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Abstract

Hereditary sensory and autonomic neuropathy type IA and IC (HSAN IA/IC) are caused by
autosomal dominant mutations that lead to the accumulation of atypical lipids called
1-deoxy-sphingolipids. How the lipids perturb the physiology of the cell are largely unknown.
By combining genetics, lipidomics, and chemical proteomics approaches in the budding yeast,
our study showed that there are two sequential and overlapping events in the cell. The first
event comprises perturbations of actin organization, alteration of the shape of mitochondria,
and formation of hydrophobic bodies by 1-deoxy-sphinganine. These aberrations, however,
are not sufficient to kill the cell. The second event is the toxicity of C26 1-deoxy-ceramide. The
lipid might directly inhibit a multisubunit essential protein that has broad impacts, directly
inhibit multiple essential proteins, or perturb the structure of cellular membranes. Each of
these perturbations is sufficient to kill the cell.
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Résumé

La neuropathie héréditaire sensorielle et autonome (HSAN) de type IA et IC sont des
maladies neurologiques héréditaires qui affectent les fonctions sensorielles et autonomes du
systéeme nerveux périphérique. Les maladies sont causées par des mutations dominantes dans
les génes qui codent pour la sérine palmitoyltransférase (SPT), qui est la premiére enzyme dans
la voie de la biosynthése des sphingolipides de novo. Les mutations améliorent la promiscuité
du SPT du substrat, conduisant a une augmentation de la synthese des 1-désoxy-sphingolipides
(1-doxSphs). Depuis 1-doxSphs sont métaboliquement piégés, ils ont tendance a s'accumuler
au fil du temps. Comment les niveaux élevés de 1-doxSphs perturbent la physiologie de la
cellule et comment ces perturbations émergent comme HSAN IA/IC chez I'homme sont
largement inconnues.

Nous avons utilisé la levure bourgeonnante comme systeme modéle pour étudier le
mécanisme de la cytotoxicité des 1-doxSphs puisque la levure produit également de faibles
niveaux de 1-doxSphs au cours de sa croissance normale. Les 1-doxSphs sont constitués de
bases 1-désoxy-sphingoides (1-doxSB) et de 1-désoxy-céramides (1-doxCers). En
surexprimant la céramide synthase, nous pourrions déterminer que les 1-doxCers sont les
principaux lipides toxiques. Les 1-doxCers sont constitués de 1-désoxy-céramide (1-doxCer)
et de 1-deoxyméthyl-céramide (1-doxmetCer). Nous avons décidé de nous concentrer sur 1-
doxCer car nous avons réussi a sensibiliser la levure a 1-doxCer plus qu'a 1-doxmetCer. Des
tests de croissance et des analyses lipidomiques ont montré que la toxicité du 1-doxCer depend
de la longueur de sa chaine acyle. De plus, son mécanisme de toxicité est distinct de ceux des
autres lipides.

Pour élucider le mécanisme de la cytotoxicité de 1-doxCer, nous avons réalisé trois

criblages génetiques a I'échelle du génome. Les écrans ont révelé que le 1-doxCer pouvait - du



mécanisme le plus probable - inhiber directement une protéine essentielle multisubunitaire dont
I'inhibition conduit & des défaillances dans de multiples processus cellulaires, inhibe
directement plusieurs protéines essentielles impliquées dans divers processus cellulaires ou
perturbe la structure des membranes cellulaires. De plus, la toxicité de 1-doxSphs implique
I'inhibition de la migration nucléaire. Les cribles ont également révélé Sap190 comme une
nouvelle protéine qui assure la proportion normale d'acyl-CoA gras en Cos4 a C2. Comment
Sap190 réalise cette fonction reste a étudier.

Nous avons ensuite examiné si les cellules de levure présentaient également les mémes
phénotypes que les cellules de mammiféres aprés I'accumulation de 1-doxSphs. La microscopie
de différentes souches comprenant des mutants résistants révélés par les criblages a montré que
la 1-désoxy-sphinganine (1-doxSa) provoque des perturbations de I'organisation de I'actine
pouvant conduire a l'inhibition de la migration nucléaire. Il a également montré que 1-doxSa
modifie la forme des mitochondries. Cette altération n'était pas accompagnée d'une inhibition
des fonctions clés des mitochondries. De plus, il a montré que 1-doxSa induit la formation de
corps hydrophobes distincts des gouttelettes lipidiques canoniques.

Pour rechercher les cibles moléculaires de 1-doxCer, nous avons adopté une approche
de protéomique chimique en utilisant des analogues de lipides photoréticulables et cliquables.
L'approche a capturé deux cibles potentielles de 1-doxCer. Ce sont des vésicules COPII qui
sont nécessaires pour le transport vesiculaire de I'ER vers le Golgi et le complexe T contenant
de la chaperonine (CCT) qui est nécessaire pour le repliement de nombreuses protéines dans le
cytosol.

Pris ensemble, notre étude a montré qu'il y a deux événements sequentiels et se
chevauchant dans la cellule. Le premier événement comprend les effets de 1-doxSa qui
comprennent les perturbations de I'organisation de I'actine, l'altération de la forme des

mitochondries et la formation de corps hydrophobes. Ces aberrations, cependant, ont des



impacts mineurs sur la physiologie de la cellule. Le deuxieme événement est la toxicité de 1-
doxCer qui a des impacts majeurs sur la physiologie de la cellule. Nous proposons que ce
dernier événement est réalisé par l'inhibition d'une protéine essentielle multi-sous-unité, telle
que le manteau de vésicule COPII ou CCT.

Enfin, pour étudier les réles des 1-doxSphs dans des organismes plus complexes, nous
avons établi un modéle de C. elegans de HSAN IA. La combinaison de la mutation HSAN IA
dans SPT et d'une mutation dans une céramide synthase (hyl2(tm2031)) qui augmente
I'accumulation de 1-doxCer, réduit la capacité des vers a capter la chaleur de I'environnement

et les sensibilise a I'anoxie.



Summary

Hereditary sensory and autonomic neuropathy (HSAN) type IA and IC are inherited
neurological diseases that affect the sensory and autonomic functions of the peripheral nervous
system. The diseases are caused by dominant mutations in the genes that encode for serine
palmitoyltransferase (SPT), which is the first enzyme in the de novo sphingolipid biosynthesis
pathway. The mutations enhance the substrate promiscuity of SPT, leading to increased
synthesis of 1-deoxy-sphingolipids (1-doxSphs). Since 1-doxSphs are metabolically trapped,
they tend to accumulate over time. How elevated levels of 1-doxSphs perturb the physiology
of the cell and how these perturbations emerge as HSAN IA/IC in humans are largely unknown.

We used the budding yeast as a model system to study the mechanism of cytotoxicity
of 1-doxSphs since the yeast also produces low levels of 1-doxSphs during its normal growth.
1-doxSphs consist of 1-deoxy-sphingoid bases (1-doxSB) and 1-deoxy-ceramides (1-doxCers).
By overexpressing ceramide synthase, we could determine that 1-doxCers are the main toxic
lipids. 1-doxCers consist of 1-deoxy-ceramide (1-doxCer) and 1-deoxymethyl-ceramide (1-
doxmetCer). We decided to focus on 1-doxCer as we managed to sensitize the yeast to 1-
doxCer more than to 1-doxmetCer. Growth assays and lipidomic analyses showed that the
toxicity of 1-doxCer depends on the length of its acyl chain. Moreover, its mechanism of
toxicity is distinct from those of other lipids.

To elucidate the mechanism of cytotoxicity of 1-doxCer, we performed three genome-
wide genetic screens. The screens revealed that 1-doxCer might - from the most probable
mechanism - directly inhibit a multisubunit essential protein whose inhibition leads to failures
in multiple cellular processes, directly inhibit multiple essential proteins implicated in diverse
cellular processes, or perturb the structure of cellular membranes. Moreover, the toxicity of 1-

doxSphs involves inhibition of nuclear migration. The screens also revealed Sap190 as a novel



protein that ensures the normal proportion of C24 to Czs fatty acyl-CoA. How Sap190 achieves
this function remains to be investigated.

We then examined whether yeast cells also exhibit the same phenotypes as mammalian
cells following 1-doxSphs accumulation. Microscopy of different strains including resistant
mutants revealed by the screens showed that 1-deoxy-sphinganine (1-doxSa) causes
perturbations of actin organization which might lead to inhibition of nuclear migration. It also
showed that 1-doxSa alters the shape of mitochondria. This alteration was not accompanied by
inhibition of key functions of mitochondria. Moreover, it showed that 1-doxSa induces the
formation of hydrophobic bodies that are distinct from the canonical lipid droplets.

To hunt for the molecular targets of 1-doxCer, we took a chemical proteomics approach
using photocrosslinkable and clickable lipid analogs. The approach captured two potential
targets of 1-doxCer. They are COPII vesicle coat which is required for vesicular transport from
the ER to the Golgi and chaperonin-containing T-complex (CCT) which is required for folding
of many proteins in the cytosol.

Taken together, our study showed that there are two sequential and overlapping events
in the cell. The first event comprises the effects of 1-doxSa which include perturbations of actin
organization, alteration of the shape of mitochondria, and formation of hydrophobic bodies.
These aberrations, however, have minor impacts on the physiology of the cell. The second
event is the toxicity of 1-doxCer which has major impacts on the physiology of the cell. We
propose that this latter event is achieved by inhibition of a multisubunit essential protein, such
as COPII vesicle coat or CCT.

Finally, to study the roles of 1-doxSphs in more complex organisms, we established a
C. elegans model of HSAN IA. The combination of the HSAN IA mutation in SPT and a

mutation in a ceramide synthase (hyl2(tm2031)) that enhances the accumulation of 1-doxCer,



reduced the ability of the worms to sense heat from the environment and sensitized them to

anoxia.



Introduction

Sphingolipids compose a group of diverse metabolites that carry a sphingoid base (also
called long-chain base) as a backbone of their molecules (Fig. 1). Sphingolipids are
exceptionally versatile lipids as they are able to serve as structural components of cellular
membranes and as direct modulators of protein functions in the cell. As a consequence, they
play roles in a wide range of cellular processes. Furthermore, the cell must precisely regulate
their levels as imbalances in sphingolipid levels lead to disabling diseases with complex clinical

manifestations in humans [1,2].
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Figure 1. Chemical structure of a sphingoid base.

1. Sphingolipid homeostasis
1.1. Sphingolipid metabolism

Sphingolipids are essential for survival for most organisms. Significant fractions of
sphingolipids in these organisms are derived from de novo biosynthesis consistent with the
finding that the activity of the first enzyme of the pathway, serine palmitoyltransferase (SPT)
is indispensable. The main pathways of sphingolipid metabolism are highly conserved from
yeast to human. Most enzymes in the biosynthetic and degradation pathways are distributed
along the secretory and endocytic pathways, respectively [3]. As a consequence, many
sphingolipids are transformed into more complex or simpler sphingolipids as they are
transferred along the secretory or endocytic pathway, respectively. De novo biosynthesis of

sphingolipid requires serine, whereas degradation of sphingolipid produces hexadecenal and



phosphoethanolamine that are used for the production of another category of lipid, glycerolipid
(Fig. 2). Sphingolipid metabolism, therefore, links amino acid metabolism to glycerolipid
metabolism [4,5]. For more detailed and extensive review on sphingolipid metabolism, readers

are referred to these publications [6,7].
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Figure 2. Overviews of sphingolipid metabolic pathways in yeast and mammals. ser: serine, Sa: sphinganine,
SalP: sphinganine 1-phosphate, PHS: phytosphingosine, PHS1P: phytosphingosine 1-phosphate, So:
sphingosine, S1P: sphingosine 1-phosphate, DHCer: dihydroceramide, Cer: ceramide, PHCer: phytoceramide,
IPC: inositol-phosphoceramide, MIPC: mannose-inositol-phosphoceramide, M(IP).C: mannose-(inositol-P).-
ceramide, CSL: complex sphingolipids (IPC, MIPC, M(IP),C), GlcCer: glucosylceramide, GSL:
glycosphingolipid, SM: sphingomyelin, CerlP: ceramide 1-phosphate, deg: degradation.

The first step in de novo biosynthesis of sphingolipid is the condensation of serine with
palmitoyl-CoA by SPT at the cytosolic leaflet of the endoplasmic reticulum (ER) membrane.
This reaction produces a sphingoid base, 3-ketosphinganine which rapidly undergoes reduction

to form sphinganine [8]. In the budding yeast, most sphinganine is hydroxylated to form



phytosphingosine. Next, sphinganine or phytosphingosine is coupled with very long-chain fatty
acyl-CoA to synthesize dihydroceramide or phytoceramide, respectively [9]. In mammals,
sphinganine is coupled with fatty acyl-CoA by a family of enzymes, ceramide synthase (CerS)
to produce dihydroceramide which is then desaturated to form ceramide [10]. The bulk of
ceramide is directly transferred to the trans-Golgi network (TGN) by a dedicated ceramide
transfer protein CERT [11]. At the TGN, the headgroup of ceramide can be phosphorylated by
ceramide kinase to form ceramide 1-phosphate [12] or alternatively can be linked to
phosphorylcholine by sphingomyelin synthase to form sphingomyelin [13]. Smaller fractions
of ceramide in the ER membrane may be carried by anterograde vesicular transport to the cis-
Golgi network. Part of this pool of ceramide could be converted to glucosylceramide which is
then delivered to the TGN by a glucosylceramide transfer protein FAPP2 [14,15] for the
synthesis of more complex glycosphingolipids [16]. From the TGN, ceramide 1-phosphate is
delivered by a dedicated transfer protein CPTP [17], whereas the other complex sphingolipids
are carried by vesicles to the plasma membrane (PM) [18].

The degradation routes for most sphingolipids are in the opposite direction of their
biosynthesis routes as most biosynthetic reactions have opposing reactions, most often by
specific enzymes rather than reversal of the biosynthetic enzymes. For example, the most
abundant complex sphingolipid in humans, sphingomyelin is degraded through the hydrolysis
of its headgroup generating ceramide and free phosphocholine instead of phosphatidylcholine
which is the substrate used in its synthesis. The reaction is catalyzed by the sphingomyelinase
enzyme family. The enzymes are classified based on their cation dependence and pH optima
of activity into acid, neutral, or alkaline sphingomyelinase. The main enzymes are acid
sphingomyelinase in lysosomes or in the extracellular space (secreted) and neutral
sphingomyelinase in various cellular compartments [19,20,21]. Next, ceramide is deacylated

by ceramidases releasing sphingosine. Ceramidases are also classified based on their pH optima



of activity into acid, neutral, or alkaline ceramidase [22]. The released sphingosine is either fed
into the salvage pathway or phosphorylated to form sphingosine 1-phosphate (S1P) [23]. S1P
is then irreversibly degraded by S1P lyase in the ER to generate hexadecenal and
phosphoethanolamine. S1P lyase has broad substrate specificity and therefore it can degrade

all phosphorylated sphingoid bases in mammals [24].

1.2. Regulation of biosynthesis

The focal point of regulation of global sphingolipid levels is SPT since it catalyzes the
first and rate-limiting step of the de novo biosynthesis pathway. There are two ER
transmembrane protein families that negatively regulate the activity of SPT, Orm and Nogo-B.
In the budding yeast, Orm1/2 physically associate with SPT as parts of the SPOTS complex.
Orm1/2 directly inhibit the activity of SPT when the cell has sufficient levels of sphingolipid.
The extent of the inhibition correlates with the inverse of the degree of Orm1/2 phosphorylation
which is modulated by sphingolipid levels. The nature of this inhibitory mechanism enable
homeostatic regulation that is rapid, sensitive, finely tuned, and responsive to multiple cues
[25]. Orm1/2 are inhibited by Nprl via the target of rapamycin complex 1 (TORC1) signaling
pathway following nutrient starvation [26] or by Ypkl via the TORC2 signaling pathway
following sphingolipid depletion [27] or heat stress [28]. In mammals, ORMDL1-3
redundantly inhibit the activity of SPT in response to elevated levels of ceramide and more
complex sphingolipids [29]. The regulation of the inhibition is still largely unknown since the
phosphorylation sites of Orm1/2 in yeast are not found in ORMDLSs. Several single-nucleotide
polymorphisms in ORMDL3 gene have been associated with the risk of childhood asthma [30],
although this association is not due to altered sphingolipid levels [31,32]. Another regulator of
SPT, Nogo-B is expressed in both endothelial and smooth muscle cells. It forms a complex

with SPT and ORMDLs and selectively inhibits the activity of SPT in endothelial cells to
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control vascular function, blood pressure [33], and heart function [34]. However, not all
organisms bearing SPT have Orm or Nogo-B protein (e.g. C. elegans), suggesting that there
are other possible mechanisms of SPT regulation.

The production of ceramide as the central metabolite in sphingolipid metabolism is also
subjected to regulation. The regulation of CerS is achieved via phosphorylation, protein
turnover, and controlling the availability of its substrates. In the budding yeast, CerS comprises
homo- and/or hetero-dimer of Lagl and Lacl with at least two essential regulatory subunits
Lipl [35,36]. The optimal activity of CerS requires Cog fatty acyl-CoA and phosphorylation in
its conserved C-terminal regions by casein kinase 2 (CK2) [37,38]. Following sphingolipid
depletion or heat stress, TORC2 promotes Ypkl to phosphorylate the N-terminal regions of
CerS to enhance ceramide production [39]. The involvement of CK2, which has broad roles in
cell growth and proliferation as well as TORC2, which regulates cell growth in response to
nutrient availability in the regulation indicate that ceramide level is subjected to constant
adjustments for optimum cell growth. In mammals, there are six CerSs that are expressed at
different levels in different tissues. They have strong yet overlapping preferences for different
lengths of fatty acyl-CoA. CerS are mainly regulated post-translationally since their mRNA
levels do not always reflect the profile of ceramide species in the tissue [40]. CerS1 is
structurally distinct among CerSs [41] and regulated by a distinct mechanism. It has a short
half-life that is regulated by the opposing actions of p38 mitogen-activated protein kinase
(MAPK) as a positive regulator and protein kinase C (PKC) as a negative regulator. Its turnover
requires its activity, indicating a negative feedback mechanism for its regulation [42]. The
activities of CerS2-6 are stimulated by phosphorylation in the C-terminal regions. Except for
CerS3, the phosphorylation is mediated by CK2, suggesting a conserved regulatory mechanism

for ceramide synthesis [43].
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Another key point of regulation is sphingosine kinase (SK) that phosphorylates
sphingosine to form S1P. The activity of SK contributes to the delicate balance between the
level of death-promoting ceramide and the level of growth-promoting S1P. This balancing
mechanism is referred to as the “sphingolipid rheostat” [44]. S1P may act as a direct modulator
of intracellular proteins or as a signaling molecule that functions in an autocrine and/or
paracrine fashion. The latter mechanism is mediated by G-protein-coupled receptors, S1P1-5
at the cell surface [45,46]. These receptors, however, are not found in the budding yeast. The
function of SK is regulated by modulation of their catalytic activity and subcellular localization
[47]. The activity of SK1 is increased upon phosphorylation of its Ser225 by extracellular
signal-regulated kinase 1 and 2 (ERK1/2). The phosphorylation is also required for
translocating SK1 from the cytosol to the cytosolic leaflet of the PM. This translocation might
direct SK1 to the available pool of sphingosine and localize the production of S1P [48].
Cytosolic SK1 is bound by a Ca*-myristoyl switch protein CIB1 in a Ca*-dependent manner
and ferried to the PM [49]. Once on the PM, only phosphorylated SK1 is retained via its
physical interaction with phosphatidylserine [50]. In most cases, the increased activity of SK1
is transient since phosphorylated Ser225 is rapidly dephosphorylated by protein phosphatase 2
[51]. Similar to that of SK1, the activity of SK2 is also enhanced upon phosphorylation by
ERK1/2, albeit at different sites. ERK1/2 phosphorylate SK2 at Ser351 and Thr578 [52]. SK2
can also be phosphorylated by protein kinase D (PKD) at either Ser383 or Ser385 within its
nuclear export signal sequence to promote its exit from the nucleus to the cytosol [53], therefore
relieving its inhibition on DNA synthesis [54]. The fact that the cell employs ERK1/2 as main
regulators of SK activity indicates that the level of S1P is adjusted in accordance with various

extracellular stimuli that modulate cell proliferation, differentiation, and survival.
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1.3. Regulation of trafficking and degradation

The intracellular trafficking of most sphingolipids relies on membrane vesicle
trafficking and cytosolic lipid transfer proteins (LTPs) [3]. Since LTPs have specificities for
lipid clients and operate at particular subcellular compartments, the regulation of LTPs
provides means for modulating particular routes in sphingolipid metabolism. Among those that
transfer sphingolipids in mammals, CERT and its regulation are best understood. CERT has
three functional regions; a PH domain that binds phosphatidylinositol 4-phosphate at the
cytosolic leaflet of the TGN, an FFAT motif that binds to VAP-A at the ER membrane, and a
START domain that binds ceramide [11]. The function of CERT is suppressed by
phosphorylation of the serine-repeat (SR) motif at the C-terminal side of the PH domain as it
induces an interaction between the PH and the START domains. The phosphorylation is
reduced following sphingomyelin or cholesterol depletion, suggesting that the function of
CERT is regulated in response to sphingomyelin or cholesterol levels [55,56]. Two kinases
have been shown to phosphorylate CERT at the SR motif; PKD (PKD1/2) and CKIy2 [57,58].
PKD inhibits the function of CERT, thus reducing the synthesis of sphingomyelin at the TGN.
Since the synthesis of sphingomyelin releases diacylglycerol which can activate PKD, its
inhibition suppresses further activation of PKD. This series of events creates a negative
feedback mechanism for regulating the function of CERT [57]. In contrast, the function of
CERT is enhanced upon dephosphorylation by PP2Ce [59] or phosphorylation at Ser315 at the
N-terminal side of the FFAT motif [60].

The degradation of complex sphingolipids and ceramide in mammals releases
sphingosine which is routed either to irreversible degradation or to the salvage pathway. The
latter route can contribute 50-90% towards sphingolipid biosynthesis when measured in
various cell lines [61,62]. In addition, the cell needs to coordinate the de novo biosynthesis

with the degradation of sphingolipid for optimum growth and survival as has been shown in
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the budding yeast during nutrient limitation [63] or heat [64] stress. In human myotubes, the
coordination might involve a phasic mechanism since the levels of dihydroceramide and
ceramide peak at different times of the day [65]. Despite its significance, the regulation of
sphingolipid degradation is largely unknown. Nevertheless, many factors affecting the
functions of sphingomyelinase and ceramidase have been characterized. Acid
sphingomyelinase (a-SMase) is targeted either to lysosomes or to the extracellular space
depending on N-glycosylation [66], phosphorylation [67], and its signal peptide [68]. In
response to ionizing radiation stress, protein kinase C-6 (PKCd) binds to and phosphorylates
a-SMase at Ser508. The phosphorylation promotes the translocation of a-SMase from the
cytosol to the PM and increases its activity [69]. Neutral sphingomyelinase 2 (n-SMase2) is
the predominant n-SMase [70,71]. Its activity is enhanced by several stimuli. The inflammatory
cytokine tumor necrosis factor-a (TNFa) induces the translocation of EED from the nucleus to
the PM, where it physically links n-SMase2 to the TNF-R1*FAN*RACK 1-complex, resulting
in the activation of n-SMase2 [72,73]. Oxidative stress induces the degradation of calcineurin
that binds to n-SMase2, thereby allowing phosphorylation of the enzyme by p38 MAPK and
protein kinases Cs to increase its activity [74,75]. Anionic phospholipids, especially
phosphatidylserine and phosphatidic acid [76] bind to specific regions of the enzyme and
promote its activity [77,78]. In addition, in vitro study showed that the activity of n-SMase is
modulated by sphingomyelin/ceramide molar ratio of the membrane, suggesting a feedback
loop mechanism for its regulation [79]. Alkaline sphingomyelinase (alk-SMase) is present in
the intestinal tract and human bile [21]. High-fiber diet increases its activity, whereas high-fat
diet greatly reduces it [80,81,82].

Human acid ceramidase is synthesized as a polypeptide which undergoes self-cleavage
producing the a and B subunits of the enzyme. The self-cleavage occurs most rapidly at acidic

pH, indicating that generation of the active water-soluble heterodimeric enzyme takes place
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mainly in endosomes and/or lysosomes where it exerts its function [83,84]. The efficient
degradation of ceramide by acid ceramidase in lysosomes requires sphingolipid activator
proteins (saposins) [85,86], anionic lysosomal phospholipids, and high membrane curvature
[87]. The anionic phospholipids might promote the association between acid ceramidase and
the membrane. Subsequently, saposins might perturb lipid packing in the membrane, thereby
facilitating the enzyme to get a better access to its hydrophobic substrate [87]. Neutral
ceramidase is localized at the PM as a type Il integral membrane protein. The O-glycosylation
of the mucin-like domain in the N-terminal region is required for retaining the enzyme at the
PM [88]. On the other end, conserved amino acid residues in the C-terminal region are essential
for the proper folding, trafficking, and activity of the enzyme [89]. The degradation rate of the
enzyme by the ubiquitin/proteasome complex is increased in response to a diffusible
intercellular messenger, nitric oxide [90]. This event is antagonized by PKC [91]. The most
studied alkaline ceramidase, alkaline ceramidase-2 (ACER2) resides at the Golgi membrane
and requires Ca?* in the Golgi lumen for its activity [92]. The activity of ACER2 is increased
following the activation of a proto-oncogene c-Src [93]. In mesangial cells, the activity of
alkaline ceramidase is enhanced by platelet-derived growth factor [72]. Besides dedicated
ceramidase, other proteins with intrinsic ceramidase activity also contribute to the degradation
of ceramide. The adiponectin receptor 1/2 degrades ceramide upon adiponectin binding,
thereby tipping the balance of the “sphingolipid rheostat” in favor of sphingosine and S1P to

increase insulin sensitivity, decreases inflammation, and promotes cell survival [94,95].

2. Modes of action of sphingolipids
2.1. Sphingolipids as components of cellular membranes
The lipid component of cellular membranes is composed mainly of glycerolipid,

followed by sterol, and sphingolipid. Sphingolipids affect the properties of the membrane
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where they reside in several ways due to their unique properties. Compared to the major
glycerolipids, ceramide and complex sphingolipids have a longer and more saturated acyl chain
[96]. They are also more rigid because of the configuration of the amide group and the presence
of a double bond at position 4-5 of sphingosine. In addition, they are more capable of forming
hydrogen bonds with other sphingolipids or with cholesterol [97,98]. These properties enable
them to promote tighter lipid packing and thereby increasing the thickness and rigidity of the
membrane. Furthermore, they drive lipid phase separation in artificial membranes by forming
a liquid-ordered (Lo) phase together with cholesterol or a gel-phase together with other
sphingolipids in the midst of a liquid-disordered (Lq) phase of glycerolipids [99,100,101] (Fig.

3a). These abilities make them suitable as components of hydrophobic physical barriers.
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Figure 3. Modes of action of sphingolipids in the cell. (a) Impacts of sphingolipids on the properties of the lipid

bilayer. (b) Sphingolipids as direct modulators of protein functions.
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In the budding yeast, sphingolipids constitute a barrier at the ER membrane in the bud neck.
The barrier hinders the diffusion of misfolded proteins associated with the ER membrane from
the mother cell to the daughter cell and thereby protecting the daughter cell from their adverse
effects [102]. In mammals, the PM of intestinal cells is polarized into apical and basolateral
domains with distinct lipid composition. Glycosphingolipids are enriched at the expense of
glycerolipids in the apical PM. Such enrichment was thought to stabilize the membrane to cope
with conditions in the external environment that are harsher than those in the internal milieu
[103]. Indeed, depletion of the main mammalian ceramide synthase causes disruptions to colon
barrier function and epithelial integrity in mice [104]. In humans, ceramide represents about
50% of lipid in the extracellular matrix of corneocytes in the stratum corneum of skin [105].
Since the stratum corneum protects the body from exsiccation and infection [106], disruption
of genes involved in the biosynthesis of skin ceramide leads to fatal consequences in mice
[107,108] and humans [109].

The preferential associations of sphingolipids with cholesterol and other lipids bearing
saturated acyl chains led to a notion that these lipids form micron-sized clusters termed “lipid
rafts” within cellular membranes. Lipid rafts were originally postulated as platforms for lipid-
driven sorting of lipids and proteins destined to the apical PM at the TGN of polarized epithelial
cells. The function of lipid rafts was later extended beyond membrane trafficking to include
signal transduction at the PM [103,110]. Immunoisolated vesicles budded from the TGN using
artificial or natural PM proteins as baits in the budding yeast are enriched with sphingolipids
and sterol [111,112]. Furthermore, sphingomyelin is enriched in a subset of TGN-derived
vesicles that are also enriched with a glycosylphosphatidylinositol(GPI)-anchored protein, but
not with an integral membrane secretory protein (CD8a) in a human cell line [113]. In addition,
glycosphingolipids are required for maintaining apicobasal polarity in C. elegans [114]. These

data together indicate that sphingolipids play a key role in the sorting of lipids and proteins
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destined to the PM at the TGN. However, direct evidence of the existence and the physiological
relevance of lipid rafts at the PM has yet to be obtained [115]. Direct observations of lipids or
GPIl-anchored proteins using Forster resonance energy transfer (FRET) [116,117,118], high-
speed imaging and single-molecule tracking [119,120], or stimulated emission depletion
(STED) nanoscopy-fluorescence correlation spectroscopy (FCS) [121,122] at the PM of living
mammalian cells showed non-homogenous and dynamic lateral distribution of lipids and lipid-
anchored proteins. Furthermore, such distribution is not only a consequence of the intrinsic
properties of the lipids, but also their interactions with transmembrane proteins and the cortical
actin meshwork [123,124]. This more elaborate organization of the PM is expected to serve
physiological functions [125].

A type of distinct region that is enriched with sphingolipids and cholesterol at the PM
is caveolae. Caveolae have a flask or an open cup shape of 60-80 nm wide where the opening
faces towards the extracellular space. They are marked by oligomeric membrane-associated
proteins named caveolins. Caveolae have been implicated in endocytosis, metabolic regulation
of lipids, signal transduction, and mechanosensation, depending on the cell type and organ
system [126,127,128]. As part of their mechanosensation function, caveolae were thought to
serve as membrane reservoirs that immediately flatten upon acute mechanical stress induced
by osmotic swelling or by uniaxial stretching, thereby allowing PM expansion and preventing
PM rupture. Once the stress is relieved, caveolae are formed again in an ATP- and actin-
dependent manner [129,130]. The PM of the budding yeast also has furrows that have a similar
shape to caveolae. They are occupied by transporters, including the arginine permease Canl
[131] and generated by large protein complexes named eisosomes [132]. Besides providing a
similar mechanosensation function to that of caveolae [133], the furrows are implicated in the
regulation of sphingolipid levels. Following sphingolipid depletion, the furrows have been

postulated to flatten and therefore liberate BAR domain-containing proteins, SIm1/2 that were
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associated with them. The released proteins remain attached to the cytosolic leaflet of the PM
and become available for TORC2. In turn, this newly assembled complex activates Ypk1/2
kinases to phosphorylate Orm proteins, thereby relieving their inhibition on SPT and increasing

the rate of sphingolipid biosynthesis [134].

2.2. Sphingolipids as direct modulators of protein functions

Sphingolipids can also exert their roles by directly modulating the functions of proteins
in several ways (Fig. 3b). First, sphingolipids function as ligands for receptors at the cell
surface to initiate intracellular signaling cascades. S1P generated inside the cell targets different
proteins [135] to promote cell proliferation and to suppress apoptosis [136]. Alternatively, S1P
can be secreted as a signaling molecule that functions in an autocrine and/or paracrine fashion
termed “inside-out” signaling. The mechanisms of S1P secretion are different in different cell
types. Mast cells secrete S1P in an ATP-dependent manner [137], zebrafish yolk syncytial layer
cells and mouse endothelial cells passively secrete S1P through a transporter [138,139],
whereas erythrocytes and platelets are able to secrete S1P by both mechanisms [140,141]. In
the circulation, S1P binds to either apolipoprotein M in high-density lipoprotein particles or
albumin, generating two distinct pools of S1P for different physiological roles [142].
Extracellular S1P binds to five specific seven transmembrane-spanning G-protein-coupled
receptors, S1P1-5 at the cell surface and stimulates their activities. Each receptor is coupled to
a defined yet overlapping set of G-proteins that function in a wide range of cellular processes.
The net result of S1P signaling via the S1P receptors affects cell survival, proliferation,
migration, and differentiation [45,46]. Since aberrant S1P signaling has been implicated in
cancer, atherosclerosis, inflammation, and multiple sclerosis, it has been targeted for therapy
[143,144]. Another sphingolipid that can function as a ligand for a receptor at the cell surface

is ceramide. Ceramide binds to CD300f (also called LMIR3) which is an inhibitory receptor of
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mast cells activation. CD300f contains two immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) and a single immunoreceptor tyrosine-based switch motif (ITSM) in its cytoplasmic
region. Deficiency of CD300f aggravates mass cell-dependent allergic responses in mice,
including anaphylaxis, airway inflammation, and dermatitis [145]. In a mouse model, ceramide
binding to CD300f inhibits IgE- or ATP-mediated mast cell activation via its ITIMs and ITSM,
in allergic responses or colitis, respectively [146,147]. In addition, it also inhibits LPS-induced
skin inflammation, indicating that CD300f is also a negative regulator of Toll-like receptor 4
signaling [148].

Second, sphingolipids function as modulators of enzymes. S1P has been implicated in
the signaling pathway initiated by TNF-a binding to TNF receptor (TNFR). A key component
of the pathway, TNFR-associated factor 2 (TRAF2) binds to SK1. S1P presumably produced
by SK1 binds to TRAF2 as a cofactor for its E3 ligase activity and prevents the binding of its
inhibitor TRIP. Activated TRAF2 increases polyubiquitination of RIP1, leading to the
activation of the transcription factor NF-«kB that executes a pro-survival program [149,150].
However, this model has been challenged since SK1/2 were later found to be dispensable for
TNF-o-mediated responses [151,152,153]. S1P is also involved in epigenetic regulation of
gene expression. Nuclear SK2 is associated with specific promoters, such as those for the genes
encoding the cyclin-dependent kinase inhibitor p21 and the transcriptional regulator c-fos.
Following stimulation by PKC, SK2 produces S1P that in turn binds to histone deacetylases
HDACL1/2 in the vicinity. S1P binding inhibits their activity and therefore enhances
transcription of the genes [154]. In telomere maintenance, S1P binding mimics protein
phosphorylation of the catalytic subunit, human telomerase reverse transcriptase ("nTERT) at
the nuclear periphery. It stabilizes hTERT by inhibiting MKRN1-dependent hTERT
ubiquitination and degradation, and therefore delaying cell senescence [155]. On the other end

of “sphingolipid rheostat”, ceramide induces cell cycle arrest by directly activating PKCC.
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Activated PKC( interacts with MEKK 1, SEK, and SAPK to inhibit insulin-like growth factor-
1-induced cell growth [156]. This sphingolipid function also plays roles in the etiology and
development of diseases. In Alzheimer’s disease (AD), 3- and y-secretases sequentially cleave
amyloid-3 precursor protein to generate amyloid-3 peptide whose accumulation in the brain is
linked to the pathogenesis of AD. S1P contributes to the pathogenesis of AD by binding to the
major [3-secretase BACEL and stimulating its activity [157]. In Gaucher’s disease (GD),
glucosylceramide and glucosylsphingosine might leak from lysosomes and be degraded by R-
glucosidase GBAZ2 at the cytosolic surface of the ER and cis-Golgi membranes. GBA2
produces sphingosine which has been proposed as the toxic metabolite in GD. Sphingosine
prevents further cytotoxicity by binding to GBA2 and inhibiting its activity presumably by
extracting it from the membrane [158].

Third, sphingolipids function as modulators of protein assemblies. At the cis-Golgi
membrane, p24 is a transmembrane protein involved in the formation of COPI vesicles during
retrograde transport. The vesicles are depleted from cholesterol and most sphingomyelin
species except for Cig sphingomyelin (SM 18) [159]. SM 18 binds to the transmembrane
domain of p24 and promotes a shift from its inactive monomeric to active oligomeric state,
thus promoting COPI-dependent transport [160]. In mitochondria, oligomerization of activated
BAK or BAX at the outer membrane forms pores that allow cytochrome-c to leak from the
intermembrane space into the cytosol to execute apoptosis. Ceramide that arrives to the outer
membrane from other organelles can be metabolized further to produce S1P and hexadecenal.
Subsequently, S1P and hexadecenal lower the threshold of apoptosis by inducing the activation
and oligomerization of BAK and BAX, respectively [161]. These findings contradict the
general notion of S1P as an anti-apoptotic metabolite [44]. The presence of ceramide,
specifically C1g ceramide, in the outer membrane has also been associated with cell death via

lethal autophagy. Following Drpl1-mediated mitochondrial fission, C1g ceramide is recognized
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by LC3B-Il and therefore targeting LC3B-II-containing autophagolysosomes to the
mitochondria. This mitophagy inhibits mitochondrial function and oxygen consumption,
leading to cell death [162]. At the cell surface, CD1 molecules bind and present lipidic antigens
to T cells. Among the four isoforms of CD1, CD1b has the largest volume of cavity for carrying
the antigen [163]. It relies on diacylglycerol and an atypical sphingolipid, 1-deoxy-

dihydroceramide as scaffolding lipids to present much of its antigens [164].

3. Hereditary sensory and autonomic neuropathy type 1A and IC

Hereditary sensory and autonomic neuropathy (HSAN) is caused by missense
mutations in genes encoding for SPT. HSAN type IA and IC are caused by mutations in
SPTLC1 [165,166] and SPTLC2 [167,168,169], respectively (Tab. 1). Each of the mutations
increases the use of alanine or glycine by SPT as a substrate along with serine, therefore
increasing the production of atypical sphingoid bases, 1-deoxy-sphinganine (1-doxSa) or 1-
deoxymethyl-sphinganine (1-doxmetSa), respectively [170,171] (Fig. 4a). Higher levels of 1-
deoxy-sphingolipids (1-doxSphs) correlate with the severity of HSAN I. Mutations associated
with the mild and severe forms of HSAN | were predicted to affect amino acid residues around
the active site and on the surface of SPT, respectively [172]. The most common mutation,
SPTLC1-C133W was proposed to allow bound alanine to react with the acyl-CoA, not to
facilitate alanine binding [171]. Another mutation in SPTLC2, S384F was proposed to disrupt
a putative phosphorylation site that is involved in regulating substrate specificity [168]. The
absence of a hydroxyl group at the first carbon prevents the conversion of 1-deoxy-sphingoid
bases (1-doxSB) into complex sphingolipids and their degradation via the canonical
sphingolipid degradation route by SPL. Since 1-doxSB are metabolically trapped, they tend to
accumulate in the cell (Fig. 4b). Although 1-doxSB can also be readily acylated by CerS [173],

they seem to have distinct metabolic routes. The most abundant native 1-deoxy-sphingosine
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(1-doxSo) carries a cis-A'* double bond, in contrast to sphingosine which bears a trans-A*

double bond [174]. Moreover, the aliphatic chain of 1-doxSB can be hydroxylated at various

positions by cytochrome P450 (CYP)4F enzymes.

Table 1. Clinical information about HSAN IA and IC

OMIM

HSAN IA: 162400
HSAN IC: 613640

Affected Gene

HSAN IA: SPTLC1 [165,166]
HSAN IC: SPTLC2 [167,168,169]

Mutation (DNA / Amino acid)

HSAN IA: 398G>A / C133Y; 399T>G / C133W [165]; 431T>A /
V144D [166]; 992C>T / S331F [175]

HSAN IC: 1075G>A / V359M; 1145G>T / G382V; 1510A>T / 1504F
[167]; 1151 C>T / S384F [168]; 547C>T / R183W [169]

Affected Enzyme

Serine palmitoyltransferase

Impact on Sphingolipid

Increased synthesis of atypical sphingoid bases, 1-deoxy-sphinganine

and 1-deoxymethyl-sphinganine [170,171]

Inheritance

Autosomal dominant

Onset

Varies between the first and fifth decades of life [176,177,167,169]

Clinical Manifestation

HSAN IA: Predominant loss of pain and heat sensation; severe shooting,
burning and lancinating pains; ulcerative mutilations; hypohydrosis (if

present); variable distal motor involvement [178,176]

HSAN IC: Similar to HSAN IA but without autonomic signs [167]

Disease Management

Oral L-serine supplementation [179,180]; cleaning and protecting
wounds on neuropathic limbs; eradication of infection; combination of
an anti-epileptic drug and an anti-depressant drug for shooting pains
[176,181]
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The hydroxylation is slow (several days) which is a characteristic of a detoxification process.
Therefore, it was proposed as a part of a non-canonical degradation route for 1-doxSphs [182].
In addition to HSAN I, 1-doxSphs have been implicated with several medical conditions, such

as diabetes, non-alcoholic steatohepatitis (NASH), defective serine biosynthesis, and TNF-

dependent toxicity [183].
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Figure 4. Aberrant sphingolipid metabolism underlying HSAN 1. (a) Impacts of HSAN | mutations on the
function of serine palmitoyltransferase (SPT). (b) Metabolic fates of typical and atypical sphingoid bases. The red
circle highlights the missing hydroxyl group in the atypical sphingoid bases. CerS: ceramide synthase.

How the accumulation of 1-doxSphs disrupts the normal physiology of the cell and
leads to HSAN 1 are largely unknown. 1-doxSa causes a reversible loss of actin stress fibers of
a mammalian cell line. The effect could be partially suppressed with a Rho activator

lysophosphatidic acid, suggesting that the effect involves inhibition of Rho proteins [184].
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Prolonged incubation with 1-doxSa induces cell death through complex mechanisms, including
ER stress [185], apoptosis, senescence, and necrosis [186,187,188]. The execution of apoptosis
is independent of the common apoptotic machinery, and therefore it was proposed via an
atypical apoptotic pathway [186]. The toxicity of 1-doxSa can be alleviated by a ceramide
synthase inhibitor Fumonisin B1 (FB1), indicating that 1-deoxy-ceramide (1-doxCer) also
contributes to the toxicity of 1-doxSphs [187,188]. The chemotherapy agent paclitaxel induces
peripheral neuropathy as its major side effect in patients and the accumulation of 1-doxSphs in
the cell. Among 1-doxSphs measured in the plasma of the patients with peripheral neuropathy,
C24 1-doxCer has the highest association with the incidence and severity of neuropathy,
particularly motor neuropathy. These data suggest that different 1-doxSphs species have
different degrees of toxicity [189]. The subcellular localization of 1-doxSphs was studied using
an analog of 1-doxSa onto which a fluorophore can be attached by click chemistry. The analog
accumulates mostly in mitochondria and causes mitochondrial fragmentation and dysfunction
such as swelling, rounding up, cristae lost, and reduced respiration. These effects could be
reduced by FB1 treatment. Moreover, direct 1-doxSa treatment to isolated mitochondria did
not lead to a loss of mitochondrial membrane potential. These data provide further evidence of
the major roles of 1-doxCer in the toxicity [185]. Another mechanism of the toxicity might
involve perturbations of membrane structure since high concentrations of 1-doxCer disrupt
giant unilamellar vesicles and 1-deoxymethyl-ceramide (1-doxmetCer) cannot form
monolayers at the air-water interface [190].

In this study, we used the budding yeast as a model system to investigate the molecular
mechanisms by which elevated levels of 1-doxSphs perturb the physiology of the cell. We
chose the yeast since it naturally produces low levels of 1-doxSphs and it is amenable to
genome-wide genetic manipulations. We started by characterizing the toxicity of 1-doxSphs to

the cell to uncover the main toxic lipids, the role of acyl chain length in their toxicity, and their
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biological properties compared to other lipids. Next, we performed genome-wide genetic
screens to reveal cellular processes that are inhibited by 1-doxSphs and key proteins that are
required for the toxicity. We then employed resistant mutants found in the screens to
characterize the toxicity further and to compare it with that in mammalian cells. Features that
we characterized were the effects of 1-doxSphs on actin and mitochondria, as well as the
involvement of oxygen, the mitochondrial genome, and hydrophobic bodies in the toxicity. In
addition to the genetic approaches, we also took a chemical proteomics approach using
photocrosslinkable and clickable lipid analogs to hunt for potential targets of 1-doxSphs.
Finally, we created and characterized a C. elegans model of HSAN 1A to explore the roles of
1-doxSphs in more complex organisms. The worms carry an extra copy of the worm gene for
the subunit 1 of SPT with the most commonly found HSAN IA mutation in human patients.
We also examined the impacts of the HSAN IA allele on their ability to sense heat in the

environment and their sensitivity to anoxia.
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Yeast strains

Materials and Methods

N° | Name Genotype Source
MATa his341 leu240 lys2+/lys+ met1540 ura340 .
1| WTMST21) can14::STE2pr-sp HIS%I lyplj -:STE3pr-LEU2 Maya Schuldiner
2 yMS721 LAG1 yMS721 TDH3pr-LAG1-CYClterm URA3 This study
3 yMS721 LAC1 yMS721 TDH3pr-LAC1-CYClterm URA3 This study
4 yMS721 LIP1 yMS721 TDH3pr-LIP1-CYClterm URA3 This study
MS721 TDH3pr-LAG1-CYClterm .
5 | YMST21LAGILIP1 ¥DH3pr-LIP1-CpZYC1term (tandem) URA3 This study
MS721 TDH3pr-LAC1-CYClterm .
6 | YMST21LACLLIPL ¥DH3pr-LIP1-CpZYC1term (tandem) URA3 This study
7 | yMS721 CerS1 yMS721 TDH3pr-CERS1-CYClterm URA3 This study
8 | yMS721 CerS2 yMS721 TDH3pr-CERS2-CYC1lterm URA3 This study
9 | yMS721 CerS3 yMS721 TDH3pr-CERS3-CYClterm URA3 This study
10 | yMS721 CerS4 yMS721 TDH3pr-CERS4-CYClterm URA3 This study
11 | yMS721 CerS5 yMS721 TDH3pr-CERS5-CYC1lterm URA3 This study
12 | yMS721 CerS6 yMS721 TDH3pr-CERS6-CYClterm URA3 This study
13 | KO and DAmP library BY4741 KanMX4 Maya Schuldiner
14 | WT (BY4741) MATa his341 leu2A40 metl1 540 ura3A0 Riezman lab
15 | BY4741 CerS3 BY4741 TDH3pr-CERS3-CYClterm URA3 This study
BY4741 TDH3pr-CERS3-CYClterm KanMX6 .
16 | BY4741 CerS3 SATAY IS P This study
17 | BY4741 CerS3 barid BY4741 CerS3 bariA::HIS3 This study
18 | BY4741 CerS3 dyniA BY4741 CerS3 dynliA::KanMX6 This study
19 | BY4741 CerS3 bikiA BY4741 CerS3 biklA::KanMX6 This study
20 | BY4741 CerS3 numliA BY4741 CerS3 numlA::KanMX6 This study
21 | BY4741 CerS3 paclA BY4741 CerS3 paciA::KanMX6 This study
22 | BY4741 CerS3 pacliA BY4741 CerS3 pacliA::KanMX6 This study
23 | BY4741 CerS3 kip24 BYA4741 CerS3 kip24::KanMX6 This study
24 | BY4741 CerS3 cka2A BY4741 CerS3 cka2A::KanMX6 This study
25 | BY4741 CerS3 sap1904 BY4741 CerS3 sap1904::KanMX6 This study
26 mﬂ“; gﬁ;rsr:;’/ BY4741 CerS3 MDH1-mCherry KanMX4 This study
27 | areld are24 dgalA lrolA arelA are2A dgalA lrolA Riezman lab
areld are2A dgalA lrolA arelA are2A dgalA lrolA .
28 | Cers3 ¢ TDH3pr-CEng3-CY01term KanMX6 This study
59 | BYAT4L CerS3 ypcis BYAT41 CerS3 ypelA-:KanMX6 ydel - HphMX4 | L. dy
ydclA pep4A pep44::LEU2

All yeast strains were cultured at 30°C.

Yeast media

1. YPD: 1% yeast extract, 2% peptone, 2% glucose (2% agar)

2. SC:0.67% yeast nitrogen base (without amino acids, with ammonium sulfate), 1.92 g/l drop-out supplements
(2% agar)

3. SD: SC, 2% glucose (2% agar)
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4. SD MSG: 2% glucose, 0.67% yeast nitrogen base (without amino acids, without ammonium sulfate), 1
mg/ml monosodium glutamate, 1.92 g/l drop-out supplements (2% agar)

5. SPO: 0.05% glucose, 1% potassium acetate, 0.1% yeast extract, 0.1 g/l drop-out supplements (2% agar)

6. YPG: 1% yeast extract, 2% peptone, 3% (“/) glycerol, 10 mM MES (2% agar)

7. Anaerobic YPD: YPD, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 10 mg/l ergosterol, and 420
mg/l Tween® 80 (2% agar)

8.  Anaerobic YPEG: 1% yeast extract, 2% peptone, 2% (/) glycerol, 2% ethanol (after autoclaving), 10 mM
MES, 10 mg/l ergosterol, 420 mg/l Tween® 80 (2% agar)

9.  Anaerobic YPL: 1% yeast extract, 2% peptone, 2% sodium lactate, 10 mM MES, 10 mg/I ergosterol, 420
mg/l Tween® 80 (2% agar)

Sphingoid bases

Sphinganine (Avanti 860498), 1-deoxy-sphinganine (Avanti 860493), 1-deoxymethyl-sphinganine (Avanti
860473). The sphingoid bases were dissolved in ethanol and sonicated for 5 min using an ultrasonic bath to make
stock solutions. The solutions were stored at -20°C. Before use, the solutions were brought to room temperature

and sonicated for 5 min.

Yeast spot assay

YPD agar + 10 mM MES + 0.05% (¥/,) Tergitol™ NP-40 + a sphingoid base was prepared 2 days in advance. On
the spotting day, cells were suspended at a ten-fold serial dilution with ODggo Of 1.5 at the highest in 200 ul of
YPD liquid in a U-bottom 96-well plate. The cells were spotted on the medium using a 48-pin tool. The culture
was incubated at 30°C for 2 days.

Yeast growth curve assay
Cells were suspended at ODggo 0f 0.1 in 200 pl of YPD liquid in a flat-bottom 96-well plate. The cover of the plate
was replaced with a gas permeable seal (4titude 4ti-0516-96). The culture was incubated at 30°C with agitation

for 16 or 24 h in a plate reader (Biotek™ Synergy™ H1) while ODgqo 0f the culture was recorded every 10 min.

Yeast lipidomic analysis
Treatment — Exponentially growing cells (ODsoo 0f 0.8-0.9) in YPD liquid were treated with 1-deoxy-sphinganine
(1-doxSa) at 30°C for 1.5 h. Then, the metabolism of the cells was immediately quenched with 5% of

trichloroacetic acid.

Lipid extraction — Lipid extraction was performed as described before [191] with minor modifications. Briefly, a
mixture of lipid standards (7.5 nmol of 17:0/14:1 PC, 7.5 nmol of 17:0/14:1 PE, 6.0 nmol of 17:0/14:1 PI, 4.0
nmol of 17:0/14:1 PS, 1.2 nmol of C17 ceramide, 1.2 nmol of Cy, 1-deoxy-dihydroceramide, and 2.0 nmol of Cg
glucosylceramide) was added to 25 ODgoo units of cells. The cells were subjected to two-round lipid extraction
with 1.5 ml of extraction solvent (ethanol, water, diethyl ether, pyridine, 4.2 N ammonium hydroxide
15:15:5:1:0.018) and 250 pl of glass beads by vigorous vortexing for 5 min followed by incubation at 60°C for

20 min. Cell debris was pelleted at 800 xg for 5 min, and the supernatant was collected. The combined supernatant
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was divided into two equal aliquots for glycerolipid and sphingolipid analyses. Both aliquots were dried by a
stream of nitrogen. The sphingolipid aliquot was then treated with 0.5 ml of monomethylamine reagent (methanol,
water, n-butanol, methylamine 4:3:1:5) at 53°C for 1 h and dried again. Next, both dried aliquots were subjected
to three-round desalting by resuspending them in 300 ul of water-saturated n-butanol and 150 ul of water followed
by centrifugation at 3,200 xg for 10 min to induce phase separation. The upper phases were collected. To start
another round of desalting, the lower phase was mixed again with 300 ul of water-saturated n-butanol. The
combined upper phases were dried and stored at -80°C.

Mass spectrometry — The dried lipid extracts were dissolved in 500 ul of chloroform:methanol (1:1). Each extract
was diluted with chloroform:methanol:water (2:7:1) or chloroform:methanol (1:2) containing 5 mM of ammonium
acetate for positive or negative mode mass spectrometry, respectively. Then, the samples were infused using a
Nanomate (Advion) with a gas pressure of 30 psi and a spray voltage of 1.2 kV into a TSQ Vantage mass
spectrometer (ThermoFisher) for multiple reaction monitoring analyses. The mass spectrometer was operated with
aspray voltage of 3.5 kV in positive mode and 3 kV in negative mode. The capillary temperature was set to 190°C.

Lipid amounts were normalized by the amounts of inorganic phosphate.

The first genetic screen (KO and DAmMP)

Synthetic genetic array — CerS3 was introduced into the collection of knockout and hypomorphic (DAmMP) mutants
by the synthetic genetic array (SGA) method [192]. Briefly, yMS721 CerS3 cells were pinned onto 1536-format
arrays of mutant colonies on YPD agar using a pinning robot (Singer Instruments) and incubated at room
temperature for 1 day to induce mating. Then, the cells were pinned onto SD MSG agar — Ura + 200 mg/ml G418
and incubated at 30°C for 1 day to select diploid cells. The selection was repeated once. Next, the cells were
pinned onto SPO agar and incubated at room temperature for 5 days to induce sporulation. The plates were
wrapped with a moist towel to prevent desiccation. Then, the cells were pinned onto SD MSG agar —
His/Lys/Arg/Ura + 50 mg/l canavanine + 50 mg/I thialysine and incubated at 30°C for 2 days to select cells with
the same mating type as that of the mutants in the collection. Next, the cells were pinned onto SD MSG agar —
His/Lys/Arg/Ura + 50 mg/l canavanine + 50 mg/I thialysine + 200 mg/ml G418 and incubated at 30°C for 1 day
to select the mutants in the collection that carry CerS3. The selection was repeated once. The library was
maintained on the same medium without G418.

Treatment and colony size measurement — The cells in the library were pinned onto SD MSG agar —
His/Lys/Arg/Ura + 50 mg/l canavanine + 50 mg/l thialysine + 0.05% (¥/,) Tergitol™ NP-40 + 1-doxSa and
incubated at 30°C for 1 day. Then, the plates were scanned using a paper scanner (Hewlett Packard). The size of

colonies was determined using the “Balony” software [193] by including the row-column correction.

The second genetic screen (SATAY)

Library generation — SAturated Transposon Analysis in Yeast (SATAY) was performed as described before [194]
with minor modifications. Briefly, BY4741 CerS3 SATAY cells were transformed with pBK257 plasmid
containing the transposon. Freshly transformed cells were inoculated into 1 | of SC liquid + 0.2% glucose + 2%

raffinose — Ura at ODegy of 0.15 and grown at 30°C until saturation (ODego Of 3-4). Then, the culture was
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concentrated ten times by centrifugation at 600 xg for 5 min to obtain final ODego 0f 37. To induce transposition,
the cells were plated using glass beads onto 433 8.5-cm Petri dishes of SC agar + 2% galactose — Ade and
incubated at 30°C for 3 weeks. Contaminated plates were removed during the incubation time. Next, colonies
were scrapped using a glass rod with minimum amounts of SC liquid + 2% glucose — Ade, pooled, inoculated into
11 of SC liquid + 2% glucose — Ade at ODgqo 0f 0.125, and incubated at 30°C until ODggo 0f 0.5. The library was

used immediately.

Treatment — The cells in the library were pelleted at 800 xg for 5 min, inoculated into pre-warmed 500 ml of SC
liquid + 2% glucose — Ade + 1-doxSa at ODego 0f 0.1, and incubated at 30°C until saturation. The treatment was

repeated once. Next, the cells were harvested by centrifugation at 2,500 xg 4°C for 5 min and stored at -80°C.

DNA preparation — Genomic DNA of about 500 mg of cells was extracted by the phenol/chloroform extraction
method. Next, 2 pug of genomic DNA was digested with 50 units of DpnlI or NlallI at 37°C for 24 h. The enzymes
were then heat inactivated at 65°C for 20 min. The DNA fragments were circularized with 25 Weiss units of T4
Ligase at 22°C for 6 h. The circularized DNA molecules were precipitated with 0.3 M of sodium acetate pH 5.2,
1 ml of ethanol, and 5 pg linear acrylamide (Ambion AM9520) at -20°C overnight. Then, DNA was pelleted at
16,100 =g 4°C for 20 min, washed with 1 ml of 70% ethanol, and dried at 37°C for 10 min. Next, transposon
fragments were amplified with Taq polymerase (New England Biolabs). The PCR products were then purified
with the PCR clean-up/gel extraction kit (Macherey-Nagel) according to the manufacturer instruction, with the
following modifications. DNA was bound to the column by centrifugation at 3,000 xg for 30 s. Then, 30 ul of
elution buffer (10 mM Tris-HCI pH 8.5, 0.1% (%) Tween® 20) was applied to the column, incubated for 3 min,
and eluted by centrifugation at 11,000 xg 20°C for 1 min. The eluate was reapplied to the column and a second

elution was performed under the same conditions.

Deep sequencing — Equal amounts of DNA from Dpnll- and Nlalll-digested samples were pooled and sequenced

using MiSeq v3 chemistry, according to the manufacturer instruction.

Cell cycle analysis

Arresting at G1/S — BY4741 CerS3 bari4 cells were cultured in YPD liquid at 30°C from ODgqo 0f 0.025 to 0.1.
Then, the culture was mixed with two-volume of pre-warmed YPD liquid supplemented with 5 uM of a-factor
and incubated at 30°C for 3 h.

Arresting at S — BY4741 CerS3 cells were cultured in YPD liquid at 30°C from ODggo 0f 0.025 to 0.1. Then, the
culture was supplemented with hydroxyurea powder to a final concentration of 0.2 M and incubated at 30°C for

3h.

Arresting at G2/M — BY4741 CerS3 cells were cultured in YPD liquid at 30°C from ODego 0f 0.025 to 0.1. Then,

the culture was supplemented with nocodazole to a final concentration of 15 pug/ml and incubated at 30°C for 3 h.
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Treatment and microscopy — The cells were pelleted at 800 xg for 5 min, washed four times with 50 ml of pre-
warmed YPD liquid, and released into pre-warmed YPD liquid supplemented with 1-doxSa at ODggo 0f 0.05 for
3 h. Next, the cells were fixed with 4% paraformaldehyde, washed with a washing buffer (0.1 M Potassium
phosphate pH 7.5, 1.2 M sorbitol), and observed by DIC microscopy. The number of cells was counted using
ImageJ.

Fluorescence microscopy

Actin cytoskeleton — Exponentially growing BY4741 CerS3 cells were inoculated into pre-warmed YPD liquid
supplemented with 1-doxSa at ODggo 0f 0.05 and incubated at 30°C for 3 h. Next, the cells were fixed by directly
adding paraformaldehyde to the culture to a final concentration of 4%. Then, 1 ODs unit of cells were washed
with 3 ml of washing buffer (0.1 M Potassium phosphate pH 7.5, 1.2 M sorbitol), stained with 50 ul of 1 uM
phalloidin-Atto488 (Sigma-Aldrich) at 4°C for 1 h in the dark, and observed by confocal microscopy.

Mitochondria — Exponentially growing BY4741 CerS3 Mdh1-mCherry cells were inoculated into pre-warmed
YPD liquid supplemented with 1-doxSa at ODesgo 0f 0.05 and incubated at 30°C for 3 h. Next, the cells were

observed by confocal microscopy immediately without fixation.

Hydrophobic bodies — Exponentially growing BY4741 CerS3 cells were inoculated into pre-warmed YPD liquid
supplemented with 1-doxSa at ODggo 0f 0.05 and incubated at 30°C for 3 h. Next, the cells were fixed by directly
adding paraformaldehyde to the culture to a final concentration of 4%. Then, 1 ODego unit of cells were washed
with 3 ml of washing buffer, stained with 100 pl of 1 mg/ml Nile Red at 4°C for 15 min in the dark, and observed
by confocal microscopy.

DNA — Exponentially growing BY4741 CerS3 cells were inoculated into pre-warmed YPD liquid supplemented
with 1-doxSa at ODeggo of 0.05 and incubated at 30°C for 3 h. Next, the cells were fixed by directly adding
paraformaldehyde to the culture to a final concentration of 4%. Then, 1 ODego unit of cells were washed with 3
ml of washing buffer, stained with 100 pl of 1 pg/ml DAPI at 4°C for 15 min in the dark, and observed by confocal

microscopy.

Yeast ROS measurement

Exponentially growing BY4741 CerS3 cells were inoculated into pre-warmed YPD liquid supplemented with
H>0, or 1-doxSa at ODggo 0f 0.05 and incubated at 30°C for 3 h. Next, 1 ODgqo unit of cells were pelleted at 2,300
xg for 1 min, washed twice with 1 ml of 0.1 M potassium phosphate pH 7.5, resuspended in 100 pl of the buffer
with 100 uM CM-H;DCFDA (ThermoFisher), and incubated at room temperature for 30 min in the dark. Then,
the cells were washed with 1 ml of the buffer and resuspended in 200 pl of the buffer. The fluorescence intensity
of the indicator was measured using a plate reader with Ex/Em 493/522 nm. The ODeqo Of the suspension was also

measured using the same plate reader. The fluorescence intensity was normalized by ODéeoo.
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Yeast anaerobic culture
Cells were spotted on an anaerobic agar medium as described above. The Petri dish was placed inside an airtight
chamber (ThermoFisher) equipped with a pack of oxygen-consuming reagent (ThermoFisher) and oxygen color

indicators (ThermoFisher). The chamber was closed immediately and incubated at 30°C for 3 days.

Generating p° cells
Exponentially growing BY4741 CerS3 cells were cultured into SD liquid supplemented with 25 pg/ml of ethidium

bromide from ODseqo of 0.1 until saturation (24 h). The step was repeated twice.

Yeast transmission electron microscopy

Transmission electron microscopy was performed as described before [195] with minor modifications. Briefly,
exponentially growing BY4741 CerS3 cells were inoculated into pre-warmed YPD liquid supplemented with 1-
doxSa at ODggo 0f 0.05 and incubated at 30°C for 3 h. Next, 2 ODgqo units of cells were fixed by directly adding
EM-grade glutaraldehyde (0.5% final) and EM-grade paraformaldehyde (4% final) to the culture followed by
incubation at room temperature for 5 min. Then, the cells were pelleted at 800 xg for 5 min, resuspended in 1 ml
of fixation buffer (0.2 M PIPES pH 6.8, 0.2 M sorbitol, 2 mM MgCl,, 2 mM CaCl,, 0.5% EM-grade
glutaraldehyde, 4% EM-grade paraformaldehyde), and incubated 4°C for 30 min. Next, the cells were washed
three times with 1 ml of ice-cold washing buffer (0.2 M PIPES pH 6.8, 0.2 M sorbitol, 2 mM MgCl,, and 2 mM
CacCly). To partially digest the cell wall, the cells were resuspended in 1 ml of digestion buffer (50 mM Tris-HCI
pH 7.5, 1.4 M sorbitol, 5 mM MgCl,, 0.5% R-mercaptoethanol, 0.15 mg/ml Zymolyase 20T) at room temperature
for 10 min. Then, the cells were washed four times with 1 ml of the washing buffer, subjected to the second
fixation with 0.5% of osmium tetroxide and 0.8% of potassium ferrocyanide, followed by en bloc staining with

1% uranyl acetate. The specimen was observed using transmission electron microscope (Tecnai G2).

2D-HPTLC

Lipid extract of 25 ODsyo units of cells was prepared in the same way as preparing glycerolipid extract for
lipidomic analysis described above. HPTLC plate was cleaned by dipping one side of the plate into chloroform in
a TLC chamber until the whole surface of the plate was completely wet with chloroform. The plate was then air
dried. The lipid extract was dissolved in 200 ul of chloroform:methanol (1:1) and spotted on one corner of the
plate. The first chromatography was run with petroleum ether:diethyl ether (1:1), and the solvent was air dried.
The second chromatography was run with petroleum ether:diethyl ether (49:1), and the solvent was air dried.
Next, the spots were visualized by dipping the plate into charring solution (0.63 g MnCl,.4H,0, 60 ml water, 60

ml methanol, 4 ml H,SO,4 fuming), followed by incubation at 110°C for 3 min.

Chemical proteomics

Synthesis of pac-lipids — The photocrosslinkable and clickable (pac) lipid analogs were synthesized by Per
Haberkant (EMBL-Heidelberg) and Suihan Feng (University of Geneva) by following the synthesis routes
described before [196,197]. Briefly, pac-fatty acid (pac-FA) was synthesized and then linked to sphinganine or 1-
doxSa to obtain pac-dihydroceramide (pac-DHCer) or pac-1-deoxy-dihydroceramide (pac-1-doxDHCer),

respectively.
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Preparation of small unilamellar vesicles — Small unilamellar vesicles (SUVs) were used to present pac-lipids to
proteins in cell lysates. Five mole% of pac-lipid were mixed with 95 mole% of vesicle lipid in a glass tube and
dried under a stream of nitrogen. POPC (Avanti 850457) was used to present pac-FA and pac-DHCer, while egg
sphingomyelin (Sigma-Aldrich S0756) was used to present pac-1-doxDHCer. Next, the lipid film was hydrated
with MilliQ water and incubated at 60°C for 10 min. Then, the lipid suspension was vortexed vigorously until
multilamellar vesicles were formed. To form SUVs, the suspension was sonicated at room temperature for 1 h

using an ultrasonic bath. SUVs were always prepared fresh.

Cell fractionation — Cell fractionation was performed at 4°C. All materials and instruments were kept ice-cold.
Briefly, 5 ODgoo units of exponentially growing BY4741 CerS3 ypciA ydciA pep4A4 cells were pelleted at 1,200
xg for 5 min, washed with 3 ml of lysis buffer (50 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 1 mM PMSF,
protease inhibitor cocktail without EDTA (Roche)), and resuspended in 150 pl of lysis buffer and 150 pl of glass
beads. The cells were lysed by vigorous vortexing for 10 min using a cell disruptor (Genie). Then, cell debris and
glass beads were pelleted at 300 xg for 5 min, and the supernatant was collected. The pellet was resuspended in
100 ul of lysis buffer, centrifuged at 300 xg for 5 min, and the supernatant was collected. Next, the pooled
supernatant was centrifuged at 13,000 xg for 10 min to obtain P13,000 and Si3,000 fractions. The Siz 000 fraction was
centrifuged at 100,000 xg for 1 h to obtain P100,000 and Sigo.000 fractions. For pull-down and mass spectrometry

analysis, 80 ODggo units of cells were collected.

Photocrosslinking — A pac-lipid in SUVs (10 uM final pac-lipid concentration) was mixed with the cell fractions
(2 mg/ml final protein concentration) and digitonin (0.5% final). The mixture was incubated at room temperature
for 1 h in the dark. Next, the mixture was placed on ice and irradiated with UV (365 nm) light for 5 min using a
UV crosslinker (UVP). The mixture might be stored at -20°C.

In-gel fluorescence — The crosslinked mixture was subjected to click chemistry to link TAMRA with the pac-
lipid. Briefly, 7 ul of premixed click reagents (50 uM TAMRA-azide, 1 mM TCEP, 100 uM TBTA, 1 mM CuSOs.)
was added to 50 pl of the crosslinked mixture. The mixture was incubated at room temperature for 1 h in the dark.
The reaction was stopped by adding Laemmli’s sample buffer. Next, proteins in the sample were resolved by
SDS-PAGE with a 12% running gel. The gel was then scanned using a fluorescence scanner (Hitachi FMBIO I1).

Pull-down and mass spectrometry — The crosslinked mixture was subjected to click chemistry to link biotin with
the pac-lipid. Briefly, 7 pl of premixed click reagents (50 uM biotin-azide, 1 mM TCEP, 100 uM TBTA, 1 mM
CuSO4) was added to 50 pl of the crosslinked mixture. The mixture was incubated at room temperature for 1 h.
To precipitate proteins, 4 volumes of cold methanol and 1 volume of cold chloroform were mixed with the sample.
Then, 3 volumes of cold water were mixed with the sample. The sample was centrifuged at 14,000 xg 4°C for 5
min to induce phase separation. The upper and lower phases were removed, leaving the protein interface. The
protein pellet was air dried and resolubilized in 1 ml of 2% SDS in PBS using a needle sonicator. The insolubilized
proteins were pelleted at 4,700 xg for 5 min. The supernatant was collected and diluted 10 fold with PBS. To
enrich crosslinked proteins, 50 pl of washed streptavidin beads were added to the supernatant. Then, the mixture

was incubated at 4°C overnight in the dark on a rotary mixer. The beads were pelleted at 1,000 xg for 1 min and
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washed once with 10 ml of 1% SDS in PBS, three times with 10 ml of PBS, and three times with 10 ml of water.
Next, the beads were resuspended in 500 pl of 6 M urea in PBS containing TCEP (10 mM final) and incubated at
room temperature for 30 min in the dark on a rotary mixer. Then, the suspension was supplemented with
iodoacetamide (25 mM final) and incubated again with the same conditions. The suspension was then diluted with
700 ul of PBS and centrifuged at 1,400 xg for 2 min to remove the supernatant. To digest the proteins on the
beads, the beads were resuspended in 150 pl of digestion solution (2 M urea in 50 mM NH4HCO3 pH 8, 1 mM
CaCly, 3 pg/ml EM-grade trypsin) and incubated at 37°C for 12 h in the dark. Next, the peptides were desalted
using a peptide desalting kit (Agilent) according to the manufacturer instruction. The peptides were analyzed by

mass spectrometry by Michaél Plank (University of Geneva).

Worm strains

N° | Name Genotype Source

1 N2 Bristol WT CGC

2 IE4348 ttTi4348 1:2850991..2851093 NEMAGENETAG

3 | Sisptl-aWT Si4348 GFPub-sptl-1WT-3xc-Myc This study

4 | Sisptl-1°13W (HSAN 1A) Si4348 GFPub-sptl-1°13W-3xFLAG This study

5 | NL2099 rrf-3(pk1426) I CGC

6 | FX02031 hyl-2(tm2031) X Jean-Claude Martinou
7 HSAN IA rrf-3 HSAN IA rrf-3(pk1426) Il This study

8 | HSAN IA hyl-2 HSAN IA hyl-2(tm2031) X This study

All worm strains were reared at 20°C.

Establishing worm model of HSAN IA
Single gene insertion was performed by the mosl-mediated Single Copy Insertion (mosSCI) method as described

before [198] with minor modifications.

Background strain — The background strain was IE4348 which carries an inserted Mosl transposon in
chromosome 1:2850991..2851093. The strain was crossed with N2 for 4 rounds to eliminate secondary transposon

insertion. The strain was maintained on NGM plate seeded with E. coli HB101.

Injection mix — Targeting plasmid was constructed by replacing Ch-unc-119 positive selection marker of pCFJ352
with Peft-3::GFP::H2B and inserting a sptl-1 allele (WT or C133W) with its endogenous promoter and terminator.
The injection mix consisted of 50 ng/pl of pCFJ601 (Peft-3::transposase), 22.5 ng/ul of the targeting plasmid, 10
ng/pl of pMA122 (Phsp::peel-1), 10 ng/pl of pGH8 (Prab-3::mCherry), 2.5 ng/ul of pCFJ90 (Pmyo-2::mCherry),
and 5 ng/ul of pCFJ104 (Pmyo-3::mCherry). The injection mix was centrifuged at top speed for 1 min to pellet

impurities.

Gene insertion — Young adult hermaphrodites were injected with the injection mix using the standard worm
injection setup and placed at room temperature for 1 h to recover. Each injected worm was placed on individual
NGM plate seeded with E. coli OP50 and incubated at 20°C for 7 days until all adult worms have died off after
starvation. Next, the worms were heat treated by placing the plate inside an air incubator at 34°C for 2 h. The

worms were visually screened for worms with putative gene insertion at least 6 h after the heat treatment. The
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worms were L1 larvae with GFP-labelled nuclei without mCherry signal. Gene insertion was verified by single-
worm PCR and sequencing. Next, the worms were crossed with N2 for 4 rounds to eliminate secondary mutations
before being used in an experiment.

Worm RNA interference

RNAI was performed as described before [199] with minor modifications. Briefly, standard NGM agar
supplemented with carbenicillin (25 pg/ml final) and IPTG (1 mM) was prepared a week in advance. The plate
was then seeded with E. coli HT115(DE3) carrying L4440 plasmid with an insert corresponding to the targeted
gene. The culture was incubated at 37°C overnight. Next, synchronized L1 larvae were placed onto the seeded

medium and incubated at 20°C for 3 days to observe the phenotypes of young adults.

Worm lipidomic analysis

Worm lysis — About 8,000 synchronized young adults (without embryos) were collected with water. Bacteria were
washed away, and the worms were transferred into a cryolysis tube. Next, worms were lysed with 100 pl of 1.4-
mm zirconium oxide beads (Bertin Technologies) in 800 ul of water using a cryolysis machine (Bertin
Technologies). Lysate was eluted into a glass tube with lipid standards by centrifugation at 600 xg for 1 min. The

beads were rinsed once with 200 pl of water. The eluates were combined.

Lipid extraction and mass spectrometry — Lipids were extracted with 3.6 ml of chloroform:methanol (1:2) by
vigorous vortexing. The suspension was centrifuged at 800 xg for 5 min, and the supernatant was transferred into
another glass tube. Then, 0.5 ml of water and 0.5 ml of chloroform were added to the supernatant, vortexed, and
centrifuged at 800 xg for 5 min to induce phase separation. The lower phase was recovered and divided into two
equal aliquots for glycerolipid and sphingolipid analyses. Then, the two aliquots were further processed in the

same ways as those for yeast lipid aliquots described above.

Worm thermotaxis assay

Thermotaxis assay was performed by Dominique Glauser (University of Fribourg) as described before [200].
Briefly, synchronized young adults were transferred onto fresh NGM agar seeded with E. coli OP50 and incubated
at 20°C for 3-4 h prior to the assay to acclimatize the worms. Next, the worms were collected, washed twice with
water, and transferred on the center of a custom-made thermotaxis plate. The temperature at the center of the plate
was 23°C. The temperature gradient of the plate was 0.67°C/cm. The worms were assayed for 10 min, and the
thermotaxis index was calculated as follow: (number of worms above starting temperature - number of worms

below starting temperature)/total number of worms.

Worm anoxia assay

Anoxia assay was performed by Thomas Hannich (University of Geneva) as described before [201]. Anoxia
environment was created using a 15-liter vacuum desiccator (Fisher Scientific) which was constantly flushed with
water-saturated nitrogen gas (N» 5.0, <0.001 kPa Oy, Pangas) at a rate of 0.5 ml/min. The chamber was placed
inside a 489-liter glove box (Plas-Lab) whose oxygen level was maintained at <0.3% and temperature was

maintained at 20°C. The assay was performed by placing synchronized young adults on standard NGN agar seeded
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with E. coli OP50 inside the chamber for a period of time. Then, the worms were transferred into a standard
incubator at 20°C for 24 h to recover before their viability was assessed. Viability was evaluated using an inverted

microscope.
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Results

1. 1-deoxy-sphingolipids are toxic to the budding yeast
1.1. 1-deoxy-ceramides are the main toxic lipids

The detrimental effects of elevated levels of 1-deoxy-sphingolipids (1-doxSphs) on the
cell have never been examined in the budding yeast. Therefore, we first asked whether elevated
levels of 1-doxSphs are also toxic to the yeast. Since 1-doxSphs comprise two groups of
interconvertible metabolites, 1-deoxy-sphingoid bases (1-doxSB) and 1-deoxy-ceramides (1-
doxCers), we further asked which group of metabolites contributes more to the toxicity. To this
end, we examined the effects of 1-doxSB on the growth of yeast overexpressing yeast ceramide
synthase. Yeast ceramide synthase may be composed of Lagl-Lacl heterodimer or Lagl or
Lacl homodimer. Each dimer contains at least two essential subunits of ceramide synthase
Lipl that is required for its optimum activity [36]. The ceramide synthase was overexpressed
by integrating an additional copy of its gene with the constitutively active strong promoter of
glyceraldehyde-3-phosphate dehydrogenase isozyme 3 (Tdh3) into the yeast genome. The
growth of yeast was assayed by spotting yeast cells onto rich agar media supplemented with 1-
doxSB. In this assay, overexpression of yeast ceramide synthase enhances the conversion of 1-
doxSB to 1-doxCers, thereby reducing the contribution of 1-doxSB while increasing the
contribution of 1-doxCers to the toxicity of 1-doxSphs.

The assay showed that the typical sphingoid base, sphinganine did not inhibit the
growth of yeast regardless of the overexpressed ceramide synthase at up to 200 uM (Fig. 5a).
At this concentration, the cell was still able to prevent the accumulation of ceramide to toxic
levels by degrading it or by converting it to more complex sphingolipids. In contrast, 1-deoxy-
sphinganine (1-doxSa) inhibited the growth of yeast overexpressing Lacl and Lipl at 20 uM

(Fig. 5b). Similar to 1-doxSa, 1-deoxymethyl-sphinganine (1-doxmetSa) also inhibited the
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growth of the yeast strain at the same concentration, albeit to a lesser degree (Fig. 5¢). Since
the toxicity of both 1-doxSB increased with the increased activity of ceramide synthase, these
results suggest that 1-doxSphs are toxic to the yeast and that their toxicity is mainly attributed
to the accumulation of 1-doxCers. The latter finding is consistent with the previous findings in
mammalian cells [185,187,188]. Their toxicity, however, was not modulated by the
overexpression of Lagl and Lip1. It is possible that Lagl cannot utilize 1-doxSB as substrates
to produce 1-doxCers or that the expression level of Lagl was lower than that of Lacl since

LAC1 encodes the more abundantly expressed protein [202].

a cell No‘_‘.* b cell No‘_‘.‘.
-E X s -E X X B
LAG1 LAG1
LAC1 LAC1
LIP1 LIP1
LAG1 LIP1 LAG1 LIP1
LAC1 LIP1 LAC1 LIP1
0 10 20
sphinganine (pM) 1-deoxy-sphinganine (uM)
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200 ¢ 2| Q000 =
LAGIE X XK RSN X ) &
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1-deoxymethyl-sphinganine (uM)

Figure 5. 1-deoxy-ceramides are the main toxic lipids. WT (BY4741) cells overexpressing yeast ceramide
synthase were spotted onto rich agar media supplemented with the indicated concentrations of sphinganine (a), 1-

deoxy-sphinganine (b), or 1-deoxymethyl-sphinganine (c). The cells were spotted at a ten-fold serial dilution.

1.2. Toxicity of 1-deoxy-ceramide depends on the length of its acyl chain
To evaluate the toxicity of 1-doxCers bearing different lengths of acyl chain, we made
use of the fatty acid specificity of mammalian ceramide synthases [10] (Fig. 6a). Expression

of each mammalian ceramide synthase by integrating the gene with the promoter of Tdh3 into
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the yeast genome is able to rescue the lethality of yeast ceramide synthase depletion. This
indicates that each of them is functional in yeast cells. More importantly, they retain their fatty
acid specificity, allowing us to selectively increase the levels 1-doxCers bearing particular
lengths of acyl chain in the cell by treating the cell expressing a corresponding mammalian
ceramide synthase with 1-doxSB [Thomas Hannich, unpublished data] (Fig. 6b). We tested the
toxicity of 1-doxCers bearing different lengths of acyl chain with the spot assay.

The assay showed that sphinganine started to inhibit the growth of yeast expressing
CerS5 or CerS6 at 200 uM (Fig. 6¢). This suggests that high levels of Cis ceramide can be
toxic to yeast that normally produces Czs ceramide. Compared to sphinganine, 1-doxSa already
showed more apparent inhibition of the growth of yeast expressing CerS3 at 5 uM and CerS5
or CerS6 at 10 uM (Fig. 6d). The amount of Czs 1-deoxy-ceramide (1-doxCer) which is mostly
1-deoxy-dihydroceramide (1-doxDHCer) that accumulated in the CerS3 strain following 1-
doxSa treatment was about a half of those of Cis 1-doxCer that accumulated in the CerS5 or
CerS6 strain (Fig. 6b). Nevertheless, the CerS3 strain was more sensitive to 1-doxSa than the
CerS5 or CerS6 strain. These data strongly suggest that the toxicity of 1-doxCer to yeast
depends on the length of its acyl chain, e.g. C2s 1-doxCer is more toxic than Cis 1-doxCer. In
contrast to 1-doxSa, 1-doxmetSa inhibited the growth of yeast regardless of the expressed
mammalian ceramide synthase at 40 uM (Fig. 6e). This suggests that mammalian ceramide
synthase expressed in yeast cannot convert 1-doxmetSa to 1-deoxymethyl-ceramide (1-
doxmetCer). Therefore, we cannot evaluate the toxicity of 1-doxmetCer bearing different
lengths of acyl chain. Consequently, we decided to study further the toxicity of 1-doxCer by

employing the CerS3 strain (further referred to as “CerS3 cells”).
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serial dilution.

1.3. 1-deoxy-ceramide has distinct biological properties
To examine the biological properties of 1-doxCer, we measured changes in the

lipidomic profile of the cell following its accumulation. We reasoned that the changes must
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reflect the detrimental effects of 1-doxCer or the adaptation of the cell to minimize them.
Therefore, the changes in lipidomic profile might indicate the biological properties and the
mode of action of 1-doxCer. The lipidomic analysis revealed that the level of 1-doxCer (mostly
C26 1-doxCer) in CerS3 cells increased 43.6 or 98.2 fold following a treatment of 2.5 or 5 uM
of 1-doxSa, respectively. The increase was not accompanied by marked changes (min. 0.7 fold
and max. 2 fold) in the levels of other lipid classes (Fig. 7a,b). In addition, lipid species whose
levels changed significantly accompanying the accumulation of 1-doxCer are minor lipids with
minor changes without unifying features (Fig. 7c¢). Since 1-doxCer could accumulate up to
13.9% of the amount of phosphatidylcholine (the major yeast glycerolipid) (Fig. 7b), the
changes in the levels of other lipids are too small and too random to reflect the detrimental
effects of 1-doxCer or the adaptation of the cell.

To further examine the biological roles of 1-doxSa and 1-doxCer in comparison with
yeast sphingoid bases and ceramides, we inhibited the synthesis of the normal sphingolipids
with myriocin and determined the effect on the toxicity of 1-doxCer. The idea is that if myriocin
and 1-doxCer work independently, then their toxic effects should not show interaction. To this
end, we monitored the growth of CerS3 cells treated with myriocin in combination with 1-
doxSa by a plate reader. We found that the combined inhibitory effects of myriocin and 1-
doxCer could be explained by the sum of their inhibitory effects, indicating that myriocin and
1-doxCer act independently (Fig. 7d). These results suggest that 1-doxSa and 1-doxCer do not
mimic yeast sphingoid bases and ceramides, respectively. Moreover, the toxicity of 1-doxCer
is not due to intervention of the normal functions of ceramides. Together, these data show that

1-doxCer has distinct biological properties.
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Figure 7. 1-deoxy-ceramide has distinct biological properties. Changes in the levels of lipid classes (a,b) or
lipid species (c) accompanying the accumulation of 1-deoxy-ceramide (1-doxCer). Lipid species whose levels
change significantly are 1-doxCer species unless indicated otherwise. Exponentially growing Cers3 cells were
treated with 2.5 or 5 uM of 1-deoxy-sphinganine (1-doxSa) for 1.5 h. The amounts of lipids were determined by
mass spectrometry. PC: phosphatidylcholine, PE: phosphatidylethanolamine, PI: phosphatidylinositol, PS:
phosphatidylserine, CL: cardiolipin. (d) Myriocin and 1-doxCer act independently on the cell. CerS3 cells were
treated without or with 4 uM of 1-doxSa in combination with various concentrations of myriocin. The growth of

yeast was followed with a plate reader.

2. Genetic screens reveal the natures of the toxicity of 1-deoxy-sphingolipids
2.1. 1-deoxy-sphingolipids disrupt multiple cellular processes

To determine the mode of action of 1-doxSphs, we performed a genome-wide genetic
screen for gene products whose depletion or reduced amounts confer hypersensitivity or
resistance to 1-doxSphs. To this end, we expressed mammalian CerS3 in a collection of
knockout and hypomorphic (DAmP) strains by the synthetic genetic array (SGA) method
[192]. In this method, a series of colony pinning onto different agar media was performed to
cross the CerS3 strain with the strains in the collection, select diploid cells, sporulate diploid
cells, select cells with the same mating type as that of the strains in the collection, and finally
select the strains in the collection that carry CerS3. Then, we replica plated the strains onto
agar media supplemented with different concentrations of 1-doxSa. Two levels of
concentration were chosen, so that hypersensitive or resistant strains were revealed
prominently at the lower or higher concentration, respectively. Colony size was scored as a
measure of fitness of the strains (Fig. 8a). The screen covered 79.5% of non-essential genes
and 68.8% of essential genes (Fig. 8b).

The screen revealed that depletion of genes that are required for efficient synthesis of
very long-chain fatty acyl-CoA or import of sphingoid bases confers strong resistance to 1-

doxSphs on the cell. Since the conversion of 1-doxSa to the main toxic lipid Cz 1-doxCer
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requires very long-chain fatty acyl-CoA, this finding validates that changes in the fitness of the

strains reflect the extent of the toxicity of 1-doxSphs especially of C2s 1-doxCer (Fig. 8c).
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Figure 8. Genetic screen of knockout and hypomorphic (DAmMP) strains for gene products involved in the
toxicity of 1-deoxy-sphingolipids. (a) Schematic workflow of the genetic screen. (b) Coverage of the genetic
screen. (¢) Changes in colony size following treatments of the indicated concentrations of 1-deoxy-sphinganine.
Genes indicated in red are known genes required for efficient synthesis of very long-chain fatty acyl-CoA or

import of sphingoid bases.

Gene ontology (GO) enrichment analysis of resistant genes showed that there is no enrichment
of particular molecular functions, cellular components, or biological processes. Furthermore,
the same analysis of hypersensitive genes and examination of individual resistant or

hypersensitive genes failed to reveal a clear hypothesis for the mode of action of 1-doxSphs.
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Therefore, we suspected that 1-doxSphs might perturb more than one cellular processes. In this
case, a single gene perturbation is not sufficient to strongly modulate the toxicity of 1-doxSphs.
An alternative explanation is that 1-doxSphs negatively affect an essential cellular function that
cannot be suppressed by disrupting its upstream or downstream components. During the
examination of individual genes, we found that the identities of about 10% of the strains in the
collection could not be confirmed by colony PCR. In addition, several newly generated strains
with relevant genotypes failed to show the same responses to 1-doxSphs as those initially found
by the results of the screen. These raised concern that the mutants in the collection had
accumulated too many suppressors.

To evaluate whether we missed important components of the toxicity of 1-doxSphs due
to the screening method, we decided to perform another genome-wide genetic screen of a
freshly-generated mutant library with a recently developed independent technology. The screen
is termed SAturated Transposon Analysis in Yeast (SATAY) [194]. In this analysis, we
induced random insertion of a transposon from a plasmid into the genome of CerS3 cells to
generate a mutant library. The library was then divided and subjected to two-round treatments
of different concentrations of 1-doxSa. Two levels of concentration were chosen for the same
purpose as that in the previous screen. Transposon number and sequencing read per gene were
recorded as measures for determining hypersensitive and resistant genes, respectively (Fig.
9a). The screen covered 91.5% of non-essential genes and 52.5% of essential genes (Fig. 9b).

Following the treatment with the lower concentration of 1-doxSa, the transposon
numbers of most mutants remained unchanged, suggesting that the library maintained its
complexity and that technical variability had minimum effects on the readout (Fig. 9c).
Moreover, changes in sequencing reads revealed a set of resistant genes that are required for
efficient synthesis of very long-chain fatty acyl-CoA or import of sphingoid bases and therefore

also required for the production of Czs 1-doxCer similar to those found in the previous screen.
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Figure 9. Genetic screen of strains generated by transposon mutagenesis for gene products involved in the
toxicity of 1-deoxy-sphingolipids. (a) Schematic workflow of the genetic screen. (b) Coverage of the genetic
screen. Changes in transposon number per gene (c) or sequencing read per gene (d) following treatments of the
indicated concentrations of 1-deoxy-sphinganine. Genes indicated in blue are required for the late pathway of
nuclear migration, whereas those indicated in red are known genes required for efficient synthesis of very long-

chain fatty acyl-CoA or import of sphingoid bases.
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This finding validates that the screen also charted the responses of mutants in the library to the
toxicity of 1-doxSphs particularly of C2e 1-doxCer (Fig. 9d).

The treatment of the higher concentration of 1-doxSa, however, caused marked
reduction in transposon number and sequencing read of virtually all mutants, suggesting that
the library lost its complexity leaving only two mutants (cka24 and fati4) with reduced levels
of C2s 1-doxCer in the population (Fig. 9c and d). It also suggests that none of the screened
genes, except for cka2 and fatl, is the key factor in the toxicity of 1-doxSphs. Therefore, the
results of the screen support our previous hypothesis that 1-doxSphs perturb multiple cellular
processes or inhibit an essential function that cannot be suppressed by upstream or downstream
mutations. As stated before, this mode of action might be achieved via direct inhibition of an
essential protein with multiple functions, direct inhibition of multiple essential proteins, or

perturbations of the structure of cellular membranes.

2.2. Toxicity of 1-deoxy-sphingolipids involves inhibition of nuclear migration

GO enrichment analysis of hypersensitive genes revealed by SATAY showed that (1)
there is no enrichment of a particular molecular function, (2) dynein complex is the most
enriched (21.2 fold) cellular component, and (3) nuclear migration along microtubules is the
most enriched (17 fold) cellular process (Fig. 10a). In the budding yeast, nuclear migration is
achieved by two sequential and partially overlapping pathways called the early and late
pathways [203]. In the early pathway, the spindle is positioned along the mother-bud axis by
the movement of myosin V attached to the plus ends of cytosolic microtubules along actin

cables towards the bud tip.
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Figure 10. Gene ontology enrichment analysis reveals inhibition of nuclear migration by 1-deoxy-
sphingolipids. (a) Gene ontology enrichment analysis of hypersensitive genes revealed by SATAY. Numbers in
the histogram are p-values. (b) Schematic diagram of nuclear migration in the budding yeast. Modified from
[203]. (c) CerS3 cells lacking the hypersensitive genes required for the late pathway of nuclear migration were
spotted onto rich agar media supplemented with the indicated concentrations of 1-deoxy-sphinganine. The cells

were spotted at a ten-fold serial dilution.

Once the plus ends have reached the bud tip, they are depolymerized thereby pulling the spindle
towards the bud neck. In the late pathway, dynein molecules are transported towards the plus
ends of cytosolic microtubules. Once they have arrived, dynein molecules are transferred onto
the bud tip where they can slide the microtubules thereby pulling the spindle towards the bud.

An analogous series of events to that in the bud in the late pathway also occurs in the mother

48



cell at late anaphase to prevent movement of the spindle all the way into the bud (Fig. 10b).
The GO enrichment analysis found six hypersensitive genes that are involved in nuclear
migration (dynl, bik1, numl, pacl, pacll, and kip2). The spot assay showed that deletion of
each of these genes mildly reduced the growth of CerS3 cells when 1-doxSa is presence in the
medium (Fig. 10c). This result is consistent with that of SATAY, which is the sensitivity of
most mutants of the six genes to 1-doxSphs was not strikingly higher than that of the other
mutants in the library (Fig. 9¢). In addition, it supports our hypothesis that 1-doxSphs perturb
multiple cellular processes, among them nuclear migration.

To further confirm that the toxicity of 1-doxSphs involves inhibition of the cellular
process, we conducted a cell cycle analysis. In this analysis, exponentially growing CerS3 cells
were synchronized at different points in the cell cycle with different agents for 3 hours and then
released in rich liquid media supplemented with different concentrations of 1-doxSa for 3
hours. Since cell shape changes through the cell cycle, we followed cell cycle progression of
the populations by examining the proportion of cells with different cell shapes (Fig. 11a). The
fact that nuclear migration is one of multiple cellular processes that are inhibited by 1-doxSphs
poses two restrictions. First, a correct dose of 1-doxSa is required to observe the inhibition. It
is because too much 1-doxSphs would strongly block cell cycle progression at all points, while
too little 1-doxSphs would not affect cell cycle progression at all. Second, a large number of
cells must be examined in each population to confidently detect the inhibition as it is expected

to be subtle at the correct dose of 1-doxSa.
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Figure 11. Cell cycle analysis reveals inhibition of nuclear migration by 1-deoxy-sphingolipids. (a)
Schematic workflow of the cell cycle analysis showing representative cell shapes that were scored. (b-e) Changes
in the proportion of CerS3 cells with different shapes following cell cycle synchronization and release in rich
liquid media supplemented with the indicated concentrations of 1-deoxy-sphinganine (1-doxSa). Exponentially

growing CerS3 cells were not synchronized (b) or synchronized with a-factor (c), hydroxyurea (d), or nocodazole

(e).

The six hypersensitive genes are not essential and are exclusively required for the late
pathway of nuclear migration. Since the early and late pathways are partially redundant, these
indicate that the proteins encoded by the genes are not the direct targets of 1-doxSphs and that
1-doxSphs inhibit the early pathway. This inhibition would result in the accumulation of cells
with medium buds in the population. The cell cycle analysis showed that asynchronous

population had increased proportion of cells with medium buds following a treatment with 2
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uM of 1-doxSa (Fig. 11b). It suggests that indeed 1-doxSphs inhibit the early pathway of
nuclear migration. This inhibition, however, was not observed in populations treated with 4 or
6 uM of 1-doxSa. It is possible because 1-doxSphs might perturb multiple cellular processes,
therefore higher levels of 1-doxSphs could also enhance perturbations of other cellular
processes. These enhanced broad perturbations lead to inhibition of cell cycle progression at
all points, obscuring the inhibition of nuclear migration. This inhibition, therefore, was best
observed following a treatment with 2 uM of 1-doxSa in the analysis.

Nuclear migration begins in the G2 phase of the cell cycle. Its inhibition was also
observed in the population synchronized at G1/S with a-factor after being released in a medium
containing 2 uM of 1-doxSa (Fig. 11c). The population had increased proportion of cells with
large buds, probably because these cells were shmoo cells that acquired slight increase in bud
size as they progressed through the S phase. Inhibition of nuclear migration was most obvious
in the population synchronized at the S phase with hydroxyurea after being released in a
medium containing 2 uM of 1-doxSa (Fig. 11d). The population had difficulties in progressing
through the cell cycle as nuclear migration takes place right after the S phase. Inhibition of
nuclear migration was not observed in the population synchronized at G2/M with nocodazole
after being released in a medium containing 2 uM of 1-doxSa (Fig. 11e). It was because the
population had to go through a complete cell cycle to experience inhibition of nuclear migration
in the G2 phase. This long time gap combined with the subtle inhibition of nuclear migration
obscured the impacts of 1-doxSphs on the cell cycle. Taken together, 1-doxSphs inhibit the

early pathway of nuclear migration among other cellular processes.

2.3. Sap190 ensures the normal proportion of C24 to Cys fatty acyl-CoA
Growth inhibition of CerS3 cells following 1-doxSa treatment involves several

processes including the uptake of 1-doxSa from the medium, the production of Cys fatty acyl-
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CoA, and the acylation of 1-doxSa by CerS3 using the fatty acyl-CoA to form Czs 1-doxDHCer.
The lipid is much more toxic than 1-doxSa and is the major 1-doxCer produced by CerS3 cells.
Therefore, genetic perturbations that lead to the reduction of the efficiency of the processes
confer resistance to 1-doxSphs on the cell. Indeed, resistant mutants found by the genetic
screens are defective in various known steps for efficient synthesis of very long-chain (C24-26)
fatty acyl-CoA or import of sphingoid bases in yeast (Fig. 12). This provides a strong indication

that the screens might also reveal novel proteins that have not been assigned to the processes.
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Figure 12. The genetic screens capture most known proteins required for efficient synthesis of very long-
chain fatty acyl-CoA or import of sphingoid bases in yeast. Proteins are indicated in red. Essential protein is

indicated in bold type. Proteins captured by the screens are indicated by dashed red rectangles.

Among the resistant genes that were consistently revealed in the two screens, CKA2
and SAP190 were not known to be required for efficient synthesis of very long-chain fatty acyl-
CoA in yeast. To test whether they are required for the process, first we generated knockout
mutants of the genes in CerS3 background and tested their resistance to 1-doxSphs with the

spot assay. The assay showed that the cka24 mutant is extremely resistant, whereas the
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sap1904 mutant is mildly resistant to 1-doxSphs (Fig. 13a). This result confirms the results of
the screens. Second, we treated exponentially growing cells of the mutants with 2.5 uM of 1-
doxSa for 1.5 hours and measured the levels of their 1-doxCer and ceramides (dihydroceramide
and phytoceramide) by mass spectrometry. Mass spectrometry analysis showed that the cka24
mutant has a significantly lower level of 1-doxCer than that of control, whereas the sap1904
mutant has a similar level of 1-doxCer to that of control (Fig. 13b).

Next, we quantified the individual 1-doxCer species. The cka24 mutant produced most
of 1-doxCer species at much lower levels than those in control (Fig. 13c). Its 1-doxCer species
profile, however, did not reflect its ceramide species profile since it produced significantly
higher levels of ceramide 36 and 38 than those in control (Fig. 13e). These results suggest that
Cka2 might be required for the synthesis of Czs 1-doxCer rather than for providing the Cos fatty
acyl-CoA substrate. Phosphorylation of the C-terminal regions of yeast ceramide synthase by
Cka2 is required for its maximum activity [37,38]. If this hypothesis is correct, then it is likely
that most of the ceramide 36 and 38 are produced via the reverse reaction of yeast ceramidase
[204,205]. Phosphorylation also enhances the activity of mammalian CerS3, although the
kinase responsible for it is unknown [43]. Therefore, phosphorylation of CerS3 by Cka2 might
be required for efficient synthesis of Czs 1-doxCer.

In contrast to the cka24 mutant, the sap1904 mutant produced a significantly higher
level of 1-doxCer 42 and a lower level of 1-doxCer 44 than those in control (Fig. 13d). The
modest reduction in the level of 1-doxCer 44 corresponds to the mild resistance of the mutant
to 1-doxSphs. Moreover, the level of 1-doxCer 42 is slightly higher than that of 1-doxCer 44
in the mutant. These results suggest that C24 1-doxCer is much less toxic than Czs 1-doxCer.
The 1-doxCer species profile of the mutant reflected its ceramide species profile as it also
produced a significantly higher level of ceramide 42 and a lower level of ceramide 44 than

those in control (Fig. 13e). These results suggest that Sap190 affects the proportion of C4 to
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Coe fatty acyl-CoA and therefore affects the ratio of the two 1-doxCer species. The role of
Sap190 in maintaining the proportion of Cz4 to Czs fatty acyl-CoA was previously unknown.

How Sap190 achieves this function remains to be investigated.
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Figure 13. Cka2 and Sap190 are required for efficient synthesis of C2s 1-deoxy-ceramide. (a) Depletion of
Cka2 or Sap190 confers resistance to 1-deoxy-sphingolipids. Cells were spotted onto rich agar media
supplemented with the indicated concentrations of 1-deoxy-sphinganine (1-doxSa). The cells were spotted at a
ten-fold serial dilution. Impacts of Cka2 or Sap190 depletion on the levels of 1-deoxy-ceramide (1-doxCer)
following 1-doxSa treatment (2.5 uM, 1.5 h) (b-d) and the levels of ceramides (e) in CerS3 cells. The amounts of

lipids were determined by mass spectrometry.

3. Features of the toxicity of 1-deoxy-sphingolipids
3.1. 1-deoxy-sphinganine disrupts the organization of actin

Supplementation of 1-doxSa into the growth medium has been shown to markedly
reduce the presence of actin stress fibers in a mammalian cell line [184], indicating that the
toxicity of 1-doxSphs in mammalian cells involves disruption of actin organization. The second
genetic screen (SATAY) revealed that 1-doxSphs inhibit the early pathway of nuclear
migration which requires intact actin cables. Therefore, it is possible that 1-doxSphs also
disrupt actin organization in yeast cells. To test this hypothesis, we monitored the impact of 1-
doxSa treatment on actin organization. Briefly, exponentially growing cells were treated with
1-doxSa for 3 hours and immediately fixed with 4% formaldehyde for 20 min. F-actin was
stained with phalloidin-Atto488 for 1 hour and visualized by confocal microscopy.

The microscopy showed that the presence of actin cables and actin patches was greatly
reduced. Moreover, multiple micron-sized round bodies stained by phalloidin-Atto488
appeared in the cells. These effects were independent of the expression of mammalian CerS3
(Fig. 14 upper panel). This result suggests that 1-doxSa is sufficient to induce the changes in
actin organization. This finding was corroborated by the same result in CerS3 cka24 and CerS3
sap1904 cells that have reduced levels of Cy¢ 1-doxCer (Fig. 14 lower panel). Disruption of
actin organization including the loss of actin cables by 1-doxSa might contribute to the
inhibition of nuclear migration. Since 1-doxCer is synthesized later than 1-doxSa, inhibition of

nuclear migration could be one of the first events in the toxicity of 1-doxSphs in yeast cells.

55



However, the disruption of actin organization and the inhibition of nuclear migration are not

the main factors that kills the cell because 1-doxSa is much less toxic than 1-doxCer.
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Figure 14. 1-deoxy-sphinganine disrupts the organization of actin. Exponentially growing cells were treated
with the indicated concentrations of 1-deoxy-sphinganine for 3 h. Then, the cells were fixed with 4%
formaldehyde for 20 min. F-actin was stained with phalloidin-Atto488 for 1 h and visualized by confocal

microscopy. Scale bar is 2 pm.
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3.2. Toxicity of 1-deoxy-sphingolipids does not involve oxygen-dependent functions of
mitochondria

Treatment of 1-doxSa has been shown to induce mitochondrial fragmentation, induce
the loss of mitochondrial cristae, reduce respiration, and reduce ATP production in a
mammalian cell line [185]. These results indicate that 1-doxSphs perturb mitochondrial
functions in mammalian cells. To examine whether 1-doxSphs also perturb mitochondrial
functions in yeast cells, we first monitored changes in the shape and distribution of
mitochondria following 1-doxSa treatment. Briefly, exponentially growing cells expressing
mCherry tagged-mitochondrial malate dehydrogenase (Mdh1-mCherry) were treated with 1-
doxSa for 3 hours. Mitochondria were immediately visualized by confocal microscopy without
cell fixation.

The microscopy showed that the treatment altered the shape of mitochondria from
tubular to spherical. Moreover, the spherical mitochondria could still be found in the buds,
indicating that 1-doxSphs do not inhibit the inheritance of mitochondria from the mother to the
bud. These effects were independent of the expression of mammalian CerS3 (Fig. 15 upper
panel), suggesting that 1-doxSa is sufficient to induce the alteration. This finding is confirmed
by the same result in CerS3 cka24 and CerS3 sap 1904 cells that have reduced levels of Czs 1-
doxCer (Fig. 15 lower panel). The alteration in the shape of mitochondria might be an
indication of inhibition of mitochondrial fission, or mitochondrial tethering to the cell cortex
[206,207] or to the ER [208].

Next, we asked if the alteration in the shape of mitochondria is accompanied by
inhibition of key functions of mitochondria. The essential function of mitochondria in yeast is
to assemble iron-sulfur clusters (ISCs) which are ancient cofactors of proteins implicated in

electron transport, enzyme catalysis, and regulation of gene expression [209,210].
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Figure 15. 1-deoxy-sphinganine alters the shape of mitochondria. Exponentially growing cells expressing
Mdh1-mCherry were treated with the indicated concentrations of 1-deoxy-sphinganine for 3 h. Mitochondria were

visualized by confocal microscopy without cell fixation. Scale bar is 2 um.

The first genetic screen showed that hypomorphic (DAmMP) strains of the essential genes
involved in the process were not hypersensitive to 1-doxSphs. In addition, the second genetic

screen (SATAY) showed that mutants with disrupted non-essential genes involved in the

58



process were neither resistant nor hypersensitive to 1-doxSphs. Therefore, we argue that 1-
doxSphs do not inhibit the assembly of ISCs in mitochondria.

Another function of mitochondria in yeast is to perform molecular respiration in the
presence of oxygen. Perturbations of this process very often lead to the production of excess
reactive oxygen species (ROS) which is toxic to the cell at high levels. Therefore, we tested if
the accumulation of 1-doxSphs is accompanied by the accumulation of ROS. Briefly, CerS3
cells were cultured in rich media without or with a precursor of the antioxidant glutathione, N-
acetyl-L-cysteine (NAC) for two generations and then transferred into the same medium
supplemented with H2O> for 3 hours. The levels of ROS in the cells were measured using a
general ROS fluorescence indicator CM-H,DCFDA with a microplate reader at Ex/Em
493/522 nm. The measurement showed that H.O: treatment increased the fluorescence
intensity of the indicator and that this effect was suppressed by NAC treatment. This result
suggests that the method could be used to measure the levels of ROS in the cells. Next, we used
the method to measure the levels of ROS in the cells following 1-doxSa treatment. The
measurement showed that indeed the accumulation of 1-doxSphs is accompanied by the
accumulation of ROS. This result might indicate that 1-doxSphs perturb mitochondrial
respiration, leading to the production of excess ROS (Fig. 16a).

To further examine the role of ROS in the toxicity of 1-doxSphs, we tested the impact
of H202 on actin and mitochondria by microscopy. The microscopy showed that H>O»
perturbed the organization of actin in a dose-dependent manner in a similar way to 1-doxSa.
However, H2O, at the same concentrations did not affect the shape and distribution of
mitochondria (Fig. 16b). These results suggest that elevated levels of H>O. cannot fully
account for the toxicity of 1-doxSphs. Next, we tested if NAC can alleviate the impacts of 1-

doxSa on actin and mitochondria by microscopy.
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Figure 16. N-acetyl-L-cysteine alleviates the toxicity of 1-deoxy-sphingolipids. (a) Accumulation of 1-deoxy-
sphingolipids is accompanied by the accumulation of reactive oxygen species (ROS). (b) Impacts of H20, on
actin, but not on mitochondria, mimic those of 1-deoxy-sphinganine (1-doxSa). N-acetyl-L-cysteine (NAC)
suppresses the impacts of 1-doxSa on actin and mitochondria (c) as well as the synthesis of 1-deoxy-ceramide (d).
Exponentially growing CerS3 cells were treated with the indicated concentrations of H.O, or 1-doxSa for 3 h (1.5
h for lipid analysis). NAC was introduced at two generation times prior to and at the start of the H,O, or 1-doxSa
treatment. ROS was measured with CM-H,DCFDA. Visualization of F-actin and mitochondria as well as

measurement of lipid levels were the same as described before.

The microscopy showed that NAC suppressed the perturbations of both actin and mitochondria
by 1-doxSa in a dose-dependent manner (Fig. 16c), indicating that NAC inhibits the uptake or
the action of 1-doxSa. To test these hypotheses, we measured the levels of 1-doxCer following
NAC and 1-doxSa treatments by mass spectrometry. The measurement showed that NAC
significantly suppressed the accumulation of 1-doxCer (Fig. 16d). Since synthesis of 1-doxCer
is not required for the effects on the actin cytoskeleton, this suggests that NAC alleviates the
toxicity of 1-doxSphs by blocking the accumulation of ROS or by inhibiting the uptake of 1-
doxSa from the medium. Further proof of the latter would require the direct measurement of
1-doxSa uptake with and without NAC.

The ROS fluorescence indicators DCFH and its derivatives (incl. CM-H.DCFDA) are
commonly used to measure the levels of ROS in cells. However, they have serious caveats such
as (1) they do not directly react to H2O, (2) they can be oxidized by several one-electron
oxidizing species, (3) they can actually produce Oz and H.Oz, thereby artificially elevating the
levels of ROS, and (4) transition metals, cytochrome ¢, and heme peroxidases can catalyze
their oxidation [211]. These caveats make them unreliable for measuring the levels of ROS in
cells. To evaluate the roles of ROS and oxygen-dependent functions of mitochondria in the
toxicity of 1-doxSphs, we tested the effect of oxygen depletion on their toxicity by the spot
assay. We established an anaerobic culture condition by absorbing oxygen while

simultaneously generating carbon dioxide with a proprietary reagent (Oxoid™ AnaeroGen™)
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inside an airtight chamber. The reagent reduces the oxygen level in the chamber to below 1%

within 30 minutes. The presence of oxygen inside the chamber was monitored with color

indicators. The indicators turned from turquoise to white in the absence of oxygen (Fig. 17a).
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Figure 17. Toxicity of 1-deoxy-sphingolipids does not involve oxygen-dependent functions of mitochondria.
(a) Overview of the setup of anaerobic cultures. (b) Cells cultured on non-fermentable carbon sources could not
grow inside the chamber. They resumed their growth once re-oxygenated. The color indicators and the growth of
cells indicate that the chamber was oxygen-free. (c) Oxygen-dependent functions of mitochondria are not inhibited
by 1-deoxy-sphingolipids. Cells were spotted at a ten-fold serial dilution onto rich agar media with the indicated

concentrations of 1-deoxy-sphinganine and cultured with or without oxygen in the chamber.
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Since the budding yeast requires oxygen to synthesize sterols and unsaturated fatty acids which
are essential for growth, the media for the anaerobic cultures were supplemented with
ergosterol and Tween® 80. The spot assay showed that cells cultured on agar media with non-
fermentable carbon sources (ethanol-glycerol or lactate) were not able to grow inside the
chamber after 3 days of incubation. However, they resumed their growth once they were taken
out of the chamber (Fig. 17b). This result together with the color indicators that turned white
demonstrate that oxygen inside the chamber was depleted to a level that cannot support the
mitochondrial respiration of yeast. The spot assay also showed that CerS3 cells cultured on
rich agar media supplemented with 1-doxSa outside or inside the chamber had comparable
growth rates (Fig. 17c). This result suggests that ROS and oxygen-dependent functions of
mitochondria are not implicated in the toxicity of 1-doxSphs.

The collection of knockout and hypomorphic (DAmMP) strains in the first genetic screen
did not include strains with mutated genes in the mitochondrial genome. In addition, the
transposon mutagenesis in the second genetic screen did not target the mitochondrial genome.
Therefore, we could not evaluate the roles of gene products encoded by the mitochondrial
genome in the toxicity of 1-doxSphs by the two screens. To fill this gap of information, we
generated CerS3 cells lacking the mitochondrial genome (CerS3 p° cells) by inhibiting the
replication of their mitochondrial genome with ethidium bromide for multiple generations.
Microscopy of DAPI-stained cells showed that CerS3 p° cells did not have DNA outside the
nucleus (Fig. 18a). Moreover, the cells were not able to grow on a medium with a non-
fermentable carbon source (glycerol) since its utilization requires functional mitochondrial
respiration and intact mitochondrial genome (Fig. 18b). These results demonstrate that the cells

truly lacked the mitochondrial genome.
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Figure 18. Toxicity of 1-deoxy-sphingolipids does not involve the mitochondrial genome. (a) CerS3 p° cells
lack the mitochondrial genome. Cells were fixed with 4% formaldehyde for 20 min. Then, DNA was stained with
DAPI for 15 min and visualized by confocal microscopy. Scale bar is 2 pm. (b) CerS3 p° cells cannot utilize
glycerol as a carbon source. The microscopy and the growth assay demonstrate that the cells lack the
mitochondrial genome. (c) Depletion of the mitochondrial genome does not modulate the sensitivity of the cell to
1-deoxy-sphingolipids. CerS3 cells with or without the mitochondrial genome were treated with the indicated

concentrations of 1-deoxy-sphinganine. The growth of yeast was followed with a plate reader.
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The growth curves of CerS3 and CerS3 p° cells treated with different concentrations of 1-doxSa
collapsed to similar extent, indicating that gene products encoded by the mitochondrial genome
are not required for the toxicity of 1-doxSphs (Fig. 18c). Since the mitochondrial genome
encodes for several proteins required for mitochondrial respiration [212], this result
corroborates our finding that the toxicity of 1-doxSphs does not involve oxygen-dependent
functions of mitochondria. Taken together, the effects of 1-doxSphs on mitochondria, including
alteration of the shape of mitochondria, are not the main contributors to the toxicity of 1-

doxSphs to yeast cells.

3.3. 1-deoxy-sphinganine induces the formation of hydrophobic bodies

To obtain more information about the mode of action of 1-doxSphs, we observed the
ultrastructure of CerS3 cells following 1-doxSa treatment by transmission electron microscopy
according to [195]. Briefly, exponentially growing CerS3 cells were treated with 1-doxSa for
3 hours. The cells were immediately fixed with a mixture of 0.5% glutaraldehyde and 4%
formaldehyde for 30 minutes. Next, the cell wall was partially digested with zymolyase to
allow better penetration of osmium tetroxide that enhances the contrast of cellular membranes.
The cells were then subjected to the second fixation with a mixture of 0.5% osmium tetroxide
and 0.8% potassium ferrocyanide, followed by en bloc staining with 1% uranyl acetate.

The transmission electron micrographs revealed that 1-doxSa treatment induced the
formation of micron-sized cavities in the cytoplasm. The cavities were partially filled with
membranous structures. Since lipids were mostly extracted during the preparation of
specimens, it is likely that the cavities represent hydrophobic bodies (Fig. 19a). Similar
structures have also been observed in HSAN IA patient-derived lymphoblasts [213] and a
mammalian cell line that accumulates 1-doxSphs due to disruption of the de novo biosynthesis

of L-serine [214].
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Figure 19. 1-deoxy-sphinganine induces the formation of hydrophobic bodies. (a) Transmission electron
micrographs of CerS3 cells following 1-deoxy-sphinganine (1-doxSa) treatment for 3 h. Scale bar is 0.5 pum. (b)
Hydrophobic bodies in cells treated with 1-doxSa. Exponentially growing cells were treated with the indicated
concentrations of 1-doxSa for 3 h. Next, the cells were fixed with 4% formaldehyde while hydrophobic bodies
were simultaneously stained with Nile Red for 20 min. The hydrophobic bodies were then visualized by confocal

microscopy. Scale bar is 2 um.

In addition to the formation of the hydrophobic bodies, the treatment also induced plasma
membrane blebs through the partially digested cell wall (Fig. 19a). This observation indicates
that the cell accumulates non-negligible amounts of lipids following 1-doxSa treatment.

To study the hydrophobic bodies further, we observed their formation by Nile Red
staining and confocal microscopy. Nile Red is a solvatochromic fluorophore that only
fluoresces in an hydrophobic environment. The microscopy showed that the hydrophobic
bodies were formed in cells after 1-doxSa treatment regardless of the expression of mammalian
CerS3 (Fig. 19b upper panel). They were also formed in CerS3 cka24 and CerS3 sap1904
cells that have reduced levels of C2s 1-doxCer following the same treatment (Fig. 19b lower
panel). These results suggest that 1-doxSa is sufficient to induce the formation of the
hydrophobic bodies. Therefore, their formations are not enough to explain the toxicity of 1-
doxSphs in yeast cells.

Next, we examined whether the hydrophobic bodies are distinct from the canonical
lipid droplets. First, we compared their appearance by Nile Red staining and confocal
microscopy. The microscopy showed that the hydrophobic bodies appear to be different from
the canonical lipid droplets in term of size, shape, subcellular localization, and sharpness of the
edge (Fig. 20a). Second, we examined the levels of neutral lipids which are the main
constituents of the canonical lipid droplets in CerS3 cells following 1-doxSa treatment by two-
dimensional high performance thin-layer chromatography (2D-HPTLC). The analysis showed
that the levels of neutral lipids in the cells remained unchanged after the treatment (Fig. 20b).
Third, we observed the formation of the hydrophobic bodies in cells lacking the neutral lipid

67



biosynthesis enzymes (Arel, Are2, Dgal, and Lrol) by Nile Red staining and confocal
microscopy. The microscopy showed that the cells were not able to form the canonical lipid
droplets even after the population reached the stationary phase. However, the cells were able
to form the hydrophobic bodies after 1-doxSa treatment (Fig. 20c). Together, these results
demonstrate that the hydrophobic bodies are not the canonical lipid droplets. The hydrophobic
bodies isolated from mammalian cells that accumulate 1-doxSphs due to non-functioning de
novo biosynthesis of L-serine are enriched in 1-doxCer [214]. Therefore, it is possible that the

main lipid components of the hydrophobic bodies in yeast cells are also 1-doxSphs.
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Figure 20. Hydrophobic bodies induced by 1-deoxy-sphinganine are not the canonical lipid droplets. (a)
The canonical lipid droplets in CerS3 cells. The cells were cultured in a rich liquid medium for up to 3 days. Lipid
droplets were visualized using the same method for hydrophobic bodies. Scale bar is 2 um. (b) The levels of
neutral lipids in CerS3 cells remain unchanged following 1-deoxy-sphinganine (1-doxSa) treatment for 3 h. Total
lipid extracts were spotted on HPTLC plates for 2-D TLC, eluted with petroleum ether/diethyl ether (1:1 V/\) then
with petroleum ether/diethyl ether (49:1 V/,), and developed with a solution of MnCl,, methanol, and H,SO4. The
dashed circles indicate neutral lipids. (c) CerS3 cells bearing arel4 are24 dgalA lrolA are still capable to form
hydrophobic bodies following 1-doxSa treatment for 1.5 h. Visualization of hydrophaobic bodies was the same as

described before. Scale bar is 2 um.
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4. Chemical proteomics captures potential targets of 1-deoxy-ceramide

The datasets of the two genome-wide genetic screens suggest that the main toxic lipid,
C26 1-doxCer might directly inhibit an essential protein with multiple functions, directly inhibit
multiple essential proteins, or perturb the structure of cellular membranes. Given that there is
no positive correlation between the length of the acyl chain and the toxicity of 1-doxCer (e.g.
from the most toxic: C2s — C16 — C1s or C24 1-doxCer), different 1-doxCer species might have
different modes of action. Therefore, we argue that 1-doxCer perturbs the structure of cellular
membranes as the least probable hypothesis.

To narrow down the number of possible candidates for the targets of 1-doxCer, we
performed a multicopy suppressor screen for genes whose overexpression alleviates the
toxicity of 1-doxCer. In this screen, CerS3 cells were transformed with a pool of plasmids
carrying different fragments of the yeast genome. Each plasmid carries 4-5 genes as an insert
and a 2-micron sequence that is required for maintenance of a high copy number in yeast cells.
Therefore, each transformed cell overproduced the gene products encoded by the genes in the
plasmid. The transformed cells were then subjected to three-round treatments of different
concentrations (0, 2, 6, and 10 uM) of 1-doxSa in a similar manner to that in the second genetic
screen (SATAY).

We found that the cultures treated with 6 or 10 uM of 1-doxSa did not gain noticeable
density following the last round of treatments (data not shown). This suggests that there was
no gene whose individual overexpression is capable to alleviate the toxicity of 1-doxCer.
Considering that the plasmid library covers 97.2% of the yeast genome with 5.4-fold depth of
coverage [215] and that the transformed colonies covered the plasmid library with 15.9-fold
depth of coverage, it was unlikely that the essential genes encoding for the targets of 1-doxCer
were not covered in the screen, unless their overexpression is toxic to the cell. Given the

findings of the three genetic screens, we hypothesize that the targets of 1-doxCer might be a
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multisubunit essential protein whose inhibition leads to failures in multiple cellular processes
or multiple essential proteins implicated in diverse cellular processes.

To identify the targets of 1-doxCer, we used a chemical proteomics approach that
employs photocrosslinkable and clickable (pac) 1-doxDHCer, DHCer, and fatty acid analogs
as probes (Fig. 21a). The lipid analogs were synthesized by Per Haberkant (EMBL-HD) and
Suihan Feng (University of Geneva) by following the synthesis routes described before
[196,197]. To visualize crosslinked proteins, exponentially growing cells lacking ceramidase
(vpclA ydclA) and the major vacuolar protease (pep44) were fractionated into three fractions
(pellet of 13,000 xg; pellet of 100,000 xg; and supernatant of 100,000 xg). The fractions were
incubated with one of the analogs delivered in small unilamellar vesicles for 1 hour and then
illuminated with 365 nm (UV) light for 5 minutes. Next, protein-analog complexes were linked
with a fluorophore TAMRA by click chemistry for 1 hour [216], resolved by SDS-PAGE, and
visualized with a fluorescence scanner.

Visualization of crosslinked proteins performed by Janathan Altuzar (University of
Geneva) showed that the efficiency of the crosslinking of pac-1-doxDHCer with proteins was
significantly enhanced by UV light (Fig. 21b), indicating that the crosslinking was UV-
dependent and that pac-1-doxDHCer was able to capture transiently-interacting proteins. This
ability is required for identifying the targets of 1-doxCer since we found that the growth
inhibition effect of 1-doxSa treatment on CerS3 cells can be reversed by removing 1-doxSa
from the medium (data not shown). This result indicates that the physical interactions between
1-doxCer and its targets are not mediated by covalent bonds. Visualization of crosslinked
proteins also showed that the SDS-PAGE profiles of proteins crosslinked with pac-DHCer or
pac-FA were very similar (Fig. 21c), suggesting that they might have similar sets of interacting

proteins. The profile of proteins that were crosslinked with pac-1-doxDHCer in the Si00,000
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fraction was markedly different from those with pac-DHCer or pac-FA, indicating that the

proteins might interact specifically with 1-doxDHCer.
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Figure 21. Chemical proteomics captures potential targets of 1-deoxy-ceramide. (a) Chemical structures of
photocrosslinkable and clickable (pac) lipid analogs. The red and blue circles highlight the photocrosslinkable
diazirine ring and the clickable terminal alkyne moiety, respectively. (b) UV-dependent crosslinking of pac-1-
doxDHCer with proteins in different cellular fractions. (c) Profiles of pac-DHCer or pac-FA-crosslinked proteins
in different cellular fractions. (b,c) Cellular fractions were incubated with pac-1-doxDHCer, pac-DHCer, or pac-
FA and then illuminated with UV light. Next, protein-analog complexes were linked with TAMRA by click
chemistry, resolved by SDS-PAGE, and visualized with a fluorescence scanner. (d) Identified pac-1-doxDHCer-
crosslinked proteins in the Sig0,000 fraction. Protein-pac-1-doxDHCer complexes were linked with biotin by click
chemistry, subjected to chloroform/methanol precipitation and resolubilization, bound to streptavidin beads,
digested with trypsin, and subjected to mass spectrometry. () GO enrichment analysis of the essential proteins
among the identified proteins. Numbers in the histogram are p-values. (f) Temperature sensitive mutants of
subunit 1 or 4 of the CCT complex are hypersensitive to 1-doxSphs at permissive temperature. The spot assay

was performed as described above.

To identify the proteins, protein-pac-1-doxDHCer complexes were linked with biotin
by click chemistry for 1 hour and then subjected to chloroform/methanol precipitation and
resolubilization with a needle sonicator to remove probes that were not crosslinked to proteins
and to fully denature the crosslinked proteins. Next, the proteins were enriched with
streptavidin beads overnight, digested with trypsin for 12 hours, and subjected to mass
spectrometry. Mass spectrometry analysis performed by Michaél Plank (University of Geneva)
showed that one third of proteins crosslinked with pac-1-doxDHCer in the S100,000 fraction were
essential proteins (Fig. 21d). GO enrichment analysis showed that the essential proteins were
highly enriched with multiprotein complexes that fulfill the criteria as the targets of 1-doxCer.
We focus on COPII vesicle coat and chaperonin-containing T-complex (CCT) since they have
the smallest p-values from the analysis (Fig. 21e). A spot assay performed by Thomas Hannich
(University of Geneva) showed that a temperature sensitive allele of the subunit 1 (tcpl1-1) or
4 (cct4-1) of CCT conferred hypersensitivity to 1-doxCer on CerS3 cells at permissive
temperature (Fig. 21f). This result is consistent with the hypothesis that CCT is one of potential
targets of 1-doxCer. The chemical proteomics approach complements the genetic approaches

to identify the potential targets of 1-doxCer.
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5. C. elegans model of hereditary sensory and autonomic neuropathy type 1A

To study important factors in HSAN IA, the impacts of elevated levels of 1-doxSphs
on the nervous system, and the possible roles of 1-doxSphs in resistance to anoxia, I established
a C. elegans model of HSAN IA. We chose the C133W mutation because it is the most common
mutation found in humans and it affects an amino acid residue that is conserved from the
budding yeast to human (Fig. 22a). The worm model was created by integrating a copy of the
worm gene encoding for the subunit 1 of SPT with the C133W mutation (sptl-1°13%) into a
non-intrusive site in the worm genome by the MosSCI technique [198]. Therefore, the worm
model is homozygous with an equal copy number of WT and mutant alleles. This genotype is
analogous to that of humans with HSAN IA (Fig. 22b).

The integrated HSAN IA (sptl-1¢13%W) or control (sptl-1'VT) allele was designed to have
a significantly different nucleotide sequence from the endogenous sptl-1 allele, so that each
allele can be selectively silenced by RNA interference. The purpose of the design is to be able
to tune the relative expression level of the two alleles with sSiRNA. Gene silencing with SIRNA
was achieved by seeding stage-one (L1) larvae on lawns of E. coli expressing different dSRNAs
targeting different alleles of sptl-1. The effects of the sSiRNA treatments on worm development
were recorded 3 days later. The gene silencing showed that worms carrying sptl-1"T allele
treated with siRNA targeting the endogenous allele were bigger than WT worms after the same
treatment. Moreover, those treated with siRNA targeting the integrated allele had similar
normal body sizes to WT worms treated with the same siRNA. This result suggests that the
sptl-1"T allele was functional and that the two alleles could be silenced independently as

designed (Fig. 22c).
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Figure 22. Establishing a C. elegans model of hereditary sensory and autonomic neuropathy type 1A (HSAN
1A). (a) The most common HSAN IA mutation in human (C133W) affects an amino acid residue that is conserved
from the budding yeast to human. (b) Comparison between the genotype of human with HSAN IA and the
genotype of C. elegans model of HSAN IA. (c) The mutant allele sptl-1*3W has a dominant negative effect on
worm development. WT (N2) worms bearing an additional allele of sptl-1 were treated with siRNA targeted to
different alleles of sptl-1. Scale bar is 100 um. (d) Level of 1-deoxy-ceramide (1-doxCer) in the worm model. The

amounts of lipids in young adult worms were determined by mass spectrometry.
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The gene silencing also showed that worms carrying sptl-1¢13W allele treated with
SIRNA targeting the endogenous allele were smaller than WT worms after the same treatment.
Moreover, those treated with siRNA targeting the integrated allele had similar normal body
sizes to WT worms treated with the same siRNA. This result indicates that the sptl-1¢13W allele
has a dominant negative effect on worm development analogous to the human HSAN IA allele.
Moreover, the two alleles could also be silenced independently as designed (Fig. 22¢). Mass
spectrometry analysis showed that the level of 1-doxCer in the HSAN IA worms was slightly
higher than that in control, indicating that the worms only modestly accumulates 1-doxCer
when they were reared under standard laboratory conditions (Fig. 22d).

The HSAN IA worms do not display noticeable aberrant morphology, development, or
behavior under standard laboratory rearing conditions. However, the worms might show
particular phenotypes under particular conditions. This quality allows in-depth studies of the
phenotypes since the physiological processes associated with the phenotypes are likely not due
to global perturbation of the physiology of the worms. Therefore, we characterized the
phenotypes of the worms, particularly those that are reminiscent of the hallmark of HSAN IA
in humans.

First, we tested whether increased alanine or glycine intake interferes with the
development of the HSAN IA worms. L1 worms fed with E. coli overexpressing proteins that
are rich in serine (Sc SRp40, 48.3% of serine), alanine (Dm MS57A_DROME, 36% of alanine),
or glycine (At GRP1_ARATH, 70.2% of glycine) for 3 days had comparable body sizes
regardless of the HSAN IA allele (Fig. 23a). In addition, L1 worms fed with standard E. coli
on agar supplemented with alanine for 3 days also had comparable body sizes regardless of the
HSAN 1A allele (Fig. 23b). These results indicate that the methods to increase alanine or

glycine intake cannot be used to selectively inhibit the development of the HSAN IA worms.
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Figure 23. Phenotypes of the C. elegans model of HSAN IA. (a) Impact of diets on the development of the

worm model. WT (N2) worms bearing an additional allele of sptl-1 were fed with E. coli overexpressing different

proteins rich in serine, alanine, or glycine. Scale bar is 100 um. (b) Impact of direct alanine supplementation into

the agar on the development of the worm model. Scale bar is 100 um. (c) Impact of the HSAN IA allele (sptl-

1€133W) on the thermotaxis of WT and (hyl2(tm2031)) worms. The thermotaxis assay was performed according to
[200]. The HSAN IA allele sensitizes WT (d) and (hyl2(tm2031)) (e) worms. The anoxia experiments were
performed according to [201].
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Second, we tested whether the HSAN IA worms exhibit a thermotaxis defect which
reflects their inability to sense heat in the environment. A thermotaxis assay was performed by
Dominique Glauser (University of Fribourg) according to [200]. Briefly, young adult worms
were acclimatized at 20°C for 3-4 hours prior to the assay. Then, they were placed on the center
of a thermotaxis plate with a thermal slope of 0.67°C/cm. The temperature at the center of the
plate was 23°C. The worms were allowed to move around the plate for 10 minutes. The
thermotaxis index was calculated as (number of worms above starting temperature — number
of worms below starting temperature) / total number of worms. The assay showed that the
HSAN IA worms had a comparable thermotaxis index to WT. However, introduction of a
mutation that enhances the accumulation of 1-doxCer (hyl2(tm2031)) increased the thermotaxis
index of the HSAN IA worms (Fig. 23c). These results suggest that increased accumulation of
1-doxCer reduces the ability of the HSAN IA worms to sense heat in the environment.

Third, we tested if the HSAN IA worms are sensitive to oxygen depletion. Anoxia
sensitivity tests were performed by Thomas Hannich (University of Geneva) according to
[201]. Briefly, L1 worms were placed inside an anoxic chamber for a period of time and then
transferred into the normal incubator for 24 h before the survival rate was scored. The assay
showed that the survival rate of the HSAN IA worms was significantly lower than that of WT
following 42 hours of anoxia (Fig. 23d). Moreover, the survival rate of the worms bearing
hyl2(tm2031) mutation was much lower than that of hyl2(tm2031) worms after 28 hours of
anoxia (Fig. 23e). These results indicate that the HSAN IA worms are sensitive to oxygen
depletion and that their sensitivity is markedly increased when the accumulation of 1-doxCer
is also increased. This phenotypes allowed us to employ the HSAN 1A worms to study the role
of 1-doxSphs in the survival of worms during anoxia. The manuscript of the study is in

preparation.
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General Discussion

HSAN IA/IC are inherited neurological diseases that affect the peripheral nervous
system particularly on its sensory and autonomic functions. The hallmarks of the diseases are
marked loss of pain and heat sensation in the distal parts of the limbs and reduced ability to
sweat. As the diseases advance, affected individuals may experience severe shooting, burning,
and lancinating pains; ulcerative mutilations; muscle weakness and wasting; and reduced motor
functions [178,176,167]. These complex diseases are caused by dominant mutations in the
genes encoding for serine palmitoyltransferase (SPT), leading to increased synthesis of atypical
sphingolipids, 1-deoxy-sphingolipids (1-doxSphs). The levels of 1-doxSphs correlate
positively with the severity of the diseases [172]. Once synthesized, 1-doxSphs are
metabolically trapped since they cannot be metabolized further and degraded via the canonical
sphingolipid degradation pathway. Therefore, 1-doxSphs tend to accumulate over time. This
gradual accumulation of 1-doxSphs might explain the late onset of the diseases in most cases.
How elevated levels of 1-doxSphs cause complex perturbations of various organ systems in
individuals with HSAN IA/IC, however, is not known. It is possible that the complex clinical
manifestations might originate from a common perturbation at the cellular level, which
emerges as various perturbations at the higher levels. Therefore, understanding the mode of
action of 1-doxSphs in the cell is key to understanding of the pathogenesis of the diseases and
to design better therapeutic interventions.

The ability of SPT to naturally produce 1-doxSphs at low levels appears to be conserved
from the budding yeast to human since we found that the yeast also produces 1-doxSphs. The
level of 1-deoxy-ceramide (1-doxCer) is about a half of that of ceramide in yeast grown under
standard laboratory culture conditions. This steady state level suggests a much lower rate of

synthesis since the 1-doxCers cannot be converted to more complex sphingolipids nor be
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degraded. The production of 1-doxSphs during its normal growth suggests that 1-doxSphs
might perform physiological functions in the cell. It also suggests that the cell might have
mechanisms to prevent 1-doxSphs toxicity during its normal growth. One possible mechanism
IS to set the production rate of 1-doxSphs proportional to the growth rate. As a consequence,
the cell would be able to maintain the amount of 1-doxSphs per unit volume of the cell or per
unit area of the membranes, preventing the accumulation of 1-doxSphs to toxic levels. Despite
their unclear metabolic fates and regulation, the fact that the yeast synthesizes 1-doxSphs
during its normal growth allows us to employ the yeast as a model system to study the
mechanism of action of 1-doxSphs at the cellular level.

1-doxSphs comprise two interconvertible groups of metabolites, 1-deoxy-sphingoid
bases (1-doxSB) and 1-deoxy-ceramides (1-doxCers). 1-doxSB can be acylated by ceramide
synthase to produce 1-doxCers which then can be deacylated by ceramidase to release 1-
doxSB. Therefore, the first step in elucidating the mechanism of action of 1-doxSphs is
determining the relative contribution of 1-doxSB and 1-doxCers to the toxicity. To this end,
we increased the total amount of 1-doxSphs in the cell by supplementing the growth medium
with 1-doxSB and enhanced the conversion of 1-doxSB to 1-doxCers by overexpressing yeast
ceramide synthase, thereby accentuating the contribution of 1-doxCers. This strategy allows a
consistent and convenient way to increase the total amount of 1-doxSphs in the cell since 1-
doxSB are more water-soluble than 1-doxCers. In addition, overexpressing yeast ceramide
synthase is more practical and less detrimental to the cell than other genetic modifications to
accentuate the contribution of 1-doxSB. With the strategy, we found that 1-doxCers are more
toxic than 1-doxSB, suggesting that 1-doxCers are the major contributors to the toxicity. This
finding is consistent with that in mammalian cells [185,187,188], adding a similarity between

the mechanism of action of 1-doxSphs in yeast cells and that in mammalian cells.
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We expected that the length of acyl chain influences the toxicity of 1-doxCers as it has
been shown to be critical for the function of sphingolipids [160,201]. We made use of the six
mammalian ceramide synthases that have different preferences towards different lengths of
acyl-CoA to produce 1-doxCers bearing different lengths of acyl chain in the cell. Expression
of each mammalian ceramide synthase rescues the depletion of the endogenous enzyme,
indicating that mammalian ceramide synthases expressed in yeast are functional. Moreover,
they retain their acyl-CoA preferences. Following 1-deoxy-sphinganine (1-doxSa)
supplementation to the growth medium of yeast expressing different mammalian ceramide
synthases, the levels of 1-deoxy-ceramide (1-doxCer) with different lengths of acyl chain
increase and the growth rate of yeast reduces depending on the mammalian ceramide synthase
that is expressed in the cell. By evaluating the levels and the growth inhibitory effects of
different 1-doxCer species, we concluded that Cs 1-doxCer is the most toxic 1-doxCer species
in yeast. Furthermore, C16 1-doxCer is more toxic than Cig 1-doxCer. These findings suggest
that the toxicity of 1-doxCer depends on the length of its acyl chain. However, different 1-
doxCer species might have different mechanisms of action since there is no positive correlation
between the length of the acyl chain and the toxicity of 1-doxCer. Furthermore, Cos 1-doxCer
might not be the most toxic lipid in mammals. Unfortunately, we could not evaluate the
contribution of acyl chain length to the toxicity of 1-deoxymethyl-ceramide (1-doxmetCer)
since mammalian ceramide synthases are not able to use 1-deoxymethyl-sphinganine (1-
doxmetSa) as a substrate or 1-doxmetCer is not toxic to yeast. Therefore, we focused our
investigation on 1-doxCer.

We found that high levels (up to 13.9% of the level of phosphatidylcholine) of 1-doxCer
do not significantly alter the lipidome of the cell. It might suggest that 1-doxCer does not
interfere with the metabolism of most lipids. Considering the biophysical properties of 1-

doxCer, high levels of 1-doxCer were expected to markedly disrupt the structure of the
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membrane where it resides [190]. If this is the case, the finding might also suggest that changes
in membrane structure caused by high levels of 1-doxCer cannot be recognized and therefore
cannot be resolved by the cell. However, we cannot rule out the possibility that 1-doxCer might
be accumulated in particular cellular membranes and that the cell changes membrane lipid
distribution accordingly without substantially changing its lipidome. We also discovered that
1-doxCer may accumulate up to 24.3 times the level of ceramide. Given that increased levels
of Cze ceramide by about 2.5 fold are sufficient to significantly inhibit the growth of yeast
[217], C26 1-doxCer can be considered less toxic than Cos ceramide. It also indicates that their
mechanisms of toxicity are different. This notion is supported by the fact that the biological
properties of 1-doxCer do not mimic those of typical sphingolipids. Consequently, modulating
the amounts of typical sphingolipids cannot be applied as a strategy to alleviate the toxicity of
1-doxCer.

We performed three different genome-wide genetic screens to reveal the mechanism of
toxicity of 1-doxSphs. The first two screens evaluated the effects of depletion or reduction of
gene products on the toxicity of 1-doxSphs. The library of the first screen was a collection of
knockout and hypomorphic (DAmMP) mutants. The inclusion of the hypomorphic mutants
allowed us to evaluate the roles of many essential genes in the toxicity [218]. The library of the
second screen (SATAY) was a large collection of mutants freshly generated by inserting a
transposon into the genome. Compared to the library used in the first screen, it is superior in
several ways; (1) it has larger coverage for non-essential genes, (2) it has more informative
alleles other than simple deletion alleles, (3) it has less chances of accumulating secondary
mutations since it is freshly generated, and (4) it prevents incorrect assignment of a mutant to
its phenotype as the identities of the mutants are determined at the end of the screen [194].
However, we found that it had less coverage for essential genes. Therefore, the libraries in the

two screens were complementary. In contrast to the first two screens, the third screen evaluated

81



the effects of overproduction of gene products on the toxicity of 1-doxSphs. The library of the
third screen was a pool of plasmids carrying different fragments of the yeast genome. Each
plasmid carries 4-5 genes as an insert and a 2-micron sequence to maintain a high copy number
in yeast cells [215]. The main function of the third screen was to evaluate essential genes that
were not covered in the other two screens. Therefore, the three screens should provide more
complete insights into the mechanism of toxicity of 1-doxSphs. Nevertheless, the screens are
not able to reveal the mechanism of toxicity if it involves inhibition of a multisubunit essential
protein, inhibition of multiple essential proteins, or perturbations of the structure of cellular
membranes.

The datasets obtained from the first two screens revealed a set of genes whose
disruption confers CerS3 cell very strong resistance to 1-doxSphs. These genes are required for
efficient synthesis of very long-chain (C24-26) fatty acyl-CoA or import of sphingoid bases in
yeast. Since the conversion of 1-doxSa to the much more toxic lipid Cze 1-doxCer requires very
long-chain fatty acyl-CoA, this finding demonstrates that the screens were able to chart the
capacities of the strains to cope with the toxicity of 1-doxSphs, particularly of Cs 1-doxCer.
Moreover, it suggests that the most effective way to alleviate the toxicity of 1-doxSphs is to
prevent the formation of Czs 1-doxCer in the cell. Analyses of the datasets showed that; (1) the
overlaps of top 200 genes between the screens were 8.5% for resistant genes and 9.5% for
hypersensitive genes, (2) there was no gene ontology (GO) enrichment of particular molecular
functions, cellular components, or cellular processes implicated in the toxicity in the resistant
genes of both screens, (3) higher doses of 1-doxSa only caused the loss of complexity of the
libraries and failed to reveal resistant genes that are not involved in the production of Czs 1-
doxCer, and (4) freshly generated the most hypersensitive mutants found in the second screen
only showed mild hypersensitivity to 1-doxSphs on a spot assay. These findings point out that

1-doxSphs inhibit more than one essential cellular processes.
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The cellular process revealed most by GO enrichment analysis of the hypersensitive
genes of the second screen is nuclear migration. This cellular process consists of two sequential
and partially redundant pathways, the early and the late pathways [203]. There are six
hypersensitive genes that constitute the GO term. All of them encode for proteins that operate
in the late pathway. Since all of them are not essential and the two pathways are partially
redundant, the result indicates that 1-doxSphs inhibit the early pathway of nuclear migration.
The key component for the functioning of the early pathway is actin cables which serve as
tracks for myosin V to ferry the plus ends of cytoplasmic microtubules towards the bud tip. It
is corroborated by the fact that all of the six hypersensitive genes have negative genetic
interactions with Actl (encodes for actin), Myo2 (encodes for type V myosin motor), Pfyl
(encodes for profilin), and Tpm1 (encodes for the major isoform of tropomyosin). Freshly
generated deletion mutants of the six genes, however, only showed mild hypersensitivity to 1-
doxSphs. This result indicates that inhibition of nuclear migration is one of events in the
toxicity of 1-doxSphs and that it is not the main toxicity event that terminates cell growth.

In addition to reveal the mechanism of action of 1-doxSphs, the first two screens also
have a potential to reveal novel proteins that are involved in efficient conversion of exogenous
sphingoid bases to ceramides in yeast. The process includes the import of sphingoid bases from
the medium, the production of Cye fatty acyl-CoA, and the acylation of the sphingoid bases by
ceramide synthase to form ceramides. Disruption of individual genes required for the processes
mostly does not lead to a noticeable growth defect since most steps of the processes are
mediated by non-essential proteins or functionally redundant proteins. However, it confers a
growth advantage in the presence of 1-doxSa in the medium and mammalian CerS3 in the cell
since the processes are also required for efficient conversion of exogenous 1-doxSa to a toxic

lipid Cos 1-doxCer. This potential was demonstrated by the fact that many resistant mutants
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found by the screens are defective in various known steps for efficient synthesis of very long-
chain fatty acyl-CoA or import of sphingoid bases from the medium.

The import of sphingoid bases from the medium into yeast cells is facilitated by two
redundant long chain fatty acyl-CoA synthetases, Faal and Faa4 [219]. The first screen showed
that CerS3 faal4 mutant was resistant to 1-doxSa, indicating that the import of 1-doxSa into
the cell is also mediated by Faal. The efficient incorporation of exogenous sphingoid bases
into ceramides requires a cycle of phosphorylation by sphingoid long-chain base kinase Lch4
and dephosphorylation by long-chain base 1-phosphate phosphatase Lcb3 on the ER membrane
[220]. In contrast, the efficient incorporation of 1-doxSa into 1-doxCer does not require the
phosphorylation-dephosphorylation cycle since it cannot be phosphorylated at the first carbon.
However, the screens revealed that efficient conversion of 1-doxSa to 1-doxCer requires Cka2
which might phosphorylate mammalian CerS3 and thereby enhancing its activity. The screens
also revealed that Sap190 is required to ensure the normal proportion of C4 to Coe fatty acyl-
CoA. This function of Sap190 is novel. How Sap190 achieves this function remains to be
investigated.

Examinations of the impacts of 1-doxSphs on the organization of actin, the functions
of mitochondria, and the formation of hydrophobic bodies provided insights into the features
of the toxicity in yeast cells compared to that in mammalian cells. We found that 1-doxSphs
disrupt the organization of actin including depleting actin cables and actin patches. Such
disruptions are expected to inhibit cellular processes such as polarized growth and endocytosis,
leading to some inhibition of cell growth. These disruptions, however, are independent of the
ability of the cell to synthesize C2 1-doxCer which is the main toxic lipid. Therefore, we argue
that the disruptions are not the main deleterious events of the toxicity of 1-doxSphs. Depletion
of actin cables might also lead to inhibition of nuclear migration. Therefore, the inhibition is

likely caused by 1-doxSa, which is consistent with the fact that it only has a minor negative
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impact on yeast growth. Another abnormality that we observed is the presence of round
intracellular bodies stained with phalloidin-Atto488, which could be aggregates of F-actin. In
mammalian cells, 1-doxSa treatments also cause rearrangements of actin organization
including the loss of actin stress fibers [184] and the aggregation of F-actin [188]. However, it
is not clear if the rearrangements are caused by 1-doxSa or 1-doxCer. Moreover, it is not known
if the mechanisms underlying alterations of actin organization in yeast and mammalian cells
are analogous, considering the different natures of actin stress fibers [221] and actin cables
[222] as well as the different appearances of the F-actin aggregates in yeast and in mammalian
cells.

We also found that 1-doxSphs alter the shape of mitochondria from tubular to spherical,
without affecting their inheritance from the mother cell to the bud. The alteration might be an
indication of inhibition of mitochondrial fission, or mitochondrial tethering to the cell cortex
[206,207] or to the ER [208]. Similar to that of actin, the alteration is independent of the ability
of the cell to convert 1-doxSa to Cz¢ 1-doxCer, indicating that the alteration is caused by 1-
doxSa and that it is not sufficient to induce toxicity to the cell. Although the alteration of the
shape of mitochondria appears dramatic, it is not accompanied by marked defects in the key
functions of mitochondria such as the assembly of iron-sulfur clusters and mitochondrial
respiration. Furthermore, we demonstrated that the toxicity of 1-doxSphs in yeast cells is
independent of oxygen and the mitochondrial genome. Therefore, we could exclude the
involvement of ROS in the toxicity. Collectively, these findings suggest that the main action
of 1-doxCer is not inhibiting essential mitochondrial functions in yeast cells. Different from
that in yeast cells, alteration of the shape of mitochondria in mammalian cells is accompanied
by defects in mitochondrial respiration. Moreover, the defects could be reversed by inhibiting

the conversion of 1-doxSa to 1-doxCer with fumonisin B1 [185], indicating the defects are
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caused by 1-doxCer. Therefore, inhibition of mitochondrial respiration might be one of the key
toxicity events in mammalian cells.

Besides inducing rearrangements of actin organization and alteration of mitochondrial
shape, 1-doxSa is also sufficient to induce the formation of hydrophobic bodies. Nile Red
staining of the bodies showed that the edges of the bodies appear blurry, suggesting that they
are not enclosed by membranes. They are distinct from the canonical lipid droplets in term of
size, shape, subcellular localization, and lipid composition. Since 1-doxSa is sufficient to
induce their formation, 1-doxSa might be the main constituent of the bodies. Moreover, we do
not expect that the presence of the bodies have substantial negative impacts on yeast survival.
Similar hydrophobic bodies have been observed in HSAN IA patient-derived lymphoblasts
[213] and a mammalian cell line that accumulates 1-doxSphs due to disruption of the de novo
biosynthesis of L-serine [214]. The bodies appear to be different from the canonical lipid
droplets since they are generally bigger and have lamellar inclusions. Moreover, they have
significantly higher levels of 1-doxCer and lower levels of ceramide, sphingomyelin, and
hexosyl ceramide [214]. However, whether 1-doxSa is also sufficient to induce their formation
and whether they play major roles in the toxicity of 1-doxSphs in mammalian cells are not
known.

Considering that; (1) the first two genetic screens point out pleiotropic effects of 1-
doxCer, (2) there is no individual gene whose overexpression can alleviate the toxicity of 1-
doxCer in the third genetic screen, and (3) the growth inhibitory effect of 1-doxSphs can be
reversed by removing 1-doxSa from the medium, we hypothesize that the targets of 1-doxCer
might be a multisubunit essential protein whose inhibition leads to failures in multiple cellular
processes or multiple essential proteins implicated in diverse cellular processes. Furthermore,
the physical interactions between 1-doxCer and its targets are not mediated by covalent bonds.

To hunt for the targets, we took a chemical proteomics approach using photocrosslinkable and
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clickable lipid analogs which have been demonstrated to be suitable for a global profiling of
lipid-protein interactions [223]. The approach revealed two multisubunit proteins that are
consistent with our hypothesis. They are COPII vesicle coat and chaperonin-containing T-
complex (CCT). Follow-up experiments to validate this finding are ongoing.

Taken all the findings together, we could recapitulate the toxicity of 1-doxSphs in
CerS3 cells as the following sequence of events. The cells import 1-doxSa supplemented in the
medium using the same machinery for other sphingoid bases. High levels of 1-doxSa in the
cells are sufficient to form micron-sized hydrophobic bodies and to increase the surface area
of cellular membranes. Its accumulation causes disruption of actin organization including the
loss of actin cables, which leads to inhibition of many cellular processes including nuclear
migration. In addition, its accumulation alters the shape of mitochondria from tubular to
spherical. Although its negative impacts appear dramatic, they are not sufficient to stop cell
growth. As soon as 1-doxSa is available for CerS3, it is converted to 1-doxCer which is the
main toxic lipid. Since CerS3 is a mammalian protein, it might not be subjected to a feedback
regulation. Therefore, it keeps producing 1-doxCer as long as 1-doxSa is available and the cell
can still cope with the toxicity of 1-doxCer. The toxicity has pleiotropic effects, although it
does not involve inhibition of oxygen-dependent functions of mitochondria or the
mitochondrial genome. We hypothesize that 1-doxCer directly inhibits a multisubunit essential
protein, such as COPII vesicle coat or chaperonin-containing T-complex (CCT).

To study important factors in HSAN IA in an animal with a simple nervous system, |
established a C. elegans model of HSAN IA. The HSAN IA worms were designed to have a
homozygous genotype with an equal copy number of WT and HSAN IA alleles, in contrast to
humans with HSAN IA that have a heterozygous genotype. The main advantage of
homozygous worm lines is that they do not require constant sorting of individual worms with

the desired genotype in the population for worm line maintenance or analyses that require large
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numbers of worms, such as biochemical analyses, genetic screens, or chemical screens.
Another motivation to establish the worm line is to study the roles of 1-doxSphs in various
physiological processes in the worm. Such studies require flexibilities in modulating the levels
of 1-doxSphs. However, most sphingoid bases in the worm are iso-branched sphingoid bases
[224], which are not commercially available to date. Therefore, such studies are more practical
with a worm line that has elevated levels of iso-branched 1-doxSphs that can be modulated by
genetic manipulations, such as introducing another mutation or silencing a gene with siRNA.
The HSAN IA worms have a slightly higher level of 1-doxCer than WT worms. The worms do
not exhibit noticeable phenotypes. However, when another mutation (hyl2(tm2031)) that
enhances the accumulation of 1-doxCer, the worms become less responsive to heat in the

environment and sensitivity to anoxia.
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Conclusions

HSAN IA/IC are inherited neurological diseases caused by aberrant sphingolipid
metabolism that leads to the accumulation of atypical sphingolipids, 1-deoxy-sphingolipids (1-
doxSphs). 1-doxSphs comprise two groups of interconvertible metabolites, 1-deoxy-sphingoid
bases (1-doxSB) and 1-deoxy-ceramides (1-doxCers). Our study in the budding yeast revealed
that the cytotoxicity of 1-doxSphs consists of two sequential and overlapping toxicity events.

The first event is the toxicity of 1-doxSB which are the first metabolites synthesized by
the cell. Elevated levels of 1-deoxy-sphinganine (1-doxSa) cause disruptions of actin
organization, alteration of the shape of mitochondrial, and accumulation of hydrophobic
bodies. Although these effects appear dramatic, they only have minor impacts on cell growth.

The second event is the toxicity of 1-doxCers which has major impacts on cell growth.
1-doxCers are synthesized as soon as 1-doxSB are available for ceramide synthase. Elevated
levels of 1-deoxy-ceramide (1-doxCer) negatively affect multiple cellular processes. Its
mechanism of action is dependent on the length of its acyl chain, distinct from those of other
lipids, and independent of oxygen and the mitochondrial genome. We hypothesize that 1-
doxCer inhibits a multisubunit essential protein whose inhibition leads to failures in multiple
cellular processes. We propose COPII vesicle coat or chaperonin-containing T-complex (CCT)

as a potential target of 1-doxCer.
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Perspectives

Further efforts should be focused on; (1) validating whether COPII vesicle coat or
chaperonin-containing T-complex (CCT) is the direct target of 1-doxCer, (2) mapping the
subcellular localization of 1-doxCer, and (3) investigating how Sap190 ensures the normal
proportion of C4 to Cye fatty acyl-CoA.

One additional genetic test may provide supporting data for the involvement of COPII
vesicle coat or CCT. Haploid insufficiency profiling, which uses diploid cells heterozygous for
the essential genes, should show differences in sensitivity to 1-doxSphs if these complexes are
involved in the mechanism of action.

Studies in mammalian cells showed that elevated levels of 1-doxSphs are accompanied
by various phenotypes which might complicate our understanding about the mechanism of
toxicity of 1-doxSphs. Our study showed that the toxicity of 1-doxSphs in yeast cells is mainly
due to elevated levels of 1-doxCer, the same as that in mammalian cells. Moreover, our study
showed that 1-doxSa could induce dramatic phenotypes without significantly affecting cell
growth. Therefore, care must be taken for further studies in mammalian cells to dissect the

contributions of various phenotypes to the inhibition of cell growth.
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