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Abstract

The “RNA world” hypothesis proposes that early in the evolution of life, RNA was
responsible both for the storage and transfer of genetic information and for the catalysis of
biochemical reactions. One of the problems of the hypothesis is that RNA is known to be
temperature sensitive. Nevertheless, different types of sequences with a thermostable
phenotype may exist. In order to test this possibility, we applied an in vitro evolution method
(SELEX) to isolate RNA molecules that are resistant at high temperatures (80 °C for 65 h)
and high salt concentrations (2 M NaCl). The sequences of the resulting cloned halo-
thermophilic RNAs can be grouped in two families (I and II) possessing very different
thermal and chemical stabilities and very different secondary structures. The selected RNA
molecules illustrate two different possibilities leading to thermal resistance which may be
related to primitive conditions. We propose that members of family I constitute a good means
of storing sequence information while members of family II are less efficient but replicate
faster in early steps of the SELEX. These selected RNA behaviors may be related to primitive
conditions and could allow to define limits for survival, and demonstrate that what is at stake

for RNA molecules, as for living organisms, is survival and reproduction.



1. Introduction

An important issue in the problem of the origins of life is whether or not an RNA world
may be compatible with extreme primordial conditions. This scenario of evolution postulates
that an ancestral molecular world is common to all present forms of life; the functional
properties of nucleic acids and proteins as we see them today would have been carried out by
molecules of ribonucleic acids. RNAs occupy a pivotal role in the cell metabolism of all
living organisms and several biochemical observations resulting from the study of
contemporary metabolism should be stressed. For example, throughout its life cycle, the cell
produces deoxyribonucleotides required for the synthesis of DNA that derive from
ribonucleotides. Thymine, a base specific of DNA, is obtained by transformation
(methylation) of uracil, a base specific of RNA, and RNAs serve as obligatory primers during
DNA synthesis. Furthermore, the current characterization of catalytic RNA molecules
strengthens the RNA world hypothesis (Gilbert, 1986; Gesteland et al., 1999; Joyce, 2002)
and is an additional argument in favor of the presence during evolution of RNAs before DNA.

Several investigations have corroborated the possible role of RNA in early life (Woese,
1967; Crick, 1968; Orgel, 1968), including data on template-directed synthesis of
macromolecules (Joyce and Orgel, 1999), oligomerisation on mineral surfaces (Ferris et al.,
1996), and possible transitions from an alternative genetic system to RNA (Schmidt et al.,
1997; Kozlov et al., 1999; Chaput et al., 2003). DNA has been considered as modified RNA,
better suited for the conservation of genetic information. This genetic privilege would
constitute a logical step in an evolutionary process during which other molecules could have
preceded RNA and transmitted genetic information.

From a fundamental point of view, it is interesting to study the behavior of nucleic acids

under extreme conditions (Tobé et al., 2005). It is generally assumed that the upper



macromolecules against thermal degradation allowing their activity to be maintained. In order
to learn more about the biochemical properties of RNA molecules, we studied the stability of
such molecules selected in vitro at high temperatures in the presence of salt using the SELEX
(systematic evolution of ligands by exponential enrichment) method (Tuerk and Gold, 1990).
Our results, which brought to light two families of thermal resistant RNA molecules could

also be useful in the search for traces of life in ancient sediments and in planetary exploration.

2. Materials and Methods

2.1. Preparation of the starting RNA pool

Single-stranded DNA template and primers (Marshall and Ellington, 2000; Meli et al.,

2002, 2003) were chemically synthesized (Proligo and MWG-Biotech). The sequence of the
forward primer 1 (P1) 1s 5° -
GGTAATACGACTCACTATAGGGAGATACCAGCTTATTCAATT-3’
(T7 promoter sequence in bold), and of the reverse primer 2 (P2) is 5’-
AGATTGCACTTACTATCT-3’. The 86 nt-long template (T) 5°-
ATACCAGCTTATTCAATT-(N)s,-AGATAGTAAGTGCAATCT-3’ consists in a 50 nt-long
random sequence where N stands for any nucleotide, flanked by two constant regions of 18 nt
each for PCR amplification.

A 2 ml PCR (Invitrogen) reaction mixture containing 1 uM of each primer P1 and P2,
0.085 uM template T (10" random molecules), 0.2 mM dNTPs, 20 mM Tris-HCI pH 8.4, 1.5
mM MgCl,, 50 mM KCl, and 0.025 u/ul of Tag DNA polymerase, was treated using the

following cycling parameters: denaturation at 94 °C for 30 s, annealing at 40 °C for 2 min and












reaction, mixture as above). Products of amplification were analyzed on polyacrylamide10%
(19/1) native gel electrophoresis, stained with ethidium bromide. and quantified using the

NIH image software.

3. Results

3.1. Isolation of selected thermoresistant RNA molecules

The selection began with a large population of RNA (10" diversity) produced by
transcription of a 50 nucleotide (nt)-long random sequence flanked by two constant sequences
(23 and 18 nt) required for primer binding in the SELEX method. This yielded an RNA pool
of 5’-GGGAGAUACCAGCUUAUUCAAUU-(N);,-rAGAUAGUAAGUGCAAUCU-3".

The molecules were heated to 80 °C for 65 h in the presence of 2 M NaCl. Most were
degraded in the first cycles, whereas unheated RNA molecules produced a single intense
band. After 10 to 11 cycles, analysis of the heated RNA by native agarose gel electrophoresis
still presented a smear of degraded molecules (Fig. 1). In selection cycles 12 and 13, the
intensity of the smear moved towards the region of undegraded material, and became a
“single” intense band migrating near the unheated sample as of the 14" cycle. This last step

was judged appropriate for cloning of the RNA species contained in the resistant material.

3.2. Cloning and sequencing show two different families

The RNA from the 14™ cycle was cloned as indicated in section 2.4. Sequencing of 50

plasmids revealed 30 different sequences. Multiple sequence alignments and an unrooted






The basic secondary structures obtained above by inspection of the sequences is detailed
by thermodynamical modeling (RNA mfold) in 1 M NaCl (Fig. 3A). It suggests for members
of family I two probable stems, 1 and 2, at 80 °C, and for members of family II a highly
unpaired structure with three short stems at 65 °C. We observed that experimental melting
curves of two representative members are close at 1 M and 2 M NaCl. At 37 °C and at 80 °C,
modeling of members of family I reproduces essentially the same very long stem structure at
the 5° end of each RNA, with few internal loops and bulges; it is built in part from a region of
primer P1 and of a matching sequence present in the variable region (not shown). In addition,
a small stem (stem 2) partly formed with the transcribed reverse primer P2 is present at the 3’
end.

Half of the RNAs belonging to family I, (T46, T45, T36, T24, T26, and T21) are very
stable and retain their complete secondary structure at 80 °C. Among the other RNAs of
family I, pairings at 80 °C are disrupted essentially in stem 2 in T52, T18, T13 and T28 but
also locally in stem 1 where an internal bulge arises in T42, T37, T10 and T8. In T39 a few
punctual unpaired nucleotides appear at weak points.

Among the selected RNAs, those of family I with long double-stranded regions have the
most stable secondary structures. In T24 taken as a model for subsequent studies, it is
remarkable that to pair the seven G of the constant sequences in stems 1 and 2 (29 and 6 nt
long respectively), six C and one U were selected in the variable region, indicating a
preference for the more thermostable base pair (G.C rather than G.U). Likewise, to pair seven
U of the same regions, five G and two A were selected, indicating a clear preference for G. In
the remaining upper part of stem 1, (GGGCCGUU).(GACGGUUC), in which both strands are

from the random region, seven out of eight base pairs (bp) contain a G (Fig. 3A).



Thermodynamic parameters have been reported and tested for RNA hairpin formation
(Dale et al., 2000; Proctor et al., 2002; Vecenie and Serra, 2004). The sequence of the 5’ loops
of members of subgroup B are UUU(G or U) (C or U). They may be a variant of a tetraloop
motif with a one-nucleotide addition (Varani, 1995). The tridimensional structures of UUCG
tetraloops are well characterized (Santini et al., 2003) but the structure of pentaloops have not
been solved.

At 37 °C, members of family II form variable complex structures with various short stems,
loops and bulges (not shown). Modeling at 80 °C indicates that increasing the temperature
eliminates most of the secondary structures, leaving only a small stable hairpin near the 5’ end
of the molecule with a stem of 7 bp (red) and a highly conserved loop of 7 bases (black). Only
T6 features a point mutation in this loop. Thus the loop with the sequence CA(C or U)CUCA
may adopt an unusual stable 3D structure. Family II can be considered as composed of a
population of RNAs with a short secondary structure (red) resistant up to 80 °C, and with no
known large stable secondary conformation, but with a remarkably well conserved sequence.
Modeling at 65 °C of T25 used as representative of family II, however suggests a second
stable hairpin with a seven base pair stem (highlighted in yellow) with a C, U mismatch, and a

6 nt loop (Fig. 3A).

3.4. Thermal melting

The results of melting studies of two representative clone sequences at low and high salt
concentrations (Fig. 4) are summarized in Table 2. Melting of T24, in buffer without NaCl,
displays a small amplitude sigmoidal curve between 20 and 45 °C with an inflection point
(Tm 1) at 35 °C, followed by a large amplitude and sharp sigmoidal curve between 45 and 60

°C with an inflection point (Tm 2) at 54 °C. The curve reaches a plateau at 65 °C. The
























for the representativenembersT24 and T25 of families| andll respectivelyareshownwith
differentcolors.T24 presentshe mostextensiveregionof stablesecondarnstructureat 80 jC
in 1 M NaCl (red and red-yellow). Inset*: estimatedsize of the 50fragment.Bars with
asteriskandicatesitesof presumedleavagesT25 is shownascomposedf a group of the
most stablesecondarystructurespredictedby mfold at 65 jC in 1 M NaCl (red and red-
yellow). Other possiblepairings appearingat 37 jC are shown in blue and green.(B)
Denaturinggel electrophoresi®f T24 and T25. The thermoresistance degradatiorafter
heatingto 80 jC for 0 or 65 h in 2 M NaCl wasevaluatedoy analysingthe integrity of the
clonedRNAs. After migrationthe productswere quantifiedusingthe NIH imagesoftware.
T24 produceddiscretebandsof about85, 79, 76, 72 and 66 nt (asteriskswhich correspond

essentially to degradation of stem 2; T25 appeared highly degraded forming a long smear.

Figure 4. Thermalmelting study by UV absorbanceMelting of T24 and T25 RNA were
followed by UV absorbancat 260 nm asa functionof temperatureStructuralstabilizationby
saltwasstudiedby addingNaCl from 0 to 2 M to the buffer (10 mM sodiumcacodylatepH
7.0). Resultsare expressedas % of hyperchromicity,resulting from unfolding, as the

temperature was increased from 20 to 95 jC.

Figure5. Thermal melting studywith CD. Influenceof the tenperaturefrom 20to 80 {C on
the CD spectra(ellipticity measurementsindeg) of T24 and T25 RNA in high salt
concentrationconditions:2 M NaCl, 2 mM sodium cacodylatepH 7.0, 0.1 mM EDTA.

Wavelength is in the range 210 to 330 nm.
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Figure 6. Native gel electrophoresis of isolated RNAs. After cloning, isolated RNAs of each
family were checked for their resistance at time 0 and after 65 h at 80 °C in the presence of 2

M NacCl.

Figure 7. Kinetic degradation profiles of T24 and of RNA initial population. The degradation
profiles were followed by denaturing gel electrophoresis. (A) The initial RNA population and
T24 were heated at 80 °C in the presence of 2 M NaCl from O to 65 h. The resistant material
appearing in the gel was quantified as a function of time (NIH image software). The T24
resistant molecules were either undegraded or partly degraded leaving an undegraded core of
about 66 nt. As visible in Fig. 3A (labelled with asterisks and bars), subfragments of about 85,
79, 76, 72 and 66 nt were produced. (B) Enrichment stability was evaluated by comparing the

initial degradation rates (vi) of the initial population (O) and of T24 ({)).

Figure 8. Efficiency of DNA production of T25 and T24 in the RT-PCR reaction. This study
was performed as a function of initial RNA concentration (0.5 10"',0.5 10", 0.5 10"°and 0.5
10" M) used in the RT step. (A) After amplification by PCR, products were analyzed by
electrophoresis on polyacrylamide10% native gel (lanes I, T24 and lanes 11, T25); sets of RT-
PCR with primers and without RNA template were run as nonproductive T24, T25 DNA
controls (lanes P); DNA ladders Rf1 and Rf2 are from Fermentas and Promega; gels were
stained with ethidium bromide. (B) Histograms of T24 and T25 DNA produced for several
PCR cycles. Quantification was obtained with the NIH software as pic area from band

scannings.
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