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Abstract The temperature dependence of the rate constants for the formation of
oligocytidylate (oligo(C)) from the 5′-monophosphorimidazolide of cytidine (ImpC) in
the presence of Pb(II) ion catalyst has been investigated at 10–75°C. The rate constants for
the formation of oligo(C) increased in the order of the formation of 2-mer<3-mer≤4-mer;
this trend resembles the trend in the cases of the template-directed and the clay-catalyzed
formations of oligonucleotides. While the rate constants of the formation of oligo(C)
increased with increasing temperature, the yield of oligo(C) decreased with increasing
temperature. This is due to the fact that the relative magnitude of the rate constants of the
formation of 2-mer, 3-mer, and 4-mer to that of the hydrolysis of ImpC decreased with
increasing temperature. This is probably due to the fact that association between ImpC with
the elongating oligo(C) decreases with increasing temperature. The apparent activation
energy was 61.9±8.5 kJ mol−1 for the formation of 2-mer, 49.3±2.9 kJ mol−1 for 3-mer,
51.8 kJ mol−1 for 4-mer, and 66.8±4.5 kJ mol−1 for the hydrolysis of ImpC. The
significance of the temperature dependence of the formation rate constants of the model
prebiotic formation of RNA is discussed.
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Introduction

The RNA world hypothesis is generally accepted (Gilbert 1986; Cech 1986; Ellington and
Szostak 1990; Gesteland and Atkins 1993). Experimental attempts have been made to study
the non-enzymatic oligomerization of ribonucleotides to model the possible origins of an
RNAworld (Lohrmann and Orgel 1980; Inoue and Orgel 1982, 1983; Sawai 1976; Sawai et
al. 1981, 1989, 1992; Sawai and Ohno 1985; Ertem and Ferris 1996; Ferris and Ertem
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1992a,b; Ferris et al. 1996). However, the hypothesis that life originated under
hydrothermal vent environments (the hydrothermal origin of life hypothesis) (Holm 1992;
Holm and Andersson 1995; Imai et al. 1999) appears to be inconsistent with the RNAworld
hypothesis. The hydrothermal origin of life hypothesis was proposed based on the existence
of thermophilic organisms (Corliss et al. 1981; Baross and Hoffman 1985; Nisbet 1986)
and phylogenetic analysis of present organisms. The last common ancestor (LCA) is
considered by many to have been a thermophilic organism (Pace 1991; Oshima 1994;
Forterre 1995); however, this is widely disputed (Miller and Bada 1988; Galtier et al. 1999;
Miyakawa et al. 2002a,b). In addition, it is difficult to determine the temperature at which
life originated. The temperature of the primitive ocean in which life originated remains
speculative (Walker 1985; Karhu and Epstein 1986; Kasting and Ackerman 1986).

A few investigations concerning the degradation of RNA and its precursors have been
conducted from the standpoint of the hydrothermal origin of life (White 1984; Miller and
Lazcano 1995; Larralde et al. 1995; Kawamura et al. 1997; Levy and Miller 1998;
Kawamura 1998, 2000, 2003a,b). According to these empirical data, it is considered that
RNA molecules are too labile under hydrothermal vent conditions for these two hypotheses
to be compatible (Kawamura 2004, 2005). Furthermore, biologically important weak
interactions such as hydrophobic interactions and hydrogen bonding are weaker at higher
temperatures (Kawamura 2005). However, it should be noted that the accumulation
behavior of RNA in an open system is kinetically controlled by both the formation and
decomposition rates of RNA (Kawamura 2000, 2003a,b). If the formation rate of RNA is
greater than the degradation rate, the accumulation of RNA molecules would be kinetically
possible even at high temperatures.

There have been a number of successful studies of the condensation of activated
nucleotides to form RNA oligonucleotides in the presence of RNA templates (TD reaction)
(Inoue and Orgel 1982, 1983; Joyce et al. 1984), and in the presence of metal ion (Sawai
1976; Sawai et al. 1981, 1989, 1992; Sawai and Ohno 1985) or clay mineral catalyst (CL
reaction) (Ferris and Ertem 1992a,b; Ertem and Ferris 1996). In addition, kinetic analysis of
these model reactions has been important to evaluate the reaction mechanism (Kanavarioti
et al. 1993; Kanavarioti 1994, 1998; Kawamura and Ferris 1994, 1999). However, these
simulation reactions of the prebiotic formation of RNA were mainly studied at low
temperatures (∼37°C) (Inoue and Orgel 1982, 1983; Fakharai et al. 1984; Kanavarioti et al.
1993; Kanavarioti 1994, 1998). Thus, in order to evaluate the possibility of the prebiotic
formation of RNA under hydrothermal conditions, we have investigated the temperature
dependence of the TD reaction of oligoguanylate (oligo(G)) formation on a polycytidylic
acid (poly(C)) template and the cyclization reaction of hexanucleotides in the presence of a
condensing agent at 40–80°C (Kawamura and Umehara 2001; Kawamura et al. 2003).
These investigations have suggested that oligonucleotides are unstable in aqueous solution
at high temperatures, but also the prebiotic formation rates of oligonucleotides in these
simulation reactions can be greater than the degradation rate of RNA at up to near 300°C
(Kawamura 2005). Naturally, the estimation does not straightforwardly elucidate that the
accumulation of RNA molecules could have proceeded under the primitive hydrothermal
conditions. However, to evaluate the meaning of the rate of prebiotic formation of RNA at
high temperatures and to search plausible conditions for the accumulation of RNA
molecules under hydrothermal environments, it is important to accumulate kinetic data
regarding the temperature dependence of the prebiotic simulation reactions of RNA
molecules. In the present study, the kinetic analysis of the formation of oligo(C) in the
presence of Pb(II) ion catalysts has been carried out at 10–75°C (Sawai et al. 1981; Sawai
and Ohno 1985).
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Experimental

Materials and Equipment

The activated nucleotide monomer was prepared by the techniques in previous studies
(Joyce et al. 1984; Ferris and Ertem 1992b). All other reagents used were of analytical
grade. High-performance liquid chromatography (HPLC) was performed by a LC10A
HPLC system (Shimadzu, Japan) with a DNA-NPR anion-exchange column from TOSOH
Co., Japan using a gradient of 0.3–1.5 M NaCl at pH 9 with 0.02 M 2-amino-2-
hydroxymethyl-1,3-propanediol buffer and a ODS-2 column from GL Science Co., Japan
using a gradient of 0.005 M NaH2PO4 in water at pH 3.5 mixed with 0.01 M NaH2PO4 in
40% CH3OH at pH 4.0.

Kinetics

Oligomerization of ImpC in the Presence of Pb(II) Ion at Elevated Temperatures

The formation of oligo(C) from ImpC in the presence of Pb(II) was performed in a solution
containing 0.015 M ImpC, 0.001 M Pb(NO3)2, 0.001 M 2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid (HEPES), at pH 8.0. Six mg ImpC and 0.238 mg HEPES
were placed in a 1.5 ml plastic vial (RNase free), which bears up to 120°C, and to it was
added a 0.067 ml of 0.015 M Pb(NO3)2 solution and 0.933 ml distilled water. The pH of the
mixture was adjusted to 8.0 using a small amount of NaOH. The vial was settled in a
cartridge temperature controller at 10–75°C. The sample solution was withdrawn at regular
intervals over 200 h at 10°C, 96 h at 25°C, 8 h at 50°C, and 1.5 h at 75°C, and then
immediately quenched using liquid nitrogen. Control reactions without Pb(NO3)2 were also
carried out. The samples were analyzed by both the anion-exchange HPLC (AE-HPLC) and
the reversed-phase HPLC (RP-HPLC). The calculation of the rate constants was performed
using a kinetic program SIMFIT (Terfort and von Kiedrowski 1992).

Degradation of Oligo(C)

A standard solution containing oligo(C) was prepared from the Pb(II)-catalyzed oligo(C)
formation at 25°C for 7 days. Running solutions containing the standard oligo(C) were
incubated at 60–90°C and aliquot samples were withdrawn at regular intervals. The samples
were analyzed by AE-HPLC. The rate constants of the degradation of oligo(C) were
determined using the previous method (Kawamura et al. 1999; Kawamura and Umehara
2001).

Results and Discussion

Formation of Oligo(C) in the Presence of Lead(II) Ion

During the reaction of the formation of oligo(C) in the presence of Pb(II), white precipitates
of Pb(OH)2 were sometimes observed at different Pb(II) and salt concentration conditions.
The presence of NaCl and/or MgCl2 and a high concentration of Pb(II) seem to enhance the
formation of precipitates, where NaCl and MgCl2 probably act as a reagent to reduce the
solubility of Pb(OH)2 with increasing the ionic strength or result in the precipitate
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formation of PbCl2. Since the precipitate would result in inaccurate kinetic analysis, the
reaction conditions described in the experimental section were selected to avoid the
formation of precipitates. Typical chromatograms are shown in Fig. 1. The formation of
oligo(C) was monitored using AE-HPLC, and the disappearance of ImpC by the hydrolysis
of ImpC to form 5′pC, the oligomerization to form oligo(C), and the formation of P1,P2-
dicytidine 5′,5′-pyrophosphate (C5′ppC) were monitored using RP-HPLC (Kawamura and
Umehara 2001). The extents of ImpC, 5′pC, oligo(C), and C5′ppC were summarized in
Table 1 and the reaction curves are shown in Fig. 2. No oligo(C) was detected in the control
reactions without the Pb(II) ion catalyst. The reaction times at different temperatures, where
the amount of remaining ImpC is roughly the same (Table 1), were chosen to visualize the
influence of temperature. Although the yield of oligo(C) decreases with increasing
temperature, the extent of oligo(C) was a maximum at 25°C, where 5-mer was observed.
The fact that the yield of oligo(C) at 10°C is smaller than that 25°C may be due to that a
trace precipitate of Pb(OH)2 forms at 10°C. The trend that the yield of oligo(C) decreases
with the length of oligo(C) is the same as shown in that in the cases of the TD reaction and
the CL reaction (Kanavarioti et al. 1993; Kawamura and Ferris 1994, 1999).

Fig. 1 HPLC charts for the oligo
(C) formation from ImpC in the
presence of Pb(II) catalyst.
Reaction conditions: [ImpC]=
0.015 M, [Pb(NO3]2]=0.001 M,
[HEPES]=0.001 M, pH=8.0.
A: 25°C, 96 h, B: 75°C, 1.5 h,
C: 25°C, 96 h, no Pb(NO3)2
was added

Table 1 Yields (%) of oligo(C) from ImpC in the presence of Pb(II) catalyst at different temperatures

T/°C Time/h ImpC 5′pC 2-mer 3-mer 4-mer 5-mer ≤ C5′ppC

10 150 30.3 61.1 5.0 1.4 0.3 0 1.8
25 48 28.2 51.7 13.6 3.6 0.7 0.1 2.1
50 5 31.1 62.3 4.8 0.4 0 0 1.4
75 1 28.9 63.6 5.5 0.3 0 0 1.7

Reaction conditions are the same as shown in Fig. 1
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Kinetics

The reaction rate constants for the processes in the present reaction system were determined
using the following model (Kawamura and Ferris 1994),

ImpC�!khy;ImpC 50pC ð1Þ

ImpCþ ImpC�!k2 pCð Þ2 ð2Þ

ImpCþ pC�!k2 pCð Þ2 ð3Þ

ImpCþ pC�!kpy C50ppC ð4Þ

ImpCþ pCð Þ2# �!
k3 pCð Þ3 ð5Þ

ImpCþ pCð Þn�1�!kn pCð Þn ð6Þ

Fig. 2 Reaction curves for the oligo(C) formation from ImpC in the presence of Pb(II) catalyst. Reaction
conditions are the same as shown in Fig. 1. a: 10°C, b: 25°C, c: 50°C, d: 75°C. The lines drawn through the
experimental points were fit by SIMFIT. Closed circles: 5′pC, open squares: C5′ppC, closed squares: 2-mer,
open triangles: 3-mer, closed triangles: 4-mer, small open circles: 5-mer
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where (pC)2, (pC)3, (pC)n−1, (pC)n indicate 2-mer, 3-mer, (n-1)-mer, and n-mer oligo(C)
and k2, k3, and kn are the rate constants for the formation of 2-mer, 3-mer, and n-mer, where
kn was defined as a constant value for 4-mer and longer oligo(C) (kn=k4). Here, the
approximation that the rate constants of the formation of (pC)2 are equated in the pathways
Eqs. 2 and 3 was applied in the previous studies since the values are not distinguishable by
the present HPLC technique. It was evaluated that this approximation is reasonable. Thus,
the same approximation has been adopted in the present study. The rate constant of the
ImpC hydrolysis is khy,ImpC and that for the formation of C5′ppC is kpy. The reaction curves
shown in Fig. 2 were fitted using a kinetic program SIMFIT (Terfort and von Kiedrowski
1992). The rate constants were summarized in Table 2.

The rate constant of the ImpC hydrolysis (khy,ImpC) in the absence of Pb(II) was about
two times greater than that in the presence of Pb(II), while no oligo(C) was detected in the
absence of Pb(II) (Table 2). This fact suggests that Pb(II) ion possesses a weak inhibitory
activity for the hydrolysis of ImpC.

Besides, the rate constants of oligo(C) formation up to k4 were able to be determined at
10 and 25°C and k2 and k3 were determined at 50 and 75°C. The magnitude of oligo(C)
formation increased in the order k2<k3(≤k4) (Fig. 3). This trend can be observed at 50–75°C
although no data was obtained for k4. This trend coincides with the cases of the TD reaction
and the CL reaction (Kanavarioti et al. 1993; Kawamura and Ferris 1994), while the rate
constants in the present reaction were somewhat smaller than those for the TD reaction and
the CL reaction (Fig. 3). In addition, the difference between the magnitude of k2 and that of
k4 in the present system is much smaller than that of the TD reaction and somewhat smaller
than that of the CL reaction. This is probably due to that the importance of association
between elongating oligonucleotide with the activated nucleotide monomer in the Pb(II)-
catalyzed oligo(C) formation is weaker than that in the TD reaction and the CL reaction.
The association would be likely enhanced in the presence of Pb(II) since the oligo(C)
formation does not proceed at all in the absence of Pb(II) (Sawai 1976). On the other hand,
the magnitude of the rate of the hydrolysis of ImpC to the rate of the formation of oligo(C)
(Table 1) is relatively large as comparing to the TD and CL reactions. This is a reason that
the yield of oligo(C) is smaller than that of oligonucleotides in the TD and CL reactions.
Since the concentration of Pb(II) was decreased in the present study to avoid precipitation
of Pb(OH)2, the efficiency of the catalytic formation of oligo(C) with Pb(II) was reduced.
Thus, this fact would reflect that the relatively weak efficiency of the present reaction is due
to the relatively large rate constant of the ImpC hydrolysis. Conclusively, it is reasonable
that the associate formation between the activated monomer and elongating oligonucleotide

Table 2 Rate constants for the hydrolysis of ImpC and the formation of oligo(C)

T/°C

10 25 50 75

khy,ImpC (s−1) (1.87±0.01)×10−6 (4.78±0.17)×10−6 (5.96±0.04)×10−5 (3.11±0.01)×10−4

k2 (M
−1 s−1) (6.86±0.19)×10−6 (6.85±0.05)×10−5 (2.26±0.09)×10−4 (1.28±0.02)×10−3

k3 (M
−1 s−1) (8.10±0.67)×10−5 (2.40±0.04)×10−4 (8.62±2.20)×10−4 (4.45±0.71)×10−3

k4 (M
−1 s−1) (9.48±2.30)×10−5 (2.87±0.16)×10−4 – –

k5 (M
−1 s−1) – (3.07±0.93)×10−5 – –

kpy (M
−1 s−1) (6.14±0.50)×10−6 (2.87±0.09)×10−5 (1.89±0.22)×10−4 (1.03±0.01)×10−3

khy,ImpC (s−1)a (4.30±0.12)×10−6 (1.04±0.05)×10−5 (5.95±0.12)×10−5 (3.25±0.12)×10−4

a No Pb(II) was added as control reactions
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would be as important as that in the TD reaction and in the CL reaction. A possible model
is shown in Fig 4.

On the other hand, the degradation of oligo(C) formed in the presence of Pb(II) ion
catalysts was also investigated at 60–90°C. Since oligo(C) molecules formed by the Pb(II)
ion catalyzed reaction involve 2′,5′-linked oligo(C) isomers (Sawai et al. 1981; Sawai and
Ohno 1985), the oligo(C) prepared by the Pb(II)-catalyzed reaction was used for the

Fig. 4 Possible associate forma-
tion for the Pb(II) catalyzed
formation of oligo(C)

Fig. 3 Relationships between
logarithmic values of kn and
length n for the Pb(II) catalyzed
oligo(C) formation, TD reaction,
and CL reaction. Lines: Open
circles (25°C), closed squares
(10°C), open triangles (50°C),
closed triangles (75°C): Pb(II)
catalyzed oligo(C) formation,
closed circles: TD reaction, 23°C
(Kanavarioti et al. 1993), open
squares: CL reaction, 25°C
(Kawamura and Ferris 1994)
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degradation study of oligo(C) instead of an authentic 3′,5′-linked oligo(C). The degradation
rates were examined on the basis of the disappearance of phosphodiester bond. The mole
concentration of the total number of phosphodiester bond (Cbond) is calculated from the
concentration of oligo(C) (Coligo) using Eq. 7 (Kawamura et al. 1999; Kawamura and
Umehara 2001),

Cbond ¼ Coligo

X
Ai i� 1ð Þ=i ð7Þ

where Ai indicates the ratio of the oligo(G) in length i. Here, it was assumed that the rate
constant of the cleavage of phosphodiester bond is independent on the values of i. The rate
constants of the hydrolytic degradation of oligo(C) (khy,oligo) are summarized in Table 3.
The units of khy,oligo (s

−1) and khy,ImpC (s−1) are the same, and these are different from the
unit for k2–k4 (M−1s−1). Thus, the direct comparison between khy,oligo and k2–k4 is not
meaningful. However, the magnitude of khy,oligo is much smaller than that of khy,ImpC, and
the rate of the formation of oligo(C) is comparable to that of the hydrolysis of khy,ImpC at
10–75°C, where oligo(C) indeed forms by the Pb(II)-catalyzed reaction. Thus, it is true that
the rate of oligo(C) degradation is much smaller than that of the formation of oligo(C) from
ImpC by the Pb(II) catalyzed reaction.

Temperature Dependence of the Rate Constants and the Chemical Evolution of RNA
Under the Hyrothermal Conditions

The logarithmic values of the rate constants determined by the present study were plotted as
a function of T−1 (Fig. 5). Based on the Arrhenius plots shown in Fig. 5 and Eyring plots,

Fig. 5 Arrhenius plots for the Pb
(II) catalyzed formation of oligo
(C), the hydrolysis of ImpC and
the hydrolysis of oligo(C). Lines:
open circles: khy,ImpC with Pb(II)
catalyst, closed circles: khy,ImpC

without Pb(II) catalyst, open
squares: k2, closed squares: k3,
open triangles: k4, open rhom-
buskpy, closed rhombus: khy,oligo

Table 3 Degradation rate constants of oligo(C) formed by the Pb(II) catalytic reaction of ImpC

T/°C

60 75 80 90

khy,oligo (s
−1) (1.40±0.10)×10−6 (2.02±0.36)×10−6 (3.32±0.25)×10−6 (4.38±0.89)×10−6
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the apparent activated energy (Ea), enthalpy change ($Hz), and entropy changes ($Sz)
were calculated. The activation parameters are summarized in Table 4. The magnitudes of
Ea and $Hz in the present system are somewhat smaller than those in the TD reaction
(Kawamura and Umehara 2001; Kawamura et al. 2003). The magnitude of Ea for khy,ImpC,
kpy, and k2 are comparable each other’s, but the magnitude of Ea for k3 is smaller than that
for khy,ImpC, kpy, and k2. This is different from the trend that the magnitude of Ea for k2 is
much smaller than that for the hydrolysis of the activated nucleotide monomer, and k3 and
k4 in the TD reaction. In addition, the magnitudes of Ea for k2, k3, and k4 are comparable to
the case of the TD reaction, where the magnitude of Ea for k2 is clearly smaller than those
for k3 and k4. Although the rate constants of oligo(C) formation increased with increasing
temperature, the difference between k2 and k4 (or k3) becomes small at high temperatures.
This is a reason that the efficiency of oligo(C) formation decreases with temperature. This is
consistent with the mathematical simulation that the yield of longer oligo(C) decreases
when the ratio of the formation rate constant of longer oligo(C) to that of the formation of
2-mer decreases (Kawamura and Umehara 2001).

On the other hand, although the rate constant of the hydrolysis of ImpC in the presence
of Pb(II) is smaller than that in the absence of Pb(II) at 10–25°C, the difference of the rate
constants disappeared at 50–75°C. It was unexpected that Pb(II) ion inhibits the hydrolysis
of ImpC at low temperatures. This is probably due to that Pb(II) is capable to form complex
with ImpC, in which the hydrolytic stability of ImpC within Pb(II)-ImpC complex is greater
than that of free ImpC. In addition, this fact suggests that the coordination with phosphate
group and imidazole group to Pb(II) in the Pb(II)-ImpC is important as well as that with the
pyrimidine base. As mentioned above, the relationship between logkn vs. length n indicates
that the association between the activated monomer and elongating oligo(C) is important.
However, for the case of ImpC the association would be not be so strong comparing to the
cases of purine nucleotide monomers. Thus, the coordination of Pb(II) to the side of
phosphate and imidazole group may be rather important to facilitate the formation of the
associate between ImpC and elongating oligo(C) for the present system. It is reasonable that
the stability of Pb(II)-ImpC complex becomes weak with increasing temperature so that the
difference between the hydrolysis rates in the presence and absence of Pb(II) disappears
with increasing temperature (Fig. 5).

Corresponding
rate constants

Ea/kJ
mol−1

$Hz
.
kJmol�1 $Sz

.
Jmol�1 K�1

khy,ImpC 66.8±
4.5

64.2±4.4 −129±14

k2 61.9±
8.5

59.3±8.5 −131±27

k3 49.3±
2.9

46.7±2.8 −158±9

k4 51.8 49.4 −147
kpy 63.9±

1.5
61.3±1.5 −127±5

khy,ImpC (control

without Pb(II)

54.9±
3.0

52.3±3.1 −164±10

khy,oligo 39.4±
7.6

36.5±7.6 −249±22

Table 4 Apparent activation
parameters regarding the reac-
tions of the ImpC system
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The present kinetic analysis elucidated that the degradation of oligo(C) is much
slower than that of the formation of oligo(C) by the Pb(II)-catalyzed formation from ImpC
at high temperatures. This trend is the same as the case of the temperature dependence of
the rate constants in the TD reaction (Kawamura and Umehara 2001). In the present system,
the direct comparison of the rate constants for the formation and degradation of oligo(C) is
not meaningful since the units of the rate constants are different. Thus, the half-lives (t),
which reflect the rate of the reactions, were compared. The values of log(t) were plotted as
a function of T −1 (Fig. 6). The values of t for the hydrolysis of ImpC are much smaller than
those for the formation of oligo(C) in the present system. This reflects the relatively low
efficiency of the present reaction in contrast to the TD reaction. Here, it is noted that the
half-lives of pseudo-second-order rate processes (k2, k3, k4) are dependent on the
concentration of the reactants, while the calculation was performed at 0.015 M ImpC.
Thus, the magnitude of t for the formation of oligo(C) decreases with increasing the ImpC
concentration. The magnitude of t of the formation of 2-mer is 23 times greater than that of
the ImpC hydrolysis at 75°C. Thus, the magnitude of t for the formation of 2-mer becomes
comparable to that of the ImpC hydrolysis at 0.345 M ImpC at 75°C. This fact indicates
that the oligonucleotide would have been formed at higher temperatures if a high
concentration of the activated nucleotide monomers could have been supplied along with
Pb(II) ion catalyst. While the concentration of Pb(II) ion in oceanic water is quite low, that
in submarine hydrothermal fluid could have been higher than the bulk ocean water as
shown in modern hydrothermal vent systems (Metz and Trefry 2000); although the
concentration of Pb(II) found in these hydrothermal vent systems is lower than that used in
the present simulation. It has been shown that the activated nucleotide monomer can be
formed from inorganic phosphate, nucleotide monomer and imidazole (Lohrmann and
Orgel 1973; Orgel and Lohrmann 1974). Further investigation has suggested that the
activated monomer could have formed in fairly high concentrations at 37–100°C
(Lohrmann 1977). Thus, it would be important to search for possible pathways where
activated monomers could have formed under hydrothermal conditions.

Fig. 6 Relationships between
logarithmic values of t and T−1

for the Pb(II) catalyzed formation
of oligo(C), the hydrolysis of
ImpC and the hydrolysis of oligo
(C). Lines: open circles: khy,ImpC

with Pb(II) catalyst, closed
circles: khy,ImpC without Pb(II)
catalyst, open squares: k2, closed
squares: k3, open triangles: k4,
closed rhombus: khy,oligo
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In addition, the value of t for the formation of oligo(C) is much smaller than that for the
degradation of oligo(C) at higher concentrations of the activated monomers. This fact is
consistent with the cases of the TD reaction and the CL reaction; the formation rates of
oligonucleotide in these simulation reactions are much greater than the degradation rates of
oligonucleotides formed by these reactions. Thus, it is generally true that the reaction rates
of oligonucleotide formation in the prebiotic model reactions examined in our group are
greater than the degradation rate of oligonucleotide. In the TD reaction, the relatively slow
rate of the formation of 2-mer was a main reason of the low yield of oligonucleotide at high
temperatures (Kawamura and Umehara 2001). Besides, the increase of the ImpC hydrolysis
with increasing temperature is a main reason of the low yield of oligo(C) at high
temperatures in the present reaction system. These facts suggest that the formation of
oligonucleotides would be possible if the relative reaction rate of 2-mer formation is
enhanced in the TD reaction and the hydrolysis of the activated nucleotide monomer is
inhibited in the present system by some additives, such as protein-like molecules and
minerals (Kawamura 2005; Kawamura et al. 2005). We are currently searching such
materials as well as continuing kinetic analyses of temperature dependence of other
prebiotic models of the oligonucleotide formation.

The yield and length of oligonucleotides from the activated nucleotide monomer in the
presence of Pb(II) catalyst are dependent on temperature, since the relative magnitude of the
rate constants of the processes in the present system are dependent on temperature.
Naturally, temperature varies widely in natural environments, such as in hydrothermal vent
systems and surrounding deep oceans. Thus, it would be important to take this into account
in the comparison of the rate constants or that of the values of t. However, the trend that the
values of t increased in the order of the hydrolysis of ImpC < the formation of oligo(C) <
the degradation of oligo(C) does not change at 0–300°C. In addition, the trend that the rate
of phosphodiester bond formation is greater than that of phosphodiester bond degradation
remains roughly unchanged in the TD reaction at up to 300°C. Therefore, the aspect
derived from the present study on the prebiotic formation of oligonucleotide under
hydrothermal environments is important for further evaluations of the hypothesis of the
hydrothermal origin of life as well as the RNA world hypothesis.

Conclusions

Oligo(C) formation from ImpC was investigated at 10–75°C and a small amount of oligo
(C) was detected even at 75°C. The rate constants for the hydrolysis of ImpC with and
without Pb(II) and the formation of oligo(C) were determined at 10–75°C. In addition, the
rate constants of the hydrolytic degradation of oligo(C) were determined at 60–90°C. Based
on the temperature dependence of these rate constants, the activation parameters were
determined. The main reason that the yield of oligo(C) decreases with temperature is due to
the fact that the ratio of the rate of the hydrolysis of ImpC to that of the formation of oligo
(C) increases with temperature, but not because of the degradation of oligo(C). This fact
implies that oligonucleotide formation would have been possible at high temperatures if
some accelerators such as protein-like molecules and/or minerals along with Pb(II) catalyst
could have facilitated the formation of oligo(C) rather than the hydrolysis of ImpC.
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