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ABSTRACT: The main aim of origins of life research is to find
a plausible sequence of transitions from prebiotic chemistry to
nascent biology. In this context, understanding how and when
phospholipid membranes appeared on early Earth is critical to
elucidating the prebiotic pathways that led to the emergence of
primitive cells. Here we show that exposing glycerol-2-
phosphate to acylating agents leads to the formation of a
library of acylglycerol-phosphates. Medium-chain acylglycerol-
phosphates were found to self-assemble into vesicles stable across a wide range of conditions and capable of retaining mono-
and oligonucleotides. Starting with a mixture of activated carboxylic acids of different lengths, iterative cycling of acylation and
hydrolysis steps allowed for the selection of longer-chain acylglycerol-phosphates. Our results suggest that a selection pathway
based on energy-dissipative cycling could have driven the selective synthesis of phospholipids on early Earth.

■ INTRODUCTION

Phospholipids are among the major components of all modern
membranes.1 Their predominance, together with the funda-
mental role of compartmentalization, which allows the genetic
and metabolic systems to cooperate and Darwinian evolution
to occur, might suggest that such amphiphiles appeared at an
early stage on the evolutionary timeline.2 Yet, how and when
phospholipids started to play such a crucial role for life still
represent intriguing open questions.
A wide variety of single-chain amphiphiles, considered to

have been available on early Earth, could have formed cell-like
compartments under prebiotically plausible conditions.3−5 For
example, fatty acids and alcohols can be abiotically produced
via Fischer−Tropsch synthesis6,7 and readily self-assemble into
vesicles.2,3 Since membrane permeability is inversely propor-
tional to the length of the aliphatic chains, membranes formed
of medium-chain (between 6 and 12 carbon atoms) fatty acids
and alcohols would have potentially been advantageous for
prebiotic systems.3,8 Primordial membranes would have
required a certain degree of permeability to facilitate the
diffusion of polar and ionic solutes between the prebiotic cell-
like structure’s (or protocell’s) interior and the environment.
Non-enzymatic RNA polymerization reactions in vesicles,8,9 as
well as complete cycles of growth and division of fatty acid
membranes,10,11 have already been shown to occur under
prebiotically plausible conditions. However, the formation of
such prebiotic membranes requires extremely high concen-
trations of medium-chain amphiphiles or the presence of
cosurfactants,8,12 and the stability of such primitive cells is
tremendously affected by environmental conditions such as
divalent cations, pH, salinity, and ionic strength.2,13 Thus, in

order to reduce the amphiphile critical aggregation concen-
tration, to prevent the salt-induced disruption of fatty acid
vesicles, and to generate and sustain chemical gradients across
membranes, more complex phospholipids must have emerged
to give rise to more advanced protocells.4,14−16

The identification of primitive selection processes is a long-
standing challenge in prebiotic chemistry, including lipid self-
assembly.17,18 Although model systems are useful for character-
izing the properties of potentially primordial membranes,2

these models do not consider the heterogeneity of prebiotically
available molecules. The demonstration of selective accumu-
lation and self-assembly of primordial amphiphiles into vesicles
among non-assembling species could represent an important
advance toward the emergence of primitive cells.
A recent report from our group describes a non-enzymatic

proofreading mechanism that progressively converts RNA
2′,5′-linkages into 3′,5′-linkages through iterative rounds of
degradation and repair.19 The combination of selective
hydrolysis of 2′,5′-linked duplex RNA with templated 3′,5′-
selective ligation chemistry led to the development of a model
in which repeated cycles of acetylation, ligation, and hydrolysis
progressively increase the ratio of RNA 3′,5′-linkages.
Thinking along these lines, we investigated a similar scheme
whereby iterative rounds of acylation and hydrolysis could
efficiently allow for the selection of self-assembling amphi-
philes through energy-dissipative cycling. Considering the
prevalence of ester-based phospholipids in the extant cellular
world,20 and the extensive endeavors spent in the past years in
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achieving and optimizing RNA acylation chemistry,19,21−23 we
investigated the synthesis of prebiotic acylglycerol phospholi-
pids and their selective self-assembly properties. Here we show
that repeated cycles of acylation of the phospholipid precursor
glycerol-2-phosphate, followed by hydrolysis of the products,
lead to the selective accumulation of longer-chain amphiphiles
capable of self-assembly into cell-like structures, suggesting a
plausible pathway toward the emergence of biologically
relevant membranes.

■ RESULTS AND DISCUSSION
Non-enzymatic Acylation of Glycerol-Phosphates.

The major membrane-forming amphiphiles of all three
kingdoms of life are esters or ethers of glycerol-1-phosphate.1

Several pathways for the prebiotic phosphorylation of glycerol
have recently been published.24−26 For example, it has been
reported that schreibersite (40g/L) reacts with aqueous
glycerol (0.5 M) to give glycerol-1-phosphate and glycerol-2-
phosphate in 2.5% combined yield (presumably based on total
mobilization of phosphate).25 These authors suggest a
meteoritic origin of glycerol citing the presence of the latter
in the Murchison meteorite (where it is found at 160 nmol/g
alongside dihydroxyacetone27 and likely millions of other
compounds28).
We showed that glycerol-phosphates can be efficiently

synthesized from the RNA precursor glyceraldehyde in 14%
overall yield. Specifically, the photoreduction of glyceralde-
hyde’s 1 more stable isomer dihydroxyacetone 2 by hydro-
sulfide affords acetone 3 and glycerol 4. When heated with
phosphate in urea, glycerol is efficiently converted into a
mixture that contains predominantly glycerol-1,2-cyclic
phosphate 5. Metal-based catalysis can be exploited to favor
the hydrolytic ring-opening, which leads to the formation of
the isomeric products glycerol-1-phosphate 6 and glycerol-2-
phosphate 7 (Figure S1). This suggests that other chemistry in
addition to Fischer−Tropsch processes can contribute to the
inventory of lipid building blocks on early Earth. Moreover, we
note that this chemistry would likely leave a 13C/12C isotopic
distribution pattern similar to that left by fatty acid
biosynthesis but distinct to that left by Fischer−Tropsch
processes. Accordingly, we considered acylation of 7 with
carboxylic acid moieties in the C2−C10 length range.
Acetaldehyde is a major product of the same cyanosulfidic

chemistry that generates glyceraldehyde, and we have found
that reduction of acetaldehyde homoenolization products
generates C2, C4, C6, and C8 saturated alcohols and acids
(see Scheme 1, Supporting Information (SI), and Figures S2−
S10).
The acetylation of nucleoside-3′-phosphates proceeds via

attack of the phosphate dianion on the activated acetyl group.
The acyl group then migrates from the phosphate to the 2′-
hydroxyl group to give an ester.21 We envisioned a similar
mechanism for the reaction of 6 and 7 with N-acetyl (C2)
imidazolide 8a. The formation of the desired acetylated
products was followed by 1H- and 31P NMR spectroscopy and
was confirmed by LC-MS (Figures S11−S14). The reaction of
7 with 8a efficiently leads to the formation of two products,
monoacetylglycerol-2-phosphate 9a and bis-acetylglycerol-2-
phosphate 10a (Figure 1).
We suggest that the reaction proceeds via the initial

formation of an intermediate mixed acetyl-phosphate anhy-
dride, followed by subsequent migration of the acetyl group
from the phosphate to the 1-hydroxyl group to afford the

monoacetylated product 9a (Scheme 2). The second
acetylation step would proceed in a similar manner with
migration to the 3-hydroxyl group.
In contrast, in the case of glycerol-1-phosphate 6, the

migration of the acetyl group from the phosphate to the 2-
hydroxyl group is disfavored due to it being secondary (cf.
(2×) primary in the case of 7) and hydrolysis outcompetes
migration. 31P NMR spectroscopy studies were undertaken to
support this mechanistic assertion (Figure S15). One strong
signal (−7.36 ppm) and two weaker signals (−8.12 and −8.56
ppm), characteristic of the mixed anhydride intermediates,
were observed after 1 h when 6 and 7 were chosen as
substrates, respectively.
We then investigated the reaction of 7 with a variety of acyl

imidazolides 8b−f (with C4, C6, C8, C9, and C10 acyl chains,
respectively) in a range of plausibly prebiotic solvent mixtures
including water-formamide,30 taking into consideration the
reduced aqueous solubility of longer-chain acyl imidazolides
(Figures 1 and S16, Table S1). All of the new mono- and bis-
acylglycerol-2-phosphate products formed efficiently and were
characterized by 1H-, 13C-, and 31P NMR spectroscopy and
LC-MS (Figures S17−S24).

Acylglycerol-Phosphates Are Capable of Membrane
Self-Assembly. Amphiphiles more complex than fatty acids
would have been required on early Earth to build up
primordial cells capable of hosting nucleic acid replication,
sustaining metabolic networks, and, ultimately, supporting
Darwinian evolution.14 Membranes made of mono- and bis-
acylglycerol-phosphates could thus represent a potential
intermediate state in protocellular evolution. We therefore
investigated the propensity of 9a−f and 10a−f to undergo
membrane self-assembly (Figure S25). None of the mono-
acylated glycerol-2-phosphates (9d−f) were observed to form
vesicles. Conversely, vesicles made of longer-chain bis-acylated
glycerol-2-phosphates (10d−f) could be detected. Focusing
our attention on the C8, C9, and C10 derivatives, we found
that crude mixtures of mono- and bis-acylglycerol-2-
phosphates synthesized as previously described also formed
cell-like structures (Figure 2a−c). Specifically, when 9f was
mixed with 10f in a 1:1 ratio, the critical aggregation
concentration of the mixed decanoylglycerol-2-phosphate
derivatives was found to be 3- and 100-fold lower than pure
bis-decanoylglycerol-2-phosphate 10f and decanoic acid,8

respectively (Table S2). Vesicles made of either pure 10d−f
or mixtures of 9d−f and 10d−f were stable to a wide range of
pH (Figure 2d) and temperature values (Figures 2e and S26)

Scheme 1. Reaction Pathway That Leads to Synthesis of
C2−C10 Alcohols, Aldehydes, and Carboxylic Acidsa

aFor details, see SI.
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and, furthermore, were able to retain small dyes, mono- and
trinucleotides effectively over a 2 week period (Figure S27).
However, the incompatibility of fatty acid−based vesicles

and the chemical conditions required for both ribozyme
catalysis and non-enzymatic RNA polymerization remains
problematic. Specifically, the high Mg2+ concentrations needed
for non-enzymatic RNA replication chemistry cause lipid
precipitation and membrane disruption. We thus examined the
stability of acylglycerol-2-phosphate membranes upon addition
of different amounts of Mg2+ ions (Figure S28).
Unsurprisingly, due to the high affinity of Mg2+ for dianionic

phosphates,31 large lipid-magnesium crystals were observed in
the presence of 10−40 mM Mg2+, suggesting that more
advanced amphiphiles than acylglycerol-phosphates may be
required to allow non-enzymatic RNA replication chemistry to

take place within prebiotic protocells. Nevertheless, the
equimolar addition of a chelating agent, such as EDTA or
the more prebiotically plausible citrate,9 allowed for the
efficient recovery of fully stable acylglycerol-2-phosphate
vesicles.
Alternatively, intrigued by the possibility to synthesize

potentially Mg2+-stable lipids such as acylglycerol-2,3-cyclic
phosphates,32 we explored isonitrile-driven phosphate activa-
tion chemistry33 on acylglycerol-2-phosphates. In the presence
of methyl isonitrile and acetaldehyde, mono-octanoylglycerol-
2-phosphate was shown to efficiently convert to the
corresponding mono-octanoylglycerol-2,3-cyclic phosphate
(Figure S29). A chemically derived set of prebiotic lipids
could thus be generated and employed for the assembly of
primordial membranes, complementary to previous studies on
the non-enzymatic spontaneous remodeling of phospholipids,
triggering changes in vesicle composition and stability.34 Our
results are suggestive of a common chemical pathway that
might have joined together the prebiotic activation of
nucleotides, required for non-enzymatic Mg2+-driven RNA
polymerization, and the synthesis of potentially Mg2+-resistant
amphiphiles.

Selective Accumulation of Self-Assembling Amphi-
philes through Recycling. Due to the molecular hetero-
geneity of the prebiotic building blocks present on early Earth,
an efficient mechanism for the selection of relevant
biomolecules would have been required. Accordingly, we
explored the ability of glycerol-2-phosphate 7 to undergo
iterative rounds of competitive acylation and hydrolysis
reactions, aiming to identify a selection process for self-
assembling products from a heterogeneous library of
amphiphiles (Figures S30−S35 and Table S3). When 7 was
exposed to an equimolar mixture of 8a and 8b, C2 and C4
esters were observed by 1H NMR spectroscopy in a 1:1 ratio.
However, when longer-chain imidazolides were tested in
conjunction with short ones, 8a was found to outcompete 8d
in the acylation process, leading to a higher yield of acetylated
products (C2:C8 esters in a 2.6:1 ratio). We reasoned that the
lower solubility and the greater steric hindrance of longer-chain

Figure 1. Synthesis of acylglycerol-2-phosphates. (a) 31P NMR
Spectra of the products of the described reactions. Glycerol-2-
phosphate 7 is highlighted in orange, monoacylated species 9a−d and
9f are highlighted in blue, and bis-acylated species 10a−d and 10f are
highlighted in green. (b) Reaction yields for the synthesis of mono-
and bis-acylglycerol-2-phosphate derivatives.

Scheme 2. Proposed Mechanism for the Synthesis of
Acylglycerol-Phosphates
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imidazolides slowed down the formation of the mixed
anhydride intermediate and the subsequent migration step,
thus reducing the yield of the corresponding acylated product.
We next focused on the ability of the acylated glycerol-2-
phosphate products to undergo competitive hydrolysis (Figure
S36). We observed that the shorter-chain derivatives 10a−c
hydrolyzed faster than the longer-chain analogue 10d, yielding
7 and the corresponding carboxylic acid 11a−d.

Encouraged by these results, we performed sequential
rounds of acylation and hydrolysis wondering if longer-chain
amphiphiles capable of membrane self-assembly might be
selected (Figures 3 and S37−S38). A solution containing 7 was
exposed to our library of acylating agents (8a−d) for 22 h such
that the resulting acylglycerol-2-phosphate derivatives were
initially formed at concentrations lower than their critical
aggregation concentrations. As expected, membrane formation

Figure 2. Membrane self-assembly of acylglycerol-2-phosphates. (a−c) Vesicles were observed in crude mixtures of mono- and bis-acylglycerol-2-
phosphates (pH 7.4, estimated lipid concentration: ∼40 mM): (a) 9d and 10d; (b) 9e and 10e; (c) 9f and 10f. (d) pH Stability range for vesicles
made of pure 10d−f. (e) Temperature stability of vesicles made of 1:1 mixtures of 9d−f and 10d−f.

Figure 3. Selective accumulation of prebiotic phospholipids via energy-dissipative cycling. (a) Scheme of the acylation−hydrolysis cycles. (b)
Stability of 10a−d toward hydrolysis. (c) Membranes made of mixed acylglycerol-2-phosphates were observed from the second acylation−
hydrolysis round.
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was not observed in this initial phase. The solution was then
subjected to hydrolysis conditions (for 24 h) to effect the
selective degradation of the shorter-chain products. Repeated
rounds (up to 6) of one-pot acylation with 8a−d and
hydrolysis were performed. Accumulation of longer-chain
glycerol-2-phosphate derivatives (9d and 10d) and membrane
formation were monitored through 1H- and 31P NMR
spectroscopy and fluorescence microscopy, respectively.
In accordance with the cycling model proposed herein

(Figure 3a), when 7 was subjected to multiple rounds of
acylation with 8a−d and hydrolysis, the mixture became
progressively enriched in the longer-chain amphiphiles (9d and
10d), at the expense of the shorter-chain species (9a−c and
10a−c), with concomitant formation of vesicles.

■ CONCLUSIONS
The non-enzymatic energy-dissipative conversion of non-
assembling species into membrane self-assembling amphiphiles
could represent a plausible pathway to drive the evolution of
phospholipids toward those used by biology.35,36 Here we have
presented an effective pathway for the selection of self-
assembling amphiphiles from a library of diverse chain-length
acylating reactants. Motivated by our observation of the
prebiotic formation of glycerol phosphates, we investigated the
acylation chemistry of these phospholipid precursors. We
showed that C8−C10 acylglycerol-2-phosphates form stable
membranes, which exhibit enhanced encapsulation efficiency
and stability toward pH and temperature with respect to
membranes made solely of fatty acids of analogous chain
length. Phospholipid selection is achieved through multiple
rounds of acylation and hydrolysis, which allow for membrane
formation as the self-assembling species accumulate.
We have previously observed that backbone-heterogeneous

RNA oligomers might have undergone proofreading to
overcome the inherent lack of regiocontrol in the oligomeriza-
tion step through energy-dissipative recycling.19 Similarly,
iterative rounds of acylation and hydrolysis could be exploited
to directly select for self-assembling phospholipids from a
heterogeneous mixture of amphiphiles. The energetic cost of
this optimization process is met by the hydrolytic turnover of
acylating agents. The ideal scenario to promote acylation and
hydrolysis processes might have emerged from a set of closely
related geochemical settings29 or geophysical scenarios
involving fluctuations in bulk conditions, for example, pH,
temperature, and salt concentrations, such as those described
in open rock pores.37,38

Although the identification of prebiotically plausible
acylating agents for the formation of acylglycerol-phosphates
still represents an open challenge in prebiotic chemistry, our
findings delineate a potential route that could have driven the
transition toward biological phospholipids on early Earth.
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