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SUMMARY

Summary

Cytosolic lipid droplets (LDs) are evolutionary conserved and versatile organelles
important for storage and utilization of lipids in almost all cell types. In order to gain
insights into the functional connection between LD size and lipid homeostasis we
isolated, identified and finally characterized an S-adenosylmethionine synthetase
(SAMS-1) deficient Caenorhabditis elegans (C. elegans) mutant showing enlarged
LDs throughout the life cycle. SAMS-1 belongs to a family of evolutionary conserved
enzymes, which catalyze the only known route of S-adenosylmethionine (SAM)
synthesis. SAM-dependent methylation is of quantitative importance for the synthesis
of phosphatidylcholine (PC), a major phospholipid of membranes. Syntheses of PC
and triacylglycerol (TAG) are intimately coupled to each other due to common
intermediates, shared biosynthetic routes and mutual regulatory mechanisms. The
present study shows that SAMS-1 is necessary for homeostasis of PC and TAG
synthesis and that SAMS-1 deficiency results in excessive TAG storage in
C. elegans.

Thin layer chromatography based analysis of lipid extracts revealed that SAMS-1
deficiency reduces PC level but increases TAG proportions. Microarray-based
expression profiling identified up-regulation of several lipogenic genes due to
SAMS-1 deficiency, which is supposed to contribute to increased TAG proportions.
Vital fat staining via BODIPY™ 493/503 revealed that increased TAG level are stored
in fewer but larger LDs in sams-1 mutants. A reduced surface area of few large-sized
LDs is supposed to represent a mechanism to economize PC. On the other hand, it
may limits the accessibility of TAG hydrolyzing lipases to LDs, since starvation
experiments unveiled inefficient TAG hydrolysis and diminished LD breakdown of
especially large-sized LDs in sams-1 mutants. Moreover, sams-1 mutants displayed
a reduced body size and an impaired reproductive capability. Both, a reduced PC
availability and the inefficient liberation of fatty acids are supposed to contribute to
reduced growth and reproduction.

In summary, our data reveal a mechanism of how SAMS-1 deficiency mediates
increased fat storage through impaired PC synthesis, LD expansion, increased
lipogenesis and reduced lipolysis efficiency. We therefore conclude that synthesis of
the methyl group donor SAM is necessary to limit fat storage.




ZUSAMMENFASSUNG

Zusammenfassung

Lipidtropfen (LT) sind evolutiondr konservierte, vielseitige cytosolische Organellen.
Hauptfunktion der LT ist die kontrollierte Speicherung und Freisetzung von Lipiden.
Ziel dieser Arbeit war es, einen tieferen Einblick in den funktionellen Zusammenhang
zwischen LT-Gr6Be und Lipidhomdostase zu erlangen. Zu diesem Zweck wurde eine
S-adenosylmethioninsynthase (SAMS-1) defiziente Caenorhabditis elegans Mutante
isoliert, identifiziert und charakterisiert, die sich durch die Auspragung stark
vergréBerter LT auszeichnet. SAMS-1 gehért zu einer Familie evolutionar
konservierter Enzyme, die die Synthese von S-adenosylmethionin (SAM)
katalysieren. SAM fungiert als der wichtigste Methylgruppendonor fiir eine Vielzahl
physiologischer Reaktionen. SAM-abhangige Methylierungen sind unter anderem fir
die Synthese von Phosphatidylcholin (PC) von quantitativer Bedeutung. PC stellt
eines der Hauptphospholipide biologischer Membranen dar. Die Synthese von PC ist
mit der Triacylglyceridsynthese gekoppelt. Beide Stoffwechselwege teilen
gemeinsame Substrate und unterliegen gleichen regulatorischen Mechanismen.
Diese Studie zeigt die Bedeutung von SAMS-1 fir die PC- und fir die
Triacylglyceridsynthese, und daB ein SAMS-Mangel in C. elegans zu einer
exzessiven Speicherung von Triacylglyceriden (TAG) fihrt.

Mithilfe von Duannschichtchromatographieverfahren konnte gezeigt werden, daB
sams-1 Mutanten zwar deutlich geringe PC Level besitzen, aber einen erhdhten
TAG-Anteil aufweisen. Genexpressionsanalysen haben gezeigt, daB zahlreiche
Gene der Lipogenese in sams-1 Mutanten hochreguliert sind und es wird vermutet,
daB dies zur verstarkten TAG-Synthese beitragt. Vitalfettfaroungen haben zudem
gezeigt, daB der erhéhte TAG-Anteil in sams-1 Mutanten in insgesamt wenigeren,
aber daflr deutlich gréBeren LT gespeichert wird. Eine VergréBerung der LT
verringert das Verhaltnis von Oberflaiche zu Volumen und bietet somit die
PC-sparsamste Form groBe Mengen Fett zu speichern. Andererseits bietet eine
geringere LT-Oberflache weniger Angriffsflache fir Lipasen. In Hungerexperimenten
konnte gezeigt werden, daB ein SAMS-1 Mangel in einer verminderten Hydrolyse von
TAG und einem reduzierten Abbau von insbesondere groBen LT resultiert. SAMS-1
defiziente Wurmer wiesen eine deutlich geringere KoérpergréBe und eine stark
reduzierte Anzahl an Nachkommen auf. Sowohl die die verminderte Verfligbarkeit
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von PC, als auch die ineffiziente Lipolyse tragen hdchstwahrscheinlich zu den
Beeintrachtigungen im Wachstum und in der Reproduktion bei.

Zusammenfassend konnte in dieser Arbeit gezeigt werden, daB eine SAMS-1
Defizienz zu einer verminderten PC Synthese, einer verstarkten Lipogenese, einer
VergrdBerung der LT und einer Verringerung der Lipolyseeffizienz beitragt, und daB
diese Mechanismen in einer exzessiven Fettspeicherung resultieren. Aufgrund dieser
Daten wird vermutet, daB die Synthese von SAM fir die Limitation der

Fettspeicherung von essentieller Bedeutung ist.




INTRODUCTION

1 Introduction

1.1 Lipid droplets are evolutionary conserved organelles important for
intracellular lipid homeostasis

Lipid droplets (LDs) are cytosolic organelles, which have been identified in a huge
number of species ranging from bacteria to humans [1-6]. In eukaryotic organisms,
LDs are present in most cell types. The structural characteristics of LDs are similar in
all species and cell types. LDs comprise a hydrophobic core, predominantly
composed of triacylglycerols (TAG) and sterol esters, and a phospholipid monolayer
surrounding the core. Phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
are the major surface phospholipids (PL) of LDs [7]. A high diversity of proteins is
embedded into the LD membrane or adherent to the LD surface [8, 9]. These include
structural proteins, like perilipin and CIDE proteins, which are critical regulators of
lipid storage and utilization [10-14], SNARE proteins that mediate vesicle fusion [15],
and key enzymes of PL and TAG synthesis [16-19]. The decoration of LDs with

structural and lipid metabolizing proteins is the basis for their versatile functions.

The most prominent and evolutionary conserved function of LDs is storage of neutral
lipids to regulate intracellular lipid homeostasis and to protect cells from lipotoxicity
[20-23]. Under conditions of lipid overload, cells respond by increasing the number or
the size of LDs to elevate lipid storage capacity [16, 24]. Contrary, during times of
increased energy demand, including cell growth, dietary restriction or fasting, fatty
acids (FA) are effectively delivered from LDs [25]. These FA are used for $-oxidation,
biogenesis of membrane lipids and synthesis of lipoproteins, steroids and other lipid
mediators [26, 27]. Lipid hydrolysis is mediated by LD associated lipases, like
adipose triglyceride lipase (ATGL) [28-30]. Activation of these lipases depends on
regulatory proteins such as perilipin. In adipocytes, perilipin functions as barrier to
protect LDs from lipolysis under resting conditions. However, upon lipolytic
stimulation, perilipin is phosphorylated and promotes lipolysis by activating ATGL [31-
33]. The biological significance of LD associated lipases has been studied in mouse,
yeast, fly and nematodes using mutants that are deficient in their respective ATGL

homologs. These studies showed that inefficient lipolysis of LDs is associated with
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proteolytic stress on many organs, a delay in cell-cycle entry, embryonic lethality as
well as reduced motility and survival rates during starvation [34-37].

~
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Figure 1: Schematic depiction of structural and functional characteristics of
LDs. The neutral core of LDs is mainly composed of triacylglycerols and sterol
esters. The core is surrounded by a phospholipid monolayer. Diverse structural and
functional proteins cover the LD surface or are embedded within the LD membrane.
Storage of lipid esters builds an energetic reservoir and protects cells from lipotoxicity
(green box). In times of demand, lipids are hydrolyzed and free fatty acids are used
for various functions (yellow box). Transient sequestration of proteins modulates
availability according to systemic demand and protects from proteotoxicity (blue box).
Some pathogens use host LDs for their own survival (purple box). The figure was
adapted from Suzuki et al. [38].

1.2 Lipid droplets are versatile organelles important for temporal protein
storage

More recently, LDs have been implicated in various activities, which are not directly
related to lipid metabolism. For instance, LDs are sites for replication of pathogens.
Chlamydia trychomatis, the hepatitis C virus and the dengue virus effectively utilize
host LDs for growth and survival [39-44]. LDs are also transient storage sites for
proteins intended for degradation or hydrophobic proteins such as Apo B100 or
a-synuclein, a Parkinson's disease related protein. Thereby, LDs represent a

buffering system that protects cells from proteotoxicity, since hydrophobic proteins
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would aggregate in the aqueous environment [45-47]. Additionally, instead of being
removed by degradation, a subset of LD proteins is stored for future use. For
example, in D. melanogaster, histones are sequestered on embryonic LDs and they
are only released to enter the nucleus when histone demand is highest in
development [48]. Moreover, in the presence of bacterial lipopolysaccarides,
LD-associated histones are released from the LD surface and kill bacteria efficiently
in vitro and in vivo [49]. Structural and functional aspects of LDs are highlighted in

figure 1.

1.3 The biogenesis of lipid droplets is coupled to the synthesis of

phosphatidylcholine

PC is one of the major PLs composing the LD membrane [7]. Importance of proper
PC synthesis for LD formation arises from the observation that key enzymes of PC
biogenesis are present on the LD surface [16]. PC can be synthesized by each one
of three metabolic pathways: The Kennedy pathway, the Bremer-Greenberg pathway
and the PEAMT pathway (Figure 2). The presence and the relative importance of
each pathway differ from organism to organism and even from tissue to tissue in the
latter case [50]. The Kennedy pathway represents de novo PC synthesis and is
present in mammals, yeast, fungi, plants and nematodes [51-60]. Herein, free choline
is converted to PC via the intermediates phosphocholine and CDP-choline. Choline
kinase, @ CTP:phosphocholine cytidylyltransferase = (CCT) and  CDP:choline
diacylglycerol choline phosphotransferase (CPT) are the sequential enzymes
catalyzing the reactions of the Kennedy route [61, 62]. In the Bremer-Greenberg
pathway, PC is formed by three successive methylation steps of PE [63, 64].
Methylations are catalyzed by PE-methyltransferases (PEMTSs).
Monomethylphosphatidylethanolamine and dimethylphosphatidylethanolamine are
the intermediates of this route. Genes encoding PEMTs have been cloned from yeast
and from mammalian liver cells [65, 66]. In the PEAMT pathway
phosphoethanolamine methyltransferases (PEAMTs) catalyze the multiple
methylation of phosphoethanolamine to phosphocholine, thereby providing nearly all
of the metabolic flux into the Kennedy route. The PEAMT pathway was found in
plants and nematodes, including C. elegans [67-70]. Both, PEMTs (within the

Bremer-Greenberg route) as well as PEAMTs use SAM as methyl donor. Interruption
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of both, SAM synthesis and PC formation has been shown to influence LD size and
function [71-73].

= CDP-ethanolamine

PEAMT pathway
Aemyied Biaquaain-iawaig

sapojewsu pue sjueid
Mammals, yeast

————eep  CDP-choline

|

Mammals, yeast, fungi, bacteria, plants and nematodes
Choline ) < 2

Kennedy pathway

Figure 2: Biosynthesis of phosphatidylcholine in mammals, yeast, bacteria,
plants and nematodes. The three routes of PC synthesis are schematically
depicted. The Kennedy pathway is highlighted in orange, the Bremer-Greenberg
pathway is indicated in the green box and the PEAMT pathway is shown in blue. The
figure was modified from Palavalli et al. [70].

1.4 Basic aspects of lipid metabolism and lipid droplet size have been
unravelled in the model organism Caenorhabditis elegans

During the last decade, several genes involved in synthesis, storage and utilization of
lipids were identified in C. elegans and found to be highly conserved [74-76].
Moreover, conserved pathways regulating fat metabolism have been initially
described in C. elegans. Serotonin, insulin, TGF-B (transforming growth factor-) and
mTOR (mammalian target of rapamycin) signalling as well as nematode homologs for
the mammalian transcription factors SREBP and PPARa were uncovered to regulate
fat storage [77-85]. Moreover, novel microscopic techniques and staining methods
enable visualization of LDs throughout life cycle at single-cell resolution [86-89].
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Therefore, C. elegans has been established as a useful model to study basic aspects
of lipid metabolism.

C. elegans lacks a specialized adipose tissue, but it stores fat in LDs, mainly present
in its intestinal and hypodermal cells [5]. Both, mutant analysis and RNA interference
(RNAI) screens in C. elegans, revealed a couple of evolutionary conserved genes,
which are linked to LD size. Most of these genes encode proteins that participate in
lipid metabolism (Table 1). Loss of pept-1 abolishes intestinal proton-coupled peptide
transport accompanied by a higher uptake of FA that are deposited in enlarged LDs
[90, 91]. Increased intestinal uptake of FA, elevated de novo fat synthesis and
accumulation of enlarged LDs were also shown in acs-3 deficient mutants [92]. acs-3
encodes a long chain acyl-CoA synthetase and ACS-3 derived acyl-CoAs are
supposed to modulate the action of respective transcription factors, which regulate fat
uptake and metabolism [92].

Genes encoding proteins for lipid binding and transport are also involved in
determining LD size in C. elegans. Loss of acbp-1, encoding an acyl-CoA binding
protein, reduces total TAG levels and number of LDs, but leads to a dramatic
increase in the size of remaining LDs [93]. Ibp-5 encodes another lipid binding
protein. Ibp-5 knock-down increases TAG storage and concomitantly LD size by
reduced activation of the transcription factor NHR-49, due to defective transport of FA
as ligands into the nucleus [94]. NHR-49 is a C. elegans homolog for PPARa and LD
expansion was found in nhr-49 mutants, too [94]. The Krlppel-like transcription factor
3 is a further key regulator of fat metabolism in C. elegans and was associated with
excessive lipid deposition when mutated [95-97]. LD enlargement is also induced by
defective fatty acid breakdown. Loss of genes that mediate peroxisomal B-oxidation,
namely prx-10, maoc-1, dhs-28 and daf-22, results in TAG accumulation in expanded
LDs [98, 99]. In contrast, genes that mediate TAG synthesis, like acs-22 and dgat-2,
were shown to be necessary for LD expansion [18]. sams-1 and pmt-1 encode
SAMS-1 and PEAMT-1, respectively. Both proteins are involved in PC synthesis.
Loss of either sams-1 or pmt-1 has been shown to increase LD size in adult worms
[100, 101].
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Recently, Zhang et al. identified nine additional genes that contribute to LD size
[102]. RNAI inhibition of C05D11.7, mboa-7, dhs-16 and let-767 has been shown to
enlarge LDs in C. elegans. C05D11.7 represents an ortholog of the human
patatin-like phospholipase, which catalyzes the hydrolysis of TAG in the adipose
tissue [102]. mboa-7 encodes a membrane-bound acyltransferase and is required for
incorporation of polyunsaturated fatty acids into phosphatidylinositol [103]. DHS-16
was identified as novel 3-hydroxysteroid dehydrogenase that regulates the formation
of bile acid-like steroids called dafachronic acids [104]. let-767 encodes a
3-ketoacyl-CoA reductase required for the bulk production of monomethyl branched
and long chain fatty acids [105]. Interestingly, RNAi knock-down of Ipin-1, sptl-1,
acs-1, cyp-29A2 and fat-6 reduced the LD size, suggesting that these genes are
important for LD growth [102]. Ipin-1 and sptl-1 encode a putative phosphatidic acid
phosphatase and a putative serine palmitoyltransferase, respectively [106-109].
CYP-29A2 belongs to the cytochrome P450 family and ACS-1 (acyl-CoA synthetase)
mediates the incorporation of branched chain fatty acids into phospholipids [96, 110].
fat-6 encodes a palmitoyl-CoA specific A-9 fatty acid desaturase [111-114].

1.5 Aims of the study

In this study, a new C. elegans mutant was isolated, which is characterized by
enlarged lipid droplets. Aims of the present study were: (a) Identification of the
phenotype causing mutation by whole genome sequencing and SNP mapping; (b)
Characterization of LD size, LD number and LD distribution by fat staining methods
and 3D fluorescence microscopy; (c) Monitoring LD breakdown and lipolysis
efficiency under conditions of starvation; (d) Analysis of the lipid composition with
special attention to TAG and PL fractions by thin layer chromatography; (e)
Determination of development, growth and reproduction of the new mutant; (f)
Identification of differentially expressed genes in the mutant and the wild type by

comparative microarray analysis.
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Table 1: Genes contributing to lipid droplet size in Caenorhabditis elegans.

Gene name Gene ID LD size® metabolic process Reference
pept-1 K04E7.2 1 uptake of peptides from intestine [90, 91]
acs-3 T08B1.6 1 synthesis of long chain acyl CoA esters [92]
acbp-1 C44E4.6 1 binding and transport of acyl CoA esters [93]
1bp-5 Wo02D3.7 1 binding and transport of small lipophilic [94]
molecules
acs-22 D1009.1 1 synthesis of very long chain acyl CoA esters [18]
dgat-2 F59A1.10 1 triacylglycerol synthesis [18]
prx-10 C34E10.4 1 import of peroxisomal matrix proteins [98]
maoc-1 EO04F6.3 1 peroxisomal 3-oxidation [98]
dhs-28 MO3AS8.1 1 peroxisomal 3-oxidation [98, 99]
daf-22 Y57A10C.6 1 peroxisomal 3-oxidation [98, 99]
nhr-49 K10C3.6 1 transcription factor, regulating fat metabolism [94]
kif-3 F54H5.4 1 transcription factor, regulating fat metabolism [95-97]
sams-1 C49F5.1 T synthesis of S-adenosylmethionine; [100, 101]
phosphatidylcholine synthesis
pmt-1 ZK622.3 1 phosphatidylcholine synthesis [101]
Co5D11.7 1 glycerolipid metabolism [102]
mboa-7 F14F3.3 1 phosphatidylinositol synthesis [103]
dhs-16 C10F3.2 1 short chain dehydrogenase [104]
let-767 C56G2.6 1 fatty acid metabolism [105]
Ipin-1 H37A05.1 ! synthesis of triacylglycerol and phospholipids  [107, 108]
sptl-1 C23H3.4 l sphingolipid metabolism [109]
acs-1 F46E10.1 l fatty acid metabolism [96, 110]
cyp-29A2 T19B10.1 l arachidonic acid metabolism [102]
fat-6 VZK822L.1 l A-9 fatty acid desaturase [111-114]

2 LD size after inhibition of gene function with exception of dgat-2 and acs-22, which
are necessary for LD expansion.
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2 Materials and Methods

2.1 Worm strains and culture

Bristol N2 and Hawaiian CB4856 were a gift from Ralf Schnabel (Developmental
Genetics, TU Braunschweig, Germany). sams-1(0k3033) and VS20(hjls67) were
obtained from the Caenorhabditis Genetics Center (Minneapolis, MN, USA).
sams-1(t5669) was isolated from an EMS mutagenesis screen (section 2.2).
Nematodes were cultured on Nematode Growth Medium (NGM) agar plates seeded
with Escherichia coli var. OP50 as food source at 15°C. For all experiments gravid
adult worms were hypochlorite treated to obtain synchronized populations. In
general, culture and handling of worms were performed according to standard
protocols [115, 116].

2.2 EMS mutagenesis and isolation of the mutant sams-1(t5669)

In collaboration with the laboratory of Ralf Schnabel (Developmental Genetics, TU
Braunschweig, Germany), ethyl methanesulfonate (EMS) mutagenesis was
performed in accordance to Jorgensen & Mango [117]. Wild type N2 L4 larvae were
incubated in a EMS/ M9 buffer solution for 4 hr in a glass test tube. During incubation
larvae were shortly spun on a vortexer in an interval of 15 min. Larvae were washed
by eight cycles of sedimentation through 1 ml M9 buffer in a glass test tube and were
transferred to NGM plates thereafter. After a recovery period of three hours at 15°C,
EMS exposed L4 larvae were separated to 25-30 worms per plate by picking.
Up-growing heterozygous progenies (Fi) were separated from Py worms by picking
them on fresh plates (25-30 F; larvae/ plate). Using large particle flow cytometry
(COPAS Biosort system, Union Biometra), their ensuing homozygous progeny (F2)
was dispensed in separate wells of 96-well plates. Therein, singled Fo worms were
cultured in liquid medium (for recipe see [118]) until screening for
temperature-sensitive embryonic lethal mutant lines. By accident, mutant strain
sams-1(t5669) was isolated, because the embryos of this strain contained large
vacuoles. This phenotype was considered as interesting. Temperature-sensitivity of
this strain could not be verified, but large vacuoles in sams-1(t5669) embryos were

observed during further analysis.
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2.3 Strategy of mutant identification

In the first instance, sams-1(t5669) was outcrossed with N2 to reduce background
mutations (section 2.4). After that, sams-1(t5669) was crossed with polymorphic
Hawaiian strain CB4856 (section 2.5). F, progenies carrying the “vacuole” phenotype
represented recombinants between Hawaiian and Bristol N2 chromosomes. The
progenies (F3 and subsequent generations) of 45 F, recombinants were used to
generate a recombinant DNA pool (section 2.6). This DNA pool was subjected to the
one-step Whole Genome Sequencing and SNP mapping (WGS/ SNP mapping)
procedure [119] (section 2.7). In parallel, traditional SNP mapping was performed.
The recombinant DNA pool was used for chromosome mapping to identify the
mutation bearing chromosome (section 2.8). Individual recombinant lines were used
for interval mapping to locate the mutation between to snip-SNPs on the X
chromosome (section 2.9). By both, one-step WGS/ SNP mapping and traditional
SNP mapping, the mutation was located to the chromosomal region X: 11-12 Mb.

Moreover, by use of WGS data, the mutation could be identified as C—T transition in

the sams-1 gene. Verification of sams-1 as mutation bearing gene was done by
genetic complementation testing (section 2.10) The C—T transition was verified by
sequencing of an amplified genomic PCR product that includes the postulated
mutation site (section 2.11) and subsequent restriction fragment length polymorphism
(RFLP) analysis (section 2.12). An overview is given in figure 3.
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Figure 3: Overview of methods used for mutant identification. A schematic
representation of methods that have been used for location, identification and
verification of the phenotype causing mutation in sams-1(t5669) mutants is shown.
Abbr.: EMS = ethyl methanesulfonate; gDNA = genomic DNA; WGS = whole genome
sequencing.

2.4 Outcrossing of sams-1(t5669) with wild type N2

To reduce background mutations, the mutant strain sams-1(t5669) was crossed with
wild type N2. Single sams-1(t5669) L4 hermaphrodites where placed on small NGM
plates (3.5 cm in diameter) together with 4 N2 males. F{ generation was scored for
male frequency to ensure cross-fertilization. Individual Fy cross-progenies were
separated on small plates and allowed to self-fertilize. Fo individuals carrying the
droplet phenotype were singled and their progenies were used for a further crossing
with N2 males. In total, sams-1(t5669) was outcrossed five times. The outcrossed
sams-1(t5669) mutant was used for phenotypic analysis.
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2.5 Crossing of sams-1(t5669) with the Hawaiian strain CB4856

For mutant mapping, the sams-1(t5669) mutant was crossed with males of the
polymorphic Hawaiian strain CB4856 by analogy to outcrosses with N2. F;
cross-progenies were singled onto 6 cm NGM plates. In a total, 45 F, recombinants
carrying the droplet phenotype were singled and allowed to self-fertilize. The 45
recombinant lines were used for one-step WGS/ SNP mapping (section 2.7) as well

as for traditional chromosome (section 2.8) and interval mapping (section 2.9)

2.6 Isolation of genomic DNA

One-step WGS/ SNP mapping and traditional chromosome SNP mapping required
genomic DNA of pooled recombinant lines. Therefore, pooled progenies of the 45 F»
recombinants were washed with M9 buffer three times. To remove the food in the
gut, worms were incubated in M9 buffer on a nutator mixer for 2 hr. After three
additional washing steps worms were centrifuged at 3153 rpm for 2 min and as much
as possible M9 was removed without disturbing the worm pellet. The worm pool was
stored at -80°C overnight (http://hobertlab.org/wp-
content/uploads/2013/02/Worm_Genomic_DNA_Prep.pdf). Finally, the Gentra
Puregene Tissue Kit was used for isolation of genomic DNA according to
manufactures instructions (protocol: DNA Purification From Tissue; QIAGEN, Hilden,
Germany). Additionally, DNA solution was subjected to phenol extraction followed by
ethanol precipitation to increase purity of DNA. Quality and yield of the extracted
DNA were assessed spectrophotometrically (BioPhotometer, Eppendorf, Hamburg,
Germany).

2.7 One-step WGS/ SNP mapping

For combined mutant mapping and mutant identification the genomic DNA of pooled
recombinants (20 ng/ul) was subjected to the one-step WGS/ SNP mapping
procedure [119]. Sequencing was done on an lllumina GA2 sequencing platform. The
WGS dataset was analyzed wusing the CloudMap software pipeline
(http://usegalaxy.org/cloudmap) [120]. Accordingly, the genome of the N2 strain used
for mutational generation of sams-1(t5669) was sequenced, thereby providing the
genuine mutational background of sams-1(t5669). WGS/ SNP mapping procedure
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and data analysis were carried out by the Oliver Hobert laboratory (Department of
Biochemistry & Molecular Biophysics, Columbia University, New York, USA).
Sequences were aligned to the WS220 release of the C. elegans genome.

2.8 Traditional chromosome mapping

For chromosome mapping, pooled DNA of sams-1(t5669) recombinants as well as
wild type N2 and CB4856 reference DNA templates were used. Preparation of
reference templates was done as follows: 20 N2 worms and 20 CB4856 animals
were picked in separate 0.2 ml tubes, containing 20 pl single-worm-lysis buffer
(50 MM KCL, 10 mM Tris-HCL pH 8.3, 25 mM MgCl,, 0.45% NP-40, 0.45 %
Tween20, 0.01 % gelatine, 0.2 mg/ml Proteinase K). Worms were lysed by freezing
in liquid nitrogen for 30 min and incubation at 65°C for 1 h in a thermocycler.
Proteinase K was inactivated by incubation at 95°C for 15 min. N2, CB4856 and
recombinant {5669 DNA templates were added in a volume of 1 pl to a PCR master
mix, containing 12.5 pl MangoMix™ (Bioline, Luckenwalde, Germany), 10.5 pl water
and 1 pl primer pair (0.5 pl each primer). For each chromosome, three primer pairs
were used that enabled amplification of snip-SNP regions at the end of both arms
and in the central region of a chromosome, respectively (Table S2). Amplification of
PCR products was done in a thermocycler using the following cycling conditions:
2 min 95°C; 30 sec 95°C, 30 sec 54°C, 90 sec 72°C (35x). PCR products were
digested with the respective restriction enzyme (Fermentas Life Science) at 37°C
overnight (Table S2). Digestion reactions comprised 1.5 pl 10x enzyme buffer, 6 pl
water, 0.1 pl restriction enzyme and 7.5 pl PCR product. Samples were loaded on a
2 % agarose gel (SeaKem® LE agarose, Biozym®, Hessisch Oldendorf, Germany),
containing ethidium bromide (5 pl/ 50 ml gel). After electrophoresis, gels were
visualized with the Alphaimager HP (Biozym, Hessisch Oldendorf, Germany).

2.9 Traditional interval mapping

For interval mapping, single-worm-lysates for each of the 45 recombinant lines were
prepared according to the preparation of N2 and CB4856 reference DNA templates
(section 2.8). All recombinants were analyzed for 21 snip-SNPs along the entire X
chromosome. Amplification and restriction of the PCR products as well as digestion
and gel electrophoresis were done according to chromosome mapping. Each
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snip-SNP loci was scored for frequency of CB4856 alleles. Snip-SNP loci showing
only N2 alleles were considered as mutation bearing region. A complete list of
primers used for interval mapping is given in table S2. Primer designs used for
chromosome and interval mapping derived from Davis et al. [121], from the C.
elegans Single Nucleotide Polymorphism Data base
(http://genome.wustl.edu/services/c-elegans-snpdata) [122], and from Wormbase
Release 235.

2.10 Genetic complementation testing

To verify sams-1 as mutation bearing gene, a genetic complementation test was
performed. sams-1(t5669) L4 hermaphrodites were crossed with males of a known
sams-1 mutant (RB2240), harbouring a 480 bp deletion allele of sams-1 (0k3033).
Cross-fertilization was ensured by 50 % male frequency in the Fy generation. F;
cross progeny was examined for the occurrence of the droplet phenotype. Since both
sams-1 alleles are recessive, the presence of the droplet phenotype in heterozygous

Fy animals indicated that they fail to complement each other.

2.11 Sequencing of the postulated mutation site

To further verify the C—T transition at position 11966380 we amplified by PCR
742 bp of genomic sams-1(t5669) and N2 DNA that contained the loci of interest
within the sams-1 gene. Primers wused for the amplification were
CCTTTTCACCAGTGAATCTGTG and CCTTCTTGATAACATCAGCGAG (figure S2).
PCR products were purified by gel electrophoresis using a 1.2 % low melting agarose
gel (NuSieve® GTG® agarose, Biozym®, Hessisch Oldendorf, Germany). A gel
extraction kit (GENAXXON, Ulm, Germany) was used to extract DNA fragments from
the gel according to manufactures instructions. Quality and yield of the extracted
DNA were assessed spectrophotometrically (BioPhotometer, Eppendorf, Hamburg,
Germany). Sequencing was done by Eurofins MWG Operon using the value read

service.
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2.12 RFLP analysis

PCR products were also used for RFLP analysis, since C—T transition at position
X: 11966380 alters the recognition site of the restriction enzyme Fnu4HI (Figure 1C).
Digestion reactions comprised 1.5 pl 10x FastDigest reaction buffer, 6 ul water, 0.1 pl
FastDigest® Fnu4H| (Fermentas Life Science, Ulm, Germany) and 7.5ul PCR
product and were incubated at 37°C for 10 min. DNA fragments were separated by
gel electrophoresis (2 % agarose gel). Allele-specific restriction was visualized with
the Alphaimager HP.

2.13 Analysis of body size

Parameters of body size were determined in L4 larvae and five-day-old adults,
respectively. TOF (time of flight) and extinction (EXT), determined by large particle
flow cytometry using the COPAS Biosort system, were used as approximate values
for length and volume of the worms, respectively [86]. 2000 to 4000 individual
animals were analyzed for each strain and developmental stage in at least three
independent experiments. Based on analysis of microscopic images, body volume of
the worms was calculated from area and perimeter using an adapted cylinder volume
formula [123, 124]. Worms were imaged by the bright field optics of a Zeiss SteREO
Discovery.V8 microscope (Achromat S 1,5x FWD 28 mm objective; 8x manual
zoom), fitted with a AxioCam ICc 1 (Zeiss). Area and perimeter were determined by
encircling worms with the AxioVision software (release 4.8, Zeiss, Jena, Germany).
At least 10 worms per strain, developmental stage and experiment were analyzed.
The experiment was repeated twice.

2.14 Determination of hatching rates and number of progenies

To determine hatching rate, L4 larvae of each strain were individualized on single
small NGM agar plates (3.5 cm in diameter) and cultivated until they laid the first ~50
eggs. A total number of at least 30 freshly laid eggs per worm were picked on new
small NGM agar plates and analysed for hatching. Hatched F4 larvae were scored at
the late L2/ early L3 stage. Hatching rate was expressed as percentage of hatched
F+ larvae from the total number of eggs that were analyzed per worm. Ten worms per

strain were analyzed in two individual experiments, respectively. To determine the
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number of progenies, L4 larvae (Po) of each strain were individualized on single small
NGM agar plates and screened for viable progenies during entire reproductive phase.
To prevent an intermixture of Fy and F» progenies adult P, worms were transferred to
fresh plates in an interval of 48 h (N2) or 72 h (sams-1 mutants). Viable F; progenies
were scored at the L4 stage. For each strain 10 individual worms were analyzed in

two independent experiments.

2.15 Lipid extraction for phospholipid and triacylglycerol quantification via
thin-layer chromatography

Hypochlorite treated worms were grown until they reached the fourth larval stage (N2
after 94 hr; sams-1(t5669) after 122 hr; sams-1(0k3033) after 140 hr) and the fifth
day of adulthood (N2 after 216 hr; sams-1(t5669) after 260 hr; sams-1(0k3033) after
280 hr), respectively. Worms were washed three times with M9 buffer prior sample
collection via COPAS Biosort flow cytometry. Samples comprised 3000 (N2) and
4000 (sams-1 mutants) worms for lipid analysis at the L4 stage. For lipid analysis of
five-day-old adult nematodes 1000 (N2) and 1500 (sams-1 mutants) animals were
collected. Samples were adjusted to a volume of 50 ul and stored at -80°C until
further processing. Lipids were extracted using methyl-tert-butyl ether (MTBE)
extraction according to the protocol of Matyash et al. [125]. Briefly, 375 ul MeOH
were added to thawed samples. After homogenization with a bead-beating
homogenizer (Precellys®24, Bertin Technologies, Montigny le Bretonneux, France;
glass beads; 3x30 sec, 6500 rpm), 1250 pl MTBE were added and the mixture was
incubated for 1 hr at room temperature on a rotator. Phase separation was induced
by addition of 312 pl distilled water, 10 min incubation on a rotator and centrifugation
(10 min, 14.000 rpm, 4°C). A defined volume of the upper (organic) phase was
splitted up into two equal portions, collected into tubes and dried by vacuum
centrifugation. Dried lipids were dissolved in 20 ul chloroform.

2.16 Separation and quantification of phospholipids and triacylglycerol using
thin-layer chromatography

The protocol for thin-layer chromatography (TLC) was recently described by our
group [126]. PL and TAG fractions were purified from the lipid extract by TLC.

Samples and standards were loaded on Polygram silica gel G pre-coated TLC sheets
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(Macherey-Nagel) in an equal volume of 5pul. For TAG purification, a trioleine
standard (Sigma Aldrich®, Steinheim, Germany; concentrations: 4; 2; 1; 0.5; 0.25;
0.125; 0.0625 pg trioleine/ yl) was used. TLC sheets were run in a 20:20:1
n-hexane/diethyl ether/formic acid solvent mixture. To determine total PL content, a
PL-mixture (Sigma Aldrich®, Steinheim, Germany; P3817; concentrations: 4; 2; 1;
0.5; 0.25; 0.125; 0.0625 pg PL mixture/ ul) and the TAG solvent mixture were used
as standard and mobile phase, respectively. For separated PC and PE analysis, TLC
plates were run in a 3:2:2:1 1-propanol/propionic acid/chloroform/water solvent
system. Lipid spots were stained for 20 seconds in a dip solution (10 % copper(ll)
sulphate, 8 % phosphor acid, 5% methanol, according to Lee et al. [127]) and heated
for 20 min at 150°C. Lipid spots were imaged with the Alphaimager HP at equal
exposure times of 20 seconds and analyzed by the FluorChem-software. The spot
denso tool was used to calculate the average pixel values of all standard and worm
sample spots and its respective backgrounds. Next, average pixel values for TAG
and PL standard spots were used to calculate a standard curve in GraphPad Prism 4
that enabled computation of TAG or PL content in C. elegans samples. For all

measurements at least three biological replicates were analyzed.

2.17 BODIPY™ 493/503 staining and fluorescence imaging

To visualize fat storage in eggs, synchronized L4 larvae and five-day-old adults, vital
BODIPY™ 493/503 (Invitrogen, Darmstadt, Germany) staining was performed as
previously described [86]. Briefly, freshly harvested worms were washed three times
with M9 buffer and incubated in 500 ul BODIPY™ 493/503 solution (6.7 pg/ul M9
buffer) for 20 min. After three M9 washing steps, worms were anesthetized in sodium
azide (2 %) for 2 min on ice, washed again and used immediately for microscopy. A
sufficient number of eggs for vital fat staining was derived from hypochlorite
treatment of gravid adults. BODIPY™ 493/503 fluorescence was visualized using a
Axio Imager.Z1 microscope equipped with a 38 HE filter (excitation: BP 470/40,
beamsplitter: FT 495, emission: BP 525/50) and coupled with an apotome sectioning
system (ApoTome.2, Zeiss). Single plane images of whole eggs as well as the
anterior and the posterior intestine of worms were captured by a AxioCam MRm

(Zeiss) at indicated magnification.
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2.18 Colocalization experiments

sams-1(t5669) mutants were crossed with males of VS20 (hjls67), expressing an
ATGL-1::GFP fusion protein [atgl-1p::atgl-1::GFP]. F, progenies showing the vacuole
phenotype as well as GFP fluorescence were used for colocalization studies.
Therefore, sams-1(t5669);atgl-1p::atgl-1::gfo worms were vitally stained with
LipidToxRed (1:200; Invitrogene) analogously to vital BODIPY 493/505™ staining.
GFP fluorescence was visualized using filter 38HE (excitation BP 470/40; beam
splitter FT 495; emmision BP 525/50). LipidToxRed fluorescence was visualized with
a 43HE filter (excitation BP 550/25; beam splitter FT 570; emmision BP605/70)
Images were captured with an AxioObserver.D1 inverted microscope, equipped with

an EC Plan-Neoluar 63x/1.25 oil objective and a AxioCam MRm Rev.2 camera.

2.19 Design of starvation experiments

For starvation experiments, hypochlorite synchronized worms were grown on NGM
agar plates until the L4 stage, before they were harvested and washed three times
with M9 buffer. As control group (0 hr starvation), one third of each population was
immediately collected in 0.5 ml tubes in samples of 3000 worms by COPAS Biosort
flow cytometry and stored at -80°C until further processing. For starvation, residual
worms of each population were splitted up into two portions and cultivated in M9
buffer, supplemented with an antibiotic (dilution: 1:100, Cell Culture Guard,
AppliChem), in 15 ml falcon tubes on a nutator mixer. After 24 hr and 48 hr, the
respective starvation groups were collected analogously to control samples. Samples
were used for colorimetric TAG and protein quantification (section 2.20). An alliquot
of worms for each starvation condition (0 hr, 24 hr and 48 hr of starvation) was
separated and used for fixative lipid staining to analyse number and size of lipid
droplets (section 2.21).

2.20 Quantification of triacylglycerol and protein level using colorimetric
assays

For worm lysis, samples were suspended in 100 pl NET buffer (50 mM Tris pH 7.5,
150 MM NaCl, 1 mM EDTA ph 8.0, 0.5% CHAPS) and homogenized with the
Precellys®24 (1.4 mm ceramic beads; 1x6500 rpm). By centrifugation (20 min;

14.000 rpm; 4°C) cell debris was pelleted. Supernatants were transferred to new
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tubes and used for colorimetric assays. The TAG content was determined using an
enzymatic assay kit (Analyticon diagnostic, Lichtenfels, Germany) with a separate
TAG standard (BioCat, Heidelberg, Germany) according to manufactures
instructions. A Bicinchoninic acid (BCA) assay kit (Pierce protein assay kit, Thermo
Fisher Scientific Inc., Rockford, USA) and BSA as standard were used for protein
quantification. Three biological replicates for each strain and each condition were

analyzed as duplicate for TAG and protein determination, respectively.

2.21 Analysis of number and size of lipid droplets

To determine number and size of lipid droplets in response to starvation, a
BODIPY™ 493/503 fixative staining of ad libitum and starved L4 larvae (see section
2.19 for experimental design) was performed as previously described [86]. Briefly,
freshly harvested worms were washed with M9 and fixed in 4 % paraformaldehyde
solution for 15 min. After three freeze/thaw cycles in liquid nitrogen worms were
washed again to remove paraformaldehyde and were incubated in
BODIPY™ 493/503 staining solution (1 pg/ul) for 1 hr, followed by three final washing
steps. BODIPY™ 493/503 positive lipid droplets in the anterior and in the posterior
intestine were imaged by 3D fluorescence microscopy using the Axio Imager.Z1
microscope and a plan-apochromat 40x/1.3 oil-immersion objective. The apotome
sectioning system was used to collect z-stacks with a step size of 1 um. Z-stacks
comprised 10 to 25 plane images (format: 223x168 um; 692x520 pixel) depending
on strain and developmental stage. Images were captured using a AxioCam MRm
(Zeiss). The Imaged software (version 1.47h) and the 3D object counter plugin [128,
129] were used to analyze z-stacks. BODIPY™ 493/503 positive structures were
automatically identified by adaptive thresholding and the volume of each droplet was
evaluated by summing up the voxels per droplet. Further calculations of total lipid
droplet number, mean lipid droplet size and total lipid droplet volume were performed
using Microsoft Excel (version 2003). From three independent experiments at least
10 images per strain, region and developmental stage were analyzed.
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2.22 Determination of surviving rates of worms exposed to arsenite and

osmotic stress

Synchronized L4 worms were transferred to small NGM agar plates containing 4mM
sodium arsenite (Sigma Aldrich®, Steinheim, Germany). Worms transferred to
standard NGM agar plates were used as control. Each experiment comprised three
stress and control plates, respectively. Per plate 10 worms were cultivated. To
calculate the survival rate, worms were scored for viability after 24 h of sodium
arsenite exposure. A worm was scored as dead when it did not respond to a
mechanical stimulus. The experiment was performed three times. RNAi against
sams-1 and gcs-1 was used as internal control. Therefore, N2 worms were fed
individual E. coli strains expressing the respective target-gene dsRNA. RNAi E. coli
strains were derived from the Ahringer RNAI library [130]. To induce gene knockdown
in worms, RNAI bacteria were grown in LB media containing 50 pg/ml ampicillin and
5 ug/ml tetracycline and seeded on RNAI plates (NGM supplemented with 50 pg/ml
ampicillin and 2.5 mM IPTG). Eggs were scattered on the RNAI plates and allowed to
develop. At the L4 stage RNAi-construct fed worms were transferred to
RNAi/+sodium arsenite and RNAi/-sodium arsenite plates and scored for viability
analogously to RNAi-untreated worms.

For osmotic stress tests synchronized L4 larvae were placed on high-salt plates
(500 mM NaCl). Worms placed on regular NGM plates (50 mM NaCl) were used as
control. On each plate 10 animals were cultivated and analyzed. Nematodes were
scored for viability and for reduction of body volume in a time dependent manner.
Viability was assayed until the last worm died. Again, a worm was scored as dead
when it did not respond to a mechanical stimulus. To determine body volume,
individual worms were photographed after 0.5, 2 and 5 hr. Photography, image
analysis and body volume calculation were performed as described in section 2.13.
In three independent experiments stress and control plates were analyzed as
triplicate. For both, oxidative and osmotic stress tests, plates were prepared with a
palmitic acid ring (2 %, dissolved in absolute ethanol) to prevent worms escaping
from the plates [131].
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2.23 Total RNA isolation and whole genome gene expression analysis

1000 to 2000 synchronized L4 larvae and 2000 to 3500 five-day-old adult worms
were harvested, washed three times with M9 buffer and resuspended in 350 ul RLT
buffer (RNeasy Mini Kit, QIAGEN, Hilden, Germany), respectively. Worm
homogenization was performed with the Precellys®24 and by additional disruption
using QlAshredder spin columns (QIAGEN, Hilden, Germany). The RNAeasy Mini Kit
was used for total RNA isolation, including on-column DNA digestion (RNase-free
DNase Set; QIAGEN, Hilden, Germany) according to manufactures instructions.
Quality and yield of the extracted RNA were assessed spectrophotometrically
(BioPhotometer, Eppendorf, Hamburg, Germany). Labeling, hybridization and
processing of cRNA was generated by Source BioScience (imaGenes, Berlin,
Germany). A customized Agilent gene expression microaray, containing 61643
oligos, was used. After quantile normalization each data set contained gene
expression values of 26843 genes. Gene expression data were derived from three
biological replicates of L4 larvae and five-day-old adults, respectively. Fold changes
of expression intensities were calculated from the average gene expression value of
each gene and represent the mutant to wild type ratio. Significance analysis was
performed using an unpaired t-test with unequal variance. P-values > 0.05 were

considered as not significant.

2.24 Statistical analysis

Statistical analysis was performed with Microsoft Excel (2003) and GraphPad Prism
(Version 4.0). Significances were calculated using unpaired two-tailed t-test. Welch's
correction was used if variances were different. Differences were considered
statistically significant at p<0.05 (*), p<0.01 (**) and p<0.001 (***).
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3 Results

3.1 Identification of the sams-1(t5669) mutant showing enlarged vacuoles in
the embryo

From a collection of C. elegans mutants isolated from a temperature-sensitive
embryonic lethal screen, we accidentally identified a mutant strain (t5669) showing
enlarged vacuoles in the embryo (Figure 4A). Whole genome sequencing of the
mutant combined with SNP mapping revealed a point mutation in the
S-adenosylmethionine synthetase 1 (sams-1) gene (Figure S1; table S1-S2). At
position X: 11966380 cytosine is exchanged by thymine resulting in the amino acid
change A105V in SAMS-1 (Figure 4B; 5A). Sanger sequencing and RFLP analysis of
an amplified genomic PCR fragment confirmed the C—T transition in the sams-1
gene (Figure 4C, figure S2).

Fnu4HI restriction site:
A sams-1(t5669) C v
5"...GAAATT GC T,GC CGGAGT...3’
B 11966000 11966500 11967000
X: «— } } t t i } } } } i i i —>

o~ N>

WT: CTTGAGCAACAATCTCCAGAAATTGCTGCCGGAGTTCACGTCAACAAGGA
sams-1(t5669): CTTGAGCAACAATCTCCAGAAATTGTTGCCGGAGTTCACGTCAACAAGGA

Figure 4: ldentification of a putative loss-of-function mutation in sams-1 in
C. elegans. (A) Enlarged embryonic vacuoles in the C. elegans mutant
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sams-1(t5669), isolated from an EMS mutagenesis screen. (B) Genomic structure of
the C. elegans sams-1 gene. Exons and introns are depicted as boxes and lines,
respectively. WGS and SNP mapping revealed a cytosine to thymine transition in the
third exon. 50 bp sequences harbouring the mutation site of wild type and
sams-1(t5669) genomes are shown. Exchanged bases are highlighted with a yellow
bar. (C) The C—T change was verified by RFLP analysis. C—T change alters
Fnu4HI recognition site (red dotted line in B, red letters in (C) in sams-1(t5669). The
restriction site is marked by black triangles. Wild type and sams-1(t5669) restriction
fragments are shown.

Next, the sams-1(t5669) mutant was crossed five times against wild type N2. The
mutant was found to behave as simple Mendelian recessive. The embryonic enlarged
vacuoles of the mutant segregated with the C—T mutation in sams-1. Hemizygous
sams-1(t5669) mutant males also showed enlarged vacuoles. Based on the vacuolar
phenotype, complementation testing between the sams-1(t5669) allele and a 480 bp
deletion allele of sams-1 (0k3033) revealed no intragenic complementation. Thus, we
conclude that the C—T transition in the sams-1 gene is the phenotype causing

mutation and impairs the function of SAMS-1.

3.2 In silico analysis predicts an impairment of protein function due to A105V
substitution in SAMS-1

Database search revealed that SAMS-1 is evolutionary conserved and contains three
protein domains. The conserved alanine, at position 105, lies between the N-terminal
domain and the central domain of SAMS-1 (Figure 5A). Algorithms based on
sequence alignments predicted that A105V substitution in SAMS-1 causes an
impairment of the enzyme function (Figure 5B). Algorithms based on physiochemical
properties of exchanged amino acids or structural and functional protein features
predicted no or moderate impact of A105V substitution on SAMS-1 function
(Figure 5B). By use of the online prediction tool HOPE, a 3D structure model of
SAMS-1 was built on the basis of structure homology to the a-subunit of human
methionine adenosyltransferase MAT2 (PDB entry 2P02) [132]. This structure model
shows that the substitution site lies within an a-helix (Figure 5C). Since the
substituted amino acid valine does not prefer helices as secondary structure, this
model indicates reduced SAMS-1 activity due to local instability [133].
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A A105V

1 50 100 150 200 250 300 350 403
1 1 1 1

S-adenosylmethionine
synthetase, N-terminal
!

5669 66 YQVLVRRVIEKIGFTDSSIGFDHKTCNVLVALEQQSPE GVHVNKDGE 115

C. elegans 66 YQVLVRRVIEKIGFTDSSIGFDHKTCNVLVALEQQSPE GVHVNKDGE 115
H. sapiens 79 YORVVRDTIKHIGYDDSAKGFDFKTCNVLVALEQQSPD CVHLDRNEE 128
M. musculus 80 YORVVRDTIKHIGYDDSAKGFDFKTCNVLVALEQQSPD CVHLDRNEE 129
D. melanogaster 90 YOKVVRETVQHIGYDDSSKGFDFKTCNVLLALDQQSPE GVHVNRAEE 139
S. cerevisiae 66 YOKIVRDTIKKIGYDDSAKGFDYKTCNVLVAIEQQSPD GVHEEKDLE 115
*k  kk *k  kk  kkk Kkkkkkkhkkk kkkk kk  kk *
algorithm | Score Range predicted impact on
(tolerant — intolerant) | protein function

Grantham 64 moderately

Score * D=7 conservative

MutPred = | p>0,05 P-values no impact

,': S,!‘!ﬁm" T 0-1 benign

SIFT = 0,00 1-0 intolerant

Mutation 4,68 A

assessor *** <-5-25 high impact

Figure 5: In silico analysis of SAMS-1. (A) Structure of the C. elegans SAMS-1
protein. The A105V substitution, found in the sams-1(t5669) mutant, is depicted. The
three functional domains of SAMS-1 are marked by blue boxes. Multiple sequence
alignment of distinct SAMS-1 species is shown. (B) Different web based tools were
used to predict the impact of A105V substitution on function and structure of
SAMS-1. Predictions based on: *physiochemical properties of exchanged amino
acids; **probability of impairment of structural and functional protein features;
***evolutionary conservation. (C) Model of SAMS-1 crystal structure, prepared by
HOPE. The A105V substitution site is shown in magenta in the total view and in red
in the detailed view.

3.3 Vulnerability to arsenite, a glutathione-depleting agent, is similar in
sams-1(t5669) mutants, sams-1(RNAi) worms and sams-1(0k3033)
mutants

To provide further evidence for impaired protein activity due to the A105V substitution
in SAMS-1, we performed arsenite-treatment experiments. Arsenite is a
GSH-depleting agent. To detoxify inorganic arsenicals, GSH is used to form stable
GSH-arsenic conjugates, which can be discarded from the organism [134]. In this
way, clearance of arsenite also depletes GSH level, if GSH synthesis is disturbed.
SAM synthesis is linked to GSH formation by the transsulfuration pathway, which

converts homocysteine, the product of SAM-dependent transmethylation reactions, to
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cysteine, the limiting substrate in GSH synthesis. (Figure S3). It has been shown that
in liver ~50 % of cysteine used for GSH formation derives from homocysteine [135-
137]. Thus, defective SAM synthesis can lead to reduced amounts of homocysteine
and consequentially to a diminished GSH-forming capacity. Consequently, we
supposed that increased vulnerability to arsenite would indicate reduced SAM
synthesis and therefore impaired SAMS-1 function. To test this, we measured
mortality of sams-1(t5669) mutants in response to arsenite treatment. gcs-1(RNAI)
worms were used as positive control. gcs-1 encodes y-glutamylcysteine synthetase,
the key enzyme in GSH-formation. As expected, due to reduced GSH synthesis,
gcs-1(RNAI) worms were highly vulnerable to arsenite. They showed a survival rate
of only ~5 %. In contrast, wild type worms were only slightly affected by arsenite
treatment. Remarkably, only 5 % of the sams-1(t5669) mutants survived upon
arsenite exposure (Figure 6A). The impaired resistance of the sams-1(t5669) mutant
to arsenite stress seems to be rather specific because mutant worms showed neither
increased mortality nor impaired recovery of normal body volume under high osmotic
conditions (Figure 6B-C). Thus, these data indicate a reduced capacity to form GSH
in the sams-1(t5669) mutant.

To test if high vulnerability of the sams-1(t5669) mutant was indeed due to impaired
SAM synthesis and therefore due to impaired SAMS-1 function, we also determined
mortality of sams-1(RNAi) worms and sams-1(0k3033) mutants. The latter harbours a
480 bp deletion in the sams-1 gene. Indeed, also sams-1(RNAi) worms and
sams-1(0k3033) mutants showed increased vulnerability to arsenite. They exhibited a
survival rate of about 40 % and 10 %, respectively (Figure 6A). Thus, mortality of the
sams-1(t5669) mutant was comparable to that of gcs-1(RNAi) worms, and more
importantly, similar to that of sams-1(RNAi) worms and sams-1(0k3033) mutants.
Therefore, we supposed that the A105V substitution indeed impairs SAMS-1 function
in the sams-1(t5669) mutant. For further analysis, we have used the identified
sams-1(t5669) allele as well as the deletion allele sams-1(0k3033).
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Figure 6: Vulnerability of sams-1 mutants to arsenite and NaCl. (A) Survival rate
(% survivals) of wild type and sams-1 larvae cultured on 4mM sodium arsenite NGM
plates for 24 hr. Worms fed a gcs-7 RNAI construct were used as positive controls.
Survival rate (B) and time dependent changes in body volume (C) of wild type worms
and sams-1(t5669) mutants that were transferred to high salt NGM plates (500mM
NaCl) at the L4 stage. Bars (A) and data points (B-C) represent mean + SEM of three
independent experiments, each comprising 30 worms per strain. Significant
differences compared with wild types are indicated by asterisks and were calculated
by unpaired t-test (**p<0.01, ***p<0.001).

3.4 sams-1 adults but not sams-1 larvae show a reduced proportion of
phosphatidylcholine and an elevated triacylglycerol proportion

SAMS-1 catalyzes the formation of SAM, a major methyl donor required for many
biochemical reactions [138-141]. From a quantitative point of view, the synthesis of
PC consumes substantial amounts of SAM [142]. Therefore, we expected that the
synthesis of PC is impaired in sams-1 mutants. In C. elegans, PC is synthesized via
two pathways. The Kennedy pathway comprises the phosphorylation of choline to
phosphocholine, which is converted to PC via CDP-choline. An alternative route is
represented by the PEAMT pathway and involves the stepwise SAM-dependent
methylation of phosphoethanolamine to phosphocholine, which then enters the
Kennedy-route (Figure 2). It is also important to mention that diacylglycerol (DAG) is
a precursor for the synthesis of PC, PE and TAG. Thus, the syntheses of PC, PE and
TAG are interconnected. Thin layer chromatography based analysis of lipid extracts
revealed that the amount of PC, PE and TAG per worm is more than 2 fold reduced
in sams-1 L4 larvae compared to wild type larvae, respectively (Figure 7A). sams-1
adults exhibited up to 6 fold reduced amounts of PC. sams-1 PE and TAG amounts
were reduced 4.4 fold and 2 fold at the 5d ad stage, respectively (Figure 7B). Next,
the relative distribution of this three lipid classes was calculated. At the L4 stage, the
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relative proportions of TAG (~60 %), PC (~20 %) and PE (~20 %) were similar
between sams-1 mutants and wild type worms (Figure 7C). In adult wild type worms,
the proportions of these lipids were not changed. In contrast, sams-1 adults exhibited
a reduced PC fraction of about 8 % and an elevated TAG fraction of about 76 %. The
PE fraction was not substantially altered in sams-1 adults compared to wild type
(Figure 7D). Collectively, these data indicate a reduced level of PC and an

accumulation of TAG in sams-1 mutants.
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Figure 7: TLC analysis of TAG, PC and PE fractions of wild type worms and
sams-1 mutants. TAG, PC and PE levels were determined by total lipid extraction
from 2000 (WT) to 4000 (sams-1 mutants) worms and lipid separation by thin layer
chromatography. Amounts of TAG, PC and PE per worm (A, B) and their relative
proportions (C, D) in wild type worms and sams-1 mutants at fourth larval stage (A,
C) and when worm reached fifth day of adulthood (B, D). Bars represent
mean + SEM of 3 to 5 independent experiments. Significant differences were
analyzed between wild types and the respective sams-1 mutant using unpaired t-test
(*p<0.05, **p<0.01, ***p<0.001).
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3.5 sams-1 adults but not sams-1 larvae show higher expression of genes

involved in the synthesis of both phosphatidylcholine and triacylglycerol

To test whether a faulty lipid metabolism is coupled to altered gene expression, we
compared mMRNA steady-state levels of genes involved in metabolic pathways of PL
and TAG synthesis from wild types and sams-1 mutants. sams-1 larvae showed
essentially no altered expression of genes involved in PC synthesis (Figure 8A;
Table 2). In contrast, sams-1 adults showed higher expression of genes contributing
to both, the Kennedy pathway and the PEAMT route (Figure 8B; Table 2). In sams-1
adults, pmt-1 and pmt-2, SAM-dependent PEAMTs, were up-regulated more than
2 fold compared with wild type adults. sams-1 adults also exhibited 2 fold and 4 fold
elevated expression of cka-2 and ckb-2, respectively. These genes encode choline
kinases, which catalyze the formation of phosphocholine. Conversion of
phosphocholine to CDP-choline is catalyzed by CCT, the key enzyme in PC
formation encoded by pcyt-1. Adult sams-1 nematodes showed 2 fold higher
expression of pcyt-1. Finally, sams-1 adults also showed an ~4 fold up-regulation of
cept-1, which encodes CPT. CPT catalyzes the final step in PC synthesis. Thus,
higher expression of genes involved in PC synthesis may indicate a compensatory
response to reduced PC level in adult sams-1 mutants.

Analysis of gene expression data further revealed an up-regulation of several
lipogenic genes (Figure 8C; Table 2). sams-1 larvae as well as sams-1 adults
showed elevated expression of pod-2 and fasn-1 encoding an acetyl-CoA
carboxylase (ACC) and a fatty acid synthase (FASN), respectively. ACC catalyzes
the first step in de novo FA synthesis, providing malonyl CoA. Malonyl CoA is
subsequently stepwise elongated by FASN to form FA of distinct length. FA are
modified by desaturases and elongases that produce diverse unsaturated FA.
Remarkably, L4 larvae and adults of sams-1 mutants exhibited higher expression of
all seven fat genes encoding desaturases in C. elegans. By contrast, in most cases
increased expression of elongase encoding genes (elo) was restricted to adult
sams-1 nematodes. sams-1 adults but not sams-71 larvae exhibited a 4 fold up-
regulation of dgat-2. dgat-2 encodes a diacylglycerol acyltransferase (DGAT2), a key
enzyme in TAG synthesis. Recently, ACS-22, an acyl-CoA synthetase, has been
found to form a protein complex with DGAT2 to facilitate TAG formation [18].

Interestingly, acs-22 was also up-regulated (2.76 fold) in sams-1 adults
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(Figure 8B, C). Overall, gene expression data revealed increased expression of
several genes that contribute to FA and TAG synthesis, which indicates increased

lipogenesis in sams-1 mutants.
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Figure 8: Genes involved in PC synthesis and lipogenesis are differentially
expressed in wild types and sams-1 mutants. (A-B) Interconnected metabolic
pathways of PL and TAG synthesis and its respective genes. Differences in gene
expression between wild types and sams-1 mutants are represented by colour and
width of arrows. Red arrows represent an increased expression of respective genes

in sams-1 mutants compared with wild type worms: —1.5-2 fold; —2-3 fold;=%
>3 fold increased expression. Gene expression levels are compared at the L4 stage
(A) and at the 5d ad stage (B), respectively. (C) Expression level of lipogenic genes
are compared between wild type worms and sams-1 mutants at the L4 stage and at
the 5d ad stage. Genes, up-regulated in sams-1 mutants are shown in red,
down-regulated genes are shown in green. Fold changes of expression intensities
were calculated from the average gene expression value of each gene and represent
the mutant to wild type ratio. Gene expression data were derived from three
biological replicates of L4 larvae and five-day-old adults of wild type worms and
sams-1 mutants, respectively.
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Table 2: Expression level of genes involved in PL synthesis and lipogenesis
compared in wild type worms and sams-7 mutants.?

Fold change of regulation®

L4 5d

T .
FA synthesis
pod-2 W09B6.1 2.53 1.41 2.14* 1.27
fasn-1 F32H2.5 2.88" 1.37 1.38* 1.87
FA elongation
elo-1 F56H11.4 1.31* 1.04* 1.36" -1.05*
elo-2 F11E6.5 1.79 1.42* 5.16 2.34
elo-3 D2024.3 -1.27* -1.02* -1.15” -1.96
elo-4 C40H1.4 1.17* 1.11* -1.33" -1.35
elo-5 F41H10.7 1.20* 1.07* 4.29 2.19
elo-6 F41H10.8 1.29* 1.11* 2.49 1.56
elo-7 F56H11.3 -2.22 -1.69 5.46 2.67
elo-8 Y47D3A.30 -2.44* -3.85 -1.23* -1.11*
elo-9 Y53F4B.2 -3.70" -2.50" -1.41* -1.52*
FA desaturation
fat-1 Y67H2A.8 1.39 1.61 1.58 1.47
fat-2 W02A2.1 3.12 2.67 3.48 2.74
fat-3 Wo08D2.4 1.59 2.16 2.36” 3.24
fat-4 T13F2.1 2.15 2.03 1.61* 1.6
fat-5 Wo06D12.3 3.86 2.39" 4.55* 1.79
fat-6 VZK822L.1 1.94* 1.55* 3.22* 1.95
fat-7 F10D2.9 2.54* 2.53 12.44 3.24
TAG synthesis
R11F4.1.1 2.08* 2.94 -1.15 2.41
R11F4.1.2 2.09* 2.59 -1.39 1.76
acl-6 FO8F3.2a.1 -1.19* -1.54* -1.02* -1.45*
FO8F3.2a.2 -1.20 -1.45 -1.08* -1.54
acl-1 F59F4.4 1.01* 1.15* 1.62* -1.15*
acl-2 TO6ES8.1.1 1.32* 1.19* -1.01 -1.28
TO6ES8.1.2 1.18 1.09* -1.11 -1.47
Ipin-1 H37A05.1 2.57 1.46 1.92 1.39
dgat-2  F59A1.10 -1.03* 1.29* 4.09 1.98
acs-22 D1009.1 -1.10* 1.28 1.88 2.76
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Continued table 2

PE synthesis
ckc-1 T27A10.3

C39D10.3

Y37E3.11
F54D7.2
psd-1  B0361.5

PC synthesis
cka-1 C28D4.2

cka-2 C52B9.1
ckb-2 B0285.9
pmt-1 ZK622.3
pmt-2 F54D11.1
pcyt-1 F08C6.2
cept-1 F22E10.5
Synthesis of other PLs
pssy-1 ZC506.3
pssy-2 T27E9.5
C33H5.18
pisy-1  Y46G5A.5
Polyamine synthesis
odc-1 K11C4.4
smd-1 F47G4.7
spds-1  Y46G5A.19

-1.37
-1.08

1.30
1.20*

2.12

1.14*
1.23*
1.00*
1.51

1.26*
1.45
1.47

1.14*
-1.47

-1.14*
1.22

-1.82
1.37*
-1.79

-1.25
1.12*

12.23
-1.08*

1.49

-1.10*
1.48*
1.15*
1.03*

-1.06*

-1.03"

-1.02*

1.12*
-2.04
-1.20*
1.00*

-1.32
-1.64
-1.52

-1.15*
-1.09*

1.06
-1.01*

1.60

1.18
1.48
4.03
2.84*
3.17
2.01
4.39

1.43*
1.22
1.22
-1.15*

1.51*
1.1*
1.68

-1.43
1.20

5.84

-1.14*

1.27

-1.19
2.17
2.39
2.34
1.74
1.44
1.10

1.44
-1.85
-1.79
-1.37

4.99
-1.49
1.88

progenies

2 Gene expression is compared between wild type worms and sams-7 mutants at
the L4 stage and at the 5d ad stage. Fold-changes are understood between the
respective mutant and the wild type. A positive value indicates higher expression in
the mutant. A negative value indicates lower gene expression in the mutant. In this
case fold change was calculated as 1/ratio and a minus was added to the quotient.
Significance was determined using an unpaired t-test with unequal variance.
P-values > 0.05 were considered as not significant and marked by an asterisk.

3.6 sams-1 mutants exhibit a small body size and a reduced number of

Because PC is a major component of membranes and is therefore necessary for
growth and reproduction, we wanted to know, whether body size and fertility of
sams-1 mutants is reduced. Indeed, sams-1 mutants showed a significantly reduced
body size (Figure 9; figure S5). Microscopic analysis revealed that both, sams-1 L4

larvae and 5-day-old adults, showed a 1.5 fold reduction in body length compared
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with wild type worms (Figure 9A-B). Body width was also reduced 1.5 fold in sams-1
L4 larvae and 5-day-old adults, respectively (Figure 9C-D). Moreover, sams-1
mutants exhibited only 25 % of wild type volume at the L4 stage and the 5d ad stage,
respectively (Figure 9E-F). While nearly all wild type embryos hatched, sams-1
mutants actually exhibited a hatching rate of only ~75 % (Figure 9G). More
drastically, sams-1 nematodes produced only ~50 progenies whereas the number of
progenies in wild type worms was about 300 (Figure 9H). Together, body size and

number of progenies were markedly reduced in sams-1 mutants.

A 10004 C 50+ E 1.0+
800+ 40+ « 0.8
E
= * k% =3
§ 004 hEx § 304 okt il % 0.6
< £ £ o
—I 2 4004 3 204 2 0.4-
o E 5 *kk
S ook
200 10+ > 0.24
0« T 0~ T 0.0 T
O\ N ) ) ) 0
R o @g&?’ < \\‘,@P @0‘5‘5 < @Q’g @69’
N A & 6‘9:\@ A
P P ¢
® s LA ° &
B 2000+ D 1254 F 10
1600+ 1004 o 8
E
£ . k: ]
-8 5_ 1200+ *%%k . 5 75 *kk rhx e 6
£ £ x
o 2 35004 3 504 4
Te} § H g *k*k
4004 254 > od fak
0 T 0~ T 0< ]
o) N N N o)) N
& & F N & F @Q@
A ol AV © AV B
¢ & ¢ & Ny
o 4 2 o
g & & 5 s &
G 100+ H 250
*k%k
~ 804 *k 280+
Q o
g 60+ S 2104
k] 2
- o
@ 40+ 5 1404
§ £
2 20 2 704 *kk *k Kk
o T 0
< & ¢ $ & &
& © & ©
> A° A ©
] « g
9° 6@6\9 90 90(0

Figure 9: Body size, hatching rate and number of progenies of wild type worms
and sams-1 mutants. Body length (A-B), body width (C-D) and body volume (E-F) of
stage synchronized L4 (A, C, E) and 5-day-old adult (B, D, F) wild type worms and
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sams-1 mutants. Data were derived from analysis of bright-field microscopy images.
Images of 10 worms per strain and experiment were analyzed. (G) Hatching rates
represent the proportion of larvae that hatched from a defined number of laid eggs.
At least 30 freshly laid eggs per worm were analyzed for hatching. 10 worms per
strain and experiment were analyzed, respectively. (H) Counting viable L4 progenies
during entire reproductive phase revealed number of progenies per worm. 5 worms
per strain and experiment were analyzed, respectively. Each bar represents
mean £+ SEM of 2 independent experiments. Significance asterisks refer to
differences between wild type worms and the respective sams-1 mutant and were
determined by an unpaired t-test (***p<0.001, **p<00.1).

3.7 sams-1 mutants exhibit enlarged lipid droplets in embryos as well as in
the anterior and posterior intestine of L4 larvae and adults

TAG is stored in LDs, which are surrounded by a PL monolayer. PC and PE are the
most prominent PLs in LD membranes [7, 143, 144]. We supposed LD expansion in
sams-1 mutants because they are characterized by large embryonic vacuoles,
reduced levels of PC and elevated levels of TAG. To test this hypothesis, LDs were
visualized using 3D fluorescence imaging combined with our BODIPY™ 493/503
based vital fat staining method [86]. Large vacuoles present in sams-1 embryos were
indeed identified as LDs. Compared to wild type, in utero as well as ex utero embryos
of sams-1 mutants showed markedly increased LDs (Figure 10). Wild type L4 larvae
displayed fine dispersed small-sized LDs in the anterior and posterior intestine,
respectively (Figure 11A). In contrast, larvae of sams-1 mutants contained
large-sized LDs in both parts of the intestine (Figure 11B-C). At the 5d adult stage,
sams-1 nematodes formed enlarged intestinal LDs that dramatically differ from wild
type (Figure 12). The authenticity of LDs was confirmed by localization of
ATGL-1::GFP, a lipase-GFP fusion protein to mark LDs in C. elegans [98], to the
surface of LipidToxRed stained LDs in sams-1(t5669);atgl-1p::atgl-1::gfp animals
(Figure S6). Together, in sams-1 mutants, we found enlarged LDs in embryos as well
as in anterior and posterior intestine of L4 larvae and adults. Moreover, LD
enlargement is in agreement with elevated expression of lipogenic genes and the
increased TAG proportion found in sams-1 mutants. Thus, these observations
indicate SAMS-1 as contributor to LD size and fat storage.
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Figure 10: Lipid droplets in wild type and sams-1 embryos. Lipid droplets were visualized by vital BODIPY™ 493/503 staining.
(A-C) DIC images (upper panel) and BODIPY images (lower panel) of 12-cell embryos (left panel) and comma stage embryos (right
panel) of wild type worms (A) and the mutants sams-1(t5669) (B) and sams-1(0k3033) are shown. (A1-C1) For each strain a detailed
view of lipid droplets is shown in DIC optic (left panel), as BODIPY image (middle panel) and as merge (right panel). Scale bar
represents 20 um in full view images (A-C) and 2 um in the detailed view (A1-C1).
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Figure 11: Lipid droplets in wild type and sams-1 L4 larvae. Lipid droplets were visualized by vital BODIPY™ 493/503 staining.
(A-C) DIC images (upper panel) and BODIPY images (lower panel) of the anterior intestine (left panel) and the posterior intestine (right
panel) of wild type L4s (A) and larvae of the mutants sams-1(t5669) (B) and sams-1(0k3033) are shown. For each strain a detailed
view of lipid droplets in the anterior intestine (A1-C1) and in the posterior intestine (A2-C2) is shown in DIC optic (left panel), as

BODIPY image (middle panel) and as merge (right panel). Scale bar represents 50 um in full view images (A-C) and 10 pum in the
detailed view (A1-C1; A2-C2).
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Figure 12: Lipid droplets in 5-day-old wild type worms and sams-71 mutants. Lipid droplets were visualized by vital BODIPY™
493/503 staining. (A-C) DIC images (upper panel) and BODIPY images (lower panel) of the anterior intestine (left panel) and the
posterior intestine (right panel) of 5-day-old adult wild type worms (A) and the mutants sams-1(t5669) (B) and sams-1(0k3033) (C) are
shown. For each strain a detailed view of lipid droplets in the anterior intestine (A1-C1) and in the posterior intestine (A2-C2) is shown
in DIC optic (left panel), as BODIPY image (middle panel) and as merge (right panel). Scale bar represents 50 um in full view images
(A-C) and 10 pum in the detailed view (A1-C1; A2-C2).
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3.8 sams-1 larvae show a 2 fold enrichment of LDs that are = 5 pm? in size and
are located in the anterior and the posterior intestine

3D fluorescence imaging of fixative fat stained wild type and sams-1 larvae was used
to quantify size and number of LDs. Compared to wild type larvae, sams-1 larvae
displayed a reduced number of LDs in the anterior intestine (Figure 13A). The
number of LDs in the posterior intestine was similar between wild type and mutant
larvae (Figure 13B). The mean LD volume in both regions of intestine was about
2 fold higher in sams-1 larvae compared with wild type larvae (Figure 13C-D). Next,
proportions of LDs that were 0-2 pm®, 2-5 um?®, 5-10 pm®, 10-30 pm® and >30 um?® in
volume were calculated. Independent of the respective region of the intestine,
tiny-sized LDs (<2 um®) represented the largest fraction of all LDs in wild type as well
as in sams-1 larvae. Nevertheless, we found clear differences in the proportion of
large LDs (> 5 um?®) between wild type worms and sams-1 mutants. In wild type L4
larvae, we found that 11 % of anterior and posterior intestinal LDs are =5 um?® in
size, respectively (Figure 13E-F). In sams-1 L4 larvae, more than 20 % and 25 % of
all anterior and posterior intestinal LDs are =5pm® in size, respectively
(Figure 13E-F). Thus, compared to wild type larvae, sams-1 larvae showed a more
than 2 fold enrichment of large LDs (=5 um?®) in both, the anterior and the posterior

intestine. These data may indicate an increased fat storage capacity in sams-1

mutants.
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Figure 13: Total number and mean volume of lipid droplets in wild type and
sams-1 L4 larvae. LDs were visualized by fixative BODIPY™ 493/503 fat staining.
The 3D object counter plugin of the ImagedJ software was used to analyze total
number of LDs (A-B) and mean volume of all LDs (C-D) in the anterior intestine
(upper panel) and in the posterior intestine (lower panel) of wild type and sams-1
larvae. LDs were clustered in different size classes and the relative proportion of
each size class was calculated for the anterior intestine (E) and for the posterior
intestine (F), respectively. Bars represent mean £+ SEM of at least 10 individual
worms from three independent experiments. Statistically significant differences
between wild type and each sams-1 mutant were determined by unpaired t-test
(**p<0.01, ***p<0.001).

3.9 In response to starvation, sams-1 larvae show diminished depletion of

triacylglycerol stores

C. elegans actively consumes TAG stored in LDs in response to starvation [37, 85,
145]. To test whether lipid mobilization from LDs is affected in sams-1 mutants, we
monitored LD breakdown in L4 larvae, which were starved for 24 hr and 48 hr,
respectively. For this purpose, LDs of fixative fat stained worms were examined using
3D fluorescence microscopy (Figure S7) [86]. We measured starvation-induced
alterations in the LD number, the mean volume of LDs and the total LD volume (LD
number multiplied by mean LD volume). In 48 hr starved wild types, LD number was
reduced to ~26 % and 40 % in the anterior and posterior intestine, respectively
(Figure 14A-B). In contrast, sams-1 larvae retained up to 88 % of their initial LD
number in response to 48 hr starvation (Figure 14A-B). The mean LD volume was not
substantially altered under starvation in wild type worms as well as in sams-1 larvae
(Figure 14C-D). Next, total volume of all LDs was calculated and was used as an
approximate value for TAG storage. After 48 hr of starvation, wild type larvae
retained 20 % of their initial total LD volume in the anterior intestine (Figure 14E). In
contrast, 48 hr starved sams-1 larvae retained up to 70 % of their initial total LD
volume in that region (Figure 14E). In the posterior intestine, starved wild type and
sams-1 larvae retained 40 % and 60 % of their initial total LD volume, respectively
(Figure 14F). Taken together, starvation-induced reduction of LD number and LD size
is decreased in sams-1 larvae compared with wild type worms (Figure S8).

It has been postulated that larger LDs are more lipolysis resistant than smaller once
[98]. To test this hypothesis, changes of the relative distribution of small-, medium-

and large-sized LDs were determined before and after starvation of wild type and
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sams-1 larvae. In the anterior intestine, wild type larvae showed a preferred reduction
of medium- and large size LDs in response to starvation (Figure 15; Table S3). Such
a preference was not found in sams-1 larvae. Rather, starved sams-1 larvae were
able to conserve large-sized LDs in the anterior intestine. In the posterior intestine,
wild type as well as sams-1 larvae showed no size-dependent breakdown of LDs in
response to starvation (Figure 15; Table S3). Together, these data indicate an
impaired starvation-induced breakdown of LDs in sams-1 mutants. Moreover,

especially breakdown of large-sized LDs seems to be diminished in sams-1 larvae.
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Figure 14: Starvation-induced LD breakdown and TAG consumption in wild
type worms and sams-1 mutants. Analysis of fluorescence images of fixative
BODIPY™ 493/503 stained nematodes revealed total LD number (A-B), mean LD
volume (C-D) and total LD volume (E-F) of wild type and sams-1 L4 larvae. Worms
have been fed ad libitum until the L4 stage (0 hr) before they have been starved for
24 hr and 48 hr. Parameters were determined for the anterior intestine (A, C, E) and
for the posterior intestine (B, D, F) separately. Starvation-induced changes in total LD
volume (LD number multiplied by mean LD volume) are shown as relative proportion
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referred to the respective control (0 hr starvation). Bars represent mean + SEM of at
least 10 individual worms from three independent experiments. (G) Enzymatically
determined TAG levels of wild type and sams-1 L4 larvae fed ad libitum (0 hr) and
starved for 24 hr and 48 hr. Bars represent mean + SEM of 3-5 independent
experiments. Each experiment comprised ~2000 (wild type) to ~4000 (sams-1
mutants) worms. For each parameter significance asterisks refer to differences
between wild type worms and the respective sams-1 mutant at the respective time
point and were determined by unpaired t-test with Welch-correction (*p<00.5,
**p<0.01***p<0.001).

To confirm reduced release of lipids from LDs in sams-1 mutants we biochemically
determined alterations of TAG amount in response to starvation. As expected, TAG
amount was drastically reduced in starved wild types. In response to 24 hr and 48 hr
of starvation, wild type larvae retained only 25 % and 10 % of their initial TAG stores,
respectively (Figure 14G). In contrast, starved sams-1 larvae retained up to 50 % and
30 % of their initial TAG stores in response to 24 hr and 48 hr of starvation,
respectively (Figure 14G). Reduced consumption of TAG is in good agreement with
diminished starvation-induced LD breakdown, shown by reduced decrease of total
LD volume in sams-1 mutants (Figure 14E-F). Together, these data imply a
diminished depletion of TAG stores in response to starvation in sams-1 mutants and
indicate that SAMS-1 is necessary for starvation-induced lipolysis.
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Figure 15: Size classification of LDs from ad libitum fed and starved wild type and sams-1 larvae. Volumes of all BODIPY™
493/503 positive LDs in the anterior (upper panel) and in the posterior intestine (lower panel) were determined by 3D fluorescence
microscopy and image analysis usin% the 3D object counter plugin of the imaged software. The relative number of LDs that are
<2 pm?®, 2-5 pm®, 5-10 pm®, 10-30 pm® and >30 pm? are shown for ad libitum fed larvae (0 hr) as well as for 24 hr and 48 hr starved
wild type and sams-1 larvae. Data points represent mean + SEM of at least 10 individual worms from three independent experiments.
Significance asterisks refer to differences between wild type worms and the respective sams-1 mutant at the respective time point and
were determined by an unpaired t-test with Welsh correction (*p<0.05, **p<0.01, ***p<0.001).
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4 Discussion

4.1 A missense mutation in sams-1 most likely impairs protein function

The S-adenosylmethionine synthetase 1 (SAMS-1) of C. elegans belongs to a family
of evolutionary conserved enzymes, which catalyze the only known route of SAM
synthesis [146-148]. As the major methyl group donor, SAM is used for a broad
range of transmethylation reactions, like DNA methylation or PL synthesis [146].
Moreover, SAM serves as a precursor for glutathione, a major cellular antioxidant,
and is necessary for the synthesis of polyamines [135, 138, 149, 150]. Thus, an
impaired synthesis of SAM should affect central biological functions. In the present
study, a point mutation (C—T) in sams-1 was identified. In silico analysis of the
resulting A105V substitution in SAMS-1 predicts an impairment of the protein
function. The sams-1(t5669) mutant shows an increased arsenite-induced mortality, a
delayed development, an impaired growth, a reduced reproductive capability and
several alterations in lipid metabolism. These phenotypes are consistent with those
observed in the mutant strain RB2240 harbouring a 480 bp deletion allele (0k3033) of
sams-1. Complementation testing between the sams-1(t5669) allele and the
sams-1(0k3033) allele revealed no intragenic complementation. All of these findings
provide strong evidence that the sams-1(t5669) mutant allele most likely impairs

protein function.

4.2 SAMS-1 deficiency lowers phosphatidylcholine level - SAM-dependent
synthesis of phosphatidylcholine may be of quantitative importance for
growth and fertility

In C. elegans, PC can be formed either by de novo synthesis via the Kennedy-route
or by the PEAMT-pathway [60, 151]. The Kennedy-route involves the
phosphorylation of free choline to phosphocholine, which is converted to
CDP-choline and finally to PC. Within the PEAMT-pathway successive methylations
of phosphoethanolamine give rise to phosphocholine, which then enters the
Kennedy-route. Methylations are catalyzed by the phosphoethanolamine
methyltransferases PMT-1 and PMT-2 [69, 70]. Both enzymes use SAM as methyl
donor. In the present study it was shown that sams-1(t5669) and sams-1(0k3033)
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mutants show a significantly reduced level of PC compared to wild type animals. The
amount of PC per worm is reduced up to ~6 fold in sams-1 adults. Most likely, this
sams-1 mutant phenotype is caused by a reduced synthesis of PC via the
PEAMT-pathway. Thus, the PEAMT pathway is of quantitative importance for the
synthesis of PC in C. elegans. In accordance, depletion of pmt-1 reduces PC level as
well [101]. In mammals, the analogous PEMT-pathway accounts for about 30 % of
hepatic PC synthesis [152-154].

A reduced body size as well as a reduced number of progenies was observed in
sams-1 mutants. PC is a major PL of eukaryotic membranes [50, 57, 155, 156],
which are necessary for growth and proliferation. C. elegans displays an age-related
increase in body size and grows continuously until late adulthood [157, 158].
Previous studies in pmt-1, pmt-2 or sams-1 deficient worms have already shown a
link between impaired PC synthesis and reduced number of progenies [69, 70, 159].
Thus, it is conceivable that SAMS-1 deficiency restricts growth and number of
progenies due to the reduced PC level. However, it cannot be excluded that other
factors than impaired membrane formation due to reduced PC synthesis contribute to
reduced reproductive capability in sams-1 mutants. As mentioned above, SAM is also
necessary for polyamine synthesis and polyamines have been shown to be essential
for oogenesis, egg fertilization and embryogenesis [160, 161]. In this context,
increased expression of genes involved in polyamine synthesis, namely odc-1
(ornithine decarboxylase, up to 4.9 fold) and spds-1 (spermidine synthase, up to
1.9 fold), may represent a compensatory mechanism in sams-1 adults.

Taken together, our data indicate that SAMS-1 is necessary for proper PC synthesis,
since its product SAM serves as an essential methyl donor within the
PEAMT-pathway. We further suggest that PC synthesis via SAMS-1 is necessary for
proper growth and production of progenies in C. elegans.

4.3 SAMS-1 deficiency lowers phosphatidylcholine level — this phenotype may
be coupled to increased synthesis of triacylglycerol in order to reduce
toxic effects of free fatty acids

Although PLs and TAG have distinct functions, they share common substrates and

metabolic routes. DAG, FA and phosphatidic acid are lipid intermediates used for
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both, PL and TAG synthesis. Moreover, both pathways are regulated by common
transcription factors. For instance, the sterol regulatory element binding protein
SREBP-1 up-regulates the expression of the mitochondrial glycerol-3-phosphate
transferase (GPAT) as well as the expression of the CTP:phosphocholine
cytidylyltransferase (CCT). These enzymes are involved in TAG and PC synthesis,
respectively [162-164]. It is well known that TAG stored in LDs serves as a reservoir
for PL precursors. More recently, it has been shown that PC is also an quantitatively
important source for TAG intermediates and that DAG and FA derived from PL
hydrolysis are directly incorporated into TAG [165-167]. These findings indicate a
close relationship between PC and TAG synthesis. Thus, conditions, which perturb
one of both pathways, also affect the other one. Accordingly, this study shows that a
reduced proportion of PC is accompanied by an elevated proportion of TAG in
sams-1 adults. Interestingly, mice fed a methionine-choline-deficient diet have a
markedly reduced PC level and develop steatohepatitis, which is characterized by
excessive fat storage in the liver [168, 169]. Similar results have been found in
humans ingesting a choline-deficient diet [170, 171]. Moreover, it has been shown in
C. elegans, mice or cell culture that deficiency of CCT, SAMS or enzymes of the
PEMT/PEAMT pathway lead to elevated TAG level [73, 100, 101, 172]. Taken
together, these data indicate that SAMS-1 deficiency reduces PC synthesis and
simultaneously promotes fat storage.

In accordance with the elevated TAG content, this study revealed an increased
expression of genes involved in FA synthesis and TAG formation in sams-1 mutants.
Up-regulated genes encode, for instance, the acetyl-CoA carboxylase POD-2, the
fatty acid synthase FASN-1, several FA elongases (i.e. ELO-2; -5; -6; -7) and
desaturases (i.e. FAT-1 - FAT-7), the diacylglycerol acyltransferase DGAT-2 and the
acyl-CoA synthetase ACS-22. DGAT-2 and ACS-22 form a protein complex to
promote TAG formation [18]. In agreement to our study, it has been shown that
sams-1 depletion by RNAi increases expression of pod-2 and fat-7 [101].
Furthermore, Walker et al. found fat-5, fat-6, fat-7 and fat-2 as well as elo-2 and elo-6
to be up-regulated in sams-1(RNAi) and sams-1(lof) worms. They have also found
increased hepatic expression of Scd7, the mouse ortholog of fat-6 and fat-7, in
CCT-deficient mice [100]. Increased enzyme activiies of GPAT, the
glycerol-3-phosphat acyltransferase, and DGAT have been found in CCT-deficient
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Chinese hamster ovary (CHO) cells [173]. In rat hepatocytes, CDP-choline depletion
causes accumulation of DAG due to defective PC synthesis [174]. It has been shown
that DGAT exhibits its maximal activity in response to DAG accumulation, thereby
providing full TAG formation capacity [174]. Thus, accumulating DAG is dissipated by
TAG synthesis [175, 176]. Overall, these data indicate that SAM and/or PC
depletion, as observed in SAMS-1 deficient mutants, increases TAG formation via

induced expression of lipogenic genes.

It has been postulated that increased expression of lipogenic genes is caused by
decreased PC levels [100]. Interestingly, most of the lipogenic genes found to be
up-regulated in sams-1 mutants are targets of the nutrient responding transcription
factor SBP-1. SBP-1 is the worm ortholog of mammalian SREBP-1 and has been
shown to mediate fat accumulation in C. elegans [83, 100, 145, 177]. SREBP
proteins are resident at the ER as inactive precursors. After proteolytic cleavage by
SREBP-activating proteases, which are located at the Golgi, SREBP becomes
activated and transits to the nucleus to activate gene expression [178]. Walker et al.
suggested a post-transcriptional activation of SBP-1 in response to low PC level,
because RNAIi depletion of sams-1 caused an increased nuclear accumulation of
SBP-1 [100]. It has been further suggested that limiting the amount of membrane PC
alters the membrane function of the Golgi, which leads to augmented release of the
SBP-activating proteases and, consequently, to an increased SBP-1 activation [100].

All together, due to common intermediates (FA, DAG), shared biosynthetic routes
and mutual gene regulatory mechanisms (SREBP proteins), metabolisms of PC and
TAG are intimately linked to each other. In sams-1 mutants, a reduced PC level is
accompanied by an increased level of TAG and higher expression of lipogenic genes
indicating increased lipogenesis in these mutants. This is in accordance to the
current hypothesis that dropping PC levels directly affect SBP-1 activation and that
SBP-1 dependent transcription of lipogenic genes induces TAG synthesis. In turn,
increased TAG synthesis under SAMS-1 deficiency might be mechanism to protect
cells from toxicity of accumulating DAG and FA.
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4.4 SAMS-1 deficiency enlarges lipid droplets — a possible adaption to
economize phosphatidylcholine

sams-1(t5669) and sams-1(0k3033) mutants displayed LD expansion in embryos,
larvae and adults. The extent of LD expansion was positively correlated to an
increased PC demand of sams-1 adults compared with sams-1 larvae. PC levels of
sams-1 mutants were reduced ~2 fold at the L4 stage, but up to ~6 fold at fifth day of
adulthood. Moreover, sams-1 adults, but not sams-1 larvae, showed elevated
expression of genes involved in PC formation (i.e. cka-2, ckb-2, pmt-1, pmt-2, pcyt-1,
cept-1), which may indicate a compensatory response in order to increase PC
synthesis. Indeed, worms passing the transition from late L4 to adulthood undergo
dramatic germ cell proliferation, intense extension of gonadal arms and
gametogenesis, all processes that consume a huge amount of PC [179].
Subsequently, LD enlargement intensified from larval stage to adulthood.
Interestingly, LD enlargement was also observed in sams-1 embryos. Because
sams-1 shows no zygotic expression [159], the sams-1 mutant phenotype may rise
from the maternal provision of the mutated sams-1 transcript. However, LD
expansion has been observed very early in embryogenesis, hence, the actual
embryonic LD size may reflect maternal PC deficiency.

A connection between LD size and PC demand has been reported in several other
studies, which revealed LD enlargement upon inhibition of PC synthesis [16, 71, 100,
101, 180]. In principle, LD expansion is mediated either by incorporation of neutral
lipids or by fusion of existing, adjacent LDs [15, 24, 181]. LD expansion due to
increased uptake of neutral lipids, particularly during lipid loading, is a well accepted
and intensively studied process [17, 24, 182]. In contrast, LD fusion, as a process of
LD enlargement, is debated to be a rare event, which solely occurs in mutant cells
and under extreme conditions [72, 181, 183, 184]. Interestingly, LD fusion has been
previously found to be a consequence of impaired PC synthesis [16, 71]. Thus, it was
proposed that that LD enlargement is, at least in part, mediated via coalescence in

sams-1 mutants.

It has been suggested that LD expansion requires huge amounts of additional PC to
cover the growing surface [16]. However, another study showed that even upon FA
treatment less than 10 % of newly synthesized PC is incorporated in the expanding
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LD membrane, which indicates that LD enlargement is not an expensive
PC-consuming process [185]. Quite the contrary, while fusing LDs maintain their
initial volume, the overall surface area decreases. A decreased surface-to-volume
ratio indicates that LD fusion enables rapid removal of excess membrane
components, including PC [186]. Therefore, LD expansion in SAMS-1 deficient
mutants may represents a process to economize PC, necessary for membrane

formation during cell growth and reproduction.

4.5 SAMS-1 deficiency reduces lipolysis efficiency under starvation
conditions — an indication of inefficient liberation of lipid droplet-derived
fatty acids

The most important function of LDs is to store lipids and to release FA in times of
increased energy demand. Hydrolysis of neutral lipids is catalyzed by lipases and
needs to be tightly regulated [187]. LD size was supposed to be an important
determinant in regulating lipolysis efficiency. For instance, deletion of FSP27
(Fat-specific protein of 27 kDa) enhances lipolysis by promoting the formation of
smaller LDs [12]. In contrast, factors promoting LD enlargement have been shown to
inhibit lipolysis. In C. elegans, defective peroxisomal -oxidation results in enlarged
intestinal LDs that are more resistant to lipase-triggered lipolysis during fasting [98]. A
similar effect has been shown for LDs, which were enlarged due to defective PC
synthesis [16, 71]. Examination of starvation-induced lipolysis revealed that TAG
hydrolysis is diminished in sams-1 mutants. In particular, lipolysis has been shown to
be more diminished in large LDs compared with small LDs. These data suggest that
maintenance of small LDs is necessary for efficient lipolysis. A simple explanation
may be that clusters of small LDs provide enough surface area for lipases, while the
reduced surface area of a few large LDs limits the accessibility of TAG hydrolyzing
lipases. However, C. elegans acbp-1 mutants also exhibit enlarged LDs, which are
effectively reduced in number and size in response to starvation [93]. This indicates
the existence of further determinants affecting lipolysis efficiency.

Astonishingly, this study revealed body region-specific differences in
starvation-induced LD breakdown. In wild type larvae, the total LD volume was
reduced by 80 % in the anterior intestine, but only by 60 % in the posterior intestine.
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There are few reports providing functional evidence for distinct LD subclasses. Beller
et al. analyzed the proteome of LDs isolated from fat body of D. melanogaster [188].
They found that different subsets of LDs can be distinguished on the basis of
LD-associated proteins [188]. It has been also reported that LDs within one cell
incorporate TAG at very different rates [24]. This effect was independent of LD size,
but was ascribed to differences in the protein coat, since DGAT2 associated with
some but not all LDs [24]. Differences in the assembly of LD-associated proteins
have been supposed to reflect the metabolic state and/ or functional differences of
individual LDs [188]. In this context, body region-specific LD breakdown, which has
been seen in wild type C. elegans, may also represent functionally distinct LD
classes differing in their susceptibility to lipolysis, e.g. to build long-term and
short-term energy stores, respectively.

In contrast to wild type worms, sams-1 mutants did not show significant differences in
body region-specific LD breakdown. Thus, loss-of-function mutation of sams-1 may
alter not only LD size but also the specific protein coat of LDs and thereby their
functional identity, which leads to altered regulation of lipolysis. To date, it is not fully
understood how differential recruitment of proteins is managed by LDs, however
recent findings highlight an important role of the PL composition of LD membranes
[189]. Yeast cds1 and ino2A mutant cells produce supersized LDs. Analysis of the PL
composition has revealed a higher proportion of PC in cds? and a lower proportion of
PC in ino2A LDs compared with wild type ones. Interestingly, both mutants exhibited
significantly reduced level of known LD-resident proteins, including neutral lipid
hydrolases. Accordingly, mobilization of neutral lipids was impaired in both strains
[189]. These data demonstrate that both reduced and elevated relative amounts of
PC in the LD membrane mediate altered protein recruitment, which subsequently
impairs release of neutral lipids. Since PC levels are reduced in sams-1 mutants,
their reduced capability for LD breakdown in response to starvation may be mediated
by altered PL composition of LD membranes. All together, these findings indicate that
SAMS-1 is necessary for an efficient lipolysis.

Efficient lipolysis is not only essential under food limiting conditions. Several studies
have shown that FA released from stored TAG are preferentially used for different
physiological functions over FA derived from exogenous sources or de novo
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synthesized FA. In humans, free FA taken up by resting muscles are not oxidized
directly, but incorporated into intramuscular TAG stores, before they are released for
B-oxidation [190, 191]. Studies in hepatocytes have shown that LD-derived lipids are
preferentially used for very low-density lipoprotein (VLDL) production [192]. In
S. cerevisiae and D. melanogaster, lipolysis-derived FA seem to be essential for
cellular growth, since deletion of Tgl4 and Brummer, the respective ATGL homologs
in yeast and fly, caused a delay in cell-cycle entry and embryonic lethality,
respectively [35, 36]. Considering this, inefficient supply of LD-derived lipids may
contribute to reduced growth and reproduction of sams-1 mutants.

Taken together, LD enlargement and an altered PL composition of the LD membrane
due to SAMS-1 deficiency are supposed to diminish lipolysis efficiency. While LD
enlargement reduces surface area and therefore access of lipases, alterations in the
relative abundance of PC may modify recruitment of neutral lipid hydrolases to the
LD surface. In consideration of its impact on LD size and PC synthesis, SAMS-1 is
suggested to regulate liberation of LD-derived lipids for fundamental physiological
functions like growth and reproduction.

4.6 SAMS-1 deficiency reflects symptoms of non-alcoholic steatohepatitis

In humans, the majority of SAM is synthesized in the liver, where it is also mainly
consumed [193, 194]. Hepatic lipid accumulation and LD enlargement are early steps
in the development of non-alcoholic fatty liver disease (NAFLD) [195]. Major risk
factors for NAFLD are obesity, diabetes and the metabolic syndrome [196]. However,
impaired SAM synthesis also contributes to NAFLD and its progressive form,
non-alcoholic steatohepatitis (NASH) [73, 197-199]. For instance, mice, depleted for
MAT1A, the mammalian ortholog of SAMS-1, are animal models of NASH [200]. Next
to SAMS-1 deficiency, also a diminished PC synthesis is associated with the
progression of NAFLD. For instance, NASH patients exhibit a reduced PC to PE ratio
within the liver [201]. Moreover, PEMT-depleted mice fed a choline-deficient diet also
develop steatohepatitis [142, 201]. Hepatic lipid accumulation is supposed to be
mediated by SREBP [100, 195, 202]. Together, diminished synthesis of SAM and PC
as well as SREBP-mediated lipogenesis have been shown to contribute to
NAFLD/ NASH, a metabolic disorder characterized by excessive hepatic lipid storage

and abnormal LD morphology. Interestingly, these phenotypes have been also
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observed in sams-1 mutants highlighting the conserved function of SAMS-1 in

maintaining lipid homeostasis.

4.7 SAMS-1 deficiency mimics a dietary restriction state - a possible role of
SAM-levels as gauge for nutrient availability

Dietary restriction (DR) is an environmental intervention that is characterized by a
reduced food intake without inducing malnutrition [203]. In C. elegans, among a
variety of phenotypes, DR reduces body size and fertility, enlarges LDs in larvae and
adults and protects against proteotoxicity due to reduced age-related paralysis [126,
204-211]. Interestingly, all of these phenotypes have been also observed in SAMS-1
deficient worms, as shown here and in other studies [100, 101, 159, 211]. Life span
extension has been observed in a wide range of species in response to DR [212-
218]. Interestingly, inhibition of sams-1 increases life span, too [205, 219]. The
longevity effect of DR is mediated, at least in part, by the nutrient sensing target of
rapamycin (TOR) pathway [220-222]. sams-1 mRNA level were reduced after
inhibition of /et-363, the worm homolog of mammalian TOR as well as in the
eat-2(ad1116) mutant, a genetic model of DR [205, 219, 223]. In the eat-2 mutant,
sams-1 RNAI does not further extend lifespan [205]. Additionally, sams-1 inhibition
down-regulates drr-2, a DR-responsive gene necessary for DR-mediated longevity
[219]. These findings indicate that sams-1 is necessary for DR-mediated effects and
that sams-1 is down-regulated in response to DR. Thus, DR may reduce the activity
of SAMS-1 and the subsequent production of SAM [205]. Accordingly, restricted
intake of methionine reduces SAM production and prolongs lifespan in rodents as
well [224-227]. Methionine is the crucial precursor for SAM synthesis and is recycled
within the one-carbon-cycle. Nutrients as folic acid and vitamin B12 are involved in
the re-synthesis of methionine from SAH, the product of SAM-dependent methylation
reactions. It is therefore conceivable that restriction of these nutrients also impairs

SAM synthesis. Thus, SAM levels may represent a gauge for nutrient availability.

Taken together SAMS-1 deficiency leads to a broad range of phenotypes that are
usually associated with DR. Moreover, sams-1 expression is reduced by DR regimes
(eat-2) and DR signalling pathways (TOR). In turn, reduced expression of sams-1
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down-regulates drr-2, a gene also down-regulated by DR. Therefore, inhibition of
SAMS-1 and subsequent reduction of SAM-level may mimic a DR condition.

4.8 Conclusion

The present study shows that SAMS-1 deficiency in C. elegans reduces the PC to
TAG ratio, elevates expression of lipogenic genes, enlarges LDs, reduces lipolysis
efficiency under starvation conditions and reduces body size and number of
progenies as well. It is proposed that SAMS-1 deficiency reduces synthesis of PC via
reduction of the SAM-dependent PEAMT pathway. A reduced level of PC increases
SBP-1 dependent transcription of lipogenic genes contributing to an elevated
proportion of TAG. In turn, the decreased PC to TAG ratio may compels LD
enlargement by LD fusion, thereby reducing the surface-to volume ratio of LDs. This
reduced surface area as well as a reduced portion of PC within the LD membrane
may contribute to reduced lipolysis efficiency. Both, a reduced PC availability and an
inefficient liberation of FA from LDs may explain reduced growth and reproduction of
sams-1 deficient mutants. Storage of lipids in enlarged LDs and increased
lipogenesis, as observed in sams-1 mutants, seems to be important to protect from
lipotoxicity and to economize PC. Given the importance of PC for membrane
formation, these adaptations may reflect strategies to ensure survival in times of
growth, reproduction and reduced food availability (Figure 16). In conclusion,
SAMS-1 seems to be crucial in regulating homeostasis of lipid metabolism. In
particular, because SAMS-1 deficiency mediates increased fat storage through
impaired PC synthesis, LD expansion, increased lipogenesis and reduced lipolysis
efficiency, it is proposed that synthesis of the methyl group donor SAM is necessary
to limit fat storage.
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Figure 16: Physiological consequences of sams-1 inhibition. (A) Phenotypes
observed in sams-1 mutants. Arrows indicate direction and degree of modification
compared with wild type worms. "—" means no significant difference to wild type
worms. (B) A working model for sams-1 as operator in fat storage. SAM deficiency
promotes fat storage by increased lipogenesis, LD enlargement and reduced
lipolysis. Reduced SAM-dependent synthesis of PC is central in mediating these
processes. Increased fat storage is supposed to represent an adaptation to the
imbalance of lipid metabolism.
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6 Supporting Information

Supporting information figure S1: Presentation of WGS/ SNP mapping data
and SNP mapping data.
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Presentation of data revealed by WGS/ SNP mapping and SNP mapping.
(A-B) The WGS/ SNP data are shown for chromosome X. (A) SNP loci are
depicted as XY scatter plot, where the ratio of CB4856 sequence over the total
number of reads for each SNP is represented. A regression line was plotted
through the dots to achieve higher accuracy of the linked region. The dip
represents the region that is most N2 and the thus most linked to the vacuole
phenotype causing mutation. (B) A frequency plot corresponding to the dot plot
(A). The frequency plot represents the frequency of SNP loci, where the ratio of
Hawaiian reads over the total number of reads is equal to 0. Grey bars are 1 Mb
bins, red bars are 5 Mb bins. Both bins are separately normalized for the actual
frequency of Hawaiian SNP density. The peak corresponds to the dip in the
regression line [119]. WGS/ SNP mapping was performed by the Oliver Hobert
laboratory (Department of Biochemistry & Molecular Biophysics, Columbia
University, New York, USA). (C) Agarose gels representing results for SNP
chromosome mapping. For each chromosome, 3 SNPs were analyzed ranging
from the left to the right arm of the respective chromosome. For each SNP, N2
sequence is represented by the left band, recombinant 5669 sequence is shown
in the middle and CB4856 sequence is represented by the right band. (D) For
interval mapping, 45 F2 recombinants were analyzed for 21 snip-SNPs along the
entire X chromosome. The ratio of CB4856 alleles over the total number of alleles
is shown. Interval mapping is in accordance with WGS/ SNP mapping.
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Supporting information table S1: t5669 variants within the linked region derived from the WGS/ SNP method.

Position Ref. 15669 Change Homo- Quality Coverage Gene Gene Bio Transcript Exon_ID Effect AA Codon Codon CDS
type zygous ID name type exchange exchange number size
X_11654833 * -T DEL Hom 354 3 TO4F8.2 TO4F8.2 pc  TO04F8.2.2 intron
X_11654833 * -T DEL Hom 354 3 TO4F8.2 TO4F8.2 pc  TO04F8.2.1 intron

e T SNP Hom 222 41  C49F51 sams-1 PC CA9F5.1.2 X 11966320 ns coding AN  gClgTt 105 1212

11967112
X_11966380 ;
C T SNP  Hom 222 41 C49F5.1 sams-1 PC  C49F5.1.3 X_ 11966320 ns_coding AN gCt/gTt 105 1212
11967112
X_11966380 ;
C T SNP  Hom 222 41 C49F5.1 sams-1 pc  C49F5.1.1 X_11966320 ns_coding AN gCt/gTt 105 1212
_11967112
X_11989437 C T SNP  Hom 222 55 C49F5.6 C49F5.6 pcC C49F5.6 ns_coding AN gCt/gTt 315 2355
X_12142716 C T SNP  Hom 174 26 M153.6 M153.6 nc M153.6 transcript
RNA M153.6
X_12722771 A T SNP  Hom 792 15 F16H9.2 nhr-27 pc  F16H9.2b intron
X_12722771 A T SNP  Hom 79.2 15 F16H9.2 nhr-27 pc  F16H9.2a intron
X_12722771 A T SNP  Hom 792 15 F16H9.1 rgs-2 pc  F16H9.1c intron
X_12722771 A T SNP  Hom  79.2 15 F16H9.1 rgs-2 pc  F16H9.1b.1 intron
X_ 12722771 A T SNP  Hom 79.2 15 F16H9.1 rgs-2 pc F16H9.1b.2 intron
X_ 12722771 A T SNP  Hom 79.2 15 F16H9.1  rgs-2 pc F16H9.1a intron

Subset of variants, which were identified by the WGS/ SNP method [119]. The filtering criteria for this subset were the following: firstly,
homozygous and heterozygous N2 variants were subtracted from t5669 homozygous variants. Residual t5669 variants were then
filtered for variants in the mapped region. Finally only variants within coding regions (non-upstream/downstream and non-intergenic
variants) were selected. The variation in the sams-1 gene is highlighted in grey. pc=protein coding; ns=non-synonymous.
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Supporting information table S2: List of primers used for chromosome and interval mapping.

Chr Cosmid genomic location SNP location on 5' primer 3' primer N2 CB4856 enzyme
ID of the cosmid the cosmid digest digest used
Chromosome mapping
I WO03D8 2.8 Mb 34384 bp CGAACTTTTATCCGTCACCG CACCCCAATTAATCTGTGCG  333+175 bp - Dral
I K04F10 6.3 Mb 19618 bp ATCATTCTCCAGGCCACGTTAC CTGAACTAGTCGAACAAACCCC - 300+300bp  Ndel
I ZK909 14.9 Mb 10906 bp CACAAGTGGTTTGGAAGTACCG CAACAAAGGGATAGATCACGGG - 237+213bp Hindlll
Il TO1DA1 0.16 Mb 14052 bp AAGAGGTGTTCTTCTGCAGC ACCATCCACGCAGTTCATTC 215+406bp - Dral
Il C44B7 6.9 Mb 31922 bp TACAAATCGAAGAACAAGTGGC TTTTCCAGAATGCTTTCTCGG 160+233bp - Sphl
Il F15D4 13.2 Mb 22810 bp TTCCCATTTTCCTCCCAG TCAAAAACCCAGACACTGG - 400+120bp  Dral
] T17A3 0.13 Mb 23338 bp AGCAAGAATGAGCCGATTG GTCGGCCGTTTTCAAATAACTG 150+230bp 1 fggsg+ Taq|
m C48D5 3.6 Mb 33058 bp CTTCATTGCGCTCACTTCTG TACGCACATGCCTACAAAGG - 376+510 Bglll
i Y75B8A 12.1 Mb 232973 bp AAACAGCATTGTCGACGAGC AGCCTAAGCCCAAGCTTTAG - 256+71bp  Hindlll
IV Y55F3BR 0.8 Mb 49546 bp CCAAGCTGAAAACGGATATAAC ATTGGGTTCACTGAGAGCTTC  264+49bp - Dral
v C49H3 7.9 Mb 3770 bp TTGCAGTTCGGAGTGTCTTATG  TGGCTCGGTGCAAGTCTATTG  280+140bp - Dral
\% Y51H4A 16.5 Mb 235180 bp AATTCACCGATAGAAGTTTCCC GCTTTGTCATAGGGAGTGTCGG  113+214 - EcoRl
Y38C9B 50 kb 3742 bp CCGCACTTCCTTCAGAAATG TGTAGGGCGAGTAACCAAGC - 270+50bp BamHl
AC3 10.4 Mb 3025 bp CTCTTAGATACCCTTTCTGCGC TTCAGCGTTTGGTCTGACGTAG 385+106bp - Dral
\ F38A6 20.7 Mb 14347 bp TTTATCCGCAGGGACTTGAC TCTCCTCTCCCTCATGGTTAAC 18142+86b7p7+ 128+855bp  Dral
X F49H12 2.1 Mb 8894 bp ATGTGAGTTTACCATCACTGGG TTTCGTAAAACTTACCGAGCAC - 216+252bp  Dral
X F45E1 7.9 Mb 9628 bp TTTCTTGACACCTCCGGTAG CTCACTCTGGTCTTTTTCCG 512+258bp - EcoRI
X W09B12 16.4 Mb 8860 bp CCTCAGGATTTACCAGTGACAC  TTAGTCTTGCGCCCCTAGAG - 217+112bp  Bglll
Interval mapping
X F02G3 0.7 Mb 5645 bp CTGAAATCGTGTGCGAAGTC  TCTTCAGTTGGTTAAGGTCCTC 293+289bp - BamHI
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Continued table S2

X
X

X X

X X X X X X

x

F49H12
F11D5

ZK470

ZC449
C54H2

T28B4
C01C10

F15G9

F19C6

C05C9
F46C3

C35C5
C44C10

B0198
F22E10

F11CH1
F46G10

T24C2

H13NO06
WO09B12

2.1 Mb
3.3 Mb

4.1 Mb

5.0 Mb
5.7 Mb

6.6 Mb
7.4 Mb
9.7 Mb
9.9 Mb

11.1 Mb
11.4 Mb

11.5 Mb

11.7 Mb
12.0 Mb
12.7 Mb
12.9 Mb
13.3 Mb

14.5 Mb

15.5 Mb
16.4 Mb

8894 bp
27263 bp

27170 bp

4683 bp

23555 bp
7490 bp
13818

19169
30255

8685
haw107527*

haw107582*
haw107641*
692
snp_F22E10*
20912

pkP6132*
uCE6-1459*

UCE6-1554*
8860 bp

ATGTGAGTTTACCATCACTGGG
TCGTGGCACCATAAAAGTG

CCAAAACGGCCAAGTATCAG

ATTGTGACGAATCGGAACCC
TTAAAAGCTGGCTCTAGTGTTG
CACCGAAGATTGACAACTTTGC
TGACCCGTTTTGTAGAACTCCG

GTCTTCATTGCATGATGTGGC
TGTGAACGAACCCTCTCAAGC

CGCACTGACTTTTTTCCAGC
GCGCGTGAAATAGGCATATATC

GTGTTTGTCAAACTTTGTTCCG
CGTTCAGTGCAATGTATTCTC
GTCTATTGCCTCTGCCATCAAG

TTTCGTAAAACTTACCGAGCAC
GATTCAGATCAAACAGAGGTGG

TTGCACTCTTTCTCCTTCCG

AGTAGACTGAGACCGCACAAAC
AGCAATTATAGTGTCATTGCCG

TTGGTTCATACAGAACTTGGTC

GCATCAATGAGCACTTTGTTGG
TTGGATCTCCGTAGACGTCAC

TCTAGCACGCAAAAGTTTCCAC

ACACTAGAATCTCCACACCTCC
TGAGGAGCGAGGCTCAACGGAG

GAGAGGATCGGAATGAGAATGC
AGATCGTGTGAGACATACCAG
TTGAAGCCTAAATCGCTTGC

96+60+130
+65bp

250+80bp
160+315bp
300+220bp

30+20+25
+191bp

160+242bp
232+74bp
300+86bp

TTAAAACCATACAATTCTTCTCAGC GAATTCCCAATCAACAGAGAGC 341+126bp

ATCGACCCCAACAATGCAC

TCCGTCATCCAAATCTCCG

ACTGTTTACCGCGTCTTCTGC CCGTGTATATAAGAAAATGTGTTCG 318+191

GCTGGGATTTTGAAGAGTTGTT CAGTGAATCATCCGTTGAATTT

CAAATACCAAAGTTGATCGTGG

CCTCAGGATTTACCAGTGACAC

TTGTTGCAATTAAATCAAACGG
TTAGTCTTGCGCCCCTAGAG

+37bp
409+34bp

358+134bp

216+252bp
116+130bp

328+100+
72+40bp

65+80bp

161+450bp

24242+
252bp

252+2230bp
509+37bp

302+107
+ 34bp

217+112bp

Dra
Dra

Dra

Dra
Dra

Bglll
Dra
Sspl
Taql

Dra
Ndel

Sspl
Taql
EcoRl
Dra
Asel
Dra

Dra

Dra
Bglll
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All primer sequences are presented from 5' to 3'. The restriction enzymes used for each SNP are indicated. Locations of SNPs are
specified by the name of the cosmid and the position within this cosmid with the exception of * marked SNPs, that are specified by the
SNP wormbase ID.
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Supporting information figure S2: Wild type and 15669 sequences of an
amplified genomic PCR product harbouring the mutation site in the sams-1
gene.

A

>C49F5.1.1 unspliced + UTR (2168 bp)
ataagggcagtgtccgactgtgcgaacaagccattctaaatcgecttctcagtcttaaaactcagaaATGTCCTCCAAATT
CCTTTTCACCAGTGAATCTGTGTCCGAGGGGCATCCAGACAAAATGTGCGATCAAgtaagttttttttgttttatttatt
taattttatctatttctgttttttttagATTTICTGACGCCGTITCTCCGATGCTCATCTTAAGCAAGATCCAAATGCAAAGG
TTGCTTGCGAGACCGTAACAAAAACTGGTATGGTTATGCTCTGCGGAGAAATTACCTCCAAGGCTGTTGTTGACTATCAA
GTTCTCGTCCGICGTGTCATCGAAAAGATTGGATTCACCGACTCCAGCATTGgttagtttatagaatcttgctttattat
tagcttgtttcaatgtttttgttcagGATTCGACCACAAGACCTGCAACGTIGCTTGTTGCTCTTGAGCAACAATCTCCAG
AAATTGCTGCCGGAGTTCACGTCAACAAGGACGGAGAAGATGTCGGAGCAGGAGATCAAGGAATCATGTTCGGATATGCA
ACCGACGAGACCGAAGAGACCATGCCATTGACTCTCATTCTTTCCCACAAGATCAACGCTGAGCTTCACAAGCTCCGCCG
TAACGGAACTCTTCCATGGGTCCGCCCAGACTCCAAGTCTCAAGTCACCATTGAGTACGAGTCCCGCCACGGAGCAACCA
TTCCACTCCGCGTTCACACTGTTGTIGGTCTCTACCCAACACTCTCCAGATGTTACTCTTGAGAAACTCCGCGAGACCATC
CTCGCTGATGTTATCAAGAAGGTCATCCCAGCTTCTCTTTTGGACGAGTCTACTGTCTTCCACATCAACCCATGCGGAAC
CTTCATCGTTGGAGGACCAATGGGAGACGCAGGAGTCACCGGACGTAAGATCATCGTCGACACCTACGGAGGATGGGGAG
CTCACGGAGGAGGTGCTTTCTCTGGAAAGGACCCAACCAAGGTCGATCGCTCTIGCTGCCTACGCTGCCCGTTGGGTAGCC
ACCTCATTGGTCAAGGCTGGACTTGCTAAGCGCGTCCTICGTCCAACTTTCCTACGCTATTGGAATCGCCAAGCCAATCTC
AGTTTTGGTICTATGCTTTCGGAACTTCCCCACTCACCGACGAAGAGCTTCACCAGATCGTCGAAGACTCCTTCGATCTTA
CCCCAGGAAAAATTATCAAgtaagtgaatacagctagataggagaaatttcattggttttttacagGGAGCTCGACCTCA
AGAGACCAATCTACGAGAAGACCGCCGAGAACGGTCACTTCGGTCACTCTGAGTTCCCATGGGAGCAGCCAAAAGCTCTC
AAGATTTCTCCAGCACTTCTCGAGAAGGCCAAGGGAAACCCAATCCCAGCCACATCIGCTATCGCTCACTAA L LLLLy
cctcggtatgcaaaacttattttttaaataatcaatctcgttttattgtatgctaggcaccaatagtttaaattagtcecg
attttgtggatagaccccttgaaaaaactgaaaaaaaaaacaagttagagtattaaattaagtttaggcaactaattaca
ttttcaattcagctagatgaccaacacctcgccgtatttaaaaaaaaacgattaacgtattttgaccttttcecectttect
cccccaccagcectcecttactcectgatgecgatceccecccaattttectgtececcttectgttcactgatgatgtgecactcecttcagag
catttttcaacagtgccttctecttttttaagtcccecggtttceccgectaccecgetgagetgtecttgacttttagaatagett
cattttcaaaaaattcatattaaaaaaaaacatcacaacgcaaaaaaatagttcttgacagtttctaatgcccgaaacat
attttctccaattacatagtattaaatatcctttctcataacttcctcattgctcaatgtctcaactgccaccaactgag
tggtatcgtacgatttttaagcaccatcaaatctttggttataattaatacatattttgttaaattgtaataatccttcg
gtggtagttcactgaattgcttatttccattcataattatgcttgacatttaactttgggaaataaagttttaaaatata
aatttttc

B

t5669 21 et TGTGCGATCAAGTAAGTTTTTITTTGTTTTATTTATTTAATTTTATCTATTTCTGT 75
N2 13 ACAAATGTGCGATCAAGTAAGTTTTTITTIGTITTITATTTATTTAATTTTATCTATTTCTGT 72
t5669 76 TTTTTTTAGATTTCTGACGCCGTTCTCGATGCTCATCTTAAGCAAGATCCAAATGCAAAG 135
N2 73 TTTTTTTAGATTTCTGACGCCGTTCTCGATGCTCATCTTAAGCAAGATCCAAATGCAAAG 132
t5669 136 GTTGCTTGCGAGACCGTAACAAAAACTGGTATGGTTATGCTCTGCGGAGAAATTACCTCC 195
N2 133 GTTGCTTGCGAGACCGTAACAAAAACTGGTATGGTTATGCTCTGCGGAGAAATTACCTCC 192
t5669 196 AAGGCTGTTGTTGACTATCAAGTTCTCGTICCGTCGTGTCATCGAAAAGATTGGATTCACC 255
N2 193 AAGGCTGTTGTTGACTATCAAGTTCTCGTCCGTCGTGTCATCGAAAAGATTGGATTCACC 252
t5669 256 GACTCCAGCATTGGTTAGTITTATAGAATCTTIGCTTTATTATTAGCTTIGTTTCAATGTTTT 315
N2 253 GACTCCAGCATTGGTTAGTTTATAGAATCTTGCTTTATTATTAGCTTGTTTCAATGTTTT 312
t5669 316 TGTTCAGGATTCGACCACAAGACCTGCAACGTGCTTGTTGCTCTTGAGCAACAATCTCCA 375
N2 313 TGTTCAGGATTCGACCACAAGACCTGCAACGTGCTTGTTGCTCTTGAGCAACAATCTCCA 372
t5669 376 GAAATTGETGCCGGAGTTCACGTCAACAAGGACGGAGAAGATGTCGGAGCAGGAGATCAA 435
N2 373 GAAATTGETGCCGGAGTTCACGTCAACAAGGACGGAGAAGATGTCGGAGCAGGAGATCAA 432
t5669 436 GGAATCATGTTCGGATATGCAACCGACGAGACCGAAGAGACCATGCCATTGACTCTCATT 495
N2 433 GGAATCATGTTCGGATATGCAACCGACGAGACCGAAGAGACCATGCCATTGACTCTCATT 492
t5669 496 CTTTCCCACAAGATCAACGCTGAGCTTCACAAGCTCCGCCGTAACGGAACTCTTCCATGG 555
N2 493 CTTTCCCACAAGATCAACGCTGAGCTTCACAAGCTCCGCCGTAACGGAACTCTTCCATGG 552
t5669 556 GTCCGCCCAGACTCCAAGTCTCAAGTCACCATTGAGTACGAGTCCCGCCACGGAGCAACCHLS

N2 553 GTCCGCCCAGACTCCAAGTCTCAAGTCACCATTGAGTACGAGTCCCGCCACGGAGCAACC 612
t5669 616 ATTCCACTCCGCGTTCACACTGTTGTGGTCTCTACCCAACACTCTCCAGATGTTACTTCT 675
N2 613 ATTCCACTCCGCGTTCACACTGTTGTGGTCTCTACCCAACACTCTCCAGATGTTACT_CT 671
t5669 676 TGA. .. 678
N2 672 TGAGAAACTCCGCGAGACCATCCTCGCTGATGATT 706
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Wild type and t5669 sequences of an amplified genomic PCR product
harbouring the mutation site in the sams-71 gene. (A) Genomic sequence of
C49F5.1.1 coding for the sams-1 transcript. Coloured capital letters represent
exons. Introns and UTRs are depicted by lowercase sequences. Bold letters
indicate the primer sequences used for amplification of a genomic 742 bp PCR
product that harbours the mutation site (red letter, underlined). (B) Wild type and
sams-1(t5669) sequences of the amplified genomic PCR product. Sequencing was
done by Eurofins MWG Operon (Ebersberg, Germany). The mutation site is
highlighted by an orange bar.

Supporting information figure S3: Schematic representation of the
connection between the one-carbon cycle and the transsulfuration pathway.
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The one-carbon cycle and the interconnected transsulfuration pathway are shown.
C. elegans genes and proteins, which are involved in respective reactions are
indicted in green. Abbreviations: sams = S-adenosylmethione synthetase;
ahcy/SAHH = S-adenosylhomocysteine hydrolase; cbs/CBS =
cystathionine B-synthase; cbl/CTH = cystathionine B-lyase; cth =
cystathionine y-lyase; 9gcs/GCS = y-glutamylcysteine synthetase; gss/GS =
glutathione synthetase.
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Supporting information figure S4: TAG level adjusted to body volume of
sams-1 mutants and wild type worms.
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TAG level of wild type worms and sams-1 mutants were adjusted to the respective
body volume. Calculations were made for L4 larvae (A) and 5d-old-adults (B). TAG
levels were determined by total lipid extraction from 2000 (WT) to 4000 (sams-1
mutants) worms and lipid separation by thin layer chromatography. Body volume
was determined by analysis of bright-field microscopy images. Images of 10
worms per strain and experiment were analyzed. Bars represent mean + SEM of 3
to 5 independent experiments. Significant differences were analyzed between WT
and the respective sams-1 mutant using unpaired t-test (*p<0.05).
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Supporting information figure S5: Time of flight and extinction values of wild
type worms and sams-1 mutants.
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Time of flight (A-B) and extinction values (C-D) of wild type worms sams-1 mutants
at the L4 stage (A, C) and the 5d ad stage (B, D). Data were derived from large
particle flow cytometry using COPAS Biosort system. Time of flight and extinction
are approximate values for the axial length and for the volume of single worms,
respectively [86]. Bars represent mean £+ SEM of at least 3 independent
experiments. Biological samples of each experiment comprised ~2000 (wild type)
and ~4000 (sams-1 mutants) worms. Significance asterisks refer to differences
between wild type worms and the respective sams-1 mutant and were determined
by an unpaired t-test (***p<0.001).
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Supporting information figure S6: ATGL-1::GFP as marker for lipid droplets
in sams-1(t5669) mutants.

Colocalization between ATGL-1::GFP and lipid droplets in sams-1(t5669) mutants.
sams-1(t5669) mutants were crossed with males of the strain VS20 (hjls67)
expressing an ATGL-1::GFP fusion protein [atgl-1p::atgl-1::GFP]. F2 progenies
showing the "vacuole" phenotype as well as GFP fluorescence were used for
colocalization studies. sams-1(t5669);atgl-1p::atgl-1::gfo worms were vitally
stained with LipidToxRed (1:200; Invitrogene). Scale bars: 10 um in the total view;
2 um in the detailed view.
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Supporting information figure S7:Starvation-induced alterations in LD size and LD number in wild type worms and sams-1
mutants.
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LDs of wild type and sams-1 larvae fed ad libitum, starved for 24 hr and starved for 48 hr. LDs have been visualized via fixative

BODIPY™ 493/503 fat staining and subsequent 3D fluorescence microscopy. Images of the anterior intestine (left panel for each
strain) and the posterior intestine (right panel for each strain) are represented as maximum projections of 10-25 plane images from a

z-stack (1 um interval) depending on the respective strain. Scale bar represents 50 um.
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Supporting information figure S8: Alterations of LD number and LD size during
starvation in wild type worms and sams-1 mutants.
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LDs of wild type and sams-1(t5669) larvae fed ad libitum, starved for 24 hr and
starved for 48 hr have been visualized via fixative BODIPY™ 493/503 fat staining
and subsequent 3D fluorescence microscopy. LD number and LD volume have been
determined by use of the 3D object counter plugin of the Imaged sowtware. For one
representative worm per strain, the volume of each lipid droplet plotted as a function
of the total LD number in the anterior intestine and in the posterior intestine,

respectively.
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Supporting information table S3: Relative humber of lipid droplets classified by
size in ad libitum fed and starved wild type worms and sams-1 mutants.

relative number of lipid droplets (%)

anterior intestine posterior intestine
LD time of sams-1 sams-1
class  starvation WT 15669 0k3033 WT 15669 0k3033
<2 |.1m3 0 hr 672+1.2 585+14 579+1.7 654+11 522+1.3 533124
24 hr 722+20 57315 591+16 619+14 516+1.7 589+19
48 hr 759+27 58611 628+1.5 654+1.7 50915 571+3.0
2-5 um3 0 hr 220+08 21406 222+0.8 23.2+09 226+0.8 228+1.1
24 hr 202+1.2 21.7+x0.6 21.4+0.7 243+09 236+06 21.8+06
48 hr 189+16 208+1.0 21.3%1.1 239+16 245+1.1 23.6%26
5-10 um3 0 hr 74+03 98x+04 104+06 81+05 11404 121109
24 hr 57+0.7 11.3+x09 9.8+0.38 9.1+06 129+05 10.3%1.0
48 hr 47+11 99+05 88%1.0 84+06 11906 9.7x1A1
10-30 |.1m3 0 hr 33+x05 77+06 75%038 32+06 11.2+06 95%0.9
24 hr 1.8+04 74104 78107 42+05 93+1.1 6.8+0.7
48 hr 11+16 86+0.7 7.6+06 24+04 10515 8112
>30 |.1m3 0 hr 0.1+00 2805 23+03 01+01 25203 24+06
24 hr 0.1+00 25+03 2706 0.0 26+03 23*06
48 hr 01+£01 2606 20x0.2 0.0 21+06 18x04

The relative number (%) of LDs that are <2 pm?®, 2-5 pm®, 5-10 um?®, 10-30 um?® and
>30 pm® in volume are shown. Changes in the relative distribution of LD classes are
compared between ad libitum fed (0 hr) and starved (24 hr; 48 hr) wild type worms
and sams-1 larvae. Values represent mean + SEM of at least 10 individual worms
from three independent experiments.
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7 Appendix

Body size of wild type worms and sams-1 mutants.

wild type sams-1(t5669) sams-1(0k3033)
Parameter Mean SEM N Mean SEM N Mean SEM N
Body length (pm) L4 7823 +229 14 599.2 +16.9 19 5814 +13.6 27
5dad 1552.0 +31.7 10 1092.0 +18.2 25 992.3 +20.2 24
Body width (um) L4 409 =*1.9 14 272  +0.9 19 283 +07 18
5dad 99.4 +1.3 10 68.7 +1.1 25 61.3 +1.5 24
Body volume (x10° mm3) L4 0.8 +0.1 14 0.3 +0.02 17 0.2 +0.02 12
5dad 8.1 +04 10 2.6 +0.1 25 1.8 +0.1 25
aTime of flight [A.U.] L4 3702 6.6 6 1985 £5.3 6 1822 +7.0 7
5dad 977.0 +15.2 6 5928 +144 6 448.9 +6.8 6
agxtinction [A.U.] L4 89.6 +3.5 6 42.8 +1.8 6 38.8 +2.1 7
5dad 400.1 +12.0 6 1864 +9.8 6 130.3 1.6 6

Different parameters, which describe body size in C. elegans, were compared between wild

type worms and sams-1 mutants at the L4 stage (L4) and at fifth day of adulthood (5d ad).

a

Time of flight and extinction are approximate values for axial worm length and body volume,
respectively. For these parameters, N represents number of experiments. Each experiments
comprised 2000 - 4000 worms. A.U. = arbitrary unit. For body length, body width and body
volume N represents number of worms. All parameters were determined as described in

Material and Methods.

Reproductive capability of wild type worms and sams-1 mutants.

wild type sams-1(t5669) sams-1(0k3033)
Parameter Mean SEM N Mean SEM N Mean SEM N
Hatching rate (% larvae hatched) 95.3 +1.2 19 81.5 +1.4 20 69.2 +8.1 11
Number of progenies 308.2 +12.1 10 53.8 +6.4 10 533 +10.8 7

Hatching rate describes the proportion of larvae that hatched from a defined number of eggs.
Number of progeny describes the total number of vital larvae, which derived from a single
worm during its entire reproductive phase. Both parameters were determined as described in

Material and Methods.
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Survival rate of wild type worms and sams-1 mutants exposed to arsenite.

%

survivals

Strain Mean SEM N
WT 81.8 +24 3
L4440 78.7 +8.1 3
gcs-1(RNAI) 3.9 +0.3 3
sams-1(RNAI) 42.3 +53 3
sams-1(15669) 4.4 +2.9 3
sams-1(0k3033) 9.2 +49 3

"Percent survivals" describes the proportion of worms, which survived 24 hr of
4 mM NaAsO, exposure. WT = wild type. L4440 = wild type fed the control RNAI
feeding vector. N = number of experiments. Each experiment comprised 30 worms.

For experimental procedure, see Material and Methods.

Lipid fractions of wild type worms and sams-1 mutants.

wild type sams-1(t5669) sams- 1(0k3033)
Parameter Mean SEM N Mean SEM N Mean SEM N
(ng/worm) L4 107 +1.7 5 6.2 +0.8 5 4.9 +0.8 5
<<5 5dad 1263 =+17.7 4 655 +127 5 52.4 +9.2 4
- (%) L4 573 +9.1 5 62.2 +8.3 5 60.1 +10.2 5
5dad 58.7 +8.2 4 759 +147 5 756 +133 4
(ng/worm) L4 38 +0.2 6 1.6 +0.2 5 1.5 +0.2 6
o 5dad 43.7 +3.5 5 6.8 +1.3 5 6.6 +0.8 5
o (%) L4 205 +1.2 6 16.3 +15 5 17.7 +1.9 6
5dad 20.3 +1.6 5 7.9 +15 5 9.5 +1.1 5
(ng/worm) L4 441 +04 6 1.9 +04 6 1.8 +0.3 6
w 5dad 45.0 +48 5 14.0 +1.8 3 10.3 +0.4 5
& (%) L4 221 +1.9 6 21.0 +28 5 22.2 +3.1 6
5dad 20.9 +2.2 5 16.2 +2.0 3 14.9 +0.6 5

Lipid fractions were compared between wild type worms and sams-1 mutants at the
L4 stage (L4) and at fifth day of adulthood (5d ad). TAG (triacylglycerol), PC
(phosphatidylcholine) and PE (phosphatidylethanolamine) fractions are indicated as
amount per worm and as relative proportion. Lipid fractions were determined as
described in Materials and Methods.
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Thin layer chromatogram of triacylglycerides and total phospholipids extracted
from wild type worms and sams-1 mutants.

Representative thin layer chromatogram for the quantification of triacylglycerol and
total phospholipid contents of 5-day-old adult wild type worms and sams-1 mutants.
Lipid extraction and separation was performed as described in Material and Methods.

Thin layer chromatogram of phosphatidylcholine and
hosphatidylethanolamine extracted from wild types and sams-1 mutants.

Representative thin layer chromatogram for the quantification of the
phosphatidylcholine and the phosphatidylethanolamine contents of 5-day-old adult
wild type worms and sams-1 mutants. Lipid extraction and separation was performed
as described in Material and Methods.
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Starvation-induced alterations of triacylglycerol and protein level in wild type
worms and sams-1 mutants.

time wild type sams-1(t5669) sams-1(0k3033)
Parameter stg:v_ Mean SEM N Mean SEM N Mean SEM N
ng/worm 0 hr 5.4 +0.9 3 3.4 +0.3 3 3.9 +0.8 3
24 hr 1.2 +0.3 3 1.7 +0.1 3 1.2 +0.3 3
g 48 hr 0.4 +0.1 3 1.1 +0.04 3 0.5 +0.4 3
F | % of control 0 hr 100.0 +18.1 3 100.0 +8.1 3 100.0 +20.1 3
24 hr 21.8 +3.7 3 48.7 +1.9 3 32.8 +4.2 3
48 hr 6.7 +0.3 3 34.0 +2.6 3 16.7 +13.2 3
ng/worm 0hr 25.8 +1.2 3 15.5 +0.6 3 17.6 +0.7 3
c 24 hr 19.8 +1.5 3 13.8 +0.9 3 14.5 +1.4 3
% 48 hr 19.7 +2.1 3 13.3 +1.1 3 14.3 +1.2 3
2| % of control 0 hr 100.0 +4.38 3 100.0 +3.8 3 100.0 4.2 3
24 hr 76.4 +5.7 3 89.5 +5.2 3 81.8 +49 3
48 hr 75.3 +5.2 3 85.6 +6.3 3 80.9 +42 3

Triacylglycerol (TAG) and protein contents were compared between ad libitum fed
(0 hr) and starved (24 hr; 48 hr) wild type worms and sams-1 mutants. "% of control"
indicates the relative proportions of TAG and protein in starved worms referred to
respective ad libitum fed worms. Protein and TAG were determined as described in
Material and Methods.

Starvation-induced alterations of lipid droplet nhumber, mean lipid droplet
volume and total lipid droplet volume in the anterior intestine of wild type
worms and sams-1 mutants.

time wild type sams-1(15669) sams-1(0k3033)
of
Parameter starv. Mean SEM N Mean SEM N Mean SEM N
5o 0hr 611.2 +495 9 436.8 +18.3 12 4551 +£52.3 9
'g 9 24 hr 2542 +37.6 13 389.8 +23.9 8 3128 +189 9
2% 48 hr 159.2 +36.9 10 3846 +214 10 +16.5 3
] 9 ué pm3 0hr 2.4 +0.1 9 4.6 +0.3 10 4.4 +0.3 11
§ S3 24 hr 1.9 +0.2 13 4.6 +0.3 10 4.5 +0.4 9
o
_E % > 48 hr 1.8 +0.2 10 4.6 +0.4 10 4.3 +0.3 4
S
'5 g um?3 0hr 1488.5 +143.9 9 2127.9 +289.5 10 2228.1 +272.2 11
E % 24 hr 561.8 +105.3 13 1933.3 +166.2 10 1340.1 +101.4 10
E 48 hr 319.0 +90.9 10 1776.6 +188.1 10 1081.4 +181.8 5
=!| % of control 0 hr 100.0 +9.6 9 100.0 +13.6 10 100.0 =+12.2 11
1]
S 24 hr 37.7 +7.1 13 73.9 +4.9 10 60.2 +45 10
48 hr 21.4 +6.1 10 70.5 +8.0 10 48.5 +8.2 5

LD = lipid droplet. LD number, mean LD volume and total LD volume of the anterior
intestine were compared between ad libitum fed (0 hr) and starved (24 hr; 48 hr) wild
type worms and sams-1 mutants. Changes in total LD volume (LD number multiplied
by mean LD volume) are shown as relative proportion (% of control) referred to the
respective control (0 hr starvation).
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Starvation-induced alterations of lipid droplet nhumber, mean lipid droplet
volume and total lipid droplet volume in the posterior intestine of wild type

worms and sams-1 mutants.

time wild type sams-1(t5669) sams-1(0k3033)
Parameter st::v_ Mean SEM N Mean SEM N Mean SEM N
5o pm3 0hr 3834 +405 10 404.7 +23.7 11 4099 +£36.2 11
£89 24hr 2189 £201 10 3557 339 10 3034 255 11
2 S 48 hr 1519 +20.8 10 3019 +£252 9 2520 +23.1 4
.°E’ a qE> pm3 0 hr 25 +0.1 10 5.1 +0.2 11 4.8 +0.4 11
:g § _g 24 hr 2.6 +0.1 10 5.0 +0.3 10 4.5 +0.4 10
E =~ 48 hr 24 +0.1 10 47 +05 10 4.2 +0.3 5
g °é pm? 0 hr 9424 +96.3 10 2036.0 +141.7 11 1864.0 +1185 11
§ % 24 hr 6324 +£81.7 11 1780.3 +180.5 10 1258.8 +121.7 11
; 48 hr 361.7 +499 10 1505.7 +235.4 9 982.0 +148.2 5
% % of control 0 hr 100.0 =+10.2 10 100.0 +6.9 11 100.0 +6.4 11
° 24 hr 60.1 +56 10 755 +93 7 67.5 +6.5 11
48 hr 38.4 +53 10 59.2 +8.2 7 52.7 +7.9 5

LD = lipid droplet. LD number, mean LD volume and total LD volume of the anterior
intestine were compared between ad libitum fed (0 hr) and starved (24 hr; 48 hr) wild
type worms and sams-1 mutants. Changes in total LD volume (LD number multiplied
by mean LD volume) are shown as relative proportion (% of control) referred to the
respective control (0 hr starvation). For experimental procedure, see Material and

methods.
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Size classification of lipid droplets of the anterior intestine from ad libitum fed
and starved wild type and sams-1 larvae.

time wild type sams-1(t5669) sams- 1(0k3033)
LD class st::v. Mean SEM N Mean SEM N Mean SEM N
absolut 0hr 4084 315 9 2659 246 10 2674 +352 9
24 hr 175.7 +241 13 2423 +179 10 188.0 +14.6 9
mg_ 48 hr 113.3 +235 10 2239 107 10 163.8 +21.3 5
S % 0hr 67.2 +1.2 9 58.5 +1.4 10 57.9 +21 9
24 hr 72.2 +2.0 13 57.3 +15 10 59.8 +1.6 9
48 hr 75.9 27 10 58.6 +1.1 10 62.8 +15 5
absolut 0hr 13563 +129 9 96.2 +8.2 10 100.8 +125 9
o 24 hr 55.5 +94 13 91.2 +6.5 10 63.9 +45 9
5’. 48 hr 33.7 +9.6 10 80.5 +6.5 10 59.2 +85 5
& % 0hr 22.0 +0.8 9 21.4 +0.6 10 221 +0.9 9
24 hr 20.2 +15 13 21.6 +0.6 10 20.5 +0.9 9
48 hr 18.0 +1.7 10 20.8 +1.0 10 22.6 +1.6 5
@ absolut 0hr 45.9 +47 9 442 +41 10 47.7 +5.7 9
Tl o 24 hr 16.9 +3.3 13 47.3 +42 10 29.7 +28 9
_E g 48 hr 10.2 +3.7 10 38.5 +3.7 10 23.2 +3.7 5
é ; % 0hr 7.4 +0.3 9 9.8 +04 10 10.6 +0.7 9
g 24 hr 5.7 +0.7 13 11.3 +0.9 10 9.5 +0.8 5
© 48 hr 48 +1.1 10 9.9 +05 10 8.8 +1.1 5
absolut 0hr 20.9 +35 9 35.2 +44 10 30.9 +29 9
o 24 hr 5.7 +1.6 13 31.4 +3.0 10 23.8 +2.3 9
§_ 48 hr 1.9 +0.9 10 33.3 +3.4 10 16.8 +3.8 5
§ % 0hr 3.3 +0.5 9 7.7 +0.6 10 7.4 +1.0 9
- 24 hr 1.8 +04 13 7.4 +04 10 7.7 +0.8 5
48 hr 1.1 +05 10 8.6 +0.7 10 6.2 +0.9 5
absolut 0hr 0.7 +0.3 9 12.6 +29 10 8.3 +1.9 9
o 24 hr 0.5 +0.3 13 10.1 +15 10 7.4 +1.6 9
g_ 48 hr 0.1 +0.1 10 8.3 +2.0 10 4.8 +1.1 5
% % 0hr 0.1 +0.04 9 2.6 +05 10 2.0 +04 9
24 hr 0.2 +0.1 13 2.4 +0.3 10 25 +0.6 5
48 hr 0.2 +0.2 10 2.2 +0.6 10 1.7 +0.3 5

LD = lipid droplet. This table shows starvation-induced alterations in the composition
of LD classes of the anterior intestine. The absolute and the relative (%) number of
LDs that are <2 um?®, 2-5 um?®, 5-10 um?®, 10-30 pm® and >30 um? are indicated for ad
libitum fed larvae (0 hr starvation) as well as for 24 hr and 48 hr starved wild type and
sams-1 larvae. For experimental procedure, see Material and methods.
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Size classification of lipid droplets of the posterior intestine from ad libitum fed
and starved wild type and sams-1 larvae.

time wild type sams-1(t5669) sams-1(0k3033)
LD class stg:v_ Mean SEM N Mean SEM N Mean SEM N
absolut 0 hr 2525 +28.8 10 2108 +13.0 11 2235 +27.4 11
24 hr 138.7 +14.2 10 1844 + 20.2 10 1804 +171 11
mg_ 48 hr 99.1 +13.6 10 1523 +11.6 9 130.8 +11.1 5
S % 0hr 66.4 +1.1 10 52.2 +1.3 11 53.3 +24 11
24 hr 61.9 +14 10 51.6 +1.7 10 58.9 +1.9 11
48 hr 65.4 +1.7 10 50.9 +15 9 57.1 +29 5
absolut 0hr 87.8 +8.7 10 92.2 +7.1 11 93.2 +8.7 11
o 24 hr 51.3 +3.6 10 83.3 +7.8 10 65.4 +49 11
l%. 48 hr 36.4 +5.9 10 73.4 +5.9 9 56.6 +11.0 5
& % 0 hr 23.2 +0.9 10 22.6 +0.8 11 22.8 +1.1 11
24 hr 24.3 +0.9 10 23.6 +0.6 10 21.8 +0.6 11
48 hr 23.9 +1.6 10 245 +1.1 9 23.6 +27 5
2 absolut 0hr 31.0 +3.2 10 46.5 +3.9 11 48.2 +4.1 11
‘g‘ o 24 hr 20.2 +25 10 457 +43 10 31.7 +49 11
,‘E' g_ 48 hr 12.9 +21 10 36.1 +35 9 23.0 +3.8 5
2 ; % 0hr 8.1 +05 10 11.4 +04 11 12.1 +0.9 11
% 24 hr 9.1 +0.6 10 12.9 +05 10 10.3 +1.0 11
g 48 hr 8.4 +0.6 10 11.9 +0.6 9 9.7 +1.1 5
absolut 0 hr 11.8 +22 10 45.2 +35 11 36.5 +26 11
o 24 hr 8.7 +1.1 10 329 +3.9 10 19.7 +2.1 11
§_ 48 hr 35 +0.7 10 33.2 +6.1 9 18.6 +27 5
§ % 0hr 3.2 +0.6 10 11.2 +0.6 11 9.5 +09 11
- 24 hr 4.2 +0.5 10 9.3 +1.1 10 6.8 +0.7 11
48 hr 2.4 +0.4 10 10.5 +15 9 8.1 +1.2 5
absolut 0 hr 0.3 +0.2 10 10.0 +14 11 8.6 +1.7 11
o 24 hr 0.0 +0.0 10 9.1 +1.3 10 6.2 +15 11
g_ 48 hr 0.0 +0.0 10 6.8 +22 9 4.2 +14 5
a % 0 hr 0.07 £0.05 10 25 +0.3 11 24 +0.6 11
24 hr 0.02 +0.02 10 2.6 +0.3 10 2.3 +0.6 11
48 hr 0.0 +0.0 10 2.1 +0.6 9 1.8 +04 5

LD = lipid droplet. This table shows starvation-induced alterations in the composition
of LD classes of the posterior intestine. The absolute and the relative (%) number of
LDs that are <2 um?®, 2-5 um?®, 5-10 um?®, 10-30 pm® and >30 um? are indicated for ad
libitum fed larvae (0 hr starvation) as well as for 24 hr and 48 hr starved wild type and
sams-1 larvae. For experimental procedure, see Material and methods.
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