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Asparagine is an important amino acid for abiotic polypeptide synthesis. In simulation experiments, it was obtained
in 3.0% yield (based on the amount of consumed alanine) from alanine (100 mM) and formamide (200 mM) by contact
glow discharge (Harada discharge) onto aqueous solutions. The present results suggest that asparagine could be
abiotically synthesized from simple amino acids under possible primitive earth conditions.

Asparagine is a neutral proteinous amino acid that plays a
number of important roles in metabolic pathways,! in particular
in the synthesis of oxaloacetic acid via aspartic acid. It is
formed by nucleophilic substitution of 2-aspartyladenosine
monophosphate by ammonia from glutamine in a process
catalyzed by asparagine synthetase.! Asparagine has a uniquely
reactive methylcarboxamide side chain, the amide group of
which serves as a leaving group to form polyaspartic acid
in aqueous solutions®>* and to generate polypeptides containing
aspartic residues in the solid phase.® Asparagine residues of
some proteins cyclize to an imide structure,®"!* which can
accelerate epimerization.!! These chemical features of aspar-
agine seem to provide an important pathway of chemically
consistent evolutionary polypeptide formation®>=>'? under prim-
itive earth conditions. However, the pathway for the abiotic
formation of asparagine, as well as glutamine and basic amino
acids, is still unclear, although many simulation experiments
have been carried out and discussed.!*"!®

Sanchez et al.'” reported asparagine formation from cyano-
acetylene, which is a typical product in many Miller-type spark
discharge experiments,'>'* using gas mixtures containing
methane and nitrogen. However, the existence of such a
reducing atmosphere containing methane is disputed.?*2° Non-
reducing conditions in the primitive atmosphere make ammonia
formation difficult, although ammonia, fumaric acid, aspartic
acid, phosphoric acid, and asparagine can exist in equilibrium in
aqueous solution.?’

On the other hand, electric discharge (contact glow dis-
charge?®?®) into aqueous solutions makes it possible to produce
ammonia from molecular nitrogen,*® irrespective of whether a
reducing or nonreducing atmosphere is present. Dissociation of
water molecules to hydrogen (H) and hydroxyl (OH) radicals’!
is a trigger that initiates reducing reactions that yield ammo-
nia*® and other reducing molecules.’? Contact glow discharge®
(hereafter referred to as Harada discharge) was employed in
the study described in this paper for simulative research on
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prebiotic chemistry occurring in the boundary between the
atmosphere and hydrosphere. Harada discharge accelerates
many types of reactions®®*>33 including amination, carboxy-
lation, reduction, oxidation, hydrogenation, etc. Although
Harada and Iwasaki have reported the amination of succinamic
acid to asparagine (1.1%),%3 very few examples of asparagine
formation have been reported.’33*

After the publication of a previous letter,>* amino acids were
further investigated from the viewpoint of their extraterrestrial
and terrestrial origins.>> Glycine, alanine, and serine were
found in interstellar medium ice analogs irradiated by ultra-
violet light.363° B-Alanine and y-aminobutyric acid as well as
glycine and alanine were obtained in the hydrolyzates after
high energy proton irradiation to ice mixtures of carbon mon-
oxide, ammonia, and water.*>*! Bada et al.*> reported on the
use of the molar ratio between glycine, D-alanine, f-alanine,
and 2-amino-2-methylpropanoic acid as a signature for parent
body processes of carbonaceous chondrites. They applied
Michael addition between ammonia and cyanoacetylene (or
acrylonitrile) as a plausible pathway for explaining Pp-amino
acid formation.*> The significance of asparagine as a chiral-
resolving agent of amino acids was also reported.** It was
therefore considered meaningful to investigate the abiotic
formation of asparagine in connection with other amino acids
using simulation experimental methodology.

I now report on asparagine formation from simple amino
acids with formamide or acetamide by using Harada dis-
charge.?®?° This is a detailed paper that expands on a previ-
ously published letter.>* Asparagine is formed from alanine and
formamide in aqueous solution under Harada discharge as
shown in Figure 1. The three amino acids used for these studies
(alanine, glycine, and B-alanine) are abundant in carbonaceous
meteorites.***° The two carboxylic acid amides (formamide
and acetamide)*” are the hydrolysis products of nitriles, which
are thought to be important starting materials for prebiotic
amino acid formation.!’
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Figure 2. Structure of DL-isoserine.

Experimental

Chemicals. L-Alanine, glycine, B-alanine, L-asparagine,
formamide, and acetamide were purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). L-Isoasparagine
(aspartic acid amide) and DL-isoserine (Figure 2) were pur-
chased from Sigma-Aldrich (St. Louis, Missouri, USA). These
compounds were used as substrates or as standard compounds
for the quantitative analysis of reaction solutions.

Reaction Apparatus. The reaction apparatus is shown in
Figure 3. The reaction vessel (114 x 35mm i.d.) containing
20mL reaction mixture was cooled in an ice—water bath to
0-30°C. After bubbling argon gas through the mixture for
15 min, Harada discharge (440-520V, 20-30mA) was carried
out between the platinum anode above the solution and the
platinum cathode in the solution over bubbling argon gas.
Electric power was supplied by a Model PS-1515 (Toyo Solid
State) power supply. Aliquots of solution were removed from
the reaction mixture at defined time intervals for analysis.

Analysis of Reaction Solution. The amino acid substrates
(alanine, B-alanine, and glycine) and products (ammonia,
aspartic acid, serine, asparagine, isoserine, and isoasparagine)
were analyzed with a JEOL JLC-300 amino acid analyzer. The
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Asparagine formation from alanine and formamide by Harada discharge.
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Figure 3. Apparatus used for Harada discharge.

spectrophotometric detection at 440 and 570 nm was carried
out after a post column derivatization with ninhydrin. Typical
chromatograms are shown in Figure 4. The recovery and the
yield were calculated from the absorption of peaks at 570 nm.

Asparagine, serine, and alanine were baseline separated, and
their retention times were as follows: aspartic acid (13.28 min),
serine (20.92min), asparagine (23.28 min), glycine (39.56
min), isoserine (40.56 min), alanine (42.92 min), isoasparagine
(50.28 min), p-alanine (68.40 min), and ammonia (84.48 min).

© 2014 The Chemical Society of Japan | 1209


http://dx.doi.org/10.1246/bcsj.20140164

440nm

V]

ASP

standards

(a) A typical chromatogram of the reaction mixture obtained by Harada
discharge onto 100 mM alanine and 200 mM formamide

N

p-alanine and 200 mM acetamide

| 440nm

(b) A typical chromatogram of the reaction mixture “
obtained by Harada discharge onto 100 mM

) A S

Alanine
Ammonia
Serine "
Asparagine
570nm parag J L
I VS it _
T ]
- d = & g g s.] 3 P g g

N

. Ammonia
B-Alanine
Glycine
Isoserine
unknown / Isoa/sparagine J
570nm
R AN |
e L " E B

Retention time/min

Figure 4. Typical amino acid chromatograms of reaction mixtures. JLC-300 amino acid analyzer was used for analysis. Eluted
compounds were reacted with ninhydrin to enable detection by absorption at 440 and 570 nm.

The identification limit and the linearity of analysis are usually
several tens pmol and between 1 to 100 nmol, respectively.

Results and Discussion

Harada discharge experiments’? were carried out on aqueous
solutions containing substrate materials in the concentration
rage of 1 mM to 2.5 M. Concentrations less or equal to 10 mM
were adopted for the self-reactions of substrate molecules,
and concentrations higher than 10 mM were adopted for the
reactions between substrate molecules. On the other hand,
irradiation of y-rays*® as a typical hydroxyl radical source for
amino acid solutions leads to the degradation of amino acids in
concentrations less or equal to 10 mM and the polymerization
of amino acids at higher concentration (1 M). Amination of
carboxylic acid in 100 mM succeeded under Harada discharge
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electrolysis. As the focus of this research is not on the poly-
merization but on the asparagine formation from amino acids
and carboxamide, 10 and 100 mM were mainly used as the
concentration settings. In order to facilitate the coupling reac-
tion between simple amino acids and carboxamide, a higher
concentration of carboxamide than of simple amino acids was
used for the experiments.

From Alanine and Formamide to Asparagine. Harada
discharge was carried out between the anode and an aqueous
solution containing alanine (10 mM) and formamide (20 mM)
in 13 mM sulfuric acid. Figure 5 shows the change in concen-
tration of compounds containing amino groups in the solution
over time. The concentration of alanine progressively decreas-
ed to about 50% (5.0mM) of the initial concentration after
180 min, while the concentration of ammonia increased to
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Figure 5. Time course of the reaction induced by Harada
discharge (440-480V, 20mA) in 13mM sulfuric acid
containing 10 mM alanine and 20 mM formamide: alanine
(O), ammonia (@), serine (A), and glycine ().
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Figure 6. Time course of the reaction induced by Harada
discharge (440—480V, 20mA) in 9.4mM sodium sulfate
containing 10 mM alanine and 10 mM formamide: alanine
(O), ammonia (@), serine (A), and glycine ().

9.0mM over the same time. The products serine and glycine
were obtained in 1.9 and 1.3 mM, respectively, at 180 min. The
formation of these amino acids can be explained by the oxida-
tion of alanine by hydroxyl radicals generated during Harada
discharge. The presence of hydroxyl radicals in such aqueous
solutions has previously been confirmed by electron spin
resonance spectroscopic analysis.!

The time course of the reaction of 10mM alanine and
10mM formamide in 9.4mM sodium sulfate is shown in
Figure 6. The concentration of alanine decreased faster in
9.4 mM sodium sulfate (Figure 6) than in 13 mM sulfuric acid
(Figure 5), and the rate of ammonia formation (11.5mM at
60 min) in neutral sodium sulfate was faster than in sulfuric

Bull. Chem. Soc. Jpn. 2014, 87, 1208-1215 | doi:10.1246/bcs}.20140164

N
o

-
(8]

OAla
@ NH3

-
o
ot

4]

Concentration / mM

o

o

100 200 300 400 500
Reaction time / min

0.35

/
=]
oo
o w

2
0.15

AsSer
aaGly

e
=N

Concentration
o
o
o o,

0 100 200 300 400 500
Reaction time / min

Figure 7. Time course of the reaction induced by Harada
discharge (440—480V, 20mA) in 13 mM sulfuric acid con-
taining 10 mM alanine and 100mM formamide: alanine
(O), ammonia (@), serine (A), and glycine ().

acid (4mM at 60 min; Figure 4). Similar maximum yields of
serine and glycine were obtained in sulfuric acid and sodium
sulfate (Figures 5 and 6).

Figure 7 shows the time course of the reaction using 10 mM
alanine and a higher concentration of formamide (100 mM) in
13mM sulfuric acid. The rate of decrease in the concentra-
tion of alanine was similar to the rate of decrease observed
with 20 mM formamide in sulfuric acid (Figure 5) but slower
than that observed in sodium sulfate (Figure 6). The maxi-
mum yields of serine and glycine were similar to those
obtained with 10 mM formamide (Figures 5 and 6). The lower
concentration (10 mM) of amino acids did not produce aspara-
gine. Under the lower concentration of alanine and formamide,
the self-decomposition of these substrates may prevail over the
coupling between substrates. The similar yield (0.18 mM in
Figure 5; 0.20mM in Figure 7) of serine from 10 mM alanine
even in the different concentration of formamide (20 mM and
100 mM) suggests that the degradation of alanine may prevail
over the radical coupling between alanine and formamide.

Figure 8 shows the results obtained when using 100 mM
alanine and 200 mM formamide in 13 mM sulfuric acid. The
higher concentrations of substrate compared with the amounts
used in previous reactions resulted in more intermolecular
reactions; these conditions led to the formation of asparagine in
addition to serine and glycine. The maximum yield of aspara-
gine was 1.5% (1.5 mM), which corresponds to a yield of 3.0%
based on the amount of consumed alanine.

Further increases in the concentrations of starting materials
also led to the formation of asparagine, as shown in Figure 9.
Under these conditions, the yield of asparagine was 0.64% at
120 min based on the initial concentration of alanine, which
corresponds to about 27% yield relative to the consumed

© 2014 The Chemical Society of Japan | 1211


http://dx.doi.org/10.1246/bcsj.20140164

100

80 | Y
60

OAla  @NH
40 :

20 |

Concentration / mM

@)

0 50 100 150 200 250
Reaction time / min

1.6
1.4
1.2

A

A
0.8

0.6
0.4
0.2

ASer OGly HMAsn

Concentration / mM

—

o] 50 100 150 200 250
Reaction time / min

Figure 8. Time course of the reaction induced by Harada
discharge (520 V, 20mA) in 13 mM sulfuric acid contain-
ing 100 mM alanine and 200 mM formamide: alanine (C),
ammonia (@), serine (A), glycine (7), and asparagine (H).
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Figure 9. Time course of the reaction induced by Harada
discharge (500V, 20mA) in 13 mM sulfuric acid contain-
ing 1 M alanine and 2 M formamide: alanine (O), ammonia
(@), serine (A), and asparagine ().
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Figure 10. Plausible reaction pathway: from alanine and formamide to glycine, serine, and asparagine.

alanine (0.024 mM). However, as the reaction solution yielded
a suspension containing oxamide,*~° the reaction, and sam-
pling of the solution, could not be continued after 120 min. A
higher asparagine yield, which was calculated from the con-
sumed alanine, was obtained from the higher formamide and
alanine. On the other hand, the yield of serine was 1.0%, which
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corresponds to about 42% yield relative to the consumed
alanine (0.024 mM). The slightly lower yield of asparagine
compared with that of serine may be explained by the decrease
of formamide radical caused by oxamide formation.

Figure 10 summarizes the reaction pathway from alanine
and formamide. Two hydroxyl radicals produced by Harada
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Figure 11. Time course of the reaction induced by Harada
discharge (460V, 20mA) in 13 mM sulfuric acid contain-
ing 100mM glycine and 200 mM acetamide: ammonia (@)
and glycine ().

discharge subtract hydrogen atoms from alanine and forma-
mide to afford the corresponding alanine and formamide
radicals; the coupling reaction between these radicals affords
asparagine. Alternatively, the alanine radical can react with a
hydroxyl radical to afford serine, which undergoes oxidation
and decarboxylation to glycine. This reaction pathway was
investigated previously.? The lower yield of glycine than that
of asparagine and serine suggests the formation of the deami-
nated radical intermediates I and II (Figure 10).°!*? These
intermediates may react with hydrogen (H), hydroxyl (OH),
and formamide radicals to afford corresponding non-amino
compounds, which cannot be detected with ninhydrin. No main
products on the amino acid chromatograms besides serine,
asparagine, glycine, ammonia, and alanine support the deam-
ination paths. The high yield of ammonia in every reaction
also supports the deamination paths, which may explain why
asparagine is not a main product in these reactions.

The involvement of formamide radicals may be inferred
from the observed formation of oxamide from formamide.*>>
Although exposing solutions containing lower concentrations
of alanine (10mM) and formamide (20 mM) to Harada dis-
charge did not generate any coupling product, exposing solu-
tions containing higher concentrations of alanine (100 mM,
1.0 M) and formamide (200 mM, 2.0 M) to the same conditions
gave higher levels of asparagine. These results suggest that a
higher concentration of substrate accelerates the intermolecular
coupling between alanine and formamide radicals.

From Glycine and Acetaldehyde to Asparagine.
Figures 11 and 12 show the time course of the reaction in
aqueous solutions of glycine (100 mM) plus acetamide (200
mM) and glycine (100 mM) plus malonamic acid (200 mM),
respectively. These reactions did not yield observable amounts
of any amino compounds besides ammonia; no asparagine was
observed.

These results indicate that radical formation from acetamide
is more difficult than from formamide. The yield of succinic
acid amide from acetamide was lower than that of oxamide
from formamide under plasma jet blowing conditions.’® Plasma
jet blowing is a technique that has given results consistent with
many types of reactions with Harada discharge. The acetamide
radical and glycine radical (Figure 13) may therefore be more
difficult to form under these conditions.
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Figure 14. Time course of the reaction induced by Harada
discharge (520V, 30mA) in 13 mM sulfuric acid contain-
ing 100mM alanine and 200mM formamide: B-alanine
(©), ammonia (@), glycine ((J), isoasparagine (A), and
isoserine (@).

From f-Alanine and Formamide to Isoasparagine.
Figure 14 shows the time course of the reaction from B-alanine
(100mM) and formamide (200 mM) that takes place during
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Table 1. Summary of the Maximum Yield of Products under Harada Discharge Conditions

Substrate (initial concentration) Maximum yield® of products/%

Amino acid Amide Gly Ser Iso-Ser Asn Iso-Asn
Ala (10 mM) formamide (20 mM) 2.6 3.6 0.0 0.0 0.0
Ala (10 mM) formamide (100 mM) 33 4.0 0.0 0.0 0.0
Ala (100 mM) formamide (200 mM) 2.0 2.6 0.0 3.0 0.0
Ala (1.0M) formamide (2.0 M) 0.0 429 0.0 27" 0.0
Gly (100 mM) acetamide (200 mM) — 0.0 0.0 0.0 0.0
B-Ala (100 mM) formamide (200 mM) 14 0.0 38 0.0 0.4

a) Calculated from the amino acid substrate consumed. b) Maximum yield for 120 min reaction.
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Figure 15. Plausible pathway for the reaction from f-alanine and formamide.

Harada discharge. Ammonia formed concomitantly with a
decrease in the amount of B-alanine, and the yield of glycine
(10% at 180 min) was higher than that observed in the reactions
described above (Figures 5-9). Isoserine and isoasparagine
formed in yields of up to 1.3% at 150 min and 0.1% at 90 min,
respectively. The yield of isoasparagine from [-alanine was
lower than the yield of asparagine (1.5%) from alanine. Table 1
summarizes the maximum yields of products calculated from
the consumed amino acid substrates.

A plausible pathway for the reaction from f-alanine and for-
mamide is presented in Figure 15. The formation of isoserine
suggests the formation of a B-alanine 2-radical. This radi-
cal may also yield a methylamidation compound, 2-(amino-
methyl)malonamide. An unknown peak was observed at 33.44
min on the chromatogram (Figure 4); the identity of this com-
pound was not established.
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Conclusion

Harada discharge was carried out onto a solution contain-
ing 100mM alanine and 200 mM formamide to afford 1.5%
asparagine; the calculated yield based on consumed alanine was
3.0%. Moreover, 1 M alanine and 2 M formamide afforded 27%
(the calculated yield based on consumed alanine). The combi-
nation of glycine and acetamide in the solution did not afford
asparagine under Harada discharge, whereas the combination of
B-alanine and formamide afforded isoasparagine (0.14%) and
isoserine (1.3%); the calculated yields based on consumed
B-alanine were 0.4 and 3.8%, respectively. The presence of
isoserine suggested the formation of 2-aminomethylmalon-
amide, which is an aminomethylated derivative of -alanine.

The results described here demonstrate that if the primitive
hydrosphere contained more than about 100 mM alanine and

© 2014 The Chemical Society of Japan
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200 mM formamide, asparagine, and related compounds might
have formed as a result of lightning strikes onto the hydro-
sphere. Although higher concentration of alanine and forma-
mide than 100 mM could not be obtained all over the primitive
ocean, regional higher concentration might form by the evapo-
ration of water near high temperature sources. Harada discharge
represents a simulative experimental system that can be used
to mimic lightning strikes onto such a primitive hydrosphere.
The formation of asparagine is explained by radical coupling
between an alanine radical and a formamide radical.

I thank Emeritus Professors Akira Shimoyama and the
late Kaoru Harada of the University of Tsukuba for fruitful
discussions and assistance with amino acid analysis.
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