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Abstract
Lipids constitute one of the most enigmatic family of biological
molecules. Although the importance of lipids as basic units of
compartmental structure and energy storage is well-
acknowledged, deciphering the biosynthesis and precise roles
of specific lipid species has been challenging. To better un-
derstand the structure and function of these biomolecules,
there is a burgeoning interest in developing strategies to pro-
duce noncanonical lipids in a controlled manner. This review
covers recent advances in the area of in situ generation of
synthetic lipids. Specifically, we report several approaches that
constitute a powerful toolbox for achieving noncanonical lipid
synthesis. We describe how these methodologies enable the
direct construction of synthetic lipids, helping to address
fundamental questions related to the cell biology of lipid
biosynthesis, trafficking, and signaling. We envision that
highlighting the current advances in artificial lipid synthesis will
pave the way for broader interest into this emerging class of
biomimetic molecules.
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Introduction
Lipid molecules are essential for maintaining the proper
structure and functions of cells [1]. They play key roles
in numerous biological processes, which includes
www.sciencedirect.com
membrane formation, cellular signaling, and energy
storage [2,3]. However, the study of lipids is challenging
and limited in scope not only because of their great
structural diversity but also due to the difficulty of
reconstituting their biosynthetic pathways [1]. To
overcome these limitations and better understand the
production, trafficking, functions, and interactions of
lipid species, noncanonical lipids are increasingly being

applied as a research tool. In particular, there has been a
great interest in the formation of biomimetic phospho-
lipids that can self-assemble into functional synthetic
cells serving as models for origins of life, bioreactors, and
smart drug delivery carriers [4,5]. Although most of the
recent studies are focused on the development of in situ
membrane-forming artificial phospholipids [1], it is
worth mentioning that such lipid syntheses can be also
important for producing lipid species with pharmaco-
logical properties [6], fluorescently-labeled lipid de-
rivatives (i.e. tagged sphingolipids, gangliosides) [7],

and inverted-headgroup lipids [8]. Moreover, artificial
lipids generated in situ could shed light on key biological
processes such as cell growth and division. This type of
synthesis leads to a more biomimetic, straightforward
and practical approach than conventional synthesis, thus
facilitating the study of fundamental lipid biology.
Additionally, in cellulo synthesis of artificial lipids may
enable a better understanding of how natural lipids
affect fundamental cell properties such as membrane
curvature, signaling, and communication [9].

This short review describes the most prominent meth-
odologies that have been recently employed for the
construction of noncanonical lipids. Specifically, we
focus our study on the in situ formation of artificial lipids
following three distinct strategies, namely, enzymatic,
chemoenzymatic, and enzyme-free synthesis (Figure 1).
Additionally, given the growing importance of bottom-
up minimal cellular systems, we specifically highlight
the in situ formation of artificial phospholipids in the
context of self-assembly and growth of biomimetic
membranes (Figure 1).
Enzymatic synthesis
The Baskin group achieved the synthesis of artificial
lipids using phospholipase D (PLD), an enzyme that
catalyzes the hydrolysis and transphosphatidylation of
phosphatidylcholine to form phospatidic acid (PA) and
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Figure 1

Strategies for the in situ formation of artificial phospholipids. (a) Enzymatic lipid synthesis following a natural pathway. (b) Chemoenzymatic lipid synthesis
combining an enzymatic reaction with a chemical ligation step. (c) Enzyme-free synthesis to produce lipids in the absence of proteins via a chemo-
selective reaction [AT: acyltransferase, FACL: fatty acyl-CoA ligase, FA: fatty acid, FA-CoA: fatty acyl-coenzyme A].
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phospatidyl alcohol, respectively. They treated HeLa
cells with five different alkynols (propynol, 3-butyn-1-
ol, 4-pentyn-1-ol, 5-hexyn-1-ol, and 6-heptyn-1-ol),

obtaining the corresponding artificial phosphatidyl al-
cohols. After Cu-catalyzed azideealkyne cycloaddition
(CuAAC) labeling, this approach allowed to identify
several intracellular sites of PLD-mediated PA synthe-
sis, which is a potent secondary messenger involved in
several diseases [10].

Canonical phospholipids are enzymatically generated by
complex membrane-dependent proteins as part of the
Kennedy lipid synthesis pathway [11,12]. However,
these enzymatic routes are usually difficult to fully

reconstitute. In order to construct a synthetic cell
capable of growing autonomously, the Danelon group
developed a technique that reconstituted such natural
phospholipid biosynthetic route using a minigenome of
seven enzyme-encoding genes, thus allowing the cell to
produce its own membrane components [13]. Specif-
ically, phosphatidylethanolamine (PE) and phosphati-
dylglycerol (PG) were synthetized in liposomes already
containing both lipids. Although they mainly synthe-
sized natural phospholipids, this enzyme-catalyzed
technology would be valuable for the fabrication of

artificial lipids with biological interest, including phos-
pholipids with asymmetric acyl chain compositions and
acyl-labelled phospholipid analogues.

Since integral membrane protein enzymes are difficult
to reconstitute [14], it would be interesting to avoid the
integration of those complex systems, thus facilitating
the straightforward production of artificial lipids.
Moreover, it is likely that primitive building blocks
capable of generating membranes were simpler than the
present ones [15]. Therefore, origin of life studies

would benefit from methodologies that do not
involve enzymes.
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Chemoenzymatic synthesis
Drawing inspiration from natural pathways, several
research groups have developed simpler strategies for
the spontaneous construction of artificial phospholipid
membranes by combining an enzyme with a chemical
reaction [14,16]. For instance, the Devaraj lab has re-
ported a chemoenzymatic methodology to generate

synthetic membrane-forming phospholipids de novo,
thus shedding light on how the synthesis machinery of
these molecules arose in the cell [17]. The approach
took advantage of FadD10, a soluble mycobacterial
ligase that catalyzes the formation of fatty acid
adenylates (FAAs) from fatty acids, Mg2þ, and ATP.
FadD10 displays an open conformation of its active site,
enabling the FAA product to be easily obtained and
diffused away. Once the FAA was formed, it reacted
chemoselectively with a synthetic amine-
functionalized lysophospholipid to generate a new

class of noncanonical amidophospholipids, which
spontaneously self-assembles into membrane-bound
vesicles. Interestingly, this method made it possible
to synthesize membranes without the need for a
preexisting one. Additionally, due to the importance of
gene expression in obtaining functional synthetic cells,
the authors were able to successfully couple enzyme
expression to lipid membrane formation by using a
minimal transcription-translation (TX-TL) system. We
foresee future applications of this chemoenzymatic
methodology on the synthesis of specific artificial lipids
in a cellular milieu by expressing FadD10 in the pres-

ence of appropriate reactive precursors.

Taking into consideration the previous approach, Bhat-
tacharya et al. designed an efficient one-pot route to
synthesize membrane-forming noncanonical phospho-
lipids by repurposing the activity of a soluble ligase and
using fatty acids as precursors (Figure 2a) [18]. In an
initial enzymatic step, fatty acids were converted into
www.sciencedirect.com
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Figure 2

Chemoenzymatic synthesis of membrane-forming noncanonical phospholipids. (a) Synthetic route to artificial phospholipids in which a cysteine-modified
lysophospholipid undergoes chemical coupling with fatty acyl-CoA thioesters generated enzymatically by a fatty acyl-CoA ligase (FadD2) using
dodecanoic acid (DDA) as precursor. The corresponding amidophospholipids spontaneously self-assemble into micron-sized vesicles. Adapted with
permission from A. Bhattacharya, C. J. Cho, R. J. Brea and N. K. Devaraj. J Am Chem Soc 2021, 143, 11235–11242 [18]. (b) Schematic representation of
a fatty acid synthase (FAS)-mediated phospholipid synthesis. A bacterial type I FAS generates palmitoyl-CoA in situ using acetyl-CoA, malonyl-CoA, and
NADPH. Such palmitoyl derivative subsequently reacts with a cysteine-modified lysophospholipid through native chemical ligation (NCL) to form a new
class of membrane-forming synthetic amidophospholipids. Adapted with permission from S. Khanal, R. J. Brea, M. Burkart and N. K. Devaraj, J Am Chem
Soc 2021, 143, 8533–8537 [19].
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the corresponding coenzyme A thioesters (FA-CoA) by
FadD2, a mycobacterial fatty acyl-CoA ligase (FACL).

First, the fatty acid is activated to the corresponding
adenylate with ATP and Mg2þ. Next, it is converted to
the corresponding FA-CoA and released from the active
site of the enzyme. The enzymatically-generated FA-
CoA subsequently undergoes NCL with cysteine-
modified lysophospholipids to rapidly produce
membrane-forming artificial phospholipids. By
combining enzymatic and chemical steps, the authors
precluded the need for a membrane-bound acyl-
transferase enzyme, which is necessary for phospholipid
synthesis in cells. Interestingly, the synthesis of nonca-

nonical sphingolipids was also possible by using an
analogous cysteine-modified lysosphingomyelin as pre-
cursor. This chemoenzymatic lipid synthesis is charac-
terized by a high efficiency, allowing to optimize
artificial lipid formation in a cell-free TX-TL system.
This fact, together with the possibility to coexpress
membrane-interacting proteins with the FACL and
localize them onto the in situ synthesized lipid mem-
brane, constitutes a critical step to broaden the knowl-
edge about the functioning of cell-free systems.

Recently, Khanal et al. established a novel chemo-
enzymatic method for the generation of noncanonical
phospholipids from minimal reactive precursors, using
native chemical ligation (NCL) as a key chemoselective
www.sciencedirect.com
reaction (Figure 2b) [19]. In this biomimetic route, a
bacterial fatty acid synthase (cgFAS I) was utilized to

catalyze the in situ formation of palmitoyl-CoA from
acetyl-CoA and malonyl-CoA, precursors that had never
been used to directly reconstitute phospholipid mem-
branes. Palmitoyl-CoA subsequently reacted with a
synthetic cysteine-functionalized lysophospholipid by
NCL, generating an amidophospholipid that spontane-
ously self-assembles into micron-sized membrane-
bound vesicles. Interestingly, addition of guanidine
hydrochloride (GuHCl), cholesterol or 1-decanol led to
the formation of more stable vesicles. This chemo-
enzymatic methodology would enable the in situ syn-

thesis of diverse phospholipid species, which could
facilitate fundamental studies of how lipid membrane
composition affects membrane assembly, growth
and division.

Inspired by the elegant use of the chemoenzymatic
strategy for the fabrication of synthetic phospholipids,
numerous researchers have applied similar approaches
to produce a diverse class of artificial lipids (Figure 3)
[20e23]. Given their fundamental, biological, and
clinical importance, main efforts have been focused on

the generation of glycosphingolipids (GSLs) [20,24].
GSLs are glycolipids consisting of a glycan and a cer-
amide moiety with relevant functions as key signaling
molecules [25], thus playing essential roles in many
Current Opinion in Chemical Biology 2022, 71:102210
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Figure 3

Chemoenzymatic synthesis of artificial glycosphingolipids. (a) Diversity-oriented strategy combining enzymatic glycan assembly and lipid remodeling
through chemoselective cross-methatesis and N-acylation, which enables the synthesis of relevant glycosphingolipids (GSLs). Adapted with permission
from Q. Li, M. Jaiswal, R. S. Rohokale and Z. Guo. Org Lett 2020, 22, 8245–8249 [20]. (b) Total synthetic methodology for the preparation of a diverse
library of structurally defined GM3 gangliosides containing different sialic residues. Adapted with permission from H. Yu, M. R. Gadi, Y. Bai, L. Zhang, L. Li,
J. Yin, P. G. Wang and X. Chen. J Org Chem 2021, 86, 8672–8682 [28].
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biological processes [26] and diseases [27]. Remarkably,
Li et al. have developed a robust methodology for the
rapid production of glycosphingolipids (GSLs) contain-

ing different lipid tails, glycans and tags (Figure 3a)
[20]. The approach takes advantage of a diversity-
oriented strategy combining enzymatic glycan assem-
bly and chemical lipid remodeling. Starting from a
simple glycoside, the corresponding ceramide was
created by on-site lipid remodeling via chemoselective
cross-metathesis and N-acylation based on the sphin-
gosine headgroup. Interestingly, chemical lipid remod-
eling may be carried out after each enzymatic
glycosylation using both natural and functionalized
lipids. Moreover, either natural or modified sugars can

be utilized for glycosylation. Since the reaction condi-
tions for lipid remodeling are mild and compatible with
various functionalities, this methodology was appro-
priate for the incorporation of fluorescent labels such as
nitrobenzoxadiazole (NBD) in the lipid chains. Most
notably, through two-way diversification of the glycan
head and the lipid tails in each step, a large array of
synthetic GSLs with diverse biological applications can
be rapidly accessed.

Similar methodologies have been recently employed to

efficiently synthesize artificial gangliosides (GGs)
Current Opinion in Chemical Biology 2022, 71:102210
(Figure 3b) [28,29]. GGs are sialic acid-containing
glycosphingolipids that play key roles in cellular
signaling, recognition, communication, and viral binding

[30]. Interestingly, Chen group have reported the syn-
thesis of various monosialodihexosylgangliosides (GM3
GGs) using a chemoenzymatic methodology constituted
by three main steps (Figure 3b) [28]. In the first step,
lactosyl sphingosine (LacbSph) was generated from a
commercially available L-serine derivative by combina-
tion of several traditional chemical reactions. The
second step was the enzymatic step, in which GM3
sphingosines (GM3bSph) were synthesized using a one-
pot multienzyme (OPME) sialylation system containing
Pasteurella multocida sialyltransferase 3 (PmST3). The

OPME system thus facilitates the introduction of
diverse sialic forms to LacbSph to in situ generate the
corresponding GM3bSph derivatives. In the final step,
chemical fatty acid acylation of GM3bSph and subse-
quent C-18 cartridge purification process allowed them
to obtain a library of GM3 GGs with fatty acyl chains of
varying lengths and different modifications. Construc-
tion of a wide variety of structurally diverse GM3 gan-
gliosides containing various sialic forms and fatty acyl
chains represents a powerful synthetic strategy and
open new avenues to explore their functions in a

simple manner.
www.sciencedirect.com
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Chemoenzymatic strategies have been also used to in situ
generate noncanonical terpenes [31,32]. Terpenoid
natural products are highly diverse secondary metabo-
lites with relevant applications in fields as diverse as
fragrances, flavorings, pharmaceuticals, biofuels, and
agrochemicals [33,34]. All known terpenes are produced
from two universal five-carbon precursors: dimethylallyl
diphosphate (DMADP) and isopentenyl diphosphate

(IDP) [35]. Despite the importance of non-natural
terpenoids, their chemical syntheses are often long
and complex. Therefore, the development of simpler
methodologies for the construction of products beyond
the natural terpenome would offer rapid access to non-
canonical terpenoids with improved chemical proper-
ties and altered biological activities. The Allemann lab
has recently designed an efficient modular chemo-
enzymatic approach to generate non-natural terpenoids
from modified DMADP and IDP intermediates [31].
Combining phosphorylation and ATP recycling steps

with prenyl transferases resulted in excellent yields of
natural farnesyl diphosphates, key intermediates in the
synthesis of sesquiterpenoid products. It is worth
mentioning that adding prenyl transferases and terpene
synthases to the reaction mixture enabled the direct
construction of both natural and non-natural terpenes.
Interestingly, the addition in different combinations of
prenol analogues allowed the unprecedented production
of modified linear terpene precursors.
Enzyme-free synthesis
An ambitious goal of biomimetic chemistry is to develop
strategies to produce lipids in the absence of enzymes
[14,16]. In particular, numerous efforts have been made
on the construction of cell-like systems by in situ
generating membrane-forming lipids from simple non-
membrane forming precursors [1,16,36e42]. For

instance, the Bowman group developed an enzyme-free
method to generate phospholipids in situ by covalent
addition via thiol-Michael reaction between a thiol-
functionalized lysophospholipid and an acrylate-
functionalized lipid tail [43]. Interestingly, Liu et al.
have recently designed a non-enzymatic high-yielding
approach to obtain natural diacylphospholipids in water
via direct transacylation [44]. This methodology could
be useful for the precise construction of a wide collec-
tion of noncanonical phospholipids through simple
esterification using reactive water-soluble precursors.

More recently, Zhou et al. were able to obtain bio-
mimetic membrane-forming phospholipids in situ using
light as a stimulus (Figure 4a) [45]. Lipid synthesis was
successfully achieved by using a conceptually new
technology based on a photoligation chemistry between
two different non-membrane-forming precursors:
www.sciencedirect.com
lysosphingomyelin and 2-nitrobenzyl derivatives (NBs).
Light triggers the conversion of alkyl-substituted NBs
into reactive aldehyde intermediates (NBeCHO).
These photogenerated species selectively react with the
amine of lysosphingomyelin to produce the corre-
sponding imine-based sphingomyelins, which sponta-
neously self-assemble into vesicular structures. It is
worth noticing that the amphiphilic character of lysos-

phingomyelin promotes the formation of mixed aggre-
gates with NBs in aqueous solution, increasing the
proximity of the precursors and leading to the acceler-
ated formation of the desired phospholipid. The light-
controllable lipid synthesis transformation represents
the use of an external energy stimulus to trigger in situ
membrane formation, which will enable novel applica-
tions in synthetic biology.

To test the ability of these liposomes to act as bio-
mimetic membranes they used an enzymatic cascade

reaction. They found that the enzymes were indeed
encapsulated, and the reaction occurred, indicating that
these liposomes served as bioreactors.

Non-enzymatic approaches are extremely powerful for
the in situ synthesis of ceramides [7]. Ceramides play
role in cell signaling as second messengers, and their
modulation has been recently found to be involved in
diseases such as diabetes, Alzheimer’s, cardiovascular
disorders, and cancer [47]. It is worth mentioning that
there are up to 26 different enzymes that regulate cer-

amide levels [48]. Additionally, such class of lipids have
low membrane permeability [49]. All these factors make
ceramides challenging to study in cells. To avoid the use
of short-chain artificial ceramides, which do not have the
same biological roles as natural ceramides, Rudd et al.
developed an enzyme-free methodology described as
traceless ceramide ligation (TCL) [9]. This chemical
strategy allows ceramides to be obtained in situ from two
membrane-permeable ligation partners. Thus, alkyl-
based salicylaldehyde esters react with sphingosine
chemoselectively to form both natural and non-natural
ceramides. Interestingly, the authors further demon-

strated that the TCL-based ceramide formation occurs
in HeLa cells, inducing apoptosis. Recent work using an
analogous approach enabled the construction of a small
molecule capable of labeling sphingosine in living cells
(Figure 4b) [46]. This turn-on probe consists of a fluo-
rophore ester of salicylaldehyde that detects endoge-
nous concentrations of sphingosine and sphinganine.
Using this fluorogenic probe, sphingosine accumulation
in cells from patients with Niemann-Pick type C1
(NPC1) was successfully detected. Therefore, this
strategy shed light on sphingosine signaling in biology

and disease.
Current Opinion in Chemical Biology 2022, 71:102210
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Figure 4

Enzyme-free synthesis of artificial lipids. (a) In situ synthesis of membrane-forming imine-based phospholipids by photoligation reaction between
lysosphingomyelin and alkyl-substituted NBs. Adapted with permission from Y. Zhou, H. Yang, C. Wang, Y. Xue, X. Wang, C. Bao and L. Zhu. Chem Sci
2021, 12, 3627–3632 [45]. (b) Proposed mechanism for the TCL reaction between a salicylaldehyde-containing probe and sphingosine (Sph). During the
reaction, the fluorescent dye (F) is covalently attached to the sphingolipid base and separated from quencher (Q), resulting in a highly fluorescent
noncanonical lipid product [BHQ 1: black hole quencher 1]. Adapted with permission from A. K. Rudd, N. Mittal, E. W. Lim, C. M. Metallo and N. K.
Devaraj. J Am Chem Soc 2020, 142, 17887–17891 [46].
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Conclusion
In this concise review, we provided an account of the
recent methodologies for the synthesis of non-canonical
lipids, as well as some methods that involve the pro-
duction of natural lipids in artificial environments.
Specifically, we described the most distinctive strategies
(enzymatic, chemoenzymatic, and enzyme-free syn-

thesis) for the in situ formation of artificial lipids. These
robust approaches enable the direct preparation of
artificial lipids with potential applications on therapeu-
tics, drug delivery carriers, imaging, remodeling, cell
signaling, and even origin of life studies [1,14,16,50,51].
Given the biological importance of mimicking cellular
systems, we highlighted the in situ synthesis of artificial
phospholipids capable of driving self-assembly of bio-
mimetic membranes. The use of specific chemical re-
actions can be linked to the de novo formation of such
Current Opinion in Chemical Biology 2022, 71:102210
lipid membranes, a phenomenon that is not known to
occur in biology, where membrane synthesis requires

machinery dependent on preexisting membranes.

We strongly believe that advances in artificial lipid
synthesis will pave the way for broader investigations
into these relatively new classes of biomimetic mole-
cules. We also envision several exciting emergent
methods that will offer a deeper understanding of
membrane biophysics and lipid biology. Interestingly,
biophysical studies may be necessary to evaluate
structureefunction relationships of the artificial lipids
to understand if they can adequately serve as alterna-

tives to natural lipids and whether they have any
perturbative roles. We believe that one area where in situ
artificial lipid synthesis can be valuable is the incorpo-
ration of isotopically-labeled fatty acids. Such species
www.sciencedirect.com
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are important for methods which do not rely on addi-
tional tags (fluorophores), including Raman spectros-
copy/microscopy and nanoscale secondary ion mass
spectrometry (NanoSIMS).
Declaration of competing interest
The authors declare that they have no known competing
financial interests or personal relationships that could
appeared to influence the work reported in this article.

Acknowledgement
Roberto J. Brea acknowledges support from Xunta de Galicia through the
“Atracción de talento investigador” programme (ED431H2020/19).
Roberto J. Brea also thanks the Agencia Estatal de Investigación (AEI) and
the Ministerio de Ciencia e Innovación (MICINN) for his Ramón y Cajal
contract (RYC2020-030065-I). The authors acknowledge funding for open
access charge from Universidade da Coruña/Consorcio Interuniversitario de
Galicia (CISUG). They also thank Ahanjit Bhattacharya (Stanford Uni-
versity) for their critical reading of the manuscript.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
* * of outstanding interest

1. Flores J, White BM, Brea RJ, Baskin JM, Devaraj NK: Lipids:
chemical tools for their synthesis, modification, and analysis.
Chem Soc Rev 2020, 49:4602–4614.

2. Santos AL, Preta G: Lipids in the cell: organisation regulates
function. Cell Mol Life Sci 2018, 75:1909–1927.

3. Casares D, Escribá PV, Rosselló CA: Membrane lipid compo-
sition: effect on membrane and organelle structure, function
and compartmentalization and therapeutic avenues. Int J Mol
Sci 2019, 20:E2167.

4. Enomoto T, Brea RJ, Bhattacharya A, Devaraj NK: In situ lipid
membrane formation triggered by intramolecular photoin-
duced electron transfer. Langmuir 2018, 34:750–755.

5. Kraft JC, Freeling JP, Wang Z, Ho RJ: Emerging research and
clinical development trends of liposome and lipid nanoparticle
drug delivery systems. J Pharmacol Sci 2014, 103:29–52.

6. Siepmann J, Faham A, Clas SD, Boyd BJ, Jannin V, Bernkop-
Schnürch A, Zhao H, Lecommandoux S, Evans JC, Allen C, et al.:
Lipids and polymers in pharmaceutical technology: lifelong
companions. Int J Pharm 2019, 558:128–142.

7. Izquierdo E, Casasampere M, Fabriàs G, Abad JL, Casas J,
Delgado A: Synthesis and characterization of bichromophoric
1-deoxyceramides as FRET probes. Org Biomol Chem 2021,
19:2456–2467.

8. Lee E, You X, Baiz CR: Interfacial dynamics in inverted-
headgroup lipid membranes. J Chem Phys 2022:156.

9. Rudd AK, Devaraj NK: Traceless synthesis of ceramides in
living cells reveals saturation-dependent apoptotic effects.
Proc Natl Acad Sci USA 2018, 115:7485–7490.

10. Bumpus TW, Baskin JM: A chemoenzymatic strategy for im-
aging cellular phosphatidic acid synthesis. Angew Chem Int
Ed 2016, 55:13155–13158.

11. Yao J, Rock CO: Phosphatidic acid synthesis in bacteria.
Biochim Biophys Acta 2013, 1831:495–502.

12. Yamashita A, Sugiura T, Waku K: Acyltransferases and trans-
acylases involved in fatty acid remodeling of phospholipids
and metabolism of bioactive lipids in mammalian cells.
J Biochem 1997, 122:1–16.

13
*
. Blanken D, Foschepoth D, Serrão AC, Danelon C: Genetically

controlled membrane synthesis in liposomes. Nat Commun
2020:11.
www.sciencedirect.com
The authors developed a minigenome encoding for membrane
phospholipid-producing enzymes in a liposome. They succeeded in
synthesizing the natural lipids phosphatidylethanolamine and phos-
phatidylglycerol, bringing novel opportunities to obtain artificial lipids in
a purely enzymatic way.

14. Vance JA, Devaraj NK: Membrane mimetic chemistry in arti-
ficial cells. J Am Chem Soc 2021, 143:8223–8231.

15. Gaut NJ, Adamala KP: Reconstituting natural cell elements in
synthetic cells. Adv Biol 2021, 5:1–20.

16. Podolsky KA, Devaraj NK: Synthesis of lipid membranes for
artificial cells. Nat Rev Chem 2021, 5:676–694.

17. Bhattacharya A, Brea RJ, Niederholtmeyer H, Devaraj NK:
A minimal biochemical route towards de novo formation of
synthetic phospholipid membranes. Nat Commun 2019, 10.

18
*
. Bhattacharya A, Cho CJ, Brea RJ, Devaraj NK: Expression of

fatty acyl-CoA ligase drives one-pot de novo synthesis of
membrane-bound vesicles in a cell-free transcription-trans-
lation system. J Am Chem Soc 2021, 143:11235–11242.

Bhattacharya et al. synthesized membrane-forming noncanonical
phospholipids via a one-pot route using fatty acids as precursors.
The authors included an enzymatic step with a soluble ligase
(FadD2) followed by an NCL with cysteine-modified lysophospholi-
pids. This approach can help to better understand how life emerged
on Earth.

19
* *
. Khanal S, Brea RJ, Burkart MD, Devaraj NK: Chemo-

enzymatic generation of phospholipid membranes medi-
ated by type I fatty acid synthase. J Am Chem Soc 2021,
143:8533–8537.

Khanal et al. established a chemoenzymatic strategy to obtain non-
canonical phospholipids capable of self-assembling into vesicles
from simple water-soluble fatty-acid precursors. Combining an
enzymatic step with a chemical reaction (NCL) enables de novo
membrane formation of a new class of membrane-forming
amidophospholipids.

20. Li Q, Jaiswal M, Rohokale RS, Guo Z: A diversity-oriented
strategy for chemoenzymatic synthesis of glycosphingolipids
and related derivatives. Org Lett 2020, 22:8245–8249.

21. ZhangX,LinL,HuangH,LinhardtRJ:Chemoenzymaticsynthesis
of glycosaminoglycans. Acc Chem Res 2020, 53:335–346.

22. Ramírez AS, Boilevin J, Lin CW, Ha Gan B, Janser D, Aebi M,
Darbre T, Reymond JL, Locher KP: Chemo-enzymatic synthe-
sis of lipid-linked GlcNAc2Man5 oligosaccharides using re-
combinant Alg1, Alg2 and Alg11 proteins. Glycobiology 2017,
27:726–733.

23. Mitachi K, Siricilla S, Klai�c L, Clemons WM, Kurosu M: Chemo-
enzymatic syntheses of water-soluble lipid i fluorescent
probes. Tetrahedron Lett 2015, 56:3441–3446.

24. Yu H, Li Y, Zeng J, Thon V, Nguyen DM, Ly T, Kuang HY, Ngo A,
Chen X: Sequential one-pot multienzyme chemoenzymatic
synthesis of glycosphingolipid glycans. J Org Chem 2016, 81:
10809–10824.

25. Russo D, Parashuraman S, D’Angelo G: Glycosphingolipid–
protein interaction in signal transduction. Int J Mol Sci 2016,
17:1–21.

26. Regina Todeschini A, itiroh Hakomori S: Functional role of
glycosphingolipids and gangliosides in control of cell
adhesion, motility, and growth, through glycosynaptic
microdomains. Biochim Biophys Acta, Gen Subj 2008, 1780:
421–433.

27. Furukawa K, Ohmi Y, Ohkawa Y, Bhuiyan RH, Zhang P,
Tajima O, Hashimoto N, Hamamura K, Furukawa K: New era of
research on cancer-associated glycosphingolipids. Cancer
Sci 2019, 110:1544–1551.

28. Yu H, Gadi MR, Bai Y, Zhang L, Li L, Yin J, Wang PG, Chen X:
Chemoenzymatic total synthesis of GM3 gangliosides
containing different sialic acid forms and various fatty acyl
chains. J Org Chem 2021, 86:8672–8682.

29. Yu H, Santra A, Li Y, McArthur JB, Ghosh T, Yang X, Wang PG,
Chen X: Streamlined chemoenzymatic total synthesis of
prioritized ganglioside cancer antigens. Org Biomol Chem
2018, 16:4076–4080.
Current Opinion in Chemical Biology 2022, 71:102210

http://refhub.elsevier.com/S1367-5931(22)00095-3/sref1
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref1
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref1
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref2
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref2
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref3
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref3
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref3
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref3
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref4
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref4
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref4
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref5
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref5
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref5
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref6
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref6
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref6
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref6
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref7
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref7
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref7
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref7
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref8
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref8
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref9
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref9
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref9
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref10
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref10
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref10
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref11
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref11
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref12
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref12
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref12
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref12
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref13
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref13
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref13
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref14
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref14
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref15
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref15
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref16
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref16
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref17
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref17
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref17
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref18
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref18
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref18
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref18
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref19
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref19
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref19
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref19
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref20
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref20
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref20
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref21
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref21
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref22
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref22
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref22
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref22
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref22
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref23
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref23
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref23
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref23
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref24
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref24
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref24
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref24
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref25
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref25
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref25
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref26
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref26
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref26
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref26
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref26
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref27
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref27
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref27
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref27
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref28
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref28
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref28
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref28
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref29
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref29
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref29
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref29
www.sciencedirect.com/science/journal/13675931


8 Synthetic Biomolecules (2022)
30. Yu RK, Tsai YT, Ariga T, Yanagisawa M: Structures, biosyn-
thesis, and functions of gangliosides - an overview. J Oleo Sci
2011, 60:537–544.

31. Johnson LA, Dunbabin A, Benton JCR, Mart RJ, Allemann RK:
Modular chemoenzymatic synthesis of terpenes and their
analogues. Angew Chem Int Ed 2020, 59:8486–8490.

32. Demiray M, Tang X, Wirth T, Faraldos JA, Allemann RK: An
efficient chemoenzymatic synthesis of dihydroartemisinic
aldehyde. Angew Chem Int Ed 2017, 56:4347–4350.

33. Bruce TJA, Aradottir GI, Smart LE, Martin JL, Caulfield JC,
Doherty A, Sparks CA, Woodcock CM, Birkett MA, Napier JA,
et al.: The first crop plant genetically engineered to release an
insect pheromone for defence. Sci Rep 2015, 5.

34. Toogood HS, Cheallaigh AN, Tait S, Mansell DJ, Jervis A,
Lygidakis A, Humphreys L, Takano E, Gardiner JM, Scrutton NS:
Enzymatic menthol production: one-pot approach using
engineered Escherichia coli. ACS Synth Biol 2015, 4:
1112–1123.

35. Chatzivasileiou AO, Ward V, Edgar SMB, Stephanopoulos G:
Two-step pathway for isoprenoid synthesis. Proc Natl Acad
Sci USA 2019, 116:506–511.

36. Seoane A, Brea RJ, Fuertes A, Podolsky K, Devaraj NK: Bio-
mimetic generation and remodeling of phospholipid mem-
branes by dynamic imine chemistry. J Am Chem Soc 2018,
140:8388–8391.

37. Devaraj NK: In situ synthesis of phospholipid membranes.
J Org Chem 2017, 82:5997–6005.

38. Brea RJ, Bhattacharya A, Devaraj NK: Spontaneous phospho-
lipid membrane formation by histidine ligation. Synlett 2017,
28.

39. Brea RJ, Cole CM, Devaraj NK: In situ vesicle formation by
native chemical ligation. Angew Chem Int Ed 2014, 53:
14102–14105.

40. Matsuo M, Ohyama S, Sakurai K, Toyota T, Suzuki K, Sugawara T:
A sustainable self-reproducing liposome consisting of a syn-
thetic phospholipid. Chem Phys Lipids 2019, 222:1–7.

41. Xiong F, Lu L, Sun TY, Wu Q, Yan D, Chen Y, Zhang X, Wei W,
Lu Y, Sun WY, et al.: A bioinspired and biocompatible ortho-
sulfiliminyl phenol synthesis. Nat Commun 2017, 8.
Current Opinion in Chemical Biology 2022, 71:102210
42. Budin I, Devaraj NK: Membrane assembly driven by a bio-
mimetic coupling reaction. J AmChem Soc 2012, 134:751–753.

43. Konetski D, Baranek A, Mavila S, Zhang X, Bowman CN: For-
mation of lipid vesicles: in situ utilizing the thiol-Michael re-
action. Soft Matter 2018, 14:7645–7652.

44. Liu L, Zou Y, Bhattacharya A, Zhang D, Lang SQ, Houk KN,
Devaraj NK: Enzyme-free synthesis of natural phospho-
lipids in water. Nat Chem 2020, https://doi.org/10.1101/
746156.

45
*
. Zhou Y, Yang H, Wang C, Xue Y, Wang X, Bao C, Zhu L: In situ

formation of a biomimetic lipid membrane triggered by an
aggregation-enhanced photoligation chemistry. Chem Sci
2021, 12:3627–3632.

Zhou et al. prepared membrane-forming phospholipids via traditional
photoligation chemistries from non-membrane precursors (lysos-
phingomyelin and alkyl-substituted 2-nitrobenzyl derivatives). This
pioneering study facilitated the synthesis of biomimetic membranes
using an external stimulus.

46
* *
. Rudd AK, Mittal N, Lim EW, Metallo CM, Devaraj NK: A small

molecule fluorogenic probe for the detection of sphingosine
in living cells. J Am Chem Soc 2020, 142:17887–17891.

The authors developed a small fluorescent molecule capable of
detecting endogenous sphingosine in a dose-dependent way. With
this probe they could detect sphingosine accumulation in cells from
patients with Niemann-Pick type C1 (NPC1), a lipid transport
disorder.

47. Kurz J, Parnham MJ, Geisslinger G, Schiffmann S: Ceramides as
novel disease biomarkers. Trends Mol Med 2019, 25:20–32.

48. Hannun YA, Obeid LM: Principles of bioactive lipid signalling:
lessons from sphingolipids. Nat Rev Mol Cell Biol 2008, 9:
139–150.

49. Chen J, Devaraj N: Synthetic probes and chemical tools in
sphingolipid research. Curr Opin Chem Biol 2021, 65:
126–135.

50. Brea RJ, Rudd AK, Devaraj NK: Nonenzymatic biomimetic
remodeling of phospholipids in synthetic liposomes. Proc
Natl Acad Sci USA 2016, 113:8589–8594.

51. Bhattacharya A, Brea RJ, Devaraj NK: De novo vesicle forma-
tion and growth: an integrative approach to artificial cells.
Chem Sci 2017, 8:7912–7922.
www.sciencedirect.com

http://refhub.elsevier.com/S1367-5931(22)00095-3/sref30
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref30
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref30
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref31
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref31
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref31
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref32
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref32
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref32
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref33
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref33
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref33
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref33
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref34
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref34
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref34
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref34
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref34
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref35
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref35
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref35
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref36
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref36
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref36
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref36
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref37
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref37
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref38
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref38
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref38
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref39
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref39
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref39
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref40
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref40
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref40
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref41
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref41
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref41
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref42
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref42
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref43
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref43
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref43
https://doi.org/10.1101/746156
https://doi.org/10.1101/746156
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref45
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref45
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref45
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref45
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref46
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref46
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref46
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref47
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref47
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref48
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref48
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref48
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref49
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref49
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref49
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref50
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref50
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref50
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref51
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref51
http://refhub.elsevier.com/S1367-5931(22)00095-3/sref51
www.sciencedirect.com/science/journal/13675931

	In situ synthesis of artificial lipids
	Introduction
	Enzymatic synthesis
	Chemoenzymatic synthesis
	Enzyme-free synthesis
	Conclusion
	Declaration of competing interest
	Acknowledgement
	References


