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Photoreactive bioorthogonal lipid probes
and their applications in mammalian biology

Karthik Shanbhag, Kavita Sharma and Siddhesh S. Kamat {2 *

Lipids are an important class of biological molecules that possess many critical physiological functions,
which enable the optimal survival of all organisms, including humans. While the role of lipids in the
formation of biological cellular membranes and as a source of energy is fairly well understood, the
cellular signalling pathways that lipids modulate in mammals are, in comparison, poorly characterized
mechanistically and/or largely unknown. In an effort to dissect these mammalian cellular pathways
regulated by signalling lipids and map hitherto unknown protein—lipid interactions, the last two decades
have seen tremendous progress in the development of multifunctional lipid probes that, in conjunction
with well-established bioorthogonal chemistries and chemoproteomics platforms, has almost exponen-
tially expanded our knowledge in this field. In this review, we focus on the various photoreactive
bioorthogonal lipid probes described in the literature, and briefly summarize the different photo-
crosslinking groups and bioorthogonal chemistries used by them. Furthermore, we report specific case
examples of such photoreactive bioorthogonal lipid probes, and discuss the new biological pathways
and insights that have emerged from their use through chemoproteomics in mammalian cells. Finally,
we highlight the challenges associated with the use of lipid probes in biological systems, and highlight
their importance in the discovery and mechanistic understanding of lipid signalling pathways in the years

rsc.li/rsc-chembio to come.

Introduction

Lipids are an essential building block for all forms of life, and
this important class of biomolecules has critical physiological
functions that enable the survival of cells and, in turn, complex
multicellular organisms like humans."? Historically, amongst
the innumerable indispensable functions of lipids, perhaps the
most studied one is their ability to form membranous mono-
and bi-layers that define cellular boundaries and the internal
compartments of the cell (e.g., organelles), thus providing a
hydrophobic physical barrier against detrimental environmen-
tal factors that are largely aqueous in nature, and by doing so,
the survival of cells across various physiological conditions
and challenges is greatly promoted." Popularly and extensively
studied from a metabolic standpoint is the ability of lipids to
function as an important source of energy in cells and tissues
via the catabolic B-oxidation pathway, when carbohydrates
(especially glucose) become limiting.* In addition to these popu-
larly studied functions, in recent years, several lipid classes, espe-
cially signalling lipids (e.g., sphingosine 1-phosphate,™® endo-
cannabinoids,”® prostaglandins,”'® and lysophospholipids*™?),
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have been physiologically shown to have hormone-like effects
and modulate diverse cellular signalling and immunological
pathways. Furthermore, by lipidating (e.g., via protein palmitoy-
lation) important proteins (e.g:, receptors and ion channels),
cellular fatty acids are able to regulate their localization in cells,
and, by doing so, spatiotemporally regulate their functions.'*"

Not surprisingly, given their central role in important phy-
siological processes in humans, dysregulation in their cellular
metabolism leads to numerous pathophysiological conditions
such as dyslipidaemia, diabetes, metabolic syndrome, athero-
sclerosis and cardiovascular diseases, autoimmune diseases,
cancers and neurodegenerative disorders, to list a few.'®™"° It is
of note that, although deregulated lipid metabolism has been
implicated in an array of human diseases, only a handful of
small molecule drugs have been developed and/or used in
patients and/or in different stages of clinical trials that target
the known metabolic (biosynthetic or degradative) enzymes
and/or cognate receptors for these aforementioned lipids. This
disconnect stems largely from our current (poor) mechanistic
understanding of the cellular pathways that lipids globally
regulate, and the distinct set of protein ligands that they
interact with, during diverse physiological processes.

Given their hydrophobic and fairly inert chemical nature,
synthetic methodologies towards making lipids in general has
been challenging over the years. However, with the advent of
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Fig. 1 Generic structure of a lipid probe.

newer bioorthogonal chemical reactions, coupled with tremen-
dous advances in mass spectrometry and chemoproteomics
technologies, the past two decades has seen a real emergence
in the development of lipid probes that have enabled extensive
profiling and mapping of the signalling pathways that are
regulated by different lipid classes in various mammalian cells
and tissues.>**> Generically, most lipid probes described in
literature have three major components: (i) specificity or bind-
ing element(s) for a particular lipid class; (ii) a photoreactive
chemical crosslinking group; and (iii) a bioorthogonal handle
or reporter tag (e.g., a fluorophore or biotin) (Fig. 1). As part of
this review, we aim to summarize the various photoreactive
chemical crosslinking groups used in lipid probes, along with
the bioorthogonal chemistries used in profiling these probes in
lysates and mammalian cells. In addition to this, we discuss
specific classes of lipid probes and describe, briefly, the studies
carried out using them to tease out novel biological pathways in
mammalian systems.

Photoreactive chemical crosslinkers

The role of a photoreactive crosslinking group in a bioortho-
gonal lipid probe is to make protein-lipid interactions that are
usually non-covalent (ionic or hydrophobic) in nature, perma-
nent via the formation of stable covalent bonds. This covalently
bonded protein-lipid probe complex enables researchers to
ensure that such cellular protein-lipid interactions can be
studied and characterized in more detail. With the advent of

Table 1 Different photo-crosslinking groups used with lipid probes
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RSC Chemical Biology

photochemical reactions, to this end, most lipid probes descri-
bed in the literature have been appended with photoreactive
chemical crosslinking groups (also referred to as photo-
crosslinking groups) that are chemically stable and efficiently
form a reactive intermediate via photolysis upon exposure
to light of a defined wavelength range. Recently, Backus and
co-workers>® elegantly described in significant detail the photo-
reactive groups used across diverse chemical probes, their
respective chemistries upon photolysis, and deliberated on
how the selection of these chemical moieties is important, so
as to not alter the properties of the ligand itself. Hence, here,
we briefly summarize the three photo-crosslinking groups,
namely benzophenone, arylazide, and alkyldiazirine, that have
been prominently used in lipid probes, and list their advan-
tages and drawbacks (Table 1).

Bioorthogonal reactions

Whilst designing a ligand-affinity based probe (e.g., lipid
probe), it is important that the eventual probe must closely
mimic the physical, chemical and structural properties of the
parent ligand. Therefore, studies from lipid (and other ligand)
probes have found that the addition of bulky reporter tags
(e.g, fluorophores, biotin) hinders the binding of the probe to
the “correct” (desired) protein, and often has many off-targets
during downstream pulldown experiments. The rapid progress
in the evolution of bioorthogonal (chemical) reactions has
largely helped to circumvent this limitation, and has enabled
the development of high-quality lipid probes with smaller
appendages that offer better selectivity, biocompatibility and
amenability to various type of studies (in vitro, ex vivo and
in vivo) in mammalian cells and tissues. Over the past decade,
bioorthogonal reactions have been the subject of numerous
very well written reviews>>* that discuss these reactions and
their biological applications in significant detail, and hence,
here, we briefly summarize only those bioorthogonal reactions
that have been used with lipid probes (Table 2). Given their
wide applications across diverse biological systems, for pioneering

Photoreactive group Reactive species Advantages

Drawbacks

O. 1. Biocompatible
2. Diverse photo-reactivity

1. Bulky size
2. Non-specific protein labeling due to the short life
of the radical

1. Low UV activation, not amenable to live cell studies
2. Low photo-crosslinking efficiency due to the longer
half-life of the radical

1. Non-specific protein labeling due to the short
life of the radical

3. High photo-crosslinkin,
Benzophenone®"?® O O efﬁcigncg &
Diradical
L4
N
Arylazide>**” 1. Chemically stable
Nitrene
.o 1. Small size
2. Biocompatible
Alkyldiazirene®*3* - : i T
Carbene 3. High photo-crosslinking
efficiency
38 | RSC Chem. Biol., 2023, 4, 37-46

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cb00174h

Open Access Article. Published on 12 December 2022. Downloaded on 4/2/2026 10:36:02 PM.

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

(cc)

RSC Chemical Biology

Table 2 Different bioorthogonal reactions used with lipid probes

View Article Online

Paper

Reaction

Advantages

Drawbacks

Copper-catalyzed azide-alkyne
cycloaddition (CuAAC)**™*°
(click chemistry)

Copper-free azide-cycloalkyne
cycloaddition®™**

Staudinger-Bertozzi ligation*®>'

Inverse electron demand Diels-Alder

(IEDDA) cycloaddition®**?

1. Fast reaction kinetics

2. Efficient under mild reaction
(physiological) conditions

3. Amenable to various protein
profiling platforms

1. Suitable for live cell studies
2. Efficient under mild reaction
(physiological) conditions

1. Suitable for live cell studies
2. Efficient under mild reaction
(physiological) conditions

1. Fast reaction kinetics

2. Efficient under mild reaction
(physiological) conditions

3. Amenable to live cell studies

1. Not suitable for live cell studies due to
toxicity from copper [Cu(i)]

1. Slow reactivity compared with CuAAC

1. Slower rates of ligation

2. Phosphine is prone to degradation

by air oxidation and metabolic enzymes

1. Strained alkyne ring is susceptible to isomerization
2. Dienophile (tetrazine) is prone to degradation

the development of various bioorthogonal reactions, Carolyn
Bertozzi, K. Barry Sharpless and Morten Meldal were jointly
awarded the 2022 Nobel Prize in Chemistry (https://www.nobel
prize.org/prizes/chemistry/2022/summary/).

Photoreactive bioorthogonal lipid
probes

Historically, protein-lipid interactions were identified and
characterized using conventional biochemical techniques like
affinity purification, isothermal calorimetry, thermal shift
assays or by computational approaches (e.g., molecular dock-
ing). However, while these techniques have proved useful over
the years in specific cases, they have had a poor proteome wide
coverage, and most of the studies using these conventional
methods were restricted to recombinantly purified proteins.
Over the past two decades, coupled with the advent in multi-
plexing mass spectrometry based chemoproteomics, ligand-
photo-affinity based protein profiling techniques have provided
an edge over the aforementioned conventional approaches in
mapping protein-ligand interactions, in that these multifunc-
tional lipid probes enable the screening and identification of
hitherto unknown protein ligands of lipids at a proteome wide
scale under various physiological conditions in mammalian
cells and tissues.

While lipid probes studied in the past have employed multi-
ple strategies,>>” such as appending a photoreactive group to
a radioactive®®”® or fluorophore conjugated lipid tail,**"** in
this section, we aim to specifically discuss lipid probes that
possess both a photoreactive group and a bioorthogonal
handle, and how they have been profiled in mammalian
systems to discover and characterize protein-lipid interactions.
Commonly in such chemoproteomics experiments involving a
lipid probe that has a photoreactive group and a bioorthogonal
handle, as the first step, after incubation with the probe, the
cellular lysates or live cells are irradiated with UV light of an
appropriate wavelength and for a suitable exposure time, to
ensure efficient crosslinking of the lipid probe with the
protein(s) of interest. Subsequently, a bioorthogonal reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry

is performed using a complementary reporter tag, which is
either a fluorophore (for gel-based imaging or microscopy
based live cell imaging applications) or an affinity group (e.g.,
biotin, for the enrichment of target proteins using avidin
chromatography coupled to LC-MS based proteomics applica-
tions downstream) (Fig. 2).

Bifunctional lipid probes

The first class of lipids for which photoreactive bioorthogonal
(bifunctional) probes were developed were phosphatidylcho-
lines (PCs).>>*” Towards synthesizing these PC probes, both of
the lipid tails of this molecule were appended with a terminal
azide, and the choline moiety of the head group was conjugated
with benzophenone or arylazide (Fig. 3A). Both the benzo-
phenone-PC and phenylazide-PC probes were profiled in yeast
mitochondrial membrane proteomes using gel and LC-MS
based chemoproteomics approaches, and, interestingly, it was
found that the two photoreactive groups resulted in the enrich-
ment of different sets of proteins, suggesting that the photo-
crosslinking moiety did impart a degree of specificity to the
proteins enriched by the probe. Although this study was
performed in yeast proteomes, it has since laid the foundation
for several subsequent studies involving the development of
bifunctional probes and their applications in mammalian
systems. Following up on these studies, Best and co-workers
also developed bifunctional phosphatidylinositol (3,4,5)-tri-
phosphate (PI(3,4,5)P3;) probes containing benzophenone as
the photoreactive crosslinking group, and an alkyne bioortho-
gonal handle (Fig. 3B), profiled these in different mammalian
cells and found that >250 proteins bound to the PI(3,4,5)P;
lipid head group, several of which were novel PI(3,4,5)P; binding
proteins.®*

Amongst the bifunctional lipid probes, two seminal studies
by Cravatt and co-workers greatly expanded the repertoire of
applications and our understanding of these probes. In the first
study,®® they developed three sterol probes (cis-, trans- and epi-)
that have different diastereomeric relationships between the
C3-hydroxyl and the C5-hydrogen group of the cholesterol
backbone, as well as containing the combination of a diazine
and an alkyne group (Fig. 3C), in an effort to map the sterol

RSC Chem. Biol., 2023, 4, 37-46 | 39
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Fig. 2 Schematic workflow for the typical enrichment and detection of protein(s) of interest using photo-crosslinking bioorthogonal lipid probes.

interacting proteins in mammalian cells. The X-ray structures
of these sterol probes revealed that only the ¢rans-sterol probe
had the correct overall stereochemistry and three-dimensional
structure of cholesterol, and not surprisingly, from subsequent
LC-MS/MS based chemoproteomics experiments, binding to
known cholesterol interacting proteins and enzymes of the
sterol biosynthesis pathway was also shown. Interestingly,
this study also identified proteins with important biological
functions that were previously not known to bind cholesterol.
This study showed, for the first time, that the overall stereo-
chemistry and structure of a lipid probe should closely resem-
ble that of the parent lipid to minimize off-targets and enhance
the enrichment of selective protein ligands. In their second
study,®® Cravatt and co-workers synthesized various lipid probes
(Fig. 3D), aimed at specifically mapping the protein ligands for
different arachidonoyl-signaling lipids (e.g., arachidonic acid,
anandamide), given the importance of endocannabinoids in
human physiology and their association with diseases. By devel-
oping several advanced chemoproteomics platforms, they were
able to show that several proteins pulled-down by these lipid
probes (especially the arachidonoyl-lipid probes) were not part
of the DrugBank database, and were for the first time shown to
be pharmacologically liganded using these lipid probes. As an
example, in this study, they identified the protein nucleobindin-
1 as a novel metabolic regulator of arachidonoyl-lipid pools in
mammalian cells, and showed that this protein is ligandable and
has important functions in lipid metabolism. In the same study,
using the synthesized lipid probes, Cravatt and co-workers also
show through in situ profiling in mammalian cells that known
clinically used drugs (especially those involved in regulating
signaling lipids and their metabolism) have a high affinity for
proteins that were previously thought to be “undruggable” and
are in fact able to competitively inhibit protein-lipid inter-
actions. Following up on this study, they have since shown that

40 | RSC Chem. Biol., 2023, 4, 37-46

these lipid probes can also be used to map protein targets of
biologically active natural products (e.g., KDT501, an anti-
diabetic molecule derived from hops) and repurposed drugs of
ill-defined mechanisms (e.g., miconazole, an anti-fungal agent
used in the treatment of multiple sclerosis).®”

Most of the aforementioned studies by Cravatt and co-
workers on lipid probes were performed in vitro using lysates
or in situ (ex vivo) in mammalian cells. Therefore, to visualize
protein-lipid interactions in live cells, Schultz and co-workers
developed “photoactivatable and clickable” (‘“pac”) probes for
free fatty acid (pac-FA)®® and sphingosine (pac-Sph)®*”° (Fig. 3E),
which consist of a diazirine and an alkyne handle, to system-
atically map the interactions of the two lipid classes in mamma-
lian cells. Using both these probes, they demonstrated that,
alongside the well-established gel-based and LC-MS/MS based
chemoproteomics techniques, such pac-lipid probes can also be
used to visualize the intracellular localization and metabolic fate
of the lipids in mammalian cells (albeit fixed), and even in
organisms such as the nematode, C. elegans. Following up on
these elegant studies with pac-lipid probes, Holthuis and co-
workers have since developed pac-lipid probes for other sphin-
golipids, namely, ceramide (pac-Cer) and glucosylceramide
(pac-GleCer) in an effort to map the ceramide binding proteins
in mammalian cells (Fig. 3E).”" Using the pac-Cer and pac-
GlcCer probes, they showed that the steroidogenic acute reg-
ulatory protein D7 (StarD7) bound ceramide, and this binding
was important in this protein’s ability to import phospholipids,
particularly PC, into mitochondria, and in turn to regulate
the mitochondrial function, morphology and mitochondria-
mediated cytotoxicity. In the same study, they also reported
some non-canonical pac-Cer probes (e.g., 1-deoxy-pac-Cer,
3-deoxy-pac-Cer and 3-deoxy-N-methyl-pac-Cer), and used these
to perform elegant structure-activity relationship studies
against the ceramide transfer protein (CERT), a known ceramide

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cb00174h

Open Access Article. Published on 12 December 2022. Downloaded on 4/2/2026 10:36:02 PM.

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

(cc)

RSC Chemical Biology

View Article Online

Paper

A

Benzophenone-PC

®

Phenylazide-PC

Phosphatidylcholine Probes

)K/\/\/\/\/\/\/\/—N—N—N
N/\/O ! o\)\/OY\/W\/\NWN—N—N
0. O "

JK/\/\/\/\/\/\/\/—N—N—N

HO' N
/\ N
pac-FA  NEN
HO
HOMV\ =
NH, pac-Sph

"OH
OPOg*

20,p0%

[0}
o H Q H N=|
¢ Il:lk NSNS N HOY\/WM
20,P0x i L0710 ) S
O (¢] o}
HN

Phosphatidylinositol Probe o

pac-Myristoylation probe

HO” %
HIN=N

Trans-sterol
Sterol Probe

0 AEA-DA

N/\ o
_ - OH
- > A
NN
D o} pac-AA
g™
— H
>N N _ COOH
N | =
e A
pac-DHA
o] N=|
X o
— — X i gy OH i N=N
A-DA A
pac-17-HDHA
Arachidonoyl Probes “pac”Probes

Fig. 3 Bifunctional lipid probes containing a photo-crosslinking group (the moiety highlighted in blue) and a bioorthogonal handle (the moiety

highlighted in pink) as described in the literature.

binding protein.”" Interestingly, a recent preprint has also

reported pac probes with lysosome targeting moieties, for
sphingosine (Lyso-pac-Sph) and cholesterol (Lyso-pac-Chol),
which together have shown that two known sterol transporters,
NPC1 and LIMP-2, also act as sphingosine transporters.”>
In addition, another preprint has also reported another pac-
FA probe to study protein myristolyation (Fig. 3E) as well as
lipid-mediated protein interactions and localization in differ-
ent mammalian cells.”® Most recent amongst this series of lipid
probes are those described by van der Stelt and co-workers, who
report pac probes for omega-3 fatty acids, docosahexaenoic acid
(DHA) and its oxidative metabolite 17-hydroxy-DHA (17-HDHA)
to profile their metabolic pathways in human macrophages.”
Using the pac-DHA and pac-17-HDHA lipid probes (Fig. 3E),
van der Stelt and co-workers showed for the first time that the
enzyme prostaglandin reductase 1 (PTGR1), which is important
in immune signaling cascades, binds to and uses 17-HDHA as a
substrate. This exciting work has expanded the repertoire of
oxidative lipid substrates for this key lipid metabolic enzyme
beyond the eicosanoids.”

© 2023 The Author(s). Published by the Royal Society of Chemistry

Trifunctional lipid probes

Building upon the work of the pac lipid probes, Schultz and co-
workers have since pioneered the development of trifunctional
lipid probes, which apart from the pac moieties, contain an
orthogonal photocleavable caged fluorophore (e.g., coumarin)
that enables better spatiotemporal resolution and localization
of these lipid probes in mammalian cells.”>”® The presence of a
photocleavable caging group protects the lipid probe from
enzymatic degradation, keeping the probe intact and, in doing
so, enabling it to accumulate in mammalian cells at desired
sub-cellular locations (or in organelles) at near-physiological
concentrations. Mammalian cells incubated with the probe are
then exposed to an orthogonal wavelength of light (typically
400 nm), which cleaves the photocleavable caged group (but not
the diazirine moiety), releasing the fluorophore (coumarin) that
can possibly be used to report on the (sub)cellular localization
of the lipid via live cell fluorescence imaging, and in doing so
converts the trifunctional lipid probe into a bioactive bifunc-
tional lipid probe that mimics the functions of the parent
signaling lipid. The so-formed bifunctional lipid probe closely

RSC Chem. Biol., 2023, 4, 37-46 | 41
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resembles the reported functions/effects of the parent signaling
lipid, and is now amenable to gel and LC-MS/MS based
chemoproteomics experiments described in the earlier section.
Schultz and co-workers have thus far reported and biochemi-
cally validated four such trifunctional lipid probes for free
fatty acid, sphingosine, diacylglycerol and phosphatidylinositol
lipids (Fig. 4). The studies reported using these trifunctional
lipid probes have revealed considerable new mechanistic
insights on the localization and trafficking of the aforemen-
tioned lipids in mammalian cells. It is of note that the tri-
functional sphingosine probe has effectively been used to
mechanistically probe and provides new cell biological insights
into the pathology of Niemann-Pick type-C (NPC) disease, a
sphingolipid metabolism disorder.

In vivo synthesized lipid probes

In all the studies discussed in earlier sections for the bifunc-
tional and trifunctional lipid probes, these probes have been
pre-made synthetically with all the functionalities. Although
these studies worked very well, significant efforts are needed for
synthetically making the lipid probes, which can prove challen-
ging at times. Therefore, to overcome this particular setback, a
few research groups have recently been leveraging the cellular
machinery (mostly metabolic enzymes) to build various bifunc-
tional lipids using building blocks that are much simpler to
make synthetically and/or are commercially available. This
approach of generating bifunctional lipid probes in situ in cells
has popularly been referred to as the “metabolic labelling” of
lipids. Initial studies attempting to prove this concept led to the
development of different inositol derivatives carrying an azido
group,”””’® which, when fed to mammalian cells, led to their
successful uptake and the metabolic labeling of cellular phos-
phatidylinositol (PI) lipid pools and glycosyl-PI (GPI) anchored
cell surface proteins. Besides this, numerous elegant studies
have aimed at studying protein lipidation using diverse mono-
functional lipid probes, and these have been summarized
previously by Hang and co-workers.>* Following up on these
studies, the first application of metabolic labeling to synthesize

42 | RSC Chem. Biol., 2023, 4, 37-46

a complete bifunctional lipid probe in vivo was reported by
Yao and co-workers in the design of bifunctional PCs in
mammalian cells.”® In this study, they fed mammalian cells
with two small molecules, ie., an alkyne handle containing
propargyl choline (the biosynthetic precursor of the PC head
group) and a diazirine-containing palmitic acid (the lipid tail
component of PC) (Fig. 5A). Using cellular lipidomics measure-
ments, they confirmed that these two fragments resulted in the
substantial formation of bifunctional PC (Fig. 5A) within cells,
and that it could be used for gel, fluorescence microscopy
and LC-MS/MS-based chemoproteomics applications in the
mapping of protein-lipid interactions in mammalian cells.

More recently, Baskin and co-workers pioneered the devel-
opment of IMaging Phospholipase D (PLD) Activity with Click-
able alcohols via Transphosphatidylation (IMPACT) assays®®~®
for monitoring the activity of PLD (Fig. 5B), as well as assessing
the production of different phospholipids (e.g., phosphatidic
acid, phosphatidyl alcohols) in mammalian cells via PLD
enzyme activity and studying the interactions of these phos-
pholipids with diverse proteins in particular physiological
contexts. In particular, they spatiotemporally mapped the
activity of PLD isoforms in mammalian cells, showing its
association with cellular signaling events, and extensively stu-
died the protein interactors of phosphatidic acid (PA) in various
physiological settings using diverse bioorthogonal reactions.
In addition, using the same IMPACT technology, they devel-
oped photoswitchable PA analogs®* that served as useful tools
in studying various PA-dependent cellular signaling pathways
in mammalian cells.

Challenges with lipid probes

Although lipid affinity-based probes have received significant
attention over the past decade and have been used in a variety
of applications, they do possess some limitations that still
prevent their wider use across the entire spectrum of lipid
classes. These mostly include:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bioorthogonal handle (the moiety highlighted in pink) in mammalian cells.

(a) Synthesizing the probes

Given their overall inert chemical nature, natural lipids by
themselves are rather difficult to chemically modify in order
to develop such bioorthogonal probes discussed in earlier
sections. Thus, such lipid probes have to be developed de novo
from complex synthetic reactions, which can often be challen-
ging, time consuming and rather expensive. In addition, the
photoreactive groups are fairly labile and sensitive to light and
certain solvents, and therefore such reactions often have lower
yields and need extra precautions to ensure the purity of the
final probes.

(b) Ensuring comparable ligand properties

Since the lipid probes typically have at least two additional
functional moieties (e.g., a photoreactive group and a bioortho-
gonal handle or reporter tag), during the development of such a
probe for an as-of-yet unstudied lipid class, extensive structure—
activity relationship studies through the development of var-
ious synthetic analogs are needed to ensure that the final lipid
probe is indeed comparable to the natural lipid ligand, before
proceeding with any chemoproteomics studies in mammalian
cells and tissues. The effective placement of the various func-
tionalities on the lipid probes is of prime importance to ensure
the correct biological readouts.

(c) Off-target activity

In an effort to map the “backgroundome” of a minimally photo-
reactive probe, Sieber and co-workers showed from a recent study
that such a probe had a promiscuous propensity for binding a
variety of proteins, even in the absence of a specificity group.®
Based on this study, and coupled with published studies on
different multi-functional probes, it is evident that both the
natural lipid and the various functionalities appended to it
do in fact interact with non-specific “off-target” proteins,®®
and therefore, contrary to the well-established activity-based
probes,®”% very stringent control (e.g., UV exposure) and

© 2023 The Author(s). Published by the Royal Society of Chemistry

competition (e.g., with natural lipid) chemoproteomics and
biological validation experiments are needed to pull down
“true” protein interactors of such lipid-affinity based probes.

Future outlook

Over the past decade, ligand affinity-based proteomic profiling
technologies have been instrumental in mapping the protein
ligands and/or interactors of various small molecules and/or
their metabolites, and in the context of lipid biology have
greatly facilitated the annotation of (new) functions to poorly
characterized proteins that have important physiological func-
tions in mammals, including humans. In addition to this,
bioorthogonal lipid probes have, for the first time, enabled
the spatiotemporal visualization of lipids and the signaling
pathways they modulate in real time in live mammalian cells.
While tremendous progress has been made in developing such
lipid probes, the associated technologies or chemical reactions,
and an appreciable body of new knowledge has emerged in the
field of lipid biology, it is important to note that lipid probes
are available only for a handful of lipid classes. Prominently
missing amongst these are signaling lysophospholipids (e.g.,
lysophosphatidylserine®®) and oxidized lipids generated during
ferroptosis,”*®* which are poorly characterized in terms of
their known protein interactors, even though they have impor-
tant physiological implications in several autoimmune human
diseases. The development of probes for such signaling lipids
will significantly add to our understanding of the pathologies
associated with autoimmune diseases in humans, and will
facilitate the development of new therapeutic paradigms for
treating them. Finally, most of the studies until now with the
aforementioned lipid probes have been performed in mamma-
lian cells, and very limited studies have been possible in animal
models. Hence, as recently demonstrated by Ye, Cravatt and
co-workers with small molecules drugs,’ the next frontier in
this field is perhaps the development of bioorthogonal lipid
probes that will enable intricate anatomical mapping studies of
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lipids and the signaling pathways that they modulate in mam-
malian tissues and animal models.
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