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CONSPECTUS: Membranes are multifunctional supramolecular assemblies that
encapsulate our cells and the organelles within them. Glycerophospholipids are the most

abundant component of membranes. They make up the majority of the lipid bilayer and r
play both structural and functional roles. Each organelle has a different phospholipid : ¥
composition critical for its function that results from dynamic interplay and regulation of - " scetoriMpAcT (/|

numerous lipid-metabolizing enzymes and lipid transporters. Because lipid structures and
localizations are not directly genetically encoded, chemistry has much to offer to the world
of lipid biology in the form of precision tools for visualizing lipid localization and
abundance, manipulating lipid composition, and in general decoding the functions of lipids
in cells.

In this Account, we provide an overview of our recent efforts in this space focused on two
overarching and complementary goals: imaging and editing the phospholipidome. On the
imaging front, we have harnessed the power of bioorthogonal chemistry to develop
fluorescent reporters of specific lipid pathways. Substantial efforts have centered on phospholipase D (PLD) signaling, which
generates the humble lipid phosphatidic acid (PA) that acts variably as a biosynthetic intermediate and signaling agent. Though PLD
is a hydrolase that generates PA from abundant phosphatidylcholine (PC) lipids, we have exploited its transphosphatidylation
activity with exogenous clickable alcohols followed by bioorthogonal tagging to generate fluorescent lipid reporters of PLD signaling
in a set of methods termed IMPACT.

IMPACT and its variants have facilitated many biological discoveries. Using the rapid and fluorogenic tetrazine ligation, it has
revealed the spatiotemporal dynamics of disease-relevant G protein-coupled receptor signaling and interorganelle lipid transport.
IMPACT using diazirine photo-cross-linkers has enabled identification of lipid—protein interactions relevant to alcohol-related
diseases. Varying the alcohol reporter can allow for organelle-selective labeling, and varying the bioorthogonal detection reagent can
afford super-resolution lipid imaging via expansion microscopy. Combination of IMPACT with genome-wide CRISPR screening has
revealed genes that regulate physiological PLD signaling.

PLD enzymes themselves can also act as tools for precision editing of the phospholipid content of membranes. An optogenetic PLD
for conditional blue-light-stimulated synthesis of PA on defined organelle compartments led to the discovery of the role of organelle-
specific pools of PA in regulating oncogenic Hippo signaling. Directed enzyme evolution of PLD, enabled by IMPACT, has yielded
highly active superPLDs with broad substrate tolerance and an ability to edit membrane phospholipid content and synthesize
designer phospholipids in vitro. Finally, azobenzene-containing PA analogues represent an alternative, all-chemical strategy for light-
mediated control of PA signaling.

Collectively, the strategies described here summarize our progress to date in tackling the challenge of assigning precise functions to
defined pools of phospholipids in cells. They also point to new challenges and directions for future study, including extension of
imaging and membrane editing tools to other classes of lipids. We envision that continued application of bioorthogonal chemistry,
optogenetics, and directed evolution will yield new tools and discoveries to interrogate the phospholipidome and reveal new
mechanisms regulating phospholipid homeostasis and roles for phospholipids in cell signaling.

B KEY REFERENCES

e Bumpus, T. W,; Baskin, J. M. Clickable Substrate Received: July 29, 2022
Mimics Enable Imaging of Phospholipase D Activity. Published: October 24, 2022
ACS Cent. Sci. 2017, 3 (10), 1070—1077." This study
showed that azido primary alcohols could replace water as a
substrate of phospholipase D (PLD) enzymes, enabling the
generation of fluorescent lipid reporters of PLD signaling in
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Figure 1. Overview of mammalian phospholipid metabolism. (A) Cartoon structure of a typical lipid bilayer, highlighting the chemical structure of
glycerophospholipids. R, and R, denote fatty acyl tails at the sn-1 and sn-2 positions that can be saturated, monounsaturated, or polyunsaturated,
and a phosphate-linked headgroup is located at the sn-3 position. (B) Simplified metabolic pathway showing biosynthesis and interconversion of

the major glycerophospholipids and selected roles in signaling.

live cells in a method termed IMPACT (Imaging PLD
Activity with Clickable Alcohols via Transphosphatidyla-
tion).

Liang, D.; Wu, K; Tei, R.;; Bumpus, T. W,; Ye, ].; Baskin,
J. M. A real-time, click chemistry imaging approach
reveals stimulus-specific subcellular locations of phos-
pholipase D activity. Proc. Natl. Acad. Sci. U.S.A. 2019,
116 (31), 15453—15462.” This study developed a real-
time variant of IMPACT harnessing a rapid and
fluorogenic tetrazine ligation for imaging the subcellular
localization of endogenous PLD signaling, revealing that
such signaling via the protein kinase C—PLD pathway
occurs at the plasma membrane and also visualizing rapid
interorganelle bulk phospholipid transport from the plasma
membrane to the endoplasmic reticulum on the second-to-
minute time scale.

Tei, R; Baskin, J. M. Spatiotemporal Control of
Phosphatidic Acid Signaling with Optogenetic, Engi-
neered Phospholipase Ds. J. Cell Biol. 2020, 219 (3),
€201907013. This study developed a light-controlled,
optogenetic PLD that upon blue-light illumination could be
recruited to target organelles to enable local synthesis of
phosphatidic acid (PA) lipids and applied this tool to
discover that pools of PA at the plasma membrane can
selectively suppress oncogenic Hippo signaling.

Bumpus, T. W.; Huang, S.; Tei, R.; Baskin, J. M. Click
chemistry-enabled CRISPR screening reveals GSK3 as a
regulator of PLD signaling. Proc. Natl. Acad. Sci. US.A.
2021, 118 (48), €2025265118." This study combined
IMPACT with pooled, genome-wide CRISPR interference
screening to elucidate GSK3 as an activator of protein
kinase C-stimulated PLD signaling, expanding the scope of
unbiased CRISPR screening to the discovery of new
regulators of enzyme-driven signaling pathways using
bioorthogonal fluorescent labeling as a readout.

B INTRODUCTION

Cellular membranes are selectively permeable barriers and
platforms for signaling, and their composition and behavior are
highly dynamic.”~" Membranes comprise hydrophobic pro-
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teins embedded in or adhered to a lipid bilayer containing
glycerophospholipids, sphingolipids, and sterols. Membrane
lipid compositions are unique in different tissues, cell types,
and even organelles, with the lipid content matched to
specialized physiological demands.”” Among lipid classes, the
most abundant are glycerophospholipids (phospholipids),
which contain glycerol, acyl chains at the sn-1 and sn-2
positions, and a phosphodiester-linked headgroup at the sn-3
position (Figure 1A).%"

Phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) are the most abundant glycerophospholipids, and they
play mainly structural roles. Lipids present at lower
concentrations can function in specific physiological events,
e.g, cargo transport, ion flux, and signaling. For example,
phosphoinositides (PIPs), the phosphorylated derivatives of
phosphatidylinositol (PI), decorate certain organelle mem-
branes and act as cofactors for physiological processes,
including endocytosis, vesicle trafficking, ion channel activity,
actin dynamics, and interorganelle and transbilayer transport of
lipids, including cholesterol and phosphatidylserine (PS)."!
The latter of these is restricted to the cytosolic face of
membranes, including the inner leaflet of the plasma
membrane (PM), but during apoptosis and other conditions
such as neurite development, it becomes externalized to the
extracellular leaflet, serving as an “eat-me” signal to promote
phagocytosis.'”

Central among phospholipid metabolism and signaling but
often overlooked is phosphatidic acid (PA), perhaps the
simplest glycerophospholipid, with only a phosphomonoester
headgroup. Formed directly from glycerol 3-phosphate and
fatty acyl-CoAs derived from glycolysis and fat metabolism, PA
is the precursor of essentially all other glycerophospholipids.
Beyond this de novo biosynthetic pathway, PA is formed from
other lipids by diacylglycerol kinases (DGKs), phospholipase
Ds (PLDs), and N-acylphosphatidylethanolamine phospholi-
pase D (NAPE-PLD). Some of these enzymes are stimulated
by cell-surface receptors, causing signaling by enabling
activation of PA-binding proteins. Through these various
mechanisms, many downstream events can be stimulated by
PA (Figure 1B).">"*
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A major challenge in lipid cell biology is to deconvolute the
intricate and overlapping mechanisms by which cells tune
machineries that maintain the fine balance of membrane
composition and lipid signaling. These include lipid-metaboliz-
ing enzymes, lipid transporters, and lipid-binding proteins, and
they are relevant for both abundant bulk lipids like PC and PE
and low-abundance signaling lipids like PA and PIPs. It will be
crucial to image precise locations, quantify transport rates, and
understand how local lipid pools affect dlstlnct signaling
pathways, as exemplified by our work on PA."> Motivated by
the limitations of traditional toolsets for interrogating lipid
biology, which lack spatiotemporal precision in introducing
perturbations to cell membranes, we have harnessed molecular
engineering approaches, including optochemical probes and
optogenetic enzymes, metabolic probes using bioorthogonal
chemistry, and photoafhinity labeling.

Using these strategies, we have developed tools for precisely
manipulating the phospholipid content of membranes, a
process that we term membrane editing in analogy to other
biomolecular editors, e.g., base editing of nucleic acids or
protein editors that add or remove post-translational
modifications. We have also developed complementary
methods for visualizing the spatiotemporal dynamics of
phospholipid signaling and transport at organelle-level
resolution and in some cases using super-resolution methods.
Furthermore, we have developed photoaffinity labeling probes
for identifying pathophysiologically relevant interactions of
phospholipids with the proteome. In this Account, we describe
the motivation and development of these tools for inter-
rogating the phospholipidome and highlight applications to
reveal new mechanisms regulating phospholipid homeostasis
and roles for phospholipids in signaling.

B MANIPULATING SIGNALING WITH
PHOTOSWITCHABLE PA ANALOGUES

The most straightforward way to perturb membrane
composition is to incubate cells with a natural or unnatural
lipid, leading to its uptake and incorporation into cellular
membranes, a procedure known as bulk dosing. This approach
has the downside that if the delivered lipid is bioactive, it will
always be in the “on” state, even during uptake, when it may be
in an undesirable organelle location. Photoswitchable lipids
that have “on” and “off” states controllable by light can partially
solve this problem. These unnatural lipids bear azobenzene
groups that replace one or two acyl tails and are capable of
photoinduced isomerization between the thermally stable (or
450 nm light-induced) trans isomer and the 365 nm light-
induced cis isomer.'*~*° As the former mimics a saturated tail
and the latter an unsaturated tail, photoswitchable lipid
analogues can undergo light- and shape-dependent interactions
with protein effectors and lipid-metabolizing enzymes, hence
allowing their bioactivity to be controlled by UV light.

To afford light-mediated control of PA signaling, we
designed and synthesized photoswitchable PA analogues
featuring either one or two azobenzene-containing acyl tails,
termed AzoPA and dAzoPA, respectively, in a collaboration
with the Trauner group (Figure 2A).”' Interestingly,
unsaturated forms of PA can activate mitogenic signaling
through the mammalian target of rapamycm (mTOR),
central regulator of cell growth and proliferation.”” Indeed, we
found that cis-dAzoPA but not trans-dAzoPA stimulated
mTOR signaling in cells.”” Beyond mTOR signaling, we also
found that the cis forms of AzoPA and dAzoPA could
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Figure 2. Small-molecule and engineered enzyme-based tools for
optical control of PA signaling. (A) Isomerization of the photo-
switchable PA analogues AzoPA and dAzoPA (dAzoPA is shown)
from the trans configuration to the cis configuration by 365 nm light
leads to stimulation of mTOR signaling and suppression of Hippo
signaling. The trans configuration can be regenerated by exposure to
450 nm light. (B) Optogenetic phospholipase Ds (optoPLDs) enable
light-dependent generation of PA by recruitment of a PLD enzyme
from Streptomyces sp. PMF to a desired organelle membrane mediated
by CRY2—CIBN heterodimerization, followed by PLD-catalyzed
hydrolysis of PC to generate PA.

selectively repress the Hippo pathway, a growth-restrictive
pathway that prevents nuclear translocation of the progrowth
transcription factor YAP. By turning off the Hippo pathway,
the cis forms of AzoPA and dAzoPA mimic the role of natural
PA in promoting growth but in a manner that depends upon
the conformation of the hydrophobic azobenzene groups.”
Overall, these photoswitchable PA analogues add to the
growing compendium of photoswitchable lipids™ for light-
dependent control of lipid signaling pathways and provide
specific tools for manipulating two therapeutically relevant
oncogenic signaling pathways.

B AN OPTOGENETIC PHOSPHOLIPASE D ENABLES
SPATIOTEMPORALLY CONTROLLED PA
PRODUCTION

Directly delivered lipids are generally imported by endocytosis,
and thereby the 1ncorporated lipid labels membranes of many
intracellular organelles.”® As an alternative to delivery of intact
lipids, enzyme-based systems afford high precision and
tunability for engineering and editing membrane composition.
Notably, chemical- and light-mediated heterodimerization
tools, also known as induced proximity tools, have recently
gained popularity.”” Classically, the rapamycin-dependent
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Figure 3. Imaging PLD Activity with Clickable Alcohols via Transphosphatidylation (IMPACT). (A) Activity-based directed evolution of
superPLDs with higher catalytic activities in mammalian cells using error-prone PCR and an IMPACT-based enrichment strategy. (B) The concept
underlying IMPACT. PLDs can catalyze two reactions of PC: hydrolysis to form PA and transphosphatidylation with primary alcohols to form
phosphatidyl alcohols. By using transphosphatidylation with bioorthogonal alcohols such as 3-azido-1-propanol followed by tagging with a
bicyclononyne (BCN)-BODIPY fluorophore via the strain-promoted azide—alkyne cycloaddition (SPAAC) bioorthogonal reaction, IMPACT
enables generation of fluorescent phosphatidyl alcohol lipids as reporters of cellular PLD activity. (C) Platform for discovery of new activators and
inhibitors of mammalian PLD signaling by coupling pooled, genome-wide CRISPR interference (CRISPRi) screening with IMPACT labeling,
fluorescence-activated cell sorting (FACS) enrichment, and short guide RNA (sgRNA) sequencing.

heterodimerization of FKBP and FRB has enabled recruitment
of PIP-modifying enzymes to specific organelle membranes for
local editing of PIP composition.zg_3'0 On the other hand,
optogenetic systems such as CRY2—CIBN have the added
advantages of being reversible and allowing spatially address-
able dimerization. Typically, CIBN is linked to a constitutive
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membrane-targeting sequence to control its location, and
CRY?2 is fused to a lipid-modifying enzyme. Upon blue-light
stimulation, the CRY2 fusion protein rapidly translocates to
the CIBN-containing target membrane to mediate local lipid

.31
metabolism.
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Because of the diverse metabolic sources of PA and its
pleiotropic effects on signaling, we exploited the CRY2—CIBN
optogenetic dimerization system to generate tools for light-
controlled local synthesis of PA.’ Critically, since PLDs
hydrolyze PC into PA, for the PA-generating enzyme we
used a bacterial PLD from Streptomyces sp. PMF. This PLD is a
soluble, constitutively active enzyme that is not subject to
regulation by endogenous mammalian factors. Our optogenetic
PLD (optoPLD) consists of a membrane-anchored CIBN and
a fusion of CRY2 to both mCherry and PLD. When both
constructs are expressed in mammalian cells, CRY2—CIBN
heterodimerization upon blue-light stimulation recruits PLD to
the desired membrane to produce PA (Figure 2B). OptoPLD
enabled PA generation on several organelle membranes,
including the PM, endosomes, the endoplasmic reticulum
(ER), and the trans-Golgi network in our initial study” and in
subsequent work additional organelles such as mitochondria®”
and lysosomes.” To demonstrate the biological relevance of
the optoPLD-derived PA, we established that PM-targeted
optoPLD caused translocation of YAP into the nucleus under
starvation, providing evidence of a suppressive effect of PM
pools of PA on Hippo signaling. Interestingly, this finding not
only corroborated a previous study indicating that PA can
antagonize the Hippo pathway’* but also concluded that PA
generated at the PM and not on other organelle membranes is
the main driver of this phenotype, driving home the
importance of spatial regulation of PA-dependent signaling.

B DIRECTED EVOLUTION OF SUPERPLDS AS
HIGHLY EFFICIENT MEMBRANE EDITORS

Despite the power, precision, and mild nature of optogenetic
recruitment, the first-generation optoPLD had modest activity
due to its use of an unoptimized secreted bacterial enzyme in
the mammalian cytosolic compartment. To address this
shortcoming, we developed an activity-based directed enzyme
evolution strategy to increase the activity of optoPLD in
mammalian cells (Figure 3A).>> Key to this strategy was the
use of a method for fluorescent labeling of PLD activity within
intact cells that we developed, termed IMPACT (for Imaging
PLD Activity with Clickable Alcohols via Transphosphatidy-
lation; Figure 3B), which we will describe further in the
following section. The directed evolution strategy began with
generating a plasmid library of mutant PLDs using error-prone
PCR and expression of this library in HEK 293 cells following
lentiviral delivery. IMPACT labeling was performed in the
transfected cells, yielding cellular fluorescence proportional to
the PLD activity, followed by fluorescence-activated cell
sorting (FACS) to enrich high-fluorescence cells, expansion,
iteration over several cycles of evolution, and ultimately
isolation of PLD clones bearing high activity for character-
ization (Figure 3A). These evolution campaigns yielded
numerous PLD mutants exhibiting activities up to 100-fold
higher than that of wild-type PLD. We named these evolved
PLDs as superPLDs, where a “Xn” superscript denotes an n-
fold increase in PLD activity.

Encouragingly, various superPLD clones, when incorporated
into the optoPLD system, exhibited an enhanced ability to
produce PA on desired organelle membranes relative to
PLD"'. We demonstrated that superPLD-generated PA is
bioactive, as it can regulate three different PA-dependent
signaling pathways: AMPK signaling (assessed by membrane
recruitment of the LKB1 kinase and phosphorylation of
AMPK), mTOR signaling (assessed by phosphorylation of $6
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kinase), and Hippo signaling (assessed by nuclear translocation
of YAP). This enhanced activity is necessary to overcome
continuous PA metabolism and highlights the use of
superPLDs as optimized membrane editors for local PA
production. To understand the source of the vastly improved
activity, we performed X-ray crystallography on two of the
most highly active superPLDs and found that they had an
expanded catalytic pocket due to rearrangements of loops
containing bulky residues that gated the active site. The
superPLDs were also more tolerant to mutation of their
disulfide bonds, highlighting the importance of using
mammalian cells as the host cells for the directed evolution.
In fact, to the best of our knowledge, the evolution of
superPLDs represents the first example of using a direct
fluorescent reporter as a readout of enzymatic activity for
FACS-based directed enzyme evolution in mammalian cells.
Furthermore, using the biochemically purified superPLDs, we
found that they were excellent in vitro biocatalysts for the
chemoenzymatic synthesis of a variety of natural and unnatural
phospholipids, underlining a second key application of the
superPLDs—beyond membrane editing for cell biology—in
the production of designer lipids for various applications not
only for basic research but also in the food, cosmetic, and
pharmaceutical industries.

B BIOORTHOGONAL CHEMISTRY ENABLES
IMPACT-FUL LIPID IMAGING TOOLS

Up to this point, we have been discussing tools for
manipulating PA signaling, but equally important are tools to
monitor endogenous PA signaling pathways, ideally in a
minimally perturbative manner. Because of the importance of
PLD-dependent PA signaling to many fundamental signaling
pathways and disease processes, we have focused our efforts on
tools for visualizing these pathways. Chief among these are the
tools that we have termed IMPACT (Figure 3B). The basis for
IMPACT is that PLDs, which naturally catalyze hydrolysis of
PC to generate PA, can also catalyze efficient trans-
phosphatidylation of PC with exogenous primary alcohols
such as ethanol or n-butanol to form phosphatidyl alcohols.**

We envisioned that using clickable, or bioorthogonally
tagged, primary alcohols would enable subsequent click
chemistry tagging of the resultant phosphatidyl alcohols with
fluorophores or other useful probes for in situ visualization to
enable single-cell- and subcellular-level measurements of PLD
activity rather than bulk biochemical measurements by TLC or
LC—MS as with classic transphosphatidylation assays, where
all of the spatial information is lost during sample
preparation.”” Indeed, we found that a variety of alkynyl and
azido primary alcohols are PLD transphosphatidylation
substrates, enabling visualization of their localization in fixed
or live cells following Cu-catalyzed azide—alkyne cycloaddition
(CuAAC) or strain-promoted azide—alkyne cycloaddition
(SPAAC) labeling to introduce a fluorescent tag onto the
lipid headgroup (Figure 3B)."*“*” Visualization of the
fluorescent lipids can be accomplished by fluorescence
microscopy imaging to examine subcellular localizations, and
the intensity can be quantified by either fluorescence
microscopy or flow cytometry. Further, IMPACT may be
used for bulk biochemical measurements similar to butanol
transphosphatidylation, with readout by either LC—MS or
fluorescence-coupled HPLC. Initially, we used strong and
pleiotropic stimulation with phorbol esters to activate
endogenous PLDs, but in subsequent studies we determined

https://doi.org/10.1021/acs.accounts.2c00510
Acc. Chem. Res. 2022, 55, 3088—3098


pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

that IMPACT has sufficient sensitivity to detect PLD signaling
downstream of native receptor signaling pathways.l’z’38

B APPLICATIONS OF IMPACT FOR BIOLOGICAL
DISCOVERY

A key unique feature of IMPACT relative to traditional PLD
assays is its ability to enable single-cell measurements of PLD
activity. One application that capitalizes upon this property was
our use of IMPACT labeling and FACS enrichment of
IMPACT"#" cells for the directed evolution of superactive
forms of Streptomyces PLDs™” (Figure 3A). In another line of
study, we combined IMPACT with pooled, genome-wide
CRISPR screens to identify genes that regulate endogenous
PLD signaling (Figure 3C). The motivation for this work was
that despite decades of studies on PLD and PA signaling, our
understanding of how cells regulate the activation of PLD
enzymes in response to different physiological stimuli is still
incomplete. We reasoned that by performing knockdown of
every gene in a large, pooled population of cells, followed by
IMPACT labeling and FACS sorting of IMPACT"®" and
IMPACT™" subsets of cells, we would be able to identify genes
whose knockdown either enhanced or suppressed PLD activity.
In practice, we chose to use CRISPR interference (CRISPRi)
to perform knockdown due to the accessibility of genome-wide
libraries and suitability for such screening, even for essential
genes. Following FACS enrichment of desired cell populations,
short guide RNAs (sgRNAs) enriched in each population were
identified by next-generation sequencing, and this information
led to the identification of genes whose knockdown modulated
PLD activity (Figure 3C).

Our first IMPACT—CRISPRI screen explored regulation of
protein kinase C (PKC)-stimulated PLD signaling using
phorbol ester stimulation, a pathway that naturally occurs
downstream of several types of cell-surface receptors such as G
protein-coupled receptors (GPCRs) and receptor tyrosine
kinases (RTKs). Among the ~160 statistically significant hits, a
secondary validation on a subset established a false positive
rate of ~20%, suggesting that ~80% of the predicted hits
would be bona fide PLD regulators. We performed mechanistic
follow-up on glycogen synthase kinase 3A (GSK3A), a
therapeutically relevant kinase involved in metabolism, cell
proliferation, and cell death, which was predicted to be a novel
PLD activator from the screen.”” We found that prolonged, but
not acute, pharmacological inhibition of GSK3A (and its
paralogue GSK3B) reduced not only PLD activity but also the
protein and mRNA levels of both PLD isoforms (PLD1 and
PLD2) and a major PKC isoform. These results support a
model wherein GSK3 activation synergistically primes cells for
PKC—PLD signaling by stimulating de novo PKC and PLD
expression. The model also allows for negative feedback
because PKCs can carry out inhibitory phosphorylation of
GSK3 to downregulate its activity.””* We are currently
exploring both the mechanistic basis for how other gene hits
from this screen might regulate PLD signaling and how screens
with additional stimuli might reveal general or context-specific
PLD regulation. Beyond PLD signaling, our combination of
IMPACT with CRISPR screening joins a small but growing set
of studies that highlight the power of combining bioorthogonal
labeling and genome-wide CRISPR screening for discovering
new regulators of specific enzyme-driven metabolic and
signaling pathways.

Another application of IMPACT is for the discovery of
physiologically relevant lipid—protein interactions. By using
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bifunctional primary alcohols bearing both an alkyne and a
photo-cross-linkable diazirine group for so-called cross-linking
IMPACT (XL-IMPACT) followed by azido-biotin tagging by
CuAAC, streptavidin-based enrichment, and LC—MS/MS-
based proteomics, we identified many phosphatidyl alcohol-
interacting proteins (Figure 4).*' Critically, the bifunctional
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Figure 4. XL-IMPACT, a photoaffinity labeling variant for discovery
of phospholipid—protein interactions. PLD-mediated transphosphati-
dylation of PC with a minimalist diazirine alkyne alcohol yields a
photo-cross-linkable mimic of phosphatidylethanol (PEth), a
phospholipid formed following alcohol consumption. Following
CuAAC tagging with azido-biotin, streptavidin (SA)-based enrich-
ment, and LC—MS/MS-based chemoproteomics, XL-IMPACT
enabled the identification of the protein interactome of PEth, a
biomarker of alcohol consumption.

phosphatidyl alcohols generated by XL-IMPACT closely
resemble phosphatidylethanol (PEth), a lipid produced by
endogenous PLDs following alcohol consumption. PEth is a
widely used biomarker for alcohol intake, but mechanisms
underlying potential pathophysiological effects of this lipid,
suggested by studies in model organisms, remain unknown.
Fortunately, we found that global proteome cross-linking by
XL-IMPACT-derived lipids was competed by PEth, suggesting
that the former could mimic the interactions of the latter. We
validated one such interaction in detail with basigin/CD147, a
single-pass transmembrane protein, using mutagenesis and site
mapping to identify a PEth-binding site on this protein. Studies
are currently underway to understand the pathophysiological
significance of this and other PEth interactions revealed by our
XL-IMPACT-based chemoproteomics studies.

B REAL-TIME IMPACT USING THE TETRAZINE
LIGATION FOR IMAGING PLD AND GPCR
SIGNALING

The above-described IMPACT methods are most useful as
single-cell measurements of PLD activity. However, because
the SPAAC tagging and rinse-out steps require 20—30 minutes,
IMPACT-derived fluorescent lipids can redistribute within the
cell, making them suboptimal reporters of PLD activity at the
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subcellular, organelle level. Notably, fluorescent lipids were not
observed at the PM following phorbol ester stimulation, which
activates PLDs at this membrane."**~*" To overcome this
limitation and improve the temporal resolution of IMPACT,
we took advantage of the rapid kinetics of inverse-electron-
demand Diels—Alder (IEDDA) cycloadditions between
tetrazines and strained alkene dienophiles. After screening
several dienophiles, we identified an oxo-trans-cyclooctene
primary alcohol ((S)-0xoTCO)* as a suitable PLD trans-
phosphatidylation substrate. The resultant oxoTCO-containing
lipid can be tagged with a fluorogenic tetrazine-BODIPY
reagent in a rapid click reaction that can be monitored in real
time (Figure SA). Using this real-time IMPACT (RT-
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Figure 5. Real-time IMPACT (RT-IMPACT) using the tetrazine
ligation for rapid visualization of PLD and GPCR—G, signaling. (A)
RT-IMPACT involves a rapid inverse-electron-demand Diels—Alder
(IEDDA) reaction between a strained alkene, (S)-oxoTCO, and a
fluorogenic tetrazine-BODIPY (Tz-BODIPY). (B) RT-IMPACT is a
useful tool for reporting on the spatiotemporal dynamics of GPCR—
G, signaling, and we applied it to elucidate the relationship between
G, and G signaling triggered by the parathyroid hormone (PTH)
receptor PTHRI1. fAr, f-arrestin.

IMPACT) approach, we observed PM fluorescence mere
seconds after the initiation of the IEDDA reaction as well as
rapid trafficking of the fluorescent lipids to the ER and other
organelles on the minute time scale. By performing
colocalization with an ER-tracker dye, we quantified the rates
of interorganelle lipid transfer from the PM to the ER, which
occurs by nonvesicular pathways. We are currently using RT-
IMPACT as a tracer of not only the subcellular sites of PLD
signaling but also of intracellular lipid transport pathways
medii\éted by lipid transfer proteins at membrane contact
sites.
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We recently used the high spatiotemporal precision of RT-
IMPACT to investigate the dynamics of GPCR—G, signaling,
as PLD is activated selectively downstream of Gy (via the
PLC—PKC—PLD pathway) and not other major Ga forms
such as G, and G, Using the disease-relevant parathyroid
hormone receptor PTHRI, which can signal via two Ga
proteins, G, and G, we established that PTHR1—G, signaling
occurs transiently and exclusively at the PM, in contrast to the
G, pathway, which unconventionally occurs primarily on
endosomes and for prolonged periods.”® This work not only
determined important parameters surrounding physiologically
relevant PTHR—G, signaling but also established RT-
IMPACT as an important complement to Ca®* imaging as a
useful method for imaging and quantifying the dynamics of
GPCR—G signaling more generally.

Bl BEYOND PA: PHOSPHATIDYLCHOLINE AS A
TARGET FOR SUPER-RESOLUTION AND
ORGANELLE-SELECTIVE IMAGING OF ABUNDANT
PHOSPHOLIPIDS

PC is an appealing target for imaging because it is the most
abundant component of cellular membranes. Alkynyl*”** and
azido*”? choline analogues can be taken up via ubiquitously
expressed choline transporters and metabolically incorporated
into PC analogues through the Kennedy pathway for de novo
PC biosynthesis. To better visualize narrow membranous
structures and membrane contact sites, we developed a lipid-
compatible version of expansion microscopy to enable super-
resolution imaging of PC-containing membranes. Key to this
approach, termed lipid expansion microscopy (LExM), are
trifunctional detection probes equipped with an azide for
tagging alkynyl PCs, a fluorophore for visualization, and a
methacrylamide group for covalent incorporation into hydro-
gels that are ultimately expanded after sample clearing (Figure
6A).>" A defining feature of LExM is the preservation of signal
due to cross-linking of tagged lipids to the hydrogel prior to
detergent-assisted permeabilization, which is a required step in
expansion microscopy and otherwise rinses away the lipids.
Using either metabolic labeling of PC with an alkynyl choline
analogue’” or IMPACT with an alkynyl alcohol, we
demonstrated that LExM can enable visualization of very
narrow membrane-containing structures, such as nuclear-
membrane-derived channels whose dimensions are below the
diffraction limit, using widely available confocal microscopes.
LExM adds to the growing compendium of expansion-
microscopy-based techniques for visualizing different types of
biomolecules.** >

The alkyne- or azide-bearing PC analogues labeled via the
Kennedy pathway are distributed in essentially all membranes
without appreciable selectivity,”*’ but organelle-targeting
clickable dyes can be used to visualize subsets of azido PC
analogues in specific organelle membranes, including the PM,
ER, and mitochondria.”*” Beyond the Kennedy pathway, we
showed that an alkynyl choline derivative can also be converted
to the corresponding PC analogue through a single PLD
transphosphatidylation step (Figure 6B).”” Because PLD
activity can be controlled by external stimuli to activate
endogenous PLDs or via exogenous optoPLDs, we envisioned
that diverse bioorthogonal choline analogues might permit
differential organelle labeling if installed selectively by PLD
enzymes.
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Figure 6. Imaging phosphatidylcholine analogues at super-resolution with organelle-level precision. (A) Lipid expansion microscopy (LExM) uses
clickable, polymerizable fluorophores that can tag alkyne-PC analogues metabolically labeled via the Kennedy pathway. Following hydrogel
generation and expansion, super-resolution imaging of lipids can be achieved using standard confocal microscopes. Shown are (top) conventional
confocal microscopy and (bottom) LExM images of adjacent regions of a HeLa cell, where lipids metabolically labeled with propargylcholine
(ProCho) and then tagged with an azido-BODIPY-methacrylamide reagent via CuAAC are shown in green and an ER marker is shown in magenta.
Scale bar: 400 nm. Adapted from ref S1. Copyright 2022 American Chemical Society. (B) Clickable choline analogues can metabolically label PC
via either the Kennedy pathway or PLD-mediated transphosphatidylation. (C) Organelle-selective labeling with PC analogues generated via PLD
transphosphatidylation. IMPACT labeling using N,N-dimethylazidocholine and BCN-BODIPY tagging results in ER- and Golgi-selective labeling,
whereas the extension to N,N-dipropylazidocholine leads to selective mitochondrial and lysosomal labeling despite using the same BCN-BODIPY
tagging reagent.

Accordingly, we synthesized a panel of azidocholine Though all were PLD substrates in vitro, these new analogues
derivatives by replacing the two N-methyl groups at the were not taken up into wild-type cells. To circumvent the
ammonium center with ethyl, n-propyl, or 2-hydroxyethyl.>® permeability challenge, we expressed organic cation transporter
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1 (OCT1/SLC22A1), a promiscuous transporter of cationic
metabolites, to facilitate the entry of our bioorthogonal choline
analogues into cells.”” ™" Gratifyingly, OCT1 expression
enabled robust phospholipid labeling via PLD activity and
SPAAC tagging with BCN-BODIPY. Even more excitingly, the
fluorescent lipids made from different choline probes displayed
distinct and remarkably stable labeling patterns. The N,N-
dimethyl lipid localized to the ER and Golgi complex, whereas
the N,N-dipropyl lipid decorated mitochondria and lysosomes,
with the N,N-diethyl lipid exhibiting an intermediate labeling
pattern, despite the use of the same SPAAC detection reagent,
BCN-BODIPY, in all cases (Figure 6C). This trend reveals
substantial differences in affinities of PC analogues for different
membranes and potentially for machinery that transports these
lipids from their site of synthesis, most likely at the PM, to
their final destinations.

Through the development of this organelle-selective label-
ing, we revealed that expression of OCT1 or other
promiscuous metabolite transporters might offer a general-
izable solution to a recurring problem of cell permeability in
chemical probe development. This work also describes a
potentially useful tool for membrane engineering, namely that
the different lipid analogues could be used to anchor functional
molecules on selected organelle membranes to locally
modulate cellular events.*>®*

B CONCLUSIONS AND OUTLOOK

Lipid metabolism is complex and intertwined, and lipid
structures and localizations are not directly genetically
encoded. Thus, we believe that chemical tools will continue
to play a major role in elucidating biological functions of lipids
and mechanisms that underlie lipid homeostasis and signaling.
One major avenue is bioorthogonal metabolic labeling, which
can be achieved for several classes of lipids, with some still
outstanding.”” By combining bioorthogonal labeling with
substrates that are more selective for certain elements of
lipid metabolism, i.e. enzymes and transporters, we may
achieve greater selectivity of labeling in numerous contexts
beyond what we have already shown for abundant PC lipids.
Furthermore, lipid probes with additional light-dependent
functionalities, including photo-cross-linking and photoswitch-
able lipids,”>***> will continue to be fertile strategies for
elucidating lipid—protein interactions and affording spatiotem-
poral control over lipid signaling and metabolism.

Many of our advances have focused on PLD enzymes.
IMPACT was originally developed as a bioorthogonal
metabolic strategy to visualize endogenous PLD signaling,
but it has evolved in unexpected ways to encompass a bevy of
tools and to enable many applications. Rapid and fluorogenic
RT-IMPACT enables spatiotemporal dissection of PLD-
related pathways, including GPCR—G, signaling, and inter-
organelle lipid transport pathways. A chemoproteomics variant,
XL-IMPACT, has revealed lipid—protein interactions relevant
to diseases of excessive alcohol consumption that derive from
potentially pathological interactions of ethanol with PLD
enzymes. Moreover, with an assist from a promiscuous cation
transporter, diverse choline analogues can label discrete
organelle compartments via a combination of PLD activity
and selective intracellular transport. Bespoke trifunctional
bioorthogonal detection reagents enable super-resolution
imaging of lipids using expansion microscopy and may be
combined with organelle-selective tagging approaches in the
future. Finally, single-cell labeling using our original IMPACT
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probes allows for unbiased biological discovery via CRISPR
screening and directed enzyme evolution of PLD-based
membrane editors. Though bioorthogonal/fluorescent lipids
offer tremendous opportunities, one drawback is the rather
large tag size, which can lead to behavior different from that of
native lipids. To gain information on native lipid trafficking and
dynamics, alternative approaches may be desirable, including
minimalist tags or label-free methodologies.®®”

A bacterial PLD has emerged as a malleable and versatile
chemoenzymatic catalyst for precise editing of phospholipid
content in cellular membranes. By using optogenetics to
control the enzyme activity, we can acutely produce PA on
defined compartments. Directed evolution campaigns have
increased PLD activity toward generation of not only PA but
also other phospholipids, with superPLDs poised to act as
general editors of the phospholipidome. Orthogonal inducible
dimerization strategies with different editors could afford
spatiotemporally controlled multiplex membrane editing.
Collectively, we envision many applications of these tools,
including for the biological discovery of regulators of lipid
signaling, new lipid—protein interactions, and ultimately new
biological functions for localized pools of bioactive lipids.
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