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Abstract

Coupling cell wall expansion with cell growth is a universal challenge faced by walled organ-
isms. Mutations in Schizosaccharomyces pombe c¢ss1, which encodes a PM inositol phos-
hosphingolipid phospholipase C, prevent cell wall expansion but not synthesis of cell wall
Turner LA, Gould KL (2023) Elevated levels of P p INGOTIpIA PROSpNOlip prev W P ) ! u y . ! W
sphingolipid MIPC in the plasma membrane material. To probe how Css1 modulates cell wall formation we used classical and chemical
disrupt the coordination of cell growth with cellwall ~ genetics coupled with quantitative mass spectrometry. We found that elevated levels of the
formation in fission yeast. PLoS Genet 19(10): sphingolipid biosynthetic pathway’s final product, mannosylinositol phosphorylceramide
E;(;:}(i%&i?g.;;ps.//d0|.org/10.1371/Journa|. (MIPC), specifically correlated with the css7-3 phenotype. We also found that an apparent
indicator of sphingolipids and a sterol biosensor accumulated at the cytosolic face of the PM
at cell tips and the division site of css7-3cells and, in accord, the PM in css1-3was less
dynamic than in wildtype cells. Interestingly, disrupting the protein glycosylation machinery
recapitulated the css1-3 phenotype and led us to investigate Ghs2, a glycosylated PM pro-
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against environmental stresses. At the same time, cell walls are dynamic, needing to be
repaired and elaborated on as cells grow and divide. A shared challenge among cell-walled
organisms is therefore maintaining the integrity of the cell wall while it is being remod-
, eled. The yeast Schizosaccharomyces pombe has a well understood pattern of new cell wall
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defined by a mutation in the cssI gene that encodes a sphingomyelinase-like enzyme. In
these cells, a step following cell wall precursor synthesis fails and therefore, cells stop elon-
gating. We determined that changes in plasma membrane lipid composition and dynam-
ics accompany this defect and identify putative enzymes that act on cell wall precursors
after their synthesis to allow cell growth.

Introduction

For many organisms, the cell wall is the initial barrier protecting them against environmental
stresses such as fluctuations in temperature and oxidative and osmotic conditions. At the same
time, it provides structural support and helps to maintain cell shape. The cell wall, however, is
not like rigid armor but rather, a dynamic and elastic structure that is constantly being remod-
eled, particularly during cell growth, and a common challenge faced by all cell-walled organ-
isms is how to coordinate the processes of cell growth and cell wall expansion [1-9].

Schizosaccharomyces pombe is a rod-shaped yeast that orchestrates cell wall construction in
synchrony with its cell division cycle. At the beginning of the cell cycle, S. pombe cells lengthen
from a single tip, the one which existed before division; later, cells switch to bipolar growth,
growing at both old and new tips until mitosis [10]. At mitosis, tip extension ceases, and the
cells subsequently divide symmetrically by septation. New cell wall material is produced and
incorporated into the pre-existing cell wall only at growing tips during interphase and adjacent
to the primary septum during cell division [11-13].

The S. pombe cell wall is composed of three layers as determined by electron microscopy;
there are electron-dense outer and inner layers containing galactomannan, and a central core
layer comprised of o.1,3-glucans, $1,3-glucans and B1,6-glucans [12,14-16]. The glucans are
synthesized by the essential glucan synthases Agsl [17-19], Bgsl [20-22], Bgs3 [23], and Bgs4
[24], and the galactomannans by multiple non-essential proteins [25]. The linear o.1,3-glucans
and B1,3-glucans provide rigidity and contribute to cell shape, while the highly branched
B1,6-glucans and galactomannans provide flexibility [26,27]. Proteins comprise another
important element of the cell wall and play important roles in its structure and function [28-
30]. Many cell wall-associated proteins contain a glycosylphosphatidylinositol (GPI) anchor,
or its remnant [9,16,31]. In addition to providing protection from the extracellular environ-
ment, the S. pombe cell wall must be unyielding enough to resist an internal turgor pressure of
~1.5 MPa [32,33].

Though the composition of the S. pombe cell wall has been well-characterized, it is much
less clear how new components are incorporated during cell growth [9,13]. In this study, we
provide insight into this question by analyzing why cell wall expansion ceases in ¢ssI1-3 mutant
cells despite continued and abundant production of all cell wall polysaccharides [34]. Cssl is
an inositol phosphosphingolipid phospholipase C that catabolizes the complex sphingolipids
inositol phosphorylceramide (IPC) and mannosylinositol phosphorylceramide (MIPC) to pro-
duce ceramides [34]. We determined by mass spectrometry-based lipidomics and genetic anal-
yses that MIPC accumulation in cssI-3 mutant cells underlies the cell wall defect, in which
components used to expand the cell wall collect between the plasma membrane (PM) and the
existing cell wall, rather than being incorporated into new cell wall. This situation causes
growth arrest, compression of the cytoplasm, and cell death. We used pre-existing and newly
developed fluorescent biosensors to show the coordinate accumulation of sphingolipids and
sterols in the cytoplasmic PM leaflet in css1-3 mutant cells. Fluorescence recovery after photo-
bleaching (FRAP) analysis showed that these changes correlated with reduced PM fluidity. We
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found that blocking the protein N-linked glycosylation machinery globally but not the produc-
tion of GPI-anchored proteins led to phenotypes similar to those of css1-3. Remarkably, muta-
tions in a previously uncharacterized protein, Ghs2, predicted to be glycosylated and involved
in cell wall assembly, also partially phenocopied css1-3. Our data establish that proper PM
sphingolipid levels play a key role in the localization of PM sterols, the properties of the PM,
and the function of S. pombe PM-localized enzymes necessary for coordinating cell wall con-
struction with cell growth.

Results

Css1 mutant cells cease cell wall expansion despite ongoing extrusion of cell
wall components

Temperature-sensitive recessive mutations in the S. pombe css1 gene lead to elevated levels of
glucans and galactomannans [34]. The accumulation of this material underneath the previ-
ously existing cell wall was visualized by live-cell imaging of cssI-3 after shifting to the non-
permissive temperature with the addition of calcofluor white (CW), which binds glucans, and
TRITC-conjugated lectin, which labels the exterior of the cell wall (Fig 1A). Imaging css1-3
cells expressing acylated GFP (acyl-GFP) as a marker of the PM showed that glucans were
deposited between the PM and the cell wall at the restrictive temperature (Fig 1B). A marker of
the PM at cell tips and septa, the mechanosensitive transmembrane protein Mtl2 [35], tagged
with mNeonGreen (mNG), also accumulated adjacent to the glucan deposits but displaced
away from the cell wall (Fig 1C).

Despite the accumulation of cell wall constituents in the periplasmic space, css1-3 cells
maintained their rod-shaped morphology while the cytoplasm appeared to become com-
pressed (Fig 1A-1C) [34]. Additional observations using the nuclear envelope marker
Cutl1-GFP [36] showed significant deformation of the nucleus (Fig 1D), in line with cyto-
plasmic compression. ¢ss1-3 mutant cells also appeared to cease tip extension at the non-per-
missive temperature [34]. We validated this observation by tracking growth of individual cells
over time. Whereas wildtype cells shifted to 36°C grew to 14 + 0.52 um before septating, cssI-3
cells ceased elongation within an hour of incubation at 36°C (Fig 1E).

Because css1-3 cells remained rod-shaped and cell wall components were extruded only at
tips and/or septa where new cell wall is normally constructed, we predicted that the glucan
synthases Agsl, Bgs1, Bgs3, and Bgs4 would localize normally and adjacent to the glucan
deposits in css1-3 mutant cells. Indeed, all four proteins localized at tips and septa of cssI-3, as
in wildtype cells (S1A Fig) [23,24,27,37,38]. We further reasoned that reducing the extent of
cell wall precursor synthesis might suppress the cssI-3 growth defect. As predicted, the condi-
tional alleles alone or in combination (agsI-664, bgs1-191 and/or bgs4-1 of 0.1,3-glucan
synthase, linear 1,3-glucan synthase and 1,6 branched B1,3-glucan synthase, respectively)
[18,24,39], improved css1-3 cell growth at semi-permissive temperatures (S1B Fig) while
growth in hypoosomotic conditions (sorbitol-containing media) did not (S1C Fig).

Over-production of Wscl, a cell wall stress sensor, activates the cell integrity pathway (CIP)
and Rhol to stimulate glucan synthase activity [35,40,41]. We therefore hypothesized that
eliminating CIP function would reduce glucan synthase activity in css1-3 cells and improve
their growth. Indeed, the deletion of wsc1A4 and many CIP components including rho24,
pmklIA, rgflA, mkhlA, peklA, pck1A, and pck2A partially suppressed css1-3 lethality (S2A Fig).
This is in accord with Wsc1-mNG forming large clusters in c¢ss1-3 cells (S2B Fig), indicative of
CIP activation [42]. Taken together, our data indicate that mutations in cssI block a step in cell
wall assembly downstream of the production and extrusion of cell wall constituents into the
extracellular space.
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Fig 1. Characterization of the cssI1-3 phenotype. (A) Representative montage from live-cell, time-lapse imaging of a css1-3
cell grown 25°C and shifted to 36°C for 3 h. Cells were treated with TRITC-lectin for 10 min and with calcofluor white (CW)
for 5 min before time = 0. A representative 140-minute time point of a wildtype cell grown and imaged under the same
conditions is also shown. (B) Live-cell imaging of cssI-3 cells expressing acyl-GFP grown at 25°C and shifted to 36°C for 3 h.
Cells were treated with TRITC-lectin for 10 minutes before imaging. Blue arrows indicate where cell wall material
accumulated in that cell. (C) Live-cell imaging of wildtype and cssI-3 cells expressing mtl2-mNG grown at 25°C and then
shifted to 36°C for 3 h. Cells were treated with TRITC-lectin for 10 minutes before imaging. (D) Live-cell imaging of css1-3
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cut11-GFP cells grown at 25°C then shifted to 36°C for 6 h. Cells were treated with TRITC-lectin for 10 minutes before
imaging. (E) Wildtype and css1-3 cells were grown at 25°C, shifted to 36°C for 3 h and imaged using differential interference
contrast (DIC). Cell length was measured and plotted against time. n = 10. Scale bars, 5 um.

https://doi.org/10.1371/journal.pgen.1010987.g001

Preventing synthesis of MIPC suppresses the css1-3 mutant phenotype

The predicted substrates of Css1 are the last two products of sphingolipid biosynthesis, IPC
and MIPC [34,43]. Therefore, we reasoned that the ¢ssI1-3 phenotype could result from an
accumulation of MIPC, IPC, and/or any upstream intermediate(s) in the sphingolipid biosyn-
thetic pathway (Fig 2A). To identify which sphingolipid or sphingolipid precursor was linked
to the css1-3 phenotype, we used conditional and deletion mutants of genes in the sphingolipid
synthesis pathway, as well as chemical inhibition of pathway enzymes. Cut6, acetyl CoA car-
boxylase, acts at the top of the pathway so disruption of its function inhibits the production of
all intermediates needed for sphingolipid biosynthesis [44]. Indeed, we isolated a cold-sensitive
mutant of cut6, cut6-1, as a strong suppressor of cssI-3 (S3A Fig). Myriocin, which inhibits ER
enzymes Lcb1 and Leb2 to block synthesis of sphingolipid and ceramide precursors [45,46],
also fully suppressed the css1-3 growth defect (S3B Fig). ER-localized Sur2 is a sphingosine
hydroxylase involved in the biosynthesis of phytosphingosine and phytoceramides and sur2A
causes an accumulation of IPC and a decrease in MIPC levels [47,48]. sur2A suppressed cssI-3
(S3C Fig). Lacl and Lagl are ER-localized ceramide synthases that produce distinct species of
ceramides and have different effects on cell growth [49]. Lacl is proposed to be particularly
important for MIPC production, and both are important for IPC production [49]. laclA sup-
pressed css1-3 but laglA did not (S3D Fig). A non-lethal concentration of aureobasidin A,
which inhibits the essential Golgi enzyme Aurl and limits the synthesis of IPC [50-52] also
suppressed css1-3 (S3B Fig).

Finally, imt3A strongly suppressed css1-3 growth (Fig 2B) and the accumulation of cell wall
material (S3E Fig). Imt3 is one of three highly related mannosyltransferases (the other two
being Imtl and Imt2) acting at the Golgi in the final step of the biosynthetic pathway to catalyze
the formation of the five subspecies of MIPC from IPC [47]. Interestingly, neither imtI1A nor
imt2A suppressed css1-3 (Fig 2B), in line with the idea that the three mannosyltransferases have
distinct catalytic activities toward IPC subspecies and/or distinct IPC subspecies as substrates.
Relevant to this possibility, we noticed that the imt2A and imt1A imt2A strains were tempera-
ture sensitive (Fig 2B). Microscopic analysis revealed that, as in css1-3, cell wall material accu-
mulated at the cell division site in imt2A cells (S3F Fig). This phenotype was suppressed by
imt3A (S3F Fig). These results suggest that in the absence of Imt2, Imt3 may become the pre-
dominant mannosyltransferase and Imt3-specific MIPC subspecies may increase in imt2A
strains. These data also suggest that Imt3-dependent MIPC subspecies are particularly impor-
tant to regulate. Collectively, our genetic results suggest that the cssI-3 phenotype results from
an accumulation of the final product of the sphingolipid biosynthetic pathway, MIPC.

To define more precisely which lipid species drive the cssI1-3 phenotype, quantitative mass
spectrometry (MS)-based lipidomic analysis of wildtype, cssI-3, imt3A, and css1-3 imt3A cells
grown at 25°C in YE and shifted for 1 hour to 36°C was performed. A comparison of the lipid
profile of css1-3 to that of wildtype showed decreased levels of diacylglycerol (DAG), phospha-
tidylcholine (PC), phosphatidylserine (PS) and ergosterol esters (EE) (Fig 2C). css1-3 cells also
showed an increase in the levels of IPC and MIPC relative to wildtype (Fig 2C). The suppressed
double mutant, css1-3 imt3A, had an even higher level of IPC than cssI-3 alone. However, the
level of MIPC was lower in css1-3 imt3A cells than in wildtype (Fig 2D). Altogether, these
quantitative MS results support the genetic epistasis analysis and indicate that it is MIPC accu-
mulation that underlies the cellular defects of cssI-3.
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Fig 2. css1-3 cells accumulate MIPC at non-permissive temperature. (A) A simplified schematic of the sphingolipid
synthesis pathway in S. pombe. Genes in black text are nonessential; genes in magenta text are essential. Asterisks
indicate the genes whose inhibition suppresses css1-3. The steps inhibited by myriocin and aureobasidin A are
indicated. (B) Serial 10-fold dilutions of the indicated strains were spotted on YE plates and incubated at the indicated
temperatures for 3 days. (C-D) Wildtype, cssI-3, and css1-3 imt3A cells were grown in YE media at 25°C, shifted to
36°C for 1 h, and lipids were extracted and analyzed as described in Materials and Methods. In C, the percentage of
each lipid class in wildtype and css1-3 cells is shown. In D, the sphingolipid profile of css1-3 is compared to css1-3
imt3A. TAG, triacylglycerol; DAG, diacylglycerol; CL, cardiolipin; PC, phosphatidylcholine; PA, phosphatidic acid; PE,
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phosphatidylserine; IPC, inositolphosphorylceramide; MIPC, mannosyl-inositol-phosphorylceramide; CER, ceramide
(phytoceramide + dihydroceramide); EE, ergosteryl ester.
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Cssl is a PM-localized protein

Biosynthesis of sphingolipids begins in the endoplasmic reticulum (ER) and is completed in
the Golgi complex, but sphingolipids ultimately localize primarily in the PM, where they are
thought to reside mostly in the outer leaflet [53-57]. Overexpressed GFP-Cssl1 localizes at the
cell periphery [34]. Because the cortical ER underlies the PM in S. pombe [58], we asked
whether Css1 was a PM or cortical ER-localized enzyme. For this, Css1 was tagged with
sequences encoding mNG at its endogenous locus in a strain that also produced the ER
marker, mCherry-AHDL [59]. Endogenous Css1-mNG was detected only at the cell periphery
and did not appear to co-localize significantly with mCherry-AHDL (Fig 3A). To conclusively
distinguish peripheral ER from PM localization, we examined Css1-mNG in scs2A scs22A cells
in which ER-PM contact sites are disrupted and the ER is partially separated from the PM
[60]. Css1-mNG localization remained cortical in areas where the ER was detached from the
PM (Fig 3A). We conclude that Cssl is a bona fide PM protein. We next examined the localiza-
tion of the mutant Css1-3-mNG protein as cells were shifted to the non-permissive tempera-
ture. We found that the amount of Css1-3-mNG declined over time (Fig 3B-3C). Moreover, it
was lost specifically from the PM (Fig 3B and 3D). Taken together, we conclude that it is likely
a failure to catabolize complex sphingolipids at the PM that leads to their over-abundance in
css1-3 mutant cells.

Cssl lacks a signal sequence and is predicted to have two C-terminal transmembrane
domains [61-63]. These likely form a hairpin loop that inserts into the PM such that both pro-
tein termini and the catalytic phospholipase domain would be positioned intracellularly
[34,64]. To confirm this, we tagged Css1 with sequences encoding GFP-binding protein
(GBP)-mCherry in cells producing a cytoplasmic GFP tagged protein, Ank1-GFP. We rea-
soned that if the Css1 C-terminus is intracellular, cytoplasmic Ank1-GFP would be recruited
to the PM but if extracellular, it would not be accessible to the GFP-tagged protein. In cells
expressing Css1-GBP-mCherry Ank1-GFP, Ank1-GFP was indeed recruited to the PM
(Fig 3E). Therefore, we conclude that the catalytic domain of Css1 is positioned at the inner
leaflet of the PM to control MIPC levels (Fig 3F).

Localization of PM sterols is altered in css1-3

The biophysical properties of sphingolipids, namely their large hydrophilic heads and satu-
rated acyl chains, allows them to interact with sterols in model membranes [65], in which they
form PM microdomains [66-69]. There is also genetic evidence that these two classes of lipids
function together in Saccharomyces cerevisiae [70]; mutants defective in ergosterol or sphingo-
lipid biosynthesis affect the other’s synthesis and membrane composition, suggesting that the
production and deployment of these two lipids is coordinated [70-72]. Although we did not
detect a significant change in sterol levels in css1-3 cells by MS (Fig 2C), we tested whether the
intracellular distribution of membrane sterols was altered in css1-3 cells.

For this, we used a genetically encoded sterol biosensor (DH4-D434S) expressed from the
constitutive actl promoter linked to two different fluorophores (mCherry and stGFP) [73-76].
In wildtype cells at 25°C and 36°C, and css1-3 cells at 25°C, both probes localized to the cell
periphery and were also detected in cytosolic puncta (Figs 4A and S4A), as expected from pre-
vious work [76]. While the whole cell intensities of the probes did not change in css1-3 cells
shifted to 36°C, probe intensities increased adjacent to deposits of cell wall components at the
septum and cell tips (Figs 4A-4D and S4A-54D). Thus, there appears to be a redistribution of
intracellular sterols in cssI-3 cells. Reciprocally, treatment of cells with aureobasidin A to block
formation of IPC and MIPC resulted in decreased sterol sensor intensities at both cell tips and
septa (Fig 4E-4F). We did not detect a difference in filipin staining, which marks sterols in the
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Fig 3. Cssl is a PM protein. (A) Live-cell imaging of css1-mNG and AHDL-mCherry in wildtype and scs2A scs22A cells. (B) Live-cell
imaging of cssI-mNG and css1-3-mNG at 25°C and after shifting to 36°C for 1 and 2 h. (C) Quantification of fluorescence intensity

per um” of whole non-septated cells from B. n > 45 cells for each strain. Error bars represent SEM. ****p < 0.0001; one-way ANOVA
(D) Line scans of fluorescence intensity across the short axis of cssI-mNG (solid black line) and css1-3-mNG (dotted black line) indicated
in the 2 h time point in B. (E) Live-cell imaging of cssI-GBP-mCherry, ank1-GFP and cssI-GBP-mCherry ankI1-GFP cells grown up at
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25°C. (F) AlphaFold predicted structure of Css1.The two transmembrane domains are in magenta and the Cssl catalytic phospholipase
domain is in cyan. Css1 N and C termini are also labeled. Scale bars, 5 pm.

https://doi.org/10.1371/journal.pgen.1010987.9003

outer PM leaflet, between wildtype and css1-3 at either permissive or restrictive temperature
(S4E Fig). Collectively, these data indicate that the level of complex sphingolipids controls the
distribution of PM sterols, at least within the PM inner leaflet, in S. pombe.

Based on these observations and the potential of sterol-sphingolipid co-regulation, we
hypothesized that reducing sterol formation might suppress cssI-3 by decreasing sphingolipid
synthesis or causing a redistribution of PM MIPC. We found that some deletions of genes
involved in ergosterol biosynthesis partially suppressed css1-3 and one, erg4, fully suppressed
css1-3 growth and accumulation of cell wall precursors (S4F-54G Fig). Erg4 (first known as
Sts1) is a C-24(28) sterol reductase that acts at the final stage of ergosterol biosynthesis [77,78].

Evidence from S. cerevisiae suggests that MIPC enhances the activity of PM protein kinase
Fpk1, which in turn activates PM phospholipid flippases [79,80]. In S. cerevisiae, phospholipid
flippase function is required to retain ergosterol at the PM [81]. This model suggests that ele-
vated PM MIPC levels in css1-3 cells may lead to hyper-activated Ppk14 (the S. pombe ortholog
of Fpkl), hyper-activated PM phospholipid flippases, and more ergosterol in the PM. If this
was the case, we hypothesized that blocking these activities might also rescue css1-3 lethality.
Indeed, ppk14A and also deletion of the gene encoding phospholipid flippase dnfl but not
dnf2A or dnf2.5A [82] robustly suppressed css1-3 (Figs 5A-5B and S5A). Consistent with func-
tions at the PM, we found that both Ppk14-mNG and Dnfl-moxNG (an oxidizing environ-
ment-optimized variant of mNG [83], see Materials and Methods) localized at the PM
(S5B Fig). Finally, there was less GFP-D4H sterol sensor at the PM in dnfIA cells (Fig 5C), as
predicted from work in S. cerevisiae [81].

Localization of PM complex sphingolipids are altered in css1-3

Examining the localization of membrane sphingolipids is problematic because they are
thought to be primarily on the outer leaflet of the PM, and a genetically-encoded sensor is not
available for monitoring them in yeast. However, the PH domain of S. cerevisiae SIm1 was pos-
ited to act as a coincidence detector for PM phosphatidylinositol phosphates and sphingoli-
pids, and the PM localization of S. cerevisiae SIm1-GFP is disrupted when cells are treated with
myriocin that blocks ceramide and sphingolipid production [84]. We therefore analyzed the
localization of the orthologous protein in S. pombe, also named Slm1. Slm1 C-terminally
tagged with mNG (SIm1-mNG) localized along the PM including at tips and septa, as well as at
internal vesicles in wildtype cells at 25°C and 36°C, as previously observed [85] (Fig 6A). In
css1-3 cells at the restrictive temperature, Sim1-mNG accumulated at cell tips and septa adja-
cent to the deposits of cell wall precursors (Fig 6A-6B). Consistent with it recognizing an
increased level of complex sphingolipids there, aureobasidin A treatment decreased
SIm1-mNG intensity at the septum relative to wildtype cells (Fig 6C-6D). Thus, S. pombe Slm1
is sensitive to IPC and/or MIPC levels.

To determine whether Slm1 was sensitive to IPC, MIPC, or both, we imaged SIm1-mNG in
strains lacking one or all three mannosyltransferases, Imtl, Imt2, and Imt3. We expected that
if Sim1 was sensitive to PM IPC, SIm1-mNG localization to the PM would increase in these
strains based on our MS-based lipid profile (Fig 2C-2D), whereas if Slm1 was sensitive to
MIPC levels, SIm1-mNG PM localization would decrease in these strains. We found that
SIm1-mNG cortical levels were reduced in imtIA, imt2A and imt3A cells compared to wild-
type, and even more reduced in the imt1A imt2A imt3A triple deletion compared to any single

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 9/27


https://doi.org/10.1371/journal.pgen.1010987.g003
https://doi.org/10.1371/journal.pgen.1010987

Elevated MIPC disrupts cell wall formation

10/27

PLOS GENETICS

A,..~\ £ A \ J
op W ) Y 8 g
o o U |Bocnad % 2|l N
™ = L e r - * 9,2 % \ | \
| O ] [, * o@%&v Q ‘\/__ 1\‘
SR | SO A
o0 [ \\ B m oﬁxwmvﬁn\so M //ﬂ/\ \/
/// e %nbn..w\\mﬂ\%%rv + LA //\ A.
T ~ G 200 "%
m X ALK /\/.ua .NPWN > 2 OVW% . p
. 35 x xe]
™ V\/M\ —~—|[@ . &7/v o,o%H%wmv\%&u Wu [ % W W %
=i A" ? : ikmen ¢ <, % , ! 3
e D I I RV of 2991 [
N (- Ve o N il o %, % B) O8O0
@ U by @ € 0L X ("N'Y) Aususyul > = 7 J 53 % +
\//// \ /)W.ﬁe,,/.,.uuq.,v)vu sousosalon)y wnydeg [ ( "
S — — = - 10 L] Hraddos _
op W
Tetad | B> o 1 . H
o OV, @@ # %,
b s @ | N
~ X — T = K *
m A EP A » JJ = H -0 o0 %mw\ : _._H
e 4|, Ty A % b
// “,, _/.a. _.— i rN%M:V %W\\&Ja\ *
. I | :
) . O
/D) ~—
o x\\\ﬂ\\\\\\ -
A Ll P~ Y
AN X \\\ - o ) \, \ //.
/ \\\/J\\H\/ /) \A e
= ¥ 8 FE g R T
/ Y y0L X Wrl/(*n'y) Asusjul K 0L X ('N'V) Aususyul
Hyd-d494S  Hyrd-d494S 80USISBI0NY 180 SIOUM 8ougosaioniy dy 119 (‘n"v) Aususju; sousoseson 4
+1SS9 g-1sso. M LL

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023


https://doi.org/10.1371/journal.pgen.1010987

PLOS GENETICS Elevated MIPC disrupts cell wall formation

Fig 4. Sterol distribution is altered in cssI mutant cells. (A) Live-cell imaging of wildtype and css1-3 cells expressing
sterol sensor sfGFP-D4H that were grown at 25°C then shifted to 36°C and imaged each hour. (B) Quantification of
fluorescence intensity per um” of whole non-septated cells from A. n = 45. css1-3 25°C vs. css1-3 3h at 36°C, p > 0.99.
(C) Quantification of septum intensity of cells from A. n > 29. (D) Quantification of cell tip intensity of cells from A.
n > 83. For B, C and D error bars represent SEM. **p < 0.01, ****p < 0.0001; one-way ANOVA. (E) Live-cell imaging
of wildtype cells expressing sterol sensor sfGFP-D4H grown at 25°C and treated with methanol or 50 ng/ml
aureobasidin A in methanol for 3 h. (F) Five representative line scans across septated sfGFP-D4H cells treated with
methanol (black lines) or 50 ng/ml aureobasidin A (green lines) from E. Scale bars, 5 um.

https://doi.org/10.1371/journal.pgen.1010987.g004

imt deletion (Fig 6E-6F). These data support Slm1 as an indicator of MIPC levels at the intra-
cellular leaflet of the PM.

S. cerevisiae Slm1 shows reduced PM localization when phosphatidylinositol-4-phosphate
(PI4P) and phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P,] levels are reduced [86].
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Fig 5. Mutations in the Ppk14 signaling pathway suppress cssI-3. (A-B) Serial 10-fold dilutions of the indicated
strains were spotted on YE plates and incubated at the indicated temperatures. (C) Left, live-cell imaging of wildtype
and dnfIA cells expressing sterol sensor sfGFP-D4H that were grown and imaged at 25°C. Scale bar, 5 um. Right, plot
of the fluorescence intensity of sSfGFP-D4H across the short cell axis of wildtype or dnflA cells. Shaded area represents
SEM. n = 10.

https://doi.org/10.1371/journal.pgen.1010987.g005
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Fig 6. Slm1 is a sensor for complex sphingolipid levels. (A) Live-cell imaging of wildtype, cssI-3, imt3A and css1-3 imt3A cells
expressing SIm1-mNG grown at 25°C and then shifted to 36°C for 2 h. (B) Quantification of septum intensity of cells from A. n > 29.
Error bars represent SEM. ****p < 0.0001; one-way ANOVA. css1™ 25°C vs css1-3 25°C, p > 0.99. (C) Live-cell imaging of wildtype
cells expressing SIm1-mNG grown at 25°C and treated with methanol or 50 ng/ml aureobasidin A in methanol for 3 h. (D) Five
representative line scans across septated cells treated with methanol (black lines) or aureobasidin A (green lines) from C (E) Live-cell
imaging of wildtype, imt1A, imt2A, imt3A and imt1A imt2A imt3A cells expressing Sim1-mNG and grown at 25°C (F) Quantification of
septum intensity of cells from C. n > 29. Error bars represent SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001; one-way ANOVA. Scale
bars, 5 pm.

https://doi.org/10.1371/journal.pgen.1010987.9006

Therefore, we next analyzed S. pombe Sim1-mNG localization in efr3A cells, which have
markedly reduced PI4P and [PI(4,5)P,] levels at the PM [87]. Surprisingly, we found that
SIm1-mNG septum localization was modestly increased rather than decreased in efr3A4 cells
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compared to wildtype (S5C-S5D Fig). These results suggest that S. pombe Slm1 localization is
a more specific indicator of the level of complex sphingolipids than of PI.

The PM and glycosylated PM proteins have altered properties in css1-3 cells

The abnormal distribution of sterols and complex sphingolipids along with other bulk changes
in the lipid composition led us to ask if the physical properties of the PM are altered in css1-3
cells. We analyzed the FRAP of acyl-GFP in wildtype and css1-3 cells as a general indicator of
membrane fluidity. We found that acyl-GFP in c¢ssI-3 cells grown at the permissive tempera-
ture and then shifted to the restrictive temperature for 1 h had a reduced mobile fraction and a
longer half-life than in wildtype cells (Fig 7A-7B) indicating that the PM of css1-3 cells is more
ordered. This finding is consistent with how the concentration of complex sphingolipids
affects the organization of the S. cerevisiae PM [88, 89].

The PM lipid composition, particularly that of sterols and sphingolipids, can influence the
conformation of transmembrane domain proteins. This has been demonstrated for human
amyloid precursor protein [90-92] and various neurotransmitters [93]. We therefore hypothe-
sized that a PM protein or group of proteins required to incorporate cell wall precursors into
the existing cell wall matrix are mis-regulated in cssI-3 and that disrupting these enzymes
would phenocopy css1-3. We reasoned that such proteins would contain functional extracellu-
lar domains and thus be linked to the PM via either a GPI anchor or contain a transmembrane
domain. We first disrupted the cellular machinery required for the attachment of GPI anchors
by constructing a temperature-sensitive gpi8 mutant (gpi8-1) (Figs 7C and S6A). The gpi8 gene
encodes the ortholog of human PIG-K and S. cerevisiae Gpi8 that attaches the GPI group onto
proteins in the ER [61,94]. We analyzed the phenotype of gpi8-1 cells expressing the PM
marker GFP-lactC2 [95, 96] by also staining with CW and TRITC-lectin. At the restrictive
temperature, gpi8-1 cells did not accumulate cell wall material at their periphery and thus did
not phenocopy cssI-3 (Fig 7D). We conclude that the cssI-3 phenotype is unlikely to result
from mis-regulation of GPI-anchored proteins.

Because most trans-PM proteins are glycosylated, we next disrupted N-linked glycosylation
globally by constructing a temperature sensitive allele of ost1 (ost1-3) (Figs 7C and S6A),
which encodes an essential component of the ER-localized oligosaccharyltransferase complex
required for this modification [97]. We found that ost1-3 cells accumulated cell wall deposits at
the restrictive temperature, similarly to css1-3 cells (Fig 7D). These results indicated that dis-
ruption of a N-linked glycosylated protein(s), but not a GPI anchored protein(s), may underlie
the defect in cell wall construction in ¢ss1-3 cells.

253 proteins are predicted to be N-glycosylated in S. pombe, of which 240 are N-glycosy-
lated but not GPI-anchored [61]. Of these, 18 are annotated to be involved in cell wall biogene-
sis and are thus candidates for mis-regulation in css1-3 cells (S1 Table). Within this list, the
uncharacterized protein encoded by SPAC17G6.11c¢ was of particular interest because it is
essential, potentially localizes to the PM, and contains a Glycoside Hydrolase 16 domain with
homology to laminarinases which are B1,3 glucanases [98]. We named this protein Ghs2 for its
Glycoside Hydrolase Sixteen domain 2. We generated a temperature-sensitive ghs2 allele
(ghs2-2) (S6B Fig) with defects in phloxine B uptake at high temperatures, a defect also seen
with css1-3 cells. We observed cell wall deposits between the PM and existing cell wall at the
restrictive temperature in ghs2-2 cells (Fig 7D). In support of Ghs2 playing a role in cell wall
regulation, negative genetic interactions were observed between ghs2-2 and ags1-664, bgs1-191
and bgs4-1 (S6B Fig). ghs2-2 also displayed a negative genetic interaction with ¢ss1-3 and exac-
erbated the accumulation of cell wall precursors (Fig 7E and 7F). Thus, we conclude that Ghs2
is a new factor contributing to the coordination of cell wall glucan synthesis and processing.
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Fig 7. Cells with disrupted glycosylation but not GPI anchor addition phenocopy css1-3. (A) Representative live-cell time-lapse movies of wildtype and
css1-3 cells expressing acyl-GFP. Fluorescence of acyl-GFP was photobleached at time 0 and cells were imaged every 1s. Every other time point is shown. Scale
bar, 2 um. (B) Quantification of the fluorescence recovery after photobleaching of the strains from A. Shaded area represent SEM. n = 12. (C) A schematic of
Gpi8, Ostl and Ghs2 with their relevant predicted domains. Mutations in these genes are indicated on the relevant schematic. (D) Live-cell imaging of
wildtype, gpi8-1, ost1-3 and ghs2-2 cells expressing GFP-LactC2. Cells were grown up at 25°C and then shifted to 36°C for 3 h prior to imaging and staining
with CW and TRITC-lectin. Scale bar, 5 um. (E) Serial 10-fold dilutions of the indicated strains were spotted on YE plates and incubated at the indicated
temperatures for 3 days. (F) The indicated cells were grown at 25°C and shifted to 36°C for 3 h prior to fixing and staining cells with CW. Scale bar, 5 um.

https://doi.org/10.1371/journal.pgen.1010987.g007

Discussion

In this work, we determined the factors responsible for the unique phenotype of the css!
mutant, in which despite the sustained production and accumulation of cell wall precursors,
cell wall extension stops. Our results indicate that an increase in the final product of the sphin-
golipid synthesis pathway, MIPC, underlies the failure in a final step(s) of cell wall assembly
and disrupts the normal coupling of cell growth with construction of the cell wall in S. pombe.
Furthermore, it appears that elevated PM MIPC disrupts the normal intrafacial distribution of
PM ergosterols, the properties of the PM, and the functions of N-glycosylated but not GPI-
anchored cell wall assembly enzymes that function at the PM. Using a candidate approach, we
identified Ghs2 as a previously uncharacterized N-glycosylated PM protein that is key to
proper cell wall assembly. Thus, our work has tied global changes in PM composition to the
function of specific proteins that couple cell wall construction to cell growth.

The S. cerevisiae sphingolipid synthesis pathway is well characterized, and most of its
enzymes have been conserved throughout evolution [99,100]. Though significantly less stud-
ied, the S. pombe sphingolipid biosynthesis pathway appears similar to that of S. cerevisiae;
orthologs or putative orthologs of pathway enzymes have been identified based on sequence
comparisons [44,47,49,61,101]. Also, the final products of the pathway, the complex sphingoli-
pids MIPC in S. pombe and mannose-(inositol-P)2-ceramide (MIP,C) in S. cerevisiae are not
essential for the viability of either yeast species, although defects in morphology, cell wall orga-
nization, and stress responses have been reported for mutants defective in their synthesis
[47,71,72,102-105]. However, we have revealed a key difference in sphingolipid metabolism
between the two yeasts. We found that S. pombe does not tolerate increases in MIPC, in accord
with Css1 being an essential enzyme, and possibly related, forcing the production of MIP,C in
S. pombe is also lethal [104]. In contrast, the Css1 ortholog in S. cerevisiae, Isclp, is not essential
[106]. This significant difference in tolerance for increased complex sphingolipid levels may be
explained by a difference in where these lipids accumulate when Css1 or Isclp are inactivated.
S. cerevisiae Isc1p localizes to the ER [107], suggesting that complex sphingolipids would accu-
mulate there in iscIA cells. However, Cssl is a bona fide PM protein causing an accumulation
of complex sphingolipids in the PM.

Another potential explanation for the variable tolerance of the two yeasts to loss of sphingo-
myelinase-like activities is the difference in overall membrane lipid composition. Our quanti-
tative MS-based lipidomic data provide a similar view of the relative composition of lipid
species in S. pombe as the only other similar study [108]. The one significant difference is the
reported abundance of cardiolipin (CL). While we identified a very small amount (~0.4%) of
CL, Makarova and colleagues found that ~3% of polar lipid species were CL. Potential reasons
for this difference include the use of different yeast growth media and lipid extraction meth-
ods. Still, this difference is a small distinction in contrast to the large differences between S. cer-
evisiae and S. pombe lipid composition. Analyses of S. cerevisiae membrane lipids under a
variety of growth conditions has been performed using the same MS-based lipidomic profiling
methodology used in this study [109,110]. Although the relative abundance of some lipid spe-
cies, including IPC and MIPC, are similar between S. cerevisiae and S. pombe, there is
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considerably more PC and far less phosphatidic acid (PA) in S. pombe (<1% of lipids) relative
to S. cerevisiae (~10% of lipids) [108,110]. Thus, the membranes of S. cerevisiae might be better
able to withstand elevated complex sphingolipid levels than those of S. pombe.

Cssl is inserted into the PM via two C-terminal transmembrane domains [34], and the cat-
alytic domain is cytosolic. If IPC and MIPC are primarily on the PM’s outer leaflet, it poses a
conundrum as to how Cssl is able to hydrolyze them. Based on the dependencies of Slm1
localization (Fig 6), we speculate that IPC and MIPC may be more evenly partitioned between
PM leaflets than currently thought. We also propose that the essential role of S. pombe Cssl
might be to prevent MIPC from accumulating to high levels in the PM’s inner leaflet where it
might also partition to the outer leaflet, either of which would disrupt PM properties and the
functions of PM-resident proteins.

The factors functioning downstream of the biosynthetic enzymes that produce the building
blocks of the cell wall are poorly understood in most cell-walled organisms. The S. pombe
genome encodes numerous uncharacterized proteins with putative roles in modifying glucans
and galactomannans [61]. We have characterized just one of these, Ghs2, and found that it is
key for cell wall assembly downstream of glucan synthases. It is tempting to speculate that as
glucan polymers are synthesized and extruded through the PM into the extracellular space, the
catalytic domain of Ghs2 would be ideally positioned to process them for incorporation into
the existing cell wall matrix. Because of the dramatic changes in PM composition in ¢ssI-3 cells
and resulting changes to the physical properties of the PM, the conformations and interactions
of such functionally coupled complexes could be grossly disturbed. Our findings may spur fur-
ther investigation into Ghs2-related proteins that couple with synthetic enzymes to achieve
cell wall construction coordinated with cell growth.

Methods
Yeast strains, media, and genetic methods

S. pombe strains used in this study are listed in S2 Table and were grown in yeast extract (YE)
media [111]. Crosses were performed on glutamate medium plates and strains were con-
structed by tetrad analysis. Myriocin (Cayman Chemical Company, cat# 63150) was used at
400 ng/mL and aureobasidin A (Takara, cat# 630466) was used at 20 ng/mL added to YE
media and agar plates.

mtl2, bgsl, css1, css1-3, siml, ppk14 and dnfl were tagged endogenously at the 3’ end of
their open reading frames (ORFs) with mNeonGreen:kanMX6 (mNG), mNG:hphMX6 or
moxNG (mNG with C149S):kanMX6 using pFAG6 cassettes as previously described
[83,112,113]. moxNG, an oxidizing environment-optimized variant of mNG was constructed
by mutating cystine 149 to serine in mNG [83].

A lithium acetate transformation method was used for introducing sequences encoding
tags, and integration of tags was verified using whole-cell PCR and/or microscopy. G418 (100
mg/mL; Sigma-Aldrich, #11811031) and Hygromycin B (50 mg/mL; Thermo Fisher,
#10687010) in YE media was used for selecting kan" or hyg" cells, respectively. Introduction of
tagged loci into other genetic backgrounds was accomplished using standard S. pombe mating,
sporulation, and tetrad dissection techniques. Fusion proteins were expressed from their
native promoters at their normal chromosomal locus unless otherwise indicated. Expression
of acyl-GFP, integrated into the leu! locus [114], was controlled by the thiamine-repressible
nmtl promoter. Expression from the nmt1 promoter was repressed by addition of 5 pug/mL thi-
amine to the medium, and expression was induced by washing and culturing in medium lack-
ing thiamine for at least 24 h at 25°C. For serial dilution growth assays, cells were cultured in
liquid YE at 25°C, three or four serial 10-fold dilutions starting at 4 x 10° cells/mL were made,
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3 L of each dilution was spotted on YE plates, and cells were grown at the indicated tempera-
tures for two days.

PCR mediated gene deletions

ergd, erg5, dnf2, dnf2.5 gene deletions were made as previously described [115]. imt3 and dnf1
gene deletions were obtained using a two-step PCR, except that the open reading frames
(ORFs) were replaced with ura4™ rather than kanMX6. Transformants were selected on plates
lacking uracil at 29°C for 3-5 days and colonies were checked by three PCR reactions to ensure
loss of the ORF and correct insertion of ura4™ as previously described [115].

Isolation of cold-sensitive cut6-1 mutant

Suppressor mutations of cssI-3 at 36°C were isolated by nitrosoguanidine mutagenesis as
described [111]. These mutants were then crossed to cssI-3 twice to determine if the suppres-
sor mutation segregated as a single extragenic locus. Those that did were then tested for cold-
sensitive growth at 19°C. Two cold-sensitive double mutants were isolated, outcrossed to wild-
type three times, and the suppressor mutants were found to be cold-sensitive on its own. One
was crossed to wildtype a fourth time and from those tetrads dissections, DNA was extracted
from 8 wildtype and 8 mutant colonies of the same four tetrads. Equal amounts of genomic
DNA from wildtype and mutant colonies were sequenced and a single base pair difference was
identified between them at 100% frequency that led to a T to C mutation at position 6351 of
the cut6 open reading frame. This in turn led to a substitution of residue L1910 to serine within
the Cut6 acetyl-coenzymeA carboxyl transferase domain. This mutation was confirmed to
exist in the original extragenic mutation and all cold-sensitive strains arising from it. We
named this cut6 cold-sensitive mutant cut6-1. DNA sequencing of cut6 from the second cold-
sensitive suppressor mutant led to the identification of a different missense mutation that
changes K1528 to R.

Isolation of temperature sensitive alleles with error-prone PCR

Temperature sensitive alleles of gpi8, ost1 and ghs2 were constructed based on the previously
described protocol [116] but used EX taq polymerase (Takara, 4025) and accompanying
dNTPs (Takara, RROIBM).

Microscopy methods

All live-cell images of S. pombe cells were acquired using a Personal DeltaVision microscope
system (Leica Biosystems), which includes an Olympus IX71 microscope, 60xNA 1.42 Plan
Apochromat and 100xNA 1.40 U Plan S Apochromat objectives, live-cell and standard filter
wheel sets, soft WoRx imaging software, and either a Photometrics CoolSnap HQ2 camera or a
pco.edge 4.2 sSCMOS camera. z-sections spaced at 0.2-0.5 pm. Images were deconvolved with
10 iterations.

For live-cell time-lapse imaging, cells were secured within a CellASIC ONIX microfluidics
perfusion system (Millipore Sigma). Cells were loaded into Y04C plates for 5 sec at 8 psi, and
YE liquid media flowed into the chamber at 5 psi during imaging. Single z-planes were imaged
every 20 min.

Fluorescence intensity measurements were made with Image]J software (National Institutes
of Health) [117]. All intensity measurements were corrected for background. In each image
used, background intensity measurements were taken from an area without any cells, which
was divided by that area to give the average intensity per pixel of the background. This value
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was then multiplied by the area of the region of interest (ROI) and subtracted from that ROI’s
raw intensity measurement to get the intensity measurement corrected for background. For
whole cell fluorescence measurements, the corrected intensity measurements were divided by
the area of the ROL

To account for autofluorescence at the 3-hour time point in S4A-S4C Fig, cells lacking fluo-
rescent tags but otherwise isogenic backgrounds were imaged and the fluorescence intensity
was quantified from summed whole cell Z-projections (n = 30). The autofluorescence mea-
surement was normalized to the wildtype strain and applied to the whole cell fluorescence
intensity. For cell tip intensity measurements, a 44 pixel (4.71 um) diameter circle ROI was
applied to cell tips to acquire an intensity measurement. For septum intensity measurements,
an ROI was drawn around the septum.

For CW staining, 50 pL of a 5 ug/mL stock of CW in PBS was added to 1 mL of cells 5 min
before imaging. For TRITC-Lectin labeling, 1 puL of a 5 mg/mL stock of TRITC-lectin in water
was added to 1 mL of cells for a final concentration of 5 pg/mL. Cells were then nutated for 10
min at room temperature, washed three times, and resuspended in PBS. For filipin staining
the drug was added at final concentration of 10 ug/mL from the DMSO stock to the cells. Cells
were imaged live within 5 min.

For all line scans, a medial slice of non-deconvolved images were used. For line scans in
Fig 3D, intensity measurements were plotted against distance across the short cell axis on the
cells shown in Fig 3B. For line scans in Figs 4F and 5C, intensity measurements of 5 cells with
a septum were taken across the middle of the long cell axis per genotype or condition (as
depicted in the schematic Fig 4F, right and Fig 5C, top) and plotted against distance. For line
scans in Fig 6D, intensity measurements of 10 cells were plotted against distance across the
short cell axis per genotype.

All images used for quantification were not deconvolved and were sum projected. Images
in Figs 1, 3-7, and S3 and S5C are deconvolved medial slices. Images in S1 and S5B Figs are
deconvolved max projected images.

FRAP analysis was performed on the Personal DeltaVision microscope described above.
An acyl-GFP membrane spot was photobleached with a 488 laser. Images were acquired every
1s for 30s and three images were taken prior to the photobleaching event. Quantifications of
the fluorescence recovery were performed using Image]. FRAP intensity measurements were
corrected for background and time-course photobleaching. Each FRAP measurement was
obtained from a separate cell, and a minimum of 12 cells were analyzed in three separate
experiments.

Quantification and statistical analysis

Calculations of standard error of the mean (SEM), and statistical significances were performed
with Prism 8.4.2 (GraphPad Software). Significance was defined by a p value equal to or less
than 0.05. For all data following a normal distribution, a Student’s two-sample unpaired t test
or an ANOVA test was used with Tukey’s post hoc analysis. Sample sizes and the numbers of
replications are included in the Fig graphs or legends. Where indicated, n represents the num-
ber of cells used for quantification. For all image analyses, no raw data were excluded with the
exception of cells that were not in focus or if a cell moved during imaging.

Lipidomic analysis

3 x 10® cells were cultured in liquid YE at 25°C and then shifted to 36°C for 1 h. After shift,
cells were collected by centrifugation, washed three times with PBS, and then lysed with glass
beads in 1 mL of water using a Fast Prep device (MP Biomedical). Lipids were extracted using
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chloroform and methanol. Samples were spiked with lipid class-specific internal standards
prior to extraction. After drying and resuspending in MS acquisition mixture, lipid extracts
were subjected to mass spectrometric analysis. Mass spectra were acquired on a hybrid quad-
rupole/Orbitrap mass spectrometer equipped with an automated nano-flow electrospray ion
source in both positive and negative ion mode.

Lipid identification using LipotypeXplorer was performed on unprocessed (*.raw format)
mass spectra. For MS-only mode, lipid identification was based on the molecular masses of the
intact molecules. MSMS mode included the collision induced fragmentation of lipid molecules
and lipid identification was based on both the intact masses and the masses of the fragments.
Prior to normalization and further statistical analysis lipid identifications were filtered accord-
ing to mass accuracy, occupation threshold, noise and background. Lists of identified lipids
and their intensities were stored in a database optimized for the particular structure inherent
to lipidomic datasets. Intensity of lipid class-specific internal standards was used for lipid
quantification.

The dynamic range for yeast total cell lysate samples was determined prior to analysis.
Based on these data, limits of quantification and coefficients of variation for the different lipid
classes were determined. Limits of quantification are in the lower uM to sub-pM range,
depending on the lipid class. The average coefficient of variation for a complete set of quanti-
fied lipid classes is around 10-15%.

Each analysis is accompanied by a set of blank samples to control for a background and a
set of quality control reference samples to control for intra-run reproducibility and sample
specific issues.

Supporting information

S1 Fig. Glucan synthases contribute to the css1-3 phenotype. (A) Live-cell imaging of endog-
enously tagged agsI-RFP, bgs1-mNG, GFP-bgs3 and GFP-bgs4 in wildtype and cssI-3 cells at
25°C and after shifting to 36°C for 3 h. Scale bar, 5 um. (B) Serial 10-fold dilutions of the indi-
cated strains were spotted on YE plates and incubated at the indicated temperatures. (C) The
indicated strains were grown at 25°C in YE or YE containing 1.2 M sorbitol and then shifted
to 36°C for 3 h prior to fixing and staining with CW. Scale bar, 5 um.

(PDF)

S2 Fig. Mutations in the Cell Integrity Pathway suppress css1-3. (A) Serial 10-fold dilutions
of the indicated strains were spotted on YE plates and incubated at the indicated temperatures.
(B) Live-cell imaging of wildtype or css1-3 cells expressing wsc1-mNG and grown at 25°C and
shifted to 36°C for 3 h prior to imaging. Cells were stained with TRITC-lectin. Scale bar, 5 pm.
(PDF)

S3 Fig. Mutations in the sphingolipid biosynthesis pathway suppress css1-3. (A-D) Serial
10-fold dilutions of the indicated strains were spotted on YE plates and incubated at the indi-
cated temperatures. Myriocin was used at 400 ng/ml and aureobasidin A was used at 20 ng/ml.
(E) The indicated strains grown at 25°C and shifted to 36°C for 3 h prior to fixing and staining
with CW. (F) Live-cell imaging of cells grown up at 25°C and shifted to 36°C for 3 h prior to
imaging. Cells were stained with CW and TRITC-lectin. Scale bar, 5 um.

(PDF)

$4 Fig. Mutations in the sterol biosynthesis pathway suppress css1-3. (A) Live-cell imaging
of wildtype and cssI-3 cells expressing sterol sensor mCherry-D4H and grown at 25°C then
shifted to 36°C for 3 h and imaged each h. (B) Quantification of fluorescence intensity per me
of whole non-septated cells from A. n = 45. (C) Quantification of septum intensity of cells
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from A.n > 35. (D) Quantification of cell tip intensity from A. n > 54. For B, C and D error
bars represent SEM. ****p < 0.0001; one-way ANOVA. In B, css1-3 25°C vs css1-3 3h 36°C,
p = 0.096 (E) Fixed-cell imaging of the wildtype and css1-3 cells stained with filipin prior to
imaging. (F) Serial 10-fold dilutions of the indicated strains were spotted on YE plates and
incubated at the indicated temperatures. (G) The indicated strains grown at 25°C and shifted
to 36°C for 3 h prior to fixing and staining with CW. Scale bars, 5 um.

(PDF)

S5 Fig. Slm1 localization is not altered in efr3A4. (A) Serial 10-fold dilutions of the indicated
strains were spotted on YE plates and incubated at the indicated temperatures. (B) Live-cell
imaging of ppk14-mNG and dnfl-moxNG expressing cells grown at 25°C. (C) Live-cell imaging
of wildtype and efr3A4 cells expressing SIm1-mNG grown up at 25°C. (D) Quantification of
SIm1-mNG septum intensity from A. n = 45. ****p < 0.0001; Student’s t-test. Scale bars, 5 um.
(PDF)

S6 Fig. Characterization of gpi8-1, ost1-3 and ghs2-2 temperature sensitive alleles. A-B)
Serial 10-fold dilutions of the indicated strains were spotted on YE plates and incubated at the
indicated temperatures.

(PDF)

S1 Table. List of proteins of interest that may be misregulated in css1-3.
(PDF)

S2 Table. List of fission yeast strain used in this study.
(PDF)

Acknowledgments

We thank Sophie Martin for strains and Kara Bell for technical assistance. This work was sup-
ported by NIH grant R35GM131799 to K.L.G.

Author Contributions

Conceptualization: Kathleen L. Gould.

Data curation: Alaina H. Willet.

Formal analysis: Alaina H. Willet, Marcin Wos, Maya G. Igarashi.

Funding acquisition: Kathleen L. Gould.

Investigation: Alaina H. Willet, Marcin Wos, Maya G. Igarashi, Liping Ren, Lesley A. Turner.
Methodology: Alaina H. Willet, Marcin Wos, Maya G. Igarashi, Kathleen L. Gould.
Resources: Kathleen L. Gould.

Supervision: Alaina H. Willet, Kathleen L. Gould.

Validation: Liping Ren.

Visualization: Alaina H. Willet, Marcin Wos, Maya G. Igarashi.

Writing - original draft: Marcin Wos, Kathleen L. Gould.

Writing - review & editing: Alaina H. Willet, Marcin Wos, Kathleen L. Gould.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 20/27


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010987.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010987.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010987.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010987.s008
https://doi.org/10.1371/journal.pgen.1010987

PLOS GENETICS

Elevated MIPC disrupts cell wall formation

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cosgrove DJ. Catalysts of plant cell wall loosening. F1000Res. 2016; 5. Epub 2016/02/27. https://doi.
org/10.12688/f1000research.7180.1 PMID: 26918182; PubMed Central PMCID: PMC4755413.

Cosgrove DJ. Growth of the plant cell wall. Nat Rev Mol Cell Biol. 2005; 6(11):850-61. Epub 2005/11/
02. https://doi.org/10.1038/nrm1746 PMID: 16261190.

Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold Spring Harb Perspect Biol. 2010; 2
(5):a000414. Epub 2010/05/11. https://doi.org/10.1101/cshperspect.a000414 PMID: 20452953;
PubMed Central PMCID: PMC2857177.

Drakakaki G. Polysaccharide deposition during cytokinesis: Challenges and future perspectives. Plant
Sci. 2015; 236:177-84. Epub 2015/05/31. https://doi.org/10.1016/j.plantsci.2015.03.018 PMID:
26025531.

Voxeur A, Hofte H. Cell wall integrity signaling in plants: "To grow or not to grow that’s the question".
Glycobiology. 2016; 26(9):950—60. Epub 2016/03/06. https://doi.org/10.1093/glycob/cww029 PMID:
26945038.

Grabowicz M, Silhavy TJ. Envelope Stress Responses: An Interconnected Safety Net. Trends Bio-
chem Sci. 2017; 42(3):232—42. Epub 2016/11/15. https://doi.org/10.1016/j.tibs.2016.10.002 PMID:
27839654; PubMed Central PMCID: PMC5336467.

Gow NAR, Latge JP, Munro CA. The Fungal Cell Wall: Structure, Biosynthesis, and Function. Micro-
biol Spectr. 2017; 5(3). Epub 2017/05/18. https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
PMID: 28513415.

Hopke A, Brown AJP, Hall RA, Wheeler RT. Dynamic Fungal Cell Wall Architecture in Stress Adapta-
tion and Immune Evasion. Trends Microbiol. 2018; 26(4):284—95. Epub 2018/02/18. https://doi.org/10.
1016/).tim.2018.01.007 PMID: 29452950; PubMed Central PMCID: PMC5869159.

Free SJ. Fungal cell wall organization and biosynthesis. Adv Genet. 2013; 81:33-82. Epub 2013/02/
20. https://doi.org/10.1016/B978-0-12-407677-8.00002-6 PMID: 23419716.

Mitchison JM, Nurse P. Growth in cell length in the fission yeast Schizosaccharomyces pombe. J Cell
Sci. 1985; 75:357-76.

Streiblova E. Relation of cell wall growth and conjugation to the cell division cycle in Schizosaccharo-
myces pombe. Mikrobiologiia. 1977; 46(4):717-24.

Osumi M, Sato M, Ishijima SA, Konomi M, Takagi T, Yaguchi H. Dynamics of cell wall formation in fis-
sion yeast, Schizosaccharomyces pombe. Fungal Genet Biol. 1998; 24(1-2):178—206.

Davi V, Minc N. Mechanics and morphogenesis of fission yeast cells. Curr Opin Microbiol. 2015;
28:36—45. Epub 2015/08/21. https://doi.org/10.1016/j.mib.2015.07.010 PMID: 26291501.

Bush DA, Horisberger M, Horman |, Wursch P. The wall structure of Schizosaccharomyces pombe. J
Gen Microbiol. 1974; 81(1):199-206.

Humbel BM, Konomi M, Takagi T, Kamasawa N, Ishijima SA, Osumi M. In situ localization of B-glu-
cans in the cell wall of Schizosaccharomyces pombe. Yeast. 2001; 18(5):433—44. https://doi.org/10.
1002/yea.694 PMID: 11255251.

Perez P, Cortes JCG, Cansado J, Ribas JC. Fission yeast cell wall biosynthesis and cell integrity sig-
nalling. Cell Surf. 2018; 4:1-9. Epub 2018/10/17. https://doi.org/10.1016/j.tcsw.2018.10.001 PMID:
32743131; PubMed Central PMCID: PMC7388972.

Hochstenbach F, Klis FM, van den Ende H, van Donselaar E, Peters PJ, Klausner RD. Identification of
a putative alpha-glucan synthase essential for cell wall construction and morphogenesis in fission
yeast. Proc Natl Acad Sci U S A. 1998; 95(16):9161-6. https://doi.org/10.1073/pnas.95.16.9161
PMID: 9689051

Katayama S, Hirata D, Arellano M, Pr P, Toda T. Fission Yeast a-Glucan Synthase Mok1 Requires the
Actin Cytoskeleton to Localize the Sites of Growth and Plays an Essential Role in Cell Morphogenesis
Downstream of Protein Kinase C Function. J Cell Biol. 1999; 144(6):1173-86.

Vos A, Dekker N, Distel B, Leunissen JA, Hochstenbach F. Role of the synthase domain of Ags1p in
cell wall alpha-glucan biosynthesis in fission yeast. J Biol Chem. 2007; 282(26):18969—-79. Epub 2007/
05/03. https://doi.org/10.1074/jbc.M605147200 PMID: 17472966.

Ishiguro J, Saitou A, Duran A, Ribas JC. cps1+, a Schizosaccharomyces pombe gene homolog of
Saccharomyces cerevisiae FKS genes whose mutation confers hypersensitivity to cyclosporin A and
papulacandin B. J Bacteriol. 1997; 179(24):7653-62.

Liu J, Wang H, McCollum D, Balasubramanian MK. Drc1p/Cps1p, a 1,3-beta-glucan synthase subunit,
is essential for division septum assembly in Schizosaccharomyces pombe. Genetics. 1999; 153
(3):1193-2083.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 21/27


https://doi.org/10.12688/f1000research.7180.1
https://doi.org/10.12688/f1000research.7180.1
http://www.ncbi.nlm.nih.gov/pubmed/26918182
https://doi.org/10.1038/nrm1746
http://www.ncbi.nlm.nih.gov/pubmed/16261190
https://doi.org/10.1101/cshperspect.a000414
http://www.ncbi.nlm.nih.gov/pubmed/20452953
https://doi.org/10.1016/j.plantsci.2015.03.018
http://www.ncbi.nlm.nih.gov/pubmed/26025531
https://doi.org/10.1093/glycob/cww029
http://www.ncbi.nlm.nih.gov/pubmed/26945038
https://doi.org/10.1016/j.tibs.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27839654
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
http://www.ncbi.nlm.nih.gov/pubmed/28513415
https://doi.org/10.1016/j.tim.2018.01.007
https://doi.org/10.1016/j.tim.2018.01.007
http://www.ncbi.nlm.nih.gov/pubmed/29452950
https://doi.org/10.1016/B978-0-12-407677-8.00002-6
http://www.ncbi.nlm.nih.gov/pubmed/23419716
https://doi.org/10.1016/j.mib.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/26291501
https://doi.org/10.1002/yea.694
https://doi.org/10.1002/yea.694
http://www.ncbi.nlm.nih.gov/pubmed/11255251
https://doi.org/10.1016/j.tcsw.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/32743131
https://doi.org/10.1073/pnas.95.16.9161
http://www.ncbi.nlm.nih.gov/pubmed/9689051
https://doi.org/10.1074/jbc.M605147200
http://www.ncbi.nlm.nih.gov/pubmed/17472966
https://doi.org/10.1371/journal.pgen.1010987

PLOS GENETICS

Elevated MIPC disrupts cell wall formation

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Le Goff X, Woollard A, Simanis V. Analysis of the cps1 gene provides evidence for a septation check-
point in Schizosaccharomyces pombe. Mol Gen Genet. 1999; 262(1):163-72.

Martin V, Garcia B, Carnero E, Duran A, Sanchez Y. Bgs3p, a putative 1,3-beta-glucan synthase sub-
unit, is required for cell wall assembly in Schizosaccharomyces pombe. Eukaryot Cell. 2003; 2
(1):159-69. https://doi.org/10.1128/EC.2.1.159-169.2003 PMID: 12582133.

Cortes JC, Carnero E, Ishiguro J, Sanchez Y, Duran A, Ribas JC. The novel fission yeast (1,3)beta-D-
glucan synthase catalytic subunit Bgs4p is essential during both cytokinesis and polarized growth. J
Cell Sci. 2005; 118(Pt 1):157-74. https://doi.org/10.1242/jcs.01585 PMID: 15615781.

Ohashi T, Fujiyama K, Takegawa K. Identification of novel alpha1,3-galactosyltransferase and elimi-
nation of alpha-galactose-containing glycans by disruption of multiple alpha-galactosyltransferase
genes in Schizosaccharomyces pombe. J Biol Chem. 2012; 287(46):38866—75. Epub 2012/09/19.
https://doi.org/10.1074/jbc.M112.347351 PMID: 22988247; PubMed Central PMCID: PMC3493928.

Sugawara T, Takahashi S, Osumi M, Ohno N. Refinement of the structures of cell-wall glucans of
Schizosaccharomyces pombe by chemical modification and NMR spectroscopy. Carbohydr Res.
2004; 339(13):2255-65. Epub 2004/09/01. https://doi.org/10.1016/j.carres.2004.05.033 PMID:
15337454.

Cortes JC, Sato M, Munoz J, Moreno MB, Clemente-Ramos JA, Ramos M, et al. Fission yeast Ags1
confers the essential septum strength needed for safe gradual cell abscission. J Cell Biol. 2012; 198
(4):637-56. https://doi.org/10.1083/jcb.201202015 PMID: 22891259; PubMed Central PMCID:
PMC3514033.

Pittet M, Conzelmann A. Biosynthesis and function of GPI proteins in the yeast Saccharomyces cere-
visiae. Biochim Biophys Acta. 2007; 1771(3):405—20. Epub 2006/07/25. https://doi.org/10.1016/j.
bbalip.2006.05.015 PMID: 16859984.

Kinoshita T, Fujita M. Biosynthesis of GPl-anchored proteins: special emphasis on GPI lipid remodel-
ing. J Lipid Res. 2016; 57(1):6—24. Epub 2015/11/14. https://doi.org/10.1194/jIr.R063313 PMID:
26563290; PubMed Central PMCID: PMC4689344.

Komath SS, Singh SL, Pratyusha VA, Sah SK. Generating anchors only to lose them: The unusual
story of glycosylphosphatidylinositol anchor biosynthesis and remodeling in yeast and fungi. IUBMB
Life. 2018; 70(5):355—83. Epub 2018/04/22. https://doi.org/10.1002/iub.1734 PMID: 29679465.

de Groot PW, Yin QY, Weig M, Sosinska GJ, Klis FM, de Koster CG. Mass spectrometric identification
of covalently bound cell wall proteins from the fission yeast Schizosaccharomyces pombe. Yeast.
2007; 24(4):267-78. Epub 2007/01/19. https://doi.org/10.1002/yea.1443 PMID: 17230583.

Minc N, Boudaoud A, Chang F. Mechanical forces of fission yeast growth. Curr Biol. 2009; 19
(13):1096—101. Epub 2009/06/09. https://doi.org/10.1016/j.cub.2009.05.031 PMID: 19500986;
PubMed Central PMCID: PMC2790036.

Atilgan E, Magidson V, Khodjakov A, Chang F. Morphogenesis of the Fission Yeast Cell through Cell
Wall Expansion. Curr Biol. 2015; 25(16):2150—7. Epub 2015/07/28. https://doi.org/10.1016/j.cub.
2015.06.059 PMID: 26212881; PubMed Central PMCID: PMC4627367.

Feoktistova A, Magnelli P, Abeijon C, Perez P, Lester RL, Dickson RC, et al. Coordination between fis-
sion yeast glucan formation and growth requires a sphingolipase activity. Genetics. 2001; 158
(4):1397-411. Epub 2001/08/22. https://doi.org/10.1093/genetics/158.4.1397 PMID: 11514435;
PubMed Central PMCID: PMC1461765.

Cruz S, Munoz S, Manjon E, Garcia P, Sanchez Y. The fission yeast cell wall stress sensor-like pro-
teins Mtl2 and Wsc1 act by turning on the GTPase Rho1p but act independently of the cell wall integrity
pathway. Microbiologyopen. 2013; 2(5):778-94. https://doi.org/10.1002/mbo3.113 PMID: 23907979;
PubMed Central PMCID: PMC3831639.

West RR, Vaisberg EV, Ding R, Nurse P, McIntosh JR. cut11(+): A gene required for cell cycle-depen-
dent spindle pole body anchoring in the nuclear envelope and bipolar spindle formation in Schizosac-
charomyces pombe. Mol Biol Cell. 1998; 9(10):2839-55. Epub 1998/10/08. https://doi.org/10.1091/
mbc.9.10.2839 PMID: 9763447; PubMed Central PMCID: PMC25557.

Liu J, Wang H, Balasubramanian MK. A checkpoint that monitors cytokinesis in Schizosaccharomyces
pombe. J Cell Sci. 2000; 113(Pt 7):1223-30.

Cortes JC, Ishiguro J, Duran A, Ribas JC. Localization of the (1,3)beta-D-glucan synthase catalytic
subunit homologue Bgs1p/Cps1p from fission yeast suggests that it is involved in septation, polarized
growth, mating, spore wall formation and spore germination. J Cell Sci. 2002; 115(Pt 21):4081-96.
Epub 2002/10/03. https://doi.org/10.1242/jcs.00085 PMID: 12356913.

Ribas JC, Diaz M, Duran A, Perez P. Isolation and characterization of Schizosaccharomyces pombe
mutants defective in cell wall (1-3)beta-D-glucan. J Bacteriol. 1991; 173(11):3456—62. Epub 1991/06/
01. https://doi.org/10.1128/jb.173.11.3456-3462.1991 PMID: 1828464; PubMed Central PMCID:
PMC207959.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 22/27


https://doi.org/10.1128/EC.2.1.159-169.2003
http://www.ncbi.nlm.nih.gov/pubmed/12582133
https://doi.org/10.1242/jcs.01585
http://www.ncbi.nlm.nih.gov/pubmed/15615781
https://doi.org/10.1074/jbc.M112.347351
http://www.ncbi.nlm.nih.gov/pubmed/22988247
https://doi.org/10.1016/j.carres.2004.05.033
http://www.ncbi.nlm.nih.gov/pubmed/15337454
https://doi.org/10.1083/jcb.201202015
http://www.ncbi.nlm.nih.gov/pubmed/22891259
https://doi.org/10.1016/j.bbalip.2006.05.015
https://doi.org/10.1016/j.bbalip.2006.05.015
http://www.ncbi.nlm.nih.gov/pubmed/16859984
https://doi.org/10.1194/jlr.R063313
http://www.ncbi.nlm.nih.gov/pubmed/26563290
https://doi.org/10.1002/iub.1734
http://www.ncbi.nlm.nih.gov/pubmed/29679465
https://doi.org/10.1002/yea.1443
http://www.ncbi.nlm.nih.gov/pubmed/17230583
https://doi.org/10.1016/j.cub.2009.05.031
http://www.ncbi.nlm.nih.gov/pubmed/19500986
https://doi.org/10.1016/j.cub.2015.06.059
https://doi.org/10.1016/j.cub.2015.06.059
http://www.ncbi.nlm.nih.gov/pubmed/26212881
https://doi.org/10.1093/genetics/158.4.1397
http://www.ncbi.nlm.nih.gov/pubmed/11514435
https://doi.org/10.1002/mbo3.113
http://www.ncbi.nlm.nih.gov/pubmed/23907979
https://doi.org/10.1091/mbc.9.10.2839
https://doi.org/10.1091/mbc.9.10.2839
http://www.ncbi.nlm.nih.gov/pubmed/9763447
https://doi.org/10.1242/jcs.00085
http://www.ncbi.nlm.nih.gov/pubmed/12356913
https://doi.org/10.1128/jb.173.11.3456-3462.1991
http://www.ncbi.nlm.nih.gov/pubmed/1828464
https://doi.org/10.1371/journal.pgen.1010987

PLOS GENETICS

Elevated MIPC disrupts cell wall formation

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Davi V, Tanimoto H, Ershov D, Haupt A, De Belly H, Le Borgne R, et al. Mechanosensation Dynami-
cally Coordinates Polar Growth and Cell Wall Assembly to Promote Cell Survival. Dev Cell. 2018; 45
(2):170-82 e7. Epub 2018/04/25. https://doi.org/10.1016/j.devcel.2018.03.022 PMID: 29689193.

Roncero C, Celador R, Sanchez N, Garcia P, Sanchez Y. The Role of the Cell Integrity Pathway in
Septum Assembly in Yeast. J Fungi (Basel). 2021; 7(9). Epub 2021/09/29. https://doi.org/10.3390/
jof7090729 PMID: 34575767; PubMed Central PMCID: PMC8471060.

Neeli-Venkata R, Diaz CM, Celador R, Sanchez Y, Minc N. Detection of surface forces by the cell-wall
mechanosensor Wsc1 in yeast. Dev Cell. 2021; 56(20):2856—70 e7. Epub 2021/10/20. https://doi.org/
10.1016/j.devcel.2021.09.024 PMID: 34666001.

Lester RL, Dickson RC. Sphingolipids with inositolphosphate-containing head groups. Adv Lipid Res.
1993; 26:253-74. PMID: 8379454

Saitoh S, Takahashi K, Nabeshima K, Yamashita Y, Nakaseko Y, Hirata A, et al. Aberrant mitosis in
fission yeast mutants defective in fatty acid synthetase and acetyl CoA carboxylase. J Cell Biol. 1996;
134(4):949-61. https://doi.org/10.1083/jcb.134.4.949 PMID: 8769419

Miyake Y, Kozutsumi Y, Nakamura S, Fujita T, Kawasaki T. Serine palmitoyltransferase is the primary
target of a sphingosine-like immunosuppressant, ISP-1/myriocin. Biochem Biophys Res Commun.
1995; 211(2):396—403. Epub 1995/06/15. https://doi.org/10.1006/bbrc.1995.1827 PMID: 7794249.

Chen JK, Lane WS, Schreiber SL. The identification of myriocin-binding proteins. Chem Biol. 1999; 6
(4):221-35. Epub 1999/04/01. https://doi.org/10.1016/S1074-5521(99)80038-6 PMID: 10099133.

Nakase M, Tani M, Morita T, Kitamoto HK, Kashiwazaki J, Nakamura T, et al. Mannosylinositol phos-
phorylceramide is a major sphingolipid component and is required for proper localization of plasma-
membrane proteins in Schizosaccharomyces pombe. J Cell Sci. 2010; 123(Pt 9):1578-87. Epub
2010/04/15. https://doi.org/10.1242/jcs.059139 PMID: 20388730.

Vacchina P, Tripodi KE, Escalante AM, Uttaro AD. Characterization of bifunctional sphingolipid
Delta4-desaturases/C4-hydroxylases of trypanosomatids by liquid chromatography-electrospray tan-
dem mass spectrometry. Mol Biochem Parasitol. 2012; 184(1):29-38. Epub 2012/05/01. https://doi.
org/10.1016/j.molbiopara.2012.04.005 PMID: 22542487

Flor-Parra |, Sabido-Bozo S, lkeda A, Hanaoka K, Aguilera-Romero A, Funato K, et al. The Ceramide
Synthase Subunit Lac1 Regulates Cell Growth and Size in Fission Yeast. Int J Mol Sci. 2021; 23(1).
Epub 2022/01/12. https://doi.org/10.3390/ijms23010303 PMID: 35008733; PubMed Central PMCID:
PMC8745161.

Hashida-Okado T, Yasumoto R, Endo M, Takesako K, Kato I. Isolation and characterization of the aur-
eobasidin A-resistant gene, aur1R, on Schizosaccharomyces pombe: roles of Aur1p+ in cell morpho-
genesis. Curr Genet. 1998; 33(1):38—45. Epub 1998/04/04. https://doi.org/10.1007/s002940050306
PMID: 9472078.

Aeed PA, Young CL, Nagiec MM, Elhammer AP. Inhibition of inositol phosphorylceramide synthase
by the cyclic peptide aureobasidin A. Antimicrob Agents Chemother. 2009; 53(2):496-504. Epub
2008/12/03. https://doi.org/10.1128/AAC.00633-08 PMID: 19047657; PubMed Central PMCID:
PMC2630602.

Cerantola V, Guillas |, Roubaty C, Vionnet C, Uldry D, Knudsen J, et al. Aureobasidin A arrests growth
of yeast cells through both ceramide intoxication and deprivation of essential inositolphosphorylcera-
mides. Mol Microbiol. 2009; 71(6):1523-37. Epub 2009/02/13. https://doi.org/10.1111/j.1365-2958.
2009.06628.x PMID: 19210614.

Bretscher MS. Asymmetrical lipid bilayer structure for biological membranes. Nat New Biol. 1972; 236
(61):11-2. Epub 1972/03/01. https://doi.org/10.1038/newbio236011a0 PMID: 4502419.

Hechtberger P, Zinser E, Saf R, Hummel K, Paltauf F, Daum G. Characterization, quantification and
subcellular localization of inositol-containing sphingolipids of the yeast, Saccharomyces cerevisiae.
Eur J Biochem. 1994; 225(2):641-9. Epub 1994/10/15. https://doi.org/10.1111/j.1432-1033.1994.
00641.x PMID: 7957179.

van Meer G, Voelker DR, Feigenson GW. Membrane lipids: where they are and how they behave. Nat
Rev Mol Cell Biol. 2008; 9(2):112—24. Epub 2008/01/25. https://doi.org/10.1038/nrm2330 PMID:
18216768; PubMed Central PMCID: PMC2642958.

Dickson RC, Lester RL. Yeast sphingolipids. Biochim Biophys Acta. 1999; 1426(2):347-57. https:/
doi.org/10.1016/s0304-4165(98)00135-4 PMID: 9878820

Holthuis JC, Pomorski T, Raggers RJ, Sprong H, Van Meer G. The organizing potential of sphingoli-
pids in intracellular membrane transport. Physiol Rev. 2001; 81(4):1689-723. Epub 2001/10/03.
https://doi.org/10.1152/physrev.2001.81.4.1689 PMID: 11581500.

Pidoux AL, Armstrong J. The BiP protein and the endoplasmic reticulum of Schizosaccharomyces
pombe: fate of the nuclear envelope during cell division. J Cell Sci. 1993; 105 (Pt 4):1115-20. Epub
1993/08/01. https://doi.org/10.1242/jcs.105.4.1115 PMID: 8227200.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 23/27


https://doi.org/10.1016/j.devcel.2018.03.022
http://www.ncbi.nlm.nih.gov/pubmed/29689193
https://doi.org/10.3390/jof7090729
https://doi.org/10.3390/jof7090729
http://www.ncbi.nlm.nih.gov/pubmed/34575767
https://doi.org/10.1016/j.devcel.2021.09.024
https://doi.org/10.1016/j.devcel.2021.09.024
http://www.ncbi.nlm.nih.gov/pubmed/34666001
http://www.ncbi.nlm.nih.gov/pubmed/8379454
https://doi.org/10.1083/jcb.134.4.949
http://www.ncbi.nlm.nih.gov/pubmed/8769419
https://doi.org/10.1006/bbrc.1995.1827
http://www.ncbi.nlm.nih.gov/pubmed/7794249
https://doi.org/10.1016/S1074-5521%2899%2980038-6
http://www.ncbi.nlm.nih.gov/pubmed/10099133
https://doi.org/10.1242/jcs.059139
http://www.ncbi.nlm.nih.gov/pubmed/20388730
https://doi.org/10.1016/j.molbiopara.2012.04.005
https://doi.org/10.1016/j.molbiopara.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22542487
https://doi.org/10.3390/ijms23010303
http://www.ncbi.nlm.nih.gov/pubmed/35008733
https://doi.org/10.1007/s002940050306
http://www.ncbi.nlm.nih.gov/pubmed/9472078
https://doi.org/10.1128/AAC.00633-08
http://www.ncbi.nlm.nih.gov/pubmed/19047657
https://doi.org/10.1111/j.1365-2958.2009.06628.x
https://doi.org/10.1111/j.1365-2958.2009.06628.x
http://www.ncbi.nlm.nih.gov/pubmed/19210614
https://doi.org/10.1038/newbio236011a0
http://www.ncbi.nlm.nih.gov/pubmed/4502419
https://doi.org/10.1111/j.1432-1033.1994.00641.x
https://doi.org/10.1111/j.1432-1033.1994.00641.x
http://www.ncbi.nlm.nih.gov/pubmed/7957179
https://doi.org/10.1038/nrm2330
http://www.ncbi.nlm.nih.gov/pubmed/18216768
https://doi.org/10.1016/s0304-4165%2898%2900135-4
https://doi.org/10.1016/s0304-4165%2898%2900135-4
http://www.ncbi.nlm.nih.gov/pubmed/9878820
https://doi.org/10.1152/physrev.2001.81.4.1689
http://www.ncbi.nlm.nih.gov/pubmed/11581500
https://doi.org/10.1242/jcs.105.4.1115
http://www.ncbi.nlm.nih.gov/pubmed/8227200
https://doi.org/10.1371/journal.pgen.1010987

PLOS GENETICS

Elevated MIPC disrupts cell wall formation

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Zhang D, Vjestica A, Oliferenko S. The cortical ER network limits the permissive zone for actomyosin
ring assembly. Curr Biol. 2010; 20(11):1029-34. Epub 2010/05/04. https://doi.org/10.1016/j.cub.2010.
04.017 PMID: 20434336.

Zhang D, Vjestica A, Oliferenko S. Plasma membrane tethering of the cortical ER necessitates its
finely reticulated architecture. Curr Biol. 2012; 22(21):2048-52. Epub 2012/10/09. https://doi.org/10.
1016/j.cub.2012.08.047 PMID: 23041194.

Harris MA, Rutherford KM, Hayles J, Lock A, Bahler J, Oliver SG, et al. Fission stories: using Pom-
Base to understand Schizosaccharomyces pombe biology. Genetics. 2022; 220(4). Epub 2022/02/01.
https://doi.org/10.1093/genetics/iyab222 PMID: 35100366; PubMed Central PMCID: PMC9209812.

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein
structure prediction with AlphaFold. Nature. 2021; 596(7873):583—-9. Epub 2021/07/16. https://doi.org/
10.1038/s41586-021-03819-2 PMID: 34265844; PubMed Central PMCID: PMC8371605 have filed
non-provisional patent applications 16/701,070 and PCT/EP2020/084238, and provisional patent
applications 63/107,362, 63/118,917, 63/118,918, 63/118,921 and 63/118,919, each in the name of
DeepMind Technologies Limited, each pending, relating to machine learning for predicting protein
structures. The other authors declare no competing interests.

Varadi M, Anyango S, Deshpande M, Nair S, Natassia C, Yordanova G, et al. AlphaFold Protein Struc-
ture Database: massively expanding the structural coverage of protein-sequence space with high-
accuracy models. Nucleic Acids Res. 2022; 50(D1):D439-D44. Epub 2021/11/19. https://doi.org/10.
1093/nar/gkab1061 PMID: 34791371; PubMed Central PMCID: PMC8728224.

Borgese N, Coy-Vergara J, Colombo SF, Schwappach B. The Ways of Tails: the GET Pathway and
more. Protein J. 2019; 38(3):289-305. Epub 2019/06/17. https://doi.org/10.1007/s10930-019-09845-4
PMID: 31203484.

Gulati S, Liu Y, Munkacsi AB, Wilcox L, Sturley SL. Sterols and sphingolipids: dynamic duo or partners
in crime? Prog Lipid Res. 2010; 49(4):353-65. Epub 2010/04/07. https://doi.org/10.1016/j.plipres.
2010.03.003 PMID: 20362613; PubMed Central PMCID: PMC2938828.

Simons K, Vaz WL. Model systems, lipid rafts, and cell membranes. Annu Rev Biophys Biomol Struct.
2004; 33:269-95. Epub 2004/05/14. https://doi.org/10.1146/annurev.biophys.32.110601.141803
PMID: 15139814.

Alvarez FJ, Douglas LM, Konopka JB. Sterol-rich plasma membrane domains in fungi. Eukaryot Cell.
2007; 6(5):755—63. Epub 2007/03/21. hitps://doi.org/10.1128/EC.00008-07 PMID: 17369440;
PubMed Central PMCID: PMC1899238.

Sezgin E, Levental |, Mayor S, Eggeling C. The mystery of membrane organization: composition, regu-
lation and roles of lipid rafts. Nat Rev Mol Cell Biol. 2017; 18(6):361-74. Epub 2017/03/31. https://doi.
0rg/10.1038/nrm.2017.16 PMID: 2835657 1; PubMed Central PMCID: PMC5500228.

Lingwood D, Simons K. Lipid rafts as a membrane-organizing principle. Science. 2010; 327(5961):46—
50. Epub 2010/01/02. https://doi.org/10.1126/science.1174621 PMID: 20044567.

Guan XL, Souza CM, Pichler H, Dewhurst G, Schaad O, Kajiwara K, et al. Functional interactions
between sphingolipids and sterols in biological membranes regulating cell physiology. Mol Biol Cell.
2009; 20(7):2083-95. Epub 2009/02/20. https://doi.org/10.1091/mbc.e08-11-1126 PMID: 19225153;
PubMed Central PMCID: PMC2663937.

Tanaka S, Tani M. Mannosylinositol phosphorylceramides and ergosterol coodinately maintain cell
wall integrity in the yeast Saccharomyces cerevisiae. FEBS J. 2018; 285(13):2405-27. Epub 2018/05/
19. https://doi.org/10.1111/febs.14509 PMID: 29775232.

Koga A, Takayama C, Ishibashi Y, Kono Y, Matsuzaki M, Tani M. Loss of tolerance to multiple environ-
mental stresses due to limitation of structural diversity of complex sphingolipids. Mol Biol Cell. 2022;
33(12):ar105. Epub 2022/07/28. https://doi.org/10.1091/mbc.E22-04-0117 PMID: 35895092; PubMed
Central PMCID: PMC9635301.

Johnson BB, Moe PC, Wang D, Rossi K, Trigatti BL, Heuck AP. Modifications in perfringolysin O
domain 4 alter the cholesterol concentration threshold required for binding. Biochemistry. 2012; 51
(16):3373—-82. Epub 2012/04/10. https://doi.org/10.1021/bi3003132 PMID: 22482748.

Maekawa M, Yang Y, Fairn GD. Perfringolysin O Theta Toxin as a Tool to Monitor the Distribution and
Inhomogeneity of Cholesterol in Cellular Membranes. Toxins (Basel). 2016; 8(3). Epub 2016/03/24.
https://doi.org/10.3390/toxins8030067 PMID: 27005662; PubMed Central PMCID: PMC4810212.

Maekawa M, Fairn GD. Complementary probes reveal that phosphatidylserine is required for the
proper transbilayer distribution of cholesterol. J Cell Sci. 2015; 128(7):1422—-33. Epub 2015/02/11.
https://doi.org/10.1242/jcs.164715 PMID: 25663704.

Marek M, Vincenzetti V, Martin SG. Sterol biosensor reveals LAM-family Ltc1-dependent sterol flow to
endosomes upon Arp2/3 inhibition. J Cell Biol. 2020; 219(6). Epub 2020/04/23. https://doi.org/10.
1083/jcb.202001147 PMID: 32320462; PubMed Central PMCID: PMC7265315.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 24/27


https://doi.org/10.1016/j.cub.2010.04.017
https://doi.org/10.1016/j.cub.2010.04.017
http://www.ncbi.nlm.nih.gov/pubmed/20434336
https://doi.org/10.1016/j.cub.2012.08.047
https://doi.org/10.1016/j.cub.2012.08.047
http://www.ncbi.nlm.nih.gov/pubmed/23041194
https://doi.org/10.1093/genetics/iyab222
http://www.ncbi.nlm.nih.gov/pubmed/35100366
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab1061
http://www.ncbi.nlm.nih.gov/pubmed/34791371
https://doi.org/10.1007/s10930-019-09845-4
http://www.ncbi.nlm.nih.gov/pubmed/31203484
https://doi.org/10.1016/j.plipres.2010.03.003
https://doi.org/10.1016/j.plipres.2010.03.003
http://www.ncbi.nlm.nih.gov/pubmed/20362613
https://doi.org/10.1146/annurev.biophys.32.110601.141803
http://www.ncbi.nlm.nih.gov/pubmed/15139814
https://doi.org/10.1128/EC.00008-07
http://www.ncbi.nlm.nih.gov/pubmed/17369440
https://doi.org/10.1038/nrm.2017.16
https://doi.org/10.1038/nrm.2017.16
http://www.ncbi.nlm.nih.gov/pubmed/28356571
https://doi.org/10.1126/science.1174621
http://www.ncbi.nlm.nih.gov/pubmed/20044567
https://doi.org/10.1091/mbc.e08-11-1126
http://www.ncbi.nlm.nih.gov/pubmed/19225153
https://doi.org/10.1111/febs.14509
http://www.ncbi.nlm.nih.gov/pubmed/29775232
https://doi.org/10.1091/mbc.E22-04-0117
http://www.ncbi.nlm.nih.gov/pubmed/35895092
https://doi.org/10.1021/bi3003132
http://www.ncbi.nlm.nih.gov/pubmed/22482748
https://doi.org/10.3390/toxins8030067
http://www.ncbi.nlm.nih.gov/pubmed/27005662
https://doi.org/10.1242/jcs.164715
http://www.ncbi.nlm.nih.gov/pubmed/25663704
https://doi.org/10.1083/jcb.202001147
https://doi.org/10.1083/jcb.202001147
http://www.ncbi.nlm.nih.gov/pubmed/32320462
https://doi.org/10.1371/journal.pgen.1010987

PLOS GENETICS

Elevated MIPC disrupts cell wall formation

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

Shimanuki M, Goebl M, Yanagida M, Toda T. Fission yeast sts1+ gene encodes a protein similar to
the chicken lamin B receptor and is implicated in pleiotropic drug-sensitivity, divalent cation-sensitivity,
and osmoregulation. Mol Biol Cell. 1992; 3(3):263—73. Epub 1992/03/01. https://doi.org/10.1091/mbc.
3.3.263 PMID: 1320960; PubMed Central PMCID: PMC275528.

Iwaki T, lefuji H, Hiraga Y, Hosomi A, Morita T, Giga-Hama Y, et al. Multiple functions of ergosterol in
the fission yeast Schizosaccharomyces pombe. Microbiology (Reading). 2008; 154(Pt 3):830—41.
Epub 2008/03/04. https://doi.org/10.1099/mic.0.2007/011155-0 PMID: 18310029.

Nakano K, Yamamoto T, Kishimoto T, Noji T, Tanaka K. Protein kinases Fpk1p and Fpk2p are novel
regulators of phospholipid asymmetry. Mol Biol Cell. 2008; 19(4):1783-97. Epub 2008/01/18. https:/
doi.org/10.1091/mbc.e07-07-0646 PMID: 18199685; PubMed Central PMCID: PMC2291408.

Roelants FM, Baltz AG, Trott AE, Fereres S, Thorner J. A protein kinase network regulates the func-
tion of aminophospholipid flippases. Proc Natl Acad Sci U S A. 2010; 107(1):34-9. Epub 2009/12/08.
https://doi.org/10.1073/pnas.0912497106 PMID: 19966303; PubMed Central PMCID: PMC2806694.

Kishimoto T, Mioka T, Itoh E, Williams DE, Andersen RJ, Tanaka K. Phospholipid flippases and Sfk1
are essential for the retention of ergosterol in the plasma membrane. Mol Biol Cell. 2021; 32
(15):1374-92. Epub 2021/05/27. https://doi.org/10.1091/mbc.E20-11-0699 PMID: 34038161.

Best JT, Xu P, Graham TR. Phospholipid flippases in membrane remodeling and transport carrier bio-
genesis. Curr Opin Cell Biol. 2019; 59:8-15. Epub 2019/03/22. https://doi.org/10.1016/j.ceb.2019.02.
004 PMID: 30897446; PubMed Central PMCID: PMC6726550.

Costantini LM, Baloban M, Markwardt ML, Rizzo M, Guo F, Verkhusha VV, et al. A palette of fluores-
cent proteins optimized for diverse cellular environments. Nat Commun. 2015; 6:7670. Epub 2015/07/
15. https://doi.org/10.1038/ncomms8670 PMID: 26158227; PubMed Central PMCID: PMC4499870.

Gallego O, Betts MJ, Gvozdenovic-Jeremic J, Maeda K, Matetzki C, Aguilar-Gurrieri C, et al. A sys-
tematic screen for protein-lipid interactions in Saccharomyces cerevisiae. Mol Syst Biol. 2010; 6:430.
Epub 2010/12/02. hitps://doi.org/10.1038/msb.2010.87 PMID: 21119626; PubMed Central PMCID:
PMC3010107.

Kabeche R, Baldissard S, Hammond J, Howard L, Moseley JB. The filament-forming protein Pil1
assembles linear eisosomes in fission yeast. Mol Biol Cell. 2011; 22(21):4059—-67. Epub 2011/09/09.
https://doi.org/10.1091/mbc.E11-07-0605 PMID: 21900489; PubMed Central PMCID: PMC3204068.

Fadri M, Daquinag A, Wang S, Xue T, Kunz J. The pleckstrin homology domain proteins Sim1 and
SIm2 are required for actin cytoskeleton organization in yeast and bind phosphatidylinositol-4,5-
bisphosphate and TORC2. Mol Biol Cell. 2005; 16(4):1883—-900. Epub 2005/02/04. https://doi.org/10.
1091/mbc.e04-07-0564 PMID: 15689497; PubMed Central PMCID: PMC1073669.

Snider CE, Willet AH, Chen JS, Arpag G, Zanic M, Gould KL. Phosphoinositide-mediated ring anchor-
ing resists perpendicular forces to promote medial cytokinesis. J Cell Biol. 2017; 216(10):3041-50.
https://doi.org/10.1083/jcb.201705070 PMID: 2878461 1; PubMed Central PMCID: PMC5626552.

Vecer J, Vesela P, Malinsky J, Herman P. Sphingolipid levels crucially modulate lateral microdomain
organization of plasma membrane in living yeast. FEBS Lett. 2014; 588(3):443-9. Epub 2013/12/18.
https://doi.org/10.1016/j.febslet.2013.11.038 PMID: 24333335.

Bento-Oliveira A, Santos FC, Marques JT, Paulo PMR, Korte T, Herrmann A, et al. Yeast Sphingoli-
pid-Enriched Domains and Membrane Compartments in the Absence of Mannosyldiinositolphosphor-
ylceramide. Biomolecules. 2020; 10(6). Epub 2020/06/11. https://doi.org/10.3390/biom10060871
PMID: 32517183; PubMed Central PMCID: PMC7356636.

Dominguez L, Foster L, Straub JE, Thirumalai D. Impact of membrane lipid composition on the struc-
ture and stability of the transmembrane domain of amyloid precursor protein. Proc Natl Acad Sci U S
A.2016; 113(36):E5281-7. Epub 2016/08/26. https://doi.org/10.1073/pnas. 1606482113 PMID:
27559086; PubMed Central PMCID: PMC5018773.

Pantelopulos GA, Panahi A, Straub JE. Impact of Cholesterol Concentration and Lipid Phase on Struc-
ture and Fluctuation of Amyloid Precursor Protein. J Phys Chem B. 2020; 124(45):10173-85. Epub
2020/11/03. https://doi.org/10.1021/acs.jpcb.0c07615 PMID: 33135883; PubMed Central PMCID:
PMC7958706.

Hutchison JM, Shih KC, Scheidt HA, Fantin SM, Parson KF, Pantelopulos GA, et al. Bicelles Rich in
both Sphingolipids and Cholesterol and Their Use in Studies of Membrane Proteins. J Am Chem Soc.
2020; 142(29):12715-29. Epub 2020/06/25. https://doi.org/10.1021/jacs.0c04669 PMID: 32575981;
PubMed Central PMCID: PMC7924963.

Fantini J, Barrantes FJ. Sphingolipid/cholesterol regulation of neurotransmitter receptor conformation
and function. Biochim Biophys Acta. 2009; 1788(11):2345-61. Epub 2009/09/08. https://doi.org/10.
1016/j.bbamem.2009.08.016 PMID: 19733149.

Shams-Eldin H, Azzouz N, Eckert V, Blaschke T, Kedees MH, Hubel A, et al. The Schizosaccharo-
myces pombe GPI8 gene complements a Saccharomyces cerevisiae GP18 anchoring mutant. Yeast.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 25/27


https://doi.org/10.1091/mbc.3.3.263
https://doi.org/10.1091/mbc.3.3.263
http://www.ncbi.nlm.nih.gov/pubmed/1320960
https://doi.org/10.1099/mic.0.2007/011155-0
http://www.ncbi.nlm.nih.gov/pubmed/18310029
https://doi.org/10.1091/mbc.e07-07-0646
https://doi.org/10.1091/mbc.e07-07-0646
http://www.ncbi.nlm.nih.gov/pubmed/18199685
https://doi.org/10.1073/pnas.0912497106
http://www.ncbi.nlm.nih.gov/pubmed/19966303
https://doi.org/10.1091/mbc.E20-11-0699
http://www.ncbi.nlm.nih.gov/pubmed/34038161
https://doi.org/10.1016/j.ceb.2019.02.004
https://doi.org/10.1016/j.ceb.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/30897446
https://doi.org/10.1038/ncomms8670
http://www.ncbi.nlm.nih.gov/pubmed/26158227
https://doi.org/10.1038/msb.2010.87
http://www.ncbi.nlm.nih.gov/pubmed/21119626
https://doi.org/10.1091/mbc.E11-07-0605
http://www.ncbi.nlm.nih.gov/pubmed/21900489
https://doi.org/10.1091/mbc.e04-07-0564
https://doi.org/10.1091/mbc.e04-07-0564
http://www.ncbi.nlm.nih.gov/pubmed/15689497
https://doi.org/10.1083/jcb.201705070
http://www.ncbi.nlm.nih.gov/pubmed/28784611
https://doi.org/10.1016/j.febslet.2013.11.038
http://www.ncbi.nlm.nih.gov/pubmed/24333335
https://doi.org/10.3390/biom10060871
http://www.ncbi.nlm.nih.gov/pubmed/32517183
https://doi.org/10.1073/pnas.1606482113
http://www.ncbi.nlm.nih.gov/pubmed/27559086
https://doi.org/10.1021/acs.jpcb.0c07615
http://www.ncbi.nlm.nih.gov/pubmed/33135883
https://doi.org/10.1021/jacs.0c04669
http://www.ncbi.nlm.nih.gov/pubmed/32575981
https://doi.org/10.1016/j.bbamem.2009.08.016
https://doi.org/10.1016/j.bbamem.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19733149
https://doi.org/10.1371/journal.pgen.1010987

PLOS GENETICS

Elevated MIPC disrupts cell wall formation

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

2001; 18(1):33-9. Epub 2000/12/22. https://doi.org/10.1002/1097-0061(200101)18:1<33::AlD-
YEA648>3.0.CO;2-Z PMID: 11124699.

Yeung T, Gilbert GE, Shi J, Silvius J, Kapus A, Grinstein S. Membrane phosphatidylserine regulates
surface charge and protein localization. Science. 2008; 319(5860):210-3. Epub 2008/01/12. https:/
doi.org/10.1126/science.1152066 PMID: 18187657.

Curto MA, Sharifmoghadam MR, Calpena E, De Leon N, Hoya M, Doncel C, et al. Membrane organi-
zation and cell fusion during mating in fission yeast requires multipass membrane protein Prm1.
Genetics. 2014; 196(4):1059-76. Epub 2014/02/12. https://doi.org/10.1534/genetics.113.159558
PMID: 24514900; PubMed Central PMCID: PMC3982680.

Silberstein S, Collins PG, Kelleher DJ, Gilmore R. The essential OST2 gene encodes the 16-kD sub-
unit of the yeast oligosaccharyltransferase, a highly conserved protein expressed in diverse eukaryotic
organisms. J Cell Biol. 1995; 131(2):371-83. Epub 1995/10/01. https://doi.org/10.1083/jcb.131.2.371
PMID: 7593165; PubMed Central PMCID: PMC2199988.

Holm L. Dali server: structural unification of protein families. Nucleic Acids Res. 2022; 50(W1):W210—
5. Epub 2022/05/25. https://doi.org/10.1093/nar/gkac387 PMID: 35610055; PubMed Central PMCID:
PMC9252788.

Dickson RC. Sphingolipid functions in Saccharomyces cerevisiae: comparison to mammals. Annu
Rev Biochem. 1998; 67:27-48. https://doi.org/10.1146/annurev.biochem.67.1.27 PMID: 9759481

Rego A, Trindade D, Chaves SR, Manon S, Costa V, Sousa MJ, et al. The yeast model system as a
tool towards the understanding of apoptosis regulation by sphingolipids. FEMS Yeast Res. 2014; 14
(1):160-78. Epub 2013/10/10. https://doi.org/10.1111/1567-1364.12096 PMID: 24103214.

Lock A, Rutherford K, Harris MA, Wood V. PomBase: The Scientific Resource for Fission Yeast. Meth-
ods Mol Biol. 2018; 1757:49-68. Epub 2018/05/16. https://doi.org/10.1007/978-1-4939-7737-6_4
PMID: 29761456; PubMed Central PMCID: PMC6440643.

Dickson RC, Lester RL. Sphingolipid functions in Saccharomyces cerevisiae. Biochim Biophys Acta.
2002; 1583(1):13—25. Epub 2002/06/19. https://doi.org/10.1016/s1388-1981(02)00210-x PMID:
12069845.

Uemura S, Kihara A, Inokuchi J, Igarashi Y. Csg1p and newly identified Csh1p function in mannosyli-
nositol phosphorylceramide synthesis by interacting with Csg2p. J Biol Chem. 2003; 278(46):45049—
55. Epub 2003/09/05. https://doi.org/10.1074/jbc.M305498200 PMID: 12954640.

Nakase M, Tani M, Takegawa K. Expression of budding yeast IPT1 produces mannosyldiinositol
phosphorylceramide in fission yeast and inhibits cell growth. Microbiology (Reading). 2012; 158(Pt
5):1219-28. Epub 2012/02/11. https://doi.org/10.1099/mic.0.056184-0 PMID: 22322963.

Morimoto Y, Tani M. Synthesis of mannosylinositol phosphorylceramides is involved in maintenance
of cell integrity of yeast Saccharomyces cerevisiae. Mol Microbiol. 2015; 95(4):706—-22. Epub 2014/12/
05. https://doi.org/10.1111/mmi.12896 PMID: 25471153.

Sawai H, Okamoto Y, Luberto C, Mao C, Bielawska A, Domae N, et al. Identification of ISC1
(YERO19w) as inositol phosphosphingolipid phospholipase C in Saccharomyces cerevisiae. J Biol
Chem. 2000; 275(50):39793-8.

Vaena de Avalos S, Su X, Zhang M, Okamoto Y, Dowhan W, Hannun YA. The phosphatidylglycerol/
cardiolipin biosynthetic pathway is required for the activation of inositol phosphosphingolipid phospho-
lipase C, Isc1p, during growth of Saccharomyces cerevisiae. J Biol Chem. 2005; 280(8):7170-7. Epub
2004/12/22. https://doi.org/10.1074/jbc.M411058200 PMID: 15611094.

Makarova M, Peter M, Balogh G, Glatz A, MacRae JI, Lopez Mora N, et al. Delineating the Rules for
Structural Adaptation of Membrane-Associated Proteins to Evolutionary Changes in Membrane Lipi-
dome. Curr Biol. 2020; 30(3):367-80 e8. Epub 2020/01/21. https://doi.org/10.1016/j.cub.2019.11.043
PMID: 31956022; PubMed Central PMCID: PMC6997885.

Ejsing CS, Sampaio JL, Surendranath V, Duchoslav E, Ekroos K, Klemm RW, et al. Global analysis of
the yeast lipidome by quantitative shotgun mass spectrometry. Proc Natl Acad Sci U S A. 2009; 106
(7):2136—41. Epub 2009/01/29. https://doi.org/10.1073/pnas.0811700106 PMID: 19174513; PubMed
Central PMCID: PMC2650121.

Klose C, Surma MA, Gerl MJ, Meyenhofer F, Shevchenko A, Simons K. Flexibility of a eukaryotic lipi-
dome—insights from yeast lipidomics. PLoS One. 2012; 7(4):e35063. Epub 2012/04/25. https://doi.
org/10.1371/journal.pone.0035063 PMID: 22529973; PubMed Central PMCID: PMC3329542.

Moreno S, Klar A, Nurse P. Molecular genetic analysis of fission yeast Schizosaccharomyces pombe.
Methods Enzymol. 1991; 194:795-823.

Bahler J, Wu JQ, Longtine MS, Shah NG, McKenzie A 3rd, Steever AB, et al. Heterologous modules
for efficient and versatile PCR-based gene targeting in Schizosaccharomyces pombe. Yeast. 1998; 14
(10):943-51.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 26/27


https://doi.org/10.1002/1097-0061%28200101%2918%3A1%26lt%3B33%3A%3AAID-YEA648%26gt%3B3.0.CO%3B2-Z
https://doi.org/10.1002/1097-0061%28200101%2918%3A1%26lt%3B33%3A%3AAID-YEA648%26gt%3B3.0.CO%3B2-Z
http://www.ncbi.nlm.nih.gov/pubmed/11124699
https://doi.org/10.1126/science.1152066
https://doi.org/10.1126/science.1152066
http://www.ncbi.nlm.nih.gov/pubmed/18187657
https://doi.org/10.1534/genetics.113.159558
http://www.ncbi.nlm.nih.gov/pubmed/24514900
https://doi.org/10.1083/jcb.131.2.371
http://www.ncbi.nlm.nih.gov/pubmed/7593165
https://doi.org/10.1093/nar/gkac387
http://www.ncbi.nlm.nih.gov/pubmed/35610055
https://doi.org/10.1146/annurev.biochem.67.1.27
http://www.ncbi.nlm.nih.gov/pubmed/9759481
https://doi.org/10.1111/1567-1364.12096
http://www.ncbi.nlm.nih.gov/pubmed/24103214
https://doi.org/10.1007/978-1-4939-7737-6%5F4
http://www.ncbi.nlm.nih.gov/pubmed/29761456
https://doi.org/10.1016/s1388-1981%2802%2900210-x
http://www.ncbi.nlm.nih.gov/pubmed/12069845
https://doi.org/10.1074/jbc.M305498200
http://www.ncbi.nlm.nih.gov/pubmed/12954640
https://doi.org/10.1099/mic.0.056184-0
http://www.ncbi.nlm.nih.gov/pubmed/22322963
https://doi.org/10.1111/mmi.12896
http://www.ncbi.nlm.nih.gov/pubmed/25471153
https://doi.org/10.1074/jbc.M411058200
http://www.ncbi.nlm.nih.gov/pubmed/15611094
https://doi.org/10.1016/j.cub.2019.11.043
http://www.ncbi.nlm.nih.gov/pubmed/31956022
https://doi.org/10.1073/pnas.0811700106
http://www.ncbi.nlm.nih.gov/pubmed/19174513
https://doi.org/10.1371/journal.pone.0035063
https://doi.org/10.1371/journal.pone.0035063
http://www.ncbi.nlm.nih.gov/pubmed/22529973
https://doi.org/10.1371/journal.pgen.1010987

PLOS GENETICS

Elevated MIPC disrupts cell wall formation

113.

114.

115.

116.

117.

Willet AH, McDonald NA, Bohnert KA, Baird MA, Allen JR, Davidson MW, et al. The F-BAR Cdc15 pro-
motes contractile ring formation through the direct recruitment of the formin Cdc12. The Journal of cell
biology. 2015; 208(4):391-9. Epub 2015/02/18. https://doi.org/10.1083/jcb.201411097 PMID:
25688133; PubMed Central PMCID: PMC4332253.

Mangione MC, Snider CE, Gould KL. The intrinsically disordered region of the cytokinetic F-BAR pro-
tein Cdc15 performs a unique essential function in maintenance of cytokinetic ring integrity. Mol Biol
Cell. 2019; 30(22):2790-801. Epub 2019/09/12. https://doi.org/10.1091/mbc.E19-06-0314 PMID:
31509478; PubMed Central PMCID: PMC6789166.

Chen JS, Beckley JR, McDonald NA, Ren L, Mangione M, Jang SJ, et al. Identification of new players
in cell division, DNA damage response, and morphogenesis through construction of Schizosaccharo-
myces pombe deletion strains. G3 (Bethesda). 2015; 5(3):361-70. Epub 2015/01/02. https://doi.org/
10.1534/93.114.015701 PMID: 25552606; PubMed Central PMCID: PMC4349090.

Tang NH, Fong CS, Masuda H, Jourdain I, Yukawa M, Toda T. Generation of temperature sensitive
mutations with error-prone PCR in a gene encoding a component of the spindle pole body in fission
yeast. Biosci Biotechnol Biochem. 2019; 83(9):1717-20. Epub 2019/05/02. https://doi.org/10.1080/
09168451.2019.1611414 PMID: 31042107.

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9(7):676—82. Epub 2012/06/30. https://doi.
org/10.1038/nmeth.2019 PMID: 22743772; PubMed Central PMCID: PMC3855844.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010987  October 4, 2023 27/27


https://doi.org/10.1083/jcb.201411097
http://www.ncbi.nlm.nih.gov/pubmed/25688133
https://doi.org/10.1091/mbc.E19-06-0314
http://www.ncbi.nlm.nih.gov/pubmed/31509478
https://doi.org/10.1534/g3.114.015701
https://doi.org/10.1534/g3.114.015701
http://www.ncbi.nlm.nih.gov/pubmed/25552606
https://doi.org/10.1080/09168451.2019.1611414
https://doi.org/10.1080/09168451.2019.1611414
http://www.ncbi.nlm.nih.gov/pubmed/31042107
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1371/journal.pgen.1010987

