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predicted exoplasmic peripheral proteins, lipidated (prenylated, myristoylated) and non-lipidated
cytoplasmic peripheral proteins. Taken together, these results indicate that new PM-associated
proteins may be more hydrophilic than previous experimentally known PM proteins. Consistently,
16.7% of spectral counts of the new At PM proteome accounted for strictly positive GRAVY values,
while a significantly (p-value = 0.007) higher proportion (21.7%) of hydrophobic proteins was
assigned to the experimentally demonstrated PM fraction (Figure 5C). Likewise, Figure 5D showed
that known and new PM proteins also differed (p-value < 10) in their pl distribution with a more
acidic proteome (74% NSAF) for new PM candidates relative to known PM proteins (66.1% NSAF).

This comparison supports a depletion of basic integral proteins in the new PM fraction (61).

In agreement with the results of digital immunoblotting (Figure 2), new AtPM proteins only consisted
of a small set (18.7%) of proteins exclusively localized to the PM when compared to the 330 multi-
localizing proteins (MLPs) recorded according to experimental evidence codes (Supplemental Table
S8). The recurrent identification of these proteins in the three AtPM fractions of this study indicated
that these MLPs should not be discarded as contaminants, but rather argued for proteins shuttling or
operating across organelles to regulate metabolic reactions or to transmit information from the
surrounding environment (66). Within this line, the extracellular space and the Golgi apparatus were
the two major co-localizing cellular components for the 112 MLPs, each accounting for 74 and 69
proteins, respectively. MapMan grouping further highlighted protein targeting and cell vesicle
transport (21 proteins), protein synthesis and degradation (15 proteins), developmental and protein G
signalling (11 proteins), and lipid metabolism (10 proteins), as the main functional categories for the
112 MLPs (Supplemental Table S8). Taken together, these results support the view that partner
location with Arabidopsis PM proteins are involved in developmental processes, transport, signal
transduction, cell organization and biogenesis (67), with MLPs in the secretory pathway reflecting

directional protein trafficking (68).

Lipid profiling
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Lipidomic analysis have tremendously evolved in the last years. Mass spectrometry methods such as
LC-MS/MS are widely used to determine the diversity of the molecular species. The quantification by
LC-MS/MS is yet hampered because the ionization yield and the response of the MS analyzer depend
on the nature of the lipid and the chemical environment called the matrix. In addition, the molar
response varies from one class of lipid to another as between homologs within a class depending on
the nature of the fatty acid attached to the glycerol or to the long chain base backbone, and the energy
collision (69). The need of appropriate standard for all lipids being a limitation, absolute
quantifications using LC-MS/MS methods is very difficult. Therefore, following several previous
works which tackle lipid quantification (70, 71), we used here a combination of three different
analytical methods for lipid identification and quantification (Figure 1). First, methanolic hydrolysis
of PM lipids and analysis by gas chromatography coupled to mass spectrometry (GC-MS) allowed the
quantification of sterols, long-chain fatty acids (FA), and very long-chain fatty acids (VLCFA) using
internal dedicated standards. Second, the lipids were separated by high performance thin layer
chromatography (HPTLC), scratched, hydrolysed and quantified by GC-MS. Third, the precise
identification and regiolocalisation (when possible) of the molecular species of each lipid were
determined by liquid chromatography coupled with mass spectrometry (LC-MS/MS) in multiple

reaction monitoring (MRM) mode.

Quantification of the three classes of lipids

As described for the protein profiling, we first performed an absolute quantification of total lipids
found in the microsomal and PM fractions, together with fresh Arabidopsis suspension cells. After full
acid hydrolysis of lipids, corresponding lipid moieties were analyzed and quantified by GC-MS
method (see Experimental Procedures). It was assumed that the amount of sterol moieties represents
the total sterol content, LCFAs were mostly esterified in glycerolipids and (h)VLCFAs amidified in
sphingolipids (72). Representative chromatograms are shown in Supplemental Figure S1. As
expected, palmitic (C16:0) and oleic acid (C18:2) acids were the major LCFAs, even if chains

harboring 18 carbon atoms with 0 to 3 double bounds were also detected (Supplemental Figure S1A,
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B). VLCFA with up to 26 carbon atoms, odd and even number of carbons, 2-hydroxylated or not were
also quantified, lignoceric acid (C24:0) and 2-hydroxylated with 24 carbon atoms acid (h24:0) being
the major species (Supplemental Figure S1A). Concerning the sterols (free and conjugated) analyzed
after shorter acid hydrolysis, mostly B-sitosterol was detected in AtPM, with minor amount of
campesterol but no stigmasterol (Supplemental Figure S1C).

The molar percentage of each class of lipids was estimated from these amounts of LCFA, (h)VLCFA
and sterol moieties using an average molecular molar mass of 750g/mol for glycerolipids, 1200 g/mol
for sphingolipids and 400 g/mol for sterols. Figure 6A shows that glycerolipids were by far the major
lipids of fresh Arabidopsis suspension cells and microsomal fractions with only 10 mol% of sterol and
3 mol% of sphingolipids. These two latter classes were strongly enriched in the AtPM fraction, where
glycerolipids, sphingolipids and sterols were distributed equally, with ca. 30 mol% each. Saturated
FAs (mostly palmitic, lignoceric and h24:0) were strongly enriched in the AtPM compared to the
microsomal fractions (Figure 6B), making the PM the most saturated membrane of the plant cell. The
VLCFAs identified were mainly not hydroxylated and with FA chains up to C26 (Figure 6C, D).
From AtPM lipid amount determination, the mass ratio of lipid/protein was calculated to be around 0.8

+ 0.03, in frame of previously described literature (72).

Quantification of the major lipids by TLC coupled to GC-MS

After separation by HP-TLC, individual lipid classes were scratched, hydrolyzed and quantified by
GC-MS, allowing to determine the amount of AtPM major lipids. Note that minor lipids, barely
detectable by TLC, were analyzed by LC-MS/MS (see below). First, HP-TLC allowed the separation
of free and conjugated sterols. GC-MS quantification showed that free sterols were the most abundant
followed by ASG and SG, with 83.7, 13.5, and 2.6 mol% of total sterols, respectively (Figure 7A).
Second, glycerolipids and GlcCer were separated by HP-TLC. GC-MS quantification showed that PC
and PE were the two major phosphoglycerolipids, representing 47.7 and 24.8 mol% of total
glycerolipids, respectively, Pl and PS representing 10.5 and 8.3 mol% of total phospholipids,
respectively (Figure 7B). A few percent of PG were detected in AtPM whereas MGDG and DGDG

were barely detectable (less than 0.1 mol%). Finally, GlcCer represents 16.8 mol% of total

28


https://doi.org/10.1101/2023.05.14.540643

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.14.540643; this version posted May 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Plant plasma membrane joint lipidome and proteome

sphingolipids (Figure 7C). We failed to separate GIPC by HPTLC likely because of the presence of
residual PEG-Dextran in the lipid extract perturbates the solvent migration. Therefore we quantified
them by LC-MS/MS. As plant GIPC standards are not commercially available, cauliflower GIPC,
which are very similar to Arabidopsis GIPCs, were purified and quantified by GC-MS (Supplemental
Figure S3A, B). AtPM extracts were injected in LC-MS/MS methods using purified cauliflower GIPC
as external standards. This allowed us to fully exploit the LC-MS/MS data and estimate the GIPC
amount in AtPM. We determined that Hex(R1)-HexA-IPC and Hex-Hex(R1)-HexA-IPC represent ca.

63.8 and 10.3 mol% of total sphingolipids, respectively (Figure 7C).

Extensive identification and regiolocalisation of lipid molecular speciesby LC-MS/MS

To obtain a precise determination of molecular species (fatty acid content and position), the different
lipid extracts (see Experimental Procedures) were analyzed by LC-MS/MS. We set up MRM methods
dedicated to the detection of major glycerolipids (PC, PE, PG, MDGD, DGDG), anionic
phospholipids (PA, PS, PI, PIP, PIP,) and sphingolipids (LCB, LCB-P, Cer, GlcCer and GIPC series:
Hex(R1)-HexA-IPC, Hex-Hex(R1)-HexA-IPC). These MRM methods can potentially detect 964
different molecules, see Supplemental Table S1. Supplemental Figure S2 presents the results

obtained for each class of lipids.

For glycerolipids, we showed that PC contain mostly C16 and C18 FA. The major PC species were
34:1, 34:2, 36:1, and 36:3. No VLCFA-containing PC were detected. PE molecules also contain C16
and C18 FA, with few percent of VLCFA up to 24 carbon atoms, with 34:1, 34:2 and 36:3 being the
major species. Fragmentation of PE molecules allowed the regiolocalisation of FA found in sn-1 and
sn-2. (Note that this was not possible for PC because it losts the polar head, and not the fatty acid in
positive ionization mode). This revealed that major PE molecular species were PE 34.2 (16:0/18:2),
PE 34.1 (16:0/18:1), and PE 36.3 (18:2/18:1). Traces of MGDG 34:2, 34:3 and DGDG 34:2, 34:3
were detected but represented less than 0.1% of total glycerolipids (Figure 7B, Supplemental Figure

).
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Sphingolipids were further analyzed by LC-MS/MS as described in Groux et al. (73). We failed to
detect LCB- and LCB-phosphate, probably because they were below the limit of detection. The major
ceramide species were t18:1/C24:0, t18:1/h24:0 and t18:1/h24:1. The major Hex-Hex(R1)-HexA-IPC

were d18:0/h24:0 and d18:0/h24:1 (Supplemental Figure S2).

Analysis of anionic phospholipids.

Anionic phospholipids like PA, PS, PI, PIP, and PIP2 were barely detectable by TLC or by LC-
MS/MS following the classical method described previously. Thus, a dedicated derivatization step was
added to increase the sensitivity of detection (Figure 1), as described in Genva et al. (49), Ito et al.
(74), and Yin et al. (75). This derivatization step by methylation using diazomethane remarkably
enhanced the ionization, the separation of each peaks and the limit of detection and quantification for
each individual anionic phospholipid, more particularly PA, PS, and PIP,. Applied to AtPM, this

sensitive method gave access to the determination of molecular species of anionic lipids.

Relative quantification using internal standards revealed that Pl 34.1 and PI 36.1 represent the major
Pl molecular species (Figure 8). The major molecular species of PS contain VLCFA with 42:1,
namely fatty acids up to 24 to 26 carbon atoms (Figure 8). PS represent 8.3 mol% of total
glycerolipids (Figure 7B). We also determined that the major molecular species of PA were 34:1 and
36:1, whereas no VLCFA was detected in PA (Figure 8). PA represent around 4.3 mol% of total
glycerolipids (Figure 7B). Concerning the polyphosphoinositides, PIP represent only 1.75 mol % of
total phospholipids with 34:1 and 36:1 species. Only traces of PIP, were detected with also consisting

of 34:1 and 36:1 species (Figure 7B, 8).

Full lipidome of AtPM

To summarize, we collected all the lipid profiling data with the major molecular species of each lipid
and present them in a single figure, see Figure 9. Up to 405 different molecular species in AtPM were
detected with GIPC (Hex(R1)-HexA-IPC d18:1/h24:0), PC 36:3, PE 34:2 (16:0/18:2), PS 42:1 and j3-

sitosterol being the 5 major lipids found in PM purified from A. thaliana suspension cells.
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Importantly, only traces of MGDG were detected confirming the lack of plastidial contamination, in
line with the proteomic data (Figure 2). Similarly, DGDG was also barely detectable showing that
suspension cells were not deprived in phosphate (76). The weak amount of PA, less than 2 mol%
(Figure 9), emphasized the lack of lipase activation (mostly phospholipase D) during AtPM
purification and lipid extraction, a drawback frequently observed during plant membrane lipid analysis
(77).

Concerning phosphoinositides, PIP represent 0.6 mol % of total lipids and only traces of PIP, were
detected (Figures 7B, 8). This is sound with previous work estimating PIPs to reach 0.2-1% of total
cellular phospholipids, as reviewed in Balla et al. (78). Unfortunately, our LC-MS/MS method does
not allow to characterize the phosphate isomers of these latter polyphosphoinositides, but previous
work using genetically encoded biosensors specific to the polar head of phosphoinositides showed that

P14P is the major isomer found in plant PM (79, 80).

The analysis of FA chain unsaturation of AtPM lipids clearly confirms the results of Figure 6 with a
high proportion of saturated or mono-unsaturated fatty acids present both in glycerolipids and
sphingolipids, together with the presence of VLCFA in PS and sphingolipids (see Supplemental

Figure $4). PC and PE present a wider range of FA unsaturation than PS and PI.

Discussion

An unprecedented repertoire of PM proteins

In this study, we isolated the PM of Arabidopsis and performed proteomic and lipidomic analyses to
propose an integrated view of the qualitative and quantitative composition of proteins and lipids of the
plant PM. Numerous proteomic studies have been conducted to decipher the PM protein composition
of Arabidopsis (43, 51, 56, 81, 82, 83, 84, 85). However, with 3,948 proteins identified in total
(Supplemental Table S2), and 2,165 proteins reproducibly identified across three replications
(Supplemental Table S5), our analysis performed on cell suspensions relative to whole plant system
or isolated tissues, has generated by far the most comprehensive qualitative and quantitative view yet

for Arabidopsis, including 406 new PM-associated candidates. Supplemental Table S9 provides a
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numerical comparison indicating the improvement in PM protein identifications over time that ranged
from 102 (56) to 2,165 (current study), with a strong positive correlation (R?> = 0.98) between
proteome coverage and available genomic resources (Supplemental Figure S5). Besides this linear
relationship indicating that our characterization of AtPM benefited from the complete reannotation of
the Arabidopsis reference genome (Araporortl1, 44), the identification of in the current PM fraction of
many proteins previously indexed in TAIR10 and SUBAS but undetected in microsomes, also argued
for a better resolution of mass spectrometry analysis. Currently, SUBA5 that provides a central
resource for exploring Arabidopsis protein subcellular location using fluorescent protein tagging or
mass spectrometry encompasses 5,179 experimentally known PM proteins (45). As it is well known
that the protein composition of the cell membrane largely depends on the cell type, age, developmental
phase, and environmental factors (32), further analyses performed on different Arabidopsis tissues and
experimental conditions are thus expected to increase the coverage of the PM proteome.

The further in silico analyses we performed on the 2,165 PM protein set fitted typical traits of the plant
PM, as inferred from functional grouping, membrane-anchoring mechanisms, hydrophobicity pattern,
pl distribution, and PM-characteristic features of bitopic proteins in terms of TM domain number and
length (Figures 3-4, 30, 52, 61, 65). This was also the case of the new PM fraction (406 proteins) with
nonetheless subtle but significant variations, including a higher representation of hydrophilic proteins
together with an increased proportion of lipid-related metabolism. With a special interest in this
category, several proteins described as ER-resident according to fluorescent protein tagging including
phosphatidylserine decarboxylase 3 (PSD3), calcium-dependent lipid-binding protein 1 (CLBL1),
synaptotagmin-1 (SYT1), and synaptotagmin-5 (SYT5), displayed at least a two-fold enrichment in
the AtPM proteome relative to microsomes (Supplemental Table S6). Although we cannot rule out
the possibility of contamination of the AtPM fraction by other cell compartments, the results of digital
immunoblotting did not support the ER as a major source of protein contaminants during PM isolation
(Figure 2).

Instead, examination of previous Arabidopsis proteome datasets rather argues for their close
association to the PM, as inferred from the recurrent MS-based identification of these proteins in
previous AtPM pools (Supplemental Table S6). Consistent with these observations, the PM is known
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to form ER-PM membrane contact sites (MCSs), defined as tight and not fused membrane junctions
tethered by specific protein complexes that allow direct communication and the exchange of lipids and
cellular signals molecules (Ca®*, reactive oxygen species) between organelles (86, 87). SYT1 and
SYTS5 together with the Ca**- and lipid-binding protein CLB1 are notably known to form a complex
enriched at ER-PM contact sites (88). In support for a dual localisation of PM proteins to the ER,
PVA11/VAP27-1, SYT3 (Table S6) and several multiple C2 lipid-binding domains and
transmembrane region proteins (MCTP), namely AtMCTP3 (AT3G57880.1), AtMCTP4
(AT1G51570.1), AtMCTP6 (AT1G22610.1), AtMCTP15/QKY (AT1G74720.1), and AtMCTP16
(AT5G17980.1) were also present in the AtPM proteome (Supplemental Table S5). MCTPs that act
as ER-PM tethers specifically at plasmodesmata, are proteins that insert into the ER via their
transmembrane region while their C2 domains dock to the PM through interaction with anionic
phospholipids (89). Taken together, our results confirm that the proteomic approach succeeded in

identifying proteins closely associated to the plasma membrane.

An exhaustive analysisyielding a complete picture of thelipid composition of Arabidopsis PM

Lipids represent a large and complex class of small molecules with a huge structural diversity which
display hydrophobic and amphipathic chemical properties. The lipid composition of the PM has been
studied in many plants like in corn (90), in the resurrection plant Ramonda serbica following
dehydration and rehydration (91), in A. thaliana with regard to cold acclimation (34), sterol
biosynthetic mutants (84), sphingolipids composition (92), in oat and rye in relation to freezing
tolerance (33), or more recently in the halophyte ice plant M. crystallinum (35). These works bring
important piece of knowledge on the plant PM lipid content and its variation upon stress, but classes
of lipids were often missing, like GIPC or phosphoinositides because of lack of sensitivity of the
methods (e.g. anionic lipids) or the use of not suitable lipid extraction procedures (e.g. GIPC).

Here, we decided to perform a very complete description of the full lipidome of the plant PM both
qualitatively and quantitatively, with the determination of exact molecular species in terms of FA
positions for some classes of lipids. Because of the complexity of lipids in terms of number of

molecules and the lack of standards, our lipid profiling approach necessitates the use of various
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technics. LC-MS/MS is a very powerful method to decipher the molecular species of individual lipids,
but the quantification is hampered by the lack of standards necessary to quantify the huge diversity of
molecules because the detection is sensitive to the nature of the molecule especially with FAs. For
example, among the 47,884 |lipids species identified in the Lipid Maps database
(https://www.lipidmaps.org), only 100 are commercially available as analytical standards. To obtain
quantitative data, we thus added in our approach separation of lipids by TLC coupled to GC-MS as
described in Khouri et al. (71), see Figure 1.

We built MRM tables that potentially allow the detection of almost a thousand different lipids
molecular species (Supplemental Table S1). This enabled us to detect 405 different molecular
species in AtPM, (Figure 8, Supplemental Figure S2), a number of molecules never reached in the
study of the lipidome of the plant PM. Our study confirms previously published study on the full
lipidome of the plant PM, but gave a further quantitative informations (Figure 9). We thus showed
that the three classes of lipids represent each 30 mol% and confirmed that GIPC namely Hex(R1)-
HexA-IPC are the major sphingolipids in AtPM. This is in line with the results obtained in PM
purified from tobacco leaves and BY-2 suspension cells (72). GIPC were long forgotten in lipid
analysis as they are not soluble in chloroform/methanol mixture and are hence lost in the interface or
the aqueous phase. A suitable lipid extraction procedure (48) is need to ensure the full extraction of all
classes of plant sphingolipids (In this work, we also measured the presence of more glycosylated Hex-
Hex(R1)-HexA-IPC (series B) but 7-times less than series A GIPC. This is in agreement with A.s
thaliana as a conventional Eudicot plant in which GIPC with two saccharides are dominant (93). We
have previously shown that both GIPC series are likely involved in the formation for membrane
domains together with phytosterols (27, 72). We note the presence of GIPC with di-hydroxylated LCB
in suspension cell AtPM (Supplemental Figure S2), a result which appears at variance with
previously reported GIPC in plant PM which contain mostly tri-hydroxylated LCBs (72, 94). One can
ask whether the LCB hydroxylase is down-regulated in suspension cells. We failed to detect LCB-
LCB-phosphate, although these simple sphingolipids represent circa 1% of total sphingolipids (94).
Either they are not present in the PM, or as amphiphilic molecules, they may have been lost during the

process of PM purification.
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Finally, we developed a new protocol to measure the amount anionic lipids PA, PS, Pl and PIP
representing 1.6, 3.2, 4.1 and 0.6 mol% of total lipids respectively, and only traces of PIP, were
detected (see Figure 9). These results are in complete coherence with previously published work
measuring the amount of lipids in planta using genetically encoded biosensors indicating that PIP are
enriched in the PM but not PIP, (for review see 95). LC-MS/MS also indicated that FA esterified in
anionic lipids contain 16 or 18 carbon atoms with the notable exception of VLCFA found esterified in
PS. These results are similar to what was published previously for the FA content of PA and Pl in A
thaliana (96). The DAG moieties of PIP and PIP, are the same than the ones detected in Pl which
indicates that polyphosphoinositides are metabolically derived from Pl without any further fatty acyl
editing. By contrast to PA, Pl and PIPs, we found VLCFA esterified in PS (PS42:1, PS42:2 and to a
lesser extend PS40:1 and PS42:3, see Figure 8). This is consistent with other previously published

studies of PS extracted from Arabidopsis roots or seedlings analyzed by LC-MS/MS (79, 96).

To summarize concerning anionic phospholipids, we provide here an LC-MS/MS method (49) that not
only confirmed previous published results on the composition of individual classes of anionic
phospholipids, but substantially improved their detection and quantification in one-shot. The presence
of VLFCA in PS seems a specificity of the plant kingdom. It is interesting to point that PS in animal
cells mostly contains 18:0-20:4 fatty acids (97). The subcellular localization of PS varies during root
cell differentiation and this gradient of localization tunes auxin signaling through the nano-clustering

of the small GTPase ROP6 (98).

A lipid composition consistent with plant PM asan ordered mosaic of domains

Numerous evidences have pointed to the critical role of lipid acyl chains in membrane organization, in
particular through two main properties: (i) the length of acyl chains, (ii) the ratio between saturated
and unsaturated bonds along them (99), together with the presence of a hydroxylation at the 2 position
able to modulate the propensity to interact with sterols and other lipids (100). Using the quantitative
data related to the 405 lipid molecular species here identified, global characteristics of Arabidopsis

PM could be evidenced regarding such properties.
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A striking result coming from these analyses is the clear predominance (56%) of fully saturated fatty
acyl chains, the second in terms of representativeness being acyl chains harboring one unsaturation
(18%) (Figure 6). A gradual enrichment of saturated PL species at the expense of monounsaturated
species along the secretory pathway (ER > Golgi > PM) has been consistently evidenced in
mammalian cells (101). This feature can be put in perspective with the increase in membrane order
observed along the secretory pathway (97). Indeed, experimental data together with molecular
dynamics simulation of varying membrane compositions showed that the proportion of saturated acyl
chains is positively correlated with the order level of the membrane (101, 102). It has been shown in
particular that vesicles formed from a total extract of plant PM lipids exhibit a slightly higher order
level than vesicles formed of an equimolar mix of DOPC/DPPC/cholesterol (28). The high proportion
of saturated FA chains identified in this study is thus in agreement with previous findings suggesting
that the plant PM is highly ordered (27). The fundamental role of the monounsaturated/saturated ratio
for elementary functions (from protective barrier to high trafficking) has been underlined and their
biophysical characteristics mainly studied, either in a comparative way or in combination: namely,
polyunsaturated PLs notably exhibit specific molecular properties, in particular a high capacity of
adaptation towards mechanical stress (99, 101). This agrees with the fact that PM from animal cells
appear as “built for stability” whereas ER or Golgi membranes are characterized as highly dynamic,
with significantly lower proportion of sterols and sphingolipids (103).

It is also interesting to consider the respective contributions of the different lipids to this global feature
(see Supplemental Figure $4). Indeed, it is clear than sphingolipids (GIPC and GlcCer) are mainly
involved in the saturation of PM since more than 70% of their fatty acyl chains exhibit no unsaturation
and the remaining 30% only one unsaturation. Regarding phospholipids, PS and Pl are the more
saturated with 75 and 80%, respectively, of their molecular species with one acyl chain saturated and
the other monounsaturated. Conversely, for PC and PE molecular species with one acyl chain
saturated and the other monounsaturated are a minority (about 30% each), whereas molecules with
two or more (up to 6) unsaturations are prevalent. Results presented here might thus point to a
differential involvement of plant lipids in the various aspects of PM functioning, the “barrier function”
being mainly ensured by sphingolipids (which also play a role in perception of environmental changes

36


https://doi.org/10.1101/2023.05.14.540643

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.14.540643; this version posted May 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Plant plasma membrane joint lipidome and proteome

and subsequent signaling), whereas PC and PE might be mostly involved in the global adaptive
processes. The presence of mainly monounsaturated PS is also consistent with the visualization of
stable PS nanodomains on Arabidopsis root tip cell PM (98).

Another parameter to consider is the high diversity of molecular species present on the membrane,
belonging to the different classes previously identified as major actors of membrane organization.
Indeed, it has been extensively described that the combination of lipids harboring specific properties
due to their chemical structures is a key regulator of membrane organization, from the nano to the
microscale (104).

A noticeable information from the data presented here is the presence on the PM of 30 mol% of sterols
mainly sitosterol and campesterol which are the two free phytosterols with the highest ordering
properties (28, 105). Moreover, conjugated sterols (SG and ASG) which were also demonstrated as
very efficient to increase membrane order, in combination with free sterols (28), have also been
identified in significant proportion (13% and 3% of the total sterol amount, respectively). This also
contributes, together with saturation, to build the vision of a rather ordered plant PM. Moreover,
sterols have been demonstrated to be not only key determinants of the plant PM global order in vivo,
but also involved in the presence of ordered domains within this membrane (20, 26, 27, 28). Sitosterol
and campesterol have been proven particularly efficient in this respect, and the relative proportion of
phospholipids (saturated and unsaturated), GIPC and sterols (free and conjugate) identified in this
study is quite similar to the one providing a high level of ordered domain formation in the membrane
of lipid unilamellar vesicles (28). This high amount of sterols, sphingolipids and saturated FA is thus
fully supporting the presence within plant PM of ordered domains, in line with the « lipid raft »
hypothesis that proposed rafts as PM nanodomains of high molecular order, enriched in cholesterol
and sphingolipids, in which proteins involved in signaling can selectively interact with effector
molecules (106). The fact that the VLCFAs of the sphingolipids (either GIPC or GlcCer) are mostly

saturated is quite consistent with such a view of the plant PM.

A finely tuned adjustment of the molecular characteristics of lipidsand proteins
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Global analysis of the molecular characteristics of PM proteins identified reveals interesting features.
In particular, it indicates than more than 80% of bitopic proteins (which represent by far the most
abundant category of TM proteins identified) exhibit a transmembrane helix comprising 23 amino
acids (Figure 4). These data support a model wherein long TM domains (> 23 amino acids) direct
plasma membrane localization (107). This was further confirmed by Brandizzi et al. (108) who
demonstrated that in plants among the different TM domains tested (from 17 to 23 aa), only TM
segments with 23 aa drove proteins to the PM, while shorter TM domains (17 and 20 residues) remain
mostly in ER and Golgi compartments, respectively.

The need to adjust the length of protein TM helices and the thickness of the hydrophobic core of the
lipid bilayer to prevent or minimize a mismatch leading to a distortion of the bilayer or the protein,
was identified for a long time as a crucial parameter (9). This suggested that the length of acyl chains,
determining the thickness of the bilayer might be well suited to the length of protein domains spanning
the membrane. This was very nicely demonstrated, comparing two species of the yeast
Schizosaccharomyces with lipids exhibiting significant differences regarding the length of their FA
chains: experiments coupled with bioinformatic analysis revealed that the length of protein TM
domains were higher in the strain with the longest FA chains, and that reducing the carbon number of
these FA chains resulted in a mistargeting of proteins (29). In the present study, lipidomic data
indicate that about 30% of the lipids (phospholipids and sphingolipids) have one FA chains with at
least 20 carbons. Thus, it seems that the characteristics of lipid FA chains and TM domains of bitopic

proteins, quite specific to the PM, are very well adjusted one to another.

The plasma membrane is enriched in proteins involved in lipid metabolism, signaling and

transport

The PM constitutes the outer border of the cell, therefore implying a crucial role in mediating
communication between the cell interior and its surrounding environment. As a result, this study and
others (for review see 31, 32), overall highlighted a PM proteome composition functionally dominated

both in terms of abundance and number by proteins involved in signaling (Figures 3A). Nonetheless,
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the mining of AtPM proteomic data to emphasize lipid-related proteins according to ARALIP and
Uniprot annotations led to the identification of 133 proteins listed in supplemental Table S5. This
should be considered as a significant amount since it represents more than 6% of the PM proteins
identified. Among these 133 proteins, 89 were enriched in PM vs microsomes or detected only in the
PM fraction. These proteins are either associated to phosphoinositides and signaling, involved in lipid
transport and trafficking, or lipid metabolism.

Of note, except SACL, all proteins associated to phosphoinositides and signaling are enriched in the
PM fraction compared to microsomes, 3 of them (P14 kinases alpha2 and 2, PI-PLC) being detected
only in the PM fraction. This is fully consistent with the recent findings indicating that PI4P, which
mainly accumulates at the PM in plant cells (as in this study where it is much more abundant than
PIP2), seems to support in plants many functions that are typically attributed to PIP2 in animal and
yeast cells and should be considered a hallmark lipid of PM (109). Consistently, Pl4-kinases alpha 1
and 2, which are enzymes involved in PI4P synthesis, are enriched in AtPM. These enzymes are
tethered to the PM by a complex composed of proteins from the NO-POLLEN-GERMINATION
EFR3-OF-PLANTS and HYCCIN-CONTAINING families (110), which here belong to the AtPM
proteome (i.e.: AT5G64090, AT2G41830, AT5G64090, respectively). Enzyme related to PIPs turn-
over such as SAC9 and patellins (111, 112) are also found in AtPM (T able S6).

Two isoforms of DAG kinases (DGK3 and DAGK?7) were enriched in the PM fraction: these enzymes
are involved in the production of PA in synergy with PI-PLC, an enzyme detected only in the PM in
our analysis (Table S6). PI-PLC hydrolyses PIP2 to generate DAG, further phosphorylated by DGK
to produce PA. The PA can also be generated through the hydrolysis of structural lipids (such as PC)
by PLD: numerous isoforms of PLD are found enriched in the PM fraction (Table S6). The presence
of this set of enzymes on the PM is thus in agreement with the very low amount of PIP, and,
conversely, the presence of a significant proportion of PA, which is a central lipid to mediate signaling
processes in plants (113). The fatty acyl chains associated to PA (36:1 and 34:1) are also the most
abundant in PIP2 as in structural lipids such as PC, in agreement with the involvement of these two

pathways.

39


https://doi.org/10.1101/2023.05.14.540643

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.14.540643; this version posted May 15, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Plant plasma membrane joint lipidome and proteome

Related to sterol metabolism, it is interesting to point the enrichment on PM and high abundancy of a
sterol 3-beta-glucosyltransferase (UGT80A2, see Supplemental Table S6). This enzyme catalyzes the
synthesis of steryl glycosides (SGs) and acyl steryl glycosides (ASGs). This is in full agreement with
the identification of significant amounts of such conjugated sterols on the PM (respectively 13.5 and
2.6% of the total sterols, see Figure 7), and consistent with the fact that such enzymes can act on

sitosterol, and campesterol, which are the free sterols identified in this study.

Because PM does not participate in autonomous biogenesis of its structural lipids, they must be
trafficked to their PM destination or the extracellular space in the case of the cuticle (114). This
implies a constant flux of lipids from the synthesis compartments, mainly the ER, towards the PM, as
mediated by vesicular and non-vesicular routes (115). Here, proteins having role in lipid trafficking
were enriched for their large majority (93%) in AtPM relative to microsomes, including SYTs, VAPS,
ORPs, and phosphatidylinositol transfer proteins (PIPT) of the SEC14-like family (Supplemental
Table S6). SYT proteins are composed of a lipid transfer domain involved in lipid traffic between the
ER and the PM (116). Lack of SYT1 and SYT3 increases the accumulation of DAG during cold stress,
indicating an important role of SYTs in lipid metabolism and PM integrity (117). Of note, PI4P is
critical for the localization of tethering proteins to the PM, including SYT1 (117) and MTCPs (89).
VAP proteins interact with several lipid transfer proteins (LTPs), especially from the oxysterol-
binding protein (ORP) family at membrane contact sites (118, 119). Several ORPs transport their lipid
ligand from the ER in exchange for PI4P on apposed membranes (120). PIPTs, which regulate a
signalling interface between lipid metabolism and protein transport from the Golgi to the cell surface
(121), include PM resident AtSFHs and AtPATLSs, potentially involved in the regulation of the level
and localization of phosphoinositides (111). Overall, these results point to the phosphoinositide lipid
composition of the PM as a key determinant of membrane trafficking (79). Some lipids may also be
synthesized by chemical modifications of others and a heavy turnover of lipids also influences the
ratio of lipid types in the PM (27). For example, numerous phospholipases A2, C and D and
phosphodiesterase GDPD were found in the AtPM proteome showing either a remodeling or signaling

processes involving lipid polar heads and fatty acids (122). In addition, energy-dependent
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translocators allow lipids to translocate between the two leaflets of the PM bilayer. Here, two
phospholipid-transporting ATPases, ALA1 and ALA3, which may contribute to the asymmetric lipid
arrangement of the PM (123), were enriched in AtPM relative to microsomes (Supplemental Table

S6).

Conclusion

This work provides the most complete repertoire to date of the lipids and proteins that make up plant
cell PM. The functional and structural characteristics of the identified molecular species support
elements already obtained by targeted studies and provide new insights into their ability to interact to

shape the identity of this membrane.

This study clearly paves the way towards a crucial and still very poorly known characteristics: the
asymmetry of composition and organization of the two leaflets of plant PM. Asymmetry has been
thoroughly determined recently in erythrocytes but only few papers tackle this question in plants (124,
125). Importantly, the description of the exact lipidome and the asymmetry is a pre-requirement to
embark in the molecular dynamic modelisation of the plant PM, as it was reported in animal PM

(126), and recently described in plant PM (127).
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Data availability

The mass spectrometry proteomic data have been deposited to the ProteomeXchange Consortium via
the PRIDE (https://www.ebi.ac.uk/pride/) partner repository with the dataset identifier PXD040971.
The mass spectrometry lipidomic data have been deposited in the public repository Zenodo

(https://zenodo.org) under doi.org/10.5281/zenodo.7925332.

Supplemental data

This article contains supplemental data including figures.
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Figureslegends

Figure 1. Rationale for the determination of AtPM proteome and AtPM lipidome. Plasma
membrane purified form Arabidopsis thaliana suspension cells were splited in two parts: one to
identify and quantify the whole proteome, the other to identify and quantify the whole lipidome on
three-fold methods. First, quantification of lipid moieties after hydrolysis and quantification by Gas
Chromatography coupled to mass spectrometry (GC-MS) using internal standards. Second,
quantification of each lipid class after separation by High-Performance-Thin Layer Chromatography
(HP-TLC), scratched of the lipids, hydrolysis and further quantification by GC-MS) using internal
standards. Third, identification and semi-quantification of all molecular species by Liquid-

Chromatography coupled to MS using internal standards.

Figure 2. Comparative subcellular distribution of the proteins experimentally localized to an
exclusive cellular component accor ding to GO inference between microsomal (Atp) and purified
plasma membrane (AtPM) fractions. Histograms display the average cumulative sum (n =3) of
NSAF values (x100) for each cellular component. Bars represent the standard error of the mean.
Asterisks refer to subcellular compartments displaying an abundance significantly (p-value < 0.05)
different between the two fractions, as inferred from Welch-test analyses performed after angular
transformation of cumulative NSAF data. Nota bene: the extracellular compartment includes cell wall

proteins in SUBAS.

Figure 3. Characterization of the core-set of the AtPM proteome of Arabidopss Col-0 cdlls. A,
Distribution into protein functional categories according to MapMan analysis. Only categories
accounting for more than 3% of the total PM proteome abundance are presented. B, Putative
membrane targeting mechanisms according to TMHMM-2.0, SignalP 5.0, NetGPI-1.1, and GPS-Lipid

online predictor tools, with TM, SP, Palm, Myr, Prenyl, and GPI refering to TM alpha-helix, N-
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terminal signal sequence, S-palmitoylation, N-myristoylation, prenylation, and glypiation,
respectively. Comparative distribution of C, GRAVY hydrophobicity and D, pl values between non-
integral proteins (white colour), integral (black colour) and total (grey colour) proteins. Histograms
display the average cumulative sum (n=3) of NSAF values (x100) within each category. Bars

represent the standard error of the mean.

Figure 4. Properties of the 736 integral membrane proteins predicted in the AtPM proteome
according to TMHMM-2.0. Distribution of A, single- and multi-spanning TM proteins, and B, TM
segment lengths of bitopic proteins. Histograms display the average cumulative sum (n = 3) of NSAF

values (x100) within each category. Bars represent the standard error of the mean.

Figure 5. Comparative features between putative new candidate AtPM proteins (black colour)
and previous experimentally known PM proteins (white colour). A, Distribution into protein
functional categories according to MapMan analysis. Only categories accounting for more than 3% of
the total abundance are presented. B, Putative membrane targeting mechanisms according to
TMHMM-2.0, SignalP 5.0, NetGPI-1.1, and GPS-Lipid online predictor tools, with TM, SP, Palm,
Myr, Prenyl, and GPI refering toTM alpha-helix, N-terminal signal sequence, S-palmitoylation, N-
myristoylation, prenylation, and glypiation, respectively. Comparative distribution of C, GRAVY
hydrophobicity and D, pl values between known and new PM proteins. Histograms display the
average cumulative sum (n =3) of NSAF values (x100) within each category. Bars represent the
standard error of the mean. Asterisks refer to categories displaying an abundance significantly (p-
value < 0.05) different between the two fractions, as inferred from Welch-test analyses performed

after angular transformation of cumulative NSAF data.

Figure 6. Quantification of the three lipid classes in fresh Arabidopsis suspension cdl,

microsomal fraction Aty, and purified plasma membrane AtPM. A, Quantification by GC-MS of
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three major lipid classes namely sterols (green colour), glycerophospholipids (blue colour), and
sphingolipids (orange colour) after acidic hydrolysis and derivatization. Experiments were done on
fresh Arabidopsis suspension cells, microsomal (Atu), and PM (AtPM) preparations. Results are
shown as the molar percentage (mean * standard deviation, n = 3). B, Unsaturation, C, Amount of
non- and 2-hydroxylated fatty acids and D, number of carbon atom were calculated for the lipid

quantified in fresh Arabidopsis suspension cells, Aty and AtPM.

Figure 7. Lipidome of the Arabidopsis plasma membrane. A, Quantification by HPTLC coupled to
GC-MS of sterol classes (FS, free sterol; SG, steryl glycoside; ASG, Acyl steryl glycoside). B,
Quantification by HPTLC coupled to GC-MS of major glycerolipid classes (PC, PE, PI). Anionic
lipids (PA, PS, PI, PIP, PIP,) were quantified by LC-MS/MS (see Figure 8), and quantification were
integrated in the pie chart. C, Quantification by HPTLC coupled to GC-MS of GlcCer. Ceramides
(Cer) and GIPC (Hex(R1)-HexA-IPC and Hex-Hex(R1)-HexA-IPC) were quantified by LC-MS/MS
(see Figure 8), and quantification were integrated in the pie chart. Results are shown as the molar

percentage (mean + standard deviation, n = 3).

Figure 8. LC-M S/M S prafiling of minor anionic lipid classes found in AtPM . AtPM anionic lipids
namely PI, PS, PA, PIP, PIP, were submitted to methylation by diazomethane and injected to LC-
MS/MS. Results show the different molecular species expressed as molar percentage (mean + standard

deviation, n = 3).

Figure 9. Lipidome of the Arabidopsis plasma membrane. Lipidomic results were gathered in a
single figure showing the amount, expressed as mol%, of the 17 classes of lipids found in the AtPM,
and the major molecular species (in square) found in each class of lipids. Abbreviations are as follow:
FS, free sterol; SG, steryl glycoside; ASG, PC; phosphatidylcholine, PE; phosphatidylethanclamine,

PG; phosphatidylglycerol, PA; phosphatidic acid, PS; phosphatidylserine, PI; phosphatidylinositol,
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PIP; phosphatidylinositol monophosphate, PIP,; phosphatidylinositol bisphosphate, DGDG;
digalactosyldiacylglycerol, MGDG; monogalactosyldiacylglycerol, Glysosyl inositol phosphoryl
ceramide GIPC series A: Hex(R1)-HexA-IPC and series B Hex-Hex(R1)-HexA-IPC; GlcCer;

glucosylceramide, Cer; ceramide.
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Supplemental information

SUPPLEMENTAL FIGURES

Figure S1. Quantification of (h)(VLC)FAMES and sterol moieties released after acidic
hydrolysis of AtPM preparation. A, Representative GC-MS chromatography showing the separation
of (h)VLCFAMES moieties from sphingolipid part. Quantification of the different fatty acids
(h)(VLC)FAMES detected by GC-MS. h14 and C17 are the internal standard. B, Representative GC-
MS chromatography showing the separation of unsaturated FAMES with 0-3 double bonds.
Quantification of the different fatty acids FAMES detected by GC-MS. C17 is the internal standard.
C, Representative GC-MS chromatography of sterol moieties. Quantification of the different sterol
moieties with cholestanol as internal standards. Cholestanol is the internal standard. Experiments were

done 3 times on independent AtPM preparations, mean (£ standard deviation) is shown.

Figure S2. Molecular species analyzed by LC-MSMS by MRM method of major lipid classes
found in AtPM. AtPM preparations were extracted with the different procedure dedicated to the
classes of lipids and injected to LC-MS/MS. Results show the different molecular species of PC, PE,
PG, DGDG, MGDG, LCB, LCB-P, CerR, GlcCer, Glysosyl inositol phosphoryl ceramide GIPC series
A, Hex(R1)-HexA-IPC and series B Hex-Hex(R1)-HexA-IPC. Analyses were performed 3-4 on
independent AtPM preparations. cn:d, with n representing the total number of carbons and d the
number of unsaturations, the two fatty acids are represented in parenthesis. A dash (-) between the two
fatty acids within the nomenclature means that the regiolocation is not known. Conversely, the use of

a slash (/) shows that the regiolocalisation is experimentally established.

Figure S3. Purification of cauliflower GIPC series A (Hex(R1)-HexA-I1PC) to be used as external
standards for LC-MSMS. GIPC were purified from cauliflower according to (128). A, Purified
GIPC series A (Hex(R1)-HexA-IPC) were analyzed by TLC and B, recisely quantification by GC-MS
after acidic hydrolysis and derivatization. C, Purified GIPC were injected to LC-MS/MS spiked with
GlcCer d18:1/c12:0. By estimating that the response of the purified GIPC in LC-MS/MS is similar to
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that of the GIPC contained in the AtPM samples and using the same internal standard GlcCer

d18:1/c12:0, we were able to estimate the amount of GIPC present in the AtPM sample.

Figure $4. Unsaturation and chain length of fatty acids for major lipids identified in AtPM.

Figure Sb. Relationship between the number of proteins identified in the PM proteome of A. thaliana

and the number of available protein entries for A. thaliana.

SUPPLEMENTAL TABLES

Table S1. MRM tables used in the lipidomic analysis.

Table S2. List of the 3,948 proteins and their corresponding NSAF values obtained from the six
fractions analyzed in the current study by using an E-value smaller than 107 as a criterion to assign
correct protein identification. Accessions and annotations refer to
https://www.araport.org/downloads/Araportll Release 201606. Corresponding peptide sequences are
displayed in sheet 2. p and PM refer to the microsomal and plasma membrane fractions obtained from

three distinct biological experiments, respectively.

Table S3. Experimentally know localization of the 3,948 proteins identified in the current study, as
inferred from HDA (Inferred from High Throughput Direct Assay) and IDA (Inferred from Direct
Assay) GO experimental evidence codes for cellular components searched againt SUBA5 and
Araportl1. Accessions and annotations refer to
https://www.araport.org/downloads/Araportll Release 201606. 1 and PM refer to the microsomal

and plasma membrane fractions obtained from three distinct biological experiments, respectively.
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Table $4. Quantitative distribution of the proteins identified in the three microsomal (Atp) and plasma

membrane (AtPM) fractions.

Table Sb. In silico characterization of the 2,165 proteins corresponding to the core-set of the plasma
membrane (PM) proteome of Arabidopsis Col-0 cells when retaining only the proteins co-identified in

the three distinct PM replicates analyzed in the current study.

Table S6. List of the 133 lipid-related proteins identified in the AtPM proteome.

Table S7. In silico characterization of the 1,759 proteins inferred as experimentally-known PM
resident according to HDA (Inferred from High Throughput Direct Assay) and IDA (Inferred from
Direct Assay) GO experimental evidence codes for cellular components searched against SUBAS5 and

Araportll.

Table S8. In silico characterization of the 406 proteins inferred as experimentally-unknown PM
resident according to HDA (Inferred from High Throughput Direct Assay) and IDA (Inferred from
Direct Assay) GO experimental evidence codes for cellular components searched against SUBA5 and

Araportll.

Table S9. Comparison of the number of proteins identified over time in the PM proteome of

Arabidopsis thaliana.
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