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Abstract

In cells, phospholipids contain acyl chains of variable lengths and saturation, features that
affect their functions. Their de novo synthesis in the endoplasmic reticulum takes place via
the cytidine diphosphate diacylglycerol (CDP-DAG) and Kennedy pathways, which are
conserved in eukaryotes. PA is a key intermediate for all phospholipids (PI, PIPs, PS, PE,
PC, PG and CL). The de novo synthesis of PA occurs by acylation of glycerophosphate
leading to the synthesis of 1-acyl lysoPA and subsequent acylation of 1-acyl lysoPA at the
sn-2 position. Using membranes from Escherichia coli overexpressing MLG1, we showed
that the yeast gene MLG1 encodes an acyltransferase leading specifically to the synthesis of
PA from 1-acyl lysoPA. Moreover, after their de novo synthesis, phospholipids can be
remodelled by acyl exchange with one and/or two acyl chains exchanged at the sn-1 or/and
sn-2 position. Based on shotgun lipidomics of the reference and mig7A strains, as well as
biochemical assays for acyltransferase activities, we identified an additional remodelling
activity for Mig1p, namely incorporation of palmitic acid into the sn-1 position of PS and PE.
By using confocal microscopy and subcellular fractionation, we also found that this
acyltransferase is located in ER membranes associated with mitochondria, a finding that

highlights the importance of these organelles in the global cellular metabolism of lipids.



Introduction

Eukaryotic cells are compartmentalised into organelles with distinct and characteristic
phospholipid compositions that allow their proper biological function [1,2]. For each class of
phospholipids, there are multiple molecular species defined by the nature of the acyl chains,
which differ in terms of length, their degree of unsaturation and the position at sn-1 and sn-2
of the glycerol backbone. The composition of acyl chains differs according to the class of
phospholipids. For example, in yeast PC and PE are enriched with unsaturated acyl chains
while Pl and PS have more saturated acyl chains [3]. In general, saturated acyl chains are
esterified at the sn-1 position of the glycerol backbone while the sn-2 position is enriched in
unsaturated acyl chains.

Most phospholipids are synthesised in the endoplasmic reticulum (ER) membranes
and then be transported to other cellular compartments. In yeast, the de novo synthesis of
phospholipids takes place via two biosynthetic pathways, the cytidine diphosphate
diacylglycerol (CDP-DAG) and Kennedy pathways, which are largely conserved throughout
the eukaryotic kingdoms. PA is synthesised from glycerol-3-phosphate or dihydroxyacetone-
phosphate by two acylation steps and is a key intermediate for all phospholipids. PA can be
converted to CDP-DAG, which serves as an intermediate for Pl, PS, PG and CL. PS is
decarboxylated to PE, which is then methylated to PC. PA can also be dephosphorylated to
diacylglycerol (DAG), the precursor of PE and PC through the CDP-ethanolamine and CDP-
choline pathways [4]. Both the biosynthetic pathways that lead to PC produce different sets
of molecular species: the PE methylation route mainly produces di-unsaturated species,
whereas the CDP-choline route produces a more diverse species profile [5]. Thus, all
phospholipids are typically derived from PA. Nevertheless, following the action of
phospholipase B, an acyltransferase (AT) acting on glycerophosphocholine (instead of
glycero-3-phosphate) constitutes a third route to acylate the sn-1 position of the glycerol
backbone [6].

In organelle membranes, neo-synthesised phospholipids acquire their specific acyl
chain composition based on the molecular species—selectivity of enzymes involved in the
biosynthetic routes. For example, Sct1p, one of the two ATs that catalyse the first step of the
phospholipid synthesis, displays a preference towards 16-carbon fatty acids, while Gpt2p,
the other AT that catalyses this reaction, can utilise a broad range of fatty acids as acyl
donors [7]. Among the lysoPA AT activities identified, Sic1p, Ale1p and Loalp have a
selectivity for oleoyl-CoA, while Psi1p uses saturated substrates [8—10].

Following de novo synthesis, phospholipids can undergo remodelling in which one or
both acyl chains are exchanged. The main classes of phospholipids are remodelled with

rates depending on the class, the sn-1 or sn-2 position of the glycerol backbone and the
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nature of supplied fatty acids [11]. Lands [12] was the first to describe the phospholipid
exchange for PC. LysoPC formed by the action of a phospholipase A, can be re-acylated in a
second step by an acyl-CoA:lysoPC AT. In this process known as the Lands cycle, the free
fatty acid released from the sn-2 position of PC must be further activated to acyl-CoA [12] to
enter lipid metabolism again.

In yeast, acyl chain exchange has been demonstrated by analysing the incorporation
of radiolabelled fatty acid precursors. Using stable isotope labelling and mass spectrometry
(MS), PC remodelling has been studied at the molecular species level [5,13,14]. A likely
function of phospholipid chain remodelling in yeast is to adjust the lipid composition of
membranes at the molecular species level to achieve the optimal membrane physical
properties for a specific biological function. The characterisation of an AT in our group has
established a link between the insertion of a specific molecular species of an acyl chain on a
phospholipid and a biological function. The enrichment of stearic acid at the sn-1 position of
Pl, resulting from acyl chain remodelling by the sn-2 lysoPl AT encoded by PSI/1 [15], is
required to maintain the quality of the cell polarity and secretory pathway [16,17]. In the
present paper, we show that MLG1, a paralogue of PS/1, encodes a protein with AT activity
involved in de novo PA biosynthesis as well as remodelling activity responsible for the
palmitic acid enrichment of PS and PE. Moreover, by using confocal microscopy and
subcellular fractionation, we demonstrate a particular localisation of this AT preferentially

enriched in ER membranes associated with mitochondria (MAMs).

Results

Mig1p displays in vitro acyl-CoA:lysoPA AT activity

The product of MLG1 (hoMoLoG to PSI1), alias YDRO0O18C, belongs to the glycerolipid AT
family. This protein has four regions containing the plsC domain. Motifs | (NHX,D) and Il
(EGTR) represent the most conserved domains and are important for AT activity [18,19].
Figure 1 shows the conserved sequence of Mig1p with the specific motifs of glycerolipid ATs
from Escherichia coli (PIsC), Saccharomyces cerevisiae (Slc1p, Loalp, Taz1p, Psilp),
Caenorhabditis elegans (ACL-8), Mus musculus (LYCAT) and Homo sapiens (AGPAT1)
[8,15,20-24].

We tested whether Mig1p has lysophospholipid AT activity. We cloned MLG1 into
pET-15b and expressed it in E. coli strain C41(DE3). After isopropyl R-D-1-
thiogalactopyranoside (IPTG) induction, we prepared E. coli membranes with or without
recombinant Mig1p, and analysed them for lysolipid AT activity using [**Cloleoyl-CoA as an
acyl donor and various unlabelled 1-acyl lysoPLs as acyl acceptors. Figure 2A shows that

among the lyso-derivatives tested, only 1-acyl lysoPA was acylated by Mig1p. We obtained
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0.18 + 0.06 nmol of phosphatidic acid synthesised per min and mg of membrane proteins
when bacteria were transformed with the empty plasmid, corresponding to endogenous
lysoPA AT activity [25], and 0.42 + 0.11 nmol/min/mg when MLG1 was overexpressed (Fig.
2B). These results indicate that the recombinant enzyme carried out acyl-CoA:lysoPA AT
activity, which is specific for lysoPA. To confirm this result, we prepared microsomes from
several strains: BY4742, sic1A, a strain that lacks the main lysoPA AT activity, and sic1A
overexpressing constitutively MLG7 and compared the rates of 1-acyl lysoPA acylation. The
results shown in Fig. 2C confirm that Mig1p could acylate 1-acyl lysoPA with oleoyl-CoA. To
determine the substrate preference of Mig1p towards acyl donors, we performed a substrate
choice assay using ["*CJoleoyl-CoA in the presence of various unlabelled acyl-CoAs. The
results in Fig. 2D show that as expected, the addition of unlabelled oleoyl-CoA decreased the
label incorporation by 50%, whereas other acyl-CoAs did not decrease the incorporation of

['“Cloleoyl-CoA into PA to this extent. Hence, oleoyl-CoA is the preferred acyl donor.

The slc1A and mig1A strains display similar lipid phenotypes

Next, we analysed and compared the lipid compositions of deletion mutants and the
reference strain. Based on in vitro experiments suggesting that Mig1p may have lysoPA AT
activity, as a control in these assays we included a strain in which SLC7 had been deleted.
We grew cells on synthetic medium in the presence of dextrose or glycerol-ethanol,
fermentable and respiratory carbon sources, respectively, from the early exponential phase
with [*Clacetate for about eight generations. In such a synthetic medium, in the absence of
choline and ethanolamine precursors provided by the culture medium, the Kennedy pathway
is restricted to recycling choline and ethanolamine derived from the degradation of PC and
PE [26]. Hence, the CDP-DAG pathway is largely predominant and the major phospholipids
are primarily synthesised from PA via CDP-DAG. We extracted total lipids and resolved them
by using high-performance thin-layer chromatography (HPTLC) with a polar solvent system.
The amount of radioactivity incorporated into total lipids was similar in the three strains (data
not shown), which allows us to express the results as a percentage and to compare the
lipidomes. The quantification of the incorporation in the neutral and polar lipids in both growth
media (Fig. 3A and 3C) showed that SLC17 deletion led to a significant decrease in polar lipid
incorporation, compensated for by an increase in neutral lipids. There were similar results
when comparing the lipidomes of the mig71A and reference strains. The phospholipid class
composition of the strain lacking Slc1p activity was strictly similar to that observed in the
control, regardless of the growth medium used (Fig. 3B and 3D). This result indicates that a
decrease in this lysoPA AT activity did not affect the overall phospholipid composition.
Likewise, the phospholipid class composition of the mig1A strain was similar to that of the

reference strain.



Because we did not observe a difference in the phospholipid distribution in wild-type
(WT) and mutant cells, we next performed pulse-labelling experiments to detect specific
perturbations, to provide insight into the role of MLG1 in the cell. Hence, we grew strains to
the log phase and pulse labelled them with [*“Cloleic acid or ['“C]glycerol for 30 min.
Focusing on the WT strain, it appears (Fig. 4A and 4B) that the major difference between the
incorporation profiles of ["“C]Joleic acid and ["“C]glycerol concern PC. For example, the
incorporation of ['*Cloleic acid into PC and PS + Pl was similar, whereas the incorporation of
['*Clglycerol was two times lower into PC than into PS + PI. Following a pulse with
["“C]glycerol, only lipids de novo synthesised were labelled, whereas using ["“C]oleic acid, in
addition to de novo synthesised lipids, labelled oleoyl-CoA was incorporated into pre-existing
unlabelled lipids. Our results highlight the fact that such remodelling mainly occurs in PC.
Compared with the reference strain, the slc1A strain showed a 35% decrease in PE
incorporation and a 40% decrease in PS + PI incorporation; the mig1A strain showed less
pronounced decreases (Fig. 4A). The decrease in PC was only 13% in both mutants. We
hypothesised that the relative weak decrease in the incorporation into PC is linked to
additional incorporation of ["“CJoleoyl-CoA by remodelling (mainly) of PC. Under these
conditions, following a pulse using [**C]glycerol, for which the incorporation only takes place
by de novo synthesis, the decrease in incorporation into PC should be similar to that
observed for PE and PS + PI. The results supported this hypothesis: consistent with the
decrease in the incorporation into PS + PI following a pulse with oleic acid or with glycerol,
there was a 40% decrease in the incorporation of ["*C]glycerol into PC for the slc1A strain
(Fig. 4B). When we compared the effect of oleic acid or glycerol pulses for the mig1A and
reference strains, we observed a similar lipid phenotype as for slc1A. Such a result
strengthens the fact that Mig1p and Slic1p display the same enzymatic activity. Overall, these
results, obtained with both in vitro and in vivo approaches, are consistent with the idea that

MLG1 encodes a protein with lysoPA AT activity.

Deletion of MLG1 alters the fatty acid composition of PS and PE

The above lipid analyses revealed similar profiles of phospholipid classes in vivo but did not
provide information on their fatty acid composition. Hence, we performed a shotgun
lipidomics experiment to compare the lipidome of the mig1A strain with the reference strain to
investigate specific defects at the molecular species level. Shotgun lipidomics revealed that
the percentage of palmitic acid—containing PS and PE molecular species was significantly
reduced in the mlg1A strain: PS 16:0_16:1, PS 16:0_18:1, PE 16:0_16:1 and PE 16:0_18:1.
This decrease was mainly compensated for by an increase in the 16:1/16:1 and 16:1_18:1

molecular species (Fig. 5). We observed an inverse phenotype in PS and PE molecular



species when we profiled the strain overexpressing MLG1. These results observed in the
mig1A and MLG1-overexpressing strains suggest a specific acyl chain exchange in PS and
PE. Several studies have shown, either by MS [8,10,27,28] or a biochemical approach using
phospholipase A, [11,15], that saturated fatty acids are mainly located at the sn-1 position in
phospholipids. Moreover, when cells are cultured in the presence of radiolabelled palmitic
acid, there is a selective incorporation of label into the sn-1 position of PS [11]. Thus, our
lipidomics results suggest that Mig1p is an AT that specifically enriches palmitic acid at the
sn-1 position of the glycerol backbone of PS and PE. Nevertheless, at this stage of the study,
we cannot rule out the possibility that the phenotype observed for PE is linked to the fact that
PE is derived directly from PS but retains the same defect in acyl chains, and thus only PS
would be remodelled by Mig1p.

By comparing the observed phenotype for PS and PE in the mig7A strain, we
observed a strictly inverse lipid phenotype in the lysoPA, PA, PC and DAG classes (Fig. 5
and 6): mig1A cells produced significantly higher levels of molecular species with a palmitic
acyl chain, whereas there was lower level in cells overexpressing MLG1. Because the acyl
chain donor used by MIg1p to transfer palmitic acid to the sn-1 position of lysoPS would be
palmitoyl-CoA, we hypothesised that because the remodelling activity of Mig1p is absent in
the deletion mutant, palmitoyl-CoA is redirected towards the ATs that acylate glycerol-3-
phosphate during de novo synthesis. PA is the direct precursor of DAG and, consistently, the
latter has the same fatty acid composition as PA (Fig. 5 and 6). There were no significant
changes for the Pl molecular species (Fig. 5), which could be explained by the high
specificity of Psi1p that directs stearic acid at the sn-1 position of this lipid. To confirm the
nature of the acyl acceptor and to verify that Mig1p uses palmitoyl-CoA as an acyl donor, we

correlated the lipidomic results with a biochemical approach using AT activity assays.

Mig1p directs palmitic acid to the sn-1 position of PS and PE

To evaluate the 2-acyl lysoPS activity of Mig1p, we performed an AT activity assay by using
['*C]palmitoyl-CoA as an acyl donor and 2-acyl lysoPS as an acyl acceptor in the presence of
homogenates obtained from several strains: WT, mlg1A and WT overexpressing MLG1. Due
to the lack of commercially available 2-acyl lysoPS, we prepared an extemporaneous
preparation of this lysolipid using PS hydrolysed by the Rhizopus orizae lipase. As a control
to check the specificity of the AT, we included enzymatic assays with ["“CJoleic-CoA and
commercially available 1-18:1 lysoPS. We did not detect PS synthesis in assays without
added lysoPS (Fig. 7A). In contrast, due to the activity of the AT Ale1p that specifically
incorporates unsaturated acyl-CoAs [9,14,29-31] into PS, we noted a strong incorporation of
labelled oleoyl-CoA at the sn-2 position of 1-18:1 lysoPS regardless of the source of the

homogenate — that is, with or without MLG7. Using homogenates from the WT or mig1A
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strain, this activity was almost undetectable in the presence of palmitoyl-CoA (Fig. 7A). The
weak PS synthesis observed in the presence of palmitoyl-CoA when MLG1 was
overexpressed (Fig. 7A, upper part) could be explained by the presence of 2-18:1 lysoPS, a
potential substrate of Mig1p that could have contaminated the commercial 1-18:1 lysoPS
product. Indeed, according to the supplier, 1-18:1 lysoPS may contain up to 10% of this
isomer. However, we cannot exclude the possibility that overproduced Mig1p catalysed a
slight acylation of 1-18:1 lysoPS.

When we performed experiments in the presence of a preparation of 2-acyl lysoPS
and labelled palmitoyl-CoA, we observed prominent synthesis of labelled PS when the
homogenate was obtained from a strain overexpressing the MLG1 gene, whereas there was
no synthesis with homogenates from the WT or mig1A strain (Fig. 7A, lower part). These
results indicate that overexpressed Mig1p can acylate 2-acyl lysoPS with palmitoyl-CoA and
that this enzyme is not abundant enough to detect its activity in a homogenate obtained from
the reference strain. These results also indicate that Ale1p activity does not synthesise PS in
the presence of palmitoyl-CoA and 2-acyl lysoPS. In other words, using the substrates 2-acyl
lysoPS and palmitoyl-CoA, we strictly quantified the Mig1p activity. In the presence of oleoyl-
CoA, we measured trace PS synthesis with homogenates (Fig. 7A, lower part). This residual
activity, observed independently of the presence or absence of the MLG1 gene, indicates on
the one hand that 2-acyl lysoPS is not a substrate of Ale1p and, on the other hand, that 2-
acyl lysoPS is not significantly converted to its 1-acyl lysoPS isomer during preparation or
assay procedures (otherwise, Ale1p-catalysed PS synthesis would be observed in the
presence of oleoyl-CoA).

Next, we investigated whether 2-acyl lysoPE is a substrate for Mig1p. For this
endeavour, we measured incorporation of ["“C]palmitoyl-CoA in the presence of an
extemporaneous preparation of 2-acyl lysoPE. PE synthesis doubled when using a
homogenate prepared from a WT strain overexpressing the MLG17 gene instead of a
homogenate from the mig1A strain (Fig. 7B). This result indicates that Mig1p also possesses
the ability to acylate 2-acyl lysoPE in vitro. Because palmitoyl-CoA is not a substrate of Ale1p
(see above), the significant level of PE synthesis in the absence of the MLG1 gene suggests
that the yeast possesses a second gene encoding an enzyme with acyl-CoA:2-acyl lysoPE
AT activity, although it has not yet been characterised.

To sum up, our enzymatic assays indicate that (1) Mig1p can acylate 2-acyl lysoPS
and 2-acyl lysoPE, (2) this activity is selective for palmitoyl-CoA and (3) in S. cerevisiae, the
sole Mig1p has 2-acyl lysoPS palmitoyltransferase activity. These results confirm the
hypothesis we formulated during the lipidomics experiment. Hence, both the in vivo and in
vitro approaches indicate that MLG7 encodes an enzyme that also has palmitoyl-CoA:2-acyl

lysoPS and palmitoyl-CoA:2-acyl lysoPE AT activities. Note that Psi1p possesses both acyl-
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CoA:lysoPA AT activity and remodelling activity at the sn-1 position of lysoP| with a saturated
fatty acid [10,15] and other ATs possess several distinct activities [10,24]. Therefore, it
appears that Mig1p has a second AT activity in addition to its acyl-CoA:lysoPA AT activity.

Mig1p is localised in MAMs

We analysed the subcellular distribution of Mig1p by using confocal microscopy and
subcellular fractionation. As a first control, we checked that the wild-type strain BY4741
without any external fluorochrome showed no emission with a maximum intensity at 512 nm
(corresponding to the GFP spectrum), but only a very weak cytosolic background signal in a
few cells with a maximum intensity of emission at 550 nm (likely due to yeast flavin
autofluorescence [32]). Then we observed that the cells only labelled with green or red
fluorochrome at the MLG1 or ILV3 genes show a similar pattern of fluorescence as a tubular
mitochondrial network (Fig. 8). Afterwards reference strain BY4741 carrying Mig1p and Ilv3p
(a mitochondrial protein [33]), tagged at their locus with 3xGFP and tdimer2(12), respectively,
showed a co-localised fluorescent signal for most of the observed cells (87%), suggesting a
mitochondrial distribution for Mig1p (Fig.9A and 9B).

In addition, more convincing than the merge to demonstrate a co-localisation are the values
of the co-localisation parameters (tM1 and tM2), as well as the two-dimensional (2D)
histograms of pixel distribution (scatterplots). The values of tM1 and tM2 above the auto-
threshold channel 2 (red) and 1 (green) were 0.66 + 0.15 and 0.88 £+ 0.07 (n = 71),
respectively, and therefore are compatible with a predominant localisation of Mig1p in the
mitochondrial network. In addition, the scatterplots (Fig. 9A) indicate complete co-localisation
of MIg1p1 and llv3p, with a pixel distribution along a straight line and a slope that depends on
the fluorescence ratio between the two channels [34]. Z-stack images allowed a maximum
intensity projection (using the Zen-black software) showing the juxtaposition in space of the
green and red signals, and a 3D image created by using the IMARIS software which reported
the surfaces of the objects observed (Fig. 9C). A strong concordance appeared between the
surface of the mitochondrial membranes drawn by the red signal (llv3p marker) and the
green signal (MIg1p). In different places the green signal came out and suggested a location
of Mig1p in membranes associated with — and closed to - mitochondria, which could be the

ER membranes, i.e. the MAMs.

We also implemented another combination with Pho88p (an ER landmark [33])
tagged with the red fluorochrome tdimer2(12); only a few cells showed co-localisation with
Mig1p (13%) (Fig. 9A and 9B). The resulting low values of the tM1 and tM2 coefficients (0.06
1+ 0.06 and 0.04 £ 0.05, respectively; n = 50) also indicate weak co-localisation of Mig1p with
the ER compartment. In addition, the scatterplots obtained for Mig1p and Pho88p evidenced
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a pixel distribution spread all around the regression line. Nevertheless, we did not observe
exclusive staining with pixel intensities distributed along the axes, which would be the sign of
a total exclusion and absence of co-localisation [34]. Thus, whereas there was a complete
co-localisation with Ilv3p, the scatterplot for Mig1p compared with the Pho88p landmark
revealed a partial co-localisation for these proteins. These results suggest that Mig1p is
associated with an ER fraction attached to mitochondria, namely MAMs. This has been
evidenced for other enzymes involved in phospholipid metabolism, such as Ale1p [9].

To confirm the MIg1p sub-cellular location, we obtained fractions from crude mitochondria by
centrifugation onto a 20%-60% continuous sucrose gradient. We first characterised fractions
by western blotting using anti-Por1 and anti-Dpm1 antibodies, specific landmark for the outer
mitochondrial membranes and the ER membranes, respectively (Fig 10A). As expected,
Por1p was highly detected in the densest fractions and barely quantifiable in the two lightest
fractions, indicating that the latter were largely devoid of mitochondria (Fig.10B). Conversely,
the Dpm1 marker was predominantly detected in these lightest fractions. The membranes
found in these fractions therefore corresponded to ER membranes that remained associated
with mitochondria after successive centrifugations and washings, but removed from
mitochondria after centrifugation onto the sucrose gradient. This corresponds to the definition
of MAMs [35]. In agreement, the specific activity of Ale1p, a biochemical marker of MAMs [9]
was 2-3-fold higher in fraction 2 than in fraction 10 (Fig. 11A). The (slight) Ale1p activity
detected within fraction 10 might suggest that a proportion of MAMs remained bound to the
mitochondrial outer membrane, even after the centrifugation on the 20%—60% continuous

sucrose gradient.

We also used fractions 2 and 10 as a protein source to measure the specific 2-acyl-lyso-PS
activity of Mig1p (in control, we performed assays as a function of time and the 2-acyl lysoPS
amount, as well as controls without 2-acyl lysoPS or using MAMs from the mlig1A4 strain, data
not shown). Fraction 2 was the most highly enriched in Mig1p activity, displaying (similarly to
Ale1p) a 2-3-fold higher specific activity than fraction 10 (Figure 11B). This clearly indicated
that Mig1p has the same cellular localization as Ale1p. These results obtained by using a
biochemical approach alongside the fluorescence microscopy findings (showing that Mig1p is
located in ER membranes associated with mitochondria) indicated that MIg1p is preferentially
located in MAMSs, a sub-fraction of the ER tightly bound to the mitochondrial membranes. As
noted for Ale1p, the (slight) Mig1p activity detected within fraction 10 might suggest that a
proportion of MAMs remained bound to the mitochondrial outer membrane, even after the
centrifugation on the sucrose gradient. Nevertheless, Miglp localization and activity has been
found at the ER-mitochondria interface, but that to rule out a specific localization at MAM vs

mitochondria will deserve further investigation in future studies (i.e. by doing ER-mito-Mlglp triple
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stainings, super-resolution microscopy, immuno-electron microscopy, subcellular isolation of MAM

and mitochondria and validation by using proper ER, MAM and mitochondria markers ...).

Discussion

Using inverse genetics approaches, researchers have identified several putative lysolipid
ATs belonging to the glycerolipid AT family in yeast. The common feature of these enzymes
is the similarity to the E. coli PIsC sequence, characterised by the presence of four
conserved domains [19]. The first AT of this family characterised in yeast was Slc1p, which
has been described as the major lysoPA AT [36]. In vitro AT assays indicated that Slc1p is
able to incorporate ['“Clacyl-CoA into various lysolipids, with lysoPA being the preferential
acceptor [24]. Subsequently, our group has characterised three other lysolipid ATs: (1)
Taz1p, the yeast paralogue of tafazzin, is involved in cardiolipin remodelling [22] and
displays lysoPC AT activity [22]; (2) Psi1p is responsible for the specific stearic acid
enrichment of the sn-1 position of neo-synthesised Pl [10,15] and also mediates the acyl-
CoA-dependent acylation of lysoPA [10]; and (3) Loal1p is a redundant lysoPA AT that is
associated with lipid particles and involved in triacylglycerol homeostasis [8]. Besides Slc1p,
Loa1p and Psi1p, other enzymes not belonging to the glycerolipid AT family but showing
lysoPA AT activity have been identified in yeast: Ale1p, a member of the membrane-bound
O-AT family, is a lysolipid AT with broad specificity for acyl acceptor, including lysoPA
[9,24,29-31,37], and Ict1p is a soluble enzyme with lysoPA AT activity [38]. Tgl3p, Tgl4p and
Tgl5p, which are lipases associated with lipid droplets, are also able to acylate lysoPA in vitro
[39,401].

In the present study, we focused on MLG1, a paralogue of PS/1. It is very likely that following
an ancestral whole duplication of the genome [41-43], the MLG1 and PSI1 genes are
present (with about 10 genes) in a conserved chromosomal environment and positioned on
chromosomes |V and Il, respectively [44]. In agreement, in Candida albicans, a pre-whole
genome duplication yeast [45], only one protein, encoded from the C6_01300W locus, shows
strong similarities to MIg1p and Psi1p. During evolution, changes in the genes may have
slightly modified the function of the associated proteins. In our case, MLG1 and PSI/1 both
encode ATs, but we have demonstrated that even through the substrate specificities
(lysophospholipid and acyl chain) are different, both of these enzymes are involved in
phospholipid remodelling with saturated fatty acids. Because effective maintenance of
membrane properties is essential for survival in a variable and complex environment, lipid
acyl chain remodelling is an essential mechanism from bacteria to eukaryotic cells when

adapting to changing environmental conditions [46—49]. Moreover, in mammals, for example
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the synthesis and degradation of some bioactive lipids and their precursors involves ATs that
catalyse lipid remodelling with fatty acids such as arachidonic acid, the precursor of
prostaglandins and leukotrienes [50]. In the present study, moderate differences in the lipid
compositions between the MLG1 deletion mutant and the wild type strain were shown, but
this did not lead to a strong phenotype (growth rate, cell viability, etc.) of the mutant.
Nevertheless, we previously studied the psiTA mutant for which Pl as well as its
phosphoinositide derivatives are depleted of stearic acyl chain acids associated with the sn-1
position, and we showed that phosphoinositide species containing stearic acid (and
synthesised via remodelling) control cell polarity and the secretory pathway via the Cdc42p
module [16,17]. Similarly, Mig1p enhances the amount of saturated fatty acids associated
with the sn-1 position of PS and could also be involved in the control of cell polarity, because
PS has a determining role for the activity and clusters formation of the Cdc42 protein (the
master regulator of cell polarity). More precisely, Cdc42 modulation of PS (and cooperatively
with phosphoinositides) occurs via the Cdc24-Bem1 complex [51]. Perhaps in concert with
the presence of saturated (stearic) acid at the sn-1 position of phosphoinositides, the
presence of saturated (palmitic) acid at the sn-1 position of PS modulates the targeting of the

Cdc42 regulators Bem1 and Cdc24, and therefore controls cell polarity.
Materials and methods

Materials

HPTLC silica gel 60 F 254 20x10 cm plates were obtained from Merck (Darmstadt,
Germany). ["“Clacetic acid, ['“Cloleoyl-CoA, ['“C]palmitoyl-CoA, ["“Cloleic acid and
["*C]glycerol were obtained from Perkin Elmer Life Sciences (Boston, MA, USA). 1-18:1
lysoPS was purchased from Avanti Polar Lipids (Birmingham, USA). Other
lysophospholipids, phospholipids and R. oryzae lipase were procured from Sigma-Aldrich
(St. Louis, MO, USA).

Yeast strains and media

The S. cerevisiae strains used in this study are listed in Table 1. Standard techniques for
culturing the yeast were used and the composition of rich fermentescible (YPD) or non-
fermentescible medium (YPGE) and synthetic complete (SC) (2% dextrose), SC-GE (3%
glycerol, 2% ethanol) or SC-Gal (2% galactose) medium for yeast cultures have been

reported elsewhere [52]. Yeast strains were grown at 30°C.

Plasmid constructs

For production of Mig1p in E. coli C41(DE3), a fragment corresponding to the MLG7 open
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reading frame (ORF) was cloned into pET15-15b (Novagen, Darmstadt, Germany)). MLG1
overexpression in the slc1A strain was implemented after cloning the MLG7 ORF into the
pVT102-U-GW plasmid, which places the coding sequences under the control of the strong
ADH1 constitutive promoter [563,54]. For MLG1 overexpression, a BamHI-Notl fragment
corresponding to the MLG1 ORF was inserted under the control of the tetO promoter in
pCM189 [55]. For the localisation of Mig1p in vivo, we generated a construct tagged at the C
terminus with green fluorescent protein, using the integrative yeast vector pRS305-3xGFP
(generously provided by Dr Isabelle Sagot and Dr David Pellman), which contains three
tandem copies of the GFP gene. We inserted the last 1188 bp (MLG1) before the stop codon
into pPRS305-3xGFP and targeted integration to the MLG1 locus after digestion by Hindlll.

Yeast strain constructs

Mig1p and Psi1p were tagged at their C-terminal end with 3xGFP at their chromosomal loci
using pRS305-3xGFP. Strains used for co-localisation analyses were also tagged with the
red fluorochrome tdimer2(12) fused in frame at the 3’ end of /LV3 [33] or to PHO88 ORFs (a
generous gift from Dr |. Sagot, Bordeaux). The BY4741 Erg6-mRFP1 strain was obtained
from Invitrogen (Carlsbad, USA) [56].

Preparation of E. coli homogenates and membranes

The E. coli strains used in this work are listed in Table 1. Cloning, ectopic expression of the
MLG1 gene in E. coli and isolation of E. coli membranes were carried out according to Testet
et al. [22]. To prepare cell homogenates, 5 x 10" cells were broken with glass beads in a
buffer containing 0.6 M mannitol, 2 mM EGTA, 10 mM Tris maleate (pH 6.8) plus protease
inhibitor cocktail (Roche). Lysates were centrifuged at 800 g for 10 min and the supernatants

were used for enzymatic dosages.

1-acyl lysoPA AT assays

AT activities associated with membranes of E. coli expressing MLG1 were measured
according to Ayciriex et al. [8]. In microsomal membranes from the BY4742, sic1A or sic1A
overexpressing MLG1 strains, 1-acyl lysoPA AT activity was evaluated in 100 pl of assay
mixture (25 mM Tris-HCI, pH 7) containing 1 nmol of 1-acyl lysoPA and 1 nmol of [**C]oleoyl-
CoA. The reactions were incubated at 30°C and then stopped by the addition of 200 ul of
0.7% perchloric acid and 1 ml of chloroform/methanol (2:1, v/v). After centrifugation, the
organic phase was isolated, and the aqueous phase was re-extracted with 1 ml of
chloroform. The combined lipid extracts were dried and re-dissolved in 100 pl of
chloroform/methanol (2:1, v/v), and 20 pl of lipid extract was purified by TLC, using 20 x 10

cm HPTLC plates. Lipids were separated wusing the solvent system
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chloroform/methanol/H,0/25% NH,OH (30:17:2:1, v/v/v/v) [57]. Lipid identity was based on
the mobility of known standards, and the amount of labelled lipids was analysed by

phosphorimaging.

2-acyl lysoPS and 2-acyl lysoPE AT assays

The 2-acyl lysoPLs are especially unstable; neutral or alkaline conditions accelerate the
partial isomerisation of 2-acyl lysoPL to 1-acyl lysoPL. To determine whether Mig1p is a 2-
acyl lysoPS AT, it was necessary to synthesise a substrate not contaminated by its isomer. It
has been shown that intramolecular acyl isomerisation does not occur under acidic
conditions [58]. Hence, 2-acyl lysoPS was synthesised by hydrolysing PS with phospholipase
A1 using an acidic buffer. 2-Acyl lysoPS was prepared as described previously [15], with
slight modifications. A chloroform/methanol organic phase containing approximately 120
nmol of bovine brain PS was evaporated in a gas chromatography vial. Four hundred
microliters of diethyl ether and 400 pl of 50 mM Tris maleate (pH 5.8) and 10 mM CaCl,
containing 160 units of R. oryzae lipase were added and mixture was incubated for 15 min at
room temperature with vigorous stirring. After incubation, the diethyl ether phase was
evaporated, the aqueous phase was transferred to a microcentrifuge tube and the reaction
product was extracted with 400 pl of 1-butanol. Twenty microliters of the resulting 1-butanol
phase were taken and evaporated to dryness in a glass tube for an enzymatic assay. Based
on comparison with the TLC migration pattern of a known amount of commercial 1-18:1
lysoPS strained with the ninhydrin reagent, the amount of 2-acyl lysoPS contained in 20 pl
was estimated as 1 nmol.

If isomerisation occurs during the reaction with the R. orizae lipase at an acidic pH or during
the acyltransferase assay at a neutral pH, then the 1-acyl lysoPS isomer (a substrate of
Ale1p) would have been formed. Therefore, the purity of the product was checked by
carrying out an AT assay with the freshly prepared product in the presence of ['“CJoleoyl-
CoA (the preferential substrate of Ale1p as an acyl donor) and a homogenate as enzyme
source. Under these conditions, there was no PS synthesis. Such a result highlighted the
absence of 1-acyl lysoPS in the freshly prepared product, and therefore the purity of the
synthesised 2-acyl lysoPS. The 2-acyl lysoPE preparation was prepared according the same
protocol.

In cell homogenates from the BY4742, mig1A or BY4742 overexpressing MLG1
strains, lysolipid AT reactions were conducted in 100 pl of assay mixture (50 mM Tris-HCI
[pH 7.2] and 2 mM EGTA) containing 1 nmol of ["C]oleoyl-CoA or ["*C]palmitoyl-CoA; 10 ug
of homogenate; and 1 nmol of 2-acyl lysoPS preparation, 2-acyl lysoPE preparation or
commercial 1-18:1 lysoPS. The reaction was incubated at 30°C for 10 min. 2-Acyl lysoPS AT

activities associated with microsomal membranes and crude mitochondria were determined
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using 0.5 nmol of ["“C]palmitoyl-CoA, 1 nmol of 2-acyl lysoPS preparation and 1-2.5 ug
proteins for 5 min. 2-Acyl lysoPS AT activities associated with mitochondria and MAMs
purified by centrifugation on a sucrose gradient were determined using 0.5 nmol of
['*C]palmitoyl-CoA, 1 nmol of 2-acyl lysoPS preparation and 5 ug of protein for 15 min. 1-
LysoPS AT activity (i.e. Ale1p activity) was determined with 0.5 nmol of [**C]oleoyl-CoA, 1
nmol of commercial 1-18:1 lysoPS and 0.1-0.4 ug of protein for 5 min. The labelled lipids
were analysed as described above. The protein concentration was determined using BCA

protein assay kit (Sigma-Aldrich), with bovine serum albumin (BSA) as the standard.

Metabolic labelling

For steady-state labelling, 25 ml samples of mig1A, sic1A or BY4742 cells, grown at 30°C in
SC or SC-GE medium to an ODggo of 0.01, were labelled with [**C]acetic acid (10 uCi/assay)
over approximately eight generations [59]. For pulse labelling with oleic acid, cells grown at
30°C in YPGE medium to the exponential phase (ODgo = 0.1) were labelled with 2 uCi of
["*C]palmitic acid or ['*C]oleic acid for 15 min. For pulse labelling with glycerol, cells grown in
YPGE medium were washed four times with phosphate-buffered saline and once with SC
medium maintained at 30°C before adding 2 uCi of ["*C]glycerol for 30 min. Then cells were
pelleted by centrifugation, and the supernatant was removed. To extract lipids from whole
cells, 200 pl of 0.7% perchloric acid and 1 ml of chloroform/methanol (2:1, v/v) were added,
and cell suspensions were vigorously shaken with glass beads (three times for 30 s with a

TissueLyser Il). The lipids were extracted and analysed as described above.

Lipid extraction for shotgun lipidomics

Lipid extraction was adapted from Fu et al. [60]. Yeast cell pellets were homogenised in 300
pl of cold isopropanol with zirconia beads (@ 0.5 mm) for 10 min at 30 Hz and 4°C (two
cycles) with a TissueLyser Il. The protein concentration of the homogenates was determined
with the BCA protein assay. Next, ~50 ug of total protein was extracted according to a
modified version of the methyl tert-butyl ether (MTBE) lipid extraction procedure [61]. Briefly,
700 ul of MTBE/methanol (10:3, v/v) containing one synthetic internal standard
representative for each lipid class was added to the dried homogenates. Samples were
vortexed at 4°C for 1h. Phase separation was produced by adding 140 pl of water and
agitating for 15 min at 4°C, followed by centrifugation (13,400 rpm for 15 min at 4°C). The
upper organic phase was collected, dried down and reconstituted in 600 pl of
chloroform/methanol (1:2, v/v). Finally, 10 ul of total lipid extract was diluted with 90 pul of
isopropanol/methanol/chloroform (4:2:1, v/v/v) containing 7.5 mM ammonium formate for

high-resolution MS.
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Shotgun lipidomics

Shotgun lipidomics analyses were performed on a Q Exactive instrument (Thermo Fischer
Scientific, Bremen, Germany) equipped with a TriVersa NanoMate robotic nanoflow ion
source (Advion BioSciences, Ithaca, NY, USA) using nanoelectrospray chips with a diameter
of 41 um. The ion source was controlled by the Chipsoft 8.3.1 software (Advion
BioSciences). The ionisation voltage was +0.96 kV in the positive ion mode and -0.96 kV in
the negative ion mode. The backpressure was set at 1.25 psi in both modes by polarity
switching according to a previous study [62]. The temperature of the ion transfer capillary
was set to 200°C and the S-lens RF level was 50%. Fourier-transform mass spectra were
acquired within the range of m/z 400-1000 from 0 to 1.5 min in the positive ion mode and
then within the range of m/z 350-1000 from 4.2 to 5.7 min in the negative mode at a mass
resolution of 140,000 (at m/z 200), with an automated gain control (AGC) of 3 x 10° and a
maximal injection time of 3000 ms. For FT MS/MS (the PRM method), the micro scans were
set to 1; the isolation window was set to 1 Da; the stepped normalised collision energy was
15, 25 and 35; AGC was 2 x 10* and the maximum injection time was 650 ms. All acquired
data was filtered by PeakStrainer that can be found at gitlab (https://qgit.mpi-
cbg.de/labShevchenko/PeakStrainer/wikis/About) [63]. Lipids were identified by using the
LipidXplorer 1.2.7 software [64]. Molecular Fragmentation Query Language (MFQL) queries
were compiled for the neutral lipid (DAG), phospholipid (PC, PE, PI, PS and PA) and
lysophospholipid (1-acyl lysoPA and 1-acyl lysoPC) classes. |dentification of the lipid class

relied on accurately determining the intact lipid masses (mass accuracy > 5 ppm). The
identification of the lipid molecular species relied on inspection of the tandem mass spectra
in both polarities of the polar head group fragments and fatty acid moieties. Lipids were
quantified by comparing the isotopically corrected abundances of their molecular ions with
the abundances of internal standards of the same lipid class. The abundance of lipid species

is presented as mol%.

Lipid annotation

In this study, the yeast lipid molecules were identified at the molecular species level
according to the shorthand notation provided by LIPID MAPS and the International lipidomics
society [65,66]. Fragmentation (MS/MS) of lipid species delivers subspecies information in
terms of fatty acyl chain composition. Hence, phospholipid species were annotated
accordingly to the exact acyl moieties composition and their sn position when known [27,28].
For example, PS 16:0_16:1 indicates phosphatidylserine with palmitic acid (16:0) and
palmitoleic acid (16:1), for which the exact position (sn-1 or sn-2) esterified to the glycerol

backbone cannot be discriminated (denoted by between the fatty acyl chains).

Conversely, PS 16:0/16:1 indicates phosphatidylserine, in which the fatty acyl chain moiety
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16:0 is located at the sn-1 position of the glycerol backbone and the fatty acyl chain moiety
16:1 is located at the sn-2 position of the glycerol backbone. The slash (/') symbol separates
the fatty acyl chains, meaning that the sn-position on the glycerol backbone can be resolved.
The PL 18:0_16:1 molecular species are either undetectable or present in low concentrations
in yeast cells [27,28]. Hence, for simplicity the isobaric combinations 16:0_18:1 or 18:0_16:1

have been reduced to their main molecular species.

Fluorescence microscopy

The samples were prepared as described in a previous paper [17]. To avoid bleed through,
the images were acquired sequentially for the red and green channels using narrow band
emission filters. GFP fluorescence was observed at 500-600 nm, with the maximum
intensities of the emission spectra at 510 and 530 nm, after excitation of the live cells with a
laser at 488 nm. In the case of double-labelling cells with GFP and a red fluorochrome,
fluorescence was observed using the Airyscan super-resolution mode on the LSM880
microscope (Zeiss, Oberkochen, Germany) at, respectively, 510 nm with band pass filters of
420-480 and 495-550 nm (following excitation at 488 nm) and 600 nm with a band pass
filter of 570-620 nm and a long-pass filter of 645 nm (following excitation at 561 nm). Single
controls were used to assess bleed-through. Live cell confocal imaging for Z-stacks
acquisitions were carried out using the scan mode and the superresolution Airyscan mode of
Airyscan1 module of a Zeiss LSM 880 using 63X oil-immersion objective (NA 1.4) with a Z-
step of 210 nm through 4.64 pm thickness (22 slices).

Mander’s tM1 and tM2 co-localisation coefficient measurements

Using the FIJI software from Imaged, and particularly Coloc 2 from the co-localisation
plugins, the Manders co-localisation coefficients tM1 and tM2 were calculated after
background subtraction and using auto-threshold to avoid including pixels below the image’s
threshold in the analysis according to the Costes method [67]. The co-localisation threshold
plugins generate scatterplots and correlation coefficients. For the tM1 and tM2 coefficients,
only the pixels where both channel 1 and channel 2 are above their respective threshold (i.e.
the upper right quadrant of the scatterplot) are considered with the regression line plotted
along with the threshold level for the green channel 1 (vertical line) and the red channel 2
(horizontal line). The data shown are the mean % standard error of co-localisation between
Mig1p and the llv3p mitochondrial landmark (n = 71 cells) and between Mig1p and the
Pho88p ER landmark (n = 42 cells).

3D Modelling
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Z-stack images of cells labelled with 3xGFP-tagged Mig1p and llv3p fused to tdimer2(12)
were processed using the airyscan processing software and the maximum intensity
projection method. The 3D surface reconstruction mode of the Zen black 2.3 SP1 software
(basic, advanced and full resolution) create an image from the airyscan processed image.
Using the Bitplane Imaris10 software a 3D image which reports the surfaces of the objects
observed (called Surface rendering) was created. Prior to do the surface rendering, thanks to
the Imaris software, a median filter were applied on the airyscan processed image file (5x5

for channel red and 3x3x3 for channel green).

Mitochondrial purification and density gradient centrifugation analysis

The method used in this study has been described in previous publications [68,69]. Cells
were harvested and washed three times with water and incubated at 28°C for 15 min in a
pre-incubating buffer (0.5 M B-mercaptoethanol and 0.1 M Tris, pH 9.3). After three washes
with Tris KCI buffer (10 mM Tris and 0.5 M KCI, pH 7), cells were digested in digestion buffer
(1.35 M sorbitol, 10 mM citric acid, 30 mM Na,HPO,, 1 mM EGTA and zymolyase 20T at 20
mg/g dry weight). Spheroplasts were washed twice in isotonic buffer (0.75 M sorbitol, 0.4 M
mannitol, 10 mM Tris maleate and 0.1% BSA, pH 6.8) and resuspended in homogenisation
buffer (0.6 M mannitol, 10 mM Tris maleate, 2 mM EGTA and 0.2% BSA, pH 6.8).
Spheroplasts were broken using a blender. Unbroken spheroplasts and heavy cell
compartments were pelleted by centrifugation at 700 g for 10 min, and the supernatant was
centrifuged at 12,000 g for 10 min. The pellet was resuspended in the final buffer (0.6 M
mannitol, 2 mM EGTA and 10 mM Tris maleate, pH 6.8) and then centrifuged at 700 g for 10
min. The supernatant was removed and centrifuged at 12,000 g for 10 min to pellet crude
mitochondria. After an additional centrifugation step of 30,000 g for 1 h, mitochondria were
washed three times and then resuspended in the final buffer with protease inhibitors. One
milligram of protein was loaded on a 20%—60% continuous sucrose gradient and centrifuged
overnight at 134,000 g. Fractions were then collected from the top to the bottom and

analysed by western blotting with the anti-Porin antibody (Invitrogen).
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Table 1. Saccharomyces cerevisiae and Escherichia coli strains used in this study

Strain Genotype Source
BY4742 MATa, his3A1, leu2A0, lys2A0, ura3A0 Euroscarf
BY4741 MATa, his3A1, leu2A0, met15A0, ura3A0 Euroscarf
miglA BY4742, mig1::KanMX4 Euroscarf
alelA BY4742, alel::KanMX4 Euroscarf
slc1A BY4742, slc1::KanMX4 Euroscarf
psi1A BY4742, psil::KanMX4 Euroscarf
BY4742 pCM189 BY4742, pCM189 (URA3) This work
mig1A pCM189 mlg1::KanMX4 pCM189 (URA3) This work
BY4742 pCM189-MLG1 |BY4742, pCM189-MLG1 (URA3) This work
BY4742 pVT102-U-GW | BY4742, pVT102-U-GW (URA3) This work
slcIA pVT102-U-GW slc1A, pVT102-U-GW (URA3) This work
;ﬂchlGAlpVTloz'U'GW' slc1A, pVT102-U-GW-MLG1 (URA3) This work
BY4741 Mlgl-3xGFP MLG1::3xGFP (LEU2 This work
BY4741 Mlig1-3xGFP B e .
llv3-tdimer2(12) MLG1::3xGFP (LEU2); ILV3::tdimer2(12)(URA3) This work
BY4741 Mlig1-3xGFP B , . .
Pho88-tdimer2(12) MLG1::3xGFP (LEU2); PHO88::tdimer2(12)(URA3) This work
E. coli CA1(DE3) F-ompT gal hsdSB (rB-mB-) dcm lonADE3 pLysS [70]
55?1 CAL(DE3) PET15- | -1 (DE3), pET15-15b (Amp?) This work
E. coli CA1(DE3) PET1S- | /1 he3) pET15-15b-MLGT (Amp") This work

15b-MLG1
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Mig1p
Psi1p
ACL-8
LYCAT
Taz1p
Slc1p
AGPAT1
PIsC
Loalp

Motif 1

NHOHYAD
NHQIYTD
NHRTRLD
NHRTRYD
NHHSHYD
NHASTLD
NHASSLD
NHONNYD
NCTSPLD

Motif 2

KFIFLSR
NFIFHSR
SYIFLDR
AFIFIHR
NFFSLGQ
GTYFLDR
IGYIFIDR
GNLLIDR
LAGGLDI

Motif 3

HFPEGTHL
LFPEGTHL
LFREGTDK
IFPEGTDL
LDLEHTPH
YFPEGTRS
VFPEGTRN
HFPEGTRS
HFAEGTSC

Motif 4

HLLLPHK
NYLLPHS
YYLHPRT
YYLHPRT
HY-YPEG
IPIVYPVY
YPIVPIV
VYPIIPVC
PSITTHN

Fig. 1. Analysis of conserved amino acids of glycerolipid AT motifs in Saccharomyces

cerevisiae (Mig1p, Psi1p,

Slc1p,

Caenorhabditis elegans (ACL-8),

(AGPAT1).

Loalp and Taz1p),

Escherichia coli (PlsC),

Mus musculus (LYCAT) and Homo sapiens

Multiple alignments of conserved motifs were extracted from protein multi-alignments

realised using the MultAlin program [71]. High consensus colour: red; Low consensus colour:

blue; Neutral colour: black.
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Fig. 2. Acyl-CoA:1-acyl lysoPA AT activity associated with membranes of Escherichia

coli producing Mig1p or with microsomes of Saccharomyces cerevisiae.
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(A and B) Membrane proteins (5 pg) of E. coli C41(DE3) transformed with pET-15b or with
pET-15b containing the coding sequence of MLG1 were incubated with 0.5 nmol [**C]oleoyl-
CoA and 1 nmol of various 1-acyl lysoPL. After incubation for 5 min at 30°C, lipids were
extracted and analysed as described in the Material and methods. (A) TLC obtained with
lipids extracted from membrane proteins E. coli C41(DE3) transformed with pET-15b or with
pET-15b containing the MLG71 coding sequence. (B) Graphical representation of
phosphatidic acid formed with membrane proteins of C41(DE3) E. coli pET-15b and
membrane proteins of E. coli C41(DE3) pET-15b containing the coding sequence of MLG1.
The results are presented as the mean + standard deviation of six independent biological
replicates from two distinct membrane preparations. Statistical analysis was done with an
unpaired, two-tailed t-test: ***p < 0.001. (C) LysoPA AT activities were determined by
incubating for different times 10 ug of microsomes purified from the BY4742 (diamond), sic1A
(square) and slc1A + MLG1 (triangle) strains with 2 nmol LPA and 1 nmol of ["“CJoleoyl-CoA.
(D) LysoPA AT activities were determined by incubating for 10 min 10 ug of microsomes
purified from the BY4742 strain with 2 nmol of 1-acyl lysoPA and 15 pM of [“Cloleoyl-CoA or
7.5 uM of [“CJoleoyl-CoA and 7.5 uM of each unlabelled acyl-CoA. The results are

presented as the mean 1 standard deviation for three determinations.
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Fig. 3. The slc1A and mig1A strains display similar lipid phenotypes.

Cells were grown to an ODgg of 0.01 on synthetic defined media in the presence of dextrose
(SC) (A and B) or glycerol-ethanol (SC-GE) (C and D) and labelled to steady state with
[“Clacetate during eight generations. Lipids were extracted and separated by TLC as

described in the Materials and methods. (A and C) Label incorporated into neutral and polar
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lipids. (B and D) Incorporation into the phospholipid classes. Light grey bar: WT strain; grey
bar: mig1A strain; dark grey bar: slc1A strain. The results are presented as the mean
standard deviation from one experiment performed in triplicate and are representative of two
distinct experiments. Statistical analysis was done with an unpaired, two-tailed t-test: *p <
0.05; **p < 0.01.
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Fig. 4. Incorporation of ['“C]oleic acid and [**C]glycerol into phospholipids.

Cells grown until the early logarithmic phase (ODggo = 0.1) in YPGE medium were labelled for
30 min. Lipids were extracted and separated by TLC as described in the Materials and
methods. Incorporation of [*Cloleic acid (A) or ['*C]glycerol (B) into the major phospholipids.
Light grey bar: WT strain; grey bar: mig1A strain; dark grey bar: slc1A strain. The results are
presented as the mean + standard deviation from one experiment performed in triplicate and
are representative of two distinct experiments. Statistical analysis was done with an
unpaired, two-tailed t-test: *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 5. Lipid profiling of the WT, mig1A and WT overexpressing MLG1 strains.

Cells were grown on synthetic defined media in the presence of 2% dextrose (SC) and
harvested at the logarithmic phase. Lipids were extracted from yeast cells according to the
Materials and methods. Lipid species were profiled in the Fourier-transform MS negative
mode on a QExactive mass spectrometer and lipid classes were identified and quantified by
the LipidXplorer software. Lipid molecular species were determined by fragmentation
experiments. The abundance of lipid species is presented as mol%. The results are
presented as the mean + standard deviation (n = 4 independent analyses). Statistical

analysis was done with an unpaired, two-tailed t-test: *p < 0.05; **p < 0.01; ***p < 0.001).
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Fig. 6. DAG and lysoPC profiling of the WT, mig71A and WT overexpressing
constitutively MLG1 strains.

(A) DAG. (B) LysoPC. Cells were grown on synthetic defined media in the presence of 2%
dextrose (SC) and harvested at the logarithmic phase. Lipids were extracted from yeast cells
according to a previous study [60]. Lipid species were profiled in the Fourier-transform MS
negative mode on a QExactive mass spectrometer and lipid classes were identified and
quantified by the LipidXplorer software [64]. Lipid molecular species were determined by
fragmentation experiments. The abundance of lipid species is presented as mol%. The data
are presented as the mean % standard deviation (n = 4 independent analyses). Statistical
analysis was done with an unpaired, two-tailed t-test was used: *p < 0.05; **p < 0.01; **p <
0.001.
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Fig. 7. Homogenate from the WT strain overexpressing MLG1 displays palmitoyl-
CoA:2-acyl lysoPS and palmitoyl-CoA:2-acyl lysoPE AT activities.

Protein homogenates (10 ug) were prepared from the WT, mig1A or WT overexpressing
MLG1 strains grown on synthetic defined media in the presence of 2% dextrose (SC)
incubated with 1 nmol ["C]palmitoyl-CoA (P-CoA) or ['“Cloleoyl-CoA (O-CoA). After
incubation for 10 min, lipids were extracted and analysed by TLC and phosphorimaging as
described in the Materials and methods. (A) The upper part shows the results in the
presence of 1 nmol of commercial 1-18:1 lysoPS. The lower part shows the results in the
presence of an extemporaneous preparation of 2-acyl lysoPS. (B) The results in the

presence of 2-acyl lysoPE. A control without exogenous lysophospholipids (-) is included.
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The results are representative of experiments performed with two independent homogenate

preparations.

Mig1p-3xGFP llv3p-tdimer2(12)

Fig. 8. Mlg1p is associated with a tubular network similar to the mitochondrial network
in yeast cells. Labelled yeast cells with one single green fluorochrome (i.e. GFP) fused at
the C-terminus of MIg1p or with a red fluorochrome [tdimer2(12)] fused at the C-terminus of
Ilv3 were used as control to ensure there was no bleed through between the green and red
channels and to perform a preliminary analysis of the subcellular localisation of Mig1p.
BY4741 cells were grown in YPD media and harvested at the mid-logarithmic phase, then
immediately analysed by confocal microscopy. GFP fluorescence was observed after
excitation of the cells with a laser at 488 nm using the Airyscan super-resolution mode of the

LSM880 microscope and the signal fluorescence emission observed from 526 to 606 nm.
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Red fluorescence was observed from 588 to 642 nm following excitation with a laser at 561

nm.
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Fig. 9. Mig1 is located in the mitochondrial area.

The subcellular localisation of Mig1p was analysed by Airyscan confocal microscopy and
compared with specific protein reporters like 1lv3p, which is associated with the mitochondrial
compartment, and Pho88p, which is associated with the ER membranes. (A) Determination
of subcellular localisation with BY4741 producing 3xGFP-tagged Mig1p and either llv3p or
Pho88p fused to tdimer2(12), a red fluorochrome. For each selected image, the scatterplots
were generated using the FIJI co-localisation threshold plugin. They are shown at the right of
panel A with channel 1 (GFP) pixel intensity along the x-axis and channel 2 [tdimer2(12)]
pixel intensity along the y-axis with both the linear regression line as well as the thresholds
marked. (B) The specific fluorescence merge signals were scored for each combination of
the red and green fluorochromes, for at least three independent experiments in each case.
The data are presented as the mean * standard deviation, with n > 1000 cells for each
combination (specifically, n = 1451 for llv3p and n = 1037 for Pho88p). (C) Z-stack maximum
intensity projection from cells labelled with 3xGFP-tagged Mig1p and llv3p fused to
tdimer2(12) (left part of panel C) showed the maximum intensity projection for the green, red
and merge channels. The Surface reconstruction panel is made by the 3D Zen black

software. The surface rendering is made by the Imaris software.
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Fig. 10. Characterisation of mitochondrial fractions.

Crude mitochondria purified from BY4742 cells growing on SC-Gal medium were fractionated
by ultracentrifugation at 100000 g for 16 h and at 4°C on 11 ml of a 20%—60% sucrose
gradient with a preliminary centrifugation step at 30000 g for 1 h at 4°C. Fractions (750 ul)
were collected from the top (F1) to the bottom (F14) of the gradient. (A) After electrophoresis
on SDS-PAGE gels, proteins of each fraction were blotted on a nitrocellulose membrane for
western blotting. Specific antibodies raised against the Porin (Por1, a specific mitochondrial
outer membrane protein) and against Dpm1 (a specific marker of ER membranes) were used

to identify the fractions containing mitochondria and Endoplasmic Reticulum. The
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experiments were independently repeated four times. (B) Relative quantification of each
fraction for the both protein markers specific for identification of mitochondria or ER

membranes.
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Fig. 11. LysoPS AT activities determined from highly purified mitochondria and MAMs
purified from cells cultured on SC-Gal medium.

(A) Ale1p specific activity was determined using 0.5 nmol ["*C]oleoyl-CoA, 1 nmol of 1-18:1
lysoPS from a commercial preparation and 0.1 pg of protein from fractions 2 and 10. (B)
Mig1p specific activity was determined using 0.5 nmol [**C]palmitoyl-CoA, 1 nmol of 2-acyl
lysoPS from an extemporaneous preparation and 5 ug of protein from fractions 2 and 10.
After incubation at 30°C, lipids were extracted and analysed as described in the Materials
and methods. The results are presented as the mean % standard deviation from one

experiment (n = 4) and are representative of two distinct experiments.
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