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Abstract The abiotic oligomerization of amino acids may have created primordial, protein-
like biological catalysts on the early Earth. Previous studies have proposed and evaluated the
potential of diagenesis for the amino acid oligomerization, simulating the formation of
peptides that include glycine, alanine, and valine, separately. However, whether such condi-
tions can promote the formation of peptides composed of multiple amino acids remains
unclear. Furthermore, the chemistry of pore water in sediments should affect the oligomeriza-
tion and degradation of amino acids and oligomers, but these effects have not been studied
extensively. In this study, we investigated the effects of water, ammonia, ammonium bicar-
bonate, pH, and glycine on the oligomerization and degradation of methionine under high
pressure (150 MPa) and high temperature conditions (175 °C) for 96 h. Methionine is more
difficult to oligomerize than glycine and methionine dimer was formed in the incubation of dry
powder of methionine. Methionine oligomers as long as trimers, as well as methionylglycine
and glycylmethionine, were formed under every condition with these additional compounds.
Among the compounds tested, the oligomerization reaction rate was accelerated by the
presence of water and by an increase in pH. Ammonia also increased the oligomerization rate
but consumed methionine by side reactions and resulted in the rapid degradation of methionine
and its peptides. Similarly, glycine accelerated the oligomerization rate of methionine and the
degradation of methionine, producing water, ammonia, and bicarbonate through its decompo-
sition. With Gly, heterogeneous dimers (methionylglycine and glycylmethionine) were formed
in greater amounts than with other additional compounds although smaller amount of these
heterogeneous dimers were formed with other additional compounds. These results suggest
that accelerated reaction rates induced by water and co-existing reactive compounds promote
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the oligomerization of less reactive amino acids during diagenesis and enhance the formation
of peptides composed of multiple amino acids.

Keywords Prebiotic . Peptide . Pressure . Diagenesis . pH

Introduction

Proteins are essential components of modern life, playing key enzymatic roles in biological
reactions. Proteins are primarily composed of polymerized amino acids. On prebiotic Earth,
geological processes capable of inducing the abiotic polymerization of amino acids may have
created primordial enzymes, thus contributing an essential ingredient for the origin of life.
After Miller’s experiment (Miller 1953), many researchers have reported the abiotic synthesis
of amino acids from reduced atmospheres (Harada and Fox 1964; Ponnamperma et al. 1969).
However, the most popular model currently postulates a slightly oxidized atmosphere on early
Earth (Holland 1984; Kasting 1993). Thus, other processes for amino acid synthesis have been
proposed, such as impact-induced formation and extraterrestrial delivery (Bernstein et al.
2002; Cronin and Moore 1971; Furukawa et al. 2015; Furukawa et al. 2009; Martins et al.
2013). As a result of such processes, several types of amino acids are presumed to have been
dissolved in prebiotic oceans (Cleaves et al. 2009).

Several geological processes have been proposed for the creation of an environment
suitable for the oligomerization of amino acids on early Earth. The tidal flat wet-and-dry cycle
model is the traditional model for peptide formation. The effects of minerals, cations, and
temperatures in this model have been investigated (Bujdák et al. 1995; Lahav et al. 1978; Rode
1999). A recent study demonstrated the formation of a 20-mer of glycine under an optimized
temperature and wet-and-dry cycles (Rodriguez-Garcia et al. 2015). The submarine hydro-
thermal model is another well-known model for peptide formation (Cleaves et al. 2009; Imai
et al. 1999; Kawamura et al. 2005; Lemke et al. 2009). The diagenesis model was recently
proposed, in which amino acids are concentrated on the surface of clay minerals; compression
and heating through diagenesis then dehydrate the sediments and convert the amino acids into
peptides (Nakazawa 2008). Previous experimental studies of this model have focused on the
effects of pressure and were conducted using pure, dry amino acid powders (Furukawa et al.
2012; Ohara et al. 2007; Otake et al. 2011). These studies demonstrated that high temperature
and pressure conditions promote peptide formation. Natural sediments, however, contain
minerals, water, ions, and other amino acids, as well as ammonia and bicarbonate, typical
decomposition products of amino acids (Sato et al. 2004). Although the effects of several
minerals on the oligomerization of amino acids have been investigated in the context of the
tidal flat model (Bujdák et al. 1995; Bujdák and Rode 1999), the effects of water, ammonia,
bicarbonate, and other amino acids on peptide formation remain unclear.

In previous investigations into the diagenesis model, the oligomerizations of Gly, Ala, and
Val have been reported (Furukawa et al. 2012; Ohara et al. 2007; Otake et al. 2011). These
amino acids have non-polar and relatively small side chains. Thus, they tend to oligomerize
more easily than larger amino acids, whose sterically bulky side chains disrupt nucleophilic
reactions necessary for the formation of a peptide bond. However, for the formation of protein-
like catalytic molecules with specific configurations, the incorporation of more functional
amino acids is essential. Methionine (Met) is a proteinogenic amino acid with a relatively large
side chain that contains a sulfur atom which is contributing to the folding in proteins. Further,
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Met is encoded by the start codon and is used to initiate biological protein synthesis in almost
all living organisms. However, methionine’s sterically bulky side chain have a potential to
makes the abiotic formation of a peptide bond difficult. Indeed, a dimer is the longest peptide
that has been formed in experimental simulations of prebiotic Met oligomerization (Li et al.
2008), much shorter than the glycine 6-mer produced in a similar experiment (Rode and
Schwendinger 1990). In addition, the properties of Met and Met-based peptides at high
temperatures and pressures are completely unknown. Thus, the oligomerization of Met was
investigated in the present study under high temperature (175 °C) and high pressure (150MPa)
conditions. In addition to temperature and pressure effect, we investigated the effects of
glycine, water, ammonia, ammonium bicarbonate, and pH on Met peptide formation and
decomposition.

Experimental

Materials

L-methionine powder (>99 %), glycine powder (>99 %), ammonium bicarbonate, and sodium
hydroxide (>95 %) from Wako Pure Chemical Industries, Ltd. and aqueous ammonia (28 %)
from Sigma-Aldrich. Ammonium bicarbonate was used to investigate the effects from bicar-
bonate because it decomposes at approximately 60 °C and produces equal amounts of water,
ammonia, and carbon dioxide. Ultrapure water was prepared from deionized water with
Simplicity UV (Millipore), resulting in a final resistance of 18.2 MΩ.

For analysis of peptides and amino acids, acetonitrile (LC/MS grade; Wako Pure Chem.),
undecafluorohexanoic acid (ion-pair reagent for LC/MS; TCI), and ammonium formate
(>99.9 %; Sigma-Aldrich) were used as eluents. Most peptide standards were purchased from
Bachem AG for identification and quantification with a high-performance liquid chromato-
graph connected to a tandem mass spectrometer (LC/MSMS).

Experimental Methods

For assessment of peptide formation and Met degradation, experiments were conducted by
incubating 0.42 mmol of L-methionine under high temperature and pressure, either alone or
with varying concentrations of additional compounds. Conditions tested included: (a) Met
+ 0.43 mmol H2O, (b) Met + 4.3 mmol H2O, (c) Met + 1.48 × 10−1 M aqueous ammonia
(NH3(aq)) in 0.43 mmol H2O, (d) Met + 1.48 × 101 M NH3(aq) in 0.43 mmol H2O, (e) Met
+ 1.48 × 10−1 M ammonium bicarbonate solution (NH4HCO3(aq)) in 0.43 mmol H2O, (f) Met
+ 1.48 × 101MNH4HCO3(aq) in 0.43 mmol H2O, (g) Met + NaOH in 0.43 mmol H2O, adjusted
to pH 13.7, or (h) a mixture of 0.21 mmolMet and 0.21 mmol Gly. The above starting materials
were each incubated at 175 °C and 150MPa; replicates were incubated for 3, 12, 24, 48, or 96 h.

In natural sediments, the temperature and pressure increase via a geothermal gradient. In
this experiment, however, excess temperature was applied to the system to create a higher
temperature-pressure relationship than that of the modern geothermal gradient (Hopkins et al.
2010). This is because excess heating accelerates reactions that normally occur on a geological
timescale, enabling the evaluation of reactions on a laboratory timescale. The starting materials
were sealed by arc welding in a gold (99.95 % purity, 0.2-mm thick) capsule with an external
diameter of 5.5 mm and external length of 25 mm. The gold capsule was washed with a 10 %
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HNO3 solution and ultrapure water and then heated at 800 °C for 5 h to remove any organic
contaminants. Although pore space in the capsule was diminished as much as possible, a small
volume of air contamination (up to approximately 10 % of the volume of the starting materials)
may have been present.

Gold capsules were placed in a test-tube autoclave system with water as the pressure
medium. After raising the pressure to 150 ± 0.5 MPa, the temperature was raised to
175 ± 0.5 °C over the course of approximately 60 min. At the end of each experiment, heating
was stopped and the experimental system was quenched to ambient temperature within 5 min.
All capsules were confirmed to exhibit no weight change before and after the experiments,
implying that they were perfectly sealed and no contamination occurred during the experi-
ments. Capsules were stored at −20 °C after the experiments until further analysis. They were
further cooled with liquid nitrogen just before opening. Capsules were dried in a vacuum for
more than 12 h to remove any volatile compounds (e.g., H2O, NH3, CO2, and CH3SH) that
were used as starting materials or produced during the experiments.

Supposing an ocean depth of 1000 m, a pressure of 150 MPa corresponds to ~6000 m
beneath the ocean floor. This depth would correspond with a temperature of ~150 °C
supposing a geothermal gradient of 30 °C/km and a sediment density of 3.0 g/cm3. The
temperature used in this experiment (175 °C) was higher than this expected temperature.
Chemical reactions in deep marine sediments take several million years, and such long
durations cannot be simulated in the laboratory. Therefore, it is necessary to accelerate the
reaction speed. For this purpose, a higher temperature was used, as has been done in previous
high temperature and pressure experiments.

Analytical Methods

Dried samples were analyzed with LC/MSMS (2695 Separation Module and Quattro micro
API; Waters). For peptide analysis, a reverse-phase column (Atlantis T3, 3 μm, 2.1 × 130 mm;
Waters) was used at 30 °C for separation. Two eluents were used with a total flow rate of
0.2 mL/min: eluents A (5 mM undecafluorohexanoic acid) and B (acetonitrile). The compo-
sition of the eluents was altered according to the following gradient program: A/B = 98/2
initial ratio, followed by 85/15 at 30–40 min, then 60/40 at 70 min. An aliquot of the products
(~1 mg) was dissolved into 1 mL water containing 2 vol% acetonitrile. A portion of the sample
solution (5 μL) was analyzed with the LC/MSMS system. A positive mode of electrospray
ionization (ESI) was used to ionize the products. Capillary voltage, source temperature, and
desolvation temperature were set at 3.5 kV, 110 °C, and 350 °C, respectively. Desolvation and
cone gas flow rates were fixed at 600 and 50 L/h, respectively.

The peptides analyzed in this study were Met dimer (Met2), Met trimer (Met3), Met cyclic
dimer (MetDKP), glycine dimer (Gly2), glycylmethionine (Gly-Met), and methionylglycine
(Met-Gly). Peptides in the products were quantified based on their relative peak area on
selected-ion resonance (SIR) chromatograms versus that of standard peptides. This analytical
method has the ability to detect structural isomers separately with different retention times but
cannot distinguish between stereoisomers.

For amino acid analysis, a hydrophilic interaction liquid chromatography column
(ZORBAX HILIC Plus, 2.1 × 100 mm 3.5 μm; Agilent Technology) was used at 30 °C for
separation. Two eluents were used for separation with a total flow rate of 0.2 mL/min: eluents
A (10 mM ammonium formate, pH 3) and B (acetonitrile). The initial A/B ratio was 10/90,
which changed to 30/70 at 20 min. ESI was used for ionization. Capillary voltage, source
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temperature, and desolvation temperature were set at 3.5 kV, 110 °C, and 350 °C, respectively.
Desolvation and cone gas flow rates were fixed at 600 and 50 L/h, respectively. An amino
acids mixture of standard solution type H (Wako Pure Chem.) was used as the standard for
identification and quantification. Quantification of amino acids was also conducted using
relative peak area on SIR chromatograms, as in the peptide analysis.

The recovery of solid residues after drying of experimental products was calculated
as follows:

Recovery ¼ Wdry=Waa � 100 wt%ð Þ ð1Þ

where Waa and Wdry represent the weight of amino acids in the starting materials and
total weight of dried products, respectively. The yields of produced peptides and
recovered amino acids, Ypep and Yaa, were calculated as:

Ypep ¼ 100� Cpep �Waa=Maa mol%ð Þ ð2Þ

Yaa ¼ 100� Caa �Waa=Maa mol%ð Þ ð3Þ

where Maa and Cpep represent the molar amount of amino acids in the starting material and the
concentration of each peptide in the dried solid residues (mol/mg), respectively.

Sulfur contents and sulfur isotope composition of the dried residues were measured using an
elemental analyzer (Carlo Erba, EA1108) connected to an isotope ratio mass spectrometer
(Finnigan Mat, MAT 252). The sulfur isotope composition of products is reported with the
conventional δ notation (δ34SCDT) as the per mil (‰) deviation of the 34S/32S ratio relative to that
of CanyonDiablo Troilite (CDT) and expressed as the difference from the initial value as follows:

Δ34S ¼ δ34Sproduct−δ34Sinitial ð4Þ

Results

Products

In this experiment, we assessed peptide formation and degradation of Met during incubation
alone or with eight different starting compounds. Analysis of the reaction products showed that
Met2 was created under all nine experimental conditions, both in the presence and absence of
additional compounds (Figs. 1, and 2). In contrast, Met3, MetDKP, Gly-Met, and Met-Gly were
not produced when Met was incubated alone but only when additional compounds were
present. The Gly-containing peptides, Gly-Met and Met-Gly, were formed even when Gly was
not included among the starting materials. Several additional peaks appeared in the same mass
chromatograms as MetDKP, Met2, and Met3 (indicated by asterisks in Fig. 1). These peaks most
likely represent structural isomers of MetDKP, Met2, and Met3 composed partially of D-Met. D-
Met was not in the starting materials, but a fraction of L-Met was racemized into D-Met
during incubation. Such D-Met was then incorporated into MetDKP, Met2, and Met3,
forming structural isomers.
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Met Incubation

When pure Met powder was incubated alone, the resulting product was a white powder, even
when the reaction was allowed to proceed for 96 h. No weight loss was observed after drying
the reaction product (i.e., recovery =100 %), indicating that no volatile compounds were
formed during the experiment (Table 1). However, Met yield gradually decreased over the
course of the experiment to 60 % by 96 h (Fig. 2a). This indicates that approximately 40 % of
Met was converted into other non-volatile compounds. Such non-volatile compounds should
contain sulfur, but identifying further details of non-volatile compounds is challenging.
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Fig. 1 Mass chromatograms of produced peptides a and their standard references b from the incubation ofMet with
concentrated NH3HCO3(aq) (1.48 × 101 M; 0.43 mmol H2O) at 175 °C and 150 MPa for 3 h. Peaks marked with
asterisks represent structural isomers of assigned peptides partially composed of D-Met. For example, a peak at 37min
would be Met DKP composed of both D-Met and L-Met. Note that the DKP composed of two D-Met molecules is a
stereoisomer of the DKP composed of two L-Met molecules. Thus, they appear at the same retention time. However,
these homogeneous DKPs are structural isomers of DKP composed of both D-Met and L-Met. Thus, these peaks
appear separately

�Fig. 2 Residual amounts of Met and Gly and yields of Met peptides (Met2, Met3, Met DKP, glycylmethionine,
and methionylglycine) under incubation of Met a alone, b with Gly, c with 0.43 mmol H2O, d with 4.3 mmol
H2O, e with diluted NH3(aq) (1.48 × 10−1 M; 0.43 mmol H2O), f with concentrated NH3(aq) (1.48 × 101 M;
0.43 mmol H2O), g with diluted NH4HCO3(aq) (1.48 × 10−1 M; 0.43 mmol H2O), h with concentrated
NH4HCO3(aq) (1.48 × 101 M; 0.43 mmol H2O), and i with NaOH(aq)
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Peptides were exclusively composed of Met2 and were detectable after 3 h (at 0.001 mol%),
after which point the yield remained constant up to 96 h.

Met-H2O Incubation

Water was added to the methionine powder in two experiments: one including 0.43 mmol H2O
and one including 4.3 mmol of H2O. As the Met powder was not completely dissolved, the
water was saturated in terms of Met in both experiments. The product color was pale green
after a short duration and brown after 96 h in both experiments.

In both Met-H2O experiments, Met2, Met3, MetDKP, Gly-Met, and Met-Gly were produced
(Fig. 2c and d). In the experiment with 0.43 mmol H2O, recovered Met yield decreased over time
to 2.1 mol% at 96 h (Fig. 2c). The yields of Met2, MetDKP, and Met3 increased over the first 48 h

Table 1 Recovery of solid residues after experiments and lyophilization

Starting materials Incubation time (h) Recovery (%)

Met 96 100

48 100

24 100

12 100

3 100

Met with H2O (0.43 mmol) 96 67

48 82

24 92

12 97

3 111

Met with NH3aq (1.48 × 10−1 M) 96 77

48 85

24 91

12 100

3 107

Met with NH3aq (1.48 × 101 M) 96 89

48 87

24 93

12 101

3 100

Met with NH4HCO3aq (1.48 × 10–1 M) 96 82

48 90

24 94

12 98

3 108

Met with NH4HCO3aq (1.48 × 101 M) 96 90

48 96

24 101

12 104

3 113
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and then stayed constant up to 96 h. Gly-Met and Met-Gly were detected after 24 h, even though
glycine was not present in the starting materials. The yields of these two peptides increased with
elapsed time. In the experiment with 4.3 mmol H2O, Met yield decreased more rapidly than in the
experiment with less water (Fig. 2d), whereas the produced peptides reached higher yields. Peptide
yields in this experiment also reached a steady state earlier than those in the prior experiment.

Met-NH3(aq) Incubation

In the two experiments containing added ammonia (1.48 × 10−1 M or 1.48 × 101 M NH3(aq)), the
products turned brown by 96 h. The solid residues recovered from the diluted and concentrated
ammonia experiments represented approximately 77 and 89 wt%, respectively, of that of the initial
Met (Table 1). This was higher than the yield of the Met-H2O experiment (67 wt% of initial Met).

Experiments with the diluted ammonia (1.48 × 10−1 M NH3(aq) in 0.43 mmol H2O)
provided similar results to those with the identical amount of pure water (0.43 mmol H2O;
Fig. 2c and e). However, the concentrated ammonia solution (1.48 × 101 M in 0.43 mmol
H2O) had very different effects (Fig. 2c and f). A high initial concentration of ammonia
resulted in a more rapid decrease in Met yield (Fig. 2f). Further, with the high ammonia
concentration, peptides exhibited the maximum yields after a reduced incubation time. For
example, the yields of both Met2 and MetDKP reached their maximum values at 3 h, which is
45 h earlier than experiments with the diluted ammonia solution. These yields then decreased
rapidly until the 96-h point, when they were almost 100 times lower than the maximum yields.

Met-NH4HCO3(aq) Incubation

In the cases in which 1.48 × 10−1 M or 1.48 × 101 M NH4HCO3(aq) were incubated with Met,
the final product was brown at 96 h. Yields ofMet andMet peptides with the diluted NH4HCO3

solution (1.48 × 10−1 M) were similar to those with diluted NH4(aq) (1.48 × 10−1 M). In contrast,
the yields of Met and Met peptides with the concentrated NH4HCO3(aq) were higher than those
with the concentrated NH3(aq) (1.48 × 101 M) (Fig. 2e–h).

Met-NaOH(aq) Incubation

The pH values at room temperature (pHRT) of the 1.48 × 10−1 M and 1.48 × 101 M NH3(aq)

solutions were 11.7 and 13.7, respectively, while the pHRT values of the 1.48 × 10−1 M and
1.48 × 101 M NH4HCO3(aq) solutions were 9.1 and 11.5, respectively. To investigate the effect
of pH itself on the oligomerization and decomposition of Met, therefore, NaOH was dissolved
in 0.43 mmol H2O to adjust the pHRT of the NaOH solution to 13.7. In the NaOH experiment,
the product color changed to brown after 96 h of incubation. A decreasing yield of Met over
time was found similar to that observed when an identical amount of water (0.43 mmol) was
used (Fig. 2c and i). Compared with the results of the experiment with concentrated ammonia
solution, the addition of NaOH led to a similar oligomerization rate but a significantly reduced
degradation rate of Met peptides.

Met-Gly Incubation

When both Met and Gly were dissolved in 20 mL water, the pHRT was neutral (pHRT = 7.1).
After 96 h of incubation of dry mixed powder of Met and Gly, the pHRT of the solution in
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which the incubation product was dissolved in 20 mL water was still neutral, although the
white powder of the Met-Gly mixture had been converted into a brown tar.

The yield of residual Met decreased slowly over the first 24 h (Fig. 2b), similar to the results
of the experiment with 0.43 mmol H2O (Fig. 2c). However, the degradation of Met subse-
quently accelerated, so that the yield of recovered Met after 96 h of incubation with Gly was
less than half of that with 0.43 mmol H2O and was more similar to experiments with
concentrated NH3(aq) and concentrated NH4HCO3(aq) (Fig. 2b, f, and h). Yields of Met2 and
MetDKP were similar to those observed in the experiments with diluted NH3(aq) and diluted
NH4HCO3(aq). The Gly-containing peptides Met-Gly and Gly2 exhibited higher yields than in
all other experiments in which Gly was not included in the starting materials.

Sulfur Isotope Compositions

During the incubation of Met alone or of Met and Gly together, the sulfur isotope ratios
of the products were not significantly different from that of the starting Met (Fig. 3). In
contrast, in the experiments in which H2O or NH3(aq) were added, the products were
depleted in 34S by as much as 2 ‰ relative to that of the starting Met. This isotope
fractionation occurred along with decomposition of Met (Fig. 3a) to 2 % of the original
amount, even though the solid residues contained more than 60 % of the sulfur originally
present in the starting material (Fig. 3b).

Discussion

Effect of Water on Met Oligomerization and Degradation

The presence of water thermodynamically suppresses the formation of peptides due to
hydrolysis. However, the incubation of Met with H2O resulted in greater peptide yields than
achieved with Met alone, both at 3 and 96 h (Fig. 4). Peptides are formed from amino acids
through an SN2 reaction that is initiated by the nucleophilic attack of an amino nitrogen on a
carbonyl carbon followed by removal of a hydroxyl group. The nucleophilic attack of the SN2
reaction should occur more frequently in solution due to the capacity for attacking a specific
intramolecular geometry. Furthermore, the removal of the hydroxyl in the second step of the
reaction requires a proton to form an H2O molecule. This explains why increasing the amount
of water in the starting material resulted in greater peptide yields in our experiments. Even with
the greater amount of water (4.3 mmol), the powdered Met was not completely dissolved.
Thus, the additional water did not dilute the concentration of Met in the solution but increased
the amount of solution that was saturated in terms of Met in the sample. This is likely the
reason that peptide yields did not decrease with additional water but rather more peptides were
formed more rapidly. We expect that if we had used a much larger amount of water, resulting in
an unsaturated Met solution, the peptide yields may have indeed been lower.

The addition of water to the starting materials also affected the degradation rate of
Met. The solid residue that resulted from the incubation of pure Met for 96 h contained
more than 90 % of the initial sulfur and approximately 60 % of the initial Met (Table 1
and Fig. 3a, b). In contrast, the solid residue that resulted from the incubation of Met
with H2O for 96 h retained approximately 70 % of the initial sulfur and only 2 % of the
initial Met (Table 1 and Fig. 3a, b).
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Effect of Ammonia and Bicarbonate on Met Oligomerization and Degradation

Figure 4 shows the yields of Met2 after 3 h and 96 h of incubation with different additives.
Because the yield of Met2 increased over the first 12–48 h and then decreased before 96 h
(Fig. 2), the yield at 3 h reflects the rate of Met2 formation, whereas the difference in yield
between 3 h and 96 h reflects the rate of Met2 degradation (Fig. 4). The only exception to this
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is the experiment with concentrated NH4HCO3(aq), in which the formation and/or degradation
occurred so rapidly that the Met2 yield had already begun to decrease by 3 h (Fig. 3h).

The fact that the Met2 yield at three hours was higher in the experiment with concentrated
NH3(aq) than in the experiment with pure Met indicates that Met2 formation was promoted by
the presence of NH3 (Fig. 4). Promotion of Met2 formation was also observed when Met was
incubated with the NaOH solution. Therefore, we propose that high pH conditions
(pHRT = 13.7) were responsible for the promotion of Met2 formation. The speciation of Met
changes from a zwitterion to an anion when the pH of a Met solution changes from neutral to
alkaline. This change would increase the dimerization rate of Met, increasing the nucleophi-
licity of the N in the amino group. Increased peptide formation of Gly was also reported in a
previous study that investigated the oligomerization of Gly in ammonia solution (Oró and
Guidry 1961). A similar pH-dependent rate increase was also observed in previous studies that
investigated the dimerization rates of Gly in different pH solutions (Rodriguez-Garcia et al.
2015; Sakata et al. 2010). In contrast, negligible differences in the Met2 formation rate were
observed between the experiment with diluted NH3(aq) (pHRT = 11.7) and the experiment with
an identical amount of pure water (Fig. 4). Because the amount of ammonia was significantly
smaller than that of Met, the pH increase due to the ammonia may have been buffered by Met,
resulting in a negligible effect on the rate of oligomerization.

In contrast, a much lower yield of Met2 was observed at 96 h in the experiment with
concentrated NH3(aq) relative to that of the NaOH solution, indicating that this increased
degradation of Met2 was not simply due to the pH increase. The rapid degradation of Met2
may have been caused by the amidation of Met. This reaction consumes Met and Met
oligomers but does not decompose Met into volatile compounds. The presence of this reaction
is supported by results that show an increase in the amount of non-volatile components, which
is indicated by the higher recovery of nonvolatile compounds in the experiment with NH3(aq)

compared to the experiment with H2O alone (Table 1).
In the experiment with diluted NH4HCO3(aq), the effects were negligible probably owing to

its low molar amount compared with that of Met. When comparing the yield of Met2 after 3 h
of incubation with concentrated NH4HCO3(aq) or an identical concentration of NH3(aq), Met2
yield was higher in the incubation with NH4HCO3(aq) (Fig. 4). This suggests that the presence
of carbonate may increase the rate of Met2 formation. This rate increase cannot be attributed to
pH because the pHRT of the concentrated NH4HCO3(aq) was 11.7, lower than that of the
concentrated NH3(aq), 13.7. On the other hand, the yield of Met2 at 96 h was comparable
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Fig. 4 Comparison of Met2 yields after 3 and 96 h of incubation. The pH levels shown represent the pH values
of solutions added to Met, not the pH values of the initial solutions
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between the experiments with concentrated NH4HCO3(aq) and concentrated NH3(aq) (Fig. 4).
This indicates that carbonate does not have a significant effect on the degradation of Met2.

Effects of Gly on Met Oligomerization and Degradation

When Gly is gradually degraded during incubation, several compounds are produced, includ-
ing water, ammonia, and carbon dioxide, as well as other products (Cox and Seward 2007).
This reaction occurs more rapidly than the degradation of Met observed in this study (Ohara
et al. 2007). When Gly was added to the starting materials, the rate of Met oligomerization was
initially as slow as that observed with pure Met (Fig. 4). However, the oligomerization rate
later increased, and the yield of Met2 was greater with Gly addition than with pure Met alone
after 12 h (Fig. 2a and b). As discussed in sections 4.1–4.3, the presence of water and
potentially bicarbonate increases the Met oligomerization rate. Therefore, the increased olig-
omerization rate observed in the presence of Gly may be attributed to the products of Gly
decomposition, particularly water and bicarbonate. Greater yields of peptides composed of
both Gly and Met were produced with Gly addition than in experiments with other additives.
The rate of peptide formation would also be accelerated by the presence of the degradation
products of Gly.

The degradation rate of Met was also greater in the experiment with Gly compared to that
found with pure Met (Fig. 2a and b). This elevated Met degradation may also be due to a
product of Gly degradation. Degradation rate was also high when NH3(aq) was used as an
additive, indicating that ammonia produced during Gly pyrolysis likely affected the rate of
Met degradation.

Transition in Sulfur Isotope Ratio

Sulfur isotope compositions of methionine will fractionate when they produce different sulfur
species. Direction of sulfur isotope fractionation (i.e., 32S-enrichment or 34S-enrichment)
would be dependent on which S-bearing species were produced. In other words, sulfur isotope
compositions of products can indirectly constrain the characteristics of S-bearing products. No
significant sulfur isotope fractionation was observed in the pure Met and Met + Gly experi-
ments. On the other hand, we found that 34S was depleted in the Met + NH3(aq) and Met + H2O
experiments, by as much as 1 ‰ and 2 ‰ in δ34S value, respectively (Fig. 3). This may
suggest that water was involved in the processes that promoted sulfur isotope fractionation.
When water was used in the incubation, a large difference was observed between the
fraction of sulfur remaining in the solid residues (70 %) and the yield of residual Met
(2 %, Fig. 3). This indicates that almost all of the starting Met was converted into non-
volatile sulfur compounds.

Thermal cracking of Met predominantly produces carbon dioxide and/or methanethiol and
is the major process of Met decomposition under dry conditions (Yablokov et al. 2009).
Degradation of methanethiol produces several S-bearing compounds, including dimethyl
sulfide, dimethyl disulfide, H2S, and elemental sulfur (Coope and Bryce 1954; Mukoyama
et al. 2015). Elemental sulfur remains after drying because it is not volatile at the experimental
temperature. Isotope fractionation between elemental sulfur and H2S (and probably also
methanethiol, as well) leads to enrichment of 32S in elemental sulfur (Ohmoto and
Goldhaber 1997). Therefore, the formation of elemental sulfur is consistent with the enrich-
ment of 32S in the dried residues of our experiments. This further suggests that water promotes
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oxidative decomposition of Met. This oxidative reaction competes with oligomerization of
Met, owing to the consumption of Met and Met peptides.

Implications for Diagenesis in Prebiotic Earth

In this study, Met peptides as large as trimers (Met2, MetDKP, and Met3) were synthesized from
monomeric Met powder in the presence of water, ammonia water, and ammonium bicarbonate
solution. To the best of our knowledge, no previous study has produced Met peptides larger
than trimers while simulating the environmental conditions of early Earth. In comparing the
effects of these compounds, we demonstrated that the oligomerization rate of Met is promoted
by the presence of water and potentially bicarbonate, as well as high-pH conditions. Thus,
these conditions may have played a role in amino acid oligomerization on prebiotic Earth.

Once dissolved in the ocean, amino acids would have been introduced into marine
sediments by adsorption on minerals and then concentrated by compaction and dehydration
through diagenesis. As there are large variations in the water content of sea-floor sediments, in
the course of diagenesis, amino acids should be surrounded by varying amounts of water. The
experimental conditions assessed in this study provide such examples and indicate that the
reaction rates of both peptide formation and Met decomposition under wet conditions are
significantly greater than under dry conditions.

The pH values in majority of natural deep sediments are buffered by minerals. Therefore,
pH-changes would have been counteracted than the present experiments. Further, we found no
effects of a solution of diluted NH3 (i.e., 1.48 × 10−1 M) and this concentration is significantly
higher than prebiotic ocean estimated in a previous study (2 × 10−6 M) (Summers 1999). The
decomposition of organic compounds through diagenesis, however, provides additional am-
monia in sediments. High ammonia concentrations in sediments have been suggested by the
occurrence of ammonia-intercalated phyllosilicate found in 3.8 Ga-metasediments in Isua,
Greenland (Honma 1996). Such ammonia-enriched environments have potential to promote
peptide formation, although they also promote the consumption of amino acids and peptides
by side reactions.

Bicarbonate may have been enriched in sediments through the degradation of other
organic compounds like carboxylic acids and amino acids (Sato et al. 2004). The present
study suggests that, in such environments, the formation rates of peptides might have
been accelerated.

A large difference in the oligomerization rates of Gly and Met may lead to some difficulty
in the formation of peptides containing multiple amino acids. However, this study also shows
that the pyrolysis products of Gly promote the oligomerization of Met and enable the
formation of peptides containing Met. This indicates that even amino acids with sterically
bulky side chains participate in oligomerization reactions following activation from decom-
position products of reactive amino acids, thus resulting in the formation of oligopeptides
composed of multiple amino acids in diagenesis.

Summary

In this study, we investigated the effects of water, ammonia, ammonium bicarbonate, pH, and
Gly on Met peptide formation and Met degradation at 175 °C and 150 MPa. The experimental
results are summarized as follows. Met peptides as large as trimers were formed from
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monomeric Met. Peptides composed of both Met and Gly were produced from a mixture of
Met and Gly, as well as from starting materials that did not initially include Gly, indicating the
formation of Gly fromMet. The rate of peptide formation from pure, dry Met was very low but
increased in the presence of water and with increased pH. Ammonia promoted the rate of
peptide formation but also promoted the degradation of Met and Met peptides. The addition of
Gly to Met increased the reaction rate of Met peptide formation and Met degradation through
the creation of decomposition products of Gly.
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