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Montmorillonite-catalysed formation of RNA
oligomers: the possible role of catalysis
in the origins of life
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Large deposits of montmorillonite are present on the Earth today and it is believed to have been
present at the time of the origin of life and has recently been detected on Mars. It is formed by
aqueous weathering of volcanic ash. It catalyses the formation of oligomers of RNA that contain
monomer units from 2 to 30-50. Oligomers of this length are formed because this catalyst controls
the structure of the oligomers formed and does not generate all possible isomers. Evidence of
sequence-, regio- and homochiral selectivity in these oligomers has been obtained. Postulates on the
role of selective versus specific catalysts on the origins of life are discussed. An introduction to the
origin of life is given with an emphasis on reaction conditions based on the recent data obtained from

zircons 4.0-4.5 Ga.
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1. INTRODUCTION

Indeed, if life originated on Earth, then little is known
about the chemical processes that initiated the first life.
It is possible that life originated elsewhere in the
Universe and was delivered to the Earth, where it has
prospered for the past 3.9 Ga. Since we do not know
anything about other places where life may have
originated and we know more about the reaction
conditions on the primitive Earth, it will be assumed
that life originated here.

Astronomers and geologists tell us that the first
organic compounds that initiated the chemical pro-
cesses leading to the origin of life resulted from the
action of cosmic rays on the interstellar carbon formed
by nuclear fusion of hydrogen and helium in stars. This
process resulted in the formation of hydrocarbons,
nitrogen- and oxygen-containing molecules. At the
time of this writing, 126 organic molecules, radicals
and ions have been identified in the interstellar dust
clouds (www.cv.nrao.edu/~awootten/allmols.html).
These clouds have lifetimes of about 10® years.

Shock waves from a supernova may initiate the
formation of higher density loci in a dust cloud that
served as the point where the dust cloud collapsed to
form a Solar System. While the bulk of the mass in the
dust cloud forms a protosun, there is sufficient material
left over to form planets, asteroids and comets. It is
believed that the latter are formed by the gravitational
attraction of the planetesimals (small bodies) in the
torus of dust around the protosun. The nuclear fusion
processes of the Sun were initiated when the protosun
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became sufficiently massive and dense that nuclear
fusion processes started.

Some of the organics in the original dust cloud
underwent chemical changes in the course of the
energetic processes that occurred during the formation
of the Sun and planets. The structures of the organics
closest to the Sun were changed by the strong radiation
emanating from it, while the organics beyond Jupiter,
which received much less radiation, changed little.

Comets, most of which formed beyond Jupiter,
appear to contain more compounds that are com-
parable to those in interstellar dust clouds than the
organics in meteorites (table 1). Meteorites, which are
pieces of asteroids, are formed by the collisions of
asteroids. The asteroids, which are mainly present in
orbits between Mars and Jupiter, contain organics with
a wide array of structures (table 2).

Both meteorites and comets are believed to have
been sources of the organic compounds that initiated
the first life on Earth.

In the past two years, important evidence about
climatic conditions on the primitive Earth has been
obtained. Plate tectonics erased the record of the rock
formations 3.8 Ga ago, so that few clues remained,
concerning the original conditions on the primitive
Earth in the 4.5-4.0 Ga time period. Ancient zircons,
refractory zirconium-containing pellets that were
formed 4.0-4.5 Ga ago, do provide a source of
information about the primitive Earth at that time
(Amelin 2005). These pellets do not melt when
subducted during plate tectonics; hence, the minerals
trapped in the zircons were not changed. Consequently,
these ancient zircons contain information about the
reaction conditions on the primitive Earth. Comparison
of the properties of the ancient zircons and those
prepared in the laboratory made it possible to
determine the conditions on the primitive Earth at the
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Table 1. Some organics observed in the comas of comets
(Ferris 2005).

name formula
methanol CH;0OH
formamide HCONH,
methane CH,4
ethylene C,H,
methylacetylene CH5C,H
formic acid HCOOH
acetonitrile CH;CN
methyl formate HCOOCH;
acetylene C,H,
ethane C,Hg
hydrogen cyanide HCN

Table 2. Soluble organic compounds detected in the
Murchison Meteorite (++ + +>1000 p.p.m., +++>
100 p.p.m., ++>10p.p.m., +>1ppm. Adapted from
(Pizzarello 2004).).

amino acids ++
carboxylic acids ++ +
dicarboxylic acids ++
hydroxy acids + +
sulfonic acids ++++
basic N-heterocycles +
purines & pyrimidines +
pyridine carboxylic acids +
amides ++
amines ++
alcohols ++
aldehydes & ketones + +
aliphatic hydrocarbons ++
aromatic hydrocarbons + +
sugar alcohols & acids +

time, when the ancient zircons were formed. From
these comparisons, it was possible to conclude that
there was liquid water on the Earth 4.3 Ga ago (Watson
& Harrison 2005) and that continents had already
formed 4.3-4.4 Ga ago (Mojzsis er al. 2001; Wilde ez al.
2001; Harrison er al. 2005). These conclusions are
drastically different from the previous scenarios,
where it was proposed that at that time there were
magma oceans resulting from the impacts of
large bodies on the Earth that generated the heat that
melted and volatilized the Earth’s crust (Righter &
Drake 1999).

There is strong evidence for a late heavy bombard-
ment on the Moon and presumably on the Earth, Mars
and Venus 3.9 Ga ago (Gomes et al. 2005). One
explanation for this bombardment is that Jupiter
moved closer to the Sun at that time and the change
in the gravitational field resulted in the ejection of many
asteroids from their orbits and some of them collided
with the inner planets and moons. While the conditions
for the origin of life may have been present 4.3—4.5 Ga
ago, this life may have been exterminated by the
massive impacts 3.9 Ga ago. Alternatively, while much
of the life was extinguished at that time, some survived
in protected niches and it recolonized the Earth once
the intensity of the impacts decreased. In another
scenario, the impacts launched micro-organisms into
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the Earth’s orbit and these microbes returned to the
Earth several thousand years later, when it was more
clement (Wells ez al. 2003; Gladman ez al. 2005).

2. FORMATION OF MORE COMPLEX ORGANICS
ON THE PRIMITIVE EARTH

The Earth appears to have had a habitable environment
4.3-4.5 Ga ago, which may have led to the origin of life.
Compounds other than those brought to the Earth by
meteorites and comets could have formed on the Earth.
Stanley Miller, when a graduate student in the
laboratory of Harold Urey, performed the first experi-
ment designed to simulate the reaction conditions on
the primitive Earth. He subjected a mixture of gases,
which Urey felt modelled the atmospheric gases on the
primitive Earth, to a spark discharge for a week and
detected amino acids in the reaction products (Miller
1955). The atmosphere chosen, a mixture of methane,
ammonia, hydrogen and water, was challenged by
geologists since they believe that the atmosphere of the
Early Earth was similar to that of the gases emanated
from contemporary volcanoes. Volcanoes today give off
varying amounts of gases, where the main emissions, in
an approximate decreasing order of amounts, are H,O,
CO,, SO,, CO, H, and HCI (Symonds er al. 1994).
These compounds are not likely to have generated the
reduced compounds (hydrogen-containing) found in
life, such as amino acids and nucleotides, and they do
not generate reduced compounds, when a spark
discharge is passed through the mixture. Since the
oxidation level of the crust and mantle, which has been
an essentially constant for the past 3.8 Ga, determines
the oxidation state of the gases emitted by volcanoes, it
is unlikely that the reduced gases used in the initial
Miller experiment emanated from the volcanoes
(Delano 2001).

Recent calculations of the gases, believed to be
present in the atmosphere of the primitive Earth,
suggest that the atmosphere had up to 30% H, (Tian
et al. 2005). This hypothesis was the result of the use of
a lower value for the diffusive loss of hydrogen from the
top of the Earth’s atmosphere. The question remains
whether the presence of hydrogen would result in the
formation of reduced biomolecules, when a spark
discharge is passed through a mixture of the oxidized
gases emanating from a volcano that also contained a
high level of hydrogen. Stanley Miller actually carried
out this study in 1983 (Schlesinger & Miller 1983).
Among the experiments preformed in this study was
one, where a spark discharge was passed through a
mixture of N, (100 torr), H, (300 torr), CO, (100 torr)
and 100 ml water, a model of an oxidizing atmosphere.
Amino acid analysis showed the formation of a good
yield of glycine, but much lower yields of the other
amino acids than that observed in the Miller—Urey
experiment. Thus, it appears that the yields of organics
will be significantly lower, when hydrogen is the only
reduced gas present in the electric discharge. If
methane is present in the gas mixture, the yields of
organics may be higher (Schlesinger & Miller 1983).

Hydrothermal systems were also a potential source
of reduced compounds on the primitive Earth (Ferris
1992). These systems occur at spreading centres
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Figure 1. Synthetic pathways for the formation of purines from dilute HCN.
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Figure 2. Pyrimidines formed from 0.1 M HCN.

beneath the ocean, where magma is proximate to
the ocean floor. The heat from the magma drives
the circulation of ocean water down through the crust
to the vicinity of the magma, where the oxidized
compounds in the seawater, e.g. sulphate and oxidized
metal ions, are reduced to sulphide and lower valent
metal ions, respectively. These reduced substances
are soluble at high temperatures (300-400°C) and
pressures (250 bar) in the vent, but precipitate as metal
sulphides, when they are ejected from the vent into the
2°C water present at the bottom of the ocean.

Laboratory studies carried out at high temperatures
and pressures of a hydrothermal system yield reduced
organic compounds. Examples include the reduction of
molecular nitrogen and nitrogen oxides to ammonia
with reduced iron oxides (Brandes ez al. 1998). When
iron sulphides were the reducing agents, 80% of
nitrogen oxides (NO3 and NO;) were reduced to
ammonia in 15 min at 500°C. Another simulated
hydrothermal process is the conversion of carbon
dioxide to formate (HCOO ™) with hydrogen generated
by heating the mineral olivine to 300°C and 350 bar
pressure (McCollom & Seewald 2001). Acetate and
pyruvate have also been formed at high temperatures
and pressures from similar starting materials (Huber &
Waéchtershduser 1997; Cody er al. 2000).

There have been numerous examples of the
conversion of simpler organic compounds, delivered
to or formed in the atmosphere and hydrothermal
systems of the primitive Earth, to more complicated
structures. For example, heating concentrated
solutions of HCN vyields adenine (Oro 1960). Adenine
and other purines are also formed stepwise from 0.1 M
aqueous solutions of HCN to give a tetramer
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(diaminomaleonitrile), which in turn yields adenine in
subsequent photochemical and addition reactions
(figure 1; Sanchez er al. 1967). Pyrimidines and
amino acids have also been formed starting from
0.1 M HCN (figure 2; Ferris er al. 1978; Ferris &
Hagan 1984; Voet & Schwartz 19823). An ammonium
cyanide solution kept frozen at —78°C for 27 years
yielded 2,6-diaminopurine, 5-aminouracil and
5-aminoorotic acid in addition to the compounds in
figures 1 and 2 (Miyakawa ez al. 2002).

These studies suggest possible pathways for the
formation of some purine and pyrimidine bases that
may have reacted with ribose to form the nucleosides of
RNA. A major problem to be solved is the poly-
merization of small molecules into the biopolymers
essential for the first life. This will be discussed in the
remainder of this paper.

3. RIBONUCLEIC ACID WORLD

The formation of RNA is one of the first steps proposed
for the origin of life with the assumption that the
present DNA—protein world evolved from it (Gestland
et al. 1999). The discovery that RNA catalysed
reactions, in addition to storing genetic information,
suggested that RNA was the most important biopoly-
mer in the first life. RNA is also attractive because it
would require the prebiotic synthesis of only one
biopolymer (RNA) instead of two (DNA and protein).
In addition, it has been determined that the RNA
catalyses the formation of peptide bond in the
ribosome, a key step in protein synthesis (Ban ez al.
2000). This finding is consistent with the presence of
an RNA world with the ribosome first being composed
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of only RNA, which was later decorated with proteins
to make it more selective and effective in the formation
of the peptide bond.

The direct formation of RNA by prebiotic processes
is controversial. As will be outlined subsequently, there
are no plausible prebiotic syntheses of RNA monomers
so that many scientists in this field feel that the
spontaneous formation of such complicated structures
is very unlikely to have occurred on the primitive Earth.

Earlier, it was also felt that the prebiotic synthesis of
ribose, the basic structural element in RNA monomers,
was unlikely, but a variety of prebiotic syntheses of
ribose and ribose derivatives has since been reported
using simple starting materials suggesting that pre-
biotic ribose synthesis may have occurred on the
primitive Earth (Miller er al. 1990; Zubay 1998;
Ricardo et al. 2004; Springsteen & Joyce 2004). For
example, the reaction of glycolaldehyde with for-
maldehyde in the presence of borate generates borate
complexes that stabilize the intermediates and the final
products so that a complex mixture of products is not
formed (figure 3). The four diastereomers of pentoses
are formed as borate complexes.

Borate forms complexes where two organic ligands
bind to one borate and the second ligand is shown by
the curved line. There are four pentoses and all are
formed in approximately equal amounts.

So far, there has been no reported efficient prebiotic
conversion of ribose to the corresponding nucleosides
by the reaction with purine or pyrimidine bases (Fuller
er al. 1972). There are some promising leads for the
phosphorylation of nucleosides (Osterberg & Orgel
1972; Osterberg et al. 1973), but the prebiotic
conversion of the 5’-phosphorylated nucleotide to an
activated nucleotide under prebiotic conditions has not
been accomplished at the time of writing.

Those who express concerns about the prebiotic
synthesis of activated nucleotides have proposed that
there must have been a simpler preRNA, which in turn
evolved into the RNA world. A variety of preRNA
structures have been proposed including peptide
nucleic acid (PNA) (Nielsen ez al. 1991; figure 4), but
to date no convincing prebiotic syntheses of the
monomers or polymers of PNA have been described
(Miller 1997).
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Figure 5. A unit of the montmorillonite structure. A portion
of another montmorillonite sheet is at the top of the diagram.

4. MONTMORILLONITE CLAY: A POTENTIAL
PREBIOTIC CATALYST

Clay minerals are found in abundance on the Earth
today and one of them, montmorillonite, has been
found to catalyse a number of organic reactions
(Nikalje er al. 2000). This suggests that montmorillo-
nite may also have catalysed reactions on the primitive
Earth. Montmorillonite is formed by the weathering of
volcanic ash and it is likely to have been present on the
Early Earth, because it is believed that there were high
levels of volcanic activity. Today, there are large
deposits of montmorillonite on the Earth and it has
recently been detected on Mars (Poulet ez al. 2005). It
is mined for use as a filter, binder, mild abrasive,
absorbent (cat litter) as well as a catalyst. It is formed in
platelets with three layers: the top and bottom layers,
which are polymers of tetrahedral silicates, and these
two layers are linked by octahedral aluminates
(figure 5). Usually there are other elements substituted
for silicon and aluminium depending on their abun-
dance when the montmorillonite was formed. The
usual isomorphous replacements elements are ferric
and ferrous iron, and magnesium substituted for the
octahedral aluminium and aluminium substituted in
the tetrahedral silicate layer for silicon. The platelets
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Figure 7. Elongation of a primer by the daily addition of the activated monomer ImpA for 12-14 days.

have negative charges; hence, they have associated
exchangeable cations, which are mainly Nat and
Ca™'?, in the montmorillonite found on the Earth.
These cations link the platelets together in stacked
aggregates that are roughly similar to a deck of cards.
Positively charged organics bind to the negatively
charged platelets in the interlayers, while neutral and
negatively charged organics may also be absorbed. The
latter may bind by van der Waals interactions with the
silicate surface and with each other.

Our studies, and those of others, show that
nucleotides bind by van der Waals forces between the
silicate layer of the montmorillonite and the purine and
pyrimidine bases of the nucleotides, when the pH is
near 7 (Lailach ez al. 1968; Kawamura & Ferris 1999;
Ertem & Ferris 2000). The strength of the binding of
purine nucleotides is greater than that of the corre-
sponding pyrimidine derivatives, an effect owing to the
larger size of the planar purine ring.

When montmorillonite is used in the laboratory, it
is usually converted to the homoionic form to be sure
that the catalytic effect is owing to the clay and not to
trace elements bound to it. This is done by the
addition of a high concentration of cation salt like
NaCl to replace the interlayer cations of the
montmorillonite with Na® (Lailach ez al. 1968).
Alternatively, the montmorillonite is converted to its
acid form by treatment with cold, concentrated acid,
e.g. HCIl, which exchanges the metal cations for
hydrogen ions and then exchanges the hydrogen ion
with a metal cation by back titration to neutral pH
with Nat (Banin er al. 1985). This montmorillonite
serves as an efficient catalyst for the formation of
RNA oligomers, if the exchangeable cation is an alkali
or an alkaline earth metal ion. Exceptions include
ammonium ion, which also gives a catalytic mon-
tmorillonite while Mg®* does not.

5. MONTMORILLONITE CATALYSIS OF
RIBONUCLEIC ACID OLIGOMER FORMATION
The ability of montmorillonite to catalyse a reaction
was first observed in the studies on the cyclization of
3’-nucleotides to 2’,3'-cyclic nucleotides (Ferris ez al.
1986). The yield of the cyclic product was twice as
high, when the reaction was performed in the presence
of Zn?*-montmorillonite. This finding prompted our
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investigation of the formation of a phosphodiester bond
between 5’-nucleotides wusing a carbodiimide
(figure 6a; Ferris er al. 1989) and then with the
phosphorimidazolides of nucleosides using Na*-mont-
morillonite as the catalyst. (figure 6b; Kebbekus 1988;
Ferris & Ertem 1993b). The latter reaction resulted in
the formation of 6-14 mers, in an aqueous, pH 8
solution, with the oligomer length dependent on the
base present in the nucleotide (Ferris & Ertem 1993a;
Ding et al. 1996; Kawamura & Ferris 1999). Kinetic
studies of the reaction of ImpA revealed that the
montmorillonite enhanced the rate constant for
oligomer formation by about 100-1000 times over
that for the hydrolysis of the imidazole-activating group
(Kawamura & Ferris 1994).

Changing the reaction conditions and the phos-
phate-activating group led to the formation of signi-
ficantly longer oligomers. A ‘feeding reaction’, where
the activated monomer is added daily to a 10 mer
nucleic acid primer bound to montmorillonite, resulted
in the addition of 30-40 mers to the primer in
12-14 days (figure 7; Ferris et al. 1996; Ferris 2002).
Changing the phosphate-activating group from imida-
zole to l-methyladenine (figure 6) resulted in the
formation of 40—50 mers of A or U in 1-3 days without
the need of a primer (Huang & Ferris 2003). These
advances were important because they generated
longer oligomers with the capability of storing more
genetic information as well as having enhanced
catalytic capability.

6. WHY THE ORIGIN OF LIFE REQUIRED
CATALYSTS

(a) Formation of biopolymers

The formation of biopolymers from monomers in
aqueous solution required the presence of catalysts.
One function of the catalyst is to selectively adsorb the
reacting species from the aqueous solution. This is
required to generate a localized higher concentration of
the key reactants on the mineral surface. Organics
bound to montmorillonite tend to be more stable than
those in the aqueous phase (Williams ez al. 2005). In
addition, the potential presence of catalytic sites in the
interlayers enhances the rate of polymerization.
Catalysis is necessary to enhance the rate of oligomer-
ization, since it is unlikely that an activated monomer
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will ever undergo spontaneous polymerization in
aqueous solution, because these compounds hydrolyse
rapidly in the presence of water. As noted above, the
rate constant for the montmorillonite-catalysed oligo-
merization of 5'-phosphorimidazolide of adenosine is
100-1000 times greater than the rate of its hydrolysis.
Hydrolysis is the main reaction product in the absence
of montmorillonite along with a few percentage of
dimers, where the rate constant of oligomer formation
is only 10 times that of hydrolysis (Kawamura & Ferris
1994; Kanavarioti 1997).

(b) Selectivity in the formation of oligomers

(1) Sequence selectiviry

One of the early concerns in the studies of the prebiotic
formation of biopolymers was that a random mixture of
products would be formed (Kaplan 1971). This would
lead to a mixture of all possible isomers that would
generate only a trace amount of the desired catalyst for
the replication and/or ligation of the oligomers. For
example, the probability of the random formation of
specific sequences of a protein containing 100 amino
acids is 1:10'%° (Kaplan 1971). The extent of this
problem for RNA oligomer synthesis was quantified
when it was calculated that a library of RNAs
containing one copy of every possible 50 mer would
consist of 10%° RNAs weighing 10'° g (Joyce & Orgel
1999). The formation of two identical copies of the
same 50 mer would require the synthesis of 10°* RNAs
weighing 10°*g. Two RNAs may be required to
catalyse the synthesis of the other.

Catalysis provides a solution to this problem of RNA
oligomers. Most catalysts lower the activation energy
for a limited number of reaction pathways and this
results in the formation of a limited number of
structures rather than all possible isomers. This was
found to be the case in the investigation of the
montmorillonite-catalysed formation of 2-5 mers
produced in the reaction between equal amounts of
ImpA and ImpC (table 3; Miyakawa & Ferris
2003). Comparison of the selectivity in the oligomers
formed clearly demonstrated that the number of
sequences formed was much lower than predicted for
a random process.

(i1) Phosphodiester bond formation

The oligomers produced by montmorillonite catalysis
have 2/,5'- and 3',5'- phosphodiester bonds (figure 8).
When the reactions of either purine- or pyrimidine-
activated nucleotides occur in the absence of mont-
morillonite in an aqueous solution, the ratio of 2’,5'- to
3’,5'-linked dimers is about 3 :1 (Kanavarioti 1997;
Kawamura & Ferris 1999). When the reaction is
performed in the presence of montmorillonite, the ratios
of ImpA to Impl are 0.6:1 and 0.2:1 respectively,
while those of ImpU to ImpC are 4 and 3, respectively
(Ferris & Ertem 1993a; Ding et al. 1996; Ertem & Ferris
1997; Kawamura & Ferris 1999). Clearly, the mont-
morillonite changes the reaction pathway for the purine
nucleotides, while the lowest energy reaction pathway
for the pyrimidine nucleotides remains the same as it was
in the absence of montmorillonite.
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Table 3. Montmorillonite-catalysed synthesis versus theore-
tical random synthesis in the ImpA-ImpC reaction
(Miyakawa & Ferris 2003).

catalysed synthesis random synthesis

proportions
isomers isomers of  isomers yield of each
mers observed mer (%) predicted isomer (%)
2 8 0.6-39 8 13
3 10 1.1-48 32 3.1
4 5 5.5-34 128 0.78
5 4 4.3-13 512 0.20
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Figure 8. Phosphodiester bonds, (a) 3’,5-bond and () 2/,5'-
bond.

(ii1) Homochiral selectivity

Since the RNA monomers formed on the primitive
Earth were likely to have been present as racemic
mixtures, we initiated studies on the reaction products
formed from D- and L-ImpA. It was observed that the
linear dimers had a small excess (60 : 40) of homochiral
dimers (DD & LL) over the corresponding heterochiral
dimer (Joshi ez al. 2000). Research is in progress where
cyclic dimers, linear trimers and linear tetramers
formed are being investigated.

7. MONTMORILLONITE CATALYSIS OF

VESICLE FORMATION

A surprising observation was that montmorillonite also
catalyses the formation of vesicles (a spherical body
encapsulating water inside a wall composed of linear,
10-carbon carboxylic acids; Hanczyc ez al. 2003). In
addition, some montmorillonite were incorporated into
some of the vesicles. This suggests the possibility that
the small activated monomers could diffuse through the
wall of the vesicle and react on montmorillonite to form
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larger RNA oligomers that cannot pass out through the
wall of the vesicle. This experiment has not been
accomplished at this time, because the conditions
required for RNA oligomer formation result in the
destruction of the vesicle (Monnard et al. 2002).

8. METAL IONS AS PREBIOTIC CATALYSTS

(a) Catalysis of the reactions of 5'-phosphorimi-
dazolides of nucleosides

A variety of metal ions also catalyse the oligomerization
of activated monomers to form RNA oligomers. The
best catalyst is the uranyl ion (UO3"), which catalyses
the formation of oligo(C)s, oligo(U)s and oligo(A)s
from the corresponding ImpB (figure 65) with maxi-
mum chain lengths of 10, 10 and 16, respectively
(Sawai 1989, 1992; Sawai er al. 1989, 1992). UO?
catalysis differs from montmorillonite catalysis, in that
most of the phosphodiester bonds are 2’,5'-linked. The
overall yields of oligomers are usually greater than that
of the montmorillonite catalysis because UO2 ™ is not an
effective catalyst for the hydrolysis of the imidazole-
activating group. Pb®", Zn?" and lanthanide metal
ions also catalyse oligomer formation with maximum
chain lengths of 5, 4 and 3 mers, respectively (Sawai &
Orgel 1975; Sawai 1976). Lu’" gives the lowest
yield of hydrolysis of the imidazole group (44%) and
the highest yield of tetramers (0.9%) of the transition
metal ions (Sawai & Yamamto 1996).

The catalytic effect of Pb>" was much greater when
the reaction was performed in the eutectic water phase
at —18°C, where most of the water is present as ice
(Kanavarioti et al. 2001; Monnard et al. 2003).
Oligomers as long as 17 mers were formed with
80-90% yield. The high yields may be owing to the
higher concentrations of activated monomers and the
slower hydrolysis of the activated monomers at the low-
reaction temperature.

(b) Catalysts of template-divected synthesis
Pb®>" and Zn?" also catalyse the non-enzymatic
template-directed synthesis of RNA oligomers (Sleeper
et al. 1979; Lohrmann et al. 1980). Pb>™" catalyses the
reaction of ImpG on a poly(C) template to form up to
40 mers of oligo(G)s that are mainly 2',5'-linked. Pb> ™"
also catalyses the formation of up to 7 mers of 3',5-
linked oligo(A)s on a poly(U) template. Zn>" catalyses
the reaction of ImpG on a poly(C) template to form
up to 30 mers that are mainly 3’,5'-linked (Lohrmann
et al. 1980).

It is proposed that the metal ions serve as catalysts,
because they bind to the activated monomer and
growing polymer so that the phosphorimidazolide
group of the activated monomer is proximal to the
2’ or 3'-hydroxyl on the 3’-end of the oligomer. The
orientation of the two reactants facilitates the forma-
tion of the phosphodiester bond (Birdson & Orgel
1980). This proposal is supported by the observation
that no metal ion is required to enhance the rate of
reaction of the 2-methylphosphorimidazolide of gua-
nosine (figure 6d) on a poly(C) template to give over 50
mers that are almost entirely 3’,5'-linked (Inoue &
Orgel 1981). It is postulated that the 2-methyl group on
the imidazole ring changes the orientation of the

Phil. Trans. R. Soc. B (2006)

poly(C) helix so that the activated monomer is ideally
positioned to react at the 3’-end of the growing
oligonucleotide. This finding suggests that the role of
the montmorillonite clay may also be that of the
orientation of the activated monomers so that they are
in a favourable orientation to react with each other.

9. SELECTIVITY VERSUS SPECIFICITY

We have demonstrated that a limited number of
sequences are formed in the montmorillonite-catalysed
reaction of equal amounts of ImpA with ImpC
(Miyakawa & Ferris 2003). The montmorillonite-
catalysed reactions of phosphorimidazolides are regio-
selective in the formation of phosphodiester bonds with
purine nucleotides bonded mainly by 3’,5’-phospho-
diester bonds and with pyrimidines by 2’,5’-links
(Ferris & Ertem 1993a; Ding et al. 1996; Ertem &
Ferris 1997; Kawamura & Ferris 1999). Homochiral
selectivity is observed in the reactions of with
D,L-purine nucleotides (Joshi ez al. 2000).

I propose that the selectivity observed with mont-
morillonite catalysis is more desirable than specificity.
A specific catalyst will carry out mainly one reaction on
a specific substrate. It will be difficult to initiate the first
life with a requirement of a specific catalyst and a
specific substrate for each step in the process. It is a
more likely that selective catalysts acting on an
assemblage of similar structures, a quasi-species
(Eigen et al. 1988), initiated the origin of life. In
addition, a selective catalyst might have catalysed more
than one reaction as shown by both the montmorillonite
catalysis of vesicle and phosphodiester bond formation.

10. HYPOTHETICAL STAGES IN THE ORIGINS
OF LIFE
The progress in the formation of RNA monomers and
the formation of RNA oligomers has been the emphasis
of this discussion. The catalytic formation of RNA
oligomers is an important first step in the origin of life
since the availability of a catalyst and the activated
monomers makes possible the continuous formation of
the RNA oligomers that initiate the process. The
presence of a subset of either ligase or replicase
ribozymes of these oligomers will be important in the
next step in the process. The ligase would generate
longer oligomers that would have the potential to store
more information than the 50 mers formed by
montmorillonite catalysis. Alternatively a replicase
would generate larger amounts of catalytic RNAs
including those that are ligases, thus forming RNAs
with the potential to store more genetic information.
The presence of both replicase and ligase RNAs is a
combination that has the potential to initiate the first life.
This first life could consist of an assemblage of these
oligomers bound to a mineral or encapsulated inside a
vesicle. Life on a mineral surface would not have to devise
the process of cell division and would depend mainly on
an external supply of activated monomers to survive. Life
in a vesicle may require the evolution of metabolic
processes as the source of the activated monomers.
While RNA oligomers have been used to describe
the stages in the origins of life, this could also be the
scenario for the formation of a preRNA that was a
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precursor to the RNA world. Similar stages, starting
from genetic molecules very different from RNA
nucleotides, could also have led to the first life.
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Discussion

D. W. Deamer (Department of chemistry and Biochem-
iszry, University of California Santa Cruz, USA). Please
comment on how activated nucleotides may be
organized on the montmorillonite surface so that
phosphodiester bond formation is promoted?

J. P. Ferris. It is not known how the activated
nucleotides are organized on the montmorillonite. It
is known that oligomers of G are formed on a poly(C)
template as a result of the hydrogen bonding between
the activated monomers and the C nucleotides in the
template (Inoue & Orgel 1981). A similar reaction
pathway may also occur on the montmorillonite, where
the activated monomers bind next to each other in an
orientation, where the 2’ or 3’-hydroxyl group of one
activated monomer is oriented next to the activated
phosphate group of a second monomer so that
phosphodiester bond formation occurs.

Goodwin. Because of the importance of the possible
formation of D-amino acid proteins instead of L-amino
acids, proteins (as on all life formed on Earth), does the
montmorillonite favour the catalytic formation of one
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particular chiral form of the RNA oligomer over the
other form?

J. P. Ferris. Montmorillonite is not chiral; so it does not
selectively catalyse the reaction of only one of the
enantiomers of a D,L-mixture. We have found that in
the reaction of a D,L-activated monomer of A that
the homochiral (e.g. D,b and L,L-dimers) dimers,
trimers and tetramers are formed preferentially over
the heterochiral products (Joshi ez al. in press). In the
reaction of the bD,L-activated monomers of U,
the heterochiral products are favoured. We believe the
difference in the selectivity between A and U is a
function of the different orientations of the activated
monomers when bound to the surface of the
montmorillonite.

J. I. Lunine (Lunar and Planetary Sciences Department,
University of Arizona, USA). (i) What types of
treatments of the montmorillonite surface have other
groups performed? (ii) Why is the activation treatment
of the montmorillonite surface needed? (iii) Why is it
that montmorillonite has the selective properties that
you have found?

J. P. Ferris. (i) Two types of treatment are commonly
used to form a homoionic montmorillonite (usually in
the Na™ form of the clay). The various exchangeable
metal ions bound to the clay are replaced by treating
several times with excess of NaCl and then washing the
clay until no more NaCl is detected in the wash. The
second is to treat the montmorillonite briefly with cold
(2°C) HCI and then wash it to remove the excess HCI
and metal ions. Then, the acidic clay is titrated to pH 7
with Na™ (Banin et al. 1985). (ii) Homoionic clays are
formed before use so that a montmorillonite with only
one type of exchangeable metal ion is used. Then, one
can be sure that the catalytic effects observed are due to
the montmorillonite and not to one of the other metal
ions bound to the montmorillonite. (iii) The selectivity
is due to the catalyst lowering the activation energy of
only a few reaction pathways. This is probably a
function of the relative orientations of the activated
monomers when bound to the montmorillonite.
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