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Abstract
Background: A key event in the origin of life on this planet has been formation of self-replicating
RNA-type molecules, which were complex enough to undergo a Darwinian-type evolution (origin
of the "RNA world"). However, so far there has been no explanation of how the first RNA-like
biopolymers could originate and survive on the primordial Earth.
Results: As condensation of sugar phosphates and nitrogenous bases is thermodynamically
unfavorable, these compounds, if ever formed, should have undergone rapid hydrolysis. Thus,
formation of oligonucleotide-like structures could have happened only if and when these structures
had some selective advantage over simpler compounds. It is well known that nitrogenous bases are
powerful quenchers of UV quanta and effectively protect the pentose-phosphate backbones of
RNA and DNA from UV cleavage. To check if such a protection could play a role in abiogenic
evolution on the primordial Earth (in the absence of the UV-protecting ozone layer), we simulated,
by using Monte Carlo approach, the formation of the first oligonucleotides under continuous UV
illumination. The simulations confirmed that UV irradiation could have worked as a selective factor
leading to a relative enrichment of the system in longer sugar-phosphate polymers carrying
nitrogenous bases as UV-protectors. Partial funneling of the UV energy into the condensation
reactions could provide a further boost for the oligomerization.
Conclusion: These results suggest that accumulation of the first polynucleotides could be
explained by their abiogenic selection as the most UV-resistant biopolymers.

Background
In modern concepts of the origin of life, there is an glaring
gap between the abiogenic formation of the first building
blocks and the origin of the "RNA world" i.e. of the first
RNA-like polynucleotides that could undergo a Darwinian-type evolution [1–5]. Indeed, there is a wealth of
experimental evidence for the abiogenic formation of

amino acids, nitrogenous bases and carbohydrates from
inorganic compounds like cyanide, thiocyanate, and carbon monoxide under reducing and/or neutral conditions
[6–9] (reviewed in ref. [10]). On the other hand, the documented catalytic activity of RNA molecules [11,12]
allows to suggest that primordial ribonucleotides could
have initially evolved on their own, without assistance
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from proteins [2–4,13]. What is missing is a physically
plausible mechanism for the thermodynamically unfeasible event of formation and accumulation of long oligonucleotide-like polymers.
This problem can be focused even further. Aluminosilicate clays have been shown to catalyze the formation of
oligonucleotides of up to 50 units long, when supplied by
preformed and pre-activated mononucleotides under
optimized laboratory conditions [14–16]. However, no
oligonucleotide formation from pentose phosphates and
nitrogenous bases has been reported so far under the supposedly primordial conditions where the formation of
amino acids, nitrogenous bases and carbohydrates took
place. Furthermore, the current understanding implies
that the environmental conditions on the primeval Earth
were unfavorable for the survival of oligonucleotide-like
polymers. A particularly important factor is that, due to
the absence of the ozone layer, the UV flux at the Earth
surface must have been approximately 100 times larger
than it is now [17,18], causing deterioration of most
organic molecules. The existing theories consider the high
UV level as a major obstacle and offer several different
strategies for hiding the first life forms from it (see e.g. ref.
[10,19,20]). Here we invoke an alternative possibility, i.e.
that the UV irradiation played a positive role in the origin
of life by serving as a principal selective factor in the formation of pre-biological structures. Moreover, the influx
of energy into the system in the form of the UV irradiation
could be seen as the driving force required for the gradual
complication of the system [1]. These considerations
prompted us to analyze the possible effects of the UV irradiation on oligonucleotide formation in primordial
conditions.

Results
Nitrogen bases as efficient UV-quenchers
In general terms, UV irradiation of first RNA-like polymers
could be damaging for their nitrogenous bases, their pentose-phosphate backbone and for the bonds between the
bases and the backbone. It is known that the ether bonds
in monomeric sugar phosphates are much more susceptible to UV damage than monomeric nitrogenous bases:
e.g. the quantum yields of UV damage by 254 nm irradiation for sugar phosphates and monomeric nitrogenous
bases are approx. 10-2 and 10-4, respectively (see ref. [21]
for a comprehensive review). However, numerous studies
of modern nucleic acids revealed an interesting paradox:
nitrogenous bases, both purines and pyrimidines, of DNA
and RNA are much more sensitive to the UV illumination
than the pentose-phosphate backbone. It appears therefore that nitrogenous bases protect the pentose-phosphate
backbone from the UV damage. Indeed, nitrogenous
bases get rid of the absorbed UV energy extremely fast.
Their fluorescence life times at room temperature are on
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the order of 10-12 sec [21]. This means that within 1 picosecond the energy of trapped UV quanta is dissipated, predominantly into heat. As a result, the probability of a
transition into a potentially photochemically active, longliving triplet state is quite low, on the order of 10-3 at room
temperature [21]. For comparison, the fluorescence life
time of tryptophan, which has a comparably complex
structure, is more than 1000-fold longer, on the order of
5 ns. Correspondingly, the quantum yield of the singlet →
triplet transition is higher, about 0.2 at room temperature
[32]. The extremely efficient deactivation of the UV
quanta by nitrogenous bases allows them to protect the
compounds to which they are attached from UV-induced
breakage. It has been demonstrated that the photo-cleavage of ortophosphate from the sugar moiety of AMP in
response to irradiation by a mercury lamp with an emission at 254 nm proceeded (with a quantum yield of 5× 105 mol/Einstein) about 10 times slower than from glycerol
2-phosphate [22], although AMP molecules, because of
their higher molar extinction at 254 nm, were hit by 103–
104 times more quanta per unit of time as compared to
glycerol 2-phosphate molecules. These data were
explained by a prompt one-way spillover of the excitation
energy adsorbed by sugar-phosphate moiety of AMP to
the nitrogenous base [22]. The latter apparently served as
an excellent sink for the UV energy because of the lower
energy of the first singlet level as compared to sugar phosphates. In RNA from tobacco mosaic virus, the quantum
yield for the breakage of the sugar-phosphate bonds by
254 nm UV light has been shown to be 3.5 × 10-6 mol/Einstein [23], which corresponds to a UV-protection factor of
70 as compared to "bare" sugar phosphates. In human
skin DNA, the quantum yield for a single strand break by
254 nm UV was in the order of 10-8 [21,24], indicating an
even higher backbone protection factor of about 2000. It
is noteworthy that the quantum yield of photo-damage to
nitrogenous bases proper in RNA and DNA is on the order
of 10-4 mol/Einstein [21], i.e. it is 103–104 times higher
than that of the backbone breakage. Apparently, the backbones of RNA and DNA can be rescued due to the partial
"victimization" of nitrogenous bases. Further factors,
which might contribute to the backbone protection, are
the effective shielding of the backbone from the UV-light
by nitrogenous bases, the excitonic coupling between the
latter, and the elevated capacity of polymeric compounds
to dissipate the excessive thermal energy without undergoing a mechanical damage.
Model of nucleotide polymerization under the conditions
of UV illumination
To explore the significance of such a UV protection mechanism for the evolution of primordial polymers, we modeled the polymerization of sugar-phosphate monomers
(R) in the presence of nitrogenous bases (N) under the
conditions of UV illumination. The exact nature of the
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Figure 1
Schematic representation of the modeled reactions

sugar moiety was of secondary importance for the model
because of approximately similar susceptibility of various
sugar-phosphates to UV cleavage [21]. The set of reactions
considered is schematically depicted in Figure 1. As long

as a UV quantum can split a polynucleotide chain at any
point, we had to use the Monte-Carlo approach. Because
the system was open and the chains were only transient
objects, the model topology was described by three point-
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ers assigned to individual monomers as shown in Figure
1. Namely, the polymerization state of monomer i was
characterised by two pointers ileft and iright defined as follows: if the left bond of monomer i was unsaturated, we
put ileft = 0; if the monomer i was left-bound to monomer
j, then ileft = j; the same rules were used for the right
pointer iright. The chemical state of monomer i was characterized by an additional variable inucl that took values "1"
or "0" when the given monomer was, respectively, bound
or not bound to a nitrogenous base.
The reaction dynamics was considered in discrete time
steps. The interval between steps ∆t was chosen appropriately small so that differential equations of chemical
kinetics could be replaced by their discrete analogues. At
each step, sugar-phosphate monomers were added to the
reaction volume ∆V in the quantity to keep their total concentration constant. The value of ∆V was chosen so that
the system contained on average about 2000 monomers.
At each time step the following reactions were considered:
Each monomer i with unsaturated left (right) bond
(ileft(right) = 0) could join a polymer chain reacting with
monomer j having unsaturated right (left) bond (jright(left)
= 0) under a condition that monomer j does not belong to
the same chain as monomer i. The probability of such
reaction was calculated as Ppoly(i, j) = kpoly·∆t·∆V-1. Each
monomer i with saturated left (right) bond (ileft(right) ≠ 0)
could re-dissociate with the probability Pmono = kmono·∆t.
Because the UV stability of nitrogenous bases is by factor
of 102 higher than that of not protected, "bare" sugarphosphates (see above), the former were assumed to be
present in excess. Then each R monomer could bind
nitrogenous base with the probability Pbind = kbind·∆t and
each RN nucleotide could dissociate with the probability
Pdiss = kdiss·∆t independently of the polymerization state.
The ratio of the rate constants kbind and kdiss reflects the
thermodynamic equilibrium of the nucleotide binding
eq = exp(-∆G
reaction: kbind/kdiss = K nucl
nucl/kT).

The probability of UV-decomposition for "bare" sugarphosphate monomers was DUV = kUV·∆t independently of
whether they were part of a polymer chain or not. A
nitrogenous base protected the sugar-phosphate to which
it was bound from UV degradation by a factor U so that
the probability of its decomposition was DUV = U1·k ·∆t.
UV
Monte-Carlo simulations
On simulation, we assumed, for simplicity, that each
monomer is hit by a UV quantum once per second. On
picking the values of polymerization rate constant kpoly, we
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assumed, in line with experimental observations [14–16],
that this reaction was slow. The experimental observation
of the formation of oligonucleotides of up to 50 units on
clays [16–18] implies an equilibrium constant of an inoreq

ganic template-guided polymerization K poly = kpoly·[R] /
kmono > 1. In contrast, nitrogenous base binding was
assumed to be thermodynamically unfavorable, with a
eq = k
respective equilibrium constant K nucl
bind / kdiss << 1.
The values of the UV-decay rate constant kUV and of the
UV-protection factor U were varied around their experimentally established values of 10-1 – 10-3 and 10 – 103,
respectively (see refs above).

As long as parameters were varied in the indicated ranges,
the simulation behavior of the system was qualitatively
stable, with a typical example depicted in Figure 2. In the
absence of UV protection (U = 1), the polymerization
yield was marginal (Fig. 2a, circles) and the extent of
nitrogenous base incorporation in the polymers was close
to zero (Fig. 2b, circles). With the UV protection "switched
on" (U > 1), the length of formed polymers increased dramatically (Fig. 2a, triangles). Even more importantly,
under these conditions the fraction of nitrogenous-basecarrying sugar-phosphates increased significantly (up to
~0.5 in the case presented in Fig. 2b by triangles). Thus, in
our simulation, the UV selection caused a strong relative
enhancement in oligonucleotide-like polymers even
under conditions where the binding of nitrogenous bases
to sugar-phosphate moieties was thermodynamically
unfavorable.
We also simulated the effect of partial funneling of UV
energy into the condensation reactions. In Figure 2, we
depict by squares a case where we accounted for a possibility of a productive binding of a nitrogenous base N by
a photo-generated radical R•. The quantum yield of such
a reaction was taken as small as 9 × 10-8. The resulting
boost for the formation of oligonucleotides was remarkable concerning the length of the formed polymer chains
(Fig. 2a, squares), the nitrogenous base incorporation
rate, and the extent of the nitrogenous bases incorporation into oligomers (Fig. 2b, squares), so that polymers
were built predominantly from nucleotides. (We
neglected here the possibility that nucleotides could arise
also from an interaction of light-generated nitrogenous
base radicals N• with sugar-phosphates R. Because the
extinction of nitrogenous bases in UV is by orders of magnitude higher than that of sugar phosphates, this possibility is more than real). The experimentally measured
quantum yield (probability) of the compatible photocondensation reaction was actually 103 times higher than
we assumed in our simulation: the quantum yield of the
254 nm UV-driven AMP formation from adenine, ribose
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drive the primordial condensation by energy of light, with
nitrogenous bases working as light-absorbing antenna.

Discussion
Thus, the results of our Monte-Carlo simulation indicate
that a mechanism of natural selection, similar to the one
that has driven the subsequent biological evolution, could
have been responsible for the primordial polymerization.
It seems quite unlikely that the extremely effective UVquenching by all five major nucleobases is just incidental.
Accordingly, one can assume that these bases had been
selected to perform the UV-protecting function before they
became involved in the maintenance and transfer of
genetic information. This assumption provides a physically plausible rationale for the primordial enrichment in
oligonucleotide-like compounds and also sheds new light
on the earliest steps of evolution.
It is worth noting the following points:

Figure 2
Monte Carlo simulation of a sugar-phosphate polymerization reaction in the presence of nitrogenous
bases and under UV-illumination Sugar-phosphate
polymerization reaction in the presence of nitrogenous bases
and under UV-illumination was simulated using the following
parameter set: The concentration of monomers in the reaction volume was kept on a constant level of 10-3 M (comparable with their concentration in the cell). The second-order
rate constant of polymerization kpoly was 3 M-1 s-1 and the
first-order rate constant of re-dissociation kmono was 10-4 s-1
eq

that corresponded to the equilibrium constant K poly = 30.
The rate constants of nucleotide binding (kbind) and dissociaeq =
tion (kdiss) were 3 × 10-8 s-1 and 10-6 s-1, respectively ( K nucl
3 × 10-2). Under the UV illumination, monomers decomposed with the rate constant of 3·10-3 s-1 irrespectively of
their position in the chain. For simplicity, the UV protection
factor U of 30 was used both for monomers and oligomers.
The partial funneling of UV energy was assumed to increase
the kbind value from 3 × 10-8s-1 up to 1.2 × 10-7 s-1. a, Polymer
length distribution at equilibrium. b, Fraction of monomers
protected by nitrogenous bases as a function of time.

and ethyl metaphosphate reached 10-4 mol/Einstein after
one hour of illumination [7]. The inclusion of the photocondensation quantum yield values compatible to those
measured in ref. [7] into the parameter set used for simulation in Fig. 2 led to an overload because of unmanageable increase in the polymer chain length. It is hard to
believe that evolution has not used the opportunity to

(i) In the UV-illuminated primordial world the probability of a UV-breakage was more than real for any compound. Correspondingly, those that succeeded to bind
(trap) a UV-quencher got a selective advantage. In the case
of nitrogenous bases, the photo-generated radicals of the
latter could even provide the energy needed to bind the
UV-protector.
(ii) The oligomerization, most probably inorganic template-guided (see ref. [10] for a comprehensive consideration of this point), further increased the degree of the UVprotection because then each UV-trap could protect several neighbouring backbone bonds. The minerals considered as potential primordial templates (see ref. [10] for
their survey) are characterized by meshes of positively
charged metal ions, so that a prospective oligomer unit
required a negatively charged template-binding group
(phosphate was the natural choice [10]) and a spacer
region needed to fit into the lattice of positively charges at
the template. The pentose groups are apt spacers as long
as aluminosilicate clays indeed catalyse the formation of
long oligonucleotides [14–16].
(iii) In this "sugar-phosphate-centric" world the nitrogenous bases served just as protecting units, so that the UVquenching capacity but not their exact chemical nature
was important. Accordingly, these service units were
replaceable and variable. Exactly this variability could
have paved the way to the variability of the future
genomes.
(iv) In general, the increase in the fraction of doublestranded regions elevates the resistance of RNA backbone
to UV-damage [25], as well as to hydrolysis [26]. Correspondingly, an occasional formation of double-stranded
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segments in primordial RNA-like polymers elevated, as it
has been already discussed [26], the probability of their
survival. Hence the survival, apparently, depended on the
ability of chosen UV-protectors to form pairs.
(v) Replication, most probably also initially templateguided [10], could have evolved as a process that just
selected for more photostable biopolymers. Indeed, the
first replication event, i.e. formation of a polynucleotide
strand using another one as a template, could not be
driven by the reproduction needs (the chicken and egg
paradox). Replication could be, however, promoted by
the simple fact that the UV-resistance of two interacting
polynucleotide strands was higher than that of single
strands.
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both selective and driving force, or in continuity, strength,
and access to the whole surface of Earth.
We believe that the ideas discussed above could eventually be tested experimentally. On one hand, nucleotides
could be formed from simpler compounds under conditions of UV-irradiation [7,8]. On the other hand, the ability of aluminosilicate clays to catalyze their
polymerization was demonstrated [14–16]. Thus it seems
very promising to try obtaining oligonucleotides from
simpler compounds in a reactor system, which (i) uses
UV-irradiation as a selective force and an energy source
and (ii) contains aluminosilicate clays as a polymerization template.

Conclusions
The suggested mechanism turns the high UV levels on primordial Earth from a perceived obstacle to the origin of
life (see e.g. ref. [19]) into the selective factor that, in fact,
might drive the whole process. Indeed, biochemical condensation reactions proceed with release of water, so that
the presence of latter favors hydrolysis of biological polymers. Because of this feature, Bernal [27] and many
researchers after him (as reviewed in ref. [10]) advanced
the view that life has begun in tidal regions, so that condensation of primordial monomers proceeded under
"fluctuating" conditions where the wet periods, enabling
the exchange of reagents, alternated with dry ones, favoring the condensation reactions. The awareness of the
potential danger of the UV damage, however, prompted
other scientists to invoke a UV-protecting water layer (see
e.g. ref. [19]), which apparently would impede the condensation reactions. More recently, several authors even
moved the point of the life origin to the bottom of the
ocean, where the reducing power of minerals and/or of
hydrothermal vents was considered to be the energy
source for the first condensation events [28,29]. It
remained unexplained, though, how inorganic reductants
could drive primordial condensation reactions in water in
the absence of enzymes (see the discussion in refs.
[30,31]).
In a sense, the absence of a consensus on a plausible
mechanism for the origin and accumulation of the first
RNA-like molecules has significantly hurt the development in the whole field and stimulated proliferation of
the Panspermia hypothesis, not to mention various kinds
of creationist ideas. It appears that our consideration of
the UV irradiation as a positive, selective factor in primordial evolution may suggest a way out of the dead end. This
view allows to place the cradle of life onto the sun-illuminated (semi)dry surface of the ancient Earth, as originally
considered by Bernal [27]. Indeed, no other known energy
source could compete with the UV component of the solar
irradiation either in ability to serve simultaneously as

In conclusion, we believe that the proposed mechanism
for selective accumulation of primordial polynucleotidelike structures, coupled with the physical plausibility of
their subsequent Darwinian evolution, compellingly
demonstrated earlier [1–5], offers a coherent picture of a
selection-driven emergence of increasingly complex biological molecules.

Methods
Modeling the nucleotide polymerization under the conditions of UV illumination
The complete simulation code in MATLAB5 (The Mathworks Inc, MA, USA) is available on request.
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