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Spontaneous emergence of membrane-forming
protoamphiphiles from a lipid—amino acid mixture
under wet—dry cyclesy

*

Manesh Prakash Joshi, & Anupam A. Sawant® and Sudha Rajamani

Dynamic interplay between peptide synthesis and membrane assembly would have been crucial for the
emergence of protocells on the prebiotic Earth. However, the effect of membrane-forming amphiphiles
on peptide synthesis, under prebiotically plausible conditions, remains relatively unexplored. Here we
discern the effect of a phospholipid on peptide synthesis using a non-activated amino acid, under wet—
dry cycles. We report two competing processes simultaneously forming peptides and N-acyl amino
acids (NAAs) in a single-pot reaction from a common set of reactants. NAA synthesis occurs via an
ester—amide exchange, which is the first demonstration of this phenomenon in a lipid—amino acid
system. Furthermore, NAAs self-assemble into vesicles at acidic pH, signifying their ability to form
protocellular membranes under acidic geothermal conditions. Our work highlights the importance of
exploring the co-evolutionary interactions between membrane assembly and peptide synthesis, having
implications for the emergence of hitherto uncharacterized compounds of unknown prebiotic relevance.

Introduction

Proteins constitute more than half of the cell membrane in
extant biology" and play a vital role in maintaining its structural
integrity and functionality.” This remarkable synergy observed
between proteins and membranes in modern cells is likely to be
a relic of the co-evolution of membrane assembly and peptide
synthesis processes that would have occurred during the early
history of life's origin. Importantly, these co-evolutionary
processes would have played a crucial role in the formation of
the first protocells on the early Earth.® Therefore, several aspects
of the interdependence between peptide synthesis and
membrane assembly have been pursued in the field of prebiotic
chemistry.*® However, one of the fundamental questions that
needs to be addressed to understand this interplay is, what are
the possible ways in which membrane-forming amphiphiles
would have influenced nonenzymatic peptide synthesis? A
membrane-forming amphiphile may affect peptide synthesis at
a systems level, wherein amphiphiles assemble into vesicles
and facilitate peptide formation either by concentrating
monomers through encapsulation,* preventing the hydrolysis
of activated precursors," or via surface catalysis through non-
covalent interactions.”™® A relatively less explored alternative
possibility is that the amphiphile may affect peptide synthesis
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at a molecular level, where it could covalently interact with an
amino acid, thereby generating a new chemical species having
properties of both an amphiphile and an amino acid. This is an
interesting possibility to consider because such novel
compounds, emerging via this chemical cross-talk, would not
only have diversified the prebiotic soup, but could have also
conferred some form of selective advantage for the protocell
formation process.

Previous studies exploring the effect of amphiphiles on
peptide synthesis have mainly investigated the oligomerization
of activated amino acids in the presence of model
membranes."'* However, given the inherent instability asso-
ciated with oligomer assembly involving activation chemistry,
this process would have been less feasible under high temper-
ature geochemical settings,"” such as terrestrial hot springs and
submarine hydrothermal vents; which are widely considered as
plausible niches for origin of life."®?® Particularly, N-carbox-
yanhydrides (NCAs) of amino acids have been shown to
predominantly form cyclic peptides at high temperature, which
hinders further growth of the polypeptide chain making them
unsuitable to form longer peptides in the above-mentioned
niches.”® Therefore, it is important to evaluate the effect of
amphiphiles on peptide synthesis using non-activated amino
acids, under prebiotically plausible conditions. However,
considering the kinetic** and thermodynamic* constraints on
peptide bond formation, peptide synthesis from non-activated
amino acids in the absence of sophisticated enzymatic
machinery would have been difficult on the early Earth. None-
theless, several prebiotically plausible routes have been

proposed to facilitate this process,**** many of which use wet-

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d0sc05650b&domain=pdf&date_stamp=2021-03-02
http://orcid.org/0000-0003-2718-4033
http://orcid.org/0000-0002-6173-349X
http://orcid.org/0000-0002-6030-495X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc05650b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012008

Open Access Article. Published on 05 January 2021. Downloaded on 1/10/2026 3:18:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

dry cycling at high temperature. Peptide bond formation
between non-activated amino acids involves the removal of
a water molecule, which is facilitated by reduced water activity
in the dry phase. A subsequent rehydration during the wet
phase allows for the mixing and redistribution of, both, the
reactants and products. Also, the elevated temperature provides
the necessary activation energy required for this process to
occur.** Thus, wet-dry cycling becomes an efficient mechanism
for the generation of peptides from non-activated amino acids.””
Furthermore, features like wet-dry cycles and high temperature
would have been prevalent on the prebiotic Earth, at
geochemical settings such as terrestrial hot springs, a highly
probable candidate niche for the origin of life on Earth.'®"
Interestingly, wet-dry cycling has also been known to facilitate
the synthesis of nucleic acids, and there have been studies that
have evaluated the effect of lipids as a co-solute on this
process.**** However, to our knowledge, the effect of amphi-
philes on peptide synthesis under wet-dry cycles has yet to be
explored.

In this work, we investigate the effect of phospholipid as
a model membrane-forming amphiphile, on the peptide
synthesis from non-activated glycine (Gly), under wet-dry cycles
at high temperature. We demonstrate a molecular level effect of
the amphiphile, wherein the peptide synthesis reaction is
accompanied by a parallel competing reaction involving the
covalent interaction between the amino acid and phospholipid
to form a protoamphiphile (an N-acyl amino acid) via an ester—
amide exchange process. The NAA synthesis also occurs with
several other amino acids and phospholipids showing the
generality of this reaction. We further report that these NAAs are
able to self-assemble into vesicles under acidic conditions. This
signifies their ability to serve as plausible components of early
membrane compartments under acidic geochemical settings,
which has fundamental implications for the emergence,
sustenance and evolution of cellular life on the prebiotic Earth.

Results

Formation of glycine oligomers under wet-dry cycles in the
presence of phospholipid

Earlier studies have shown that peptides could efficiently form
under wet-dry cycles at high temperature and alkaline pH from
non-activated amino acids, using Gly oligomerization as
a model reaction.””** We used similar conditions to explore the
effect of a model membrane-forming amphiphile on peptide
synthesis, by studying the Gly oligomerization reaction in the
presence of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC; Fig. S17). Phospholipids such as POPC are often used
to study the effect of membrane-forming amphiphiles on pre-
biotically pertinent processes.'**** This is mainly because they
are the major constituents of contemporary cell membranes
and have also been shown to get synthesized under certain
prebiotically relevant conditions.**~** Furthermore, they could
readily form stable vesicles under varied experimental condi-
tions, making it easy to monitor the effect of membrane on the
reaction of interest. As a first step, we asked whether Gly

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oligomers (peptides) are produced in the presence of POPC and,
if yes, what their overall yield might be.

Towards this, we subjected 80 mM Gly solution of pH 9.8,
containing 4 mM POPC (20 : 1 ratio of Gly to POPC), to five wet-
dry cycles at 90 °C, with each cycle being a duration of 24 hours.
The POPC was then separated from the reaction mixture using
Butanol-Hexane (BH) extraction method, where POPC prefer-
entially goes into the butanol (organic) phase while free Gly and
its corresponding oligomers will remain in the aqueous phase.
Upon Liquid Chromatography-Mass Spectrometry (LC-MS)
analysis of the aqueous phase, we observed the formation of
Gly oligomers both in the absence and presence of POPC
(Fig. 1A, S2-S7 and Table S1). However, the overall oligomer
yield was lower in the presence of POPC than in the control
reaction containing only Gly (Fig. 1B). We also detected dike-
topiperazine (DKP), a cyclic dipeptide of Gly, in the reaction,
whose yield was lower in the presence of POPC (Fig. S8%).
However, we did not include it while quantifying the total
oligomer yield, as DKP is usually considered a dead-end
byproduct in the peptide synthesis process. Other variations
of Gly to POPC ratios, like 10 : 1 and 5 : 1, were also investigated
where the Gly concentration was 80 mM and POPC concentra-
tions were 8 mM and 16 mM, respectively, where we observed
a decrease in the oligomer yield even at these POPC concen-
trations (Fig. S91). Gly oligomerization has been shown to be
more efficient at higher temperatures like 130 °C, both in terms
of the overall yield and the formation of longer oligomers.”
Therefore, we also studied Gly oligomerization in the presence
of 4 mM POPC (20 : 1 ratio of Gly to POPC) at 130 °C. It was
observed that although the overall yield and the length of the
oligomers formed were both better at 130 °C than 90 °C, the
effect of POPC was similar to that of the 90 °C reaction, where
the oligomer yield was lower in the Gly + POPC reaction (Fig. S10
and S111). This indicated that the observed decrease in the
oligomer yield at 90 °C in the presence of POPC was not merely
due to the lower reaction temperature. Also, temperatures below
100 °C would have been more consistent with temperatures of
terrestrial hot springs than those exceeding the boiling point of
water.*” Therefore, we decided to use 90 °C as the reaction
temperature for further investigation of these results.

Formation of NAAs in the reaction containing glycine and
POPC

Intrigued by the lower yield of Gly oligomers in the presence of
POPC, we hypothesized that one of the plausible reasons for
getting these results might be a reaction of free Gly with the
POPC, potentially forming a new chemical species. Preferential
utilization of Gly for this alternative reaction might have caused
the decrease in oligomer yield in the presence of POPC.
Therefore, we started exploring whether any new product had
formed in the Gly + POPC reaction, in addition to the Gly olig-
omers. As a preliminary check, we analysed reaction samples
using thin layer chromatography (TLC). The chromatographic
separation indeed revealed the formation of a new product only
in the Gly + POPC reaction that underwent wet-dry cycling
(Fig. 2A), which was also indicated by a change in the
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Fig.1 Formation of Gly oligomers under wet—dry cycles and the effect of POPC on their overall yield as analysed by LC-MS. (A) Upon five wet—
dry cycles at 90 °C, 80 mM Gly solution shows the formation of Gly oligomers of up to 6-mers. (B) Relative abundances of individual oligomers
are summed up to give the overall oligomer yield, which was found to be lower in the presence of POPC (Gly + POPC) than that of the Gly control
(Gly — POPC) reaction. All glycine peptides were detected and quantified using LC-MS (see Methods for more details). The error bars represent

standard deviation (N = 4).

appearance of the solution (Fig. S127). The new product seemed
to be more non-polar than POPC, as it moved ahead of the POPC
band on the TLC plate (Fig. 2A). It also preferentially went into
the butanol phase during BH extraction indicating its plausible
lipidic nature, and was not stained by ninhydrin suggesting the
absence of a free amino group in it (Fig. S137). It was further
observed that the intensity of the new band increased with
increasing POPC concentration, and almost a complete
conversion of POPC to the new product occurred by the end of
five wet-dry cycles at 90 °C (Fig. S147). Therefore, we decided to
use Gly + POPC in 10 : 1 ratio and five wet-dry cycles at 90 °C as
standard reaction conditions for further identification and
characterization of this new product.

As the majority of the new product was recovered in the
butanol phase during the BH extraction of the Gly + POPC
reaction, the butanol phase was analyzed using high resolution
mass spectrometry (HRMS). Upon HRMS analysis, we observed
two predominant masses corresponding to N-palmitoylglycine
(NPG) and N-oleoylglycine (NOG) (Fig. 2B and Table S27), which
were absent in the POPC alone control reaction (Fig. S15 and
Table S27). These results corroborated our hypothesis about the
formation of a new chemical species by the reaction of Gly and
POPC, along with Gly oligomers, in the Gly + POPC reaction
(Fig. 2C). As the polarity of NPG and NOG is similar, they did not
separate on a TLC plate and were observed as a co-spot upon
TLC analysis, thereby giving the initial impression of the
formation of a single new product in the reaction. The identity
of NPG and NOG was further confirmed by HRMS/MS and NMR
analysis. Upon MS/MS analysis, the fragmentation patterns of
NPG and NOG formed in the reaction were observed to be
overlapping with those produced by commercially purchased
NPG and NOG standards (Fig. 3A and B). The '"H NMR analysis
of the butanol phase of Gly + POPC reaction, which contained
NPG and NOG, but not the Gly peptides (Fig. S13t), showed
a signature peak at around 8 ppm for the exchangeable
hydrogen attached to the nitrogen atom of the amide linkage

2972 | Chem. Sci, 2021, 12, 2970-2978

present in both NPG and NOG (Fig. 3C and S16%). It was in good
agreement with similar peaks observed in the "H NMR analysis
of NPG and NOG standards analyzed under the same conditions
(Fig. 3C, S17 and S18t). Notably, this peak was absent in the 'H
NMR spectrum of the POPC control reaction (Fig. 3C and S197).
These results confirmed that the new product formed in the Gly
+ POPC reaction was a mixture of NPG and NOG, both of which
belong to a class of amphiphiles called N-acyl amino acids. The
NAA, also known as a lipoamino acid, is a conjugate of an amino
acid and a fatty acid that are joined by an amide linkage.
Considering their plausible prebiotic availability, NAAs along
with fatty acids and other related amphiphiles, can together be
designated as protoamphiphiles; a group of prebiotically
pertinent amphiphiles that would have served as components
of membrane compartments of primitive cells on the early
Earth.

NAAs formed by other amino acids and phospholipids

After confirming the formation of NAAs in the Gly + POPC
reaction, we sought to explore whether this reaction is specific
to only Gly and POPC, or if it could be extended to other amino
acids and phospholipids as well. Towards this, two sets of
experiments were performed. Firstly, the amino acid compo-
nent was varied by setting up reactions of POPC with Alanine
(Ala) and Valine (Val), which are considered among the most
prebiotically abundant proteinaceous amino acids other than
Gly.*** Secondly, the lipid component was varied by perform-
ing reactions of Gly with short-chain phospholipids, namely 1,2-
didecanoyl-sn-glycero-3-phosphocholine (C10 PC) and 1,2-dio-
ctanoyl-sn-glycero-3-phosphocholine (C8 PC) (Fig. S11). These
phospholipids were specifically selected to check if short-chain
NAAs could also form under wet-dry cycling conditions. This is
an important phenomenon to be validated because short-chain
amphiphiles are of particular interest as plausible membrane
components of primordial cells, owing to their prebiotic
abundance.®”*" All the variation experiments were performed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Formation of NAAs in the Gly + POPC reaction. (A) TLC analysis of Gly (G) + POPC (P) reaction mixture, which was subjected to five wet—
dry cycles at 90 °C. A new band is observed in lane 4, which is absent in other control reactions (lanes 1-3), indicating the formation of a new
product upon wet—dry cycling in the Gly + POPC reaction. R; values for the POPC and the new product are 0.31 and 0.38 respectively. Bands
were visualized by staining with the fluorescent dye primuline, whose fluorescence increases in the presence of molecules containing long
hydrocarbon chains. (B) HRMS analysis (negative ion mode) of the butanol phase collected during BH extraction of the above-mentioned
reaction shows two predominant peaks with masses corresponding to NAAs namely, NPG ([M — H]™ = 312.2529) and NOG (IM — H]” =
338.2697). (C) An overview of the reactions occurring in the Gly + POPC mixture, under wet—dry cycles. Gly can either react with another Gly
molecule to form diglycine or it can react with POPC to generate NAAs (NPG and NOG). Diglycine may undergo further elongation to form

higher oligomers or cyclize to form DKP.

under the same standard set of reaction conditions mentioned
above for the Gly + POPC reaction (amino acid to lipid ratio of
10 : 1, pH 9.8, and five wet-dry cycles at 90 °C). The resultant
reaction mixtures were then subjected to BH extraction followed
by HRMS analysis of the butanol phase, to check for the pres-
ence of NAAs. In the amino acid variation experiments, we did
observe masses corresponding to NAAs containing Ala and Val
(Fig. 4A and B, S20, and Table S37). Encouraged by these results,
we also tried POPC reaction with amino acids having different
side chain properties like lysine (positively charged), aspartic
acid (negatively charged) and serine (polar uncharged), to check
the effect of amino acid side chain variation on NAA formation.
Upon HRMS analysis, we also detected NAAs for these latter
amino acids (Fig. $20-S23 and Table S37), which indicates that
different amino acids can indeed react with a phospholipid
under wet-dry cycles to form corresponding NAAs. However, the
efficiency of NAA formation by amino acids other than Gly
appeared to be lower than that for Gly, potentially owing to the
increased complexity of their side chain. This is particularly
reflected in their mass spectrum, where significant peaks of free
fatty acids (PA and OA) that were generated during the hydro-
lysis of POPC, are detected (Fig. 4A and B, S21 and S237). As

© 2021 The Author(s). Published by the Royal Society of Chemistry

these amino acids react less efficiently with POPC, the NAA
formation would be overridden by POPC hydrolysis, which is
a plausible alternative fate for POPC under alkaline, high
temperature conditions as observed in the POPC control reac-
tion without any amino acid (Fig. S151). In the lipid variation
experiments, the formation of N-octanoylglycine and N-dec-
anoylglycine was detected in Gly + C8 PC and Gly + C10 PC
reactions, respectively (Fig. 4C and D, S20, and Table S3f),
demonstrating the synthesis of short-chain NAA under wet-dry
cycling conditions. Overall, these results confirmed that amino
acids and phospholipids, other than Gly and POPC, could also
react under prebiotic conditions to generate corresponding
NAAs, reiterating the complexity inherent to the prebiotic soup.

A plausible reaction mechanism

The formation of NAAs by the reaction between amino acids and
phospholipids, which contain fatty acyl chains linked to the
glycerol backbone via an ester linkage, could be explained
mechanistically as a classic example of an ester-amide
exchange process. Under alkaline conditions, the nucleophilic
amino group (-NH,) of the amino acid attacks the carbonyl

Chem. Sci., 2021, 12, 2970-2978 | 2973
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formed in the Gly + POPC reaction, whose fragmentation pattern overlaps with those produced by commercially purchased NPG and NOG
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BH extraction of Gly + POPC reaction (3" trace from the top) shows a signature peak corresponding to the hydrogen atom involved in the amide
linkage at around 8 ppm. This peak is also present in 'H NMR spectra of NPG and NOG standards (top two traces). However, this peak is not
observed in the *H NMR spectrum of the POPC control reaction (last trace). The full NMR spectra are provided in the ESI.+

carbon of either of the two ester linkages present in the phos-
pholipid to form the corresponding amide (NAA) (Fig. 5). For
example, if the nucleophilic attack by Gly occurs at the ester
linkage joining the oleoyl group to the glycerol backbone of
POPC, then the resultant product will be N-oleoylglycine.
Similarly, an attack on the ester bond linking palmitoyl group to
the glycerol backbone of POPC will form N-palmitoylglycine
(Fig. S247). This ester-amide exchange occurs more efficiently
at higher temperatures,® similar to what was used in this study.
The reaction between Gly and POPC resulting in NAA was also
found to be occurring at pH 3, albeit less efficiently (Fig. S257),
possibly due to the decreased nucleophilicity of the amino
group under acidic conditions. These results further support
the putative mechanism mentioned above for the formation of
NAAs via an ester-amide exchange. Also, NAA formation by
other amino acids and phospholipids indicate the generality of
this process.

In view of this mechanism, the observed decrease in the Gly
oligomer yield in the presence of POPC (Fig. 1B) can also be
readily explained. In the Gly + POPC mixture, two types of
reactions that mainly occur are peptide synthesis and NAA
synthesis, both of which involve the formation of an amide
linkage, although via different modes (Fig. S26T). In peptide
synthesis, the amide bond is formed via an acid-amine
coupling, while in the case of NAA synthesis it is formed

2974 | Chem. Sci., 2021, 12, 2970-2978

through an ester-amide exchange process. The latter reaction
would be kinetically more favorable, as the ester-amide
exchange involves —OR as a leaving group, which is a better
leaving group than the —~OH that is involved in the acid-amine
coupling. This kinetic feasibility of amide bond formation via
ester-amide exchange has been previously discussed in the
context of depsipeptides.®* Thus, NAA synthesis could outcom-
pete peptide synthesis for the utilization of the free Gly under
our reaction conditions, which would have caused the lowering
of the Gly oligomer yield in the presence of POPC.

NAAs can self-assemble into vesicles under acidic pH
conditions

After showing the formation of NAAs by the reaction of amino
acids and phospholipids under wet-dry cycles, we set out to
understand if this new chemical species could confer any
advantage to the protocell formation process. Given its
amphiphilic nature, the most logical advantage that one might
envisage is that of NAA acting as a membrane compartment of
early protocells. Recent studies show that NAAs could get
incorporated into preformed oleic acid and POPC vesicles
thereby enabling membrane growth.>*** However, whether
NAAs could form vesicles on their own has not yet been explored
systematically. Towards this, we checked the vesicle formation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 NAA formation by other amino acids and phospholipids. HRMS analysis of butanol phase of (A) alanine + POPC reaction shows the
formation of N-palmitoylalanine (NPA; [M — H]™ = 326.2692) and N-oleoylalanine (NOA; [M — H] ™ = 352.2845), (B) valine + POPC reaction shows
the formation of N-palmitoylvaline (NPV; [M — H]™ = 354.3015) and N-oleoylvaline (NOV; [M — H]™ = 380.3169). In both alanine and valine
reactions, we also observed peaks corresponding to free fatty acids, namely palmitic acid (255.23) and oleic acid (281.24), with significant
intensities. (C) The reaction of Gly with C8 PC shows the formation of N-octanoylglycine. (D) The reaction of Gly with C10 PC shows the
formation of N-decanoylglycine. The analysis was performed in the negative ion mode. The ppm errors for all the observed masses of NAAs were
within 5 ppm (Table S31).
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behavior of two commercially purchased NAAs i.e. NOG and N-
oleoyl serine (NOS). This was done by hydrating a dry lipid film
using an appropriate buffer of varying pH, ranging from 4 to 10,
to make a 6 mM NAA solution. Upon microscopic analysis, we
found that NOG readily assembled into vesicles at a slightly
acidic pH range of 5 to 6 (Fig. 6A), whereas NOS predominantly
formed vesicles at pH 4 and 5 (Fig. 6B), with few vesicles
observed even at pH 3 (Fig. S277). Lipid film hydration method
is known to generate different kinds of higher order structures
like micelles, droplets and vesicles of varying size, shape and
lamellarity, which is also influenced by the pH of medium
(please refer to Appendix A of our earlier study® for more
information on this). Therefore, we further confirmed the
vesicular nature of these NAA aggregates by performing a cal-
cein encapsulation experiment. Being a polar molecule, calcein
gets encapsulated into the aqueous lumen of vesicles. Micro-
scopic analysis showed that both NOG and NOS vesicles were
readily able to encapsulate calcein within them (Fig. S287).
Other protoamphiphiles like fatty acids are known to form
vesicles when the pH of the solution is around the apparent pK,
(7-9) of their head group (-COOH).*® As NOG forms vesicles at
pH 5 as well as pH 6, the apparent pK, of its head group is likely
to be around 5 to 6. Interestingly, for NOS, the vesicle formation
was observed in the range of pH 3 to 5, suggesting that its pKj is
even lower than that of NOG. Although both fatty acids and
NAAs have a carboxyl moiety at the terminal position of their
head group, the presence of an amide linkage in NAA, might
potentially lower the pK, of its head group. Furthermore, the
pK, of NAA is also likely to get influenced by the nature of its
amino acid component, as we show here with the example of
NOG and NOS. The presence of an electron withdrawing
hydroxyl group in the side chain of serine could make the
terminal carboxyl group of NOS even more acidic, thereby
decreasing the pH optimum for its vesicle formation as

DIC
DIC

Fluorescence
Fluorescence

Fig. 6 Vesicle formation by NAAs under acidic conditions. (A) 6 mM of
NOG forms vesicles in 200 mM acetate buffer at pH 5 (left panel) and in
200 mM MES buffer at pH 6 (right panel). (B) 6 mM NOS forms vesicles
in 200 mM acetate buffer at pH 4 (left panel) and 5 (right panel). The
observed vesicles typically vary in their size, shape and lamellarity with
some being unilamellar, multilamellar and some even multivesicular in
nature. Vesicle solutions were incubated at 60 °C for 1 hour and
immediately subjected to microscopy. For better visualization, vesicles
were stained with 10 uM of octadecyl rhodamine B chloride (R18) dye
and observed using differential interference contrast (DIC) as well as
fluorescence microscopy (see Methods for more details). Scale bar is
10 pm.
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compared to that of NOG. It will be interesting to check how the
pH optimum of other NAA vesicles change based on their amino
acid head group. This indicates the possibility of using NAAs as
amphiphilic systems with a “tunable pH”. Interestingly, this
also widens the possible environmental regimes where proto-
cellular membranes could have formed on the early Earth.

In addition to pH, another important factor that influences
fatty acid vesicle formation is the temperature of the system.
Fatty acids show a thermo-responsive phase behavior, in which
they can assemble into vesicles in aqueous solutions, only above
their chain-melting transition temperature (Ty,), below which
they form crystals.””*® We noticed a similar temperature-
dependent phase behavior with NAAs too. During vesicle prep-
aration, the NOG solution was incubated at 60 °C and imme-
diately subjected to microscopy to image the resultant vesicles
(see Methods). However, as the solution remained at 18 °C over
the course of microscopic analysis, this temperature variation
induced the conversion of vesicles into fiber-like structures
within a few minutes (Fig. S29 and Movie S1f). A similar
phenomenon was also observed with NOS (Fig. S307), although
the nature of aggregates was different than that found in the
case of NOG. Nevertheless, from a prebiotic point of view, this
intriguing phenomenon is unlikely to come in the way of NAAs
being able to serve as plausible protocell membranes, because
the early Earth temperature is thought to have been much
higher than that of the contemporary Earth.* Also, high
temperature geochemical settings, like terrestrial hot springs
and submarine hydrothermal vents, would have allowed NAAs
to comfortably sustain themselves in vesicular form.

Discussion and conclusions

In this study, we explored the dynamic interplay between
membrane assembly and peptide synthesis under prebiotically
pertinent conditions. This was done by investigating the effect
of phospholipid as a model membrane-forming amphiphile, on
the peptide synthesis process involving non-activated Gly
monomers. These reactions were carried out under wet-dry
cycles at high temperature, which are characteristic features of
terrestrial geothermal pools/hot springs. In the presence of
POPC, Gly underwent two types of concurrent yet competing
reactions; one leading to the synthesis of Gly peptides via
a conventional condensation reaction, while the other resulted
in the formation of NAAs from Gly and POPC via an ester-amide
exchange process. Both these reactions are dependent on the
free Gly monomer pool in the reaction mixture, resulting in the
simultaneous synthesis of peptides and amino acid containing
protoamphiphiles, from a common set of reactants molecules.
Recent studies report the synthesis of both peptides and NAAs
in a common reaction, albeit using activated amino acids,** and
the generation of lipidated species of amino acids and peptides
by adding external activating agent.>® Our work demonstrates
that this phenomenon can occur with non-activated amino
acids and, importantly, without the help of any external acti-
vating moiety. They do so by simply relying on the reaction
conditions like high temperature and wet-dry cycles, which are
more prebiotically pertinent. Nonetheless, such one-pot

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reactions are indicative of the intricate reaction network and
kinetics, which would have been an inherent feature of
a complex prebiotic soup. In this heterogeneous mixture, both
cooperative and competitive types of reactions would have
occurred simultaneously by utilizing a common pool of starting
materials, resulting in different classes of product molecules
with their own prebiotic implications.

We further showed that NAAs could also be formed by using
different amino acids and phospholipids under wet-dry cycles,
indicating the generality of this reaction. Significantly, the
formation of NAAs by amino acids having diversity in their side
chain highlights how such processes could contribute to
increasing the functional diversity of the protocell membranes
formed by these NAAs. We propose that the NAA synthesis from
amino acids and phospholipids, likely followed an ester-amide
exchange process. So far, this process has been discussed in
a prebiotic context mainly during the formation of depsipep-
tides from a mixture of hydroxy acids and amino acids*® (dep-
sipeptides are considered as prebiotically plausible and relevant
protopeptides). However, to our knowledge, the process of
ester-amide exchange has not been reported with amino acids
and lipids in a prebiotic scenario. The formation of NAAs in our
reaction is the first experimental demonstration of this process
in a lipid-amino acid-based system under wet-dry cycles. This
signifies the importance of ester-amide exchange in also facil-
itating the formation of protoamphiphiles (NAA), in addition to
that of protopeptides. Furthermore, there has been increasing
evidence supporting the prebiotic synthesis of phospholipids,
which suggest their potential availability as a precursor for NAA
synthesis on the early Earth.**** Nonetheless, fatty acids and
other single chain amphiphiles are widely considered as
components of prebiotic membranes, because of their plausible
prebiotic abundance and structural simplicity, whereas phos-
pholipids are typically looked as a product of membrane
evolution. Therefore, we are systematically investigating the
possibility of ester-amide exchange between amino acids and
other chemically simpler prebiotic amphiphiles.

NAAs are naturally occurring lipids, which perform different
functions in extant biology.®® They also have applications as
biosurfactants® and in drug delivery.®> However, their potential
role as a prebiotically plausible protoamphiphile remains
minimally explored. They can be considered as a bridge
between the lipid world and the peptide world, having struc-
tural features of both lipids and amino acids (and even
peptides). They could get synthesized from fatty acids and non-
activated amino acids under prebiotically pertinent condi-
tions,* and cationic NAAs have also been shown to facilitate
membrane-RNA interactions.”® These studies highlight the
plausible availability and functional significance of NAAs in
a prebiotic era. Nonetheless, considering their amphiphilic
nature, it is essential to systematically characterize how the
membrane assembly properties of NAAs would have contrib-
uted towards the formation and early evolution of protocell
compartments, under the harsh conditions of the early Earth.
Herein, we showed that NAAs could readily assemble into
vesicles on their own under acidic pH conditions, and maintain
the vesicular form at relatively high temperatures of 60 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Importantly, our study also indicates the thermostable nature of
NAA molecules, likely because of their highly stable amide
linkage, where they form and remain stable over multiple wet-
dry cycles at 90 °C. On the contrary, fatty acids are less stable at
high temperatures and can self-assemble into vesicles only at
around neutral to alkaline pH.*® Thus, NAAs could potentially
have a selective advantage over fatty acid-based systems to form
thermostable protocell membranes under acidic geothermal
pool-like conditions, where life might have started on the early
Earth. Given this, NAAs can be envisioned as one of the inter-
mediate steps in the evolution of protocell membranes. There-
fore, it will be interesting to systematically explore whether
NAAs can provide a better alternative to conventional fatty acid-
based systems to form robust, catalytically active protocell
compartments, which is considered as a fundamental require-
ment for the origin of cellular life on the Earth.
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