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Abstract. The origin of guanine has been unknown, though there are some reports concerning
its abiotic synthesis. We show here that guanine, as well as uracil and cytosine, are synthesized
from a 90%MN-10%CO-H0O gas mixture via a complex organic product produced with the high-
temperature and rapid quenching technique. This result implies that a large amount of complex
organic matter including precursors of bioorganic compounds might have been produced on the
primitive earth after cometary impacts.
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1. Introduction

Guanine can be synthesized from the polymerization of concentrated ammonium
cyanide solutions. Levet al. (1999) detected yields of 0.0007% of guanine and
0.028% of adenine in a 10 M ammonium cyanide @) solution heated at
80°C for 24 hr, and yield of 0.0035% of guanine and 0.038% of adenineina 0.1 M
NH4CN frozen at —20C for 25 yr. They suggested that guanine would have been
formed in frozen regions of the primitive earth. The MEN polymerization was
apparently important in the origin of guanine. However, it is not certain whether
NH4CN polymerization could have selectively occurred on the primitive earth, be-
cause there must have been many types of compounds and reaction pathways on the
primitive earth. For instance, hydrogen cyanide readily reacts with formaldehyde
to form glycolonitrile (Schlesinger and Miller, 1973, 1983b). Then, if the primitive
atmosphere were oxidized or weakly reduced, hydrogen cyanide might not have
been able to polymerize, because formaldehyde is formed in excess of hydrogen
cyanide from a spark discharge in &d,—H,O or CO-N—H,O (Schlesinger and
Miller, 1983b).
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Yuasaet al. (1984) reported that guanine and adenine were synthesized from
the electrical discharge in NH200 Torr), CH, (150 Torr), GHg (50 Torr), and
water (50 mL) and subsequent acid hydrolysis. These purines were identified by
UV spectrometry and paper chromatography. The yields of guanine and adenine
were 0.00017 and 0.001%, respectively, based on total carbon input. However, it
was not demonstrated conclusively that these compounds were not contaminants
in this experiment.

Guanine, adenine, uracil, and thymine are produced in a Fischer-Tropsch syn-
thesis (Hayatset al., 1968, 1972). For instance, when an equimolar gas mixture of
CO, H, and NH; is heated at 700C for 0.25-0.4 hr, followed by fast cooling and
sustained reheating at 200—10D for 16—44 hr with an alumina catalyst, guanine
and uracil are detectable from the non-volatile fraction after acid hydrolysis. It was
shown that these were not contaminants by using CCaridl NDs.

However, the prebiotic relevance of these experiments is sometimes questioned,
because Ck C,Hg, NH3, and H may not have been abundant in the primitive at-
mosphere when life emerged. It is generally believed that the primitive atmosphere
was probably dominated by,Nind CQ with traces of CO, Hand reduced sulfur
gases, though many uncertainties remain (Leeinal., 1982; Canutet al., 1983;
Kasting, 1993).

It is very difficult to synthesize bioorganic compounds from £8,—H,0.
Schlesinger and Miller (1983a) investigated amino acid yields from the spark dis-
charge in various types of gas mixtures. The amino acid yield frorp-Gi&-H,O
was 0.0006%, which is much lower than the 1% fromy€N,—H,O or 0.05% from
CO-N,—H,0. In case of syntheses of nucleic acid bases from-Blip-H,0, there
are no literature reports as far as we know.

The difficulty of bioorganic compound synthesis from £®,—H,O may come
from the strong triple bonds of £0 and N=N. Moreover, if these bonds are
broken, the carbon atoms are more likely to combine with the oxygen atoms to
form CO, when the O/C ratio exceeds unity. Then, formation of C-C or C-N
bonds, which are important to form bioorganic compounds, may be suppressed
(Chameides and Walker, 1981).

Pyrimidine bases can be synthesized if the carbon source is CO instead.of CO
Uracil was synthesized from CO-NH,O by irradiation of high energy protons
(Kabayashi and Tsuiji, 1997), together with precursors of a wide variety of amino
acids (Kobayashet al., 1998, 1999). The yield of uracil was 0.0002%, based on
initial carbon. Our previous study indicated that uracil and cytosine were syn-
thesized by quenching a CO-MNH,O high-temperature plasma and subsequent
acid hydrolysis (Miyakawat al., 1999b). The excitation temperature of the high-
temperature plasma was estimated to be 10 000 K (Miyaletvad., 1999¢). In
this plasma, N, O and H atoms and CN radical were detected as dominant species
by optical emission spectroscopy. This plasma is likely to have been quenched by
colliding a wall before CO was formed. Then, a complex organic matter containing
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precursors of uracil and cytosine was obtained. The yields of uracil and cytosine
were 0.08 and 0.01%, respectively, based on carbon in complex organic matter.

High-temperature plasma is defined as a plasma in which the kinetic and excit-
ation temperatures of ions and atoms are very high, similar to the electron temper-
ature. This type of plasma is formed by lightning and meteor impacts. In contrast,
low-temperature plasma, in which the electrons are highly superthermal, but ions
and atoms remain near room temperature, is formed by corona discharges and elec-
tron and proton irradiation (Chyba and Sagan, 1991; Thomesalh 1991). These
plasmas show different characters in organic synthesis. Formaldehyde, for instance,
is not generated in lightening bolts (Chameides and Walker, 1981; Stribling and
Miller, 1987), but corona discharges (Schlesinger and Miller, 1983b).

There are many reports concerning formation of organic compounds from light-
ning and meteor impacts. Gilvarry and Hochstim (1963) suggested that meteor
impacts on water might have brought about formation of complex organic com-
pounds, which were rained out to the hydrosphere with the cloud made by the im-
pacts. Chyba and Sagan (1992) calculated the energy yields of organic compounds
from various sources, suggesting that the heavy bombardment before 3.5 Gyr ago
may have produced quantities of organics comparable to those produced by other
energy sources such as coronal discharge and ultraviolet light. Obegbedk
(1988) discussed concentration of organic monomers and formation of oligomers
by coalescence of compounds produced by cometary impacts. Small organic mo-
lecules seem to have been produced from a high-temperature plasma. d&tetgley
(1986) calculated the formation of HCN and® in shocked air, suggesting that
bolide impacts would have caused HCN ang0® volume mixing ratios of ap-
proximately 10° to 10°° and 107 to 10°° in the impact region, respectively. Ex-
perimentally, organic compounds, such as HCN apdsCcan be produced from
a shock in nitrogen with hydrocarbons (Rebal., 1967) and from a high-power
pulsed laser in ClH-NH3 (McKay et al.,, 1988) and Cl-N,—H, (Scattergoodket
al., 1989), simulating lighting and meteor impacts on Titan, ap@+HCO,—CH,;—
N,—H,S (McKay and Borucki, 1997), simulating cometary impacts into earth’s
atmosphere. Amino acid may have been also produced from lightning and meteor
impacts. Bar-Nuret al. (1970) demonstrated the shock synthesis of amino acids us-
ing a shock tube. From a GHC,Hs—NHs—H,O gas mixture, amino acids, such as
glycine and alanine, were effectively synthesized. Volatile molecules released from
meteorites during impacts were investigated using real meteorites. Mugtain
(1989) heated meteorite materials with a laser-pulse to detect organic compounds,
such as HCN and C4#€HO. In real events, the impact of Comet Shoemaker-Levy 9
with Jupiter would have brought about formation of organic matter like the organic
residue in the Murchison carbonaceous chondrite, poly-HCN and tholins.

In the present study, synthesis of purine bases, as well as pyrimidine bases, was
conducted by quenching a CO-M,0 high-temperature plasma, which might be
seen during cometary impacts.
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Figure 1.Schematic diagram of the magneto-plasma dynamic arc-jet. C: 9 mF condenser, FAV: fast
acting valve, TMP: turbo molecular pump, FT: foreline trap, RP: rotary pump. Iron electrodes were
cylindrical.

2. Experimental

High-temperature plasma was produced with a magneto-plasma dynamic arc-jet, as
shown in Figure 1 (Miyakawat al., 1997; Taharat al., 1987; Kuriki and Ishikawa,
1982). Approximately 1 cfhof gas mixture at standard state was injected into a
vacuum chamber with fast acting valves. While this gas mixture went though a gap
between an anode and a cathode, electric energy of about 180 J was instantaneously
introduced to form high-temperature plasma. This plasma was accelerated forward
and collided against the inner surface of a glass tube to deposit the complex or-
ganic matter. After the 5,000 pulsed discharges, the complex organic matter was
withdrawn and acid hydrolyzed with 6 M HCl at 11Q for 24 hr. The hydrolysate

was separated and purified by HPLC and subjected to GC/MS after derivatization
with bis(trimethylsilyl)acetamide. The N/C atomic ratio in the complex organic
matter was determined by elementary analysis.

3. Results and Discussion

In a previous study, cytosine and uracil were synthesized from an equimolar gas
mixture of N, and CO including water vapor at room temperature (5@%d9%CO—
H,0) (Miyakawaet al., 1999b), but no purines were detectable. The possible
reason for the absence of purines may be the low N/C atomic ratio in the complex
organic matter, which was 0.71. If the N/C ratio were increased, purines might be
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Figure 2. Mass spectra of guanine derivatives. The upper spectrum is from the
10%3C0-90%N—H,0 gas mixture, the middle is from 10%C0O-90%N—H,0, and the

lower is from standard guanine. Original carbons of the guanine in its derivative are labeled with
asterisks ). The peaks in 109#C0-90%N—H,0 shifted for the number of carbons from the
authentic standard. The mass of molecular ion of the guanine derivative is 367. Me is the methyl
group (-Chg).

obtained, because the N/C in guaningNgOHs) and adenine (§NsHs) are 1,
which is larger than 0.75 for cytosine {830Hs) and 0.5 for uracil (GN,O,Hy,).
Therefore, we conducted an experiment with a 9Q%I0%CO gas mixture in-
cluding water vapor at room temperature (9096MN0%CO-HO), which was ex-
pected to raise the N/C ratio in the complex organic matter.

After the discharge experiment, the complex organic matter, in which the N/C
ratio was 1.8, was obtained. This N/C ratio is higher than that of 0.71 in 58%N
50%CO-HO according to expectation.

Guanine, uracil and cytosine corresponding to 4, 40 and 50 nmol, respect-
ively, were detectable, after the complex organic matter was acid-hydrolyzed. The
mass spectra of the guanine obtained are shown in Figure 2. The upper spec-
trum is from 90%N-10943CO-H,0 that has'*C carbon isotope, the middle is
from 90%N—10%-°CO-H,0, and the lower is from standard guanine. The peaks
in 90%N,—10%-3CO-H,0 shifted for the number of carbons from the authentic
standard, indicating that the guanine detected was not from contamination. The
cytosine and uracil were also shown to be indigenous by¥8ecarbon isotope
labeling method. The carbon yields of guanine, uracil and cytosine were 0.001,
0.009 and 0.01%, respectively, where the carbon yield is defined as percentage of
carbon in products based on carbon in complex organic matter (Table I). A peak of
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TABLE |
Carbon yield8 of nucleic acid bases from various gas mixtures
Initial gas mixtures N/€ Ura Cyt Gua Ade
(nmol)

90%N,—10%CO-H0O°  1.80 0.009 0.01 0.001 <0.0001
50%N,—50%CO—H0 071 008 001 NB ND
33%N,—33%C0-33%H 071 ND ND ND ND
50%N,—50%CQ—H,0 — ND ND ND ND

@The carbon yields are based on carbon in complex organic matter.
b N/C atomic ratio in complex organic matter.

€ H,0 is water vapor at room temperature.

d Not detected.

0.0001% corresponding to adenine was present in the HPLC chromatogram but its
identification was tentative.

Guanine is generally believed to have been formed by HCN polymerization.
Following this scenario, favorable conditions for HCN formation are required for
guanine formation. Therefore, we demonstrated the same experiment as described
above with an equimolar gas mixture 0§, NCO and H. This gas mixture should
give a more favorable condition for HCN formation thapH€O-H0O (Miyakawa
et al, 1999a). However, no nucleobases were detected frosi@OHH, (Table I).

This suggests that the mechanism of the guanine formation by quenching the high-
temperature plasma is different from the HCN polymerization.

Comparison of the yields from 90%N10%CO-HO and 50%N-50%CO-

H,O gives some information about the mechanism of guanine formation. Guanine
came to be synthesized by increasing the partial pressure of nitrogen in the initial
gas mixture, which caused increase of the ratio of nitrogen atoms to carbon atoms
in the complex organic matter. In contrast, the yield of uracil decreased with an
excess of the N/C ratio in the complex organic matter over that in authentic uracil.
From these facts, formation of nucleic acid bases apparently relates with the N/C
ratio in the complex organic matter, which is controlled by the partial pressure of
nitrogen in the initial gas mixture. Precursors of nucleic acid bases might have been
directly synthesized from atoms and radicals by quenching them without involving
intermediates such as HCN (Miyakawhal., 1998).

The dominant components of the primitive atmosphere are believed to have
been CQ, N, and HO when life emerged. Therefore, we investigated the forma-
tion of nucleic acid bases from an equimolar gas mixture of @@l N, including
water vapor at room temperature. The experimental procedures were same as de-
scribed above. No nucleic acid bases were detectable from this gas mixture (Table
). However, this may not indicate that nucleic acid bases could not be formed on
the early earth, because g, and HO were the average components and more
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reduced environments should have been able to exist at local places and/or for
short periods. Cometary impacts, for instance, could have made a mildly-reduced
environment because a comet has a large amount of CO in its body (Senay and
Jewitt, 1994; Jewitet al., 1996; Biveret al., 1996; Kasting, 1990).

This study indicates that at least three nucleic acid bases can be formed by
quenching the W-CO-HO high-temperature plasma. Cometary impacts might
have been able to provide similar conditions, because when comets collided with
the earth, a high-temperature plasma including a large amount of CO would have
been produced, called a post-impact plume. In this plume, the components of the
comets, the earth’s crust and the ambient atmosphere would have been variously
mixed, reacted and rapidly cooled. In this study, electric energy of 180 J was input
to each discharge and it was repeated 5,000 times to obtain the detectable amount of
nucleic acid bases. Then, the total input energy was8® J. Compared with this,
real cometary impacts would have released much more energy. For instance, when
a comet of 1 km in diameter and 1 g cfin density collides at 20 km 2, which
is claimed to have been a typical cometary impact (Chyba, 1987, 1990), a kinetic
energy of 18° J is released. This is #®times as much as the total energy used
in this study, if 54% of the kinetic energy is imparted to the post-impact plume
(Emiliani, 1981). Although it is not certain what exactly occurred when such an
energy of 18° J was instantaneously released, if the cometary impacts had given
conditions similar to this experiment in some phases, the precursors of nucleic acid
basis could have been formed on the primitive earth.

Fossils of cyanobacterium-like microorganisms indicate that life originated on
the earth more than 3.5 Gyr ago (Schopf, 1993). Since these microfossils are struc-
turally complex, the emergence of life must have been much earlier than 3.5 Gyr
ago. Studies on the carbon-isotope composition in sedimentary rocks provide some
evidence for the emergence of life by at least 3.8 Gyr ago (Schidlowski, 1988;
Mojzsiset al., 1996). At that time, the primitive earth may have been continuously
bombarded by many projectiles (Maher and Stevenson, 1988; Melosh and Vickery,
1989; Chyba, 1990). Therefore, emergence of life should have related with the
bombardments. Some heavy bombardments would have led to sterilization (Maher
and Stevenson, 1988; Sleepal., 1989), but some would have contributed to pro-
ducing bioorganic compounds. The present study suggests that a large amount of
complex organic matter including precursors of bioorganic compounds might have
been produced on the primitive earth after the cometary impacts.

4. Conclusions

Three types of nucleic acid bases were synthesized from a 90%86CO-HO

gas mixture via a complex organic matter produced with the high-temperature
plasma and rapid quenching technique. Guanine was formed by increasing the par-
tial pressure of nitrogen in the initial gas mixture, which caused increase of the N/C
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ratio in the complex organic matter. The mechanism of guanine formation seems
to be different from the HCN polymerization. Since no nucleic acid bases were
synthesized from N-CO,—H,O, CO is likely to have been needed for the origin of
nucleic acid bases. A large amount of complex organic matter including precursors
of bioorganic compounds might have been produced on the primitive earth after
cometary impacts, because they must have produced a post-impact plume including
a large amount of CO.
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