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Abstract: The extant genetic machinery revolves around three interrelated polymers: RNA,
DNA and proteins. Two evolutionary views approach this vital connection from opposite
perspectives. The RNA World theory posits that life began in a cold prebiotic broth of
monomers with the de novo emergence of replicating RNA as functionally self-contained
polymer and that subsequent evolution is characterized by RNA — DNA memory takeover
and ribozyme — enzyme catalyst takeover. The FeS World theory posits that life began as
an autotrophic metabolism in hot volcanic-hydrothermal fluids and evolved with organic
products turning into ligands for transition metal catalysts thereby eliciting feedback and
feed-forward effects. In this latter context it is posited that the three polymers of the genetic
machinery essentially coevolved from monomers through oligomers to polymers, operating
functionally first as ligands for ligand-accelerated transition metal catalysis with later
addition of base stacking and base pairing, whereby the functional dichotomy between
hereditary DNA with stability on geologic time scales and transient, catalytic RNA with
stability on metabolic time scales existed since the dawn of the genetic machinery. Both
approaches are assessed comparatively for chemical soundness.
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1. Introduction

Metabolism, genetics and cellularity of life are closely interrelated. Genetics imposes catalytic control
on the metabolism, yet its components derive from this very metabolism. The cell structure derives from
the genetically controlled metabolism, yet it is required to hold genetics and metabolism together.
How did this interdependence come about? Did a primordial metabolism invent its own genetic control
or did a primordial genetic system conquer its metabolic resources? How did cells enter the picture?
And what is the place of RNA and peptides/proteins in all that? We use a stepwise approach. First we
reconstruct in the backward direction (retrodict) the characteristics of the last universal common ancestor
(LUCA) beginning with extant genomics. Thereafter we interpolate between LUCA on the one side and
competing theories of the origin of life on the other side. This evolutionary interpolation provides us
with competing accounts of early evolution. We evaluate these accounts along Popperian lines for their
relative explanatory power [1], their compatibility with the logic of the chemical situation, and their
aptitude to grow in comprehensiveness and coherence by the integration of independently developed
evolutionary theorems based on extant biochemistry and genetics. Given the long time frame of
evolution of >4 billion years and the complexity of the extant biosphere as explanandum, a
comprehensive, coherent account will require more or less risky speculations, broad in scope and
incomplete in detail, that are ahead of their experimental time. When we can demonstrate an orderly
course of progress, each advance building on previous advances and giving rise to further advances, then
we shall know that we are on the road to a mature science.

2. The Place of RNA in LUCA

The method of characterizing LUCA by homology of individual genes between the domains Bacteria
and Archaea (disregarding chimaeric Eukarya) yields typically ambiguous results due to gene losses and
gene transfers and even more intensely so the deeper we go in the tree of life [2] (Woese theorem).
We therefore have to resort to comparing larger integrated contexts with multifunctional ramifications
for whole organisms. One of these contexts is genome organization.

LUCA Consensus Gene Cluster. Comparison of gene order in bacterial and archaeal genomes
reveals the existence of gene clusters (mainly for transcription/translation) of conserved gene order but
differing cluster lengths, whereby variations of gene order and cluster length correlate well with accepted
taxonomic groupings. These gene clusters, scattered throughout very large genomes, are unlikely to be
accidental or the result of convergence. Lateral gene cluster transfer can also be excluded. It would cause
an overwhelming proportion of hybrid machineries of transcription and translation with multiple
impairments and the combined effects of their functionally impaired protein products would lead to
dysfunctional cells. Therefore, gene order conservation is the only remaining explanation. Alignment of
these gene clusters (using 16S rRNA phylogeny as prima facie guide) produces alignment packages that
fit together with overlapping fringes like pieces of a puzzle. Using gene order conservation for
polarization this permits the construction of extended ancestral consensus gene clusters that increase in
length with increasing depth of the corresponding nodes in the phylogenetic tree. In this fashion we
arrive at hypothetical consensus gene clusters for the last common ancestors of all Bacteria (LBCA), all
Archaea (LACA), and LUCA (Table 1) [3]. The original publication [3] was based on 19 microbial
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genomes and therefore has a sampling bias. Now, however, it has support by a great number of genomes
of the domains Bacteria and Archaea that have become available later. Importantly, it is also in
agreement with later independent analyses [4—6]. The gene cluster of LUCA may have actually included
further genes that were later lost by reductive evolution, a phenomenon that is evidenced by the
Euryarchaeota [7]. Moreover, gene sequence homology analysis will fail to recognize certain segments
of LUCA gene order due to frequent mutational saturation. This renders the fact that the gene homologies
of Table 1 since the time of LUCA are still recognizable all the more astounding.

Table 1. Updated consensus gene clusters (designated as gene products) of the last common
ancestors of Bacteria (LBCA), Archaea (LACA) and last universal common ancestor
(LUCA) (double line = cluster break).

LBCAJSecE NusG LllpLlp L10p L12p —  RpoP RpoPp’ L30e — S12p S7p EF-G
LACAISecE NusG LitpLip L10p L12p [[Rpoti RpoB Rpoa_L30e Nusa _s12p s7p EF-2 |
LUCA|SecE NusG L1lpLlp L10p L12p —  Rpop Rpop’ L30e —  SI2p S7p EF-G
LBCA|EF-Tu S10p L3p Ldp L23pL2p SI9p L22p S3p L16 L29p —  S17p Lldp
LacAler-to [Jsiop L3p Ldp 123pL2p S19p L22p $3p — _ L29p Rpp29 S17p Lldp]
LUCAJEF-Tu S10p L3p Ldp L23pL2p SI9 L22p S3p —  L29p —  SI17p Lldp
LBCAJL24p — L5p Sl4p S8 Lép — — L18p S5p L30p LI5p SecY adk
LACAIL24p S4E_ Lsp _Sldp S8p L6p L[32¢ Ll9% LI8p S5p_L30p L15p SecY adk
LUCAJL24p — L5p Sl4p S8 Lop — —  LI18p S5p L30p L15p SecY adk
LBCAJmap IF-1 L36 S13p —  Slip S4p Rpoa L17 — L13p S99 — S2p
[ACAY genes  _ —_ _SI3p S4p Sllp—— RpoD-— _Ll8c Li3p S9% _RpoN S2p |
LUCA}— — — S13p — Sllp— Rpooo — — L13p S99 — S2p

LUCA Pre-Cell Organization. Based on the absence of cell wall commonalities between the
Bacteria and Archaea it has been proposed that LUCA existed as wall-less precells [8—10]
(Kandler theorem I). The LUCA precells must have been bounded by lipid membranes as evidenced by
the fact that the consensus gene cluster comprises genes for the main subunits (SecE, SecY) of protein
translocase, which is lipid membrane-embedded [3]. It has been proposed that the domains Bacteria and
Archaea owe their segregated existence to the opposite chirality of their lipids [11,12] (Koga theorem).
The wall-less LUCA precells must have undergone frequent fusions [3], as evidenced by Thermococcus
coalescens [13], and they may have divided by budding, like L-form bacteria or mycoplasms [14,15]
(Kandler-Errington theorem). Lateral gene transfers are a consequence of these cellular mechanisms and
caused global uniformity of life as represented by the common stem of the universal tree of life. The
close structural kinship of bacterial and archaeal core lipids suggests that LUCA had a membrane of
chiral phosphatidyl lipids [11,12]. By further considering that many LUCA enzymes had no
enantioselectivity we conclude that LUCA phosphatidyl lipids were synthesized as racemate [16]. The
resulting heterochiral membranes must have had a sufficient thermodynamic stability to support a long
evolution, during which the precells acquired the multi-component genetic machinery [16,17].

A separate hypothesis posits that the LUCA membrane underwent thermodynamically favored
intracellular segregation into a patchwork of homochiral membrane domains of the overall racemic
membrane. Moreover, it is proposed that the frequent fusions and fissions of the precells caused
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intercellular segregation into two enantiomerically distinct subpopulations of precells with a
predominance of one lipid enantiomer over the other, i.e., each with an enantiomeric excess. This
intercellular segregation is thermodynamically driven by decrease of line tension between the membrane
domains. While the lipids are continuously synthesized as racemate they are also continuously
segregated with the result of a steady state enantiomeric excess. In agreement with the Koga theorem,
it has been proposed that these subpopulations served as placeholders for the later emergence of the
domains Bacteria and Archaea [16]. This hypothesis is testable by comparing a membrane of a lipid
racemate with homochiral membranes of the two enantiomers that are comprised by the same racemate,
and it has indeed been confirmed for vesicles of 2-methyldodecanoic acid [18]. Other experimental
results [17] are unfortunately inconclusive, because highly derived bipolar lipids of hyperthermophilic
Archaea were combined with monopolar lipids of mesophilic Bacteria or Eukarya in terms of the ability
of the resulting mixed membranes to operate kinetically as leakage barrier.

LUCA Genome Organization. The rigidly conserved gene order of LUCA implies high genome
stability that can only be afforded by covalently circularized chromosomes of double-stranded DNA.
A LUCA RNA genome would be instable due to the 2’-OH groups, which lead to intramolecular
self-destruction, notably at elevated temperature and pH. Thermally stable RNA is restricted to a narrow
sequence space [19] (Maurel theorem) that is incompatible with the freedom of sequence information
required for an RNA genome. Therefore, LUCA must have exhibited the extant DNA/RNA dichotomy
with thermo-stable DNA in charge of heredity and thermo-instable, self-destructing RNA in charge
transient catalysis. DNA has a half-life on geologic time scales, while catalytic mRNA has a half-life on
metabolic time scales.

The absence of rRNA genes from the LUCA consensus gene cluster suggests a chromosomally
separate TRNA operon. Metabolic genes are also absent and would have also been encoded on separate
chromosomes. They would have sorted out differentially in different chemical habitats, thus rendering
the overall LUCA precell population metabolically multi-phenotypical [8—10] (Kandler theorem II).
The extremely conserved order of genes for the gene expression machinery is incompatible with the
order-out-of-chaos proposal that the genomes of the domains Bacteria and Archaea “crystallized” from
a set of individual genes [2]. Rather, it supports the notion of an order-out-of-order evolution from a
rigid primordial state towards ever-greater looseness.

LUCA Genome Replication. DNA polymerases of Bacteria and Archaea lack similarity [20]
from which it has been concluded that modern DNA replication emerged twice independently
(Koonin theorem). Moreover, DNA replication genes are absent from the LUCA consensus gene cluster.
Yet there is stunning similarity of the overall replication process across all three domains, and genes for
several ancillary replication factors show inter-domain homology [20]. For resolving this inconsistency
we broaden our view to include the replication of small, circular, double-stranded DNA plasmids. In the
domains Bacteria and Archaea they occur in large copy numbers, practicing a replication mechanism of
their own: rolling circle replication [21]. A primitive version of this mechanism (Figure 1) may have
operated in LUCA on plasmid-sized circular chromosomes [16,22,23]. We simply assume that nicks
occurred in both strands in displaced positions for starting bidirectional replication. The nicks relax the
chromosome, which obviates the need for a helicase or topoisomerase. The nature of primers for LUCA
replication would not have been restricted to RNA. In fact DNA primers and RNA primers can be
generated equally well by archaeal DNA primase and archaeal DNA replication operates naturally with
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DNA primers [24], which incidentally eliminates a frequently cited “main support” for the RNA World
theory. Complications of lagging strand replication are avoided since each strand would be replicated
from its own nick. One single DNA polymerase would replicate both strands to generate complementary
single-stranded DNA copies that would anneal readily to form a linear double-stranded DNA.
Due to displacement of the nicks in both strands the annealed double-stranded DNA acquires sticky ends
(flaps) for circularization. Chromosome length could be seamlessly multiplied by continued rolling
circle replication.

Figure 1. Hypothetical rolling circle replication of LUCA plasmids.
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The proposed rolling circle replication means that both strands are equivalent carriers of high-density
genetic endowments. It explains the universality of ancillary replication factors. A sliding clamp assists
the association between DNA polymerase and DNA template. Single-stranded DNA binding proteins
protect the emerging single-stranded DNA from premature annealing, from hydrolysis and from forming
secondary structures. Flap endonucleases clip excess single-stranded ends of the circularizing DNA replicas.

LUCA Transcription. From the homology of genes for the core components of RNA polymerases
between the domains Bacteria and Archaea and from their positions in equivalent locations of their
consensus gene clusters (Table 1) we project a LUCA RNA polymerase with bacteria-type core
components o and 3, B’; or o and a common ancestor of § and B’ [25] (Werner theorem). By contrast,
the two domains show no commonality in terms of initiation and termination of transcription and
corresponding genes are absent from the LUCA consensus gene cluster (Table 1). We explain this by
proposing that LUCA practiced rolling circle transcription, proceeding continuously around the
plasmid-sized, circular chromosomes, and perhaps multiple times [16,22,23]. Initiation would have
occurred (without promoter) at a DNA nick or as seamless transition from rolling circle replication.
At the time of transition from precell growth to precell reproduction the process of rolling circle
transcription would have been terminated by transition to rolling circle replication. This would have
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been caused simply by conversion of ribonucleotides into deoxyribonucleotides, catalyzed by a
bacterial/archaeal anaerobic class III reductase, whose [4Fe4S] reaction center bears a relationship to the
FeS-World theory [26] (Reichard theorem). Like extant archaeal primase [24] LUCA RNA polymerase
would have operated equally well with ribonucleotides and deoxyribonucleotides. Instead of controls of
transcription of individual genes, rolling circle transcription would have automatically ensured properly
timed expression of genes by the order of their occurrence in the genome, which explains gene order
conservation in the domains Bacteria and Archaea (Table 1).

LUCA Translation. As evidenced by the LUCA consensus gene cluster (Table 1) LUCA must have
been in possession of a rather modern ribosomal machinery; and the presence of all genes for the
ribosome-polymerase tether (S10--NusG--Rpo B) indicates that LUCA translation must have occurred
in tandem with LUCA transcription. This tether prevented premature abortion of transcription, adjusted
the rate of transcription to that of translation [27,28] (Nudler-Rosch theorem) and obviated LUCA
translation initiation factors for individual genes. Indeed, the LUCA consensus gene cluster (Table 1) is
devoid of genes for translation initiation factors. Translation merely had to begin by leaderless initiation
and then proceed in sync with the movement of the mRNA out of the transcription machine. Some
leaderless initiation is operative to this day in all three domains. It seems to be primitive, since it is
insensitive to cross-domain combinations of mRNAs and ribosomes, and it may have proceeded in
LUCA with undissociated, yet otherwise complex ribosomes [29] (Londei theorem).

The elongation factors EF-Tu(EF1a)), EF-G(EF2) in Bacteria (and Archaea), whose genes are present
in the LUCA consensus gene cluster (Table 1), are projected back to LUCA and must have diverged
from a common precursor elongation factor that also served as auxiliary factor for peptide release
(as EFla in extant Archaea) by ester hydrolysis. This system for termination requires enthalpic catalysis.
It is projected back to LUCA and beyond as having always been facilitated by a proteinaceous catalyst.
After exiting from LUCA ribosomes mRNAs had to be quickly broken down for enabling transcriptional
control. The propensity of mRNAs to self-destruct intramolecularly due to 2°-OH is therefore a built-in
virtue rather than a vice. Finally, LUCA had to be in possession of means for the hydrolysis of useless
proteins in order to prevent the closed precells from becoming clogged.

Unitary LUCA Genetics. Telling by the size and complexity of the genes in the LUCA consensus
gene cluster and by their conserved sequences, LUCA must have had a complex genetic machinery with
four canonical bases coding for the canonical set of amino acids. Correpondingly, LUCA must have had
an extensive metabolism for monomer synthesis, nutrient assimilation, bioenergy transformations, lipid
synthesis, coenzyme synthesis, salvage pathways and catabolic capabilities. This enormous complexity
of LUCA means high vulnerability to replication errors. Therefore, error correction mechanisms, extant
types or simpler precursors thereof [30,31], must have been active in LUCA genetics. Remarkably, the
long patch base excision repair mechanism is reminiscent of rolling circle replication as evidenced by
the fact that several ancillary replication factors (e.g., sliding clamp, 5° single-stranded flap
endonuclease) are also operative in the repair machinery. This completes our picture of a unitary
character of LUCA genetics: a coherent rolling circle system for replication, transcription, translation
and long patch base excision repair. We may even speculate that nicks for initiating replication were
identical with sites of base excision for damage repair.

Transcription and translation are interdependent, one generating the catalysts for the other.
They are also serially connected and their machineries are even physically tethered. In this overall
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scheme of backward convergence towards a unitary machinery we may suspect the invisible hand of
chemistry at work. Indeed, the severe restrictions that are inherent in the laws of chemistry may well be
the ultimate cause for continued chemical simplicity, consistency and coherence over billions of years
of post-LUCA evolution.

3. Thermal Course of Evolution

The extant biosphere is spread over a wide range of growth temperatures, which poses a crucial
question [32]: What is the direction of evolution of the optimum growth temperature of organisms
(in short “thermal evolution”)—Is it reversible or irreversible? Phylogenetic considerations suggest a
hyperthermophilic origin, but they are inconclusive from a formal point of view. Chemical
considerations, however, offer a definitive answer to our question:

(1) Thermally upward evolution (e.g., from mesophiles to hyperthermophiles) would require mutations
for all thermally relevant features, notably for increasing the stability of all folding structures. Now,
any such mutation has selective value in a thermally challenging environment, if and only if it
strengthens the thermally most challenged feature, i.e., the thermally least stable structure. This
means that all features would have to adapt thermally upwards in a specific order. Moreover, all
thermal adaptations of whole organisms are restricted to small temperature increments, as evidenced
by the typical thermal growth curve of bacteria with a gradual rise from the minimum growth
temperature to optimum growth temperature and a steep drop between the optimum growth
temperature and the maximum growth temperature. Thus, thermally upward adaptation of whole
organisms could occur only at an extremely low rate, which renders it probabilistically forbidden.
Thermally downward evolution by contrast proceeds by haphazard losses of thermal features,
notably structural stabilizers, which do not have to occur in a specific order, nor by tiny increments.

(2) Some protein folding structures are stabilized by sets of ligators (e.g., pairs of C-X-X-C) that form
strong coordination bonds to transition metal centers (e.g., Fe*", Zn?"). For thermally upward
adaptation by the emergence of such cross-linking the set of ligators would have to be installed
simultaneously by sequence covariation, which is improbable. In thermally downward evolution,
however, losses of ligators may occur haphazardly, one-by-one. This explains why some proteins
(e.g., aminoacyl synthetases and ribosomal proteins) show on average a decrease, but never an
increase, of the number of C-X-X-C signatures in the direction from hyperthermophiles to
psychrophiles [33,34]. Such signatures are sometimes maintained in mesophiles as molecular relics
or, when lost recently, e.g., by single cysteine removal, they may reappear as molecular atavisms.

(3) Kinetic experiments show that in the presence of an enzyme a biochemical reaction requiring
enthalpic catalysis shows typically a gentle drop of reaction rate with decreasing temperature.
When such reaction is carried out in the absence of an enzyme the rate decrease with decreasing
temperature is extremely steep, and steepness correlates with the sluggishness of the reaction.
At the temperature of mesophiles the non-catalyzed reaction rate is so extremely low that early
catalysts with low catalytic activity could not have increased the reaction rate to a metabolically
useful level [35,36]. The conclusion is inescapable for multi-step metabolic pathways: Only at
temperatures typical for hyperthermophiles (or above) would rates of all involved uncatalyzed
reactions be high enough to be readily augmented to metabolically required rates by modest catalytic
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(4)

innovations. Thus, the evolution of catalysts for metabolic pathways could only have started at high
temperatures, and subsequent thermally downward evolution of enzymatic catalysts would
automatically generate metabolic rates much higher by many orders of magnitude than
corresponding rates in a mesophilic origin of life. The fact that some uncatalyzed reactions are
relatively fast at low temperatures is here of no concern, because a pathway of reactions is as slow
as its slowest step. The hyperthermophilic requirement of early life must have persisted as long as
the catalytic activities of the evolving catalysts remained relatively low. In any event, all
biochemical reactions, whose non-enzymatic parent reactions face a very high catalytic burden,
must have entered the metabolism in the all-hyperthermophilic phase of early life. An evolution to
lower and lower temperatures became possible to the extent that catalysts evolved to acquire higher
and higher catalytic activity, and this evolution was possible, because the initial catalytic burden
was not too high. With the appearance of the genetic machinery essentially all metabolic reactions
came under enzymatic control and this enabled an evolution to mesophilic and psychrophilic
lifestyles. Thermal rate leveling at the origin of life was thus replaced by adaptational rate leveling
(Wolfenden theorem I).

From high temperature at the origin of life evolution would have proceeded by successive metabolic
expansions and by migration to regions of lower temperature with compensation of lower reaction
rates by more effective catalysts. Peptide/protein folding would have originated with a few locally
focused cross-links due to strong, covalent coordination bonds to transition metals in an otherwise
flexible folding structure. In the course of early evolution this crosslinking by a few, focused
coordination bonds would have been first supplemented and later substituted by a multitude of weak,
non-covalent group interactions. This could only have occurred after translation had reached the
required accuracy. With decreasing temperature the functionally feasible sequence space for
peptides and polynucleotides expanded. In addition to this thermally vertical (downward) evolution
there would have been a thermally horizontal (isothermal) evolution, increasing the functionally
feasible sequence space by secondary stabilizations, e.g., by methylation of RNAs at strategic
2’-positions to prevent self-cleavage.

4. Place of RNA in the Evolving Mechanism of Evolution

Extant organisms evolve indirectly (Figure 2a). Replication of DNA generates variant DNA*, which

is transcribed into variant mRNAs*, which in turn is translated into variant proteins (P*). These become

ligands of variant metallo-enzymes (MP¥*) (non-metallo-enzymes are here ignored), which boost a

metabolic reaction (A — B). This indirectness is the essence of extant genotype-phenotype dichotomy.

According to the RNA World theory [37] life began with a population of randomly replicating,

“living” RNA molecules (perhaps inside lipid vesicles) within a cold “prebiotic broth”. Varied RNA*

molecules were feeding back into the replication cycle (Figure 2b). Within this RNA replication context

a process of translation emerged that converted a medley of amino acids into an undefined library of

peptides/proteins. Some of these are expected to somehow have fed back into the replication/translation

system. Neither transition metal catalysts nor metabolic redox reactions have a place in the picture.

Nomenclature within this theory distinguishes between “prebiotic” chemistry or chemical “evolution”

before the onset of replication and “genetic evolution” after the onset of replication.
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Figure 2. Two views of evolving evolution (open double arrow: evolutionary change; closed
double arrow: evolution of evolution).
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The RNA World theory is faced with insurmountable obstacles. By one account [38] the origin of
translation in a prebiotic broth requires a set of at least 13 functional RNA molecules with a total
of at least 1800 nucleotides. Its chance appearance has an extremely low probability of less than
107191 __effectively zero over the available space and time of the Universe. Therefore, the author
concludes that our Universe must be part of an eternal Multiverse with an infinite number of universes.
According to another RNA World calculation the lengths of RNA genes must remain below an abrupt
threshold, for otherwise their replication would lead inevitably to an error catastrophe [39,40].
This predicament is further aggravated by the fact that protein folding by weak group interactions
requires a minimum folding-appropriate length of the protein chain. While there is criticism (not rebutted
so far) that the threshold abruptness is dependent on arbitrary, unrealistic assumptions [41], the error
catastrophe proposal certainly is compatible with the conclusion that a spontaneous origin of translation
in the RNA World context would have been an improbable affair.

According to the FeS World theory [22,23,33,42,43] life began in a hot volcanic-hydrothermal fluid
flow with formation of low-molecular-weight organic compounds from volcanic-hydrothermal
nutrients, driven by local chemical energy and facilitated by catalytic transition metal centers of
contacted crustal minerals. In this mineral context iron sulfide is today and has always been omnipresent
and multi-functional. Catalytic nickel centers by contrast are today restricted to a few biochemical
niches, but may have been most crucial at the beginning [44]. Sources for nutrients originate by
magmatic/crustal mineral reactions, notably with graphite and N2: e.g., CaCO3 — CaO — CaC: —
CaCN2 — Ca(CN)2 or CO2 «» CO «> C°. Hydrolysis at hydrothermal sites and/or quenching provides
super-equilibrium nutrient activities. From this vantage point evolution began with a direct metabolic
mechanism (Figure 2b) [22,23], which is related to the chemical concept of ligand-accelerated catalysis [45].
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According to this mechanism an organic product B of a synthetic reaction turns directly into a ligand of
a transition metal catalyst (M) with the effect of increased catalytic activity. Two lines of evolution must
be distinguished: (i) product B turns into a ligand of transition metal catalyst M for the synthesis of B
(autocatalytic feedback effect); (ii) product B turns into a ligand of transition metal catalyst M’ for the
synthesis of another product C (feed-forward effect). From this primordial mechanism of evolution the
extant mechanism of evolution evolved by a multitude of incremental transformations without any
essential discontinuity. Nomenclature within the FeS world theory distinguishes between ‘“abiotic
chemistry” and “biotic chemistry” and applies the name “pioneer organism” to a chemical system of
ligand feedback and feed-forward effects that initiated a directional series of transformations from the
intrinsic finality of inanimate chemical reactions to the unending quest of biological evolution.

We shall now flesh out these two competing general courses of evolution by more and more detailed
accounts. We begin with proteins, raison d’étre of the extant genetic machinery.

5. From Primordial Peptide Cycle to Genetic Protein Cycle

The sequences of large protein molecules comprise several distinct contiguous sequence segments
that fold autonomously into distinct “structural domains”. These are hinged together to collapse into an
overall folding structure [46]. Short protein molecules form “single-domain” folding structures.
This pattern suggests that early on the process of translation generated short protein molecules with
single-domain folding structures and that only later in evolution were long oligo-domain proteins formed
by gene fusion, which greatly simplifies the problem of early protein evolution (Rose theorem).
Before we address it we should clear up a possible terminological confusion. The chemical term
“peptide” covers a vast class of heterochiral compounds from dipeptides to macromolecular
polypeptides—homopolymers as well as copolymers. The biological term “protein” defines natural,
genetically encoded, homochiral polymers of amino acids. The discrepancy between polypeptide
irregularity and protein regularity looses some of its force once we realize that primordial peptides could
have been formed from a small set of amino acids by (heterogeneous or homogeneous) transition metal
catalysts of great selectivity (akin to syndiotactic or isotactic polymerization, or regioselective
copolymerization). With this in mind we now ask: How can we account for the origin of peptides and
for the transition to folded proteins?

Metallo-Peptides. In the context of the FeS World theory amino acids are formed by carbon fixation
with transition metal catalysis [47—49]. These pathways have intrinsic chemical restrictions. The set of
autotrophically generated amino acids is therefore quite limited and a chaotic mélange is avoided from
the start. Moreover, the problem of a minimum length threshold for functional, folded proteins
disappears, because very short oligopeptides (or even amino acids) can turn into ligands of transition
metal catalysts. In addition, for ligand-accelerated catalysis heterochirality of ligands is a benefit rather
than a detriment [22,23,50]. Any pre-ribosome would then have had the modest burden of generating
the same kind of short peptide ligands that were already part of the metabolism. Thus the FeS World
theory replaces the intractable problem of an abrupt origin of autonomously folded protein catalysts by
the simpler problem of the biosynthesis of short peptide ligands for metallo-peptide catalysts. From this
vantage point the formation of folded proteins is not such a big step. It merely means a transition of the
peptide-metal relation from that of a short peptide ligand in the ligand sphere of a metal center to that of
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a catalytic metal center inside a larger folded peptide ligand. In this transition by a series of small
incremental changes coordination bonding is maintained as an invariant structural element. Moreover,
for thermo-stable folding of a peptide with a few focused crosslinks by coordination to transition metal
centers the peptide sequence requirements are quite relaxed. By contrast, peptide folding by a multitude
of distributed, weak group interactions is highly sensitive to sequence variations. It requires high-fidelity
information transfer and could have come about only relatively late in evolution. Thus, the appreciation
of transition metal catalysis and crosslinking allows us to explain the origin of translation by a stepwise
progression of ligand synthesis without any bottleneck of improbability.

Protein Cycle. At the chemical core of extant genetics lies an energy-coupled protein cycle.
It requires energy coupling with ATP hydrolysis and all its steps require enzyme catalysis. Amino acids
are converted via aminoacyl-AMPs (aa-AMPs) (anhydride energy) into aminoacyl-tRNAs
(ester energy), from there into proteins (amide energy) and finally back to free amino acids.
The formation of aa-AMP and subsequent aminoacylation of tRNA require enthalpic catalysis by
transition state stabilization as well as channeling of the hydrolytically sensitive aminoacyl-AMP
intermediate. Formation of aa-AMP presents an extremely high catalytic burden [51], which increases
drastically with decreasing temperature. Enzymes with their diversity of amino acid units and high
conformational flexibility are ideally suited for enthalpic catalysis by stabilizing the transition state,
while relative lack of chemical diversity and flexibility of RNA militate against transition state
stabilization by ribozymes. By contrast, ribosomal catalysis of peptide bond formation is mainly
entropic [35,36] (Wolfenden theorem II). It operates by restricting freedom of movement, positioning
and orientation of the reacting moieties (scaffolding), and by exclusion of water from the reaction center,
thus lessening the entropic cost of organizing water molecules around the transition state. The burden of
this catalysis does not change with temperature. Bonding of tRNA to rRNA is ideally suited for this
purpose. We are thus faced with a clear division of catalytic labor between the predominantly enthalpic
catalysis of amino acid activation and aminoacylation of tRNAs by aminoacyl-tRNA synthetases and
the predominantly entropic catalysis of peptide bond formation by the ribosomal machinery.
This fundamental chemical division of labor must have been in play at, and even before the dawn of
ribosomal translation: Let us see how this pattern traces back in time towards the origin of life.

Peptide Cycle. At or near the level of the pioneer organism we see an experimentally demonstrated
unitary peptide cycle, or better a concatenation of peptide cycles (Figure 3) each composed of a synthetic
(anabolic) segment with N-terminal elongation and a degradative (katabolic) segment with N-terminal
shortening, both segments driven and catalyzed by essentially the same mechanism [52]. In the activation
step COS (derived from CO and Ha2S by Ni-catalysis) reacts with amino acids to form highly energetic
N-carboxy-aminoacyl anhydrides (NCAAs) via thiocarbamates. This activation reaction requires
enthalpic catalysis, but compared to activation with ATP it has a lower catalytic burden due to the
neutrality of the COS molecule. In the synthetic step the NCAAs react with a free amino group of another
amino acid or of a peptide. The entire reaction sequence may be catalyzed by a mineral surface. Catalysis
by a pyrite surface with sulfur deficiencies has been demonstrated [53] (Marx theorem). Mineral catalysis
is partly entropic due to two-dimensional positioning and orientation of the reactants and due to lowering
of the water activity.
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Figure 3. Peptide cycle (aal, aa2 =amino acids; Y =—OH or -NH-CHR-CO-Y; R, R’ =amino
acid side chains; H = hydantoin ring; NCAA = N-carboxy-amino acid anhydride).
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Ribonucleosyl Phosphates and Coenzymes. As a windfall profit of the peptide cycle, the NCAAs
could have provided energy coupling, perhaps even by reaction with phosphate to form aminoacyl
phosphates (AAPs), which subsequently could react serially with ribonucleosides (N) to form the
all-important ribonucleosyl (mono/di/tri)phosphates of increasing energy content: N + AAP — NMP;
NMP + AAP — NDP; NDP + AAP + NTP [22]. Ribonucleosyl phosphates may also form by
volcanic-hydrothermal reaction via acetyl-thioester [54] and acetyl-phosphate [55]. The ribonucleosyl
phosphates were available not only for the formation of oligoribonucleotides or RNA, but also for
activating other metabolites so that they could undergo reactions that would otherwise be endergonic,
such as post-translational modifications of proteins. Instructive here is the case of activation of
coenzymes (erroneously counted as support for the RNA World theory). Phosphopantetheine is activated
with ATP to form coenzyme A with a diphosphate bridge. Coenzyme A then reacts with the apoprotein
of an enzyme to covalently attach phosphopantetheine. Such covalent attachment of a cofactor to an
enzyme means a lower dependence on high sequence fidelity than the non-covalent mobile attachment
of coenzyme A, which is seen as a latecomer. ATP-activation for covalent attachment is also known for
lipoate and biotin. Similar covalent coenzyme anchoring, may have once existed for FAD, NAD and
molybo/tungsto-pterins, but has not (yet) been found in extant biochemical systems [43]. Incidentally,
activation of pyruvate would have given rise to N-terminal pyruvoyl-peptides as functional precursors of
pyridoxal phosphate [43].
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From Peptide Cycle to Protein Cycle. Evolution from the primordial peptide cycle to the LUCA
protein cycle may be sketched formally as a transition (Figure 4) with the following four phases.
Phase A: N-terminal extension of peptides by NCAAs; Phase B: formation of ester-activated amino acids
(aa-OR) by reaction of NCAAs with a primitive tRNA precursor (HO-R), e.g., an RNA microhelix, to
form an aminoacyl ester and subsequent N-terminal peptide chain extension; Phase C: C-terminal
extension of an ester-activated amino acid, aa-OR (or ester-activated peptide) by reaction with an
ester-activated amino acid (aa-OR), derived from NCAA or aa-AMP; Phase D: extant conversion of an
amino acid by ATP via aa-AMP to aa-O(tRNA). Peptide products of all phases would feed back into the
amino acid activation or aminoacyl transfer reaction by operating as primitive aminoacyl-tRNA
synthetases. In the course of these transformations the peptide synthesis mechanism changes from
mineral surface catalysis to ribosome surface catalysis, i.e., from partly entropic to fully entropic
catalysis. In phase C aa-AMP would be formed from ATP and used immediately without entering an
aqueous pool.

Figure 4. Evolution of peptide synthesis (Pep-NH2 = peptide with free amino group).
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The transition to ribosomal peptide bond formation with charged tRNAs is a transition from
N-terminal peptide elongation to C-terminal peptide elongation. In the transition phase both elongation
types must have coexisted. This means that for some time N-terminal peptide cleavage by COS coexisted
with C-terminal protein elongation by the ribosome. As a consequence C-terminal protein elongation by
the ribosome would have been countermanded by N-terminal peptide cleavage. It is attractive to
speculate that the initiation of translation by N-formyl-Met-tRNAi served originally the purpose of
preventing N-terminal peptide cleavage and was later preserved as molecular relic. Evolution from
highly energetic NCAAs (anhydrides) to weakly energetic aminoacyl-tRNAs (esters) means increase of
selectivity, enabling increase of complexity and functional diversity.
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6. Place of RNA in the Origin and Early Evolution of Translation

Our sketch of the transition from peptide cycle to protein cycle has led us to the threshold of the
translation machinery. We now try to retrace major strands of its origin and early evolution and begin
with the ribosome.

Origin and Evolution of the Ribosome. Extant biosynthesis of ribosomes [56] provides us with
insights into ribosome evolution. In the domains Bacteria and Archaea it begins with the transcription
of the rRNA operon to form a primary transcript: --16STRNA--tRNAs--23SrRNA--5SrRNA--tRNAs--,
whereby the symbol “--” represents transcribed external and internal spacer sequences. As the primary
rRNA transcript emerges from the transcription machine, it acquires rRNA folding structures, while it
is being coordinated to ribosomal proteins and to Mg?* ions, and while some nucleotide modifications
are also occurring at that stage. Subsequently the resulting pre-ribosome is cleaved into the two subunits,
which then are completed separately. To this biosynthesis we apply the Florkin-Granick rule [57-59]:
the order of steps in a biosynthetic pathway recapitulates the order of their emergence in evolution.
By this rule the early ribosome had a unitary un-dissociable structure akin to the extant pre-ribosome [42].
Subsequently the unitary ribosome would have evolved into a two-subunit ribosome (with LSU and
SSU) that retained its undissociated form. We find an echo of this evolutionary stage in extant leaderless
translation by dissociable, but un-dissociated ribosomes [29]. It follows from this hypothesis that the
extant ribosome as mRNA-programmable catalyst is the result of a long coevolution of the LSU and the
SSU. The coevolution must have begun with the formation of an ur-ribosome by the fusion of an
ur-LSU as a minimal peptidyl transferase center (PTC) and an ur-SSU as a minimal decoding unit.
This fusion would have facilitated the formation of intersubunit bridges as intramolecular folding
determinants rather than intermolecular association determinants. Where did the ur-LSU and the ur-SSU
come from? According to a novel cladistic heuristic, applied separately to rRNAs and r-proteins of whole
ribosomes (LSU + SSU), the ur-SSU and ur-LSU result from two separate deep pre-ribosomal tracks of
evolution [60] (Caetano-Anollés theorem I). The functional precursors of the ur-SSU may have
functioned as a primitive RNA polymerase, cf. [61], while the functional precursors of the ur-LSU may
have functioned as catalysts for forming peptides without mRNA programing.

Ribosomal coevolution has now become tractable by combining knowledge of crystal structures of
extant ribosomes with considerations of the logic of the chemical situation [61]. The most detailed
conclusions have been reached for the LSU. Its globular r-proteins are distributed over the surface with
long protein extensions filling deep cracks between rRNA segments like mortar [62]. It was further found
that the PTC consists of a small contiguous segment of 165 nucleotides with a two-fold
pseudo-symmetry, which is surmised to have emerged by duplication of a segment of 82 nucleotides.
It folds to form two templates for binding the 3’-terminal CCA segments of two tRNAs in proper spacing
and orientation for peptide formation by ester aminolysis [63,64] (Yonath theorem). Moreover, the LSU
was found to have expanded radially from the PTC by the addition of terminal unpaired rRNA extensions
that folded onto peripheral RNA double helices without disturbing the integrity of the pre-established
core [65] (Bokov-Steinberg theorem). In the LSU of the domains Bacteria and Archaea 4
RNA-crosslinking dimagnesium tetraphosphate microclusters have been located in the immediate
vicinity of the PTC [66]. Their evolutionary context is revealed by a cleverly simplified, yet
astonishingly informative LSU growth model. The 3D structure of the LUCA LSU (with spherical
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coordinates) was obtained by superposition of the 3D structures of a bacterial LSU and an archaeal LSU
and subdivided into spherical growth shells with the PTC in the center. Looking in radial direction and
thus along the arrow of time, we see a decrease of density of crosslinking Mg?" ions. It is compensated
by increases of RNA base pairing and of r-protein density and folding [67] (Williams theorem).
The Mg?" ions may have been preceded by crosslinking Fe?* ions [68]. Such a crosslinking Mg-cluster
has also been located in the SSU [69], which speaks for its antiquity cf. [60]. These results support the
theory that in the course of early evolution strong metal-phosphate crosslinkings as structural
determinants were replaced by weak group interactions. Finally, convincing arguments have been
presented that the changeover to the homochirality of life, i.e., the transition from a mere enantiomeric
excess to the extant homochiralities of nucleic acids and proteins, must have occurred in the early phase
of ribosomal evolution [61] (Fox theorem).

In view of the absence of peptide components from its interior the extant PTC is widely surmised to
be a ribozymic vestige from (and evidence for) a primordial “RNA World”, e.g., [63,70]. There are
problems with this line of reasoning. (1) Catalysis by the PTC is entropic [35,36]. Therefore, the laws of
chemistry rather than historicity dictate the presence of entropy-catalytic rRNA and the absence of
peptide interference in the reaction center. Thus, the vestige reasoning seems to be a non sequitur;
(2) It should be stressed that entropic catalysis requires stability of location and orientation of RNA
sequences and it is not unrealistic to assume that peptide extensions of r-proteins, which reach just to the
periphery of the PTC (not into the very catalytic center) may well be mandatory for providing the
required stability of the larger conformational context of the PTC scaffold without interfering with its
entropic catalysis, c¢f- [71]. This consideration is consistent with the proposed evolutionary direction
from enthalpic to entropic catalysis (Figure 4); (3) Moreover, the presence of crosslinking Mg-clusters
seems to speak against an autonomously folded PTC reaction center. To sum up, the PTC is today and
may always have been, at least since the inception of the ur-ribosome, a metallo-ribonucleo-peptide
particle and surely not a mere ribozyme.

tRNA Evolution. Extant tRNAs may be viewed as mobile components of the ribosome.
Their 3’-terminal ACC segments are scaffolded by the PTC for entropic catalysis and this relationship
goes back to the ur-ribosome. Crucial post-transcriptional modifications of tRNAs with the effect of
improved specificity and thermostability [72] are also projected far back to pre-LUCA times (McCloskey
theorem). Many extant tRNAs are transcribed from genes that do not code for the catalytically crucial
3’-terminal CCA segment. Rather, this segment is post-transcriptionally added by CCA-adding enzymes
with serial utilization of CTP and ATP [73]. These enzymes show little cross-domain homology, which
indicates late, independent emergence. Thus, the earliest tRNA genes must have coded for whole tRNAs
including their CCA segments and we still find some genes for whole tRNAs in each of the three domains
of life. The CCA segment is today (and must have always been) vulnerable for cytosine deamination.
This suggests that before the time of LUCA damaged CCA segments were repaired by a repair enzyme
that later diverged into the different CCA-adding enzymes in the Bacteria and Archaea and these
enzymes then provided cover for the polyphyletic spreading of tRNA genes devoid of CCA-coding.

The tRNAs seem to have evolved from short hairpin precursors with a terminal unpaired sequence
(e.g., CCA) [74] (Schimmel theorem I) or even from a precursor in the form of a sole unpaired sequence
(e.g., CCA) [75] (Steitz theorem). They must have coevolved with the ribosome to reach an early
structural completion in a master tRNA (cloverleaf secondary structure, L-shaped tertiary structure)
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during the infancy of the ribosomal translation machinery with subsequent divergence into the set of
extant tRNAs, cf. [76]. The topological course of this evolution to the master tRNA structure is subject
to diverse proposals, e.g., [61,77-79].

Aminoacyl-tRNA Synthetase Evolution. The aminoacyl-tRNA synthetases form the bridge
between metabolism and genetics. For explaining this connection we proceed in the retrodictive
direction. The first clue comes from a comparison of the 3D structures of aminoacyl-tRNA synthetases.
It reveals a fundamental division of these enzymes into two classes, each for about 10 amino
acids [80,81]. Class I enzymes bind to the minor groove of the tRNA acceptor arm and charge the
terminal 2’-hydroxyl group, while class II enzymes bind to the major groove and charge the terminal
3’-hydroxyl group [82]. The acceptor arm (Acc) of tRNAs can bind simultaneously to a class I synthetase
on one side and to a (presumably ancient) catalytic core domain of a class II synthetase on the other side,
or vice versa [83]. Remarkably, simultaneous synthetase binding obeys subclass pairing (Ia-tRNA-Ila;
Ib-tRNA-IIb; Ic-tRNA-IIc), while cross-subclass pairings appear to be sterically inhibited. The finding
has led to an evolutionary proposal: As starting point a micro/mini-helix as ur-tRNA (~Acc) was bonded
to an ur-class I synthetase (at minor groove) and also to an ur-class II synthetase (at major groove) with
the benefit of stabilization of the RNA helix against thermal degradation. This archaic ternary complex
(url-Acc-urll) evolved divergently into three ternary complexes (urla-tRNA-urlla; urlb-tRNA-urllb;
urlc-tRNA-urllc) and these in turn gave rise to the extant aminoacyl-tRNA synthetases with conservation
of the classl/classlI relationships (Schimmel theorem II):

la: Val-Ile-Leu-Met-Arg-Cys Ib: Glu-GlIn-Lys Ic: Tyr-Trp
ITa:  Ala-Ser-Gly-Thr-Pro-His IIb:  Asp-Asn-Lys Ilc:  Phe-Pyl-Sep

A daring theory [84] suggests that early on class I and class II aminoacyl-tRNA synthetases were
coded opposite one another on the same ancestral gene, one on the (+)-strand and the other in the reverse
direction on the (—)-strand, and with their reading frames in register (in-frame sense-antisense coding).
Indeed, short, class-defining sequence motifs of the catalytic centers of enzymes of both classes show
significant sense-antisense homology; and the most conserved (hence oldest) sequence motif of one class
comprises predominantly amino acids that are activated by the synthetases of the opposite class (Rodin
theorem). Incidentally, sense-antisense coding has also been retrodicted for tRNAs [85] and it was found
to still exist in extant genomes [86]. It was found that class I Trp-tRNA synthetase and class II His-tRNA
synthetase still bear the mark of ancestral sense-antisense coding. More importantly, it was possible to
retrodict and reconstruct ancient, small, invariant catalytic cores (120—130 residues) of these two
synthetase classes. Experiments with these peptides, termed “urzymes”, showed that both interact with
tRNA acceptor arms (Acc) and that both have the same (essentially modern) catalytic profile in terms of
high activities (~60% of extant enzymes) for amino acid activation with ATP and tRNA acylation, and
in terms of rate leveling between activation and acylation. They may well go back to an early phase of
the evolution of RNA-guided peptide synthesis with a small repertoire of amino acids: Class I for
nonpolar and class II for polar amino acids, as required for molten globular structures. Moreover, the
modul structures of these urzymes have been interpreted as pointing to two still deeper and simpler
catalytic peptides of both classes with sense-antisense coding, which may well have had already the
function of directing the synthesis of nonrandom peptides [87] (Carter theorem).
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It has been deduced that primordial translation must have faced a genome with systematic in-frame
sense-antisense triplet coding, whereby the informationally crucial central base in each triplet was
flanked by two outside bases that were relaxed in their significance, thus making best use of the memory
molecules at an early time when chromosomes were inflicted with intrinsic length-restriction [88]
(Rodin-Carter theorem). At and before the level of LUCA this proposal fits nicely to the proposal of a
rolling circle expression of both (equivalent) DNA strands with rigid gene order. It strengthens the notion
of a backward convergence toward a unitary origin of the genetic machinery. Subsequent evolution
proceeded in the direction of ever-longer chromosomes. Sense-antisense coding (highly restricted for
two proteins and more relaxed, if one strand codes for an RNA operon) was later replaced by sense-only
coding, whereby the original equivalency of both strands was broken and freedom of information coding
increased [88].

The question of the origin of the aminoacyl-tRNA synthetases leads to a conceptual impasse.
The synthetases are proteins required for the ribosomal synthesis of proteins. Within the RNA World
theory this impasse is overcome by the assumption that the aminoacyl-tRNA synthetases were at first
ribozymes and that they were replaced by enzymes after the appearance of a sufficiently advanced
ribosomal translation system. According to the FeS World theory the impasse is overcome by the
assumption of a coevolution from monomers (amino acids and nucleotides as metallo-ligands) via
oligomers (metallo-peptides and metallo-oligonucleotides) to polymers (metallo-proteins and
metallo-RNAs). Let us see how these two alternatives fare with the chemical fundamentals, notably with
the hydrolytic instability of aminoacyl-AMP (aa-AMP); and with the clash between mainly enthalpic
catalysis of aminoacyl-tRNA synthetases (amino acid activation and aminoacyl transfer to tRNA) and
entropic catalysis of ribosomes and ribozymes.

Considering first the RNA World theory, the key intermediate in the charging of tRNAs, aa-AMP, is
extremely sensitive to hydrolysis under neutral conditions [89] due to the presence of a free a-amino
group, and increasingly so with increasing temperature. This is the reason why aminoacyl-tRNA
synthetases produce aa-AMP as intermediate that is immediately channeled to react with tRNA without
entering an aqueous pool. In the context of the RNA World theory aminoacyl-tRNA synthesis should
have always operated with ATP and with immediate internal channeling of aa-AMPs for reaction with
tRNA. They would have had this binary catalytic function first as ribozymes and later as enzymes. It is
difficult to see how such a binary ribozymal catalyst could have come about in the first place and how it
could be implemented in the laboratory. Therefore, attempts to demonstrate experimentally the
possibility of a ribozymal aminoacyl-tRNA synthetase have focused typically on separately optimized
ribozymal reactions for amino acid activation and aminoacyl transfer. For example, in a first reaction an
amino acid was activated to aa-AMP at ~pH4, thereby eliminating the deleterious free amino group of
aa-AMP by protonation [90], while in a second, separate reaction system aa-AMP was reacted as bulk
starting material with RNA to form aa-RNA, which then reacts with more aa-AMP to form aa-aa-RNA,
whereby ~pH7 was chosen to ensure the required free amino group of aa-AMP and the temperature was
lowered to the unrealistic value of 0 °C so that the desired synthetic reaction could outcompete aa-AMP
hydrolysis [91]. In other ribozyme experiments rapid self-destruction of the activated amino acid has
been avoided by employing amino acid activation in the form of an artificial cyanomethyl ester [92], or
by activating an amino acid with a 5’-trisphosphoryl-RNA instead of ATP [93]. In these strategies
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entropic catalysis [35,36] involving two or more ribozymes (RNAs) seems to work well, while enthalpic
catalysis of amino acid activation with ribozymes for amino acid activation seems to be modest.

According to the FeS World theory (Figure 4) activation of amino acids would have begun as
formation of NCAAs with a low enthalpic burden to be later replaced by activation with ATP with a
high enthalpic burden. By the same token, peptide formation would have been transformed from
N-terminal extension to C-terminal extension, whereby the catalytic burden changed from mainly
enthalpic to mainly entropic. Since facile formation of peptides via NCAAs has been demonstrated
experimentally, this evolutionary scheme is less problematic than the one according to the RNA
World theory.

Chemical selectivity (fidelity) of the process of translation resides primarily in the ability of
aminoacyl-tRNA synthetases to distinguish between different side groups of the amino acids. Some of
these are chemically rather non-distinct and highly similar to others: e.g., Ser/Thr, Phe/Tyr, Ala/Gly,
Ala/Ser, Val/lle, Val-Thr [94]. This similarity leads to misacylations, which are corrected by editing
domains of the aminoacyl-tRNA synthetases. Some of these editing features must have come into
existence long before LUCA. In the earliest phases of the evolution of translation, however, no editing
capability could have existed. According to the RNA World theory of an origin of life in a prebiotic
broth with a chaos of amino acids the earliest translation machinery is said to have generated “statistical
proteins”, wherein amino acids with similar charging characteristics would randomly replace each other,
so that no two protein molecules were likely to have had the same amino acid sequence [94]. Within the
context of an autotrophic origin by carbon fixation in a surface metabolism according to the FeS World
theory we have to rethink this problem. For this purpose we shall now broaden our evolutionary
perspective of translation to include the biosynthesis of amino acids. We shall find that the FeS World
theory precludes a chaos of amino acids and by extension a chaos of peptides or proteins.

Evolution of Amino Acid Biosyntheses. At the earliest stages of evolution according to the FeS
World theory amino acids are metabolic “end” products in the sense that they turned into ligands for
modulating catalytic transition metal centers, while later the amino acids became intermediates in
pathways for the non-ribosomal synthesis of peptides and still later for the ribosomal synthesis of
peptides/proteins [22,23,33,50]. A close metabolic connection between amino acid synthesis and
ribosomal peptide/protein synthesis has been expressed in the coevolution theory [95] (Wong theorem I).
According to this theory translation and the genetic code coevolved in concert with the evolution of
biosynthetic pathways to the amino acids and the infiltration of new amino acids into the process of
translation. Actually, this infiltration may have occurred by pairs of amino acids with complementary
codons [88].

First let us focus on the entry of the a-amino group into the carbon skeletons of the amino acids.
Ammonia (NH3) or hydrogen cyanide are geochemically unproblematic sources for this purpose.
From the premises of the FeS World theory we conclude that the biosynthesis of simple amino acids
(e.g., Gly, Ala, Ser or Asp) operated at the level of the pioneer organism by reductive CO/NH3 ligand
condensation or reductive cyano ligand condensation that formed the carbon skeleton and the functional
groups in concert [47-49]. It was followed later by a two-step process of carbon fixation to 2-keto acids
(or fumarate) and subsequent reductive amination (or NH3 addition). It is used to this day for reductive
aminations (pyruvate — Ala; oxaloacetate — Asp; a-keto glutarate — Glu) or for amination of fumarate
to Asp. Reductive amination with FeS/H2S [96] or Fe(OH)2 [97] as reductant and catalyst is generally
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operative for all a-keto acids. At low NH3 activity extant reductive amination has to avoid the NH3-pool
and requires a two-step energy coupling with ATP hydrolysis and with Gln as NH3 shuttle: (1) Glu +
NHs + ATP — GIn + AMP + PP; (2) 2-keto acid + GIn + reductant — 2-amino acid + Glu + oxidant.
This pathway requires an enzyme with NH3-channeling and therefore presupposes a sophisticated form
of translation. Most extant amino acid syntheses, however, operate by transamination: (a-amino acid +
a-keto acid * <> a-keto acid + a-amino acid *). It requires pyridoxal phosphate (PLP) as amino transfer
shuttle and could have emerged only after the process of translation was already highly evolved.

Let us now look at two different routes for infiltrating peptide/protein sequences with new amino
acids. A long route begins with de novo biosynthesis of a free amino acid, which is subsequently
activated and charged to a tRNA and then incorporated ribosomally into a peptide/protein, where it
finally has a function. This long route is the result of a low-probability evolution, since it implies the
co-emergence of three high-precision polymer structures: (1) At least one enzyme for the biosynthesis
of the new amino acid; (2) a new aminoacyl-tRNA synthetase; and (3) a new tRNA with a new code
assignment. A short route begins with an already established aminoacyl-tRNA, which is then converted
to a new aminoacyl*-tRNA by side group modification (aa-tRNA — aa*-tRNA). It can immediately
enter the process of ribosomal peptide/protein synthesis. Diversification and codon reservation follow
subsequently. In evolution the short route must have preceded the long route (Wong theorem II). For
three extant amino acids the short route (Asp-tRNA — Asn-tRNA; Glu-tRNA — GIn-tRNA;
phosphoSer-tRNA — Cys-tRNA) coexists with the long route [98] (S6ll theorem). For two other extant
amino acids only the short route exists (phosphoSer-tRNA — selenoCys-tRNA; Met-tRNA —
formylMet-tRNA). The short route has the added advantage that thermally instable free amino acids
(e.g., Cys, selenoCys) are avoided.

How would the evolutionary transition from the short route to the long route occur? As a first step a
new free amino acid (aa *) would be generated by hydrolysis of aa *-tRNA or of a peptide/protein with
an aa *-unit. For reintroducing the free amino acid (aa *) into the process of translation an aa *-tRNA
synthetase for charging aa * to a tRNA may derive from the pre-established aa-tRNA synthetase.
Finally aa * would be synthesized directly in free form by an amino acid synthetase that modifies the
side chain of the precursor amino acid (aa — aa *). It has been demonstrated that the Asn synthetase
for the NHs-dependent conversion Asp — Asn derived from the Asp-tRNA synthetase [99,100]
(Francklyn-Kern theorem).

Post-translational modification is the most direct route for introduction of a new amino acid into a
peptide/protein. A prominent example is the conversion of the free amino group of a Lys unit by forming
an amide with lipoate or biotin, or by forming a Schiff base with PLP. Another example is the
phosphorylation of a Ser or Thr unit. It is here suggested that the Cys unit was first introduced into
peptides/proteins by post-translational conversion of a Ser unit with H2S, possibly after acylation or
phosphorylation. This conversion (R-OH + H2S — R-SH + H20) is thermodynamically favorable due to
the stability of H2O. The next evolutionary stage would have been the short route (phosphoSer-tRNA —
Cys-tRNA). The transition from this short route to the long route is still underway in the extant
biosphere [101,102]. This proposal explains how cysteine, the amino acid with the most crucial functions
(catalyst, ligand, redox, radical, group activation) and with the greatest thermal instability [103], could
have entered peptides early, yet coded translation rather late (with only two codons), first by the short
route (~3.5 Ga) and then by the long route (~3.0 Ga) [104] (Caetano-Anollés theorem II). Enzymatic
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persulfide serves as extant sulfur source and in vitro it may be replaced by inorganic persulfide
(HS27) [105], which has a striking relationship to the anionic component of pyrite (FeSz). Incidentally,
selenium is a constant geochemical companion of sulfur. This means that early on any pathway to
Cys-units would actually have been a twin pathway to Cys units and selenoCys (Sec) units as siblings.
Later selenocysteine came to be formed and infiltrated into the process of translation by a separate
pathway with a separate elongation factor SelB [106].

Two extant amino acids (Thr, Met) derive from Asp and two other extant amino acids (Pro, Arg)
derive from Glu, all four pathways beginning with ATP-driven reductive conversion of the
w-carboxylate group to an w-aldehyde group (—CO-OH — —CO-AMP — —CHO). In the case of Glu the
aldehyde group then undergoes either reductive amination with the a-amino group to form proline (Pro)
or transamination with Glu to form ornithine (Orn), which then is converted to arginine (Arg) via
citrulline. In the case of Asp the aldehyde group undergoes further reduction to form homoserine (hSer),
which sits at a metabolic branch point. In one reaction branch hSer is phosphorylated, followed by
PLP-catalyzed rearrangement to Thr. In a second reaction branch hSer is converted to homocysteine
(hCys), which subsequently is methylated to Met. The new amino acids Pro, Arg, Thr, Met are then
charged onto dedicated tRNAs by aminoacyl-tRNA synthetases. It may be speculated that tRNA-dependent
short routes preceded these long routes. All key intermediates in these pathways are amino acids that
have today no other function than being intermediates. By the Wong theory the intermediate amino acids
Orn, hSer, hCys, must have functioned in early forms of ribosomal translation, which poses an interesting
problem. In Orn-tRNA, hSer-tRNA and hCys-tRNA the terminal H.N—, HO—, HS-groups would catalyze
hydrolytic cleavage of the ester link by intramolecular attack. For resolving this paradox we should recall
the proposal [74,83] that early-on charged minihelix tRNA precursors were complexed on one side by a
class I ur-synthetase and at the same time on the other side by a class II ur-synthetase. This implies a
conformational fixation of the aminoacyl group with the effect of a possible prevention of self-catalyzed
ester cleavage. Conformationally more flexible peptides/proteins, however, would suffer self-cleavage
at sites of Orn, hSer or hCys units. We may speculate that early-on translation operated as a continuous
process (tethered to rolling circle transcription) and that long primary peptides self-cleaved into shorter
peptides at the sites of the Orn, hSer or hCys units. Later on these cleavage-causing amino acids were
converted into non-cleaving amino acids (citrullin, Arg, Thr and Met), while the cleavage function was
taken over by initiation and termination control systems. Actually, one of the cleavage-causing amino
acids (hCys) was converted into an initiation unit (Met or fMet).

The biosyntheses of all other amino acids are rather complex: o-keto-glutarate —
a-keto-adipate — a-amino-adipate — Lys (10 steps); Asp — diaminopimelate — Lys (10 steps);
2-keto-propionate/butyrate — Val/lle (4 steps), Leu (7 steps); PEP — (Phe/Tyr (siblings, 12 steps),
Trp (15 steps)); ATP — His (9 steps), Lys — Pyl (pyrrolysine, 4 steps). These pathways require PLP,
and their emergence presupposes an advanced process of translation. The infiltration of the process of
translation with some of these amino acids may well have also involved at first the short pathway. In the
case of Pyl this may be readily appreciated. In extant biochemistry two very different pathways lead to
Lys, and Lys is charged by a class I and by a class II synthetase. Lys has an important function for
attaching cofactors to proteins and could have been preceded in this function by Orn. The pathway to
Lys via a-amino-adipate is closely related to the formation of Orn via Glu and may have the greater
priority. All multi-step pathways to amino acids are the result of a complex evolution with recruitments
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and lateral transfers. This evolution runs parallel to the evolution of aminoacyl-tRNA synthetases and
tRNAs and to the expansion of the process of translation and of the genetic code. Among the very late
arrivals in this progression are Trp and His [107]. Both share an isomerase in their biosynthetic
pathways [108].

Evolution of Genetic Coding. The extant genetic machinery employs a genetic code comprising two
successive layers of discrimination [94]. The first layer of discrimination is mainly due to selective
associations between bases (or base pairs) in the Acc arms of tRNAs and primitive cores of
aminoacyl-tRNA synthetases [109], specifically urzymes [87]. Charging site and charging
discriminators are here in close spatial vicinity. To a lesser extent the first layer of discrimination is also
due to selective associations between base pairs in the AC arms or in core regions of tRNAs and the
aminoacyl-tRNA synthetases [74]. The second layer of discrimination is due to associations between
triplet codons of mRNAs and the anticodons of the tRNAs. We here use the term “analogue code” for
the first layer of discrimination and the term “digital code” for the second layer of discrimination. For
the structural association between the tRNAs and the aminoacyl-RNA synthetases we may use the
metaphor “analogue-to-digital” conversion, while the ribosome/tRNA system may be termed
“digital-to-analogue” converter. In line with the rule of Florkin and Granick [57-59] it has been
suggested that the “analogue code” has evolutionary priority over the “digital code” [110] (Schimmel
theorem III). The origin of translation may be identified with the advent of the “digital code”, where
after both codes coevolved with the expansion of the set of amino acid pathways, the set of tRNAs and
the set of aminoacyl-tRNA synthetases.

Given present evidence, the complex coevolution of pathways and code is underdetermined, but
reflected to some extent by the table of codons [95]. Amino acids with precursor-successor relationships
are frequently associated with codons that are separated by one base (e.g., Asp-Asn, Glu-Gln, Ser-Cys,
Ser-Sec). As another regularity we frequently see sibling amino acids as neighbors in the table of codons
(e.g., Asp-Glu; Val-Ile, Phe-Tyr).

Pre-translational Coding of Peptides. The analogue code between bases of tRNAs and the
aminoacyl-tRNA synthetases must have been operative before the digital code between mRNA codons
and tRNA anticodons. This means that the process of digitally programmed translation of mRNAs
into proteins was preceded by a pre-translational peptide synthesis that was tRNA-guided, but not
mRNA-programmed. Let us see how far we can come in retrodicting this early system of peptide synthesis.

We recall from the discussion of the peptide cycle that the earliest peptide synthesis could have
involved only a relatively small number of amino acids that were accessible by carbon fixation,
e.g., some or all of the amino acids of the following set: {Gly, Ala, Ser, Asp, Glu}. They would have
been activated by COS as N-carboxy-aminoacyl anhydrides (NCAAs). We also recall the suggestion
that the “modern” clover-leaf tRNAs must have been preceded by pre-tRNA hairpin structures [74,111].
Early on such hairpin structure would have been a short “microhelix”, akin to the extant Acc arm.
It would have evolved by hairpin extension to a “minihelix” [74]. These pre-tRNAs would have been
aminoacylated at their 3’-terminal 2’-OH or 3’-OH groups [74]. Primitive precursor peptides of extant
aminoacyl-tRNA synthetases would have been in service of enthalpic amino acid activation and
aminoacylation of the pre-tRNAs. Some of the peptides operating as primitive aminoacyl-tRNA
synthetases would have served the very peptide synthesis system whence they derived—A case of
autocatalytic product feedback. Other peptides with ancillary functions, e.g., for error correction, would
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have cooperated with the primitive synthetases, perhaps first by forming quaternary associations and
later by gene fusion.

Simple side-by-side positioning of two aminoacyl-pre-tRNA hairpin structures would lead to the
formation a dipeptidyl-pre-tRNA by entropic catalysis. Proper orientation would be ensured by a
metallo-oligoribonucleo-peptide scaffold—A primitive form of the ribosomal PTC. In a still earlier stage
this cluster may have been preceded by a mineral surface. Discrimination of the lateral associations of
different pre-tRNAs would have been caused by analogue coding close to the aminoacyl moiety.
Side-by-side positioning of the resulting dipeptidyl-pre-tRNA with another aminoacyl-pre-tRNA would
lead to the formation of a tripeptidyl-pre-tRNA, again under the dictates of the analogue code and so forth.
This peptide synthesis may have been mediated by the aminoacyl-tRNA synthetases [112,113].
In this fashion an oligopeptide would be formed and finally set free by hydrolysis. The sequence of this
oligopeptide would be determined by the lateral analogue code. The pre-ribosome as scaffold for this
synthetic reaction would be a metallo-oligoribonucleo-peptide particle akin to the extant ribosomal
peptidyl transfer center.

The projection of peptide synthesis into an early system of pre-tRNA catalysis is supported by a
number of experimental facts. It has been shown that RNA microhelices that mimic the acceptor
arm of tRNAs and harbor appropriate analogue code determinants can be aminoacylated by modern
aminoacyl-tRNA synthetases [114]. It has also been demonstrated that RNA minihelices corresponding to
the Acc arm are capable of cooperating functionally with the elongation factor EF-Tu [115] and with the
ribosome [116]. Furthermore, charged RNA minihelices have proved to be suitable for peptide bond
formation by extant ribosomes [117].

A model for primordial entropic RNA catalysis of peptide formation has been tested
experimentally [118]. Specifically, two RNA minihelices with charged 3’-CCA terminals were used as
tRNA precursors in conjunction with an RNA tetraplex (a duplex of two RNA duplexes) with four
unpaired sequences complementary to the CCA sequences of the RNA minihelices. It was determined
experimentally that complexation does occur by base pairing between the unpaired sequences of the
minihelices and the tetraplex. This complexation positions the minihelices side by side, but ester
aminolysis does not occur for lack of proper orientation. By contrast, the extant ribosomal peptidyl
transfer center does have the properly orienting profile for ester aminolysis, presumably because it
appears to be not just an oligoribonucleotide, but rather a metallo-oligoribonucleo-peptide particle.

It is sometimes argued that there is no informational or structural continuity between pre-translational
peptide products and translational protein products [79]. This position may well be unfounded.
The sequences of pre-translational peptide products may have been controlled by the analogue code
between tRNAs. With the beginning of mRNA-programmed translation the digital triplet code is
initiated and superimposed over the analogue code. Thus, the emerging digital triplet code between
mRNA codons and tRNA anticodons would have had to adapt to the primary analogue code. It would
have subsequently evolved in close correlation with the further evolution of the analogue code as the
translation process came to be infiltrated with more and more amino acids. Therefore, we may be
justified to postulate a certain informational/conformational/functional continuity between peptide
formation prior to the beginning of mRNA-programmed translation and later translational protein
formation, cf. [60] vs. [79].
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7. The Place of RNA in the Origin of DNA

All extant cellular organisms, and by extension LUCA, are characterized by two types of nucleic acid:
RNA in charge of transient catalysis, and DNA in charge of enduring inheritance. The biosynthesis
of deoxyribonucleotides for DNA proceeds without exception from ribonucleotides. In agreement
with the rule of Florkin and Granick [57-59] it is generally concluded that ribonucleotides
preceded deoxyribonucleotides in evolution. This conclusion is supported at the functional level.
Deoxyribonucleotides have only one function: as monomers for the formation of DNA. Ribonucleotides
serve not only as monomers, but also, importantly, as energy coupling agents and as starting materials
for the biosynthesis of coenzymes and histidine. Ribonucleotide monomers serve for the formation of
oligoribonucleotides or relatively short, sequence-sensitive, single-stranded RNA molecules for catalytic
purposes or guide purposes. Deoxyribonucleotide monomers serve for the formation of relatively long,
double-stranded DNA molecules for long-term heredity purposes. The RNA World theory postulates
that early on RNA was also in charge of inheritance to be later replaced by DNA. There is no evidentiary
support for this postulate. No extant cellular organisms has an RNA chromosome or plasmid. According
to the FeS World theory evolution of RNA catalysts is primary. Yet, DNA must have followed on the
heels of RNA for long-term preservation of emergent valuable sequence information and the force of
this situation led quickly to the apotheosis of DNA.

Let us now consider the origin of DNA in detail. The conversion of ribonucleotides into
deoxyribonucleotides by a radical mechanism may have occurred very early, perhaps soon after the
appearance of ribonucleotides. It has been suggested that the required thiyl radicals were formed
pre-enzymatically with FeS/H>S [119] (Follmann theorem). The deoxyribonucleotides would then have
infiltrated an already existent process for the formation of oligoribonucleotides to generate mixed
oligo-ribo/deoxyribo-nucleotides. Whenever a position vulnerable to self-cleavage by 2’-OH would
have come to be occupied by a deoxyribonucleotide a possibility for self-cleavage would have been
eliminated and the resulting co-oligomer would have acquired a correspondingly extended half-life.
In this manner a natural dichotomy would have arisen between more and more stable co-oligomers with
more and more deoxynucleotide units and oligoribonucleotides. Eventually this dichotomy would
gravitate towards the DNA/RNA dichotomy, which is from the start a dichotomy between essentially
transient catalytic RNA with half-life on a short-term metabolic time scale and hereditary DNA with
half-life on an increasingly long-term geologic time scale.

Another distinctive feature of DNA, the use of 5-methyl-uracil or thymine (T) instead of its functional
equivalent uracil (U), is also related to the thermo-stability problem. The base cytosine (C) undergoes
facile deamination at a rate that increases with increasing temperature and increasing deviation of pH
from neutrality [120]. In DNA such deamination is readily corrected by a base excision repair
mechanism that distinguishes non-native U from native T and replaces U by C. RNA never had to acquire
such repair mechanism, because it serves as transient catalyst with a high rate of turnover. Moreover, in
RNA such deamination replaces the base pair GC by the base pair GU, which is weaker than GC but
still operational for stabilizing RNA folding structures. For repairing the deamination of adenine (A) and
guanine (G) the base excision repair mechanism is immediately applicable, because the deamination
products hypoxanthine (H) and xanthine (X) do not occur in DNA and are readily recognizable as alien bases.
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In extant metabolisms two different thymidylate synthases (ThyA, ThyX) convert
2’-deoxyuridine-5’-monophosphate (dAUMP) into 2’-deoxythymidine-5’-monophosphate (dTMP) [121,122]
(followed by double phosphorylation). Both enzymes use CH>=Hafolate as CHs-source for U — T
conversion. For methylations of other bases, e.g., cytosine, the CHs-source is S-adenosyl-methionine
(AdoMet). These two methyl sources are located at the two extreme ends of a Cl-reduction cascade:
CHa>=Hafolate — CHs-Hafolate — CH3-Co (Methylcobalamin) — Methionine — Ado-Met. By the rule of
Florkin and Granick [57-59] we conclude that methylation with CH2=Hafolate has greater antiquity than
methylation with AdoMet and that it goes back to a time long before LUCA. Methylation with
CHa=Huafolate requires a reducing agent. ThyX utilizes an electron transport from NADPH to the flavin
shuttle (FAD — FADH2) and from there by hydride transfer to U, thereby converting U to a U-carbanion
intermediate. ThyA generates the required U-carbanion through nucleophilic attack by a Cys-S™ group,
where after it utilizes CH2=Huafolate as CHs-source and as reducing agent, thereby generating Hzfolate.
In view of its sulfur catalysis and the obviation of a reducing chain ThyA is considered to be older than
ThyX. We may even surmise that the conversion U — T emerged before the advent of AdoMet.

Early DNA must have had U as a canonical base and to this day there are viruses with
uracil-DNA [123]. How could the sophisticated U — T-conversion/U-excision system have come about?
A pre-existent enzyme for the excision of xanthine or hypoxanthine may have been recruited for the
removal of U by discriminating faulty U-G base pairs from proper U-A base pairs. Poor U-G/U-A
selectivity may have been the driving force for the U — T conversion by ThyA or by a simpler precursor
thereof, which led to the more facile discrimination of faulty U-G base pairs from proper T-A base pairs.
For a while there may have been competitive incorporation of U and T by dUTP and dTTP. This
competition was irreversibly eliminated when the enzyme dUTPase emerged and started to purge the
cell of any dUTP [123].

8. The Place of Peptides in the Origin of RNA

We finally approach the problem of the origin of RNA. We draw a broad context that extends from
carbon fixation to RNA and from ligand-accelerated catalysis to replication and in doing so we bear in
mind that biochemical reality is the intersection of functional feasibility and biosynthetic accessibility.

Primordial Purines. Extant RNA comprises two kinds of bases: the purines adenine (A), and
guanine (G), and the pyrimidines uracil (U) and cytosine (C). They form the main base pairs A—U, G—C,
and the lesser base pair G—U. Purine nucleotides, or intermediates in their biosynthesis, are starting
materials for the biosynthesis of thiamine, histidine, (methano) pterins, molybdo/tungsto-pterins and
flavins. Pyrimidines have no such biosynthetic function. They differ from purines by lack of an imidazole
ring. Purine nucleoside triphosphates (ATP, GTP) function as universal energy coupling agents while
pyrimidine nucleoside triphosphates are specialized energy couplers, UTP for sugar metabolism and
CTP for lipid metabolism. The biosynthesis of purine nucleotides is essentially a piecemeal C1-fixation
pathway. Pyrimidine nucleotides form by coupling pre-synthesized modules. The pyrimidine cytosine
has a high propensity for deamination, while the purines are more stable. Also purines have a higher
stacking energy than pyrimidines. For all these reasons evolutionary priority is attributed to purine
nucleotides while pyrimidine nucleotides are seen as later inventions of life [124].
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The extant system of purine pathways is universal, while differences exist in terms of enzymes and
cofactors [125,126]. The first committed intermediate, 5-phosphoribosylamine, is extremely instable
(half-life of 5 s) and requires channeling. Six steps of the pathway require coupling with ATP hydrolysis
to generate amide, amidine or urea moieties. We therefore postulate that a much simpler precursor
pathway to purines must have existed with the following characteristics:

(1) Sole dependence on volcanic-hydrothermal C1-compounds, e.g., CO, CO2, COS, HCN, Ha2NCN,
with chemical potentials derived by quenching volcanic gas, or by hydrolysis of magmatic/crustal
high temperature minerals;

(2) Dependence on transition metals (e.g., Ni) suitable for ligand-accelerated catalysis;

(3) Continuity with extant de novo purine pathway, notably with regard to piecemeal conversions to
energy coupling with ATP;

(4) Use of stable peptidyl-amines as precursors of instable 5-phospho-ribosylamine;

(5) Exergonic formation of amide/amidine/urea moieties, e.g., from HCN or H2NCN.

In agreement with these characteristics a primordial precursor pathway is suggested as shown in
Figure 5. An imidazole unit is generated by organo-metal carbon fixation (reactions a,b) on NiS, c¢f- [49]
and by cyclization as previously demonstrated at 150 °C [127], coupled to the free amino group of a
peptide. This imidazole unit is reminiscent of the terminal hydantoin ring that forms in the course of the
peptide cycle (Figure 3) [49] and it may have been a functional precursor of histidine.

Figure 5. Hypothetical precursor pathway to purines.
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sibling imidazole units, wherein the peptide amino group is either endocyclic or exocyclic [124].
These may also interconvert by Dimroth rearrangement [128,129]. Subsequent annulation of the
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pyrimidine ring, therefore, generates two sibling purine types, one attached at position 9 of the imidazole
ring and the other at position 3 of the pyrimidine ring. Imidazoles, purines and all intermediates are
excellent ligands for transition metals, e.g., [130]. Their ligand function is seen as preceding their
base-pairing function. Therefore, the oxidation state of the purines may range from the most oxidized uric
acid via xanthine (X) to hypoxanthine (H); or their nitrogen analogues diaminopurine (daP), guanine (G),
isoguanine (iG), adenine (A). The proposal is supported by the formation of purines from
an (unrealistically concentrated) aqueous solution of ammonium cyanide or from non-aqueous
formamide [131,132], and also by formation of glycinamide from Ni/CN/CO [46] and of a hydantoin
ring in the peptide cycle (Figure 3) [49]. Thus, an early structural/functional precursor of nucleic acids
was likely comprised of a short peptide with an attached N-heterocycle (a hydantoin ring, or an
amino-imidazole with later annulation of a pyrimidine ring) with the ability to ligate to transition metals.
This initial structure evolved into (oligo)ribonucleotides. We approach this transition by focusing first
on the evolutionary precursor of the phospho-ribose moiety.

Trionucleic acids. The RNA World theory distinguishes between “biotic chemistry” that begins
with RNA formation/replication and “pre-biotic chemistry” that supplies activated nucleotides by a
“multi-pot” reaction: (1) input of formaldehyde at very low concentrations into the primitive ocean;
(2) diversity of concentrating mechanisms [133]; (3) formose reaction with Ca(OH)2 and with boric
acid [134] or cyanamide [135] for favoring ribose by group protection; (4) phosphorylation of
ribose [136]; (5) condensation reaction of phospho-ribose with a pre-established mixture of bases;
(6) further phosphorylation of the resulting ribonucleosides; (7) polycondensation and replication.
These stages require change of reaction conditions by transport of intermediates from one reaction
theatre to the other. For simplifying the problem a “one-pot” reaction scheme has been devised that
generates nucleotides by concerted formation of the ribose ring and an attached pyrimidine base [137].
Aside from the problematicity of its starting materials, this ingenious approach has so far not been shown
to be applicable to the all-important purine bases.

For developing an alternative that is compatible with the FeS World theory we consult extant
biosynthetic pathways. RNA owes its very structure to the triple-bonding ribose rings. In its biosynthesis
5-phosphoribose is converted to nucleotides via 5-phosphoribosyl-1-pyrophosphate. In autotrophic
organisms S-phospho-ribose is formed either by a salvage pathway (phosphorylation of ribose), which
is judged here to be a latecomer; or de novo by a carbon fixation pathway. The Calvin cycle as a source
for 5-phospho-ribose is also judged to be a latecomer. This leaves us with the pathway that starts with
production of an acetyl thioester by the acetyl-CoA pathway and/or as key intermediate in the reductive
citric acid cycle, which is actually a thioester cycle and may be the first metabolically autocatalytic
cycle [44]. The acetyl thioester is then converted into pyruvate under autotrophic conditions.
The subsequent pathway steps proceed today via phosphoenol pyruvate and 3-phospho-glycerate to the
3-phospho-trioses and from there by the pentose phosphate cycle to S-phosphoribose. This pathway is
clearly very complex and fully dependent on sophisticated enzymes. For simplification we apply the
rule of Florkin and Granick [57-59] and postulate that 5-phosphoribose is predated by the two
3-phospho-trioses, 3-phospho-glyceraldehyde (PGA) and dihydroxyacetone phosphate (DHAP), which
interconvert non-enzymatically via an enol intermediate [138]. Moreover, we recall the proposal that
phosphate groups had the original function of serving as surface bonding mediators or ligators [42,139].
Based on these postulates we carry out a comparative thought experiment (Figure 6). Let us assume that
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GAP or DHAP molecules are ligated with their phosphate groups onto (transition) metal centers in or
on a mineral surface (under water) and that bonded molecules have the proper general orientation and
sufficient proximity for interaction. By the laws of chemistry their oxo and hydroxyl groups will then
connect intermolecularly by hemiacetal (or hemiketal) bonds to form more or less extended oligomeric
structures in competition with hydration [42]. In ribose such bonds are formed intramolecularly.
For dissolved phosphotriose molecules the entropic burden precludes significant hemiacetal (or hemiketal)
formation. However, for crystals of NHs-DHAP hydrate hemiketal bonds are constitutive [140].
The state of surface bonding may be seen as an intermediate state between the solution state and the
solid state that gives rise to quasi-intramolecular hemiacetal/ketal bond formation. In the presence of
ammonia the resulting surface-bonded oligo-hemiacetal (or oligo-hemiketal) structures are apt to be
infiltrated by amino groups. These then would compete with the amino groups of peptides to serve as
anchors for the formation of attached amino-imidazole groups, and subsequently purines (Figure 6).
These hypothetical polymers, termed “trionucleic acids”, would be the ultimate precursors of ribonucleic
acids [42].

Figure 6. Hypothetical conversion of 3-phospho-glyceraldehyde to surface-anchored
trionucleic acid with imidazole bases (representation chosen for facile perception).
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The formation of surface-bonded trionucleic acids is thermodynamically driven and avoids arduous
multi-step pathways. Key assumptions of the thought experiment are supported by experimental
demonstration of the formation of glyceramide and glycerate by carbon fixation in the aqueous system
NiS/CO/CN [49]. Primordial reduction of 3-phospho-glycerate to 3-phospho-glyceraldehyde is supported
by the tungstopterin-catalyzed reduction of non-derivatized -COOH groups to —CHO groups [141];
and by the experimentally supported conversion of —COSH to —CHO [142]. As source for
phosphorylation volcanic tetraphosphorus decaoxide (P4O10) or products of its partial hydrolysis or
aminolysis [143,144] may be considered. Alternatively phosphorylation agents may derive from a
nucleophilic attack of adsorbed phosphate ions [ 145] on acetyl-thioester [ 146] that forms by Ni-catalyzed
carbonylation of volcanic methylmercaptan [54], or on N-carboxyaminoacyl anhydrides that form by
activating amino acids with COS [52]. The thermostability of 3-phospho-glyceraldehyde phosphate
(or dihydroxyacetone phosphate) in aqueous solution is low, but (at 70 °C!) it was shown to be increased
5-fold (or 8-fold) by the presence of Fe*" ions [147]. It would increase further by formation of
mineral-supported hemiacetal (or hemiketal) structures or their analogues with pendant amino groups.

The mineral-anchored trionucleic acids are seen as breeder structures for the emergence of base
pairing within the context of transition metal ligation. Throughout the development from
amino-imidazoles to purines free electron pairs of the heterocycles are available for ligation [130].



Life 2014, 4 1077

The imidazoles have strong ligation properties, but low stacking affinity and essentially no base pairing
ability. The emergent purine bases still exhibit ligation ability, but in addition also strong stacking
affinity to each other and the ability to form base pairs. It is suggested that base stacking emerged
first and that base pairing by hydrogen bonds followed later. Throughout this transformation the
surface-anchored trionucleic acid (Figure 6) is expected to have a dynamic structure, subject to
alternation between integration and desintegration of the hemiacetal/ketal bridges. The rate of chain
breakup would depend on temperature, on pH and on the structure of the heterocycle moiety. Yet, overall
the ligand effect by imidazole/purine bases would persist as long as the chemical conditions permit their
continued re-synthesis. By this reaction dynamics the surface-anchored trionucleic acid structure is
self-selecting towards increased stability and increased ligand function (ligand accelerated catalysis).
In this sense trionucleic acids display base reproduction by synthesis as mechanism for sequence
variation and selection, a rudimentary form of genetic evolution. Thus, early on metabolic evolution and
incipient genetic evolution coincide in one pre-dichotomous, dynamic chemotype.

Origin of Base Pairing. We now turn specifically to the formation of purine bases by annulation of
a pyrimidine ring onto the pre-synthetized imidazole ring (Figure 7). The extant annulation pathway uses
low energy nutrients (carboxylation (el), amidation with Asp (e2, q), formylation (0)) and it requires
energy coupling. It is of interest for the following discussion that structural phylogenomic studies of the
purine pathway reflect a piecemeal enzymatization of an archaic pathway [148]. Here a primordial
pathway is suggested that follows the same basic course as the extant pathway. It proceeds through
Cl-condensations (e to k, n, 0) and deaminations (I, m, p) and it is exergonic without energy coupling
due to the use of sufficiently energetic nutrients: O=C=NH (e), H2NCN (f, g, 1, j), Ni/COS (h, i, k) and
Ni/CO, CN (n, o). Incidentally, the carboxylation step (e1) has been demonstrated experimentally for a
model compound in hot, saturated aqueous KHCOs3 [127].

The structure of trionucleic acid, shown in Figures 5-7, is based on 3-phospho-glyceraldehyde, with
two chirality centers. They may also comprise dihydroxyacetone phosphate units with one chirality
center. This opens up a large number of different backbone structures. Since there are no rings involved,
the structures are quite flexible and may exhibit a large variety of conformations dependent on the type
of mineral surface. Presence of 9- and 3-bonded purines gives rise to purine-purine base pairing with
Watson-Crick geometry between 9- and 3-bonded purines (9A--3X, 9H--3daP, 9H--3iG, 9G—3iG,
9daP--3X) [124]. By this base-pairing strand segments of ribonucleic acid may combine to form
two-dimensional surface-bonded arrays. In these arrays base pairing in conjunction with surface bonding
is expected to force configurational and conformational regularity. The base pairs may be oriented in
parallel to the mineral surface (stacking to the mineral surface) or normal (or oblique) thereto with
purine-purine stacking. In a syntactic structure all bases are oriented to the same side with spacing
equivalent to three single backbone bonds, suitable for a high stacking energy. Two such strands may be
oriented antiparallel to each other and form a ribbon structure. This means that base pairing would be
strengthened by base stacking and force homochirality within each strand. In a syndiotactic structure
bases are oriented alternately to one side or the other with spacing equivalent to six single backbone
bonds, and base pairing would generate an extended multi-strand array structure, again with forced
regional homochirality.
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Figure 7. Formation of purine bases on trionucleic acid (doted arrows: endergonic pathways
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Transition to RNA. Evolution from trionucleic acid to ribonucleic acid had to span a seemingly large
structural distance with transformations of several structural/functional features: (a) replacement of
triose skeletons by ribose rings; (b) relocation of the glycosylamine moiety into the ribose ring;
(c) replacement of phospho-monoester moieties by phospho-diester bridges between ribose rings;
(d) changeover to 5-phospho-ribose-1-pyrophosphate; (e) functional replacement of the dynamic
behavior of trionucleic acid by the self-cleavage ability of RNA.

Proceeding in the retrodictive direction we are faced with a fundamental alternative regarding the
starting platform. Is phospho-ribose in RNA a biochemical singularity, imposed by intrinsic
structural/functional/biosynthetic restrictions—or was it selected from a range of coexisting and
competing alternatives? This question has been pursued systematically by Eschenmoser with the
synthesis of nucleic acids having alternative phospho-sugar backbones [149]. Aldohexose-based nucleic
acids are not capable of informational base pairing. Base pairing of the erythro(furanosyl)nucleic acid is
sterically impossible. Threo(furanosyl)nucleic acid (threo-NA) exhibits strong informational
Watson-Crick base-pairing with itself and with RNA. It lacks, however, a vicinal free hydroxyl group
and so it has no self-cleavage ability as required for a catalytic nucleic acid. Therefore, threo-NA could
not function as an RNA precursor. This leaves us with the four aldopentoses ribose, lyxose, xylose,
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arabinose. The four (4° — 2’)-linked pentopyrano-NAs show the ability for strong Watson-Crick
base-pairing in the form of single-strand hairpin folding structures or antiparallel double helix structures.
They have, however, no ability to form informational hybrid base-pairing with RNA or DNA.
In addition, the (4° — 2’)-linked xylopyrano-NA has no ability for self-cleavage. The other three
(4> — 2’)-linked pentopyrano-NAs are neither sufficiently self-cleaving to serve as RNA precursors, nor
sufficiently stable to serve as DNA precursor. Moreover, these structures could not have operated
as competitors of catalytic RNA for reasons of excessive duplex stability (rigidity). Of the four
(4 — 3’)-linked pentopyranosyl structures informational Watson-Crick base-pairing is not observed for
ribose due to repulsion of the vicinal phosphodiester groups and the same negative result is to be
expected for xylose and arabinose. The (4° — 3’)-linked lyxopyranosyl structure, which lacks
vicinal repulsion, shows Watson-Crick base pairing, but only to a weak extent. It is also ruled out.
This leaves us with the narrow class of pentofuranosyl structures to which RNA and DNA belong.
Arabinofuranose has the same cis or “axial” 5’C-to-3’OH configuration as RNA. Hence it also is capable
of informational base pairing with itself and with RNA [150,151]. However, its 2°-OH is trans to 3’-OH.
Therefore, arabinofurano-NA is not self-cleaving and must be ruled out for that reason.
Xylofuranose and lyxofuranose show trans configuration in their 5’C-to-3’OH moiety and so they are
also ruled out. This leaves us with ribofuranose as the sole basis for a functional nucleic acid system
(Eschenmoser theorem).

Biosynthetic conversion of 3-phospho-glyceraldehyde and dihydroxy-acetone phosphate into fructose
1,6-bisphosphate proceeds either by a Schiff base mechanism or by divalent transition metal catalysis.
Subsequently, fructose-6-phosphate forms by hydrolysis and enters a system of near-equilibrium
transaldolase/transketolase reactions that involve 3-phospho-glyceraldehyde, 4-phospho-erythrose,
5-phospho-ribose, 5-phospho-xylulose, 6-phospho-fructose and 7-phospho-sedoheptulose in coexistence.
Surprisingly, these constituents interconvert in anoxic aqueous solutions at 70—90 °C (not below 40 °C)
in the presence of dissolved Fe?*, Co?" and Ni** ions [147]. These results, as well as the demonstration
of enzyme-free, CN-catalyzed transaldolase conversion of fructose + glyceraldehyde into xylulose +
erythrose [152] suggest that the conversion of 3-phospho-triose into 5-phospho-ribose would have
proceeded under conditions of the FeS World theory (Breslow-Ralser theorem).

Let us now see how these conversions may fare in a mineral-supported autotrophic metabolism.
We apply the principle of biochemical continuity and the principle of minimum structural change [153]
and surmise that the conversion of 3-phospho-triose into 5-phospho-ribose occurred as part of the
conversion of trionucleic acid into ribonucleic acid. This transition requires a changeover from
phospho-monoester units to the phospho-bisester bridges, which may have been promoted by primordial
phosphorylation agents, e.g., volcanic P4O10. The changeover must have occurred in a state of surface
bonding. At this stage a chemical selection takes place. Structures with proper configuration and base
sequence come free from the mineral surface to form self-supporting oligoribonucleotides by base
stacking and by ligation to divalent cations, like Mg?*. Later, with the advent of pyrimidine nucleotides
the 3-bonded purines would have been gradually replaced by essentially isogeometric and isoelectronic
pyrimidines (3-X = 9-U; 3-i1G = 9-C), which completed the conversion to RNA.

Origin of Coded Polycondensation. In the course of lift-off of some of the oligoribonucleotides the
loss of mineral scaffold support would have been compensated by peptide scaffold support, generating
metallo-oligoribonucleo-peptide particles. A crucial structural observation supports this view [154].
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The double helix conformation of a B-sheet of two antiparallel peptides fits precisely into the minor
groove of an RNA double helix. Based on this finding by structural modeling it was suggested that early
on a mutual scaffolding effect was at work, an RNA double helix serving as catalytic scaffold surface
for peptide synthesis from activated amino acids, and reciprocally, a peptide B-sheet double helix serving
as catalytic scaffold surface for RNA synthesis from activated nucleotides. Aminoacyl-nucleotides
(or perhaps a NCAA-NMP combination) may have served as a unitary monomer system of for both
polycondensations. This indirectly autocatalytic mutual scaffolding has been suggested as a rudimentary
form of coding with sufficient looseness to permit not only “mutations” and selection, but also an
intrinsic route to chain extension. In addition, integration of oligoribonucleotides and peptides to
composite particles would have lent added thermal stability to both the peptides and the RNAs. The
suggested chemical system displays a stunning degree of backward convergence of RNA-“coded” peptide
formation and peptide-“coded” ribonucleotide formation into one unitary process (Carter-Kraut theorem).

Origin of Homochirality. As a consequence of the Carter-Kraut theorem mutual catalysis means
homochirality within each polymer strand and in addition a chiral complementarity between
L-amino acid peptides and D-oligoribonucleotides or between D-amino acid peptides and
L-oligo-ribonucleotides, whereby both types jointly reflect the overall racemic states of D,L-amino acids
and D,L-ribonucleotides. Specifically, an all-D RNA helix scaffold would select L-amino acids for
polycondensation to an all-L peptide B-sheet. By the same token an all-L peptide B-sheet scaffold would
select D-ribonucleotides for polycondensation to an all-D RNA helix. Conversely, a mutual selection of
all-L RNA and all-D peptides would also have to occur to maintain an overall racemic state.

It is widely held that the changeover to universal homochirality (symmetry breaking) was a result of
two consecutive mechanisms: (1) formation of a deviation from the racemic state (enantiomeric excess);
(2) amplification to homochirality by autocatalytic effects [155]. Chiral segregation of extended oligomers
(regional homochirality), first on a mineral surface, e.g., a pyrite surface [43], and later in accordance
with the Carter-Kraut theorem, may have ushered the process along by replacing (as target of
amplification) a system of dissolved small molecules by a system of oligomers, with mineral support
and/or mutually supporting peptide-RNA oligomers. In the case of mineral support the original
enantiomeric excess may have been inherited from an enantiomeric excess of a supporting chiral mineral,
e.g., pyrite, which in turn may be determined by compounded parity-violating energy differences of
plural structural units, either of the full crystal structure or of a surface layer thereof [43,156—158].

9. The Place of a Structured Flow Setting for the Origin of Genetics

Metabolic processes are driven by chemical potentials. Continuance of these chemical potentials
requires transport of nutrients and waste products relative to the site of the metabolism. This notion of
transport presupposes a heterogeneous relationship and a relative flow between an organism and its
aqueous environment. Prior to cellularization only a mineral could have provided the required
organism-environment dichotomy. In the RNA World context nucleotides of unknown origin exhibit
transport by diffusion in a prebiotic broth until they are adsorbed by a mineral surface. Thereby they
increase their effective concentration for interaction. In the FeS World context organic compounds are
generated in a surface metabolism by in situ carbon fixation and by surface bonding in statu
nascendi, catalyzed by transition metal centers and driven by chemical potentials of quenched
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volcanic-hydrothermal nutrients. By the logic of maintaining chemical potentials the “original
homestead of life” was defined as “a place with liquid water having a nearly neutral pH where hot
volcanic exhalations clash with a circulating hydrothermal water flow” [42]. Increase of the specific
surface area by porosity is equivalent to an increase of surface-bonding sites and catalytic activity for
the surface metabolism. The surface metabolism in conjunction with flow condition amounts to
“reaction-chromatographic” behavior with continuous input of starting material and differential retention
of reaction products [22,23]. In this context mineral pores in the nm range provide a molecular sieve
effect that affects the differential retention times. In this regard it is of important that open-pore mineral
aggregates with narrow passageways between pores have been invoked for size exclusion
chromatography with separation of RNA molecules [111] (Kuhn theorem).

Regardless of theoretical context, fatty acid lipids must have had a special role in the origin of life.
According to the RNA World theory they would have accumulated in the ocean, and after reaching the
required concentration they would have formed vesicles. According to the FeS World theory they would
have been formed in sifu by carbon fixation to subsequently travel with retention times that increase with
increasing chain length. Their first function would have been differential lipophilization of the mineral
surfaces thereby decreasing the propensity for hydrolysis and increasing the propensity for condensation
reactions, including the condensation reactions that gave rise to lipids [42]. With increasing chain length
a state is invariably reached when the surface-bonded lipids organize into surface-bonded membranes
(monolayer, bilayer or interdigitated). At the next stage a surface bonded membrane would detach locally
as a blister (“semicell”), partly bounded by the mineral surface and partly by the membrane, and
harboring a pre-cytosol. At that stage a cytosol metabolism would commence and the incipient
genetic machinery would make the decisive turn to a cytosol-born multi-component system.
Moreover, chemiosmosis would begin with cross-membrane transport of cations, notably H" or Na* that
coupled an exergonic redox reaction with endergonic redox reaction [159]. It may at that early stage
have already involved endergonic-exergonic electron bifurcation [160].

An ingenious, experiment-based “chemical garden” proposal sees early evolution inside a mound of
open FeS-bounded “cells”. A FeS-membrane precipitated at the top of the mound, where hot, alkaline,
sulfidic vent fluid contacted warm, acidic, carbonated ocean water with dissolved Fe**. The mound grew
by breaking and remaking of the FeS-membrane. A pH gradient across the top FeS-membrane
fuelled the synthetic reactions inside the mound by chemiosmotically driven ATP synthesis. As the
mound grew in height the metabolism inside the open-cell structure evolved from FeS-catalyzed
carbon fixation at the bottom via the RNA world in the centre to LUCA higher up—with full-fledged
cells of bacteria and archaea breaking loose at the top [161]. Unfortunately, however, the
experimentally detected cell structure is a freeze-drying artefact [22]; RNA cannot exist under hot
alkaline conditions; and an experimental FeS membrane “behaved more like a permeable reactive barrier
than a membrane” [156].

Volcanic-hydrothermal flow ducts for the origin of life must have existed in many locations and by
the invariant laws of chemistry autotrophic reactions must have been essentially the same everywhere.
Later, locally different varieties with different catalytic endowments would have arisen. At that stage
global uniformity of life would have been maintained by large impactors that ejected crustal material
high into the atmosphere or even into orbit. Inside these ejected junks of crustal material catalytic/genetic
endowments (first transition metal complexes with more or less evolved organic ligands, later systems
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with nucleic acids and finally whole organisms) would have survived for subsequent scattered
reentry [162] (Cockell theorem). Fluid flow through a localized volcanic-hydrothermal flow duct is of a
short duration, too short to cover a long period of evolution. Intense ejection and scattering of crustal
materials, however, and their settlement in renewed flow beds would cause the process to be resumed
time and time again with ever more advanced catalytic endowments and cellular organization.

10. Conclusions

According to the RNA World theory the process of early evolution is genetic and stochastic from the
start and all of its problems may be encapsulated by the notion of an “order-out-of-chaos”
self-organization, which does not avail itself to a progressive research program. According to the
FeS World theory the overall process of early evolution runs along two tracks. The primary track of
evolution is a chemically pre-determined process beginning with a uniquely privileged set of catalytic
transition metals and nutrients and with synthetic carbon fixation reactions directly generating small
organic ligands for more advanced metallo-catalysts. Later this primary process of direct evolution
shoulders a secondary, genetic process of indirect evolution. Modified polynucleotide sequences are
translated into new peptides and these then become ligands for more advanced metallo-catalysts.
This secondary genetic track is stochastic and requires mutations and selection with a tempo of evolution
that is greatly promoted by elevated temperatures [163] (Wolfenden theorem III). So, the genetic
machinery turns out to be the great randomizer of life, invented by life itself for the purpose of adaptation.
Evolution becomes more and more dominated by this genetic track, so that today we have the impression
that it is the only track. The primary track, however, continued, with crucial punctuations of chemical
predetermination, first mainly by the intrinsic (bio)chemical predeterminations of metabolic change and
lipid membrane segregation, and later by extrinsic (geo)chemical predeterminations of selection
pressures for adaptation. This dual track evolution may be characterized by the slogan “order out of order
out of order”. The initial order is the order of the universal laws of chemistry and it is preserved to this
day by cores of chemical invariance that are locked within structures and processes of central
biochemistry and surrounded peripherally by products of genetic variability [164]. Nothing in early
evolution makes sense except in the light of underlying bouts of chemical predetermination.

Acknowledgments

The author benefitted from discussions with Charles Carter, Wolfgang Eisenreich, Claudia Huber and
Richard Wolfenden and from literature suggestions by an unknown referee.

Conflicts of Interest
The author declares no conflict of interest.
References

1. Popper, K.R. Conjectures and Refutations: The Growth of Scientific Knowledge; Routledge &
Kegan Paul: London, UK, 1963.
2. Woese, C.R. The universal ancestor. Proc. Natl. Acad. Sci. USA 1998, 95, 6854—6859.



Life 2014, 4 1083

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

Waichtershiuser, G. Towards a reconstruction of ancestral genomes by gene cluster alignment.
Syst. Appl. Microbiol. 1998, 21, 473-477.

Wang, M.; Yafremava, L.S.; Caetano-Anollés, D.; Mittenthal, J.E.; Caetano-Anollés, G.
Reductive evolution of architectural repertoires in proteomes and the birth of the tripartide world.
Genome Res. 2007, 17, 1572—1585.

Kim, K.M.; Caetano-Anollés, G. The proteomic complexity and rise of the primordial ancestor of
diversified life. BMC Evol. Biol. 2011, 11, doi:10.1186/1471-2148-11-140.

Danchin, A.; Fang, G.; Noria, S. The extant core bacterial proteome is an archive of the origin of
life. Proteomics 2007, 7, 875—-889.

Lecompte, O.; Ripp, R.; Thierry, J.-C.; Moras, D.; Poch, O. Comparative analysis of
ribosomal proteins in complete genomes: An example of reductive evolution at the domain scale.
Nucl. Acids Res. 2002, 30, 5382-5390.

Kandler, O. Cell wall biochemistry in Archaea and its phylogenetic implications. J. Biol. Phys.
1994, 20, 165-169.

Kandler, O. The early diversification of life. In Early Life on Earth: Nobel Symposium No. 84;
Bengtson, S., Ed.; Columbia University Press: New York, NY, USA, 1994; pp. 152-160.
Kandler, O. The early diversification of life and the origin of the three domains: A proposal.
In Thermophiles: The Keys to Molecular Evolution and the Origin of Life; Wiegel, J.,
Adams, M.W.W., Eds.; Taylor & Francis: London, UK, 1998; pp. 19-31.

Koga, Y.; Kyuragi, T.; Nishihara, M.; Sone, N. Did archaeal and bacterial cells arise independently
from noncellular precursors? A hypothesis stating that the advent of membrane phospholipid with
enantiomeric glycerophosphate backbones caused the separation of the two lines of descent.
J. Mol. Evol. 1998, 46, 54-63.

Koga, Y. Early evolution of membrane lipids: How did the lipid divide occur? J. Mol. Evol. 2011,
72,274-282.

Kuwabara, T.; Minaba, M.; Ogi, N.; Kammekura, M. Thermococcus coalescens sp. nov.,
a cell-fusing hyperthermophilic archaeon from Suiyo Seamount. /nt. J. Syst. Evol. Microbiol. 2005,
55,2507-2514.

Kandler, G.; Kandler, O. Untersuchungen iiber die Morphologie und die Vermehrung der
pleuromonie-dhnlichen Organismen und der L-Phase der Bakterien. Arch. Mikrobiol. 1954, 21,
178-201.

Errington, J. L-form bacteria, cell walls and the origin of life. Open Biol 2013, 3,
doi:10.1098/rsob.120143.

Waichtershiuser, G. From precells to Eukarya—A tale of two lipids. Mol. Microbiol. 2003, 47,
13-22.

Shimada, H.; Yamagishi, A. Stability of heterochiral hybrid membrane made of Bacterial sn-G3P
lipids and Archaeal sn-G1P lipids. Biochemistry 2011, 50, 4114-4120.

Morigaki, K.; Dallavalle, S.; Walde, P.; Colonna, S.; Luisi, P.L. Autopoietic self-reproduction of
chiral fatty acid vesicles. J. Am. Chem. Soc. 1997, 119, 292-301.

Torchet, C.; Maurel, M.-C. RNAs in extreme environments. Chem. Biodivers. 2007, 4, 1957-1971.
Leipe, D.D.; Aravind, L.; Koonin, E.V. Did DNA replication evolve twice independently?
Nucl. Acids Res. 1999, 27, 3389-3401.



Life 2014, 4 1084

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kahn, S.A. Rolling circle replication of bacterial plasmids. Microbiol. Mol. Biol. Rev. 1997, 61,
442-455.

Waichtershiuser, G. From volcanic origins of chemoautotrophic origin of life to bacteria, archaea
and eukarya. Phil. Trans. R. Soc. B Lond. 2006, 361, 1787—-1808.

Wichtershiduser, G. Chemoautotrophic origin of life: The iron-sulfur world hypothesis.
In Geomicrobiology: Molecular and Environmental Perspective, Barton, L.L., Mandl, M.,
Loy, A., Eds.; Springer: New York, NY, USA, 2010; pp. 1-35.

Chemnitz Galal, W.; Pan, M.; Kelman, Z.; Hurwitz, J. Characterization of the DNA Primase
complex isolated from the archaeon Thermococcus kodakaraensis. J. Biol. Chem. 2012, 287,
16209-16219.

Werner, F.; Grohmann, D. Evolution of multi-subunit RNA polymerases in the three domains of
life. Nat. Rev. Microbiol. 2011, 9, 85-98.

Nordlund, P.; Reichard, P. Ribonucleotide reductases. Annu. Rev. Biochem. 2006, 75, 681-706.
Burmann, B.M.; Schweimer, K.; Luo, X.; Wahl, M.C.; Stitt, B.L.; Gottesman, M.E.; Rosch, P.
A NusE:NusG complex links transcription and translation. Science 2010, 328, 501-504.
Proshkin, S.; Rahmouni, A.R.; Mironov, A.; Nudler, E. Cooperation between translating ribosomes
and RNA polymerase in Transcription elongation. Science 2010, 328, 504-508.

Benelli, D.; Londei, P. Begin at the beginning: Evolution of translational initiation. Res. Microbiol.
2009, 160, 493-501.

Robertson, A.B.; Klungland, A.; Rognes, T.; Leiros, I. Base excision repair: The long and the short
of it. Cell. Mol. Life Sci. 2009, 66, 981-993.

Grogan, D.W. Stability and repair of DNA in hyperthermophilic organisms. Curr. Issues Mol. Biol.
2004, 6, 137-144.

Brock, T.D. Thermophilic Microorganisms and Life at High Temperatures; Springer: New York,
NY, USA, 1982.

Waichtershiuser, G. Origin of Life: RNA world versus autocatalytic anabolism. In The
Prokaryotes: An Evolving Electronic Resource for the Microbial Community; Dworkin, M., Ed.;
Springer: New York, NY, USA, 2001.

Rosato, V.; Pucello, N.; Giuliano, G. Evidence for cysteine clustering in thermophilic proteomes.
Trends Genet. 2002, 18, 278-281.

Stockbridge, R.B.; Lewis, C.A., Jr.; Yuan, Y.; Wolfenden, R. Impact of temperature on the time
required for the establishment of primordial biochemistry, and for the evolution of enzymes.
Proc. Natl. Acad. Sci. USA 2010, 107, 22102-22105.

Wolfenden, R. Benchmark reaction rates, the stability of biological molecules in water, and the
evolution of catalytic power in enzymes. Annu. Rev. Biochem. 2011, 80, 1-25.

Robertson, M.P.; Joyce, G.E. The origins of the RNA world. Cold Spring Harb. Perspec. Biol.
2012, 4, doi:10.1101/cshperspect.a003608.

Koonin, E.V. The cosmological model of eternal inflation and the transition from chance to
biological evolution in the history of life. Biol. Direct 2007, 2, doi:10.1186/1745-6150-2-15.
Swetina, J.; Schuster, P. Self-replication with errors—A model for polynucleotide replication.
Biophys. Chem. 1982, 16, 329-345.

Biebricher, C.K.; Eigen, M. The error threshold. Virus Res. 2005, 107, 117-127.



Life 2014, 4 1085

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Summers, J.; Litwin, S. Examining the theory of error catastrophe. J. Virol. 2006, 80, 20-26.
Wichtershiduser, G. Before enzymes and templates: Theory of surface metabolism.
Microbiol. Rev. 1988, 52, 452-484.

Waichtershiuser, G. Groundworks for an evolutionary biochemistry: The iron-sulphur world.
Prog. Biophys. Mol. Biol. 1992, 58, 85-201.

Wichtershduser, G. Evolution of the first metabolic cycles. Proc. Natl. Acad. Sci. USA 1990, §7,
200-204.

Berrisford, D.J.; Bolm, C.; Sharpless, K.B. Ligand accelerated catalysis. Angew. Chem. Int. Ed.
1995, 34, 1059-1070.

Porter, L.L.; Rose, G.D. A thermodynamic definition of protein domains. Proc. Natl. Acad.
Sci. USA 2012, 109, 9420-9425.

Huber, C.; Wichtershduser, G. a-Hydroxy and a-amino acids under possible hadean, volcanic
origin-of-life conditions. Science 2006, 324, 630—632.

Huber, C.; Eisenreich, W.; Wichtershiuser, G. Synthesis of a-amino and a-hydroxy acids under
volcanic conditions: Implications for the origin of life. Tetrahedron Lett. 2010, 51, 1069-1071.
Huber, C.; Kraus, F.; Hanzlik, M.; Eisenreich, W.; Wichtershiuser, G. Elements of metabolic
evolution. Chem. Eur. J. 2012, 18, 2063-2080.

Wichtershiuser, G. Life as we don’t know it. Science 2000, 289, 1307—1308.

Pham, Y.; Kuhlman, B.; Butterfoss, G.L.; Hu, H.; Weinreb, V.; Carter, C.W., IJr.
Tryptophanyl-tRNA synthetase urzyme: A model to recapitulate molecular evolution and
investigate intramolecular complementation. J. Biol. Chem. 2010. 285, 38590-38601.

Huber, C.; Eisenreich, W.; Hecht, S.; Wichtershduser, G. A possible primordial peptide cycle.
Science 2003, 301, 938-940.

Schreiner, E.; Nair, N.N.; Wittekind, C.; Marx, D. Peptide synthesis in aqueous environments: The
role of extreme conditions and pyrite mineral surfaces on formation and hydrolysis of peptides.
J. Am. Chem. Soc. 2011, 133, 8216—8226.

Huber, C.; Wichtershiuser, G. Activated acetic acid by carbon fixation on (Fe,Ni)S under
primordial conditions. Science 1997, 276, 245-247.

Huber, C.; Wéchtershduser, G. Peptides by activation of amino acids on (Fe,Ni)S surfaces:
Implications for the origin of life. Science 1998, 281, 670—672.

Shajani, Z.; Sykes, M.T.; Williamson, J.R. Assembly of bacterial ribosomes. Annu. Rev. Biochem.
2011, 80, 501-526.

Florkin, M. L evolution Biochimique; Editions Desoer: Liege, Belgium, 1944. (In French)

Florkin, M. Biochemical Evolution; Academic Press: New York, NY, USA, 1949.

Granick, S. Speculations on the origin and evolution of photosynthesis. Ann. N. Y. Acad. Sci. 1957,
69, 292-308.

Harish, A.; Caetano-Anollés, G. Ribosomal history reveals origin of modern protein synthesis.
PLoS One 2012, 7, doi:10.1371/journal.pone.0032776.

Fox, G.E. Origin and Evolution of the Ribosome. Cold Spring Harbor Persp. Biol. 2010, 2,
doi:10.1101/cshperspect.a003483.

Ban, N.; Nissen, P.; Hansen, J.; Moore, P.B.; Steitz, T.A. The complete atomic structure of the
large ribosomal subunit at 2.4 A resolution. Science 2000, 289, 905-920.



Life 2014, 4 1086

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Agmon, I.; Bashan, A.; Zarivach, R.; Yonath, A. Symmetry at the active site of the ribosome:
Structural and functional implications. Biol. Chem. 2005, 386, 833—844.

Zimmerman, E.; Yonath, A. Biological implications of the ribosome’s stunning stereochemistry.
Chembiochem 2009, 10, 63—72.

Bokov, K.; Steinberg, S.V. A hierarchical model for evolution of 23S ribosomal RNA. Nature
2009, 457, 977-980.

Hsiao, C.; Williams, L.D. A recurrent magnesium binding motif provides a framework for the
ribosomal peptidyl transferase center. Nucl. Acids Res. 2009, 37, 3134-3142.

Hsiao, C.; Mohan, S.; Kalahar, B.K.; Williams, L.D. Peeling the onion: Ribosomes are ancient
molecular fossils. Mol. Biol. Evol. 2009, 26, 2415-2425.

Athavale, S.S.; Petrov, A.S.; Hsiao, C.; Watkins, D.; Prickett, C.D.; Gossett, J.J.; Lie, L.;
Bowman, J.C.; O’Neill, E.; Bernier, C.R.; et al. RNA folding and catalysis mediated by iron (II).
PLoS One 2012, 7, doi:10.1371/journal.pone.0038024.

Wimberly, B.T.; Brodersen, D.E.; Clemons, W.M., Jr.; Morgan-Warren, R.J.; Carter, A.P.;
Vonrhein, C.; Hartsch, T.; Ramakrishnan, V. Structure of the 30S ribosomal subunit. Nature 2000,
407, 327-339.

Krupkin, M.; Matzov, D.; Tang, H.; Metz, M.; Kalaora, R.; Belousoff, M.J.; Zimmerman, E.;
Bashan, A.; Yonath, A. A vestige of a prebiotic bonding machine is functioning within the
contemporary ribosome. Phil. Trans. R. Soc. B 2011, 366, 2972-2978.

Hoogstraten, C.G.; Sumita, M. Structure-Function relationships in RNA and RNP enzymes:
Recent advances. Biopolymers 2007, 87, 317-328.

McCloskey, J.A.; Graham, D.E.; Zhou, S.; Crain, P.F.; Ibba, M.; Konisky, J.; S6ll, D.; Olsen, G.J.
Post-transcriptional modification in archaeal tRNAs: Identities and phylogenetic relations of
nucleotides from mesophilic and hyperthermophilic Methanococcales. Nucl. Acids Res. 2001, 29,
4699—-4706.

Betat, H.; Rammelt, C.; Morl, M. tRNA nucleotidyltransferases: Ancient catalysts with an unusual
mechanism of polymerization. Cell. Mol. Life Sci. 2010, 67, 1447-1463.

Musier-Forsyth, K.; Schimmel, P. Atomic determinants for aminoacylation of RNA minihelices
and relationship to genetic code. Acc. Chem. Res. 1999, 32, 368-375.

Nissen, P.; Hansen, J.; Ban, N.; Moore, P.B.; Steitz, T.A. The structural basis of ribosome activity
in peptide bond synthesis. Science 2000, 289, 920-930.

Farias, S.T.; Régo, T.G.; José, M.V. Origin and evolution of the peptidyl transferase center from
proto-tRNAs. FEBS Open Bio. 2014, 4, 175-178.

Sun, F.-J.; Caetano-Anollés, G. The origin and evolution of tRNA inferred from phylogenetic
analysis of structure. J. Mol. Evol. 2008, 66, 21-35.

Di Giulio, M. The origin of the tRNA molecule: Independent data favor a specific model of its
evolution. Biochimie 2012, 94, 1464—-1466.

Bernhardt, H.S. The RNA world hypothesis: The worst theory of the early evolution of life (except
for all the others). Biol. Direct 2012, 7, doi:10.1186/1745-6150-7-23.

Eriani, G.; Delarue, M.; Gangloff, J.; Moras, D. Partition of tRNA synthetases into two classes
based on mutually exclusive sets of sequences motifs. Nature 1990, 347, 203-206.



Life 2014, 4 1087

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

Cusack, S.; Berthet-Colominas, C.; Hartlein, M.; Nassar, N.; Leberman, E. A second class of
synthetase structurerevealed by X-ray analysis of E. coli seryl-tRNA synthetase at 2.5 A resolution.
Nature 1990, 347, 249-255.

Ibba, M.; S6ll, D. Aminoacyl-tRNA synthesis. Annu. Rev. Biochem. 2000, 69, 617-650.

Ribas de Pouplana, L.; Schimmel, P. Two classes of tRNA synthetases suggested by sterically
compatible dockings on tRNA acceptor stem. Cell/ 2001, 104, 191-193.

Rodin, S.N.; Ohno, S. Two types of aminoacyl-tRNA synthetases could be originally encoded by
complementary strands of the same nucleic acid. Orig. Life Evol. Biosph. 1995, 25, 565-589.
Rodin, S.N.; Rodin, A.S.; Ohno, S. The presence of codon-anticodon pairs in the acceptor stem of
tRNAs. Proc. Natl. Acad. Sci. USA 1996, 93, 4537-4542.

Carter, C.W., Jr.; Duax, W.L. Did tRNA synthetase classes arise on opposite strands of the same
gene. Mol. Cell. 2002, 10, 705-708.

Li, L.; Francklyn, C.; Carter, C.W., Jr. Aminoacylating urzymes challenge the RNA World
hypothesis. J. Biol. Chem. 2013. 288, 26856-26863.

Rodin, A.S.; Rodin, S.N.; Carter, C.W., Jr. On primordial sense-antisense coding. J. Mol. Evol.
2009, 69, 555-567.

Moldave, K.; Castelfranco, P.; Meister, A. The synthesis and some properties of aminoacyl
adenylates. J. Biol. Chem. 1959, 234, 841-848.

Kumar, R.K.; Yarus, M. RNA-catalyzed amino acid activation. Biochemistry 2001, 40, 6998—7004.
Illangasekare, M.; Yarus, M. A tiny RNA that catalyzes both aminoacyl-RNA and peptidyl-RNA
synthesis. RNA 1999, 5, 1482—-1489.

Lee, N.; Bessho, Y.; Wei, K.; Szostak, J.W.; Suga, H. Ribozyme-catalyzed tRNA aminoacylation.
Nature 2000, 7, 28-33.

Xu, J.; Appel, B.; Balke, D.; Wichert, C.; Miiller, S. RNA aminoacylation mediated by sequential
action of two ribozymes and a nonactivated amino acid. ChemBioChem 2014, 15, 1200-12009.
Schimmel, P. Development of tRNA synthetases and connection to genetic code and desease.
Prot. Sci. 2008, 17, 1642—1652.

Wong, J.T. Coevolution theory of the genetic code at age thirty. BioEssays 2005, 27, 416-425.
Blochl, E.; Keller, M.; Wéchtershéuser, G.; Stetter, K.O. Reactions depending on iron sulfide and
linking geochemistry with biochemistry. Proc. Natl. Acad. Sci. USA 1992, 89, 8117-8120.
Huber, C.; Wichtershiuser, G. Primordial reductive amination revisited. Tetrah. Lett. 2003, 44,
1695-1697.

Yuan, J.; Sheppard, K.; S6ll, D. Amino acid modifications on tRNA. Acta Biochim. Biophys. Sin.
2008, 40, 539-553.

Francklyn, C. tRNA synthetase paralogs: Evolutionary links in the transition from tRNA-dependent
amino acid biosynthesis to de novo biosynthesis. Proc. Natl. Acad. Sci. USA 2003, 100,
9650-9652.

Roy, H.; Becker, D.; Reinbolt, J.; Kern, D. When contemporary aminoacyl-tRNA synthetases
invent their cognate amino acid metabolism. Proc. Natl. Acad. Sci. 2003, 100, 9837-9842.
Sauerwald, A.; Zhu, W.; Major, T.A.; Roy, H.; Palioura, S.; Jahn, D.; Whitman, W.B.;
Yates, J.R., III; Ibba, M.; S6ll, D. RNA-dependent cysteine biosynthesis in Archaea. Science 20085,
307,1969-1972.



Life 2014, 4 1088

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

119.

120.

O’Donoghue, P.; Sethi, A.; Woese, C.R.; Luthey-Schulten, Z.A. The evolutionary history of
Cys-tRNA®Y formation. Proc. Natl. Acad. Sci. USA 2005, 102, 19003—19008.

Bernhardt, G.; Lidemann, H.-D.; Janicke, R.; Konig, H.; Stetter, K. Biomolecules are unstable
under “Black smoker” conditions. Naturwissenschaften 1984, 71, 583—-586.

Zhang, H.-Y.; Qin, T.; Jiang, Y.-Y.; Caetano-Anollés, G. Structural phylogenomics uncovers the
early and concurrent origins cysteine biosynthesis and iron-sulfur proteins. J. Biomol. Struct. Dyn.
2012, 30, 542-545.

Liu, Y.; Beer, L.L.; Whitman, W.B. Methanogens: A window into ancient sulfur metabolism.
Trends Microbiol. 2012, 20, 251-258.

Yoshizawa, S.; Bock, A. The many levels of control on bacterial selenoprotein synthesis.
Biochim. Biophys. Acta 2009, 1790, 1404—1414.

Yang, X.-L.; Otero, F.J.; Skene, R.J.; McRee, D.E.; Schimmel, P.; Ribas de Pouplana, L.
Crystal structures that suggest late development of genetic code components for differentiating
aromatic side chains. Proc. Natl. Acad. Sci. USA 2003, 100, 15376—-15380.

Barona-Gomez, F.; Hodgson, D.A. Occurrence of a putative ancient-like isomerase involved in
histidine and tryptophan biosynthesis. EMBO Rep. 2003, 4, 296-300.

Schimmel, P.; Giegé, R.; Moras, D.; Yokoyama, S. An operational code for amino acids and
possible relationship to genetic code. Proc. Natl. Acad. Sci. USA 1993, 90, 8763—8768.
Schimmel, P.; Henderson, B. Possible role of aminoacyl-RNA complexes in noncoded peptide
synthesis and origin of coded synthesis. Proc. Natl. Acad. Sci. USA 1994, 91, 11283-11286.
Kuhn, H. Self-organization of molecular systems and evolution of the genetic apparatus.
Angew. Chem. Int. Ed. 1972, 11, 798-820.

Caetano-Anollés, G.; Kim, K.M.; Caetano-Anollés, D. The phylogenomic roots of modern
biochemistry: Origins of proteins, cofactors and protein biosynthesis. J. Mol. Evol. 2012, 74, 1-34.
Caetano-Anollés, G.; Wang, M.; Caetano-Anollés, D. Structural phylogenomics retrodicts the
origin of the genetic code and uncovers the evolutionary impact of protein flexibility. PLoS One
2013, 8, doi:10.1371/journal.pone.0072225.

Francklyn, C.S.; Schimmel, P. Aminoacylation of RNA minihelices with alanine. Nature 1989,
337,478-481.

Rudinger, J.; Blechschmidt, B.; Ribeiro, S.; Sprinzl, M. Minimalist aminoacylated RNAs as
efficient substrates for elongation factor Tu. Biochemistry 2002, 33, 5682—-5688.

Giegé, R.; Frugier, M.; Rudinger, J. tRNA mimics. Curr. Opin. Struct. Biol. 1998, 8, 286-293.
Sardesai, N.Y.; Green, R.; Schimmel, P. Efficient 50S ribosome-catalyzed peptide bond synthesis
with an aminoacyl minihelix. Biochemistry 1999, 38, 12080-12088.

Umehara, T.; Kitagawa, T.; Nakazawa, Y.; Yoshino, H.; Nemoto, R.; Tamura, K. RNA tetraplex
as a primordial peptide synthesis scaffold. BioSystems 2012, 109, 145-150.

Follmann, H. Deoxyribonucleotides: The unusual chemistry and biochemistry of DNA precursors.
Chem. Soc. Rev. 2004, 33, 225-233.

Frederico, L.A.; Kunkel, T.A.; Shaw, B.R. A sensitive genetic assay for the detection of cytosine
deamination: Determination of rate constants and the activation energy. Biochemistry 1990, 29,
2532-2537.



Life 2014, 4 1089

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Koehn, E.M.; Fleischmann, T.; Conrad, J.A.; Palfey, B.A.; Lesley, S.A.; Mathews, L.I.; Kohen, A.
An unusual mechanism of thymidylate biosynthesis in organisms containing the thyX gene. Nature
2009, 458, 919-923.

Stern, A.; Mayrose, I.; Penn, O.; Shaul, S.; Gophna, U.; Pupko, T. An evolutionary analysis of
lateral transfer in thymidylate synthase enzymes. Syst. Biol. 2010, 59, 212-225.

Poole, A.; Penny, D.; Sjoberg, B.-M. Confounded cytosine! Tinkering and the evolution of DNA.
Nat. Rev. Mol. Cell Biol. 2001, 2, 147-151.

Waichtershiuser, G. An all-purine precursor of nucleic acids. Proc. Natl. Acad. Sci. USA 1988, 85,
1134-1135.

Kappock, T.J.; Ealick, S.E.; Stubbe, J. Modular evolution of the purine biosynthetic pathway.
Curr. Opin. Chem. Biol. 2000, 4, 567-572.

Brown, A.M.; Hoopes, S.L.; White, R.H.; Sarisky, C.A. Purine biosynthesis in archaea: Variations
on a theme. Biol. Direct 2011, 6, doi:10.1186/1745-6150-6-63.

Cusack, N.J.; Litchfield, G.J.; Shaw, G. Further chemical interconversions of intermediates
in the sequence of de novo biosynthesis of purine nucleotides leading to imidazole nucleotides.
Chem. Commun. 1967, doi:10.1039/C19670000799.

Cusack, N.J.; Shaw, G. Purines, Pyrimidines, and Imidazoles Part 54. Interconversion of some
intermediates in the de novo biosynthesis of purine nucleotides. J. Chem. Soc. Perk. Trans. 1980,
1,2316-2321.

Constanzi, S.; Rouse, S.P.N.; Vanbaelinghem, L.; Prior, T.J.; Ewing, D.F.; Boa, AN,
Mackenzie, G. Dimroth-type rearrangement of 1-benzyl- and 1-glycosyl-5-aminoimidazoles to
4-(N-substituted amino)imidazoles. Tetrah. Lett. 2012, 53, 412—415.

Massoud, S.S.; Sigel, H. Metal ion coordinating properties of pyrimidine-nucleoside
5’-monophosphates (CMP, UMP, TMP) and of simple phosphate monoesters, including D-ribose
5’-monophosphate. Establishment of relations between complex stability and phosphate basicity.
Inorg. Chem. 1988, 27, 1447-1453.

Oro, J.; Kimball, A.P. Synthesis of purines under possible primitive Earth conditions. I. Adenine
from hydrogen cyanide. Arch. Biochem. Biophys. 1961, 94, 217-227.

Saladino, R.; Botta, G.; Pino, S.; Costanzo, G.; di Mauro, E. Genetics first or metabolism first?
The formamide clue. Chem. Soc. Rev. 2012, 41, 5526-5565.

Cleaves, H.J. The prebiotic geochemistry of formaldehyde. Precambrian Res. 2008, 164, 111-118.
Kim, H.-J.; Ricardo, A.; Illangkoon, H.I.; Kim, M.J.; Carrigan, M.A.; Frye, F.; Benner, S.A.
Synthesis of carbohydrates in mineral-guided prebiotic cycles. J. Am. Chem. Soc. 2011, 133,
9457-9468.

Springsteen, G.; Joyce, G.F. Selective derivatization and sequestration of ribose from a prebiotic
mix. J. Am. Chem. Soc. 2004, 126, 9578-9583.

Halmann, M.; Sanchez, R.A.; Orgel, L.E. Phosphorylation of D-ribose in aqueous solution.
J. Org. Chem. 1969, 34, 3702-3703.

Sutherland, J.D. Ribonucleotides. Cold Spring Harb. Perspect. Biol. 2010, 2, doi:10.1101/
cshperspect.a005439.



Life 2014, 4 1090

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Reynolds, S.J.; Yates, D.W.; Pogson, C.I. Dihydroxyacetone phosphate, its structure and reactivity
with a-glycerophosphate dehydrogenase, aldolase and triose phosphate isomerase and some
possible metabolic implications. Biochem. J. 1971, 122, 285-297.

Tessis, A.C.; Penteado-Fava, A.; Pontes-Buarque, M.; de Amorim, H.S.; Bonapace, J.A.P.;
de Souza-Barros, F.; Vieyra, A. Pyrite suspended in artificial sea water catalyzes hydrolysis of
adsorbed ATP: Enhancing effect of acetate. Orig. Life Evol. Biosph. 1999, 29, 361-374.
Slepokura, K.; Lis, T. Dihydroxyacetone phosphate, DHAP, in crystalline state: Monomeric and
dimeric forms. Carbohydr. Res. 2010, 345, 512-529.

White, H.; Strobl, G.; Feicht, R.; Simon, H. Carboxylic acid reductase: A new tungsten enzyme
which catalyzes the reduction of non-activated carboxylic acids to aldehydes. Eur. J. Biochem.
1989, 184, 89-96.

Loison, A.; Dubant, S.; Adam, P.; Albrecht, P. Elucidation of an iterative process of carbon-carbon
bond formation of prebiotic significance. Astrobiology 2010, 10, 973-988.

Yamagata, Y.; Watanabe, H.; Saitoh, M.; Namba, T. Volcanic production of polyphosphates and
its relevance to prebiotic evolution. Nature 1991, 352, 516-519.

Krishnamurthy, R.; Arrhenius, G.; Eschenmoser, A. Formation of glycolaldehyde phosphate from
glycolaldehyde in aqueous solution. Orig. Life Evol. Biosph. 1999, 29, 333-354.

de Souza-Barros, F.; Braz-Levigard, R.; ChingSan, Y., Jr.; Monte, M.M.B.; Bonapace, J.A.P.;
Montezano, V.; Vieyra, A. Phosphate sorption and desorption on pyrite in primitive aqueous
scenarios: Relevance of acidic — alkaline transitions. Orig. Life Evol. Biosph. 2007, 37, 27-35.
Waichtershiuser, G. The case for a hyperthermophilic, chemolithoautotrophic origin of life in an
iron-sulfur world. In Thermophiles: The Keys to Molecular Evolution and the Origin of Life;
Wiegel, J., Adams, M.W.W., Eds.; Taylor & Francis: London, UK, 1998; pp. 47-57.

Keller, M.A.; Turchyn, A.V.; Ralser, M. Non-enzymatic glycolysis and pentose phosphate
pathway-like reactions in a plausible Archaean ocean. Mol. Syst. Biol. 2014, 10, doi:10.1002/
msb.20145228.

Caetano-Anollés, K.; Caetano-Anollés, G. Structural phylogenomics reveals gradual evolutionary
replacement of abiotic chemistries by protein enzymes in purine metabolism. PLoS One 2013, 8,
doi:10.1371/journal.pone.0059300.

Eschenmoser, A. Etiology of potentially primordial biomolecular structures: From vitamin B2 to
the nucleic acids and an inquiry into the chemistry of life’s origin: A retrospective. Angew. Chem.
Int. Ed. 2011, 50, 12412-12472.

Giannaris, P.A.; Damha, M.J. Hybridization properties of oligoarabinonucleotides. Can. J. Chem.
1994, 72, 909-918.

Denisov, A.Y.; Noronha, A.M.; Wilds, C.J.; Trempe, J.-F.; Pon, R.T.; Gehring, K.; Damha, M.J.
Solution structure of an arabinonucleic acid (ANA)/RNA duplex in a chimeric hairpin: Comparison
with 2’fluoro-ANA/RNA and DNA/RNA hybrids. Nucl. Acids Res. 2001, 29, 4284-4293.

Breslow, R.; Appayee, C. Transketolase reaction under credible prebiotic conditions. Proc. Natl.
Acad. Sci. USA 2013, 110,4184-4187.

Hiickel, W. Theoretische Grundlagen der Organischen Chemie; Akademische Verlagsgesellschaft:
Leipzig, Germany, 1934.



Life 2014, 4 1091

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Carter, C.W., Jr.; Kraut, J. A proposed model for interaction of polypeptides with RNA. Proc. Natl.
Acad. Sci. USA 1974, 71, 283-287.

Frank, F.C. On spontaneous asymmetric synthesis. Biochim. Piophys. Acta 1953, 11, 459-463.
Rickard, D.; Luther, G.W., III. Chemistry of iron sulfides. Chem. Rev. 2007, 107, 514-562.
Libowitzky, E. Anisotropic pyrite: A polishing effect. Phys. Chem. Miner. 1994, 21, 97-103.
Pontes-Buarque, M.; Tessis, A.C.; Bonapace, J.A.P.; Monte, M.B.M.; de Souza-Barros, F.;
Vieyra, A. Surface charges and interfaces: Implications for mineral roles in prebiotic chemistry.
An. Acad. Bras. Ciénc. 2000, 72, 317-322.

Waichtershiuser, G. The origin of life and its methodological challenge. J. Theor. Biol. 1997, 87,
483-494.

Buckel, W.; Thauer, R.K. Energy conservation via electron bifurcating ferredoxin reduction and
proton/Na" translocating ferredoxin oxidation. Biochim. Biophys. Acta 2013, 1827, 94—113.
Martin, W.; Russell, M.J. On the origin of cells: An hypothesis for the evolutionary transitions
from abiotic geochemistry to chemoautotrophic prokaryotes, and from prokaryotes to nucleated
cells. Phil. Trans. R. Soc. B 2003, 358, 27-85.

Cockell, C.S. The origin and emergence of life under impact bombardment. Phil. Trans. R. Soc. B
2006, 361, 1845-1875.

Wolfenden, R. Massive thermal acceleration of the emergence of primordial chemistry, the
evolution of enzymes, and the tempo of spontaneous mutation. J. Biol. Chem. 2014, 289, 30198-30204.
Waichtershiuser, G. From chemical invariance to genetic variability. In Bioinspired Catalysis;
Weigand, W., Schollhammer, P., Eds.; Wiley-VCH: New York, NY, USA, 2014; pp. 1-20.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



