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Abstract

catalytically active structures (at least 40 bases).

70 mers.

Background: The "RNA World” hypothesis suggests that an early form of life on Earth was based on nucleic acid
strands able to store genetic information and catalyze a wide range of reactions including those which lead to
self-replication. For this hypothesis to be true there must exist an efficient process for creating RNA or RNA-like
polymers of mixed sequences from short precursors, where these polymers have to be long enough to fold into

Results: We report on the polymerization of dimeric to hexameric 5-amino- oligodeoxynucleotides 3"-phosphates
in the presence of the water-soluble carbodiimide EDC. Non-complementary single stranded nucleotides fail to
polymerize and yield di- to hexameric cyclooligomers or capped EDC-adducts unable to undergo further 3"-5-
phosphoramidate formation. Complementary building blocks polymerize with a conversion close to 100% when
starting from a concentration of typically 20 mM. The reactions proceed within a few hours yielding strands of
mixed pyrimidine-purine sequences up to 300 bases long. The maximum length of the products depends on the
type of the starting oligonucleotides. Copolymerization of a dimer alphabet consisting of equimolar quantities of
all four sequences d(nYRp), where Y are pyrimidines and R are purines, generates a mixed-sequence library of 50-

Conclusions: Libraries of long oligonucleotides with potentially catalytic activity are formed from short precursors
within hours. Reactions occur via blunt end ligation of the double strands, and the reaction rates correlate with
stacking interactions at the ligation sites. Circular dichroism measurements, polarized light microscopy and
fluorescence microscopy suggest the formation of supramolecular aggregates during chain growth. These
aggregates accelerate the reactions by increasing the local concentration of the reactants in a non-sequence-
specific templating mode. Aggregation of the double strands into higher order “compartimented” structures might
have been the key for the formation of the first inhabitants of the “RNA World".

Background

“RNA World”

The first form of life on early Earth probably was based
on groups of long aperiodic polymers capable of infor-
mation transfer and catalysis. The discovery of catalytic
RNA molecules led to the postulation of the “RNA
World” hypothesis by Gilbert in 1986 [1]. Over the last
two decades, strong experimental evidence has appeared
in support of the theory. Ribonucleotides can be formed
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from small organic molecules under conditions resem-
bling those of the primitive Earth [2,3]; RNA and DNA
molecules can form simple reaction networks by catalyz-
ing replication of their complementary strands[4,5];
RNA random pools can be evolved in vitro into ribo-
zymes with various catalytic functions. The dynamics of
the formation of new functions in such pools and their
subsequent evolution have been extensively explored,
both experimentally [6] and theoretically [7]. To per-
form catalysis, RNA molecules need a minimal length to
be able to fold into an functional tertiary structure. The
normal minimal length of aptamers, ribozymes and
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deoxyribozymes is 30 bases [6], but small catalytic RNA
molecules as long as 5 bp are also known [8].

S. Kauffman proposed, that in a mixture of catalyti-
cally active polymers able to catalyze different types of
reactions, a reaction network will appear in which all
the species are interconnected by the number of reac-
tions where they function as mutual catalysts. He called
these interconnected groups “autocatalytic sets” [9].
When natural selection leading to Darwinian Evolution
is applied to the mixture, the groups have a significant
evolutionary advantage for the propagation of their
genetic information, compared to single self-replicating
molecules. The appearance of autocatalytic sets on the
early Earth required a method for the formation of the
mixtures of polymers able to perform catalysis.

The idea of the “autocatalytic set” suggests that the
basis of the first living organisms could have been not
only RNA, but rather any kind of functional polymers
able to catalyze reactions and to transfer information by
templating. This suggestion is partially supported by
experiments. Systems based on self-replicating peptides
[10] and small molecules [11] have been reported in the
last two decades.

Formation of information-carrying polymers under
potentially prebiotic conditions

It is still unclear how catalytically active polymers can
be formed spontaneously in solution from shorter pre-
cursors. Stepwise stochastic addition of mononucleotides
to the growing strand is ineffective because of slow reac-
tion rates, low conversion, numerous side products [12]
and the hydrolysis of the already formed strands.

The low reactivity of the phosphate ester bond can be
enhanced by the use of activated precursors. Common
chemical modifications are amine or imidazole groups
at the reactive ends [13] and the use of cyclic phosphate
esters as precursors [12,14]. Heating can provide the
necessary energy for the RNA bond formation, but
strands formed this way will undergo rapid hydrolysis
[14,15].

Catalysis on surface is one of the solutions to the pro-
blem. Conditions on the primitive Earth suggest that
different types of surfaces such as clays [16], ice [17] or
lipids [15] could promote the polymerization of the
nucleic acids.

Ferris et al. have shown that montmorillonite clay cat-
alyzes a ligation of phosphoimidazolide-activated ribo-
nucleotide monomers, and oligomers 55 bases long can
be formed on its surface when fresh supply of the
mononucleotides is provided [16].

The phosphoimidazolide-activated ribonucleotide
monomers in eutectic ice-water phase in presence of
Pb** or Mg”* can polymerize to give 17-mers, as shown
by Monnard et al.[17]. The incorporation of all four
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types of building blocks was observed in this case. Raja-
mani et al. have shown that heating and cooling cycles
in presence of lipid membranes promote the oligomeri-
zation of not activated mononucleotides to oligomers up
to 100 bases long [15]. The ordered surfaces formed by
lipids instruct RNA polymerization, which is inefficient
in case of the same tidal condition changes in solution
of pure mononucleotides.

The reaction in bulk solution provides positive results
when starting materials are changed. Heating of cyclic
purine monoribonucleotides in water at 80°C allows
their polymerization and the formation of the strands
up to 120 bp long [14]. The reaction leads to correct
regioselectivity (due to hydrolysis of the more labile 2’-
3’- bond under the reaction conditions), but it does not
occur with cyclic pyrimidines.

The use of double-stranded precursors can help to
take the advantage of template properties of nucleic
acids. Mononucleotides cannot be organized into double
helixes. Longer building blocks are needed.

The first system of this type was suggested by W. Zie-
linsky and L.E. Orgel in 1986 [18]. They studied the self-
complementary 3’-amino-5’-phosphate dinucleotides
pGCn and pCGn (here and below the “n” symbol corre-
sponds to the amino group while the “p” symbol repre-
sents the phosphate group). Water soluble 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) was used as
a condensing agent to increase ligation rates. Side reac-
tions leading to cyclic products were partially reduced,
compared to mononucleotide polycondensation, but not
completely eliminated. Oligomers up to 20 bp long were
observed. The polymerization of pGCn yielded approxi-
mately 20 bp long strands, while pCGn predominantly
produced a cyclic dimer. The authors explained the
results in terms of the internal stability of the mini-
helixes formed by the dinucleotides.

Bolli et al. have shown that pyranosyl-RNA tetramers
with partially overlapping sequences polymerize in pre-
sence of EDC to give 36 bases long products after 6
weeks of reaction at 4°C [19]. Pyranosyl-RNA is the
constitutional isomer of RNA with ribose units in their
pyranose (instead of furanose) form and with phospho-
diester bridges between the position 4’and 2’instead of
5’and 3’of the ribose ring. It has higher templating prop-
erties (both in strength and selectivity) than normal
RNA. This system was able to discriminate mismatches
in sequences and sugars of different chirality presented
in the reaction mixture.

Recently, Horowitz et al. showed that, in the presence
of intercalators e.g. ethidium bromide, that stabilize
double strands, oligonucleotides up to 100 bp are
formed, starting from concatenated tetrameric building
blocks [20]. These authors demonstrated that a simple
limitation of the cyclization pathway through the
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formation of relatively rigid double strands is enough to
displace the equilibrium toward the formation of the
long oligonucleotides.

Nakata at al. have shown that, at high concentrations,
6 bp long double stranded oligonucleotides can form
liquid crystalline phases, where the duplexes are merged
together by “physical polymerization” based on stacking
interactions [21]. The authors suggested that, in the pre-
sence of an efficient condensing agent, the molecules in
the stacks could react and form long strands. The use of
supramolecular self-organization to complete the poly-
condensation is a highly promising approach to solve
this 30-year old problem.

Design of the model system

Our initial interest was based on the formation of a pro-
totype of an “autocatalytic set™ a library of information
containing polymers of different composition with a suf-
ficient length to form catalytically active structures. To
understand the basic principles of the library’s forma-
tion, we decided to work with a model system not
directly related to the “RNA World”. We used chemi-
cally modified DNA-based oligonucleotides that are
more stable in solution than RNA, easier to synthesize
in large quantities and that do not form 2’-3’-bonds as a
side product during polymerization. The target length of
the polymers remained arbitrarily fixed to 30 bases, cor-
responding to the length set as a lower limit for the new
ribozymes in RNA-based systems. Our approach was to
design and study a model system, supposing that once
basic principles governing the reaction are understood,
these can be extended to other nucleic acid based
polymers.

Analyzing the work done in this area and discussed
above, we realized that it is easier to work with short
oligonucleotides as a starting material than with
mononucleotides.

The shortest known DNA-based self-replicating sys-
tem consists of the CGCG tetranucleotide formed by
ligation of two dinucleotides [22]. We chose dinucleo-
tides as minimal building blocks that allow rate
enhancement due to templating. Considering the differ-
ences in the efficiency of incorporation of purine and
pyrimidine nucleotides [23], we used dimers with fixed
5’- pyrimidine-3’-purine composition, assuring that both
types of the nucleotides are presented in the strand. The
purine at the 3’-end and pyrimidine at the 5’-end pro-
vides stable purine-pyrimidine stacking between two
reacting molecules, offering advantages for the system in
the equilibrium step prior to polycondensation. Other
types of base-pair stacking are less stable [24].

To design the model system, we used amino-modified
DNA in presence of EDC as a condensing agent, to
ensure fast and efficient ligation. 3’-amino-2’, 3’-
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dideoxynucleotides have been used as model systems by
the groups of Orgel [18], Richert [25] and Szostak [26].
After analyzing Orgel’s work, we concluded that non-
templated cyclization of the single strands can be
reduced if the rate of ligation to elongate the double
strands is enhanced. It has been previously reported by
Shabarova et al. [27] that EDC-driven ligation of a
phosphate group with amine at the 3’-end is 75 times
faster than the ligation of the phosphate group with the
hydroxyl, while an amino group at the 5’-end accelerates
this reaction 100 times. The study of self-replicating
molecules by von Kiedrowski et al. [28] had shown that
the difference between 3’-amino and 5’-amino was
increased almost 20 times in presence of template mole-
cules. Our model system is based on 5’-amino-3’-phos-
phate terminated short oligodeoxynucleotides.

The polymerization of four possible 5’-aminopyrimi-
dine-3’-purine phosphate dinucleotides was studied:
nCGp, nTAp, nCAp and nTGp. The general reaction
describing the system is shown in the Figure 1. Several
experiments with tetra and hexanucleotides as a starting
material have been additionally performed in order to
understand the reaction mechanism.

Oligonucleotides longer than 100 bases are produced
within hours when the building blocks are complemen-
tary or self-complementary. The goal of the study is to
understand the reaction mechanism and explore the
efficiency of the reaction for nucleotides of different
length and composition. Qualitative characterization of
reaction provides a better understanding of the reaction
mechanism.

The solution of the oligomerization problem allows us
to model the origin of the “RNA World” in the labora-
tory and can bring us one step further in understanding
of the mechanisms of the transition from simple organic
molecules to living organisms.

Results and Discussion

Polycondensation of dinucleotides
5’-amino-3’-phosphate dinucleotides, tetranucleotides
and hexanucleotides have been used as a starting mate-
rial for the polycondensation reaction. Reactions have
been performed at 2°C in HEPES buffer pH 7.5 in the
presence of EDC as a condensing agent. Table 1 sum-
marizes the sequences of all the compounds used in the
experiments. The course of the reactions was followed
by HPLC, MALDI and denaturing polyacrylamide gel
electrophoresis (PAGE).

Initially, the polycondensation of non self-complemen-
tary building blocks was studied. nCAp and nTGp were
left to react in the presence of 0.4 M EDC for 72-100 h
(Figure 2A-B). Both dinucleotides reacted similarly. At
2°C and 20 mM dinucleotide concentration, several
peaks were observed by HPLC analysis after 24 h of
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X: pyrimidine
Y: purine

Figure 1 Reaction mechanism. (A) Schematic representation of the general reaction mechanism. (B) Detailed reaction mechanism. 5-amino-3-
'phosphate pyrimidine-purine dinucleotide (1) is activated by EDC (2) binding to phosphate group with uptake of one proton. EDC (2) in water
is partially hydrolyzed with release of the proton and EDU (3) formation. Single stranded activated molecules (4) undergo pathway A, forming
an inactive cyclic side product (5) and releasing EDU and proton. At high concentrations and low temperatures where duplex formation is
possible, polycondensation and chain growth via pathway B takes place, leading to the product (6).

B: 1. Hybridisation
2. Oligomerization

reaction and the conversion was complete while no
further change in the spectrum was detected after 72 h
or 100 h of reaction. The MALDI analysis of the reac-
tion mixture showed that all the starting dinucleotides
were consumed to yield several products not suitable for
further polymerization. Among them the non reactive

Table 1 Compounds used in the study.

Type of nucleotide Sequence

Dimer nCGp, nCAp, nTGp, nTAp
Tetramer nTGCAp, nCATGp, nTGTGp
Hexamer nTGTACAp

EDC adduct (identified by single MALDI peak with a
mass M+155, where M is a mass of a dinucleotide,
reported in the Table S1 [Additional file 1]), cyclic 4-6-
mers (identified by the M-18 peaks) and cyclic guanine
EDC-adducts (identified by the M+133 peaks). Similar
compounds were observed by Rothlingshifer and Richert
in their study of the reaction of 3’-aminonucleotides
with EDC [25]. The complete tables of registered peaks
are presented in the Supplementary Information [Addi-
tional file 1]. The results are similar to those obtained
by other investigators [12,25].

Reactions with self-complementary building blocks
were studied next. At 2°C and the 20 mM nCGp
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Figure 2 Polymerization of dinucleotides. IE HPLC (left) and MALDI (right) plots. In a MALDI plot, masses of dimers, tetramers, etc. are labeled
as M, M,, Ms etc. initial conditions in all the cases are: 20 mM dinucleotide, 0.4 M EDC, 0.1 M HEPES, pH 7.55, 2°C. (A) nCAp polycondensation
after 24 h. EDC adducts and cyclic products are observed. (B) nTGp polycondensation after 24 h. EDC adducts and cyclic products are observed.
(Q) nTAp polycondensation after 24 h. The amounts of EDC adducts and cyclic products are reduced and longer oligomers are observed. (D)
nCGp polycondensation after 4 h. Apart from the oligomers M, no other side products are detected.
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concentration, rapid polymerization was observed. Pro-
ducts up to 20 bases were registered by HPLC (Figure
2C). Longer products formed already after 4 h of reac-
tion were observed by gel electrophoresis (Figure 3A).
After 48 h of reaction, practically all the dimers were
consumed, strands 140 bases long were formed and the
chain stopped growing (Figure 3A and Figure SI1 in
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[Additional file 1]). The addition of fresh EDC or dinu-
cleotides did not change the final length of the chain.
MALDI spectrum showed the absence of the EDC
adducts and cyclic products, and a formation of M,, oli-
gonucleotides (Figure 2D).

nTAp also polymerized. Peaks with high elution times
were observed by HPLC and identified as oligomers by

nCGp / Time
2h 8h 24h 48h M

nTAp / Time
8h 24h 48h M

D E F
nCATGp / Time nTGCAp / Time NnTGTACAp / Time
M 2h 8h 24h 48h 2h 8h 24h 48h M 2h 8h 24h 48h M
200- [y - 0 » -
150 - 150
100- - - _100
L == - 75
50 — E
- =
o —
35— - § i i -
w— S -
25 — | — - . B 25

nCAp+ nTGp / Time

M 2h 8h 24h48h

150-
100-
75-

50-

35-
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Figure 3 20% PAGE analysns of polycondensation products. Initial conditions in all the cases are: 20 mM dinucleotide, 0.4 M EDC, 0.1 M
HEPES, pH 7.55, 2°C. All gels are stained with SybrGold® gel stain for 20 min. Line M is a marker line. (A) nCGp, (B) nTAp, (C) nTGp and nCAp
copolymerization, (D) nTGCAp, (E) nCATGp, (F) nTGTACAp.
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MALDI. TA duplexes can form only two hydrogen
bonds for each base pair, instead of the three bonds
formed by the CG dimer. Apparently, under the reaction
conditions, only a fraction of the nTAp dinucleotides
was presented as a duplex, and is able to undergo poly-
condensation. Due to the lower duplex stability part of
the nTAp dimers remained single stranded and cycliza-
tion and EDC adduct formation were detected (Figure
2C). The observed reaction rates of nTAp polymeriza-
tion were much lower than in the case of nCGp. As
registered by PAGE, strands longer than 100 nucleotides
were formed only after 48 h of reaction (Figure 3B).

The equimolar mixture of nCAp and nTGp (comple-
mentary to each other) gave strands longer than 300
bases long after 24 h of the reaction (Figure 3C). Even
at early reaction stages a complex mixture of the pro-
ducts was formed in this case and for this reason the
course of the reaction was analyzed only by PAGE.
Again, as in the case of nCGp polycondensation, once
achieved, the maximal product length remained
constant.

The polycondensation reaction was observed only
when the building blocks were complementary and able
to form double strands. However, the dimers are too
short and cannot form double strands in a cooperative
way, as longer oligonucleotides do. The double strand
formation of the dinucleotides is in simple equilibrium
with single strands in solution. Duplex formation is
favored at high concentrations of the dinucleotides and
low temperatures. The consumption of the double
strands by polycondensation reaction displaces the equi-
librium towards the duplex formation.

Polycondensation of tetranucleotides and
hexanucleotides

Our first approach toward understanding the reaction
mechanism suggested that the Watson-Crick base pair
recognition may play an important role. In this case,
short concatenated single stranded fragments could
appear at the growing chain ends and then react with
each other by overlapping “sticky ends”. To prove the
relevance of the proposed mechanism, we switched
from dimers to tetramers and hexamers. The fraction of
the double stranded complexes increases with the
growth of the strand, which will change the observed
reaction behavior and can allow estimating the relation-
ship between the double strand and single strand liga-
tion mechanisms.

For the tetramer polymerization three different
strands were used: non-self-complementary nTGTGp
and self-complementary nTGCAp and nCATGp. Poly-
merization of nTGTGp, monitored by PAGE, showed
only traces of short oligonucleotides (less than 20 bases
long) after several days of reaction. Polymerization of
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self-complementary building blocks of nTGCAp or
nCATGp led to the formation of ~60 bases long pro-
ducts (Figure 3D-E). The two tetramers have the same
CG-content, but different bases at the ends, resulting in
different energies of stacking between reacting building
blocks. The reaction rate of nCATGp polymerization
(where at 5’-3’direction the G from one building block
comes in contact with C from another) is much faster
than the reaction of nTGCAp (where A and T from the
ends of two building blocks are interacting).

The self-complementary hexamer nTGTACAp reacts
faster than the tetramers (Figure 3F). If one compares
the reaction rates among dimer nTAp, tetramer
nTGCAp and hexamer nTGTACAp that have the same
base pairs at the ends, it can be noticed that the poly-
condensation reaction rate increases with the size of the
building block. One of the reasons for this change may
be a larger fraction of the reactive duplexes in solution
related to the increase of the length of the starting
oligonucleotides.

Copolymerization of the complementary dimers with
corresponding tetramers showed little template effect
from tetramers. When nTGTGp was copolymerized
with nCAp, the chain grew with a step 2xn+2, indicat-
ing that there is no significant difference between the
ligation rates of two double strands and the ligation of
two dimers on the tetrameric template (Figure 4, Figure
SI2 [Additional file 1] and Table S6 [Additional file 1]
for MALDI analysis).

Main trends in polycondensation reactions
Final product lengths, estimated from gel electrophoresis
for different combinations of nucleotides used in the
study, are reported in Table 2.

The rates of the polycondensation reactions in all stu-
died systems varied in the following order:

nCGp > nCAp + nTGp > nTAp >> nTGp = nCAp,
for dimers

nCATGp > nTGTGp + nCAp > nTGCAp >>
nTGTGp, for tetramers

In both series, the results correlate with the stacking
energies between the building blocks [24] and not with
the stability of the double strands (which, for example,
is expected to be lower for the ternary complex formed
by the tetramer and two dimers than for the duplex
formed by two tetramers). The results suggest that the
stacking interactions are the main driving force of the
reaction and the Watson-Crick base pairing seems to
play a minor role in the model system.

The results can be understood better if one considers
the work done by the Frank-Kamenetskii’s group, who
found that stacking, and not base pairing, makes a
major contribution to the stability of the double strand
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Figure 4 20% PAGE of polycondensation of nTGTGp in
presence of nCAp. Initial conditions: 10 mM dinucleotide, 10 mM
tetranucleotide, 04 M EDC, 0.1 M HEPES, pH 7.55, 2°C. 20%
polyacrylamide denaturing gel is stained with SybrGold® gel stain
for 20 min. Line M is a marker line.

Table 2 Estimated length of the reaction products.

Nucleotide combination

Estimated length, bp

nCGp 80 - 150
nTAp 200
nCGp + nCAp (1:1) 50
nCGp + nTGp (1:1) 50
nCGp + nTAp (1:1) 60
nCAp + nTGp (1:1) > 300
nCAp + nTGp + nTAp (1:1:1) 70
nCAp + nTGp + nCGp (1:1:1) > 150
nCAp + nTGp + nTAp + nCGp 50
(1:1:1:1)

nCATGp 60
nTGCAp 60
nTGTGp + nCAp (1:2) 70
nTGCAp + nCAp + nTGp (1:1:1) 150
nTGTACAp 54
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in solution [29]. The ligation between blunt-ended
duplexes is the main reaction mechanism. This may
explain why the reaction is, in principle, possible, but it
does not explain the tendency towards long strand
formation.

Criteria for dimer polycondensation

Other condensing agents have been used but EDC
resulted to be the only efficient one (some shorter pro-
ducts were formed in case of EDC with 1-methylimida-
zole additive and no products were observed in cases of
BrCN or 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (DMT MM) condensing agents).
It is not clear if EDC has a special function or it just
acts under optimal reaction conditions (neutral pH,
medium ionic force, low temperature, longer stability in
solution as compared to other condensing agents used
in the study). EDC variation has been performed and it
was observed that while the reaction rate varied with
the EDC concentration, after 100 h of the reaction time
all the products achieved the same final length. We
would suggest that EDC is specific to chosen model sys-
tem but only due to its maximum reactivity under opti-
mal reaction conditions and not because of its
involvement in the later reaction stages.

Under prebiotic conditions, pure solutions where 1:1
pairing could have occurred were highly improbable. A
variety of contaminating sequences and small organic
molecules were present, together with the short nucleic
acid fragments that could polymerize. To evaluate how
robust the system is, polymerization in the presence of
non-complementary building blocks was studied.

Either nCAp or nTGp was added to nCGp, thus keep-
ing the total dinucleotide concentration constant and
equal to 20 mM. In both cases, identical behavior was
observed. Polymerization proceeded efficiently and the
length of the products remained almost constant for up
to 50% of the “contaminating” sequences present in
solution. At higher concentration of non-complementary
dimers, the main product started to become shorter.
The growth stopped completely when the nTGp (or
nCAp) concentration was higher than 80% of the total
nucleotide concentration (Figure 5A-B).

Reactions in mixtures with unbalanced stoichiometry
have shown that the polycondensation observed in the
model system is tolerant to side reactions. As previously
noticed in the study of one-component systems, the
final length of the product depends on the composition
of the starting material and thereof of the strands that
are formed. The constant length maintained by the pro-
ducts over the wide range of concentrations suggests
that the polymerization between double strands excludes
side reactions, where single strands are spontaneously
ligated to double strands.
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Figure 5 Polycondensation in mixtures. Total nucleotide concentration is 20 mM. 20% polyacrylamide denaturing gel is stained with
SybrGold® gel stain for 20 min. Line M is a marker line. (A) nCGP polymerization in presence of nCAp. Ratio of the two dinucleotides varies as
shown in the picture. Reaction is analyzed after 48 h of reaction. (B) nCGp polymerization in presence of nTGp. Ratio of the two dinucleotides
varies as shown in the picture. Reaction is analyzed after 48 h of reaction. (C) nCGp + nCAp + nTG + nTAp at 1:1:1:1 ratio gives strands
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When all four types of dimers were left to polymerize
together in 1:1:1:1 ratio, the complementarity conditions
were fulfilled for every type of building block and oligo-
nucleotides of at least 50 bases long were formed (Fig-
ure 5C). All building blocks were consumed, indicating
that the product was the library of mixed sequences.
Further study to reveal the catalytic potential of these
spontaneously formed libraries is needed.

The temperature dependence for reaction of nCAp
with nTGp showed that the rate is almost the same at
2°C and 10°C. At 20°C, only traces of long products

were observed and at 30°C no oligomers were detected
(Figure 6A). At high temperatures, all building blocks
existed as monomeric species and only cyclization
occurred, as a more detailed study of nCGp oligomeriza-
tion at 30°C has shown (Figure SI3 [Additional file 1]).
Ionic strength is known to stabilize double strand for-
mation by neutralizing the negative charges on the
phosphate backbone. The reaction proceeded at high
ionic strength, tolerating Na" concentration up to 0.5
M. At 0.15 M ionic strength, a maximum of the reaction
rate was observed. At 1-3 M NaCl, no product
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Figure 6 Temperature and concentration effect. 20% polyacrylamide denaturing gel is stained with SybrGold® gel stain for 20 min. Line M is
a marker line. (A) Effect of the temperature on polycondensation efficiency of nTGp with nCAp in 1:1 ratio. Total nucleotide concentration is 20
mM. (B) Concentration effect on nCGp polymerization. Reaction products are visualized after 48 h of reaction. (C) Comparison of the reaction
rates at different concentrations of the dinucleotide. 5 mM nCGp and 50 mM nCGp show similar reaction rates and size of the final product.
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formation was detected (Figure SI4 [Additional file 1]).
It has been previously observed that high ionic strength
inhibits EDC-driven ligation. Probably this is the reason
for the low efficiency of the reaction at high ionic
strength, which, in theory, should stabilize the supramo-
lecular DNA structures. Dications and transition metal
ions, known to accelerate RNA ligation in solution, also

interact with EDC chemistry and inhibit the reaction
(results not shown).

As mentioned above, at low nucleotide concentrations
and elevated temperatures, cyclization rather than poly-
merization takes place. The transition has been studied
systematically. The total concentration of the building
blocks was varied between 1 - 50 mM. The polymerization
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took place in the relatively concentrated solutions, but the
final length of the products did not depend on the concen-
tration of the monomers. The polycondensation is a sec-
ond order reaction; however no significant change in the
reaction rate has been observed when the concentration of
the dinucleotides was varied from 2 to 50 mM. In the case
of the nTGp with nCAp mixture, 2 mM total dinucleotide
concentration is a minimum necessary to start the growth;
in the case of nCGp, the minimum is 1 mM (Figure 6B).

Phase transition during the course of reaction

In the presence of a “crowding agent” such as 30% poly-
ethylene glycol PEG 6000 solution (which does not par-
ticipate in the reaction but increases the local
concentration of the nucleotides in solution), the forma-
tion of long strands is faster and, after several hours,
only high molecular mass products were observed with
gel electrophoresis.

PEG is known to induce liquid crystalline aggregation
in DNA molecules. Droplets with ordered structure
were observed under polarized light microscopy (Figure
7A). Similar structures in smaller amount appeared in
reaction mixtures in the absence of PEG at late stages of
reaction, where long strands were formed. Two types of
structures could be identified: small droplets with high
birefringence and thin ribbon-like crystals (Figure 7B-C).
The growth of the crystals correlated in time with the
formation of large oligonucleotide strands (Figure SI 5
[Additional file 1]). To assure that they contain DNA,
Hoechst 33258 stacking dye was added to the reaction
mixture 72 h after the reaction had started (final con-
centration of the dye in solution was 0.5 pg/mL). The
dye stained ribbon-like structures and the droplets (Fig-
ure SI6 [Additional file 1]), proving that the structures
were formed by double stranded DNA molecules and
cannot be attributed to any side reactions or impurities.

Supramolecular aggregates of DNA in water are
known for a long time. They can be characterized by
circular dichroism (CD). If a liquid crystalline phase is
formed, the spectrum becomes asymmetric, with intense
bands between 250-300 nm [30]. To understand the
structural changes responsible for the reaction, we ana-
lyzed the solution of dinucleotides before the reaction
started and at the stage where long products had been
already formed. Dinucleotides in absence of EDC
showed a CD spectrum with bands between 250 and
300 nm at the concentration range used in the reactions
(10-20 mM) and 2°C. This suggests that even short
strands can form aggregates in solution.

Single non-complementary dinucleotides lost their
internal structure after several days of reaction with
EDC, when cyclic side products and EDC adducts were
formed (Figure 8). The spectrum of a reaction mixture
of complementary or self-complementary dinucleotides
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after 72 h showed an intense band at 255 nm, similar to
those, observed when liquid crystalline DNA domains
are dispersed in solution (Figure 8) [30].

nCGp polymerization kinetics was monitored online
because it polymerizes relatively fast, forming products
of different length and with only one type of sequence.
The appearance of a non-conservative spectrum with
the minimum at 250 nm has been registered. The inten-
sity of the negative band is almost 4 times greater than
the positive part of the spectrum (Figure 8C-D). No lag
period was observed during the reaction.

The solution of unreacted dimers lost the intensity of
the CD spectrum peaks during heating to 30°C (Figure
SI 7 [Additional file 1]). Non cooperative gradual melt-
ing was observed. Diluted solutions of reaction products
(the 200 times dilution was necessary to reduce the
EDC concentration that could damage the formed
strands at high temperatures), showed a 2 stage coop-
erative melting curve with a mean melting temperature
around 70°C (Figure SI8 [Additional file 1]).

In living cells, DNA is packed in dense and highly
ordered structures. Self-organization of DNA in solution
into ordered supramolecular structures beyond the dou-
ble helix has been known for more than 50 years. At
high concentrations, DNA molecules form a cholesteric
liquid crystalline phase, where the molecules are orga-
nized horizontally into pseudoplanes that are twisted
with respect to each other. At lower concentrations, and
in the presence of condensing agents, such as polya-
mides, DNA forms small hard spheres known as spheru-
lites. Experiments on DNA aggregates have mostly been
performed with DNA molecules of ~150 bp, which is
approximately the percolation length for double
stranded DNA. Recently, it was shown that 6-20 bp long
double strands with identical sequences can form liquid
crystalline domains, in which the short fragments are
held together by stacking forces. This phenomenon has
been called “physical polymerization” and has been
described for different types of double stranded DNA
and RNA molecules [21]. In the cited work the authors
suggested that, in the presence of an efficient conden-
sing agent, this pre-aggregation should lead to long
strand formation. It seems to be the case in our system.

Aggregation of DNA strands with identical sequences
into separate liquid crystalline domains [31] has several
interesting features that could be relevant for the pre-
biotic chemistry. First, with the growth of the chain, the
number of charges on the formed polyelectrolyte
increases, thus increasing the attraction between the
strands. This can shift the reaction equilibrium toward
the formation of long strands, once a minimal threshold
length is achieved. Second, the recognition of homolog
double strands by unique ion distribution in the major
groove of the helix [32] suggests that, under conditions
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L 4

Figure 7 Liquid crystalline phase and crystals formed during the polycondensation of nCAp with nTGp. (A) Liquid crystalline domain
formed by polycondensation of 5 mM nCAp with 5 mM nTGp in the presence of 30% PEG 6000 after 48 h of reaction. Scale bar is 10 um. (B)
Spherulites observed during nCGp polycondensation after 48 h of reaction. Scale bar is 10 um. (C) Ribbon-like crystals observed in the reaction
mixture at late reaction stages (here 72 h) in polycondensation of 10 mM nCAp with 10 mM nTGp under polarized light (the length of the scale
bar is 50 um). (D) The same crystal under the white light.
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Figure 8 Circular dichroism measurements of nCAp, nTGp and nCGp polycondensation reactions. (A) CD spectrum of single non self-
complementary dinucleotides at 8°C. nNCAp 10 mM in 0.1 M HEPES buffer (red dashed line) and after 48 h of reaction in 04 M EDC in 0.1 M
HEPES buffer (red solid line). nTGp 10 mM in 0.1 M HEPES buffer (black dashed line) and after 48 h of reaction in 04 M EDC in 0.1 M HEPES
buffer (black solid line). (B) nCAp 5 mM with nTGp 5 mM in 0.1 M HEPES buffer pH 7.5 (red line) and in 0.4 M EDC in 0.1 M HEPES buffer at pH
7.5 72 h after the start of the reaction (black line). (C) Polycondensation reaction of nCGp 10 mM in the presence of 04 M EDC after 5 min
(black), 1 h (red), 2 h (green), 3 h (navy blue), 4 h (blue), 5 h (magenta) and 6 h (dark yellow). (D) Increase of the peak intensity at 250 nm
during nCGp polycondensation from figure 8C. Additional reaction details are provided in Materials and Methods.
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that allow the formation of such aggregates, marked
similarity in the sequences of synthesized strands may
be present. If, upon the formation of long oligonucleo-
tides, the strands of the same or similar sequences can
aggregate, the reaction rate can accelerate due to the
increased local concentration. Such increase in the pro-
duction of the strands with the same sequence can be
considered as rudimentary selection in prebiotic sys-
tems. Currently, there is insufficient experimental evi-
dence to demonstrate conclusively that this pathway is
truly autocatalytic.

Discussion

Presumably, different mechanisms operate at different
reaction stages and the reaction products are the results
of a combination of polymerization by double strands
and self-organization. When dimers and short nucleo-
tides are present in solution, polycondensation due to
reduced cyclization is the major reaction pathway.
When longer strands are formed, supramolecular inter-
actions among them increase. Here, the DNA aggregates
can be seen, abstractly, as the surface used to increase
the local concentration of activated building blocks.
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This can displace the equilibrium towards the preferen-
tial formation of longer products.

The model system correlates with the work done by
the groups of Orgel [18] and Hud [20]. In their systems,
the decrease of the cyclization, resulting from the for-
mation of double strands, leads to polymers formed by
ligation of 10-20 building blocks. The results can be
explained in terms of stepwise polymerization.

Orgel’s system is closely related to our experiments, in
spite of the different final results. The reaction condi-
tions were the same in both cases: 2°C and 20-50 mM
total dinucleotide concentration; the same type of con-
densation chemistry in presence of EDC was applied;
the same base sequences were used. The main difference
between the experiments leading to the different final
results was the use of 5’-phosphates in case of Orgel and
3’-phosphates in the present work. In the work by Zie-
linsky and Orgel pCGn gave cyclic dimers as a main
reaction product while in our case the reaction pro-
ceeded to the formation of long strands.

The formation of the cyclic product is probably more
favored in the case of pCGn than for nCGp, due to the
better bond rotation of the end phosphate group at 5'-
position. The use of 3’-phosphate groups in the experi-
ment does not contradict conditions expected to exist
on the prebiotic Earth. In nucleoside phosphorylation
experiments, both 3’- and 5’- phosphate nucleotides
have been formed [12]. 3’-phosphates are the main reac-
tion products in prebiotic purine nucleotide synthesis,
as shown by Powner at al. in 2009 [2], though the real
significance of this coincidence is hard to judge at the
current stage of research.

The main difference between our and previously
reported systems emerges when relatively long stands
are already formed in solution. In our experiments, the
concentration of nucleotides is below the reported value
at which short strands of natural DNA start to condense
[21]. Probably this effect is induced by the use of low
temperatures and amino modified nucleotides, which
possess lower solubility than non modified DNA (with
5’-amino dinucleotides the observed solubility limit is at
a concentration of 50 mg/mL). Gryaznov et al. have
compared structural and physicochemical properties of
3’-amino, 5’-amino modified and natural DNA oligonu-
cleotides [33]. They observed that, at the single strand
level, all the chains are isoelectronic, and have similar
conformation, bond length and angle. An amino group
is more hydrophilic than an ester bond in natural DNA.
It slightly increases solvatation of chemically modified
DNA at the single strand level. When double strands
are formed, the 3’-amino group is more exposed to
water than the 5’-amino group. The reduced solvation
reduces the general solubility of the 5-amino modified
double strands. Another factor that may facilitate the
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aggregation of oligonucleotides at relatively low concen-
trations is the use of EDC. EDC can be seen as a polya-
mine condensing agent that neutralizes one of the
negative charges on the phosphate backbone.

Conclusions
The formation of oligonucleotides from small precursors
is a long-standing problem in prebiotic chemistry. We
have shown that at low temperatures and high concen-
trations short complementary oligonucleotides can poly-
merize and give long products within hours. Different
building blocks can be incorporated into the strand,
promoting the formation of combinatorial libraries of
oligonucleotides long enough to be folded into specific
catalytically active structures and to potentially form
initial autocatalytic sets. Formation of supramolecular
aggregates during the polymerization reaction triggers
the long strand formation and leads to high yields.
Environmental conditions possibly provided numerous
situations where concentrated solutions of nucleotides
and small organic molecules could have existed. It is
commonly believed that long RNA strands may have
required millions of years for their formation. Probably
this is not true. If long strands can be formed in a fast
and efficient way, we can suggest that the origin of life
is not an isolated accident under very specific condi-
tions, but rather a common form of self-organization of
complex organic molecules.

Experimental

Materials

The synthesis of 5’-amino- 3’-phosphate dinucleotides is
reported elsewhere [5]. Tetra- and hexanucleotides were
produced by machine-assisted synthesis; dinucleotides
were synthesized in solution. All the building blocks
were purified by preparative HPLC, lyophilized, diluted
with double distilled water, filtered and stored at -20°C.

HPLC

Reverse phase and ion exchange chromatography were
performed with Kontron HPLC equipment. Detection of
the peaks was done at 254 nm. RP HPLC was carried
out with 4 x 250 mm Nucleosil 120-5 C18 and VP 250/
10 Nucleodur 100-5 C18 ec columns with 0.1 M
NH4HCO3 in H,O/CH;3CN gradient (see SI for the
details of the gradient). IE HPLC was performed with a
column Mini Q anion exchanger from Amersham Phar-
macia; NaClO,4 gradient from 0 to 1 M at pH 12.5 was
run.

uv

Determination of the concentration of the stock solu-
tions was carried out with a UV Spectrophotometer Cary
1E from Varian using a 1 cm cell at 254 nm.
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Polyacrylamide gel electrophoresis

BIORAD® Mini-PROTEAN Tetra Electrophoresis Sys-
tem was used; the gels were viewed on BIORAD® Fluor-
S Multilmager. 5 pL of the diluted probes were mixed
with 5 puL of denaturing INVITROGEN?® loading dye
solution. Aliquots with 50-100 ng of the nucleotides
were loaded into 20% denaturing polyacrylamide gel (0.5
mm thick), run for 50 min at 55 V/cm voltage and
stained for 20 min with SYBR Gold® nucleic acid gel
stain (10000X in DMSO, Molecular Probes®). To esti-
mate the length of the product Ultra Low Range DNA
ladder by Fermentas® was used as a marker with a
strands of 300, 200, 150, 100, 75, 50 (the most intense
band), 35, 25, 20 and 15 nt.

MALDI

Equipment: Autoflex II-Massenspektrometer from Bru-
ker with laser: N2 (337 nm). Method: 10 pL of sample
were treated with Dowex 50WX8-200 cation - exchange
resin in ammonium form, mixed with 5 uL of matrix
solution (0.3 M of 2,4,6-trihydroxyacetophenone in
MeOH mixed with 0.1 M diammonium citrate in water
in proportion 2:1), 1 uL aliquot of the mixture was
taken and allowed to dry in a steel target plate.

Circular dichroism

Samples were measured at a JASCO J-710 spectropolari-
meter with temperature control. 0.01 cm and 1 c¢cm
quartz cells were used. 0.1 M HEPES buffer pH 7.5 with
0.4 M EDC was used as a baseline. The spectra were
taken at a speed of 100 nm/min with 5 spectra
accumulation.

Microscopy

The images were produced from a LABORLUX 12 POL
optical microscope with linearly polarized filter and a
Nikon Coolpix 4500 camera. 1 pL of the reaction mix-
ture was placed under the object glass, allowed to equili-
brate for 30 min and visualized under polarized light.
For fluorescent microscopy a Zeiss Microscope LSM
510 was used with excitation at 450-480 nm and emis-
sion at 500 nm. The stock solution of the Hoechst
33258 stacking dye was added to the reaction mixture
to achieve a 0.5 pg/mL final concentration.

General Methods

A desired amount of the starting nucleotides from the
stock solutions were mixed in the 0.5 mL Eppendorf
tube and lyophilized. Reactions were initiated with 6-10
pL of ice- cold filtered 0.4 M EDC solution in HEPES
buffer (0.1 M, pH 7.5, 0.05 M Na") and stored at 2°C
(or another temperature, depending on the experiment)
without stirring for 48-72 h, 1 pL was withdrawn at
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indicated times and the reaction was quenched by 100
times dilution with 0.01 M HEPES bulffer.

Additional material

Additional file 1: Supplementary information. Supplementary figures
and tables.

Abbreviations

EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; PAGE: polyacrylamide
gel electrophoresis; CD: circular dichroism, HPLC: high pressure liquid
chromatography; MALDI: Matrix-assisted laser desorption/ionization; bp: base
pair; nt: nucleotide.
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