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Abstract Phosphatidic acid (PA) through its unique
negatively charged phosphate headgroup binds to
various proteins to modulate multiple cellular events.
To perform such diverse signaling functions, the
ionization and charge of PA's headgroup rely on the
properties of vicinal membrane lipids and changes in
cellular conditions. Cholesterol has conspicuous ef-
fects on lipid properties and membrane dynamics. In
eukaryotic cells, its concentration increases along the
secretory pathway, reaching its highest levels toward
the plasma membrane. Moreover, membrane choles-
terol levels are altered in certain diseases such as
Alzheimer's disease, cancer, and in erythrocytes of
hypercholesteremia patients. Hence, those changing
levels of cholesterol could affect PA's charge and
alter binding to effector protein. However, no study
has investigated the direct impact of cholesterol on
the ionization properties of PA. Here, we used 31P
MAS NMR to explore the effects of increasing
cholesterol concentrations on the chemical shifts and
pKa2 of PA. We find that, while the chemical shifts
of PA change significantly at high cholesterol con-
centrations, surprisingly, the pKa2 and charge of PA
under these conditions are not modified. Further-
more, using in vitro lipid binding assays we found
that higher cholesterol levels increased PA binding of
the Spo20p PA sensor. Finally, in cellulo experiments
demonstrated that depleting cholesterol from neuro-
secretory cells halts the recruitment of this sensor
upon PA addition. Altogether, these data suggest
that the intracellular cholesterol gradient may be an
important regulator of proteins binding to PA and
that disruption of those levels in certain pathologies
may also affect PA binding to its target proteins and
subsequent signaling pathways.

Supplementary key words cholesterol • phosphatidic acid •
lipid-protein interactions • Signaling lipids

Cellular environments are dynamic, with significant
variations in the concentrations of distinct lipids in
different membranes (1). Coupled with changes in

cytosol composition, cells have evolved to take advan-
tage of the unique properties and structure of mem-
brane lipids to accompany various cellular functions
(2, 3). Therefore, investigating the behavior of lipids,
particularly those involved in signaling, in physiologi-
cally relevant cytoplasmic conditions, is vital to under-
standing their properties upon interaction with
different membrane molecules. Such investigations
provide fundamental insights into the nature of
signaling lipids (4, 5). They also explain their behavior
in different membrane environments and cellular
conditions, especially when the relative abundance of
membrane lipids is modified in pathological
development.

Phosphatidic acid (PA) is an anionic cone-shaped
lipid mostly present in minute quantities in yeast (6)
and mammalian cell membranes (7, 8). Despite its low
abundance, it is highly influential in modulating
membrane structure and function. PA is involved in
lipid and membrane biogenesis at the endoplasmic re-
ticulum (ER) (9). However, it also plays central roles in
other membrane compartments such as the Golgi
apparatus, vesicular, mitochondrial, and plasma
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membranes (PM). For instance, PA mediates vesicular
trafficking from the ER to the Golgi, and its synthesis is
required to maintain the normal structure and function
of the Golgi apparatus (10, 11). In neurosecretory cells,
PA has been shown to contribute to secretory vesicle
biogenesis (12) and their subsequent transport, docking,
and fusion to the plasma membrane (13–15). In yeast
cells, PA is required at the ER for regulating lipid
metabolism through its interaction with Opi1 (2). It has
also been implicated in thrombogenic activity in red
blood cells (16).

Hence, over the last few years, this unique phospho-
lipid has emerged as a crucial signaling molecule in all
eukaryotic cells. To promote specific signaling path-
ways, PA’s negatively charged phosphomonoester
headgroup can bind specific cationic domains of
proteins and mediate downstream responses (17). PA-
protein binding is influenced by the chemical proper-
ties of vicinal membrane molecules and the cytosolic
environment (4). For example, changes in cytosolic pH
and hydrogen bonding lipids such as phosphatidyleth-
anolamine (PE) affect the ionization properties of PA
(18). Additionally, the relative abundance of PE can
affect PA’s charge (4). These complex interactions,
together with lipid packing defects (curvature stress of
the membrane) can influence the ability of proteins to
bind PA (17).

Among all factors influencing lipid and membrane
properties, cholesterol has emerged as a crucial medi-
ator of protein-lipid interactions in cellular bilayers.
For instance, cholesterol enhanced the binding of the
retroviral GAG protein to the bilayer (19). This
increased binding has been proposed to result from a
higher charge density of the bilayer, therefore, pro-
moting electrostatic interactions with the protein.
Additionally, cholesterol decreases the energy require-
ment to remove water from the headgroup of lipids,
thus favoring protein binding (19). Finally, cholesterol
can also directly affect the binding of proteins to
membranes by modulating their stability and confor-
mational equilibria (20–22).

Cholesterol is made of a single hydroxyl and a short
acyl chain at either end of a fused planar 4-ringed
structure. This rigid structure enables cholesterol to
modulate membrane properties such as surface area,
fluidity, and permeability (23, 24). In its absence,
membrane bilayers either adopt a gel or liquid crys-
talline state at lower and higher temperatures respec-
tively (25). Increasing cholesterol concentrations in lipid
bilayers change their properties and they adopt a
liquid-ordered phase, an intermediate between the gel
and liquid crystalline states (25, 26). Cholesterol
distinctly affects lipid properties based on the chemical
characteristics of neighboring lipids. On the one hand,
its affinity with sphingolipids and phospholipids varies
based on structural differences in the backbone of the
two lipids (25, 27). On the other hand, cholesterol also
affects the ordering of lipid acyl chains in both the gel

and the liquid crystalline states (23). In phosphatidyl-
choline (PC) and phosphatidylserine bilayers, choles-
terol was shown to decrease the average area occupied
by a single lipid and increase bilayer thickness (19, 28).

Additionally, the relative abundance of cholesterol
varies significantly in different organelle membranes.
Its concentration increases along the secretory pathway
from the ER to the PM (20, 29). In the ER, cholesterol
has a relative concentration of about 5% of the total
lipids (29), whereas its concentration in the PM is esti-
mated at 30% (30, 31). The PM distribution in mamma-
lian cells is highly asymmetric, depends significantly on
cell type, and is modulated in a stimulus-specific
manner (32–35). The cholesterol concentrations in in-
termediate compartments such as the Golgi range be-
tween that of the ER and the PM. Furthermore, certain
pathological conditions can induce a change in intra-
cellular cholesterol levels. Membranes of sickle cell
disease patients have lower cholesterol concentrations
(36). Cholesterol levels are increased in the erythrocytes
of patients with hypercholesteremia (37). Several
studies suggest a link between high cholesterol con-
centrations and Alzheimer's disease (AD) (38, 39). There
are also reports of reduced cholesterol levels in the
neurons of AD patients (40). In both instances, changes
in cholesterol levels seem to play a role in AD
pathogenesis.

PA and cholesterol have synergistic effects on
membrane structure and function. They are both
required for the transport of glycoproteins and mem-
brane proteins from the ER to the Golgi (10, 41). In
addition, increasing levels of either PA and/or choles-
terol affects the nicotinic acetylcholine receptor (42,
43). In AD, the changes in cellular cholesterol content
have also been reported to be accompanied by modi-
fications in PA levels (44). In vitro studies confirmed a
high affinity between bilayers containing PA and the
amyloid beta (Aβ) protein (45). The formation of
pathogenic Aβ fibrils has been reported to be favored
through interactions with anionic lipids such as PA (46).
Cholesterol levels have also been reported to signifi-
cantly affect the interaction of Aβ peptide with mem-
branes (47). In this instance, cholesterol could alter the
ionization properties of PA to affect its binding to Aβ
fibrils or act via an alternate mechanism. Differences in
cholesterol concentration across the membranes of the
ER to the PM could also affect PA's charge, protein
binding and its signaling functions in these organelles
by recruiting different effectors.

We previously investigated PA’s ionization properties
upon interaction with cholesterol and PE (4). While the
two lipids share similarities such as inducing very close
negative spontaneous curvatures (48), they also vary in
terms of their structural rigidity (cholesterol beingmore
rigid), and effects on membrane bending and fluidity.
PE’s primary amine headgroup can form hydrogen
bondswith other lipid headgroups (phosphates) to affect
the charge of the lipid (4, 18, 49). However, it remains
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unclear whether cholesterol exerts similar effects by
interacting with other anionic lipids. PE’s hydrogen
bonding ability could have masked the effects of
cholesterol in this model system (4). No investigations
have therefore been done, to the best of our knowledge,
on how increasing cholesterol concentrations affects the
ionization properties of PA. In this study, we used 31P
MASNMR to determine the physicochemical properties
of PA in model membranes with increasing cholesterol
concentrations. Our results show that increasing its level
significantly affects the chemical shifts of PA in PC bi-
layers. Therefore, cholesterol might act as a spacer for
PA in accordance with previous work on the impact of
cholesterol on anionic lipids (50). Additionally, higher
cholesterol (30%) does not significantly alter the pKa2
and charge of PA in PC bilayers but favors the interac-
tion with the yeast PA-binding protein Spo20p in
liposome binding assays. Moreover, manipulating
cholesterol levels in bovine chromaffin cells also
impacted GFP-Spo20p recruitment to the periphery of
the cells upon PA addition demonstrating the impor-
tance of this PA-cholesterol interaction for protein
binding in a cellular environment.

MATERIALS AND METHODS

Liposome preparation
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-

dioleoyl-sn-glycero-3-phosphate (DOPA), and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazo
l-4-yl) (PE-NBD) were purchased from Avanti Polar Lipids.
Cholesterol was either purchased from Nu-Chek Prep Inc,
or from Avanti Polar Lipids.

All lipids were individually dissolved in a mixture of 2:1
ratio of chloroform and methanol. Phospholipid purity was
checked on a thin layer chromatography (TLC) plate using a
65/25/4 chloroform/methanol/water solvent. Only lipid
stocks that showed a single spot on the TLC were used for the
experiments.

NMR sample preparation
The lipid samples used for NMR experiments were made

as previously described (51). We prepared 10 μmol total lipid
films in a borosilicate glass tube by mixing calculated
amounts of lipids from stock solutions. For the physiological
pH (7.2) experiments, lipids made were of the ratio (i) 90 mol
% DOPC and 10 mol % DOPA (control), (ii) 80 mol % DOPC,
10 mol % cholesterol and 10 mol % DOPA, (iii) 70 mol % DOPC,
20 mol % cholesterol and 10 mol % DOPA and (iv) 60 mol %
DOPC and 30 mol % cholesterol and 10 mol % DOPA. 6 sets of
lipid films were made for each of these lipid sets. 15 lipid films
were made for the lipid set 60 mol % DOPC 30 mol %
cholesterol and 10 mol % DOPA used to determine the ioni-
zation constant. Lipid films were evaporated and dried under
nitrogen gas as previously described (4).

50 mM of the following buffers were used to hydrate the
lipid films; 20 mM citric acid, 30 mM MES for pH 4–6.5,
50 mM HEPES for pH 6.5–8.5, and 50 mM glycine for pH
8.5–11. All buffers also contained 100 mM NaCl and 2 mM
EDTA. 100 mM HEPES buffer was used for pH 7.2 ± 0.05

experiments to minimize pH variation. The lipid films were
thoroughly vortexed after hydration to ensure complete
dispersion of lipids in the buffer. Hydrated lipid films were
frozen in a mixture of dry ice and ethanol. They were then
thawed in warm water with intermittent vortexing. The
hydrated lipids were frozen and thawed twice to form multi-
lamellar vesicle (MLV) dispersions. The final bulk pH at room
temperature was measured with a standard pH meter and an
Intelli pH probe (Sentron). The pH values obtained were used
to make the pH-titration curve. Lipid samples were spun down
at 15,000 RPM at 4◦C for 50 min to concentrate wet lipids into
a pellet. The lipid pellets were transferred with a glass pipette
into 4-mm zirconium MAS NMR sample tubes.

31P NMR spectra were recorded using a 400 mHz Bruker
spectrometer as previously described (51). The chemical shifts
of lipids were acquired by spinning samples at 5 kHz at
21 ± 1.0◦C and at the magic angle of 54.7◦ . The positions of
lipid peaks were referenced by using an external 85% H3PO4
standard. Approximately, 15,000–20,000 scans were recorded
for each of the lipid samples. We determined only the second
ionization constant (pKa2) that is the upper part of the full
titration curve of our lipid systems as we have previously
shown that this does not significantly affect the pKa2 of the
ionization behavior that is determined at the physiological pH
range (4, 52). A low-power proton decoupling was used to
confirm the phase behavior for all lipid samples after each
MAS spectra was recorded. 50,000 to 70,000 scans were
recorded for each static spectrum.

Determination of pKa2 values from titration curves
and determination of headgroup charge

The pKa2 value of DOPA’s phosphomonoester was deter-
mined by using a Henderson-Hasselbalch equation and a
nonlinear least squares fit procedure. The pKa2 was deter-
mined by fitting the data over the pH range 4–11 by using a
modified equation (4, 52).

δ= δA × 10pKa−pH + δB
1 + 10(pK a−pH) (1)

where δ is the measured pH-dependent chemical shift, δA is
the chemical shift of the singly dissociated state, δB is the
chemical shift of the doubly dissociated state, pH is the log of
the measured hydrogen concentration, and pKa is the second
dissociation constant of the respective phosphomonoester.

The degree of protonation, fp as a function of pH was
calculated from Equation 2 based on the assumption that the
CS values are the weighted averages between the singly and
doubly deprotonated states of the phosphomonoester groups.

fp = δobs − δd
δp − δd

(2)

where δobs is the pH-dependent CS of the phosphomonoester
group, and δp and δd are the CS values of the singly and fully
deprotonated phosphomonoester groups, respectively (53).

Expression of recombinant GST-Spo20p proteins
Amino acids 50–101 from Spo20p (GenBank DAA09915.1)

were used as PA binding domain. The latter was amplified by
PCR from the pEGFP-C1-Spo20p construct (54) using the for-
ward primer 5′CGGGATCCCTCGAG CGTCTAGAATGG-3′
and reverse primer 5′-GCGAATTCTTAACTAGTCTTAGTG
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GCGTC-3′ (54, 55) and inserted in frame into pGEX4T1 as
previously described (54). The sequence was verified by auto-
mated sequencing. Large-scale production of recombinant
GST-Spo20p has been previously described (55). Briefly,
expression was induced at 37◦C, and fusion proteins were pu-
rified on glutathione (GSH)-Sepharose, and purity was esti-
mated to be >95% by Coomassie blue staining of SDS-PAGE
gels (56). The amount of purified proteinwas determinedusing
a dye-binding assay with bovine serum albumin as a standard.
Protein aliquots were stored at −80◦C.

Liposome binding assay
Lipids solubilized in chloroform were purchased from

Avanti Polar Lipids. Liposome mixtures were prepared in
mass ratios composed of 85% DOPC, 5% NBD-labeled phos-
phatidyl ethanolamine, and 10% DOPA with increasing
amounts of cholesterol at the expense of DOPC. Lipids were
dried in a stream of nitrogen gas and kept under a vacuum
overnight. Dried lipids were then suspended at a concentra-
tion of 1.65 mg/ml in liposome-binding buffer (LBB; 20 mM
HEPES, pH 7.4, 150 mM NaCl, 1 mM MgCl2) and were
extruded using a Mini-Extruder (Avanti) through poly-
carbonate track-etched membrane filters to produce 200 nm
diameter liposomes. The size distribution of liposomes was
estimated by dynamic light scattering using a Zetasizer NanoS
from Malvern Instruments equipped with a 4 mW laser.

GST-Spo20p (330 pmol) bound to GSH beads were washed
once with 1 ml LBB before incubation for 20 min in the dark
at room temperature and under agitation with liposomes
containing a 10-fold molar excess of PA relative to the
quantity of GST-proteins and varying cholesterol concentra-
tion (from 0% to 50%) in a final volume of 200 μl LBB. Beads
were washed three times with 1 ml ice-cold LBB buffer and
collected by centrifugation at 3,000 rpm for 5 min. Liposome
binding to the GST-Spo20p was estimated by measuring the
fluorescence at 535 nm with a Mithras (Berthold) Fluorimeter.
Triplicate measurements were performed for each condition.
Fluorescence measured with GST linked to GSH-sepharose-
beads alone was subtracted from sample measurements.

Primary bovine chromaffin cell culture
We used chromaffin cells from the adrenal medulla gland

as these were the first models in which PA synthesis at the
plasma membrane during exocytosis was revealed using the
PA sensor GFP-Spo20p (54). Bovine adrenal glands were ob-
tained at the Haguenau municipal slaughterhouse and placed
in a 4◦C calcium-free Krebs solution (NaCl 154 mM, KCl
5.6 mM, NaHCO3 3.6 mM, glucose 5.6 mM and HEPES 5 mM,
pH adjusted to 7.4) supplemented with the broad-spectrum
antibiotic, primocine at 100 μg/ml and adrenal medulla cells
were cultured as described previously (57). Glands were
digested twice for 10 min at 37◦C with a collagenase A solution
(Collagenase A 3.5 mg/ml, BSA 5 mg/ml, resuspended in
Krebs solution). The adrenal medulla was separated from the
cortex and minced and digested for 5 min with the remaining
collagenase A solution. Bovine chromaffin cells were passed
through a 217 μm sieve, centrifuged for 10 min at 130 g
resuspended in Krebs solution, and passed through a 70 μm
sieve. Bovine chromaffin cells were isolated with a Percoll
density gradient generated with a 20 min centrifugation at
20,000 g. Cells were resuspended in culture medium (low
glucose DMEM supplemented with 1 mM L-glutamine, 10%
fetal bovine serum (FBS), centrifuged at 130 g for 10 min,
resuspended, and counted.

PA sensor recruitment
Bovine chromaffin cells were transfected directly after the

culture as described previously (58). 8,000,000 cells were
resuspended in an antimitotic, antibiotic-free medium (low
glucose DMEM supplemented with 1 mM L-glutamine and
10% FBS) and mixed with a plasmid encoding for the Spo20p-
GFP PA sensor. Nucleofection was performed by using the
basic primary neuron nucleofector kit (Lonza©) and cells
were seeded on fibronectin-coated coverslips. 5 h after this
procedure, antimitotics and antibiotics were added to the
medium (10 μM fluorodesoxyuridine, 10 μM cytosine arabi-
noside, 100 μg/ml primocine). The following day, medium of
the cells was changed. Cholesterol depletion was performed
by incubating cells with a methyl-β-cyclodextrin (MβCD)
enriched Locke’s solution (140 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCl2, 1.2 mM KH2PO4, 1.2 mMMgSO4, 11 mM glucose, 570 μM
ascorbic acid, 10 μM EDTA, 15 mM HEPES and 10 mM MβCD,
pH adjusted to 7.5) for 30 min. Afterwards, cells were washed
twice with Locke’s solution and 100 μM of egg PAmixture was
added to the cells for 15 min when indicated. Cells were fixed
with a 10 min incubation of 4% PFA-PBS solution, nuclei and
cortical actin were stained using Hoechst 33,342 and
phalloidin-Atto-647N, and coverslips were mounted using
Mowiol 4–88 mounting medium as described previously (59).

Images were obtained using a SP5II confocal laser scanning
microscope (Leica©) with a 63× oil immersion objective. The
acquisition was performed via the LAS AF software in a
sequential scanning mode with a pinhole opening of 1 airy
unit. Three channels were imaged separately, the resolution
was set at 512×512 pixels with a scanning speed of 400 Hz, a bit
rate of 16, no smart offset, a zoom of 6 and a line average of 4.
Hoechst 33,342 (Nuclear stanning) was stimulated with a
405 nm emitting laser. GFP (PA sensor: Spo20p-GFP) was
stimulated with a 490 nm emitting argon laser. Atto647N
(Cortical actin) was stimulated with a 633 nm emitting heli-
um/neon laser. 15 isolated cells were acquired per condition
and experiment, all images were taken with the same settings
and saved as LIF files. After acquisition images were con-
verted from LIF files into TIF files by using the standard
Bioformat plugin on the FIJI software. Segmentation of the
peripheral area was performed on the ICY software by using
the active contour plug-in. Hoechst staining was used for
nuclei segmentation and cortical actin staining for peripheral
segmentation. This enabled us to quantify the total, periph-
eral, and nuclear area of the imaged cell along with the GFP
intensity in each of those areas. Spo20p recruitment was
evaluated by dividing the mean peripheral GFP signal by the
mean nuclei GFP signal for each cell (13).

Statistical analysis
The number of experiments and repeats are indicated in

figure legends. For NMR experiments, SigmaPlot (Systat Soft-
ware Inc) was used to plot graphs by using themeans and SD. In
addition, a one-way analysis of variance (ANOVA) followed by
Dunnett’s test was used to determine significance. In vitro and
in cellulo assays statistics and graphs were realized on the
graphpad® prism 8 software by performing a Kruskall-Wallis
test followed by Dunnett’s multiple comparison test.

RESULTS

Cholesterol has a significant influence on membrane
properties and on the structure and function of lipids
(23, 60, 61). Cholesterol has negative spontaneous
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curvature like PE, but the major difference between the
two in terms of their interactions with lipids is that the
PE headgroup is favorably positioned in the membrane
interface to form hydrogen bonds with the headgroups
of signaling lipids such as PA, diacylglycerol pyro-
phosphate (DGPP) and with phosphatidyl-inositol-4,5-
bisphosphate (PI(4,5)P2) (4, 49, 62). Cholesterol, on the
other hand, has not yet been demontrated to form
hydrogen bonds with the phosphate headgroups of
neighboring lipids. This is due to the location of
cholesterol being closer to the acyl chain region of the
lipid bilayer (25, 27, 63). Cholesterol concentrations vary
in different membrane compartments and can also be
modified in certain diseases such as AD. In the PM the
majority of cholesterol has been suggested to reside in
the exoplasmic leaflet (31, 64, 65). These changes in
cholesterol content could affect the physicochemical
properties of PA depending on the cellular compart-
ment it is located in as it does for PI(4,5)P2 where
cholesterol induces domain formation (50, 66, 67).
Cholesterol could alter PA's charge, interaction with
membrane proteins, and therefore control the ensuing
signaling cascade. Kooijman et al. incorporated choles-
terol in mixed lipid bilayers (PC/PE/PA) and observed
a change in chemical shift induced by cholesterol (4).
This shift was interpreted as cholesterol increasing the
charge of PA. However, this work was complicated by
the fact that the mixtures contained PE, and no full
titration curves were generated to unequivocally show
the effect of cholesterol on PA ionization properties.
Interestingly, the work on PI(4,5)P2 also only relied on
chemical shift changes of PA-induced by cholesterol to
extract effects on PA’s charge (50). In this study, we use
31P MAS NMR to systematically determine the effects
of increasing cholesterol concentrations on the chemi-
cal shift and, most importantly, the ionization proper-
ties of PA in PC bilayers. In addition, using in vitro and
in cellulo assays, we show that changes in cholesterol
levels significantly modulate protein binding to PA by
working with the stereotypical PA binding protein:
Spo20p.

PA is an anionic lipid with a phosphomonoester
headgroup that lies closer to the acyl chain region of
the bilayer than any other anionic lipid headgroup (68).
Its charge and pKa2 can be modified based on the
properties of vicinal lipids as observed when it
hydrogen bonds with PE (4, 69). Cholesterol could
modulate the ionization properties and charge of PA in
a concentration-dependent manner by acting as a
spacer in the membrane, thereby decreasing the sur-
face charge density of the membrane. A reduced sur-
face charge density would result in a higher surface pH
(lower H+ concentration), and thus a higher PA charge
compared to the system without cholesterol. As in the
case of PE, cholesterol could potentially form hydrogen
bonds with the PA headgroup based on the location of
its phosphomonoester and cholesterol’s OH group in

the membrane interface (4). Both would ultimately
affect PA's charge, interaction with membrane pro-
teins, and downstream signaling functions.

To determine the effects of varying cholesterol con-
centrations on the phosphomonoester of DOPA, we first
determined the chemical shifts of 10 mol % DOPA in
increasing cholesterol concentrations (10, 20, and 30 mol
%) and corresponding decreasing DOPC concentrations
at physiological pH (7.20± 0.05). DOPCwas used because
it forms fluid bilayers at room temperature, does not
formhydrogen bonds with lipids, and has also been used
as the model membrane matrix lipid in previous works
(4). Six samples were made at each cholesterol concen-
tration to determine the 31P chemical shifts of DOPA
(and DOPC). As a control, we determined the chemical
shift values of 6 different samples of 10 mol % DOPA in
pure DOPC bilayers. We show one representative 31P
MAS NMR spectra for each of the lipid mixtures in
Fig. 1A. The peak positions for DOPA and DOPC are
resolved based on their locations from previous studies
and the relative concentrations of the two lipids in sam-
ples (4). Their corresponding static spectra are also
shown in Fig. 1B. The low field shoulder and high field
peak of all static spectra demonstrated that the samples
formed bilayers even at high cholesterol concentrations
(70).A small amount of isotropic signalwasdetected in all
samples which is usual for MLVs formed by vortexing
and freeze/thaw of the samples.

The averaged values of the peak positions of DOPA
(and DOPC) in the increasing cholesterol concentra-
tions at pH 7.2 are shown in Table 1. The corresponding
bar graphs for DOPA are shown in Fig. 1C. From
Table 1, there are very minor increments in the DOPC
peak positions as cholesterol concentrations are
increased but this is not noticeable in the stacked plots
in Fig. 1A. However, there is a more prominent
cholesterol concentration-dependent downfield move-
ment in the peak positions of DOPA in both Fig. 1A and
Table 1 in line with previous work (4). One-way
ANOVA and Dunnett's test performed on the DOPA
data showed significant differences between 20 and
30 mol % cholesterol-containing samples and the con-
trol. In the past, we have interpreted downfield shifts in
the DOPA peak positions as changes in the electrostatics
around DOPA and an increase in PA charge (4). How-
ever, is this indeed the case?

Downfield shifts of the 31P NMR peak indicate
changes in the shielding of the phosphorus nucleus.
Changes in shielding could originate from other pro-
cesses than deprotonation of the phosphate headgroup.
Higher concentrations of cholesterol could alter the
chemical shift of DOPA by acting as spacers between
membrane lipids as has been proposed for the inter-
action of cholesterol with PI(4,5)P2 (50). In this study the
increased spacing was proposed to increase the charge
of the 4- and 5-phosphate of PI(4,5)P2 due to a
decreased surface charge density. Hydrogen bonding
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of the -OH of cholesterol with these phosphates is not
plausible due to their location in the membrane inter-
face. Alternately, cholesterol could form hydrogen
bonds with the phosphate headgroup of PA but this has

not yet been observed in cholesterol's interactions with
anionic lipid headgroups. To shed light on the role of
cholesterol in the ionization properties of PA we
determined the pH-dependent chemical shift of DOPA

Fig. 1. A: 31P MAS NMR spectra showing the stacked chemical shifts of 10% DOPA in x % cholesterol and (90-x) % DOPC at pH
values of 7.2 ± 0.05. B: The corresponding static NMR spectra from Figure 1A samples. C: Bar graph showing the averaged chemical
shift values of DOPA's phosphomonoester peaks in increasing cholesterol concentrations. Chemical shift values are obtained from
31P MAS NMR spectra of 10% DOPA, x% cholesterol, and (90-x) % DOPC multi-lamellar vesicles in buffer at pH 7.2 ± 0.5. Error bars
show the standard deviation measured from six samples. *P < 0.001.

TABLE 1. Chemical shift values and pKa2 of 10% DOPA in increasing cholesterol concentrations

Lipid Composition
Averaged chemical Shift

of DOPC at pH 7.2
Averaged chemical Shift

of DOPA at pH 7.2 pKa2 of DOPA
Charge of DOPA at

pH 7.20 (±0.05)
10% DOPA 90% DOPC −0.69 ± 0.01 0.69 ± 0.01 7.92 ± 0.03 (4) 1.16 (4)
10% DOPA 10% Cholesterol 80% DOPC −0.68 ± 0.01 0.77 ± 0.05 _ _
10% DOPA 20% Cholesterol 70% DOPC −0.67 ± 0.01 0.83 ± 0.08 _ _
10% DOPA 30% Cholesterol 60% DOPC −0.67 ± 0.02 1.00 ± 0.06 7.87 ± 0.04 1.20
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in a model DOPC membrane containing 30 mol %
cholesterol. We chose this concentration of cholesterol
as it is close to the PM cholesterol concentration, and
since we observed the largest change in the chemical
shift of PA.

The waterfall plot for 10 mol % DOPA in 30 mol %
cholesterol and 60 mol % DOPC, determined over a pH
range from 4 to 11, is shown in Fig. 2A. The corre-
sponding static spectra indicate that all samples formed
bilayers irrespective of pH (data not shown). The

Fig. 2. A: 31P MAS NMR spectra as a function of pH for 10 mol % DOPA in 60 mol % DOPC and 30 mol % cholesterol vesicles. B:
The titration curve for 10% PA in 30 mol % cholesterol and 60 mol % DOPC (red triangles and lines) is compared against the control
curve (black squares and lines). The averaged chemical shift for 10 mol % PA in 30 mol % cholesterol (blue square) is plotted in the
graph. The solid lines represent a Henderson–Hasselbalch fit of the ionization data (see Materials and Methods). C: Degree of
protonation (fp) as a function of pH for 10 mol % DOPA in 30 mol % cholesterol and 60 mol % DOPC plotted in the control.
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pH-chemical shift from Fig. 2A is plotted together with
control data (taken from Kooijman et al. (4)) in Fig. 2B.
This graph also contains the averaged chemical shift
value for 10 mol % DOPA in 30 mol % cholesterol
measured at a constant pH of 7.20 ± 0.05 from Fig. 1C,
and Table 1. This data point was not taken into account
when calculating the pKa2 of cholesterol as the buffer
conditions are different to assure a constant pH. How-
ever, when we do add this data point to the pH-titration
curve data and determine the pKa2 again there is no
significant change in the value. The degree of proton-
ation calculated using Equation 2 as a function of pH
for the control and the 30 mol % sample are plotted in
Fig. 2C. This data was used to determine the respective
charges at pH 7.2 shown in Table 1.

Surprisingly, 30 mol % cholesterol does not affect the
pH titration curve for PA significantly. Indeed, this
curve essentially overlaps with the control (0% choles-
terol) titration curve. The same is true for the proton-
ation curve shown in Fig. 2C. This is unexpected since
the PA chemical shift at 30 mol % cholesterol deter-
mined at physiological pH (7.20 ± 0.05) is significantly
different from the chemical shift for the control (i.e.
0% cholesterol), see Fig. 1. This significant change in
chemical shift to downfield values suggests deproto-
nation of the PA headgroup. However, the pKa2 and
charges determined (at pH 7.2) for PA in 30 mol %
cholesterol and the control are similar (values shown in
Table 1). This observation thus rules out a possible
hydrogen bond interaction between the hydroxyl of
cholesterol and the phosphomonoester headgroup of
PA.

The effect of 20 mol % cholesterol on PA was pre-
viously examined while also changing the concentra-
tions of PE in a PC model bilayer at constant pH (4).
The measured chemical shift positions of PA-induced
by cholesterol varied based on the percentage of PE
in the model membrane and followed the downfield
trend we observe here. A larger PE concentration
masked much of the downfield shift induced by
cholesterol in this study. These shifts to downfield
chemical shift values were interpreted as an increase in
PA’s charge and were based on the assumption that any
change in the chemical shift position of the PA peak
corresponds to a change in charge. Our investigations
here show that changes in chemical shift induced by an
increase in cholesterol concentration do not correspond
to significant changes in PA's pKa2 or its charge unlike
previously reported (4). How can these two observations
be reconciled?

Molecular dynamics simulations by Yesylevskyy and
Demchenko showed a preferential interaction of
cholesterol with anionic lipids (over zwitterionic lipids)
in asymmetric bilayers (71). They explained this pref-
erential interaction by reduced electrostatic repulsion
of charged headgroups induced by cholesterol (which
would be energetically more favorable). Additionally, it
is likely that this spacing by cholesterol also leads to

differences in headgroup hydration, and different
water properties at the interface (71). Something not
easily accessible by those simulations. Similarly,
cholesterol has been proposed to spread out the charge
of PI(4,5)P2 by inducing domain formation of this
highly charged lipid (50). In our experimental model
membranes, cholesterol may act similarly by acting as a
spacer between adjacent PA molecules and thereby
decreasing the headgroup packing density, leading to
reduced chemical shielding of the phosphomonoester
headgroup (i.e. deshielding of the phosphorus nucleus)
causing a cholesterol dependent downfield shift in the
PA peak. Such spacing effects induced by cholesterol
on DOPA would also cause less compact packing of PA
and the occupied surface area per molecule. This would
subsequently induce a reduction of the local charge
density around the PA headgroup. The resulting effect
reduces the negative membrane potential, increases
interfacial pH, and thus increases the charge of PA,
explaining the measured change in chemical shift.
However, this does not seem to impact the charge of PA
(see Fig. 2) and this may be caused by changes in
membrane hydration and water structure in the head-
group region. Additionally, the interaction of choles-
terol within the membrane may also lead to changes in
the orientation of PC headgroups which, combined
with differences in hydration and water structure could
lead to significant differences in membrane electro-
statics (dielectric constant, e.g.) countering the effect of
a slightly reduced membrane surface charge density. It
should also be noted that in our model membrane

Fig. 3. Effect of cholesterol on PA binding of Spo20p to li-
posomes. GST-Spo20p bound to GSH beads were incubated
with liposomes containing 5% NBD-PE, 85% of DOPC, and 10%
PA (18:0-18:1). The % cholesterol represents the % that replaces
DOPC in liposomes. Data are presented as means ± SD obtained
in five independent experiments each performed in triplicate
measurements. A.U. stands for Arbitrary Units.
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Fig. 4. Reducing cholesterol levels impaired PA sensor recruitment in bovine chromaffin cells. A: Confocal images of bovine
chromaffin cells overexpressing Spo20p-GFP treated with 10 mM MβCD for 30 min or untreated. 100 μM egg PA mixture was added
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systems changes in PA concentration do not lead to
significant changes (decreases) in the pKa2 of the PA
headgroup (data not shown). This suggests that PA may
form small nanoclusters in these model PC membranes.
Unpublished work from our group shows that pyrene
labeled PA (labeled on one hydrocarbon chain) already
exhibits excimer fluorescence without the addition of
any additional domain forming actor such as Ca2+,
supporting the notion that PA forms small clusters
within membranes. Interestingly, addition of PE to
these systems does lead to a change in pKa2 when PA
concentration is increased suggesting that PE acts to
break up these small PA clusters (data not shown).

Next, to probe whether this PA/cholesterol interac-
tion could impact the signaling properties of PA, we
determined the effect of increasing cholesterol levels in
membranes on the binding of proteins to PA. For this,
we used the Spo20p peptide, the yeast homolog of
SNAP25, a well-known PA interactant (54), and checked
if this interaction is dependent on membrane choles-
terol concentrations. Using a fluorescent liposome
binding assay, we found that increasing cholesterol led
to a gradual increase in PA binding to GST-Spo20p
with a peak near 40%–50% of cholesterol in DOPC
membranes (Fig. 3), supporting the notion that PA
binding to Spo20p was favored at PM cholesterol level.
Interestingly, the increase in PA binding starts at
around 15 mol % cholesterol, close to the concentrations
where we observe a significant change in the chemical
shift for PA (Fig. 1).

We next wanted to validate those observations
directly within cells. For this, we expressed the GFP-
Spo20p sensor as a stereotypical PA binding protein
at the PM of cells. Indeed, in the neuroendocrine
secretory bovine chromaffin cells, upon expression,
GFP-Spo20p mostly accumulates in the nucleus in an
unstimulated condition in agreement with low PA
levels measured in this membrane compartment (13).
However, this PA sensor is recruited to the cell’s
periphery upon stimulation and PLD1-induced PA
production, leading to a more than 10-fold PA level
increase at the PM (13). Interestingly, it has also been
reported that the provision of extracellular PA into
the culture media, rapidly reached the inner
leaflet of the PM as evidenced by the recruitment of
Spo20p after a few minutes of PA treatment
(13). Here, we found that cholesterol depletion in
bovine chromaffin cells overexpressing Spo20p-GFP
did not induce any significant change in the PA
sensor’s recruitment without PA addition to the cells
(Fig. 4).

However, as reported previously, we observed that
upon a 15 min incubation with an egg PA mixture, a
significant increase of GFP-Spo20p recruitment at the
PM is observed, indicated by an increase of the Spo20p
peripheral over nuclear staining (Fig. 4). Cholesterol
depletion with the cholesterol chelator MβCD prior to
PA addition completely halted recruitment of GFP-
Spo20p to the cell periphery upon PA addition. Previ-
ous work, investigating the contribution of cholesterol
in regulated exocytosis, indicated that treatment of
chromatin cells with methyl-beta-cyclodextrin reduced
by 30%–40% the cholesterol membrane content (72).
Similar results were obtained in sea urchin eggs (73).
Additionally, we observed no significant differences in
total cellular areas, nuclear and peripheral proportion
and under the conditions tested, indicating that the
various treatments did not significantly affect cell
shape and size, which could otherwise have induced a
bias in the analysis (Supplemental Fig. S1). These data
suggest that for binding of Spo20p to PA at the PM,
optimal cholesterol levels need to be preserved. For
example, in our model membrane systems Spo20p
binding increases near 20 mol % cholesterol. This co-
incides with the threshold concentration of PE which
we previously showed for PA-proteins to efficiently
bind to PA in model membranes (17). In line with these
findings, it is of note that among the different PA
sensors reported to date, Spo20p has been reported to
bind PA at the PM (74, 75), whereas other sensors such
as Opi1p bind PA in the ER or PDE4A1 which is specific
to Golgi PA (55, 76, 77). These specificities could
therefore be induced by intrinsic differences in
cholesterol concentrations within membrane compart-
ments, thereby enabling a recruitment of specific in-
teractants to dedicated intracellular membrane
compartments.

DISCUSSION

Our results show an interesting effect of cholesterol
concentration on PA’s ionization and protein binding
properties. While the chemical shifts of PA are affected
by higher cholesterol concentrations, the resulting
changes in chemical shift do not translate to changes in
PA’s pKa2 and charge. This observation points to a
remodeling effect of cholesterol on the membrane
which affects PA’s behavior. Cholesterol has been
proposed to affect the accessibility of proteins to the
lipid headgroups (78). Interestingly, changes in mem-
brane cholesterol concentration affected the binding
of a known PA-binding protein, Spo20p, in a

to the cell medium for 15 min when indicated. Each channel is shown individually as a grayscale image, segmented nuclei (Blue),
segmented peripheral area (Magenta), and merged (Blue: nucleus, green: spo20p-GFP, and red: actin). Scale bar: 5 μm. B: Spo20p-GFP
recruitment quantification. Data are represented as mean peripheral GFP intensity divided by mean nuclear GFP intensity. The
black line represents the median and each point is a measure from an individual cell, points are colored red, blue or green according
to experimental repeats. n.s: nonsignificant, **P < 0.01, ****P < 0.0001, Kruskall-Wallis followed by Dunnett’s multiple comparisons
test versus control (45 per condition, 15 cells from 3 independent cultures).
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concentration-dependent manner. The effect of
cholesterol on PA spacing in the membrane may
additionally depend on the component fatty acid spe-
cies (79). We previously showed that PA sensor binding
depends on the acyl chain length and saturation of PA
species (55). Altering cholesterol levels of neurosecre-
tory cells modified the recruitment of Spo20p to the
PM upon PA addition. We previously showed that PA-
binding proteins likely require a threshold negative
curvature stress to efficiently bind to PA. Our obser-
vation here that cholesterol acts as a specific spacer for
PA, while not changing its overall charge in the mem-
brane, suggests that cholesterol may have an important
modulating effect on protein binding to PA. Altogether
the interaction of PA and cholesterol in cellular mem-
branes might therefore potentially explain how PA
interactants are recruited to specific organelles with a
defined cholesterol concentration. Thereby, offering
an original mechanism to confer identity to specific
membrane compartments. This mechanism could
especially be relevant in pathological conditions where
intracellular cholesterol levels might be altered and
might thus provide original therapeutic perspectives.
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