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Abstract. Sea ice occurs abundantly at the polar caps of the Earth and, probably, of many other planets.
Its static and dynamic properties that may be important for prebiotic and early biotic reactions are
described. It concentrates substrates and has many features that are important for catalytical actions.
We propose that it provided optimal conditions for the early replication of nucleic acids and the
RNA world. We repeated a famous prebiotic experiment, the poly-uridylic acid-instructed synthesis
of polyadenylic acid from adenylic acid imidazolides in artificial sea ice, simulating the dynamic
variability of real sea ice by cyclic temperature variation. Poly(A) was obtained in high yield and
reached nucleotide chain lengths up to 400 containing predominantly 3′ → 5′ linkages.
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1. Introduction

The origin of life on Earth has been a drama with many acts, where the different
acts may have taken place under very different conditions (Arrhenius et al., 1999).
For the synthesis of monomers, a temperature range from around 250 ◦C in hot
underwater springs (Macleod et al., 1994) to −250 ◦C in frozen matter in space
(Munoz-Caro et al., 2002) has been proposed and supported by experiments.

However, in other proposed steps of the origin of life the temperature range per-
mitted by the chemical laws is rather limited (Moulton et al., 2000). This applies for
one of the most conspicuous criteria for life, proliferation, i.e., a mother organism
produces offspring that has nearly identical properties. The underlying molecular
phenomenon is replication of the genome. There is general agreement that RNA is
the older form of the nucleic acids, since, in contrast to deoxyribose, ribose is readily
formed by aldol condensation, and the nucleophilicities of the 2′,3′-OH residues of
nucleotides is much higher than those of the corresponding deoxyribonucleotides
(Lohrmann and Orgel, 1976). Furthermore, DNA replication still needs the synthe-
sis of RNA, particularly in chain initiation, where phosphodiester formation takes
place between the first two nucleotides of the chain.

It was one of the greatest triumphs in prebiotic chemistry that Orgel and collab-
orators succeeded to perform non-enzymic RNA replication in vitro. The ability to
duplicate are inherent properties of nucleic acids, in particular of the nucleobases. It
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is based on formation of a regular, quasi-crystalline structure where base-stacking
and base-pairing are the main forces.

In a series of experiments, Orgel and collaborators investigated non-enzymic
replication of RNA in vitro (reviewed in Orgel, 1987; Schwartz et al., 1987; Joyce,
1987). It was crucial for the reactions to succeed to find activated nucleotides that
reacted at a rate suitable for laboratory studies, because nucleoside triphosphates
were too inert to condense at measurable rates. Nucleotide imidazolides were found
to be suitable (Lohrmann and Orgel, 1977) even though it is unlikely that they are
formed under prebiotic conditions. The conditions for the non-enzymic condi-
tions were temperatures around the freezing point and rather high ionic strength
(Inoue and Orgel, 1982). The low temperature is required because the next base
for chain elongation must stack upon the double helix and remain there for suf-
ficient time for phosphodiester bond formation. The high ionic strength is neces-
sary to reduce the repulsion of template and substrates which both carry negative
charges.

These experiments have recently been reinvestigated by several scientists incu-
bating the reactions at constant temperatures below the freezing point. Stribling and
Miller (1991) cooled down artificial sea water mixed with monomers to the constant
temperature of −18 ◦C. After time intervals ranging from 48 hours to 56 days, the
reaction products were analysed. Under these conditions, template-directed RNA
synthesis products were similar to what had been obtained previously reported for
temperatures of 4 ◦C, i.e. complementary RNA oligomers with chain lengths of up
to 12–15 were obtained. Monnard et al. (2003) performed template-free poly(A)
synthesis experiments at a constant temperature of −18 ◦C for time periods of
up to 38 days. In these experiments, at low ionic strength and with the reaction
mixture doped with Pb2+ and Mg2+ ions, oligo(A) with chain lengths of up to
17 were obtained. Higher ionic strength inhibited the reaction (Monnard, personal
communication and Monnard et al., 2002) to such an extent that only dimers were
obtained, leading to the suggestion that RNA replication may have originated in
ponds of fresh water on the early continents and not in the sea. Vlassov et al. (2004)
pointed out that RNA degradation is markedly slowed down at low temperatures,
preserving RNA molecules of significant complexity. Corresponding experiments
with ribozymes were performed for time periods of some hours at temperature
ranges of −4 ◦C to −12 ◦C in solutions containing 10–100 mM NaCl. These results
suggest that complex RNAs could have evolved at temperatures below the freezing
point.

In this article, we propose that frozen sea water with realistic temperature varia-
tions is a particularly suitable matrix for steps leading to life, notably the synthesis
of high molecular weight RNA. A description of the chemical and physical con-
ditions in sea ice is given in respect to their usefulness for pre-biotic synthesis.
Temperature fluctuation between −7◦ and −24◦ were induced. Under these condi-
tions, the synthesis of poly(A) on a poly(U) template led to nucleotide chain lengths
of up to 400, a size sufficient for functional RNA.
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2. Results

2.1. SEA ICE, AN ENVIRONMENT WITH SPECIAL PROPERTIES

One of the authors (H.T.) has undertaken two expeditions, 1999–2000 and 2002–
2003, to the north of Spitsbergen, to investigate the properties of the sea ice in the
run of the temperature and light cycles between winter and summer with periods
of 4 months dark and light (Trinks, 2001a). Air temperature, air pressure and light
strength were recorded continuously. The microstructure of the ice material was
investigated at different temperatures, ice thicknesses and ice depths by light and
fluorescence microscopy at magnifications up to 1000. Temperatures, pressures,
pH-values, salt concentrations, electrical potentials, light strength and light polar-
ization effects at different depths of the ice lumps were measured. Various organic
compounds were injected into the ice layer and their behaviour was observed.
Psychrophilic organisms were collected from the ice and characterized in the lab-
oratory. A huge number of microorganisms were found in the ice, most of which
were still previously unknown (Groudieva et al., 2004). The found characteristics
of the sea ice, (summarized schematically in Figure 1) led to the hypothesis that the
conditions in sea ice may offer interesting features that are advantageous for some
steps in the origin of life (Trinks, 2001b).

The formation of sea ice is a complex process described in numerous publications
(reviewed in Wettlaufer et al., 1999). When sea water is cooled down by cold air
to temperature below −1.8 ◦C, freezing begins. The start of freezing depends on
the heat capacity of the water layer and water convection. In contrast to fresh
water, sea water has its maximal density near the freezing point so that the entire
layer must cool down to the freezing point. Many small crystals of salt-free water
with lengths of a few mm grow in the cool water layer. They float towards the
surface because their specific density is below the density of the surrounding salt
water. At further cooling, the resulting thick ice slurry forms lumps with rounded
surfaces.

Within 8 months after the warmest month, July, the sea ice layer grows to a
thickness of 1 to 2 m in the northern regions of Spitsbergen. During formation of
the ice, the salt concentration of the liquid brine located between the tiny solid
ice crystals rises from about 3.5% up to 25% salt. The concentration of the brine
is displayed in Table I (Sakshaug et al., 1994). At a certain temperature, water is
removed by freezing until the equilibrium brine concentration is reached. The brine
is concentrated within the ice structure in small channels and caviols with diameters
from 10 to 100 µm. In the warmer period of summer the ice may melt partially.
During this process the caviols and channels become wider.

If the temperature goes to rather low temperatures, the solubility limit of some
salts is reached and crystals of salts precipitate (Assur, 1958), e.g., CaCO3 at −3 ◦C,
Na2SO4 at −10 ◦C or NaCl at −23 ◦C. When the temperature rises again, the salt
crystals are not redissolved immediately. Particularly CaCO3 remains as small solid
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Figure 1. Model of a sea ice reactor (volume 100 µm × 100 µm × 100 µm). The model depicts
microstructure and properties of sea ice. The three phase system consists of salt-less ice crystals
enveloped by membrane-like layers, highly concentrated brine, gas bubbles (presumably CO2) and
salt crystals. Temperature gradients up to 10 ◦C/h and 10 ◦C/m cause mechanical agitation of the
brine, strong gradients in pH and electrical potentials, energy transport and exchange, freezing and
melting, crystallizing and dissolving. UV light from the sky, partly circular polarized by the influence
of the ice structure, is an energy source particularly active at the surface of the reactor. Regions with
possible catalytic action are marked with asterisks.

particles for some hours in the melted ice water. Gases, in particular carbon dioxide
(Semiletov et al., 2004) dissolve in the brine and gass out as very tiny bubbles
(diameter 1 to 10 µm) when the −30 ◦C cold ice system warms up. The boundary
between solid crystals and the brine seems to have a special interface structure
which is clearly visible in the light microscope by its refractive properties. When
the temperature rises and part of the ice melts, such structures often remain visible
for up to 30 minutes after the ice has disappeared. Under the light microscope, these
structures resemble membranes that form vesicles or envelop cells (Engemann et al.,
2004).

The described microstructure characterized by narrow channels and caviols filled
with liquid brine was observed not only in sea ice, but also in the ice of brackish
water with only 0.5% salt concentration and even in glacier ice with very low salt
content. By physical reasons, the freezing process of water with salt concentrations
between less than 0.1% and up to 3.5% leads to quite similar results.
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TABLE I

Concentration of ions in natural sea water (Sakshaug et al., 1994)

Ions in sea salt Conc. (g/l) Conc. (mMol/l) Chem. symbol

Chloride 19.87 560 Cl−

Sodium 11.05 480 Na+

Magnesium 1.32 54.3 Mg2+

Sulfate 2.784 28.9 SO4
2−

Calcium 0.422 10.5 Ca2+

Potassium 0.416 10.6 K+

Bromide 0.068 0.851 Br−

Bicarbonate 151.0 2.33 HCO3
−

Strontium 0.0085 0.097 Sr2+

Borate 4.5 0.417 H3BO3·B(OH)4
−

Fluoride 0.0014 0.074 F−

The brine is threefold concentrated at −10 ◦C, fivefold at −20 ◦C. The upper limits of
the Ca2+- and HCO3

− concentrations are 13.1 mM and 6.55 mM, repectively, due to
the solubility limit of CaCO3. MgCl2 and Na2SO4 reach their solubility limits close to
−20 ◦C.

2.2. PHYSICAL AND CHEMICAL PROPERTIES OF SEA ICE

As judged from numerous microscopic observations made in different ice layers,
1 m3 sea ice contains approximately 1014 to 1015 compartments or a network of
channels with a combined surface of 105 to 106 m2. When the air temperature rapidly
changes or ice layers break up, local temperature gradients in the ice material were
formed with values up to 10 ◦C/h and 10 ◦C/m. The resulting density changes in
the ice led to local pressure gradients and corresponding motion of the liquid brine
in the tiny channels. By microscopical observations the currents of brine were
estimated to reach values of 5 × 10−4 m/s. The macroscopic pressure variation
between different ice layers was measured with a pressure transducer and found to
reach values of up to 5 × 106 N/m2.

Sea water has a pH value of about 8.2. In sea ice, however, pH gradients between
pH 5 and pH 9 were measured and reported (Bronshteyn and Chernov, 1991). pH
values were made visible using the pH indicators mixed into sea water before
freezing. The pH of the brine dripping out of pieces of sea ice at −15 ◦C reached a
value of 9 while the pH of the drained ice structures ranged from pH 5 to pH 6. Due
to strong salt gradients between salt-less ice crystals and highly concentrated brine
(Figure 2 top), electrical potential differences of up to 50 mV have been measured
(Figure 2 bottom), in agreement with reported values (Steponkus et al., 1984).

Sea ice interacts with organic compounds. A dye mixture injected into a small
hole at the surface of an ice layer diffused into the channels and was separated
by chromatographic forces into their components. This illustrates the fractionating
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Figure 2. Properties of sea ice. Top: Salt concentration in sea ice (−5 ◦C). An electrical conductivity-
measuring probe was moved through ice with a speed of 10 cm/s. The measured values were found
to vary in a wide range, corresponding to salt concentrations from almost zero to 40 g/l. Bottom:
Electrical potentials in sea ice (−5 ◦C). An electric probe (diameter 100 µm) was moved through ice
with a speed of 10 cm/s and voltage impulses from +20 mV to −20 mV were recorded.

power of the ice structure. In a similar way, a mixture of various amino acids were
injected into the ice reactor. After 6 hours samples of ice were taken at different
locations in the ice and analysed. Amino acids were partly separated one from
another by chromatography in ice.

RNA labeled by ethidium bromide and dissolved in sea water was observed
to concentrate after freezing in the channels (Figure 3) and to adhere particularly
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Figure 3. Concentration of RNA in sea ice. A complex of yeast RNA and ethidium bromide was
dissolved in sea water. During freezing, the RNA was concentrated in the channels (area 25 µm × 50
µm, −10 ◦C) and formed aggregates visible in the fluorescence microscope.

at the liquid-solid boundaries. When the ice has been re-melted after some hours,
insoluble RNA aggregates formed a net of strings still showing the structures of the
brine channels. At low temperatures of about −30 ◦C, the RNA seemed to prefer
precipitating on the surfaces of salt crystals growing in the highly concentrated
brine. When the temperature of the ice rose, the salt crystals redissolved in the
liquid, while the RNA aggregates remained insoluble indicating the size and the
position of the vanished salt crystals.

The properties of sea ice and its possible role in the origin of life has been
reviewed previously in more detail by the authors (Trinks et al., 2003). The ex-
perimental results obtained during the expeditions as well as the review of the
vast literature in this field suggest in the opinion of the authors that this particular
environment may have served as a potential reactor with excellent conditions for
primordial steps to life.

2.3. NON-ENZYMIC RNA REPLICATION

2.3.1. Reaction
Prebiotic experiments can of course not be performed in a natural habitat: living
organisms would rapidly metabolize the reagents. We worked thus in the laboratory
with commercially available sea water salt that is made from chemically pure
chemicals and is devoid of organic material. The low temperatures were supplied
by a normal freezer. Cyclic temperature changes between –7 and −24 ◦C were
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effected by switching the freezer on and off in a cycle time of 4 h. At the temperature
maximum, the ice is still not totally melted, while at the temperature minimum an
eutectic solid with very little residual liquid is obtained.

As a reaction, we performed a poly(U)-directed polymerisation of 5′-adenylic
(2-methyl)imidazolides as described by Orgel and collaborators (Lohrmann and
Orgel, 1977; Inoue and Orgel, 1982), but in sea ice, sample 1 unbuffered, sample
2 buffered with 0.1 M (1)-methylimidazol buffer, pH 8.0. Chemical reactions are
known to proceed at reduced rates at lower temperature; so for the preliminary
experiment an ample time span was chosen for the reaction to proceed.

After approximately 1 year, the frozen samples were thawed and analysed. To
exclude microbial contamination, the solution was checked by light microscopy,
no precipitates, visible aggregates or microorganisms were found.

Thin layer chromatography on PEI-cellulose plates (not shown) revealed, among
substantial amounts of unreacted monomer, oligomers of all lengths and, as main
product, polymer. The products were freed from salt and unreacted monomer by gel
chromatography on a NAPS column. This separation removes also oligonucleotides
of small chain lengths. From the absorbance at 260 nm, the mass of the nucleic
acids has doubled in sample 1, while the increase in mass was much less in sample
2. In part of the sample, the poly(U) template was destroyed by the RNase A treat-
ment followed by phenol extraction and alcohol precipitation. Since the specificity
of RNase for pyrimidines is high but limited, the optimal amount of RNase was
determined experimentally.

2.3.2. Composition of the Products
The degradation products of poly(U) were removed by gel filtration on a NAPS
column.

Extensive alkaline degradation of the products revealed by thin layer chromatog-
raphy (Figure 4) mainly Ap and, in smaller amounts, pAp and Ado. UMP was only
detected as a trace, approximately 1% of the total mass in sample 1 and 5% in
sample 2.

The synthesis of poly(A) in the ice reactor and the results of the electrophoretic
separation were confirmed by analysis with capillary zone electrophoresis mass
spectrometry (CZE/MS) and matrix-assisted laser desorption ionization time of
flight mass spectrometry (MALDI/TOFMS).

To test whether the high molecular weight material is composed of A residues,
the product was partially degraded by limited alkaline hydrolysis and analysed by
CZE/MS. Again, oligomers with chain lengths between 2 and 8 were found; no
nucleotides other than A, in particular U from residual template, were detected
(Figure 5).

In the MALDI/TOFMS spectra recorded in the lower mass range measuring
mode (<3500 Da) only fragment ions that were derived from poly(A) were detected
(Figure 6 top). Signals from material containing U were absent. Signals rapidly
decreased in intensity from dimers to decamers, due to the decreasing response of
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Figure 4. Thin layer chromatogram of alkali-degraded poly(A) products. 20 µg desalted reaction
sample 1 were incubated with 2 ng RNase A at 37 ◦C for 10 min, phenol extracted, precipitated with
EtOH, redissolved in water and purified over a NAPS column. Alkali degradation was with 20%
piperidin for 5 h at 50 ◦C. TLC was on PEI cellulose sheets developed with 0.55 M (NH4)2SO4.

the mass spectrometry at higher chain lengths. Measurements in the high mass range
mode indicated material up to the upper mass limit of 1.4 × 105 Da, corresponding
to poly(A) of the chain length 420 (Figure 6 bottom). However, MALDI/TOFMS
only gives qualitative results, due to its mass-dependent response.

2.3.3. Chain Length of the Products
Polyacrylamide gel electrophoresis followed by staining the RNA with toluidine
blue revealed for the native nucleic acids a relatively narrow band at a very high
molecular weight (Figure 7). After treatment with RNase A a broad distribution
of poly(A) strands with chain lengths up to more than one hundred was obtained.
After further incubation with RNase A, the nucleotide chain length of the poly(A)
was reduced. Therefore, the nucleotide chain lengths of the synthesized products
are higher than determined. The chain lengths are suprisingly high, much higher
than previously observed in the polymerisation of activated AMP on poly(U) or
the polymerisation of activated GMP directed by poly(C) (Lohrmann and Orgel,
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Figure 5. CZE/MS analysis in negative ion mode. Partially degraded product was separated by cap-
illary zone electrophoresis and the products analysed by mass spectroscopy. Shown is the trimer,
which only gives signals for (Ap)3 and its fragmentation to Ap and (Ap)2. No signals are seen at the
positions expected for (Up)3 and its degradations products (indicated by arrows).

1977; Inoue and Orgel, 1982). While the length distribution of the products was
essentially the same in buffered and unbuffered solutions, the unbuffered samples
had a much higher yield. Since the pH value was about the same in both samples,
it may indicate that the pH gradients formed in the ice (as mentioned above) have
a positive effect on the reaction rate. It is not excluded, however, that the buffer
substance used acts as an inhibitor. Little is seen at the bottom of the gel, but this
may be an artefact of the staining procedure: Shorter oligonucleotides (<20) are
neither efficiently fixed in the gel nor do they stain normally.

The indicated chain length of the products is too high to achieve a satisfac-
tory resolution by ion exchange HPLC. Therefore, the poly(A) products, shown to
contain no other nucleotides, were labeled by phosphorylating the 5′ termini with
[32P]-phosphate, with and without prior dephosphorylation. Newly synthesized
material has 5′-terminal phosphates, while the 3′-terminal fragments produced by
overdigestion with RNase A contain already 5′-terminal OH and can be phosphory-
lated without prior dephosphorylation. Therefore, the difference in phosphorylation
with or without prior dephosphorylation should also give some information of the
poly(A) degradation. The electrophoretic separation of the labeled products showed
oligonucleotides of chain lengths of up to 150 A residues (Figure 8 top: autora-
diogram, bottom: densitogram of the autoradiogram in the chain length range of
40–160 nucleotides). The intensity of the bands decreases with increasing chain
lengths. Nevertheless, the results shown in Figures 7 and 8 confirm each other: to
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Figure 6. MALDI/TOF/MS analysis of product in positive ion mode. Top: Fragmentation of the
product poly(A) takes place and allows identification of the polymer composition. In this figure (Ap)3
and its complexes is seen. Fragmentation products containing U were not detectable (arrows). Bottom:
Measurements in the high mass range mode show ions with molecular weights up to 1.4 × 105 Da,
corresponding to chain lengths up to 420. The upper line is the product of poly(A) synthesis in
unbuffered sea ice, the lower line the synthesis product in buffered sea ice, the zero line is product
extensively degraded by alkali. The monomer line reveals in the MALDI spectrum a chemical noice
of <1%, in contrast to the undegraded polymer signals, indicating that the amplitude of the MALDI
spectra is generated by high molecular weight polynucleotides.



440 H. TRINKS ET AL.

Figure 7. Gel electrophoresis of the non-enzymic nucleic acid synthesis. Gel electrophoresis on a
8% polyacrylamide gel. Lanes A and B are sample 1 and sample 2 from the reaction without further
purification; For C and D, 20 µg desalted reaction sample 1 and 10 µg sample 2 were treated with
2 ng each of RNase A and incubated at 37 ◦C for 10 min. E and F as C and D, but incubation for
40 min; lane G: 40 µg poly(U); lane R: 4 µg MDV-1 (nucleotide chain length 220) double and single
strand.

Figure 8. Top: Autoradiogram of the gelectrophoretic separation of 5′-labeled oligonucleotides. The
poly(A) material described in Figure 4 was dephosphorylated, re-phosphorylated with [γ -32P]-ATP
and subjected to gel electrophoresis as described in the Methods part. Upper lane: without dephos-
phorylation, lower lane: with prior dephosphorylation. X and r are the positions of the dye xylene
cyanol blue FF (runs approximately with the 29mer) and 5S rRNA (chain length 119) from yeast,
respectively. Bottom: Densitogram of the part of the lower line in the autoradiogram marked by the
line.
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obtain the mass of the oligonucleotides, one has to multiply the ends by the chain
length number. About 1/3 of the intensity was observed without prior dephosphory-
lation. This suggests that during the exhaustive degradation of the poly(U) template
by RNase A substantial degrading of the poly(A) product takes place. The chain
lengths found are thus lower bounds.

Alcohol precipitation of the nucleic acids directly from the salt solution gave a
heavy precipitate which did not redissolve completely in water; part of the solution
needed warming to 50 ◦C to dissolve. Nucleic acids were found in the soluble as
well as in the less soluble fraction; electrophoresis showed that the less soluble
fraction contained preferentially the high molecular weight RNA.

After exhaustive digestion of the poly(A) product with RNase I from E. coli
followed by thin layer chromatography only about 5% dimer was found in sample
1 while about 40% dimer was found in sample 2. Neither higher oligomers nor UMP
were detectable. Therefore, the linkage is predominantly 3′ → 5′ in sample 1, while
substantial amounts of 2′ → 5′ linkage was found in sample 2. If the linkages would
have been distributed at random, then higher chain lengths of oligo(A) should have
been found in sample 2. Apparently the linkage is not distributed at random, possibly
due to sterical reasons.

3. Discussion

In this paper, we describe the properties and the behavior of real sea ice under
natural conditions. Sea ice shows a complex multi-phase structure containing solid
ice crystals and mineral particles, liquid brine and tiny gas bubbles. Particularly
in the close neighbourhood of the manifold boundary layers, strong local gra-
dients of pH values, ion densities and electrical potentials occur. In natural ice,
temperatures fluctuate permanently, constantly shifting the phase boundaries. The
brine flows in contracting and expanding tiny channels; the mineral particles and
crystals grow or disappear; condensation effects and energy flows occur due to
freezing or melting processes; and finally, sorting and de-mixing effects of the
various reaction partners dissolved in the brine channels takes place. Under these
processes sea ice grows older in the run of the year, changing its macro- and mi-
croscopic structure without return to the starting point of the first freezing. It was
concluded that laboratory experiments with sea ice should be performed for long
time periods with cyclic temperature fluctuations between −7 ◦C and −24 ◦C, from
an fluid ice slurry to a nearly eutectic state with almost no liquid brine left. Salt
concentration gradients are produced ranging from sweet water to highly concen-
trated brines, where the solubility limits of most salts contained in sea water were
exceeded.

Using an ice reactor in the laboratory under such realistic conditions, we suc-
ceeded in the non-enzymatic synthesis of poly(A) with chain lengths and linkage
fidelities that have hitherto not been achieved.
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Although there is no proof, the synthesis is likely directed by the poly(U) tem-
plate. Monnard et al. (2003) reported the condensation of adenylic imidazolide to
oligo(A) without template in ice. Addition of salt reduced the condensation rate
drastically. It is possible that formation of a primer is the rate-determining step
and occurs preferentially without template. Once a primer of a sufficient length is
produced, it binds strongly to the poly(U), and, taking the results of Monnard et al.
(2003) into consideration, it is unlikely that further elongation takes place without
participation of template.

The incubation time was rather long, about a year. Since no kinetic study has
been made, the required period is not known, but after a reaction time of 3 months
gel electrophoresis after RNase treatment revealed no detectable polymers, while
the gel electrophoresis after 1 year suggests that the poly(U) template has been used
up entirely.

This is a preliminary study which shows that a sea ice reactor is feasible for RNA
replication experiments, but a thorough mechanistic analysis of the reaction in sea
ice is still missing. It seems plausible that temperature fluctuations are important
for the reaction (Trinks et al., 2003), but this has not yet been proven. More work is
in progress, but since the time spans for the observation are rather long, we wanted
to present our results before all details have been determined.

Many different locations on the primitive earth habe been discussed as possible
places for the origin of life. Experimental investigation on natural sea ice and the
successful poly(U)-directed poly(A) synthesis lead us to propose sea ice as a matrix
promoting the evolution of primitive life, be it on this planet or at another suitable
location in space.

4. Materials and Methods

5′-Adenyl (2-methyl)-imidazolide was synthesized as described (Joyce et al., 1984).
Reactions were performed in an ordinary household freezer that was switched

on and off in a 4 h cycles. Temperatures were recorded with a Pt100 resistor. At
the highest temperatures, a large part of the mixture is in liquid state while at the
temperature minimum nearly eutectic conditions are achieved.

For poly(A)-synthesis in the ice reactor, the solution contained in 1 ml:

(1) 35 mg sea salt; 3.3 mg poly(U) (10 µmoles U residues); 4.3 mg 5′-adenyl
(2-methyl)-imidazolide (10 µmoles);

(2) as (1), but in 0.1 M 1-methyl-imidazol-HCl buffer (pH 8.0).

After the reaction, the sample was desalted by exclusion chromatography on
NAPS columns with buffer TM (0.01 Tris.HCl buffer, pH 7.4, 0.1 mM EDTA).
From the absorbance at 260 nm, the masses of the nucleic acids was calculated for
sample 1 to be 7.5 mg, for probe 2 3.8 mg. Thus, the nucleic acid mass in sample 1
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has more than doubled, while the synthesised material in sample 2 was much
less. The poly(U) template was destroyed by digestion with RNase A (2 mg/ml
RNA, 1.5 µg/ml RNase) for 1 h at 37 ◦C. RNase was removed by extracting twice
with water-saturated phenol. Degraded poly(U) was removed by purification with
a NAPS column, which also removes salts and short oligo(A). All reactions were
done in duplicate.

Partial alkaline degradation was done by incubating the poly(A) product in 20%
piperidine for 40 min at 50 ◦C. For extensive degradation, the incubation time was
5 h. Thin layer chromatography was performed on washed PEI-cellulose plates
containing a fluorogen at 260nm and developed with 0.55 M (NH4)2SO4. After
drying, the separation was checked under a UV illuminator.

Capillary zone electrophoresis mass spectrometry (CZE/MS, Esquire300 plus,
Bruker Daltonics): The partially degraded product was separated by capillary zone
electrophoresis in a 50 cm fused silica capillary with a buffer of 100 mM (NH4)2CO3

at 15 kV and mass spectra were recorded in full negative ion scan mode between
50 and 3000 Da.

Matrix-assisted laser desorption ionization time of flight mass spectrometry
(MALDI/TOFMS, Ultraflex-TOF, Bruker Daltonics): The RNA product was em-
bedded in hydroxypicolinic acid in 5 mM ammonium acetate and ionized with a
N2 Laser at 337 nm to record mass spectra in positive ion mode in the range of 1
to 140,000 Da.

Radioactive labeling: 0.7 µg poly(A) product was dephosphorylated with
10 units alkaline phosphatase from shrimp (Roche Biochemicals) for 120 min at
37 ◦C. The phosphatase was destroyed by heating the solution for 15 min at 65 ◦C.
The dephosphorylated RNA was radioactively labeled with 10 pmol ATP containing
5 µCi [γ -32P]-ATP by 10 units T4-polynucleotide kinase for 30 min at 37 ◦C. An
aliquot was loaded onto a 20% polyacrylamide gel (200 mm×800 mm×1 mm) con-
taining 7 M urea in running buffer (50 mM tris, 50 mM boric acid). Electrophoresis
was for 4 h at 3000 V and autoradiography for 1 d at −20 ◦C. The autoradiogram
was scanned and analyzed by densitometry.

Linkage was tested by exhaustive digestion of the poly(A) product with RNase
One (Promega) according to the conditions of the supplier, followed by thin layer
chromatography as described above.
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