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Key Points:
●  A new prebiotic peptide origin path was found that meets the conditions of the primordial Earth.
●  The unique energetics of the reactions lead to possible catalyst-free peptide formation.
●  Amino acid amides could act as an enhancer to help amino acids participate in peptide formation.
●  The amino acid amides were compatible with 20 amino acids and are capable of producing a diverse peptide library.
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Abstract:  The prebiotic synthesis of peptides prior to ribosome-catalyzed processes remains an enigma. The synthesis of abiotic
peptides from amino acids (AAs) is primarily constrained by high activation energies and unfavorable thermodynamics, necessitating the
identification of plausible prebiotic alternatives for synthesizing prebiotic peptides. Here we present a plausible pathway to the
formation of prebiotic peptides, wherein oligopeptides, oligopeptide amides, and cyclic oligopeptides can be directly synthesized from
amino acid amides (AA-NH2) under wet–dry cycle conditions without the need for any enhancers. The subsequent investigation revealed
that AA-NH2 demonstrated more favorable thermodynamic reaction effects than AAs in peptide formation. In contrast to the
polymerization of AAs, the process of peptide formation through the polymerization of AA-NH2 was significantly simplified. Additionally,
AA-NH2 was discovered to function as a “bridge” for the formation of peptides from AAs, thereby facilitating their participation in the
synthesis of intricate peptide structures. On the basis of these findings, a plausible mechanism for the prebiotic origin network of
peptides under primordial Earth conditions has been proposed. Overall, this research presents a plausible pathway for the generation of
prebiotic peptides and peptide libraries within prebiotic environments.
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1.  Introduction
The  emergence  of  prebiotic  peptides  is  a  crucial  event  in  the

evolution  of  life.  However,  the  mechanisms  underlying  their

synthesis  prior  to  ribosome  origin  remain  enigmatic.  It  is  widely

postulated that prebiotic peptide synthesis occurs in two distinct

stages: amino acid (AA) formation as the initial stage, followed by

polymerization  (Frenkel-Pinter  et  al.,  2020).  The  process  of  poly-

merization  requires  the  condensation  of  AAs  accompanied  by

water loss, which poses a significant energy barrier. Consequently,

the  efficient  formation  of  prebiotic  peptides  may  require

substrate activation (Martin, 1998; Frenkel-Pinter et al., 2020).

Numerous  studies  have  been  performed  to  find  potential  routes

that can reduce the difficulties in chemical evolution (Chandru et

al., 2020; Foden et al., 2020; Sanden et al., 2020). Trimetaphosphate

has demonstrated its efficacy as an activator in prebiotic chemistry

for the formation of prebiotic peptides and nucleotides (Ying JX et

al.,  2018a, 2021; Gan  DW  et  al.,  2022).  Furthermore,  metal  ions

have  been  reported  as  facilitating  the  formation  of  prebiotic

peptides  during  evolutionary  processes.  For  instance,  Rode  and

colleagues documented Cu2+-catalyzed peptide generation in the

presence  of  a  high  concentration  of  NaCl  (Schwendinger  and
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Rode,  1989; Rode  and  Schwendinger,  1990; Jakschitz  and  Rode,

2012).  Although  various  enhancers  (e.g.,  activators  and  catalysts)

are  possibly  present  under  primordial  Earth  conditions,  finding a

more  facile  approach  to  synthesize  prebiotic  peptides  could  be

advantageous  for  the  accumulation  and  evolution  of

biomolecules.  Consequently,  instead  of  initially  synthesizing  AAs

followed  by  their  dehydration  for  polymerization,  we  propose  a

simpler  and  more  direct  pathway  for  peptide  formation  under

plausible prebiotic conditions.

The submarine hydrothermal system is considered the “cradle” of

the  origin  of  life.  It  consists  of  two  types:  the  black  smoker  type,

driven  by  the  magma  chamber  beneath  ocean-floor  spreading

zones, and the cooler (approximately 50–90 °C) Lost City type, not

driven  by  magma.  Both  types  are  regarded  as  potential  sites  for

the  emergence  of  life  (Martin  et  al.,  2008).  Alkaline  lakes  in  the

Archean era could have played a significant role in the origin and

early evolution of life (Stüeken et al.,  2015). Additionally, wet‒dry

cycling is commonly believed to facilitate condensation reactions

under  prebiotic  conditions,  leading  to  the  formation  of  proto-

biopolymers such as peptides,  nucleic acids,  and others (Da Silva

et al., 2015; Forsythe et al., 2015; Becker et al., 2018). Forsythe et al.

(2015) proposed  that  microenvironments  might  have  existed  on

early Earth that resembled intertidal zones or land puddles, which

promoted  material  flow  during  water  influx  and  concentration

reactions when dried (Forsythe et al., 2015).

Recently, non-AA substances, such as sulfhydryl acid and hydroxy

acid,  have  been  found  to  serve  as  raw  materials  in  the  reaction

with  AAs  for  prebiotic  peptide  synthesis  (Forsythe  et  al.,  2015;

McKee et al., 2018; Frenkel-Pinter et al., 2022). Carbamoyl AAs are

also  considered  potential  peptide  precursors  (Gan  DW  et  al.,

2023). Amino acid amide (AA-NH2),  which existed in the primeval

sea (Nishizawa et al., 1983; Mullen and Sutherland, 2007), is a kind

of  AA  derivative  that  could  potentially  be  utilized  as  a  precursor

for the synthesis of prebiotic peptides. Oró and Guidry (1960) and

Kawashiro et al.  (1980) investigated peptide synthesis from glyci-

namide  (Gly-NH2)  in  a  concentrated  ammonia  solution  (Oró  and

Guidry,  1960; Kawashiro  et  al.,  1980).  However,  the  concentrated

ammonia  solution  would  have  been  unsuitable  under  prebiotic

conditions, where watery environments were likely more prevalent

on early Earth (Martin et al., 2008).

In  this  work,  we  report  a  robust  prebiotic  system  for  peptide

synthesis  from  AA-NH2 (Figure  1a)  and  investigate  the  reactions

between AA-NH2 and 20 kinds of  AAs to form prebiotic  peptides

(Figure 1b). The kinetic and thermodynamic obstacles for prebiotic

peptide bond formation were resolved by wet‒dry reactions. Our

results  indicated  that  AA-NH2 could  directly  generate  linear

oligopeptides,  oligopeptide  amides,  and  cyclic  oligopeptides

without requiring activation by other chemical building blocks at

mild temperatures and within a wide pH range. This is crucial for

the accumulation of various prebiotic peptides prior to the emer-

gence of ribosome. Furthermore, we propose a potential reaction

mechanism suggesting that AA-NH2 may serve as the key reactant

in prebiotic peptide synthesis. 

2.  Materials and Methods 

2.1  Wet‒Dry Reactions
All  wet  and  dry  cycle  reactions  were  placed  in  an  oven  at  80  °C,

and  samples  for  each  reaction  were  placed  in  1.5  mL  Eppendorf

tubes for a dry block, with the caps open. The volume of solution

was then brought to 1 mL after each drying, unless stated other-

wise.

For the alanine (Ala) wet‒dry experiment, 0.1 M Ala was dissolved

in 15 mL of aqueous solution and then divided into 1 mL quantities

for two wet‒dry cycles. The reaction temperature was set at 80 °C,

and  the  pH  was  set  at  3.0,  7.0,  and  10.0.  Each  experiment  was

conducted three times in parallel.

For the alaninamide (Ala-NH2) wet‒dry experiment, 0.1 M Ala-NH2

was dissolved in 15 mL of aqueous solution and then divided into

1 mL quantities for two wet‒dry cycles. The reaction temperature

was  set  at  80  °C,  and  the  pH  was  set  at  3.0,  7.0,  and  10.0.  Each

experiment was conducted three times in parallel.

For the Ala-NH2 and Ala wet‒dry experiments, 0.05 M Ala-NH2 and

0.05 M l-Ala were dissolved in 15 mL of aqueous solution and then

divided into 1 mL for two wet‒dry cycles. The reaction temperature

was  set  at  80  °C,  and  the  pH  was  set  at  3.0,  7.0,  and  10.0.  Each

experiment was conducted three times in parallel.

For the Ala-NH2 and 20 respective AA wet‒dry experiments, solu-

tion A was 0.1 M Ala-NH2 dissolved in 50 mL of aqueous solution,

and solution B was 0.05 M AA dissolved in 3 mL of aqueous solu-

tion. Because of the different solubilities of the AAs, isoleucine (Ile,

0.025  M),  tyrosine  (Tyr,  0.007  M),  tryptophan  (Trp,  0.025  M),

glutamic acid (Glu, 0.017 M), and aspartic acid (Asp, 0.025 M) were

mainly used. Two milliliters (2 mL) of solution A and 2 mL of solution
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Figure 1.   Prebiotic wet‒dry reactions for peptide formation under primordial Earth conditions. (a) The wet‒dry reaction of AA-NH2 to form

prebiotic peptides at 80 °C. (b) The wet‒dry reaction of AAs with AA-NH2 to form prebiotic peptides at 80 °C.
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B  were  mixed  1:1  for  two  wet‒dry  cycle  reactions.  The  reaction
temperature was set at 80 °C, and the volume of the solution was
increased to  1  mL after  each drying step.  The pH of  the  reaction
solution  was  set  at  7.0.  Each  experiment  was  performed  three
times  in  parallel.  The  final  sample  was  analyzed  by  liquid  chro-
matography‒mass  spectrometry  (LC‒MS),  direct  infusion  electro-
spray  high-resolution  tandem  mass  spectrometry  (MS/MS),  and
Fourier  transform infrared spectroscopy (FTIR).  A  residual  sample
of 500 µL of solution B mixed 1:1 with ultrapure water was used to
calculate the AA conversion after the reaction. For the variable pH
wet‒dry  experiment,  samples  were  dried  under  different  pH
conditions by the addition of a different number of equivalents of
1 M HCl or 1 M NaOH. 

2.2  LC‒MS
High-performance liquid chromatography (HPLC)  was performed
on  a  Thermo  Scientific  UltiMate  3000  standard  HPLC/ultra  HPLC
(UHPLC) system. The HPLC flow rate was 1 mL⋅min−1. The column
was  a  250  ×  4.6  mm  Phenomenex  Luna  5  µm  C18(2)  100A  LC
column, held at a temperature of 25 °C, with a 10 µL injection with
needle  wash.  Solvent  A  was  0.1%  formic  acid  in  LC‒MS  grade
water, and solvent B was LC‒MS grade acetonitrile at a flow rate of
1 mL⋅min−1.  The gradient is  listed in the Supporting Information.
Mass  spectrometry  and  MS/MS  were  performed  on  a  Thermo
Scientific Q-Exactive Plus system in positive mode. The MS instru-
ment  parameters  were  set  as  follows:  spray  voltage  of  3800  V,
sheath  gas  flow  rate  of  3  L⋅min−1,  and  capillary  temperature  at
320 °C.  Mass  spectra  were registered in  the scan range from m/z
50 to 750. 

2.3  Infrared Spectroscopy
Infrared data were obtained on a Thermo Nicolet 4700 FTIR spec-
trometer.  Prior  to  analysis,  samples  were  placed  on  Durapore
hydrophobic  polyvinylidene  fluoride  (PVDF)  membranes  with  a
pore size of 0.22 µm and allowed to dry. Samples were analyzed in
an  attenuated  total  reflectance  (ATR)  sample  chamber.  Spectra
were  background-subtracted  from  500  to  2500  cm−1 and  signal-
averaged (16 scans per spectrum). 

2.4  Computational Quantum Chemistry
Calculations  were  performed  by  using  density  functional  theory
with  the  B3LYP  (Lee  et  al.,  1988; Becke,  1993)  functional  and
M062X (Zhao Y and Truhlar, 2008), as implemented in the Gaussian
16  program  package  (Frisch  et  al.,  2016).  The  6-31G*  basis  set
(Krishnan  et  al.,  1980)  was  used  for  geometry  optimizations  and
frequency.  Final  energies  for  the  fully  optimized  structures  were
obtained with the larger def2-TZVP basis set. Solvation free ener-
gies  in  water  were  calculated  as  single-point  corrections  on  the
optimized  structures  by  using  the  integral  equation  formalism
polarizable  continuum  model  (IEFPCM)  solvation  model.  Disper-
sion  corrections  were  added  by  using  the  density  functional
theory-dispersion  correction  3  (DFT-D3)  method  (Grimme  et  al.,
2010, 2011).  Analytical frequency calculations were carried out at
the B3LYP/6-31G* level to obtain Gibbs free energy corrections at
298 K and to characterize the nature of stationary points. The zero-
point energy (ZPE) correction factor at the B3LYP/6-31G* level was
0.9806,  which  we  used  and  then  performed  Gibbs  free  energy

calculations with Shermo (Lu T and Chen QX, 2021). 

3.  Results and Discussion 

3.1  Prebiotic Peptide Formation from AA-NH2 via Wet–Dry

Reactions
To investigate the potential formation of peptides from AA-NH2 in
the wet‒dry reactions, Ala-NH2 was subjected to wet‒dry cycles at
80 °C in an aqueous solution with pH 7.0 (Figure 2a). The products
were characterized by using analytical techniques such as LC‒MS
and direct infusion electrospray high-resolution MS/MS.

The extracted ion chromatogram (EIC) of m/z 161.0921, combined

with  the  MS/MS  spectrum,  was  utilized  for  product  analysis.  The

corresponding  Ala2 spectrum  is  depicted  in Figures  2b and 2c.

Notably,  the  reaction  of  Ala-NH2 produced  linear  oligopeptides

(AAn)  up  to  tetramers  (Figures  S1  and  S2)  and  oligopeptide

amides (AAn-NH2) up to hexamers (Figures S3−S6). Furthermore, a

species  with  a  mass  of  Ala2 minus  one  water  molecule  and  a

retention time of 5.02 min was observed (Figure S7). This product

was identified through MS/MS analysis as the cyclized form of Ala2

(Figure  S8),  termed  cyclo-Ala2.  Surprisingly,  cyclo-Ala3 and  cyclo-

Ala4 were also detected by LC‒MS (Figures S9 and S10), indicating

that  AA-NH2 could  generate  not  only  linear  peptides  and  their

corresponding  peptide  amides  but  also  cyclic  peptides  under

prebiotic conditions. These findings highlight the substantial role

played by AA-NH2 in prebiotic peptide formation. 

3.2  Formation of Prebiotic Peptides from AA-NH2 in a

Wide pH Range
To investigate the feasibility of achieving the formation of prebiotic

peptides  via  AA-NH2 across  a  wide  pH  range,  Ala-NH2 was

subjected to two wet–dry cycles at 80 °C under various pH condi-

tions  (pH  3.0,  7.0,  and  10.0).  The  formation  of  AAn,  AAn-NH2,  and

cyclo-Alan was  confirmed  under  all  three  pH  conditions  (Figures

S1−S22).  The  results  demonstrated  that  the  chain  length  and

peptide yield were influenced by the solution pH (Figure 3).  Ala2

and Ala3 were observed in all three pH gradient reactions for Ala-

NH2,  with the highest production of both Ala2 and Ala3 occurring

at  pH  10.0.  However,  Ala4 was  detected  at  pH  7.0.  When  the

outcomes between reactions conducted at pH 3.0 and 10.0 were

compared, it was evident that longer peptides were formed under

neutral  conditions  (pH  7.0),  indicating  a  preference  for  peptide

bond formation in this system. 

3.3  Prebiotic Peptide Formation via Wet–Dry Reactions of

AA-NH2 with AAs
It  has  been  reported  that  AAs  can  serve  as  reactants  for  the

production of peptides (Ying JX et al., 2018b; Holden et al., 2022).

In addition, the coexistence of AAs and AA-NH2 under primordial

Earth  conditions  could  possibly  aid  the  evolution  of  prebiotic

peptides.  Thus,  we  investigated  the  mixture  of  AA-NH2 (0.05  M)

with AAs (0.05 M) to form peptides, and the reaction without Ala-

NH2 to  form  peptides  was  considered  a  comparison.  The  pH

values for the wet‒dry reactions were set at 3.0, 7.0, and 10.0, with

a  temperature  of  80  °C.  Finally,  LC‒MS  and  FTIR  were  used  to
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analyze the resulting samples.

The  presence  of  amide  bonds  in  the  product  oligopeptides  was

confirmed  by  FTIR  (Figure  4a).  The  amide  I  band  (1600−

1700  cm−1)  comprised  mainly  peptide  backbone  C=O  stretching

vibrations.  The  wet‒dry  reaction  of  Ala  and  Ala-NH2 resulted  in

the appearance of amide absorption bands (amide I and amide II),

direct  reporters  of  amide  bond  formation  (Rozenberg  and

Shoham, 2007). One of the products was confirmed to be Ala2 by

comparison with a pure Ala2 authentic standard.

The  subsequent  results  showed  that  pH  7.0  exhibited  greater

advantages  for  peptide  extension  in  comparison  with  pH  values

of  3.0  and  10.0  (Figure  4b and  Figures  S23  and  S24),  which  was

similar  to  the  result  of  the  wet‒dry  reaction  from  Ala-NH2.

Notably,  only  Ala2 production  was  detected  when  a  single  reac-

tant, Ala, was used (Figure 4b and Figures S23−S27). This observa-

tion  suggests  that  the  combined  reaction  of  Ala-NH2 with  Ala

contributed more substantially to peptide formation than did the

reaction involving Ala alone.
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Figure 2.   Analytical data confirmed the formation of prebiotic peptides in the wet‒dry reaction. (a) The reaction scheme for peptide, peptide

amide, and cyclic peptide formation from Ala-NH2. The formation of Alan (n = 2, 3, 4) is verified here and in Figures S1 and S2. The formation of

Alan-NH2 (n = 2, 3, 4, 5, 6) is verified in Figures S3−S6. The formation of cyclo-Alan (n = 2, 3, 4) is verified in Figures S7−S10. (b) Extracted ion

chromatogram (EIC)-MS profile of the product. The EIC of m/z 161.0921 was analyzed, which corresponded to Ala2. The retention time (RT) of Ala2

was 2.46 min. p: positive ion mode. (c) The MS/MS profile of m/z 161.0921, which confirms the formation of Ala2.
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Next,  computational  quantum chemistry  was used to investigate

whether Ala-NH2 contributed more to peptide formation than did

Ala.  As Figure  4 shows,  compared  with  the  reaction  of  Ala,  the

reaction  of  Ala-NH2 with  Ala  needed  less  energy  to  reach  the

corresponding transition state product (TS, Figures 4c and 4d). As

a result, the reaction of AA-NH2 with AA might be more likely. This

result  further  indicated  that  Ala-NH2 exhibited  more  favorable

peptide-forming  activity  than  did  Ala.  The  idea  that  mixtures  of

AA-NH2 and  AAs  produced  oligopeptides  was  particularly  attrac-

tive  from  an  origin-of-life  perspective  because  the  presence  of

simple AA-NH2 and AAs has been verified under prebiotic  condi-

tions  (Miller,  1953; Oró  and  Guidry,  1960; Wolman  et  al.,  1972;

Miller  and  Bada,  1988).  Peptide  formation  became  even  more

favorable  upon  addition  of  Ala-NH2 to  the  reaction  mixture

containing  Ala  (Figure  4b and  Figures  S23  and  S24),  potentially

because  of  its  role  as  an  activator  agent  that  promotes  peptide

synthesis by facilitating the involvement of Ala. 

3.4  AA-NH2 Effectively Reacts with 20 Respective AAs
To further investigate whether AA-NH2 acts as an activator to aid

AAs as a part of the peptide, a reaction of Ala-NH2 (0.1 M) with 20

AAs (0.05 M) for two wet‒dry cycles at 80 °C was performed. The

pH was adjusted to 7.0 because of its enhanced effect in promoting

the  synthesis  of  longer  peptides.  Subsequently,  LC–MS  analysis

confirmed  the  formation  of  peptides  resulting  from  the  reaction
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mixtures, showing shifts in the C=O band and in the amide regions upon wet‒dry reaction of Ala and Ala-NH2, supporting peptide formation.

(b) Effect of Ala-NH2 on Ala-forming peptides at pH 7.0. The reaction of Ala-NH2 with Ala and the reaction of Ala were compared. The average EIC
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standard deviations. (c) Free energy profile for the formation of Ala2 via reaction of Ala-NH2 with Ala. (d) Free energy profile for the formation of

Ala2 via reaction of Ala.
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between Ala-NH2 and 20 respective AAs (Figures S28−S47).

The  AA  conversion  rates  of  the  20  reactions  were  compared  by

calculating the average EIC peak area ratio of the consumed AAs

to  the  AA  mother  liquor.  Multiple  parallel  experiments  were

performed to reduce the error.  The results showed that the reac-

tivities  of  the  20  AAs  were  different  (Figure  5).  Hydrophilic  AAs,

such as glutamic acid (Glu), glutamine (Gln), arginine (Arg), serine

(Ser),  and  asparagine  (Asn),  exhibited  greater  efficiency  in  this

system,  whereas  aromatic  AAs,  such  as  phenylalanine  (Phe),

showed resistance. Notably, Glu displayed the highest conversion

rate,  at  53.9%, whereas Ile had the lowest,  at  only 1.2%. Previous

experimental  data  indicated  that  AAs  were  also  detected  in

samples reacted with AA-NH2 (Figure S48),  suggesting hydrolysis

of AA-NH2 leading to corresponding AA formation. Thus, it is likely

that true conversion rates were slightly higher than our calculated

values.

It is worth noting that we observed the presence of both dipeptides

and tripeptides in certain reactions. Taking the reaction of Ala-NH2

with Ser as an example, we analyzed the MS/MS spectra of these

peptides to determine their sequences. The analysis revealed that

the  dipeptides  consisted  of  Ala-Ser  and  Ser-Ser,  whereas  the

tripeptides comprised Ala-Ala-Ser and Ala-Ser-Ser (Figures 6a and

6b and Figure S49). It is interesting that the LC‒MS results showed

that  Ala-Ser  was  greatly  synthesized  but  that  Ser2 was  rarely

formed (Figure 6c). Further results revealed that the major tripep-

tide  was  Ala-Ala-Ser  (Figure  6d).  The  results  showed  that  the

amino group at the carboxyl end of AA amide attacked the amino

group  of  the  other  AAs,  which  was  further  verified  in  our  recent

work  (Zhang  L  et  al.,  2024).  These  findings  suggest  that  peptide

formation  involving  Ser  may  have  been  challenging  under

primordial  Earth conditions.  However,  with the assistance of  Ala-

NH2 as  an  activator,  Ser  could  have participated more effectively
in peptide formation for enhanced evolutionary processes. 

3.5  The Mechanism of Prebiotic Peptide Formation Based

on AA-NH2

On  the  basis  of  the  results  above,  we  have  proposed  a  plausible
mechanistic route network for abiotic peptide synthesis (Figure 7).
In an aqueous solution, AA-NH2 can undergo hydrolysis with H2O
to yield AA, which can then be condensed through dehydration to
form  peptides  (Frenkel-Pinter  et  al.,  2020).  Additionally,  AA-NH2

can engage in nucleophilic attack with the amino group of the AA,
resulting  in  the  formation  of  AA2 and  the  release  of  NH3.  By
following  a  similar  approach,  when  AA-NH2 encounters  AA2,  it
gives rise to the generation of AA3. Continuously, AAn can gradually
be  formed.  It  is  important  to  note  that  without  any  additional
additives present, AA-NH2 has the inherent capability of undergo-
ing  self-rearrangement  into  AA2-NH2 and  even  AAn-NH2.  Subse-
quent  reaction  with  H2O  via  a  hydrolysis  process  leads  to  the
formation  of  AAn.  Remarkably,  cyclo-AAn can  be  produced  from
AAn-NH2.  The  mechanism  has  been  reported  in  our  recent  work
(Zhang L et al., 2024), where we show its universality and superior-
ity in prebiotic chemistry. 

4.  Conclusions
Collectively,  the  results  presented  above  demonstrate  that  AA-
NH2 could have played a key role in prebiotic peptide formation.
The  plausibility  of  our  argument  rests  on  the  following  points:
(i) the suitability for abiotic synthesis of the building blocks of life;
(ii)  the  presence  of  AA-NH2 under  primordial  Earth  conditions;
(iii) the unique energetics of the reaction, leading to possible cata-
lyst-free  peptide  formation;  and  (iv)  the  compatibility  of  AA-NH2

with the 20 AAs to produce a diverse library of abiotic peptides.
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Figure 5.   The AA conversion rates of the 20 reactions further showed the importance of AA-NH2 in the synthesis of prebiotic peptides. The error

bars for triplicate experiments (n = 3) are plotted as the standard deviations.
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Figure 6.   The reaction of Ala-NH2 with Ser indicated that Ala-NH2 could help Ser participate in peptide synthesis. (a) MS/MS of m/z 177.0869. As
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The error bars for triplicate experiments (n = 3) are plotted as the standard deviations. (d) The relative yields of the dipeptides Ala-Ala-Ser and Ala-
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874 Earth and Planetary Physics       doi: 10.26464/epp2024050

 

 
Gan DW, Zhou RW, Fu SS and Ying JX et al.: Amino acid amides: A pathway to prebiotic peptides

 



We emphasize that this study revealed the formation of prebiotic

peptides  containing  both  amino- and  carboxy-terminal  ends.

These  peptides  are  likely  to  have  been  favorable  for  the  abiotic

synthesis of the building blocks of life, which differs from polymers

generated by hydroxy acids  and thioesters  (Forsythe et  al.,  2015;

Frenkel-Pinter et al., 2022). Furthermore, the reaction presented in

this  article  can  generate  peptide  amides  (AAn-NH2).  C-Terminal

amination  of  a  peptide  can  decrease  its  overall  charge  and

enhance peptide stability, whereas terminal closure would bring it

closer to the parent protein. This modification has the potential to

enhance  the  biological  activity  of  the  peptide  (Wollack  et  al.,

2009), which is meaningful for modern peptide products.

The  presence  of  AA-NH2 on  primordial  Earth  as  a  prebiotic

compound  is  highly  plausible.  It  has  been  experimentally

confirmed that AA-NH2 can be synthesized through the prebiotic

reaction  of  isocyanides,  as  reported  by Mullen  and  Sutherland

(2007). In addition, Bolm et al. (2018) verified that the AA-NH2 can

be  formed  by  mechanochemical  activation  of  iron  cyano

complexes  with  α-aminonitriles  under  primordial  Earth  condi-

tions. Parker  et  al.  (2014) also demonstrated the prebiotic  source

existence of AA-NH2 by simulated spark discharge experiments.

Through  a  direct  measurement  of  heat  in  an  aqueous  medium,

thermochemistry has shown that an AA amide bond stores more

energy  than  a  peptide  bond  (Dobry  and  Sturtevant,  1952;

Benzinger et al., 1959). Thus, it is reasonable to assume that prebi-

otically formed AA-NH2 has already overcome thermodynamically

unfavorable  conditions  for  providing  peptide  bonds,  based  on

thermochemical  studies.  Furthermore,  computational  quantum

chemistry  results  have  indicated  that  AA-NH2 exhibits  a  greater

and more beneficial contribution to peptide formation than does

AA.

It is important to note that AA-NH2 facilitates the participation of

20 AAs in peptide evolution. In the presence of AA-NH2, AAs were

observed  to  form  longer  peptide  chains  and  generate  a  greater

number of peptides (Figure 4b). Furthermore, we have discovered

that  AA-NH2 can  assist  dipeptides  in  forming  tripeptides.  Taking

the  reaction  system  involving  Ala-NH2 and  Ser  as  an  example,

LC‒MS results showed that the tripeptide formed was not only Ala-

Ala-Ser  but  also  small  amounts  of  Ala-Ser-Ser  (Figure  6d and

Figure  S49).  According  to  our  proposed  mechanistic  speculation

(Figure  7),  for  the  generation  of  Ala-Ser-Ser,  Ser  first  forms  Ser2

(Gorlero et al., 2009), and then the further formation of Ala-Ser-Ser

begins  with  the  activation  of  AA-NH2.  These  results  indicate  that

AA-NH2 promotes  the  involvement  of  AAs  in  the  formation  of

dipeptides  and  their  subsequent  elongation  into  oligopeptides.

Therefore, the coexistence between AA-NH2 and AAs may provide

a  more  favorable  condition  for  generating  a  diverse  peptide

library, which is beneficial for the emergence of life with complexity

and diversity.

In conclusion, this work has successfully resolved a long-standing

controversy  regarding  the  possibility  of  catalyst-free  reactions

leading to peptide formation by utilizing the characteristic of AA-
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XX (AA analogs).  This  unique feature allows for  the simultaneous
fulfillment  of  both  the  presence  of  a  reaction  precursor  and  the
energetic  requirements  under  the  primordial  Earth  environment.
The  oversight  of  this  potentiality  over  several  decades  can  be
attributed  to  most  researchers  focusing  on  AA-forming  peptides
as  the  primary  route  for  investigation,  often  using  catalysts,
whereas  only  a  few  researchers  have  explored  non-AA-forming
peptides for synthesizing prebiotic-derived peptides. On the basis
of  these  distinctive  attributes,  this  research  has  detailed  a  novel
pathway  for  prebiotic  peptide  synthesis  without  any  activators,
indicating  that  the  prebiotic  peptide  could  be  directly  formed
from plausible prebiotic AA analogs. The findings of this work not
only  indicate  the  potential  formation  of  prebiotic  peptides  from
AA-NH2, but also provide support for a scenario in which the coex-
istence of AA-NH2 and AAs promotes peptide evolution, potentially
contributing  to  the  origin  of  life  under  primordial  Earth  condi-
tions. 
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