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Small pools near early volcanoes are recognized as optimal field for the origin of life. However, the significance
of pH variability in the polymerization of biomolecules has been undervalued. Within a simulated “warm little
pond,” our study illustrates that a pH variability scenario provides an effective and innovative route for the
generation of cyclic dipeptides from prolinamide and free amino acids, obviating the necessity for a catalyst.
Subsequent investigations reveal the influential roles of activator (trimetaphosphate, abbreviated as Psm), clay
minerals such as montmorillonite, calcite, magnetite, and metal ions including Ca2+, Mg2+, Mn2+, which might
have been prevalent in the early Earth's environmental conditions, in facilitating this prebiotic synthetic process.

In conclusion, this research provides valuable insights into the possible mechanisms of prebiotic cyclic peptide
synthesis, which is a crucial step in understanding the origin of life. The proposed pH variability model offers a
plausible explanation for how these peptides could have formed under early Earth conditions.

1. Introduction

The inquiry into the origin of life on Earth has long been entwined
with debates surrounding the location and mechanisms of chemical
evolution, as well as the environmental conditions prevailing during this
transformative phase. The central question of whether life underwent
chemical evolution underscores the importance of the emergence site
meeting two fundamental requirements: the presence of liquid solvents,
such as water, and a supply of energy to facilitate self-assembly.
Therefore, hydrothermal environments emerge as potential cradles for
the early evolution of life, with terrestrial hydrothermal fields repre-
senting a noteworthy example (Omran and Pasek, 2020). Dating back to
the 19th century, Darwin introduced the concept of a “warm little pond”
as a conceivable birthplace for life (Pereto et al., 2009). Subsequent
discoveries of hydrothermal fields have bolstered support for the
“primitive soup hypothesis” (Joyce, 2002). It is proposed that these
hydrothermal fields, akin to the small pools near early volcanoes, wit-
nessed the generation of numerous amino acids and inorganic salts. The
intermittent drying caused by direct sunlight or volcanic eruptions led to
thermal polymerization and dehydration of small molecular substances,
resulting in the formation of polymers, including peptides. This narra-
tive suggests that oxygen-deprived, arid continental environments
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provided an ideal setting for dehydration (Barge et al., 2019).
Throughout Earth's history, hydrothermal fields have cyclically varied
between wet and dry conditions (Ross and Deamer, 2019), representing
an efficient means of converting biomolecular monomers into polymers
on a lifeless Earth (McKee et al., 2018).

The chemical evolution of life is intrinsically connected to the early
evolution of non-living components. Clay minerals, metal ions, and
environmental pH levels, especially during the Hadean and Archean
eras, played pivotal roles in this process. Clay mineral surfaces,
including montmorillonite (Cueto-Diaz et al., 2023), calcite (Hazen
etal., 2001) and magnetite (Ozturk et al., 2023), have demonstrated the
ability to adsorb, concentrate, and catalyze reactions of biomolecules.
Notably, previous studies have confirmed the successful adsorption of
amino acids on these surfaces in the form of anions and zwitterions.
Investigations by Sakata et al. delved into the effects of metal ions (Ca*,
Mg2+, Zn2+, Fe2+, Mn2+, and Cu®*") and pH on the formation of linear
and cyclic dipeptides, also known as diketopiperazines (DKPs), in
aqueous solutions (Sakata et al., 2014). The early hydrosphere was
characterized by acidity, a consequence of a higher concentration of
acidic gases in the early atmosphere. However, the strong negative
feedback between marine pH and authigenic clay formation likely sta-
bilized Earth's climate (Isson and Planavsky, 2018), implying that early
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life existed within an environment with dynamically changing pH.

The synthesis of prebiotic peptides represents a key scientific chal-
lenge in the chemical evolution process. Under simulated prebiotic
conditions, classical amino acids can form polypeptides through dehy-
dration, but the efficiency of the reaction in water is low and heavily
reliant on additives such as catalysts and activators (Muchowska and
Moran, 2020). Proline, for instance, can generate cyclic dipeptides
under the mediation of the activator trimetaphosphate (Psm). Cyclic
dipeptides, crucial as precursors of prebiotic peptides, exhibit various
chiral catalytic activities (Borthwick, 2012; Imai et al., 1999; Otsuka
etal., 2019), and play an essential role in the origin of life. Additionally,
non-classical amino acids, such as amino acid amides, detected during
the synthesis of classical amino acids (The Strecker synthesis and
cyanohydrin condensation processes generate nitriles that are then
subjected to hydrolysis, resulting in the formation of amides.), are
believed to have existed in primitive oceans and participated in the
synthesis of linear dipeptides under primitive Earth conditions (Mullen
and Sutherland, 2007; Nishizawa et al., 1983; Oro et al., 1959).

In this study, we simulated the wet-dry cycle of hydrothermal fields
on dry land, an environment deemed ideal for the origin of life.
Emphasizing often-overlooked pH variability in this setting, we explored
the reactions between prolinamide, an amino acid amide, and 20 amino
acids. Our findings reveal that prolinamide can independently generate
proline cyclodipeptide or form heterocyclic dipeptides with 20 amino
acids, all without the need for any catalyst during wet-dry cycling and
pH variability. The inclusion of activator Psm further enhances cyclic
dipeptide production. Beyond this, we investigate other abiotic factors
in the early Earth's environment, such as clay minerals (montmoril-
lonite, calcite, magnetite) and metal ions (Ca%™, Mg2+, Mn?"), exam-
ining their influence on cyclic dipeptide production.

2. Materials and methods
2.1. Materials

The research group successfully synthesized the standard product of
cycloPro-Pro. Prolinamide (Pro-NHjy) was purchased from Saen Chemi-
cal Technology Co., Ltd. (Shanghai, China). L-Methionine (L-Met), L-
Histidine (L-His), L-Valine (L-Val), L-Tryptophan (L-Trp), L-Threonine
(L-Thr), L-Proline (L-Pro), L-Arginine (L-Arg), L-Tyrosine (L-Tyr), L-
Isoleucine (L-Ile), L-Asparagine (L-Asn), L-Glutamic acid (L-Glu), t-
Lysine (L-Lys), L-Cysteine (L-Cys), L-Glutamine (L-Gln), L-Leucine (L-
Leu), 1-Serine (L-Ser), L-Aspartic acid (L-Asp), L-Alanine (L-Ala), L-
Phenylalanine (L-Phe), L-Glycine (L-Gly), CaCly and MnCly were ob-
tained from Shanghai Macklin Biochemical Co., Ltd. (China). Trimeta-
phosphate was purchased from Sigma Aldrich. (China). MgCl, was
purchased from Meilunbio. (China). Ultrapure water (18.2 MQ cm) from
a Milli-Q water purification system (Millipore, Bedford, MA) was used to
prepare solutions and the mobile phase. Reagents were obtained and
verified by MS spectra (Supplementary Figs. S6-23).

2.2. General procedure for synthesizing cyclic dipeptides

Proline cyclodipeptide (Cyclo-Pro-Pro): A 0.1 M solution of Pro-NHy
was mixed with or without a 0.1 M solution of sodium Psm in a 1 mL
neutral (pH 7) aqueous solution. The reactants were exposed to an open
environment at a temperature of 80 °C for one day. Subsequently, 1 mL
of water was added, and the pH was adjusted to 11 using a 2 M NaOH
solution, followed by incubation at a temperature of 80 °C for another
day.

Heterocyclic dipeptides (Cyclo-Pro-AAs): A solution containing 0.05
M Pro-NH; was combined with a solution containing 0.3 M AAs in a
neutral aqueous medium (pH 7, 1 mL). The reaction mixture was
exposed to an open environment at a temperature of 80 °C for one day.
Subsequently, additional 1 mL of water was added, and the pH was
adjusted to 11 using a concentrated NaOH solution (2 M), followed by
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incubation at a temperature of 80 °C for another day.

The general process of adding metal ions or clay minerals: In the
general procedure of cycloPro-Pro synthesis, a solution containing metal
ions at a concentration of 0.05 M or clay minerals at a concentration of
10 mg/mL was introduced. Subsequently, the minerals were eluted with
0.5 M HCI upon completion of the reaction.

Note: The “standard sample” refers to the standard substance, while
the “actual sample” refers to the experimental sample.

2.3. HPLC-HRMS analysis method

Mass spectrometry (MS) was performed in positive mode on the Q-
Exactive Plus system. HRMS instrument parameters were set as follows:
The capillary voltage was set at 3800 V, dry gas at 3 Lemin™! and dry
temperature at 320 °C. Mass spectra were recorded in the scan range
from m/z = 50 to 750. For ESI-HRMS, approximately 1/3 of the LC
eluent was introduced through a splitting T valve. To enable online
detection of reaction products in HPLC-HRMS, a divert valve on the MS
instrument was configured to switch between HPLC flows. HPLC was
performed using UltiMate 3000 RSLCnano system equipped with an
Agilent TC-C18, 5 pm, 4.6 mm x 150 mm column. The column tem-
perature was kept at room temperature. A binary mobile phase (solvent
A: water with 0.1% formic acid; solvent B: acetonitrile) was used with a
flow rate of 0.8 mLemin!. The linear gradient elution program was as
follows: 0 ~ 4 min, 5% B; 4 ~ 19 min, 5%-70% B; 19 ~ 21 min, 70% B;
21 ~ 22 min, 70 ~ 5% B; 22 ~ 30 min, 5% B. The detection wavelength
was 210 nm and the sample size was 5 pL. For HPLC-HRMS online
detection of reaction products, the diverter T valve was used to cleverly
switch the HPLC eluent to achieve online desalting and detection. The
specific setting was: from O to 2 min, the diverter valve switched the
HPLC eluent to the waste liquid; After 2 min, the diverter valve switches
the HPLC eluent to HRMS.

In this paper, the quantitative/semi-quantitative analysis of cyclic
peptide yield is based on the peak area of ion flow or UV peak area of
HPLC-HRMS. The maximum peak area of the product was considered as
100%, and the percentage of the peak area of the product of other
products represented the relative concentration of cyclic dipeptide.

2.4. FTIR analysis method

The IR data was acquired using a Thermo Nicolet 4700 FTIR spec-
trometer. Prior to analysis, the samples were placed on Durapore® hy-
drophobic PVDF membranes with a pore size of 0.22 pm and allowed to
be examined using Total Reflectance (ATR) sample chamber. Spectra
were background-subtracted within the range of 500 to 2500 cm ™! and
signal-averaged by performing 16 scans per spectrum. The sample was
prepared by pressing tablet method: The sample was frozen at a tem-
perature of 80 °C for thirty minutes followed by freeze-drying to obtain
solid powder using a freeze-dryer. Subsequently, KBr and the solid
sample were meticulously mixed and ground into fine powder of
micrometer grade at a ratio of 100:1. The resulting mixture was ulti-
mately compressed into a transparent sheet to facilitate subsequent
detection and analysis.

3. Results
3.1. Peptide synthesis on early Earth

The present study focuses on the synthesis of unique cyclic di-
peptides within a confined geological environment. The previous ex-
periments have demonstrated that linear proline dipeptide readily
undergoes cyclization to form cyclic dipeptide in an alkaline aqueous
solution, but they encounter challenges in neutral or acidic conditions
(Ying et al., 2018). Based on the aforementioned research, we conducted
a preliminary investigation into the potential impact of pH on the for-
mation of cyclic dipeptides in the novel system.
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The selection of Pro-NH, as the starting material was followed by its
dissolution in an aqueous medium. Subsequent to this, the pH was
meticulously calibrated to three distinct values: 3, 7, and 11. The
experimental setup included two cycles of alternating dry and wet
conditions, conducted at a temperature of 80 °C over a period of two
days. Throughout the duration of the experiment reaction, no further
adjustments were made to the pH. All experimental data presented in
this paper were obtained through triplicate experiments, and samples
were analyzed using high-performance liquid chromatography coupled
with high resolution mass spectrometry (HPLC-HRMS). Notably, a
retention time of 10.34 min was observed in the extracted ion chro-
matogram (EIC) at m/z 195.1120, corresponding to the cycloPro-Pro
molecular ion [M + H]T (Fig. 1a, b; Supplementary Fig. S1).
Comparing the production of cycloPro-Pro at different pH levels by the
peak area of ion flow revealed the highest production at pH 7 (Fig. 1c),
deviating from previous findings (Ying et al., 2018). The formation of
cycloPro-Pro from Pro-NH,; involves two sequential reactions, namely
condensation and cyclization. Specifically, under these conditions, Pro-
NH; undergoes polymerization to form linear-Pro-Pro (condensation)
before cyclizing into cycloPro-Pro (cyclization). As anticipated, the by-
product linear-Pro-Pro was also detected in the spectrum (Supplemen-
tary Fig. S2). Is this due to a difference in pH requirements between the
two reaction steps?

To investigate, we conducted a similar reaction using Ala-NHj to
validate the optimal pH for the condensation reaction. As the dominant
dimeric product produced by this reaction is the linear dipeptide, HPLC-
HRMS was employed to analyze the experimental samples, revealing a
retention time of 3.03 min with m/z 161.0916, corresponding to the
molecular ion [M + H] " of linear-Ala-Ala (Fig. 2a, b). By comparing the
peak area of ion flow at different pH levels, optimal conditions for the
reaction were observed at pH 7 (Fig. 2c). Furthermore, the yield of
linear-Ala-Ala was determined to be 1.4% under conditions with a pH of
7, utilizing the standard curve (Supplementary Fig. S3). We hypothesize
that variability environmental conditions, especially in terms of pH,
during prebiotic periods were more favorable for generating cycloPro-
Pro through single-component reactions using Pro-NH; as building
block. To test this hypothesis, we designed the following experiment.

3.2. Cyclic peptide synthesis in pH variability environments

Expanding upon the preliminary experiments, we devised a study to

(a)

Cyclo-Pro-Pro
EIC: m/z 195.1120
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explore pH variability. The synthesis of cycloPro-Pro from Pro-NH, was
initiated at pH 7. The reactants were exposed to an open environment at
a temperature of 80 °C for a duration of 24 h. Subsequently, 1 mL of
water was introduced, and the pH was adjusted to 11 using a solution of
2 M NaOH solution. The mixture was then placed in a temperature-
controlled block set at a temperature of 80 °C for an additional day.
Analysis using HPLC-HRMS revealed that the optimal yield was ach-
ieved during pH variability between 7 and 11 (Fig. 3a). The experi-
mental results are in accordance with our expectations, confirming that
the reaction of Pro-NH, to generate cycloPro-Pro indeed proceeds
through a two-step mechanism.

Moreover, we systematically organized and summarized the frag-
mented products generated by the cycloPro-Pro ions in MS2. As depicted
in Fig. 3b, ionic fragment 1 corresponds to 3,6-dimethylpiperazine-2,5-
dione, representing the characteristic peak of [M-C4H; + H]*. Addi-
tionally, a distinct peak arises from the loss of CsH4O resulting in 2,5-
dimethylimidazolidin-4-one (ionic fragment 2). Analogously, N-ethyl
propionamide (ionic fragment 3), 3, 4-dimethylazet-2 (1H) -one (ionic
fragment 4), 2-methylcyclobut-2-en-1-one (ionic fragment 5), 3-methyl-
aziridin-2-one (ionic fragment 6), and finally, acetamide (ionic fragment
7) are formed successively. Fragments 1, 2, 4, 5 and 6 exhibit cyclic
structures that require further investigation to understand the phe-
nomenon of maternal ion remaining structures undergoing cyclization
upon fragmentation.

Fourier transform infrared spectroscopy (FTIR) played a pivotal role
in scrutinizing the samples both pre- and post-reaction, uncovering
noteworthy modifications in the amide region (Fig. 3c). These alter-
ations furnish compelling evidence of peptide formation. Over the
course of the experiment, Pro-NH; encountered fluctuations in envi-
ronmental conditions, including dryness, moisture, and pH variability.
Consequently, the substance underwent structural and compositional
changes, leading to discernible modifications in the infrared spectrum.
The amide I band (1650-1750 cm™ ') predominantly reflects the
stretching vibrations of the C=O0 functional group within the amide
bond (Kaczmarczyk, 1998). Additionally, an additional characteristic
peak associated with acyl group vibration (Amide II) was observed at
1250-1350 cm ™! (Guillén et al., 2008). Essentially, characteristic peaks
of amide bonds undergo alterations during the reaction process.

A plausible reaction scheme is illustrated in Fig. 3d. The initial step of
the condensation reaction is more favorable under pH 7 conditions. In
the subsequent cyclization reaction, alkaline aqueous solutions facilitate
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Fig. 1. Reaction pathway and HPLC-HRMS analysis of the cycloPro-Pro product. The calculated average mass value of cycloPro-Pro [M + H] " is 195.1120. (a) The
EIC-MS profile illustrates the product cycloPro-Pro obtained from Pro-NH,. (b) The reaction pathway of cycloPro-Pro is depicted. (c) The bar graph illustrates the
percentage of relative yield EIC-MS peak area for cycloPro-Pro under different pH conditions.



X. Guo et al. Palaeogeography, Palaeoclimatology, Palaeoecology 651 (2024) 112402

(a) Linear-Ala-Ala (b)
EIC: m/z 161.0916 0
100 3.03 min o NH, O
i | 1([5'\1%3]1‘6 RT:3.03min | o %\}
! ! ; FTMS+p ESI | 5
90—: i b i NH; —etand dry cycles OH
80 i“’ 80 NH; f O | NH, (6]
1 o | o
70~ ié 60 /K’(N\’)J\OH i Ala-NH, Linear-Ala-Ala
3 c |
8 60 13 40 0 ! c .
g ey < i () Linear-Ala,
© ] lo I
el = 1>20 I
2 502 [E=3 i
3 s . : | e
% 403 e 0 : = 100 -
I : 130 140 150 160 170 180 190! =
T 30° IS S S LU+ S —— ! o ==
L =
! o 50
! >
107 g
! \__ =
0 o
0 T T T
-10 Frp P 3 7 11
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (min) pH

Fig. 2. Reaction pathway and HPLC-HRMS analysis of the linear-Ala-Ala product. The calculated average mass value for [M + H]" of linear-Ala-Ala is 161.0916. (a)
EIC-MS profile illustrates the obtained product, linear-Ala-Ala, derived from Ala-NH,. (b) The reaction pathway elucidates the formation mechanism of linear-Ala-
Ala. (c) The bar graph illustrates the relative yield of linear-Ala-Ala under varying pH conditions.
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Fig. 3. Reaction pathway and HPLC-HRMS analysis of cycloPro-Pro product. (a) The bar graph presents the relative yield of cycloPro-Pro at different pH conditions,
expressed as a percentage of UV peak areas relative to overall yield. The “*” denotes that a p-value of less than 0.05, as determined by the t-test, signifies a statistically
significant difference. (b) The MS/MS(MS?) profile of m/z 195.1122 confirms the successful formation of Cyclo-Pro-Pro. (c) The samples were subjected to FTIR
verification. The graphical representation features a red curve, which corresponds to the absorbance measurements of the Pro-NH, starting material. In contrast, the
black curve delineates the absorbance of the sample post the completion of the Pro-NH;, reaction. Fourier transform infrared spectroscopy (FTIR) analysis of mixtures
before and after the reaction revealed the emergence of characteristic peaks corresponding to Amide I (N—H stretching vibration) and Amide II (C=O stretching
vibration), indicating the formation of amide bonds during the Pro-NHj reaction and providing support for peptide synthesis. (d) The reaction scheme illustrates the
formation from Pro-NH,, with emphasis on the red arrow indicating the main pathway. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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the formation of cyclic compounds from linear-Pro-Pro (Fig. 3a). The
percentage of cycloPro-Pro generated at pH 7-11 was calculated to be
approximately 10.8% (Supplementary Fig. S4). Therefore, the reaction
demonstrates enhanced efficiency under pH variability, which are
considered novel geochemical scenarios for investigating the origin of
life (Guo et al., 2021a).

3.3. Synthesis of heterocyclic dipeptides under simulated early Earth
conditions

Previous studies have established that Pro can engage with amino
acids (AAs) to produce cyclic dipeptides containing Pro (Guo et al.,
2021b; Guo et al., 2022; Ying et al., 2018). To investigate whether
prolinamide (Pro-NHj;) could generate corresponding cyclic dipeptides
with other AAs in our reaction system without the addition of other
activators, we initially fine-tuned the dosing ratio for the reaction
(Fig. 4). Notably, when the dosing ratio of Pro-NH, and Ala was set at
1:6, a higher yield was observed, and further increasing the amount of
Ala did not significantly enhance the yield increase. Utilizing the stan-
dard curve, the concentration of Cyclo-Pro-Ala was determined to be
0.33 mM, which corresponds to a yield of 0.7% (Supplementary Fig. S5).
It is well-established that DKPs containing proline are often components
of various natural products (Naman et al., 2017; Nsengiyumva et al.,
2015). The question arises: Can proline-containing cyclic dipeptides be
formed under potentially prebiotic conditions? To address this query,
we investigated the reactions of Pro-NHy with other AAs based on the
optimal reaction conditions established for cycloPro-Ala.

The experiments comprehensively covered all 20 naturally occurring
amino acids (Met, His, Val, Trp, Thr, Pro, Arg, Tyr, Ile, Asn, Glu, Lys,
Cys, Gln, Leu, Ser, Asp, Ala, Phe, Gly) in an aqueous solution under pH
variability conditions ranging from pH 7 to 11 at a temperature of 80 °C
for a duration of 2 days (Fig. 5a). The products containing proline-
derived cyclic dipeptides were subjected to analysis using HPLC-
HRMS. Gratifyingly, cycloPro-AA products of 20 amino acids were
successfully identified (Supplementary Table 1). The HPLC-HRMS
spectra related to the experiment can be found in the supplementary
information (Supplementary Figs. S6-23). Remarkably, cycloPro-Ser
emerged as the predominant product in the reaction of Pro-NH, and
Ser, suggesting that the hydroxyl group of Ser exerted an accelerating
effect on the reaction (Fig. 5b). In contrast, Thr exhibited significantly
lower reaction efficiency, indicating the high sensitivity of Pro-NHj to-
ward subtle structural alterations. Similar observations were also made
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Fig. 4. The line chart depicts the relative yield variation at various dosing
ratios of Pro-NH, to Ala.
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in other analog pairs, such as Leu and Ile, Gly and Ala. The emergence of
cycloPro-AAs and the distinct recognition between Pro-NHy and AAs
carry profound implications for the understanding of the evolution of
life.

3.4. Catalytic factor in small water pools near volcanoes

Moreover, to augment the yield of cyclic dipeptides, we considered
incorporating trimetaphosphate (P3m), a prebiotic source known to act
as a potential activator. Psm, discovered in volcanic products (Yamagata
et al., 1991), has been reported as an effective water-soluble reagent for
promoting the condensation of small biological molecules, such as
amino acids and nucleotides (Gan et al., 2022). The conjecture was
validated by the inclusion of Psm in the reaction system (Fig. 6).
Consistent with previous investigations (Dolan et al., 2015; Rabinowitz,
1970; Sibilska et al., 2018; Sibilska et al., 2017), our findings demon-
strated that Psm effectively enhanced the synthesis of cyclic dipeptides.
Specifically, the addition of P3m catalyst resulted in a threefold increase
in cycloPro-Pro yield compared to its absence (Fig. 6b). The proposed
mechanistic hypothesis elucidating the role of Psm in facilitating the
synthesis of cyclic dipeptide peptides is delineated within the Supple-
mentary Fig. S24.

In the context of the chemical evolution of early Earth, the non-living
processes played a crucial role. To gain a deeper understanding of this
process, it is imperative to explore the clay minerals that potentially
existed on Earth's surface during the Hadean and Archean periods,
encompassing montmorillonite, calcite, and magnetite. Moreover, metal
ions such as Ca®*, Mg2+, Mn?*, etc., are also significant factors that
cannot be overlooked. As depicted in Table 1, within the reaction system
of Pro-NH, and P3m, minerals and metals exhibit potential for pro-
moting polymerization of prebiotic molecules. Specifically, calcite
demonstrated a remarkable enhancing effect on chemical polymeriza-
tion of cycloPro-Pro. The discovery reveals a fundamental link in the
origin of early life on Earth, particularly the process of polymerization of
prebiotic molecules. However, we must not disregard the influence
exerted by the environment in this process. When investigating the
polymerization of prebiotic biogenic molecules, it is crucial to consider
environmental conditions to accurately reconstruct and understand the
processes that occurred on early Earth. The exploration of life's origins
on early Earth necessitates comprehensive investigation into minerals,
metal ions, and even environmental conditions themselves, all of which
constitute integral components in unraveling this intriguing puzzle.

4. Discussion

The formation of cyclic dipeptides induced by Pro-NH, represents a
prebiotic pathway for peptide chemical synthesis, occurring in the early
Earth's environment without the need for any catalyst. This perspective
is grounded in the presence of warm pools near volcanoes during the
Hadean and Archean periods, providing plausible environments for the
origin of life (Deamer et al., 2019). These small pools exhibit an
unparalleled energy output (Barge et al., 2019), resembling cradles of
life that foster endless possibilities. Therefore, it is postulated that the
alternation between dry and wet cycles constitutes one of the most
efficient mechanisms for generating monomer polymers of essential
molecules on a lifeless Earth (Becker et al., 2019; Rajamani et al., 2008).
Furthermore, these warm pools not only provide liquid solvents but also
serve as energy sources owing to their distinctive geographical condi-
tions. Concurrently, the frequent geological activities in proximity to
volcanoes supply abundant building blocks for various chemical re-
actions (Damer and Deamer, 2020; Washington, 2000).

In this process, pH variability triggered by volatile acid-base sub-
stances within these small pools plays a crucial role in determining
experimental outcomes (Guo et al., 2021a). Our study reveals that pH
exerts a significant influence on the polymerization of cyclic dipeptides.
Specifically, neutral conditions promote the polymerization of linear
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Table 1
Impact of metal ions and clay minerals on the production of cycloPro-Pro.
Number Ions Clay minerals Cyclo-Pro,
1 _ _ 1%
2 Ca®* - 1.66
3 Mg** - 1.48
4 Mn?' - 2.09
5 - Calcite 2.23
6 - Montmorillonite 1.76
7 - Magnetite 2.05

1*: The peak area of the extracted ion flow in the control group measured 1.

dipeptides, as such an environment facilitates molecular interactions
and accelerates the dipeptide polymerization processes. Conversely,
under alkaline conditions, we observed a more pronounced tendency
toward dipeptide cyclization, attributed to the alkaline environment
favoring the formation of cyclic dipeptides (Fig. 3). Hence, the selection
of appropriate acid-base conditions becomes highly significant when
optimizing cyclic dipeptide cyclization processes (Guo et al., 2019).
Understanding these effects enables us to better regulate reaction con-
ditions and provides valuable insights into comprehending the chemical
evolution process underlying origin of life (Martin et al., 2009).

During the prebiotic Earth, it is hypothesized that warm pools
harbored AA-NH;, molecules, which served as the fundamental building
blocks of primitive life chemistry (Parker et al., 2014). Certain research
literature proposes that mechanochemical activation can convert
ferrocyanide complexes into aminonitrile through chemical reaction
pathways associated with the early Earth environment. This process
consequently leads to the formation of AA-NH; acid molecules,
enhancing energy storage efficiency and partially overcoming thermo-
dynamic limitations in peptide bond formation (Bolm et al., 2018). Our
study further illustrates that in the presence of Pro-NH; alongside 20
amino acids, 20 cyclic dipeptides can be synthesized abiotically,
significantly enhancing the diversity of the peptide library. Moreover,
Iyer et al. have affirmed that cyclic dipeptides exhibit asymmetric cat-
alytic effects on Strecker amino acid synthesis (Iyer et al., 1996). Given
their varied chiral catalytic activities, cyclic peptides may act as pre-
cursors for prebiotic peptides during the chemical evolution catalyzed
by biological enzyme processes, gradually contributing to the estab-
lishment of our current homochirality (L-amino acids and D-
nucleosides).

Furthermore, our study has demonstrated the effective promotion of
dipeptide production by Psm (Fig. 6), providing further evidence for the
crucial regulatory role of phosphorus in prebiotic chemical evolution
(Handschuh and Orgel, 1973; Lohrmann and Orgel, 1971; Westheimer
and F., 1987). Additionally, we observed significant promoting effects
on cyclic dipeptide formation from clay minerals and metal ions
(Table 1), indicating a close relationship between chemical evolution of
early Earth and abiotic environmental conditions (Franchi and Gallori,
2005; Muchowska et al., 2020; Rasmussen et al., 2021). Given that clay
minerals and metal ions were present during Earth's early formation,
they may have played an important catalytic role in the emergence of
life on Earth. Therefore, future investigations into the chemical evolu-
tion of early Earth should consider the evolutionary processes of non-
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living components to comprehensively understand the origin and
development of life.

5. Conclusion

In conclusion, this study significantly enhances our understanding of
the formation of cyclic dipeptides on prebiotic Earth. Notably, we have
successfully addressed the challenge of abiotic synthesis of cyclic di-
peptides without the need for a catalyst. This groundbreaking discovery
not only satisfies the prerequisites for monomer polymerization in the
emergence of life but also provides a partial solution to the energy
supply challenge. Furthermore, it implies that variations in environ-
mental pH may have played a pivotal role in the origin of life. The
exploration of the Pro-NH; induced cyclic dipeptide-generating reaction
system reveals a potential pathway for life's emergence in early Earth
environments. The plausibility of such a pathway provides novel in-
sights, advancing our understanding and exploration of the origin of life.
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