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Abstract: Glycerophospholipids (GPLs) play important roles in cellular compartmentalization and signaling. Among them,
phosphatidic acids (PA) exist as many distinct species depending on acyl chain composition, each one potentially displaying
unique signaling function. Although the signaling functions of PA have already been demonstrated in multiple cellular
processes, the specific roles of individual PA species remain obscure due to a lack of appropriate tools. Indeed, current
synthetic PA analogues fail to preserve all the functions of natural PA. To circumvent these limitations, we developed a
novel synthetic approach to produce PA analogues without compromising structural integrity of acyl chains. Moreover,
addition of a clickable moiety allowed flexible grafting of different molecules to PA analogues for various biological
applications. Hence, this innovation also provides powerful tools to investigate specific biological activities of individual

-

PA species, with potential applications in unraveling complex GPL-mediated signaling pathways.

J

Introduction

Lipids are essential constituent of organisms, yet their
extreme diversity and lack of appropriate tools overcom-
plicate their studies.['?! Glycerophospholipids (GPLs) are
a subclass of lipids, constituting the bulk of cellular mem-
branes, but are also able to perform important signaling
functions within cells. Coexistence of hundreds of GPLs
within biological membranes suggests that each plays major,

yet potentially, non-overlapping roles. Furthermore, given
their rapid and complex metabolism, establishing the roles of
an individual lipid, in a spatial and temporal resolved manner,
remains challenging.’] Among GPLs, phosphatidic acids
(PA), composed of a single phosphomonoester headgroup
(the smallest headgroup within GPL), have been shown to
exhibit structural diversity within cells based on their fatty
acyl chains composition.[*’] PA has attracted considerable
attention and has been proposed to play pivotal roles in

[*] Dr. A. Schlichter™, Dr. A. Cocq™, Dr. S. Vertueux™, B. Beauvais™,
P.-J. Henry, Dr. L. Gonzales, Dr. R. Ferlet, A. Pellissier, Dr. M. Sebban,
Dr. C. Sabot, Prof. P.-Y. Renard™, Dr. S. Balieu™
Univ Rouen Normandie, INSA Rouen Normandie, CNRS, Univ Caen
Normandie, ENSICAEN, Normandie Univ, CARMeN UMR 6064,
INC3M FR 3038, Rouen F-76000, France
E-mail: pierre-yves.renard@univ-rouen.fr

sebastien.balieu@univ-rouen.fr

Dr. A. Wolf*, Dr. E. Tanguy, Dr. C. Decraene, Dr. S. Ory,

Dr. S. Gasman, Dr. N. Vitale™

Centre National de la Recherche Scientifique, Institut des
Neurosciences Cellulaires et Intégratives, Université de Strasbourg,
Strasbourg, France

E-mail: vitalen@unistra.fr

T. Ferrand™, Dr. L. Riachy™, M. Courvalet, Dr. F. Laguerre,

Dr. L. Jeandel, Prof. M. Montero-Hadjadje™

INSERM, Normandie Univ, U1239, Laboratoire de Différenciation et
Communication Neuroendocrine, Endocrine et Germinale, Institut
de Recherche et d’Innovation Biomédicale de Normandie, Univ
Rouen Normandie, Rouen 76000, France

E-mail: maite.montero@univ-rouen.fr

Angew. Chem. Int. Ed. 2025, 64, €202510412 (1 of 17)

Dr. S. Cianférani, Dr. J.-M. Strub

Laboratoire de Spectrométrie de Masse BioOrganique, IPHC UMR
7178, CNRS, France and Infrastructure Nationale de Protéomique
ProFI-UAR2048, Université de Strasbourg, Strasbourg 67037, France
Dr. M. Bénard

INSERM, CNRS, Normandie Univ, UMR, HeRaCleS, Institut de
Recherche et d’Innovation Biomédicale de Normandie, Univ Rouen
Normandie, Rouen 76000, France

Dr. V. Flon, Dr. V. Peulon-Agasse, Prof. P. Cardinael
Laboratoire Sciences et Méthodes Séparatives SMS, Univ Rouen
Normandie, FR3038, UR 3233, Rouen F-76000, France

These authors contributed equally to this work

[*]
O Additional supporting information can be found online in the

Supporting Information section

0 © 2025 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution-NonCommercial-
NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is
non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



https://orcid.org/0009-0008-1413-3011
https://orcid.org/0000-0003-1799-6265
https://orcid.org/0000-0001-9490-2512
https://orcid.org/0000-0003-2543-3585
https://orcid.org/0000-0003-1437-062X
https://orcid.org/0000-0001-7682-4987
https://orcid.org/0000-0002-7907-1092
https://orcid.org/0000-0002-5014-7217
https://orcid.org/0000-0003-4013-4129
https://orcid.org/0000-0001-6224-3428
https://orcid.org/0000-0003-3789-1620
https://orcid.org/0000-0001-8828-4527
https://orcid.org/0000-0003-4359-1157
https://orcid.org/0000-0001-8415-1276
https://orcid.org/0000-0001-9094-9778
https://orcid.org/0000-0001-8859-893X
https://orcid.org/0000-0002-4752-4907
https://orcid.org/0000-0001-8182-9416
mailto:pierre-yves.renard@univ-rouen.fr
mailto:sebastien.balieu@univ-rouen.fr
mailto:vitalen@unistra.fr
mailto:maite.montero@univ-rouen.fr
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

GDCh
A -

multiple cellular functions.[>*! Accordingly dysregulation of
its metabolism is linked to numerous diseases including
neurodegeneration,[®! intellectual disabilities,/®] cancer,[]
fragile X,[') and Coffrin-Lowry syndromes.''l Supporting
these multiple signaling functions is the complex intercon-
nected metabolic pathways leading to PA synthesis and
metabolism allowing cell to precisely control PA levels in
the different membrane compartments. Three alternative
pathways allow the biosynthesis of signaling PA including
i) the phosphorylation of diacylglycerol (DAG) by DAG-
kinases, ii) the acylation of lyso-PA by lyso-PA-acyltransferase
enzymes and iii) the hydrolysis of the distal phosphodiester
bond in phospholipids by phospholipases D (PLD). Recent
crystal structure of PLD further provided insight into the
isoform selectivityl'?l and regulation by Rho guanosine
triphosphatases (GTPases) and phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2).13] The small anionic phosphate
headgroup provides to PA a combination of unique cone
shaped geometry and negative charge.l’”l At the molecular
level, these two characteristics allow PA to interact with vari-
ous proteins to modulate their catalytic activity and/or their
membrane association and also affect membrane geometry
by creating local negative curvatures.'*! To date more than
50 different proteins were identified as direct interactor of
PA including various GTPases such as rapidly accelerated
fibrosarcoma (Raf),[">! protein kinases such as mammalian
target of rapamycin complex (mTORC),['] and ion chan-
nel such as TWIK-Related Acid-sensitive Autonomous K*
(TRAAK) channel,['’] but neither the cell state nor the exact
species of PA (fatty acyl chains composition) involved in the
interaction have been taken into account, thus interaction
accuracy and precise role remain elusive. Accordingly, accu-
rate chemobiology tools are required to shade light on the
biological relevance of these interactions are required.
Currently available GPL analogues, '] aiming at under-
standing their individual role, rely on modified fatty acyl
chains (with fluorophore,[’] photo-crosslinker!?! or a click-
able moiety!?!l), or modified headgroups, which is not
applicable to PA. However, side chains composition is critical
for biological activity of GPLs and altering them impacts their
functions.!?>”?ITo preserve biological properties of GPLs, it is
anticipated that both their headgroups and fatty acyl chains!**!
must remain unchanged. Hence, the glycerol backbone might
be the most relevant place to introduce chemobiological
modifications. This approach was first proposed by adding
a clickable azidomethyl moiety on the glycerol core.’’! In
vitro studies demonstrated that this modification had little
effect on PA probe association with protein kinase C (PKC),
validating this strategy. However, the proposed synthesis only
allowed grafting two identical fatty acyl chains, which does
not match the diversity of natural GPLs. To circumvent
these limitations, we developed a novel synthetic strategy for
clickable azide-based GPL analogues (GPL-N3), allowing to
keep untouched fatty acyl chain composition and phosphate
head group, thus mimic natural GPL species, and first applied
this strategy to PA, where phosphate headgroup modification
is not applicable. The specificity of those novel PA analogues
was validated in chromaffin cells, a model in which we recently
demonstrated that different PA species have exclusive non-
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redundant functions in the secretory pathway and allowed
confirmation of previously identified PA-interacting proteins
involved in this process but also unveiled dozens of new
potential PA binding partners.

Results and Discussion
Convergent Synthesis of GPL-N3 and GPL Probes

We developed a new specific synthetic route to achieve regio-
selective and stereo-specific grafting of fatty acyl chains.
This method incorporates a clickable moiety on the glycerol
core of GPL structure (Figure 1). Headgroup protection
as dimethylphosphoester facilitated purifications steps of
various intermediates. To obtain accurate stereochemistry of
the stereospecific numbering (sn)-2 position, synthesis was
initiated with dimethyl-L-tartrate. Several transformations
allowed us to differentiate the four carbon atoms of the tartric
backbone resulting in intermediate 8, the common building
block for all GPL-N;.

The sn-3 position was functionalized with dimethyl phos-
phate ester, the sn-2 was protected with a p-methoxylbenzyl
(PMB) group, and the sn-1 position was let free. The
additional carbon on the glycerol core, designated as sn-0,
was equipped with an azide moiety. Despite high yields of the
first synthetic steps (Figure la and Supporting Information
1.5.1), an unexpected deprotection of the phosphate ester
occurred during the nucleophilic substitution of tosylate 7 by
sodium azide leading to 9. Although reaction between lithium
azide, and to a lesser extent sodium azide, is well known for
cleaving methyl phosphate monoesters,”®! it was expected
that tosylate displacement by an azide would be selective
over this ester cleavage. However, this was not the case
despite modifications in temperature, number of equivalents,
azide source, solvents, and leaving groups tested. The optimal
solution found was to realkylate the deprotected phosphate
of 9 using TMSCHN,*! giving 8 in an overall 14% yield in
seven steps (Figure 1a). Using this synthetic route, 8 could be
obtained at the gram scale.

The second part of the synthetic route afforded four
different PA-N3 13a-d from the common building block 8,
with regio-selective addition of desired fatty acids through
sequential acylation/deprotection/acylation steps. The sn-1
position was acylated with a saturated fatty acid (stearic acid),
leading to ester 10 with good yield thanks to the coupling
reagent DCC/DMAP. Subsequent deprotection of PMB
moiety was carefully monitored in mild conditions by 3!'P
NMR until completion, immediately followed, without purifi-
cation, by a second acylation reaction with an unsaturated
fatty acid with the same coupling agent DCC/DMAP. This
reaction converted resulting sn-2 alcohol into esters 12a-d
as quickly as possible avoiding any significant intramolec-
ular trans-esterification reaction with stearate. Velocity of
this side-reaction was studied by NMR with shorter fatty
acids chains and was well characterized. Thus, in our
reaction conditions (0 °C, 5 h or room temperature, 1 h)
we avoided this side-reaction and consequently maintained
regioselectivity higher than 95% during grafting of fatty

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Synthetic route to the common building block 8 leading to PA-N3 13a-d. a) formal synthesis of the common building block 8 having all the
sn positions differentiated. a) PMBBr, Bu;SnO, BusNI, CsF, Toluene, 70%. b) NaBHy, i-PrOH, 90%. c) 2,2-Dimethoxypropane, APTS, acetone, 70%.
d) Dimethylchlorophosphate, t-BuOK, DCM, 76%. e) HCI, MeOH, 85%. f) TsCl, DIPEA, Bu;SnO (0.5% mol.), toluene, 75%. g) 1) NaN3, DMF, 2)
TMSCHN2, MeOH, 65%. b) formal synthesis of four different PA-N3 13a—d from intermediate 8. h) DCC, DMAP, stearic acid, DCM, 93%. i) DDQ,
DCM, PBS buffer (pH =7.2). j) DCC, DMAP, oleic acid (12a), linoleic acid (12b), arachidonic acid (12c) or docosahexaenoic acid (12d), 50% (12a,
12b), 63% (12c) 75% (12d) over two steps. k) 2-methylbut-2-ene, TMSBr, CHCl3 or 2-methylbut-2-ene, TMSBr, BSTFA, CHCl3, 48 to 95%. c) structures
of the PA-N; (18:0-18:1) 13a, PA-N3 (18:0-18:2) 13b, PA-N3 (18:0-20:4) 13c, PA-N3 (18:0-22:6) 13d and PA-N3 (18:0-18:0) 13e.
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acyl chains (see transesterification studies in Supporting
Information 1.6). Finally, cleavage of dimethyl phosphate
ester of 12a-e was performed under mild conditions with
BSTFA[3%31 and TMSBr to obtain various PA-N; 13a-d, (PA-
N; (18:0-18:1) 13a, PA-N; (18:0-18:2) 13b, PA-N; (18:0-20:4)
13c¢, PA-N; (18:0-22:6) 13d), whereas symmetrical PA-N;
(18:0-18:0) 13e was also obtained through a shorter synthetic
pathway described in supplementary materials (Figure 1b,c
and Supporting Information 1.5.2). This process leading to
13a-d is amenable to any other fatty acyl chain composition,
thus allowing us to accordingly access PA structural diversity.

To produce PA probes from PA-N; 13a-d, we performed
strain-promoted  azide-alkyne cycloaddition (SPAAC)
ligation reaction to avoid generation of reactive oxygen
species (ROS) with copper (I)[*?]; even though this reaction
is slower than copper-catalyzed azide—alkyne cycloaddition
(CuAAC),?1 SPAAC has proved to be amenable to in
vivo chemistry within life cells. The chosen cyclooctyne
SPAAC partners were obtained from dibenzoazacyclooctyne
(DIBAC) derivatives offering a good compromise between
stability and reactivity. The DIBAC-C¢-Amine synthesis/>*]
was optimized to minimize side products formation
and improve reaction repeatability, especially for the
dibromation/elimination sequence leading to the cyclooctyne
ring (Supporting Information 1.5.3). Thereafter a coupling
reaction with activated carboxylic acid derivatives was
performed affording photo-crosslinker (PCL)-DDA1 18
and DIBAC-C4-ATTO 647N 19 or SyAr reaction to get
DIBAC-C¢-NBD 20 (Figure 2a). These chemobiological
tools were first developed with PA-N; (18:0-18:1) 13a and
PA-Nj; (18:0-22:6) 13d due to their non-overlapping functions
in neurosecretion.l*®) SPAAC reactions led to six new PA
probes bearing either diazirines*®! as photocrosslinkers with
PA-DDAI1 (18:0-18:1) 21a and PA-DDA1 (18:0-22:6) 21d
or either fluorophore with PA-NBD (18:0-18:1) 22a, PA-
NBD (18:0-22:6) 22d, PA-ATTO 647N (18:0-18:1) 23a and
PA-ATTO 647N (18:0-22:6) 23d (Figure 2b).

Biocompatibility and Membrane Incorporation of Synthetic
Mono- and Poly-Unsaturated PA Analogues in Neurosecretory
Cells

Exocytosis is the final step of neurosecretion and neuro-
transmitter release leading to the liberation of the secretory
products and has been the topic of intense investigation for
decades. The adrenal chromaffin cell model has provided
and continues to provide profound insights into the secretory
pathway, especially concerning the enigmatic contribution of
membrane lipids in exocytosis.*’ Over the last two decades,
chromaffin cells have served as an important cellular model
using genetic and pharmacological invalidation to demon-
strate a key role for phospholipase D1 (PLD1)-generated
PA in regulated exocytosis.!*¥] The current model proposes
that PA plays a biophysical role, generating a negative
curvature and thus promoting fusion of secretory vesicles with
the plasma membrane but also acts on several additional
steps along the secretory pathway!®! Lipidomic analysis
have revealed that most, if not all, intracellular membrane
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compartments contain PA with a specific distribution of
the different species among these compartments,[*)] with
high levels of polyunsaturated PA in the secretory granule
membranes.[3341]

Primary chromaffin cell live-imaging revealed that PA-
ATTO 647N (18:0-18:1) 23a and PA-ATTO 647N (18:0-22:6)
23d analogues rapidly inserted into cellular membranes and
accessed intracellular compartments without visible alteration
(Figure 3a,b and Supporting Information 2.4 including Video
1-3). PA-ATTO 647N (18:0-22:6) 23d displayed faster access
to the plasma membrane and accumulated more effectively
in internal membrane compartments than PA-ATTO 647N
(18:0-18:1) 23a, in agreement with the established cellular
gradient of poly-unsaturated GPL, decreasing from intracel-
lular organelles towards the plasma membrane.[*?] Validating
the rapid access of PA analogues to the inner leaflet of
the plasma membrane, the PA sensor Spo20p-GFP[*’! was
recruited to the plasma membrane within minutes of incu-
bation of PA analogues 13a, 13d, 21a, and 21d (Figure 3c,d).
These data confirm integrity and stability of synthetic PAs
in cellulo, but also their ability to interact with a known PA
binding protein, and highlight their potential utility to study
membrane dynamics and signaling processes in live cells.

Functional Validation of Synthetic PA Analogues in the Secretory
Process

To functionally validate these new synthetic PA analogues, we
tested their ability to participate in membrane remodeling:
interaction between chromogranin A (CgA) glycoprotein,
and PA (18:0-18:1) being able to induce such membrane
remodeling. In presence of CgA-AF633, giant unilamel-
lar vesicles (GUVs) containing PA-NBD (18:0-18:1) 22a
exhibited significant budding events in agreement with
what was previously observed.[*!] As expected, fluorescence
microscopy images showed colocalization of both partners.
In contrast, CgA-AF633 failed to induce the budding of
GUVs containing commercially available PA (18:1-6:0-NBD)
bearing a modification on fatty acyl chains probably because
the modified acyl chain loop up to the surface of the
vesicle.I¥’] (Figure 4a). Quantitative analysis confirmed that
in presence of CgA we observed significantly more budding
GUVs when they were formed with PA-NBD (18:0-18:1) 22a
than with PA (18:1-6:0-NBD) (Figure 4b), demonstrating that
(i) CgA interacts effectively with synthetic PA-NBD (18:0-
18:1) analogue 22a, and (ii) this interaction is functional,
inducing membrane remodeling and vesicle budding, mim-
icking cellular properties of native PA (18:0-18:1) in Golgi
and secretory granule membranes. Conversely, commercial
PA (18:1-6:0-NBD) failed to replicate those effects.

The activation of the mTOR pathway represents one of the
best characterized signal pathways regulated by intracellular
PA levels. Hence, we used the phosphorylation of mTOR,
ERK, and RS6K as a readout and found that the different
synthetic PA activated the mTOR pathway as effectively as
the native PAs validating their functionality (FigureSI 16).

PA synthesized by phospholipase D (PLD) promotes
secretion from various cell types including neurons,

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Synthesis of the PA analogues. a) formal synthesis of the PCL-DDAT1 18 and structure of the synthesized clickable fluorophore
DIBAC-C4-ATTO 647N 19 and DIBAC-C-NBD 20. a) 1) NH3, MeOH, t-BuOCl, 2) t-BuOCI b) 1) NHS, EDCI, DMF, 2) Boc-Lys-OH, DIPEA, DMF, 80%.
c) 1) TFA, DCM, 2) Pent-5-yn-N-hydroxysuccinimide ester, 50% over two steps. d) 1) NHS, EDCI, THF, 2) DIBAC-NH;, DIPEA, rt, 20% over two steps.
b) structures of the PA probes 21-23 obtained by SPAAC click-chemistry between cyclooctynes 18-20 and PA-N3 13a and 13d.

endocrine, and exocrine cells.?***] For instance, we
previously reported that knock out, knock-down, or
pharmacological inhibition of phospholipase D1 (PLD1)
impaired catecholamine release from chromaffin cells by
altering multiple steps of the neurosecretory process.[>>*]

this effect and inhibited exocytosis as potently as PLD1
KO, supporting the notion that these inhibitors effectively
PA synthesis in response to chromaffin cell stimulation.[*]
Interestingly, extracellular provision of mono-unsaturated
PA (18:0-18:1) restored the number of exocytotic events,

Lipidomic analysis previously revealed that PA levels were
reduced by about 50% in mouse PLD1 KO cells.[**] PLD1
inhibitors such 5-Fluoro-2-indolyl des-chlorohalopemide
(FIPI) and Cayman chemical (CAY)93 fully recapitulated

Angew. Chem. Int. Ed. 2025, 64, 202510412 (5 of 1)

whereas extracellular provision of poly-unsaturated PA
(18:0-22:6) regulated the kinetics of individual events. Hence,
to assess whether synthetic PAs recapitulate these specific
biological effects, we used DSH labeling of exocytotic spots

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH



a) c) Actin Spo20p-GFP Merge
o ‘ ' ‘-
-
(18:0-18:1)
i
PA-N3 e
(18:0-18:1) { '
13a . EA
PA-DDA1
(18:018:1) | | ‘
21a \~ ”
mo | N
s0226)| W - o
PA-N3 I'
us0226) | § 5
13b o
PA-DDA1
(18:022:6) .
21d

PA-ATTO 647N
(18:0-18:1) 23a

3

<

z 10

B ’ ]

- s ] b

§

g os

H

s

13 0 '

H > P N S
2 o 2R ARG A A
g, & & S S

E - T T N

S 0

2

PA-ATTO 647N
(18:0-22:6) 23d

b)

& A
T T T 1 o N A R V b
20 40 60 80 100 & & i Y e
N\ N4 N\
Time (s) P A
F P & &
¥ Lol
< <

Figure 3. Membrane incorporation of synthetic PA analogues. a)
Live-cell imaging showing the incorporation kinetics of 3 pM fluorogenic
PA-ATTO 647N (18:0-18:1) 23a or PA-ATTO 647N (18:0-22:6) 23d on
bovine chromaffin cells. Images have been false colored with Image)’s
Green Fire Blue LUT (intensity: blue < green < yellow). Biomolecules
have been added on living cells 15 s after the beginning of recording
(arrow on graph). Images were acquired at a speed of 2 frames per
second for 90 s. Scale bar, 10 ym. b) Mean fluorescence intensity was
analyzed in the whole cell (dark blue line: 23a; light blue line: 23d) and
in a peripheric area of 500 nm width (red line: 23a; orange line: 23d).
AU, arbitrary units. The maximum fluorescence intensity was
normalized to 1. Analysis was performed on 6 cells from 4 independent
cell cultures. Data are expressed as mean + SEM.; ¢) Recruitment of the
PA sensor Spo20p-GFP after addition of 100 pM natural PA or synthetic
PA analogues. Bovine chromaffin cells overexpressing the PA sensor
Spo20p-GFP were incubated with the mentioned natural PAs or
synthetic PA analogues for 15 min prior to fixation. Representative
confocal images are shown, with phalloidin-Atto647N (Actin) and
Spo20p-GFP (PA sensor) channel displayed individually as an inverted
grayscale image and merged (Blue: nucleus, red: actin and green:
Spo20p-GFP). Scale bar, 5 pm. d) quantification of plasma membrane
recruitment of PA sensor Spo20p-GFP. Data are represented as median,
and each point is a measure from an individual cell. Points are colored
coded (red, blue, green, or magenta) according to experimental repeats.
Basal recruitment of Spo20p-GFP is indicated by the dotted line. *:

p < 0.05, **: p < 0.01, ***: p < 0.001, Kruskall-Wallis followed by
Dunn’s multiple comparisons test versus control (N = 60 per condition,
15 cells from four experimental repeats performed on two independent
cultures).
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combined with amperometric measurements as reporters of
the secretory activity of chromaffin cells. Potent inhibition
of DBH staining induced by the PLD1 inhibitor CAY93
was efficiently rescued by synthetic PA (18:0-18:1) whether
they harbored a Nj-linker 13a, a fluorescent 7-Nitrobenz-2-
oxa-1,3-diazole (NBD) group 22a, or a PCL DDA1 moiety
21a (Figure 5a,b). Importantly, synthetic PAN; (18:0-22:6)
13d and its derived DDA1 probe 21d failed to rescue DSH
labeling back to the control condition, in agreement with data
obtained with natural PA (18:0-22:6). Moreover, addition
of acyl chain modified PA (16:0-6:0-NBD) was also unable
to rescue the effects of PLDI1 inhibition (Figure 5a,b).
Furthermore, electrochemical recording of catecholamine
secretion on PLD1 inhibited chromaffin cells enabled us
to explore the specific contribution of PA (18:0-22:6) and
PA-DDAT1 (18:0-22:6) 21d. CAY93 treatment reduced the
number of measured exocytotic events, an effect that was not
rescued by addition of natural and synthetic poly-unsaturated
PA species (Figure Sc-fh). However, CAY93 also slowed
down the speed of individual fusion events (Figure 5 g,i) and
increased the duration of individual fusion pores (Figure 5j).
Both those effects were effectively rescued by PA (18:0-
22:6) and PA-DDA1 (18:0-22:6) 21d. Hence, the synthetic
PA analogues developed recapitulate exclusive functions
of natural mono- and poly-unsaturated forms of PA during
neuroendocrine secretion, a capability not observed with PA
(18:0-6:0-NBD). These data strongly support the idea that
modifications targeting the glycerol backbone of PA do not
alter functional properties of these PA analogues within cells.

Characterization of the PA Interactome in Neurosecretory Cells
Using Synthetic PA-DDAT

To further assess functional differences between mono- and
polyunsaturated PA, we performed photo-crosslinking exper-
iments to map the various PA interacting proteins landscape
during neurosecretion. Chromaffin cells were incubated with
PA-DDA1 (18:0-18:1) 21a or PA-DDA1 (18:0-22:6) 21d and
illuminated to crosslink PA interactants in resting, stimulated,
or post-stimulation states or without illumination. Synthetic
PAs were then purified from cell lysates using the alkyne
moiety of DDA1 by performing a CuA AC reaction with azide
tagged beads. Finally, interacting proteins were identified
by mass spectrometry following trypsin digestion of the
purified samples. A total of 1264 polypeptides identified
without illumination were considered as background. After
subtracting them, we identified 778 potential direct or indirect
PA partners. Validating our strategy, these include proteins
previously identified as PA interactants in assays using cell
extracts incubated with PA coupled to agarose beadsl“*+7]
and known PA interactants validated biochemically.['#43-%0]
(TableSI 3). Additionally, many novel potential PA partners
were discovered. Among these, 286 were specific to PA (18:0—
18:1) 21a and 341 to PA (18:0-22:6) 21d, whereas 151 were
common to both PA species (Figure 6a). Furthermore, some
of these interactants were specific to either resting, stimulated,
or post-stimulated cells, whereas others were present in two or

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Liposome-based evaluation of synthetic fluorescent PA-NBD analogues. a) representative pictures of GUVs composed of 96% DOPC and
4% PA (18:1-6:0-NBD) or 4% PA-NBD (18:0-18:1) 22a, in the presence of CgA-AF633. Scale bar, 10 pm. b) quantification of budding GUVs composed
of 96% DOPC and 4% PA (18:1-6:0-NBD) or 4% PA-NBD (18:0-18:1) 22a with CgA-AF633. Each point represents the result of GUV analysis from
three independent experiments (20 and 22 i |mages for each type of PA-NBD containing-GUVs, respectively). Points are colored coded (red, blue, or

green) according to experimental repeats. *

three conditions (Figure 6a), highlighting the dynamic nature
of these interactions.

Gene ontology (GO) analysis classifying proteins based
on molecular function, biological process, and cellular
component revealed specific enrichments in proteins
associated with membrane organelles and trafficking
pathways. Notably, we observed clear differences between PA
species (Figure 6b and FigureSI 19). Furthermore, although
potential partners of PA (18:0-18:1) were less abundant, they
showed a more distinct pattern across the three cellular states
tested, with a dramatic increase in response to stimulation
(Figure 6b and Figure SI 21).

The potential PA partners inferred to the GO terms
“cellular components” were pooled and search tool for the
retrieval of interacting genes/proteins (STRING) maps were
generated to visualize the interaction networks (Figure 6c¢).
Interestingly, CgA, known for its role in secretory granule
biogenesis through its interaction with PA,*!l was found
to interact with both synthetic PA 21a and 21d across all
conditions (Figure 6¢, boxed in black). For PA (18:0-18:1)
21a an increase in the number of potential partners was
observed after stimulation, including proteins related to the
vacuolar ATPase (V-ATPase), which has been implicated in
PA formation near exocytotic site.’!] (Figure 4c). Addition-
ally, Soluble NSF Attachment REceptor (SNARE)-related
proteins were detected specifically for PA-DDAT1 (18:0-22:6)
21d (Figure 6¢) in the stimulated condition, consistent with
previous observations that PA may interact with syntaxin-
1A?l Of interest, adaptor and membrane coat-related
proteins were also detected post-stimulation, possibly related
to recycling of granular content by compensatory endocytosis.
Several lipid transport proteins were also detected among

Angew. Chem. Int. Ed. 2025, 64, €202510412 (7 of 11)

% p < 0.0001, Mann Whitney test.

the potential PA interactants in line with the rapid incor-
poration of the PA-ATTO 647N in different intracellular
compartments (Figure 3a). Both observations suggest that
PA may in the majority transit between intracellular mem-
branes through membrane contact sites rather than through
vesicular trafficking. Finally, translation-related factors were
also identified in the PA interactome, which is in line with
the observation that PLD1-derived PA promotes the binding
of nuclear factor kappa-light-chain-enhancer of activated B
cells (NFxB) or hypoxia-inducible factor 1-alpha (HIF-1«) to
the promoters of its target genes increasing the expression
of proinflammatory mediators, migration, and angiogenic
factors, but to the suppression of the expression of cell cycle
arrest genes via inhibition of Forkhead box O3a (FoxO3a)
transactivation.[>3]

Of note, the newly identified potential partners could
be direct or indirect interactors. Thus, direct interaction
remains to be probed directly using biochemical approaches.
Furthermore, detailed bioinformatic analysis of these protein
sequences will provide more information to define PA binding
motifs and could lead to identify a minimal PA-binding motif,
which has been difficult to define precisely.l*]

To our knowledge, this study represents the first example
of GPL-protein interatomic, or “fishing” experiment per-
formed with GPLs embedded in membranes from primary
living cells under different physiological conditions. Among
the many novel interactants identified, several interesting
candidates are involved in lipid transfer, metabolism, and
translation highlighting new potential avenues for research.
The development of structurally faithful, clickable PA ana-
logues opens new avenues for dissecting the specific roles
of individual PA species in disease models and fundamental

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Synthetic PA analogues fully recapitulate the functions of natural PA in neuroendocrine secretion. a) representative confocal images of
stimulated bovine chromaffin cells after exocytotic spots staining. PLD1 activity was inhibited with 50 nM CAY93, and cells were incubated with
natural PAs and synthetic PA analogues. Exocytotic spot (DSH staining) and actin network (phalloidin-Atto647N staining) are displayed individually
as an inverted grayscale image and merged (Blue: nucleus, red: exocytotic spots and green: actin). Scale bar, 5 pm; b) exocytotic spots quantification
(DBH staining). Peripheral exocytotic spot intensity has been normalized with the mean control condition of the individual experimental repeat. Data
are represented as violins with a straight line at the mean, and each point is a measure from an individual cell. Symbols are colored coded (red, blue,
green, or magenta) according to experimental repeats. ns: non-significant, ***#*: p < 0.0001, Kruskall-Wallis followed by Dunn’s multiple
comparisons test (N = 45 per condition, 15 cells from three independent cultures). Without PLD1 inhibition PA addition does not affect overall
secretion of cells upon stimulation and specific effects of PA (18:0-22:6) were also reproduced in resting condition (FigureSl 17a). Cell area was not
affected by any of the treatments (FigureSI 17b). c)—f) examples of amperometrical traces from cells incubated with or without PLDT inhibitor (50 nM
CAY93) and the mentioned PA species, or PA analogue. Cells were stimulated with a 100 mM K solution (Black line on each trace). g) schematic
representation of mean spikes obtained from those recordings. h)—j) violin plots representing respectively the number of exocytotic events, spike
time to peak and feet duration of individual spikes (Bars in the plot represent from top to bottom, third quartile, median and first quartile). ns:
non-significant, ****: p < 0.0001, Kruskall-Wallis followed by Dunn’s multiple comparisons test versus control (N > 82 per condition from three
independent cultures), other parameters were also quantified and yielded similar results (FigureSI 18).
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Figure 6. PA interactome in neurosecretory cells. a) distribution of different proteins identified in the fishing experiments performed in bovine
chromaffin cells for PA-DDAT1 (18:0-18:1) 21a and PA-DDAT (18:0-22:6) 21d in resting condition (R), stimulated condition S), or resting condition
post-stimulation (PS). b) cellular component of Gene Ontology enrichment analysis of all proteins identified in the different tested conditions.
Biological process, Molecular function, and KEGG Gene Ontology analysis are shown on FigureSI 21. c) Protein—Protein Interaction Network
Exploration of the pooled proteins identified in the cellular component Gene Ontology enrichment analysis for potential PA interactors under
different conditions using Cytoscape (STRING data base). Circles highlight clusters of proteins involved in interactions: red (H™ transport by
V-ATPase), blue (SNAREs), yellow (mitochondrial activity), green (membrane coats).
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biological processes. These tools can be applied to study
lipid signaling dysregulation in neurodegenerative diseases by
tracking PA species in neurons or glial cells, and to inves-
tigate how specific PAs modulate membrane curvature and
trafficking in cancer cells or during organelle remodeling.>*!
Additionally, clickable moieties enable the identification of
novel PA-binding proteins through chemoproteomics, offer-
ing insights into lipid—protein interaction networks altered
in metabolic disorders. Overall, this platform enables precise
mechanistic studies of GPL-mediated signaling, with potential
implications for therapeutic targeting in diverse pathologies.

Conclusion

This work provides access to patented versatile and clickable
PA analogues, that preserve natural fatty acyl chains and
the phosphate headgroup, thus confirming their potential
for in cellulo applications.I*>! Unlike currently commercially
available PA analogues, modified on their fatty acyl chains,
these synthetic analogues faithfully reproduce the biological
behavior of natural lipids. This highlights importance of fatty
acyl chain composition for biological studies involving PA and
probably other GPLs. Finally, fishing experiments performed
on primary cells not only confirmed known interactions
but also revealed dozens of others unknown interactions,
depending both on the fatty acyl chain and the cellular state.
Overall, these novel synthetic GPL significantly broaden
our knowledge of PA partners and functions, opening new
avenues for exploring lipid-mediated cellular processes such
as membrane curvature regulation, lipid signaling dysregula-
tion in neurodegenerative disease, or cancer and from a more
fundamental manner the lipid interactome.
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