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Abstract: Phosphatidic acid (PA) is a potent lipid secondary
messenger, the synthesis of which is tightly regulated in both
space and time. Established tools for detecting PA involve
ex vivo analysis and do not provide information on the
subcellular locations where this lipid is synthesized. Here,
a chemoenzymatic strategy for imaging sites of cellular PA
synthesis by phospholipase D (PLD) enzymes is reported.
PLDs were found to be able to catalyze phospholipid head-
group exchange with alkynols to generate alkyne-labeled PA
analogues within cells. Subsequent fluorophore tagging
through Cu-catalyzed azide-alkyne cycloaddition enabled
both visualization by fluorescence microscopy and quantifica-
tion by HPLC. Our studies revealed several intracellular sites
of PLD-mediated PA synthesis. We envision applications of
this approach to dissect PA-dependent signaling pathways,
image PLD activity in disease, and remodel intracellular
membranes with new functionality.

Cells respond to environmental stimuli by transducing
information from cell-surface receptor binding events to
activate intracellular signaling pathways. Secondary messen-
gers are key intermediates in these pathways. Soluble small
molecules (e.g., cyclic AMP, inositol trisphosphate), lipids
(e.g., diacylglycerol, phosphatidic acid), and ions (e.g.,
calcium) all act as secondary messengers by binding to
downstream protein targets and modulating kinase cascades,
metabolism, gene expression, and ultimately cellular behav-
ior. Given the pleiotropic and context-dependent physiolog-
ical effects of secondary messengers, much effort has been
invested to develop molecular probes to image these species
within cells."

Phosphatidic acid (PA) is a potent lipid secondary
messenger that evokes multiple signaling outcomes in the
cell. By binding to dozens of protein targets and also altering
bilayer biophysical properties, PA causes diverse intracellular
events, such as cytoskeletal rearrangements, vesicular traf-
ficking, and membrane biogenesis, as well as cellular behav-
iors, including growth, migration, and survival.* Speaking
for a central role of PA in cellular homeostasis, dysregulation
of this lipid occurs in many diseases, including several cancers,
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Alzheimer’s disease, thrombotic disorders, and autoimmun-
ity.[*

To achieve these diverse PA-dependent physiological
effects, cells must regulate the production of PA in space
and time. Indeed, several enzyme isoforms responsible for PA
biosynthesis—most notably members of the phospholipase D
(PLD), diacylglycerol kinase, and lysophosphatidic acid
acyltransferase families—have been extensively character-
ized, and their subcellular localizations and enzymatic
activities are all carefully controlled.®®" Among these, the
PLD family has been implicated as a major producer of PA
upon cell stimulation under both physiological and patho-
logical conditions. Given that PA initiates a diversity of
signaling events and is produced on several organelle
membranes by different biosynthetic enzymes, it is challeng-
ing to attribute biological functions to individual subcellular
pools of PA with currently available tools.”! To dissect the
multiple functions of PA, the ability to detect and resolve
spatially distinct pools of PA produced by these different
enzymatic pathways is critically needed.

Herein, we present a chemical method for imaging sites of
cellular PA synthesis by PLD enzymes. Our approach builds
upon the longstanding observation that PLD enzymes, which
physiologically hydrolyze phosphatidylcholine (PC) to gen-
erate PA and choline, can also catalyze transphosphatidyla-
tion reactions with exogenously supplied primary alcohols
(e.g., butanol) to generate unnatural phosphatidyl alcohols
(Figure 1 A).®l This transphosphatidylation reaction occurs
with rapid kinetics, which allows simple primary alcohols to
effectively compete inside living cells with water in the PLD
active site.”! Classically, this method has been used with
radiolabeled substrates, followed by TLC analysis. More
recently, an elegant adaptation of this method, using deu-
terated butanol, has enabled the quantification of PLD-
mediated PA synthesis by mass spectrometry.” !

While these existing approaches enable accurate mea-
surement of cellular PLD activity and have seen extensive use
in probing the biological effects of PA synthesis, they all
require ex vivo analysis and hence do not provide spatial
information on the sites of PA synthesis within the cell. Given
that several PLD isoforms exist and are localized to different
intracellular membrane compartments, the location of PA
production is thought to be critical to the numerous physio-
logical effects of this signaling lipid.[*

We envisioned an approach to image PLD-mediated PA
synthesis within cells wherein butanol is replaced with an
alkyne-functionalized alcohol (alkynol) that would be used as
a transphosphatidylation substrate by PLDs to permit sub-
sequent detection by Cu-catalyzed azide—alkyne cycloaddi-
tion (CuAAC) with an azido fluorophore (Figure 1B). This
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Figure 1. A) PLD catalyzes the hydrolysis of phosphatidylcholine to
form PA (top) in cells and can also mediate transphosphatidylation
reactions with short-chain primary alcohols (e.g., butanol) to form
phosphatidyl alcohols. B) A two-step approach to image PLD-mediated
PA synthesis. Cells are treated with alkynols, resulting in the PLD-
mediated formation of phosphatidyl alkynols, followed by CuUAAC
labeling with an azido fluorophore to enable visualization or quantifi-
cation.

two-step approach using a chemical reporter strategy!'!!

would enable both visualization and quantification of PLD-
mediated PA synthesis within intact cells.

We began our studies by assessing whether PLD would
accept alkynols as substrates in vitro. We evaluated a panel of
five small alkynols (propynol, 3-butyn-1-ol, 4-pentyn-1-ol, 5-
hexyn-1-ol, and 6-heptyn-1-ol) by incubating each with 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and a com-
mercially available PLD. The reaction mixtures were then
subjected to CuAAC with an azide-labeled rhodamine 110
derivative (Az488). HPLC separation coupled to fluorescence
or electrospray-ionization mass spectrometry (ESI-MS)
detection confirmed the identity of the expected fluorescent
phosphatidyl alcohol products for all five alkynols (Figure 2).

We then evaluated whether mammalian PLDs would
accept alkynols as substrates within live cells. We treated
HeLa cells with each of the five alkynols for 20 minutes,
stimulated acute PA biosynthesis pharmacologically by using
phorbol 12-myristate 13-acetate (PMA),? and then isolated
total cellular lipid extracts. Following CuAAC labeling with
Az488, the samples were analyzed by HPLC coupled to
fluorescence detection (Figure 3A). Comparison of these
spectra to those from cells labeled in the presence of the well-
characterized pan-PLD inhibitor 5-fluoro-2-indolyl deschlor-
ohalopemide (FIPI)™! demonstrated that fluorescent lipids
were indeed produced as a result of PLD activity (Figure 3B
and Figure S1 in the Supporting Information).

While all five alkynols were accepted as transphosphati-
dylation substrates in HeLa cells, they were processed by
cellular PLDs with different efficiencies. We found that, at the
same concentration, the three longer-chain alkynols (penty-
nol, hexynol, and heptynol) were incorporated to a greater
extent into phosphatidyl alcohols compared to the shorter
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Figure 2. PLD accepts alkynols as substrates for transphosphatidyla-
tion. DOPC and Arachis hypogaea PLD were incubated with the
indicated alkynol (solid line) or no alkynol (dotted line), followed by
lipid extraction, CuAAC labeling with Az488, and HPLC analysis
coupled to fluorescence or mass spectrometry detection. Shown are
fluorescence traces, with masses indicated next to the curves

(obs =observed; exp =expected).

alkynols (Figure 3B and Figure S2). We verified the molec-
ular identities of the fluorescently labeled phosphatidyl
alcohols (PA analogues) by analyzing labeled extracts from
cells treated with each of the three longer-chain alkynols by
HPLC followed by ESI-MS. These studies revealed the
presence of several PA analogues differing in fatty acid
chain length and degree of unsaturation (Table S1).

This robust labeling with pentynol, hexynol, and heptynol
led us to investigate whether we could lower the amount of
alkynol. The initial concentration of 12.9 mm alkynol corre-
sponds to the low end of the concentration range of 0.1-
0.5 mol % that is typically used in the traditional TLC-based
butanol transphosphatidylation assay. Such high concentra-
tions of alcohol, however, have several negative consequen-
ces.”! First, they are sufficient to compete with water in the
PLD active site and reduce the ability of PLDs to synthesize
PA, thus affecting PA-dependent signaling. Second, recent
studies with PLD knockout mice and selective inhibitors such
as FIPI have revealed off-target effects for short-chain
alcohols when used at these high concentrations. We thus
screened different concentrations of hexynol and we found
that we could detect PA production in cells at concentrations
as low as 100 um (Figure 3C).

To image sites of PLD-mediated PA synthesis, we treated
HeLa cells with each of the three longer-chain alkynols and
again stimulated PLD activity acutely with PMA, in the
absence or presence of FIPI. Rather than proceeding with
whole-cell lipid extraction, we fixed the cells with parafor-
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Figure 3. Detection of PLD-mediated PA synthesis within mammalian
cells using alkynol labeling. A) A schematic of the labeling approach.
B) HPLC traces of Az488-tagged lipid extracts from PMA-stimulated
Hela cells treated with 12.9 mm alkynol (solid line), 750 nm FIPI +
12.9 mwm alkynol (dotted line), or no alkynol (dashed line). C) HPLC
traces of Az488-tagged lipid extracts from PMA-stimulated Hela cells
treated with the indicated concentration of hexynol.

maldehyde and subjected them to CuAAC labeling with
Az488 (Figure 4 A). Confocal microscopy revealed strong
fluorescence labeling with all three alkynols, with minimal
background labeling in the two negative controls: 1) cells
treated with alkynol and FIPI and 2) cells treated with no
alkynol (Figure 4B and Figure S3). We found that hexynol
provided the highest signal-to-background ratio, and we thus
used this alkynol for all subsequent imaging experiments.

As an additional control, we performed the experiments
with the addition of the detergent Triton X-100, and we found
that the labeling was sensitive to treatment with Triton X-100
(Figure S4), thus indicating that our method principally labels
phospholipids (as opposed to cellular proteins). We also
found that hexynol concentrations as low as 100 um were
sufficient to enable the detection of hexynol-dependent and
FIPI-sensitive fluorescence (Figure S5).

The observed labeling pattern was complex, likely the
result of PA synthesis on membranes of multiple intracellular
compartments. To determine the subcellular locations of the
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Figure 4. Imaging sites of PLD-mediated PA synthesis within intact
cells. A) A schematic of the imaging strategy. B) Confocal micrographs
of cells labeled with the indicated combinations of FIPI, hexynol, and/
or control, followed by PLD stimulation, fixation, and CuAAC labeling
with Az488. C) Colocalization analysis of hexynol-based PA tagging (PA
Label) with organelle markers (PM =plasma membrane; ER=endo-
plasmic reticulum; Golgi = Golgi apparatus; Mito=mitochondria). The
insets show the boxed area at higher magnification. Scale bars: 25 um
(B), 10 um (C), T um (C, inset).

hexynol-based labeling, we performed a series of colocaliza-
tion studies with markers of various organelle membranes. In
these studies, we transfected Hela cells with plasmids
encoding fluorescent protein fusions to constituents of several
organellar membranes and then performed the PA labeling
using 1 mm hexynol and, where appropriate, either Az488 or
an azide-containing tetramethylrhodamine derivative.

We observed partial colocalization with markers of the
plasma membrane (Lyn;;-mRFP), endoplasmic reticulum
(STIM1-mRFP), and Golgi apparatus (GalT-GFP; Fig-
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ure 4C). These data are consistent with the reported local-
ization in these compartments of PLD1 and PLD2, the two
PLD isoforms responsible for the bulk of PLD-mediated PA
synthesis."¥ By contrast, we did not observe substantial
colocalization with markers of multiple endolysosomal com-
partments (Figure S6). Interestingly, although we did not
observe colocalization with a mitochondrial marker
(mCherry-OMP25 transmembrane domain), we did notice
a close juxtaposition of the hexynol-derived fluorescence with
markers for this organelle (Figure 4C).

Genetically encoded biosensors are commonly used for
imaging cellular phospholipids.™® These probes typically
comprise a naturally occurring or engineered lipid-binding
domain fused to a fluorescent protein. Although these sensors
are widely used, they do have some drawbacks: binding to
molecules other than the desired lipid, sequestration of the
target lipid (thus disrupting its function), and an inability to
report on minor lipid pools because of competitive binding to
major lipid pools.']

Several PA biosensors have been reported, with the most
frequently used ones containing a 40 amino acid PA-binding
domain from the yeast protein Spo20p.'”! We compared our
labeling to a recently reported, optimized version of this
probe!™ and observed partial overlap of the fluorescence
signals, particularly at the plasma membrane (Figure S6). We
did not observe complete colocalization, thus highlighting the
differences between equilibrium binding of a biosensor to
pools of PA on different membranes produced by several
biosynthetic routes, and our approach, which targets de novo
synthesis exclusively by PLD enzymes but generates unnatu-
ral PA mimics.

In conclusion, we present an invivo chemoenzymatic
synthetic strategy that enables direct visualization of sites of
PA synthesis within intact cells by PLDs. Many different
extracellular cues result in PLD-mediated PA synthesis on
several intracellular membranes that lead to divergent signal-
ing outcomes.’) Our method will allow dissection of the
spatial requirements for PA synthesis in cell signaling. Addi-
tionally, we envision applications in imaging elevated disease-
associated PLD activities, most notably in several cancers.”!
Finally, extension of the method with other functionalized
alcohols could enable remodeling of intracellular membranes
to endow them with unique physicochemical properties.
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