
Molecular Complexity Favors the Evolution of Ribopolymers†

Fabiana Ciciriello,‡,§ Giovanna Costanzo,‡,| Samanta Pino,‡,§ Claudia Crestini,‡,⊥ Raffaele Saladino,‡,# and
Ernesto Di Mauro*,‡,§

Dipartimento di Genetica e Biologia Molecolare, UniVersità di Roma “Sapienza”, 00185 Rome, Italy, Istituto di Biologia e
Patologia Molecolari, Consiglio Nazionale delle Ricerche (CNR), Rome 00185, Italy, Dipartimento di Scienze e Tecnologie

Chimiche, UniVersità “Tor Vergata”, Rome 00133, Italy, and Dipartimento ABAC, UniVersità della Tuscia, Viterbo 01100, Italy

ReceiVed October 18, 2007; ReVised Manuscript ReceiVed December 21, 2007

ABSTRACT: We have explored the stability of selected ribo oligomers in water and have determined the
physical-chemical conditions in which the key 3′-phosphoester bond is more stable when embedded in
the polymer than when present in the monomer. In these conditions, the spontaneous formation and the
survival of ribo polymers are potentially favored. A narrow pH range was identified in which complex
sequences resist degradation markedly more than monotonous ones, thus potentially favoring the evolution
of sequence-based genetic information. Given that the founding property of a polymer is to maintain its
polymeric form and its sequence information, these findings support the view that the evolution of pregenetic
molecular information occurred based on intrinsic properties of nucleic polymers.

The first property of a polymer is to maintain its polymeric
form. In prebiotic nonenzymatic polymerizations, the prob-
lem of the standard-state Gibbs free-energy change (∆G°′)
(1) defines a critical thermodynamic scenario: polymerization
processes entailing the release of water are, in water,
thermodynamically forbidden. Alternative possibilities could
have consisted in the dry state, mineral surface-mediated
polymerization and/or in the polymerization in nonaqueous
media. Whatever solution actually took place, the earliest
polymers once formed had at one stage adapted to the
aqueous environment into which they operate at present.
Does an intrinsic property of nucleic polymers exist, allowing
this evolutionary key adaptation?

For an initial understanding of the early steps of these
processes, we have identified one problem and one condition,
focusing on the resistance of nucleic acid phosphoester bonds
to hydrolysis. We have chosen the simplest possible experi-
mental approach: lyophilized polymers were solubilized, and
their fate upon solubilization was analyzed. To bring the
problem under manageable complexity, we asked a mini-
malist question: which are the intrinsic endurance properties
of one nucleic acid (RNA) when brought in solution in one
solvent (water)? These properties were analyzed in a
representative set of simple sequences, in a large range of
pH and temperature conditions, for the appropriate lapses
of time. This experimental setup has interest per se. In

addition, it models the hypothesized passage from a dry
nonaqueous to an aqueous condition.

The purpose of the analysis was to verify whether
properties come about in the polymer, which are not present
in the monomers, providing with kinetic resistance the bonds
that are more sensitive to hydrolysis. If these bonds are more
resistant in the polymer relative to the same bonds in the
monomer, one reason for the very existence of the polymeric
form would be established. Additionally, if complex se-
quences are more resistant than monotonous polymers,
evolution of complexity would have been favored.

Degradation of RNA in water occurs by transesterifi-
cation of phosphodiester bonds, an intensively studied and
well-described process (2–4). Despite the detailed knowl-
edge of RNA transesterifications, we have found that
kinetic aspects of the process were not previously
described, which provide part of the solution to the
unanswered question: how did informational polymers
come to existence?

EXPERIMENTAL PROCEDURES

Adenine, ribose, ribose 5′-monophosphate, adenosine,
adenosine 5′-monophosphate (5′-AMP),1 adenosine 3′-mono-
phosphate (3′-AMP), adenosine 2′-monophosphate (2′-AMP),
adenosine 2′-3′-cyclic monophosphate (2′-3′-cAMP), ad-
enosine 3′-5′-cyclic monophosphate (3′-5′-cAMP), cy-
tosine, cytidine, cytosine 3′-monophosphate (3′-CMP),
cytosine 2′-monophosphate (2′-CMP), and cytosine 5′-
monophosphate (5′-CMP) were from Sigma Aldrich and of
analytical grade.
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RNA. The degradation of RNA was analyzed in water and
in formamide on Poly A24, Poly A12C12, and P1 RNA. Poly
A is a homogeneous stretch of 24 A residues, Poly A12C12

is a stretch of 5′-A12C12-3′ residues. P1 is an oligo with the
sequence 5′-GGAAACGUAUCCUUUGGGAG-3′ (5). They
were all purchased from Dharmacon and provided in the
standard lyophilized form.

Half-LiVes of the 3′-Phosphoester Bond in 3′-AMP. The
half-life of the 3′-phosphoester bond in 3′-AMP and 3′-CMP
was calculated at the pH and temperature conditions indicated
where appropriate and as specified below, following a
procedure detailed in ref 46.

Commercial distilled water was further purified by
tridistillation-deionization with a MilliQ Advantage A10 or
with a Sartorius ARIUM 611 VF apparatus. Pure or 10 mM
Tris-HCl-buffered water were pretreated for 2 h at the
temperature of the assay to be performed, a period of time
sufficient to reach and maintain the temperature-specific pH.
The temperature-stabilized pH values (determined on a
Beckman Ø 40 pH meter) are given throughout.

Samples were resuspended at a 0.025 M final concentration
in water or in the appropriate formamide reaction medium
(usually in 0.5–1.0 mL) and incubated at various tempera-
tures (20, 30, 50, 60, 70, 80, or 90 °C) at the indicated pH
values for the appropriate periods of time. Aliquots (5 µL)
were diluted to a final concentration of 50% formamide in a
final volume of 10 µL and injected into a Supelcosil LC-
18-T 3 µm high-performance liquid chromatography (HPLC)
column (Supelco), 15 cm × 4.6 mm. Elution was performed
at a flow rate of 2 mL/min at room temperature with
methanol/30 mM ammonium phosphate at pH 5.3 (2.5/97.5),
UV 254 nm, on a HPLC Beckman System Gold instrument.
Identification of the peaks was performed by a comparison
to real samples. Several examples of the graphical repre-
sentation of the kinetics of degradation of nucleosides and
nucleotides as determined by this method are in refs 46 and
47. Half-lives were determined by standard graphical
procedures.

RNA Labeling and Handling. RNA 5′ Labeling. A total of
10 µmol of the oligo RNA were labeled with [γ-32P]ATP
using polynucleotide kinase (Roche Applied Science). The
oligo was then purified on a 16% denaturing acrylamide (19:1
acrylamide/bisacrylamide) gel. After elution, the residual
polyacrylamide was removed by a NuncTrap Probe purifica-
tion column (Stratagene). At this point, the RNA, suspended
in 160 µL of STE buffer [100 mM NaCl, 20 mM Tris-HCl
at pH 7.5, and 10 mM ethylenediaminetetraacetic acid
(EDTA)] was precipitated by the addition of glycogen (20
µg in 1 µL of biodistilled sterile water) and 3 volumes of
ethanol, kept overnight at -20 °C, centrifuged (Savant,
20 000 rpm, 10 min, room temperature, and environmental
atmospheric pressure), washed once with 70% ethanol/water,
and centrifuged as above. The pellet was suspended in H2O,
distributed in 15 µL aliquots, immediately frozen, and
conserved at -20 °C. Typically, one aliquot was used for
each experiment and 2 pmol (typically 30 000 cpm) of RNA
was processed for each sample.

Ribo Oligonucleotide Degradation Protocols and Analyses.
5′-Labeled oligonucleotides were treated at the temperature,
time, and solution conditions indicated, where appropriate.
To stop the reactions carried out in water (pH 5.5 at 90 °C),
the sample (typically 15 µL) was diluted and precipitated

with 3 vol of 96% ethanol, 0.3 M sodium acetate final
concentration at pH 7.5, and 20 µg of glycogen. To stop the
reactions carried out in formamide, a solution of 5 × 10-4

M (final concentration) of tetrasodium pyrophosphate (Sigma)
dissolved in water (final pH 7.5) was added to a final volume
of 40 µL. The samples were vortexed for 1 min and then
centrifuged at 13 000 rpm for 20 min. This procedure was
performed twice. The supernatant was ethanol precipitated
as above, resuspended in 5 µL of formamide buffer, heated
for 2 min at 65 °C, and loaded on a 16% denaturing
polyacrylamide gel (19:1 acrylamide/bisacrylamide). For
these methods, see also ref 46.

Half-LiVes of the Bonds in the Ribo Oligonucleotide. For
oligonucleotides, the half-lives of the phosphoester bonds
were determined from the rate of disappearance of the band
representing the intact 20- or 24-mer molecule.

The cleavage of RNA normally requires participation of
the 2′-OH group as an internal nucleophile (6 and refs
therein), by two “nucleophilic cleavage” events: the trans-
esterification and hydrolysis reactions. During the transes-
terification, the 2′-OH nucleophile attacks on tetrahedral
phosphorus, affording a 2′-3′-cyclic monophosphate, which
in turn is hydrolyzed to a mixture of 3′- and 2′-phosphate
monoesters. On the basis of this known mechanism and of
common experimental experience, we assumed that the
cleavage of the 3′-phosphoester bond is largely more
effective that the cleavage of the 5′ one and that, for practical
calculation purposes, the 5′-phosphoester bond is not cleaved.

The half-life of the oligonucleotide was determined with
a standard graphical procedure from plots of the percent
disappearance of the intact full-length molecules, the half-
life value corresponding to the time value at which 50% of
the full-length molecules had disappeared. Given that one
disappearing molecule a priori represents one cleavage, the
half-life of a 3′-phosphoester bond in the ribo oligonucleotide
is given by the half-life of the oligonucleotide × 19 (that is,
the number of 3′-phosphoester bonds in the P1 20-mer) or
× 23 (that is, the number of 3′-phosphoester bonds on the
Poly A24 and Poly A12C12 24-mer oligos), respectively.

RESULTS

We have determined the half-life of the 3′-phosphoester
bond when present in the ribo monomer 3′-AMP or 3′-CMP
(section 1) or in oligonucleotides (section 2), as a function
of the pH and temperature. The results are compared
(section 3).

1. 3′-Phosphoester Bond in 3′-AMP and 3′-CMP. 3′-AMP.
The cleavage rate of the 3′-phosphoester bond of 3′-AMP

was determined by incubation in water at 90 °C at the Tris-
HCl-buffered pH values of 3.37, 3.72, 4.31, 4.98, 5.26, 5.34,
5.60, 5.92, 6.48, 7.21, 7.69, 8.25, 8.57, 8.73, and 9.02. The
treatment lasted up to 92 h, and the products were analyzed
by HPLC at the time intervals indicated in Figure 1
(abscissa). This figure (which shows selected examples of
the larger data set reported in Figure 2) illustrates the
degradation of 3′-AMP (percent, ordinate) as a function of
time (abscissa) and of the pH (indicated in the central upper
part of each panel). The upper panel on the right side
provides the interpretation key. The blue letters indicate the
starting compound; in this case, ribose (R) bound to the base
(B) adenine and to the phosphate (P). The cleavage (arrow)
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of the phosphoester bond (blue) yields the nucleoside (R-B,
red) and the phosphate (black). Black indicates compounds
that are not detected under these analytical conditions. The

cleavage of the glycosidic bond (red) yields adenine (B,
green) and ribose-phosphate (R-P, black). 3′-5′-cAMP is
magenta.

The results show that 3′-AMP in water at 90 °C has a t1/2

∼ 0.3 × 103 min. This value is only marginally pH-
dependent between pH <3.37 and >8.73, as shown in Figure
2A. The degradation of 3′-AMP occurs by cleavage of the
�-glycosidic and/or the 3′-phosphoester bonds. The first
cleavage results in the production of adenine (green), and
the latter results in the production of adenosine (red).

The stability of adenosine was measured separately in a
similar set of analyses (not detailed) showing that in the
whole range of pH values analyzed adenosine was only
marginally degraded. Thus, in the degradation of 3′-AMP
in water at 90 °C, adenine is mostly produced by depurination
of the nucleotide form and not from the adenosine nucleotide
deriving from its dephosphorylation. After depurination, the
phosphoester bond connecting the ribose and phosphate
moieties (which in this analytical setup are not detected) is
cleaved by a well-characterized �-elimination mechanism (7).

Figure 2B shows that 3′-AMP depurination is faster
between pH >3.72 and <4.98.

At pH values higher than 7.21 (Figure 1), little adenine is
formed, showing that in alkaline conditions the �-glycosidic
is protected and that degradation of the nucleotide mostly
occurs by high pH-enhanced dephosphorylation. The increase
of adenine after 48 h is given by the sum of the adenine
formed previously plus the adenine being produced from
adenosine until its consumption. The formation of a discrete
amount of bona fide 3′-5′-cyclic AMP is also observed
(magenta). The corresponding peak in the HPLC profile was
assigned by a comparison to real sample 3′-5′-cAMP, while
2′-AMP, 3′-AMP, and 2′-3′-cAMP eluted in different

FIGURE 1: Degradation kinetics of 3′-AMP as a function of the pH indicated in each panel, HPLC analysis. Blue, nucleotide; red, nucleoside;
green, base. The ribose and ribose-phosphate moieties are not detected in the HPLC analysis and are indicated in black. Also see the text
in section 1. The line connecting the experimental points, here and in the following plots, has no mathematical meaning. It is given only
to facilitate identification.

FIGURE 2: (A) Half-life of 3′-AMP as a function of the pH. The half-
life values (ordinate) were calculated in water, at 90 °C, by HPLC
kinetic analysis as exemplified in Figure 1, at the pH values indicated
(abscissa). (B) Yield of adenosine as a function of the pH, in water, at
90 °C. The amount of adenosine (reported as a percentage of the total
input, ordinate) was calculated from the same analyses reported in
Figure 1 and in A, at the pH values indicated (abscissa).
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positions. This matter is not directly relevant to the scope
of this study and was not analyzed further.

In conclusion, the degradation of 3′-AMP is largely a pH-
independent process between pH ∼3.0 and ∼7.0. In this
range of values, the contribution of depurination is higher
between ∼3.7 and ∼5.0.

The half-life of 3′-AMP was also determined as a function
of the temperature at pH 5.5 in water (Figure 3), showing
its steady temperature-dependent increase.

3′-CMP. The cleavage rates of the 3′-phosphoester bond
of 3′-CMP were determined by a similar set of analyses for
the same range of pH values. The results (Figure 4, selected
examples) showed that the degradation of 3′-CMP is an
essentially pH-independent process and that the cleavage of
the �-glycosidic bond resulting in the production of cytosine
is faster than the cleavage of the 3′-phosphoester bond
yielding cytidine. Despite this kinetic difference, the quan-
titative relevance of the two clevages is roughly equivalent.
Both cytosine and cytidine are stable in these experimental
conditions.

2. Kinetics of RNA Hydrolysis. We performed the simple
test of measuring the kinetics of degradation of a 5′-labeled
RNA in water at various temperatures on the three following
oligos: (i) Poly A24, (ii) Poly A12C12, and (iii) mixed-sequence
oligo P1.

Figures 5A, 6A, and 7A show the degradation profiles of
Poly A24, Poly A12C12, and mixed-sequence oligos, respec-
tively, treated at 90 °C as a function of time. Let us examine
first the qualitative aspects of the hydrolytic reactions.

QualitatiVe Aspects. Poly A24. The pattern of hydrolytic
degradation of Poly A24 at 90 °C (Figure 5A) shows that
the 24-mer was regularly hit by hydrolytic events along its
whole length, as shown by the appearance of the ladder-like
degradation profiles. After about 6 h of permanence of the
RNA in water, degradation started.

The relatively high stability of the Poly A sequence in
aqueous solution is well-established (8–10). The stability of
RNA phosphodiester bonds has repeatedly been associated
with the stacking interactions between adjacent bases (11–13).
Nucleic acid–base stacking is at present an essentially well-
understood phenomenon (14–21). The possibility that the
initial stability of the Poly A oligo toward hydrolysis is a
base-stacking-related effect is discussed below.

The upper panel shows the degradation observed in water
at pH 5.5 (90 °C). The bottom panel shows the disappearance
of full-length molecules of the same oligo at pH 6.2 (90 °C)
(discussed in the following section).

Poly A12C12. The cleavage profile of Poly A12C12 (Figure
6) showed that the bipartite oligo molecule behaved toward
degradation as two separate entities: the C stretch and the A
stretch. The two sequence components did not appreciably
affect each other.

In these experimental conditions (water at pH 5.5 and 90
°C), the C-stretch component was rather unstable, its
degradation already starting during the handling of the sample
(i.e., see the T0 sample, first lane). The intensity of the bands
indicating the cleavage products increased from the top
toward the limit of the C stretch (the 5′-ApC-3′ border)
(Figure 6A). The cleavage pattern depicts the progressively
decreasing size of the homogeneous sequence stretch and is
compatible with both a multiple independent hit kinetics and/
or a cooperative cleavage mechanism. Conformation and
thermodynamic properties of oligocytidylic acids are known
(23). These oligomers possess a single-stranded stacked-base
helical conformation at low temperatures and at neutral or
alkaline pH (23). The standard-state free-energy change
obtained at 0 °C is only about 1 kcal/mol in favor of stacking,
thus allowing reversible formation of an ordered helical
chain, which may easily be disordered at higher temperatures
or at constant temperature under the influence of external
factors.

Two functionally distinct subpopulations of molecules
were observed (Figure 6): one that was very sensitive to
hydrolysis and repeatedly cleaved to its consumption (indi-
cated by the empty arrow in Figure 6A) and the other that
followed a slower kinetics (filled arrow). This behavior is
compatible with the following mechanism: all of the
molecules have similar conformation and accessibility but,
once cleaved by a first-hit event, the hit molecule is rapidly
cleaved to completion. This behavior could be explained by
faster unstacking in the early part of the kinetics in shorter
segments and/or faster processive hydrolysis from the
induced extremities. Despite early reports (23–25) describing
that the loss of the helical structure with an increase in
temperature is not dependent upon chain length, thus
essentially being a noncooperative process, evidence for
cooperative stacking/unstacking effects was later reported
(26). An alternative less likely interpretation of the cleavage
pattern is that the CpC steps become more cleavable as they
get closer to the A stretch because of context effects.
Ascertaining the mechanism(s) responsible for the higher
sensitivity of the CpC steps closer to the A stretch will
require further analyses.

Whichever the mechanism leading to the rapid degradation
of the polyC stretch after initial cleavages, the half-life of
the full-length bicomposite oligo analyzed here is determined
by its first-hit kinetics. This is safely calculated from the
disappearance of the full-length molecules.

In these experimental conditions, the A-stretch component
was more stable. The T0 sample showed no signs of cleavages
in this sequence portion (first lane in Figure 6A). The
degradation pattern of the first time point (T10) showed that
the cleavage kinetics of the two sequence stretches (A stretch
versus C stretch) were largely independent, that the cleavage
of the A stretch was not progressive (in agreement with ref

FIGURE 3: Half-life of 3′-AMP in water at pH 5.5 as a function of
the temperature. The experimental procedure and analysis are the
same as the experiment reported in Figure 1.
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25), and that a “first-hit kinetics” condition applied. Values
of 8 and 10 kcal/mol in favor of stacking were reported (refs
22 and 25, respectively), indicating the higher tendency of
the Poly A sequence to maintain an ordered stacked structure
at least in the early moments of the treatment at 90 °C.

The Poly A12C12 sequence is composed of 11 5′-ApA-3′,
1 5′-ApC-3′, and 11 5′-CpC-3′ steps. The 5′-ApC-3′ step
was cleaved less than both 5′-CpC-3′and 5′-ApA-3′.

Mixed-Sequence RNA. 5′-GGAAACGUAUCCUUUGG-
GAG-3′. This sequence (dubbed “P1”, 5) contains the highly
scissible base step 5′-UpA-3′ and, of the 16 possible
combinations, only 5′-GpC-3′ and 5′-CpA-3′ (the other highly
scissible step) are missing. This sequence was selected to
have the highest possible number of sequence combinations
and only one highly scissible site. The 5′-GpC-3′ step was
not introduced to avoid sequence combinations that would
lead to stable intrastrand structures (not detailed). As it is,
this sequence lacks noticeable stable intrastrand structures,
as determined by the standard Zuker analysis (28). With the
exception of the cleavage of the 5′-UpA-3′ bond (indicated
by an arrow on the left side of Figure 7A), the overall
cleavage profile was rather homogeneous and only a slight
preference was shown for the centrally located cluster of
pyrimidine steps 5′-UpC-3′, 5′-CpC-3′, and 5′-CpU-3′ (Figure
7A).

The double bands appearing in correspondence of cleav-
ages at advanced stages of the degradation process (indicated
on the right side of Figure 7A) are due to successive steps
of the hydrolytic process (4, 29). The cleavage of a
3′-phosphoester bond first results in the production of a
2′-3′-phosphate cyclic extremity (upper band in 5′-labeled
oligomers), followed by the opening of the cyclic bond,
yielding a nonresolved mixture of 2′- and 3′-monophosphate
extremities (lower bands).

Kinetics Aspects. The Hydrolytic Degradation of RNA in
Water Is Preceded by a Lag Period. Figures 5B, 6B, and
7B show the degradation kinetics at 90 °C in water of Poly
A, Poly A12C12, and mixed-sequence P1 oligos, respectively.

The aVerage half-life of the 3′-phosphoester bonds was
calculated (see the Experimental Procedures) on the basis
of the disappearance of the full-length molecules and the
principle that this is a measure of independent first-hit events.
In homogeneous-sequence molecules (as in Poly A24), the
calculated t1/2 value corresponds to the half-life of homog-
enously cleaved (see Figure 5A) 3′-phosphoester bonds. The
degradation kinetics of the Poly A24 oligo at pH 5.5 and 6.2
are shown. The lag period is only observed for pH 5.5.
Despite the relatively small acidity difference, at pH 6.2,
the lag is lost. The explanation of this effect is given in the
following section.

The two sequence blocks composing the Poly A12C12 oligo
were cleaved with different kinetics, faster for the C stretch
and slower for the A stretch (Figure 6A). In this case, the
disappearance of the full-length molecules because of first-
hit events was therefore mostly caused by cleavages of one
of the relatively weaker 5′-CpC-3′ steps.

For the heterogeneous sequence 5′-GGAAACGUAUC-
CUUUGGGAG-3′, the cleavage pattern did not show strong
sequence-related cleavage biases (Figure 7A). Such cleavage
homogeneity is not a priori expected but is a posteriori
justified by the relevance of sequence-context effects (10)
averaging out potential local cleavage differences, as con-
firmed by the inspection of the relatively homogeneous
cleavage pattern (Figure 7A).

The kinetics of disappearance (percent, ordinate) of the
full-length molecules (i.e., the kinetics of first-hit events) as
a function of time (abscissa) at 90 °C shown in Figures 5B,
6B, and 7B revealed a lag of about 6 h before the onset of
rapid degradation. In Figure 5B, consider only the open

FIGURE 4: Degradation kinetics of 3′-CMP as a function of the pH, HPLC analysis. The experimental procedure and legend are the same
as in Figure 1.

2736 Biochemistry, Vol. 47, No. 9, 2008 Ciciriello et al.



symbols. Filled symbols refer to the experiment described
under Irreversibility. During this period, the RNA oligo
polymers remained as intact full-length molecules. Opera-
tionally, the lag period was defined as the period during
which 90% of the molecules remain full-lengthed.

In conclusion, RNA in water at pH 5.5 (90 °C) is resistant
to hydrolysis for a relatively long time, after which it
undergoes rapid degradation. This behavior is largely sequence-
independent.

RNA stability in water at a different pH was also
measured. The kinetics of degradation at pH 6.2 (90 °C) is
shown (Figure 5B, b). Data on the RNA kinetic sensitivity
in a large range of pH values are given below.

IrreVersibility. The lag resistance is not a reversible
phenomenon. This was shown as follows:

(i) An RNA sample (conserved in water at -20 °C) was
defrozen and treated for 6 h at 90 °C and then refrozen at
-20 °C for 12 h. The sample was then reheated at 90 °C,
and the kinetics of hydrolysis was analyzed with the standard
procedure described in the previous paragraph. The results
(Figure 7B, 2) showed that the molecules are in this case
hydrolyzed with a rapid-start kinetics, not undergoing again
to the prehydrolysis lag period.

(ii) A dehydration step was introduced in a variant of this
assay. After the 6 h treatment at 90 °C, RNA was ethanol-
precipitated, then frozen, and treated as in (i). Also, in this
case, the prehydrolysis lag was not observed.

Hysteresis effects in RNA conformation have been previ-
ously observed, and their basis was analyzed (30, 31). RNA
meta-stability is based on acquired structures, from base
stacking to complex foldings. In sequences that do not fold,
as in our case, persistence of base stacking might contribute
to stability for a certain period of time. However, the
experiments described showed that stability, once lost, was
not re-attained. This is only explained by a persistent,
conceivably covalent modification (see below).

cis Versus trans. The possibility was verified that the
observed bipartite kinetics, consisting of a lag followed by
a rapid transition to hydrolysis, could be due to trans-acting
effects, as slow accumulation of degradation products up to
a threshold level, or concentration-dependent effects. These

FIGURE 5: Kinetics of degradation of Poly A24 in water at pH 5.5
and 6.2 and 90 °C. (A) 5′-Labeled oligo was treated (see the
Experimental Procedures) for the period of time indicated on top
of each lane (in hours) and analyzed in 16% acrylamide gel
electrophoresis. After a lag period lasting for the first 6 h, rapid
degradation started (see points at 7 and 8 h). Samples at 9 and
10 h were more than 90% degraded. The upper panel shows both
the full-length molecules and the degradation ladder of the sample
treated in water at pH 5.5. The lower panel shows only the full-
length molecules of the sample treated in water at pH 6.2. (B)
Quantitative analysis of the degradation of the full-length molecules
reported in A. The molecules remaining intact are given as a
percentage (ordinate) of the band present at each time point
(abscissa) relative to the zero time control (C). O, pH 5.5; b, pH
6.2 (average of two experiments, with error bars).

FIGURE 6: Kinetics of degradation of Poly A12C12 in water at pH
5.5 and 90 °C. The experimental procedure and representation are
the same as the Poly A24 analysis reported in Figure 5. The C12
and A12 moieties of the oligo are indicated (left, upper panel). A is
split in two parts because the series of samples was analyzed in
two parallel gels. The data points in B are taken from the experiment
shown in A and from other similar experiments (not shown).
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possibilities were verified and discarded by the following
experiments (not shown): (i) unlabeled P1 oligo was reacted
in water at 90 °C for 1 min, 4 h, or 20 h and then added to
a freshly dissolved 5′-labeled P1 sample. The kinetics of
hydrolysis was then analyzed as usual (i.e., as in Figure 7).
No modification of the degradation kinetics was observed.
(ii) The same was repeated in the presence of unlabeled P1
oligo at 1×, 10×, and 50× concentration. Also, in this case,
no modification of the degradation kinetics was occurred.
Thus, the bipartite kinetics is caused by a cis-acting property.

pH. The analysis of the pH dependence of RNA stability
was performed by measuring the residual amount of the full-
length molecules (percent, ordinate) after 4 h in water at 90
°C at the indicated pH (abscissa) for Poly A24 (Figure 8A),
Poly A12 C12 (Figure 8B), and P1 (Figure 8C). Figure 8D
compares the three profiles. The legend “depurination” in A

refers to the data from Figure 2B). The two gel profiles in B
show the cleavage pattern observed at the correspondingly
arrowed pH values.

In conclusion, a well-defined sharp dependence of the
RNA oligo stability on pH was observed, which varied as a
function of the sequence composition.

3. Half-Life of the 3′-Phosphoester Bond: Monomers
Versus Polymers. Temperature Effects. The kinetics of
hydrolysis in water was analyzed in detail as a function of
the temperature in the mixed-sequence P1 oligo at 20, 30,
40, 50, 60, 70, 80, and 90 °C. The half-life values of the P1
RNA, calculated as described for the experiments reported
in Figures 5-7, are shown for the whole range of temper-
atures in Figure 9. The figure compares the half-life of the
3′-phosphoester bond in the 3′-AMP monomer (9, data from
Figure 3) with the half-life of the same bond in the P1 oligo
(b). The error bar for the 80 °C temperature point is the
average of six measurements, and the error bar for the 90
°C temperature point is the average of four measurements.
All of the other points were measured once. The open dots
indicate the duration of the lag period at each temperature.
The comparison shows that at lower temperatures (up to 50
°C) the 3′-phosphoester bond was more stable in the
monomer, while above 60 °C, the stability of this bond was
markedly higher when embedded in the polymer. As evident,
the difference is largely due to the lag period preceding the
onset of hydrolytic degradation.

Stability of the 3′-Phosphoester Bond in Formamide. The
half-lives of the 3′-phosphoester bond in the Poly A24, Poly
A12C12, and P1 oligos were determined in 100% formamide.
The degradation reactions (not shown) strictly followed first-
order kinetics, with no hints of lag periods. The calculated
half-lives in formamide are Poly A24 ) 2.7 × 103 min, Poly
A12C12 ) 5.5 × 103 min, and P1 ) 7.7 × 103 min. The
order of increasing resistance is Poly A24 < Poly A12C12 <
P1. The sensitivity of nucleic bases in formamide at high
temperature was determined (32, 33). The order of increasing
resistance is G g A > C . T, with G being degraded in
minutes, while pyrimidines are largely more resistant. After
base degradation, the phosphodiester chain is cleaved by a
�-elimination mechanism (7). The same order of increasing
resistance was respected in the oligos analyzed here: the
polypurine Poly A24 is cleaved faster that purine-pyrimidine
Poly A12C12, while the mixed sequence is the most resistant.
The half-life of the same bond was also determined at various
water/formamide ratios at the temperatures of 20, 30, 50,
60, 70, 80, or 90 °C. The data are reported in Figure 10.
The cleavage mechanism of the 3′-phosphoester bond in
formamide is described in ref 46.

Figure 10 compares the half-lives in formamide of the 3′-
phosphoester bond in the monomer (black and white
symbols) and in the three oligomers (colored symbols)
analyzed at 90 °C. Also, in the nonaqueous medium, the
bonds are more and sequence-selectively resistant in the
polymers than in the monomers.

DISCUSSION

The root of the “RNA world” boils down to the origin of
RNA as an informational polymer. This origin is not
understood.

It is not known how the nucleic bases were made available
in sufficient concentrations and in acceptably equilibrated

FIGURE 7: Kinetics of degradation of P1 in water at pH 5.5 and 90
°C. The experimental procedure and representation are the same
as the Poly A24 analysis reported in Figure 5. A is split in two
parts because the series of samples was analyzed in two parallel
gels, and only the relevant nonrepetitive parts of the analysis are
shown. The arrow (left) points to the 5′-UpA-3′ labile step. The
bands representing the 2′-3′-cyclic phosphate and the 2′ or 3′
free phosphate extremities are indicated (right, bottom). (B) 4, the
quantitative evaluation of the full-length molecules relative to the
zero-time control; 2, the kinetics of degradation of P1 in water
after pretreatment (6 h) at 90 °C followed by freeze and thaw (see
the text in Irreversibility).
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pools nor how they chemically evolved into nucleosides nor
which activation mechanism allowed the monomeric units
to polymerize in a process that in a pre-enzymatic world
would have necessarily been spontaneous and self-sustaining.
It is not known whether this phrasing of the problem only
corresponds to an a posteriori logic and other different
mechanisms played a kick-starting role. Among these

alternative mechanisms: the role of mineral surface-based
syntheses (34–37) or the possibility that RNA and/or RNA-
like molecules evolved from simpler polymeric forms (38–40).

It is not known whether evolutionary space was explored
by molecules replicating in aqueous surroundings or if
replication/evolution was only made possible for molecules

FIGURE 8: Stability of RNA as a function of pH. Each data point shows the percentage of full-length molecules (ordinate) after 4 h at 90
°C in Tris-HCl-buffered water at the indicated pH (abscissa). (A) Poly A24, (B) Poly A12C12, and (C) mixed-sequence P1. In B, two gel
profiles are shown resulting from treatment at the pH values indicated by the corresponding arrows. D shows the comparison of the pH-
dependent stabilities of Poly A24, Poly A12C 12, and P1 oligos reported in A-C, respectively.

FIGURE 9: Stability of the 3′-phosphoester bond when present in
3′-AMP (9, data from Figure 3) and in the oligomer P1 (b). In the
oligomer data set, each point represents the half-life (ordinate)
calculated in degradation analyses similar to those represented in
Figures 5-7, performed at the indicated temperature (abscissa).
Open dots indicate the duration of the lag period at the specified
temperature (see the text).

FIGURE 10: Stability of the 3′-phosphoester bond when present in
3′-AMP (black and white symbols) in formamide/water solutions.
The formamide/water percent composition of the various solutions
analyzed is specified in the upper right corner. The average half-
lives of the 3′-phosphoester bond in the three oligomers studied
(data described in the text of section 3) are shown by the colored
symbols (as specified in the lower left corner).
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encompassed in confined microenvironments providing
favored thermodynamic niches.

Nevertheless, one point is uncontroversial: the basic
requirement of the first molecules was to survive for a period
long enough to allow for their reproduction and, hence, their
evolution. The founding phenotype of the pregenetic mol-
ecules was stability. Limiting for simplicity our analysis to
RNA as we know it and to the solvent as water, we asked
the question: does RNA have properties that favor its stability
in water and that at the same time determine/favor sequence-
related evolutionary effects? In considering the conditions
in which pregenetic polymers could spontaneously polymer-
ize, replicate, and evolve, stability of the polymeric form is
of major concern.

We have shown that the stability of 3′ mononucleotides
in water decreases with an increasing temperature according
to a linear function (Figure 3). Degradation of the 3′
mononucleotide is due to both the primary cleavage of the
3′-phosphoester bond and the cleavage of the �-glycosidic
bond (followed by �-elimination) (7), eventually leading to
complete degradation of the nucleotide (Figure 1). Between
pH 3.5 and 8.7, the overall half-life of the 3′-phosphoester
bond (as resulting from the sum of the two degradative
reactions) was observed to be largely pH-independent (Figure
2A). Depurination was prominent between pH 3.7 and 5.0
(Figure 2B).

The half-life of the 3′-phosphoester bond in oligonucle-
otides was on the contrary markedly pH- and sequence-
dependent (Figure 8), and its decrease as a function of the
temperature was not linear (Figure 9). A direct comparison
of the half-lives of the 3′-phosphoester bond in the monomer
with that of the same bond embedded in the polymer revealed
that a large area of enhanced resistance to hydrolysis exists,
favoring the polymer bond at temperatures higher than 60
°C (Figure 9). The increased stability of the polymer lasted
at 90 °C for 5–6 h. During this period, the polymer was not
attacked but prepared for the onset of rapid hydrolysis
(Figures 5-7). We discuss below the possibility that these
properties favor at the same time the polymeric over the
monomeric state and the evolution of sequence complexity.

Factors Affecting the CleaVage. Stacking and Hydrogen
Bonding. Factors that enhance transesterification have been
studied extensively, and the effect of the base sequence on
thereactivityofphosphodiesterbondshasbeendetermined(2,10,14).
The effect of base composition on the stability of RNA
phosphodiester bonds has been frequently attributed to
stacking interactions between the adjacent nucleic acid
bases (11–13).

A conformational explanation for this effect was indicated
(13) consisting of the fact that strong stacking hinders the
cleavage of the intervening phosphodiester bond by prevent-
ing the attacking 2′-OH, the phosphorus atom, and the
departing 5′ oxygen to adopt the colinear conformation
necessary for efficient transesterification (as reviewed in ref
3). However, an inverse correlation trend of the reactivity
of phosphodiester bonds with the stacking free-energy
profiles for all of the 16 natural ribonucleoside monophos-
phates in aqueous solution (14) was not observed (10). The
evidence for the importance of a local stacking interaction
among neighboring bases in determining the reactivity
(mostly on the basis of dinucleotides data 10) is contradic-
tory. Stacking farther in the molecule was suggested as a

majordeterminantoftheoverallstructureoftheoligomers(11–13)
based on the fact that the reactivity is not particularly
sensitive to the nearest neighborhood of the scissile bond.
The hydrogen-bonding network related to the hydration
pattern was indicated as the effector of this sequence context
effect (10, 12, 41). A particularly telling example of sequence
context is that of the 5′-UpA-3′ phosphodiester bond (10),
which as such is not significantly less stable than the other
phosphodiester bonds but whose reactivity is strongly af-
fected by surrounding sequences. Other similar effects were
also described (ibidem).

It was concluded (10) that the reactivity of phosphodiester
bonds within RNA oligonucleotides having no defined
secondary structure is strongly dependent upon the base
sequence of the substrate only at low temperatures, whereas
no such differences are observed with dinucleotide mono-
phosphates or tetrameric oligonucleotides. The reason for
the marked sensitivity of the cleavage of phosphodiester
bonds to the base sequence was attributed to the fact that
the oligonucleotide chain may adopt a structure, stabilized
by intramolecular interactions, such as base stacking or
hydrogen bonding, that either facilitates or retards transes-
terification. Base stacking is known to stabilize the A-form
helicalconformationofsingle-strandedoligonucleotides(42–44).
As for the cytosines, in a cleavage analysis of cytosine-rich
sequences, it was reported that, consistent with the known
self-stacking tendency of the cytosine bases (44), the
component of the C-rich stretches stack upon each other,
which forces the scissile phosphodiester bond in an unfavor-
able conformation. However, no or a very small free-energy
barrier was observed for the unstacking of the py-py
ribodinucleoside monophosphates (14).

The oligonucleotides that exhibit rate retardations in all
likelihood adopt, because of base stacking and hydrogen
bonding, a structure that hinders the free rotation of the
phosphodiester bond and hence the reaction by an in-line
mechanism (10).

However, the data discussed below indicate that it is
unlikely that stacking and hydrogen bonding confer the
essentially complete resistance at 90 °C observed to last for
more than 5 h.

Temperature Effects. The stacking–unstacking process was
shown to be very temperature-dependent, and the transition
barrier was found to be lower at higher temperatures (20).
A free-energy landscape, which describes the stacking–un-
stacking process of a ribotrinucleoside diphosphate has been
calculated (21). Consistent with these data, the formation of
a semistable ordered structure in oligonucleotides is lost at
high temperature, a condition in which the base-stacking
sequence-related reactivity differences almost completely
disappear (10). At 90 °C, the cleavage rate becomes almost
independent of the base sequence.

Lag Period and pH Effect. The kinetics of degradation of
the three oligos tested is peculiar: a lag period, which is
similar for the three sequences analyzed, during which the
RNA backbone length does not change, followed by rapid
degradation. The lag lasts for several hours at 90 °C and is
lost at pH <4 and >6. Given the inconsistency of the
occurrence of first-hit events at 90 °C after several hours
being due to the persistence of a protective stacked confor-
mation, no definitive explanation for this effect can be
provided at present. However, the existence and character-
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istics of the lag period can be interpreted mechanistically
by the following default reasoning: the kinetics and mech-
anisms for the cleavage and isomerization of the phospho-
ester bonds of RNA by Brønsted acids and bases were
thoroughly analyzed and reviewed (45). The pH-rate profiles
for transesterifications have been determined over a wide
range of acidity, extending from concentrated acid solutions
to concentrated aqueous alkalines. Under neutral or alkaline
pH conditions, the dominant pathway for RNA degradation
is an internal phosphoester transfer reaction that is promoted
by specific base catalysis (11). In most instances, the
identities of the nucleotide bases that flank the target RNA
linkage have a negligible effect on the pKa of the nucleophilic
2′-hydroxyl group and only have a minor effect on the
maximal rate constant for the transesterification reaction (as
reviewed in ref 11). Alkaline conditions favor specific base
catalysis, in which the 2′-hydroxyl group is deprotonated by
hydroxide to generate the more nucleophilic 2′-oxyanion
group. The ensuing reaction is the primary pathway for the
uncatalyzed degradation of RNA under typical cellular
conditions (6).

Facile transesterification also occurs under strong acid
conditions (45). With reaction conditions below pH 6,
specific base catalysis becomes a minor mechanism relative
to the competing mechanism of specific acid catalysis for
RNA transesterification (45).

A bell-shaped pH-rate profile was reported, with the
minimum reactivity centering at pH 5 (45). This shape was
interpreted to indicate the involvement of four kinetically
distinct terms in the cleavage reaction, with the monoanionic
phosphodiester being largely predominant at pH 4-6. As
pointed out (11), around these pH values, both specific base
and specific acid catalyses are near a minimum (45) and
cleavage by a depurination/�-elimination mechanism (7)
becomes increasingly significant.

One is therefore left with a chemical environment encom-
passed between pH 4 and 6, in which the onset or the absence
of depurination or of other reactions leading to base
degradation or removal become relevant. In our experimental
setup at 90 °C, depurination of 3′-AMP levels off after 0.3
× 103 min (Figure 1), being more prominent between pH
3.37 and 5.24 (Figure 2B). The loss of the pyrimidine base
cytosine or the corresponding nucleoside cytidine from 3′-
CMP (Figure 4) is not pH-dependent and occurs in ∼1 ×
103 min.

The average duration of the lag period (Figures 5-67)
corresponds to the time required for depurination and
depyrimidination (Figures 1 and 4). �-Elimination follows.
Thus, by default, a limited area of pH values is left, in which
neither specific base nor specific acid catalysis occur and
the RNA backbone resists degradation. On the acidic side,
above pH 3.37 and below pH 5.24, depurination further limits
pure purine RNA stability, as seen in Poly A24 (Figure 8A).

A pH-determined niche is thus defined, in which RNA
stability strictly depends upon its sequence.

CONCLUSIONS

At the molecular level, in a prebiotic acellular context,
the founding phenotype of the developing system of infor-
mational molecules is stability. Along with the ability to
reproduce, selection necessarily favored molecules able to

keep, for a longer time, their macromolecular information.
On the basis of this assumption, we have analyzed the
stability of ribo oligomers and compared it to that of the
constituent monomers. The results showed that, at well-
defined pH and temperature conditions, polymers are favored.
We hypothesize that this property conferred to the polymer
a sufficient Darwinian edge over its constituent monomers
not only to allow for its very survival in the polymeric form
but also to provide a phenotype for evolution. The complex
sequence resists more, in terms of time and in wider
environmental conditions, thus being favored.
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