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Abstract

In recent developments in chemistry and genetic engineering, the humble researcher dealing with the origin of life

finds her(him)self in a grey area of tackling something that even does not yet have a clear definition agreed upon.

A series of chemical steps is described to be considered as the life—nonlife transition, if one adheres to the mini-

malistic definition: life is self-reproduction with variations. The fully artificial RNA system chosen for the explo-

ration corresponds sequence-wise to the reconstructed initial triplet repeats, presumably corresponding to the ear-

liest protein-coding molecules. The demonstrated occurrence of the mismatches (variations) in otherwise com-

plementary syntheses (“self-reproduction”), in this RNA system, opens an experimental and conceptual perspec-

tive to explore the origin of life (and its definition), on the apparent edge of the origin.
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The terms of the problem

A concerted ensemble of reactions should be consid-
ered alive if it regenerates and replicates itself and if it
is capable of evolving (/). The analysis of the princi-
ples determining the transitions from nonliving to
living matter (/) pointed out the difficulties encoun-
tered in the reconstruction of the path along which
these transitions line up.

The accepted definition of life is so worded: “Life
is a self-sustained chemical system capable of under-
going Darwinian evolution” (2). The Darwinian nota-
tion stresses the intrinsically dynamic nature of the
definendum, indicating that we are dealing with a
process rather than with a stable system. A process
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may or may not give rise to emergent properties
which, according to the accepted definition of emer-
gence (www.oxforddictionaries.com), result from the
collective behavior of the system. Summarizing dec-
ades of intense debate: life is the result of the emer-
gence of properties which, by their coming into being,
establish the transitions in the process of the evolu-
tionary organization of matter from nonliving to liv-
ing. Descending to the level of a chemist modelling
(or, perhaps, even observing) the transitions, one
naturally asks the question: what exactly are those
transitions?

Living entities, as we know them, are the insepara-
ble ensemble of genotype and phenotype, the first
providing the information for the organization and the
embodiment of the second. Being the genotype not
only information but an actual form of organization of
molecules, it is a form of phenotype on its own merit.
Such phenotype, one may say, is not only a collection
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of enzymatic functions and of organic molecules. The
superposition of the two concepts is well illustrated
by the relevance of epigenetics, the (partially) trans-
missible and reversible phenotypic modifications of
the genetic information. In the field of interest that
goes under the collective name of “studies on the ori-
gin of life”, these complexities are not resolved, as
indicated by the debate on “genetic-first”, or “me-
tabolism-first”, or “membrane-first”.

This debate is probably parochial, partly influenced
by the specific preparation and by the point of view of
the proponents. A sound original process possibly had
no “first” and the three questions had to be solved
jointly before primitive cells could form and start
evolving. The origin of primitive cells (3) requires
that vesicles could form to be able to perform nutrient
intake, that nucleotides could form and concentrate in
them, that one or more energy source could be
chemically mastered and transformed. It is difficult to
envisage that the three processes could take place
separately and/or that they were based on incompati-
ble chemical frames.

With more attractive alternatives, in the chemical
scenario, in which the three processes could occur
within the same time span, at comparable rates and in
compatible chemical frames, the occurrence of joint
processes would be naturally favored. And the emer-
gence of new properties would also be naturally fa-
vored. Thus, leaving the rest of the concomitant proc-
esses to their natural self, we examine here in more
detail the possibilities connected with the shaping of
one of the three processes, the genetic one. If the
chemistry and the conditions allowing its develop-
ment are compatible with those onto which the other
processes are based, a reciprocal validation would be
obtained. If a single chemical setting is responsible
for the evolution of the three processes, the likely
possibility that the origin of protocells has been based
on this very setting appears to be rather high.

Stability and simplicity

Our operational approach is based on two assump-
tions: the need of simplicity, and the need of stability.
If it is true that (1) generation of transmissible infor-
mation, (2) mastering of energy transformation, and

(3) definition of a reproducible in-and-out (genetics,
metabolism and membranes) had to develop all at the
same time and in compatible physico-chemical sce-
narios, the chemistry involved had to be robust and
versatile. Hence simplicity.

The reason for that genetic complexity (which is
the common denominator for the various forms of
living matter we know) emerges from chemical sim-
plicity is admittedly based on a robust principle: in-
crease of stability. This perspective explains why from
simple one-carbon atom (i.e., formaldehyde) mole-
cules more relatively complex ones (namely sugars)
are formed in the absence of other selection proce-
dures. Increase of stability has the function of a sort of
Darwinian selection principle. Paraphrasing from
Darwin: the more stable will survive. Or, as elegantly
stated by V. Stenger, “something came from nothing
because it was more stable than nothing” (4).

A unitary chemical frame for the generation
of the precursors of genetic information

The progression towards increasingly stable states
may be traced far back, starting from the transforma-
tion of H to more complex atoms. Figure 1 reports, in
a concise and rigid flowchart, a possible path going
from H to the emergence of pre-genetic complexity.
The synthesis of the elements and the formation of
stars is a well ploughed and developed field. The fact
that one of the prerequisites for life is the presence of
elements, such as H, C, O, N, S and P, is well recog-
nized (5), as well as the fact that these are the most
abundant elements in space. The reactions of these
atoms in space result in a wealth of combinations,
whose detection and listing are reported in the website
http://astrochemistry.net/. The 151 molecules listed
today (08/08/2010) go from molecular hydrogen H; to
the complex cyanodecapentayne HC;N. In a pre-
biotic perspective based on the principles of stability
and simplicity, the relevant facts are that the most
abundant interstellar carbon-containing 3-atom mole-
cule is hydrogen cyanide HCN, and that the most
abundant inorganic 3-atom is water H,O.

The C:N triple bond makes HCN highly reactive,
hinting to its function as initiator of a cascade of syn-
thetic reactions. When quenched with H,O, HCN
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Figure 1 A flowchart showing from hydrogen to the emer-
gence of sequence complexity. All the first necessary steps may
be accomplished in the wunitary chemical frame of
HCN/formamide chemistry, till the formation of acyclonucleo-
sides (20) and to the closed-ring phosphorylation of nucleo-
sides (15, 21). The abiotic synthesis of nucleosides was re-
ported previously (29, 30). The spontaneous generation of
RNA oligomers from purine 3',5'-cyclic nucleotides (23) and
their non-enzymatic ligation in water (24) were described. The
figure is modified from previous study (37).

yields formamide H,NCOH, more stable but still ac-
tive, whose most attractive properties in a prebiotic
perspective are its liquid state between 4°C and 210°C
and the absence of appreciable azeotropic effects. Any
dilute solution of formamide in water would rapidly
concentrate upon experiencing temperatures higher
than 100°C, making it an ideal starting point for syn-
thetic pathways. For mixtures of formamide in other
volatile solvents, the result would be similar. Not dis-
regarding the possible direct role of HCN as precursor
molecule of nucleic bases, chiefly adenine (6-8), the
thorough investigation of HCN chemistry (9, 10)
highlighted the complexity and the sophistication of
the chemical pathways involved. As an Occam’s
logic-based principle, it is probably safe to assume
that if a series of reactions leading to the formation of
cytosine differed from the line of the reactions leading
to guanine, its prebiotic value is scarce. In order to be
effective in terms of genetic origin, the precursors of
nucleic acids had to be present at the same time in the
same place (or in the same physical-chemical envi-

ronment) in the appropriate comparable amounts. This
would circumvent all the paramount difficulties en-
tailed by differential stabilities and by the necessity of
generating precursors that were, all and at the same
time, simply and amply activated to be able to spon-
taneously polymerize in the absence of enzymes (//,
12). Remaining in the greater HCN chemistry area,
the synthesis of a large variety of nucleic bases (in-
cluding adenine, cytosine, uracil and thymine) was
reported from its derivative H,NCOH formamide
(13-16). Formamide affords its products simply by
heating between 100°C and 160°C in the presence of
one or more of a large class of prebiotically available
minerals: silica, alumina, zeolites, CaCQOj, TiO,,
common clays, kaolin, montmorillonites, olivines,
phosphate minerals (/3-16), sulphur and iron minerals
(17), zirconium-based (/8) and boron-based (unpub-
lished) minerals. Guanine can be obtained from for-
mamide by UV irradiation (/9) at lower temperatures.
The chemical paths leading to the prompt and physi-
cally non-fastidious syntheses of all the nucleic bases,
and the fact that essentially each of the tested minerals
yields a composite panel of nucleic bases show that
condensation into nucleic bases is an intrinsic prop-
erty of formamide itself. In the same formamide
chemical frame, acyclonucleosides can be produced
by photochemistry in the presence of TiO, (20), and
nucleosides can be phosphorylated in the presence of
a phosphate source to yield both open and cyclic nu-
cleotides (735, 21).

In each one of these steps, from formamide to cy-
clic phosphorylated nucleotides, the same principle
applies: the conservation of the most stable molecular
forms, relative to the ones that were synthesized and
rapidly degraded. In particular, nucleosides can be
phosphorylated in every possible position of the sugar
moiety (2', 3', 5) but after a sufficiently long time, the
more stable 2’,3"- and 3',5'-cyclic forms remain as the
only products of the reaction (15, 21).

From monomers to polymers

We focus on homopolymers, which would have been
the least ambitious ground-building beginning in the
search for the paths that presumably led to life. Start-
ing from purine 3',5'-cyclic nucleotides (namely
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3',5'-cAMP and 3',5-cGMP), the synthesis of RNA
chains was observed (22). The RNA chains, wired by
canonical 3’,5'-phosphodiester bonds, formed in water
at temperatures between 40°C and 90°C, in the ab-
sence of enzymes or cofactors. The polymerization
mechanism, presumably based on simple transphos-
phorylations between purine cyclic nucleotides held
in place by purine stacking (22), yielded approxi-
mately 25-nt RNA molecules from 3',5'-cGMPs and
up to 120 nt from 3',5'-cAMPs. The latter were the
product of terminal ligation of shorter spontaneously
generated poly(A) ribo-oligomers. Apparently, this
reaction has been facilitated by formation of comple-
mentary AeA base pairs (23). That is, the next step of
sophistication that one would hope to somehow intro-
duce—emergence of complementary structure, popped
up unsolicited, in guileless natural way. The stack-
ing-based non-enzymatic terminal ligation of parallel
poly(A) oligomers (24) allows the formation of tan-
dem-wise oriented RNA polymers from variously
sized poly(A) oligomers. Thus, the three basic
mechanisms needed in order to at least conceive the
spontaneous generation of long RNA sequence
(namely generation of oligomers, and their terminal
ligation assisted by complementarity) have found
their proof-of-principle. Is it possible that these two
reactions set the ground for the generation of more
complex sequence combinations? The experiments
described in the following section show that this is the
case.

Formation of RNA sequences and ligation
on complementary RNA, with...mistakes

One will never know, perhaps, which were the very
first RNAs where the exploration of evolutionary se-
quence space started from. Nevertheless, keeping this
conservative assumption in mind, a solid series of
arguments based on statistical, biological, structural
and evolutionary considerations have lead to the pro-
posal that the complementary repeating oligomers
GGCGGCGGC... and GCCGCCGCC..., and their
coding ability for glycine and alanine, were the start-
ers of the triplet code (25, 26). These sequences,
however, should have had some prehistory before
they came to the (hypothetical) being. Common sense

would suggest that the real starters have been simpler,
perhaps, just homopolymers. The intrinsic ability of
3',5'-cGMP to generate up to 30-nt oligomers was
reported previously (22). The generation reaction oc-
curs independently of added template but, when a
complementary RNA oligo-CCCCC... is present in the
c¢GMP polymerization reaction, the neo-synthesized
GGGGQG... oligomer terminally ligates to the com-
plementary RNA chain (22). The net result is the
creation of a complementary hairpin, one strand of
which was provided by the experimenter, the other
half was self-generated. The complementarity in this
case is of a familiar Watson-Crick type.

The reaction strictly depends on the polymerizing
ability of 3',5'-cGMP (Figure 2), showing that no
oligomers ligating to a poly(C;,) stretch are generated
from 3',5'-cAMP, 3',5'-cCMP or 3',5'-cUMP. The re-
verse experiment is not feasible, given that the po-
lymerization conditions for 3',5'-cCMP are still elu-
sive and the resulting poly(C)-oligomers are only 3-4
nucleotides long (data not published).

Perfectly matching G:C double strands are the most
stable ones, both in their homogeneous form
(GGG/CCC) and in alternating combinations of G and
C (27). This maximal stability reduces the exposure
and the interactive possibilities of the sequence al-
ways favoring exact match of G and C. Various mis-
matches, however, are common events in mutagenesis.
“Life is self-reproduction with variations” (28). This
aphorism boils down from the analysis of the evolu-
tion of the genetic code (25) and accounts for the
evolutionary necessity of allowable sequence match-
ing imperfections. It is also in accord with Darwinian
primacy of variations in natural selection. Are the se-
quence matching imperfections compatible with the
terminal ligation of abiotically generated sequences
and hairpin formation reported above?

Controllable way to monitor the mismatches and
their effects is to replace the oligo(C) starter in the
previous scheme by an imperfect version of it, while
monitoring incorporation of G, the only free monomer
in the reaction mixture. Figure 3 shows the results of
terminal ligation of neo-generated oligo(G) on imper-
fectly matching sequences: GCCGCCGCC (Figure
3A) and GCCGCCGCA (Figure 3B and C). If the
ligation and further elongation of oligo(G) on these
starters occur, that would mean that the mismatches
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GG and G*A are allowed by this system, since G is
the only monomer present. The experiment, thus,
consists of mnon-enzymatic polymerization of
3',5'-cGMP in the presence of the indicated 5'-labelled
oligomer, followed by electrophoretic analysis in
strongly denaturing conditions. The neo-generated
oligomers that are terminally ligated to the partially
complementary sequences are seen in the upper part
of the gel field. Although with an efficiency lower
than that observed with homogeneous matching (Fig-
ure 2), ligation and chain growth occurs also on this
heterogeneous combinations with the mismatches.
Figure 3A shows the synthesis of oligo(G) as a
function with increasing concentration of a 5'-labelled

cAMP
U cGMP

GCCGCCGCC template (as detailed in the legend to
Figure 2). In the assay conditions (60°C, 8 h) the
9-mer undergoes partial degradation (lane 1). In the
presence of increasing amounts of template (lanes 2-4)
the neo-synthesized G oligomer ligates at the 3’ ex-
tremity with canonical 3'-5' phosphoester bonds [(as
shown by RNase analyses (22)] reaching a length >10 nt.
With perfectly matching sequences neo-synthesized
oligo(G) on preformed oligo(A,Cy;) (matching 12G
to 12C, Figure 2), the efficiency of reaction is high,
and at the monomer/template ratio of 5x10° (1 mM
monomer/0.2 uM template) (lane 8), all the template
oligomer is transformed into the corresponding hair-
pin structure. With the partially matching sequences

cCMP

cUMP

hairpin
formation

-

CI:
53 — v -
e — -
— - Ali
- - -
- - g -

000l

Figure 2 Non-enzymatically generated RNA oligomers terminally ligate to complementary sequences. Formation of homogeneous
complementary GC sequences are shown. A 5'-labelled A,C, oligomer was reacted with no (lanes 1-3) or with increasing amounts
(0.1, 1, 10 mM in groups of 3, in increasing order) of respectively 3’,5-cAMP (lanes 4-6), 3',5'-cGMP (lanes 7-9), 3',5'-cCMP (lanes
10-12) and 3",5’-cUMP ((lanes 13-15). Lane 1: 5'-labelled A,Cy, (0.2 pM, 60,000 cpm), untreated; lane 2: same, resuspended and
precipitated, mock sample; lane 3: same, 8 h in 10 mM Tris-HCI, pH 5.3, no cyclic triphosphate. The samples were processed for
acrylamide electrophoresis in denaturing conditions. For additional experimental details, see Costanzo et al/ (22). The fragment length,
the labelled position (dot), and the base composition (white: A; light grey: C; darker grey: G) are indicated.
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Figure 3 Non-enzymatically generated RNA oligomers terminally ligate to degenerate complementary sequence. A. Synthesis of
oligo(G) from 3',5-cGMP as a function of increasing amount of 5'-P-labelled GCCGCCGCC. Lane 1: 0.16 pM of
5'-"PGCCGCCGCC, no 3',5'-cGMP. Lanes 2-4: 6 mM 3',5'-cGMP in the presence of 0.16 uM, 0.3 uM and 0.6 uM of GCCGCCGCC,
respectively. After reaction for 8 h at 60°C in 10 mM Tris-HCI, pH 5.3, the samples were processed for denaturing electrophoresis on
acrylamide. For additional experimental details, see Brahms et al (23). Left panel: autoradiographic exposure for 5 h; right panel:
autoradiographic exposure for 50 h, only the upper part is shown. The double bands corresponding to each identified fragment of the
template oligo are due to the hydrolytic process, resulting first in a 2’,3’-phosphate cyclic bridge (upper band), which is successively
open (lower band). The presence of 3',5'-cGMP increases the rate of opening. The neo-synthesized and terminally ligated oligo(G) is
visible at higher exposure (left panel), as indicated. B. The same as Figure 3A for 5'-P-labelled GCCGCCGCA. Lane 1: no
3',5'-cGMP; lane 2: 6 mM 3',5-cGMP with 0.16 uM of template oligo; lane 3: same with 0.3 uM. C. The same as Figure 3A for
5'-"PGCCGCCGCA (0.6 uM) reacted with 3',5'-cGMP (6 mM) for 0, 0.5, 2 and 18 h, respectively.

[neo-synthesized oligo(G) on GCCGCCGCC, match-
ing 6/9] at the ratio of 1x10” (lane 4), the efficiency is
at least two orders of magnitude lower. Figure 3B
shows that the same principle applies on molecular
combinations with lower matching [neo-synthesized
oligo(G) on GCCGCCGCA, matching 5/9].

Although with lower efficiency, in these molecular
combinations with mismatches, G chains do grow and
ligate. Similar results were observed with
GCCGCCGCU and GCCGCCGCG (data not shown).
Figure 3C shows the kinetics of RNA oligo(G) chain
growth and terminal ligation on 5-PGCCGCCGCA.
The peak of the synthetic reaction is reached after two
hours, when hydrolytic degradation starts. The com-
binatorial limits of this assay are currently matter of
detailed analysis.

The overall result is, however, clear: not only the
mismatches are allowed to some degree in the syn-
theses, but, more generally, the generation of complex
sequences is possible in principle. The efficiency of

12

the synthesis of complementary hairpin-forming RNA
oligonucleotides depends on the details of the phys-
ico-chemical environment, but RNA does replicate,
with...mistakes.

Green light to direct self-reproduction with
variations

The demonstration above is not yet literally letter and
spirit of the minimalistic definition of life, as it is not
yet. the
self-reproduction in a similar easy-to-design system

self-reproduction However, since
as simple as the setting above would be, obviously,
based on complementary syntheses, both compo-
nents of the definition (in this case complementary
synthesis and sequence variations) are in place. The
study, therefore, opens the green light to direct crea-
tion of artificial life in its simplest RNA world ver-
sion. An exciting experimental perspective is to

watch evolution of the replicating system towards

Genomics Proteomics Bioinformatics 2011 Apr; 9(1-2): 7-14
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best efficiency leading, perhaps, to the predicted
emergence of the GCC tandem repeats, known to be
the best expandable sequences in the triplet expan-
sion diseases.

There is plenty of room for a sceptic, who would
deny the proposed self-reproducing and evolving sys-
tem for the status of living entity. The power of evolu-
tion inherent in the system is, however, as immense as
combinatorial potential of RNA sequences, and sub-
sequent emergences one would expect from such
evolving system may well turn to qualify as creation
of life of an undeniable status.
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