
Possibility of the cooperative chemical evolution of nucleic
acids and proteins has been investigated using the template-
directed formation of oligoguanylate with amino acids and ther-
mal copolymers of amino acids, in which strong inhibition by
histidine containing thermal copolymer and histidine itself was
observed.  The inhibition is regarded as prebiotic enzymatic
activities for the hydrolysis of activated nucleotide monomer and
the formation of pyrophospho-capped oligoguanylate.

Discovery of the catalytic activity of ribonucleic acids
(RNA) has suggested that RNA-like molecules played a central
role for the emergence of life (the RNA world hypothesis).1 If
this hypothesis is correct then RNA-like molecules formed spon-
taneously from prebiotic RNA monomers under primitive earth
conditions. There have been a number of successful studies of the
condensation of activated nucleotide monomers to form oligonu-
cleotides in the presence2 and absence3 of RNA templates.3 For
instance, the template-directed formation of oligoguanylate
(oligo(G)) from guanosine 5'-monophosphate 2-methylimida-
zolide (2MeImpG) on a polycytidylic acid (poly(C)) template
(TD reaction) has been extensively investigated.2 Further, possi-
ble pathways from bases to the activated nucleotides have been
experimentally elucidated.4 Thus, the condensation reaction
using nucleotide imidazolide is an important approach, which has
been frequently used for primitive  RNA polymerase models.2,3

On the other hand, it is widely accepted that amino acids and pro-
tein-like molecules formed under primitive earth conditions.5,6 In
addition, both nucleic acids and proteins are essential for modern
organisms.  Thus, it is reasonable that RNA and protein-like mol-
ecules evolved cooperatively under primitive earth conditions.
However, there has been surprisingly less studies on simultane-
ous chemical evolution of nucleic acids and proteins.  Thus, in
this study, thermal copolymers of amino acids (TC), which are
well known as proteinoids formed under possible primitive earth
conditions,6 were tested whether to show some catalytic abilities
for the TD reaction.  Consequently, it was found that histidine
and TC containing histidine showed notable inhibition, and TC
also promoted the formation of pyrophospho-capped oligo(G).

Influence of the 20 common amino acids and 5 types of ther-
mal copolymers of amino acids for TD reaction was tested.  TD
reactions were performed at 25 °C for 3–7 days in a buffer solu-
tion containing 1.0 M (1 M = 1 mol dm–3) NaCl, 0.2 M MgCl2,
0.1 M 2-[4-(2-hydroxyethyl)-1-piperazynyl]ethanesulfonic acid
(HEPES), 0.015 M 2MeImpG, 0.025 M poly(C) (as monomer
unit) at pH 8.0 in the presence of amino acid or TC, and then ana-
lyzed by anion-exchange and reversed-phase HPLC.  Preparation
of five types of TC was followed by previous procedures.6 A
standard type of TC (TC-std) was made from a mixture of 1 mmol
each of glycine, L-alanine, L-valine, L-gultamic acid, and L-aspar-
tic acid and optionally 1 mmol of L-histidine (TC-his), L-lysine

(TC-lys), L-cystein (TC-cys), L-leucine (TC-leu), or L-arginine
(TC-arg) was added.  The mixture of amino acids was heated for 2
h at 180 °C and dialyzed using ultrafiltration filters (Spectrum,
Spectra/Por MWCO 1000 or 12000–14000 tubing), and then TC
was lyophilized.  

Among the 20 common amino acids, only L-histidine showed
notable inhibition activity for the TD reaction (Table 1).
Especially, oligo(G) did not form at all with 0.05 M L-histidine.
Moreover, it was confirmed that D-histidine has also inhibition
activity for the formation of oligo(G).  Here, the extent of pG
increased and that of 2MeImpG decreased with histidine.  This
fact suggests that the inhibition of oligo(G) formation is due to the
histidine catalyzed hydrolysis of 2MeImpG.  To evaluate the
catalysis for 2MeImpG hydrolysis by histidine, the rate of
2MeImpG hydrolysis without poly(C) at 0.01 M histidine was
measured.  The reaction curves show that the hydrolysis of
2MeImpG is accelerated by both L- and D-histidine (Figure 1), in
which the half-life of 2MeImpG was 7–11 times reduced with his-
tidine.  Pseudo-second-order rate plots were well fitted for the
hydrolysis of 2MeImpG with histidine and this may be due to a
similar mechanism observed in a previous study.7
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On the other hand, the influence of TC was investigated for
TD reaction.  Although TC prepared without histidine did not
show notable influence on the TD reaction products, the yield of
oligo(G) was fairly reduced at 0.06 M TC-his, in which the con-
centrations of TC were calculated on the basis of amino acid unit
(Table 2).  Further, the extent of P1,P2-bis(5'-guanosyl) diphos-
phate (G5'ppG) was also increased with TC-his.  To demonstrate
more clearly the inhibition by TC, TC-std and TC-his were dia-
lyzed and then used for the TD reaction.  Table 2 indicates that the
formation of oligo(G) was inhibited and the hydrolysis of
2MeImpG was enhanced at 0.06 M TC-his dialyzed using either
MWCO 1000 or 12000–14000 tubing, while TC-std changed less
the yield of oligo(G).  

The catalytic ability of histidine and TC-his for the
2MeImpG hydrolysis is unexpected finding since it has been
observed in previous kinetic studies that simple bases, such as
imidazole and 2-methylimidazole, do not have catalytic ability
for the hydrolysis of activated nucleotides.8 Further, the results
in the present study indicate that histidine incorporated in TC is
essential for the catalysis of 2MeImpG hydrolysis, where the
histidine residues would be important.  Thus, details how histi-
dine is incorporated as the catalytic site of TC-his will be help-
ful to understand the reaction mechanism in future.

On the other hand, the extent of G5'ppG considerably
increased in the presence of TC (Table 2).  Further, HPLC chro-
matogram of TD reaction at 0.05 M TC-std dialyzed with
MWCO 12000–14000 tubing shows additional peaks (Figure 2).
Besides, it is known that G5'ppG-capped oligo(G) forms from TD
reaction under several conditions.9  Thus, these facts indicate that
the formation of G5'ppG-capped oligo(G) may contribute to the
inhibition of TD reaction by TC.  To evaluate this assumption,
the TD reaction with 0.0015 M G5'ppG in the absence of TC was
carried out, in which the TD reaction products showed very simi-
lar HPLC pattern to that observed in the presence of TC.  This
fact suggests that oligo(G) formed with TC-std and TC-his
involves G5'ppG-capped oligo(G) isomers (Figure 3).

It is widely believed that amino acids formed abundantly on
the primitive earth.4 Besides, there are hypotheses that primitive
proteins were constructed from only 4 kinds of amino acids, that
is, glycine, alanine, valine, and aspartic acid, so TC used in this
study may resemble to primitive enzymes in the compositions of
amino acids.10 Thus, finding of inhibition by TC-his and histi-
dine itself for the TD reaction may oppose to the RNA world
hypothesis.  Further investigations on the cooperative chemical
evolution of nucleic acids and proteins are being in progress.
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