosphatidylcholine, both of which readily
self-assemble into membranous vesicles.

Although it is clear that complex lipids can be synthesized under labora-
tory simulations using pure reagents, the list of required ingredients does not
seem plausible under prebiotic conditions. Therefore, it is unlikely that early
membranes were composed of complex lipids such as phospholipids and
cholesterol. Instead, there must have been a source of simpler amphiphilic
molecules capable of self-assembly into membranes. One possibility is lipid-
like fatty acids and fatty alcohols, which are products of FTT simulations of
prebiotic geochemistry [12] and are also present in carbonaceous meteorites.
Furthermore, as will be discussed later, these compounds form reasonably
stable lipid bilayer membranes by self-assembly from mixtures (Fig. 4a).

5
The Fluid Mosaic Model of Membrane Structure:
Relation to Early Membranes

In the 1970s, the fluid mosaic concept emerged as the most plausible model
to account for the known structure and properties of biological mem-
branes [41]. The fact that membranes exist as two-dimensional fluids (liquid
disordered) rather than in a gel state (solid ordered) was clearly demonstrated
by Frye and Ededin [42], who showed that the lipid and protein components
of two separate membranes diffuse into each other when two different cells
were fused. Since that time, numerous studies have measured the diffusion
coefficient of lipids and proteins in membranes, and the diffusion rates were
found to correspond to those expected of a fluid with the viscosity of olive oil
rather than a gel phase resembling wax.

Because the lipid components of membranes must be in a fluid state to
function as membranes in living cells, it is reasonable to assume that prim-
itive membranes in the first forms of cellular life must also have had this
property. Straight-chain hydrocarbons have relatively high melting points due
to the ease with which van der Waals interactions can occur along the chains.
Any discontinuity in the chains interrupts these interactions and markedly
decreases the melting point. As an example, stearic acid contains 18 carbons
in its alkane chain and melts at 68 °C, while oleic acid, with a cis-double bond
between carbons 9 and 10, has a melting point near 14 °C. If cellular life to-
day requires fluid membranes, it is reasonable to assume that the earliest cell
membranes were also composed of amphiphilic molecules in a fluid state.

The idea that the proteins of biological membranes are embedded in a fluid
sea of lipids arose from our increasing understanding of membrane struc-
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ture. It has been demonstrated in numerous ways that most of the proteins
associated with membranes are embedded in the lipid bilayer phase, rather
than simply adhering to the surface. As a general rule, membrane proteins
have stretches of hydrophobic amino acids in their sequences, and these are
threaded back and forth through the bilayer multiple times, thereby anchor-
ing the protein to the membrane. The hydrophobic proteins often are involved
in production of pores, or transmembrane channels, that are essential for ion
and nutrient transport processes.

Could similar channels be produced in the bilayer membranes of primi-
tive cells? There is no doubt that channel-like defects appear when a nonpolar
peptide interacts with a lipid bilayer. For instance, polyleucine or polyala-
nine has been induced to fuse with planar lipid membranes, and the bilayers
exhibited transient bursts of proton conductance [43]. Surprisingly, channel-
like conductance also appears when RNA is selected for its ability to bind to
phospholipids [44]. From these observations it is fair to say that if random
polymers were being produced by some unknown synthetic reaction on the
early Earth, some of those polymers were likely to have been able to penetrate
bilayer membranes and produce channels that bypassed the permeability bar-
rier. This is an area that is ripe for further investigations, as described in
a recent review by Pohorille et al. [45].

6
Function of Membranes in Early Cells

Membranes have many functions in addition to acting as a container for the
macromolecular polymers of life. Three primary membrane functions asso-
ciated with a protocell would include selective inward transport of nutrients
from the environment, capture of the energy available in light or oxidation-
reduction potentials, and coupling of that energy to some form of energy
currency such as ATP in order to drive polymer synthesis (Fig. 3).

The simplest of these functions is that of a permeability barrier that lim-
its free diffusion of solutes between the cytoplasm and external environment.
Although such barriers are essential for cellular life to exist, there must also
be a mechanism by which selective permeation allows specific solutes to
cross the membrane. In contemporary cells, such processes are carried out
by transmembrane proteins that act as channels and transporters. Examples
include the proteins that facilitate the transport of glucose and amino acids
into the cell, channels that allow potassium and sodium ions to permeate the
membrane, and active transport of ions by enzymes that use ATP as an energy
source.

It seems unlikely that the first living cellular systems had time to evolve
highly specialized membrane transport systems, which brings up the ques-



Chemistry and Physics of Primitive Membranes 11

BOUNDARY STRUCTURE
SELF-ASSEMBLING
AMPHIPHILES /
\ MONOMERS
MONOMERS
ENERGY
SOURCE

B

Fig.3 A protocell would have had a minimal set of functional properties, including self-
assembly of boundary membranes, transport of monomers, and capture of energy to
drive polymerization reactions, and encapsulation of polymer systems capable of growth
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tion of how early cells overcame the membrane permeability barrier. One
possibility is that simple diffusion across the bilayer may have been sufficient.
To give a perspective on permeability and transport rates by diffusion, we can
compare the fluxes of relatively permeable and relatively impermeable solutes
across contemporary lipid bilayers. The measured permeability of lipid bilay-
ers to small, uncharged molecules such as water, oxygen, and carbon dioxide
is greater than the permeability to ions by a factor of ~ 10°. For instance, the
permeability coefficient of water is approximately 107> cm/s, and the permea-
bility coefficient of potassium ions is 107! cm/s. These values mean little by
themselves, but make more sense when put in the context of time required
for exchange across a bilayer. Measurements show that half the water in a li-
posome exchanges in milliseconds, while potassium ions have half-times of
exchange measured in days.

We can now consider some typical nutrient solutes like amino acids and
phosphate. Such molecules are ionized, which means that they would not
readily cross the permeability barrier of a lipid bilayer. Permeability coef-
ficients of liposome membranes to phosphate and amino acids have been
determined [46] and were found to be in the range of 107! ~107!2 cm/s, simi-
lar to ionic solutes such as sodium and chloride ions. From these figures one
can estimate that if a primitive microorganism depended on passive trans-
port of phosphate across a lipid bilayer composed of a typical phospholipid,
it would require several years to accumulate phosphate sufficient to double its
DNA content or pass through one cell cycle. In contrast, a modern bacterial
cell can reproduce in as short a time as 20 min.

If bilayers are so impermeable to solutes like amino acids and phosphate,
how could primitive cells have had access to these essential nutrients? One
clue may be that modern lipids are highly evolved products of several billion
years of evolution and typically contain hydrocarbon chains 16 to 18 carbons
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in length. These chains provide an interior “oily” portion of the lipid bilayer
that represents a nearly impermeable barrier to the free diffusion of ions such
as sodium and potassium. The reason is related to the common observation
that “oil and water don’t mix,” That is, ion permeation of the hydrophobic
portion of a lipid bilayer faces a very high energy barrier called Born energy,
which is associated with the difference in energy for an ion in a high dielectric
medium (water with a dielectric constant of 80) compared to the same ion in
a low dielectric medium (hydrocarbon with a dielectric constant of 2). This
energy barrier is immense, up to 40 kcal/mole [47].
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Fig.4 Stability and permeability of self-assembled amphiphilic structures. Amphiphilic
molecules such as fatty acids having carbon chain lengths of 9 or more carbons form bi-
layer membranes when sufficiently concentrated. a Pure bilayers of ionized fatty acid are
relatively unstable but become markedly more stable as long chain alcohols are added.
b Dimensions of the amphiphile also play a role. Shorter chain amphiphiles (9-10 car-
bons) are less able to form bilayers, while those of intermediate chain length (12-14
carbons) produce stable bilayers that also are permeable to ionic and polar solutes.
Longer chain lengths (16-18 carbons) produce bilayers that are increasingly less perme-
able to solutes [48]
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However, recent studies have shown that permeability is strongly depen-
dent on chain length [48]. For instance, shortening phospholipid chains from
18 to 14 carbons increases permeability to ions by a thousandfold (Fig. 4b).
The reason is that thinner membranes have increasing numbers of transient
defects that open and close on nanosecond time scales, so that ionic solutes
can get from one side of the membrane to the other without dissolving in the
oily interior phase of the bilayer. Ionic solutes even as large as ATP can diffuse
across a bilayer composed of dimyristoylphosphatidylcholine, a 14-carbon
phospholipid [49]. On the early Earth, shorter hydrocarbon chains would
have been much more common than longer chain amphiphiles, suggesting
that the first cell membranes were sufficiently leaky so that ionic and polar
nutrients could enter while still maintaining larger polymeric molecules in
the encapsulated volume. However, it should be kept in mind that polymeric
compounds may also have been present in the prebiotic environment. If these
happened to interact with the lipid bilayer of a membrane compartment,
channel-like defects could have been produced that permitted transport of
polar and ionic nutrients (Fig. 4c).

7
Growth Processes in Protocells

Earlier reports [50] showed that vesicles composed of oleic acid can grow and
“reproduce” as oleoyl anhydride spontaneously hydrolyzed in the reaction
mixture, thereby adding additional amphiphilic components (oleic acid) to
the vesicle membranes. This approach has recently been extended by Hanczyc
et al. [51], who prepared myristoleic acid membranes under defined con-
ditions of pH, temperature, and ionic strength. The process by which the
vesicles formed from micellar solutions required several hours, apparently
with a rate-limiting step related to the assembly of “nuclei” of bilayer struc-
tures. However, if a mineral surface in the form of clay particles was present,
the surface in some way catalyzed vesicle formation, reducing the time re-
quired from hours to a few minutes. The clay particles were spontaneously
encapsulated in the vesicles. The authors further found that RNA bound to
the clay was encapsulated as well.

In a second series of experiments, Hanczyc et al. [52] found that the myris-
toleic acid vesicles could be induced to grow by addition of fatty acid to the
medium, presumably by incorporating fatty acid molecules into the mem-
brane, rather than by fusion of vesicles. If the resulting suspension of large
vesicles was then filtered through a polycarbonate filter having pores 0.2 um
in diameter, the larger vesicles underwent a kind of shear-induced division
to produce smaller vesicles. This process could be repeated several times
(Fig. 5).
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Fig.5 Fatty acid vesicles can grow by addition of fatty acid molecules to the membrane
and are then dispersed into smaller vesicles by passage through a porous filter. The
cycle of growth and dispersion was repeated several times and presumably could go on
indefinitely [52]

This remarkable series of experiments clearly demonstrated the relative
simplicity of producing a complex system of lipid, genetic material, and min-
eral catalyst in a model protocellular structure that can undergo a form of
growth and division.

8
Encapsulation Mechanisms

Even if membranous vesicles were commonplace on the early Earth and had
sufficient permeability to permit nutrient transport to occur, these structures
would be virtually impermeable to larger polymeric molecules that were nec-
essarily incorporated into molecular systems on the pathway to cellular life.
The encapsulation of macromolecules in lipid vesicles has been demonstrated
by hydration-dehydration cycles that simulate an evaporating lagoon [53] or
by freeze-thaw cycles [54]. Molecules as large as DNA can be captured by
such processes. For instance, when a dispersion of DNA and fatty acid vesi-
cles is dried, the vesicles fuse to form a multilamellar sandwich structure with
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Fig.6 Macromolecules are readily encapsulated in lipid vesicles in a single cycle of
dehydration-hydration [53]. Such wetting-drying cycles would have commonly occurred
in the prebiotic environment at intertidal zones
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DNA trapped between the layers. Upon rehydration, vesicles reform that con-
tain highly concentrated DNA, a process that can be visualized by staining
with a fluorescent dye (Fig. 6). Several enzymes have also been encapsulated
using similar procedures [55].

9
Could Mineral-Water Interfaces Act as Precursors to Life?

Given that organic compounds are made available on a planetary surface as
described above, they must then be organized into mixtures that are suffi-
ciently concentrated to undergo chemical reactions. It seems likely that most
of the compounds would be delivered to extensive early oceans, rather than
the relatively small area of available volcanic terrain, but this immediately
leads to a conundrum: global concentrations of organic material in the seas
would have been too dilute to undergo synthetic chemical reactions [56]. For
this reason, it has been suggested that mineral/aqueous interfaces were pri-
mary agents in concentrating and organizing organic solutes, and perhaps
catalyzing specific reactions related to life processes [57, 58]. Corliss et al. [59]
and Baross and Hoffman [60] first proposed that life began as an organic film
on mineral surfaces in subsurface geothermally active sites. Such films would
provide a microenvironment of low water activity so that hydrolytic back
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reactions would not continuously degrade more complex molecules such as
polymers formed by condensation reactions. As an energy source, either dis-
solved hydrogen gas or the mineral surface itself would provide a source of
reducing power [61-63]. In this scenario, membrane encapsulation and a sys-
tem of information transfer would evolve at some later time.

As a specific chemical example of a mineral-dependent reaction pathway,
Huber and Wichtershiuser [64] described an experimental model in which
a slurry of nickel and iron sulfide was found to promote the formation of
acetic acid from carbon monoxide and methyl mercaptan (CH3SH). Peptide
bond formation could also be demonstrated [65]. These conditions were con-
sidered to represent a simulation of a primordial geothermal system in which
metal sulfides at high temperatures (~ 100 °C) provide a reaction pathway
for the initial steps of an autotrophic metabolism. This is an interesting re-
sult that is pertinent to the synthesis of organic material and confirms earlier
observations that a variety of free energy sources can drive the formation
of simple organic molecules. In the case of a mineral surface, the chemical
potential is contained in the reactants and the mineral itself, rather than an
impinging energy source such as electrical discharge or UV photons.

Martin and Russell [66] have taken this concept a step further. They note
that certain iron sulfide minerals contain microscopic pores in the size range
of cells (~ 10-100 um) and propose that such cavities could provide a min-
eral version of a membranous boundary structure. The authors suggest that
the cavities may be able to concentrate nutrient organic solutes that could
serve as reactants in primitive metabolic pathways. They also propose that the
iron sulfide membranes could provide a source of chemical energy, perhaps
even chemiosmotic energy to drive early metabolism. This idea has merit
and deserves further testing. In particular, it should be determined whether
mineral membranes are able to act as true permeability barriers to the free
diffusion of solutes. So far, permeability barriers have only been demon-
strated in lipid bilayer membranes having a hydrophobic phase that has the
capacity to maintain concentration gradients of polar and ionic solutes.

10
Self-Assembly Processes in Prebiotic Organic Mixtures

What physical properties are required if a molecule is to become incorpo-
rated into a stable bilayer? As discussed earlier, all bilayer-forming molecules
are amphiphiles, with a hydrophilic “head” and a hydrophobic “tail” on the
same molecule. If amphiphilic molecules were present in the mixture of or-
ganic compounds available on the early Earth, it is not difficult to imagine
that their self-assembly into molecular aggregates was a common process.
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Is this a plausible premise? In order to approach this question, we can
assume that the mixture of organic compounds in carbonaceous meteorites
such as the Murchison meteorite resembles components available on the early
Earth through extraterrestrial infall. A series of organic acids represents the
most abundant water-soluble fraction in carbonaceous meteorites [15, 67, 68].
Samples of the Murchison meteorite were extracted in an organic solvent
commonly used to extract membrane lipids from biological sources [69, 70].
When this material was allowed to interact with aqueous phases, one class of
compounds with acidic properties was clearly capable of forming membrane-
bounded vesicles (Fig. 7).

Significantly, the photoproducts of interstellar ice simulations also include
amphiphilic compounds having self-assembly properties [31]. Figure 8 shows
micrographs of Murchison vesicles, as well as vesicles formed by products
of interstellar ice simulations and known fatty acid-fatty alcohol mixtures.
It is clear that the vesicle-forming behavior of all of these amphiphiles is

organic
acids

Fig.7 Membranes can be formed by components of carbonaceous meteorites [69,70].
a The Murchison meteorite contains approximately 2% organic carbon by weight.
b Organic compounds can be extracted from the meteorite by a lipid solvent system
(chloroform-methanol), then separated by two-dimensional chromatography. Polycyclic
compounds in the mixture produce fluorescent spots. ¢ The organic acid fraction from the
TLC plate readily assembles into membranous vesicles when exposed to dilute aqueous
solutions buffered at pH 8-9. The vesicles were photographed by their autofluorescence.
Scale bar shows 20 um
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Fig.8 Phase and fluorescence micrographs of membranous vesicular structures formed
from a Murchison meteorite extract (left) compared to vesicles formed by a 20 mM de-
canoic acid-decanol mixture [72] (center) and a vesicular structure produced by the
photoproduct of an interstellar-ice analog [31]. The vesicles produced by the photochem-
ical ice analog product were allowed to capture pyranine, a fluorescent anionic dye, to
demonstrate that a true membrane was present. Scale bars show 20, 10, and 5 pm, from
left to right

similar. The organic compounds present in the meteoritic extract and those
synthesized in the simulation of grain mantle photochemistry both contain
amphiphilic compounds capable of self-assembly into membranous bound-
ary structures. The vesicles produced from the interstellar simulations, like
those of the meteoritic compounds, can also capture and maintain a gradient
of ionic dye molecules.

From these results it is reasonable to conclude that a variety of simpler
amphiphilic molecules were present on the early Earth that could partici-
pate in the formation of primitive membrane structures. The long chain acids
and alcohols that contribute the amphiphilic property of contemporary mem-
brane lipids are one possible component of prebiotic membrane structures.
These compounds are present in carbonaceous meteorites [67,68] and are
synthesized under simulated geochemical conditions [11,12]. Significantly,
such simple amphiphiles can also form vesicles, as shown earlier [71, 72]. Sta-
bility of the vesicles is strongly dependent on chain length, concentration,
amphiphile composition, temperature, and head group characteristics. For
example, even a 9-carbon monocarboxylic acid—nonanoic acid—can form
vesicles at concentrations of 85 mM and pH 7.0, which is the pK of the acid
in bilayers [70]. Addition of small amounts of an alcohol (nonanol) further
stabilizes the bilayers due to hydrogen bonding between the alcohol and acid
head groups, so that vesicles can form at lower concentrations (~ 20 mM)
at pH ranging from 6 to 11 (Fig. 4a). The vesicles provide a selective per-
meability barrier, as indicated by osmotic activity and ionic dye capture.
As chain length increases, stability also increases and vesicles form at lower
concentrations.
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11
Environmental Constraints on the First Cell Membranes

Although self-assembly of amphiphilic molecules promotes the formation of
complex molecular systems, the physical and chemical properties of an aque-
ous phase can significantly inhibit such processes, possibly constraining the
environments in which cellular life first appeared. One such constraint is
that temperature strongly influences the stability of vesicle membranes. It
has been proposed that the last common ancestor, and even the first forms
of life, were hyperthermophiles that developed in geothermal regions such
as hydrothermal vents [60] or deep subterranean hot aquifers [61]. Such en-
vironments have the advantage of providing chemical energy in the form
of redox potentials as well as abundant mineral surfaces to act as potential
catalysts and adsorbants. However, because the intermolecular forces that sta-
bilize self-assembled molecular systems are relatively weak, it is difficult to
imagine how lipid bilayer membranes assembling from plausible prebiotic
constituents would be stable under these conditions. All hyperthermophiles
today have highly specialized lipid components, and it seems likely that these
are the result of more recent adaptation than a molecular fossil of early life.
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Fig.9 Vesicles produced by single-chain amphiphiles such as fatty acids tend to be desta-
bilized by certain environmental factors. If the fatty acid is protonated at low pH ranges,
the membranes collapse into droplets. The vesicles also become increasingly unstable as
temperature increases. In the presence of high salt concentrations, the vesicles undergo
osmotic collapse and may also form nonmembranous aggregates if divalent cations react
with the carboxylate head groups
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A second concern is related to the ionic composition of a marine environ-
ment. The high salt concentration of the present ocean (near 0.5 M NacCl) has
the potential to exert significant osmotic pressure on any closed membrane
system (Fig. 9). All marine organisms today have evolved highly developed
membrane transport systems that allow them to maintain osmotic equilib-
rium against substantial salt gradients across their membranes. Furthermore,
the concentrations of divalent cations, in particular Mg2+ and Ca%*, were
likely to exceed 10 mM in the early oceans. In the absence of oxygen, Fe?*
would also be present at similar concentrations. All such divalent cations
have a strong tendency to bind to the anionic head groups of amphiphilic
molecules, strongly inhibiting their ability to form stable membranes [73].

These considerations suggest that, from the perspective of membrane bio-
physics, the most plausible planetary environment for the origin of life would
be at moderate temperature ranges (< 60 °C), and the ionic content would
correspond to low ionic strength and pH values near neutrality (pH 5-8)
with divalent cations at submillimolar concentrations. This suggestion is in
marked contrast to the view that life most likely began in a marine envi-
ronment, perhaps even the extreme environment of a hydrothermal vent.
A marine site for life’s beginning seems plausible because freshwater would
be rare on the early Earth. Even with today’s extensive continental crust,
freshwater only represents ~ 1% of the contemporary Earth’s reservoir of
liquid water. Another concern about a freshwater origin of life is that the life-
time of freshwater bodies tends to be geologically short-lived. On the other
hand, if seawater, with its high content of sodium chloride and divalent ions,
markedly inhibits self-assembly processes and reactions that are essential to
the emergence of cellular life, we may need to reconsider the assumption
that life inevitably began in a marine environment. A more plausible site for
the origin of cellular life may be a low-ionic-strength lacustrine environment
such as a pond or lake. After the first form of cellular life was able to estab-
lish itself in a relatively benign environment, it would rapidly begin to adapt
through Darwinian selection to more rigorous environments, including the
extreme temperatures, salt concentrations, and pH ranges that we associate
with the limits of life on the Earth.

12
Model Systems of Primitive Cells

A central event in the origin of life was the self-assembly of a molecular
system in which catalytic polymers could interact with a second class of poly-
mers having the capacity to store information in a sequence of monomers.
That sequence in turn would in some manner determine the sequence of
monomers in the catalyst, so that the resulting catalytic-information cycle
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was able to undergo directed growth. In contemporary cells, the cycle is rep-
resented by protein catalysts (enzymes) and nucleic acids that store genetic
information and have the potential to transmit that information to a second
molecule by replication or transcription. However, in a protocell, both cata-
lytic and information-containing sites could be present in the same molecule,
as suggested by recent studies of RNA ribozymes [74]. Several approaches to
artificial cells have been proposed to test various scenarios for the origin of
cellular life [75-78]. An ideal model cell would incorporate an encapsulated
polymerase activity together with a template of some sort, so that sequence
information in the template could be transcribed to a second molecule. The
membrane must be sufficiently permeable to allow the polymerase to have ac-
cess to externally added substrates. Furthermore, the membrane itself should
be able to grow in order to accommodate the growth of the encapsulated
polymers. Finally, in an ideal cell model, the polymerase itself would be re-
produced from information in the template, so that the entire system would
be able to grow and evolve.
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Fig.10 Model protocell systems. a An encapsulated polymerase (polynucleotide phos-
phorylase) can synthesize RNA from nucleoside diphosphates such as ADP [79, 80].
b RNA can be synthesized by a template-dependent T7 RNA polymerase [83]. ¢ Proteins
such as green fluorescent protein (GFP) can be synthesized by an encapsulated trans-
lation system [84]. If mRNA coding for hemolysin is also present, the hemolysin forms
a pore in the lipid bilayer. Amino acids then permeate the bilayer, and protein synthesis
can continue for several days [85]
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To demonstrate polymerase activity in a model cell, Chakrabarti et al. [79]
encapsulated polynucleotide phosphorylase in vesicles composed of dimyris-
toylphosphatidylcholine (DMPC). This enzyme can produce RNA from nu-
cleoside diphosphates such as adenosine diphosphate (ADP) and does not
require a template, so it has proven useful for initial studies of encapsulated
polymerase activity (Fig. 10a). Furthermore, DMPC liposomes are sufficiently
permeable so that 5-10 ADP molecules per second enter each vesicle. Under
these conditions, measurable amounts of RNA in the form of polyadenylic
acid were synthesized and accumulated in the vesicles after several days’
incubation. The enzyme-catalyzed reaction could be carried out in the pres-
ence of a protease external to the membrane, demonstrating that the vesicle
membrane protected the encapsulated enzyme from hydrolytic degradation.
Similar behavior has been observed with monocarboxylic acid vesicles [80],
and it follows that complex phospholipids are not required for an encapsu-
lated polymerase system to function.

In other work, the Q-beta replicase [81] and the components of the poly-
merase chain reaction (PCR) [82] have also been encapsulated, together with
templates and substrates in the form of nucleoside triphosphates (NTPs), and
are functional in liposomes. Both of these enzyme systems use templates, so
it is clear that template-dependent polymer synthesis can occur in an encap-
sulated environment. The phospholipids used in these studies were relatively
impermeable, so substrates were necessarily encapsulated along with enzyme
and template. This limited the amount of nucleic acid replication that could
occur to a few molecules per vesicle. However, the permeability barrier can
in principle be overcome by introducing transient defects in the membranes
of lipid vesicles. For instance, a template-directed reaction can be encapsu-
lated in DMPC liposomes in which externally added substrates were used to
supply the enzyme [83]. In this study, T-7 RNA polymerase and a circular
4000 bp plasmid template were encapsulated, and substrates were provided
by addition of the NTPs (Fig. 10b). The system was subjected to tempera-
ture cycles of 23 °C and 37°C in a PCR apparatus. DMPC membranes are
relatively permeable at the phase transition temperature of 23 °C, permitting
substrate ribonucleotides to enter the vesicles, while at 37 °C the membranes
become much less permeable but the polymerase is activated. RNA synthe-
sis was monitored by incorporation of radiolabeled UTP, and transcription
was confirmed by reverse PCR. Figure 11 shows a micrograph of the resulting
structures containing RNA synthesized within the vesicle volume.

Most recently, functioning translation systems that included ribosomes
have been encapsulated in lipid vesicles. The first attempt to assemble a trans-
lation system in a lipid vesicle system was made by Oberholzer et al. [84].
However, only very small amounts of peptides were synthesized, largely be-
cause the lipid bilayer was impermeable to amino acids, so that ribosomal
translation was limited to the small number of amino acids encapsulated
within the vesicles. Yu et al. [85] and Nomura et al. [86] improved the yield



Chemistry and Physics of Primitive Membranes 23

Fig. 11 Lipid vesicles with encapsulated T7 RNA polymerase and DNA template. A mix-
ture of four nucleoside triphosphates was added, and these diffused into the vesicles and
were used by the polymerase to synthesize RNA with DNA as a template. The RNA was
stained with ethidium bromide and appears as fluorescent material within the vesicles.
Note that some of the vesicles do not contain fluorescent RNA, presumably because they
lacked sufficient enzyme or template. Scale bar shows 20 um

substantially by using larger vesicles, demonstrating that green fluorescent
protein can be synthesized by an encapsulated translation system. Noireaux
and Libchaber [87] took this approach one step further by incorporating two
genes into a similar encapsulated translation system, one for alpha hemolysin,
a pore-forming protein, and a second for GFP. The investigators reasoned that
if the system was in fact capable of synthesizing proteins, the newly translated
hemolysin would insert into the membrane and produce a pore. This would
allow externally added solutes (i.e., amino acids) to permeate the lipid bilayer
barrier and supply the substrates required for protein synthesis. The produc-
tion of GFP would then indicate that synthesis was proceeding at appreciable
rates. This worked very well, and GFP could be visualized accumulating in the
vesicular volume for up to 4 d.

The next obvious step is to incorporate both a gene transcription system
and protein synthesis in lipid vesicles. This was reported in 2004 by Ishikawa
et al. [87], who managed to assemble a two-stage genetic network in lipo-
somes in which the gene for an RNA polymerase was expressed first and the
polymerase then used to produce mRNA required for GFP synthesis.

The final challenge in modeling such systems will be to encapsulate
an evolving ribozyme system [74, 86, 87] within vesicles formed from am-
phiphilic mixtures that are optimized for stability and permeability. It seems
likely that one such mixture will have a set of properties that permit it to
encapsulate a catalytic polymerase system and template, with sufficient per-
meability to allow substrate access to the enzyme at reasonable rates. Replica-
tion and ribozyme evolution would then occur in immensely large numbers
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of microscopic volumes represented by the liposome interiors, rather than
in the macroscopic volume of a test tube. Under these conditions, the rare
ribozyme that happens to undergo a favorable mutation would be readily
selected, whereas in a test tube it is lost among trillions of other similar
molecules.

13
Summary

This chapter provides a perspective on the most primitive forms of cel-
lular life. In the early Earth environment, there must have been a variety
of amphiphilic hydrocarbon derivatives that could self-assemble into bi-
layer boundary structures and encapsulate polymers that were being syn-
thesized by a separate process. The vesicle membranes would have been
sufficiently permeable to allow passage of smaller ionic substrates required
for metabolism and biosynthesis, yet maintain larger molecules within. En-
capsulated catalysts and information-bearing molecules would thus have had
access to nutrients required for growth. Furthermore, specific groupings of
macromolecules would be maintained, rather than drifting apart. This would
allow true Darwinian-type selection of such groupings to occur, a process
that could not take place in mixtures of molecules free in solution. A small
number of the encapsulated molecular systems were likely to have the spe-
cific set of properties that allowed them to capture free energy and nu-
trients from their environment and undergo growth by polymerization. At
some point, the growth would become catalyzed by the encapsulated poly-
mers and then begin to be directed by a primitive genetic process. Such
structures would be on the evolutionary path to the first forms of cellular
life.
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Abstract All the strategies for the prebiotic syntheses of RNA and DNA assume the ad-
equate availability of the presumptive precursors such as purine and pyrimidine nucleic
bases, nucleosides and nucleotides. Polymerization of activated nucleotides probably fur-
nished the first informational oligonucleotides. The formation of these precursors from
mixtures of simple gases was shown to occur in a variety of conditions including UV-
irradiation, electric discharge, heating, volcanic activity and marine vents. Even though
a well-defined physical chemical scenario on the primitive Earth is not available, prebiotic
syntheses were most probably performed using the simplest chemicals and the most com-
mon conditions present at that time. During these synthetic processes minerals played the
relevant role of catalysts furnishing local microenvironments for the selective concentra-
tion of reagents and for the preservation of newly formed products. Here we focus on the
optimal experimental conditions needed to carry out these syntheses and on the char-
acterization of the major products thus obtained. Special attention will be addressed to
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catalyzed processes. Taken together, these procedures and data suggest novel scenarios for
the molecular evolution of life on the primitive Earth and may provide a chemical clue to
the evaluation of the plausible emergence of extraterrestrial forms of life.

Keywords Origin of life - Prebiotic synthesis - Nucleic bases - Nucleotides -
Oligonucleotides

Abbreviations

AMN Aminomaleonitrile

DAMN Diaminomaleonitrile

AICN 4-Aminoimidazole-5-carbonitrile
AICA 4-Aminoimidazole-5-carboxamide
5'-IMP Inosine-5-monophosphate
Al-PILC Aluminum pillared clays

2'-AMP Adenosine-2’'-monophosphate
3’-AMP Adenosine-3'-monophosphate
2/,3-cAMP  Adenosine 2',3'-cyclic phosphate
5-ATP 5'-Adenosinetriphosphate

DISN Diiminosuccinonitrile

5-GMP Guanosine-5"-monophosphate
ImpC 5'-Phosphorimidazolide cytidine

D-2-MelmpG D-guanosine 5 -phosphoro-2-methylimidazole
L-2-MelmpG L-guanosine 5 -phosphoro-2-methylimidazole

APH Alkaline phosphatase

Rnase T, Ribonuclease T,

TNA L-a-threofuranosyl-(3'-2')-oligonucleotides
(homo-DNA) 2/,3'-Dideoxy-glucopyranosyl-(6'-4’)-8-oligonucleotides
HNAs Hexitol nucleic acids

ANAs Altritol nucleic acids

PNA Peptide nucleic acid

1

Introduction

The prebiotic chemistry deals with the emergence of the first biomolecules
considered in their possible function of self-assembling building blocks,
eventually leading to the last common ancestor on the primitive Earth [1, 2].
From a geological point of view the evolution from organic compounds
to primitive organisms probably occurred in the relatively short time of
0.4 x 10° years [3]. In the specific context of the prebiotic chemistry of nu-
cleic acids, major efforts have been devoted to the definition of the chemical
structures, reactions and synthetic pathways of the first molecules carrying
out the functions that had to become the present-day DNA and RNA-based
genetic apparatus. Considering the known structures of current nucleic acids,
the main topics to be analyzed in this context are the synthesis of purine
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and pyrimidine nucleobases, the formation of the glycosidic bonds between
bases and sugars and their polymerization to oligonucleotides by activated
phosphates. Because of the high pharmacological activity of nucleic acid
derivatives, mainly as antiviral and antitumoral drugs, thousands of different
syntheses of natural and unnatural purines and pyrimidines, nucleosides and
nucleotides have been described. Thus, in order to establish the prebiotic role
of these syntheses, stringent criteria are necessary. To date, detailed plausible
chemical scenarios for the primitive Earth are not available [4,5]. Opera-
tionally, we propose to consider as prebiotic any synthetic chemical event that
occurred starting from simple precursors (one-carbon or two-carbon atoms
containing fragments) under gaseous, solution or solid-state conditions. In
this respect, one-pot transformations are obviously the more interesting. The
simplest precursors for nucleic acids were most probably components of the
primordial atmosphere [6], even though products of hydrothermal sources,
“black smokers” activities [7-9], or compounds coming from the interstellar
space by meteoritic and cometary depositions cannot be ruled out [10-12].
In this setting, the energy necessary for the condensation reactions of pre-
cursors to more complex derivatives was presumably provided by high po-
tential electric discharges, ultraviolet radiation, redox transformations, heat
from hydrothermal and volcanic activities [13-15]. Since the hypothesis of
a “primitive soup” of precursors suggested by Oparin [16], different one-
carbon atom fragments, such as hydrogen cyanide (HCN), cyanate (NCO™),
cyanogens ((CN);), formaldehyde (HCOH), formamide (NH,CHO), formic
acid (HCOOH), ammonium formate (NH;#HCOO~), ammonium cyanide
(NH4CN), urea (NH,CONH;) and two- or three-carbon atoms containing
fragments, such as cyanoacetylene, cyanoacetaldehyde and B-alanine, were
selected as starting material for the synthesis of nucleic acid components and
sugars [17-20]. These compounds can be easily obtained by spark discharge
or shock waves on gaseous mixtures of methane (CHy), carbon oxides (CO
and CO;), ammonia, nitrogen and water [21-28], and they can be intercon-
verted by hydrolytic processes [29, 30]. In addition, several one-carbon con-
taining precursors are ubiquitous molecules detected in comets, in interplan-
etary dust, in the atmosphere of planets, and on the surface of moons [31-36].
Noteworthy, the prebiotic precursors of nucleic acids and their components
are also involved in the synthesis of other relevant biomolecules such as
amino acids. Several amino acids were for instance obtained from aldehy-
des, hydrogen cyanide and ammonia by a Strecker mechanism [37] during
the spark discharge experiments on simple gaseous mixtures carried out by
Miller in the early 1950s [38, 39]. We describe here the different experimen-
tal approaches for the prebiotic synthesis of purine and pyrimidine nucle-
obases, nucleosides, nucleotides, oligonucleotides and pre-RNA and pre-DNA
molecules, starting from the most efficient and widely diffused chemical pre-
cursors. We will in particular focus on the optimal experimental conditions
needed to carry out these syntheses and on the characterization of the ma-
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jor products thus obtained. Special attention will be addressed to catalyzed
processes. Taken together, these procedures and data suggest novel scenarios
for the molecular evolution of life on the primitive Earth and may provide
a chemical clue to the evaluation of the plausible emergence of extraterrestrial
forms of life.

2
Prebiotic Synthesis of Purine and Pyrimidine Nucleobases

2.1
Purine Nucleobases

In the early 1960s, Ord described for the first time the one-pot synthesis of
adenine 1 from a concentrated mixture of HCN (1.0-11 M solutions of HCN)
and ammonia [40-42].

All the carbon atoms of the purine ring were supposedly provided by
HCN molecules through a complex step-by-step condensation process. In
particular, oligomers of HCN, such as the HCN-trimer aminomaleonitrile
(AMN) and the HCN-tetramer diaminomaleonitrile (DAMN), were found
to be intermediates in this transformation (Scheme 1) [43,44]. In accor-
dance with the present-day biosynthesis of purines in the cell, two 4,5-di-
substituted imidazole derivatives, 4-aminoimidazole-5-carbonitrile (AICN)
and 4-aminoimidazole-5-carboxamide (AICA) were successively formed
from AMN and DAMN by chemical or, most probably, photochemical re-
actions [45-47]. Finally, a ring-closure process of AICA and HCN yielded
adenine 1.

NH H H,N__CN
HCN NH, HCN 2
HCN +CN° —_— 2 —
HJ\CN NC)<CN I
H,N” ~CN
AMN DAMN
NH
By b
H,N” “H
NH, N
AN HCN H,NOC N\7 NC \ \7
N > \ NH
k\ NH H,O H,N
NTTN H,N 2 2
1 AICA AICN

Scheme 1
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This chemical procedure was found to be of general applicability and
a large panel of purine derivatives, namely hypoxanthine 2, diaminopurine 3,
xanthine 4, isoguanine 5 and guanine 6 were obtained from the imidazole in-
termediates in the presence of other one-carbon fragments such as cyanide
and cyanogens (Scheme 2).

In agreement with the “chemomimetic” concept as defined by Eschen-
moser, the panel of enzymatic transformations for the biosynthesis of purines
that we currently observe in the cell can be hypothesized to have evolved from
primitive chemical processes [48-50]. 2-Carbonitrile and 2-carboxamide
AICA and AICN derivatives, respectively, were also used as intermediates for
the synthesis of adenine 1 and 8-substituted adenines 7 and 8 [51]. In princi-
ple, purine derivatives 7 and 8 may pair with pyrimidine bases by formation
of Watson-Crick or Hoogsteen hydrogen bond interactions.

A HCN-pentamer, formed by reaction of N-(methylimino)acetonitrile and
AMN was also suggested as precursor of adenine 1 (Scheme 3).

Since high concentrations of HCN were not plausibly present on the primi-
tive Earth, several experiments were performed using dilute solutions of HCN
in alkaline media at high temperature (< 0.1 M HCN solutions) [52]. Under
these experimental conditions, the purine and pyrimidine derivatives were
not directly recovered from the reaction mixtures, the chemical information

NH, NH,
Y CN2 g,NoC \ N\> NCO NN,
SO A I
H,NT N7 TN H,N 07N N
H 2 H H

3 AICA 5

0

i o~ T
MO e e NN
k\ 1
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4
H,N \ 0
2
AICN N H)N\)ﬁiN»
N
H,N” N g
6
NH, NH,
N7 N N7 N O
k\)\/'EN\*CN @EN\HNH
N H N H 2
7 8

Scheme 2
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NH,
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NC - . 2 N
O = T
H,N  NH, NN

HCN pentamer 1

Scheme 3

necessary for their synthesis being stored inside stable and low-solubility
HCN-polymers named “alzulmins” [53-55].

On the basis of several analytical studies (differential thermal analysis, flu-
orescence, CPMAS solid-state NMR spectroscopy and others) [56-58] two
models have been proposed to describe the structure of HCN-polymers,
the Umemoto [59] and the Volker models [60]. In the Vélker model, HCN
polymerizes to extensive double-ladder rod-like structures, while a simpler
mono-ladder pattern was hypothesized by Umemoto (Fig. 1). Irrespective of
the structure assumed by HCN-polymers, a large panel of purine, imidazole
and pyrimidine derivatives can be obtained by hydrolysis of these materials.
In 1963, Lowe described the first example of acidic hydrolysis of the HCN-
polymer (boiling 6.0 N HCI) to yield amino acids, carboxylic acids, adenine
and hypoxanthine (Scheme 4).

Umemoto model's Volker model's

Fig.1 Schematic representations of the Umemoto and Vélker models for HCN-polymers

NH,
HCI Nk z | N\> N HNL | N\>
N =~
reflux, 24h N INI N E
1 2

HCN-polymer

and aminoacids

Scheme 4
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Successively, Ferris and co-workers performed the hydrolysis of HCN-
polymer both under acidic and alkaline conditions [61].

Treatment of HCN-polymer with 6.0 NHCI afforded adenine 1, AICN,
3,4-dihydroxypyrimidine 9 and 5-hydroxyuracil 10, while 1, AICN and orotic
acid 11 were recovered after reaction with sodium hydroxide (Scheme 5).
A reaction mechanism involving the formation of different aminopyridines as
intermediates and reduction steps was proposed to explain the distribution
of the obtained products. In accordance with the “chemomimetic” concept,
orotic acid is a key intermediate in the current biosynthesis of pyrimidine
nucleotides [62].

Remarkably, HCN-polymers are efficiently obtained at low temperatures
suggesting a plausible cold origin-of-life scenario [63-65]. This latter hy-
pothesis provides a mechanism to account for the concentration of HCN
and a more stable environment for the newly formed nucleic acid com-
ponents. Moreover, HCN is easily concentrated at its eutectic temperature
(- 23.4°C) [66,67] and the production of DAMN was found to be acceler-
ated by lowering the temperature of the reaction medium. A large panel of
purine derivatives, adenine 1, hypoxanthine 2, diaminopurine 3, xanthine 4
and guanine 5 was obtained after acidic and alkaline hydrolysis at high tem-
peratures of the HCN-polymer produced in a frozen ammonium cyanide
solution at — 78 °C for 27 years (Scheme 6; yields of products are reported

NH, H
=~ N, N NHQ
Ty W
ls N
NN NH,
1 (6]
AICN
6 NHCI )j/OH HN)H/OH
10
NH, H o
HCN-polymer NaOH N ;\/EN\ 1\(1 / NH, Hj\)j\
Ny N> NH, 07 N7 cooH
N H H
@)
11
AICN

Scheme 5
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N* N HN N = N
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HCN + NH; HCN-polymer ——» o o
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HN N
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0" N n HNT NN
4(22) 6(33)
Scheme 6

in parenthesis) [68,69]. Different pyrimidine derivatives were also detected
in the reaction mixture, 3,4-dihydroxypyrimidine being the most abundant
product. In the absence of the hydrolysis step only a low yield of products
was obtained. A structural comparison between the HCN-polymers formed at
high or low temperature is not available.

Purine derivatives were also synthesized starting from HCN derivatives.
Yamada described in 1972 the one-pot synthesis of purine 12 obtained sim-
ply by heating neat formamide, a product of HCN hydrolysis [70,71] at
160 °C [72]. Adenine 1 was obtained as the main reaction product along with
a low amount of 12 upon repetition of the reaction under similar experimen-
tal conditions in the presence of HCN (Scheme 7) [73,74]. On the basis of
13C _ NMR studies of the synthesis performed with the enriched substrate,
three molecules of HCN and two molecules of formamide were found to be
incorporated into the adenine scaffold by a C — N bond fission process.

The formation of purine from ammonium formiate (NH4"HCOQ"), again
a product of hydrolysis of HCN, was reported by Zubay and co-workers [75].
Treatment of AICN and AICA with a concentrated solution of NH,tHCOO~ at
93 °C afforded adenine 1 and hypoxanthine 2, respectively (Scheme 8). A re-
action pathway in which formate and ammonium ions were both reactants
has been hypothesized for the formation of adenine.

NH,
o} 160 °C JIN = N
N N
X Iy - 0I0
H N, HCN k\N g k\N E
Formamide 1 12

Scheme 7
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Similar results were obtained in the conversion of 5'-phosphoribosyl-
aminoimidazole carboxamide 13 to inosine-5-monophosphate 14 (5'-IMP,
Scheme 9).

Ammonium formate was also used in the synthesis of adenine 1 from
DAMN [76]. Irrespective of the experimental conditions used for the syn-
thesis of purine nucleobases, only a few procedures for the preparation of
guanine have been reported.

2.2
Pyrimidine Nucleobases

In spite of the large amount of pyrimidines found in the Murchison mete-
orite (one fifth of that of purines), only a few instances of prebiotic synthesis
of these derivatives have been reported, with the exception of the catalyzed
procedures that will be described in the next paragraph. In general, these pro-
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cedures are characterized by low yields. In this context, two main prebiotic
precursors have been identified, cyanoacetylene 15 and cyanoacetaldehyde
16. These compounds contain a preformed C — C bond which is incorporated
in the C5-C6 position of the pyrimidine ring. In 1968 Ferris and co-workers
reported that the reaction of 15 with cyanate (NCO~) at 30 °C yields cytosine
17 and, after its hydrolysis, uracil 18 in acceptable yield (Scheme 10). Cytosine
is readily hydrolyzed to uracil showing a t;/, = 200 years at 30 °C in neutral
solution [77]. Trans-cyanovinylurea 16 was recovered as a key intermediate
for this transformation [78].

However, this reaction requires relatively high concentrations of cyanate
(>0.1 M), unlikely to occur in aqueous media given its rapid degradation to
carbon dioxide and ammonia. In order to optimize the yield of cytosine by
this procedure, cyanoacetylene 15 was treated with a lower amount of cyanate
at 100 °C. Under these more efficient experimental conditions cytosine was
obtained in 19% overall yield along with a low amount of uracil [79]. An
alternative route explored consists of the use of urea 19, which is consid-
ered a common prebiotic precursor [80], as one-carbon atom donor in the
place of cyanate. The reaction of cyanoacetylene 15 (1.0 M) with 19 (1.0 M) at
100 °C gave cytosine 17 in 5% yield (Scheme 11). At low concentrations of 19
(< 0.1 M) this reaction does not produce detectable amounts of cytosine [81].

A similar pattern of reactions was studied starting from cyanoacetalde-
hyde 20, the first product to be formed during the hydrolysis of cyanoacety-
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lene. Cyanoacetaldehyde can be also formed by ultraviolet irradiation of
aqueous formaldehyde [82]. Cyanoacetaldehyde 20 reacts with concen-
trated solutions of urea 19 at 100°C to give cytosine 17 in 53% yield
(Scheme 12) [83]. A drop in cytosine yield was observed for prolonged reac-
tion times probably due to its hydrolysis to uracil. Under similar experimental
conditions and with thiourea 21 as condensing agent 2-thiocytosine 22, one of
the minor components of present-day tRNA was obtained (Scheme 12).

A related synthesis was performed using guanidine 23 in the place of urea
to give 2,4-diaminopyridine 24 in low yield (0.1-2.0%) [84]. Cytosine was
successively obtained from 24 by hydrolysis (Scheme 13).

In principle, this synthesis is preferred over that from cyanoacetylene and
cyanate because of the great stability of the reactants (the stability of cyanoac-
etaldehyde is 103 times that of cyanoacetylene and the half-life for guanidine
hydrolysis is 105-108 years at pH 9.0). More recently, better results (40-85%
yield of cytosine) were obtained performing the reaction with a concentrated
solution of reagents mimicking the drying lagoon model of prebiotic synthe-
sis [85]. Noteworthy, pyrimidine nucleobases have also been obtained start-
ing from amino acid derivatives. In the 1970s, Schwartz described the synthe-
sis of uracil by ultraviolet irradiation of a mixture of cyanate and $-alanine 25
(Scheme 14). 5,6-Dihydrouracil 26, a minor component of present-day tRNA,
was recovered as intermediate of the transformation [86].
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23
Prebiotic Synthesis of Purine and Pyrimidine Nucleobases
Under Catalytic Conditions

Catalysis probably played a crucial role in the prebiotic synthesis of purine
and pyrimidine nucleobases. Several minerals and metal oxides character-
ized by chemical and photochemical catalytic properties were widely diffused
on the primitive Earth. These compounds, when components of a reaction
mixture, could have enhanced the efficacy of prebiotic syntheses affecting
the selectivities of the reactions and providing local microenvironments able
both to concentrate dilute reagents and to preserve newly formed nucle-
obases from degradative processes. Purine and pyrimidine nucleobases may,
for instance, be differentially adsorbed on the surface of minerals such as
pyrite (FeS;), quartz (SiO;), pyrrhotite (FeS), magnetite (Fe304), forsterite
(Mg,Si04) and graphite [87-89]. To date, the role of the catalysis on the
prebiotic synthesis of nucleobases has been analyzed in some detail only
in the case of formamide as prebiotic precursor. Formamide has a boil-
ing point of 210 °C with limited azeotropic effects and, at difference from
HCN, it can be easily concentrated by heating in lagoons and on drying
beaches. Following the initial studies on the preparation of purine deriva-
tives from neat formamide, the selectivity and the efficiency of the for-
mamide condensation in the presence of catalysts were analyzed. In a first
series of experiments, formamide was heated at 160 °C in the presence of
catalytic amounts (10% in weight) of calcium carbonate, silica, alumina,
zeolite (of Y type) or kaolin. Under these experimental conditions several
purine and pyrimidine derivatives including adenine 1, purine 12, cyto-
sine 17 and 4-hydroxypyrimidine [4(3H)pyrimidinone] 27 were recovered
in different yields depending on the catalyst used for the transformation
(Scheme 15) [90, 91].

Purine was the only recovered product in the presence of calcium carbon-
ate. Zeolite and silica were the best catalysts for the synthesis of cytosine
(c.a. 4.3 and 4.1 mg of cytosine per gram of formamide, respectively), while
alumina gave the highest yield of 4-hydroxypyrimidine 27 (c.a. 2.0 mg of cy-
tosine per gram of formamide).
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Noteworthy, this is the first synthesis of cytosine reported starting from
a one-carbon atom fragment as simple as formamide. Moreover, irrespective
of the experimental conditions, cytosine and 4-hydroxypyrimidine were re-
covered in yield higher than adenine (major yield for adenine: c.a. 0.7 mg
of adenine per gram of formamide; data obtained in the presence of silica).
Probably, the HCN and ammonia necessary in addition to formamide for the
formation of the adenine and cytosine scaffolds derive from a catalyzed par-
tial degradation of formamide, usually occurring at higher temperatures [92].
Montmorillonites produced after acidic treatments also played an import-
ant role in the formamide condensation process. Montmorillonites are nat-
urally occurring clays that show a high ability of swelling and exchanging
ions [93]. Since Bernal’s analysis of the physical basis of life [94], several
prebiotic scenarios invoking clays have been proposed. Accordingly, these
minerals have been used as microreactors to concentrate organic reagents,
as templates for polymerizations [95] and protective environments for low-
stability biomolecules [96]. When formamide was heated in the presence of
montmorillonites K-10, K-30, KSF and aluminium-pillared clays (Al-PILC),
which differ for pore size distribution, surface area, acidity and cation ex-
change capability, a large panel of nucleobases, adenine 1, hypoxanthine 2,
purine 12, cytosine 17, uracil 18 and N°-formylpurine 28 was obtained,
in addition to nucleic acid precursors such as AICA and N-formylAICA
(Scheme 16) [97]. Again, a different selectivity of the reaction was observed
depending on the nature of the catalyst. Montmorillonite KSF was the best
catalyst for cytosine (c.a. 18.0mg of cytosine per gram of formamide),
while the highest yield of adenine was obtained with montmorillonite K-
30 (c.a. 22.0 mg of adenine per gram of formamide). N°-Formylpurine 28,
which contains a masked glycosidic bond on its formyl moiety, was sug-
gested to be a plausible precursor of purine acyclonucleosides. Being for-
mamide able to degrade DNA [98], studies on the degradation of nucleo-
bases under experimental conditions comparable to those of their synthesis
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were performed. Montmorillonites differentially affect the rate of degra-
dation of nucleobases when embedded in 2’-deoxy-oligonucleotides. Ade-
nine and guanine were protected from the described degradative action
exerted by formamide [99], while the rate of degradation of thymine was
unexpectedly enhanced. It is reasonable to suggest that in the case of the
purine nucleobases the formation of complexes occurs between the N-7 pos-
ition and/or the exoclycic NH, group of the purine ring and the metal
ions present on the clay structure. In both cases the stereo-electronic prop-
erties of the purine bases relevant for the reaction with formamide are
strongly modified, thus justifying a novel pattern of reactivity. In the case of
pyrimidine nucleobases this effect was found to be less pronounced, prob-
ably because of the lower efficiency of pyrimidines in the complexation
with clays.

Additional advantages of the formamide condensation protocol were ob-
served performing the reaction in the presence of catalysts which decom-
pose formamide to formaldehyde. Formaldeyde is the most important pre-
biotic precursor of sugars through a series of enolization and aldol-like
condensation processes catalyzed under acidic or basic conditions, known
as the “formose” reaction [100]. When formamide was heated at 160°C
in the presence of titanium dioxide (a catalyst able to degrade amides to
aldehydes) [101] a complex mixture of nucleobase derivatives was obtained
including adenine 1, purine 12, cytosine 17, N9-formylpurine 28, N?, N6-
diformyladenine 29, 5-hydroxymethyluracil 30, thymine 31 and three novel
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purine and adenine acyclonucleosides, compounds 32-34 (Scheme 17). In the
formation of 5-hydroxymethyluracil 30, thymine 31 and purine acyclonu-
cleosides 32-34, which were never previously obtained from formamide,
formaldehyde played an important role [102].

5-Hydroxymethyluracil 30, a component of the present-day DNA of Bacil-
lus subtilis bacteriophages [103], was obtained by electrophilic addition of
formaldehyde to the C5-C6 double bond of a preformed uracil ring (which
is probably the reason for the absence of uracil in the reaction mixture).
Thymine was then obtained from 5-hydroxymethyluracil by the hydride
shift mechanism shown in Scheme 18 involving formic acid as a product of
formaldehyde oxidation. This is the only prebiotic synthesis of thymine so far
described starting from one-carbon atom precursors as simple as formamide
and formaldehyde.

The mixture of formamide and formaldehyde is also responsible for
the formation of adenine and purine acyclonucleosides 32-34, probably by
a formose-like condensation of an activated formaldehyde on the exocyclic
formyl moiety of formylpurine and adenine derivatives 28-29. Nucleosides
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are usually obtained in low yield and selectivities under prebiotic conditions
starting from preformed sugars and heterocyclic bases. With the exception
of the one-pot synthesis of purine acyclonucleosides from formamide, no
data are available on the synthesis of large panels of nucleoside derivatives
from a one-carbon fragment compound as chemical precursor (see next
paragraph for additional details on canonical prebiotic syntheses of nucle-
osides). In accordance with the data reported above on the degradation of
2’-oligodeoxynucleotides by formamide and clays, when the degradation of
DNA was performed in the presence of TiO, the reactivity of purines de-
creased while that of pyrimidines increased, showing that catalysts may tune
the rate of degradation of polymer-embedded nucleobases.

3
Prebiotic Synthesis of Purine and Pyrimidine Nucleosides

The synthesis of purine and pyrimidine nucleosides is one of the least un-
derstood aspects of the prebiotic chemistry of nucleic acids on the primitive
Earth. The first attempt to synthesize nucleoside derivatives under simulated
primitive Earth conditions was probably that reported by Ponnamperuma
and Orgel in 1967 [104]. In this study a mixture of adenine, 2’-deoxyribose
and cyanide (CN™) was UV-irradiated to give a mixture of 2,3-dideoxy-(9-
purinyl) pentoses that was not further characterized. In the 1970s, Orgel
described a successful prebiotic synthesis of purine nucleosides by heating
together in dry phase purine bases and D-ribose. Under these experimental
conditions ribose was found to be selectively bound to the exocyclic primary
group of adenine 1 and guanine 6 to form the corresponding 6-ribosylamino
adenine and 2-ribosylamino guanine derivatives 35-36 (Scheme 19).
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When the reaction was performed in the presence of a source of Mg**
ions and inorganic polyphosphates, the natural nucleosides -adenosine 37
and B-guanosine 38 were also formed in 4% and 9% yields, respec-
tively [105]. In a continuation of this study the authors showed that other
salts and minerals were able to catalyze this condensation. A mixture of 9-
D-ribopyranosylhypoxanthine 39, ¢-inosine 41 and B-inosine 40 (ratio c.a.
1:1.5:3.0, respectively) was for instance obtained upon heating hypoxan-
thine 2 and D-ribose in solid-state conditions in the presence of minerals
including apatite, CaHPOy4, MnSOy4, (NH4),SO4 and of the salts that remain
as residue after the evaporation of seawater (NaCl, MgCl,, CaCl,, and CaSOy4)
(Scheme 20) [106]. Little or no synthesis occurred in the presence of clays
(montmorillonite, kaolinite and zeolite), NaCl and CaCl, alone.

The anomeric composition of 9-D-ribopyranosylhypoxanthine was not de-
termined while the maximum yield of 8-inosine based on the initial hypoxan-
thine content was 20%. The concentration of ribose was always a fifth of that
of hypoxanthine. Similar results were obtained in the case of the condensation
process of adenine, guanine and xanthine. S-Adenosine 37 was for instance
recovered in a yield of 2.3% in the presence of w-adenosine (1-2%) 42 and
6-ribosylaminopurine 43 as the major product (50-70%) (Scheme 21). Differ-
ent pyrimidine nucleobases (cytosine, uracil and thymine) failed to produce
the corresponding nucleosides when treated with D-ribose at high tempera-
tures. A mixture of adenosine nucleoside derivatives was also obtained after
irradiation with a gamma source of adenine and 2’-deoxy-D-ribose in a dry
phase. The anomeric composition of these products was not determined.
When the reaction was performed under similar experimental conditions
in the presence of phosphates (K;HPO4, KH,PO4 and NaH,PO,4) products
characterized by chromatographic properties similar to those of authentic
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2'-deoxyadenosine monophosphate were also recovered in the reaction mix-
ture [107].

In the step-by-step synthesis of nucleosides the availability of ribose
is not rationalized by a realistic prebiotic pathway. A complex mixture
of sugar derivatives, including treose, tetrose, pentose and hexose deriva-
tives of all stereochemistries were obtained heating formamide under ba-
sic conditions (formose reaction) in which ribose was estimated to be
less than 1% [108,109]. Further improvements of the formose reaction
have been reported performing the condensation with glycolaldehyde phos-
phate and glyceraldehyde-2-phosphate in the presence of hydrotalcite [110]
or using inorganic compounds able to selectively coordinate furanose cis-
diols [111,112]. Irrespective of the mechanism of formation, ribose is also
characterized by a low stability [113] and by a high reactivity toward nucle-
ophiles [114]. These problems can be overcome under experimental condi-
tions in which ribose is selectively sequestrated in a stable form and succes-
sively used for the assembly of the nucleoside scaffold. Recently, Springsteen
and Joyce reported that cyanamide reacts selectively with ribose to give a sta-
ble ribose-cyanamide adduct which crystallizes spontaneously in aqueous
solution [115]. When the reaction was performed with a racemic mixture of
D- and L-ribose, enantiomerically twinned crystals were formed that con-
tain discrete homochiral domains. Moreover, ribose-cyanamide adduct reacts
with cyanoacetylene to form pyrimidine nucleosides [116,117]. Thus, the
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authors suggested that the ribose-cyanamide adduct can be considered as
a solid-phase reservoir of ribose for the prebiotic synthesis of pyrimidine nu-
cleosides.

4
Prebiotic Synthesis of Purine and Pyrimidine Nucleotides

The prebiotic synthesis of nucleotides by phosphorylation of parent nucle-
osides was studied under different experimental conditions as a potential
prebiotic process leading to present-day nucleic acids. This transformation
might occur under all three conditions: water solution, solid phase or wet-
dry cycles. In the 1960s, Ponnamperuma described the phosphorylation of
nucleosides in dry phase at 160 °C with either phosphoric acid (H3POy4) or
the monobasic salts NH4HPO4, NH4H,PO4 and Ca(H,POy4),. Some of these
orthophosphates converted easily to condensed phosphates [118]. When this
reaction was performed in solution condensing agents played an important
role. Uridine-5'-monophosphate could be for instance obtained from uridine
and inorganic phosphate in aqueous solution in the presence of cyanogens,
cyanoformamide, cyanate, cyanamide, thioformate and others. The yields
were always low even when a large excess of condensing agent was used [119].
Formamide was also used as condensing agent during the phosphorylation
process. The phosphorylation of nucleosides and deoxynucleosides with am-
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monium or alkali dihydrogen phosphates in formamide was originally re-
ported by Schoffstall [120, 121]. The reaction was studied in a wide range of
temperature (25-140 °C) and reaction times (12 hrs-70 months). The condi-
tions necessary in formamide were found to be milder than those required to
perform the phosphorylation under solid-state conditions [122].

The selectivity of phosphorylation generally favoured the functionaliza-
tion at the 5-position of ribose or 2’-deoxyribose, probably because of
the higher reactivity of the primary hydroxyl group with respect to the
secondary hydroxyl groups on the 2’- and 3'-positions. As an example,
treatment of adenosine 42 with KH,PO,4 at 37 °C for 6.5 months afforded
adenosine-5"-monophosphate 44 in 7.6% yield as the main product in add-
ition to adenosine-2’-monophosphate (2’-AMP) 45 (3.4%), adenosine-3'-
monophosphate (3’-AMP) 46 (1.4%) and adenosine 2/,3’-cyclic phosphate
(2, 3’-cAMP, 0.1%) 47 (Scheme 22) [123]. Cyclic nucleosides were found to
be more abundant for reactions performed at 125°C or higher. As for the
2’-deoxynucleosides, thymidine showed a preference for the formation of
the corresponding nucleotide 5'-monophosphate, while 2’-deoxyadenosine
preferentially formed the nucleotide-3'-monophosphate. Noteworthy, in these
transformations formamide is instrumental for the solubilization of both nu-
cleosides and inorganic phosphates and acts as a catalyst for the esterification
processes [124]. In addition, data on the hydrolysis of nucleosides and on the
isomerization to nucleotide isomers showed that formamide could perform
both phosphorylation and dephosphorylation. Cyclic nucleosides were found
to resist to formamide hydrolysis. Conclusions reached from mechanistic
studies show that the phosphorylations are a series of equilibria, with cyclic
nucleotides being formed irreversibly. The phosphorylation of nucleosides in
the presence of formamide was also obtained with ammonium phosphate at
37°C [125].

N =N
= NH = NH,
H,0;PO o 1\11//\8\\( 2 HO 0N
N + N
N=~/ N~/
HO OH HO OPO;H,
N NH,
o
37°C 44 45
HO— gﬁN . KHpo, _ o7
_ 6.5 months
N=/ formamide
Ho  OH =N Nu
42 HO M\ HO— o I\II/ 7 :
O N/
\ + N
N N=/
N=/ S
H,0,PO OH °pl
46 o OH

Scheme 22



On the Prebiotic Synthesis of Informational Polymers 49

Urea is another prebiotic condensing agent for the phosphorylation of
nucleosides. Condensed phosphates have been obtained from ammonium
phosphate and urea [126], while alcohols are easily phosphorylated at 150 °C
by urea and phosphoric acid [127]. When an equimolar mixture of uridine 48
and Na,HPO4 was heated at 100 °C in the presence of a ten-fold molar excess
of urea and ammonium chloride, 97% of the phosphate was found to be in-
corporated into the nucleoside moiety mainly as uridine 5'-monophosphate
49 and uridine 2/,3'- cyclic phosphate 50 (Scheme 23).

In the absence of urea very little phosphorylation occurred. The phospho-
rylation of cytidine under similar experimental conditions afforded the incor-
poration of 96% of the available phosphate, while adenosine and guanosine
incorporated only 80% and 71% of the phosphate, respectively. The major
product of the phosphorylation of nucleosides was the nucleotide 2’,3'-cyclic
phosphate, although nucleotide-5'-phosphate was also observed in good
yield. Thymidine originated large amounts of both 3’- and 5’-phosphates.
In each case some carbamylation occurred on the sugar and on the nucle-
obases as a side-reaction. Only a low yield of oligonucleotides was obtained
in the reaction mixture [128]. Alternatively, heating uridine in the presence
of apatite, ammonium oxalate and additional reagents such as cyanamide,
urea and imidazole or cyanate resulted in the formation in 10-20% yields of
the 2/-3" and 5'-isomers of uridine monophosphate [129]. 2/,3'-Cyclic phos-
phates can be used as monomers for the synthesis of oligonucleotides in
dry phase. When for instance adenosine 2',3’-cyclic phosphate was heated
with 1,2-diaminoethane under anhydrous conditions, oligoadenylates were
obtained in acceptable yield [130]. In this non-templated polymerization the
natural 3,5 -linkages were found to be more abundant that the 2’,5'-linkages
(ratio 3,5'- versus 2,5 -linkages about 2:1). The same reaction performed in
aqueous solution in the presence of a template was less efficient and af-
forded a dimer as the major reaction product which was characterized by
97% of 2/,5'-linkage [131-133]. The preference for the 2’,5'-linkage appears
to be due to the optimal geometry of the transition state for the reaction
so that lower energy was associated to the preferential formation of this
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specific bond [134]. On the other hand, oligonucleotides bearing non natu-
ral 2, 5'-linkages are less stable than those with 3/, 5'-linkages [135]. Thus,
from a thermodynamic point of view repeated cycles of synthesis and hy-
drolysis of heterogeneous oligonucleotides will eventually lead to the for-
mation of present day 3',5'-linked nucleic acid derivatives. A re-assessment
of the use of urea as condensing agent was made by Zubay [136]. In this
study, a procedure modified relative to previous studies was applied, which
included lower reaction temperatures, the use of a mixture of monohydro-
gen and dihydrogen phosphates instead of just the former and the elimina-
tion from the reaction mixture of some of the original components, such
as NH4HCO3 and NH4Cl. Reactions were then performed in dry phase,
using different amounts of urea, inorganic phosphate and a range of tem-
peratures between 55 and 95°C. Under these experimental conditions 5'-
monophosphate nucleotides were recovered as the main reaction products.
The 2/,3'-cyclic phosphate nucleotides become the major products only under
prolonged reaction times and for temperatures higher than 100 °C. Under
hydrolytic conditions the removal of phosphate from the 3'-OH moiety was
preferred over that on the 5-position. Trimetaphosphate, polyphosphate
and hydroxylapatite were also studied as phosphate donors. Polyphosphate
was found to be almost as effective as orthophosphate and to have the
same requirement for urea. Hydroxylapatite was only 10% as effective as
orthophosphate. Trimetaphosphate was ineffective. Some organophosphates
were also analyzed as phosphorylating agents showing a reactivity similar
to orthophosphate.

In the 1960s, Schwartz described the phosphorylation of adenosine
with trimetaphosphate to yield 2’- and 3'-AMP. The strong alkaline condi-
tions used for this transformation were not likely to occur on the prim-
itive Earth [137]. Similarly, all natural ribonucleosides were phosphory-
lated to corresponding 2'- and 3'-nucleotide monophosphates with sodium
trimetaphosphate at high pH and temperature [138,139]. When the re-
action was performed under similar experimental conditions at lower
pH, 2/,3’-cyclic phosphate nucleotides were recovered as the major prod-
ucts [140]. Magnesium ion catalyzes this transformation in neutral water
solution [141].

Recently, Zhao has described the phosphorylation of adenosine 42 with
trimetaphosphate by a wet-dry cycle process performed at neutral pH. Metal
ions were able to catalyze the reaction, Ni(II) being the most active catalyst
(30% yield of phosphorylated products, twice the yield produced by magne-
sium ion). 2',3’-Cyclic AMP 47 (10%) and 5'-adenosinetriphosphate 5'-ATP 50
(13.0%) were obtained as the main reaction products (Scheme 24) [142].
Different prebiotic syntheses are reported for 5'-ATP [143-149]. 5'-ATP 50
has been for instance synthesized by the phosphorylation of 5-ADP 51
in aqueous solution containing cyanate and insoluble calcium phosphate
(Scheme 25) [150]. Similarly, 5'-ADP was synthesized from 5-AMP. The yield
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of phosphorylated products was correlated with the adsorption of substrates
on the calcium phosphate surface.

In the 1970s, Ferris described the effect of diiminosuccinonitrile (DISN)
as a condensing agent. DISN is formed by oxidation of diaminomaleonitrile
(DAMN) and it is recognized as an important intermediate in the polymer-
ization of HCN [151]. The formation of DISN is catalyzed by metal ions,
such as the non-exchangeable Fe’* ions present in the clay lattice [152,
153]. Even if DISN was not an effective condensing agent in the conver-
sion of nucleosides to nucleotides with inorganic phosphate in aqueous so-
lution, it nevertheless efficiently catalyzed the cyclization of 3’-adenosine
monophosphate to adenosine 2',3'-cyclic phosphate. Thus, when adenosine
3’-monophosphate 46 was heated at 60°C in the presence of DISN and
Mn?*, a 39% vyield of adenosine 2’,3'-cyclic phosphate 47 was obtained
(Scheme 26) [154].

The reaction probably proceeds through the formation of an imino ana-
logue of mixed anhydrides by nucleophilic displacement of cyanide during
the phosphate activation. Cyanogen bromide was found to be more effective
than DISN in this transformation. Since higher yields were obtained in the
preparation of the cyclic phosphate from 3’-adenosine phosphate than from
2'-adenosine phosphate, the authors suggested the formation of an activated
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phosphate adduct between the 3’-phosphate group, DISN and metal ions as
a key intermediate of the reaction. The DISN-mediated cyclization of 3'-AMP
was also catalyzed by Zn?* homoionic montmorillonite clays.

5
Prebiotic Synthesis of Oligonucleotides

The first attempts of prebiotic synthesis of oligonucleotides were mainly dir-
ected to design the optimal conditions for the formation of the phosphate
ester bond between preformed nucleotide derivatives. In the 1960s, Schramm
proposed polymetaphosphate (PMP) as a condensing agent for both nucleo-
sides and nucleotides [155, 156]. Although the polymer obtained from PMP
showed some similarities to oligonucleotides of biotic origin, such as a simi-
lar coding ability in a cell-free system of Escherichia coli and hypochromicity
effect in the presence of polyadenylates, further experiments suggested the
presence in their structure of a large amount of non-natural linkages as well
as branching and cross-linking between chains [157-159]. In addition, PMP
requires anhydrous conditions and lacks geological relevance. Also polyphos-
phoric acid and its salts, produced by heating ammonium hydrogen phos-
phates at high temperatures, have been used as condensing agents in the
preparation of short (4- or 5-mers) polycytidylates, polyadenylates and het-
erogeneous oligonucleotides [160]. A series of degradation experiments of
these products performed with alkaline phosphatase from Escherichia coli
showed that only a single 2/(3')-phosphomonoester bond was present per
chain, suggesting that a significant fraction of the product was closely re-
lated to natural oligonucleotides. In principle, the prebiotic synthesis of
the oligonucleotide chain can be performed more easily in the presence of
a template. In this case, molecular recognition processes based on specific
hydrogen bond interactions between complementary nucleobases can dir-
ect the monomer in the correct spatial position to form the phosphodiester
bond with low energy requirement. Based on this model, Orgel described
the first selective polymerization of adenosine-5-monophosphate (5'-AMP)
and guanosine-5-monophosphate (5-GMP) in the presence of complemen-
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tary oligonucleotides as templates (polyuridylic and polycytidylic acids, re-
spectively) using different condensing agents [161-163]. 2’,5'-Phosphodiester
linkages were predominantly formed. These experiments marked an import-
ant advancement in the prebiotic synthesis of oligonucleotides, introducing
the use of activated nucleotides, mainly on the 5’-position of the sugar, for the
polymerization process. In the 1970s, Orgel described the first example of an
efficient prebiotic synthesis of oligonucleotides using together the template
and the activated nucleotides approaches [164, 165]. The phosphate activat-
ing group, that was usually a good leaving group such as imidazole and
2-methylimidazole, played a relevant role in driving the polymerization to-
ward longer oligomers [166]. Under these experimental conditions, oligonu-
cleotides with chain lengths not exceeding 20-mers were obtained. Longer
products were not isolated in appreciable amounts because of the compet-
ing formation of the 2',5'-linkages [167,168]. In this context, imidazolide
derivatives of ribonucleotide diphosphates (examples of their structure are
reported below) were used for the polymerization of oligonucleotides linked
by pyrophosphate bonds [169, 170]. Oligomers produced by these processes
could be replicated and elongated by template-directed syntheses [171-173].
Noteworthy, the prebiotic synthesis of oligonucleotides in the presence of
a template can be selectively catalyzed by minerals which were widely dif-
fused on the primitive Earth, such as montmorillonite clays [174]. Montmo-
rillonites, which are also able to catalyze the prebiotic synthesis of nucle-
obases, may have served both to concentrate nucleotides (or their activated
derivatives) from dilute aqueous solutions and as catalysts for their poly-
merization. Ferris described several examples of montmorillonite catalyzed
synthesis of oligonucleotides [175-179]. Linear and cyclic oligonucleotides
containing both 3/,5'- and 2',5'-phosphodiester bonds, and pyrophosphate
bonds (N>'ppN bonds), were for instance synthesized in acceptable yield
by condensation of 5'-phosphorimidazolide cytidine (ImpC) on montmoril-
lonite (Fig. 2).

The prebiotic relevance of these heterogeneous oligonucleotides was
shown by using them as templates for the preparation of the comple-
mentary oligoguanylates from 5'-phosphorimidazolide of guanidine (ImpG)

ImpC ImpG

Fig.2 Structures of 5'-phosphorimidazolide cytosine and hypoxanthine derivatives
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and homoionic montmorillonite (that is a montmorillonite character-
ized by the presence of only one type of cation) (Fig.2). The experi-
ments performed in the absence of templates yielded only short oligonu-
cleotides [180]. A detailed investigation of the effect of the structure of
the heterocyclic phosphate activating group on the synthesis of oligonu-
cleotides on montmorillonites showed that aminopyridine derivatives, such
as the 4-dimethylaminopyridine, were more effective than imidazoles for
the preparation of oligoadenylates [181]. This reactivity was mainly cor-
related to the pKa value of the heterocyclic activating group (the most
effective pKa values were in the range of 6.0-9.0) and to its ability to stabi-
lize the newly formed charges during the nucleophilic displacement by the
hydroxyl moiety. Since only a few prebiotic syntheses have been described
for imidazole and aminopyridine derivatives, the most common heterocyclic
compounds present on the primitive Earth were analyzed as possible acti-
vating groups. Among them, special attention was devoted to adenine and
to some adenine derivatives [182]. Activated nucleotides of 1-methyladenine
(pKa 7.2), 3-methyladenine (pKa 6.1), 2-methyladenine (pKa 5.1) and ade-
nine (pKa 4.12) were prepared by reaction with the appropriate 5-NMP in
the presence of a condensing agent (the structures of the activated adeno-
sine nucleotides are reported in Fig. 3). The polymerization was carried out at
pH 8 in the presence of sodium homoionic montmorillonite to give oligomers
containing up to eleven monomeric units. Control reactions performed in the
absence of montmorillonite yielded only dimers. Adenine derivatives showed

(\
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HO  OH HO  ©OH
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Fig.3 Examples of adenine-5-phosphate activated nucleotides
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a reactivity similar to imidazoles as phosphate activating groups. Moreover,
adenine derivatives whose pKa values are between 6 and 9 yielded longer
oligomers than those whose pKa values are < 6. The yield of oligomers was
not enhanced by lowering the pH of the reaction. The activated nucleotides
containing the methyladenine activating group yielded longer oligonu-
cleotides and higher percentage of natural 3',5-phosphodiester bonds, as
evaluated by bacterial alkaline phosphatase (APH) and ribonuclease T,
(Rnase T;) treatment of the purified products. This adenine derivative was
found to be second only to 4-dimethylaminopyridine in its efficiency in form-
ing long oligomers. Appreciable formation of 2/, 5'-phosphodiester bond, of
pyrophosphate bond and of cyclic oligonucleotides was also observed.

In agreement with the higher reaction rate observed for monomers car-
rying an activated phosphate, relative to differently activated monomers, the
percentage of the pyrophosphate bond embedded into products increased
with the increase of the oligomer molecular weight [183, 184]. The montmo-
rillonite catalyzed reaction has been extended to the phosphorimidazolides of
guanosine, inosine and uridine [185]. The yield of oligomers was enhanced
by the presence of MgCl; in the reaction mixture because of its effect on the
binding of activated nucleosides to the montmorillonite surface [186]. The
rate constants for the polymerization of pyrimidine nucleotides on montmo-
rillonite were higher than those of purine nucleotides [188]. Hydrothermal
environments present on the sea floor of the primitive Earth might also
have served as a local reactor for the synthesis of oligonucleotides from nu-
cleotides [189]. These environments are characterized by the presence of
a constant temperature gradient between the hot vents and their surround-
ings, where synthetic and degradative pathways can be operative [190]. In this
context, the interface between the hot and the cold region deserves special at-
tention. In fact, in a scenario in which the mass transfer across the interface
is faster than the degradative processes, products obtained at high tempera-
tures may survive long enough to be used in the molecular evolution process.
Matsuno reported the first example of synthesis of oligonucleotides from nu-
cleotide monophosphates in the absence of condensing agents in a simulated
hydrothermal environment [191]. Similar results were obtained for the prep-
aration of peptides from amino acids [192]. When adenosine monophosphate
and ZnCl, were introduced in a flow reactor in which a high temperature
(110 °C) and high pressure (13 Mpa) fluid was injected into a low temperature
(0 °C) chamber maintained at the same pressure as the fluid, both 3/,5" and
2’5" dimers and uncharacterized trimers were detected in the reaction mix-
ture. This example sets one of the most plausible scenario for the prebiotic
synthesis of oligonucleotides under high temperature conditions.

The polymerization of activated nucleotide derivatives has been also per-
formed under eutectic phases in ice, a special microenvironment providing
both concentration of reagents and preservation of newly formed oligomers.
For example, Kanavarioti and Monnard reported the polymerization of
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polyuridylates (up to 11-mer) in frozen samples of phosphoimidazole deriva-
tives of uracil in the presence of Mg(II) and Pb(II) ions [193]. Similar results
were obtained in the polymerization of mixtures of purine and pyrimidine
phosphoimidazole derivatives to obtain heteropolymers of medium-size (at
least 17 units long) [194]. These oligomers were characterized by approxi-
mately 40% of natural 3'-5" linkages in contrast to previous values (< 10%)
found in solution experiments [195,196]. The nucleobase content in het-
eropolymer varied according to the initial concentration of the activated
monomers in the reaction mixture.

6
Pre-RNA and Pre-DNA Molecules

Other potentially informational systems have been discovered, all closely re-
lated to nucleic acids. A thorough analysis of the properties of nucleic acid
analogues showed that possibilities exist other than DNA or RNA. Nucleic
acid alternatives and the chemical properties fundamental for their biolog-
ical functions have been systematically investigated by Eschenmoser [197].
Representative examples of these nucleic acid alternatives are 2',3’-dideoxy-
glucopyranosyl-(6'-4')-B-oligonucleotides (homo-DNA) [198-201], a fam-
ily of diastereomeric (6'-4')-hexopyranosyl-oligonucleotides derived from
D-allose, D-altrose and D-glucose, (4'-2’)-pentopyranosyl-oligonucleotides
derived from D-ribose (pyranosyl-RNA) [202,203], L-lyxose [204], D-
xylose [205] and L-arabinose [206], (4'-3')-pentopyranosyl-oligonucleotides
derived from D-ribose and L-lyxose [207] and finally L-«-threofuranosyl-(3'-
2')-oligonucleotides (TNA) (Fig. 4) [208, 209]. TNA shows a structure simpler
than RNA characterized by four instead of five carbon atoms in the sugar
moiety and only three instead of six possible regioisomeric phosphodiester
linkages. This RNA analogue has the potential to serve as a template in non-
enzymatic template-directed synthesis of RNA from activated nucleotides.
The property of nucleobase-pairing of these nucleic acid alternatives has
been analyzed measuring the melting point temperature (Tp,) for selected
duplexes of self-complementary dodecamer sequences. Low efficiency base-
pairing properties were observed in the hexopyranosyl series (with the ex-
ception of the homo-DNA oligonucleotides), while very strong pairing was
measured for the pentapyranosyl and TNA oligonucleotide series, the pairing
capability of TNA being comparable in strength to that of RNA. In this lat-
ter case, the base-pairing with antiparallel backbone orientation was favoured
over base-pairing with parallel backbone orientation. Moreover, TNA was ca-
pable of cross-pairing with both RNA and DNA showing to be more stable
toward hydrolytic strand fission than RNA [210]. Replacement of adenine by
2,6-diaminopurine in TNA base sequences resulted in a marked enhancement
of duplex stability [211]. TNA analogues produced using both 3'-NH- and
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Fig.4 Structure of nucleic acid alternatives

2’-NH-nitrogenous tetrose derivatives, which can be formed by aldolization
of glycolaldehyde and ammonia under prebiotic conditions, showed pairing
and cross-pairing properties similar to those of TNA [212]. The presence of
amino groups on the sugar moiety opens the possibility for linkages alter-
native to phosphodiester bonds, such as the guanidinium and amide bonds,
more stable toward hydrolysis (Fig. 5) [213, 214].

Since C-nucleosides, in which the heterocyclic moiety is bound to
sugar by a C—C bond, are more stable than N-nucleosides, the relevance
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of a C-nucleosidation process in the etiology of TNA-analogues has also
been investigated. The synthesis of C-nucleoside derivatives was for in-
stance easily performed by reacting the purinoid compound 5,8-dicarba-2,6-
diaminopurine with pyrroline, threose and ribose derivatives [215]. The role
of these analogues on the prebiotic synthesis of nucleic acid alternatives is
being analyzed.

Noteworthy, some oligonucleotide analogues are able to replicate in a tem-
plate directed synthesis without significant enantiomeric cross-inhibition.
For example, Kozlov, Orgel and co-workers described that cytidinyl hexi-
tol nucleic acids (HNAs) can be used for the efficient oligomerization of
D-guanosine 5'-phosphoro-2-methylimidazole (D-2-MelmpG) in the pres-
ence of L-guanosine 5'-phosphoro-2-methylimidazole (L-2-MelmpG), a com-
pound that usually acts as an inhibitor during the oligomerization with
DNA and RNA templates [216]. These results are explained supposing that
L-2-MeImpG is excluded from the “active site” of polymerization by a com-
petition with the right isomer D-2-MeImpG or that it is confined in a specific
conformation unable to afford covalent bond formation. Altritol nucleic acids
(ANAs) showed a similar behaviour and were found more efficient tem-
plates than DNA, RNA and HNA during the nonenzymatic polymerization of
5'-phosphoro-2-methyl imidazolides [217].

Peptide nucleic acid (PNA) is another analogue of RNA and DNA that
has been considered as a potential ancestor of present day nucleic acids.
In this molecule the natural sugar-phosphate backbone has been replaced
by peptide-like linkages [218]. In recent years, novel syntheses of PNA have
been reported mainly focused on their application for antisense and anti-
gene therapies [219]. The physical-chemical properties of PNA make it both



On the Prebiotic Synthesis of Informational Polymers 59

|
NH
R /gBase
N 0

b
\N /goBase

A

|

Fig.6 Structure of PNA

a candidate for the origin-of-life related development of informational self-
replicating polymers and a flexible important tool for nanotechnology and
innovative analytical and therapeutical approaches. PNA is an alternative
nucleic acid having a pseudopeptide uncharged and achiral backbone that
makes it very stable in biological fluids. The pseudopeptide backbone is com-
posed of N-(2-amino-ethyl)glycine AEG units to which the nucleobases are
linked through methylene carbonyl linkers (Fig. 6) [220]. The very fact that
a nucleobases polymer forms that is endowed of exactly the same informa-
tional capacity as DNA or RNA but that is made of 4 different atoms (H, C, N,
0) instead of 5 (lacking P) has suggested its possible role in early origin-of-
life scenarios [221]. However, the likelihood of this role has met the objection
that PNA monomers cyclize when they are activated, making oligomer forma-
tion unlikely under prebiotic conditions.

Miller reported a plausible prebiotic synthesis of the PNA monomers,
which are ethylendiamine (ED), AEG and purine and pyrimidine acetic acid
derivatives [222]. Spark discharge experiments with a mixture of CHy, NH3,
N, and H;0, using both high and room temperature apparatuses, afforded
alow amount of ED and AEG. A better result was obtained for the synthesis of
ED by NH4CN polymerization in the presence of H,CO. Scheme 27 shows the
mechanism hypothesized for the production of ED from ammonium cynide
and HCN trimer.

AEG might be obtained via the Strecker synthesis (Scheme 28).

In spite of these possible initial difficulties, the interest of PNAs as infor-
mational polymers remains high. Two relevant properties in this area have
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been described: the information transfer from DNA to PNA by template-
directed syntheses [223], and the template switching between PNA and RNA
oligonucleotides [224]. Homopyrimidine PNA binding to double stranded
DNA results in a triplex invasion complex in which one PNA binds to
the homopurine DNA stretch by ordinary Watson-Crick base-pairing, and
another PNA binds to the PNA-DNA duplex by Hoogsteen binding. This
leaves the non-complementary strand unpaired, forming a structure termed
P-loop [225]. Due to its achiral nature, PNA/DNA duplexes can be both
parallel and antiparallel. The properties of P-loops have been extensively
studied, among which the ability to initiate transcription in vitro [226]. PNAs
have shown high versatility in their interaction with nucleic acids: PNA-
based structures may function as artificial primosomes [227], may tailor
the activity of restriction endonucleases [228], form oligonucleotide-PNA-
chimaeras [229], and interfere with methylation enzymes [229]. The prob-
lems associated with the cellular delivery of PNA, and the possible solutions,
have been reviewed [230].

Oligonucleotides bearing acyclic sugar moieties in their structure were
also suggested as plausible pre-RNA and pre-DNA molecules. Acyclonu-
cleosides, such as glyceronucleosides, were studied as achiral monomers
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for the preparation of some “flexible” oligonuleotides analogues with po-
tentially limited problems of enantiomeric cross-inhibition. Unfortunately,
Schneider and Benner showed that the incorporation of glyceronucleosides
into oligonucleotide analogues decreases the melting temperatures of du-
plexes [231].

7
Concluding Remarks

Although a clear scenario for the prebiotic emergence of genetic informa-
tional polymers is not yet available, the 50 years that followed the seminal
Urey-Miller experiment have provided important answers to the majority of
the possible facets of the problem. What is actually still lacking is a unitary
chemical frame: if polymers had to form, the system had to contain all the
necessary starting components. If it is true that life is a robust phenomenon,
as it appears from its early onset, the polymerizations had to occur based on
a single unitary process and starting from a simple precursor. In principle,
the ideal prebiotic precursor is a one-carbon fragment compound that is able
to contemporarily synthesize nucleobases and sugars, acting also as condens-
ing agent for the phosphorylation process. The formamide-based efficient
production of large panels of both purines and pyrimidines nucleobases and
acyclonucleosides, combined with its ability to catalyze the phosphorylation
of nucleosides, could provide one plausible solution to the problem of global
availabilities. The great versatility of synthesis afforded by common and pre-
biotically available catalysts adds to this plausibility.

In a prebiotic perspective, what is the reason why nucleobases, possibly
in their nucleoside forms, would polymerize and, following their very com-
bination into linear macromolecules, give rise to next level of informational
complexity? In the words of Watson and Crick referred to DNA: “it has
not escaped our notice” that this type of informational macromolecule and
its structural property of complementary specific base pairing “immediately
suggests a possible copying mechanism for the genetic material” [232]. The
prebiotic perspective changes into a biotic one if a molecular Darwinian se-
lection process comes into play. The selective advantage is intrinsic in the
physico-chemical attributes of the system: we suggest that it simply consists
of the increased survival of the components upon polymerization. An ex-
tensive and unitary analysis of this fact has not been performed. However,
numerous observations have been reported since: the rate of hydrolysis of
free deoxynucleosides is 10-50 times higher relative to the rate of cleavage of
N-glycosyl bonds in single-stranded DNA [233]; the rate of hydrolysis of N-
glycosyl bonds in deoxynucleosides is higher that in deoxynucleotides, which
is higher than in DNA [234]; depurination is 4 times faster in single- ver-
sus double-stranded DNA [235]. Although performed in different systems
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and with different techniques, taken together these observations indicate
that upon polymerization the stability of the starting monomers changes.
Whether this fact is sufficient to provide a Darwinian advantage for the sur-
vival of polymers versus the survival of monomers or if other factors (i.e.
mass effects, favoured adsorption/protection on minerals, etc.) come into
play remains to be established.
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Abstract The demonstration that ribosomal peptide synthesis is a ribozyme-catalyzed re-
action does not establish that amino acids and peptides have been useless and/or missing
in an RNA world. The prebiotic chemistry of amino acids and peptides thus remains an
important field of investigation. We first review the literature on amino acid synthesis
and then focus on the topic of peptide synthesis pathways. Most proposed pathways are
examined in the context of the thermodynamic constraints on peptide bond formation
and using yet unpublished evaluations of the free energy contents of activated interme-
diates. This analysis provides evidences in favor of an important role of «-amino acid
N-carboxyanhydrides (NCAs) as activated peptide monomers and possibly as early free
energy carriers owing to their ability to activate inorganic phosphate and nucleotides.
Finally, the transition towards the emergence of the biochemical amino acid activation
pathways involving amino acid-phosphoric acid mixed anhydrides via both ribosomal
and non-ribosomal processes is analyzed from the perspective that life emerged through
a coevolution linking amino acid and nucleotide chemistries.

Keywords Amino acid synthesis - Peptide formation - Prebiotic chemistry - Coevolution

Abbreviations

AA  o-amino acid

CAA N-carbamoyl a-amino acid («-ureido acid)

CDI N,N’-carbonyldiimidazole

NCA amino acid-N-carboxyanhydride; N-carboxy-amino acid anhydride
PNA peptide nucleic acid

1
Introduction

Amino acids were the first prebiotic molecules to be identified more than
50 years ago in experiments reproducing hypothetic prebiotic environ-
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ments [1-3] and they are probably the most easily synthesized. They can
be formed in a variety of environments as shown by their identification in
meteorites [4].

But, following the discovery of catalytic abilities of RNAs [8,9], in the
last twenty years much progress has been made in understanding the role
of nucleic acid chemistry in prebiotic processes. RNAs have been shown to
be capable of self-reproduction and of numerous catalytic activities. Then, it
has been proposed [10-13] that modern living organisms using nucleic acid
based information storage systems and enzymatic catalysis evolved from an
earlier system called “RNA world” in which both functions would have been
performed by RNAs (Fig. 1). The role of amino acids is even considered to
have been quite unimportant by many supporters of this RNA world where
living organisms used RNA for both catalysis and information storage [14].
How can nucleotides be formed and activated is a major objection to the fact
that life began in an RNA world [14, 15]. In this context, the main questions to
be answered are (i) what could have been the role of amino acids in a putative
RNA world, or (ii) what could have been their role in the next stages of evo-
lution that led to the modern DNA-protein world in which RNA is no longer
the only information carrier?

The first hypothesis is that RNAs have used available amino acids to evolve
from an RNA only world towards a nucleic acid-protein world. This hypoth-
esis is in agreement with the role of RNA in the translation machinery, as
for example the fact that the peptidyl transferase activity of the ribosome
has been associated with the nucleic acid moiety and not the protein moi-
ety [16, 17]. The driving force that guided the evolution from the RNA world
towards the emergence of the translation machinery might have been that
amino acids played a role of ribozyme cofactors [6, 7].

Another possibility is that the RNA world has been preceded by another
information storage/catalytic function system (pre-RNA world, Fig. 1) that
could for instance be derived from peptide analogues of nucleic acids called
Peptide Nucleic Acids (PNAs) [15, 18-20]. However, there is no remaining ev-
idence of a switch from this early information storage system into that based
on nucleic acids.

HN B B
1L °
N~ "0
o O OH
PNA RNA 0=P-0-._
HN. o-

Scheme 1
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Fig.1 The sequence of different hypothetical stages in the evolution from an abiotic
chemical world towards the modern DNA-protein world. The transition from a world in
which RNA was the carrier of genetic information (RNA-protein world) to the present
DNA-based system is strongly supported by the fact that the only pathway of synthesis of
desoxyribonucleotides found in living organisms starts from the corresponding ribonu-
cleotides [5]. The previous stages considered here (RNA world, peptide world ...) are
hypothetically deduced by simplifying the RNA-protein world. The hypothesis of an RNA
world is supported by RNA catalytic abilities, but assistance by amino acids or peptides,
for instance as ribozyme cofactors [6, 7], may have been helpful at that stage. The direct
emergence of the genetic code from an RNA-free peptide world will not be considered
further

Invention of translation
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N

Sugars

RNA-Protein

DNA-Protein
World -

World

There is a last possibility to circumvent the above-mentioned difficulties;
it is that life arose from an early symbiosis between amino acid/peptide and
nucleotide/RNA chemistries [21-24]. It is consistent with the fact that the
translation machinery (ribosome, tRNAs) seems to be one of the oldest com-
ponents of the cell as a result of the universality of the genetic code. The
translation apparatus would then be considered as a remnant of this interac-
tion. Analysis of biochemical pathways have provided indications in favor of
amodel based on an early ribonucleopeptide world involving the cooperation
of oligopeptides and nucleotides in covalently bound conjugates [25, 26].

In this review we will consider the different aspects of the prebiotic chem-
istry of amino acid and peptides. It includes a survey of recent advances in
amino acid formation pathways, the question of peptide bond formation con-
sidered both from the synthetic point of view and by taking into account the
thermodynamic constraints on peptide bond formation and the availability
of activated forms of amino acids and/or activating agents. The question of
the emergence of the genetic code will be considered in the context of a co-
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evolution process involving amino acid and nucleotide chemistries or at least
a linkage between both systems. Since the metabolism of living organisms is
based on energy transfers through chemically coupled reactions it is likely
that this kind of processes has played a role in the early stages of chemical
evolution in which a kind of protometamolism involved probably a sequence
of spontaneous reactions having favorable free energies and favorable rate
constants [27]. Our hypothesis is inspired from the study of non-linear chem-
ical systems under far-from-equilibrium conditions [28] that can bring about
some kind of organization when fed with chemical energy and matter and
thus maintained in states that may be capable of evolving.

2
Formation of Amino Acids and Related Compounds

The availability of building materials (including amino acids) under hypoth-
esized primitive Earth conditions is a major concern in prebiotic chemistry.
Major - closely linked to each other - concerns in the field are “which com-
pounds can be formed”, “how much”, and “through which mechanisms”.
When estimating the availability of prebiotic organics, two relevant, parallel
pathways are usually pointed out:

e endogenous (in-situ) synthesis from simple molecular compounds, asso-
ciated with energy sources such as impacts, radiation, lightning, heat ...

e exogenous formation in the interstellar medium (gas clouds, interplane-
tary dust particles, ices...), then delivery on Earth by e.g. comets, mete-
orites, micrometeorites, etc.

Both pathways probably involved quite different conditions, the main dif-
ference being the absence of liquid water in the interstellar medium. Never-
theless the basic building blocks and chemical reactions should have been
roughly similar, thus leading to important connections between these two
routes. While a wide variety of amino acids are prebiotically relevant (as
attested by either Urey-Miller experiments or meteorite analysis), we shall fo-
cus in this section on «-amino acids (as the most relevant to biochemistry)
and closely related compounds.

2.1
Endogenous Formation (on the Primitive Earth)

Very little is certain on organic matter formation in the atmosphere or in the
ocean of the primitive Earth as a result of lightning, volcanism, or other en-
ergy sources. Since no preserved geological records exist from the concerned
era, there is no certainty about the “reactor” conditions (physical parameters;
kind, concentration and/or fluxes of reagents). The endogenous synthesis of
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amino acids entirely relies on models (built using knowledge from domains
such as astronomy or geology), which must necessarily cover a wide variety
of conditions.

Geological records (with the presence of hydrated minerals in the conti-
nental crust) lead to the conclusion that both large amounts of liquid wa-
ter and emerged lands were present quite early after the formation of the
Earth [29]. But prebiotic syntheses of complex compounds are unlikely to
have occurred in the ocean itself, where the dilution factor heavily impedes
further possibilities of intermolecular reactions, but rather in smaller lakes
or in ponds where concentration processes could occur. Another investigated
condition is the chemistry of species adsorbed onto mineral surface, where
a pre-association can also occur. The main investigated conditions are gas-
phase in presence of liquid water, aqueous phase, hydrothermal vents, and
drying lagoons. Activation sources are mostly photochemistry (in the atmo-
sphere), electric discharges, or heat associated with quenching (allowing the
formation of products that are thermodynamically unstable at low tempera-
ture but become favored as temperature increases).

2.1.1
Redox State on the Primitive Earth

A main change in the last 20 years is related to the redox state of the prim-
itive Earth atmosphere. Since Oparin, it was initially believed that, as the
global solar system composition, the primitive Earth atmosphere was reduc-
ing (rich in e.g. hydrogen, methane, ammonia). This belief led to Miller to
perform the successful experiment that demonstrated the possibility of amino
acid production under conditions reproducing the primitive Earth [1]. Al-
though the reduced model keeps some popularity, more recent models of the
solar system and either geological, moon or meteorite records, argue in fa-
vor of a more neutral atmosphere, mostly made of N, and CO, [30]. This
redox state is of high importance for prebiotic chemistry since a much richer
chemistry (both in abundance and diversity of compounds) is observed in
reducing media. In a reference review [31], Chyba and Sagan estimated that
depending on the redox state of the atmosphere the endogenous production
could vary by several orders of magnitude, so that the steady-state concen-
tration of organic matter in the primitive ocean could vary from 0.4 gL
(reducing atmosphere) to 0.4 x 1073 gL! (non-reducing atmosphere). Nev-
ertheless the redox state is not a homogeneous property.! While the core of
telluric planets - mostly made of metals - remains reducing, the upper atmo-

LAt scales much larger than molecular where the electrical neutrality must be preserved,
the redox state of a medium is not a matter of exceeding/missing electrons, but rather of
electropositive/electronegative element ratio: an oxidized medium is rich in electronegative elem-
ents whereas a reduced medium is rich in electropositive elements (all metals, which represent the
large majority of the periodic table).
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sphere undergoes a continuous oxidation due to photochemistry (molecule
dissociation with release of H" radicals) combined with H" escape towards
outer space [32], while heavier oxidized moieties are retained in the at-
mosphere by gravity. Electric discharges (lightning in e.g. volcanic plumes)
can also participate to such a local redox state change. Therefore even with
a non-reducing atmosphere some local environments may remain favorable
to prebiotic chemistry, such as volcanic plumes or submarine hydrothermal
vents for instance, both releasing reduced compounds.

2.1.2
The Strecker Reaction

Since HCN and aldehydes were produced directly from the electric discharge
in the Miller’s experiment [33], the Strecker reaction was very early proposed
as a likely pathway for the prebiotic synthesis of amino acids. This reac-
tion discovered in 1850 [34] is the most anciently known abiotic synthesis of
a-amino acids, it originally consisted in the formation of an «-aminonitrile 1
from a carbonyl compound (either aldehyde or ketone), ammonia and hydro-
gen cyanide in moderately alkaline aqueous solution followed by aminonitrile
hydrolysis in strong acid.

H+ R

R
Rm + NHg + HCN ——» )\CN —
o)

H,N HgN)\COQH

1

Scheme 2

The mixture of a carbonyl compound, ammonia and hydrogen cyanide
equilibrates into aminonitrile 1 and cyanohydrine 2, the product ratio being
pH-dependent.
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Kinetic and thermodynamic studies have been carried out to determine
the parameters of these systems [35-40]. These studies of the carbonyl
compound-ammonia-HCN equilibrium also demonstrate the difference in
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reactivity between aldehydes and ketones [39]. The slow hydrolysis of the ni-
trile group leads to the formation of a mixture containing «-hydoxy- and
o-amino acids. The hydroxy acid/amino acid ratio has been considered to
reflect the cyanohydrine/aminonitrile equilibrium ratio, the nitrile hydroly-
sis rates being initially supposed to be rather similar for cyanohydrines and
aminonitriles [41].

When the aldehyde content becomes significant, the system is complicated
by a further reaction giving iminodinitriles 3 and iminodiacids 4 as subse-
quent hydrolysis products.

R R R R R

RCHO + HCN H*
T poowweny
H
3

—_—
HoN~  CN NC CN HO,C” N~ “CO.H

Scheme 4

However, these reactions may be basically seen as a core of equilibrated
reactions between central components, cyanohydrins and aminonitriles, sur-
rounded by non-equilibrated reactions. Although easily accessible to experi-
ment, the core of reversible reactions is possibly not representative of the
behavior of the whole system, especially concerning the final product reparti-
tion. Indeed such systems probably worked out of equilibrium with a contin-
uous flow of building blocks. A kinetic selectivity is indeed observed owing
to specific transformations of aminonitriles that are developed subsequently
because of their importance in prebiotic chemistry.

2.1.3
Aldehyde Catalysis of «-Aminonitrile Hydrolysis

Kinetic and mechanistic studies done since the late 1970s by Commeyras and
co-workers (with industrial development purposes in the amino acid field),
provided new insights into Strecker-related reactions in the prebiotic field of
interest. The story began with the discovery of a catalytic pathway involv-
ing carbonyl compounds for nitrile hydration into amide, which is specific of
aminonitriles [42]. Aldehydes are better catalysts than ketones, formaldehyde
being the most efficient, which is highly significant since it is a very likely pre-
biotic molecule. With a rate constant several orders of magnitude higher than
the non-catalyzed pathway, this process yields AA even at low concentrations
of ammonia [43], as it can be the case in mildly or non-reducing media. It also
gives an answer to the Miller’s observation that it was difficult to account for
unexpected nitrile hydrolysis rates in his apparatus [33].

In the special case of a low, continuous flow of ammonia, this process
allows the formation of substantial amounts of AA by displacement of the
cyanohydrin-aminonitrile equilibrium. The cyanohydrin form can be consid-
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ered as a storage of reactive compounds (aldehydes, ketones, HCN) under
a much more stable form, thus allowing it to wait for ammonia supply.

The considerable increase in rate constant associated with this process has
been attributed to the induced intramolecular attack in adduct 5 compared
to the intermolecular attack of hydroxide ion that is entropically unfavor-
able [42]. The cyclic intermediate 6 readily rearranges into open-chain imine
7. The similarity between this kind of mechanism and enzymatic catalysis has
been associated with the use of binding energy to compensate for the entropy
cost while coupling the carbonyl compound to the amino group [44] in a way
that is similar to the utilization of favorable interaction with non-reacting
portion of the substrates by enzymes [45].

214
Biicherer—Bergs Reaction: Formation of Hydantoins and CAA

A reaction discovered earlier but having very similar features is the Biicherer—
Bergs reaction, which involves bicarbonate/CO; instead of a carbonyl com-
pound and leads to hydantoin 11. This reaction was originally developed from
the 1930s [46] for applicative purposes and had not been considered as prebi-
otically relevant until recently [43]. This pathway involves the addition of CO,
on the amino group [47], then the intramolecular attack of the nitrile group
by the carbamate of adduct 8. The resulting cyclic intermediate 9 undergoes
a rearrangement into the stable hydantoin product 11 trough transient iso-
cyanate 10 [48]. It is worth mentioning that the rearrangement requires the
abstraction of a proton at N° in oxazolidine 9 so that the reaction is only ob-
served from o-aminonitriles with a free amino group, yielding hydantoins
without substituent at position 1.

R' R2 R' R? R' R2 R' R2 R' R2

HZNXCN _— HNXCN —_— HN3></¢NH —

N
1 I} 3
+ COy O)\O* O>_O g (o] }—NH

8 9 10 11

Scheme 6
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CO, promotes the reaction of unreactive nitrile groups at moderate pH
but cannot be truly considered as a catalyst since it is not released at the
end of the reaction (unless the hydantoin undergoes further hydrolysis) un-
like carbonyl compounds in ¢-aminonitrile hydration (Sect. 2.1.3). However,
hydantoins can be considered as AA precursors through a two-step hydrol-
ysis. The first step leads to an N-carbamoyl amino acid (CAA). The rate of
this HO™-catalyzed step has been examined by Taillades and co-workers [43],
extending the earlier work of Blagoeva et al. [49].

R' R R' R?
HO- o~
HN o} HN
4 NH HoN S0 ©
1 CAA

Scheme 7

Since an important feature of Biicherer-Bergs hydantoin formation is
that the process can only work for ¢-aminonitriles without substituent on
the amino group, it follows that one compound of the equilibrium mix-
ture formed from an aldehyde, ammonia, and cyanide is selectively reacted
through an irreversible process leaving N-alkylated aminonitriles or imino-
dinitriles unreacted. However, the difficulty with this process is that CAAs
and hydantoins are poorly reactive towards hydrolysis and need long periods
of time to be converted into free AAs. But, CAAs may also have per se a prebi-
otic importance in activation pathways towards polypeptides (see Sect. 3.3.7).
CAAs can also be synthesized by reaction of free amino acids with cyanic
acid/cyanate (a likely prebiotic compound [50]). In the presence of a steady-
state concentration of either cyanate or urea in aqueous medium, CAAs are at
equilibrium with AA [51].

2.1.5
Amino Acid Formation in Submarine Hydrothermal Vents

These environments provide favorable conditions with the following char-
acteristics: high temperatures (100-350°C), high pressure, reducing, and
metal-rich environment. Under such conditions, Strecker, Biicherer-Bergs
and related reactions are very likely to occur in most cases. However the
chemical pathways are not very well characterized under such conditions
and other pathways are also possible. Laboratory conditions simulating such
environments have been investigated for more than 10 years [52,53], al-
ready showing the formation of amino acids. However at higher temperatures
(above 300 °C) amino acids turn out to be unstable, so that formation and
degradation processes are competing [54]. Kobayashi and co-workers ob-
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served that quenching hot, supercritical aqueous fluids with cold sea water
(as naturally occurring in undersea vents) can nevertheless lower AA degra-
dation rates [55, 56].

2.1.6
Other Conditions and Pathways

After the reducing state of the primitive Earth atmosphere had been recon-
sidered, amino acid synthesis in non-reducing environments has been subject
to investigation. Kobayashi and co-workers studied the activation of non-
reducing gas mixtures (e.g. of N3, CO;, CO, in the presence of liquid water) by
either high-energy particle bombardment (simulating the cosmic rays), UV
or y-ray irradiation [57-59], while Rode and co-workers examined the acti-
vation of similar mixtures by electric discharges [60]. Both of them observed
amino acid formation.

Intermediates of the formose reaction can yield amino acids in the pres-
ence of ammonia and thiols [61, 62] through a process that will be examined
in more details in subsequent sections (see Sect. 3.4.2) since amino-thioesters
are activated peptide precursors.

2.2
Exogenous Formation and Delivery on Earth

Except recent radioastronomic observations, exogenous amino acids have for
the moment only been known through the analysis of meteorite content, es-
pecially of the Murchison meteorite (the most organic-rich meteorite known
to have fallen on Earth).

Plausible synthetic conditions of exogenous AA mainly comprise gas
phase, grain-surface, bulk ice (e.g. comets) and planetary bodies. Except
where condensed aqueous phases could occur (where Strecker-related re-
actions could take place), the chemistry involved is probably mostly pho-
tochemical and radical, using free atoms as building blocks, through non-
selective, high-energy photo-activation and radical recombination of small
molecular fragments. Such non-selectivity is supported by the variety of com-
pounds identified in meteorites (see next section).

2.2.1
Meteorites

Amino acids - and more generally organic substances - are mainly detected
in carbonaceous chondrites, a minor, carbon-rich class of meteorites. These
are believed to have originated from parent bodies having underwent al-
teration by liquid water at some stages of their existence, as attested by
geochemical studies [63].
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The analysis of meteorite samples is an intricate problem because of the
complexity of the matrix, of the low abundance (0-100 ppm) of searched or-
ganic compounds, and therefore of the possibility of terrestrial contamination
(especially concerning biogenic compounds) during extraction/analysis pro-
cess. The extraterrestrial origin is generally confirmed by isotopic analyses,
namely of the 13C/12C and D/H ratios, those of authentic meteoritic samples
being quite distinct from those of biogenic origin. Amino acids are generally
detected after aqueous extraction. It has often been observed that detected
amounts are higher after acidic extraction (e.g. heating above 100 °C for sev-
eral hours in 6 N HCI), leading to the conclusion that not only amino acids,
but at least precursors of them are present in meteorites, these precursors
possibly being either hydantoins, aminonitriles, amidines or peptides.

The catalogue of organic substances detected in meteorites has been listed
in detail a few years ago in several reference reviews [63, 64]. Subsequent ex-
tensions in the field of amino acids and related compounds are due to the
progress in analytical technique sensitivity in the recent years. These - how-
ever minor - extensions allowed to identify some new, previously undetected
compounds (see Sect. 2.2.2). The distribution of molecular structures (de-
creasing abundance with the number of carbon atoms in homologous series,
and predominance of branched isomers) strongly argues for the involvement
of non-selective processes (probably photochemical and/or radical) in the
early steps of their formation. The amino acid set comprises more than 70
species measured at the 10-100 ppm (w/w) level [4], most of them being
a-amino acids (including at least 8 proteogenic: Gly, Ala, Val, Leu, Ile, Pro,
Asp, Glu, all detected as racemic). Since the analysis of the mineral matrices
strongly suggests that they have been in contact with liquid water at some
stage of their existence, the involvement of Strecker-related reactions in me-
teoritic amino acid formation is plausible.

2.2.2
Newly Identified Compounds in Meteorites

Peptides and Other Carboxamide Derivatives

Amides, N-alkyl amides, lactams, hydantoins have been identified in both
Murchison and Yamoto-791198 meteorites [63,65], confirming preliminary
results from Cooper and Cronin [66]. The only peptides identified until
now are diglycine and diketopiperazine (cyclic diglycine). Since only N!-
unsubstituted hydantoins have been detected, this provides a good argument
for the involvement of the Biicherer-Bergs reaction in their formation (cf.
Sect. 2.1.4).
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Diamino Acids

Several of them have been recently identified by Meierhenrich et al. in the
Murchison meteorite, at the 5-50 ppb level [67]. This discovery extends the
meteoritic amino acid suite to alkaline ones, of which the proteogenic rep-
resentatives, namely Arg and Lys, remain both undetected in meteorites
however.

Imino Diacids

4 have been recently detected in the Murchison meteorite [68]. In association
with «-hydroxy- and «-amino acids they provide a complete signature of the
Strecker reaction as already observed in Miller’s early experiments [33], thus
giving an additional argument to its involvement in meteoritic «-amino acid
synthesis.

Non-racemic Amino Acids

The enantiomeric excess of several a-alkyl amino acids from the Murchi-
son meteorite has been measured by Cronin and Pizzarello [69-71], who
found significant values (1-15% ee L). Conversely to previous estimates often
biased by terrestrial contamination, these results can be considered as reliable
since target AA are both non-biogenic and non-terrestrial in origin (the lat-
ter confirmed by D/H and *C/!2C isotopic ratios). The quaternary a-carbon
prevents the racemization of the compounds, thus allowing the long-term
preservation of the enantiomeric excess.

Tentative explanations for the origin of such ee include enantioselective
photodegradation induced by ultra-violet circularly polarized light (UVCPL),
or the parity-violation energy difference (PVED) that would stabilize very
slightly the L enantiomer of amino acids. Neither has received a general
agreement however. Moreover, although Strecker-related processes (involv-
ing ketones instead of aldehydes as the starting material) are quite plausi-
ble formation pathways, several parameters such as isotopic enrichment or
hydoxy/amino acid abundance ratio show meteoritic o-alkyl AA as a distinct
subset - thus non representative - from «-H amino acids [4].

The fact that the ee of meteoritic «-alkyl amino acids has the same (1)
orientation as that of biogenic material has raised considerable investiga-
tion for (i) understanding the origin of such ee and (ii) designing ampli-
fication processes to make the transition between quite modest ees (a few
percent) and biomolecular homochirality. As non-racemizable compounds,
non racemic «-alkyl amino acids may have played a seeding role in further
amplification processes [72,73] (see Sect. 4.2).
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2.2.3
Micrometeorites

These dust-grain-sized bodies (all samples being collected in Antarctic ices
where they are better preserved, and easier to collect and identify) may have
been of significant contribution for organic matter/amino acid delivery on
the primitive Earth. Compared to meteorites, higher amounts of them fall
on the Earth (ca. 20000 tons per year); a higher fraction of them (ca. 80% of
identified micrometeorites) belong to the carbonaceous chondrite family, and
exhibit a higher amino acid content than the Murchison meteorite [74, 75].
Moreover the samples collected showed minor to inexistent alteration related
to atmosphere entry (no heating). Recent investigations led to the conclu-
sion that micrometeorites are very probably a distinct (possibly more ancient)
class of material, compared to chondrites [76].

224
Amino Acids in the Interstellar Medium

Works initiated several decades ago on the detection of molecular species
through microwave-range spectroscopy [77], recently succeeded with the
detection of glycine in interstellar dense molecular clouds [78-80]. The
understanding of interstellar medium chemistry mostly relies on theoret-
ical (quantum) chemistry calculations, to predict either possible reactions
under such interstellar conditions, or the spectra of thus-produced chem-
ical species. It is commonly considered that synthesis is unlikely to occur
directly in the gas phase, but rather in the solid state (onto or inside solid
ice/grain) [81, 82]. Nevertheless, Kobayashi and co-workers succeeded in syn-
thesizing amino acid precursors (amino acids being observed after acidic
hydrolysis) in the gas phase (80 °C, near atmospheric pressure), by either UV
or y-ray irradiation of mixtures of water, methanol and either nitrogen or
ammonia; such conditions being however quite far from those of interstellar
medium [83, 84].

An important feature of most interstellar medium conditions is that wa-
ter (whenever present) does not exist as a liquid. This is for instance the
case of comets, the chemistry of which is probably very rich although
yet poorly known except through laboratory investigation of experimental
models. These - so-called interstellar ice analogues - are usually mixtures of
fundamental molecular species such as H,0, CO, CO,, NH3, N, MeOH ..., of-
ten vacuum-deposited and studied in the 10-100 K range. When irradiated
with UV [84-86], y-ray [84] or bombarded by high-energy protons (the lat-
ter simulating cosmic rays) [84, 87, 88], the formation of various amino acids
(most of those found in meteorites) or their precursors was observed in most
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cases” [84, 85, 87-89]. Unsurprisingly, higher-energy activation appeared ne-
cessary when N, was the nitrogen source instead of NH3 [89]. Partial asym-
metric induction was observed when irradiating with UVCPL [86].

Apart from ice chemistry, Devienne and co-workers observed the forma-
tion of a series of amino acids (Gly, Ala, Leu, Ile, Asn, Asp, Glu, His, Phe, Arg,
Tyr, and either Lys or GIn) and of the dipeptide Gly-Ala, as minor products
among various organic compounds after bombardment of carbon targets by
high-energy molecular jets of H, /N, in presence of oxygen. After sparkling
the target with sulfur atoms, S-containing amino acids (Cys, Met, homo-Cys
and S-methyl Cys) were also observed [90, 91]. These results suggest that in-
terstellar (in either grains or molecular clouds) organic chemistry may be
much richer than currently believed.

225
Survivability of Exogenous Amino Acids

The survivability of AA over long periods under interstellar medium con-
ditions (where exposed to hard radiations), or during atmospheric entry
(where heated) has been subject to a few studies. Amino acid photostabil-
ity has been examined through both laboratory [92,93] and in-situ experi-
ments aboard satellites or space stations [94-96]. Both lead to the conclusion
that when exposed to UV most AA (as well as oligopeptides, with excep-
tion of Gly and diketopiperazine) are photolabile on the long term, unless
shielded from radiations by an opaque mineral matrix (i.e. being inside
grains). The thermolability of AA in the solid state has been examined by
Navarro-Gonzalez and co-workers [97], through rapid heating in N,/CO;
atmospheres, to simulate atmospheric entry and/or meteoritic impact condi-
tions. While no organic compound survives temperatures above 700 °C, AA
are still recovered at the few-percent level after heating to the 500-600 °C
range. The same authors observed that in the presence of silicate minerals,
amino acid pyrolysis affords (through condensation-dehydration reactions)
highly thermostable cyclic amidines such as 12 and 13 [97,98]. It is worth
noting that their acidic hydrolysis (by e.g. 6 N HCI) reverts the free amino
acids.

2 As for meteorite analysis, amino acids from such interstellar ice analogues are usually detected
after (often acidic) hydrolysis of crude reaction products, and subject to the same interpretation
restrictions. Pointing out the formation of peptides [85] (without further arguments) to explain the
detection of amino acids in such acid-hydrolyzed irradiated ices is at least questionable since many
other precursors can be involved.
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Peptides

Before presenting recent results on peptide bond formation under prebiotic
conditions it is useful to consider the kinetic and thermodynamic stabilities
of peptide bonds that correspond to the physico-chemical constraints to the
survival of peptides. Indeed, prebiotic peptides are likely to have been ex-
posed to the primitive environment during long periods of time. However, it
should be kept in mind that life being based on a continuous process of gen-
eration and breakdown of biomolecules, any primitive living organism would
have involved disintegration pathways. Then the physico-chemical endurance
of biomolecules must be considered from a dynamic perspective considering
a steady state favorable to the emergence and the evolution of new properties
rather than from a static perspective.

3.1
Thermodynamic and Kinetic Stability of the Peptide Bond

There is a general belief that peptides are not thermodynamically stable [99],
but the formation of an internal bond in a peptide chain actually corresponds
to a process that is not far from equilibrium (Kpep ~ 0.1 M) and enzymatic
peptide synthesis can yield peptides in satisfactory yield provided that the
product is removed from the solution by precipitation or other systems of
phase partition [100, 101].

K
I pep Il

- +
Npept—C-0~  + HsN—Pept® =~ NPept—C-N—Pept®
+ Hgo H

Scheme 9

This means that peptide bond formation is not a totally unfavorable pro-
cess but actually corresponds to a change in standard free energy that is close
to 0 [102]. But this assertion is true within a rather limited pH range only
(Fig. 2), where peptide bond formation is a very slow process in the absence
of catalyst so that the reversibility of peptide bond hydrolysis revealed by
enzymatic catalysis is usually not accessible with purely chemical systems.
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Fig.2 Theoretical influence of pH on the ratio of equilibrium constants Kapp/Kpep and
Kapp/Kest for peptide (solid line) and ester (dotted line) bond formation, respectively.
pK1 and pK; are the acid dissociation constants of the carboxyl and amino groups, re-
spectively, the values used for the calculation (pK; = 3.75, pK; = 7.75) are representative
of an internal peptide bond. Theoretical values calculated using the following equations:
Kapp/erp =1/(1 + [H*]/K1)(1 + Kz/[H]) with Kpep = [Peptide]/[RCOZ_][R/NH3+]:
Kapp/Kest = 1/(1 + Ky /[H"]) with Kegt = [ester]/[RCO,H][R'OH]

This behavior is different from that of usual aliphatic esters (Fig. 2), which
are more stable at low pH and, therefore, which can generally be synthesized
in strong acids without activating agent. This is because both components
of the bimolecular reaction are present under their reactive forms (neutral
carboxylic acid and alcohol) at these pH values, which are favorable to high
rates because of acid catalysis. This situation is never found over the whole
pH range for peptides because the acidities of the C-terminal carboxyl group
(pKa ~ 3.5-4) and of the N-terminal amine (pKa ~ 7.5-8) to be ligated do
not match. The near stability of peptide bonds in the pH range 4-7.5 seems to
be unexpected since peptide bonds require in some instances strong reagents
to be formed in high yields. Actually, the difficulty in forming peptide bonds
is rather associated to a kinetic barrier than to a thermodynamic barrier. In
the reverse direction, the kinetic stability towards hydrolysis is clearly an ad-
vantage from the biological point of view and the usual lifetime of a peptide
bond has been assessed to be of the order of hundreds of years in neutral
water and at usual temperatures [103, 104]. It is also illustrated by the diffi-
culty in the selection of artificial catalysts capable of hydrolyzing the peptide
bond [105] at moderate pH and that could be used to replace or imitate pro-
teolytic enzymes.

From the point of view of prebiotic chemistry, it can be concluded from
the thermodynamic and kinetic stability of amides that the formation of
prebiotic peptides has very probably required catalysts and/or dehydrating
or activating agents. But their spontaneous formation could not be com-
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pletely excluded under certain conditions though, in the absence of catalyst, it
would have required periods of the same order of magnitude as their lifetime
(10%-10° years).

3.2
Thermodynamically-Driven Peptide Formation from Unactivated Amino Acids

Since peptide bonds are not highly unstable from a thermodynamical point
of view, their stability can be increased by subtle changes in the physico-
chemical properties of the synthesis medium, which can have an influence on
the equilibrium constant or on the activity of reactants and of water. Fluc-
tuating environment with heating and the presence of minerals have indeed
been shown to induce peptide bond formation for a long time [106]. This is
consistent with the fact that elevated temperatures seem to be thermodynam-
ically favorable to peptide bond formation [107]. But systems that are efficient
at moderate temperature require the presence of a catalyst. Two systems in-
volving original means of catalysis have been developed in the last decade.
One is based on metallic ion catalysis and the other one on the presence of
a phosphoryl neighboring group lowering the transition state of peptide bond
formation (the backward reaction of peptide bond hydrolysis). Clay catalysis
is still a field of investigation.

3.2.1
Salt-induced Peptide Formation

Salt induced peptide formation [108] is based on a “dehydrating activity” of
concentrated NaCl solutions in which free water molecules are less available,
which drives the equilibrium towards peptide formation. This change in the
thermodynamic barrier is coupled to a decrease of the kinetic barrier owing
to the addition of a Cu(II) salt catalyst. A complex of copper with two amino
acid ligands 14 has been proposed to be responsible for the catalytic process.
In this way, the reaction between two amino acid ligands leading to peptide
bond formation can take place intramolecularly:

Scheme 10
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A massive increase in rate [109] can be expected from this intramolecu-
lar reaction. The presence of glycine and H-Gly-Gly-OH has been shown to
increase the incorporation of less reactive amino acids [110].

3.2.2
Dehydration in the Presence of Clays, Silica, or Alumina

Dehydration in a fluctuating environment is a well-known procedure to in-
duce peptide bond formation (mostly with glycine) [106]. A comparison of
the efficiency of different categories of clays, silica, and alumina in alter-
nate wetting and drying cycles and a study of the nature of catalytic site
allowing the formation of polypeptides has been carried out [111, 112]. Clay
catalysis can also be combined with salt-induced peptide formation, leading
to longer peptides [113]. The condensation also takes place with Cu(II) ex-
changed clays [114].

3.23
Reactions of N-Phosphoryl Amino Acids

An intramolecular phosphoric-carboxylic mixed anhydride has been pro-
posed to explain the specific behavior of N-(dialkylphosphoryl)amino acids
15 that spontaneously give oligopeptides upon standing in various sol-
vents [115]. Peptide formation was accompanied by diester exchange on the
phosphoryl group via a reaction that may have been useful for nucleotide
ligation.
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Scheme 11

The possibilities of N-(dialkylphosphoryl)amino acids for the prebiotic
syntheses of peptides and polynucleotides have been studied in a series of
papers [24,116-122]. However, it must be emphasized that the phospho-
ryl group does not behave as an amino-activating group, the hydrolysis of
which would be coupled to peptide bond formation. Actually, further peptide
elongation requires the subsequent hydrolysis of the N-terminal phosphoryl
group of the ligated product. In the presence of an amino acid ester, dipeptide
esters 16 with an unreacted N-phosphoryl protection are formed, support-
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ing the involvement of the phosphoryl group as an intramolecular catalyst
rather than as an activating agent. Therefore, peptide bond formation results
from a thermodynamic process taking place simply because the kinetic bar-
rier against peptide bond formation is strongly reduced.

R
R HZN)\WOR2
OR' o) OR' ) N OOR2
F“C—'ﬁ‘HJﬁrOH F“O‘.F.’—HJ\W VL
o} o) o) O R
15 16

Scheme 12

Experiments with aspartic acid have shown that only «-aspartic acid
dipeptides are formed [123], which is consistent with the transformation of
the substrate into a pentacoordinated phosphorane mixed anhydride 17 [24]
containing a five-membered ring through a self-activation process.

R
OR! OR!
|
Wby om0
6 H R'O” )

0 o\ﬂ);F/

15 17 e}
Scheme 13

This process of neighboring group participation allows the formation of
a reactive intermediate by cyclization, which is in principle very similar to
the concept of overactivation by cyclization that will be discussed more widely
in the following to account for the formation of NCAs from moderately acti-
vated molecules (see Sect. 3.3). The barriers for the conversion of the cyclic
phosphorane intermediate into products are lowered since the corresponding
transition states are cyclic and their free energies are reduced by the preex-
istence of a P—N bond that is not cleaved in these processes. As a result,
the conversion of N-phosphoryl amino acids is made easy and reversible and
the formation of peptides can be driven by the reaction conditions, which
must be thermodynamically favorable to bring about the free energy for pep-
tide bond formation (low content of water and/or pH corresponding to the
favorable region of Fig. 2).

Because of their abilities in both peptide and nucleic acid oligomerization,
N-phosphoryl amino acids could have played an important role in prebiotic
chemistry on condition that a plausible pathway of synthesis of these com-
pounds is made available.
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33
Polymerization of N-Carboxy Amino Acid Anhydrides (NCAs)

The interest of organic chemists in the synthesis and polymerization of NCAs
has been considerable over the last century [124], with known methods for
their preparation usually involving reagents such as phosgene or its surro-
gates and dry organic solvents. In contrast, the prebiotic relevance of NCA
monomers was not accepted until 10 years ago. Nevertheless, NCAs remained
very convenient monomers for polypeptide formation in studies on the ori-
gin of life, and were widely used as model compounds, e.g. in stereoselection
studies [125]. Even though their capabilities as activated peptide monomers
in this field had been mentioned earlier [126, 127], it is only during the last
decade that several plausible pathways have been proposed for the prebi-
otic formation of N-carboxyanhydrides as well as pathways in which they are
clearly identified or presumed intermediates. We will show in the following
that they could even be considered as a universal activated form of amino
acids. For these reasons, amino acid N-carboxyanhydrides deserve a particu-
lar discussion. These compounds are probably among the simplest activated
derivatives of amino acids since they are in theory accessible simply by the
reaction of carbon dioxide and dehydration. It is now generally admitted that
the partial pressure of CO; in the primitive atmosphere was certainly above
the present value [30, 128], and probably much higher. Therefore, the possi-
bility of an activated peptide monomer involving a CO;,-derived moiety only
is very attractive. Moreover, the presence of a mixed anhydride moiety in
NCAs is not their only useful feature since they also involve a protection of
the amino group, which is a striking example of atom economy since the two
C and O atoms play both an activating and a protecting function. As a result,
their polymerization requires a nucleophilic initiator.
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Scheme 14

The possibility of reaching high polymerization degrees (of ca. 10 in solu-
tion but which can increase to approximately 55 upon adsorption on mineral
surfaces [129]) is an important difference with many other peptide monomers
18 involving a free amino group such as amino acid activated esters (X = OR’).
These precursors are subject to the side-reaction yielding diketopiperazine 19
so that polymerization can be interrupted at the dipeptide stage.
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3.3.1

N-Carboxyanhydrides are Stabilized Compared to other Anhydrides

The free energy of hydrolysis of NCAs has been estimated in this work to ca.
— 60 k] mol™! (see Appendix). It is worth mentioning the fact that this value is
less negative than those estimated in Table 1 for adenylates, p-nitrophenyl es-
ters and imidazolides, which has important consequences in prebiotic chem-
istry. This value of AG® requires a careful analysis and is in relation with the
unique properties of N-carboxyanhydrides. This lower degree of activation
on a thermodynamic scale does not mean that NCAs are kinetically less re-
active than adenylates or p-nitrophenyl esters and their kinetic reactivity is
probably close to that of other anhydrides of amino acid derivatives that are
thermodynamically much more unstable (AG® ~ — 100 kJ mol™! for amino
acid symmetrical anhydride, Table 1). Actually, the relative thermodynamic
stability of NCAs is related to the two different stages formally needed for
building their structure: a bimolecular reaction and an intramolecular one.
This peculiarity results in a higher degree of activation than could be under-
stood from the AG® value, which can be analyzed by separating observed
binding energies into several components [130]: the intrinsic binding energies
AG! (corresponding to the energy that could be obtained from the bond in
the absence of entropy loss), which are additive by definition, and the con-
nection binding energies AG® derived largely from changes in translational
and rotational entropy (Scheme 35). The intrinsic binding energies for the
formation of carbamate AG! (carb) and anhydride bonds AG! (anh) are ad-
ditive in NCA since both bonds are present in the NCA structure. This is not
the case for connection binding energies AG® because the adverse entropy to
any bimolecular reaction [45, 131] has almost completely been paid for in the
first step (the favorable intrinsic binding energy of carbamate formation of
AG! (carb) compensate for AG® (carb)). Then, the second step, which is in-
tramolecular, is much less entropically unfavorable (§G° (anh) <« AG® (carb))
as expected for any intramolecular reaction or cyclization involving a five-
membered ring [131-133]).

In other words, the intrinsic binding energies of the two steps are addi-
tive but not the entropy losses [130], which means that the intrinsic binding
free energy of the first step AG! (carb) contributes to NCA stabilization. On
the other hand, free energies corresponding to the overall entropy losses as-



Prebiotic Chemistry of Amino Acids and Peptites 91

Table1 Standard AG® of hydrolysis at pH 7 and 25° for activated acetic acid or amino
acid derivatives and for biologically activated phosphates reported in the literature or
estimated in this work. Italicized values were estimated in this work

AG® /k] mol12

Compound/Component Acetyl Aminoacyl Other
Ester -19.7 -35.1°

Phosphate -43.1 ~-50%4

Adenylate -54.8f ~-65 b8

Thioester -315 ~-47°¢

Imidazolide -54.3 ~-70¢

p-Nitrophenyl ester -54.4 ~-70°¢

Symmetrical anhydride -91.2 ~-100"

Amino acid N-carboxyanhydride ~-601
Peptide bond - 6.0 to - 2.0/
ATP (to AMP & PP;) -32.2
ATP (to ADP & P;) -30.5
PP; -33.5

2 From [102] unless otherwise mentioned; ® Value reported for Val-fRNA; ¢ Estimated by
adding AG®'(Val-tRNA) - AG® (ethyl acetate) = — 15.4 to the value reported for the cor-
responding acetyl derivative; 9 Taking into account the electrostatic stabilization of the
phosphate charge by the ammonium group supposed to be identical to the difference of
0.8 pK4 units between butyric acid and amino butyric acid [154] (4.6 k] for the monanion
of adenylate and 9.2 k] for the dianion of phosphate mixed anhydride); ¢ Value consid-
ered to be identical to that of acetyl phosphate monoanion at pH 7 calculated using the
published value of 4.95 for the pK, of acetyl phosphate [155]; f Consistent with the value
of —55.6k]mol™! reported in [156]; & the differing estimation from the literature [157]
of a free energy content ~ 25 k] mol™! higher than ATP is based on the free energy of hy-
drolysis of acetyl adenylate with no correction for the presence of the protonated amino
group as carried out here; ™ Estimated for an acylated AA 0.9 pKa units more acidic than
acetic acid; ' See appendix;j From [101, 158]

sociated with the formation of the NCA, AG® (carb) + §G® (anh), or the linear
anhydride 20, AG® (anh), must not be very different. As a result, the free en-
ergy of hydrolysis of NCA is decreased by a quantity close to AG' (carb).
It may represent a substantial portion of the theoretical maximal value of
38 k] mol™! [133] to 45kJ mol™! [131] as compared to acyclic anhydrides of
protected amino acid 20, which is consistent with the numerical values of
AG® indicated in Table 1 for NCA (AG® ~ —60k] mol™!) and acetic anhy-
dride (AG” = —91.2kJ mol™') or N-protected AA symmetrical anhydrides
(AG® ~—=100kJ mol™).
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Scheme 16 Thermodynamic analysis of the two-stage anhydride formation leading for-
mally to NCA compared with the intermolecular process giving the linear anhydride 20

3.3.2
NCAs Are Kinetically as Reactive as Other Anhydrides

The acyl transfer reactivity of NCAs is not affected by this increased thermo-
dynamic stability. This is because there is no change in the five-membered
ring structure at the transition state of acyl transfer reactions, which is close
to that of the tetrahedral intermediate 21.

0 o)
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Scheme 17

Then, there is no reason for a difference of several orders in magnitude
for this kinetic barrier compared to that of the analogous reaction of linear
amino acid mixed anhydrides. Nucleophilic reactions of NCAs could even be

R
R'—OTH)}rO—n—R"
O "OpNy O
22
Scheme 18
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Fig.3 Hypothetical free energy diagram proposed to account for NCA reactivity. Free en-
ergy levels of NCAs and of the transition state of their aminolysis reactions compared
to those of reactions of other amino acid derivatives (AA-X). A Comparison with lin-
ear anhydrides (X = OAc); B Alkyl ester (X = OR), thioesters (X = SR) and p-nitrophenyl
esters (X = ONp). The free energy regions corresponding to the possibility of pathways
involving NCAs are shown hashed

faster since the cyclic structure is likely to minimize sterical hindrance in the
tetrahedral intermediate compared to the flexible linear structure 22.

In other words, the preserved cyclic structure of the transition state of
NCA reaction ensures a degree of stabilization that is similar as the substan-
tial one that is procured in the ground state. The free energy level of the
transition state of NCA reactions can then be located below that of much
less activated acyclic amino acid derivatives (Fig. 3), which results experi-
mentally in the occurrence of CO,-catalyzed pathways that will be analyzed
subsequently.

333
NCA Formation from Less Reactive Amino Acid Derivatives

The specific stabilization of NCAs, analyzed above to be the result of their
cyclic structure made of an amino acid and CO,, suggests that their for-
mation could be thermodynamically favorable from amino acid derivatives
less reactive than anhydrides. In fact, it is known from the early work of
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Wieland et al. that the hydrolysis of amino acid active esters is catalyzed by
aqueous bicarbonate buffers [134] and indications of the intermediacy of N-
carboxyanhydrides have been provided [127, 134-136]. The proposed mech-
anism (Scheme 36) is very similar to the catalytic pathway of a-aminonitrile
hydration analyzed in Sect. 2.1.3.

On first analysis, it is tempting to consider the reaction as a drawback
since the activated amino acid is converted into an NCA intermediate that is
highly sensitive to the nucleophilic attack of water. Although p-nitrophenyl
esters 18a are clearly not likely primitive activated peptide monomers, their
reactivity can be considered as a model of that of compounds bearing a simi-
lar degree of activation. A closely related observation has indeed been re-
ported for aminoacyl adenylates 18c that are quickly hydrolyzed at concen-
trations of bicarbonate buffers as low as 1 mM [137, 138], which is clearly
meaningful since these mixed anhydrides are involved as intermediates in
protein biosynthesis. It is also clear that the transient formation of NCAs
in these processes can have several advantages, namely, the suppression of
diketopiperazine formation, which may lead to longer peptide chains, and
a higher sensitivity to nucleophiles so that hydrolysis would not be favored
compared to nucleophilic attack and rates may be increased. An observation
already noticed by Brack [127] supports the last conclusion: reports of pep-
tide syntheses conducing to high polymerization degrees that were carried
out in media reproducing prebiotic environments involved aqueous bicar-
bonate buffers [139, 140] so that the intermediacy of NCAs is highly probable.

There is a striking similarity between the CO,-promoted catalytic path-
way (Scheme 36) and the usual representation of enzymatic catalysis. It is
because both processes are partly based on the concept of induced intramolec-
ularity [44]. Except the nature of binding, there is indeed no fundamental
difference between the utilization of the intrinsic binding energy from the

CO,
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|
5 ( ?
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Scheme 19 Carbon dioxide-catalyzed hydrolysis of activated amino acid derivatives
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covalent bond with CO,, AG! (carb), to lower the free energy level of the
transition state (Fig. 3) and the utilization of non-covalent interactions with
non-reactive portions of substrates that has been proposed [45] to be respon-
sible for an essential part of enzyme power. In this way, carbon dioxide can
be considered as belonging to the class of small-molecule catalysts that played
a role of protoenzymes [44] at the beginning of chemical evolution.

334
NCA Formation from Reactive Amino Group Derivatives

NCAs are not only produced from acyl group activation in amino acids, they
are also obtained from amino acid derivatives 23 with amino groups under
the form of carbamates with good leaving groups (Scheme 37). Since carba-
mates with good leaving groups or related carbamic acid derivatives are easily
converted into isocyanates [141, 142] there is a possibility of transfer of acti-
vation to the acyl group by cyclization of the isocyanate intermediate 24 into
NCA (see below the paragraphs on CDI and COS activation, for instance).
But there is also a possibility of direct nucleophilic substitution avoiding the
isocyanate intermediate (Scheme 37, path b).

Scheme 20 Intramolecular transfer of activation from amino group derivatives

335
NCA as the Most Activated Form of Amino Acids
in an Aqueous Prebiotic Environment

The fast and easy conversion of activated amino acids 18 with a AG®" above
the thermodynamic limit of Fig. 3 into NCA and the similar conversion of
N-substituted derivatives 23 involving good leaving groups show that most
extremely activated amino acid derivatives must have been converted into
NCAs in bicarbonate-buffered aqueous solution at moderate pH (5.5-8.5).
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This unexpected consequence of the efficient reaction of carbon dioxide can
be expressed in an other way: NCAs can be considered as the most activated
amino acid species achievable in water in the environment of the primitive
Earth. The only exception would be species bearing a chemical protection
of the w-amino groups that are unlikely because peptide elongation would
have been complicated by the necessity of an additional deprotection step.
From a prebiotic perspective, there is consequently no need to search for ac-
tivated amino acid derivatives with a degree of activation higher than NCAs
(thermodynamic limit in Fig. 3).

3.3.6
NCAs as Intermediates in the Reactions
of Much Less Activated Amino Acid Derivatives

But NCAs are not only involved as thermodynamically favored intermediates
because of their relative stabilization. They can also be involved as kinetically
competent intermediates in the reaction of species with an energy content
lower than NCAs (thermodynamically more stable) so that only a small de-
gree of conversion would be expected to take place at equilibrium (Fig. 3).
This seems to be the case for thioesters (AG® ~ —47 k] mol™!), for which
the presence of bicarbonate buffers has been shown to strongly increase
the polymerization degree [127]. One of the explanations of the difference
with methyl esters, which do not undergo a carbon dioxide-catalyzed reac-
tion [127], is that the free energies of the transition states for methyl ester
aminolysis or hydrolysis could lie below that of the NCA reaction (kinetic
limit in Fig. 3), therefore no catalysis by CO, could take place. The CO,-
catalyzed pathway is a consequence of NCA reactivity, which is equivalent
to that of species with a AG® value 30-40 k] mol~! more negative than that
predicted by the actual thermodynamic value (AG® ~ —60kJ mol™'). Tak-
ing advantage of this principle of overactivation by cyclization, NCAs can
be involved as intermediates in the reaction of much less activated species
provided that the level of the transition state of the uncatalyzed reaction is
above that of the CO;-catalyzed reaction. It must be emphasized that there
is no lower limit for the free energy content of the amino acid derivative in
the ground state so that the CO,-catalyzed pathway might in principle be
observed for unactivated species provided that the requirements for the tran-
sition state are fulfilled.

The first important consequence of these thermodynamic and kinetic ana-
lyses for the early synthesis of peptides is that NCAs are likely intermediates
of the process whatever could have been the actual chemical precursor of
these unusually activated derivatives. The second one is that derivatives with
an unexpectedly low reactivity may have been involved as NCA precursors
provided that two conditions are fulfilled, namely, first their uncatalyzed hy-
drolysis must be slow and second they can be converted into NCAs in the
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presence of CO,. As a result, studies of uncoded peptide bond formation
are founded in using NCAs as substrates (even when obtained as the re-
active species of the non-prebiotic CDI activation) for mimicking prebiotic
processes. Further studies on the emergence of the genetic code would then
preferentially select activation under the form of NCAs although other path-
ways could never be excluded.

3.3.7
New Pathways for NCA Prebiotic Synthesis

Nitrosation of CAAs

Commeyras and co-workers proposed for the first time a prebiotically rel-
evant synthetic pathway [143, 144]. They established that the nitrosation of
N-carbamoylamino acids 25 (otherwise believed as unreactive in prebiotic
environments) by nitrogen oxides (typically obtained by mixing O, and NO)
quantitatively releases NCA. Although first tested in organic solvent [143], the
reaction proved to work in the solid state [144], and also in aqueous solu-
tion [145], where the NCA can be observed for ca. 1 h prior to its conversion
into either free amino acids or peptides.

R R R R
/k NOx /k OH
HN COOH "o HN COOH N — > HN 0]
PN A ) ¢ o)
O~ "NHy O "NH Na, ¢ o
NO Ho0 o} 0
25 23a 24
Scheme 21

The reaction involves the formation of an N’-nitrosourea 23a, then its de-
cay into nitrogen, water and a transient isocyanate 24 that readily cyclizes
onto the vicinal free carboxy group. Besides the involvement of an activated
nitrogen oxide species, the main driving force in this pathway is the frag-
mentation of the N’-nitrosourea into inactivated molecules (N, H,0). An
alternate (and probably slower) mechanism is the intramolecular nucleophilic
attack of the N'-nitrosourea 23a by the vicinal carboxy group. N-substituted
NCAs may also be formed by this latter pathway, even though the correspond-
ing a-carboxy isocyanate is not accessible. This has been confirmed by the
formation of proline-NCA from N-carbamoyl proline [145].

The prebiotic relevance of this pathway was examined in several pa-
pers [144, 146, 147]. The main requirements of such a pathway are (i) the
presence of CAA in the prebiotic pool, (ii) the presence of sufficient amounts
of NO, in the atmosphere and, (iii) the possibility of a concentration process,
e.g. through water evaporation.
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@)
(ii)

(iii

The prebiotic formation and presence of CAA has been discussed previ-
ously [43] (see Sect. 2.1.4).

The reaction requires NO, (NO;, N,03, N,04) species, which sponta-
neously form from mixtures of either NO and O°, NO and O3, or NO and
NO,. Although the primitive Earth atmosphere was very probably mostly
made of N and CO,, NO, species may have formed as minor compounds
after either thermal or photochemical activation of N,-containing gas
mixtures. Thermal activation (mostly through lightning) is due to either
volcanic activity [148, 149] or meteoritic impacts. Modeling of primitive
Earth atmosphere photochemistry showed that these NO, species may
have been present in several configurations of CO,/N,/H,0 mixtures,
however in moderate steady-state concentration. Under such conditions,
impacts of medium-sized bodies can however have transiently raised the
NO abundance by several orders of magnitudes [147].

) The concentration process (e.g. by evaporation from a lagoon or a tidal
shore) is necessary to ensure an efficient exposure of CAA to NO, from
the atmosphere, while avoiding premature hydrolysis of NCA. Indeed the
nitrosation reaction generates acidic conditions that are unable to ensure
NCA conversion into peptides. The contact of newly formed NCA in an
aqueous medium of pH >4 (e.g. sea water) is then necessary to observe
the subsequent formation of peptides [147]. This requires the presence of
both liquid water and emerged land at the surface of the primitive Earth.

Commeyras and co-workers investigated the kinetics of NCA polyconden-

sation in water [150]. Since the aminolysis of the NCA is much faster than

its

hydrolysis, the formation of peptides is possible provided that sufficient

concentration of free amino groups is attained. Practically the formation of
peptides is observed at any pH above 4. In the pH 4-7 range, the competi-
tion with hydrolysis enhances the effects of chemo- and stereo-selectivity of
NCA condensation, through removing unreacted NCA (for example, the less
reactive enantiomer in excess) before complete conversion.

Reactions of Diacyldisulfides

While thiocarboxylic acids themselves are not effective acylating reagents in
aqueous solution, the diacyldisulfides 26, that are formed when thioacids are
oxidized, are extremely effective [151].
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Scheme 22
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The process is also effective with amino acid derivatives 27 as shown by the
reaction of thioglutamic acid with an oxidizing agent, but it is very slow [152].
The addition of bicarbonate to the reaction mixture greatly accelerates the
reaction suggesting that the N-carboxyanhydride of glutamic acid is an inter-
mediate in the accelerated reaction.

o) o) R
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Scheme 23
Activation by Carbonyl Sulfide

COS that is presently found in volcanic gases has been proposed as a prebiotic
activating agent for amino acids [153]. Amino acids in solution would have
readily reacted with COS to give thiocarbamates 28 that can be converted into
NCAs in significant yields.
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Scheme 24

These yields can be improved if an oxidizing agent is present, which allows
the reaction to proceed through disulfide 29 in a way that is similar to the
process indicated above for diacyldisulfides.
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Scheme 25

Metallic ions were shown to be capable of replacing oxygen in the oxida-
tion step.

34
Polymerization of other Activated Amino Acids

The standard free energy of hydrolysis of biomolecules at pH 7 and 25 °C is
generally used in biochemistry textbooks as a parameter to characterize their
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level of activation [102]. However, only very few values are available for ac-
tivated amino acid derivatives and any comparison of peptide monomers is
impossible in this context. We collected available values for activated amino
acids and attempted an assessment of free energies of hydrolysis for p-
nitrophenyl esters, imidazolide, and the mixed anhydrides with phosphate
and adenylate starting from the values reported for acetyl derivatives. These
values are displayed in Table 1. Although the values correspond to 1 M stan-
dard state of reactants and products and some of them have some degree of
uncertainty, the tendency is clear enough to get useful conclusions in the field
of prebiotic chemistry.

3.4.1
Amino Acid-Phosphoric Acid Mixed Anhydrides

Among activated forms of amino acids, mixed anhydrides with inorganic
phosphate or phosphate esters require a special discussion because they are
universally involved in peptide biosynthesis through the ribosomal and non-
ribosomal pathways. These mixed anhydrides have stimulated studies in pre-
biotic chemistry very early in the history of this field. Amino acyl adenylates
18c have been shown to polymerize in solution [159, 160] and in the presence
of clays [139]. However, their participation as major activated amino acid
species to the prebiotic formation of peptides from amino acids is unlikely
for at least two reasons. Firstly, amino acid adenylates that have a signifi-
cant lifetime in aqueous solution become very unstable as soon as either CO,
or bicarbonate is present at millimolar concentration [137]. Lacey and co-
workers [161] were therefore conduced to consider that CO, was absent in
the primitive atmosphere for aminoacyl adenylate to have a sufficient lifetime
and then to allow for the emergence of the modern process of amino acid ac-
tivation and of the translation apparatus. But this proposition is unlikely, as
shown by the analysis of geological records in favor of CO;, contents in the
atmosphere higher than present levels [128]. It is also in contradiction with
most studies of the evolution of the atmosphere of telluric planets [30, 32].
Secondly, there is no prebiotic pathway available for adenylate formation and
ATP proved to be inefficient in this reaction [162].

NH;
ATP NN
RYCOOH A? o 9 ef\/) AG ~ 33 kJ mol™!
NH, RW)LO_P_O o N N
PP, 5-
* NHg
OH OH 18c

Scheme 26
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Our analysis of the free energy of hydrolysis of potentially prebiotic amino
acid derivatives shows that the energy content of the phosphoanhydride bond
of ATP is lower than that of the adenylate anhydride 18c by ca. 33 k] mol ™.
The reaction is highly unfavorable and, at equilibrium, less than 1 molecule
over 10° would be under the form of the aminoacyl-adenylate mixed anhy-
dride at pH 7. Actually, in biosynthetic pathways [157, 163], adenylates mostly
remain in a bound state (Kp ~ 10 nM for isoleucyl-tRNA synthetase) and are
stabilized in the active site of the adenylate-forming enzyme so that bound
reagents and products are close to equilibrium. Moreover, to drive adenylate
formation to completion, the process can be coupled to pyrophosphate hy-
drolysis as a result of inorganic pyrophosphatase activity [164], which allows
the system to take advantage of the free energy of both phosphoanhydride
bonds of ATP. But a prebiotic process of that kind would have required two
different but efficient prebiotic catalysts, the first one to achieve adenylation,
and the second one for hydrolyzing pyrophosphate whereas being inactive
with respect to ATP or other polyphosphates. Therefore, adenylation with
ATP or even the formation of other mixed anhydrides from phosphoanhy-
drides can be ruled out as abiotic processes for amino acid activation.

Alternatively, the difference in free energy between NCAs and adenylates,
which is approximately of 5 k] mol~! would have allowed the presence of small
but substantial amounts of phosphate mixed anhydrides (possibly adenylates)
of amino acids at equilibrium.

O —
R R'OPO,* o ¢ 18d: R =Hor © (AG ~ —10 kJ mol")
0 R O—I'?’—OF{1
HN o . 3
\\g) HCOs~  *NH3 18e:R'=H (AG~ 5 kJmol)
Scheme 27

This possibility has recently been supported by the observation of a re-
action of inorganic phosphate (R! = H) with valine NCA yielding the mixed
anhydride 18d (R! = negative charge) as a reaction intermediate [165]. The
reaction of inorganic phosphate is apparently complete in agreement with the
fact that aminoacyl phosphates are predicted to display a free energy level
15k] mol™! lower than that of adenylates (Table 1). Surprisingly, the mixed
anhydride turned out to behave as an activated phosphate instead of an ac-
tivated amino acid giving rise to a process in which the hydrolysis of NCA is
coupled to the free energy transfer to phosphate, so that NCAs may have been
involved not only in prebiotic peptide synthesis but also in phosphorylation
processes.

Starting from phosphate monoesters (R! # H), including nucleotides, the
mixed anhydrides would be less easily observable from NCAs since the equi-
librium is slightly unfavorable as predicted from the values of Table 1. But, in
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this case, the phosphoryl transfer pathway is unlikely to be predominant with
the monoester mixed anhydrides 18e. The latter have indeed been shown to
react as aminoacylating agents [166, 167], which is consistent with the bio-
logical role of adenylates. Although it is a likely possibility that is currently
investigated in our group, the formation of aminoacyl phosphate mixed anhy-
drides from NCAs and unactivated nucleotides under prebiotically pertinent
conditions and its consequences for primitive peptide formation remains to
be supported by published experiments.

In relation with the unique reactivity of N-(dialkylphosphoryl)amino acids
mentioned above (see Sect. 3.2.3), a conversion of the carboxylic-phosphoric
mixed anhydride 18f (R! = R? = alkyl) would provide an appealing pathway
for the formation of the N-phosphorylated derivatives. The reaction of NCAs
might have then allowed a pathway for the formation of these versatile inter-
mediates that can be useful for nucleotide ligation.

1 R
o O 1 ? o, OR QFN
R O-P-OR" ... = megrPNH - RPO-P-N o~
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*NH3 0 o]
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Scheme 28

However, the possibility that aminoacyl phosphoanhydrides involving
phosphate diesters may have been formed from NCAs is unlikely. The ab-
sence of a negative charge on the phosphate moiety would render acyl and
phosphoryl groups more sensitive to nucleophilic attack because of the loss
of electrostatic repulsion with the nucleophile. As a result, the free energy
content of these compounds at pH 7 would reach a level approximately
35k] mol™! above that of the corresponding monoester derivatives 18e as-
suming a free energy level similar to that of the undissociated conjugated acid
18f (R! = alkyl, R? = H) and a pK, value of 1 for the acid dissociation con-
stant of its acylated phosphoric acid moiety. The formation of anhydride 18f
in significant concentration is thus unlikely.

Several systems based on the potentialities of amino acid-phosphoric acid
mixed anhydrides have been devised to check the idea that the genetic code
developed from an early pathway of RNA-dependent peptide synthesis in an
RNA world [168]. RNA sequences have thus been selected that are capable of
self-aminoacylation using amino acid adenylates, catalyzing a reaction chem-
ically similar to the aminoacylation of tRNA by the protein aminoacyl fRNA
synthetases [169].

Thanks to the fact that the reaction of a nucleoside 5'-triphosphate with
amino acids is less unfavorable at low pH, 5-triphosphate RNAs capable of
self-aminoacylation have been selected from a randomized pool of sequences
(120-mers) at pH 4-4.5 [170]. The selection process involved the selection and



Prebiotic Chemistry of Amino Acids and Peptites 103

amplification of the thiol-containing sequences formed by reaction of mer-
captopropionic acid with the 5'-terminal triphosphate group.

O

g~ AO-PRNA + PP

5-pppRNA  + Hs/\/COOH

Scheme 29

In addition to the reaction of mercaptopropionic acid, mixed anhydrides
were also formed and identified starting from leucine and phenylalanine in
the presence of Ca®* ions, showing that RNAs can replace protein aminoa-
cyl tRNA synthetase catalysts for amino acid activation. The formation of
a detectable amount of aminoacyl 5-phosphate polynucleotide seems to
be in contradiction with the instability predicted for aminoacyl adenylates
(Table 1), however it can be explained by the low pH value increasing their
stability and the fact that the selected RNA structures are likely to stabilize the
mixed anhydride moiety of the covalent conjugate by favorable intramolecu-
lar interactions induced by folding.

Recently, the formation of a peptide bond has been observed in a sys-
tem inspired by the contemporary process that uses aminoacyl (mononu-
cleotide) adenylates as intermediates for aminoacyl tRNA synthesis [171].
Thus, a system made of three components (Fig. 4), an aminoacyl (ester) mini-
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Fig.4 Peptide bond formation by reaction of an aminoacyl (anhydride) oligonucleotide
as described in [171]
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helix, a highly reactive aminoacyl (anhydride) phosphate oligonucleotide,
and an RNA guide was shown to be efficient at much lower concentrations
than an intermolecular system [171].

A similar system was also capable to promote acyl transfer allowing the
synthesis of a 2/,3’-aminoacyl (ester) oligonucleotide from an aminoacyl (an-
hydride) 5'-phosphate oligonucleotide [172].

34.2
Amino Acid Thioesters and Amino Thioacids

It has been devised that the thioester bond served as the first high-energy
bond in a “thioester world” proposed to have occurred as an intermediate
stage between an abiotic world and the RNA world [173]. This hypothesis is
supported by the existence of many pathways involving thioesters as interme-
diates in the metabolism of modern living organisms such as non-ribosomal
peptide synthesis and coenzyme A-thioester-linked reactions [174, 175]. An-
other indication supporting a prebiotic role for thioacids and thioesters is the
fact that sulfur compounds at low oxidation states were likely to be present
due to an increased volcanic and hydrothermal activity. As, under reduc-
ing conditions, aminonitriles are likely to have been formed in substantial
amounts [1, 43], their reaction with H,S would have produced thioamides and
thioacids [151]. It is also supported by the free energy content of thioesters
(Table 1) that is consistent with a possibility of conversion of inorganic phos-
phate into aminoacyl phosphates and then with a prebiotic phosphorylation
process [173]. On the other hand, the formation of aminoacyl adenylates (or
other mixed anhydrides with phosphoric acid monoesters) from aminoacyl
thioester is not favorable (Table 1) unless a prebiotic catalyst playing a role
similar to that of modern adenylate-forming enzyme would be present to sta-
bilize the mixed anhydride.

The possibilities of amino acid thioesters in peptide synthesis have been
demonstrated very early as well as the effect of carbon dioxide supporting
the involvement of N-carboxyanhydrides in the hydrolysis and polymeriza-
tion pathways [127,176,177]. Aminothioacids can also be converted into
NCAs [152,178,179] but they can, in addition, be activated by oxidation into
disulfides which are much more reactive [151].

Weber [61,62] has developed in the context of prebiotic chemistry an ori-
ginal pathway for o-aminothioester synthesis [180], which can start from
hydroxyaldehydes 30 intermediates in the formose reaction (a likely prebiotic
pathway to carbohydrates). Obviously, thioesters themselves are not observed
as products because of their fast hydrolysis in the medium, but they could
be converted into peptide bonds in the presence of amino acids or pep-
tide free amino groups, and into mixed anhydride with phosphoric acid in
the presence of inorganic phosphate. The reaction involves two key-steps:
the condensation of ammonia and of the mercaptan on «a-keto aldehyde 31
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(e.g. resulting of the dehydration of an aldol-condensation product), then
the redox rearrangement of the resulting imino hemithioacetal 32. Its main
originality lies in the fact that the free energy present in formaldehyde (the
monomer precursor of formose products) is converted into valuable carbohy-
drate or peptide products.

NH;

R2SH o
+NH3
Scheme 30
343

Other Amino Acid Derivatives

As reminded by Lazcano and Miller [181], a possibility for the formation
of prebiotic polymers is the spontaneous synthesis of a polymer from high-
energy precursors. The direct polymerization of glycine nitrile into poly-
glycine [182-184] is sluggish, but it is thermodynamically favorable and the
possibility of indirect catalytic processes remains to be explored.

35
Activating Agents

3.5.1
N, N’-Carbonyldiimidazole (CDI)

Since N,N’-carbonyldimidazole has been shown to induce peptide bond for-
mation in aqueous solutions of amino acids [185], this way of activation has
been repeatedly used in the field of prebiotic chemistry though CDI could
hardly be considered as a prebiotic activating agent. During the last years
this method of activation has been used to study the stereoselectivity of the
reaction in solution [186-188], in aggregates [189] and the polymerization
on solid minerals [129, 190]. The initial intermediate that accumulates after
CDI activation of an amino acid in a concentrated imidazole buffer (pH 7) is
an N-(imidazol-1-yl-carbonyl)amino acid, 23b, which is then converted into
oligopeptides.

Intermediate 23b can be obtained by a direct nucleophilic attack of the un-
charged amino group (present at low equilibrium concentration at pH 7) but
the mechanism of this step may be more complex as shown by the observa-
tion of a catalytic effect of CO; in amidations using CDI [191]. Moreover, the
reaction of the carboxylate group followed by an intramolecular acyl transfer
is also a possibility. CDI-promoted peptide formation was shown to display
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unusual features, namely the absence of diketopiperazine side-product and
the fact that dipeptides are not polymerized by CDI activation in water [185].
These features are consistent with a polymerization mechanism involving low
concentrations of an N-carboxyanhydride intermediate as mentioned above
for the conversion of carbamate derivatives of aminoacids with good leaving
groups. The conversion of carbamylimidazole intermediate 23b into NCA is
possible because of the easy elimination of imidazole giving isocyanate 24,
but the fact that a similar process was also observed with the N-methylated
compound derived from sarcosine shows that acyl transfer via an addition-
elimination mechanism (path b of Scheme 37) is also possible [126].

3.5.2
Other Activating Agents

Water-soluble carbodiimides have been used to polymerize negatively
charged $- and o-amino acids [192, 193]. But it turned out that, starting from
a-amino acids, high polymerization degrees can only be obtained with as-
partic acid using these activating agents. Possibly the participation of the
B-carboxyl group allows the transient formation of anhydride 33. However,
carbodiimides are usually not considered as prebiotic reagents though it
must be noticed that unsubstituted carbodiimide can be formed by tau-
tomerization of cyanamide in the presence of water at low temperature,
which may have important implications for both cometary and interstellar
chemistry [194].

Carbon monoxide has also been shown to act as an amino acid condens-
ing agent at 100 °C in the presence of precipitated (Ni,Fe)S and of thiols or
hydrogen sulfide [195].

(0]
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Scheme 32
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4
Protometabolisms

Several processes involving the continuous feeding in activated reactants sup-
plying chemical energy have been proposed to lead to the emergence of
proto-metabolisms (otherwise called chemo-metabolisms), defined as a se-
quence of thermodynamically favorable chemical reactions (usually cyclic)
through which more evolved species could have been produced, and that
could have been the starting point from which life developed.

4.1
Systems Based on Amino Acid and Peptides Only

The Primary Pump Scenario

From the constraints of N-carbamoyl amino acid activation with NO, (see
above Sect. 3.3.7), Commeyras et al. designed a scenario they called the
Primary Pump, which might have taken place on tidal shores during the
Hadean [146]. This scenario involves several chemical and physical steps
(Fig. 5), and relies on the constant income of AA and/or CAA, and on the re-
current alternation of dry and aqueous periods. These are necessary to ensure
NO,-mediated CAA activation into NCA, then to provide adequate conditions
for NCA condensation. The driving force is provided by the continuous in-
come in activated species (NOy, cyanate) as well as by phase changes (drying,
then dissolution after watering). Slow competing reactions, namely peptide
hydrolysis and epimerization allow the peptide pool to evolve through chem-
ical selection. This allows in theory the selection of privileged sequences, e.g.
of regular tacticity. If the time elapsed between each drying/wetting cycle
is short enough so that peptide hydrolysis is not complete, peptides can in
principle be accumulated in the medium.

This Primary Pump scenario is a model of protometabolism [147]. Its fea-
tures served to build a theoretical model (limited to dipeptides, Scheme 38)
by which homochirality could have emerged from a racemic amino acid
world without needing autocatalysis [196]. Actually, this model shows that
stereoselectivity at three different stages (with corresponding selectivity
ratios in brackets): NCA coupling with AA (&), dipeptide hydrolysis (B),
and dipeptide epimerization (y) is enough to promote homochirality. The
racemic composition is not stable for certain values of the set of selec-
tivity ratios «, B, y (taken as parameters) and provided the system is
supplied with chemical energy to continuously recycle the amino acid
into NCA.
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Fig.5 The Primary Pump, a peptide-based protometabolism scenario [146] involving
the following steps: I: amino acid N-carbamoylation; II: concentration through drying;
III: NOx-mediated CAA activation; IV: dissolution through watering (by e.g. sea water);
V: NCA reaction in aqueous phase (Va: NCA hydrolysis; Vb: condensation with AA or
peptide); VI: slow hydrolysis of peptide bonds; VII: «-carbon epimerization (VIIa: of
amino acid and CAA; VIIb: of peptide residues). Additional steps corresponding to pep-
tide N-carbamoylation/nitrosation have not been mentioned for the sake of clarity. It is
worth mentioning that although the N-carbamoylation of peptides renders them unre-
active towards NCA, this is reverted by NOy-mediated nitrosation [197], thus keeping
peptides within the polymerization process

Carbon Monoxide-driven Peptide-cycle

Extending a previous report of amino acid activation by CO in the presence
of colloidal (Ni,Fe)S [195], Wachterhduser and co-workers have recently pro-
posed a primordial peptide cycle in which CO drives peptide synthesis and
cleavage in the presence of colloidal (Ni,Fe)S [198]. The reactions were car-
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Scheme 33 Theoretical model for the emergence of homochirality avoiding autocatalysis
as proposed in [196]. kpete and kpomo represent the rate constants of “homochiral” and
“heterochiral” reactions respectively

ried out by heating solutions of amino acids at 100 °C under an atmosphere
of CO (1.05 bar). Under these conditions a-amino acid N-carboxyanhydrides
have been proposed to be formed through a reaction of CO with free amino
acids at the surface of the catalyst and then to be responsible for peptide elon-
gation at the N-terminus of a peptide chain (H,N — Pept®). Peptide degrada-
tion is proposed to involve the reaction of CO leading to the cleavage of the
N-terminal residue through hydantoin and urea intermediates (Scheme 30).
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Scheme 34
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4.2
Interactions between Amino Acids, Peptides, and Sugars

The process called “the sugar model” [61] by which formose reaction in-
termediates (glycoaldehyde, glyceraldehyde) can be converted into valuable
aminothioester intermediates has been mentioned above. However, Weber
has extended the connection between formose reaction and amino acid
chemistry by the detection of a catalytic effect of amino acids [62]. The
system can then yield a large variety of biomolecules including sugars, ac-
etaldehyde, glyoxal, pyruvate, imidazole, hydroxy- and amino-thioester and
then peptides. The experimental pH value of 5.5 is not far from the value ex-
pected under an atmosphere with a high CO, content, which supports the
relevance of the reaction to the conditions of the primitive Earth. Amino acid
catalysis proved to be stereoselective showing that L-amino acids preferen-
tially yielded p-threose [199]. Importantly, the effect was especially noticeable
for a-methyl amino acids that have been observed in non-racemic ratio in
Murchison meteorite [69].

4.3
Did Biochemical Amino Acid Activation Evolve
from an Early Nucleotide Activation Pathway?

We can also get some information by comparing the modern biosynthetic
pathways to the capabilities of prebiotic chemistry. Amino acids are usu-
ally activated in living organisms by reaction with ATP both through the
ribosomal and non-ribosomal peptide synthesis pathways. Amino acyl tRNA
synthetases bind ATP and free amino acids to cause the highly unfavorable
adenylate anhydride formation to be close to equilibrium in the active site.

K

AA + ATP

AA-AMP  + PP

K ~ 1 for enzyme-bound substrates and products
K ~107°-107% at pH 7 in water
Scheme 35

Regarding the origin of life problem, it remains to determine why this pro-
cess has been selected by evolution whereas nearly no mixed anhydride is
present at equilibrium in the absence of enzyme. If we assume the hypothesis
that life emerged from a coevolution process involving both amino acid and
nucleotide chemistries, it follows that the translation apparatus must have
been formed very early. The only possibility that remains to explain the se-
lection of highly unstable intermediates in peptide biosynthesis is to consider
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that aminoacyl adenylates were first formed from an alternative mechanism.
Then, they were conserved during further evolution because their free energy
level had been reduced by favorable interactions with aminoacyl adenylate
binding proteins (or RNAs) that became the ancestors of modern adenylate-
forming enzymes but played initially a different role. In relation with the data
supporting a prebiotic role for NCAs presented in this review, the hypothesis
can be made that aminoacyl adenylates could have been formed by reaction
with N-carboxyanhydrides. According to our estimate, there is a 5kJ mol™!
difference only in standard free energy between NCAs and adenylates so that
a minor but significant concentration of adenylate may be formed through
a process that takes place spontaneously in the absence of catalyst as shown
by the similar reactivity observed for the reaction of NCAs with inorganic
phosphate [165].

This hypothesis on the formation of aminoacyl adenylates or other
amino acid-nucleotide mixed anhydrides let us put forward a scenario
(Scheme 39) consistent with the ideas that life arose through a process in-
volving a metabolic linkage between peptides and nucleic acids. This scenario
is quite naive because it is based on the biochemistry of present day liv-
ing organisms and evolution may have followed more complex pathways.
It requires a complete reversion of the rule learned from biochemistry that
activated amino acids are only building blocks in protein synthesis while nu-
cleotides play many other roles in the cell than simply being nucleic acid
monomers [200] and very importantly the role of energy carriers under the
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Scheme 36 A plausible process of nucleotide activation using NCAs as energy carriers
in an RNA world. For reasons of simplicity, the activation of a separate nucleotide is
presented here, but many other alternative systems can be conceived as for example the
reaction of a pendant phosphate at the 5'-terminus of an RNA oligomer. The structure
of the oligomer may assist the reaction through neighboring group effects and favorable
interactions with reactants
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form of triphosphates. In this scenario we start from the idea that, because
of their availability and their unusually transferable energy content, NCAs
played a role of energy carriers capable of activating inorganic phosphate
to provide a prebiotic phosphorylation pathway and also capable of activat-
ing nucleotides under the form of the mixed anhydrides. Then, phosphate
mixed anhydrides with amino acids may have converted nucleotides into
nucleoside-5'-triphosphates (pppN) by two consecutive phosphorylations.
Alternatively, pppN formation may have resulted from a reaction with inor-
ganic pyrophosphate that is the reverse of the modern amino acid activation
pathway and that needs no energy supply but only needs a catalyst since it is
a thermodynamically downhill process.

In this scenario, nucleoside triphosphates may have been polymerized
into RNA, regenerating pyrophosphate, which gives rise to a pyrophosphate
metabolic cycle as shown in Scheme 39. RNA polymerization would have
been dependent on the activity of ribozymes or simpler catalysts [201], which
is consistent with the occurrence of an “RNA world” but a world in which
nucleotide and RNA chemistries relied on the energy supplied by amino acid
chemistry. This scenario can be improved by a further or simultaneous stage
of peptide synthesis involving aminoacyl-RNA conjugates and the appear-
ance of the translation process because of the selection of individual amino
acids by different sequences of RNA. A key step in this archaic process is
the formation of amino acid-nucleotide mixed anhydrides from NCAs that
could have been improved by one of the first coded peptide catalysts (or by
an oligonucleotide moiety) stabilizing the transition state of the reaction with
pyrophosphate. But the global efficiency of nucleotide activation through this
process can also be increased on the condition that the highly unstable mixed
anhydride intermediate is bound and stabilized by the catalyst rendering the
equilibrium with NCAs less unfavorable in the presence of CO; (stage 2 of
Scheme 40). In other words, the efficiency of nucleotide activation could have
been the driving force that guided the evolution towards adenylate anhydride
binding proteins.

In this scenario, the next key step was the discovery by early living
organisms of alternative pathways to synthesize nucleoside triphosphates
(stage 3 in Scheme 40), for instance by the introduction of an oxido-reduction
metabolism. In the particular case of ATP, the increase in its concentration
could have forced the chemical flux of the system to be reverted since the un-
stable adenylate anhydride was stabilized in the active site of the adenylate
binding protein (E) allowing the activation of amino acids by ATP through the
process that became predominant.

An early emergence of adenylate-forming enzymes can also explain the
wide diversification of this family of enzymes [175], many of which are now
capable of reacting with carboxylic acids without ¢-amino group (essential in
the hypothetical early mechanism using NCAs as substrates, but then useless)
and which is involved in many different biosynthetic pathways.
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Scheme 37 Second and third stages of the evolution of amino acid activation: (2) The
system of Scheme 39 is improved by enzyme catalysis: the mixed anhydride is stabilized
by binding making the equilibrium with NCA more favorable; (3) an alternative pathway
for nucleoside triphosphate synthesis has been introduced, the chemical flux has been
reverted

Aminoacyl phosphate oligonucleotides adaptors [202] were shown to
be efficient in peptide bond formation with aminoacylated guide se-
quences at concentrations much lower than those needed in the reaction of
monomers [171]. This rate increase has probably a similar origin [203] as the
entropy trap role proposed for the ribosome [204]. We can then conceive sys-
tems based on RNA oligomers and capable of the properties mentioned in
Scheme 39 with an increased efficiency compared to mononucleotides. Such
systems are consistent with the essential role of peptidyl-pre-tRNA molecules
consisting of a peptidyl moiety bound to an RNA oligomer for the origin
of the genetic code [25,205]. These peptidyl-RNA conjugates may have also
served as anchoring devices allowing the RNA part to be concentrated in
aggregates formed by the amphiphilic peptide moiety [26,206]. This idea is
consistent with the possibilities that the main utility of the first peptides was
not catalysis but simply to hold together polynucleotides [207] and that they
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formed the primitive apparatus from which evolved both the membrane and
the cytoskeleton [208].

4.4
Catalysis by Amino Acids and Peptides

The microenvironment that is found in non-folded polymers can promote
some kind of specific “enzyme-like” medium effects (due to desolvation in
an hydrophobic environment or to electrostatic interactions) allowing signifi-
cant increases of the rate of certain reactions that are especially sensitive to
medium effects. An efficient process of this kind has been reported using
an organic polymer consisting of modified polyethyleneimine [209], with
important deductions on the capabilities of primitive enzyme catalysis. A no-
ticeable efficiency and selectivity has been reported for selected reactions of
peptide dendrimers [210, 211], in which the sequence and, possibly, the struc-
ture are more precisely defined. These kinds of catalytic effects may be related
to the reactions that could have been promoted by uncoded prebiotic pep-
tides. However, it must be stressed that high catalytic efficiencies would never
be reached by this kind of catalysts in the general case, because a tightly
folded and packed structure is needed to fix the geometry of the catalytic
site [105], which determines the lower size of efficient polypeptide catalysts
to several tenth of residues. Actually, it seems likely that inorganic miner-
als, inorganic ions, small organic species [44], or nucleotidic cofactors [11]
performed most catalytic activities in an abiotic world or at the early stages
of biochemical evolution. Interestingly amino acids have been proposed as
catalytic cofactors in an RNA world [7]. In this context, several examples of
catalysis by amino acids have been reported. Amino acid catalysis, which has
also reached an important place in stereoselective organic synthesis [212], has
a special importance for the catalysis of carbon-carbon-forming aldol con-
densations. The catalysis of aldol reactions of dihydroxyacetone by peptides
has also been reported [213]. The process is efficient in aqueous solution and,
possibly of importance for the prebiotic synthesis of sugars [214,215] (see
above Sect. 4.2).

5
Conclusion

Probably because researchers involved in the study of amino acid and peptide
prebiotic chemistry have seen their field of investigation challenged by the
possible occurrence of an RNA world, much progress has been made in this
field during the last decade. New directions have been explored, leading to
prebiotically plausible pathways accounting for both amino acid and peptide
production, and peptide chemo-metabolisms have been proposed. Since new
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indications have been put forward suggesting that life emerged from a co-
evolution involving nucleic acid and peptide chemistries, we are confident
that further investigations will succeed in proposing scenarios assembling
prebiotic building blocks and energy to yield evolved systems. Efficient and
selective reactions have been observed for systems involving intramolecu-
lar steps, in agreement with the fact that intramolecular catalysis is the only
chemical system capable of challenging enzymatic efficiency, which supports
its broad involvement in early catalytic systems.

One of the main ideas developed in this chapter has been to emphasize
the role played by NCAs, which is supported by a thermodynamic analy-
sis of their unique behavior among activated peptide monomers, but also to
suggest that they played a role of energy carriers capable of activating in-
organic phosphate and possibly nucleotides. This interaction between NCAs
and phosphate or nucleotides is an evolved feature and it would be surpris-
ing that it would have been lost by evolution at an intermediate stage before
the emergence of the modern protein-nucleic acid world in which this link-
age has become prevailing. These ideas are consistent with the possibility of
life originating from a peptide-RNA world with a very early emergence of the
translation apparatus. They may be supported by further experiments in the
next years as well as the role of ribonucleopeptides that could be built using
these systems. These directions may lead to overcome the limits of the RNA
world hypothesis.
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Appendix

Assessment of the Free Energy of Hydrolysis
of N-Carboxyanhydrides

To the best of our knowledge, no assessment of the free energy content of
NCAs has been reported. In order to give a basis for the discussion we present
the following evaluation built on the assessment of the equilibrium constants
corresponding to the different steps of NCA hydrolysis.

The cyclization of carbamic acid 34 into NCA was supposed to correspond
to an equilibrium constant that would not be very different from the values re-
ported for the cyclization of succinic acid derivatives 36 (Kcyc = 0.7 x 10~ and
4 x 107 for R =H and Me, respectively [216]). The value of Keye = 1% 107
was therefore selected for carbamic acid 34.
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The pKy values for the carboxylic and carbamic acid functionalities of
diacid 34 were estimated to pK;(DA) = 3.7 (3.66 and 3.88 for N-ethoxycar-
bonyl-glycine and N-carbamoyl-glycine, respectively [154]) and pK,(DA) =
6.2 (5.25 for carbamic acid and 5.33 for glycyl-glycine carbamate [217] and
taking into account a 0.9 pK4 shift due to electrostatic destabilization of
the dianion), respectively. A value of pK;(AA) = 9.8 was selected for the dis-
sociation of the protonated amino acid. The equilibrium constant for the
formation of carbamate 35 was estimated to K44 ~ 1 x 10~ from a series of
experimental values [217-221].

The overall equilibrium constant Kyyq(pH 7) ~ 5 x 10" was obtained by
combining these values at pH 7 and taking into account the fact that CO; is
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mainly under the form of HCO3™ ion (pK;j (carbonate) = 6.4), which corres-
ponds to an approximate value AG® ~ — 60 k] mol™.

This estimate is consistent with the fact that the reaction of Val-NCA with
phosphate yielding valyl-phosphate is not reversible within the limits of detec-
tion allowed by NMR spectroscopy [165]. The free energy of phosphate reaction
must therefore be situated below — 5 k] mol™!, which is in agreement with the
estimated value of — 50 k] mol™! stated in Table 1 for aminoacyl phosphates.
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Abstract Theories of prebiotic life suggest that homochirality emerged in Nature in abi-
otic times via deterministic or chance scenarios. This chapter deals with experiments
demonstrating the feasibility of stochastic mirror symmetry breaking that occurs via
autocatalytic processes involving the self-assembly of molecular clusters, 2-D and 3-
D crystals, supramolecular organo-metallic catalysts, and polymeric helices and sheets.
Once generated spontaneously by chance, chirality can be preserved and propagated to
the environment provided that the symmetry breaking step is coupled with a sequen-
tial step of efficient amplification via self-replication reactions. Common features for the
systems of relevance are that they take into consideration small fluctuations from the
racemic state, and they display non-linear kinetic effects induced by diastereoisomeric
supramolecular self-assemblies that exhibit different physical or chemical properties.

Keywords Asymmetric autocatalysis - Biomolecular handedness - Chiral clusters -
Chiral surfaces - Enantiomorphous crystals - Homochiral peptides - Mirror
symmetry breaking - Non-linear kinetics - Self-replication of peptides

1
Introduction

One of the remarkable hallmarks in Nature is the bias observed in biopoly-
mers composed from homochiral L-o-amino acids and D-sugars toward
a single handedness. This has resulted in a common perception that the pres-
ence of molecules of a single handedness is a unique signature of living sys-
tems. Theories for the origin of a single chirality in the biological world fall
into two major categories: biotic and abiotic. The first category suggests that
selection of one of the enantiomers took place at alate stage in the bio-
logical evolution of living matter [1,2]. The second scenario proposes that
chiral materials were formed prior to the appearance of the earlier biopoly-
mers [3]. This surmise is based on experimental work [4], independently
supported by theoretical considerations [5], where directed complementary
oligomerisations in templates of nucleotides performed on enantiomerically-
pure primers of nucleic acids were strongly inhibited in the presence of
racemic ribonucleotides. For this reason, it has been a challenge to demon-
strate that spontaneous mirror symmetry breaking of racemic mixtures is
feasible under conditions similar to those occurring in primordial times.
Deterministic and stochastic processes should be taken into account. The
deterministic scenario invokes transfer of the intrinsic chirality of the uni-
verse to the biopolymers of life [6, 7]. Ab initio theoretical estimates that take
into account the chiral electroweak forces indicate that the L-amino acids and
the D-sugars are more stable than their corresponding enantiomers [8,9].
The minute energy differences between these enantiomeric pairs, under Dar-
winian reaction kinetics in a flow reactor, were invoked to account for the
biomolecular handedness that arose when life began [7]. Several reports
describing deterministic mechanisms that could have induced mirror sym-
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metry breaking are experimentally untenable or have been disproved [10, 11].
A second deterministic effect that might have played a role in this context
of mirror symmetry breaking is the modus operandi of circularly polarized
light (CPL), or the combination of plane polarized light and an oriented
magnetic field [12, 13]. Both asymmetric synthesis and the induced enan-
tioselective photo-resolution of racemates of amino acids and other organic
molecules with high enantiomeric excesses (ee) have been observed [14]. The
role played by CPL in the origin of molecular chirality has attracted interest,
since astrophysicists have observed that light emitted from interstellar stars
is circularly polarized and thus might have been instrumental in the gen-
eration of extra-terrestrial enantiopure materials that landed on Earth [15].
Also relevant in this context are the reports that amino acids extracted from
the Murchison meteorite contain some non-natural amino acids enriched
with the L-enantiomers [16, 17]. Although the origin of the handedness of
these amino acids has not been fully determined, one assumes that they
have been formed by enantioselective photodecomposition of the racemic
mixtures, achieved by irradiation with CPL [18,19]. Two recent studies have
demonstrated that these non-natural amino acids might have served as chi-
ral auxiliary molecules for the preparation of non-racemic sugars [20] and
peptides of natural amino acids that assume 3;¢ helical structures [21].

A stochastic surmise suggests that spontaneous mirror symmetry breaking
might have occurred in systems that were far from equilibrium and that had
undergone phase transitions [22]. In these transformations, at variance with
the deterministic ones, there is equal probability of obtaining either the D-
or the L-enantiomer in excess. On the other hand, such stochastic routes are
theoretically well understood and experimentally-feasible in the laboratory,
and therefore some of them might be realistic under prebiotic conditions. In
order to preserve, as well as to propagate, the handedness once generated by
stochastic scenarios, it is imperative to couple the first event of mirror sym-
metry breaking with a sequential step of efficient autocatalytic amplification.
A number of such successful experiments had been reported over the years,
some of which are presented below.

Several comprehensive reviews had appeared over the years on the topic of
the origin of homochirality [14, 23-29]. Here, we summarize several recently-
reported experimental studies that are pertinent to the problem of stochastic
mirror symmetry breaking, with an emphasis on experiments performed in
the authors’ laboratory. In particular, symmetric systems undergoing spon-
taneous segregation into supramolecular chiral assemblies are considered,
with the focus on systems where the formed chiral architectures self-replicate
auto-catalytically and propagate their handedness to the rest of the environ-
ment. These architectures comprise chiral crystalline clusters and nuclei of
organic and inorganic crystals, organo-metallic complexes, liquid crystals,
growing and dissolving surfaces, and linear polymers as template primers.
Reactions in chiral self-assemblies can provide simple mechanistic routes for
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the generation of homochiral biopolymers from racemic or non-racemic ac-
tivated monomers of low enantiomeric imbalance.

2
Stochastic Mirror Symmetry Breaking by Spontaneous Self-Assembly

The models of Prigogine and Kondepudi [22,30] consider non-chiral sys-
tems that undergo a phase transition. The models assume that at the singular
point of the transition, new dissipative architectures might be formed. If these
structures are chiral, the system bifurcates into two new heterochiral phases.
Where a single or a small number of dissipative assemblies are formed, they
are dominated by species of one handedness. At this early stage of the tran-
sition, the mirror symmetry of the system has been broken spontaneously.
However, during the formation of an additional large number of dissipative
structures, they will be of both handednesses and the emerging phase will
be symmetric. Symmetric systems can be driven towards chirality provided
that the first “Adam™ [31] chiral species formed stochastically after the phase
transition generates new fresh assemblies of the same handedness via a auto-
catalytic mechanism, or that it inhibits the formation of new ones of opposite
handedness via enantiomeric cross-inhibition. It has been demonstrated that
both effects operate in unison and that the handedness of the new phase is
determined by the handedness of the first “Adam” assembly.

Two additional models that encompass similar stochastic features have
been proposed; the mathematical model by Frank on the polymerization re-
actions of amino acids [32], and the autocatalytic scheme by Calvin [33],
Scheme 1.

Several systems are pertinent for the realization of these models, includ-
ing crystalline arrays and lattice-controled reactivity therein, organization of

(Fast)
D-A L-A

Reaction

Kcat (0) Kear (L)
(Fast) (Fast)
0-B kD ku L-B

(Slow)  (Slow)

Scheme 1
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molecules on surfaces, asymmetric autocatalysis, and asymmetric induction
in the formation of isotactic polymers.

2.1
Chiral Crystals and “Absolute” Asymmetric Synthesis

Non-chiral or chiral molecules undergoing fast racemisation that self-
assemble in enantiomorphous two-dimensional (2-D) or three-dimensional
(3-D) crystalline domains reside in a chiral environment within these
supramolecular architectures. In such systems, the overall composition of
the crystallites is either non-racemic or even of a single handedness, de-
pending upon the conditions of the crystallization. Homochiral crystals can
be obtained when the crystallization starts from a single nucleus, but their
handedness cannot not be predicted in the absence of chiral auxiliaries, and
the enantiomeric excess of the crystallites will vary from one experiment to
another. The term “total asymmetric transformation” has been coined to dis-
cern such processes. Early examples of inorganic molecules displaying such
an effect comprise crystals of quartz, sodium chlorate, and sodium bromate.
In the 1950s, this phenomenon was also made manifest in organic crystals by
the pioneering study of Havinga [34] on methyl-ethyl-allyl-anilinium iodide,
followed by experiments on the inclusion complexes of tri-o-thymotide [35].
Non-chiral crystals such as potassium dichromate and boric acid have been
shown to self-assemble in helical mesoscopic morphologies via diffusion-
limited growth in various gel matrixes, without the assistance of chiral
auxiliary molecules [36, 37].

Very recently, these processes were extended for the generation of helical
morphologies of K,SO4 crystals [38] generated in the presence of polyacrylic
acid, Fig. la,b, and for the preparation of helices from the achiral BaCO3
nanocrystals [39,40] grown in the presence of racemic hydrophilic block
copolymers.

Fig.1 a, b Helical morphologies and backbone obtained by crystallization of K;SO4
with an increase in polyacrylic acid concentration. (Reproduction from [38]. Copyright
2005, American Chemical Society) ¢, d Left- and right-handed helical silica (diameter
100-110 nm) used for “absolute” asymmetric catalysis (Reproduced from [56]. Copyright
2005, Elsevier)
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Chiral crystals generated from non-chiral molecules have served as reac-
tants for the performance of so-called “absolute” asymmetric synthesis. The
chiral environments of such crystals exert asymmetric induction in photo-
chemical, thermal and heterogeneous reactions [41]. Early reports on suc-
cessful “absolute” asymmetric synthesis include the y-ray-induced isotactic
polymerization of trans-trans-1,3-pentadiene in an all-frans perhydropheny-
lene crystal by Farina et al. [42] and the gas-solid asymmetric bromination
of p, p’-dimethyl chalcone, yielding the chiral dibromo compound, by Penzien
and Schmidt [43]. These studies were followed by the 27 + 27 photodimer-
ization reactions of non-chiral dienes, resulting in the formation of chiral
cyclobutanes [44-48]. In recent years more than a dozen such syntheses
have been reported. They include unimolecular di-w-methane rearrange-
ments and the Nourish Type II photoreactions [49] of an achiral oxo- [50]
and a thio-amide [51] into optically active B-lactams, photo-isomerization
of alkyl-cobalt complexes [52], asymmetric synthesis of two-component mo-
lecular crystals composed from achiral molecules [53] and, more recently, the
conversion of non-chiral aldehydes into homochiral alcohols [54, 55].

Right- and left-handed helical silica, Fig. 1c,d, has been successfully used
as an auxiliary in a catalytic reaction used in “absolute” asymmetric synthe-
sis [56].

2.2
Chiral Surfaces of 3-D Crystals

Crystals interact with molecules of the environment via the surfaces that de-
lineate them. Consequently, several of their properties, such as their morph-
ology, structure and symmetry of solid-solutions and their etch-pit patterns
formed upon partial dissolution, depend on an interplay between the surface
structures of the crystal faces and the composition of the solution. For ex-
ample, crystallization of a racemate undergoing spontaneous resolution in the

Fig.2 a Habits of pure D- or L-Glu.HCI crystals; b, ¢ Crystals of L-Glu.HCI grown in the
presence of increasing concentrations (2-50 mg/ml) of additive L-lysine, yielding thinner
and thinner plates and finally powder. d Crystals obtained from DL-Glu.HCI grown in the
presence of additive L-lysine. The powder is the L-enantiomorph, whereas the unaffected
crystals are D-Glu.HCl
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presence of “tailor-made” chiral additives, which are adsorbed enantiospecif-
ically at the surface of one of the crystals, results in the precipitation of the
two enantiomorphs displaying very different morphologies [57]. This ap-
proach provides an interesting modification of the classical Pasteur method
on the separation of enantiomorphous crystals by entrainment. For example,
the enantioselective habit changes observed for the enantiomorphous crystals
of L-glutamic acid monohydrochloride (Glu.HCl) grown in the presence of
L-lysine are shown in Fig. 2a-c. Crystallization of DL-Glu.HCl in the presence
of L-lysine yielded L-crystals as a powder covering the unaffected D-crystals,
(Fig. 2d).

23
Reduction in Symmetry of Host/Guest Mixed Crystals

Mechanistic studies on crystal growth of mixed host/guest crystals have
demonstrated that their formation is kinetically-driven. The first step, which
must take place prior to occlusion of the guest molecules into the bulk of
the host crystal, is their recognition by structured sites present at the var-
ious faces of the host crystal. If the symmetry of the crystal face through
which the guest molecules are occluded is lower than that of the crystal, the
mixed crystal undergoes a reduction in symmetry as compared to the host.
This phenomenon has been demonstrated by X-ray and neutron diffraction
studies in crystals of D-asparagine monohydrate grown in the presence of
D-aspartic acid [58].

Centrosymmetric crystals are delineated by pairs of chiral faces of oppo-
site handedness that may interact enantioselectively in solution with guest
molecules tailored so that a small fraction thereof may be adsorbed and even-
tually occluded into the crystal bulk through these chiral faces. Following
this mechanism, many non-chiral host crystals were “converted”, on growth,
into a conglomerate of chiral sectors of the mixed crystal. The handedness
of each sector is predetermined by the chirality of the face through which
the guest molecules have been occluded [59-61]. This concept is illustrated
with an “absolute” asymmetric synthesis performed in the centrosymmet-
ric host crystals of E-cinnamamide, Ph — CH : CH — CONH,;, with non-chiral
guest molecules of E-cinnamic acid, Ph— CH : CH— COOH [60]. According
to the above mechanism, the cinnamic acid guest molecules are occluded
enantioselectively at chiral sites of one handedness through the + b pole of
the host crystal (Fig. 3a) and at enantiomeric sites through the - b pole,
resulting in the transformation of the centrosymmetric host into a mixed
crystal composed of two chiral halves that are coherently compounded. The
change in morphology from the pure host crystal to the host/guest mixed
crystal, that exhibits well-developed {011} surfaces through which the guest
cinnamic acid molecules have been occluded, is shown in Fig. 3b,c. Irradi-
ation of the crystal sectors at the + b and - b poles with UV light yielded, in



130 1. Weissbuch et al.

a b d

h 5
I [URR) P (011)
11 (anti) 17
' s Hanti)

+

+b pole
2 ! 5L rl'l - WCOOH
@ ﬁg‘ﬁ% Al :;;OQ "
> -bpole

-
Hlanti) ) 1& oy .
TN l Hlant) 211 o] " a5 50min
-b

Retention time

Fig.3 a Packing arrangement of E-cinnamamide crystal viewed along the a-axis.
The {011} faces and the four symmetry-related sites in black circles are denoted;
b Morphology of pure crystal grown from methanol/water; ¢ Morphology of mixed crys-
tal grown in the presence of E-cinnamic acid; d Photograph of the mixed crystal with the
assigned - b pole and enantiomeric analysis by gas chromatography of derivatives of the
photodimerization products isolated from the + b and - b poles of the specimen crystal

addition to the centrosymmetric «-truxilic acid, enantiomerically-enriched
mixed acid/amide cyclobutane products, as shown in Fig. 3d.

An “absolute” asymmetric synthesis has been also successfully performed
via the heterogeneous addition of OsO4 on the double bond of achiral tiglic
acid that crystallizes in a centrosymmetric crystal where one of the enan-
tiotopic faces is blocked during the reaction [62].

The mechanism of reduction in crystal symmetry has been demonstrated
for various sectors of centrosymmetric host crystals of E-cinamamide grown
in the presence of a E-2-thienyl-acrylamide guest [59] and by second har-
monic generation measurements in mixed crystals of a centrosymmetric host
nitro-amine Schiff base grown in the presence of the corresponding dinitro-
molecules [63, 64]. Reduction in symmetry was also observed in mixed inor-
ganic crystals of isomorphous salts of Ba(NO3); and Pb(NO3); by polarized
light microscopy [65]. Using this method, it has been demonstrated that the
surfaces of di(11-bromoundecanoyl)peroxide crystals can discriminate be-
tween equally-sized bromine and methyl groups of van der Waals radii of 1.9
and 2.0 A [66, 67].

The occurrence of reduction of symmetry is of particular importance in
the mirror symmetry breaking process of racemic a-amino acids, accom-
plished with the assistance of crystals of glycine grown at interfaces. When
grown from aqueous solutions, glycine crystallizes in its centrosymmetric
a-polymorph (space group P2;/n). This crystal is composed from chiral
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layers of glycine molecules (colored red and in green in Fig. 4a). The non-
chiral molecules of glycine in solution become chiral in the crystalline envi-
ronment because they assume a chiral orientation.

When glycine crystals are grown in aqueous solutions in the presence of
racemic mixtures of amino acids, they display a plate-like morphology with
two well-expressed chiral enantiotopic (010) and (0-10) faces, Fig. 4b. Dur-
ing growth, the D-amino acids interact enantioselectively with the (010) face
by virtue of their o-amino acid moieties and thus replace the ‘red’ glycine
host molecules so that their side chains emerge from the crystal surface and
thus do not interfere with the intra-layer binding process. A minor fraction of
these amino acid guest molecules would be occluded within the bulk of the
glycine crystal on growth. By symmetry, the L-amino acids would be occluded
into the bulk of the glycine crystal through the (0-10) face. As a result of this
process, racemic c-amino acids can undergo segregation into enantiomers
upon occlusion within glycine crystals, Fig. 5.

Furthermore, if the glycine crystals are grown at an interface that blocks
the growth at one of the enantiotopic faces, say (010), then only the L-
enantiomer of the racemic o-amino acids will be occluded within the crys-
tals through their (0-10) face being exposed to solution, thus “converting”
the non-chiral host glycine crystal into a homochiral mixed crystal of sin-
gle handedness. This transformation can be illustrated with glycine crystals
grown in the presence of N°-(2,4-dinitrophenyl)-L-lysine. Crystals that ex-
posed only their (010) face to solution during growth had not occluded the

a ,{) D-amino-
e o1y acids
o\,o?kéfz?; [LURD]

7 i)
L-amino-
acids

(010)

Fig.4 a Packing arrangement of a-glycine with the crystal heterochiral layers of chiral
glycine molecules colored in red and green; b Morphology and photographs of the crys-
tals of pure a-glycine as well as those grown in the presence of D-, L-, and DL-¢-amino
acid additives
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Fig.5 Enantiomeric HPLC analyses of the occluded additives in plate-like crystals of
glycine grown in the presence of DL-glutamic acid; (left to right) sample taken from the
+ b pole, sample from a whole crystal and sample taken from the - b pole

yellow dye and are therefore white, whereas the crystals exposing the (0-10)
face to the solution during growth are yellow, Fig. 6.

One may envisage that such conglomerates of crusts of glycine crystals
might be spread to yield enantio-enriched environments, as in the mechan-
ism proposed by Welch [68].

Diastereoisomeric interactions between chiral surfaces of non-chiral crys-
tals and chiral molecules present in solution are demonstrated by the for-
mation of etch pits. Etch pits were only formed on the (010) face of an
a-glycine crystal partially dissolved in an undersaturated solution containing
D-alanine, whereas the (0-10) face does not exhibit etch pits, Fig. 7a [69].

Fig.6 Photographs of white crusts and yellow crusts of glycine crystals grown at the
air/aqueous solution interface in the presence of N?-(2,4-dinitrophenyl)-L-lysine and
leucine in ratios of L/D >1 and L/D < 1, respectively. The white crystals exposed their
(010) faces towards the solution whereas the yellow crystals exposed their (0-10) faces
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a

D 010)

Fig.7 a Photographs of the (010) and (0-10) faces of plate-like «-glycine crystals after
etching in the presence of D-alanine; b The (010) and (0-10) faces of a cleaved «-glycine
crystal subsequently etched in the presence of DL-alanine

When crystals of a-glycine were cleaved at the {010} plane, exposing
(010) and (0-10) surfaces that were subsequently etched in a solution contain-
ing DL-alanine, they revealed mirror symmetry-related etching patterns, as
clearly seen in Fig. 7b.

Similar mirror symmetry breaking has been reported for example in the
growth of crystals of glycyl-glycine with racemic mixtures of glycyl-leucine,
Fig. 8 [70].

Hazen et al. [71, 72] showed that aspartic acid is absorbed chiroselectively
from a racemic mixture at chiral steps present at faces of non-chiral calcite
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Fig.8 Glycyl-glycine crystals grown in the presence of DL-glycyl-leucine. a Photographs
and morphology; b Enantiomeric HPLC analyses of samples taken from single crystals
cut at the + b and - b poles and sample from the whole crystal (left to right)
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Fig.9 a, b AFM images showing the effect of amino acids on calcite growth-hillocks fol-
lowing addition of supersaturated solutions with L- and D-aspartic acid, respectively.
¢, d Morphology of calcite crystals grown in the presence of L- and D-aspartic acid,
respectively (Reproduced from [74]. Copyright 2001, Nature)

crystals. Cody and Cody [73] have reported enantioselective effects induced
by amino acids on the chiral surfaces of gypsum crystals. More recently, Orme
et al. [74] reported that calcite crystals develop chiral growth hillocks when
grown in the presence of L- or D-aspartic acid, Fig. 9.

Experiments of this kind suggest that similarly kinked chiral sites present
at surfaces of minerals might operate as catalytic centers for asymmetric syn-
thesis.

24
Chiral Steps and Kinks on Surfaces of Metallic Crystals

Gellman et al. have postulated that symmetric surfaces of single crystals
of metals possessing kinked steps are inherently chiral [75]. Low electron
emission diffraction (LEED) studies on Pt and Cu faces of single crystals
had demonstrated that the steps at these faces are indeed enantiomeric. As
such, these surfaces assume enantiospecific catalytic properties. The chiral
response to the presence of such chiral kinks at surfaces has been demon-
strated in a number of systems, as in the enantioselective electrooxidation of
racemic glucose using single crystals of Pt as electrodes that expose a given
kinked face to the solution [76]. Similarly, an enantioselective desorption of
chiral alcohols and methyl cyclohexanone has been shown to take place from
non-chiral kinked faces of the Cu crystal [77].

25
Mirror Symmetry Breaking of 2-D Clusters on Surfaces

Two-dimensional (2-D) crystallites are generally of a lower symmetry than
3-D crystals. The molecules in the 2-D crystallites cannot pack across a cen-
ter of inversion as they most commonly do in 3-D. By applying modern
analytical tools such as scanning tunneling and probe microscopy (STM,
SPM), transmission electron microscopy (TEM), grazing incidence X-ray
diffraction (GIXD), electrospray ionization (ESI) and matrix-assisted laser-
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desorption ionization time-of-flight (MALDI-TOF) mass-spectrometry, and
optical methods such as epifluorescence, Brewster angle spectroscopy, cir-
cular dichroism, it became possible to characterize these clusters by as-
signing their structures at the molecular level in some examples [78,79].
Studies using STM [80-82] have demonstrated that racemates, when de-
posited on graphite, gold, copper or on other supports, undergo spontaneous
resolution in two dimensions. This effect is illustrated here with the self-
assembly of non-chiral molecules of 1-nitro-naphthalene [83, 84]. Although
these molecules are non-chiral in solution or in the gas phase, when deposited
on a gold surface, they form a library of clusters of different sizes. The dom-
inant decamers of this mixture were imaged using STM and shown to assume
a chiral morphology, Fig. 10. According to these measurements (supported by
calculations) each cluster is composed from eight molecules of one handed-
ness and two molecules of opposite chirality. These enantiomorphous L and
R clusters were physically separated with the assistance of a STM tip.

Similar 2-D enantiomorphous domains were obtained from the non-
chiral nucleic acid base adenine deposited on copper [85] and on MoS,
surface [86,87] and the deposition of cysteine on gold [88]. Evidence for
strong chiral preference in interactions of nucleic acid bases and amino acids
has been shown for the self-assembly of phenylglycine molecules on gold sur-
faces on which adenine molecules had been previously deposited [89].

Enantiospecific addition of substituted ethylenes containing double bonds
to Si dimers at silicon surfaces to form Si — C bonds via 27 + 27 addition reac-
tions has been demonstrated by applying direct scanning probe microscopic
measurements [90].

Early studies by surface-pressure-area (7 — A) isotherms provided indirect
evidence for the spontaneous resolution of some racemates at the air/water
interface [91,92]. These studies were followed by monolayer imaging using
epifluorescence [93-95] and Brewster angle microscopy [96-100].

Fig. 10 a STM images of two-dimensional chiral decamers (denoted L and R) formed by
1-nitronaphthalene molecules on the Au (111) surface at 50 K; b Surface with 0.1 mono-
layer coverage exhibits about 85% of enantiomorphous decameric clusters (Reproduced
from [83]. Copyright 1999, Wiley)
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Recently, the GIXD method has been successfully applied in order to de-
termine the packing arrangements in 2-D crystallites of racemic amphiphiles
self-assembled on the suface of water [101]. Such racemates can form ei-
ther racemic 2-D crystallites, where the two enantiomers are related via glide
symmetry, or they undergo a spontaneous segregation into enantiomorphous
crystalline domains. Enantiomeric disorder is possible in both types of 2-D
crystallites. The GIXD studies have demonstrated that long-chain (C;;-Cy7)
o-amino acids as well as y-stearyl-glutamic acid self-assemble on the surface
of water into racemic 2-D crystallites, as opposed to N°-alkanoyl(Ci2-Cp)-
lysine amphiphiles and N*-myristoyl-alanine, that undergo spontaneous seg-
regation into enantiomorphous 2-D crystallites [102-104].

The formation of chiral 2-D crystalline domains of non-chiral Cd-
arachidate on water has been demonstrated by GIXD and X-ray reflectivity
studies [105, 106] and by AFM for Ca-arachidate after transfer of the film onto
solid support using the Langmuir-Blodgett technique [107].

More recently, Liu et al. reported that a variety of non-chiral amphiphilic
diacetylenes, non-chiral barbituric acids or amphiphilic aryl-benzimidazoles
self-assemble into chiral clusters at the air/water interface or on aque-
ous solutions containing Ag* ions, as demonstrated by CD measure-
ments [108-111]. The chiral macroscopic conformational morphology of the
polymers generated from copper salts of non-chiral monomers was imaged
after their transfer onto solid support [112, 113].

2.6
Spontaneous Mirror Symmetry Breaking by Formation
of Clusters in Bulk-Solutions

Chiral supramolecular architectures generated from non-chiral monomeric
units were reported in a number of systems in solution and have been sum-
marized in a comprehensive review [114]. An amplification of chirality on
hydrogen-bonded assemblies, controlled by different substitutions and struc-
tural variations in the building blocks, has been recently described by Rein-
houdt et al. [115].

J.-M. Lehn et al. designed helical architectures via the pre-programming
of molecular self-assembly through specific non-bonding interactions [116,
117]. The formation of chiral fiber-like architectures had been also ob-
served from non-chiral monomers such as in the gels of bis-urea building
blocks [118].

J-aggregates were demonstrated to undergo “total asymmetric transform-
ations” in solution such that the non-chiral molecules convert into chiral
fiber-like associates [119].

A remarkable example of the self-assembly of achiral diprotonated meso-
tetraphenylsulfonato porphyrins in aqueous solution, yielding chiral homo-
associates, was reported by Ribo et al. [120]. These experiments drew great
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interest since one could determine the sense of chirality of the macroscopic
aggregates just by selecting the direction of the vortex by either stirring or
rotary evaporation. The diprotonated porphyrins are zwiterionic molecules
bearing two positive charges within the porphyrin moiety and negative
charges at the two sulfonatophenyl groups located at the meso-positions of
the porphyrin. The aggregates self-assemble through electrostatic and hydro-
gen bonds. A 90° folding of porphyrin association produces P or M chirality
due to the small angle of 15-20° between the plane of the porphyrin and the
chain alignment, Fig. 11 [121]. The morphology of such chiral self-aggregates
imaged by AFM measurements is shown in Fig. 12 [122].

More recently, a related example of the generation of chiral films by spin
coating hydrogen-bonded dendritic zinc porphyrin J-aggregates, where ei-
ther one of the two enantiomeric forms of the film is selected by the spinning
direction, was reported [123]. Self-aggregation of mixtures of achiral por-
phyrins bearing oppositely-charged groups was reported to result in achiral
1:1 complexes. However, the symmetry of these clusters could be broken by
the addition of 10 M of L- or D-phenylalanine [124].

Chiral octameric aggregates of serine, as formed from enantiopure or non-
racemic solutions and detected by ESI mass spectrometry, were reported by
a number of laboratories. It has also been demonstrated that these clusters
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Fig. 11 Schematic porphyrin association at 180° and 90°. The latter shows P, M chiral-
ity due to the angle between the chain alignment and the porphyrin plane (Reproduced
from [121]. Copyright 2001, Wiley)
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incorporate other amino acids of the same chirality in the gas phase. These
clusters also react in the vapor phase with glyceraldehydes, glucose, phospho-
ric acids and other metals to yield chiral products [125, 126].The formation of
larger clusters has been observed in more recent studies [127]; however, the
chirality of these serine clusters may vary as a function of their size [128].

3
Amplification of Chirality in Systems
Undergoing Spontaneous Mirror Symmetry Breaking

The above examples demonstrate that mirror symmetry breaking by self-
assembly of non-chiral molecules into chiral architectures is indeed a feas-
ible process. However, in order to preserve the handedness and amplify
the stochastically-generated chirality, it is imperative to couple such chance
events with efficient sequential autocatalytic processes. We refer now to sev-
eral experimental systems that illustrate the occurrence of such scenarios. We
shall allude in particular to systems undergoing amplification via non-linear
asymmetric catalysis processes, via the formation of 2-D and 3-D crystalline
systems and amplification of homochiral bio-like polymers in general and
oligopeptides in particular.

3.1
“Absolute” Asymmetric Synthesis by Crystallization
and Topochemical Reactions

Let us imagine a scenario where a chiral product of a given handedness has
been formed by an absolute asymmetric synthesis. Episodic changes in tem-
perature would induce melting of the system that comprises the chiral reac-
tant product. Supplying additional substrate material and then reducing the
temperature should result in additional crystallization of the reactant, but this
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time within a chiral environment. Where the chiral product exerts an asym-
metric induction on the nucleation and on the crystal growth processes such
that it induces a preferential precipitation of crystals of the same handedness
as the Adam crystal, the chirality of these crystals will be auto-catalytically
amplified. Several attempts had been made to design such experimental sys-
tems, some of which are described below. Green and Heller [129] attempted to
probe such a model system in the solid/gas asymmetric bromination of single
crystals of p,p’-dimethyl-chalcone. Although they observed an asymmetric
effect in a preferred crystallization induced by the chiral dibromide formed
via the solid-state reaction, the fresh crystals were of opposite handedness to
the parent crystals where the chiral dibromides were generated, Scheme 2.

Similar observations were made during the attempt to amplify chirality in
the formation of homochiral cyclobutane polymers via “absolute” 27 + 27
photo-polymerization reactions starting with non-chiral dienes [45-47], as
illustrated schematically in Scheme 3.
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A number of non-chiral dienes, bearing two different double bonds, were
designed by crystal engineering to crystallize into enantiomorphous crys-
tals, where the different double bonds were in the close proximity needed for
topochemical photo-polymerization yielding oligo-cyclobutane chiral prod-
ucts. Crystallization experiments with these dienes performed in the presence
of optically-resolved dimers demonstrated that crystal nucleation and crys-
tal growth processes were strongly induced. However, it was also noticed that
the chiral product operates as an inhibitor of crystal nucleation and growth
of the parent enantiomorph rather than as a promoter, as illustrated in the
histogram of Scheme 4 [130].

Although these experiments did not provide the desired systems needed to
amplify chirality, they were helpful in elucidating the stereochemical mechan-
ism of the role played by additives in the early stages of crystal nucleation. This
information was instrumental to the elaboration of appropriate model systems
for the amplification of chirality, such as the generation of homochiral lysine
via crystals of nickel/caprolactam [131] and the autocatalytic process of the
spontaneous segregation of racemic enantiomers of amino acids in aqueous
solutions assisted by centrosymmetric glycine crystals grown at interfaces.

3.2
Mirror Symmetry Breaking via Autocatalytic Crystallization
of the System Glycine/Racemic «-Amino Acids

In Sect. 2.3 we showed that when glycine crystals are grown at the air/aqueous
solution interface in the presence of DL-a-amino acids, only one of its enan-
tiotopic faces, e.g. (010), is exposed to the solution and so it picks up (together
with glycine) only the D-a-amino acids, thus converting the centrosymmetric
host glycine into chiral mixed crystals. By symmetry, crystals exposing their
(0-10) face towards the solution occlude only the L-enantiomers, Scheme 5.
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If by chance a single or a small number of glycine crystals grow at the
interface, the solution is enriched with a-amino acids of one handedness.
Preservation and proliferation of the handedness generated stochastically by
the “Adam” crystals necessitate that the new glycine crystals grown at a latter
stage at the air/water interface should adopt the same orientation. Two dif-
ferent effects exert an asymmetric induction in the orientation of the glycine
crystals grown at the air/water interface, as required for further amplifica-
tion of chirality. If the solution contains hydrophobic «-amino acids such as
leucine (leu), phenylalanine, and so on, these molecules tend to accumulate
at the interface to form 2-D domains that operate as templates for oriented
crystallization of the glycine crystals. L-hydrophobic @-amino acids induce
crystallization of floating glycine crystals that expose their (010) face toward
the solution and occlude only the D-¢-amino acids. This asymmetric in-
duction was proven experimentally by the oriented crystallization of glycine
crystals induced by the presence of 1% L- or D-leu [132].

Direct evidence for the formation of 2-D clusters of water-soluble, hy-
drophobic «-amino acids at the air/water interface was provided by the pack-
ing arrangement of their water-insoluble counterparts bearing long hydrocar-
bon chains self-assembled on the water surface, as determined by GIXD. The
polar glycine head groups of these amphiphiles form a 2-D hydrogen-bonded
net that mimics that of a layer in the glycine crystal, thus serving as a template
for the oriented growth of these crystals.

The second effect, that is kinetic in nature, comprises an enantioselective
inhibition of the glycine nuclei by the ¢-amino acids present in the solution.
The effect was proven experimentally by achieving complete orientation of
the floating glycine crystals when grown in the presence of DL-leucine and
hydrophilic L-¢-amino acids. The role played by DL-leu was to ensure the
nucleation of floating glycine crystals exposing either the (010) or the (0-10)
face towards the solution, whereas increasing the concentration of the hy-
drophilic L-amino acids inhibited the glycine nuclei exposing the (0-10) face
towards the solution, thus preventing their further growth. Such experiments
yielded floating crystals occluding only the D-leu, leading to an enantiomeric
enrichment of L-leu in the solution.
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needed for complete orientation of the floating crystals of «-glycine exposing their (010)
face towards the solution

Combined operation of the hydrophobic and kinetic effects using non-
mixtures of L/D-leu of 53 : 47 (6% ee) in a total concentration of 2.4% wt/wt
of glycine resulted in the formation of a crust of floating glycine crystals
containing only D-leu, thus enriching the initial L-leu ee of the solution,
Fig. 13 [133-135].

The overall process of mirror symmetry breaking and amplification is il-
lustrated in Scheme 6.

Glycine crystallizes in three different polymorphs. The polymorphs 8 and
y appear in enantiomorphous space groups. Recent studies have demon-
strated that each enantiomorph of B-glycine forms mixed crystals with other
a-amino acids of a single handedness. This property has been used in the
design of an autocatalytic process, related to that of the a-form, but taking
place in bulk aqueous solution [136]. On the other hand, the thermodynami-
cally stable polymorph y that crystallizes in a P3; space group cannot be used
as a matrix for the mirror symmetry breaking since it does not distinguish
between the enantiomeric amino acids [137].

33
Kondepudi’s Model of Mirror Symmetry Breaking
by Crystallization under Stirring

Crystallization processes comprise two sequential steps: crystal nucleation
followed by crystal growth. Kondepudi et al. demonstrated in a series of
experiments that spontaneous symmetry breaking may be induced by grow-
ing crystals of non-chiral molecules such as sodium chlorate, binaphthyl,
and p, p’-dimethyl-chalcone, which crystallize as enantiomorphous crystals of
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a single handedness when performed under a regime of stirring with a me-
chanical stirrer. Since the nucleation step of these crystals is a slow process
that requires a high degree of supersaturation, only a small number of crys-
tals are formed in the early stages. On the other hand, the sequential step of
crystal growth occurs by secondary nucleation, which requires much a lower
degree of saturation. In the absence of stirring, neither handedness domi-
nates among the formed crystals. On the other hand, when the same solution
is stirred with a magnetic stirrer, one observes that crystals of a single hand-
edness dominate, as represented in the histograms of Fig. 14.

McBride and Carter [139] have videotaped the collisions associated with
these crystallizations, and they observed that once the first crystal was formed
the stirring bar produces secondary nuclei. These nuclei, of the same hand-
edness as the “Adam” crystal, are formed in overwhelming numbers and
dispersed through the entire solution, serving as seeds for the formation of
fresh crystals of the same handedness.
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L-crystals for spontaneous chiral symmetry breaking in NaClOs3 crystallization: a 63 inde-
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Autocatalytic generation of crystals of single handedness alone is not suf-
ficient unless proliferation of the enantiomorphic crystals is not prevented, as
proposed in the Frank model for autocatalytic mirror symmetry breaking. In
the systems presented above, the appearance of the second class of crystals is
prevented since, once the process of crystal growth proceeds, the solution is
depleted from the solute, thus reducing the degree of supersaturation to be-
low the one required for additional homogeneous nucleation of fresh crystals.
This process has been theoretically modeled by considering a simple auto-
catalytic reaction scheme combined with chaotic mixing [140, 141]. In the
experiments on mirror symmetry breaking by crystallization under stirring
conditions, in contrast to those reported by Ribo [120] on self-associates of
porphyrins, the handedness of the crystals cannot be controlled by the hand-
edness of the vortex.

Viedma et al. [142] reported experiments that are not in agreement with
the explanation that the crystallization experiments under stirring conditions
are initiated by an “Adam” crystal but rather via a mechanism that com-
prises a library of nuclei of both handedness. This proposed mechanism was
supported by experiments demonstrating that, in a dissolution-crystallization
process, a large symmetric population of D- and L-crystals of sodium chlo-
rate could be driven into crystals of a single handedness via a non-linear
autocatalytic-recycling process [143].

4
Non-Linear Effects in Asymmetric Catalysis

The formation of diastereoisomeric aggregates via interactions of chi-
ral molecules of non-racemic mixtures has been successfully applied to
the amplification of chirality. Wynberg and Feringa [144] reported that
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enantiomerically-enriched alkali metal alkoxides that aggregate in solution,
where the aggregates operate as chiral catalysts for their own formation from
achiral reactants, yield products of the same handedness as the starting ma-
terial via an auto-catalytic process.

Kagan et al. [145] quantified the results of these non-linear effects by
applying theoretical models and providing several additional experimental
systems. Furthermore, the origin of the non-linear effects has been also sup-
ported by theoretical and calorimetric kinetic studies [146-149].

Efficient amplification of chirality by non-linear effects is achieved in non-
racemic systems where the catalysts are organo-metallic reagents. In systems
where the metal (M) binds to two organic chiral ligands of opposite hand-
edness (L and D), three diastereoisomeric complexes are formed in a steady
state. A fast exchange between the ligands takes place in the solution. The
meso-complex L-M-D is formed predominantly in cases where its stability
is higher than those of the two enantiomeric D-M-D and L-M-L complexes.
Accordingly, in non-racemic systems where, say, L > D, one anticipates the
formation of two main complexes L-M-L and D-M-L. Furthermore, since
these complexes are of different structures, their catalytic properties may dif-
fer substantially. In cases where only the homochiral L-M-L complex is an
efficient catalyst, the ee of the product is much larger than that of the initial
ligands, Scheme 7. A comprehensive summary of nonlinear stereochemical
effects in asymmetric reactions is presented in [150].

[M] +[L] +[D]

[L]=[D] [L]>[D]

L-M-D L-M-L + L-M-D

no reaction  catalysis no reaction

Scheme 7

4.1
Soai’s Auto-Catalytic System for Spontaneous Mirror Symmetry Breaking

Soai et al. reported an elegant system where a chiral organo-zinc catalyst of
very low ee operates as an alkylating agent that converts non-chiral aldehydes
into chiral alcohols. This system is related to the complexes displaying non-
linear kinetics mentioned above, with one exception: that the chiral product
in this reaction serves as a chiral ligand that associates with the organo-Zn
catalyst, thus increasing, as the reaction progresses, the concentration of the
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chiral catalyst. For example, when alcohol molecules of a 107°% ee (approxi-
mately 50.000025 : 49.999975) are used as ligands of the Zn catalyst, a non-
chiral aldehyde is converted, in a small number of cycles, into a chiral alcohol
0f 99.5% ee [153]. Although there is no easy way to tell the difference between
an asymmetric autocatalytic reaction initiated by the tiny ee due to the ran-
dom chance of variations at the level of 10'> molecules/mole or one initiated
by minuscule quantities of unidentified chiral impurities, the feasibility of
amplifying a stochastic fluctuation in a racemate into an enantiopure product
has been reported. Indeed, Soai et al. reported the spontaneous asymmetric
synthesis of pyrimidyl alcohol, starting from a non-chiral system compris-
ing the alkylation of the carbaldehyde precursor, using diisopropylzinc as
the catalyst. In 18 experiments they obtained the formation of D- and in 19
experiments the L-enantiomer [154, 155]. Very recently, Soai et al. [156] re-
ported the asymmetric synthesis of near enantiopure (>99.5% ee) alcohol
1 by asymmetric photodecomposition of the corresponding racemic alcohol
1 by circularly polarized light followed by asymmetric autocatalysis of the
non-chiral aldehyde 2, as shown in Scheme 8.

Singleton and Vo [157] demonstrated that an excess of 60000 D molecules
of the alcohol in the starting solution yields an induced asymmetric induc-
tion of the same alcohol after several catalytic cycles. On the other hand,
when they performed the same reaction with racemates 54 times, the reac-
tion was driven towards the formation of the D- 27 times and towards the
formation of the L-alcohol 27 times. These reference experiments suggest that
the reaction is not affected by unforeseen chiral impurities present in the
environment. Based on these results, the authors suggested that their observa-
tions are more consistent with an asymmetric synthesis originating from the
chance ee present in the racemic mixture.

Furthermore, Soai et al. demonstrated that the same amplification re-
actions could also be performed by starting with racemic mixtures of the
reactant in the presence of small quantities of chiral crystals of quartz or
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Scheme 8 (Reproduction from [156]. Copyright 2005, ACS)
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NaClO3 [158, 159]. The asymmetric induction in these reactions is most prob-
ably due to specific interactions between the Zn atom and the chiral surface of
the crystals. This amplification reaction could be also performed on racemic
mixtures of amino acids or helicenes irradiated first with circularly polarized
light to yield non-racemic mixtures of very low ee that transformed the so-
lution into a non-racemic mixture, which was then further amplified to an ee
of beyond 95% [160]. Although the reaction system is prebiotically unrealis-
tic, since it was performed in non-aqueous solutions, it still demonstrates the
feasibility of spontaneously driving non-chiral systems towards single hand-
edness by autocatalysis.

5
Generation of Homochiral Biopolymers from Racemates

The above examples suggest that there are various abiotic routes for the
production of chiral materials, including amino acids, via mirror symmetry
breaking scenarios; however, the ee of these chiral products would presum-
ably have been low, due to either their mode of formation or as a result of
racemization that took place under the realistic conditions of high energy ra-
diation in prebiotic times. Polymerization reactions of monomers of more
than one component performed under ideal conditions obey binomial ki-
netics, resulting in the formation of a complex mixture of diastereoisomeric
polypeptides of composition 2" where 2 stands for the two enantiomers of
the racemate and » is the number of diastereoisomers. Under this regime of
reactivity, the distribution of the D and L units is random, resulting in the
formation of peptide chains with random sequences. Consequently, the for-
mation of long isotactic chains requires polymerization reactions that occur
at conditions different from those in ideal solutions. Apart from several re-
ports that have described the formation of short glycine oligomers [161, 162],
non-activated o-amino acids are not regarded as realistic prebiotic precursors
for the formation of long peptides. De Duve [163] has proposed thio-esters as
possible activated intermediates that might have been formed near volcanic
regions [164-166]. Another intermediate is the N-carboxyanhydride (NCA)
of a-amino acids that can be generated from thio-esters [167] or by other
feasible prebiotic routes proposed by the Montpellier group [168, 169].

A number of model reaction schemes have been suggested to overcome
the conundrum of the formation of long homochiral oligopeptides from
racemates. Wald’s model considers a two-step process in the polymerization
reactions of activated amino acids [2]. At early stages of the reaction, one
anticipates the formation of a random distribution of oligopeptides. Once
oligopeptides of homochiral sequences eight units or longer are formed, they
self-assemble into helical secondary structures that should exert a very ef-
ficient asymmetric induction on latter steps of the propagation reaction by
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picking up enantiomers of the same handedness. This surmise was exper-
imentally supported by various groups [170, 171] that performed polymer-
ization reactions of NCA amino acids. Spach demonstrated that the helical
conformation exerts a superior induction of the polymerization than the chi-
ral terminus of the polypeptide chain. Brack and Spach [172] have proposed
that 8-sheet secondary structure has even a greater induction effect than the
o-helix. The formation of peptide chains assuming either a-helix or S-sheet
structures requires at least eight repeating units of the same handedness. The
probability of the formation of such chains in ideal solutions is 1/28 i.e. the
formation of one such molecule in 256. However, the polycondensation of
these monomers occurs at conditions that depart from ideality. Several stud-
ies have demonstrated that the dipeptides and the tripeptides formed by the
polymerization of racemic protected amino acids are diastereoselective, dis-
playing biases in favor of enantioselective growth [173]. More recent mass
spectrometric studies by Luisi et al. on the polymerization of racemates of
deuterium enantiolabeled NCA amino acids such as tryptophane, leucine and
isoleucine carried out in aqueous solution have demonstrated a departure
from a binomial distribution in favor of oligopeptides with homochiral se-
quences [174,175]. They also reported that quartz efficiently enhances the
mole fraction of homochiral oligo-leucines (for example the 7-mers by a fac-
tor of 17) due to selective adsorption of the more stereoregular oligopeptides
from an aqueous solution [176].

Enantiomeric enrichment of homochiral peptides was achieved dur-
ing partial hydrolysis of polypeptides composed from polymers that con-
tain blocks of both random and «-helix [177] or random and B-sheet
sequences [178]. Hydrolysis of the atactic part of the polypeptides was
found to occur much faster than within the isotactic blocks of «-helix
and B-sheets. Based on these observations, Bonner suggested that environ-
mental dry/wet cycles on the primitive Earth might have caused repeated
polymerization/hydrolysis cycles that permitted the eventual evolution of
optical purity from a small abiotic ee value for the amino acids [177, 179].

Magnification of chirality might be achieved in polymers that form heli-
cal structures. Green et al. [180] have demonstrated that polyalkyl isocyanates
such as polyhexyl isocyanate form left- and right-handed helices, although
the monomers themselves are achiral. The cooperative stereochemistry of the
side groups is so large that incorporation of as little as 2% of chiral units is
sufficient to form copolymers that self-assemble into chiral helices, the hand-
edness of the latter being dictated by the chiral groups. The reaction is so
sensitive that even an enantioselective isotopic substitution of the side group
results in a preference for one helical form.

In a related system Wittung et al. [181] reported chiral amplification in-
volving achiral polymers composed from glycine repeating units to which
a cytosine nucleobase has been attached. These molecules can form comple-
mentary base-paired helical duplexes that are analogous to those of DNA and
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RNA but of both handednesses. Upon appending a single homochiral residue
such as L-lysine at the carboxy terminus of the helix, the “peptide nucleic
acid” polymers predominantly fold into duplexes of a single handedness. This
phenomenal positive cooperativity can be considered a form of molecular
amplification. Additional examples on spontaneous and induced formations
of helical morphologies were reviewed [114, 182].

Supramolecular architectures are highly sensitive to chiral perturbations
in general, and in systems that form liquid crystals in particular. Small
amounts of enantiopure guest molecule added to a nematic host can induce
a transition to a cholesteric phase, and the helical organization in the meso-
scopic system is very sensitive to the structure of the guest molecule. Chiral
amplification was successfully achieved in such liquid crystals, using CPL as
the chiral trigger for the phase transition [183].

A similar effect has been reported in the crystallization of non-chiral
molecules, where the presence of small amounts of chiral additive forces
the entire system to crystallize in an enantiomorphous crystal, which upon
further solid-state reaction can be converted into polymers of a single hand-
edness [184, 185]. Chiral auxiliaries, which affect crystal nucleation enantios-
electively, have been successfully used for the large-scale optical resolution of
enantiomers [186-188].

5.1
Homochiral Polymers via 2-D Self-Assembly
and Lattice-Controlled Polymerization

An alternative route for the generation of enantiopure oligopeptides has been
elucidated recently by our group. The method comprises the self-assembly of
racemic or non-racemic thio-esters or N-carboxyanhydrides of ¢-amino acids
into either 2-D or 3-D crystalline architectures followed by lattice-controlled
reactions.

Various comprehensive studies on the polymerization of enantiopure and
racemic esters of ¢-amino acids performed at the air/water interface to yield
peptides have been reported over the years [189,190]. Recent reinvestiga-
tions of the products of these reactions by MALDI-TOF MS have demon-
strated, however, that they are not longer than dipeptides [191]. For this
reason, such esters cannot be regarded as realistic prebiotic model systems
for the formation of long oligopeptides. On the other hand, amphiphilic N*-
carboxyanhydrides [192] and thio-esters [193] of ¢-amino acids yield longer
oligopeptides.

GIXD studies have demonstrated that racemic N®-alkanoyl-lysines and
their corresponding N*-carboxyanhydrides, for example N°-stearoyl-lysine-
NCA, undergo spontaneous segregation of the enantiomers into enantiomor-
phous 2-D crystalline domains at the surface of water [194]. Polymerization
reactions within such enantiomorphous crystallites, using nickel acetate as
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Fig. 15 a, b GIXD patterns measured from self-assembled 2-D crystallites of enantiomer-
ically pure and racemic C;3-TE-Lys on water at 4 °C; ¢ 2D packing arrangement of the
racemic crystallites viewed perpendicular to the water surface. For clarity only part of the
hydrocarbon chains is shown

catalyst, have yielded mixtures of oligopeptides up to six units long and of
various enantiomeric compositions, as detected by MALDI-TOF MS using
enantiolabeled monomers. Whereas the dipeptides and possibly the tripep-
tides display a random distribution, the tetra-, penta-, and hexapeptides ex-
hibit an enhanced relative abundance of the homochiral sequences (by a fac-
tor of 2 to 3.5) compared to the binomial distribution [194].

The formation of racemic mixtures of homochiral oligopeptides is not
confined to racemates undergoing spontaneous segregation into enantiomor-
phous domains; it can also be extended to racemic 2-D crystallites, pro-
vided the reaction pathway takes place preferentially between homochiral
molecules related by translation symmetry, as in the case of the thioethylester
of N®-stearoyl-lysine (C;3-TE-Lys) [193]. It has been experimentally proven
by GIXD that racemic C;3-TE-Lys self-assemble into racemic 2-D crystallites,
Fig. 15. Moreover, MALDI-TOF MS analyses of oligopeptide samples obtained
from the polycondensation of deuterium enantiolabeled monomers have re-
vealed a clear trend toward enhanced formation of di- to hexa-peptides with
homochiral sequences, in agreement with a reaction pathway between ho-
mochiral monomer molecules related by translation symmetry [193, 195].

5.2
Enantiopure Oligopeptides from Non-Racemic Precursors

Racemic and enantiomorphous 2-D and 3-D crystals display different physi-
cal and chemical properties. This difference has been utilized to enhance chi-
rality in non-racemic systems that self-assemble in racemic and enantiomor-
phous crystallites. Morowetz [196] has elaborated a mathematical model that
considers an evaporation/crystallization process where the racemate is less
soluble than the pure enantiomorphous crystal and the enantiomer (in ex-
cess) is concentrated in the solution. A similar enrichment of chirality has
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been achieved through sublimation experiments [197]. Another example of
enantiomeric enrichment was reported for non-racemic esters of 9-anthroic
acid by photoirradiation of mixtures of racemic and enantiomorphous crys-
tals. The racemic crystals yielded an insoluble dianthracene dimer, while the
enantiomorphous crystals are light stable and could be easily separated in
high ee by solvent extraction, Scheme 9 [198].

(|7H:
Oy -0—C*—ar

OOO

{L,D}, {L}

v light
h stable
insoluble extraction
dimer

enantiopure L

Scheme 9

Recently, the difference in structure and chemical reactivity between 2-D
racemic and enantiomorphous crystallites has been used to generate enan-
tiopure homochiral oligopeptides from non-racemic mixtures of amphiphilic
a-amino acid NCAs. The racemic N*-carboxyanhydride of y-stearyl-glutamic
acid (C;3-Glu-NCA) self-assembles on water to form racemic 2-D crystallites
(Fig. 16a,b), as proved by GIXD.

According to the packing arrangement shown in Fig. 16¢, it was antic-
ipated that a lattice-controlled polymerization within such crystallites, in

B b
14 gf\':'“’;:&\x‘
t“::/“{“" 4::;-]
1.3 '“\_‘H:-rj
02 04 06 08 10 12 02 04 06 0.8. 1.0 12
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e :
Fig. 16 a, b GIXD patterns of self-assembled 2-D crystallites of enantiomerically pure and
racemic C;3-Glu-NCA on water; ¢ The packing arrangement of the racemic 2-D crys-

tallites viewed perpendicular to the water surface. For clarity, part of the hydrocarbon
chains is not shown
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contrast to those formed within racemic C;3-TE-Lys, would take place prefer-
entially between glide-symmetry related heterochiral molecules via a zipper-
like mechanism, to yield syndiotactic polymers, as indeed confirmed experi-
mentally by MALDI-TOF MS, Fig. 17a [193].

When starting from chiral non-racemic mixtures of 3:7 and 4:6 L/D
compositions, the short oligopeptides generated are rich in heterochiral di-
astereoisomers, whereas the longer oligomers are rich with oligopeptides of
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Fig.17 MALDI-TOF MS analysis of oligopeptides obtained from a racemic and b, ¢ 3:7
and 4:6 L/D non-racemic mixtures of C;3-Glu-NCA monomers. The vertical axis repre-
sents the relative abundance of each type of oligopeptide (h, d), where h is the number of
R (unlabeled) repeat units and d the number of S (deuterated) repeat units; e.g. (4,0) is
the tetrapeptide containing four D repeat units and zero L repeat units. For oligopeptides
with the same number of repeat units, ion intensity (I) and amount are reliably propor-
tional. The relative abundance was calculated according to the equation shown below for
the (4,0) tetrapeptide: relative abundance (4,0) = I1(4,0)/I[(4,0) + (3,1) + (2,2) + (1,3) +
(0,4)]. For clarity, the distributions of only some of oligopeptides are shown
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single handedness. Figure 17b and c show that starting from a 3 : 7 ratio of
L/D monomers, we obtained mixtures of diatereoisomeric oligopeptides nine
and ten units long composed of only (1,8) and (0,9) L,D repeating units, re-
spectively. Similarly, 4 : 6 L/D mixtures of monomers yielded oligopeptides
eight and nine units long of only (1,7) and (0,8) L,D repeating units [199].

53
Homochiral Oligopeptides in a Phospholipid Environment

Vesicle and micelles are considered to be useful models for “minimum proto-
cells” that had emerged in prebiotic times [200]. One of their properties
should have been to sequester other molecules, including macromolecules,
for self-replication. A central enigma to be addressed is related to vari-
ous routes by which the enantiopure homochiral biopolymers were formed
within such architectures. Polymerization of NCA of natural hydrophobic
amino acids in water in the presence of phospholipids by Luisi et al. [201]
has demonstrated that the hydrophobic environment enhances their rate of
polymerization.

One possible pathway for the formation of homochiral biopolymers is
achieved by embedding the crystalline architectures of non-racemic am-
phiphilic «-amino acids within a membrane-like environment. Using GIXD,
it could be experimentally proven that non-racemic y-stearyl-glutamic acid
embedded within a DPPE phospholipid monolayer at the air/water interface
underwent a phase separation into racemic and enantiomorphous crystal-
lites [103]. Moreover, MALDI-TOF MS analyses of the oligopeptides gener-
ated from deuterium enantiolabeled non-racemic monomers have shown that
polycondensation was initiated by the amine group of the DPPE molecules at
the periphery of the monomer crystallites, yielding a preferential formation
of oligopeptides of homochiral sequences, in keeping with a phase separation
of the non-racemic monomers into the racemic and enantiomorphous 2-D
crystallites, Scheme 10 [202].
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54
Enantiopure Homochiral Oligopeptides Generated
by Topochemical Reactions in 3-D Crystals

The solid-state polymerizations of several racemic optically-resolved amino
acid NCAs were investigated by Kanazawa et al. [203,204], who demon-
strated, by kinetic and crystallographic investigations, that the rate of poly-
merization of these systems depends upon the packing arrangement of the
monomers.

According to the packing arrangement of DL-NCA of the phenylalanine
(PheNCA) crystal [205], Fig. 18, it was anticipated that a polymerization re-

Fig. 18 Packing arrangement of (DL)-PheNCA crystals viewed along the a-axis. For clar-
ity, some of the molecules are not shown. The reaction pathway for D and L molecules is
shown with arrows

Fig.19 a Packing arrangement of (DL)-PheNCA, viewed down the c-axis, showing the
proposed chain termination by enantiomeric cross-inhibition of a (Ls) hexa-peptide, L!
to L® (gray), with molecule D7 (gray) to yield heptapeptides of sequence Bu-(L),_; - D.
The unfavorable conformation after addition of D7 unit would cause a rotation at the
propagating end of the heptapeptide that would further enforce a flip in the direction of
the chain propagation, thus implementing a chain termination. The modeled conforma-
tion of such a Bu-(L)g — D heptapeptide is shown in b. The arrows indicate the direction
of chain propagation
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action should proceed preferentially between molecules of the same hand-
edness [206], via a “zipper-like” mechanism coupled with an enantiomeric
cross-inhibition, resulting in the formation of oligopeptides of homochiral
sequences, Fig. 19.

Indeed, MALDI-TOF MS analyses of the oligopeptide products demon-
strated the preferential formation of racemic mixtures of oligopeptides with
homochiral sequences, Fig.20, generated from deuterium enantiolabeled
racemic monomer [206]. The degree of stereospecificity observed in this re-
action increased as the homochiral oligopeptide length increased, as shown
in Fig. 21.

X-ray powder diffraction and FTIR measurements of the reaction prod-
ucts indicated anti-parallel 8-sheets formation, in agreement with our pro-
posed polymerization mechanism, where the homochiral oligopeptide prod-
ucts should self-assemble into alternating poly-L- and poly-D-chains.

Reactivity within (DL)-PheNCA crystals provides a number of simple
ways to de-symmetrize the racemic mixtures of the homochiral oligopep-
tides. For example, L-2-(thienyl)-alanineNCA (ThieNCA) molecules have
been shown to enantioselectively occupy the L-sites in the DL-PheNCA host
crystals. Lattice-controlled polymerization of such D-Phe/(L-Phe:L-Thie)-
NCA mixed crystals yields libraries of non-racemic oligopeptides of ho-
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Fig.20 MALDI-TOF mass spectrum of the oligopeptides obtained in the polymeriza-
tion of (DL)-PheNCA at 22 °C, showing the m/z range from penta- to decapeptides. The
two insets show expanded spectra of the octa- and nonapeptide ranges. The peaks at
the wings of each group showing peptides of the same length represent molecules of
homochiral sequence
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Fig.21 Enhancement of the experimental relative abundance of the homochiral oligopep-
tides normalized to that calculated for a theoretical random process for molecules of any
length n

mochiral sequences composed from mono component isotactic peptides of
D-Phe repeating units and bi- or multi-component isotactic copolymers of
(L-Phe : L-Thie) repeating units [207]. MALDI-TOF mass spectrometry of
these three-component systems demonstrated that the L-Phe- and L-Thie-
repeating units are randomly distributed within the copolymers. As a result
of this random distribution, the departure from the non-racemic composi-
tion varies with chain length and the starting composition of the monomer
mixture. In the overall product, all the oligopeptides containing one or more
Thie- repeating units are enantiopure and the oligopeptides of homochiral
Phe-sequences are enantiomerically enriched.

The above mechanism for enantioselective insertion of guest NCA amino
acids within polymeric chains suggests a plausible scenario for the gener-
ation of libraries of diastereoisomeric mixtures of peptides starting from
racemic mixtures of PheNCA as host and in the presence of racemic mix-
tures of other NCA amino acids. The L-guest molecules should occupy the
L-sites in the host crystal, whereas the D-guests will occupy the D-sites.
At regimes where the number of guest molecules is not sufficient to pop-
ulate all possible sites in the chains of the oligopeptides, one can end up
with a complex library of diastereoisomeric mixtures of peptides rather than
with racemic ones. This mechanism of spontaneous symmetry breaking has
some features in common with related mechanisms proposed recently [5, 208,
209]. Eschenmoser et al. [208] suggested, as part of his study on the self-
assembly of higher oligomers of pyranosyl-RNA by ligative oligomerization
of tetra-nucleotide-2’, 3'-cyclophosphates, that racemic mixtures containing
all possible diastereisomeric sets can be expected to co-oligomerize stochasti-
cally and generate homochiral D- and L-oligomers predominantly. They also
demonstrated that a true racemic mixture of the oligonucleotides is not pos-
sible after reaching a given length.
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6
Self-Replication of Biopolymers

Several examples of non-enzymatic autocatalytic self-replicating systems
based on template-directed synthesis of oligonucleotides have been reported
[210-214] and recently reviewed [215]. Studies by Ghadiri et al. [216-218]
have proven the feasibility of amplifying the chirality of oligopeptides by
a self-replicating mechanism in solution through experiment. The group re-
ported the design of an autocatalytic reaction between two short chiral pep-
tides bearing sixteen repeating units of the same handedness, half of them
electrophilic and half of them nucleophilic, that are properly assembled by
non-covalent bonds on a longer peptide composed from 32 repeating units of
the same handedness and related sequences. The product of the coupling of
the two short peptides has exactly the same handedness and sequence as the
longer peptide, and so this product can be used as a template for additional
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Fig.22 A schematic representation of chiroselective replication cycles. Homochiral pep-
tides T'' and TPP are produced autocatalytically while the heterochiral peptides TP*
and TP! result from uncatalyzed background reactions. Template-directed ligation reac-
tions proceed through the intermediary of stereospecific noncovalent complexes and pass
on stereochemical information from the homochiral products to the substrates, thus re-
sulting in the amplification of homochiral products. Light and dark backgrounds denote
regions of the sequence composed of L- and D-amino acids, respectively (Reproduced
from [218]. Copyright 2001, Nature)
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self-replication. The results indicate that peptides, like nucleic acids, can op-
erate as self-replicating systems and therefore perpetuate homochirality. The
autocatalytic efficiency of this process is high, since a left-handed template is
efficient at bringing together only those fragments that are also left-handed,
Fig. 22.

The authors also showed that this system possesses very high fidelity: au-
tocatalysis is significantly diminished if only one out of the 15 amino acid
repeating units in the short peptide has opposite handedness. In this experi-
ment, as in the organometallic systems described by Soai et al., the origin of
the autocatalytic effect is augmented due to the fact that the long peptides
composed from segments of opposite handedness, resulting from the reac-
tions in solution, do not interfere with the autocatalytic process that takes
place on the template.

7
Conclusions

In the absence of reliable fossils it is difficult or even impossible to address
the historical question of how, and via which specific routes, homochiral-
ity emerged on Earth. Therefore, in this regard, we can only provide logical
models that can outline scenarios of how the transition from racemic chem-
istry to homochiral biology might have happened.

Early theoretical models on the feasibility of stochastic mirror symme-
try breaking at prebiotic conditions have been successfully realized under
laboratory conditions, particularly in studies in crystal and surface science,
asymmetric autocatalysis and polymer chemistry. The first step, common in
all these scenarios, is the self-assembly of non-chiral or chiral molecules to
form diastereoisomeric supramolecular architectures that display different
physico-chemical properties.

Concentration of the organic reactants on surfaces or in the pores of clay
materials prior to reaction has been suggested by Bernal [219] and Cairns-
Smith [220]. Pores of different sizes might have operated as prebiotic reactors
for asymmetric synthesis, since within their confined environment one may
find chiral catalytic sites as well as chiral surfaces. One could envisage that
such pores might have provided a plausible environment for the formation of
diastereoisomeric self-assemblies of the types described in this review and as
required for the stochastic mirror symmetry breaking scenarios. In addition,
within such pores the chiral material once formed would be protected from
racemization that could have been induced by impact with heavy bodies or by
intense cosmic radiation.

Racemic mixtures do not exist in reality, since the number of molecules
of the two enantiomers is never exactly equal. It has been calculated that
a solution of a racemate has, on average, a fluctuation of 1012 molecules per
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mole [221]. Such fluctuations could direct reactions towards products of sin-
gle handedness using autocatalytic Soai systems. In principle, such minute
fluctuations should also be sufficient to amplify chirality via crystallization,
but such processes have so far not been confirmed experimentally. In this re-
spect, several laboratories have reported the presence of a bias in experiments
involving “absolute” asymmetric synthesis in the solid phase; however, it has
not been demonstrated that the origin of these effects is due to fluctuations
from the racemic state or to artifacts resulting from chiral impurities present
in the environment.

It has been suggested that weak interactions could be responsible for driv-
ing racemates towards homochirality via a deterministic process. However,
it is difficult to deduce conclusions regarding the role played by these forces
in chemical reactions for ensembles of molecules, since they induce a chiral
bias of only 10° molecules per mole: six orders of magnitude lower than the
stochastic fluctuations present in a racemate.

Efficient routes for the generation and amplification of homochiral pep-
tides from racemic or from non-racemic monomers of low enantiomeric
imbalance via polymerization in organized systems or on templates have been
demonstrated. Homochiral oligopeptides have been shown to serve as aux-
iliaries for asymmetric synthesis and they can propagate and amplify their
handedness since, once formed, such molecules can propagate their chirality
to additional systems [222,223]. Future studies will likely focus on sponta-
neous mirror symmetry breaking in sugars and nucleic acids. In this respect,
the recent report by Joyce et al. [224] on the formation of chiral crystals of
ribose derivatives from a complex soup of sugars is of importance.

Finally, a possible discovery of chiral materials and primitive life in the
universe might throw additional light on this question of the origin of mirror
symmetry breaking at prebiotic times.
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Abstract Minimal protocell concepts have high intellectual and practical value. Following
chemoton theory, developed by Tibor Gdnti in 1971, we suggest that a minimal protocell
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satisfying all life criteria should consist of three subsystems: a metabolic network produc-
ing materials for the production of all three subsystems at the expense of the difference
between food and waste products, a genetic subsystem based on template polymerization
and a boundary subsystem consisting of a bilayer vesicle. All three subsystems are auto-
catalytic and the system as a whole (called chemoton) is also autocatalytic. The chemoton
can undergo spatial reproduction in the right parameter domain. Various infrabiologi-
cal systems can be constructed from any two subsystems; we review the experimental
attempts aimed at such a goal. As the complexity of the realized systems increases, the
problem of unwanted side reactions becomes more and more dramatic in non-enzymatic
systems. No satisfactory solution to the problem of metabolite channeling is known.

Keywords Autocatalysis - Chemoton - Evolution - Heredity - Infrabiological systems -
Lipid world - Metabolism - Minimal life - Protocell - Unit of evolution

Abbreviations

AL artificial life

EC Enzyme Commission

GARD graded autocatalysis replication domain
PNA  peptide nucleic acid

SCM  stochastic corrector model

1
Introduction

1.1
Units of Evolution and Units of Life

Evolution by natural selection is perhaps the most important process acting
in populations of living systems. This is one of the reasons why it is so tempt-
ing to equate units of evolution (i.e. an abstract generalisation that makes
no reference whatsoever to any particular level of biological organisation)
to units of life. Another reason is that units of evolution can be much more
readily defined. There are a few known alternative formulations of the con-
cept of units of evolution; here we stick to the version outlined by Maynard
Smith [1, 2]: such units must multiply, show heredity across generations (like
begets like), and heredity should not be exact. If some of the hereditary traits
affect the chance of reproduction and/or survival of the units, evolution by
natural selection can take place in a population of such units. The combina-
tion of survival and reproduction (translating into the expected number of
descendants) is called fitness.

The above characterisation of Darwinian dynamics is deliberately general:
note that it is not restricted to cover living systems only. (As a matter of fact
some living systems do not—sometimes cannot—multiply: mules and neu-
rons normally do not reproduce; we shall come back to this point.) Hence it
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is potentially applicable to molecules and cultural traits as far as the criteria
really apply.

A general point about definitions is that they cannot be falsified. They have
to be internally consistent, of course, but there can be an arbitrary number
of such definitions for life, for example. It is the use of the alternative defi-
nitions that makes the difference: some definitions are found helpful because
they categorise natural phenomena in a way that is conducive to further in-
sights. There is always an ingredient of arbitrariness in definitions: we have
to live with this fact.

Coming back to the problems of units of life, it is obvious that if we think
that they are equivalent to units of evolution, then replicating RNA molecules
or some computer viruses would be alive. The first option would be endorsed
by some protagonists of the RNA world, whereas the second alternative would
be maintained by some AL researchers. We do not find this view useful: in
short, we do not think that all replicators sensu Dawkins [3] are living sys-
tems. We appreciate the desire on behalf of researchers to move the goalpost
so that a “living molecule” would provide us with the solution to the problem
of the origin of life, but this would not explain much about the origin of cells
(or “cellular life”, as some use to distinguish it from merely “molecular” life).
Today every autonomous living system is cellular (prokaryotic or eukaryotic,
uni- or multicellular) in nature, as advocated by the Schwann-Schleiden cell
theory in the mid-nineteenth century. Viruses are not (autonomously) alive.
Génti’s [4, 5] analogy is very useful: a virus is to a cell what a replicating pro-
gramme is to a computer. The cell is happily alive without the virus; the virus
cannot do anything on its own (apart from slow disintegration). Thus if we
search for the principles of life sensu Gdnti we have to search for principles
describing cellular life. The sensible relation, by our definition, between units
of evolution and units of life is thus that of two partially overlapping sets [6].

As Gdnti emphasises, modelling of a living system in entire generality is
not very rewarding, since there are (at least) two levels of life: multicellular
organisms consist of units that are living systems even if the multicellular or-
ganism is killed. Conversely, the death of many of its cells does not necessarily
kill the organism. If we are interested in the origin of life, our ultimate target
must be the explanation of the origin of the prokaryotic (bacterial) cell.

But a prokaryotic cell is far too complex for spontaneous self-assembly
or self-organisation. Even the simplest known living creatures (such as my-
coplasms) contain several hundred genes: they must be products of past
evolution. And we have to assume that sometime, more than 3 billion years
ago, there were no genes at all. The increase in complexity must have come
about by duplication and divergence, and merging (recombination) [7]. We
conclude that a lot of evolution must have preceded the origin of bacterial
cells. Some of this evolution may have taken place even in a pre-cellular phase
of evolution (such as the naked RNA world [8]). And the simplest cells must
have been very remote from contemporary instantiations; hence a lot of evo-
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lution must have happened between the protocellular and bacterial phases of
evolutionary history.

1.2
Criteria for Minimal Life

With the caveats above, we feel ready to head towards a working definition of
minimal life. We base this working definition on the chemoton concept [4]:
a minimal living system is a chemical supersystem comprising three systems:
a metabolic network, template replication and a boundary system. It is in-
structive to look at the abstract minimal version of the chemoton (Fig. 1). It is
important that all three systems are autocatalytic, and via the shown stoichio-
metric coupling, the chemoton as a whole is also autocatalytic. As we shall
discuss later, such a system is not only chemically autocatalytic but also bi-
ologically reproducing by cell division. This biological minimal system will
be our intellectual starting point. It is true that nobody has ever claimed that
the system in Fig. 1 can be realised by a handful of reactions. This merely
reflects that the chemoton is the result of abstraction and idealisation. A per-
tinent question for the practical chemist is this: what is the requisite chemical
complexity of a realistic chemoton? We do not know, but this question defines
a research programme.

As mentioned above, this system is by definition not a general model of
living systems: it applies (discounting a lot of evolutionary detail) to the
bacterial level of organisation. But we should mention that it satisfies the so-
called criteria for life, set up by Ganti. Life criteria are phenomenological and
verbal, but rigorous descriptions of those traits that apply to all kinds of living
organisms. It is important for our discussion that Ganti distinguishes abso-
lute from potential life criteria: the former are necessary for all units of life,
the latter are necessary only if populations of living systems are to survive and
evolve. A mule is a unit of life, but not a unit of evolution.

It follows from our foregoing discussion that such a system must be a cul-
mination of a protracted period of prior evolution. This comprises chemical
evolution (the complexification of chemical systems) and evolution by natu-
ral selection of chemical replicators of various kinds. It is likely that mineral
surfaces have played an important role in precellular evolution (e.g. [9-12]).
Surfaces have favourable thermodynamic, kinetic and selective effects on
chemical and replicator evolution. Reviews of molecular selection dynamics
on surfaces can be found elsewhere [13]. We mention this link because effects
that surfaces can confer can be conferred even more efficiently by compart-
ments: obviously, a reproducing protocell is the strongest form of population
structure, conducive to group selection [14, 15] of the replicators included
within.

Although we take the chemoton as the working definition of minimal life, it
is important that its three subsystems can be combined to yield three different
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Fig.1 Gdnti’s abstract chemoton model for minimal life. A; are intermediates of the
metabolic cycle, pV,, is a template molecule consisting of #n pieces of monomer V, V' is
the activated monomer, T’ is the precursor to the membranogenic molecule T. T,, de-
notes a membrane consisting of m pieces of T. The system works at the expense of the
difference between X and Y. Note that all three subsystems are autocatalytic

doublet systems (Fig.2). It is historically interesting to note that the ori-
ginal formulation of a chemoton [4] consisted of the metabolic cycle and the
replicating template only. By definition such a system is not actively compart-
mentalised, because it is lacking a self-generated boundary system, although
it could have played a major role in precellular evolution (e.g. [13]). The
combination of a metabolic cycle and a membrane was conceived also by
Génti [16], and called a self-reproducing microsphere. In contrast, Szostak
et al. [17] conceived a protocell-like entity with a boundary and template
replication but no metabolic subsystem.
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Fig.2 Elementary combinatorics of infrabiological systems. The chemoton is a biological
minimal system comprising three qualitatively different subsystems (metabolism, mem-
brane, and template)

Similar criteria for a protocell were suggested by Pohorille and Deamer [18].
It is instructive to look at their list:

1. An information-carrying polymer must be synthesised by template poly-
merisation within a compartment delineated by a membrane.

2. Monomers of template synthesis and other raw materials must be pro-
vided from the outside, and must be able to pass through the membrane.

3. An external source of chemical energy must be present.

4. Hereditary variation of template replicators must affect the efficiency of
catalysed reaction in the protocell.

5. The membrane must be able to grow, either through direct incorporation
of membranogenic molecules from the environment or through conver-
sion of appropriate precursors.

6. Reproduction in space of the protocells must happen.

7. Catalysis, replication and growth must be synchronised well.

The chemoton model almost satisfies these criteria: it is less and more at the
same time as the minimal cell envisaged by Pohorille and Deamer. Criterion
(4) is not satisfied by basic chemotons since templates are assumed to affect
the system by means other than sequentially encoded enzymatic catalysis. In
contrast, the chemoton has a bona fide metabolic subsystem, so it goes be-
yond criterion (2) in this regard. It is remarkable that the protocell model
suggested by the authors includes a pump in the membrane that actively
maintains a certain concentration gradient. The issue is analysed in [149].
While a pump may not be strictly necessary, passage of charged molecules
through protocell membranes warrants special considerations (see Sect. 2.5).

In a similar vain, Szostak et al. [17] propose that a protocell composed
of a growing membrane, a general replicase ribozyme (able to replicate also
another copy of itself), and another ribozyme involved at some stage in mem-
brane formation would be truly alive. Once again, it is clear that this system
is an “ultimate heterotroph” [19], completely devoid of a metabolic sub-
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system. We shall come back to this problem when discussing protocellular
metabolism.

The aforementioned chemical supersystems we suggest to call infrabio-
logical systems: they are not biological, since they always lack one essential
component of a minimal living system, but they show a crucial subset of
biological phenomena. Among the infrabiological systems those comprising
a boundary belong to compartmentalised systems. In this chapter we are
going to deal essentially with compartmentalised systems, including systems
with chemoton-like organisation. Section 2 concentrates on modes and fea-
sibility of compartmentation, followed by detailed analysis of the nature of
plausible genomes of reproducing compartments (Sect. 3). Section 4 deals
with the difficult problem of running a metabolism in protocells. We would
also like to draw attention to a complementary analysis of related issues by
Ruiz-Mirazo and Moreno [149].

2
Compartmentation:
Membranes, Reproducing Microspheres and the Lipid World

Without membranes there are no protocells. When discussing their role in
early evolution, one should tackle the following issues: formation of mebra-
nogenic molecules, membrane growth and inheritance, microsphere division,
and membrane permeability.

It is not our task here to comment on chemical evolution leading to mem-
brane constituents. We rather focus on the remaining issues in turn.

2.1
Autocatalytic Membrane Formation

It is important to point out that membrane growth is an autocatalytic pro-
cess [20]: membrane constituents are at a high energy state in the aqueous
phase; hence they spontaneously insert themselves into pre-existing mem-
brane surfaces. The larger the surface, the faster is the reaction. In this sense
pieces of membrane can grow, and if there is some fragmentation, they can
multiply. A good question is whether they can have some form of heredity.
We mention in passing that in contemporary biological systems there exists
the phenomenon of genetic membranes [21]: many biological membranes do
not form de novo. For example, the membranes of plastids and mitochondria
grow by the activity of specific import machineries composed of proteins.
These import machineries recognise proteins destined to become parts of the
specific cell organelles. The autocatalytic element comes in when we realise
that parts of the import machineries are recognised in this way by the im-
port machineries themselves. We are faced here with not only autocatalysis
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but membrane heredity, as the different kinds of membrane propagate their
own kind.

Contemporary membrane heredity rests on the action of proteins, and it
achieves only what has been called limited heredity [7,22]: the number of
possible types is limited. Hence evolution is also limited in such systems—
this is not to say that they are unimportant. Contemporary heredity is limited
because it is based on some subset of shape space, rather than on the whole
of sequence space. Any molecule having the right conformation for recogni-
tion by the import machinery is dragged in, irrespective of its sequence. (One
should not be confused in this discussion by the fact that the proteins in-
volved are genetically encoded. One can imagine the swapping of the import
machineries of plastids and mitochondria. This manipulation would immedi-
ately redefine membrane identity and propagation without any change in the
corresponding genes). Two relevant questions emerge: (i) is it possible to have
membrane inheritance without proteins? (ii) What are the limits of heredity
in such systems?

2.2
Membrane Growth and Inheritance

An interesting line of research has been initiated by Doron Lancet with his
group, conveniently referred to as the “lipid world” scenario [23]. The ba-
sic idea is as follows. We know that lipids (more generally: amphiphilic
compounds, with a hydrophobic tail and a hydrophilic head) tend to form
supramolecular structures, such as bilayers, micelles and vesicles. They can
grow autocatalytically. Now imagine that we have a mixture of molecules in
any one vesicle. Some of them may act as catalysts of certain reactions. It is
theoretically possible that some will catalyse their own incorporation (direct
autocatalysis), or that there will be a gang of molecules, each exerting some
catalytic function, so that as a net result the incorporation of all members of
the gang is ensured by the gang (reflexive autocatalysis). If this idea holds wa-
ter, membrane heredity in the lipid world, and natural selection of vesicles
without a genetic subsystem, would be feasible. The different, reflexively au-
tocatalytic gangs would constitute “compositional genomes” [24]. Note that
the model does not deal with the formation of the lipid constituents: they are
assumed to be there in the surrounding soup.

Now, there is nothing mysterious about compositional genomes in the first
place. Although relying on direct autocatalysis at the molecular level, the
genome of the SCM (see section on genetics) is also a compositional genome:
the genes there are unlinked, and the genome is characterised by gene com-
position. Formally, each protocell can be characterised by a genome vector
with entries n;, denoting the number of copies of the ith gene in that vesicle.
Change in this number is a stochastic process, which can be characterised by
mean and variance.
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Fig.3 The GARD model. Catalysed micelle growth and fission. L; and L; molecules are
different amphiphilic compounds, k; and k_; are rate constants for spontaneous insertion
and emigration of amphiphile L;, and Bj; is the rate enhancement of getting in and out of
this molecule from the micelle, catalysed by L;. Note that the model does not deal with
the primary origin of L; molecules per se (from [23])
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A similar approach is possible when considering questions in the lipid
world; the issue is however complicated by the fact that we need to tackle
the problem of reflexive autocatalysis. This has also precedence in the liter-
ature: the reflexively autocatalytic protein networks (e.g. [25]) are perhaps
the best known example. We hasten to point out that nobody has seen a real
reflexively autocatalytic protein set, apart from very small ones where repli-
cation is in fact modular and analogous to the complementary replication of
oligonucleotides [26]. Let us see whether one can be more hopeful regarding
autocatalytic lipid sets.

The process imagined is shown in Fig. 3. It displays a reflexively autocat-
alytic micelle with many components. The incorporation of amphiphile L;
may be catalysed by amphiphile L; at rate enhancement g;; (the ratio of catal-
ysed and uncatalysed reaction rates). The crucial question is this: where can
one obtain the values of fj;, considering the fact that no such system has been
realised so far (the experimental cases, discussed below, are all directly au-
tocatalytic and show no heredity)? Lancet and his colleagues suggest going
around this problem as follows. Fendler and Fendler [27] present a com-
pendium of catalytic reactions documented in micellar systems, from which
an empirical distribution of B values can be obtained. Is there a theoretical
background to this distribution? The authors suggest translating the model
developed for molecular recognition between receptors and ligands [28]. If
catalysis depends on recognition of substrate by catalyst, the reasoning is
sound: it shows that catalysis is a graded phenomenon. From this empirically
constrained theoretical distribution, the authors obtain the Bij values in their
GARD model (Fig. 4).

It is instructive to contrast direct autocatalysis with reflexive (mutual) au-
tocatalysis in the GARD model [23]. In direct autocatalysis, the diagonal



176 E. Szathmdry et al.

product
SIOEXONMCes | Yé&O

catalyst
0% ®L{—> jIERO*AOM

m m
B matrix

Fig.4 Visualises example of a f; matrix generated from a distribution based on
receptor/ligand interaction. Darker blocks indicate higher numerical values. Note that
typically off-diagonal elements are not dominant in this model (from [23])

elements in the catalytic enhancement matrix dominate. Simulations show
that, as expected, one such direct replicator will dominate the population. If
the diagonal elements are not dominating (as is most likely when using the
inferred distribution), then we have the reflexively autocatalytic set.

It is imagined that every micelle (or vesicle) is a sample with replacement
of a set of possible lipid molecule. Some samples will contain mutually auto-
catalytic gangs, others will not. The latter ones will not be able to grow. The
former will grow and then fragment by some spontaneous process. Micelles
containing more efficient gangs (characterised by higher g;; values) will take
over. Such sets do have heredity, and they are attractor-based [29]: the gangs
maintain and propagate their identity by virtue of their mutual catalytic ac-
tivity [24].

There are some acknowledged concerns with this model [23]. Reflexively
autocatalytic network models (including protein nets [25]) are plagued by the
side reaction problem [22]. First, it seems natural to assume that many entries
Bij will be effectively zero (no catalytic effect). Worse still, several entries may
be negative, which means that in the corresponding reaction an amphiphile
catalyses a reaction draining the system. The real snag is that in chemical
space the vast majority of reactions will be unwanted side reactions. They will
presumably be catalysed by values taken from the same distribution. Will this
problem demolish the lipid world scenario?

One can say that a similar problem arises in the RNA world: the side re-
action problem applies to protocells harbouring ribozymes as well. Not quite,
because ribozymes, by virtue of their direct modular replication, can undergo
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microevolution based on digital information. Genetic information in GARD
models is not digital and small variations are not heritable (see [30] for a de-
tailed analysis of inheritance in the GARD model).

On the experimental side it is worrying [23] that Fendlers’ compendium
cites mostly hydrolytic reactions. It may well be the case that different types
of reaction (such as biosynthetic ones) should be taken from a different,
unknown distribution. This is an exciting problem that should be tackled,
irrespective of the lipid world.

23
Vesicle Division

The division of protocells is an important issue. In general it should be the re-
sult of insertion of membranogenic molecules into the membrane. This can
be achieved from outside [31], or from inside. Needless to say, growth from
inside is the favoured solution. Whether growth occurs from outside or in-
side, amphiphiles must be able to jump from one side of the bilayer to the
other, otherwise the two layers of the membrane would grow out of propor-
tion. The latter could happen transiently, but not notoriously. Amphiphiles
are known to jump from one layer of the membrane to the other (flip-flop
mechanism): this reaction must be sufficiently fast in a protocell to render
growth and division possible.

In the chemoton model there is stoichiometric coupling between metabo-
lism, template replication and membrane growth, ensuring strict syn-
chrony among these autocatalytic systems. Under such an assumption Ra-
shevsky’s [32] early observation on doubling the surface area and volume
of a sphere is relevant. Imagine a spherical protocell, kept in that shape by
osmotic pressure (turgor) of the metabolites that cannot leave the protocell
through the membrane. Due to chemoton coupling, both surface area and
the mass of internal material are doubled in growth. But this is incompati-
ble with the maintenance of a spherical shape: surface area scales with the
square, volume scales with the cubic of the radius of the sphere. A sphere
with double surface area has more than double volume. Since the quantity
of osmotically active inner material is only doubled, it follows that the shape
of the chemoton becomes continuously distorted. One resolution is that the
cross-section becomes dumbbell shaped and ultimately the system divides
into two spheres, which together have doubled surface and volume of those
of the original [33].

This qualitative reasoning has received confirmation by calculations which
assume that the growing microspheres go through a series of quasi-equilibria
of different shapes. If the rate of ancient metabolism is not high, this is
a fair approximation. Verhds [34] as well as Tarumi and Schwegler [35] were
able to calculate the equation of motion for the membrane surface, taking
curvature into account. The latter is important since large curvature has
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higher energy: this is why in general symmetrical shapes are favoured over
asymmetric ones.

Bozi¢ and Svetina [36] analysed a different situation, where addition of
membrane constituents happens from the external milieu, and there is no
metabolism inside, but there is limited permeability. They supposed that the
membrane assumes spontaneous membrane curvature. This is non-zero if the
properties of the inside and outside solutions differ, or if the two layers of a bi-
layer membrane differ in composition, or if some membrane-embedded con-
stituents are asymmetrically shaped. They were able to show that under these
assumptions membrane division is possible provided TLkC* > 1.85, where T
is the time taken to double the membrane area, L is the hydraulic permea-
bility of the membrane, k is the bending modulus, and C is the spontaneous
membrane curvature. In this model growing vesicles first retain spherical
shape, then are distorted to a dumbbell, then to a pair of asymmetric vesicles
coupled by a narrow neck, and finally to a pair of spherical vesicles linked by
a narrow neck. Separation of the two daughter vesicles occurs as a result of
mechanical agitation in the solution.

Heterogeneity of membrane constituents may also play an important role
in the stabilisation of vesicles. Amphiphiles with cationic and anionic head
groups can assemble into vesicles that are stable over a year [37]. This ef-
fect may be explained by assuming an asymmetric distribution of the two
constituents between the two layers. Note that the two layers have curvatures
of equal magnitude but opposite sign. How such an asymmetric membrane
structure would be maintained through generation of protocells is not obvi-
ous, however.

It must be said also that temperature can also change the equilibrium
shape of membranes because the two layers react to temperature change dif-
ferently [38], due perhaps to molecular impurities. The obtained shapes are
very suggestive. Considering the fact that according to one scenario the origin
of replication of longer templates was tied to temperature oscillation [39], it
would be important to look at the concomitant changes in membrane shape.
Replication as well as membrane division could have been helped by the same
oscillation of temperature. Dobereiner et al. [40] demonstrated that budding
of sphingomyelin vesicles can be triggered by increasing the area-to-volume
ratio of the vesicles by heating. The explanation is that heating induces a gel to
sol transition in the membrane. Another way is to induce budding and fission
osmotically, which reduces the volume, hence increases the area-to-volume
ratio again in the favoured direction. Note that there is no membrane growth
in these experiments.

Experiments have confirmed the idea that micelles as well as vesicles could
grow autocatalytically (see [41] for a good overview). In a landmark paper
Bachmann et al. [42] observed the formation of autocatalytically replicat-
ing micelles from sodium caprylate. The micelles could be converted into
more stable vesiscles by pH change. Oleic acid/oleate vesicles can also mul-
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tiply autocatalytically, and they show a remarkable “template” or “matrix”
effect in the size distribution: somehow the newly formed vesicles inherit,
with “good accuracy” the size distribution of the preexisting vesicles [43, 44].
Microscopic investigation provided evidence for vesicle fission, but whether
fission is binary or not is uncertain [45, 46].

24
Compartment/Template Infrabiological Systems

Growing membrane systems have been used to obtain artificial infrabiolog-
ical systems. Walde et al. [47] have carried out the synthesis of polyadenylic
acid in self-reproducing vesicles [48], in which the enzyme polynucleotide
phosphorylase carried out the synthesis of poly-A, and membrane vesicle
multiplication was due to the hydrolysis of externally provided oleic anhy-
dride to oleic acid. The snag is that the enzyme component is not auto-
catalytic. Enzymatic RNA replication in vesicles [49] suffers from the same
problem. It is also not known whether redistribution of the entrapped en-
zymes into newly formed vesicles occurs or not. An affirmative answer would
be evidence for vesicle reproduction by fission.

The demonstration that the polymerase chain reaction can be carried out
in liposomes [50] is important because it demonstrates that liposomes can re-
sist the required temperature changes. In the light of the lipid world model
it is useful to ask what catalytic functions Luisi’s structures show behind dir-
ect autocatalysis. Binding of peptides to and polymerisation of amino acids
in liposomes was demonstrated in various systems [51]. We are not aware of
a similar effect on nucleic acid synthesis.

The direct autocatalytic multiplication of both caprylate and oleic acid
vesicles received a simplified kinetic analysis [52]. It was shown, in agreement
with elementary reasoning that the catalytic effect is due to large growth of
the reaction surface.

Another line of research demonstrated the catalysis of membrane forma-
tion from micelles by montmorillonite surfaces [53]. Such vesicles grow in
size but spontaneous division (without externally enforced extrusion) was
not demonstrated. RNA absorbed to clay can be taken up together with
clay particles, but neither clay nor RNA is autocatalytic in this experimen-
tal system. Fatty acid vesicles containing RNA have a higher internal osmotic
concentration. This is expected to strain the vesicle membrane and facili-
tate its growth. RNA-containing vesicles are shown to grow in size at the
expense of vesicles that do not contain RNA [54]. The process is likely due
to fatty acid molecules leaving the isotonic vesicles (which hence shrink
in size) and joining the RNA-containing vesicles (which hence increase in
size). The process continues until a new equilibrium is reached. Competition
between protocells is thus an intriguing possibility not yet experimentally
demonstrated.
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In an attempt to design a protocell, a Los Alamos group proposed a sys-
tem essentially composed of non-enzymatic template replication coupled
to micelle growth [55,56]. The micelle aggregate is assumed to incorpo-
rate from the medium precursors of lipids and template building blocks
(monomers or oligomers). The authors assume that for this particular con-
struct PNAs [57] would serve better because of their hydrophobic nature.
It is assumed that single-stranded molecules face the hydrophilic anterior
whereas double-stranded molecules immerse into the hydrophobic interior
of the micelles. Alternation between these two states is assumed to facilitate
replication.

A possible form of coupling between membrane growth and template
replication is assumed to proceed as follows. PNA molecules are planned to
carry photosensitiser molecules. PNA acts as a catalyst for the light-driven
fragmentation of the lipid and template monomer precursors. It is also as-
sumed that certain PNA sequences provide the efficient charge transfer sys-
tem necessary to realise the dynamic coupling.

It remains to be seen whether this clever proposal can be chemically re-
alised. If yes, it would serve as a proof-of-principle, but two main limitations
remain. Due to the envisaged template replication, template length is as-
sumed to be less then about 10 [56]. It seems that the growth dynamics,
essentially obeying the “survival of everybody” [58] rule for parabolic replica-
tors [150, 151], would result in a diversity of short oligomers, but the situation
is more complicated. As mentioned above, only certain sequences would act
as efficient charge transfer systems. Thus selection for efficient growth would
result in very few winning, short sequences. Presumably, one would arrive at
a system with limited heredity [7] and evolution would not be open-ended.
It is doubtful whether any functionality of PNAs other than charge transfer
could evolve in the system. It is not easy to see how the Los Alamos Bug could
be modified to become a unit of evolution.

2.5
Membrane Permeability

Membrane permeability is one of the most difficult problems for protocells
to solve. Electrolytes, amino acids and sugars permeate liposomes at a very
small rate. Today we find highly evolved transport mechanisms, resting on
evolved proteins, which solve this problem for the cell. Protocells must have
resorted to more basic, but sufficiently functional tricks.

A number of suggestions have been made. A simple mechanism was pro-
posed by Stillwell [59], resting on the following components: (i) increase
the permeability of a molecule by a transient chemical modification, which
renders the molecule more lipophilic; (ii) maintain a gradient by lowering
the concentration of the material in question by metabolising it (Fig. 5).
In concrete terms, amino acids [59] and sugars [60] could react with alde-
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Fig.5 Enhancement of amino acid transport into vesicles by reversible chemical trans-
formations. Amino acid reacts with aldehyde to form a more permeant molecule. Inside
the vesicle the reaction runs in reverse and the amino acid can be incorporated into other
molecules, such as peptides

hydes (such as formaldehyde and pyridoxal) to form a so-called Schiff
base, which then could pass more readily through the lipid bilayer. Experi-
ments have confirmed the feasibility of this idea. Another possible route,
requiring a H* gradient across the bilayer (acidic inside), was suggested by
Chakrabarti and Deamer [61], pertaining to amino acids. The most com-
mon form of amino acids is zwitterionic, and the less common form is the
neutral (uncharged) molecule (Fig. 6). The proposed transport mechanism
consists of the following steps: (i) neutralise the — COO™ group by creat-
ing amides or methyl ester derivatives; (ii) at basic pH the —- NH3* groups
lose their H*; (iii) let the neutral molecule pass through the bilayer; (iv)
acidic pH inside restores — NH3* and renders the amino acid again imper-
meable; (v) use up the amino acid in metabolic reactions. The increased
transport rate of amino acids thus neutralised has also been experimentally
demonstrated.

An interesting mechanism for the establishment of a pH gradient in grow-
ing fatty acid vesicles was recently shown by Chen and Szostak [62]. Fatty acid
vesicles are usually very permeable to cations, including H*. Maintenance
of a gradient thus requires a non-permeant cation, such as arginine. Incor-
poration of protonated (neutralised) fatty acid molecules from the external
medium results in acidification of the internal milieu, by a flip-flop mechan-
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Fig.7 Membrane growth (A) can create a pH gradient. At the pK value of the fatty acid
head of the incoming fatty acid molecules will be protonated (B), hence neutralised.
Neutralised molecules flip more readily (B). Approximately half of the flipped molecule
will be deprotonated (C). A pH gradient (D) builds up provided the membrane is rather
impenetrable to other cations (from [62])
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ism of H* transfer, performed by the fatty acid molecules (Fig. 7). The energy
released in membrane growth can thus be stored in the pH gradient thus built
up. Such a gradient could be coupled to some other processes, as discussed
above.

3
Primordial Genomes

The genome is the total genetic constitution of an organism. In present-day
cells information encoded in DNA is transcribed into RNA and translated
into proteins, the absolutely essential polymers for almost all cellular func-
tions. But such a flow of genetic information and relatively clear-cut boundary
between replicating and catalytic systems was a later invention. Primitive
cells (protocells) may have been entirely RNA-based, which circumvents the
historical dilemma of which came first, proteins or DNA. There was little
separation between molecules acting as functional units and those acting as
genetic material. Nevertheless, even if difficulties related to prebiotic RNA
synthesis and stability can be eventually solved, an important problem still
remains: How could information have been preserved when templates were
confined to isolated vesicles of finite size and replicated by a low copying
fidelity RNA polymerase ribozyme?

3.1
Error Thresholds

The pioneering works of Eigen [63] called attention to the fact that the
length of selectively maintained genetic information is limited by the copy-
ing fidelity. Without the aid of peptide enzymes the upper bound of copying
fidelity per nucleotide per replication was likely around 96-99% [64, 65].
With such a high mutation rate the number of mutated offspring molecules
far exceeded the number of non-mutated ones, resulting in the well-known
quasispecies concept of Eigen [7, 63,66-68] where a stable cloud of mutants
formed around a master sequence as far as the maximum chain length (N)
was below the critical copying fidelity per site per replication (gx) as deter-
mined by the following simplified expression:

N<lIns/(1-g%),

where s is the superiority of the master. The occurrence of thresholds for error
propagation was originally derived as a deterministic kinetic theory that is
only valid in the limited case of an infinite number of molecules. Alves and
Fontanari [69] have extended this to finite populations and found that g* in-
creases linearly with the inverse of population size.
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3.2
Vesicle Models

Proposals to circumvent the information crisis have focused on networks of
non-encapsulated cooperative molecules (i.e. hypercycles, Fig. 8), or com-
partmentalisation of competitive unlinked templates (i.e. vesicle models,
Fig. 9). As originally formulated [63,66] the hypercycle is a catalytic feed-
back network in which each template helps in the replication of the next one,
in a secondary cycle closing on itself (second-order autocatalysis). The enzy-
matic function (replicase activity) in the hypercycle was thought to be carried
out by the encoded proteins (the “realistic” hypercycle [70]), but recently also
the hypercycle was projected into the RNA world [8], with RNA molecules
acting as templates as well as enzymes [71]. Problems arise, however, due
to the dynamical instability of large hypercycles (e.g. they are vulnerable to
extinction via fluctuations [72]), and the evolutionary conflicts among its
members no matter how small hypercycles can be. Spatial implementations
of hypercycles simulated by cellular automata are of little aid in this matter
as it was shown [13] that the spatial patterns (spirals) that would suppos-
edly increase the robustness of hypercycles against parasites [73] are unstable
against a trivial form of “patchy environment”, namely differential death
rates of replicators in the cells of the grid. As first recognised by Maynard
Smith [74], to provide catalytic support in a molecular catalytic feedback net-
work is an altruistic behaviour doomed to exploitation by parasitic molecules
and eventual extinction. Apparently this criticism still holds.

®
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a b

Fig.8 The hypercycle (a) and its parasite (b). Each member I; is autocatalytic for its own
growth and heterocatalytic for the replication of the next member. The parasite P shown
accepts the catalytic help from I, but does not give anything back. If the arrow leading
to P is stronger than that leading to I3, the system is doomed to extinction in a spatially
homogeneous dynamical system
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Fig.9 One of the vesicle models (as depicted by the SCM). Different templates (labelled
by open and closed circles) contribute to the well being of the compartments (protocells)
in that they catalyse steps of metabolism, for example. During protocell growth (--»)
templates replicate at differential expected rates, but stochastically. Upon division (—)
there is chance assortment of templates into offspring compartments. Stochastic replica-
tion and reassortment generate variation among protocells, on which natural selection
at the compartment level can act and oppose to (correct) internal deterioration due to
within-cell competition

The initial stimulus behind vesicle (compartment, protocell) models was
to solve the conundrum of the evolutionarily dynamic coexistence of un-
linked genes in view of the problems faced by hypercycles. Sooner or later
hypercycles would have had to escape into compartments (as already ac-
cepted by Eigen et al. [75]), but in those circumstances alternative systems
such as a group of competing species of molecules (genes) that happened
to be enclosed in a vesicle and were replicated by a non-specific replicase
could have been a more efficient alternative for accumulating information
and for forming a catalytic network that otherwise could be unstable in
homogeneous solution [17,19,76-79]. Elaborating on the package model
proposed by Niesert et al. [80], Szathmdary and Demeter [81] described the
SCM as a dynamic system where an optimal template composition ensures
the fastest growth and division of protocells. The protocell grows due to
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replication of templates and by adding the necessary membrane building
blocks due to the metabolism of the compartment. The fissional size corres-
ponds to a certain level of polyploidy of the genes (i.e., gene redundancy).
As genes are distributed randomly to the daughter cells dead offspring can
arise, and their average fraction increases with decreasing polyploidy of the
slowest replicating template. For this reason the initial formulation of the
SCM assumed that the number of different template types per protocell must
have been small.

A common criticism faced by the SCM is that it is a very sloppy system
of information integration because the major difficulty for conserving a com-
plete set of genes is the growth rate difference between replicators [80, 82, 83].
The snag with such criticism is that it overlooks evolution. Thus, if we rea-
sonably assume an evolving population of protocells where there is initially
genetic variation for replication rates, only those lineages with a reduced vari-
ance in growth rates among unlinked genes would eventually survive [84].
Those lineages could likely host many more genes than the alleged upper limit
of 3 (e.g. [80, 82]). Actually, in the limiting case of an infinite number of vesi-
cles, each one carrying a finite number of templates that replicate at the same
rate, Fontanari et al. [85] have recently found that there is no fundamental im-
pediment to the coexistence of an arbitrary number of template types inside
a vesicle (except of course for the vesicle capacity). This is in sharp contrast
with the inherent dynamical instability of large un-packed hypercycles (see
above). Since the total information content is the product of the number of
different templates and the maximum information coded per template, the
information gain due to the coexistence of different templates in stable hy-
percycles relative to the theoretical upper limit in vesicle models is therefore
negligible.

Compartmentalisation thus offers the most natural and efficient way of in-
formation integration, but it does not still solve the original problem raised
by Eigen [63]: the information crisis in primitive genomes. The first attempt
to compare g* between “conceptually analogous” versions of compartmen-
talised hypercycles and the SCM was carried out by Zintzaras et al. [71].
They found that a population of SCM protocells can tolerate a higher input of
deleterious mutation rates, and reaches an equilibrium mutational load (i.e.
the decrease in average fitness of a population exposed to deleterious mu-
tations relative to an error-free population) lower than that in a population
of protocells hosting hypercycles. Hence, given our current understanding
a working-model for the protocell scenario in the origin of life would enclose
a persistent cloud of mutants around master sequences of genes competing
for within-group common resources. Selection on stochastically produced
offspring variants would favour those lineages with non-competitive molecu-
lar assemblies, thus stabilising the population against random loss of essential
genes after compartment fission. But a critical question still remains: Could
such a primitive protocell sustain the “minimum” informational length re-
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quired for the basic features of life with a putative low copying fidelity RNA
polymerase ribozyme?

33
Recombination (Sex) and Gene Redundancy

Within the classical framework of vesicle models, the previous question was
approached by several authors [71,86] and the answer was clear: compart-
mentalisation per se was not sufficient to overcome the information bot-
tleneck imposed by the error threshold. However, Lehman [87] raised the
issue that recombination—a frequently ignored player in models of early
evolution—could have been crucial to build up primeval genomes of sizeable
length. In the article that coined the phrase “the RNA world” Gilbert [8] al-
ready speculated that “the RNA molecules evolve in self-replicating patterns,
using recombination and mutation to explore new functions and to adapt to
new niches”. In this context the discovery of spontaneous rearrangements and
recombinations of sequence-non-specific RNAs in solution is important [88].
According to the experimental evidence, RNA chains of diverse sequences
can recombine at a rate of 10 h™! per site and the reaction is not due to
cryptic ribozyme structures that might be formed by some RNAs, but is an
intrinsic chemical property of polyribonucleotides. More recently, Riley and
Lehman [89] have shown that Tetrahymena and Azoarcus ribozymes can pro-
mote RNA recombination.

This capability of RNA to potentially minimise the burden imposed by
the error threshold—along with [87]—has been recently analysed by San-
tos et al. [90]. They assumed that recombination in protocells took place via
copy-choice means; i.e. that the replicase switched between RNA-like tem-
plates as occurs frequently in RNA viruses and is crucial for retroviral repli-
cation during reverse transcription (e.g. [91-95]. They ignored, however, the
possibility of gene chimerisation resulting from illegitimate recombination—
a putative source of major evolutionary innovations as discussed by Cavalier-
Smith [96]—because it would introduce many technical and theoretical prob-
lems in a protocell scenario. The numerical results showed that there is a quite
intricate interplay between mutation, recombination and gene redundancy,
but the conclusion from the fitness function they used was that the informa-
tional content could have increased by ~ 25% at most by keeping the same
mutational load as that for a population without recombination. Even so, the
upper bound of ~ 75 nucleotides reached in that work is still far from the
minimal life provisions.

The consequences of imperfect replication in vesicle models are somewhat
puzzling [85,90]. For small mutation rates an increased level of polyploidy
favours the persistence of protocell lineages since the random loss of essential
genes after fission is attenuated. However, for large mutation rates the situ-
ation is reversed, resulting in that those lineages with low levels of polyploidy
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are better able to cope with higher mutation rates, particularly when recom-
bination is allowed. This means that gene redundancy was indeed costly.
Therefore, selective forces favouring the linkage of genes to make the first
chromosomes would eventually outweigh the advantage of faster replicating
single genes because linked genes are less likely to be lost by random assort-
ment when protocells divide [97].

The role of the number of gene copies in a primitive cell was investigated
by Koch [98], who pointed out the existence of two conflicting forces: (i)
higher copy numbers act as a safeguard against random loss of all copies of
a gene; (ii) but such copy numbers slow down adaptive evolution because
a newly arisen favourable mutant is diluted out and cannot be “seen” effi-
ciently by natural selection acting on cells. He further observed that a mod-
erately high (< 100) copy number per gene is not only optimal, but is confers
some additional evolvability by the “duplication and divergence” scenario, as
first emphasised by Ohno [99].

3.4
Lessons from “Bags of Genes” in Contemporary Genetic Systems

It is important to pint out that unlinked, independently replicating and re-
assorting genetic elements (replicons), exist even today. For example, the
macronucleus of ciliates (unicellular protists) is essentially a bag of genes in
high copy number [100]. Bacteria can harbour a number of chromosomes
and plasmids. It is important that high- and low-copy-number plasmids fol-
low different assortment strategies: the former rely on stochastic assortment,
whereas the latter apply a cell wall-mediated accurate segregation mechan-
ism [101], in line with conclusions on analogous protobiological systems.
A further remarkable example is that of the unigenic mini-circles of the di-
noflagellate plastid [102, 103]. It is important to stress that all these systems
are only partially analogous, rather than homologous to the assumed primor-
dial “bag-of-genes” genomes.

It is potentially rewarding to have a closer look at the ciliate case. Cili-
ates usually have one or a few micronuclei and one or many macronuclei
(Fig. 10). It is only the former that participate in sexual recombination; we
are not aware of a case of macronuclear fusion. Typically, a round of sex is
followed by hundreds of clonal cell divisions (called the vegetative phase).
During vegetative reproduction the micronucleus is (almost) completely in-
active and the macronucleus serves the transcriptional needs of cells. DNA
in the macronucleus is highly amplified, presumably to meet the transcrip-
tional demand of the large ciliated cells (they can be larger than 100 micron
in length). DNA in the macronucleus originates from one of the micronuclei
after fragmentation, elimination and specific amplification [100]. Parame-
cium and Tethrahymena species show these phenomena to a moderate extent:
In the latter, the macronucleus contains about 57 copies of the unique se-
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Fig.10 Micrograph of the ciliate Paramecium. Macronuclei of ciliates are more or
less fragmented genomes (bags of chromosomes or genes) (Source of the image:
http://www.bio.umass.edu/biology/conn.river/parameci.html)

quences found in the micronucleus. Out of the 5 chromosomes up to 200
different subchromosomal DNA molecules are generated. Thus each such
fragment still contains thousands of genes.

Macronuclear reorganisation is much more radical in the co-called hy-
potrich ciliates, in which fragmentation occurs down to the level of the gene.
Finally, each unigenic minichromosome is endowed with the sequences ne-
cessary for replication. For example, in Oxytricha, the macronucleus harbours
about 24000 different unlinked genes, each with an average copy number of
950.

The odd fact is that upon division bulk DNA material, as well as each
copy of genes, is randomly assorted into offspring nuclei. Thus there can be
10-15% difference in the total DNA content of sister macronuclei. This calls
for some correcting mechanism at the genomic as well as the genic levels. For
the former, chromatin extrusion, extra full or partial rounds of DNA replica-
tion, and/or skipped rounds of replication all seem to contribute to varying
extent, although the molecular basis for DNA content regulation is unknown.

At the genic level we find that different genes can be maintained at various
copy numbers [104]. This set number can change abruptly, presumably be-
cause of mutation in the regulatory sequences [100]. It seems that the added
telomeres at the ends of the minichromosomes are sufficient for the initiation
of replication [105]: chromosome-internal sequences do not seem to influ-
ence the regulation. This of course renders the puzzle of copy number control
specific for different (groups of) genes even greater.
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We wish to draw some important conclusions from the ciliate case. Ap-
parently, the strategy of the bag-of-genes is a viable one, and is a satis-
factory base of cellular inheritance. (Note that the objection that macronu-
clei are doomed to death and rejuvenation from sexually recombining mi-
cronuclei is mandatory is flawed—there are known cases of amicronu-
cleate clones that can be maintained apparently indefinitely [100]). This
does not resort to maintenance of linkage groups or accurate segregation,
but does require some mechanism for suppression of replication and copy
number control. It seems that the basic adaptation to ensure that most
molecules are replicated exactly once in hypotrichs is the existence of so-
called replication bands, in which individual DNA molecules cannot migrate
and there is a directional wave of DNA replication [100]. Nevertheless, inac-
curate segregation requires an active correction mechanism for copy number,
as discussed above.

The hypotrich ciliate is very suggestive for early evolution studies. First,
it should not escape our attention that one suggested mechanism for initi-
ating replication of RNA molecules is by telomers; noting that telomerases
have a ribozyme component and that some RNA viruses adopt a similar strat-
egy [106]. Ciliates testify that a very large number of genes can be maintained
when copy number control sufficiently reduces the assortment load. It would
be very important to find out the molecular details of the ciliate mechan-
ism, since some analogous mechanism could readily ameliorate the earliest
genomic conflicts. The apparent independence from chromosome-internal
sequences is particularly encouraging.

Multicopy plasmids offer a limited, but still instructive comparison. Plas-
mids are replicating clusters of genes in bacteria. Under certain conditions
they confer beneficial traits (such as resistance against antibiotics) on the bac-
terial host. They can also be passed on by conjugation between cells. A well
elucidated mechanism of copy number control of abundant plasmids relies
on a trans-acting inhibitor and cis-acting activator. For example, the ColE 1
plasmid in Escherichia coli blocks the action of the RNA primer (activator) by

Fig.11 Sex between protocells. The model assumes that protocells host essential repli-
cators (genes) with metabolic function that are replicated by non-specific replicases (R).
According to the replication rate constants the replicase can be “selfish” (R1; i.e. reaps the
benefits of a common metabolism and swiftly outgrows the metabolic genes), “coopera-
tive” (R2; i.e. all genes inside a vesicle grow at nearly similar rates) or “altruistic” (R3; i.e.
helps the metabolic genes but at the expense of deviating the whole compartment from
the optimal gene composition). The figure plots some sample simulations showing the
average number of different replicases per protocell according to the proportion of cells
that undergo random cellular fusion (sex). R3 is quickly lost, but the frequencies of both
R1 (grey lines) and R2 (black lines) oscillate according to the “amount of sex” (propor-
tional of cell fissions/generation). The important point here is that a protocell population
could resist invasion of rapid exploitation by a potentially lethal (at the compartment
level) parasite (R1 in this case) (After [84])
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a constitutively produced, unstable inhibitor RNA. The concentration of the
latter is a good indicator of plasmid copy number in the bacterium [101]. It
is true that several unrelated plasmids can coexist in the same bacterium, but
closely related plasmids cannot be stably maintained in the same population,
unless reintroduced by horizontal transfer. This reminds one of the facts that
ciliate macronuclei usually become homoallelic because of chance segrega-
tion of the alleles of any given gene; but there is a crucial difference. The latter
process happens even if the alleles in the same cell do not compete. In con-
trast, closely related plasmids vary in the strength of activation and inhibition
elements, and there is therefore within-cell competition [107]. Between-cell
competition is influenced by at least three factors: (i) whether the plasmid is
essential for survival in the given medium; (ii) very high copy number entails
a metabolic burden; (iii) horizontal spread of plasmids is possible.

A final remark here is that in vesicle models the classical source of in-
tragenomic conflict (i.e. conflicts among different elements of the genome)
is thought to arise because natural selection acts at two levels: within- (i.e.
selfish replicators can reap the benefits of a common metabolism to en-
hance their own survival) and between-protocells. Sex (broadly defined
as the exchange of genetic material between genomes or between two
sources [87,108]) poses yet another riddle because genetic systems that
involve fusion between organisms (protocells) offer higher prospects for par-
asitic genes. The menace of horizontal transfer of parasites between protocells
was studied by Santos et al. [84]. They concluded that a population of proto-
cells is able to resist invasion of parasites and, in some situations (i.e. when
an over-exploiting parasite invades the population), extensive cellular fusion
would have been beneficial and the argument by Hamilton et al. [109] for
sex as an adaptation to parasites applies (Fig. 11). An important point is that
the scenario they explored numerically is fully consistent with the idea that
life may have begun as a series of ever-changing, swapping committees of
proto-organisms that exchanged much genetic information [110, 111]. What
remains to be explored is the flip side of the coin: the potentially important
role of co-opting genetic material from other protocells to significantly speed
up evolution.

3.5
Minimal Set of Genes for Cellular Life: The Top-Down Approach

Comparative genomics shows that most bacterial proteins are highly con-
served in evolution. From this standpoint an increasingly appealing issue is
the identification of “the smallest possible group of genes that would be suf-
ficient to sustain a functioning cellular life form under the most favourable
conditions imaginable, that is, in the presence of a full complement of
essential nutrients and in the absence of environmental stress” [112]; in
other words, to define “the minimal gene set”. The latest suggestion by Gil
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et al. [113] is a minimal gene set composed of 206 genes. It is highly il-
lustrative to list some of the molecular features apparently needed for the
hypothetical simplest bacterial cell:

A virtually complete DNA replication machinery.

A rudimentary system for RNA repair.

A complete transcriptional machinery.

A nearly complete translational system.

Protein-processing, -folding, secretion and degradation functions.
Machinery for cell division.

A basic substrate transport machinery.

etc. ...

PN RN

From this catalogue it is painfully obvious that a great deal of molecu-
lar and protocellular evolution preceded the hypothetical “minimal cell” in
the context of comparative genomics. Our point here is that the top-down
approach to design a minimum cell in terms of molecular biology is a worth-
while exercise, but logically and evolutionarily comes later, and not instead
of, the chemoton. In addition, the comparative genomic approach might be
flawed for the following reason. Suppose that genomes consist of four genes:
A, B, C and D in bacterium B1, and A’, B/, E and F in bacterium B2. Genes C,
D, E and F show no homology whatsoever. This does not mean that (A, B) and
(A’, B') organisms would be viable. They may have a problem, which must
be solved somehow, and it happens to be solved by genes D and C in B1 and
genes E and F in B2.

4
Metabolism

4.1
All Living Systems Today are Metabolic

All living systems contain metabolism consisting of at least one autocatalytic
cycle. An autocatalytic cycle is a set of consecutive reaction steps that has A;
constituents (i > 1), takes as material inputs a set of reagents, X, and produces
a set of products Y. A cycle has an autocatalytic stoichiometry if, after a finite
number of turns, each constituent multiplies in quantity [5]. In the simpli-
fied description of the formose reaction (Fig. 12), in one turn of the cycle,
two molecules of glycolaldehyde are formed for each glycolaldehyde molecule
present at the beginning. Therefore, it has autocatalytic stoichiometry. The
products, Y, are used in constructing the organism (e.g. membrane, tem-
plates), or expelled as waste materials from the chemoton. Chemical cycles
are homogeneous catalysts. Catalysts accelerate chemical reactions without
being used up or changed in nature. They act at low concentrations by reduc-
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Fig.12 The formose contains an autocatalytic core, in which the amount of cycle inter-
mediates (such as glycolaldehyde) grows autocatalytically

ing the activation energy of the reaction. All living systems are catalysts, e.g.
yeast catalyses the production of CO, from sugars, but in addition they use
some of the chemical matter of the reagents to construct their constituents
hence they are autocatalytic.

Why should metabolism be an absolute characteristic of life? An organ-
ism without metabolism would be one that did not synthesise any of its
materials from precursors, but obtained them all pre-formed from the en-
vironment and from its parent(s). Such an entity could only exist if all
its materials were present in the environment in sufficient concentrations.
Heterotrophic theories popularised by Oparin [114] and Haldane [115] as-
sume such concentrations could have been found in a rich prebiotic soup.
Lancet’s GARD model [23,24] and other models of reflexive autocatalytic
sets such as Eigen’s hypercycle [66], Farmer’s et al. [116] autocatalytic bi-
nary strings, Fox’s microspheres [117], and more recently Szostak’s pro-
tocell [17] all make the same assumption. How much time would it take
the biosphere to deplete this free gift of complex molecules? This would
depend on the “gross primary production” of the primitive biota [118]. Al-
though the hypothesised entities do not metabolise X in order to synthesise
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their components, any complex organisation requires some energy for self-
construction, i.e. to reduce internal entropy. Unless all this energy could
be obtained from sources external to X (e.g. light or redox potentials), X
would have to be used as a chemical energy source, and so degraded to
waste products. Also X decays to simpler molecules at a finite rate. This
happens independently of any reactions required for the maintenance of
the organism. Therefore, long-term persistence of non-metabolising entities
assumes the existence of mechanisms in the environment able to replen-
ish X. No known mechanisms, other than living systems with metabolism,
are capable of synthesising complex organic molecules continuously. Since
there is no continued influx of complex organics from outer space, non-
metabolising organisms can therefore only exist as transients in a system
initialised with abundant complex organic molecules, because eventually
these will run out. Dyson suggested that life may indeed have started in
this way [119]. Alternatively, non-metabolisers can be “parasitic” upon
complex organics produced by entities capable of synthesising complex or-
ganic molecules from a subset of X, as are viruses for example. In the
long-term the concentration of these metabolising entities will be the rate-
limiting factor for the non-metabolising entities. So metabolism should
be considered a characteristic of living systems because understanding
metabolism is crucial for explaining how living systems work as dissipative
structures [120].

It cannot be stressed too strongly that without exception, all known cel-
lular life possesses an autocatalytic metabolism, even if the cells are het-
erotrophic. Thus for the autocatalytic nature of the whole metabolic net-
work it is not necessary to be able to identify a smaller autocatalytic core
as the reductive citric acid cycle or the Calvin cycle. Imagine the follow-
ing thought experiment. Take away all metabolites from a cell but leave all
the water and the informational macromolecules in place. Can the network
be recreated from the food materials only, or not? Let us be generous and
provide enough ATP also for the supposed kick-start. The fact is that no con-
temporary cell could resume its activity in this experiment. Consequently,
all cells today possess a distributive autocatalytic network that cannot be
seeded from outside, because some of its seed components cannot be taken
up from medium.

It is easy to see that such a system has certain advantages in bad times,
when food is depleted. Because some key components of the network can-
not permeate the membrane, they cannot leak out either, thus a package of
metabolites will be preserved in the cell interior (until it is degraded by side
reactions). In contrast, a cell whose metabolic network could be re-created
entirely from outside could also lose all it metabolites under harsh conditions
since they would simply be lost by reactions running in the reverse. We sug-
gest the term endogenous autocatalysis to describe contemporary metabolic
networks.
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Living systems exist in a biosphere that to a first approximation is a closed
thermodynamic system (i.e., conserves matter but not energy, like a green-
house). To explain life’s persistence, we must explain how a finite set of
chemicals can be recycled effectively and indefinitely by a biosphere. As a pre-
requisite for the persistence of life, we require entities that are capable of
obtaining energy from outside the system in order to re-cycle the chemical
system (autotrophs or non-living “autotrophic” metabolic systems). Entities
capable of recycling a subset (X1) of chemicals using only energy from an-
other subset (X2) of chemicals will not be able to do so for very long, since
X2 will run out. Heterotrophs are an example of such entities. If they pre-
ceded autotrophs historically, then we can conclude that they could only
persist if either autotrophs or non-living autotrophic metabolic systems could
evolve before X2 was used up, killing all the heterotrophs. Let us consider
the requirements for the evolution of non-living metabolic entities of both
“heterotrophic” and “autotrophic” types.

4.2
Evolution of Autocatalytic Cycles

Imagine an experiment that simulates early earth conditions [121, 122]. Con-
struct multiple “micro-environments” each with different characteristics.
These could use different abiotic energy sources, for example. Some might
use UV light (oscillating as night and day) or redox potentials (e.g. FeS,/FeS
surfaces). They could also have different temperatures, salinity, pH, local
chemical concentrations or other attributes. Together, these disparities will
make the equilibrium positions and chemical reaction rates vary between
these micro-environments. The chemical network is massively reconfigurable
and non-linear. Spatial factors can establish chemical gradients, so some de-
gree of specificity over and above that provided by the chemical network can
be obtained. In this way, spatial properties of the chemical network enable
“vectorial metabolism” [123]. In essence, we can keep the system very far
from equilibrium, in many different ways, physically and chemically. Initialise
the system with a subset of atoms and small molecules e.g. C, H, N, O, P, S, and
leave it for some time. Under what circumstances will the system settle down
into a boring point attractor, e.g. tar, and under what circumstances will it pro-
duce life? Would the “tar” be the same boring tar, or different and still boring
tar, if the “tape were re-run”? Under what circumstances would an autocat-
alytic cycle arise? And for what subset of parameters would an autocatalytic
cycle evolve into life? How would the “platonic space” of all possible chemical
reactions be explored [122]?

King [124] modelled a recycling chemical network (i.e., where every
molecule type is produced in at least one reaction, and consumed in at least
one reaction) of bimolecular reactions (i.e., where two reagent molecules
react to produce two product molecules) and showed that the number of “pla-
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tonic” autocatalytic cycles C is given by

r
c=) Ji-,
i=0

where J; is the number of reactions that the ith reactant takes part in, and
r is the number of reactant types. One can demonstrate this by induction
from cases with few reactants. But for the cycle to exist materially, the con-
stituents’ rates of decay must equal their rate of creation from reagents. The
rates of decay are increased by “OR-reactions” that tap the cycle [125], i.e.
reactions where a constituent may undergo side-reactions. The factor limit-
ing this creation rate is very likely to be one “limiting reagent”. Exponential
growth of the autocatalytic cycle will only occur when the limiting reagent
(whichever one it is at the time) is present in excess, so for the cycle to per-
sist, this limiting reagent must be generated in sufficient quantity. Reagents
may be the products of other autocatalytic processes occurring under differ-
ent equilibrium conditions in other micro-environments or may be due to
non-autocatalytic recycling of some components of the system by solar radi-
ation [126].

How specific must the reactions of an autocatalytic cycle be for it to grow?
Imagine a cycle with n constituents, and m other active substances in the
medium (which also include the reagents). Considering all possible reactions
between the constituents and the other substances, King found that the cycle
grows exponentially only if

n

[Jl+1/s1<2

i=1

for all n constituents, where S; is the specificity of the i constituent, given by
m . .
S;i= Oli/ijl Aij» ] 75 1

where aj; = BijR;, Bij being the rate coefficient of the reaction between the ith
constituent and the reactant j, and R; being the concentration of the reactant
j. In particular, the steady state of the limiting reagent Ry, is given by

Ry =ar/Br,

where B is the rate coefficient for uptake of the limiting reagent, and «, is the
rate of decay of the autocatalytic constituents.

How probable is it that a randomly generated autocatalytic cycle of size
n will persist? Assuming randomly assigned rate coefficients and concentra-
tions, King defines a “kinetic complexity” to a cycle (Y = n(m - 1)), where n
is the number of constituents and m is the number of the active substances in
the medium including reagents, and calculates the probability that a cycle of
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size n will persist under these conditions. King assumes an exponential distri-
bution of specificities of reaction, with most reactions having low specificity.
For an autocatalytic system with 4 uptake reactions and in a medium contain-
ing only the 4 appropriate reagents the chance of the cycle persisting is only
9 x 10719, See the table below for other values of Y.

Y 2 4 6 12 20 30

Probability 0.26 0.019 6x10%  9x1071°  2x107  2x107F

In conclusion, selection of rate coefficients and concentrations of reagents
are needed to make an autocatalytic cycle that persists with more than a very
small number of constituents. Random search will not do for anything but the
smallest cycles.

Does an autocatalytic cycle conform to Maynard Smith’s [1,2] definition
of a unit of evolution? Szathmdry classified autocatalytic cycles as replica-
tors of the “holistic” type, and predicted that their heredity would be limited
to a small number of alternative forms (basins of attraction in the chemical
space of constituents), which showed only infrequent macromutations [22].
To what extent can autocatalytic cycles evolve as “holistic replicators” in
chemical space? Obviously as a prerequisite, the cycle intermediates must not
be lost, and therefore the limiting reagent must remain above its threshold
at all times. King suggests selection would be largely confined to the speci-
ficity of the reaction for uptake of the limiting reagent. This could be achieved
by loss of those materials that disrupted the recycling of the limiting reagent,
or by exclusion of the m other species from the medium for which physical
separation would be helpful. All else being equal, simpler autocatalytic cy-
cles are easier to maintain. Separate autocatalytic cycles can compete for the
same reactant, with competition in the growth phase being dependent on the
rate of limiting reactant usage, and competition in the decay phase being de-
pendent on the comparative decay rates [127]. Since growth is exponential,
there is “survival of the fittest” during the growth phase, and co-existence is
not possible, assuming a well-mixed reactor. During the decay phase there
is exponential decay, with selection for autocatalytic particles with low de-
cay rates. In a well-mixed reactor, co-existence can only occur if autocatalytic
cycles are not competing for the same limiting reagent [127]. Co-operative
interactions between autocatalytic cycles occur when their reactions are con-
secutive (i.e., the product of one is the reactant of the other) or where the
constituent of one autocatalyst is the reagent for another autocatalyst. Such
a coupling has been hypothesised by Kalapos, in which the formose cycle
could have been anaplerotic of pyruvate (it supplied the limiting reagent) to
the reductive citric acid cycle, therefore explaining the ubiquitous presence of
the (methyl) glyoxalase pathway in living systems [128]. King has claimed that
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evolution from the first autocatalytic cycles to prokaryotes was due to a rela-
tively small number of symbioses between cooperative autocatalytic cycles.
Some sort of physical coupling between cycle constituents to form a com-
bined “particle” would have been necessary in order for symbiosis to occur.
King demonstrates that symbiosis would have been selectively advantageous
when the limiting reagents of the original cycles were running low [126]. The
chemoton is just such an example of three coupled autocatalytic cycles.

One crucial feature of the evolution of autocatalytic cycles is the bioen-
ergetic constraint on the existence of continued recycling [122]. Evolution
of metabolism seems to be rate-determined by its discovery of new “prime
movers”, just as cultural evolution seems to be rate-determined by the dis-
covery of fire, water wheels, coal and nuclear power. An explanation of self-
sustaining ecosystems of autocatalytic cycles must explain how novel energy
sources were utilised for “complexification” of the metabolic network, using
for example, electrical discharges, redox potentials, UV light, concentration
by drying in intertidal zones, mineral surface films, or gradients across vesi-
cles. Returning to the giant pre-biotic synthesis experiment, early attempts
may have failed (i.e., have reached a point attractor of tar, or experienced the
curse of combinatorial explosion [129]) because they used an ecosystem that
was unable to exploit these novel energy sources: fatty acids aggregated and
underwent the browning reaction, the mixture became disordered, pyrophos-
phates degraded, redox potentials were not utilisable, light energy could not
be utilised by the constituents of the medium. So effectively the ecosystem was
not recycling, it was not collectively autotrophic [130]. How can a sufficiently
complex chemical network be recycling? Work has to be done on the network
so that a constant flux of limiting reagents is available for autocatalytic cycles.

4.3
The Formose Cycle and the Reductive Citric Acid Cycle

Two candidates for the first pre-biological autocatalytic cycle are the formose
cycle and the reductive citric acid cycle. The formose cycle was discov-
ered by Butlerow [131] and has been investigated by others since [132-136].
A simplified version of the cycle is shown in Fig. 12. It converts formalde-
hyde to a mixture of complex molecules in alkaline (and only very slowly
in neutral) solution containing a divalent metallic ion catalyst e.g. Ca’* or
Pb%*. Two formaldehyde molecules form glycolaldehyde to enter the cycle
but formaldehyde can also react by the Cannizzaro reaction in alkaline solu-
tion producing methanol and formic acid, so reducing the specificity of the
critical reagent reaction. The reaction does not proceed exponentially until
a limiting concentration of formaldehyde is exceeded, as expected from the
models of King [127]. Glycolaldehyde is converted to glyceraldehyde which
is then converted to tetrose, pentose and hexose sugars. The sugars decom-
pose to hydroxy-acids and related compounds that are lost from the cycle, and



200 E. Szathmdry et al.

may also interfere with the cycle. Many “mutant” related cycles exist that re-
cycle various versions of the sugars. Each sugar can exist in D- or L-form,
each enantiomer inhabiting its own version of the cycle. Important tapping
side-reactions include the Cannizzaro reduction of sugars. The existence of
these side-reactions increases the limiting concentration of formaldehyde re-
quired to run the cycle. If the kinetic conditions described previously are
satisfied, two molecules of glycolaldehyde are produced for every one en-
tering the cycle. If the concentration of formaldehyde is not maintained by
continuous supply, the cycle runs down, but as long as it is maintained the
formose cycle can be run in a flow reactor [132]. Leslie Orgel [136] describes
the side-reactions of the formose reaction as “notorious”. It is thought that
formaldehyde occurred through atmospheric oxidation of methane [132].
How could this have occurred at high rates? How is it possible to reduce the
side-reactions of the formose cycle, such that its constituents can persist at
low formaldehyde concentration?

Wichtershduser [11] argued that the reductive citric acid cycle (reductive
tricorboxylaic acid cycle, rTCA) was the first autocatalytic cycle that evolved
using the reducing power of pyrite surfaces. Smith and Morowitz [130] also
argued that the rTCA cycle was a likely pre-biotic autocatalyst that could have
worked without enzymes in the reducing atmosphere of the early earth. They
propose it could have been a part of the “relaxation pathway” for the free en-
ergy “bottleneck” of redox couples created from volcanic magma. There are
multiple possible synthetic pathways for sugars, lipids and amino acids, start-
ing from the rTCA cycle, so possibly increasing their probability of evolution.
Constituent reactions are first order so increasing turning rate, and acetate
could be converted to lipids allowing vesicles to form [130]. These proper-
ties also apply to the formose cycle. They relate the energetic features of the
r'TCA cycle to its evolvability, “harmful side reactions that cannot be elimi-
nated cost additional metabolic energy to handle. Thus, a metabolic core with
high intrinsic efficiency and statistically favored reactions would in general
leave more free-energy for the synthesis of higher-level regulatory structures
than less intrinsically efficient alternatives.”

4.4
Encapsulation of Autocatalytic Cycles

“Physical structure is an essential aspect of even the simplest autocatalysts in
solution, ensuring their stability against side-reactions and enhancing their
turnover rate. The kinetic characteristics of autocatalysis are such that, under
some conditions, there may be feedback that alters the physical structure,
building complexity [127].” For example, fire is autocatalytic and it spreads
as a “front”. Chemical waves are fronts of progressive energy dissipation.
Bacterial growth is also autocatalytic, and spreads as a front. Spatial fac-
tors can have complex and non-linear effects on selection. These effects have
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been explored in models of co-evolution between metabolism and template
replicators in silico [13] and for contemporary self-encoding macromolecu-
lar systems in vitro [51], but not for autocatalytic cycles, nor for autocatalytic
cycles coupled with protocell growth under realistic conditions, e.g. side-
reactions, and reagent re-cycling.

Encapsulation of metabolism in protocells could allow high metabolite
concentrations to be maintained, especially those concentrations of large and
charged molecules. It could allow increased specificity of reactions (by ex-
cluding poisons that can pass through the membrane), and selection of the
autocatalytic cycle as a spatially discrete unit as well as a unit in chemical
space. Limited membrane heredity could have operated with peptides and
amphiphiles. On the road to vesicle encapsulation, intermediate steps might
have been: encapsulation in less well-organised structures such as coacervates
or diffusion limited on mineral surfaces. Ingeniously, Wachtershauser’s “bub-
ble wrap” (abstriction) scenario involves the production of membrane caps
by surface lipid metabolism of rTCA chemo-autotrophs, allowing the subse-
quent evolution of cytosol metabolism desorbed from the surface [11]. He
proposes these could eventually produce vesicles. Wéchtershduser has argued
that a heterotrophic origin in a prebiotic broth is implausible because cleav-
age reactions are favoured by increasing entropy; whereas on surfaces the
increase in entropy caused by cleavage is small, so surface metabolism would
be inherently synthetic.

The problem with both the formose cycle and the rTCA cycle is that we
do not know how either could evolve to produce their own membrane con-
stituents. Ganti had to hypothesise a separate reaction sequence from the
formose cycle for synthesising the amphiphiles. Vesicles may be produced
under primordial conditions, for example montmorillonite clay catalyses the
formation of micelles which form into vesicles and trap some of the clay
inside them [137]. However, demonstration of self-replicating vesicles ca-
pable of exponential growth has been limited to caprylic acid vesicles that
catalyse the hydrolysis of ethyl caprylate into caprylic acid which then spon-
taneously incorporates into the vesicle causing growth [42]. Caprylic acid
has no plausible pre-biological synthesis. It has not yet been demonstrated
that an autocatalytic cycle can continuously produce amphiphiles that self-
organise to enclose the metabolites at stoichiometric ratios that coordinate
the exponential growth of the vesicle with that of the metabolism. What is
the minimum metabolism, and the minimum synthetic procedure required to
allow metabolism to enclose itself in a protocell that replicates exponentially
and can evolve?

We can safely assume the existence of whole ‘families’ of vesicles with-
out autocatalytic metabolisms that were not exponentially growing. Some of
these vesicles may even have had H* gradients providing a source of energy
for metabolism [17]. Some of these vesicles may have leant themselves to
colonisation by autocatalytic metabolisms which had evolved to a significant
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degree already independently of the vesicles, e.g. on surfaces. However, in this
case there would be the problem of impermeability. How would the highly
evolved autocatalytic metabolism get into the vesicle? Although transient
chemical transfer groups could solve this problem it seems unlikely these
could occur all at once, and if they occurred incrementally, the autocatalytic
cycle would presumably be compromised. Alternatively, it may be the case
that evolution of autocatalytic metabolism may have been so difficult out-
side vesicles that even the earliest most inefficient autocatalytic metabolism
required vesicles to evolve in; either vesicles produced by their own am-
phiphiles, or more likely, vesicles produced by other chemical systems. This
may have been particularly beneficial if these vesicles possessed a method of
utilising energy. Presumably a large amount of permeability variation would
exist for selection to act upon. Heterogeneous membranes are pre-adapted
for stability. At an early stage, perhaps walls of amphiphiles could separate
compartments of autocatalytic cycles on a 2D surface, or vesicles could clump
together in the presence of ions.

One experimental approach would be to generate heterogeneous vesicles
in broths containing the constituents of the formose reaction, initially limit-
ing the concentration of formaldehyde. After leaving the system for a while,
formaldehyde would be added to the solution. Those vesicles that grew and
divided fastest would be selected for. There may be rare conditions under
which the constituents of the formose reaction are permeable to the mem-
brane. They enter the vesicle and become trapped as soon as those conditions
change. Formaldehyde could then enter the vesicles and allow the autocat-
alytic cycle to run.

Deamer [121] and others have advocated peptide evolution in early pro-
tocells capable of energy-transduction. He suggests the first membranes may
have been made of monocarboxylic acids and alcohol. However, peptide evo-
lution in protocells lacks any plausible mechanism for heredity of sequence.
New sequences (e.g. coding for ligases or proteases) would have to be redis-
covered in each lifetime.

4.5
Post-Enzymatic Evolution of Metabolism

Let us assume for now that an exponentially growing protocell with an en-
closed autocatalytic metabolism could form and eventually evolve RNA en-
zymes. RNA enzymes would have co-evolved with the original metabolic
pathways. After the evolution of protein enzymes, further takeover and trans-
formation of pathways would have occurred. Pohorille and New [138] ob-
served “since there is no relationship between the RNA catalytic power of
a given RNA and the protein for which that RNA can code, there is no clear
path from the RNA world to the protein world.” Therefore, protein cladis-
tics can only make conclusions about metabolism after protein enzymes have
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evolved [139]. To infer the state of living systems before protein enzymes,
further theoretical assumptions are required.

The chemoton model suggests that a general motif of metabolism evolu-
tion was the stoichiometric coupling of reaction cycles and chains, shaped
first by the underlying chemical bioenergetics, but shaped later by enzymes
(leading to so-called catalytic supercycles [125]). The advantage of trans-
lated protein enzymes would have been the decoupling of the difficult pro-
cess of their own self-replication from cross-catalysis. Vast catalytic spaces
would become easily searchable by protein enzymes, after the underlying nu-
cleic acid replication problem had been solved for all possible sequences.
Unlimited heredity and microevolution of metabolism would be possible. En-
zymes would only have been able to catalyse reactions for which at least one
molecule of reactant existed. Only then could the enzyme have an effect.
Therefore, evolution of metabolism can be seen as a genetic assimilation of un-
derlying metabolic pathways. It is possible that non-functional enzymes (i.e.
enzymes in cells without any suitable reactants) could exist, and “cultivate”
the platonic space yet unexplored by the cells’ metabolism.

Wichtershduser [11] has produced a classification of elementary vari-
ational motifs describing evolution at the level of biochemical pheno-
types (Scheme 1). Presumably because Wichtershduser was interested in
autotrophs, he did not consider the fundamental pathway operation of retro-
evolution, discovered by Horowitz [140], which we include here as an addi-
tional fundamental operation i). Horowitz assumed that D, a complex organic
molecule was present in the soup that heterotrophs first used, but that it ran
out. Heterotrophs then evolved to use D’s precursor C to synthesise D, and so
on for B and A. Horowitz’s mechanism is important if the end product D is in-
deed available at an early stage, and if C, B and A are available in excess in the
environment also. This is only likely where autotrophs produce these compo-

a) Terminal Extension: —-A->B=->A->B->C

£

b) Lateral Branching: —-A->B->C=->A->B->C;B->D

C

Pathway Recruitment: —+A->B->C—-»>D=>A->B->C—>D;A>X=>A->B->C-H>D;A->X;X>B' ->C'->D'

d

Pathway Abandonment: A—->B—->C=A->B—->C;A»B'>C'=A'->B'»C'

€

Pathway Takeover: A->B=A->B;C»>B=C—-B

A->B-»C=>A-»B->CD->E->F>C=>A->B->CA->D>E>F->G;

f) Pathway Insertion:
=A->D->E->F->C

g) Retrograde Mimicry: A-B-»C=A-B—->C,E-D->C,E->D->C=E->D->C,F5D=F->D->C

h

Pathway Reversal: A->B—->C=C-H>B-oA.

Scheme 1 Classification of elementary variational motifs describing evolution at the level
of biochemical phenotypes. Indicates enzyme catalysed chemical reactions, and indicates
evolutionary progression. The fundamental operations are shown in bold
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nents, in which case retro-evolution may be an important mechanism where
a heterotroph co-evolves closely with an autotroph.

i) Retro-Extension:B - C=A — B — C

It is assumed that loss of pathway components is also a fundamental opera-
tion j) that may occur due to stochastic loss during replication for example.

j) Loss of Pathways: A - B— C— D = A — B-ll

Using various combinations of these primitives, hypotheses can be formed
regarding the evolutionary trajectory that led to extant metabolic systems.
Because these primitives allow us to trace multiple pathways to extant
metabolism, other assumptions must be made to limit the space of possible
evolutionary trajectories. Melendez-Hevia et al. [141] suggest some addi-
tional assumptions of evolutionary “opportunism”.

1. Any intermediate evolutionary metabolic pathway should be possible, al-
beit running slowly, without enzymes.

2. Intermediates should be stable to rapid decomposition, otherwise the
pathway could not exist before enzymes or when only the earliest enzymes
were present.

3. The existence of material inputs to the new pathway must be due to an-
other metabolic process that had previously been selected for.

4. The new pathway cannot involve a reaction that is thermodynamically or
kinetically incompatible with any other pathway in the same space simul-
taneously.

Using these constraints and the principle c) of pathway recruitment
(Scheme 1), they argued that the Krebs cycle evolved opportunistically, origi-
nally as a biosynthetic pathway allowing synthesis of amino acids from pyru-
vate, and that this required the evolution of only one enzyme to catalyse the
conversion of succinyl-CoA to succinate. This solution rests on the assump-
tion that amino acid biosynthesis preceded the Krebs cycle, for which there
is evidence [139]. They also suggested several alternative mechanisms for
catabolising acetate groups (the current role of the Krebs cycle) and showed
that these would have been more difficult to evolve or less efficient, given the
principles of opportunism.

The question whether there is a historical trace of the retroevolution
of pathways [140] or another alternative, the so-called patchwork mechan-
ism [142] has been asked repeatedly. The first evolution scenario predicts that
enzymes catalysing steps of the same metabolic pathway should be phyloge-
netically related (homologous). The latter scenario states that enzymes evolve
by increasing their specificity: first enzyme E catalyses reactions of chemically
similar substrates S1 and S2, then its genes duplicates and the two enzymes
diverge, E1 and E2 evolving specificity towards S1 and S2, respectively. Thus
homologous enzymes should be functionally similar, but they may or may not
catalyse neighbouring reactions in metabolic pathways. Skipping the whole
history of more and more refined analyses, we just mention the latest result.
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Light and Kraulis [143] found, analysing the complete available dataset from
E. coli, that homologous enzyme pairs abound at the minimal path length of
one (i.e. the product of one is the substrate of the other, or vice versa). This
may corroborate the retroevolution scenario. Not so, for two reasons. First,
there is a small degree of homology between enzyme pairs with a mean path
length of 2, and negligible homology between a pair of mean path length of 3
or greater. Second, the majority of homologous pairs with mean path length
of 1 have similar EC numbers, hence they are functionally related. Therefore,
the most recent analysis seems to support the patchwork model of enzyme
evolution.

Note that analysis of contemporary protein enzymes do not necessar-
ily shed light on the primordial build-up of metabolic networks, if modern
metabolism is a palimpsest of the RNA world [144]. If there was a metaboli-
cally rich RNA world, then a large part of the network must have been built up
before the advent of encoded proteins. By the time of the origin of translation
primary heterotrophy (if there was one), feeding on the prebiotic environ-
ment, must have been over. Hence the fact that we find no strong evidence
for retroevolution in contemporary enzymatic metabolism may say nothing
about its original significance in the RNA world.

Let us point out a perhaps even more severe objection. Historical retroevo-
lution is fully compatible with the patchwork type of enzyme recruitment,
provided at least two pathways are present and evolving in parallel. The
higher the number of pathways, the more “patchworky” the recruitment can
be, even though each individual pathway is retroevolving.

It is also important to realise that the Horowitz scenario makes sense only
if, although intermediates of contemporary pathways have been present with-
out enzymatic aid in the milieu of protocells, they were synthesised elsewhere.
In contrast, if they could be chemically synthesised in the same milieu, then
autotrophy would have been easy simply by letting the reactions run inside
protocells. It is no miracle that in Wiachtersduser’s [10, 11] scenario, where
everything is formed in situ on the pyrite surface, autotrophy is given for free.

Following the considerable recent interest in scale-free networks, Jeong
et al. [145] have shown that the metabolic networks of extant living systems
are “scale-free networks” sharing the same metabolite “hubs” over evolution-
ary time. Wagner and Fell [146] suggest that there are three reasons why
metabolic networks may be scale free.

1. Metabolism may be scale-free because of chemical constraints of the un-
derlying chemical network. They dismiss this possibility, claiming as ev-
idence the fact that in different organisms the metabolic network takes
many different forms. However, this does not rule out the existence of
more general chemical constraints that may produce the scale-free net-
work. For example, it is generally the case that small molecules have more
possible synthesis routes than large molecules and so we expect connec-
tivity to scale as a function of size.
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2.

Metabolism may be scale free because during evolution, metabolites with
more connections are more likely to make further connections, imply-
ing that older metabolites are those with the largest number of con-
nections. This is based on Barabdsi’s algorithm for producing scale-free
networks [147]. Morowitz uses the assumption that older metabolites
should be more highly connected to support the idea of an early amino
acid metabolism. The metabolites with highest connectivity are glutamate,
pyruvate, and coenzyme A. However, this simple algorithm for construct-
ing scale-free networks is one of an infinite number of methods, many of
which involve pruning as well as addition of connections or metabolites,
e.g. it is likely that pathway recruitment c) (Scheme 1) would tend to pro-
duce networks with “scale-free” properties. This would mean that it is not
possible to conclusively infer phylogenetic age from connectivity.
Metabolism may be scale-free as a result of selection for functional proper-
ties, i.e. the rapid propagation of perturbations resulting in developmen-
tal robustness and evolvability. Jeong et al. [145] support this adaptive
interpretation. They showed that the diameter of the network, i.e. the
average path distance from one metabolite to another, did not increase
with the number of metabolites in a given organism. They claimed that
scale-free metabolic networks should be more evolvable than random
metabolic networks because deleting nodes randomly (i.e., randomly re-
moving metabolites) would not have a great effect on network diameter,
and that networks with larger diameters would reduce the organisms’ abil-
ity to respond effectively to external changes or internal errors because
“offsetting these changes would involve a longer alternative biochemical
pathway and consequently the synthesis of more new enzymes than within
a metabolic network with a smaller diameter.” However, there is no evi-
dence relating network diameter and rate of reaction to perturbations, to
evolvability. Bioinformatic evidence is against this explanation. Metabolic
network analysis of yeast has provided fascinating results [148]. First, the
majority of genes that looked dispensable turn out to be such only under
laboratory conditions. Second, gene duplicates catalysing the same reac-
tion are not more common for indispensable reactions, suggesting that the
reason for their retention is not to provide compensation; instead, their
presence is better explained by selection for high enzymatic flux. Third,
only 4-17% of in silico deleted, dispensable gene products are buffered
by metabolic network flux reorganisation. In fact a different, more chem-
ically minded adaptive reasoning may turn out to be more fruitful. The
main hubs in metabolism are molecules like water and the coenzymes.
Coenzymes carry important functional groups, thus connecting different
pathways in the network. It seems rational to argue that this is a better
adaptive design than running a network without them. Coenzymes (like
ATP) play the same role in metabolism as money does in economy.
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More work is required to understand the adaptive significance of the
small-world character in experiments in which the above explanations can be
independently controlled in an evolutionary model of dynamic autocatalytic
metabolism.

5
Outlook

We have witnessed spectacular development revolving around the minimal
life/protocell idea in the last few years, although the roots of this vision go
back to more than thirty years ago. A fairly unusual interplay between the-
ory and experiment seems to unfold: theoretical models investigate possible
dynamics, and experiments either confirm them or come up with surprising,
unexpected novelties, but increasingly often reflecting back on theoretical
considerations.

Most experimental studies attempt at the synthesis of infrabiological sys-
tems, i.e. all three subsystems (metabolism, template polycondensation, and
membrane) of the chemoton are not yet figuring in those trials: practically
everybody is now concentrating on membrane/template systems. Metabolism
seems to be an especially hard problem, since we do not know where
a sufficient amount of channelling could have come from without enzymes.
We strongly urge the initiation of another experimental line, aiming at
a metabolism/membrane infrabiological system, preferably using the for-
mose reaction for metabolism.

One cannot deny the fact that the origin of unlimited heredity is an un-
solved problem. Perhaps compartmentation will help solve this problem as
well, so that long templates could self-replicate within vesicles without enzy-
matic aid.

We emphasise that top-down approaches to a “minimal genome” do not
solve our problem: the spontaneous generation of cells with several hundred
genes can be safely ruled out. We must adopt a bottom-up strategy instead:
this is exactly the attempted synthesis of various infrabiological systems. The
ultimate goal is, of course, to arrive at a chemical supersystem which at the
same time is a bona fide biological system, conforming to Génti’s chemoton
model.

Another top-down approach, namely phylogenetic analysis of contempo-
rary protein enzymes is also of limited help. Very early primordial systems
must have been enzyme-free, and later early systems could have been catal-
ysed by ribozymes. Consequently, a substantial part of basic metabolism
could have originated in an era about which there simply cannot be memories
in protein coding genes.
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Synthesis of a living chemical system may not shed too much light on the
historical process of the origination of life, but we are optimistic that work
in progress will contribute to the solution of one of the outstanding unsolved
problems of science.
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