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Abstract: Glycerolipids, sphingolipids, and sterols are the three major classes of membrane lipids. Both glyc-
erolipids and sphingolipids are comprised of combinations of polar headgroups and fatty acid tails. The fatty
acid tail can be chemically modified with an azobenzene photoswitch giving rise to photoswitchable lipids. This
approach has yielded a number of photopharmacological tools that allow for the control various of aspects of
lipid assembly, metabolism, and physiology with light.

Keywords: Glycerolipids - Photopharmacology - Photoswitches - Sphingolipids

Dirk Trauner studied biology and biochem-
istry at the University of Vienna, Austria,
before he joined Prof. Dr. Johann Mulzer’s
group at the FU Berlin, Germany, to pursue
natural product synthesis. Subsequently,
he was a postdoctoral fellow with Prof. Dr.
Samuel J. Danishefsky at the Memorial
Sloan-Kettering Cancer Center. In 2000,
he joined the University of California,
Berkeley, USA, where he rose through the
ranks to become an Associate Professor of chemistry (with ten-
ure). In 2008, he moved to the University of Munich, Germany, as
a Professor of Chemistry and Chemical Biology. In March 2017,
he was appointed the Janice Cutler Chair in Chemistry at NYU,
where he also resides as adjunct Professor of Neurosciences and
Physiology. His research interests range from organic synthesis
and natural product chemistry to chemical neurobiology, optoge-
netics, and photopharmacology.

Johannes Morstein received his B.S.
and M.S. in Chemistry and Biochemistry
from LMU Munich. During his Master’s,
he worked with Prof. Dr. Christopher J.
Chang on the development of small-mole-
cule fluorescent sensors and Prof. Dr. John
F. Hartwig on the functionalization of C-Si
bonds at UC Berkeley. As a PhD student in
the Trauner laboratory, he worked on the
development of photoswitchable glycero-
lipids and sphingolipids. He is currently a NIH NCI KOO postdoc-
toral fellow in the laboratory of Prof. Dr. Kevan Shokat at UCSF.

1. Introduction

Glycerolipids and sphingolipids both exhibit acyl chains as
hydrophobic tails.[!:2 These can be chemically modified to afford
functionalized lipids, such as isotopically labeled lipids, fluores-
cent lipids, and photocrosslinking lipids, which have empowered
the field of lipid research.[341 Such lipids enable the quantifica-
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tion, visualization, and interaction profiling of lipids in biological
systems. The ability for precise control of lipid function would
add a highly attractive functional modification to this toolset.
An important approach towards the optical control of lipid func-
tion is the installation of photocleavable protecting groups on
lipid headgroups. However, while chemical methods continue to
evolve, this strategy requires unique chemical strategies for differ-
ent lipid headgroups and is therefore not as modular as lipid tail
functionalizations. Photocaged lipids are reviewed elsewhere and
not covered in this account.[>-0]

We have recently started to systematically explore a new ap-
proach for the optical control of lipids that relies on the incorpo-
ration of hydrophobic molecular photoswitches in the fatty acid
tails of lipids.[7:8] In this review, we describe applications to the
classes of glycerolipids and sphingolipids. A large number of
natural and synthetic amphiphiles has also been successfully ad-
dressed with this approach but these applications go beyond the
scope of this review. They include lipopeptides!®! and natural and
synthetic bioactive amphiphiles that do not belong to the classes
of glycerolipids or sphingolipids, such as nuclear hormone recep-
tor ligands(!0-121 or cannabinoids.[!3:14]

2. Optical Control of Glycerolipids

Glycerolipids consist of a glycerol backbone coupled to 1-3 fatty
acids. In many cases one hydroxyl group is conjugated to a phos-
phate-containing headgroup giving rise to glycerophospholipids.

2.1 Lysophosphatidic Acid (LPA)!'5)

Lysophosphatidic acid (LPA) is a potent signaling lipid that
activates a family of G protein-coupled receptors (LPA receptors
1-6) with low nanomolar K | values.[!6171 A photoswitchable ana-
log of LPA, termed AzoLPA (Fig. 1C), was developed through
incorporation of an azobenzene with the N=N double bond near
the middle of the lipid tail. This corresponded to the position of
the cis-C=C double bond in the predominant form of LPA (18:1)
and yielded a photolipid that activates LPA receptors with higher
potency in its light-induced cis-form (Fig. 2A). The usefulness of
this tool for the optical control of LPA physiology was demon-
strated through the activation of neurite retraction.

2.2 Phosphatidic Acid (PA).l'8!

Phosphatidic acids (PAs) are signaling lipids that regulate
two major cell growth pathways, mTOR and Hippo signaling.
Photoswitchable analogues of PA, that contain azobenzenes in
one or both lipid tails, respectively, were developed. The analog
with two azobenzenes, termed dAzoPA, enabled the control of
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both signaling pathways. mTOR signaling was activated and
Hippo signaling was inhibited by the light-activated cis-form,
both contributing to cellular proliferation (Fig. 2C).

2.3 Diacylglycerol (DAG)!1°.20!

Diacylglycerol (DAG) is a second messenger lipid, which trans-
locates C1-domain containing proteins to the plasma membrane lead-
ing to their activation. Photoswitchable analogs, termed PhoDAGs,
enabled optical control of protein kinase C and Munc13. Derivatives

with two azobenzene-containing lipid tails, termed OptoDArG, were
found to exhibit larger effects on the transient receptor potential chan-
nel TRPC3.

2.4 Phosphatidylcholine (PC)'2!.221

Photoswitchable derivatives of phosphatidylcholine date back
much further than the other photolipids described in this review.
They were extensively used to control various aspects of lipid
assembly, such as supramolecular aggregation, liposome fusion,
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Fig. 1. Overview of photoswitchable glycerolipids and sphingolipids. (A) Photoisomerization of the photoswitchable lipid FAAZo4. (B) Metabolic path-
ways of sphingolipids and glycerolipids. (C) Photoswitchable glycerolipids developed to date. (D) Photoswitchable sphingolipids developed to date.
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Fig. 2. Schemes that exemplify applications of photoswitchable lipids. (A) Optical control of Gq-coupled LPA receptors with AzoLPA. (B) Optical con-
trol of S1P receptor 1 coupled to GIRK with PhotoS1P. (C) Optical control of mTOR and Hippo Signaling with dAzoPA. (D) Optical control of apop-
tosis and sphingolipid metabolism with scaCer, (E) Optical control of doxorubicin release from paLNPs containing AzoPC.

or lipid exchange.[21-23] Recent applications by the Lohmiiller and
Trauner groups include reversible control of lipid organization
and fluidity.[>425] Additionally, AzoPC has recently been used to
study protein—membrane interactions with NMR spectroscopy!2¢]
and to control the release of cargo from liposomes in cells and in
vivo (Fig. 2E).>"

3. Optical Control of Sphingolipids

Sphingolipids consist of a sphingoid base backbone that is
commonly modified with an N-acyl chain. Similarly to glyc-
erolipids, the primary alcohol can also be functionalized with a
phosphate-containing headgroup.[2-28]

3.1 Ceramides [Cer]29-31]

Ceramides form a central node of sphingolipid metabolism
and can be converted into various other bioactive lipids, includ-
ing sphingomyelin, ceramide-1-phosphate, acylceramides, gly-
co-sphingolipids, and sphingosine.32 In addition, they can un-
dergo lipid phase separation and also fulfill important signaling
functions, including induction of apoptosis. Photoswitchable
analogs of ceramides were first used to control lipid phase sepa-
ration in supported lipid bilayers.[?°! Bifunctional clickable and
azobenzene-containing analogs are photoswitchable substrates
for both sphingomyelin synthase and glucosylceramide syn-

thase, enabling optical control of sphingolipid metabolism.[30]
Finally, short chain analogs were developed to control aspects
of ceramide signaling in cells (Fig. 2D). They were shown to
enable optical control of apoptosis.[3!l

3.2 Sphingosine [Sph] and Sphingosine-1-Phosphate
[S1P]133!

Sphingosine and Sphingosine-1-Phosphate (S1P) are signal-
ing lipids.=?® Similarly to LPA, S1P activates a family of G pro-
tein-coupled receptors, the S1P receptors 1-5, which are impli-
cated in various physiological processes.[34 A photoswitchable
analog of sphingosine, termed PhotoSph, was a photoswitch-
able substrate of sphingosine kinase 1 and 2. The corresponding
S1P probe, PhotoS1P, enabled optical control of the S1P re-
ceptors as demonstrated with various methods and applications
(Fig. 2B). These included the optical control of thermal hyper-
sensitivity in vivo via a SIPR3/TRPV1 signaling axis without
genetic intervention.[33]

3.3 Sphingomyelin [SM]'33!

Sphingomyelin is the most abundant sphingolipid.28! Like ce-
ramide, sphingomyelin can undergo membrane phase separation.
A photoswitchable analog of SM, termed AzoSM, enabled optical
control of domain formation in supported lipid bilayers.!3>!
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3.4 GalCers!30:37)

a-Galactosylceramides activate natural killer T cells, resulting
in cytokine production. Photoswitchable analogs of this immu-
nomodulatory lipid enabled optical control of production of the
cytokines IFN-y and IL.-4.136.37]

4. Conclusions

The number of glycero- and sphingolipids that been success-
fully converted into photolipids to date suggests that this approach
is broadly applicable to these classes of lipids. Lipid MAPS cur-
rently contains nearly 5000 unique sphingolipids and almost 8000
unique glycerolipids. Based on the success rate, we believe that
our approach could be amenable to the majority of these lipids,
offering numerous opportunities for the spatiotemporal control
of their function. Different positioning of the azobenzene switch
further allows researchers to address the diversity found in lipid
tail structures.
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