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Abstract

Lipids are integral components of all cells. Lipid molecules form the membrane and
control membrane integrity while storage lipids act as a source of energy for the cell. The
chemical properties of lipids are determined by the composition of the molecule’s acyl
chain moieties. Incorporation of unsaturated acyl chains into phospholipids destined for
the membrane generates a more fluid membrane, while a more unsaturated acyl chain
profile in storage lipids permits lipid droplet biogenesis from the endoplasmic reticulum.
In Saccharomyces cerevisiae, acyl-CoA is desaturated by the sole A9-desaturase Ole1.
Ole1 plays an important role in S. cerevisiae, as up to 80% of the acyl chains are
unsaturated. However, unsaturated acyl-CoA is distributed unevenly within the cell.
Certain phospholipids, like phosphatidylethanolamine and phosphatidylcholine, are
enriched for unsaturated acyl chains, while other phospholipids like phosphatidylinositol
contain more saturated moieties. This indicates that the unsaturated acyl-CoA generated
by Ole1 is more available to specific lipid biosynthetic enzymes. The mechanism
controlling this specificity has not yet been characterized, but interactions between
enzymes in lipid biosynthesis have been identified in other organisms. We propose that
interactions between Ole1 and lipid biosynthetic enzymes exist in S. cerevisiae, and that
these interactions control the incorporation of unsaturated acyl chains into certain lipids
and thus regulate the chemical properties of phospholipid and storage lipid. We present
herein a set of coimmunoprecipitation and membrane yeast two-hybrid studies that
identified novel protein-protein interactions between Ole1 and lipid biosynthetic enzymes.
Interactions with the main lysophosphatidic acid acyltransferase in S. cerevisiae, Slc1,

and the essential CDP-DAG synthase, Cds1, were also discovered, further determining



the composition of the complex we have called the desaturasome. We have more deeply
characterized the interaction between Ole1 and the diacylglycerol acyltransferase Dga1
and performed functional studies that suggest a role for the Ole1-Dga1 interaction in
control over lipid droplet formation. Finally, we present evidence for the contention that
the interaction between Ole1 and Dga1 controls the subcellular localization of the
acyltransferase. This research has revealed the composition of a lipid biosynthetic
interaction network that may serve to control the incorporation of unsaturated acyl-CoA
into phospholipid and storage lipid and thus regulate the membrane fluidity and
generation of lipid droplets from the endoplasmic reticulum. Future work should aim to
determine whether the composition of the desaturasome differs between subcellular
compartments and if these interactions channel lipid. Investigating the role of this lipid
synthesizing supercomplex may have implications in metabolic engineering and

treatment of lipid dysregulatory disorders in humans.



Preface

This thesis is the original work performed by Brianna L. Greenwood (BLG) under
the guidance of Dr. David Stuart (DTS). Jack Moore of the Alberta Proteomics and Mass
Spectrometry Facility performed the mass spectrometry in Chapter 2 and provided the
written procedure in 2.3.5. Dr. Marek Michalak provided the NMY51 strain used in
Chapters 2 and 3, and Dr. Michael Schultz provided the Adga1 strain utilized in Chapter
4. Plasmids used in Chapter 2 were generated by Daniel Huang (DH). The FAME analysis
in Chapter 3 was performed by Audric Moses in the Lipidomics Core Facility of the Faculty

of Medicine and Dentistry at the University of Alberta.

Chapter 3 was accepted for publication in the Journal of Biological Chemistry in
May of 2023. BLG is the primary author and performed the experiments, analyzed the
data, wrote the first draft, and edited the manuscript. Zijun Luo (ZL), Tareq Ahmed (TA),
and DH generated plasmids for the study and obtained preliminary data. DTS designed
the research and edited the manuscript. This manuscript has been adapted to fit the

format of the thesis presented.



Acknowledgments

| have to acknowledge the incredible mentorship | have been given by Dr. David Stuart. |
came to his lab in 2017 as a student, passionate about science and feeling out of my
depth in a graduate program. Dave was patient, building my confidence in myself as a
researcher and my critical thinking skills as a scientist. | know that | am graduating from
this program as a competent scientist because of the support Dave has given me, and |
can’t thank him enough.

| want to acknowledge the support given to me by Dr. Bonnie McNeil and Dr. Anagha
Krishnan. They not only took the time to show me around the lab and help me get settled
but also listened to me when | needed to talk through confusing results or cloning issues.
They set me up for success in the lab, and | want to thank them for that.

| thank all the members of the Stuart lab for their friendship over the years. Yuze, Karla,
Laura, and Dr. Tabinda Shakeel — you have all made my tenure in the lab a joy. |
appreciate each of you, and thank you for your help and input. I've had the honour of
supervising some truly excellent undergraduate students over the years. Zijun, Tareq,
and Daniel have all made significant contributions to my progress and are owed a huge
debt of gratitude from me. Thank you all.

| want to acknowledge the graduate students who have kept me sane throughout my time
here. | never would have made it this far without you all.

| owe a huge thank you to my family and friends. You all kept me grounded even when it
felt like graduate school and research were taking over my life. Thank you for the
company on long runs and the family dinners that fueled them.

| appreciate my committee members, Dr. Joanne Lemieux and Dr. Richard Fahlman, for
your support and valuable input into my research plans. Thank you for taking the time out
of your busy schedules to listen to my wild ideas and help me turn them into well
constructed experiments.

Lastly, | have to acknowledge my partner Cameron. Thank you for listening to me ramble
about results for hours on end. Thank you for giving me your input from the structural
biology perspective. Thank you for supporting me and encouraging me to do big things,
no matter how much they scare me. | owe this all to you. | love you.



Table of Contents

1. Chapter 1 — Spatial regulation of lipid synthesis in Saccharomyces

cerevisiae to control lipidome composition ........ccccccceiiiiimiccciiiinneen, 1
1 T [ 17 oo [T oY 1
1.2 Lipid synthesis is compartmentalized ...............oooorrmiiriii i 4

1.2.1.  Acyl-CoA synthesis in the cytoplasm ..o 4
1.2.2.  Acyl-CoA modification in the ER ..........cccoo i 5
1.2.3. Downstream lipid synthesis occurs in the membranes ............ccccoociiiiiii e 7
1.2.4. Phosphatidic acid is generated in the ER...........coiiiiiiii e 10
1.2.5. Downstream phospholipid synthesis occurs in the ER, mitochondria, and endosome ........ 12
1.2.6. TAG synthesis occurs in the ER @nd LD ..........cccoiiiiiiiiiiiiee e 15
1.2.7. SEis generated in the ER and stored in the LD............cccooiiiiiiiiiiiii e 18
1.3 Lipids are specifically acylated ...........cccccmeriiiiiiciinmmrrer e 19
1.4. Lipids are specifically distributed .............cccommmrriiieii e 21
1.5. Membrane contact sites are metabolically distinct..............cccovvmmrriiiiiiiiiininnnen, 24
1.6. Proteins that synthesize sequential reactions interact in other organisms........ 29
1.7. Concluding remarks ... 32
1.8. Objectives of this WOrK.........ccciiiiiiiir 33
1.9. Organization of the thesis.........ccccoiiiiiiin e —— 34
1.9.1. Chapter 2 — The desaturasome: a multi-protein complex that controls lipid biosynthesis in S.
(o] LoV =T RS 34
1.9.2. Chapter 3 — Saccharomyces cerevisiae A9-desaturase Ole1 forms a supercomplex with
S (o2 =T o o N B T - TSRO PURRUTRIN 34
1.9.3. Chapter 4 — Dga1 mutants lacking strong interactions with Ole1 exhibit altered subcellular
[oTe7= 11172 11 ] o SRR 35
1.9.4. Chapter 5 — CONCIUSIONS .....ccuveiiieieiiiiee ettt e et e e et e e e e e e e et e e e sssaaeeeeassseeeesannreneens 35

2. Chapter 2 — The desaturasome: a multi-protein complex that
channels acyl-CoA to specific fates in Saccharomyces cerevisiae ....36

7200 TR~ 11 1 4 4 -1 36
20728 |21 1o Yo 11T o7 e o 38
2 TR |1 11 3 Vo o 44
2.3.1.  Strains and Plasmids...........cicuiiiii i e e s a e s a e e e e e e annaeaans 44
2.3.2. Media and Cultivation CONditioNS ...........cociuiiiiiiiiiiiee e e e e e e e s ennaeeens 50
2.3.3.  Membrane [SOIatioN ............. et e e e 51
DR B S 070 100 o 1B g ToT o =Y otT o] 7= i o o WSS 51
2.3.5.  MASS SPECITOMELIY ...ttt e et e e e e st e e s nnnee s 52
2.3.6. Mass Spectrometry @nalySiS ..........oocuiiiiiiiiiiie e 53
2.3.7. Membrane Yeast TWO-Hybrid assay .........c.cooiiiiiiiiiiii e 53
2.3.8.  StatistiCal @NAIYSES .....oueiiiiiie et eeaeeen 55

Vi



2.4. Y= U] | 55

2.4.1. Ole1 interacts with enzymes from storage lipid, phospholipid, and sterol synthesis in late

logarithmic phase Of GroWth ...........ooi e e 55
2.4.2. Ole1 interacts closely with enzymes from phospholipid and storage lipid synthesis............ 63
2.4.3. Slc1 interacts strongly with phospholipid and storage lipid synthesizing enzymes.............. 68
2.4.4. Cds1 interacts with storage lipid and phospholipid synthesizing enzymes .............c.c.ccec.... 71
28 T 0o T T2 11T oY o 1= 74
2.5.1. Enzymes catalyzing sequential reactions in the phospholipid biosynthesis pathway interact
WIth ONE @NOTNET ... .. ettt e e e e e e e et e e e e e e e e e e eaannnes 77
2.5.2. Enzymes synthesizing nonsequential reactions in phospholipid synthesis interact.............. 78
2.5.3. Ole1, Slic1, and Cds1 interact with storage lipid synthesizing enzymes...........cccccococeeveeene 79
2.5.4. Ole1 interactors are present in specialized ER subdomains...........ccccccovvcvviiiiiciiieeevecieenn, 80
3. Chapter 3 — Saccharomyces cerevisiae A9-desaturase Ole1 forms
a supercomplex with Slc1 and Dgal ... e 83
B TR TR ¥ 11 4T T 83
3.2, INtrodUCEION ... e 85
3.3. Experimental Procedures.........ccooiiiiiiiiiiiiiiiiirirrrsse s s 91
3.3.1.  Strains @nd Plasmids.........cccuiiiiiiiiiiie et e s e e st e e e s s sntee e e e e st e e e e e santareaeearaeeaaeaans 91
3.3.2.  Medium and cultivation CONAITIONS ............oeiiiiiiiiiii e 99
3.3.3.  Membrane Yeast TWO-HYDIid @SSaY .........ccouiiiiiiiiiiiiiiiice et 100
3.3.4. Protein extraction and western bIottNg ...........ccueeiiiiiiiiii e 101
3.3.5. Fatty acid tOXICItY @SS@Y ....cccueeeiiiiiiiiie e 101
3.3.6.  LIPId @NaIYSIS......eeeiiiiiiiiiie e 102
KRG T A 07T {o o= I 4o 1o o =T o] o) A0SR 102
3.3.8.  StatistiCal @NAIYSIS ......cueiiieiiiee e 103
3. RESUILS ... s 103
3.4.1. A9 desaturase Ole1 interacts with acyltransferases Sct1, Gpt2, Sic1 and Dga1............... 103
3.4.2.  Slctinteracts With DGart ..ot as 106
3.4.3. The carboxyl terminus of Dga1 is required for its interaction with Ole1 ..................cceee.. 110
3.4.4. Charged residues at the carboxyl-terminus of Dga1 are important for the Ole1-Dga1
11 (=] = Tox (o o SRR 114
3.4.5. Interaction of Dga1 with Slc1 displays sequence requirements distinct from those required
for Ole1118
3.4.6. Dga1 charged-to-alanine mutants are defective in Ole1 binding but retain acyltransferase
function120
B = o =17 Lo T o 126

4. Chapter 4 — Dga1 mutants lacking strong interactions with Ole1

exhibit altered subcellular localization.............cccceiiiiiiicccii, 138
s I |21 Yo 11T oo 138
4.1.1. Lipid droplet emergence and growth from the ER ..., 138
4.1.2. TAG synthesis in yeast and mammals .............cccoiiiiiiiiiiiin e 140
4.1.3. A model for Dga1 as a monotopic membrane protein...........ccccceeeveciiereeeiciiee e e 142

L S N |1 =1 1 4 o Yo L= PSPPSR 150

Vii



4.2.1.  Strains and Plasmids.........ccooiiuiiiiiieeiee ettt e e anre e eaee s 150
4.2.2. Media and Cultivation CONAItiONS ...........cooiiiiiiiii e 156
4.2.3.  SEQUENCE @NAIYSIS ...ceiuiiiiiiieiiiie ettt ettt et e e e et e e e e e e eab e e e enre e e anreeeeaeean 157

v 2 S O7o 1] {oTez= 0411t foTe o] o) VNSRS 157
4.2.5. Statistical @NalYSIS ......ccuuiiiiiee i 158

4.3,  RESUILS ... ——— 158
4.3.1. Dga1 localizes to the nER, cER, and LD during active growth and stationary phase......... 158
4.3.2. ERlocalization of Dga1 truncation mutants is altered during active growth....................... 162
4.3.3. Alanine mutant exhibits reduced ER distribution during log phase of growth ................... 165
4.3.4. Localization of Dga1 variants is greatly altered during stationary phase ...............cccc........ 171
4.3.5. Dga1 localization pattern mirrors OleT .........cooiiiiiiiiiiiei e 176
4.3.6. Ole1 deletion does not affect Dga1 distribution............cccoooiiiiiiiiiiiii e 177

L O o T T2 (1= T T 179
5. Chapter 5 — ConcCluSions ... s 184
5.1.  Reflections.......ier e ——————— 184
5.1.1. Identification of the lipid biosynthetic interactome ............ccccoooiiiiniiii e, 184
5.1.2. Dissection of the desaturase — diacylglycerol acyltransferase interaction ......................... 186

5.2. Recommendations..........ccccmmmiiiiiniinisiir s ———— 188
6. Works Cited .........cciiiiiiiiiiiiiirriei s 192
7. Appendix — Lab procedures...........ccommmiiiiimmmmesnnnnnnns s 227

viii



List of tables

Chapter 1
Table 1.1. Localization and phenotype of proteins of lipid synthesis. .............ccccccceeennneee 3
Chapter 2
Table 2.1. Strains used in this StUAY .........oooiiiiiii e 45
Table 2.2. Primers used in thisS StUAY .........c..uuiiiiiiiii e 46
Table 2.3. Plasmids used for strain construction .............cccceeeiiiiiiiiiiii e 48
Table 2.4. Plasmid construction for interaction analysis by MYTH ..........ccccoiiiiinen. 50
Table 2.5. Ole1 interactors by cellular component as determined by FunSpec.............. 57
Table 2.6. Ole1 interactors by biological process as determined by ClueGO ................ 59
Table 2.7. Ole1 interactors of iNterest.............oevviiiiiiiii e 62
Chapter 3
Table 3.1. Primers used in thisS StUAY ............uviiiiiiii e 93
Table 3.2. DNA fragments used in this study..........ccooiiiiiiii e 95
Table 3.3. Plasmids used in this Study.............ooiiiiiiiii e 96
Chapter 4
Table 4.1. Strains used iN StUAY ........cooiiiiiii e 151
Table 4.2. Sequences of primers used in StUdY........cccuviiiiiiiiiiii e 153
Table 4.3. Plasmids USed iN STUAY .......cooiiiiiiiiiiiiiii e 155
Table 4.4. A comparison of Dga1 mutant characteristics and subcellular localization
dUuring active GrOWEN. ......oooiii e 170
Table 4.5. A comparison of Dga1 mutant characteristics and subcellular localization

during the

stationary phase of growth. ... 176



List of figures

Chapter 1

Figure 1.1 Fatty acyl-CoA synthesis and modification in yeast............cccoooiiiiiiiiiiiii s 6
Figure 1.2 Compartmentalization of major storage lipid and phospholipid synthesis in

SACCHAIOMYCES COIEVISIAE .........ccocuveeee e ettt e e ettt e e e et e e e e st e e e e sentaeeaesantaeeaessnraeaaeans 9
Figure 1.3 Lipid shape and intrinsic curvature (Js) impact membrane formation .......................... 23
Figure 1.4 The yeast PM associated ER (PAM) is an active site of phospholipid synthesis ........ 25

Figure 1.5 The mitochondria-associated ER (MAM) generates PS for mitochondrial Psd1 ......... 27

Figure 1.6 The LD is an active site of both neutral and phospholipid synthesis ............cc.ccccvvee.. 29
Chapter 2

Figure 2.1 Sterol biosynthesis occurs in three modules ...........c.ocoiiiiiiiiiiii e, 41

Figure 2.2 Ole1 interactors act in two main GO biological processes: transport and lipid
MNELADOIISIN. ... e e e e e e e e e e e e e e e e e e e e e aea—————————————— 60
Figure 2.3 Schematic of the membrane-yeast two hybrid system used in the current study........ 64

Figure 2.4 Ole1 interacts with proteins that produce triacylglycerol, sterol ester, and membrane-

oTo 0] aTo I o] a o] o] g Lo 1T o] o USRS 67
Figure 2.5 Ole1 interactome network map as determined by iIMYTH ..o 68
Figure 2.6 Slc1 interacts with proteins that generate glycerophospholipid, sterol, glycerolipid, and
] (= o] =11 (= S TP PP PT PP 70
Figure 2.7 Slc1 interactome network map as determined by iIMYTH ..o, 71
Figure 2.8 Cds1 interacts with proteins that generate glycerophospholipid, sterol, glycerolipid, and
] (= o] =11 (= SO PTPPPR 73
Figure 2.9 Cds1 interactome network map as determined by iIMYTH ..o, 74
Figure 2.10 Ole1, Sic1, and Cds1 interact with enzymes responsible for PA, phospholipid, and
Storage lIPid SYNTNESIS ... ... e 76
Chapter 3

Figure 3.1. The pathway to triacylglycerol synthesis in S. cerevisiae .............cccccococeviiiiiicncnnnnn. 87
Figure 3.2. A9 acyl-CoA desaturase Ole1 interacts with acyltransferases ............ccccoccceriieennne 106
Figure 3.3. Acyltransferase Slc1 interacts with Dgat .........ccooeiiiiiiiiii e 109
Figure 3.4. Truncation of the Dga1 carboxyl-terminus disrupts the interaction with Ole1........... 112

Figure 3.5 Western blot confirmation of bait and prey protein expression for two-hybrid testing 114
Figure 3.6. Charged residues at the carboxyl-terminus of Dga1 are important for interaction
between Ole1 @nd DAt ...ttt et e et e e nne e e ebe e e enees 116



Figure 3.7. Slc1 interacts with a truncated Dgat ..........coooiiiiiiiiiiiie e 119

Figure 3.8. Dga1 charged-to alanine variants are functional ..............ccccooiiiiiiiiiiini e 122
Figure 3.9. Lipid droplet formation is altered by carboxyl-terminal mutations in Dga1 ............... 124
Figure 3.10. TLC of are? are2 Iro1 DGA1 or are1 are2 Iro1 DGA1«roex total cellular lipids at the
active growth PRASE ...t e e e e e e e e e 126
Chapter 4

Figure 4.1 TAG synthesis at the LD budding Site ...........cccoiiiiiiiiiiiii e 139
Figure 4.2 The Dga1 carboxyl terminus is highly conserved .............ccccoiiiiiiiiie e, 143
Figure 4.3 High confidence AlphaFold model of Dga1 (Q08650) .........cccoceeeiiereiiieeiiee e 145
Figure 4.4 Dga1 contains a similar region to the MmDGAT2 (Q9DCV3) LD targeting domain
(MIMID GAT 2293-312) -+veeuteeetureeeaueeeateeaaaseeeateeaaaseeeaseeaaaseeaaasseeaanseeeanseeaanseeeamseeaanseeeanseeeanseeesnseeesnnes 148
Figure 4.5 Sequence of mMNeonGreen fragment codon-optimized for S. cerevisiae................... 154
Figure 4.6 Dga1 localizes to the LD during active growth and stationary phase ........................ 160
Figure 4.7 Dga1 localizes to the ER during active growth ..o, 161
Figure 4.8 Schematic of Dga1 truncation and mutant constructs used in this study .................. 163

Figure 4.9 Carboxyl-terminal truncations of Dga1 exhibit a reduced ER localization during active

o] oY1 o OO PP PP PPPOPPPRPPNt 164
Figure 4.10 Dga1kroex exhibits reduced ER localization during active growth .............c.cccoeeee. 166
Figure 4.11 Characterization of nER localization of Dga1 mutants during active growth ........... 169
Figure 4.12 Carboxyl-terminal truncations of Dga1 at stationary phase of cell growth............... 172
Figure 4.13 Dga1kroex exhibits little to no ER or LD localization during stationary phase.......... 174
Figure 4.14 Ole1 and Dga1 exhibit similar subcellular localization during active growth............ 177
Figure 4.15 Dga1 localization in an Aole? mutantis not altered .............ccccceeiiiiiiii e, 178

Xi



List of abbreviations

3-AT 3-aminotriazole

ACAT acyl-CoA:cholesterol acyltransferase
Acc1 acetyl-CoA carboxylase

ACL ATP citrate lyase

Ale1 lysophospholipid acyltransferase
APBS Adaptive Poisson-Boltzmann Solver
Are1 acyl-CoA:sterol acyltransferase 1
Are2 acyl-CoA:sterol acyltransferase 2

CDP-DAG cytidine diphosphate diacylglycerol

Cds1 phosphatidate cytidylyltransferase

cER cortical endoplasmic reticulum

Cho1 CDP-DAG-serine O-phosphatidyltransferase
Cho2 phosphatidylethanolamine N-methyltransferase
CoA coenzyme A

DAG diacylglycerol

Dga1 acyl-CoA:diacylglycerol acyltransferase
DGAT diacylglycerol acyltransferase

DHAP dihydroxyacetone phosphate

DNA deoxyribonucleic acid

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

EGTA ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid
Elo1 fatty acid elongase 1

Elo2 fatty acid elongase 2

Elo3 very long chain fatty acid elongase

EMC ER membrane protein complex

ER endoplasmic reticulum

ERMES ER-mitochondria encounter structure

FA fatty acid

Faa1/4 fatty acyl-CoA synthetase

Fas1/2 fatty acid synthase

FFA free fatty acid

Xii



G3P
GO
GPAT
Gpt2
HMG-CoA
Hmg1
HRP
iMYTH
LB
LC-MS/MS
LD
LPA
LPAAT
LPC
LPE
LPL
Lro1
MAM
MCFA
MCS
MDH
MDH
ME
MGAT
mNG
MYTH
NADPH
nER
NL

oD
Ole1
Opi3
PA
Pah1

glycerol-3-phosphate

gene ontology

glycerol-3-phosphate acyltransferase
G-3-P/DHAP acyltransferase
3-hydroxy-3-methylglutaryl coenzyme A
HMG-CoA reductase

horseradish peroxidase

integrated membrane yeast two hybrid
lysogeny broth

liquid chromatography tandem mass spectrometry
lipid droplet

lysophosphatidic acid

lysophosphatidic acid acyltransferase
lysophosphatidylcholine
lysophosphatidylethanolamine
lysophospholipid
phospholipid:diacylglycerol acyltransferase
mitochondria associated endoplasmic reticulum membrane
medium chain fatty acid

membrane contact site

malate dehydrogenase

monodansylpentane, AUTODOT

malic enzyme

monoacylglycerol acyltransferase

mNeonGreen

membrane yeast two hybrid

nicotinamide adenine dinucleotide phosphate
perinuclear/nuclear endoplasmic reticulum

neutral lipid

optical density

stearoyl-CoA A9-desaturase
phosphatidyl-N-methylethanolamine N-methyltransferase
phosphatidic acid

phosphatidate phosphatase

Xiii



PAM
PC
PCR
PE
PEMT
PI

PIP
Pis1
PL
pLDDT
PM
PMME
PMSF
PPI

PS
Psd1
Psd2
PYC
SCD
Sct1
SD
SDS
SDS-PAGE
SE
SFA
SL
Slc1
TAG
Tris HCI
UFA
VLCFA
YEPD

plasma membrane associated endoplasmic reticulum membrane
phosphatidylcholine

polymerase chain reaction
phosphatidylethanolamine
phosphatidylethanolamine methyltransferase
phosphatidylinositol

phosphatidylinositol phosphate
CDP-DAG-inositol 3-phosphatidyltransferase
phospholipid

per-residue confidence score

plasma membrane
phosphatidyl-N-methylethanolamine
phenylmethylsulfonyl fluoride

protein-protein interaction
phosphatidylserine

phosphatidylserine decarboxylase
phosphatidylserine decarboxylase

pyruvate carboxylase

stearoyl-CoA A9-desaturase

G-3-P/DHAP acyltransferase

synthetic defined

sodium dodecyl sulfate

sodium dodecyl sulfate-polyacrylamide gel electrophoresis
steryl ester

saturated fatty acid

storage lipid

lysophosphatidic acid acyltransferase
triacylglycerol

Tris hydrochloride

unsaturated fatty acid

very long chain fatty acid

yeast extract peptone dextrose, complete yeast medium

Xiv



Amino acid abbreviations

Ala, A
Arg, R
Asn, N
Asp,D
Cys, C
GIn, Q
Glu, E
Gly, G
His, H
lle, |

Leu, L
Lys, K
Met, M
Phe, F
Pro, P
Ser, S
Thr, T
Trp, W
Tyr, Y
Val, Vv

alanine
arginine
asparagine
aspartate
cysteine
glutamine
glutamate
glycine
histidine
isoleucine
leucine
lysine
methionine
phenylalanine
proline
serine
threonine
tryptophan
tyrosine

valine

XV



Chapter 1 — Spatial regulation of lipid synthesis
in Saccharomyces cerevisiae to control lipidome
composition

1.1. Introduction

Lipids are essential for membrane architecture and can be stored within lipid
droplets as neutral storage lipid. There are eight classes of lipids in total; fatty acids (FA),
glycerolipids, glycerophospholipids, sterol and sterol derivatives, sphingolipids, prenol
lipids, glycolipids, and polyketides (1). The three major classes of lipids discussed here
are the glycerophospholipids (PLs) found in membranes, the storage glycerolipid
triacylglycerol (TAG), and sterols, which can either be found in the membrane or acylated
and stored as steryl esters (SEs).

The metabolism of lipids is compartmentalized in eukaryotic organisms. While the
cytoplasm is the main location of acyl-CoA synthesis, the modification of acyl chains and
assembly into downstream lipids occurs primarily in the endoplasmic reticulum (ER) ()
(2). The mitochondria and Golgi apparatus also play important roles in the lipid
biosynthetic process as the primary locations of cardiolipin and sphingolipid synthesis,
two classes of lipids that will not be discussed here but have been reviewed (3, 4). The
lipid droplet (LD), an ER-associated organelle, is the site of SE and TAG storage as well
as a large amount of TAG synthesis (5). Peroxisomes in yeast are primarily catabolic

organelles and are the main location of B-oxidation of FAs, specifically (6). To enable



proper subcellular communication, organelles contact each other via membrane contact
sites (MCSs), which are often metabolically active and distinct (7).

The membranes that enclose cells and organelles display enrichment for distinct
compositions of phospholipid head groups and degree of saturation of acyl chain tails.
This variation in composition reflects the diverse functional requirements imposed on
membranes from distinct cellular compartments. This specificity is also observed in the
acyl chain saturation status and organization across phospholipid types. While some
enzymes in lipid biosynthesis exhibit preference for distinct substrates, the precise
composition of the lipidome, distinct compositions of specific cellular compartments, and
ability to change in response to environmental and cellular demands cannot be entirely
explained by this preference (8, 9). We posit that this phenomenon can be explained in
part by interactions between lipid biosynthetic enzymes within certain subcellular

compartments that channel lipid precursors to specific fates.



Table 1.1 Localization and phenotype of selected proteins of lipid synthesis.

Protein Activity Localization? Phenotype®
Acc1 acetyl-CoA carboxylase cytoplasm E
Fas1/2 fatty acid synthase cytoplasm E
Faa1/4 fatty acyl-CoA synthetase cytoplasm, LD NE
Ole1 stearoyl-CoA A9-desaturase ER E
Elo1 fatty acid elongase ER NE
Elo2 fatty acid elongase ER SL (Elo3)
Elo3 very long chain fatty acid elongase ER SL (Elo2)
Gpt2 G-3-P/DHAP acyltransferase ER, LD SL (Sct1)
Sct1 G-3-P/DHAP acyltransferase ER SL (Gpt2)
Sic lysophosphatidic acid ER, LD SL (Ale1)
acyltransferase
Ale1 lysophospholipid acyltransferase ER SL (Slc1)
Cds1 phosphatidate cytidylyltransferase ER E
Pis1 CDP—DAG—lnosﬂoI 3- ER, PAM E
phosphatidyltransferase
Cho CDP—DAG—serlne O- ER, MAM. PAM NE (Etn/Cho
phosphatidyltransferase auxotroph)
Psd1 phosphatidylserine decarboxylase mitochondrial inner SL (Psd2)
membrane
Psd2 phosphatidylserine decarboxylase frans-Golgi network, SL (Psd1)
endosome
Cho? phosphatidylethanolamine N- ER NE
methyltransferase
Opi3 phosphatidyl-N-methylethanolamine ER NE
N-methyltransferase
Pah1 phosphatidate phosphatase nucleus, cytosol, ER NE
Lro1 phospholipid:diacylglycerol ER NE
acyltransferase
Dga1 acyl-CoA:diacylglycerol ER, LD NE
acyltransferase
Are1 acyl-CoA:sterol acyltransferase ER NE
Are2 acyl-CoA:sterol acyltransferase ER NE

@ from Saccharomyces Genome Database and (10, 11). LD = lipid droplet, ER =

endoplasmic reticulum, PAM = plasma membrane associated ER membrane, MAM =
mitochondrial associated ER membrane.
b from Saccharomyces Genome Database. E = essential gene, SL = synthetically lethal
gene, NE = nonessential gene



1.2. Lipid synthesis is compartmentalized

1.2.1. Acyl-CoA synthesis in the cytoplasm

Phospholipid, triacylglycerol, and sterol ester assembly all require activated fatty
acids in the form of acyl-CoA. The de novo synthesis of these acyl chains is a complex
cytosolic process involving the condensation of acetyl-CoA into chains, with lengths of 16
or 18 carbons being the most common. Briefly, acetyl-CoA is activated to malonyl-CoA
by the cytosolic acetyl-CoA carboxylase Acc1 (12), which can then be elongated to
saturated acyl-CoA by the fatty acid synthase complex composed of Fas1 and Fas2 (13).
As the rate limiting step in FA synthesis, the acetyl-CoA carboxylation rate is under
remarkable control by both genetic and biochemical means. Acc1 activity is controlled by
regulation of mMRNA and protein levels, phosphorylation of the protein, and inhibition from
downstream products and substrates from other pathways (14—19). The control of carbon
flux through lipid synthesis is also tightly regulated by the subcellular localization of FA
synthetic machinery, as Acc1 and Fas1/2 are distributed widely throughout the cytoplasm
under growth conditions, but relocate to distinct puncta upon glucose starvation (20). Acyl
chains in yeast are primarily made de novo, though exogenous fatty acids can also be
imported and converted to fatty acyl-CoA via acyl-CoA synthetases (21). The medium to
long chain-acyl-CoA synthetases Faa1 and Faa4 are found within the cytosol, though
their presence on LDs implicates the two in storage lipid synthesis and lipolysis (2, 22,
23). Faa2 is located on the peroxisome and activates medium chain FAs for peroxisomal
B-oxidation, while Fat1 activates VLCFAs and is found both on the LD and peroxisome

(2, 24-26). Faa3, meanwhile, is found primarily on the PM and generates long chain acyl-



CoAs (21, 27). The compartmentalization of these FA activating enzymes implies a
preference for yeast to incorporate LCFAs and some VLCFAs into storage lipid, while
directing MCFAs and some VLCFAs to degradation in the peroxisome. This sense of
spatiotemporal control is not only seen in FA synthesis and regulation, but as will be

discussed, in the downstream synthesis of lipids as well.

1.2.2. Acyl-CoA modification in the ER

De novo synthesized acyl chains are initially assembled with single carbon-carbon
bonds as saturated C16 or C18 acyl-CoA in the cytoplasm but are further modified within
the ER (Figure 1.1). A high proportion of these are channeled toward the only desaturase
in Saccharomyces cerevisiae, Ole1, introducing A9 double bonds into acyl chains to
create unsaturated acyl-CoA and impart distinct physical and chemical properties to lipids
(28, 29). Ole1 is an integral ER membrane protein that acts as a homodimer (2, 30). The
introduction of a cis double bond in the fatty acyl tail by the desaturase decreases the
ability of the tail to pack as readily and thus increases the melting temperature of the acyl
chain (31). Incorporation of these unsaturated chains into membrane and storage lipid
affects the membrane fluidity of downstream phospholipids and glycerolipids (32-34).
Elongation of myristoyl-CoA, palmitoyl-CoA, and palmitoleoyl-CoA by 2-4 carbons is also
achieved in the ER by Elo1 (35, 36). Elo1 homologs Elo2 and Elo3 can elongate saturated
acyl-CoA to C24 and C26 VLCFA destined for the production of sphingolipids (37). As
chain length can also alter the fluidity of membrane phospholipids, there is an important

role for the ER in determining membrane fluidity.



Accl
acetyl-CoA ——» malonyl-CoA
L )
L cytop|asm Fas1/2 y
' v N\
Elo2 Elo3 .
saturated acyl-CoA \ » very long chain fatty acyl-CoA
Ole1 Elo1 elongated acyl-CoA
unsaturated acyl-CoA
_endoplasmic reticulum

Figure 1.1 Fatty acyl-CoA synthesis and modification in yeast. Fatty acyl-CoA synthesis by Acc1 and
Fas1/2 occurs in the cytoplasm, while elongation and desaturation of the molecules is accomplished in the
ER by Elo1/2/3 and Ole1. Created with BioRender.com.

The saturation status of FAs in yeast is specific and tightly controlled. Over 75%
of the cellular fatty acyl chains produced by Saccharomyces cerevisiae are unsaturated,
demonstrating an important role for Ole1 (38—40). Palmitoleic acid (C16:1) is the most
abundant FA produced in yeast, constituting approximately 40% of the FA species (37,
41). Approximately 35% of the FA is oleic acid (C18:1), the other main unsaturated FA
produced by S. cerevisiae (37, 41). Palmitic acid (C16:0) is a low abundance fatty acid,
comprising 15% of the FA species produced (37, 40). Though C18:1 is highly abundant
in yeast membranes, stearic acid (C18:0) is relatively rare and makes up less than five
percent of FA species (37, 40, 41). Short chain fatty acids (<14 carbons) and VLCFA are
not abundant (38, 41). The fatty acid profile is primarily unsaturated across all stages of
growth, though there is an increase in saturated fatty acid (SFA) during log phase of
growth that prompts an increase in OLE1 transcription (39, 42). The amount of Ole1 found

in the ER is accordingly increased during log phase and decreases as the cells enter
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stationary phase (39). The control over the UFA:SFA ratio is achieved by membrane
bound transcription factors Mga2 and Spt23, which sense the rigidity of the membrane
and increase OLE1 expression accordingly (43, 44). This control of FA saturation status
allows the cell to determine the fluidity of the membrane at the level of individual acyl

chains.

1.2.3. Downstream lipid synthesis occurs in the membranes

The production of PLs and TAGs begins with the same pathway in the ER (Figure
1.2). Initially, glycerol-3-phosphate (G3P) is acylated by the glycerol-3-phosphate
acyltransferases (GPATs) Sct1 and Gpt2 to produce lysophosphatidic acid (LPA) (8). The
lysophosphatidic acid acyltransferases (LPAAT) Sic1 and Ale1 generate phosphatidic
acid (PA) via the acylation of the sn-2 position (9, 45). PA lies at the branch point between
two competing pathways and can either be directed to phospholipid synthesis by the
CDP-DAG synthase Cds1 or dephosphorylated to produce diacylglycerol (DAG) by Pah1
(46). Once converted to CDP-DAG, the molecule is further modified to
phosphatidylinositol (Pl) by Pis1 or to phosphatidylserine (PS) by Cho1 (47, 48). PS is
decarboxylated to phosphatidylethanolamine (PE) by either the mitochondrially-located
Psd1 or the endosomal Psd2, which is then sequentially methylated by the ER proteins
Cho2 and Opi3 to phosphatidylcholine (PC) (49-51). This CDP-DAG de novo synthesis
pathway is the major producer of PE and PC in yeast (52, 53). A parallel pathway for PE
and PC synthesis exists, whereby exogenous ethanolamine and choline are converted to

CDP-ethanolamine and CDP-choline by cytosolic kinases and ER-bound



cytidylyltransferases. These activated molecules are combined with endogenous DAG to
produce PE and PC by the phosphotransferases Ept1 and Cpt1 (54).

The conversion of DAG to TAG also occurs within the ER. DAG can either be
acylated by the phospholipid:diacylglycerol acyltransferase Lro1 or the diacylglycerol
acyltransferase Dga1. Lro1 scavenges an acyl chain from surrounding PLs to generate
TAG and a lysophospholipid (LPL), while Dga1 uses acyl-CoA directly as an acyl donor
(55, 56). The TAG generated is stored in LDs within the cells, which are comprised of a
neutral lipid core surrounded by a PL monolayer (57). LDs bud from the ER and remain
connected in both yeast and mammalian cells (58—60). Sterols are also stored within LDs
as sterol esters, which are generated by the acyl-CoA:sterol acyltransferases Are1 and

Are2 (61).
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Figure 1.2 Compartmentalization of major storage lipid and phospholipid synthesis in
Saccharomyces cerevisiae. Synthesis of triacylglycerol and the major phospholipids of yeast is
compartmentalized between the ER, LD, mitochondria, and Golgi. Sct1 produces LPA in the ER, while Gpt2
is associated with the LD and ER. Slc1 and Ale1 acylate LPA both in the ER and on the surface of the LD,
and the resultant PA can either be dephosphorylated to DAG by Pah1 on the LD or ER or converted to
CDP-DAG in the ER. DAG acts as the building block primarily for TAG, which is generated by Lro1 in the
ER and Dga1 in the ER or LD. DAG can also be converted to PE or PC via the Kennedy pathway. The
CDP-DAG produced by Cds1 in the ER cytosolic leaflet can be converted to Pl by Pis1 or PS by Cho1,
which both reside in the ER. Decarboxylation of PS to PE occurs either in the mitochondria by Psd1 or the
TGN by Psd2. Successive methylation of PE by Cho2 and Opi3 in the ER generates PC. Created with

BioRender.com.



1.2.4. Phosphatidic acid is generated in the ER

The production of phospholipids begins by acylation of glycerol-3-phosphate to
lysophosphatidic acid by a glycerol-3-phosphate acyltransferase (GPAT). In S.
cerevisiae, there are 2 GPATSs both localized to the ER (62). Gpt2, also known as Gat1,
and Sct1, sometimes referred to as Gat2, are both sn-1 acyltransferases with dual
substrate specificity for G-3-P and dihydroxyacetone phosphate (8). While deletion
mutants of either GPAT are viable, the two genes are synthetic lethal, indicating these
are the primary GPATSs in yeast (63). Both are integral membrane proteins with multiple
proposed transmembrane domains (64, 65). While both GPATs are enriched at the
cortical ER associated with the plasma membrane and the nuclear ER (nER), Gpt2 is
also found at the LD (2, 45, 62, 66, 67). A deletion of Sct1 mildly reduces GPAT activity
in vivo, while cells lacking Gpt2 exhibit a dramatic decrease in LPA production, though
the proteins are expressed at relatively similar amounts in wild type cells (8, 45, 62).
Inhibition of GPAT activity and thus the generation of PA is accomplished by
phosphorylation of C-terminal serine residues of both Gpt2 and Sct1 (62, 68—70). As the
production of LPA is the rate-limiting step in lipid synthesis, the phosphorylation state of
these GPATSs regulates carbon flux through lipid synthesis.

Both GPATSs can utilize G-3-P and DHAP as acyl acceptors, though Sct1 exhibits
a preference for G-3-P over DHAP. In vitro analysis revealed that Gpt2 does not have an
obvious preference for acyl donor, as the protein can utilize all but C18:0 acyl-CoA, but
Sct1 prefers C16:0 and C16:1 over 18-carbon chains (8). However, Sct1 preferentially

incorporates C16:0 in LPA in vivo and competes with the desaturase for these saturated
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acyl chains (69). As the initial step in the glycerolipid synthesis pathway, it seems that
Sct1 is generating primarily saturated LPA, while Gpt2 synthesizes unsaturated LPA.

An analysis of PLs in Asct1 and Agpt2 strains demonstrate different downstream
roles for the LPA generated by the GPATSs, with Sct1 responsible for incorporation of
C16:0 in PC and Pl and Gpt2 in incorporation of C16:1 in PE (8, 69). Sct1 is also
implicated in the synthesis of DAG destined for both acylation to TAG and conversion to
PC via the Kennedy pathway (63). Confoundingly, Gpt2 is associated with LDs during
late log phase (45, 63, 66). Gpt2 is also enriched at the LD-associated ER upon treatment
with oleic acid, and cells lacking the GPAT are more sensitive to fatty acid toxicity induced
by the UFA (68). Taken together, it seems that the proteins generate LPA for de novo
synthesis of differing downstream lipids, with Sct1 incorporating saturated FAs into DAG
and Pl and Gpt2 generating a more unsaturated LPA profile for PE synthesis.

In S. cerevisiae, PA is generated by LPA acyltransferases (LPAATs) encoded by
SLC1 and ALE1 that constitute a majority of the LPAAT activity. Deletions of either gene
alone does not affect yeast growth, while a double mutant is inviable, demonstrating the
major roles for these LPAATS in phosphatidic acid production (71). Slc1 is thought to be
the main LPAAT in yeast, as a deletion greatly reduces the capacity of a strain to
synthesize PA. Ale1 is only responsible for a small portion of the LPAAT activity and
shows the ability to utilize a diverse range of lysophospholipids, in contrast to the
preference of Slc1 to acylate LPA produced de novo (9, 72). Slc1 can be found both in
the ER and the LD membranes, while Ale1 localizes to the ER alone (2, 45, 66, 73, 74).
Previously, both LPAATs were proposed to be polytopic integral membrane proteins with

active sites that face the lumen (64, 75). However, the solved structure of the bacterial
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Slc1 ortholog PIsC places the active site in the cytosol and exhibits, rather than multiple
transmembrane domains, a monotopic topology with two helices that insert into the
membrane bilayer (76, 77). Indeed, this structure agrees with previous topology
determined for human LPAAT1 (45, 78). Slc1 taking a monotopic membrane topology
would explain the protein’s ability to localize to the phospholipid monolayer of the LD.
Prevailing thought held that the two major LPAATSs generate similar lipid profiles in
vivo, though more recent research has discovered that Slc1 and Ale1 incorporate different
acyl chains into PA (71, 79). Slc1 is responsible for the incorporation of C18:1 and C14:0
as well as short fatty acyl chains of 10 and 12 carbons into PLs (80). It also more readily
generates hetero-acylated PA —i.e. the chain length of the preferred acyl donor is different
from the chain length of the sn-71 acyl chain in LPA (79). Ale1, however, prevents LPC
accumulation and plays a major role in reacylation in the Lands cycle (72, 74). The Lands
cycle describes the deacylation and reacylation of PC within the membrane and, along
with the turnover of other major phospholipid species, contributes to the control of
membrane homeostasis (81). These investigations indicate that Slc1 maintains
heterogeneity in PA and downstream PL species through de novo synthesis, while Ale1
is responsible for incorporating acyl chains of various lengths into lysophospholipid

species generated via phospholipid cycling.

1.2.5. Downstream phospholipid synthesis occurs in the ER,

mitochondria, and endosome

The phosphatidate cytidylyltransferase Cds1 is the main enzyme responsible for

CDP-DAG synthesis (82). A second CDP-DAG synthase, the mitochondrial Tam41,
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generates CDP-DAG for cardiolipin synthesis but is not capable of supporting a Cds1
deletion (83). Cds1 is a membrane protein with a predicted six transmembrane helices
localizing primarily to the ER membrane but has also been found in the outer and inner
nuclear membrane (2, 64, 84). The proposed residues responsible for the CDP-DAG
synthase activity mostly face the cytosol of the cell (85). A downregulation of Cds1 greatly
increases the total cellular PA, leading to an increase in TAG synthesis and the formation
of supersized LDs (86). Reduced CDP-DAG synthase activity also increases the
incidence of nuclear lipid droplets (84). The production of CDP-DAG in the cytosolic leaflet
of the ER relies on Cds1 in yeast, and thus, the synthase acts as an important regulatory
element in controlling flux of PA to PL synthesis.

The essential phosphatidylinositol synthase Pis1 generates Pl from CDP-DAG in
the ER and inositol-3-phosphate synthesized in the cytosol and is the only way for the
cell to produce Pl (47). The integral membrane protein has multiple proposed
transmembrane helices and can be found in both the ER and Golgi membranes (2, 64,
87, 88). Pis1, similar to Cds1, contains active site residues that face cytosolically (85).
This provides a model whereby CDP-DAG is synthesized in the cytosolic leaflet of the ER
and is rapidly available, alongside the cytosolic inositol-3-phosphate, for conversion to Pl
by Pis1.

CDP-DAG can alternatively be directed to PS, PC and PE synthesis by the single
phosphatidylserine synthase in S. cerevisiae, Cho1 (48, 89). While it is the only enzyme
capable of synthesizing PS, the activity of Cho1 is non-essential in the presence of
exogenous choline and ethanolamine, as yeast have the ability to make PE and PC

through the Kennedy pathway when PS synthesis is attenuated (90). The integral
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membrane protein is posited to have six transmembrane domains and localizes to the ER
(2, 64). The mitochondrial-associated membrane (MAM), a region of the ER closely
associated with mitochondria, contains a remarkable ability to synthesize PS (91, 92).
This suggests that a portion of Cho1 molecules is specifically sublocalized within the ER.

The localization of Cho1 to the MAM is important, as the majority of PE within the
cell is synthesized by a phosphatidylserine decarboxylase Psd1 located in the inner
mitochondrial membrane (93-95). Psd1 generates primarily di-unsaturated PE, though
this selectivity is due not to the protein itself but to the mitochondrial localization (96).
Psd1 also undergoes autocatalytic cleavage, whereby it is split into an inner mitochondrial
membrane anchor and an associated catalytic subunit independent of its localization to
the mitochondria (97, 98). A recent study demonstrated the presence of a subpopulation
of Psd1 that localizes to the ER, potentially upending the established model of a singly-
localized mitochondrial protein (99). Further investigation found that the majority of the
wild type protein is found in the mitochondria while functionally impaired forms of Psd1
are primarily dually localized to the ER, which briefly reaffirmed the longstanding
contention that the majority of functional protein is found in the mitochondria (100).
However, evidence has emerged that the ER-localized Psd1 is actually closely associated
with the LD and is functional (101). Though the majority of the protein is found in the
mitochondria, this provides new insight into the role of a small subpopulation of Psd1 in
LD formation.

A second PSD, Psd2, was initially thought to localize to the Golgi apparatus and
vacuole via an N-terminal Golgi retention signal (11, 102, 103). Recent work has shown

that the protein actually is maintained in the endosomal system — more precisely, the
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trans-Golgi network (11, 104). While Psd1 is the primary synthesizer of PE, Psd2
generates PE principally destined for the vacuole and methylation to PC (11, 95, 105,
106). Strains containing deletions of both Psd1 and Psd2 are still viable with
supplementation of choline, but deletion of both PSDs is lethal without ethanolamine and
choline supplementation for PE/PC synthesis via the Kennedy pathway (107). Though
there are alternate routes to PE and PC synthesis, there remains an essential role for PE
biosynthesis by the phosphatidylserine decarboxylase pathway.

The final steps of PC synthesis are performed by Cho2 and Opi3. Cho2 is a
phosphatidylethanolamine methyltransferase that converts PE to phosphatidyl-N-
monomethylethanolamine (PMME), and Opi3 acts as a phospholipid methyltransferase
that methylates PMME to PC (51). These are both integral membrane proteins, with Cho2
containing 8 putative transmembrane domains and Opi3 containing anywhere from 3-5
membrane spanning helices (51, 64). Both methyltransferases localize to the ER and
neither are essential for cell growth, though a double deletion requires choline
supplementation (2, 51, 87). Both in vivo and in vitro analyses show that both Cho2 and
Opi3 preferentially methylate di-C16:1 PE over C16:1/C18:1 PE, independent of the
composition of the PE pool (108). The production of PC by PE methylation, as the main
source of PC in the cell, has a specificity that reduces the prevalence of hetero-acylated

PC species.

1.2.6. TAG synthesis occurs in the ER and LD

The PA generated primarily by Slc1 can be directed to two different fates —

phospholipid synthesis or triacylglycerol synthesis. If PA is not converted to CDP-DAG by
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Cds1, it is dephosphorylated to DAG by the Mg?*-dependent phosphatidate phosphatase
Pah1 (46). Pah1 is a peripheral membrane protein that is soluble when phosphorylated
but associates with the ER and LD monolayer via an N-terminal amphipathic helix when
dephosphorylated (109, 110). The protein has seven residues that are phosphorylated by
Pho85-Pho80, a protein-cyclin kinase complex regulated by cell cycle (111). The
dephosphorylation of Pah1 increases both catalytic activity and membrane binding of the
protein (111). Indeed, a component of the Pah1 phosphatase complex, Nem1, is found
to colocalize with DAG puncta upon LD induction (112). This implicates DAG synthesis
as a highly regulated step in the lipid biosynthesis pathway, determining the flux of acyl-
CoA between TAG and PL production.

The DAG produced by Pah1 can be converted to TAG and a lysophospholipid by
the phospholipid:diacylglycerol acyltransferase Lro1 (55). Lro1 is an integral ER
membrane protein with one transmembrane helix and a primarily luminal active site (113).
The protein can utilize both PE and PC as acyl donors, scavenging the sn-2 acyl chain to
produce an sn-1 lysophospholipid and TAG (55, 114). While a deletion of Lro1 does not
affect TAG synthesis during stationary phase, there is a marked decrease in TAG
production during logarithmic phase without Lro1 (56, 115). The acyltransferase is more
abundant during active growth, potentially controlling Lro1’s contribution to TAG synthesis
during this phase (39). However, the control over Lro1 activity may also be due to
localization of the protein. While Lro1 is found widely throughout the perinuclear ER
during active growth, it localizes to the nuclear membrane associated with the nucleolus
when cells enter post-diauxic shift (116). The protein also colocalizes with concentrated

DAG puncta upon LD induction, a process that is reliant on many proteins involved in LD
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budding (117). Lro1 activity seems to be reliant on both protein abundance and
compartmentalization.

Dga1 is the primary acyl-CoA:diacylglycerol acyltransferase in yeast, catalyzing
the terminal step in the production of TAG by acylating DAG using acyl-CoA as a donor
(56). Dga1 is orthologous to DGATZ2 in humans and other higher eukaryotes, which is
responsible for the de novo synthesis of TAG (118). A deletion of the diacylglycerol
acyltransferase greatly reduces the TAG produced in stationary phase, though it does not
abolish TAG production entirely, indicating that Lro1 can take over TAG synthesis to an
extent (56, 115). Similar to DGATZ2, Dga1 localizes both to the LD phospholipid monolayer
and the ER membrane (2, 58). The majority of the protein during active growth is found
in the ER; as the cells enter later phases of growth, Dga1 relocates to a predominantly
LD localization (58). The migration of the protein from the ER to the LD occurs
independent of energy state and ongoing synthesis of the protein (58). The mechanism
controlling Dga1 localization is unknown, but it may serve to control activity of the protein
as well. While some contend that the protein is more active at the surface of the LD,
others assert that Dga1 is more active in the bilayer of the ER (119-121). In fact, work
with DGAT2s has shown that while an ER-tethered version of the protein is catalytically
active, blocking the migration of the protein to the LD forms smaller LDs (122, 123). This
taken together suggests that Lro1 primes the LD from the ER during active growth, while
Dga1 transfers to the LD and encourages growth of the organelle.

Previously, Dga1 was suggested to be a polytopic membrane protein with a large
luminal loop, but that topology would not allow the protein to transfer to the LD monolayer

(124, 125). This topology also conflicts with previous determination of the topology of
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murine DGAT2, with two transmembrane helices connected by a short hydrophobic linker
(126). The recent development of AlphaFold has allowed a new model of the
acyltransferase to be proposed, with a predominantly cytosolic topology and one small
hairpin inserting the protein into the membrane, a similar topology to the mammalian
DGAT2s (126). The small hydrophobic hairpin of the proposed model is only ~23 A, which
would not fully span the hydrophobic region of the phospholipid bilayer, making Dga1 a
monotopic membrane protein with the ability to transfer to a phospholipid monolayer (77,
127). This new model would also place all of the residues found to be catalytically
necessary on the cytosolic side of the ER membrane, providing a way for yeast to

generate TAG from cytosolic acyl-CoA (124, 126).

1.2.7. SE is generated in the ER and stored in the LD

TAGs are not the only neutral lipid of importance in yeast. S. cerevisiae also
generates sterol esters (SEs) readily (39). The acylation of sterol to SE is catalyzed by
two acyl-CoA:sterol acyltransferases called Are1 and Are2 (61, 128). Both are integral
membrane proteins with a proposed nine transmembrane segments located exclusively
in the ER membrane (2, 64, 87, 129). While these ACATs have the potential to acylate
DAG and contribute to the production of TAG, Dga1 and Lro1 cannot produce SE, making
Are1 and Are2 the only SE generating enzymes (115). While a deletion of these genes is
not lethal, growth is attenuated when ARE71 and AREZ2 are deleted, indicating an
important mechanism for control of cellular sterol concentration by these ACATs (129).
Are1 and Are2 are the only enzymes able to control sterol concentration in the membrane

through acylation.

18



While these two proteins are similar to approximately 43% amino acid similarity,
they contribute differently to SE synthesis (61). A deletion of ARE2 shows a dramatic
reduction in SE synthesis and no effect on TAG synthesis, though a deletion of Are1
slightly reduces cellular SE and TAG content in stationary phase (61, 128). This is
consistent with the relatively larger amount of Are2 over Are1 in the ER, as well as
relatively higher expression and stability of ARE2 over ARE1 (129, 130). Interestingly,
Are1 primarily acylates ergosterol precursors, sequestering sterol intermediates for quick
mobilization when needed (129). The different roles for these ACATs allow for control of
sterol concentration during rates of high sterol synthesis and sequestration of sterol

intermediates during stalled synthesis.

1.3. Lipids are specifically acylated

Investigation of the yeast lipidome has revealed a precise assembly in the lipid
biosynthetic pathway. Though 70-80% of the acyl chains in yeast are unsaturated, the
proportion of unsaturated chains found in certain membrane lipid types exceeds that (39).
Global analyses of the yeast lipidome from cultures grown with both raffinose and glucose
revealed that the majority of PA contains two unsaturated acyl chains, with only a quarter
of the species containing one saturated moiety (131, 132). Discordantly, the PS species
produced from the majority unsaturated pool of PA are more saturated. Approximately
50% of the PS species contain one unsaturated and one saturated chain, with the other
half of the PS di-unsaturated (132). When PE and PC species are analysed, this same
enrichment for saturated acyl moieties is not observed — the vast majority of PE and PC

in the cell contain two unsaturated acyl chains, with less than 10% of PE and 20% of PC
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produced with one saturated chain (131). There is evidence that the saturated acyl chain,
when present in these phospholipids, is preferentially incorporated in the sn-71 position,
with a selective enrichment for unsaturated acyl chains in the sn-2 position acylated by
Slc1 (133, 134). Analyses of PE and PC indicate that the molecules produced via the
CDP-DAG pathway are enriched for unsaturated acyl chains, while those species
produced from Kennedy synthesis or remodelled in the Lands cycle do not retain this
specificity (135, 136). Though Psd1 has a demonstrated preference for di-unsaturated
PS, this is reliant on the localization of the protein in the mitochondria and is not a feature
intrinsic to the protein itself.

The production of Pl is even more of an anomaly. While the other simple
membrane lipids in the cell contain an overwhelming majority of unsaturated acyl
moieties, Pl is preferentially enriched for saturated chains. Over 70% of the Pl species in
the cell contain at least one saturated acyl chain, while 15-25% of the species contain
only unsaturated acyl chains, a phenomenon only seen for P1 (131, 132). The distribution
of the acyl chains in Pl is similar to that seen in PS, PE, and PC — the sn-1 position is the
primary location of saturated acyl chains, while the sn-2 position of the molecule is
predominantly unsaturated (133, 137). Psi1, an acyltransferase localized to the ER and
LD involved in reacylation of lyso-PlI, is essential for the enrichment of C18:0 at the sn-1
position by replacing C16:1 and C18:1 moieties in newly synthesized PI (80, 137). While
Psi1 is necessary for the preferential incorporation of C18:0 seen in Pl over other
membrane lipids, it is not responsible for the predominance of C16:0 at the sn-7 position
(137). As mentioned, Sct1 has been implicated in Pl synthesis and prefers C16:0 acyl

chains. Interestingly, Psi1 and Sct1 interact genetically — a deletion of Psi1 suppresses
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the slow growth phenotype seen in cells overexpressing Sct1 (69). To this date, no
mechanism for the channeling of LPA from Sct1 to Pl synthesis has been described.
Storage lipid found within the LD is also preferentially acylated. The majority of
TAG species produced by S. cerevisiae contain three unsaturated acyl chains, and little
to no TAG contain only saturated acyl chains (39, 40, 138). Stereospecific analyses of
the glycerolipid species show that TAG, similar to PLs, contain almost exclusively
unsaturated fatty acids in the sn-2 position (138, 139). SE as a whole contain also
primarily unsaturated fatty acids in stationary phase, though ergosterol esters in particular
contain a majority of unsaturated fatty acids in diauxic phase and an even proportion of
UFA:SFA ratio in log and stationary phase (39, 129). The concentration of unsaturated
acyl chains in these neutral lipids may aid in LD budding from the ER and promote TAG
synthesis; indeed, an active desaturase is required for triglyceride accumulation in the
liver of mice, and saturated TAG accumulates within the lipid bilayer more readily than its
unsaturated counterpart (140, 141). It is yet unclear what mechanism is channeling
unsaturated acyl-CoA to neutral lipid synthesis, but the phenomenon promotes LD

emergence from the ER.

1.4. Lipids are specifically distributed

By and large, work has shown that the distribution of PL across membranes is
different depending on the subcellular component the membrane originates from. This
specificity is seen for distribution of both PL head type and PL acyl chain saturation status.
While an alteration of the acyl chain composition changes membrane fluidity, controlling

the composition of PLs by head type can influence membrane curvature (Figure 1.3). The
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intrinsic shape of a PL molecule (Js) is defined by the tendency of a membrane made of
the PL to curve (142). Lysophospholipids like LPC, LPA, and LPE are conically shaped,
thus imparting a positive curvature on monolayer membranes, while PA, PE, and DAG
are shaped like an inverted cone, tending towards a negative membrane curvature. PI,
PS, and PC do not contain an intrinsic curvature and promote the formation of lipid
bilayers (142, 143). There is generally a greater proportion of bilayer forming PS and
phosphoinositides in the plasma membrane over the microsomal membranes, with a
concomitant decrease in PC in the plasma membrane (41, 144). While the microsomal
phospholipids of yeast grown on glucose are composed of 6.4% PS and almost 39% PC,
the PM phospholipids contain over 32% PS and only 11.3% PC (41). The mitochondria,
however, are supplemented with negatively curved PE and exhibit a decrease in
cylindrical PS and PI1 (10, 41). The LD monolayer is enriched for cylindrical PC as well as
conical LPE and LPC, with a decrease in PE (145-148). Proper proportioning of lipids
across organelles could serve as a control mechanism for membrane curvature, i.e.

allowing for budding of the LD from the ER or folding of mitochondrial cristae.
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Figure 1.3 Lipid shape and intrinsic curvature (Js) impact membrane formation. Lipids are organized
from most positive Js to most negative. Phospholipids with a positive Js are conical in nature and impart a
positive curvature to membranes. Lipids with a negative Js are shaped like inverted cones and alternately
promote formation of a negatively curved membranes. Conically shaped lipids have little to no intrinsic

curvature, and thus promote formation of lipid bilayers. Created with BioRender.com.

Differential distribution of acyl chain composition across organelles is also seen in
yeast. The plasma membrane is enriched for SFA across all PL types, not only in the
expected Pl but in PS and PE as well (132). The opposite is true for LDs; the monolayer
surrounding the neutral lipid is preferentially unsaturated in the PS and PE species (132).
The differential distribution of phospholipids may reflect the need for the cell to control
subcellular membrane composition to allow for different functions of the membranes
(149). Indeed, accumulation of unsaturated PL species as well as unsaturated neutral

lipid is necessary for proper budding of the LD from the ER (141). Lipid rafts, which are
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comprised of sphingolipids, sterol, and saturated PS, are found primarily within the PM
and are crucial for proper functioning of ion channels and other essential proteins (150,
151). The partitioning of saturated and unsaturated PLs, then, may serve to ensure proper
organelle formation and function within the yeast.

Overall, the unsaturated acyl chains produced by Ole1 are incorporated in the PA
pool generated for PC and PE synthesis more readily than the PA pool destined for the
PS population at the PM. LPA generated by Sct1 is directed to DAG production and Pl
synthesis, enriching those lipid molecules for saturated acyl chains. This infers that lipid
synthesis is partitioned not only by organelle, but within various subdomains of the ER as

well.
1.5. Membrane contact sites are metabolically distinct

As the ER is the main location of phospholipid synthesis, membrane contact sites
(MCSs) are essential for proper spatial distribution of lipids throughout the other
organelles. These sites allow for crosstalk between compartments of the eukaryotic cell,
contain proteins that act as tethers, and are often metabolically distinct from other
membranes. MCSs have been identified between the ER and all organelles, but the
MCSs of interest to our work are between the ER and the plasma membrane,
mitochondria, and LD.

Growth of the plasma membrane is greatly dependant on the rate of lipid synthesis
in the ER, linking the PM to the ER functionally. Accordingly, over 40% of the PM is
associated with the cortical ER (cER) (152, 153). There are six proteins within three

families that maintain these contacts; the tricalbins Tcb1, Tcb2, and Tcb3, the vesicle-
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associated membrane proteins Scs2 and Scs22, and the TMEM16 family member Ist2
(144, 154). All six of these tethers are located in the cER, and all contain domains
responsible for lipid binding or interact directly with lipid binding proteins (155-158).
Efforts to dissect the roles of each protein family in ER-PM tethering have revealed that
the tricalbins are responsible for the enrichment of PS at the PM while Ist2 and Scs2/22
regulate homeostasis of PM PIP and PIP, lipids essential to proper cell physiology that
have recently been reviewed in full (144, 157, 159). These tethers interact with the lipid
synthesizing enzymes Ole1 and Pis1, and analysis of the PM associated ER (PAM)
revealed a concentration of not only Pl synthesis, but PS synthesis as well (Figure 1.4)
(10, 144, 160). Localized synthesis of Pl and PS and close proximity to potential ER-PM

lipid transfer and tether machinery could explain the particular enrichment for these lipids

at the PM.
extracellular
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Figure 1.4 The yeast PM associated ER (PAM) is an active site of phospholipid synthesis. Pl and PS
synthase activity is enriched at the PAM. Both phosphoinositides and PS are concentrated within the

plasma membrane. Created with BioRender.com.
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The mitochondria is also tethered to the ER via the MAM. Though PE synthesis is
primarily found in the mitochondria, the precursor PS is generated in the ER and must be
transferred to the mitochondrial Psd1. The transfer of these PLs between the two
organelles was initially thought to be facilitated by the ER-mitochondria encounter
structure (ERMES), which contains four main subunits, three of which have lipid-binding
domains (161-163). Others have proposed that ERMES is primarily an ER-mitochondrial
tether that facilitates the transfer of phospholipids by other proteins (164). An interaction
between the mitochondrial Tom70 and the ER sterol transporter Lam6 has been
implicated in sterol transfer, and Lam6 is essential in cells lacking ERMES component
Mdm34 (165). The conserved ER membrane protein complex (EMC) is important for
transfer of PS to the mitochondria, and cells lacking both the EMC and ERMES
complexes are inviable (166). Finally, the lipid transfer protein Vps13 also functions in
ER/mitochondria PL transfer, and can compensate for the lack of ERMES components
(167, 168). In all, evidence supports multiple mechanisms to transfer lipids between the
ER and mitochondria, with ERMES and EMC acting in parallel with lipid transfer proteins
(169). The portion of the ER tethered to the mitochondria by these complexes (MAMSs)
are a site of active lipid synthesis. The Ole1 mammalian ortholog SCD1 is found
associated with the MAM and as noted, MAMs are enriched for Cho1 (Figure 1.5) (91,
92, 170). The close proximity of these proteins to the mitochondria could provide a highly
unsaturated set of PS molecules to Psd1 for downstream PE synthesis and thus explain

the preference of mitochondrially-localized Psd1 for unsaturated PS (96).
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Figure 1.5 The mitochondria-associated ER (MAM) generates PS for mitochondrial Psd1. Yeast PS
synthase and mammalian stearoyl-CoA desaturase are localized at the MAM. The mitochondrion contains
the main PS decarboxylase in the cell, which preferentially generates highly unsaturated PE and enriches

the mitochondrion for PE at the expense of PS. Created with BioRender.com.

As discussed earlier, excess acyl-CoA is stored in the LD as sterol ester or
triglyceride. Lipid droplets begin between the two leaflets of the perinuclear ER membrane
at locations marked by seipin and Nem1 (112, 171). The colocalization of these two
proteins allows Nem1 to dephosphorylate Pah1 and increase production of DAG locally
(109, 110, 172). Seipin and Nem1 then stimulate the formation of lipid droplets by
recruitment of lipid droplet stability proteins as well as Lro1 and Dga1 to the sites of DAG
enrichment (112, 173). Recruited Lro1 and Dga1 produce TAG, which accumulates
between the leaflets of the ER membrane and forms a lens (59). The lens can then bud
into a nascent LD, which is recognized by bona fide LD proteins, allowing the LD to mature
(174, 175). The sterol acyltransferases Are1 and Are2 acylate sterols from the ER

membrane and generate SE for deposition in the LD (129). Budding of the lipid droplet
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from the ER membrane is more reliant on TAG deposition than SE accumulation in the
initial neutral lipid lens (176). The rate of LD emergence is also dependent on the
incorporation of unsaturated acyl chains into TAG, generating a lipid that packs less
readily and a more fluid neutral lipid lens (140, 141, 177). Growth of the mature lipid
droplet requires recruitment of neutral lipid synthesizing acyltransferases to the LD
phospholipid monolayer from the ER membrane (60, 178, 179).

In yeast, LDs are physically connected to the ER — the lipid monolayer surrounding
the LD remains continuous with the ER after budding and almost never detaches (58,
171, 180). The structure of the neutral lipid core includes an inner core comprised of TAG
surrounded by shells comprised of primarily SE (5). While LD growth is reliant on localized
synthesis of neutral lipid by Gpt2, Slc1, Dga1, and Lro1, the expansion of the PL
monolayer surrounding the neutral lipid core necessitates local PL synthesis as well (181,
182). Though Psd1 has been confirmed to be primarily mitochondrially located,
localization of the protein to sites of LD synthesis is essential for proper formation of the
organelle (Figure 1.6) (101). Interestingly enough, an accumulation of PE in the ER
prevents LD budding from the phospholipid bilayer, due to the negative curvature PE
imparts on the membrane (183). It has been proposed that a concentration of PE
specifically at the bud neck of the LD may be beneficial to promote the negative curvature
required of that part of the organelle (97). It is also possible that the PE generated by LD-
localized Psd1 is destined for methylation to PC; indeed, proper synthesis of PC is
necessary for emergence of the LD in both yeast and Drosophila cells (181, 183). The

localized PE could alternatively be used as an acyl donor by Lro1 for TAG generation.
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Figure 1.6 The LD is an active site of both neutral and phospholipid synthesis. GPAT Gpt2 and LPAAT
Slc1, which generate both TAG and phospholipid precursors, have been found on and near the LD. Lro1
produces TAG and a conical lysophospholipid from the ER bilayer, while Dga1 can acylate DAG both in the
ER and on the LD surface. Psd1, which is primarily a mitochondrial enzyme, is found at the LD and is

important for correct morphology of the organelle. Created with BioRender.com.
1.6. Proteins that synthesize sequential reactions

interact in other organisms

The partitioning of differing lipid synthesis enzymes throughout the ER would
explain some of the lipidome specificity seen both spatially and temporally within yeast.
However, this cannot explain the phenomenon in totality; for instance, Ole1 and Sct1 are
both found within the cortical and perinuclear ER and the acyltransferase can use C16:1

in an in vitro system, but the unsaturated acyl chains produced by Ole1 are clearly more
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readily available to Gpt2 than Sct1. We propose that protein-protein interactions (PPIs)
contribute to the control of the lipidome composition. PPIs are physical contacts between
the molecular machinery of the cell and are often essential for full efficiency of cellular
processes. From the discovery of the first known PPl in 1906 (184), this field has grown
greatly and interactions have been implicated in many pathways from gene regulation to
branched chain amino acid metabolism (185, 186). Methods to detect protein
associations can be structural, computational, or in vivo and have been recently reviewed
(187). The umbrella of PPIs encompasses everything from obligate complexes like
enzymes with multiple subunits that require all interactors to function to transient interacts
between proteins that can all act independently (188—190).

Metabolons, in contrast to multi-subunit enzymes, are transient complexes of
proteins with low affinity for each other and a highly dynamic nature (191, 192).
Metabolons are complexes that permit substrate channeling through protein-protein
interactions, which passes intermediates in various pathways to active enzymes of
successive pathways. There are multiple ways this may be biologically beneficial; indeed,
channeling intermediates can protect cells from toxic compounds, enrich certain
substrates, and avoid competing pathways (193). While molecular tunnels directly
channel substrates from enzyme to enzyme in obligate complexes, metabolons direct
substrates to downstream proteins through local enrichment in a process termed cluster
channeling (193). The transient nature of metabolons allows for the regulation of rapid
metabolic flux changes, since the dissociation of the complex doesn’t necessitate large

amounts of energy or the activity of other regulatory proteins (194). The metabolon, then,
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exists as a low-energy step to exert control over the flux of intermediates through
competing pathways at various branch points (195).

For a complex to be classified as a metabolon, first, it must be determined that the
proteins involved physically interact (192). This can be done through a high-throughput
method, such as co-immunoprecipitations or yeast two hybrid assays using a cDNA
library, or a directed approach, like yeast two hybrid with specific proteins or fluorescent
resonance energy transfer. Often, multiple methods are needed to be used, to remove
the chance of false negatives due to the transient nature of the metabolon. To prove the
existence of a proposed metabolon, it must be shown that these physical interactions
functionally channel substrates (192). While proving that proteins exist in a complex can
be of relative ease, proving that these interactions exist to channel substrates is greatly
difficult. To date, only a small number of metabolons have been characterized; only three
pathways — the oxidative pentose phosphate pathway, glycolysis, and the TCA cycle —
contain metabolons in yeast (196—199).

Interactions between proteins that synthesize sequential interactions in lipid
biosynthesis pathways have been identified in many organisms. Work in flax has
uncovered interactions between acyltransferases that transfer PUFAs between the PC
and TAG pathways (200). In mammals, the desaturase and DGATZ2 have been found to
colocalize within the ER, and an acyl-CoA synthetase and DGAT2 interact to promote LD
expansion (123, 170). Perhaps most interesting to this work is an interaction observed
between Ole1 and the acyltransferase Gpt2 (201). Indeed, an interaction between Ole1

and Gpt2 that shuttles unsaturated acyl-CoA to LPA synthesis would explain the obvious
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inclination for Gpt2 to acylate G-3-P with an unsaturated acyl chain, though it does not

obviously prefer unsaturated moieties in vitro.

1.7. Concluding remarks

Though acyl-CoA is initially produced as a saturated molecule, the majority of acyl-
CoA species generated by S. cerevisiae are unsaturated. The major lipids contain 16- or
18-carbon chains, with 26 and 14 carbon fatty acids present as minor species.
Incorporation of these types of acyl-CoAs into different lipid classes is tightly controlled in
vivo. The sn-2 position of the major PLs PS, PE, and PC is majority unsaturated, while Pl
contains more saturated acyl chains. These lipids are found in different proportions
throughout the subcellular membranes, and the proportion of saturated chains changes
across cellular compartment. Both TAG and SE species are enriched for unsaturated
moieties, which promotes the biogenesis and maturation of the LD from the ER
membrane.

The proteins that synthesize lipids in yeast do not exhibit substrate preferences for
unsaturated over saturated lipids when analyzed in vitro. However, analysis of the
reactions catalyzed in vivo reveals an apparent inclination towards specific species of
substrate for many of the steps of lipid synthesis. Lipid biosynthetic enzymes are
partitioned throughout the cell, though many proteins are found in the main lipid synthesis
organelle, the ER.

The mechanisms controlling the specific distribution of unsaturated acyl-CoA
across subcellular components and lipid types have not to this date been described in

full. We propose that it is created through protein-protein interactions that channel the
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unsaturated acyl chains from Ole1 to the enzymes involved in PL and storage lipid
synthesis in a manner that is specific to subcellular components. This is in line with
recently proposed mechanisms, which postulated that the specificity observed in lipid
production could be due to local concentrations of certain substrates and substrate
channeling between proteins (202, 203). Careful consideration will need to be taken when
investigating whether interactions between the lipid synthesis machinery in yeast exist —
it is possible these complexes, instead of obligate complexes, exist transiently within the
cell and the composition of the complex differs across membranes. Determination of the
lipid interactome has great potential to provide a foundational understanding of lipid

channeling in fields from metabolic engineering to human diseases.

1.8. Objectives of this work

This project aimed to decipher a mechanism regulating the de novo synthesis of
phospholipid and storage lipid in the yeast Saccharomyces cerevisiae. The focus was on
identification of the mechanisms that channel lipid species toward specific degrees of
unsaturation and how those molecules are directed toward specific fates; i.e. storage as
fat or incorporation in membranes. We hypothesized that the specific nature of the
lipidome is due to protein-protein interactions channeling acyl-CoA molecules towards
membranes or storage as triglyceride. From this work, we propose the existence of a lipid
biosynthesis complex that regulates the composition of various lipid species through

protein-protein interactions channeling acyl-CoA molecules toward certain fates.
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1.9. Organization of the thesis

1.9.1.Chapter 2 — The desaturasome: a multi-protein complex

that controls lipid biosynthesis in S. cerevisiae

In chapter 2, we investigated the composition and architecture of the desaturasome,
a complex of lipid biosynthetic proteins that interact with the only desaturase in S.
cerevisiae. This study began with an affinity purification that revealed many proteins from
lipid biosynthesis interact with Ole1. A confirmatory membrane yeast-two hybrid (MYTH)
study confirmed that proteins from PL and neutral lipid synthesis interact with Ole1. We
further elucidated the composition of the desaturasome by demonstrating that the LPAAT
Slc1 and CDP-DAG synthase Cds1 interact strongly with the desaturasome constituents
as well. This work has begun the determination of the desaturase interactome

composition and has given insight into the potential architecture of this complex.

1.9.2. Chapter 3 — Saccharomyces cerevisiae A9-desaturase

Ole1 forms a supercomplex with Slc1 and Dga1

In chapter 3, we further dissected the interaction between Ole1 and Dga1 as well as
Slc1 and Dga1. We determined that a set of charged residues at the C-terminus of Dga1
are essential for the maintenance of the Ole1-Dga1 interaction, but they are not essential
for DGAT activity. Functional analysis revealed that the interaction determines number

and size of LDs formed without affecting Dga1 activity or TAG synthesis rate.
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1.9.3. Chapter 4 — Dga1 mutants lacking strong interactions with

Ole1 exhibit altered subcellular localization

In chapter 4, we analyzed the cellular distribution of Dga1 truncations and mutants
that lack interaction with the desaturase. We demonstrate that the wild type
acyltransferase localizes to the nER and cER, in a fashion that resembles Ole1
distribution. The protein is found on LDs both in active growth and during stationary
phase. Dga1 truncations and mutants that exhibited little to no interaction with Ole1 in
Chapter 3 do not localize to the nER, but are found readily on the LD. We also
demonstrated that the conserved 4'°DAELKIVG*'8 motif at the C-terminus of Dga1 is likely
not an ER retention signal as has been previously proposed. Finally, we show that a

deletion of Ole1 does not appear to affect Dga1 localization.

1.9.4. Chapter 5 — Conclusions

In the fifth and final chapter, we discuss the major conclusions that can be drawn
from these studies. We conclude with future avenues for desaturasome investigation and

the implications this work will have in disease research and metabolic engineering.
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Chapter 2 — The desaturasome: a multi-protein
complex that channels acyl-CoA to
specific fates in Saccharomyces cerevisiae

21. Summary

Lipids are essential both for integrity of membranes and energy storage in all
organisms. The chemical properties of membrane phospholipids and triacylglycerol
produced from phosphatidic acid are determined by the composition and organization of
their acyl chain components. Unsaturated acyl chains play an important role in
maintenance of membrane fluidity through incorporation into phospholipid, while the
genesis of lipid droplets relies on unsaturated acyl chain incorporation into triacylglycerol.
The cell asserts control over the chemical nature of the lipidome by governing order of
assembly. Acyl-CoA is delivered to the enzymes involved in lipid biosynthesis in a specific
manner, as demonstrated by both an enrichment for unsaturated acyl chains in
phosphatidylcholine and an enrichment for saturated acyl chains in the
phosphatidylinositol of Saccharomyces cerevisiae. The mechanism allowing this ordered
assembly is not yet known, but interactions between lipid synthesizing enzymes have
been demonstrated in plants and humans. We propose that these interactions regulate
the incorporation of unsaturated acyl chains into phospholipid and triacylglycerol and thus
control the composition of membrane and storage lipids. Yeast two-hybrid and
coimmunoprecipitation studies have revealed novel protein-protein interactions between
Ole1 and enzymes that synthesize storage lipid, phospholipid, and sterol-esters. Notably,

Ole1 has been found to interact with the glycerol-3-phosphate acyltransferase Gpt2,
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lysophosphatidic acid acyltransferase Slc1, phosphatidate cytidylyltransferase Cds1,
phosphatidylinositol synthase Pis1, phosphatidylserine synthase Chot,
phosphatidylethanolamine  methyltransferase = Cho2,  phospholipid:diacylglycerol
acyltransferase Lro1, acyl-CoA:diacylglycerol acyltransferase Dga1, and acyl-CoA:sterol
acyltransferases Are1 and Are2. The main lysophosphatidic acid acyltransferase in S.
cerevisiae, Slc1, interacts with the phospholipid synthesizing enzymes Gpt2, Cds1, Pis1,
Cho1, and Cho2 as well as the storage lipid synthesizing acyltransferases Lro1, Dga1,
Are1, and Are2. Cds1, the essential phosphatidate cytidylyltransferase, interacts with
Gpt2, Slc1, Pis1, Cho1, and Cho2, which catalyze phospholipid synthesis. Cds1 also
interacts with the neutral lipid synthesizing acyltransferases Lro1, Dga1, Are1, and AreZ2.
This research has determined the composition of an interactome that may exist to
regulate the order of acyl chain incorporation into phospholipid, triacylglycerol, and sterol-
esters and thus the fluidity of the membrane and the production of lipid droplets. Future
research aims to determine exactly how these interactions control lipid synthesis and
composition via metabolic flux analysis and gene deletion studies. Investigating this lipid
biosynthesis complex will have implications for a wide variety of applied research, from

treating lipid dysregulation in humans to biofuel production by microbes.
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2.2. Introduction

Lipids are essential for maintenance of membrane integrity and can be stored
within lipid droplets as neutral storage lipid. There are eight classes of lipid in total; fatty
acids (FA), glycerolipids, glycerophospholipids, sterol and sterol derivatives,
sphingolipids, prenol lipids, glycolipids, and polyketides (1). Different classes of lipid serve
different purposes in the cell. FA exist primarily as building blocks for lipids, though they
can be imported into the peroxisome and degraded through 3-oxidation to provide energy
(2). Glycerophospholipids, sterols, and sphingolipids are found in the plasma membrane
(PM), and their acyl chain composition determines membrane fluidity (3). Glycerolipids
and sterol derivatives like sterol esters are stored in lipid droplets and serve as reservoirs
for membrane lipid precursors (4, 5).

Fatty acid-derived fatty acyl chains can be either incorporated into storage lipid or
membrane lipid, or degraded to be used as energy for the cell (6, 7). The primary source
for fatty acyl-CoA in yeast is through de novo synthesis, which occurs in the cytoplasm
primarily and is initiated by the carboxylation of acetyl-CoA to malonyl-CoA by acetyl-CoA
carboxylase (Acc1). Malonyl-CoA is elongated to a full-length saturated acyl-CoA by the
fatty acid synthase complex composed of Fas1 and Fas2. The fatty acyl-CoA produced
primarily contain 16 or 18 carbons, though there are 14 carbon and 26 carbon acyl-CoA
species produced in small amounts (6). Once the saturated acyl-CoA is released from the
FAS complex, the endoplasmic reticulum (ER) localized A9-desaturase, Ole1, can
capture the acyl-CoA and introduce a double bond in its acyl chain, altering its chemical
and physical properties. Almost 80% of the acyl chains produced by Saccharomyces
cerevisiae are monounsaturated, indicating an important role for Ole1 (8, 9).
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The primary lipids of concern for this work are phospholipids, triacylglycerols, and
sterol esters. As discussed in 1.2.4, the production of phospholipids (PLs) and
triacylglycerols (TAGs) begins with PA synthesis within the ER (Figure 1.2). Glycerol-3-
phosphate (G3P) is acylated by the glycerol-3-phosphate acyltransferases (GPATs) Sct1
and Gpt2 to produce lysophosphatidic acid (LPA) (10). The primary lysophosphatidic acid
acyltransferase (LPAAT) Slc1 generates phosphatidic acid (PA) via the acylation of the
sn-2 position (11, 12). PA lies at the branch point between two competing pathways and
can either be directed to phospholipid synthesis by the CDP-DAG synthase Cds1 or
dephosphorylated to produce diacylglycerol (DAG) by Pah1 (Figure 1.2). Once converted
to CDP-DAG, the molecule is further modified to phosphatidylinositol (Pl) by Pis1 or to
phosphatidylserine (PS) by Cho1. PS is decarboxylated to phosphatidylethanolamine
(PE) by either the mitochondrial protein Psd1 or the Golgi body-localized Psd2, which is
methylated by the ER proteins Cho2 and Opi3 to phosphatidylcholine (PC) (Figure 1.2).
Pl, PC, and PE are the primary phospholipids of the total cellular membranes, though PA
and PS are minor components (13). A parallel pathway for PE and PC synthesis exists,
whereby exogenous ethanolamine and choline are converted to CDP-ethanolamine and
CDP-choline by cytosolic kinases and ER-bound cytidylyltransferases. These activated
molecules are combined with endogenous DAG to produce PE and PC by the
phosphotransferases Ept1 and Cpt1 (14). While the Kennedy pathway contributes to
intracellular production of PE and PC, the de novo CDP-DAG pathway is indispensable
and the primary route for PE and PC production (15, 16). As discussed, the phospholipid
head and acyl chain compositions of these molecules determine the properties of

subcellular membranes (1.4).
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The production of the main sterol in yeast, ergosterol, occurs in three modules
(17). The first module generates mevalonate from acetyl-CoA. Hmg1/2, the
hydroxymethylglutaryl-CoA (HMG-CoA) reductases and final step in mevalonate
synthesis, are the rate-limiting enzymes not only for the first module but for the whole of
sterol biosynthesis as well (Figure 2.1) (18, 19). Mevalonate synthesis begins in the
cytoplasm and completes in the ER (20, 21). The second module, farnesyl pyrophosphate
synthesis, occurs in the vacuole and produces an important intermediate in sterol and
isoprenoid synthesis (Figure 2.1) (22, 23). The third and final module in ergosterol
synthesis produces the intermediates squalene, lanosterol, zymosterol, fecosterol, and
episterol in order (Figure 2.1) (24). Zymosterol is the first intermediate distributed widely
within the membranes, but lanosterol, fecosterol, and episterol are found in high amounts
within the LD (25). Ergosterol, the most abundant sterol, is concentrated in the PM but is
also present in the ER, LD, and mitochondrion (13, 26). Proper sterol levels are essential
for membrane integrity and thus the control of sterol synthesis is under tight regulation

(23, 27-29).
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Figure 2.1 Sterol biosynthesis occurs in three modules. Module 1 (green) generates mevalonic acid
and includes the rate-limiting HMG-CoA reduction to mevalonate. Module 2 (blue) creates farnesyl-PP, and

module 3 (red) produces the main sterol ergosterol. Created with BioRender.com.

DAG is acylated both within the ER and the LD. DAG can either be acylated by the
phospholipid:diacylglycerol acyltransferase Lro1 or the diacylglycerol acyltransferase
Dgal. Lro1 scavenges an acyl chain from surrounding PLs to generate TAG and a
lysophospholipid (LPL), while Dga1 uses acyl-CoA directly as an acyl donor (30). The

level of sterol within the cell can be controlled via acylation to sterol esters (SEs), which
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are generated by the acyl-CoA:sterol acyltransferases Are1 and Are2. Are1
predominantly acylates intermediates in the ergosterol synthesis pathway with a
preference for lanosterol, though the protein does contribute minimally to TAG synthesis.
Are2 acylates ergosterol only but is the primary sterol acyltransferase within the cell (31).
The neutral lipids TAG and SE are primarily stored within the lipid droplet (LD). TAG and
SE make up LDs to approximately the same extent, comprising 51% and 44% of the total
weight of the organelle, respectively (32).

The lipidome is characteristically dynamic. Analysis of the lipidome across different
growth phases in S. cerevisiae reveals temporal preference for production of certain lipid
classes. During lag phase, after a culture has been diluted from stationary phase but
before cellular division begins, the cells are reprogramming lipid metabolism and
membrane lipids are actively being synthesized at the expense of storage lipid. During
the exponential phase of growth, when cells are still dividing, storage lipid begins to re-
accumulate, and finally, during stationary phase when the cells are quiescent, the storage
lipid/membrane lipid proportion stabilizes (8, 33). The specificity of intracellular lipid
composition is also dependent on temperature of cultivation. At low temperatures,
phospholipids are enriched for unsaturated and shorter moieties. When temperature is
increased, the opposite effect is seen — phospholipid total length increases, and the
number of double bonds in acyl chains decreases (33).

The regulation of genes encoding enzymes in lipid biosynthetic pathways has been
characterized and can offer an explanation for the dynamic nature of the lipidome. Genes
involved in both de novo CDP-DAG based and Kennedy pathway production of PL

contain a promoter sequence aptly named the inositol-sensitive upstream activating
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element (UASino), which downregulates expression in response to exogenous inositol
(34). Increased levels of PA in the ER induce expression of genes with the UASino
promoter element by the sequestration of the Opi1 repressor at the ER (35). Control of
membrane fluidity is primarily achieved by transcriptional and post-transcriptional control
of the gene encoding the only desaturase in S. cerevisiae, OLE1 (36, 37). OLE1
transcription increases when the ER becomes too rigid via the release of transcription
factors Mga2/Spt23 from the ER to the nucleus (38—40). Degradation of the OLET mRNA
transcript in response to UFA increase and ERAD-based rapid turnover of Ole1 is also
responsible for control of the desaturase activity in the ER (41-43). Analysis of Ole1 levels
across the different stages of growth sees an increase in both OLE7T mRNA and Ole1
protein after a peak in SFA levels at the entry to exponential phase and a marked
decrease upon entry into stationary phase (8, 44).

An important characteristic of the lipidome that has increasingly been of interest
has been specificity in the composition of individual phospholipid molecules. While 70-
80% of acyl chains in S. cerevisiae are unsaturated, PE and PC species are preferentially
enriched for UFA with ~85% of the acyl chains in late exponential phase containing a
double bond (8, 26). In contrast, the Pl species contain a large proportion of saturated
moieties with a nearly equal UFA:SFA ratio, a trend that persists through all growth
phases (8, 26). A small proportion, if any, of the saturated fatty acids are incorporated at
the sn-2 position of these PLs, and the enrichment for UFA in PE and PC is reliant on
synthesis through the CDP-DAG pathway (26, 45). While the lipids produced in S.
cerevisiae contain specificity for the type and position of acyl chain incorporation, there

has not been a determination of the mechanism controlling this specificity. We propose
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this phenomenon is due to the capture of saturated acyl chains by Ole1, desaturation,
and channeling of the substrates to specific fates through protein-protein interactions
(PPls). It has been shown that various enzymes in lipid biosynthetic pathways interact,
but an interactome analysis of Ole1 has not yet been reported.

Here, we performed a coimmunoprecipitation of the desaturase Ole1, followed by
LC-MS/MS to identify proteins interacting with the A9 desaturase. We confirmed these
results and further defined the complex with a membrane yeast two hybrid (MYTH) study
using Ole1 and other lipid biosynthetic enzymes as bait. We demonstrate that Ole1
interacts in vivo with proteins that produce a variety of different classes of lipids in a

complex we have called the desaturasome.

2.3. Methods

2.3.1. Strains and Plasmids

The S. cerevisiae strain NMY51 was provided by Marek Michalak for the membrane
yeast two-hybrid experiments. The S. cerevisiae strain W303 was used as the parent for
the YBG2 strain. Escherichia coli DH5a was used in all cloning steps and to propagate
all plasmids. All yeast transformations were completed with the lithium acetate method
(46). Strain genotypes available in Table 2.1. All primer sequences can be found in Table

2.2. Vectors used for strain construction and purchased for MYTH are listed in Table 2.3.
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Table 2.1 Strains used in this study

Strain name Parent Genotype Reference
MATa {leu2-3,112 trp1-1 can1-100 ura3-1
w303 " ade2-1 his3-11,15} [phi+] (47)
MATa his3A200 trp1-901 leu2- 3,112
i ade2 LYS2::(lexAop)4-HIS3
NMYS51 ura3A::(lexAop)8-LacZ ade2A:(lexAop)s-  DUAIsystems
ADE2 GAL4
MATa {leu2-3,112 trp1-1 can1-100 ura3-1
WOMyc W303 ade2-1 his3-11,15} [phi+] OLE1::13xMyc This study
KanMX
MATa his3A200 trp1-901 leu2- 3,112
OLEA1-Cub- ade2 LYS2::(lexAop)4-HIS3
LexA-VP16 NMY51 ura3A::(lexAop)8-LacZ ade2A::(lexAop)8-  This study
ADE2 GAL4 OLE1-Cub-LexA-VP16
KanMX
MATa his3A200 trp1-901 leu2- 3,112
SLC1-Cub- ade2 LYS2::(lexAop)4-HIS3 ,
LexA-VP16  "MYST 234 (lexAop)8-LacZ ade2A:(lexAop)s- TS Study
ADE2 GAL4 pTMBV4-SLC1
MATa his3A200 trp1-901 leu2- 3,112
CDS1-Cub- ade2 LYS2::(lexAop)4-HIS3 ,
LexA-VP16  "WMYST 234 (lexAop)8-LacZ ade2A: (lexAop)s- TS Study

ADE2 GAL4 pTMBV4-CDS1
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Table 2.2 Primers used in this study

Primer .
Primer sequence
name
3-Cub CGATAAGAATTCTAATACGACTCACTATAGGG
5-Cub CGATAAACTAGTATGGAACAAAAACTTATTTCTGAAGAAGATCTGTC
GACCATGTCGG
ADH1Ps GTTCTCGTTCCCTTTCTTCC
ARE1f GAT GTT CCA GAT TAC GCT GGA TCC ATG ACG GAG ACT AAG
GATTTGTT
ARE1r ACG GTATCG ATAAGC TTG ATATCG AAT TC TCA TAA GGT CAG
GTA CAA CGT
ARE2f GAT GTT CCA GAT TAC GCT GGA TCC ATG GAC AAG AAG AAG
GAT CTACTG
ARE2r ACG GTATCG ATAAGC TTGATATCG AAT TC TTA GAATGT CAA
GTA CAA CGT ACA CAT
BGCub3-1 CTTAGCACAAGATGTAAGGT
BGO15 TACGACTTGAAGAAATTCTCTC
CDS1f TACCCATACGATGTTCCAGATTACGCTGGATCCATGTCTGACAACC
CTGAGATG
CDS1r GACGGTATCGATAAGCTTGATATCGAATTCTCAAGAGTGATTGGTC
AATGATTT
CHO1f GAT GTT CCA GAT TAC GCT GGA TCC ATG GTT GAA TCA GAT
GAAGATTTC G
CHO1r ACG GTATCG ATAAGC TTGATATCGAATTCCTATGG CTT TGG
AAT TTT CAA GCT
CHO2f GAT GTT CCA GAT TAC GCT GGA TCC ATG TCC AGT TGT AAA
ACCACTTTG
CHO2r ACG GTATCG ATAAGC TTG ATATCG AAT TC TCA AGC AAG ACT
ATC AAG CGT
CUBsr TGAATGTTGTAATCAGACAGC
CYC1Ts2 CTTTTCGGTTAGAGCGGATG
DGA15 TTACGCTGGATCCATGTCAGGAACATTCAATGATAT
DGA1TNx3 TACGCTGGATCCGAAAGGCATGAGAATAAGTCT
TACCCATACGATGTTCCAGATTACGCTGGATCCATGTCTGCTCCCG
GPT2f
CTGCC
GPT2r GACGGTATCGATAAGCTTGATATCGAATTCTCATTCTTTCTTTTCGT

GTTCTCTTTTCTGTCTTACCAG
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Primer
name

Primer sequence

HMG1f
HMG1r

LRO1f

LRO1r
Myc3s
Ole1-Mycf

Ole1-Mycr

ole1T3
ole1T5
PIS1f

PIS1r

pTMBV4-
CDS1f

pTMBVA4-
CDS1r

pTMBV4-
sLCf

pTMBVA4-
SLCr

SCT1f
SCT1r
SLC1f
SLCA1r
TEF1Ps

GAT GTT CCA GAT TAC GCT GGA TCC ATG CCG CCG CTATTC

ACG GTATCG ATAAGC TTGATATCG AAT TC TTAGGATTT AAT
GCA GGT GAC G

GAT GTT CCA GAT TAC GCT GGA TCC ATG GGC ACACTG TTT
CG

ACG GTATCG ATAAGC TTG ATATCG AAT TC TTA CAT TGG GAA
GGG CAT CT

AGC TTT TGT TCACCG TTA

CTC TGC TAT TAG AAT GGC TAG TAA GAG AGG TGA AAT CTA
CGA AAC TGG TAAGTT CTT TCG GAT CCC CGG GTT AAT TAA

AGC ATG ACT GTG AAATTT TGA AGA GAT GCA GTA AGC CAT
CCC ATATCT ATT GCT CCA GGG CCG AATTCGAGC TCGTTT
AAA

AGCATGACTGTGAAATTTTGAAGAGATGCAGTAAGCCATCCCATAT
CTATTGCTCCAGGGccagatctgtttagcttge

CTCTGCTATTAGAATGGCTAGTAAGAGAGGTGAAATCTACGAAACT
GGTAAGTTCTTTGAACAAAAACTTATTTCTG

GAT GTT CCA GAT TAC GCT GGA TCC ATG AGT TCG AAT TCA
ACA CCA GA

ACG GTATCG ATAAGC TTG ATATCG AAT TC TCA GTAAGT CTT
GTITCTTCTCGTTG

AGCATAGCAATCTAATCTAAGTTTTCTAG ATG TCT GAC AAC CCT
GAG ATG AAA CC

CGA ATT CCT GCA GAT ATA CCC ATG GAG AGA GTG ATT GGT
CAATGATTT CTT GGT CA

AGCATAGCAATCTAATCTAAGTTTTCTAGATGAGTGTGATAGGTAG
GTTCTT

CGAATTCCTGCAGATATACCCATGGAGATGCATCTTTTTTACAGAT
GAACCTT

TACGCTGGATCCCCTGCACCAAAACTCACG
CTACGCATCTCCTTCTTTCCC
TACGCTGGATCCAGTGTGATAGGTAGGTTCTTGTATTACT
GATATCGAATTCTTAATGCATCTTTTTTACAGATGAACCTTC
CTTTCGATGACCTCCCATTG
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Table 2.3 Plasmids used for strain construction

Plasmid name S. cerevisiae gene Ori and selection Source
pTMBV4 Cub-LexA-VP16 2u LEUZ2 Dual Systems
pUG6 KanMX6 G418R Euroscarf
pUG6-CLVt CK:;s,'\h%A'VPm' G418R This study
PALG5-NubG  ALG5-NubG CEN/ARS TRP1 Dual Systems
pPALG5-Nubl ALG5-Nubl CEN/ARS TRP1 Dual Systems
pPADSL-NXx NubG CEN/ARS TRP1 Dual Systems
pAG25 NatMX6 ClonNATR Euroscarf

To generate the OLE7-13xMYC (YBG2) strain, the 13xMYC tag containing the
KanMXE6 resistance marker was amplified from the pFA6a-13Myc-KanMX6 plasmid using
the Ole1-Mycf and Ole1-Mycr primers, which contain homology to OLE7. The resulting
DNA fragment was used to transform W303. Transformants were selected on YEPD agar
supplemented with 200 yg/mL geneticin and correct integration of Ole1-13xMyc was
confirmed by PCR analysis of genomic DNA using oligonucleotides BGO15 and Myc3s
and a western blot against the Myc epitope tag.

To produce the OLE1-Cub-LexA-VP16 strain, the Cub-LexA-VP16 tag containing
the CYC1 terminator was amplified from plasmid pTMBV4 (Dualsystems Biotech AG,
Schlieren, Switzerland) using primers 5-Cub and 3-Cub. The 5’ oligonucleotide (5-Cub)
included sequence to insert a single Myc epitope and Spel cleavage site immediately
upstream of the Cub sequence. The resulting DNA fragment was digested with Spel and
phosphorylated using T4 polynucleotide kinase prior to ligation with Spel — EcoRV

digested pUG6 (28) resulting in pUG6-CLVt. The Myc-Cub-LexA-VP16-CYC1t-KanMX
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fragment was amplified from pUG6-CLVt with primers (OLE1t-5, OLE1t-3) containing
homology to OLE1. This DNA fragment was used to transform NMY51. Transformants
were selected on YEPD agar supplemented with 200 pg/mL geneticin and correct
integration of OLE7-Myc-Cub-LexA-VP16 was confirmed by PCR analysis of genomic
DNA using oligonucleotides BGO15 and BGCub3-1.

To construct the bait plasmids, pTMBV4 was digested with Xbal and Ncol.
pTMBV4 contained the 2y origin of replication, LEUZ2 selection marker, CYC1p, CYCT{,
and the Cub-LexA-VP16 tag. The SLC1 and CDS171 genes were amplified from W303
genomic DNA using the primers in Table 2.4, which contained homology to the pTMBV4
plasmid. SLC7 and CDS1 were inserted in frame with Cub-LexA-VP16 using Gibson
isothermal assembly (48). Sequence was confirmed via the Sanger method with primers
TEF1Ps and CUBsr. Plasmid pADSL-Nx was digested with BamHI| and EcoRI. pADSL-
Nx contained the CEN/ARS origin of replication, TRP1 selection marker, ADH1t, CYCT{,
and NubG-HA tag. Genes encoding the prey plasmids of interest were amplified from
W303 genomic DNA using the primers in Table 2.4 and were inserted in frame with NubG-
HA using Gibson isothermal assembly. All prey plasmids were confirmed by Sanger
sequencing prior to use with primers ADH1Ps and CYC1Ts2.

To create the SLC1-Cub-LexA-VP16 and CDS171-Cub-LexA-VP16 strains, NMY51
cells were transformed with the pTMBV4-SLC1 or pTMBV4-CDS1 plasmids.
Transformants were selected on media lacking leucine (-leu) and expression of the bait

was confirmed by a western blot against the LexA domain of the protein.
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Table 2.4 Plasmid construction for interaction analysis by MYTH

Plasmid name

S. cerevisiae gene

Primers

Ori and selection

pTMBV4-SLCA1

SLC1-Cub-LexA-
VP16

pTMBV4-SLCA1f,
pTMBV4-SLC1r

24 LEU2

PTMBVA-COST o1 TN Tevecostr

NubG-SCT1 NubG-HA-SCT1 SCT1f, SCT1r CEN/ARS TRP1
NubG-GPT2 NubG-HA-GPT2 GPT2f, GPT2r CEN/ARS TRP1
NubG-SLC1 NubG-HA-SLC1 SLCA1f, SLC1r CEN/ARS TRP1
NubG-CDS1 NubG-HA-CDS1 CDS1f, CDS1r CEN/ARS TRP1
NubG-PIS1 NubG-HA-PIS1 PIS1f, PIS1r CEN/ARS TRP1
NubG-CHO1 NubG-HA-CHO1 CHO1f, CHO1r CEN/ARS TRP1
NubG-CHO2 NubG-HA-CHO2 CHOZ2f, CHOZ2r CEN/ARS TRP1
NubG-HMG1 NubG-HA-HMG1 HMG1f, HMG1r CEN/ARS TRP1
NubG-DGA1 NubG-HA-DGA1 DGA15, DGATNx3  CEN/ARS TRP1
NubG-LRO1 NubG-HA-LRO1 LRO1f, LRO1r CEN/ARS TRP1
NubG-ARE1 NubG-HA-ARE1 ARE1f, ARE1r CEN/ARS TRP1
NubG-ARE2 NubG-HA-ARE2 ARE2f, AREZ2r CEN/ARS TRP1

2.3.2. Media and Cultivation Conditions

E. coli strains were cultivated in lysogeny broth (LB) containing ampicillin (100
pug/mL) or kanamycin (50 ug/mL) for plasmid maintenance. S. cerevisiae strains were
propagated on YEPD medium (1% yeast extract, 2% peptone, 2% dextrose) or on
synthetic minimal medium (0.17% Yeast Nitrogen Base without amino acids without
ammonium sulfate, 0.5% ammonium sulfate, 2% dextrose), supplemented with an amino

acid mixture lacking the amino acids or purines as required for selection.
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2.3.3. Membrane Isolation

Membranes were isolated from YBG2 cells expressing Ole1-13xMyc and W303.
Strains were cultured in YEPD until late logarithmic phase and cells were collected by
centrifugation. Cell pellets were resuspended in breaking buffer (100 mM Tris HCI pH 8.5,
5 mM EDTA, 5 mM EGTA, 1 mM PMSF) and lysed by eight passes through Emulsiflex
C3 at 20,000 psi (Avestin). The lysate was cleared of cell debris by centrifugation at 2,100
x g for 10 minutes at 4°C. Membranes were isolated from the cleared cell lysate by
ultracentrifugation at 105,000 x g for one hour at 4°C. The resulting pellet was
resuspended in breaking buffer with 0.5% Triton-X and incubated on ice with gentle
agitation for 90 minutes to solubilize the membranes. This was subjected to a second
ultracentrifugation at 105,000 x g for one hour at 4°C. The resulting supernatant was
labeled the membrane protein fraction and used in the co-immunoprecipitation

experiments.

2.3.4. Co-immunoprecipitation

Protein G beads were prepared by crosslinking the anti-Myc primary antibody as
previously described (49). Prepared membrane proteins (5-10mg) were added to the
beads and incubated for 2 hours at 4°C, with agitation. Membrane proteins from a strain
expressing Ole1-Myc were incubated with protein G beads crosslinked to an anti-Myc
antibody (Ole1-MycM¥¢) and with protein G beads alone (Ole1-Myc®). Membranes from a
W303 strain without a myc-tagged Ole1 were incubated with protein G beads crosslinked
to an anti-Myc antibody (W303%). Beads were washed in breaking buffer with 0.5%
Triton-X. Proteins were eluted from the beads by the addition of SDS sample buffer (50
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mM Tris-HCI pH 6.8, 2% SDS, 10% glycerol, 1 mM DTT, 12.5 mM EDTA, 0.02%

bromophenol blue) and a 10-minute incubation at 85°C.

2.3.5. Mass spectrometry

Samples were electrophoresed on a 1.5 mm 10% polyacrylamide SDS gel and
trypsinized in-gel. Samples were reduced (10 mM [B-mercaptoethanol in 100 mM
bicarbonate) and alkylated (65 mM iodoacetamide in 100 mM bicarbonate). After
dehydration enough trypsin (6 ng/ul, Promega Sequencing grade) was added to just cover
the gel pieces and the digestion was allowed to proceed overnight (~16 hrs.) at 37°C.
Tryptic peptides were first extracted from the gel using 97% water, 2% acetonitrile, 1%
formic acid followed by a second extraction using 50% of the first extraction buffer and
50% acetonitrile.

The tryptic peptides were resolved using nano flow HPLC (Easy-nLC 1000,
Thermo Scientific) coupled to an Orbitrap Q Exactive mass spectrometer (Thermo
Scientific) with an EASY-Spray capillary HPLC column (ES902A, 75 ym x 25 cm, 100 A,
2 ym, Thermo Scientific). The mass spectrometer was operated in data-dependent
acquisition mode with a resolution of 35,000 and m/z range of 300—1700. The twelve most
intense multiply charged ions were sequentially fragmented by using HCD dissociation,
and spectra of their fragments were recorded in the orbitrap at a resolution of 17,500;
after fragmentation all precursors selected for dissociation were dynamically excluded for
30 s. Data was processed using Proteome Discoverer 1.4 (Thermo Scientific) and the S.
cerevisiae proteome database was searched using SEQUEST (Thermo Scientific).

Search parameters included a strict false discovery rate (FDR) of .01, a relaxed FDR of
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.05, a precursor mass tolerance of 10ppm and a fragment mass tolerance of 0.01Da.
Peptides were searched with carbamidomethyl cysteine as a static modification and
oxidized methionine and deamidated glutamine and asparagine as dynamic

modifications.

2.3.6. Mass spectrometry analysis

The proteins detected in the Ole1-Myc® and W303M¢ negative controls were
excluded and the remaining interactors identified in Ole1-Myc“° were identified with a
minimum of two unique peptides. Background contaminants commonly found in affinity
purification experiments and included in the Contaminant Repository for Affinity
Purification Mass Spectrometry Data (CRAPome) were removed from analysis (50). The
threshold for removal was four — i.e., proteins found contaminating four or more
experiments published in the CRAPome were excluded from analysis. GO enrichment
analysis was performed using the FunSpec web application with a threshold p-value of
0.01 (51). The ClueGO plugin in Cytoscape was utilized to determine the GO biological

processes represented by the proteins copurified with Ole1 (52).

2.3.7. Membrane Yeast Two-Hybrid assay

The Ole1-Cub-LexA-VP16, Slc1-Cub-LexA-VP16, and Cds1-Cub-LexA-VP16
baits were validated by transformation with positive and negative control vectors
expressing Alg5-Nubl and Alg5-NubG. The concentration of 3-aminotriazole (3-AT)
necessary to remove background strain growth on —his medium for the strain expressing

both Slc1-Cub-LexA-VP16 and Cds1-Cub-LexA-VP16 was determined to be 5 mM, while
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the strain expressing Ole1-Cub-LexA-VP16 required 6 mM 3-AT. The Ole1 bait strain was
transformed with the prey plasmids and selected on synthetic minimal agar plates lacking
tryptophan (-trp) to maintain the prey vectors. The Slc1 and Cds1 bait strains were
transformed with the prey plasmids and selected on synthetic minimal agar plates lacking
tryptophan and leucine (-leu -trp) to ensure retention of both the prey and the bait vectors.
Interactions between Ole1 and prey were assayed on synthetic minimal agar plates
lacking tryptophan and histidine supplemented with 6 mM 3-AT (low stringency) and
synthetic minimal agar plates lacking tryptophan, histidine, and adenine supplemented
with 6 mM 3-AT (high stringency). Interactions between Slc1 and Cds1 and the various
prey were assayed on synthetic minimal agar plates lacking leucine, tryptophan, and
histidine, supplemented with 5 mM 3-AT (low stringency) and synthetic minimal agar
plates lacking leucine, tryptophan, histidine, and adenine, supplemented with 5 mM 3-AT
(high stringency). Spot assays for all strains were performed by spotting cultures serially
diluted 1:10 starting from 1.0x10* cells.

LacZ expression was assayed via 3-galactosidase assay. Strains were cultured in
-trp or -leu -trp liquid media overnight at 30°C with agitation. For the Ole1 bait strain, ODgoo
of the culture was measured and recorded prior to collection of the cells. For the Sic1 and
Cds1 bait strains, cells were harvested by centrifugation and resuspended in Z-buffer (60
mM NaxHPO4, 40mM NaH2PO4, 10 mM KCI, 1 mM MgSOs), and ODeoo of resuspended
cells was measured and recorded. SDS was added to a concentration of 0.01% and cells
were lysed by vortexing. Chloroform was added and the mixture was vortexed before
adding ortho-Nitrophenyl-B-galactoside (ONPG) at a concentration of 0.72 pg/uL. The

reaction mixture was incubated at 37°C until colour development and the reaction was
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quenched by addition of Na2COs to a final concentration of 0.44 M. Reactions were
centrifuged to remove cell debris and the colour development was assayed by measuring

ODua20. B-galactosidase activity was normalized to the positive control, Alg5-Nubl.

2.3.8. Statistical analyses

The data are presented as mean values and error bars reflect standard deviation.
All n values are indicated in the figure legends. Statistical significance was evaluated by
paired, two-tailed t-test. Statistical significance is noted in the text. P values < 0.05 are

considered significant.

2.4. Results

2.4.1. Ole1 interacts with enzymes from storage lipid, phospholipid,

and sterol synthesis in late logarithmic phase of growth

An immunoprecipitation for Ole1 revealed 101 unique interacting proteins. An
analysis of the GO clusters of interactor intracellular location using FunSpec indicated
that many of the interactors were located in the ER (GO:0005783, p < 1.00E-'#), and that
of the 101 interactors, 84 are membrane proteins (GO:0016020, p < 1.00E-'4) (Table 2.5)
(51). Of note, proteins precipitated by Ole1 are also localized to the mitochondrial outer
membrane (GO:0005741, p = 1.19E%7), plasma membrane (GO:0005886, p = 1.87E%%),
Golgi apparatus (GO:0005794, p = 1.89E%), and lipid droplet (GO:0005811, p =

0.0028128). The percent of the GOterm category associated genes that are identified
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interactors can be seen in Table 2.5, % associated genes. Of the total 101 interactors, 33

are essential for survival.
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Table 2.5 Ole1 interactors by cellular component as determined by FunSpec.

# genes % associated

Category p-value identified genes

endoplasmic reticulum
[GO:0005783]

CDS1 SSH1 YBR287W TSC13 YET3 LCB2 DPL1 GPI17 WBP1 CHO1 ERG4 ALG2
EMP24 ORM1 ERV29 ERG11 MSC7 EPS1 CBR1 OST1 STE24 MCD4 YPT52 ERG3
SEC61 HMG1 PGA3 ERG5 ERG2 SCS7 ALG9 ARE2 PEX11 SEY1 PIS1 DPM1

membrane [GO:0016020] 1.00E-14 84 5.0

CHS3 CDS1 RFS1 ECM33 PHO88 RIM2 SSH1 YBR287W YCP4 TSC13 SLC1 YET3
YDL119C GGC1 TIM22 LCB2 SEC26 HXT7 GPI17 GNP1 WBP1 RIP1 CHO1 FCY2
FMP10 PMC1 ERG4 ALG2 SEC27 PMR1 EMP24 ORM1 TOM20 CHO2 ERV29
ERG11 HXT1 EPS1 CBR1 AVT7 COA1 OST1 STE24 PTM1 YKL100C MCD4 YPT52
PET10 PTR2 ERG3 CCC1 YPT6 SEC61 TCB3 HMG1 PHO84 PGA3 HXT2 YTA12
HFD1 AIM36 ERG2 YMR221C YHM2 ZRC1 SCS7 RAS2 TOM70 TOM22 ALG9Y LYP1
SEC21 TIM23 ARE2 YNRO065C YOL092W PEX11 TCB1 VPS21 SEY1 PDR12 PIS1
RHO1 DPMA1

endoplasmic reticulum membrane
[GO:0005789]

CDS1 SSH1 TSC13 YET3 GPI17 WBP1 ALG2 EMP24 ORM1 ERV29 EPS1 CBR1
OST1 STE24 MCD4 ERG3 SEC61 HMG1 PGA3 ERG2 SCS7 ALGY9 ARE2 SEY1 PIS1
DPM1

mitochondrial outer membrane
[GO:0005741]

CHO1 TOM20 CBR1 STE24 HFD1 TOM70 TOM22 VPS21 PIS1 RHO1 DPM1
plasma membrane [GO:0005886] 1.87E-05 17 4.9

ECM33 HXT7 GNP1 FCY2 HXT1 AVT7 YPT52 PTR2 YPT6 TCB3 PGA3 HXT2 RAS2
LYP1 TCB1 PDR12 RHO1

Golgi apparatus [GO:0005794] 1.89E-05 13 6.1

SEC26 SEC27 PMR1 EMP24 MTC1 MNN5 PTM1 MCD4 CCC1 YPT6 SEC21 PIS1
RHO1

1.00E-14 36 8.7

717E-13 26 8.2

1.19E-07 11 12.0

COPI vesicle coat [GO:0030126] 0.00018401 3 37.5
SEC26 SEC27 SEC21
lipid particle [GO:0005811] 0.0028128 4 10.3

SLC1 PET10 HFD1 FAA4
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Analysis of Ole1 interactors by FunSpec is limited in its ability to generate images,
so additional analysis of Ole1 interactors was performed using ClueGO in Cytoscape (52).
Interactors were identified throughout many different GO biological categories, including
the ergosterol biosynthesis and phospholipid biosynthetic processes (Table 2.6). The
cellular lipid metabolic process (GO:0044255, p = 1.13E%°), transmembrane transport
(GO:0055085, p = 3.90E%7), and the lipid biosynthetic process (GO: 0008610, p = 9.28E"
97) were the most significant broad biological processes carried out by the desaturase
interactors (Table 2.6, Figure 2.2A). These group into two main categories of biological
processes: transport of proteins and organic substances, and lipid metabolism (Figure
2.2A). Of all the proteins identified, 25.7% are involved in the cellular lipid metabolic
process, 27.7% are involved in transmembrane transport, and 17.8% are within the lipid
biosynthetic process. These make up 8.1%, 5.8%, and 8.6% of the genes within each

GOterm, respectively (Table 2.6, % associated genes).
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Table 2.6 Ole1 interactors by biological process as determined by ClueGO

0 -
Category p-value # genes % associated

identified genes
cellular lipid metabolic process 1.13E-09 26 8.1
[GO:0044255] ' '

ALG2, ALGY, ARE2, CDS1, CHO1, CHOZ2, DPL1, DPM1, ERG11, ERG2, ERG3,
ERG4, ERGS, FAA4, GPI17, HMG1, LCB2, MCD4, ORM1, PEX11, PIS1, SCS7,
SLC1, TCB1, TCB3, TSC13

transmembrane transport
[GO:0055085] 3.90E-07 28 5.8

AVT7, CCC1, FCY2, FMP42, GGC1, GNP1, HEM25, HXT1, HXT2, HXT7, LYP1,
PDR12, PHO84, PMC1, PMR1, RIM2, RIP1, SEC61, SSH1, TIM22, TIM23,
TOM20, TOM22, TOM70, YBR287W, YPQ1, YTA12, ZRC1

lipid biosynthetic process i
[GO:0008610] 9.28E-07 18 8.6

CDS1, CHO1, CHOZ2, DPM1, ERG11, ERGZ2, ERG3, ERG4, ERG5, GPI17,
HMG1, LCB2, MCD4, ORM1, PIS1, SCS7, SLC1, TSC13

ergosterol metabolic process i
[GO:0008204] 8.29E-05 7 21.2

ARE2, ERG11, ERG2, ERG3, ERG4, ERG5, HMG1

transport [GO:0006810] 1.64E-04 46 3.3

AVT7, CCC1, DPL1, EMP24, ERV29, FAA4, FCY2, FMP42, GGC1, GNP1,
HEM25, HXT1, HXT2, HXT7, LYP1, MCD4, PDR12, PGA3, PHO84, PHO88,
PMC1, PMR1, PTR2, RAS2, RHO1, RIM2, RIP1, SEC21, SEC26, SEC27,
SEC61, SSH1, TIM22, TIM23, TOM20, TOM22, TOM70, VPS21, YBR287W,
YET3, YHM2, YPQ1, YPT52, YPT6, YTA12, ZRC1

organic substance transport ]
[GO:0071702] 2.28E-06 36 3.7

AVT7, DPL1, EMP24, FAA4, FCY2, GGC1, GNP1, HEM25, HXT1, HXT2, HXT7,
LYP1, MCD4, PDR12, PGA3, PMR1, PTR2, RAS2, RIM2, SEC21, SEC26,
SEC27, SEC61, SSH1, TIM22, TIM23, TOM20, TOM22, TOM70, VPS21, YET3,
YHMZ2, YPQ1, YPT52, YPT6, YTA12

phospholipid metabolic process i
[GO:0006644] 2.05E-04 13 8.2

CDS1, CHO1, CHOZ2, DPL1, DPM1, GPI17, HMG1, MCD4, PIS1, SCS7, SLC1,
TCB1, TCB3

single-organism biosynthetic ]
process [GO:0044711] 5.42E-03 27 3.8

ALG2, ALG9Y, CDS1, CHO1, CHOZ2, CHS3, DPM1, ERG11, ERGZ2, ERG3, ERG4,
ERGS5, GFA1, GGC1, GPI17, GRS1, HEM25, HMG1, LCB2, MCD4, ORM1, PIS1,
RAS2, RHO1, SCS7, SLC1, TSC13

organic acid transport [GO:0015849] 6.93E-03 7 10.9

AVT7, FAA4, GNP1, HEM25, LYP1, PDR12, YPQ1
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Figure 2.2 Ole1 interactors act in two main GO biological processes: transport and lipid metabolism.
A. Map of GO biological processes identified by ClueGO analysis of Ole1 interactors. GOterm nodes are
coloured according to p-value as in significance colour code insert and sized according to relative number
of genes identified in category. Connected nodes are related GOterms. B. Map of interactors from the
cellular lipid metabolic, ergosterol metabolic, and phospholipid metabolic processes by gene. GOterm
nodes are coloured and sized as in A. Gene nodes are connected to related GO biological processes.
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Analysis continued with the proteins of interest in the phospholipid, ergosterol, and
cellular lipid metabolic processes (Figure 2.2B, Table 2.7). Twenty-one interactors are
involved in lipid anabolic pathways, two are found within lipid catabolic pathways, two are
responsible for ER-PM tethering, and one regulates lipid homeostasis. Of the twenty-
three metabolic enzymes, only four are known to use fatty acyl-CoA, and of those, three
utilize an unsaturated fatty acyl-CoA as a substrate: the acyl-CoA:lysophosphatidic acid
acyltransferase Slc1, the acyl-CoA:sterol acyltransferase Are2, and the enoyl reductase
Tsc13. The serine palmitoyltransferase component Lcb2 uses the saturated palmitoyl-
CoA as a substrate only. One protein, Faa4, generates fatty acyl-CoA that has the
potential to be used as a substrate by Ole1. Of the physical interactions with Ole1 found
in this study, only interactions with Erg5 and Erg11 have been previously reported in the
Saccharomyces Genome Database (SGD) via BioGRID (53-55). Of the proteins involved
in PL, TAG, and SE synthesis, we identified Slc1, Cds1, Pis1, Cho1, Cho2, Hmg1, and

Are2.
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Table 2.7 Ole1 interactors of interest

Uses
Pathway Gene Protein acyl-
CoA
Sic 1-acyl-sn-glycerol-3-phosphate Y
acyltransferase
Subunit of
Gpi17 glycosylphosphatidylinositol
transamidase
Cds1 Phosphatidate cytidylyltransferase
Pis1 Phosphatidylinositol synthase
D Dolichol phosphate mannose (Dol-P-
pm1
Man) synthase
Cho1 Phosphatidylserine synthase
Cho? Phosphatidylethanolamine
methyltransferase
Mcd4 Mannose-ethanolamine
phosphotransferase
Lipid anabolism Scs7 Sphingolipid alpha-hydroxylase
Hmg1 HMG-CoA reductase
Erg5 C-22 sterol desaturase
Erg2 C-8 sterol isomerase
Erg3 C-5 sterol desaturase
Erg4 C-24(28) sterol reductase
Are2 Acyl-CoA:sterol acyltransferase v
Erg11 Lanosterol 14-alpha-demethylase
Tsc13 Enoyl reductase
Lch2 Component of serine
palmitoyltransferase
Alg2 Glycolipid mannosyltransferase
Faa4 Long chain fatty acyl-CoA synthetase
Dol-P-Man-dependent alpha-1,2
Alg9
mannosyltransferase
Dpl1 Dihydrosphingosine phosphate lyase
Lipid catabolism Pex11 Peroxin required for medium-chain
fatty acid oxidation
. Tcb1 Lipid-binding ER tricalbin
ER-PM tethering Tcb3 Lipid-binding ER tricalbin
Lipid homeostasis Orm1 Subunit of the serine

palmitoyltransferase SPOTS complex
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2.4.2. Ole1 interacts closely with enzymes from phospholipid and

storage lipid synthesis

Determining the proteins interacting with Ole1 via only affinity purification would
miss those proteins transiently interacting with the desaturase or in very low abundance
in the cell. Another limitation of AP is the inability to discern between proteins present
within the same complex as Ole1 and proteins in close proximity to the desaturase. To
determine transient interactions excluded from detection by the AP and to separate co-
complexed proteins from physical interactors, we used the membrane yeast two-hybrid
method (MYTH). As our interest was in determining interactions between ER-resident
Ole1 and proteins in phospholipid and storage lipid production, we chose ER-localized
prey from the PL, TAG, and SE pathways.

MYTH is a protein complementation assay that adapts the split-ubiquitin system of
PPI analysis for membrane-bound proteins (56, 57). Briefly, a prey protein of interest is
tagged with a low affinity mutant (113G) of the N-terminal half of ubiquitin (NubG). The
bait protein is tagged with the C-terminus of ubiquitin (Cub) and a reporter transcription
factor (Figure 2.3A). The transcription factor utilized in this study consisted of the E. coli
DNA-binding protein LexA fused to the VP16 activation domain from the herpes simplex
virus. The two halves of the ubiquitin molecule form pseudo-ubiquitin when the two
proteins come into proximity. Ubiquitin-specific proteases (UBPs) recognize the pseudo-
ubiquitin moiety, cleaving LexA-VP16 and allowing its translocation to the nucleus (Figure
2.3A). The transcription factor activates reporter genes (HIS3, ADE2, LacZ), allowing
growth on media lacking histidine and adenine and expression of (-galactosidase (58)
(Figure 2.3B).
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Figure 2.3 Schematic of the membrane-yeast two hybrid system used in the current study. A. The
prey membrane protein is tagged with NubG and the bait membrane protein is fused to Cub-LexA-VP16. If
the two proteins interact, NubG and Cub reconstitute to form pseudo-ubiquitin, which is recognized by UBPs
that liberate the transcription factor LexA-VP16. B. Inside the nucleus, the HIS3, ADE2, and LacZ genes
are under control of the lexAop from E. coli. LexA binds lexAop and VP16 recruits the transcription complex.
The reporter genes are not transcribed without the LexA-VP 16 transcription factor and are thus reliant on
interaction between the bait and prey proteins in A.
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As MYTH is a type of protein-fragment complementation assay reliant on cytosolic
UBPs, it is important that both of the tags reside on the cytosolic side of the ER (59). The
N-termini of the Sic1, Cds1, Cho2, Hmg1, Are1, and Are2 prey proteins are proposed to
be cytosolic, while the N-termini of Pis1, Cho1, Lro1, and Dgal have all been
experimentally determined to be cytosolic (60—63). Ole1 retains a high degree of similarity
to the mammalian stearoyl-CoA desaturases (SCD1s) (37). Recently, the structure of the
rat SCD1 was solved, demonstrating a dual cytosolic topology of either terminus (64, 65).
Consequently, we generated an Ole1 bait protein tagged on the C-terminus and a series
of prey proteins tagged on the N-termini. As cells are sensitive to desaturase dosage and
will degrade excess Ole1, overexpressing the bait fusion using plasmid-borne MYTH led
to high amounts of autoactivation (43). Thus, we introduced the bait tag into the
endogenous OLE 1 coding sequence in NMY51, which allowed the fusion to be expressed
at native levels and reduced background activation in an integrated MYTH (iMYTH) study.
The resulting Ole1 bait strain (YBG1) was transformed with negative and positive control
vectors pALG5-NubG and pALG5-Nubl alongside prey constructs expressing the proteins
listed in Table 2.4. The Ole1 bait strain coexpressing positive prey protein Alg5-Nubl
demonstrated rapid growth on both low and high stringency media, while the strain
coexpressing negative control Alg5-NubG exhibited no growth (Figure 2.4A). This
confirmed that the HIS3 and ADEZ2 reporter genes were transcribed when Ole1-Cub-
LexA-VP16 was expressed alongside the positive control prey, indicating an interaction
between the two proteins and proper functioning of the system.

Expression of the phospholipid synthesizing enzymes NubG-Gpt2, NubG-Sic1,

NubG-Cds1, NubG-Pis1, and NubG-Cho1 alongside Ole1 bait permitted growth on low

65



and high stringency media (Figure 2.4A). Analysis of the LacZ reporter gene activation by
B-galactosidase assay confirmed a robust and significant amount of reporter gene
expression for these prey constructs over the negative control (p = 3.86E°°, 0.006, 2.48E"
95.0.0011, 0.0094, respectively) (Figure 2.4B). While coexpression of bait Ole1 with preys
NubG-Sct1 and NubG-Cho2 did not permit dense growth on selective media, B-
galactosidase activity was significantly higher than the negative control (p = 0.003, 0.03,
respectively). It is important to mention that Sct1 overexpression in certain strains can
reduce growth on plates, limiting the interpretation of the growth data using NubG-Sct1
as prey in this system (66). As the B-galactosidase activity is normalized to the growth of
each strain, the LacZ activation data is a better indicator of interactions between the prey
Sct1 and bait strains. Coexpression of bait Ole1 and prey NubG-Hmg1 did not support
growth on selective media or increase LacZ activation over the negative control (Figure
2.4). These data indicate that Ole1 interacts with the phospholipid synthesizing proteins
Gpt2, Slc1, Cds1, Pis1, and Cho1.

Strains expressing prey from the storage lipid synthesis pathways with Ole1-Cub-
LexA-VP16 grew on both low and high stringency plates (Figure 2.4A). Coexpression of
NubG-Dga1, NubG-Lro1, NubG-Are1, and NubG-Are2 all significantly increased -
galactosidase activity over the negative control (p = 3.07E°8, 0.0001, 1.81E6, 1.74E°,
respectively) (Figure 2.4B). The desaturase interacts not only with enzymes from
phospholipid synthesis, but the four storage lipid synthesizing acyltransferases as well

(Figure 2.5).
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Figure 2.4 Ole1 interacts with proteins that produce triacylglycerol, sterol ester, and membrane-
bound phospholipid. A. Integrated membrane yeast 2-hybrid assay using a yeast strain expressing
endogenously tagged Ole1-Myc-Cub-LexA-VP16 and the indicated constructs. Growth on high stringency
(lacking tryptophan, histidine, and adenine, containing 6 mM 3-AT) plates. Images are representative of
three separate experiments (n = 3). B. B-galactosidase assay of a yeast strain expressing Ole1-Myc-Cub-
LexA-VP16 and the indicated constructs. Each column is representative of three biological replicates (n =
3). Miller units were normalized to the positive control (Alg5-Nubl). (* = p < 0.05, * =p < 0.01, ** =p <
0.001).
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Figure 2.5 Ole1 interactome network map as determined by iIMYTH. Map of the desaturasome
interactions determined by the MYTH assay. Nodes are colored according to synthesis pathway. Edge

thickness and length determined by LacZ reporter gene activation as determined by f-galactosidase assay.

2.4.3. Slc1 interacts strongly with phospholipid and storage lipid

synthesizing enzymes

The PA generated by Slc1 can either be directed toward phospholipid production
by Cds1 or TAG synthesis by Pah1. To gain further insight into the composition of the
desaturasome, we chose Slc1 as bait and determined the interactors using the MYTH
assay. Coexpression of NubG-Gpt2, NubG-Cds1, NubG-Pis1, NubG-Cho1, and NubG-
Cho2 as prey with Slc1-Cub-LexA-VP16 permitted growth on low and high stringency
plates, and significantly increased the LacZ activation over Alg5-NubG (p = 1.62E7,
0.00024, 0.00027, 0.00011, 0.001, respectively) (Figure 2.6). NubG-Cds1 and NubG-
Cho1 displayed a more robust LacZ reporter activation with a 3-galactosidase activity at

80% of the positive control, and NubG-Gpt2, NubG-Pis1, and NubG-Cho2 at
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approximately 45% of the positive control. Expression of NubG-Sct1 in this system did
not permit growth on selective plates but did exhibit a slight increase in -galactosidase
activity when assayed (p = 0.0082). The coexpression of NubG-Hmg1 and Slc1-Cub-
LexA-VP16 was not sufficient to allow growth on selective plates or demonstrate a
significant increase in 3-galactosidase activity over the negative control (Figure 2.6).
Interaction analysis was also performed between Slc1 and the four storage lipid
synthesizing acyltransferases. Coexpression of Slc1-Cub-LexA-VP16 with NubG-Dga1,
NubG-Lro1, NubG-Are1, and NubG-Are2 supported growth on both low and high
stringency selective plates (Figure 2.6A). While all four prey proteins significantly
activated the LacZ reporter gene (p = 1.54E°7, 0.0035, 0.014, 0.0012), NubG-Dga1 and
NubG-Are2 exhibited a stronger response to coexpression with Slc1-Cub-LexA-VP16
with a B-galactosidase expression nearly at the level of the positive control (91.4% and
102.1% respectively) (Figure 2.6B). The LPAAT Slc1 interacts with both phospholipid and

storage lipid synthesizing enzymes (Figure 2.7).
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Figure 2.6 Slc1 interacts with proteins that generate glycerophospholipid, sterol, glycerolipid, and
sterol ester. A. Membrane yeast 2-hybrid assay using a yeast strain expressing Slc1-Cub-LexA-VP16 and
the indicated constructs. Growth on high stringency (lacking tryptophan, leucine, histidine, and adenine,
containing 5 mM 3-AT) plates. Images are representative of three separate experiments (n = 3). B. -
galactosidase assay of a yeast strain expressing Slc1-Cub-LexA-VP16 and the indicated constructs. Each
column is representative of three biological replicates (n = 3). Miller units were normalized to the positive
control (Alg5-Nubl). (* = p < 0.05, ** = p < 0.01, ** = p < 0.001).
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Figure 2.7 Slc1 interactome network map as determined by iMYTH. Map of interactions with the main
LPAAT Slc1 as determined by the MYTH assay. Nodes are colored according to synthesis pathway. Edge

thickness and length determined by LacZ reporter gene activation as determined by f-galactosidase assay.

2.4.4. Cds1 interacts with storage lipid and phospholipid synthesizing

enzymes

Contrary to the other bait proteins analyzed, Cds1 generates a precursor specific
to phospholipid synthesis. Determining interactors of the protein, which generates CDP-
DAG from the branch point substrate PA, could provide a greater understanding into the
composition and architecture of the desaturasome within the ER. Coexpression of Cds1-
Cub-LexA-VP16 with the prey constructs revealed novel interactors with the CDP-DAG
synthase. Of the prey in membrane lipid synthesis, NubG-Gpt2, NubG-Sic1, NubG-Pis1,
NubG-Cho1, and NubG-Cho2 were found to interact with Cds1-Cub-LexA-VP16 (Figure
2.8). NubG-Gpt2, NubG-Pis1, and NubG-Cho1 activated the LacZ gene significantly, to

77.8%, 75.1%, and 62.4% of the positive control, respectively (p = 2.57E%°, 1.20E-%5,
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2.77E7). Both strains exhibited robust growth on high stringency media, confirming the
interactions seen by -galactosidase assay (Figure 2.8A). Coexpression of NubG-Sic1
and NubG-Cho2 alongside Cds1-Cub-LexA-VP16 permitted growth on selective media
and exhibited significant amounts of B-galactosidase activity over the negative control (p
= 0.0093, 5.47E%, respectively). Though expressing NubG-Hmg1 in this system
supported growth on high stringency plates, confirmation of the interaction by assaying
LacZ activation revealed no significant increase over the negative control. Coexpressing
NubG-Sct1 and Cds1-Cub-LexA-VP16 did not support growth on selective media or
exhibit any significant B-galactosidase activity (Figure 2.8). Overall, this experiment
demonstrated Cds1 interacts with proteins in upstream and downstream lipid synthesis.
An assay of interaction between Cds1-Cub-LexA-VP16 and NubG-Dga1, NubG-
Lro1, NubG-Are1, and NubG-Are2 demonstrated that Cds1 interacts strongly with all four
acyltransferases. Coexpression of all four prey alongside the Cds1 bait construct
supported growth on high stringency plates (Figure 2.8A). The strains containing NubG-
Dga1 and NubG-Are1 significantly activated the LacZ reporter over the negative control,
at 38.2% and 49.5% of the positive control, respectively (p = 5.2E°°, 0.001). The
expression of NubG-Lro1 and NubG-Are2 in this system exhibited significant and robust
B-galactosidase activity, an activation at 96.2% and 69.3% relative to the positive control
(p = 3.8E%, 0.0004) (Figure 2.8B). We have determined that the CDP-DAG synthase
exhibits a set of strong interactions with the acyltransferases that generate neutral lipid

(Figure 2.9).
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Figure 2.8 Cds1 interacts with proteins that generate glycerophospholipid, sterol, glycerolipid, and
sterol ester. A. Membrane yeast 2-hybrid assay using a yeast strain expressing Cds1-Cub-LexA-VP16
and the indicated constructs. Growth on high stringency (lacking tryptophan, leucine, histidine, and adenine,
containing 5 mM 3-AT) plates. B. B-galactosidase assay of a yeast strain expressing Cds1-Cub-LexA-VP16
and the indicated constructs. Each column is representative of three biological replicates (n = 3). Miller units
were normalized to the positive control (Alg5-Nubl). (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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Figure 2.9 Cds1 interactome network map as determined by iMYTH. Map of interactions with the
essential CDP-DAG synthase Cds1 as determined by the MYTH assay. Nodes are colored according to
synthesis pathway. Edge thickness and length determined by LacZ reporter gene activation as determined

by B-galactosidase assay.

2.5. Conclusions

This work has begun the process of describing the desaturasome, a complex of lipid
biosynthetic enzymes that interact within the cell to generate species selectivity within
lipid production. We have demonstrated that the only desaturase in S. cerevisiae, Ole1,
interacts strongly with acyltransferases that utilize acyl-CoA as a substrate. We have also
identified interactions between Ole1 and proteins from both phospholipid and storage lipid
biosynthesis that do not use acyl-CoA as a substrate.

Slc1, the main LPAAT in S. cerevisiae, interacts strongly with Gpt2, which
generates LPA for Slc1, and Cds1, which directs PA to PL synthesis through its
conversion to CDP-DAG. It also interacts with proteins in later PL and storage lipid

synthesis that do not use PA but use its downstream products. The CDP-DAG synthase
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Cds1 interacts strongly with proteins that use CDP-DAG to produce PL, as well as
proteins in later PL synthesis. Surprisingly, Cds1 interacts with acyltransferases
dedicated to storage lipid synthesis as well. This work has elucidated a protein-protein
interaction network in phospholipid and storage lipid synthesis that may explain the
selective nature of lipid generation and tight control over lipid flux seen in yeast (Figure

2.10).
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Figure 2.10 Ole1, Slc1, and Cds1 interact with enzymes responsible for PA, phospholipid, and
storage lipid synthesis. A. Major de novo synthesis pathways of PA, PL, and storage lipid in S. cerevisiae.
Proteins analyzed as prey are underlined. Proteins analyzed as both bait and prey are underlined and
italicized. B. Map of the desaturasome interactions determined by the MYTH assay. Nodes are colored
according to synthesis pathway. Edge thickness and length determined by LacZ reporter gene activation
as determined by B-galactosidase assay. Underlined genes were also identified as Ole1 interactors by

affinity purification.
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2.5.1. Enzymes catalyzing sequential reactions in the phospholipid

biosynthesis pathway interact with one another

Ole1 interacts strongly with the GPAT Gpt2 in a MYTH assay, as previously
observed (67). Accordingly, the interaction between Ole1 and the GPAT Sct1 was much
weaker by LacZ activation. Gpt2, in vivo, generates a more unsaturated LPA profile than
Sct1, though both GPATSs can utilize unsaturated acyl chains (66). The demonstrated
difference in interaction between Ole1 and the two GPATs could differentially distribute
unsaturated acyl-CoA to Gpt2, explaining this phenomenon. Ole1 also interacted with
Slc1 in both methods described here. Slc1, as the primary LPAAT in S. cerevisiae,
acylates the sn-2 position of LPA destined for both TAG and phospholipids. As the sn-2
position is enriched for unsaturated acyl chains in these downstream lipids, this
interaction may serve to channel acyl-CoA from Ole1 to Slc1 and control the acyl
composition of de novo synthesized membrane phospholipids and storage lipid (68, 69).

The GPATs exhibit a similar interaction pattern with Slc1, with Slc1 interacting
more strongly with Gpt2 than Sct1 based on LacZ activation. Gpt2 and Slc1, as LD-
associated enzymes, may serve to generate PA for TAG and phospholipid synthesis at
the LD, though it has been shown that Sct1 synthesizes LPA for eventual TAG production.
Determination of further downstream interactors of Gpt2 and Slc1 at the LD may reveal
whether the PA generated is destined for TAG or PL synthesis.

Slc1 and the CDP-DAG synthase Cds1 interact with each other as well, consistent
with a model whereby at least a portion of the PA generated by the LPAAT is directed to
CDP-DAG synthesis for phospholipid production. Cds1 interacts strongly with both Pis1
and Cho1, proteins that utilize CDP-DAG to create Pl and PS, respectively.
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2.5.2. Enzymes synthesizing nonsequential reactions in phospholipid

synthesis interact

Through this study, we have identified Ole1, Slc1, and Cds1 interactors that are
involved in various types of lipid synthesis. Although this was unsurprising, we discovered
interactions between Ole1 and enzymes responsible for later lipid synthesis that do not
use acyl-CoA as a substrate. While the MYTH assay differentiates between proteins
within close proximity and proteins within the same complex that do not interact with the
bait protein, it is not possible to discern between direct interactions and interactions
maintained via a bridging interaction partner (57). The interactions seen between Ole1
and non-acyl-CoA utilizing proteins in the MYTH assay may be maintained through a
bridging interaction partner. In particular, interactions were detected between Ole1 and
Cds1, Cho1, and Pis1 in both methods.

Slc1 interacts strongly with Pis1, Cho1, and Cho2, though the PA generated by the
LPAAT must be further processed for use by the interactors. Similarly, Cds1 interacts
strongly with Ole1 and Gpt2, two proteins that generate precursors to PA for CDP-DAG
synthesis. Taken together, this implies the existence of a lipid biosynthesis complex
containing Ole1 and these phospholipid synthesizing enzymes. Indeed, such a complex
might explain the tendency for PC generated from PE methylation to contain two
unsaturated acyl chains. Future work should determine whether these proteins are all
present within the same complex and whether these interactions are sufficient to control
PC specificity.

Hmg1, though determined to be an interactor of Ole1 in the AP, was not found to
be a strong interactor with Ole1 or any of the bait through the MYTH assay. It is possible
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that Hmg1 is present in the desaturasome but not in direct proximity to Ole1, causing the
decreased observed signal in MYTH. Alternatively, Hmg1 could have been a false
positive in the AP that can be ruled out as an Ole1 interactor due to the combination of
techniques used. It is also true that the assay is sensitive to topology of the proteins and
termini sidedness. If the N-terminus of Hmg1 is not located in the cytosol as predicted, no

interaction signal would be seen (60).

2.5.3. Ole1, Slc1, and Cds1 interact with storage lipid synthesizing

enzymes

The only acyltransferase exclusive to storage lipid synthesis identified as an Ole1
interactor by AP was the acyl-CoA:sterol acyltransferase Are2. Investigation of the other
acyltransferases with MYTH showed that Ole1 does indeed interact with Lro1, Dga1, and
Are1 as well. Though the phospholipid:diacylglycerol acyltransferase Lro1 does not
directly use acyl-CoA as an acyl donor, the close proximity of the proteins could enrich
unsaturated acyl chains in the phospholipids around Lro1 and thus increase the
incorporation of unsaturated acyl chains in TAG. Orthologs of the acyl-CoA:diacylglycerol
acyltransferase Dga1 and Ole1 have been shown to colocalize and interact in other
systems, but this is the first time an interaction between the proteins has been identified
in S. cerevisiae. Both TAG and SE are enriched for unsaturated acyl chains, as previously
noted, which promotes LD budding from the ER (8, 70). These interactions may serve to
channel acyl-CoA from Ole1 to storage lipid and increase fluidity of the neutral lipid core,

though future work will need to be done to confirm.
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Slc1 also interacts strongly with Lro1, Dga1, and Are2, though the PA produced
still requires a conversion to DAG by Pah1 to be available to Lro1 and Dgal. The
interaction of the LPAAT with storage lipid synthesizing enzymes is somewhat
unsurprising, as the protein is found on and near the storage lipid synthesis and storage
organelle, the LD.

A set of novel interactions between the phospholipid synthesizing enzyme Cds1
and the storage lipid synthesis proteins is reported herein as well. This was unexpected,
as CDP-DAG is exclusively used to make downstream phospholipid. There is evidence
that rapid growth of the LD necessitates a localized concentration of phospholipid
production for the LD monolayer (71, 72). In that circumstance, localized CDP-DAG
synthesis would promote LD budding and storage lipid synthesis. However, as Cds1
competes with the DAG synthesizing Pah1 for PA, it is possible that these interactions
sequester PA from storage lipid synthesis, attenuating LD synthesis. These data imply
that, to an extent, Cds1 is present in the same desaturasome as the TAG and SE
synthesizing acyltransferases. Whether this colocalization is inhibitory or permissive to

TAG and SE synthesis is yet to be determined.

2.5.4. Ole1 interactors are present in specialized ER subdomains

An initial affinity purification for the only desaturase in S. cerevisiae, Ole1, revealed
many membrane protein interactors. While 35.2% of the proteins are found in the ER, we
also identified proteins from other membranes within the cell, namely the mitochondrial
outer membrane, plasma membrane, and LD. Ole1 is itself only located within the ER,

but it is possible that Ole1 is present at organelle-organelle contact sites.
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Indeed, we identified Tcb1 and Tcb3 in the coimmunoprecipitate with Ole1, which
are both cortical ER proteins integral to the ER-plasma membrane tether (73). This tether
is essential for the enrichment of PS and PE in the plasma membrane seen in wild-type
cells, so interactions between lipid synthesizing enzymes and the tether proteins would
not be unexpected (74). It has been previously reported that Ole1 and Pis1 interact with
ER-PM tethers, and we are reporting herein that Ole1 interacts with Pis1 both by
coimmunoprecipitation and MYTH (55, 73). While the close localization of these proteins
to the ER-PM contacts would provide Pl destined for PIP synthesis in the PM, the close
proximity of the two proteins channeling substrates to each other would be contradictory
to the decrease in unsaturated acyl chains found in PM-localized PIPs. Importantly, Ole1
was not found to interact strongly with Sct1, which incorporates saturated acyl chains at
the sn-1 position of phospholipids and generates LPA for Pl production (66). It should be
noted that both techniques employed here are limited in the information provided about
subcellular localization of the interactions. Therefore, there is potential that Ole1 interacts
with Pis1 in a desaturasome that is not located at the ER-PM contacts. Investigating the
composition of lipid biosynthetic complexes found at different subcellular locations may
provide insight to this phenomenon.

Ole1 also copurified with proteins found in the outer mitochondrial membrane,
Tom20, Tom22, and Tom70. An interaction between Tom70 and the sterol transporter
Lam6 is essential for proper sterol transfer between the ER and mitochondria and has
been implicated in mitochondrial tethering to the ER (75). Sublocalization of Ole1 has not
been reported within the ER, but the human orthologue SCD1 was discovered in

mitochondrial associated membranes (MAMs), a portion of the ER in close contact with
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the mitochondria (21, 76, 77). MAMs contain the ability to synthesize lipids, PS in
particular, and mitochondrially-localized Psd1 demonstrates a specificity for di-
unsaturated PS (78). As we discovered, Ole1 interacts strongly with Cho1. The further
interaction of the desaturase with a putative ER-mitochondrial tether lends credence to
the idea that Ole1 and Cho1 exist in close proximity within the MAM, preferentially
generating di-unsaturated PS for mitochondrially-localized Psd1.

The desaturase pulled down four proteins associated with the LD — Slc1, Pet10
(PIn1), Hfd1, and Faa4. We also showed the interaction between Ole1 and the ER-LD
proteins Gpt2, Slc1, and Dga1 by MYTH. Though Ole1 itself does not move onto the lipid
droplet monolayer, the interactions between the protein and these LD localized enzymes
could suggest that a subpopulation of the desaturase is localized to the LD associated
ER. As unsaturated acyl chain incorporation into TAG promotes LD budding, such an
interaction could be seen as permissive to LD growth and TAG synthesis (70). However,
it is also true that LD proteins are found in the ER during certain conditions and their
retention in the ER attenuates LD growth (71, 79, 80). There is potential that the
interaction with the ER-bound desaturase retain the acyltransferases in the ER and is
thus inhibitory to neutral lipid synthesis.

This study has begun the work of identifying the proteins that comprise the
desaturasome. This is a step towards understanding the regulation of the specificity of
lipid production, but future work should attempt to biochemically confirm whether these
interactions are controlling the composition of lipid species. Determining the architecture
of the desaturasome and whether the architecture varies by subcellular location within

the ER would provide further insight to the regulation of lipid composition.
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analyzed the data, wrote the first draft, and edited the manuscript. ZL, TA, and DH
generated plasmids for the study and obtained preliminary data. DTS designed the
research and edited the manuscript. This manuscript has been adapted to fit the format

of the thesis presented.

3.1. Summary

Biosynthesis of the various lipid species that compose cellular membranes and
lipid droplets depends on the activity of multiple enzymes functioning in coordinated
pathways. The flux of intermediates through lipid biosynthetic pathways is regulated to
respond to nutritional and environmental demands placed on the cell necessitating that
there be extensive flexibility in pathway activity and organization. This flexibility can in
part be achieved through the organization of biosynthetic enzymes into metabolon
supercomplexes. However, the makeup of such supercomplexes remains unclear. Here,
we identified protein-protein interactions between acyltransferases Sct1, Gpt2, Sic1,
Dga1 and the A9 acyl-CoA desaturase Ole1 in Saccharomyces cerevisiae. We further
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determined that a subset of these acyltransferases interact with each other without Ole1
acting as a scaffold. We show truncated versions of Dga1 lacking the carboxyl-terminal
20 amino acid residues were non-functional and unable to bind Ole1. Furthermore,
charged-to-alanine scanning mutagenesis revealed that a cluster of charged residues
near the carboxyl-terminus were required for the interaction with Ole1. Mutation of these
charged residues disrupted the interaction between Dga1 and Ole1, but allowed Dga1 to
retain catalytic activity and to induce lipid droplet formation. These data support the
formation of a complex of acyltransferases involved in lipid biosynthesis that interact with
Ole1, the sole acyl-CoA desaturase in S. cerevisiae that can channel unsaturated acyl-
chains toward phospholipid or triacylglycerol synthesis. This desaturasome complex may
provide the architecture that allows for the necessary flux of de novo synthesized
unsaturated acyl-CoA to phospholipid or triacylglycerol synthesis as demanded by cellular

requirements.
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3.2. Introduction

The metabolic pathways responsible for the synthesis and assembly of
glycerophospholipid species play a key role in establishing cellular membrane structure
and controlling energy homeostasis (1). The synthesis of glycerophospholipid species is
a complex process starting with the initial carboxylation of acetyl-CoA to malonyl-CoA by
acetyl-CoA carboxylase (ACC). Fatty acyl-CoA synthetase (FAS) then catalyzes
condensation of acetyl-CoA and malonyl-CoA into saturated acyl-chains with 16 to 18
carbons being the most common (2). In S. cerevisiae a high proportion of acyl-CoA
undergoes mono-unsaturation catalyzed by the stearoyl-CoA desaturase Ole1 in the
endoplasmic reticulum (ER) (3) (Figure 3.1A). Subsequently, saturated and unsaturated
acyl-CoA are assembled into a diverse family of glycerophospholipids whose
composition, chain length and degree of unsaturation influence membrane properties and
structure (4).

The assembly of glycerophospholipids is initiated by glycerophosphate
acyltransferases (GPATs) encoded by GPT2 and SCT1 that form lysophosphatidic acid
(LPA) by adding an acyl chain to glycerol 3-phosphate (5) (Figure 3.1B). This is followed
by lysophosphatidic acid acyltransferases (LPAATs) encoded by SLC7 and ALE1 that
add an acyl chain to the sn-2 position of LPA to form phosphatidic acid (PA) (6, 7) (Fig.
1B). Slc1 and Ale1 are both found in the ER membrane but only Slc1 localizes to lipid
droplets (LDs) (8). Slc1 and Ale1 have an apparent strong preference for C18:1-CoA and
this specificity is reflected in the high proportion of phospholipid and neutral lipid species
that display C18:1 at the sn-2 position (9, 10). The PA formed in these reactions can be
further modified to CDP-DAG, and acts as precursor to the primary membrane
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phospholipids (11). PA can also be subjected to dephosphorylation by phosphatase Pah1
to yield diacylglycerol (DAG) that can act as substrate for diacylglycerol acyltransferases
(DGATs) Dga1 and Lro1 to form triacylglycerol (TAG) (12-14) (Figure 3.1B). Dga1
catalyzes the acylation of DAG with acyl-CoA for the synthesis of TAG and is responsible
for a large fraction of the TAG synthesized in S. cerevisiae (13). Lro1 also forms TAG, but
transfers an acyl-chain from an existing phospholipid to DAG rather than utilizing de novo
synthesized acyl-CoA (14). Dga1 displays localization both in the ER membrane and LDs
whereas Lro1 is confined the ER membranes (15). Fatty acyl chains can also be also

stored as sterol esters (SE) in reactions catalyzed by Are1 and Are2 (16).
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Figure 3.1. The pathway to triacylglycerol synthesis in S. cerevisiae. A. A9 acyl-CoA desaturase Ole1

is required to generate unsaturated acyl-CoA species. B. The pathway to triacylglycerol in S. cerevisiae.
Enzymes catalyzing the consecutive reactions are shown in bold. Acyltransferases mediate the synthesis
of lysophosphatidic acid (LPA) and phosphatidic acid (PA). Dephosphorylation of PA yields diacylglycerol

that acts as a substrate for Dgat activities to synthesize triacylglycerol.
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Fatty acid biosynthetic pathways can of necessity respond to rapidly changing
physiological demands and environmental conditions, yet little is known regarding how
they are spatially organized and coordinated to provide this responsiveness. It has been
proposed that pathway efficiencies can be optimized through physical interaction between
enzymes that act sequentially in a pathway, thus organizing them into metabolons (17).
Such organization could promote channeling of intermediates to minimize their diffusion
into the cytoplasm or surrounding membrane environments (18). This could provide for
precision in the regulation of the flux of intermediates toward specific products through
association and dissociation of individual subunits within an enzyme supercomplex
(19).There is evidence for the existence of enzyme supercomplexes for lipid biosynthesis
assembled through the interaction of FAS with ATP citrate lyase (ACL) and ACC to
provide acetyl-CoA and malonyl-CoA substrates and malic enzyme (ME), pyruvate
carboxylase (PYC) and malate dehydrogenase (MDH) that provide the NADPH required
for FAS to synthesize acyl-chains (20). A soluble TAG synthesizing complex containing
LPA acyltransferase, PA phosphatase, DGAT, acyl-acyl carrier protein (ACP) synthetase,
and ACP activities was identified in the oleaginous yeast R. glutinis. This complex is
stabilized by protein-protein interactions and can incorporate acyl-CoA as well as FFA
into TAG and its biosynthetic intermediates (21).

Physical interactions have also been demonstrated among acyltransferases and
there is an implication that these interactions direct the synthesis of distinct TAG species
in several plant models (22—-24). Similarly, transfected DGAT2 and MGAT2 display
colocalization and physical interaction in a human cell model (25). It is likely that other

proteins interact with DGAT2 in this human cell model since cross-linking studies using
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both purified membrane fractions and whole cells indicate that DGAT2 exists in a complex
that migrates at approximately 650 kDa on polyacrylamide gels, consistent with its being
a component of an enzyme supercomplex (25). Thus, lipid biosynthetic pathways
assembled into enzyme supercomplexes may be wide-spread but the spatial organization
of these complexes and the protein-protein interactions that scaffold them together
remain uncharacterized.

Acyl-CoA desaturases play a key role in regulating membrane and storage lipid
composition as they introduce double bonds into acyl chains that influence the chemical
and physical properties of membrane phospholipids (26). Indeed, in S. cerevisiae 75 -
90% of fatty acids are unsaturated and the stearoyl-CoA desaturase encoded by OLE1
is essential for viability (3, 27). The mouse stearoyl-CoA desaturase SCD1 is not essential
but SCD1”- mice have significantly reduced fat stores (28). Similarly, SCD1 has a role in
determining TAG abundance and phospholipid composition in C. elegans (29). These
observations suggest that stearoyl-CoA desaturase may play a key role in the
biosynthesis of membrane phospholipids and TAG that extends beyond its capacity to
introduce double bonds into acyl-chains.

Numerous acyl-CoA desaturases including Ole1 have been demonstrated to
function as homodimers, and some acyl-CoA desaturases like A. thaliana FAD2 and
FAD3 form a heterodimer complex to channel oleate to linolenate without allowing a
linoleoyl intermediate to be released (30). Owing to the importance of unsaturated acyl-
chains in determining the physical properties of membrane phospholipids and the role of
stearoyl-CoA desaturase in supplying unsaturated acyl-chains as substrate for

acyltransferases, an important question then is: Do acyl-CoA desaturases form physical
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complexes with acyltransferases to channel unsaturated acyl chains to specified
phospholipid or neutral lipid species? In cultured HelLa cells overexpressed acyl-CoA
desaturase SCD1 and acyltransferase DGAT2 colocalize and can be
coimmunoprecipitated, consistent with a physical interaction between the two enzymes
(31). Additionally, biochemical analysis of microsomal membranes suggests there is
channeling of lipid species between oleoylglycerophosphocholine desaturase and
monoacylglycerophosphocholine acyltransferase in Pisum sativum without intermediate
species equilibrating with the bulk membrane pool of phospholipid (32).

In contrast to the extensive biochemical evidence supporting complex formation
among enzymes that catalyze lipid biosynthesis there is little structural data to provide
information around the protein domains and sequences involved in making protein-protein
interactions among these enzymes. The crystal structure of human stearoyl-CoA
desaturase SCD1 has been solved but this has not revealed sites of interaction with other
enzymes (33). The structure of human acyltransferase DGAT1 revealed that the dimer
interface includes transmembrane helices and contacts occurring within the lipid bilayer
(34). Although no structural data is available for DGAT2, domains implicated in ER
membrane targeting and lipid droplet binding have been elucidated by deletion analysis.
However, these studies have yet to reveal how DGAT2 interacts with the triglyceride
synthesizing supercomplex it was found to be part of and whether the membrane context
influences these interactions (25, 35, 36).

Here we have employed S. cerevisiae to investigate the hypothesis that
interactions exist among stearoyl-CoA desaturase and acyltransferases responsible for

phospholipid and TAG synthesis. We have identified physical interactions between
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acyltransferases Slc1 and Dga1 and between both acyltransferases and desaturase
Ole1. The interaction between Dga1 and Ole1 requires the carboxyl-terminus of Dga1
required for enzymatic activity. We refer to this desaturase-acyltransferase biosynthetic
complex as a desaturasome. Further, we demonstrate physical interaction between Slic1
and Dga1 independent of Ole1. These findings are consistent with the contention that
protein-protein interactions among these enzymes can act to channel acyl-CoA toward
specific glycerolipid species and may be one mechanism by which control can be
imposed over membrane composition and physical properties as well as storage lipid

composition.

3.3. Experimental Procedures

3.3.1. Strains and Plasmids

The Saccharomyces cerevisiae strain NMY51 (MATa, his3A200, trp1-901, leuZ2-
3,112, ade2, LYS2:(lexAop)4-HIS3,ura3::(lexAop)8-LacZ, adeZ2::(lexAop)8-ADE?2,
GAL4) was provided by Marek Michalak for the membrane yeast two-hybrid experiments.
Oligonucleotides and synthetic DNA fragments used in this investigation are listed in
Tables 3.1 and 3.2. Plasmids used in this study are listed in Table 3.3. To introduce the
Cub-LexA-VP16 tag into the endogenous OLET gene in NMY51 (YBG1), sequence
encoding the Cub-LexA-VP16 tag containing the CYC1T terminator was amplified from
plasmid pTMBV4 (Dualsystems Biotech AG, Schlieren, Switzerland) using primers 5-Cub
and 3-Cub. The 5’ oligonucleotide (5-Cub) included sequence to insert a single Myc

epitope and Spel cleavage site immediately upstream of the Cub sequence. The resulting
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DNA fragment was digested with Spel and phosphorylated using T4 polynucleotide
kinase prior to ligation with Spel — EcoRV digested pUG6 (37) resulting in pUG6-CLV?.
The MYC-Cub-LexA-VP16-CYC1t-KanMX fragment was amplified from pUG6-CLVt with
primers (OLE1t-5, OLE1t-3) containing homology to OLE1. This DNA fragment was used
to transform NMY51. Transformants were selected on YEPD agar supplemented with 200
pug/mL geneticin and correct integration of Ole1-Myc-Cub-LexA-VP16 was confirmed by
PCR analysis of genomic DNA using oligonucleotides BGO15 and BGCub3-1. YBG3 was
derived from NMY51 by deletion of the endogenous OLE7 gene. The Nat-MX6 gene was
amplified from pAG25 (37) using primers Ole1d5 and Ole1d3. The amplified DNA
fragment containing homology to OLE 1 was used to transform NMY51 and transformants
were selected on YEPD agar supplemented with 100 pug/mL nourseothricin and 0.5%
Tween-80. The lack of OLE? function was confirmed by PCR analysis of genomic DNA
using primers Ole1dsc5 and Ole1dsc3 and lack of growth on YEPD plates supplemented

with 100 ug/mL Nourseothricin but lacking Tween-80.
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Table 3.1 Primers used in this study

Primer name

Primer sequence

DGA15
DGA1Nx3
DGA1xN3
DGA123f
DGA129f
DGA137f
212r
240r
288r
318r

388r

398r

DGAD398

DGAD398a

DGAD388

S17Df
S17Af
S17Dr
S17Ar

TMBV4SLCf

TMBVA4SLCr

SCT1f
SCT1r
SCT1xNf
SCT1xNr
SLCAf
SLC1r

TTACGCTGGATCCATGTCAGGAACATTCAATGATAT
TACGCTGGATCCGAAAGGCATGAGAATAAGTCT
GCAGAATTGAAGATAGTTGGGGAATTCGATATC
TACGCTGGATCCGAAAGGCATGAGAATAAGTCT
TACGCTGGATCCTCTTTGTCAAGCATCGATAA
TACGCTGGATCCGAACAGACTCTCAAACCACA
GATATCGAATTCTTAGTTACAACCTTCTGTTGCA
GATATCGAATTCTTATAAGTAGTCTCTATACAATGGGATAT
GATATCGAATTCTTATCTTTTGTTTAAAATCAGTTGTGTAC
GATATCGAATTCTTACAGAACATTATAACAGTCCACC

GACGGTATCGATAAGCTTGATATCGAATTCTTATCTTTTCAACTC
CGCAATATAC

GACGGTATCGATAAGCTTGATATCGAATTCTTACCCATATTTTTC
TCTATTTTCG

ATATCGAATTCTTACCCAACTATCTTCAATTCTGCATCTCTTTTCA
ACTCCGCAATATACAAATCATG

ATATCGAATTCTTACCCAACTATCTTTCTTTTCAACTCCGCAATA
TACAAATCATG

ATATCGAATTCTTACCCAACTATCTTCAATTCTGCATCGAAATGA
TTAACAACATCATCTGG

GACCCTACAGCCGGTATTACC
GCCCCTACAGCCGGTATTACC
CGGTAATACCGGCTGTAGGGTCTCCTTCTTCCTT
TAATACCGGCTGTAGGGGCTCCTTCTTCCT

AGCATAGCAATCTAATCTAAGTTTTCTAGATGAGTGTGATAGGTA
GGTTCTT

CGAATTCCTGCAGATATACCCATGGAGATGCATCTTTTTTACAG
ATGAACCTT

TACGCTGGATCCCCTGCACCAAAACTCACG
CTACGCATCTCCTTCTTTCCC
TACGCTGGATCCATGCCTGCACCAAAACT
TACGCTGGCCgaggcgGCCGCATCTCCTTCTTTCC
TACGCTGGATCCAGTGTGATAGGTAGGTTCTTGTATTACT
GATATCGAATTCTTAATGCATCTTTTTTACAGATGAACCTTC
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Primer name

Primer sequence

GPT2f
GPT2r

5-Cub
3-Cub
ole1T5

ole1T3
ole1d3

ole1d5

ole1dscbd

ole1dsc3
BGO15

BGCub3-1

YI-DGA1pf
DGA1pr
DGA1p-HAf

YI-PstCYCA

TACCCATACGATGTTCCAGATTACGCTGGATCCATGTCTGCTCC
CGCTGCC

GACGGTATCGATAAGCTTGATATCGAATTCTCATTCTTTCTTTTC
GTGTTCTCTTTTCTGTCTTACCAG

CGATAAACTAGTATGGAACAAAAACTTATTTCTGAAGAAGATCTG
TCGACCATGTCGG

CGATAAGAATTCTAATACGACTCACTATAGGG

CTCTGCTATTAGAATGGCTAGTAAGAGAGGTGAAATCTACGAAA
CTGGTAAGTTCTTTGAACAAAAACTTATTTCTG

AGCATGACTGTGAAATTTTGAAGAGATGCAGTAAGCCATCCCAT
ATCTATTGCTCCAGGGccagatctgtttagcettge

TTATGGTAGTTGCAGTTTTGTTATTGTAATGTGATACTTAAAAGA
ACTTACCAGTTTCGTGCATAGGCCACTAGTGGATC

CATAGTAATAGATAGTTGTGGTGATCATATTATAAACAGCACTAA
AACATTACAACAAAGCAGCTGAAGCTTCGTACGC

ATGCAGCAAATCATCGGCTC
AGAGATGCAGTAAGCCATCC
TACGACTTGAAGAAATTCTCTC
CTTAGCACAAGATGTAAGGT

CAGGAAACAGCTATGACCATGATTACGCCAATCAACTAAGAGAC
CGTGGT

TTATGTGACTGTTCAAACTGTATGC

CAGAGGCAGAGGCATACAGTTTGAACAGTCACATAAATGCCATA
CCCATACGATGTTCC

TACCCGGGGATCCTCTAGAGTCGACCTGCAACCGGCCGCAAAT
TAAA
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Table 3.2 DNA fragments used in this study

Fragment name

Fragment sequence

DGA1kr

DGA1Rek

DGA1pek

DGA1krDEK

GATTTCGGTTTGTTGCCATTTAGAGCGCCTATCAATGTTGTTGT
TGGAAGGCCTATATACGTTGAAAAGAAAATAACAAATCCGCCA
GATGATGTTGTTAATCATTTCCATGATTTGTATATTGCGGAGTT
GgcAgctCTATATTACGAAAATAGAGAAAAATATGGGGTACCGGA
TGCAGAATTGAAGATAGTTGGGTAAGAATTCgatatcaagcttatcgata
ccgtcgacctcgagtcatgtaattag

GATTTCGGTTTGTTGCCATTTAGAGCGCCTATCAATGTTGTTGT
TGGAAGGCCTATATACGTTGAAAAGAAAATAACAAATCCGCCA
GATGATGTTGTTAATCATTTCCATGATTTGTATATTGCGGAGTT
GAAAAGACTATATTACGAAAATgcaGetgccTATGGGGTACCGGA
TGCAGAATTGAAGATAGTTGGGTAAGAATTCgatatcaagcttatcgata
ccgtcgacctcgagtcatgtaattag

GATTTCGGTTTGTTGCCATTTAGAGCGCCTATCAATGTTGTTGT
TGGAAGGCCTATATACGTTGAAAAGAAAATAACAAATCCGCCA

GATGATGTTGTTAATCATTTCCATGATTTGTATATTGCGGAGTT

GAAAAGACTATATTACGAAAATAGAGAAAAATATGGGGTACCG

GcTGCAGCATTGgctATAGTTGGGTAAGAAT TCgatatcaagcttatcgat
accgtcgacctcgagtcatgtaattag

GATTTCGGTTTGTTGCCATTTAGAGCGCCTATCAATGTTGTTGT
TGGAAGGCCTATATACGTTGAAAAGAAAATAACAAATCCGCCA
GATGATGTTGTTAATCATTTCCATGATTTGTATATTGCGGAGTT
GgcAgctCTATATTACGAAAATAGAGAAAAATATGGGGTACCGGe
TGCAGCATTGgctATAGTTGGGTAAGAATTCgatatcaagcttatcgatac
cgtcgacctcgagtcatgtaattag
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Table 3.3 Plasmids used in this study

Plasmid Name

S. cerevisiae
Gene

Ori and selection

Source

pTMBV4
pADSL-Nx
pADSL-xN
PALG5-NubG
PALG5-Nubl
pUG6

pUG6-CLVt
pAG25
pTMBV4-SLC1

DGA1-NubG
NubG-DGA1
NubG-SCT1
SCT1-NubG
NubG-GPT2
NubG-SLC1

NubG-DGA1 24.418
NubG-DGA1 30.428
NubG-DGA1 35.418
NubG-DGA1 1212
NubG-DGA1 1.240
NubG-DGA1 1.288
NubG-DGA1 1.318
NubG-DGA1 1.308
NubG-DGA1 4388-410
NubG-DGA1 4399410
NubG-DGA1 A399-414

NubG-DGA1 1.408
NubG-DGA1kr

Cub-LexA-VP16
NubG

NubG

NubG

Nubl

KanMX6
Cub-LexA-VP16-
KanMX6

NatMX6
SLC1-Cub-LexA-
VP16
DGA1-HA-NubG
NubG-HA-DGA1
NubG-HA-SCT1
SCT1-HA-NubG
NubG-HA-GPT2
NubG-HA-SLC1
NubG-HA-DGA1
24-418
NubG-HA-DGA1
30-428
NubG-HA-DGA1
38-418
NubG-HA-DGA1 1.
212

NubG-HA-DGA1 1.
240

NubG-HA-DGA1 1.
288

NubG-HA-DGA1 1.
318

NubG-HA-DGA1 1.
398
NubG-HA-DGA1
A388-410
NubG-HA-DGA1
A399-410

NubG-HA-
DGA1r399-414
NubG-HA-DGA1 1.
408
NubG-HA-DGA1kr
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2u LEU2
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
G418R

G418R
ClonNATR
2u LEU2

CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1

CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1
CEN/ARS TRP1

CEN/ARS TRP1
CEN/ARS TRP1

Dual Systems
Dual Systems
Dual Systems
Dual Systems
Dual Systems
Euroscarf

This study
Euroscarf
This study

This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study



NubG-HA-

NubG-DGA1rex DGA7rex CEN/ARS TRP1 This study
NubG-DGA1pex gléaﬁz:?_ CEN/ARS TRP1 This study
NubG-DGA1krpEk gléli\G{HA- CEN/ARS TRP1 This study
KRDEK
NubG-DGA1s17a gléaﬁ_::_ CEN/ARS TRP1 This study
NubG-DGA1s17p gléli\G{HA- CEN/ARS TRP1 This study
S17D
Yip-DGA1 HA-DGA1 Yip URA3 This study
Yip -DGA1 24.418 HA-DGA1 24.418 Yip URA3 This study
YIp-DGA1 30.428 HA-DGA1 30-428 Yip URA3 This study
YIp-DGAA1 35.418 HA-DGA1 38.418 Yip URA3 This study
Ylp -DGA1 1212 HA-DGAT 1212 Yip URA3 This study
YIp-DGA1 1.240 HA-DGAT 1240 Yip URA3 This study
YIp-DGA1 1.288 HA-DGAT 1.288 Yip URA3 This study
YIp-DGA1 1.318 HA-DGAT 1318 Yip URA3 This study
YIp-DGA1 1.308 HA-DGAT 1.398 Yip URA3 This study
Yip-DGA1 A3gs-a10 HA-DGA1 azss-410  Yip URA3 This study
Yip-DGA1 A399-410 HA-DGA1 a399-410  YIp URA3 This study
YIp-DGA11399-414 HA-DGA1399-414 Yip URA3 This study
YIp-DGA1 1.408 HA-DGAT 1.408 Yip URA3 This study
HA-DGAT k397, '
YIp-DGA1kr 3084 Yip URA3 This study
YIp-DGAlrex  [ADCATRisn i ypas This study
E405A, K406A
YIp-DGAlpex  [ADCAToaA i ypas This study
E413A, K415A
HA-DGAT k397,
YIp-DGA1krpEk R398A, D411A, E413A, Yip URA3 This study
K415A
Yilp-DGA1s17a HA-DGA1 s17a Yilp URA3 This study
Ylp-DGA1s17p HA-DGA1 s17p Ylp URA3 This study

To produce the SLC7-Cub-LexA-VP16 fusion, the SLCT coding sequence was
amplified from W303 genomic DNA using primers pTMBV4-SLC1f and pTMBV4-SLC1r
and inserted into pTMBV4 plasmid in frame with the Cub-LexA-VP16 tag using Gibson
isothermal assembly (38). Correct assembly of pTMBV4-SLC1 was confirmed by

sequencing. The NubG fusions used for two-hybrid testing were constructed using
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plasmids pADSL-Nx and pADSL-xN digested with BamHI| and EcoRIl. DGA71 and DGA1
variants amplified with truncations of the 5’- and 3’- sequences from W303 genomic DNA
were inserted in frame with NubG-HA (Table 3.3). For production of the pADSL-NubG-
HA-SLC1 plasmid, the SLC1 open reading frame was amplified from S. cerevisiae
genomic DNA using primers SLC1f and SLC1r and inserted in frame with NubG-HA. For
production of the pADSL-NubG-HA-SCT171 and pADSL-NubG-HA-GPT2 vectors, SCT1
and GPT2 coding sequences were amplified from S. cerevisiae genomic DNA using
primer pairs SCT1f - SCT1r and GPT2f - GPT2r. The resulting DNA fragments were
inserted in frame with NubG-HA. To create the pADSL-SCT1-HA-NubG construct, SCT1
was amplified from S. cerevisiae genomic DNA using primers SCT1xNf and SCT1xNr.
and ligated in to a BamHI — Sfil digested pADSL-xN in frame with HA-NubG.

DGA1s17a and DGA1s17p were generated by splice overlap PCR using
oligonucleotides S17Af/S17Ar and S17Df/S17Dr. Dga1 carboxyl-terminal truncations
were generated by PCR amplification using of DGA71 coding sequence using
oligonucleotides 212, 240, 288, 318, 388, 398. Similarly amino terminal truncations were
generated by amplification of DGA1 with primers DGA1-23f, DGA1-29f, and DGA1-37f.
In-frame internal deletions A399-410, A399-414, and A389-410 were generated using
oligonucleotides DGAD398, DGAD398a, DGAD388. Charged-to-alanine mutations in
DGA1 were generated using synthetic DNA fragments (Table 3.2). Each DNA fragment
was assembled with Stul/EcoRI digested pADSL-NubG-HA-DGA1. All DNA constructs
were confirmed by DNA sequencing.

The W303 derived H1246 (MATa are1-A::HIS3 are2-A::LEU2 dga1-A::KanMX4

Iro1-A::TRP1 ADEZ2 ura3) (39) was obtained from Dr. Randall Weselake for the fatty acid
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toxicity analysis. The DGA1 variants used for functional testing were placed under the
regulation of the native DGA1 promoter in integrating vector Ylplac211. The promoter
was amplified from W303 genomic DNA with a forward primer containing homology to the
Pst1 cut site on Ylplac211 (YI-DGA1pf, DGA1pr), and the HA-DGA1 variants were
amplified from the respective pADSL-NubG-HA-DGA1 plasmids (Table 3.3) using a
forward primer for DGA1 with homology to the DGA7 promoter and a reverse primer for
CYC1t with homology to the Pstl cut site on Ylplac211 (DGA1p-HAf, YI-PSTCYC1). The
promoter and DGA1 truncations were inserted into the vector by Gibson isothermal
assembly to produce the Ylplac211-DGA1 variants. These were digested with EcoRV to
direct integration at the URAS3 locus and used to transform H1246. All yeast
transformations were completed with the lithium acetate method (40). Escherichia coli

DH5a was used in all cloning steps and for routine propagation of all plasmids.

3.3.2. Medium and cultivation conditions

E. coli strains were cultivated in lysogeny broth (LB) containing ampicillin (100
pg/mL) or kanamycin (50 ug/mL) as needed for plasmid maintenance. Yeast strains were
propagated on YEPD medium (1% yeast extract, 2% peptone, 2% dextrose) or on
synthetic defined medium (0.17% Yeast Nitrogen Base without amino acids without
ammonium sulfate, 0.5% ammonium sulfate, 2% dextrose, supplemented with an amino
acid mixture lacking the amino acids or purines as required for selection). YEPD or
synthetic defined medium containing dextrose was supplemented with unsaturated fatty

acids as noted.
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3.3.3. Membrane Yeast Two-Hybrid assay

Interaction between specific proteins was tested using the Membrane Yeast Two-
Hybrid test essentially as described (41). The reporter strains NMY51 and YBG1 (OLE1-
Cub-LexA-VP16) were validated by transformation with positive and negative control
vectors expressing Alg5-Nubl and Alg5-NubG. The concentration of 3-aminotriazole (3-
AT) necessary to remove background strain growth on medium lacking histidine was
determined to be 6 mM. YBG1 harbouring the integrated OLE1 bait was transformed with
the prey plasmids and selected on synthetic minimal agar plates lacking tryptophan (-trp)
to ensure retention of the vectors. Plasmid borne bait and prey pairs were tested in
NMY51 by transformation of both plasmids and selection on medium lacking both
tryptophan and leucine (-trp -leu). In both cases interaction was assayed on synthetic
minimal agar plates lacking tryptophan and histidine, and adenine, supplemented with 6
mM 3-AT. Spot assays were performed by spotting cultures serially diluted 1:10 starting
from 1.0x10* cells.

LacZ expression was assayed by 3-galactosidase assay. Strains were cultured in
-trp or -trp -leu liquid media overnight at 30°C with agitation. The culture density was
determined based on optical density at 600 nm (ODsoo) and 1 mL of each culture was
harvested by centrifugation. The cell pellets were resuspended in 500 yL Z-buffer (60 mM
Na;HPO4, 40 mM NaH2PO4, 10 mM KCI, 1 mM MgSO4) and 50 pL 0.1% SDS by
vortexing. 100 pL of chloroform was added and the mixture was vortexed for 15 seconds
before adding 100 pL of 4 mg/mL ortho-Nitrophenyl-B-galactoside (ONPG). The reaction
mixture was incubated at 37°C until colour development and then quenched by addition

of 500 puL 1M Na2COs3. Reactions were centrifuged to remove cell debris and the colour
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development was assayed by measuring ODa420. B-galactosidase activity is presented as
the mean of three independent colonies normalized either to the positive control, Alg5-
Nubl or to the full-length NubG-Dga1 as indicated. Significance was determined using a

two-tailed t-test assuming equal variance.

3.3.4. Protein extraction and western blotting

Expression of all prey proteins was confirmed by western blot. Proteins were
extracted from the NYM51 strain expressing the indicated prey or bait protein by bead
beating in trichloroacetic acid as described (42) and equivalent volumes of protein were
resolved using 10% SDS-PAGE. Proteins were electro-transferred to polyvinylidene
difluoride membranes. The prey constructs were detected using anti-HA monoclonal
antibody HA.11 clone 16B12 mouse ascites fluid and goat anti-mouse conjugated to
horseradish peroxidase (HRP) secondary antibody. Cdk1 was used to determine relative
amounts of protein loaded and was detected with an anti-PSTAIR antibody (P7962
Sigma-Aldrich) and goat anti-mouse HRP secondary antibody. The relative band
densities of the NubG-Dga1 variants were quantified using BioRad Image Lab analysis
software. The Ole1-Cub-LexA-VP16 and Slc1-Cub-LexA-VP16 fusions were detected
with a rabbit polyclonal anti-LexA primary antibody (06-719 EMD Millipore) and goat anti-

rabbit HRP secondary antibody.

3.3.5. Fatty acid toxicity assay

Fatty acid tolerance studies were performed both on agar-containing plates and in

liquid medium. Synthetic minimal agar plates and liquid media lacking uracil (-ura) and
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containing 0.05% ethyl acetate and 0.5mM of the indicated fatty acid were used. For the
plate-based fatty acid toxicity assays, cultures were inoculated from a single colony and
allowed to grow overnight in -ura media. Cultures were spotted to the selective medium
plates starting from 1.0 x10* cells, diluted 1:10 serially. Images were obtained following
48 hours of incubation at 30°C. Fatty acid toxicity was assayed in liquid culture by
inoculating cultures into SD medium lacking uracil from a single colony and growing
overnight. Cultures were normalized to ODsoo 0.05 in 1 mL of the indicated media and
assayed in triplicate using biological replicates. Cells were cultured in a 2 mL deep well
plate for 30hrs, using a plate shaker shaking at 900 rpm at 30°C. Samples were taken

every 6 hours and analyzed on a Spectra Max M3, using the respective media as a blank.

3.3.6. Lipid analysis

TAG accumulation was assayed by TLC analysis of total cellular lipid species on
silica gel plates stained by Coomassie Blue as previously described (43). TAG species
visualized on TLC plates were quantified using Image J. Total cellular lipid accumulation
was further corroborated by whole cell staining with Nile red as previously described (43).
FAME analysis was performed by gas chromatography with an Agilent 6890 GC

instrument equipped with flame ionization detector as previously described (44).

3.3.7. Confocal microscopy

Strains were cultured in YEPD medium at 30°C overnight. Cells were diluted into
fresh YEPD supplemented with 100 ug/mL adenine at an ODsoo of 0.2 and cultured for

the indicated time periods. Cultures for LD visualization were stained for 10 minutes in
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the dark using BODIPY 493/503 at a concentration of 50 pg/mL. All samples were washed
in PBS and immobilized on 2% agarose pads prior to imaging. Images were collected on
a Yokagawa CSU-X1 microscope using the GFP laser and filter, a Hamamatsu EMCCD
(C9100-13) camera, and Perkin Elmer Volocity software. Images were analysed using Fiji
and LD number and size were determined with the ALDQ plugin (45). LD number and

size were quantified from at least 100 cells.

3.3.8. Statistical analysis

The data are presented as mean values and error bars reflect standard deviation.
All n values are indicated in the figure legends. Statistical significance was evaluated by
paired, two-tailed t-test. Differences in lipid droplet number were tested by one-way
ANOVA performed with MATIab. Statistical significance is depicted in figures or noted in
the figure legends (* represents p<0.05, ** p<0.01, *** p<0.001). Box and whisker plots to

display data were constructed using BoxplotR.

3.4. Results

3.4.1. A9 desaturase Ole1 interacts with acyltransferases Sct1, Gpt2,

Slc1 and Dga1

Ole1 is a central component in the de novo synthesis of phospholipids and
triacylglycerol by acting as the source of unsaturated acyl-CoA that can be distributed to
acyltransferases. We applied a split ubiquitin strategy to test for in vivo interactions

between Ole1 and acyltransferase enzymes that have roles in glycerolipid biosynthesis.
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Ole1 displays 60% similarity to the rat stearoyl-CoA desaturase (3). The structure of the
rat enzyme has been solved and the topology of stearoyl-CoA desaturase in rat orients
both the amino and carboxyl termini toward the cytosol, with the active site also positioned
facing the cytosol (46). On this basis we introduced the Cub-LexA-VP16 tag to the
carboxyl end of Ole1. When a plasmid borne Ole1-Cub-LexA-VP16 fusion was introduced
into the reporter strain NMY51 the construct induced activation of the reporter genes
independent of any binding partner. We hypothesized that the strong autoactivation might
have occurred owing to degradation of the tagged version of Ole1 since cells are sensitive
to Ole1 dosage (47). This limitation was overcome by employing an integrated membrane
yeast two-hybrid (iMYTH) assay by introducing a DNA sequence encoding a Myc-Cub-
LexA-VP16 tag into the endogenous chromosomal OLE1 in the reporter strain NMY51.
This Ole1 "bait" strain (YBG1) was subsequently transformed with negative and positive
control vectors (pALGS5-NubG, pALGS-Nubl), in addition to plasmids harbouring the
coding sequences for acyltransferases SCT1, GPT2, SLC1, and DGA1 fused to the
amino-terminus of ubiquitin (Figure 3.2A). The OLE1 bait strain harbouring positive
control pALG5-Nubl displayed growth as expected on selective medium, whereas the
negative control pALG5-NubG did not activate the HIS3 and ADEZ2 reporter genes and
no growth could be observed on the selective medium (Figure 3.2A). Expression of NubG-
Gpt2, NubG-Slc1 and NubG-Dga1 fusions activated the HIS3 and ADEZ2 reporter genes,
permitting growth under selection conditions (Figure 3.2A). The NubG-Sct1 fusion
displayed weaker growth on the selective plates but was detectable above the negative
control. In contrast, when the NubG tag was fused to the carboxyl-terminus of Sct1 (Sct1-

NubG) and the carboxyl-terminus of Dga1 (Dga1-NubG), no growth was observed on the
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selective medium (Figure 3.2A). Expression of the LacZ reporter gene was consistent
with the extent of cell growth observable on the selective medium showing that the NubG-
Sct1, NubG-Gpt2, NubG-Slc1, and NubG-Dga1 fusions all induced a significant increase
in expression of B-galactosidase activity over the negative control Alg5-NubG (Figure
3.2B). Expression of NubG-Sct1 increased activity twice that of the negative control (p =
0.003). NubG-Slc1 expression in YBG1 increased (-galactosidase activity nine-fold over
the negative control (p = 0.006), while NubG-Dga1 expression in YBG1 increased activity
eleven-fold (p << 0.005). Expression of the NubG-tagged acyltransferases in the NYM51
strain was confirmed by western blot analysis of whole cell lysates (Figure 3.5). These
observations provide the first demonstration that acyltransferases Sct1, Gpt2, Slc1 and

Dga1 interact with A9 desaturase Ole1 in vivo.
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Figure 3.2. A9 acyl-CoA desaturase Ole1 interacts with acyltransferases. A. Integrated membrane
yeast 2-hybrid assay using a yeast strain expressing an endogenously tagged Ole1-Myc-Cu-LexA-VP16
as "bait" and the indicated NubG fusions as "prey". Growth on selective medium plates is representative of
three separate experiments (n = 3). Synthetic defined medium lacking tryptophan, histidine and adenine
(SD-W-H-A) was used for the growth test. B. B-galactosidase activity in Miller units assayed from cell
extracts. Each column represents the mean of three biological replicates (n = 3). Activities were normalized

to the positive control (pALG5-Nubl). Error bars reflect standard deviation.

3.4.2. Slc1 interacts with Dga1

Following the observation that Ole1 interacts with acyltransferases Sct1, Gpt2, Slc1
and Dga1, we were interested in determining whether the acyltransferases interacted with
one another as an acyltransferase interactome has been demonstrated to in Linum
usitatissimum (22). A reporter strain harbouring SLC1-Cub-LexA-VP16 as "bait" (YBG2)

was transformed with negative and positive control vectors (pALG5-NubG, pALG5-Nubl),
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in addition to acyltransferase fusions, pNubG-SCT1, pSCT1-NubG, pNubG-GPT2, and
pNubG-DGA1. The Slc1 bait strain containing the positive control prey plasmid pALGS-
Nubl displayed growth on selective medium whereas the negative control pALG5-NubG
displayed no growth as expected (Figure 3.3A). Both of the NubG-Gpt2 and NubG-Dga1
fusions in combination with the SLC17-Cub-LexA-VP16 fusion activated the HIS3 and
ADE?2 reporter genes allowing growth on the selective medium (Figure 3.3A). Neither of
the NubG-SCT1 or SCT1-NubG fusions were able to induce robust growth when paired
with the SLC7-Cub-LexA-VP16 fusion (Figure 3.3A). However, when interaction
stringency was investigated with a B-galactosidase activity assay, the NubG-SCT7 fusion
in combination with SLC7-Cub-LexA-VP16 exhibited three times greater (3-galactosidase
activity than the negative control (p = 0.008), while expression of NubG-Gpt2 and NubG-
Dga1 increased [(-galactosidase activity almost 10-fold and 17-fold respectively over
Alg5-NubG (p << 0.005). These data indicate that the S. cerevisiae acyltransferases,
Sct1, Gpt2, and Dga1 interact with Slc1 as well as with Ole1 in vivo.

To gain further insight into the organization of the acyltransferase-desaturase
interactions we extended this investigation to test whether the Sic1 and Dga1 could
interact with one-another independent of Ole1. The OLE1 coding sequence was deleted
from the reporter strain NMY51 to yield ole7::NatMX6 (YGB3). This strain was maintained
on medium supplemented with unsaturated fatty acids to support viability and plasmids
encoding SLC1-Cub-LexA-VP16 and NubG-DGA1 were installed in the strain. The ole1
deletion mutant displayed growth on the selective medium indicating that Slc1 and Dga1

fusions were able to interact with one another in the absence of Ole1 (Figure 3.3C, D).
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Thus, while Slc1 and Dga1 do both interact with Ole1 they also interact with one another

and Ole1 is not required as a scaffold for this interaction.
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Figure 3.3. Acyltransferase Slc1 interacts with Dga1. A. Integrated membrane yeast two-hybrid assay
using a yeast strain expressing Slc1-Cub-LexA-VP16 as bait and the indicated NubG fusions as "prey".
Growth on selective medium plates is representative of three separate experiments (n = 3). Synthetic
defined medium lacking tryptophan, leucine, histidine and adenine (SD-W-L-H-A) was used for the growth
test. B. B-galactosidase activity in Miller Units assayed from cell extracts. Each column represents the mean
of three biological replicates (n = 3). Activities were normalized to the positive control (pALG5-Nubl). Error
bars reflect standard deviation. C. Integrated membrane yeast 2-hybrid assay using a Aole? strain
expressing Slc1-Cu-LexA-VP16 as bait and the indicated NubG fusions as "prey". Growth on selective
medium plates (SD-W-L-H-A) supplemented with 0.5% Tween-80 and 0.05% oleate is representative of
three separate experiments (n = 3). D. B-galactosidase activity in Miller units assayed from Aole? cell
extracts. Each column represents the mean of three biological replicates (n = 3). Activities were normalized
to the positive control (pALG5-Nubl). Error bars reflect standard deviation.
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3.4.3. The carboxyl terminus of Dga1 is required for its interaction with

Ole1

Protein-protein interactions between integral membrane proteins can be complex
relationships influenced by both the protein partners and the lipid bilayer environment and
composition. To further investigate our novel observation that Dga1 interacts with Ole1 in
the ER membrane we performed a mutagenic analysis of Dga1 to determine if a specific
domain of Dga1 responsible for maintaining the interaction with Ole1 could be identified.
Topological analysis of Dga1 indicates that the amino and carboxyl-termini are oriented
to the cytosolic side of the ER membrane (48). We initiated a mutagenic analysis by
generating truncations of the amino and carboxyl termini of Dga1 and fusing the
truncations in frame with NubG to determine if they were capable of interacting with the
integrated Ole1-Cub-LexA-VP16 bait in YBG1 (Figure 3.4A). The amino-terminal 36
amino acids residues of Dga1 have been implicated in regulation of the enzyme's activity
(49). Deletion of Dga1 amino acids 1-29 had no significant effect on interaction of Dga1
with Ole1 as evaluated by growth of the strains on selective medium and quantitative -
galactosidase activity (Figure 3.4B). Consistent with this finding, we also observed that
mutation of Ser'’, a residue that is phosphorylated in vivo but with no ascribed function
(50), to either non-phosphorylatable Ala'” or the phosphomimetic Asp'” had no detectable
effect on the Ole1-Dga1 interaction as measured by growth of the cells on selective
medium or quantitative -galactosidase activity (Figure 3.4B). Further deletion of amino
acids 1-37 (NubG-Dga13s.418) caused a significant reduction in 3-galactosidase activity to

about 67% of the full-length Dga1 (p = 0.015) (Figure 3.4B).
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A truncation that deleted amino acids 319 - 418, predicted to form a carboxyl-
terminal cytosolic domain (NubG-Dga11.31s), resulted in a loss of interaction with Ole1
based upon a reduction of growth observed on selective medium and the near complete
elimination of B-galactosidase activity (Figure 3.4B). Further deletions from the carboxy-
terminus (NubG-Dga11-240, NubG-Dga11.288) showed no further reduction in the
interaction based on (3-galactosidase assay (Figure 3.4B). A shorter truncation of the last
twenty amino acids of the carboxy-terminal cytosolic domain of Dga1 (NubG-Dga11-398)
also abolished the interaction with Ole1, demonstrated by a loss of growth on selective
medium and a decrease in (3-galactosidase activity (Figure 3.4B). A Dga1 variant lacking
the final ten amino acids (NubG-Dga11.408) supported more extensive growth on selective
medium and increased [-galactosidase activity consistent with this truncated variant
displaying interaction with Ole1 (Figure 3.4B). NubG-Dga11.40s induced ~200% more -
galactosidase activity that did NubG-Dga11.39s suggesting that residues 398-418 might

play an important role in the interaction of Dga1 and Ole1 (Figure 3.4B).
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Figure 3.4. Truncation of the Dga1 carboxyl-terminus disrupts the interaction with Ole1. A. Schematic
map of the Dga1 truncations tested, the dashed box represents the predicted transmembrane domain. B.
Integrated membrane yeast two-hybrid assay using a yeast strain expressing Ole1-Myc-Cu-LexA-VP16 as
"bait" and the indicated constructs fused to NubG as "prey". Growth on selective medium plates is
representative of three independent experiments. Synthetic defined medium lacking tryptophan, histidine
and adenine (SD-W-H-A) was used for the growth test. Bars represent B-galactosidase assay of a yeast
strain expressing Ole1-Myc-Cuwb-LexA-VP16 and the indicated NubG-Dga1 variants. Each column is
representative of three biological replicates (n = 3). Miller units were normalized to the NubG-full-length
Dga1 fusion. Asterisks (*) denote significantly different LacZ activity from NubG-Dga1 by Student’s t-test,
(*=p<0.05 **=p<0.01, ** =p < 0.001). Error bars reflect standard deviation. C. Western blot analysis
of the proportion of Dga1 found in the membrane (upper panel) and soluble (lower panel) fractions. The
Dga1 variants are indicated at the top of each lane. The migration of molecular weight markers (kDa) is

indicated to the left of each panel.

The ability of Dga1 truncations to bind Ole1 and activate the reporter genes in the
two-hybrid assay are dependent upon their expression and localization to the ER

membrane. Expression and localization of the Dga1 variants was tested by western blot
112



analysis and subcellular fractionation. Probing whole cell lysates with anti-HA antibodies
revealed that the NubG fusion to full-length Dga1 and all of the amino- and carboxyl-
terminal truncations from Dga124-41s to Dga11-318 were expressed (Figure 3.5). To confirm
that the Dga1 variants were being correctly localized in membranes, whole cell extracts
were subjected to centrifugation at 104,000 x g for one hour, and samples of the soluble
fraction and pelleted membrane fraction were assayed for Dga1 by western blot.
Comparison of western blots indicates that over 60% of Dga124-418, Dga130-41s and Dga1ss.
418 were present in the pellet fraction consistent with membrane localization (Figure 3.4C).
The Dga1 carboxy-terminal truncations Dga11.240, Dgal1.28s and Dgal1.31s all display

predominant localization to the membrane fraction (Figure 3.4C).
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Figure 3.5 Western blot confirmation of bait and prey protein expression for two-hybrid testing. A.
Ole1 and Slc1 fused to the C-terminus of ubiquitin- LexA-VP16 were detected with an antibody against
recognizing LexA. The blots were subsequently probed for Cdk1 with an antibody recognizing the
PSTAIRE motif as a loading control. "Prey” proteins Dga1, Dga1 variants, Slc1, and Sct1 fused to NubG

were visualized by probing blots with an antibody recognizing the HA epitope.

3.4.4. Charged residues at the carboxyl-terminus of Dga1 are

important for the Ole1-Dga1 interaction

The carboxyl-terminus of Dga1 is essential for the catalytic activity of the enzyme,

deletion of residues 413 - 418 result in a near complete loss of activity despite Dga1 being
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retained in the ER (48). Dga1 lacks a traditional ER retention or retrieval signal at its
carboxyl-terminus, while it is possible that the small truncations at the carboxyl-terminus
inhibit localization this is unlikely as deletion of residues 413 - 418 do not reduce its
retention in membranes (48). To determine whether the conserved DAELKIVG or KIVG
motifs at the carboxyl-terminus were important for maintaining the interaction between
Dga1 and Ole1, in-frame deletions of residues 389 - 410, 399 - 410 and 399 - 414 were
generated (Figure 3.6A). Each version of Dga1l with these small in-frame internal
deletions was assayed for interaction with Ole1. In each case expression of the mutant
version of DGA1 allowed weak but detectable growth on the selective medium plates
(Figure 3.6B). The A389-410, A399-410, A399-414 Dga1l deletions activated the LacZ
reporter gene to a significantly lesser degree than full length-Dga1 inducing B-
galactosidase activity to less than 20% of that induced by full-length NubG-Dga1 fusion
(Figure 3.6B). Indeed the 3-galactosidase activity driven by the internal deletion variants
is similar to the larger Dga11-398 truncation (Figure 3.4B). These observations implied that
mutations in Dga1 residues from 398 - 411 are sufficient to disrupt the interaction of Dga1

with Ole1.
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Figure 3.6. Charged residues at the carboxyl-terminus of Dga1 are important for interaction between
Ole1 and Dga1. A. Sequences of carboxyl-terminal Dga1 mutants. Dashed lines indicate deleted
sequences. Bold A indicates replacement of a charged residue with alanine. B. Integrated membrane yeast
two-hybrid assay using a yeast strain expressing Ole1-Myc-Cub-LexA-VP16 and the indicated NubG-Dga1
variants. Growth on selective medium plates is representative of three independent experiments. Filled bars
represent B-galactosidase activity in Miller units from extracts of the yeast strain expressing Ole1-Myc-Cub-
LexA-VP16 and the indicated NubG-Dga1 fusions. Each column is representative of three biological
replicates (n = 3). Miller units were normalized to the NubG-full-length Dga1 fusion. Asterisks (*) denote
significantly different LacZ activity from NubG-Dga1 by Student’s t-test, (* = p <0.01, ** = p < 0.001, n.s. =
not significant). Error bars reflect standard deviation. C. AlphaFold predicted structure of Dga1, colours
represent confidence of the predicted model. Residues in the carboxyl-terminal helix mutated from charged-
to-alanine are indicated with arrows. D. HeliQuest plot of Dga1 carboxy-terminal helix, from Asp3®2 to Lys?°¢.
Negatively charged residues shown in red, positively charged residues shown in blue, polar residues shown
in pink and light blue, and nonpolar residues shown in yellow.

The carboxy-terminal 20 amino acids of Dga1 feature several short segments that
include charged residues. To determine if these charged segments might be important

for the interaction of Dga1 with Ole1 we performed charged-to-alanine scanning
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mutagenesis. The residues chosen for this alanine scanning experiment are shown on
the AlphaFold generated model where it can be seen that they cluster on a surface
predicted to be exposed to the cytoplasm (Figure 3.6C). The helix in the model contains
Asp?82 to Lys*%¢ and is amphipathic in nature (Figure 3.6C, 3.6D). The predicted surface
of this segment of Dga1 contains a series of charged residues, including Lys®®7, Arg39%,
Arg*%* Glu*%, and Lys*%. The more hydrophobic face of this helix is oriented toward the
predicted hydrophobic core of Dgal and the highly conserved motif
2BRXGFX(K/IR)XAXXXGXXX(L/ VIVPXXXFG(E/Q)3'" (Figure 3.6C) which is essential for
DGAT activity (35, 48). When tested for interaction with Ole1 in the membrane two-hybrid
system Dga1 R4%4A, E*0%A, K*%®A (NubG-Dga1rex) displayed growth on selective medium
and B-galactosidase activity that was not significantly different from wild-type Dga1
(Figure 3.6B). In this assay both of the mutants Dga1 K3°7A, R3%A (NubG-Dga1kr) and
Dga1 D*"A, E*3A, K*'°A (NubG-Dga1lpek) displayed reduced growth on selective
medium relative to wild-type Dga1 (Figure 3.6B). Similarly, both mutants displayed a
significant reduction in B-galactosidase activity to about 60% of that induced by wildtype
Dga1 (p = 0.006, p = 0.012 respectively) (Figure 3.6B). Combining these mutations in
NubG-Dga1l K3%A, R3%A, DA, E43A, K*SA (NubG-Dgalkrpek) resulted in a
discernable reduction in growth on selective medium and a significant decrease in -
galactosidase activity to a level similar to that displayed by deleting the last twenty amino
acids of Dga1 (p = 0.004) (Figure 3.6B). These data are consistent with the contention
that the charged clusters in the carboxy-terminal 20 amino acids residues of Dga1 play a

role in allowing the interaction of Dga1 and Ole1 in vivo.
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3.4.5. Interaction of Dga1 with Slc1 displays sequence requirements

distinct from those required for Ole1

Dga1 displays interactions with both the A9 desaturase Ole1 and acyltransferase
Slc1. We were interested in investigating whether Dga1 bound to Slc1 through a similar
sequence domain to that required for binding to Ole1. This was tested by performing a
membrane two-hybrid test using the SLC7-Cub-LexA-VP16 fusion as "bait" for the NubG-
Dga1 variants. Similar to the result observed with Ole1 as bait, the amino-terminal Dga1
truncations up to amino acid 37 displayed effective interaction with Slic1 based upon the
reporter strains growth on selective medium and (-galactosidase activity similar to the
full-length Dga1 (Figure 3.7A,B). In contrast, truncations of the carboxyl-terminal residues
resulted in a reduction in the growth of the reporter strain on selective medium (Figure
3.7A). These strains all displayed a reduction of B-galactosidase activity to levels 20 -
40% of that measured in reporter strains expressing the full-length NubG-Dga1 fusion
(Figure 3.7B). The reduction in binding to Slc1 displayed by the carboxyl-terminal
truncations of Dga1 displays a similar pattern to that observed when binding to Ole1 was
tested but expression of the (B-galactosidase reporter gene was reduced to a greater

extent in the Ole1 binding test than observed in the Sic1 binding test.
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Figure 3.7. Slc1 interacts with a truncated Dga1. A. Membrane yeast two-hybrid assay using a yeast
strain expressing Slc1-Cub-LexA-VP16 as "bait" and the indicated NubG-Dga1 fusions as "prey". Growth on
selective medium is representative of three independent experiments. Synthetic defined medium lacking
tryptophan, leucine, histidine and adenine (SD-W-L-H-A) was used for the growth test. B. -galactosidase
activity in Miller units assayed from whole cell extracts assay of NMY51 expressing Slc1-Cup-LexA-VP16
and the indicated NubG-Dga1 fusions. Each column is representative of three biological replicates (n = 3).
Miller units were normalized to the full-length NubG-Dga1 fusion. Asterisks (*) denote significantly different
LacZ activity from NubG-Dga1 by Student’s t-test, (* = p < 0.05, ** = p < 0.01 *** = p<0.001). Error bars

reflect standard deviation.
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3.4.6. Dga1 charged-to-alanine mutants are defective in Ole1 binding

but retain acyltransferase function

Dga1 activity is not essential and triglyceride synthesis is not a required activity for
S. cerevisiae (39). However, acyltransferase activity does become important when cells
are challenged with unsaturated free fatty acids (51). In the absence of acyltransferases
Are1, Are2, Dga1, and Lro1, fatty acids become toxic to S. cerevisiae as displayed by the
inability of H1246 cells that lack Are1, Are2, Dga1 and Lro1 to grow in the presence of
0.5mM oleic or palmitoleic acid (Figure 3.8, ADgat). Growth on this medium is restored
by expression of full-length Dga1 presumably owing to its ability to sequester the
unsaturated fatty acids into triacylglycerol (Figure 3.8, Dga1). The truncated versions of
Dga1 were tested to determine whether they had sufficient activity to rescue growth of
the H1246 strain on medium supplemented with unsaturated fatty acids. All of the amino-
terminal truncations could rescue growth in the presence of either oleic acid or palmitoleic
acid, suggesting that they were active (Figure 3.8). This observation supports the
previous finding suggesting these truncated versions were properly localized to the ER
membrane (Figure 3.4C). In contrast, deletion of any amount of the carboxyl-terminus of
Dgal1 eliminated fatty acid tolerance, suggesting that these variants of Dgal are
nonfunctional (Figure 3.8). The correlation between Dga1 function and ability to interact
with Ole1 was further tested by challenging H1246 strains expressing the Dga1 charged-
to-alanine mutants with fatty acid supplemented medium. Interestingly, H1246 cells
expressing the alanine scanning mutants including Dga1kroek that was defective in Ole1

binding, were all able to grow on fatty acid supplemented medium similar to cells
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expressing full-length Dga1, indicating that these Dga1 variants are functional and able

to incorporate fatty acids into TAG (Figure 3.8).
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The primary function of Dga1 is TAG synthesis leading to lipid droplet formation in
S. cerevisiae. Microscopic analysis of are1 are2 Iro1 DGA130.418 strains stained with
BODIPY demonstrated that lipid droplets could be readily visualized (Figure 3.9A). There
did not appear to be any difference in the size or number of lipid droplets per cell detected
in DGA130.418 when compared to full length DGA1 (Figure 3.9A). In contrast, staining
H1246 expressing DGA71.408 with BODIPY did not reveal any lipid droplet formation, only
diffuse staining could be detected (Figure 3.9A). Lipid droplets could be detected in
H1246 strains expressing the Dgalkr, Dgalpek, Dgalrek, or Dgalkroex charged to
alanine variants consistent with those variants being functional (Figure 3.9A). This
indicates that the charged-to-alanine mutations do not disrupt Dga1 catalytic activity but
rather have a specific effect on the ability to bind Ole1. These observations also indicate
that the ability of Dga1 to bind Ole1 is not essential for Dga1 function and LD formation
when unsaturated fatty acids are exogenously supplied. However, further analysis of
BODIPY stained cells revealed that Dgalkroex expressing cells accumulated fewer lipid
droplets during early exponential growth than did cells expressing full-length Dga1 (Figure
3.9B). In contrast, Dga1kroexk expressing cells accumulated more LDs when the cells
approached early stationary phase (Figure 3.9B). Quantification of lipid droplet size from
confocal microscopy images revealed that although Dga1kroek strains accumulated more
lipid droplets per cell, those lipid droplets were smaller during both exponential growth
(0.123£0.064 um? vs 0.158+0.059 um?) and in early stationary phase (0.152+0.060 um?

vs 0.171£0.053 um?) than those in cells expressing Dga1 (Figure 3.9C).
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Figure 3.9. Lipid droplet formation is altered by carboxyl-terminal mutations in Dga1. A. Cultures of
H1246 harbouring the indicated HA-Dga1 variants were grown to stationary-phase, stained with BODIPY
493/503 and visualized by microscopic examination under white light (DIC) or epifluorescence. The
micrometer marker bar in the DIC images represents 10 um. Fluorescence images are Z projections of
whole cells. B. Lipid droplets visualized by microscopy were quantified in H1246 strains expressing DGA1
(WT) or the charged-to-alanine mutant DGA1kroex (KRDEK) at the indicated times. Bars indicate the mean
from counting LDs detected in cells of each strain at each time point WT 6hr n = 166, KRDEK 6 hr n = 188,
WT 30 hr n = 224, KRDEK 30 hr n = 167. Error bars reflect standard deviation. C. LD size was quantitated
with the ALDQ Fiji plug in method and data reflect mean size um? displayed as box and whisker plots for
cells counted at each time point. WT 6 hr n =421, 30 hr n = 593. KRDEK 6 hr n =426, 30 hr n = 770.
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To determine whether the TAG accumulation was affected by the charged to
alanine mutations introduced into Dga1 we compared the amount of TAG in are? are2
Iro1 DGA1 and aret are2 Iro1 DGA71«krpek strains from active growth. Quantification of
TAG species separated by thin layer chromatography indicated that there was no
difference between the strains (Figure 3.10). Additionally, analysis of FAMEs from the two
strains indicated that the C16/C18 ratio, 1.16 for Dga1 vs 1.13 for Dgalkrpek, was
unaffected by the mutations. Additionally, the difference in the ratio of unsaturated to
saturated acyl-chains (UFA/SFA) 5.51+0.01 vs 4.97+0.18 for Dgal and Dgalkrpex
respectively, did not display a statistically significant difference.

These observations are consistent with the notion that compromising the
interaction between Dga1 and Ole1 does not prevent the synthesis of TAG but may be

disruptive to some aspects of lipid droplet formation and expansion.
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Figure 3.10. TLC of are1 are2 Iro1 DGA1 or are1 are2 Iro1 DGA1kroex total cellular lipids at the active
growth phase. Total yeast lipids were extracted from triplicate samples of the indicated strains and
visualized by staining with Coomassie Blue (43). The position of TAG based on mobility of the tristearin
standard (Std) and absence of a spot in are? are2 Iro1 dga1 samples is indicated by the arrow.

3.5. Discussion

Through the application of targeted MYTH assays this investigation has revealed
previously unrecognized interactions between the A9 acyl-CoA desaturase Ole1 and
acyltransferases Sct1, Gpt2, Slc1 and Dga1. The interaction of these enzymes that all
have roles in the synthesis of phospholipid and TAG suggests the possibility of a
metabolon or enzyme supercomplex organization that could provide the benefits of

substrate channeling to increase pathway flux in glycerophospholipid biosynthesis as well
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as facilitate control over intermediates that could disrupt membrane function should they
accumulate inappropriately. Cross-linking experiments with human cell cultures have
provided support for the contention that acyltransferases DGAT2 and MGAT2 reside in a
high molecular weight complex that likely includes SCD1 but the organization of this
complex has yet to be investigated (25). A benefit of the MYTH assay applied in this study
is that a positive signal demands close physical interaction of the tested proteins and co-
complex formation is not sufficient (41). Positive interactions were also detected between
acyltransferases Gpt2 - Slc1 and Slc1 - Dga1l consistent with the presence of an
acyltransferase interactome among enzymes involved in the synthesis of phospholipids
and TAG in S. cerevisiae.

Physical interaction between Dga1 and Ole1 has not been previously reported in
S. cerevisiae. There is however precedent for this interaction as the orthologs of DGA1
and OLE1 in human cells and C. elegans (DGAT2, SCD1) have been demonstrated to
colocalize and human DGAT2 and SCD1 can be co-immunoprecipitated (31). Dga1
shuttles between the ER and LD dependent upon the growth stage of the cells (52, 53).
This likely creates at least two distinct pools of Dga1 since Ole1 is present only in the ER.
Similarly, human cells display two separate pools of DGATZ2, one localized in the ER and
one associated with LDs (35). The role of Dga1 at LDs is clearly to promote TAG synthesis
and storage in the LD. It is less clear what function Dga1 serves while interacting with
Ole1 in the ER membrane. Investigations in C. elegans indicate that retaining DGAT2 in
the ER allows for LD initiation but fails to support LD expansion (54). This may imply that
DGAT activity in the ER is necessary to initiate LD formation but further expansion of the

LD requires that DGAT activity be able to segregate from the ER to the LD membrane
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structures. It is notable that the second S. cerevisiae DGAT, Lro1, can support initiation
of LD biogenesis but does not segregate to LDs to support their expansion leading to
reduced LD formation in stationary phase strains lacking Dga1 (55).

A9 desaturase Ole1 has a central role in the synthesis of phospholipids and TAG.
Acyl chains are synthesized de novo as saturated chains by the FAS complex and
formation of mono-unsaturated chains is dependent on Ole1 activity. Thus, a significant
portion of newly synthesized acyl-CoA is destined to become substrate for Ole1. LD
initiation is dependent upon incorporation of unsaturated acyl-chains into DAG and TAG
(56). Thus, linking Dga1 to Ole1 may be a means to efficiently influence LD initiation as
this places Dga1l in close proximity to both the source of de novo synthesized mono-
unsaturated acyl chains and the sites of LD formation. This also positions Dga1 to rapidly
move onto the monolayer membrane of growing LDs. We also find that the LPAAT Slic1
interacts with Ole1 which could potentially create complexes including Slc1-Ole1-Dga1
that would be able to supply PA and DAG as well as unsaturated acyl-CoA for TAG
synthesis. Dga1 and Slc1 can also interact with one-another independent of Ole1
consistent with the presence of these two enzymes in the LD surface where they can
promote TAG accumulation in the LD.

Interaction of Ole1 with Slc1 may be a means by which unsaturated acyl chains
can be directed toward phospholipid synthesis in rapidly proliferating cells. The degree of
unsaturation in membrane phospholipids is a critical determinant of membrane properties
including membrane fluidity and domain structures that influence functionality of
membrane embedded proteins. Interaction of Slc1 with Ole1 may also form a complex to

receive LPA generated by GPATs Sct1 and Gpt2. A physical interaction between Ole1
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and Gpt2 has previously been demonstrated by co-immunoprecipitation (57). Our
observation that Sct1 and Gpt2 display interaction with Ole1 provides further support for
this contention. Placing Sct1, Gpt2 and Slc1 in close proximity may aid in channeling acyl-
CoA to synthesize PA species that can be further processed to yield the major membrane
phospholipids.

Mutational analysis of Dga1 revealed that the carboxyl-terminus, predicted to form
a cytosolic domain, is required for association with Ole1 but not for membrane
localization. Truncations and in-frame internal deletions support a model indicating that
interaction with Ole1 is mediated by sequences between Leu3% to Gly*°®, The final ten
amino acids, residues 408 - 418 of Dga1 are required for catalytic activity and their
deletion reduced but did not eliminate binding to Ole1. The segment from L3% to K*#1°
encodes a several of clusters of charged residues. Mutation of Lys3%7, Arg3®, Asp*!,
Glu*'3, and Lys*'® to alanine leads to a near complete ablation of interaction with Ole1.
Although we cannot state with confidence that Dgalkrpek has wild-type levels of
enzymatic activity it does retain catalytic activity and function based on the ability to
rescue fatty acid induced toxicity and promote formation of LDs, thus the loss of
interaction with Ole1 is not due to global misfolding or mislocalization.

Although there is no experimentally derived structure for Dga1 the proposal that
the carboxyl-terminal domain of Dga1 provides a surface for interaction with Ole1 is
consistent with the AlphaFold model that places the charged residues Lys3%7, Arg3%,
Asp*'1, GIu*'3, and Lys*'® on an alpha-helix structure arranged on the surface oriented
away from the core of Dga1 in a position suitable to make contacts with other proteins.

Our data provide no mechanistic information for how the carboxyl-terminus of Dga1
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interacts with Ole1. While the charge of the helix surface may be responsible for the
interaction, we cannot discount a specific structure formed by this domain being
responsible or even the possibility that post-translational modification of carboxyl-terminal
residues is responsible. Modification to the carboxyl-terminal amino acids of Dga1 has
not been reported but Dga1 is subject to regulation by ER-associated degradation (58).
The sequences that target Dga1 for destabilization have not been identified but lysine
residues in the carboxyl-terminus of mammalian DGAT2 are ubiquitinated to trigger
DGAT2 destruction and mutation of those residues to alanine stabilize DGAT2 (59).

The DGA1krpex mutant has reduced ability to interact with Ole1 but is active in the
production of TAG and can channel exogenous fatty acids into TAG stored in LDs thus
preventing lipotoxicity in response to exogenous unsaturated fatty acids. In comparison
with an are? are2 Iro1 DGA1 strain the are1 are2 Iro1 DGA1«rpek cells produce fewer
detectable LDs and they are smaller during early exponential growth. Untethering Dga1
from Ole1 may disrupt or destabilize the localization of Dga1 to sites of LD initiation and
the channeling of endogenously produced unsaturated acyl-CoA to DAG leading to
delayed initiation and growth of LDs.

In contrast, as cells approach quiescence the DGA 1«rpex strain displays more LDs
than the DGA1 strain but they are smaller. This is a puzzling observation and may reflect
our limited understanding of LD biogenesis. One possibility is that this reflects reduced
efficiency in channeling unsaturated acyl-CoA to sites of LD growth but since unsaturated
acyl-CoA continues to accumulate, ER membrane associated Dga1kroex would continue
to participate in TAG production, leading to the formation of more LDs. A more trivial

explanation that we cannot categorically eliminate is that a minor reduction in Dga1
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activity caused by the charged-to-alanine mutations combined with the loss of Ole1
binding may be responsible for the alteration in LD initiation and growth. In the absence
of further experimental data the mechanism responsible for this observation remains
conjecture since the alterations to Dga1 may influence other as yet undetected functions
or protein interactions that may lead to disruption of LD initiation or biogenesis.

The interactions we detect between Ole1 and acyltransferases may also be a
reflection of the importance of directing lipid species to appropriate fates and the potential
for toxicity caused by ER accumulation of DAG (55). Even though the loss of all DGAT
activities is not lethal to S. cerevisiae it does result in alteration in membrane structure
and function owing to the accumulation of DAG in the ER (55). Placing Dga1 in close
proximity to Ole1 may be a means to capture any overflow DAG and unsaturated acyl-
CoA to avoid accumulation in the ER membrane. Indeed, increased Ole1 activity yielding
increased unsaturated acyl-CoA or a reduction in Cds1 activity yielding decreased flux of
unsaturated acyl-CoA to phospholipids leads to an increase in LD formation (60). Cells
with reduced capacity for TAG synthesis and LD formation are very sensitive to increased
Ole1 or reduced Cds1 activity (60). Thus, reversibly tethering Dga1 to Ole1 in the ER may
create a pathway to allow rapid response to excess accumulation of DAG and

unsaturated acyl-CoA, channeling these into neutral lipid storage in LDs.
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Chapter 4 — Dga1 mutants lacking strong
interactions with Ole1 exhibit altered subcellular
localization

4.1. Introduction

4.1.1. Lipid droplet emergence and growth from the ER

Triacylglycerol (TAG) and sterol ester (SE) synthesized by the cell is stored within
the lipid droplet (LD). The LD is comprised of an inner neutral lipid core surrounded by a
phospholipid (PL) monolayer that is continuous with the endoplasmic reticulum (ER) (1-
3). LDs begin as ER subdomains containing seipin and diacylglycerol (DAG), which
recruit TAG synthases Lro1 and Dga1 (4). These acyltransferases deposit neutral lipid
between the two PL leaflets of the ER in a structure known as a neutral lipid lens (Figure
4.1) (5, 6). Lipid lens coalescence is reliant on accumulation of TAG more so than SE (7).
The lens then grows to a nascent LD via the deposition of neutral lipid, emerging from the
ER toward the cytoplasm in a process requiring recruitment of membrane-shaping
proteins and the production of lysophospholipids (LPLs) that favor a positive membrane
curvature (Figure 4.1) (4, 5, 8, 9). A mature and fully emerged LD is covered by a LD
monolayer continuous with the cytosolic leaflet of the ER which permits translocation of
perilipins and lipid biosynthetic enzymes (4, 10). Proper expansion of the mature LD is
reliant on recruitment of fatty acyl-CoA synthases, GPATs, LPAATs, and DGATSs to the

PL monolayer (11, 12).
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Figure 4.1 TAG synthesis at the LD budding site. LD budding from the ER begins by the recruitment of
Lro1 and Dga1 to sites of high DAG concentration and membrane shaping proteins (not pictured). Neutral
lipid lenses form via the accumulation of TAG between the two leaflets of the ER. Lysophospholipids
produced by Lro1 promote cytosolic budding of the nascent LD (arrow 1). LD proteins like Dga1 are
recruited to the PL monolayer of a mature LD (arrow 2). On the LD, Dga1 synthesizes TAG and promotes

LD expansion. Created with BioRender.com.

LDs and their composite neutral lipid maintain membrane homeostasis and
mediation of LD growth is essential (13—15). The organelles store lipid that can be
mobilized to support membrane biogenesis via lipolysis by SE hydrolases and TAG
lipases or lipophagy in bulk (16—18). LDs also sequester free fatty acids (FFAs) and DAG
to buffer lipotoxicity and prevent ER stress (13, 15, 19). In Saccharomyces cerevisiae,
synthesis of neutral lipid and LD formation are not vital processes, but bulk TAG synthesis
is essential in mice (20, 21). While LD formation is necessary for proper lipid homeostasis,
unregulated lipid accumulation is associated with nonalcoholic fatty liver disease
(NAFLD), dyslipidemia, and diabetes (22). Dissection of the mechanisms controlling LD
growth will provide a better understanding of how to address disorders of lipid

dysregulation.
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4.1.2. TAG synthesis in yeast and mammals

As accumulation of TAG is important to the initial stages of LD formation, we are
interested in the TAG biosynthetic pathway. In both yeast and mammalian cells, the
generation of TAG can occur both in the ER and on the surface of the LD. In S. cerevisiae,
ER-localized TAG synthesis is catalyzed by two acyltransferases, Lro1 and Dga1. In
humans, TAG is also generated in the ER by two separate proteins, DGAT1 and DGAT?2.
In contrast, the acylation of DAG to TAG on the LD surface is due exclusively to Dga1 in
S. cerevisiae and DGAT2 in mammals.

The ER-bound phospholipid:diacylglycerol acyltransferase in S. cerevisiae, Lro1,
contains a primarily ER-luminal active site and is responsible for the majority of TAG
generation during active growth (20, 23, 24). The protein catalyzes the acyl-CoA
independent acylation of TAG by scavenging the sn-2 acyl chain from a pre-existing PL,
generating TAG and an LPL (25). DGAT1 is a mammalian membrane-bound O-
acyltransferase that is similarly restrained within the ER by its nine transmembrane
helices (26, 27). Though both Lro1 and DGAT1 are ER-restricted, they differ in topology
and substrate preference. The active site of DGAT1 faces both the luminal and cytosolic
sides of the ER, and the protein uses an acyl-CoA as an acyl donor (28-30).

The acyl-CoA diacylglycerol acyltransferase Dga1 is found in both the ER and LD
membranes and is essential for TAG synthesis in stationary phase (24, 31, 32). DGAT2,
the mammalian ortholog of Dga1, is found both in the ER and in the LD membranes as
well (33-35). The transfer of these proteins from the ER to the LD is essential for bulk
TAG deposition and LD growth, as an ER-bound DGATZ2 generates small LDs in vivo

while displaying comparable activity to native DGAT2 in vitro (11, 35). LDs produced by
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Lro1 and DGAT1 are similarly attenuated in size (12, 13). As the LD monolayer contains
DAG, the promotion of LD growth by the transfer of TAG synthases to the monolayer may
be due to a simple question of access to substrate (33, 36). However, the LD monolayer
also contains lipid biosynthetic proteins Slc1, the main LPAAT in S. cerevisiae, FATP1, a
Caenorhabditis elegans acyl-CoA synthetase, and MGAT2, a mammalian
monoacylglycerol acyltransferase (11, 37, 38). All three proteins interact with the DGAT2
homolog of their respective organism, potentially channeling lipid to TAG synthesis on the
LD and promoting expansion of the organelle (11, 38). ER-localized TAG synthesis by
Lro1 and DGAT1 is sufficient to initiate LD synthesis, but transfer of Dga1 and DGAT2 to
the LD surface is necessary for LD growth.

Desaturase activity impacts LD expansion as well, as an active desaturase is
required for TAG accumulation in hepatocytes (39). Reduced OLE1 expression caused
by deletion of transcription factors responsible for OLE 1 transcription in S. cerevisiae also
significantly decreases LD size and TAG synthesis (40). This LD growth attenuation may
be due to the aforementioned need for the fluidity provided by unsaturated acyl chain
incorporation into TAG to promote LD budding from the ER (41). Furthermore, desaturase
activity and TAG synthase activity are both genetically and physically linked. In mouse
hepatocytes, DGAT2 activity is associated with expression of Fasn and Scd17, two genes
responsible for de novo lipogenesis and desaturation (42). Previous work demonstrated
an interaction between DGATZ2 and the human desaturase SCD1, while we determined
that Dga1 and Ole1 contain an orthologous interaction (43, 3.4.1). Our work demonstrates
that a disruption of this interaction alters LD number and size, suggesting that the

colocalization of these two proteins may be essential for proper LD formation (3.4.6). This
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interaction may serve to channel de novo unsaturated acyl-CoA to Dga1/DGATZ2, which
would promote LD budding from the ER via accumulation of a population of more fluid
TAG. However, Ole1 is an integral membrane protein with multiple transmembrane
helices that is only found within the ER (44, 45). As Dga1/DGAT2 movement from the ER
to the LD is essential for LD growth, this interaction may retain the acyltransferase in the
ER and inhibit LD expansion. Determining the effect of the diacylglycerol acyltransferase
— desaturase interaction on LD initiation and growth will provide a deeper understanding

of the regulation of LD synthesis.

4.1.3. A model for Dga1 as a monotopic membrane protein

Analysis of mammalian DGAT2s has revealed conserved residues essential for
diacylglycerol acyltransferase function. Dga1 contains multiple regions corresponding to
highly conserved motifs in DGAT2s; namely, '2°YFP'3!, 19HPHG', and the so-called
GGE Block (?®®GGARE?"?) (46, 47). In Dga1, the YFP and HPHG motifs are essential for
activity, while in mouse DGAT2, the second histidine in the HPHG motif has been
identified as the catalytic residue (48, 49). The role of the GGE block in DGAT activity has
not been elucidated, though the di-glycine and glutamate in the block are 3 of only 16 fully

conserved residues in DGAT2s (47).
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Saccharomyces Dga1. Hydrophobic residues = light pink, aromatic residues = orange, negatively charged
residues = red, positively charged residues = blue, hydrophilic residues = green, proline/glycine = magenta.
Light yellow indicates high conservation, brown indicates low conservation. Numbers correspond to number
of Dga1l polypeptides with residue conservation. * = total conservation. Visualized with Jalview 2. B.
WebLogo of Dga1 carboxyl terminus from all proteins identified by NCBI blastp as in 4.2.3. Polar residues

green, basic residues = blue, acidic residues = red, hydrophobic residues = black, asparagine/glutamine

magenta.

The carboxyl terminus of Dga1, 4""DAELKIVG*'8, is highly conserved throughout
the Saccharomyces genus (Figure 4.2). Though it does not contain a traditional di-lysine
ER retrieval motif, it resembles the carboxyl-terminus from the Vernicia fordii DGATZ2, in
which LKLEI serves to retain DGAT2 in the ER (50). The impact of this motif on the
subcellular localization of Dga1 is yet to be understood, but a truncation of five residues

from the carboxyl-terminus virtually abolished DGAT activity both in vivo and in vitro when
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combined with a carboxyl-terminal epitope tag. While a carboxyl-terminal tag on the full-
length protein reduced in vivo TAG production by more than half, the in vitro DGAT activity
was reduced by only 20% (48). We have confirmed the catalytic importance of the
carboxyl-terminus with both functional and fatty acid toxicity studies. Interestingly, a
carboxyl-terminally tagged Dga1 did not interact with Ole1 in a MYTH assay, while an
amino-terminally tagged version of the full-length protein interacted strongly (3.4.1). Our
dissection of this interaction implicated Lys3%7, Arg3%, Asp*'!, Glu*'3, and Lys*'® in
maintenance of the acyltransferase-desaturase interaction. These observations taken
together implicates the carboxyl-terminal end of Dga1 in acyltransferase activity and

colocalization with Ole1.
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Figure 4.3 High confidence AlphaFold model of Dga1 (Q08650). A. Proposed model of Dga1. Amino (N)
and carboxyl (C) termini are as indicated. Model is coloured according to the AlphaFold per-residue
confidence score (pLDDT) as follows: Very high (pLDDT > 90) = blue, confident (90 > pLDDT > 70) = cyan,
low (70 > pLDDT > 50) = yellow, very low (pLDDT < 50) = orange. Amino-terminal region trimmed at Glu*®
for visualization. Black lines represent the phospholipid bilayer. Black arrow indicates measured depth of
kinked helix. B. Protein contact potential for the Dga1 model as determined by the Pymol Adaptive Poisson-
Boltzmann Solver (APBS) Electrostatics plugin. Negatively charged regions shown in red, positively

charged regions shown in blue, neutral regions shown in white.

The recent development of AlphaFold has provided researchers with a new lens
to view Dga1 and DGAT?2 structure. The high confidence model of Dga1 proposed by
AlphaFold consists of a large soluble domain and one kinked hydrophobic helix
descending to a depth of approximately 23 A from the body of the protein (Figure 4.3A).
This is consistent with the experimentally determined topology of MMDGAT2, which
contains a soluble catalytic domain facing the cytosol and one small membrane region

(Figure 4.3A) (30, 49). Both MmMDGAT2 and Dga1 are integral to the membrane, and the
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kinked helix in the model would indeed allow integration into the hydrophobic core of the
phospholipid bilayer (Figure 4.3B) (48, 49). However, the measured depth of 23 A does
not fully span the hydrophobic core of the membrane, which can range from 30 A — 38 A
depending on membrane composition (51, 52). This model thus classifies Dga1 as an
integral monotopic membrane protein, a topology that allows proteins to move freely
between the ER phospholipid bilayer and the LD phospholipid monolayer.

The structure of DGAT2s has not yet been experimentally determined, but the use
of AlphaFold has provided a structural prediction that aligns with the current experimental
evidence for the protein. A comparison of the model against the PDB using a Dali query
reveals that the predicted structure of Dga1 greatly resembles that of PIsC with a Z-score
of 12.5 and an RMSD of 3.3 A over 197 Ca atoms (PDB 5KYM). PIsC is an LPAAT from
Thermotoga maritima and is classified as a monotopic membrane protein. The LPAAT
structure exhibits a predominant cleft containing the catalytic histidine (53). The catalytic
histidine of Dga1 (His'%%) is modeled in a similar cleft that would be accessible to DAG
and acyl-CoA. Importantly, the HsSDGAT2 model contains an analogous active site pocket
with sufficient residues and geometry to bind a DGAT2 specific inhibitor but not a DGAT1
inhibitor (54). The Dga1 model also places Glu?’? of the highly conserved GGE block in
close proximity to His'%®, which would allow for proton abstraction of the catalytic histidine
in a mechanism similar to DGAT1 (26). Taken together, this data supports the new
proposed AlphaFold model of the DGAT2s as an accurate structure prediction of the
protein and categorizes the acyltransferase as a monotopic membrane protein. This
classification of Dga1 and the other DGAT2s as monotopic membrane proteins would

explain the ability of the protein to transfer from ER bilayer to LD monolayer.
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DGAT?2 transfer to the LD monolayer is essential for LD growth, making the study
of the mechanisms controlling transfer essential to a deeper understanding of TAG
synthesis regulation. The association of DGAT2 with LDs has been extensively
characterized by the Stone lab (27, 34, 35, 55). Initial work demonstrated that the
proposed transmembrane domain within the amino-terminal half of the protein was not
solely responsible for DGAT2 membrane localization. This transmembrane domain
(MmDGAT2¢6-115) permits association with the ER, but it does not target the protein to the
LD monolayer (34, 35). An independent region of the protein, a proposed amphipathic
helix (MmDGAT?2293312), is essential for the subcellular localization to LDs (55). This
portion of the protein also contains three lysine residues. Accordingly, a lysine-less

DGATZ2 does not localize to the LD though it does retain activity (56).
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ScDga1

Figure 4.4 Dga1 contains a similar region to the MmMDGAT2 (Q9DCV3) LD targeting domain
(MmDGAT2293-312). A. Alignment of the MmMDGAT?2 (cyan) and ScDga1 (green) models as determined by
AlphaFold. Dashed circled encompasses MmDGAT2 LD targeting domain (MmDGAT?22¢3.312) and
corresponding region of Dga1 (Dga1321-342). N and C termini are as marked. Amino-terminal region trimmed
for visualization. Black lines represent the phospholipid bilayer. B. Protein contact potential for Dga1s21-342
as determined by the Pymol APBS Electrostatics plugin. Lys3?' and Pro®**? as marked. Surface coloured as
follows: negatively charged regions shown in red, positively charged regions shown in blue, neutral regions

shown in white. Sidechain residues coloured as follows: C = green, H = white, N = blue, O = red.

The AlphaFold model of MmMDGAT2 proposes a similar topology to the Dga1 model
(Figure 4.4A). It also positions the LD targeting domain of MmMDGATZ2 on the external
region of the protein near the putative membrane binding region (Figure 4.4A, dashed
circle) (55). Amphipathic helices with large hydrophobic residues have been shown to
bind phospholipid packing defects that are found readily on the surface of the LD, and the
AlphaFold proposed location of this helix makes it available for LD monolayer recognition

(57). Dga1 contains a similar helix (Dga1s21-342) (Figure 4.4A). Surface electrostatics of

148



the helix show a hydrophobic face with large aromatic residues, and a basic face with four
lysine residues (Figure 4.4B). Though Dga1 has a similar region in the structural model,
determination of its role in Dga1 LD targeting has not yet been determined.

The carboxyl-terminus of DGAT2 also contains a set of six lysine residues (Lys34,
Lys3%3, Lys38 Lys34 and Lys®®) that serve as ubiquitination sites and promote ER-
associated degradation of the acyltransferase (56). Dga1 contains two lysine residues
that align with these known ubiquitination sites (Lys®7® and Lys*%) and five lysine residues
total in the carboxyl-terminus (Lys®’5, Lys376, Lys3%7, Lys*%¢, and Lys*'®). The residues on
Dga1 that control degradation of the protein have not been yet identified, but the
acyltransferase is also an ERAD substrate that is ubiquitinated by the Doa10 complex
and degraded by the proteasome (58). In both mammalian and S. cerevisiae cells, the
retention of ERAD substrates within the ER increases degradation as the transfer of these
proteins to the LD prevents proteasomal access (56, 58). Both access of the carboxyl-
terminal Dga1 lysine residues to the ubiquitin ligase complex within the ER and transfer
of the protein between the LD and ER serves to control the amount of diacylglycerol
acyltransferase within the cell.

We have analyzed Dga1l localization within S. cerevisiae using confocal
microscopy. This is the first analysis of localization of Dga1 expressed under the
regulation of its native promoter and without modification by a carboxyl-terminal tag that
inhibits the catalytic activity of the protein. We report herein that Dga1 localizes both to
LDs and the ER during active growth and stationary phase. We demonstrate that Dga1321-
342 is essential for LD localization and the proposed ER-retention signal ("' DAELKIVG*18)

is not solely responsible for ER retention. Finally, we demonstrate that acyltransferase
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mutants lacking an interaction with Ole1 exhibit altered subcellular localization across

phases of growth, and Dga1 displays a similar distribution pattern to the desaturase.

4.2. Methods

4.2.1. Strains and Plasmids

The S. cerevisiae strains BY4741 Adga1 and W303 were used as the parents for
the imaged strains. BY4741 Adga1 was a gift from Michael Schultz. Escherichia coli
DH5a was used in all cloning steps and to propagate all plasmids. All yeast
transformations were completed with the lithium acetate method (59). All strain genotypes
can be found in Table 4.1. Primer sequences used to generate the strains are listed in

Table 4.2.
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Table 4.1 Strains used in study

Strain name Parent Genotype Reference
MATa {leu2-3,112 trp1-1 can1-100
W303 ) ura3-1 ade2-1 his3-11,15} [phi+] (60)
MATa his3A1 leu2A0 met15A0 ura3A0 Open
Adgat BYA741  yga1A:KanMx Biosystems
MATa his3A1 leu2A0 met15A0 ura3A0 .
AdgaiAtrp1 BYA7T41  Jgat1A:KanMX trp1A::NatMX6 This study
NeonGreen-DGA1 MATa his3A1 leu2A0 met15A0 ura3A0
Adaai Atr- 1 BY4741 dgal1A::KanMX trp1A::NatMX6 This study
9 P [oDGA1::mNeonGreen-DGA1 URA3]
MATa his3A1 leu2A0 met15A0 ura3A0
mNeonGreen-DGA1 dga1A::KanMX trp1A::NatMX6 ,
1-318 Adga1Atrpt Y4741 1 DGAT::mNeonGreen-DGA1 1-318 This study
URA3]
MATa his3A1 leu2A0 met15A0 ura3A0
mNeonGreen-DGA1 dga1A::KanMX trp1A::NatMX6 ,
1-398 AdgaiAtrpt Y4741 1 DGAT::mNeonGreen-DGA1 1-398 This study
URA3]
MATa his3A1 leu2A0 met15A0 ura3A0
mNe°A"3%§'_i%DGA1 By474q d9alA:KanMX trp1A::NatMX6 This study
AdaalAtrod [PDGA1::mNeonGreen-DGA1 A389-
9 P 410 URA3]
MATa his3A1 leu2A0 met15A0 ura3A0
mNeonGreen-DGA1 dga1A::KanMX trp1A::NatMX6 ,
1-408 AdgaiAtrpt Y4741 1 DGA1::mNeonGreen-DGA1 1-408 This study
URA3]
MATa his3A1 leu2A0 met15A0 ura3A0
mNeonGreen-DGA1 dga1A::KanMX trp1A::NatMX6 ,
KR Adgatatrpl V441 15DGA1:mNeonGreen-DGA1 KR This study
URA3]
MATa his3A1 leu2A0 met15A0 ura3A0
mNeonGreen-DGA1 dga1A::KanMX trp1A::NatMX6 :
REK Adgatatrpt  ©' 71 [5DGAT:mNeonGreen-DGAT REK This study
URA3]
MATa his3A1 leu2A0 met15A0 ura3A0
mNeonGreen-DGA1 dga1A::KanMX trp1A::NatMX6 ,
DEK AdgalAtrpt 2 4741 15DGA1:mNeonGreen-DGA1 DEK This study
URA3]
mNeonGreen-DGA1 BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 This study

KRDEK Adga1Atrp1

dga1A::KanMX trp1A::NatMX6
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Strain name Parent Genotype Reference
[pPDGA1::mNeonGreen-DGA1 KRDEK
URA3]
MATa his3A1 leu2A0 met15A0 ura3A0
mNeonGreen-DGA1
dga1A::KanMX trp1A::NatMX6 ,
SS'X‘:";E’;HE EL  BY4741 1 DGA1:mNeonGreen-DGA1 URA3] ~ 'Mis study
9 P [pTPI1::mCherry-HDEL TRP1
MATa {leu2-3,112 trp1-1 can1-100
OLE1-mCherry W303  ura3-1 ade2-1 his3-11,15} [phi+] This study
OLE1::mCherry hphMX6
MATa {leu2-3,112 trp1-1 can1-100
OLE1-mCherry ura3-1 ade2-1 his3-11,15} [phi+] ,
Adga1 W303 o1 E1::mCherry hohMX6 This study
dga1A::bleMX6
MATa {leu2-3,112 trp1-1 can1-100
OLE1-mCherry : .
ura3-1 ade2-1 his3-11,15} [phi+] :
mNeonfC:'eE?-DGA1 W303 OLE1::mCherry hphMX6 This study
9 dga1::bleMX6
MATa {leu2-3,112 trp1-1 can1-100
Aole1Adgal W303  ura3-1 ade2-1 his3-11,15} [phi+] This study
ole1A::NatMX6 dga1A::KanMX
MATa {leu2-3,112 trp1-1 can1-100
mNeonGreen-DGA1 W303 ura3-1 ade2-1 his3-11,15} [phi+] This study

Aole1Adgal

ole1A::NatMX6 dga1A::KanMX
[pPDGA1::mNeonGreen-DGA1 URA3]
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Table 4.2 Sequences of primers used in study

Primer Primer sequence
5DGA1s ATCCCAGATCACGTTTGTTCCAT
BGO15 TACGACTTGAAGAAATTCTCTC
CYC1Ts2 CTTTTCGGTTAGAGCGGATG
daa1KO3 CACTAAAAAATCCTTATTTATTCTAACATATTTTGTGTTTTCCAATGA
9 ATTCATTAGCCACTAGTGGATCTGATATCACC
daa1KO5 CACATACACTTACATATACATAAGGAAACGCAGAGGCATACAGTTT
9 GAACAGTCACATAATTCGTACGCTGCAGGTCGAC
mCherry_s CCCTCCATGTGCACCTTGA
Ole1d3 TTATGGTAGTTGCAGTTTTGTTATTGTAATGTGATACTTAAAAGAAC
TTACCAGTTTCGTGCATAGGCCACTAGTGGATC
Ole1d5 CATAGTAATAGATAGTTGTGGTGATCATATTATAAACAGCACTAAAA
CATTACAACAAAGCAGCTGAAGCTTCGTACGC
oleldsc3 AGAGATGCAGTAAGCCATCC
oleldsc5 ATGCAGCAAATCATCGGCTC
omC3 GTG AAATTT TGA AGA GAT GCA GTA AGC CAT CCC ATATCT
ATT GCT CCA GGG CC ATGGCGGCGTTAGTATCGAATCGACA
omcC5 CTC TGC TAT TAG AAT GGC TAG TAA GAG AGG TGA AAT CTA
CGAAACTGG TAAGTTCTT T ATG GTG AGC AAG GGC GAG GAG
TEFs GGACAATTCAACGCGTCTGTGA
tro1KO3 CTATTTCTTAGCATTTTTGACGAAATTTGCTATTTTGTTAGAGTCTTT
P TACACCATTTGTCGACTCACTA
trp1KO5 ATGTCTGTTATTAATTTCACAGGTAGTTCTGGTCCATTGGTGAAAGT

TTGCGGCTTGCAGAAGCTTCGTACGCTGCAGG

To generate AdgalAtrp1, NatMX6 was amplified from pAG25 using primers

containing homology to TRP1 (trp1KO5, trp1KO3) and transformed into BY4741 Adga1.

Transformants were selected on YEPD supplemented with 100 ug/mL nourseothricin and

TRP1 deletion was confirmed by lack of growth on SD lacking tryptophan. To produce the

plasmids containing mNeonGreen-DGA1 and mNeonGreen-DGA1 mutants, a S.

cerevisiae codon-optimized mNeonGreen sequence was ordered from Invitrogen. The

sequence contained homology to the DGA1 promoter to the 5 of mNeonGreen and
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homology to the DGA7 coding sequence to the 3’ of mNeonGreen (Figure 4.5).
Integrating Ylplac211 plasmids containing DGA7 under control of the DGA1 native
promoter with the CYCT1 terminator were digested with Alel and BstXl and the
mNeonGreen sequence was inserted in frame with DGA71 using Gibson isothermal
assembly, confirmed by Sanger sequencing (Table 4.3). The mNeonGreen-DGA1
constructs were digested with Pstl to direct integration at the DGA1 promoter, Adga1Atrp1
was transformed with the linearized plasmid, and strains were selected by growth on SD
media lacking uracil. ZJOM90 carrying ER marker SS-mCherry-HDEL was inserted into
the genome as previously described and transformants were selected for by growth on

SD media lacking tryptophan (61). Plasmids are listed in Table 4.3.

TCAAAGCAGACCAGTACTTCCACCGCATTTCTGTACTTAACCAAGCACGACAGTGGTCTATCAGG
CTTGGATCTTTCACTACACTTCCGCCAAAGTTTTTTTTTTTTCCTGTTTATCCCAGATCACGTTT
GTTCCATTAAGGAGGTTTACTATCATCTCATTTCCATTTACACATACACTTACATATACATAAGG
AAACGCAGAGGCATACAGTTTGAACAGTCACATAAATGGTTTCAAAGGGTGAAGAAGATAACATG
GCTAGCCTGCCTGCTACCCATGAGTTACATATATTCGGTTCTATTAACGGTGTTGACTTCGACAT
GGTCGGTCAGGGGACGGGAAACCCTAACGACGGTTATGAGGAACTAAACCTGAAGTCAACGAAAG
GAGACCTTCAGTTTTCACCTTGGATATTAGTGCCACACATAGGGTACGGTTTCCATCAGTACTTA
CCGTACCCGGATGGGATGTCCCCATTCCAGGCGGCCATGGTAGATGGTTCCGGTTATCAAGTACA
TAGAACTATGCAGTTCGAAGACGGGGCTAGCTTGACTGTAAACTACAGATATACATACGAAGGCT
CTCATATCAAGGGTGAGGCGCAAGTGAAGGGCACGGGCTTTCCGGCGGACGGACCTGTTATGACC
AACTCACTGACTGCTGCTGATTGGTGCAGGTCAAAGAAAACGTATCCTAACGACAAGACAATTAT
TTCCACATTCAAGTGGTCATATACTACAGGTAACGGCAAAAGGTACAGATCAACGGCGAGAACTA
CATACACTTTTGCGAAACCCATGGCGGCAAACTATCTGAAGAACCAACCCATGTATGTTTTCAGA
AAAACTGAGCTAAAGCACAGTAAAACTGAACTGAATTTTAAGGAGTGGCAAAAGGCGTTTACCGA
CGTGATGGGAATGGATGAACTTTACAAGGGATCCATGTCAGGAACATTCAATGATATTAGGAGAA
GGAAAAAGGAAGAAGGAAGCCCTACAGCCGGTATTACCGAAAGGCATGAGAATAAGTCTTTGTCA
AGCATCGATAAAAGAGAACAGACTCTCAAACCACAACTAGAGTCATGCTGTCCATTGGCGACCCC
TTTTGAAAGAAGGTTACAAACTCTGGCTGTAGCATGGCACACTTCTTCATTTGTACTCTTCTCCA
TATTTACGTTATTTGCAATCTCGACACCAGCACTGTGGGTTCTTGCTATTCCATATATGATTTAT
TTTTTTTTCGATAGGTCTC

Figure 4.5 Sequence of mNeonGreen fragment codon-optimized for S. cerevisiae.
Purple = DGA1p homology, green = mNeonGreen, black = BamHI cut site, orange =
DGA1 homology.
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Table 4.3 Plasmids used in study

Plasmid Name S. cerevisiae Gene sgli;:t?:n Source
pAG25 NatMX6 ClonNATR (62),
Euroscarf
Yip-DGA1 HA-DGA1 Yip URA3 Chapter 3
YIp-DGA11.318 HA-DGA11.318 Ylp URA3 Chapter 3
Yip-DGA11.308 HA-DGA11.308 Ylp URA3 Chapter 3
Ylp-DGA14388-410 HA-DGA14388-410 Ylp URA3 Chapter 3
Yip-DGA11.408 HA-DGA11.408 Ylp URA3 Chapter 3
Ylp-DGA1kr HA-DGA k3974, R398A Ylp URA3 Chapter 3
Ylp-DGA1Rrex HA-DGA1TR404A, E405A, K406A Ylp URA3 Chapter 3
Ylp-DGA1pex HA-DGA1Db411A, E413A, K415A Ylp URA3 Chapter 3
Ylp-DGA1kroEK Z?S;DGMK?’”A’ R39BA, DANA. E413A y|p URA3  Chapter 3
Yip-mNG-DGA1 mNeonGreen-DGA1 YIp URA3 This study
YIp-mNG-DGA11.318 mNeonGreen-DGA11:318 Ylp URA3 This study
YIp-mNG-DGA11.308 mNeonGreen-DGA11-398 Ylp URA3 This study
YIp-mNG-DGA14388-410 mMNeonGreen-DGA143ss8-410 YIp URA3 This study
YIp-mNG-DGA11.408 mNeonGreen-DGA11.408 Ylp URA3 This study
YIp-mNG-DGA1kr mNeonGreen-DGA1kso7a, r39sa  YIp URA3  This study
YIp-mNG-DGA1rex z(l:ionGreen-DGA1R4o4A, E405A, Yip URA3  This study
YIp-mNG-DGA1oex zﬁionGreen-DGanA, E413A  y|p URA3  This study
YIp-mNG-DGATkroex 1 ieONGreen-DGATksora raoea v yrRA3  This study
D411A, E413A, K415A
ZJOM90 SS-mCherry-HDEL Ylp TRP1  (61)
pBS35 mCherry-hphMX6 HygR (63)
pUG66 bleMX6 BleoR (64)

To construct a strain bearing native levels of Ole1-mCherry, mCherry-hphMX6 was

amplified from pBS35 with primers containing homology to OLE7 (OmC5, OmC3) and

transformed into W303. Transformants were selected on YEPD supplemented with 200

pug/mL hygromycin and confirmed by PCR analysis using mCherry_s and BGO15. To
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create Adgat1 Ole1-mCherry, bleMX6 was amplified from pUG66 with dga1KO5 and
dga1KO3 and transformed into W303 Ole1-mCherry. Selection was performed on YEPD
supplemented with 100 pg/mL zeocin and confirmed by PCR analysis with 5DGA1s and
TEFs. The resultant strain was transformed with the Yiplac211-mNeonGreen-DGA1
plasmid as described.

To generate the Aole1Adga1 strain, natMX6 was amplified from pAG25 using
primers containing homology to OLE71 (Ole1d3, Ole1d5) and W303 was transformed.
Transformants were selected for on YEPD agar supplemented with 100 pg/mL
nourseothricin and 0.5% Tween-80. The deletion of OLET1 was confirmed by PCR
analysis using Ole1dsc5 and Ole1dsc3 and lack of growth on YEPD plates containing
with 100 pg/mL nourseothricin but lacking Tween-80 supplementation. The resultant
Aole1 strain was maintained with addition of C16:1 and Tween-80 to the media. Further
deletion of DGA1 was performed using kanMX6 amplified from pUG6 with the dga1KO5
and dga1KO3 primers. Selection was performed on YEPD agar supplemented with 200
pug/mL geneticin and DGA1 deletion was confirmed as above. The resultant strain was

transformed with the Yiplac211-mNeonGreen-DGA1 plasmid as described.

4.2.2. Media and Cultivation Conditions

E. coli strains were cultivated in lysogeny broth (LB) containing ampicillin (100
pug/mL) for plasmid maintenance. Yeast strains were propagated on YEPD medium (1%
yeast extract, 2% peptone, 2% dextrose) or on synthetic minimal medium (0.17% Yeast

Nitrogen Base without amino acids without ammonium sulfate, 0.5% ammonium sulfate,
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2% dextrose), supplemented with an amino acid mixture lacking the amino acids or

purines as required for selection.

4.2.3. Sequence analysis

The Dga1l sequence from the S288C strain of S. cerevisiae was used as the
reference sequence in a BLAST search using the NCBI blastp suite. Sequences for Dga1,
Dga1-like proteins, and hypothetical proteins from the Saccharomyces genus with at least
85% sequence identity were kept in the analysis. The consensus sequence logo was
generated using WebLogo and sequence alignment was visualized with Jalview 2 (65,

66).

4.2.4. Confocal microscopy

Indicated strains were cultured in YEPD medium at 30°C overnight. Cells were
diluted into fresh YEPD medium supplemented with 100 pg/mL adenine at an ODggo of
0.2 and grown for the indicated timepoints (exponential phase = 6 hours, stationary phase
= 30 hours). Cultures for LD visualization were stained for 10 minutes in the dark using
monodansylpentane (MDH) at a concentration of 0.1 yM. All samples were washed in
PBS prior to imaging and immobilized on 2% agarose pads. Image stacks with a step size
of 0.5 ym were collected on a Yokagawa CSU-X1 microscope using the DAPI, GFP, and
RFP lasers and filters, a Hamamatsu EMCCD (C9100-13) camera, and Volocity software
(Perkin Elmer). FlJl/lmage was used to analyze images and adjust brightness and
contrast (67). Both Z-projections and single plane images are shown as noted in the figure

legends. ER localization was scored manually from at least 200 cells.

157



4.2.5. Statistical analysis

The data are presented as mean values and error bars reflect standard deviation.
All n values are indicated in the figure legend. Statistical significance was evaluated by
paired, two-tailed t-test. Statistical significance is noted in the text. P values < 0.05 are

considered significant.

4.3. Results

4.3.1. Dga1 localizes to the nER, cER, and LD during active growth

and stationary phase

Previous analyses of Dga1 localization have been performed using overexpressed
protein or an inactive carboxyl-terminally tagged protein. To determine if native levels of
the protein localize in the same pattern as the overexpressed protein, we generated a
strain containing an amino-terminally fluorescently tagged Dga1 under the control of the
native promoter. To retain native expression of the protein in the strains, the fluorescently
tagged protein is the only Dga1 present. We chose the bright, monomeric fluorescent
marker mNeonGreen as the protein is in low abundance (68).

Analysis of the localization of mNeonGreen-Dga1 reveals that both during
exponential phase and stationary phase, the protein is found encircling the LDs (Figure
4.6A). During active growth, the ratio of mNeonGreen-Dga1 on the LD to lipid stain is
much higher than when cells switch to stationary phase (Figure 4.6B). This may reflect a

higher amount of protein on the LD surface during active growth, or a higher amount of
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lipid accumulation during stationary phase. In both circumstances, the amount of protein

on the LD is high enough to detect readily.
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Figure 4.6 Dga1 localizes to the LD during active growth and stationary phase. A. Z-projections of
cells expressing mNeonGreen-Dga1 (green) and treated with LD stain MDH (magenta). Images are
artificially coloured for visibility by colourblind individuals. Scale bar is 10 um. EP = exponential phase, SP
= stationary phase. B. Individual planes from A. Graphs show fluorescence intensity from both

mNeonGreen-Dga1 and MDH along the indicated white line.
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The acyltransferase is also found in a subcellular localization pattern that
resembles the ER; analysis of a strain coexpressing mNeonGreen-Dga1 and an ER
marker confirms that, indeed, mNeonGreen-Dga1 is found within the nER and cER during
active growth (Figure 4.7). Importantly, the ER marker is not found encircling the LDs as
mNeonGreen-Dga1 does. This agrees with the current model of Dga1 LD localization,

where the protein is present on the LD monolayer and not on an ER structure circling the

LD (32).
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Figure 4.7 Dga1 localizes to the ER during active growth. A. Individual slices from cells expressing
mCherry-ss-HDEL as an ER marker (magenta) and mNeonGreen-Dga1 (green), treated with LD stain MDH
(blue). Scale bar is 10 um. B. Graph shows fluorescence intensity from both mNeonGreen-Dga1 and the

ER marker along the indicated white line.
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4.3.2. ER localization of Dga1 truncation mutants is altered during

active growth

As carboxyl-terminal truncations of Dga1 abolish acyltransferase activity and
reduce the Ole1-Dga1 interaction, we were next interested in the impact of carboxyl-
terminal truncations on Dga1 localization. The truncations dissected the different roles of
the carboxyl-terminal regions and are depicted in Figure 4.8. While mNeonGreen-Dga1
localizes to the lipid droplets and nER quite readily during active growth, a truncation of
the last 100 amino acids of the protein (mMNeonGreen-Dga11.31g) localizes in a punctate
fashion within the cER. The truncation, which no longer contains the putative LD binding
domain discovered in MmMDGAT2 (Dga1sz21-342) (55), is not found circling the LD at all
(Figure 4.9). A truncation of only the last twenty residues (mNeonGreen-Dga11.39s),
however, reveals that the protein is readily able to localize to the LD. mNeonGreen-Dga1.
398 also accumulates in a punctate pattern within the cER, though little to no protein is
found in the nER during active growth (Figure 4.9).

As the last eight residues were proposed to be an ER retention signal, we analyzed
the subcellular distribution of mNeonGreen-Dgalasse-410, Which retains the conserved
4DAELKIVG*'8, a putative ER retention signal (50, 69). This construct displayed a
similar localization pattern to mNeonGreen-Dga11.3gs, with a punctate cER distribution,
strong LD localization, and little nER signal. Interestingly, a deletion of the last ten
residues (mNeonGreen-Dga11.408), which completely removes the conserved
4DAELKIVG*'8, exhibits a distribution that more readily resembles the wildtype
mNeonGreen-Dga1. mNeonGreen-Dga11.40s is found localized to the nER, is distributed
widely throughout the cER, and is readily found on the surface of LDs (Figure 4.9). While
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this truncation lacks the highly conserved carboxyl-terminus of Dga1, rendering it inactive,
we previously showed it retains interaction with Ole1 to a lesser extent. In contrast, the
three truncations that exhibit little interaction with Ole1 also exhibit little nER localization

and a more punctate cER distribution.

1] A 418 Dgaf
1] 7 | 318 Dgalisg
1] VArA 398 Dgaly.zes
1| m -]DAELKIVG 388 Dgal,sse.410
1] s 408 Dgalis
1] V7 418 Dgalyr
1] V7 418 Dgalpex
1] A 418 Dgapex
1| A 418 Dgalkroek
1 cytosolic
™

Il Putative LD binding

Figure 4.8 Schematic of Dga1 truncation and mutant constructs used in this study. Dga1 contains the
putative DGAT2 LD binding domain and all charged residues that maintain the Ole1-Dga1 interaction.
Dga1i-31s lacks both the LD binding domain and the carboxyl-terminus, which is essential for catalytic
activity of the protein. Dga11.398 retains the potential LD binding domain, but lacks the carboxyl-terminal
residues essential for the Ole1-Dga1 interaction and DGAT activity. Dga1asse-410 contains the LD binding
region and the conserved '""DAELKIVG*'®, though it lacks interaction with Ole1 and acyltransferase activity.
Dga1i-40s retains some of the residues essential for interaction with Ole1, but does not retain activity.
Dga1lkr, Dgalrek, Dga1pek, and Dgailkroex are catalytically active mutants with the indicated mutations.
Dgalkr and Dgaloek interact with Ole1, albeit less strongly than Dga1rek or Dga1. Dgalkroexk does not

interact with Ole1.
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Dga1

Dgali31s

Dgaly_ 38

Dgal,ss9.410

Dgati.408

Figure 4.9 Carboxyl-terminal truncations of Dga1 exhibit a reduced ER localization during active
growth. Z-projections of cells expressing indicated mNeonGreen-Dga1 truncations (mMNG-Dga1, green)
and treated with LD stain MDH (LDs, magenta) after 6 hours of growth. White arrows indicate mNeonGreen-

Dga1 encircled LDs. White asterisks denote clear nER localization. Scale bar is 10 ym.
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4.3.3. Alanine mutant exhibits reduced ER distribution during log

phase of growth

While carboxyl-terminal truncations of Dga1 abolish activity of the protein and
could additionally affect protein folding, alanine mutants of the Dga1 carboxyl-terminus
retain acyltransferase activity and thus are attractive candidates to determine the role of
Ole1-Dga1 interaction on Dga1 localization. We analyzed the localization of these four
mutants during active growth in the same manner as the truncations (Figure 4.10).
mNeonGreen-Dgalkr, mNeonGreen-Dgalrex, and mNeonGreen-Dgalpex all exhibited
very similar patterns of localization to mNeonGreen-Dga1 and mNeonGreen-Dga11.40s
(Figure 4.9, Figure 4.10). The acyltransferase mutants are found widely throughout the
nER, with localization to the cER and LDs. The alanine mutant that no longer interacts
with Ole1, mNeonGreen-Dgalkrpek, exhibits a localization pattern resembling the
distribution of mNeonGreen-Dga1439s. The protein is rarely found continuously
throughout the nER but is readily found encircling LDs. The primary difference between
the mNeonGreen-Dgalkroexk mutant and the mNeonGreen-Dgali.39s truncation
localization is the cER distribution. While the truncation is concentrated in bright puncta
throughout the cER along the cell periphery, the mutant puncta are much less distinct.
The primary place of mNeonGreen-Dga1kroek subcellular distribution appears to be the

LD (Figure 4.10).
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Figure 4.10 Dga1kroek exhibits reduced ER localization during active growth. Z-projectios of cells
expressing indicated mNeonGreen-Dga1 variants (MNG-Dga1, green) and treated with LD stain MDH (LDs,
magenta) after 6 hours of growth. White arrows indicate mNeonGreen-Dga1 encircled LDs. White asterisks

denote clear nER localization. Scale bar is 10 ym.
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The subcellular distribution of the mNeonGreen-Dgali.3s, mNeonGreen-
Dgalassg-a10, mMNeonGreen-Dgali40s, and mNeonGreen-Dgalkroek Variants was
characterized and compared to the wildtype acyltransferase. Cells with clear continuous
nER localization as in Figure 4.11 displayed a strong mNeonGreen signal around the
nER, with no breaks in the fluorescence. Cells with breaks in the nER mNeonGreen
fluorescence were scored as containing patchy nER localization, while cells lacking any
clear mNeonGreen nER signal were counted as no nER.

The wildtype acyltransferase exhibited a strong nER signal, with 90.5% of the cells
found in a continuous nER localization pattern. Approximately 3.1% of cells exhibited a
patchy distribution, and only 6.4% of cells did not have any clear mMNeonGreen-Dga1 nER
localization. The mNeonGreen-Dga11.39s truncation was localized with a continuous nER
localization in the minority of cells, a significant difference from the wildtype distribution
(8.4%, p = 6.7E"°) (Figure 4.11). Cells expressing the truncation were primarily scored
(50.0%) as a patchy nER mNeonGreen distribution, with no nER localization 41.6% of the
time. The proportion of cells demonstrating both distribution patterns was significantly
different from that of the wildtype (p = 1.0E® and p = 1.1E%, respectively). mNeonGreen-
Dgaasse-410 retains the conserved 4'"DAELKIVG*'® and putative ER retention signal. This
truncation exhibited a significantly different distribution from the wildtype, with a
continuous nER localization pattern in 24.3% of cells, 50.1% of cells retaining a patchy
nER distribution, and 25.6% scored as no nER localization (p = 1.7E% p = 1.1E%, p =
0.001, respectively). The distribution of this acyltransferase was also significantly different
from the mNeonGreen-Dgal439s localization, with a higher proportion of cells

continuously found throughout the nER and a lower proportion exhibiting no nER
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localization (p = 1.9E% and p = 0.003, respectively). mNeonGreen-Dgali.40s, as
mentioned, demonstrated an nER pattern similar to the wildtype acyltransferase with the
majority (69.4%) of cells with a continuous nER distribution, 23.3% of cells scored as
patchy nER, and only 7.3% of cells exhibiting no nER localization (Figure 4.9, Figure
4.11). However, the proportions of cells showing a continuous nER and patchy nER
distribution were significantly different than the wildtype (p = 0.0002 and p = 3.7E%,
respectively).

mNeonGreen-Dgai1kroek, the only construct in this characterization that retained
acyltransferase activity (3.4.6), also exhibited a remarkably different localization pattern
to wildtype mNeonGreen-Dga1. The majority of cells were characterized as having none
or patchy nER localization, with 46.7% and 38.1% of the cells scoring as such. Only
15.2% of the cells contained a continuous mNeonGreen signal throughout the nER. This
distribution pattern was significantly different from the wildtype (p = 3.0E'", p = 2.9E%, p
= 0.0001, respectively) and closely resembled the distribution pattern of the inactive

truncation mNeonGreen-Dga14.3gs (Figure 4.9, Figure 4.10, Figure 4.11).
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Figure 4.11 Characterization of nER localization of Dga1 mutants during active growth. Cells were

scored per representative single plane images obtained after 6 hours of growth. Images show
mNeonGreen-Dga1 (green) and LD stain MDH (magenta). WT Dga1 n = 220, Dga11-3es n = 218, Dga1asse-
410 N = 252, Dgal1-408 N = 236, Dgalkroek N = 219.

The different Dga1 constructs demonstrate specific patterns of localization (Table
4.4). The charged to alanine mutants Dga1kr, Dga1rek, and Dgalpex as well as the ten

amino acid truncation (Dga11.408) retain a very similar localization pattern to the wildtype
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acyltransferase. The protein is readily found in the nER and circles the LD as the wildtype
does. However, the other truncations (Dga14.31s, Dgal1.39s, and Dgalasse-410) and the
alanine mutant Dgalkroek exhibit a significantly decreased nER localization pattern,
though all but the mutant lacking the putative LD targeting domain (Dga11.31g) are found
on the LD as the wildtype (Table 4.4). The localization pattern of the acyltransferase
variants is distinctly associated with the interaction strength of the variant with Ole1, and
not the acyltransferase catalytic activity of the protein. To investigate whether the Ole1-
Dga1 interaction strength also correlated with subcellular distribution after the cells had

stopped actively growing, we imaged these truncations during stationary phase as well.

Table 4.4 A comparison of Dga1 mutant characteristics and subcellular
localization during active growth.

Construct v:r?ttlf'gﬁat:a Cataacl:)’:it\l/(;a"y Ioca?ilil:tion IocaII;Eation
Dga1 R Yes Yes Yes
Dgali-31s * No No No
Dgal1-308 * No No Yes
Dgalassg-410 * No No Yes
Dga11-408 e No Yes Yes
Dgalkr i Yes Yes Yes
Dgalrek o Yes Yes Yes
Dgatpek i Yes Yes Yes
Dgalkroex * Yes No Yes

a* = 20% of the interaction strength between Ole1 and the full length Dga1
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4.3.4. Localization of Dga1 variants is greatly altered during stationary

phase

As Dga1 is the main TAG synthesizing acyltransferase in stationary phase, we were
interested in the effect of the truncations on Dga1 distribution after 30 hours of growth.
As mentioned, the full-length mNeonGreen-Dga1 is localized both to the ER and LDs
during stationary phase. A deletion of the carboxyl-terminus, including the potential LD
binding domain (mNeonGreen-Dga14-318), localizes primarily in one large distinct punctum
within the cell (Figure 4.12). The puncta are unassociated with LDs.

mNeonGreen-Dga11.398 is also found principally in distinct puncta that are
independent from the LD, with rare localization to the cER. LD association of
mNeonGreen-Dgal1.3es was not observed (Figure 4.12). mNeonGreen-Dga1asse-410,
similar to mNeonGreen-Dga11.39s, was found in one distinct punctum within the cell and
within the cER. The protein was not detected on LDs or within the nER (Figure 4.12).

In contrast, mNeonGreen-Dga11.408 was found readily throughout the nER and cER
(Figure 4.12). A subpopulation of cells exhibited a similar distribution of mNeonGreen to
the other truncations, with one distinct mNeonGreen punctum independent of the LD. The
primary subcellular distribution, however, was within the ER. mNeonGreen-Dga14.408 was

also found on the LD during stationary phase (Figure 4.12).
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Figure 4.12 Carboxyl-terminal truncations of Dga1 at stationary phase of cell growth. Z-projections

of cells expressing indicated mNeonGreen-Dga1 truncations (green) and treated with LD stain MDH
(magenta) after 30 hours of growth. White arrows indicate mNeonGreen-Dga1 encircled LDs. White

asterisks denote clear nER localization. Scale bar is 10 um.
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Alanine mutants of the acyltransferase primarily exhibited a subcellular
localization reminiscent of the full-length Dga1. mNeonGreen-Dga1kr, mNeonGreen-
Dga1rek, and mNeonGreen-Dga1pex were localized throughout the nER and cER readily.
All three acyltransferase variants were found on the LD in stationary phase (Figure 4.13).

The stationary phase distribution of mNeonGreen-Dgaikroek resembled the
localization of truncation mutants that lack interaction with Ole1 (Figure 4.12, Figure 4.13).
The protein was rarely found within the ER and many cells contained one large
mNeonGreen punctum. mNeonGreen-Dga1krpek was also not detected on the surface of

LDs during stationary phase (Figure 4.13).
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Figure 4.13 Dga1kroek exhibits little to no ER or LD localization during stationary phase. Z-
projections of cells expressing indicated mNeonGreen-Dga1 variants (green) and treated with LD stain
MDH (magenta) after 30 hours of growth. White arrows indicate mNeonGreen-Dga1 encircled LDs. White

asterisks denote clear nER localization. Scale bar is 10 pm.
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The Dga1 variants exhibit altered subcellular localization both in logarithmic
phase and in stationary phase. During the stationary growth phase, the variants that retain
an interaction with Ole1 (Dga11.408, Dga1kr, Dgalrex, Dgaloex) are found within the nER
and on the LDs (Table 4.5). The cells rarely, if ever, exhibit one distinct punctum. The
truncations and mutant that do not interact strongly with Ole1, however, are not widely
distributed in the ER. The mNeonGreen signal from these variants is mainly found
localized to one bright punctum per cell and is not associated with LDs (Table 4.5). The
alanine mutant retained acyltransferase activity while the truncations were catalytically
inactive, so catalytic capability does not correlate with localization pattern. The primary
characteristic that all non-nER localized Dga1 variants share is little to no interaction with
Ole1, so we were next interested in whether Ole1 and Dga1 display similar localization
patterns and whether the interaction with the ER-resident desaturase was the mechanism

retaining the acyltransferase in the nER.
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Table 4.5 A comparison of Dga1 mutant characteristics and subcellular
localization during the stationary phase of growth.

Interacts Catalytically Single
Construct with active n.E R. ITD . punctum
Ole1? localization localization in cells
Dga1 e Yes Yes Yes No
Dgali-31s * No No No Yes
Dgali-398 * No No No Yes
Dgalassg-410 * No No No Yes
Dga11-408 e No Yes Yes Rarely
Dgalkr e Yes Yes Yes No
Dgatrek B Yes Yes Yes No
Dgatpek e Yes Yes Yes No
Dgalkroex * Yes No No Yes

a* = 20% of the interaction strength between Ole1 and the full length Dga1

4.3.5. Dga1 localization pattern mirrors Ole1

We analyzed the localization patterns of Ole1-mCherry and mNeonGreen-Dga1
during active growth. Indeed, both Ole1-mCherry and mNeonGreen-Dga1 are found
strongly localized to the perinuclear ER and cortical ER. Dga1 was found circling LDs, as
observed previously, and Ole1 was excluded from LD localization as the ER marker in
Figure 4.7. We next investigated whether Ole1 was indeed tethering Dga1 to the ER with

a Aole1 mutant.
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Ole1-mCherry mNG-Dga1 LDs merged

Figure 4.14 Ole1 and Dga1 exhibit similar subcellular localization during active growth. Single plane
image of cells expressing Ole1-mCherry (magenta) and mNeonGreen-Dga1 (mNG-Dga1, green), treated
with LD stain MDH (LDs, blue) after 6 hours of growth.

4.3.6. Ole1 deletion does not affect Dga1 distribution

We determined the localization pattern of the full length mNeonGreen-Dga1 in a
wildtype strain that retained Ole1 and compared to mNeonGreen-Dga1 distribution in a
mutant strain lacking Ole1 (Aole1). Subcellular distribution of the protein was analyzed
both during active growth and stationary phase. As a deletion of Ole1 is lethal to cells, we
supplemented the media for both strains with 0.05% C18:1 and 0.5% Tween-80. In both
strains, mNeonGreen-Dga1 was found to localize readily to the nER, cER, and LDs.
During active growth, the protein localized similarly regardless of presence or absence of
Ole1. The same was seen during stationary phase. After 30 hours of growth in medium
supplemented with oleic acid, mNeonGreen-Dga1 was found in the nER, cER, and LDs
regardless of Ole1. In both strains, the mNeonGreen signal was much brighter than when

cells are cultured in the absence of oleic acid.
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Figure 4.15 Dga1 localization in an Aole1 mutant is not altered. A. Single plane images of cells
expressing mNeonGreen-Dga1 (mMNG-Dga1, green) and treated with LD stain MDH (LDs, magenta) with
(WT) and without (Aole?) endogenous Ole1. Images were obtained after 6 hours (6h) of growth in media
supplemented with oleic acid and Tween-80. B. Single plane images of cells expressing mNeonGreen-
Dga1 (green) and treated with LD stain MDH (magenta) with (WT) and without (Aole7) endogenous Ole1.
Images were obtained after 30 hours (30h) of growth in media supplemented with oleic acid and Tween-
80.
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4.4. Conclusions

This study has demonstrated that native Dga1 localizes to the nER, cER, and LD
readily during both active growth and stationary phase. Previous investigations of the
Dga1 subcellular distribution have used a GAL inducible promoter or overexpression
vectors and have found that the acyltransferase moves fully to the LD and is retained
there until growth resumes. This work has revealed that when Dga1 is present at native
levels, the acyltransferase will transfer from the ER to the LD but does not ever fully leave
the ER. As mentioned in 4.3.1, the ratio of protein to neutral lipid on the LD is much higher
during active growth than stationary phase. We propose that this is due to the
accumulation of lipid that is characteristic of S. cerevisiae in stationary phase, but true
biochemical analyses are needed to confirm whether the absolute amount of Dga1 on the
LD decreases as cells transition from active growth to stationary phase.

This work has revealed that the distribution of Dga1 variants correlates more so
with the Dga1-Ole1 interaction strength than catalytic capability of the acyltransferase.
The variants lacking an interaction with Ole1 (Dga1i31s, Dgalizgs, Dgalasss-s1o,
Dgailkroexk) do not distribute throughout the nER and cER as the wildtype protein.
Variants that retain a strong interaction with the desaturase (Dga11.408, Dga1kr, Dga1rek,
Dga1lpex) have a localization pattern that resembles that of both Dga1 and Ole1, with
widespread dissemination throughout the nER and cER. This data suggests that the
interaction between the acyltransferase and desaturase serves to retain Dga1 throughout
the ER. Analysis of whether this interaction impedes Dga1l movement to the ER will

determine whether the interaction promotes or inhibits LD expansion.
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The Stone lab has previously determined that a potential amphipathic helix at the
carboxyl-terminus of MMDGAT?2 is responsible for DGAT2 targeting to the LD monolayer
(55). We generated a Dga1 truncation (Dga11-318) that lacks this putative LD targeting
domain (Dga1s21-342) and demonstrated that it no longer localizes to and encircles LDs,
though it is still retained in the membrane (3.4.3). This suggests that these residues are
responsible, at least in part, for the direction of the acyltransferase to the LD monolayer.
It should be noted that this truncation lacks activity and contains a deletion of almost 25%
of the protein, and these factors could be impacting the acyltransferase folding and LD
localization as well. Further analysis of the nature of this region and whether it localizes
to the LD independent of Dga1 would allow us to conclusively determine whether Dga1321-
342 is an LD targeting domain.

The highly conserved carboxyl-terminus of Dga1 has been proposed to be an ER
retention signal (47). We analyzed the distribution of Dgalassg-410, which no longer
includes the residues responsible for interaction between Ole1 and Dga1 but contains the
conserved “""DAELKIVG*'® and determined that it does not retain the majority of the
protein in the nER. Accordingly, the Dga1pek mutant, which contains a carboxyl-terminal
AMAAALAIVG*8, is distributed throughout the nER and cER in a similar manner to the
full-length protein. A mutation of only the charged residues leaves room for the argument
that the highly conserved Leu*'* is the pivotal residue for ER maintenance (69). However,
a deletion of the last ten amino acids (Dga11-08) including the conserved Leu*'* does not
abolish localization of the acyltransferase to the nER and cER. ER localization of the
protein is not abolished until both regions of Dgal responsible for the Ole1-Dga1

interaction maintenance are mutated (Dgalkroex). Taken together, this suggests that
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while the carboxyl-terminus is essential for activity (48), it is not responsible for ER
retention. Dissection of the distribution of these mutants between the ER and Golgi would
serve to conclude whether this region is indeed responsible for ER retrieval from the
Golgi.

Cells expressing Dgal truncation mutants mNeonGreen-Dgali39s and
mNeonGreen-Dga1assg-410 contained bright and distinct puncta within the cER. This was
a phenomenon not observed readily with the other strains, including a strain expressing
mNeonGreen-Dgalkroex. These puncta do not appear to be associated with LDs, though
they could be associated with smaller, nascent LDs or lipid lenses that escape detection
by the neutral lipid stain. Indeed, Dga1 and Lro1 have been shown to concentrate in
puncta with seipin and other proteins essential for proper LD formation upon LD induction
(4). Both Dga14-308 and Dga1asse-410 do not interact strongly with Ole1 and are seen less
readily throughout the nER. It is possible the puncta observed are the truncations
colocalizing with sites of LD generation more readily than the full-length proteins due to
lack of tethering to the nER and desaturasome by the desaturase.

Analysis of Dga1 localization during stationary phase revealed a subcellular
distribution to the nER, cER, and LD for the wildtype acyltransferase and those mutants
that interact strongly with Ole1 (Dga11.40s, Dgalkr, Dgalrek, Dgaloex). The variants that
do not interact with Ole1 (Dgal1-31s, Dgali-308, Dgalasse-4a10, Dgalkroek) localized
primarily to one distinct punctum within cells. It is yet unknown what structure this punctum
represents, though it does greatly resemble the autophagosome during starvation (15).
Lipid synthesis and autophagic flux are intimately linked, as proper autophagy

progression is reliant on both LDs and an active desaturase (70-72). Indeed, LDs are a
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macroautophagy target in stationary phase (17, 73). The observed structure could be a
concentration of mNeonGreen in an autophagosome due to catabolism of LDs containing
the variants that localize to the LD readily over the ER during active growth (Dga11-3gs,
Dgalasse-410, Dgalkroek). However, the distinct puncta were also present in cells
expressing mNeonGreen-Dga11.31s, which does not localize to the LD and thus the
observed structure could not be strictly autophagosomes catabolizing LDs. While Dga1
is a target of the ERAD proteasomal degradation pathway distinct from autophagy,
ubiquitinated proteins can be targeted for autophagic degradation if aggregated (74).
Therefore, it is also possible that interaction with Ole1 prevents aggregation of the
acyltransferase variants, providing protection from autophagic degradation. Future work
to understand the nature of the structure observed in these stationary cells is needed
before conclusions can be drawn.

This ER distribution of Dga1 greatly resembles that of Ole1, the only desaturase
in S. cerevisiae and an ER-resident polytopic membrane protein that has been found to
interact strongly with the acyltransferase. Indeed, Dga1 mutants and truncations that do
not interact strongly with Ole1 are not detected to the same extent within the nER,
independent of whether the constructs retain acyltransferase activity or not. Though this
suggested that the Ole1-Dga1 interaction retains Dga1 within the ER, imaging of the
acyltransferase localization in the absence of Ole1 revealed that Dga1 does not require
the desaturase to localize throughout the ER (Figure 4.15). However, it should be noted
that the supplementation with oleic acid, a molecule classically used to induce LD
formation, seems to have increased the amount of mNeonGreen-Dga1 within both

strains. Thus, the requirement for supplementation of UFA in a Aole1 strain makes
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determination of true Dga1 localization difficult. Future work should aim to determine the
impact of Ole1 presence on Dga1 localization in a system that does not rely on UFA
addition for growth; strains with a temperature sensitive Ole1 mutant or degron-tagged
Ole1 would be good candidates for this determination.

Ultimately, this work implicates the diacylglycerol acyltransferase — desaturase
interaction in subcellular distribution of Dga1. While we have demonstrated that the Ole1-
Dga1 interaction promotes proper LD budding from the ER (Figure 4.1, arrow 1), this
study supports the contention that the desaturasome serves to retain the acyltransferase
in the ER, which may decrease Dga1 transfer to the LD monolayer and modulate LD
growth (Figure 4.1, arrow 2). Determination of whether the desaturase is indeed the
protein tethering Dgail to the ER or if another ER-resident protein within the
desaturasome is responsible will expand the understanding of the regulatory mechanisms

controlling Dga1 localization and LD growth.
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Chapter 5 — Conclusions

5.1. Reflections

This project began as a response to metabolic engineering work from the Stuart lab
demonstrating that the unsaturated fatty acyl-CoA generated by Ole1 is not readily
available to exogenous enzymes. Initially, | was interested in whether Ole1 interacts with
the Saccharomyces cerevisiae acyltransferases, channeling the newly unsaturated acyl-
CoA to endogenous lipid production and sequestering the acyl chains from use by the
exogenously expressed proteins. The scope of this study expanded greatly from there,
all with one overarching goal: a determination of the protein-protein interaction (PPI)

network in phospholipid and storage lipid synthesis in the yeast S. cerevisiae.

5.1.1. Identification of the lipid biosynthetic interactome

The lipidome is dynamic and will rapidly change in composition depending on the
physiological state of the cell. Organization of lipid biosynthetic enzymes into metabolons,
interaction networks with transient and dynamic composition, could indeed direct acyl
chains to precise fates according to metabolic requirements (1). This work has discovered
novel interactions between the S. cerevisiae desaturase and proteins catalyzing PA, PL,
and storage lipid synthesis. In PA synthesis, Ole1 interacts with the acyltransferases Gpt2
and Slc1, which may explain the preference for Gpt2 to incorporate unsaturated acyl
chains into LPA and the characteristic enrichment for an unsaturated acyl chain in the sn-
2 position of certain phospholipids (PLs) and triacylglycerol (TAG) (2, 3). Slc1 also

interacts with Gpt2 over Sct1, implying the Gpt2-generated LPA is preferentially
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accessible to the LPAAT. Channeling unsaturated acyl chains into PA synthesis would
create a building block for de novo PLs and TAG that generate a more disordered
membrane and neutral lipid lens.

The control of membrane fluidity relies on a regulation of unsaturated acyl chain
incorporation into PLs. Certain species of downstream phospholipid are preferentially di-
unsaturated; the majority of de novo PE and PC contain two unsaturated acyl chains (4).
In our map of the desaturase interactome, Ole1, Slc1, and Cds1 are proximal to Cho1,
the enzyme responsible for synthesis of the PE precursor PS, and Cho2, the initial
enzyme in PC synthesis from PE. This data taken together suggests the preferential
channeling of unsaturated acyl-CoA into PE and PC is a result of protein-protein
interactions between Ole1 and these phospholipid biosynthetic enzymes.

It has become clear that budding of the lipid droplet (LD) from the ER necessitates
not only unsaturated acyl chain incorporation into PL at the LD initiation site, but into TAG
as well (5, 6). Both TAG and the other neutral lipid in yeast, sterol ester (SE), are
synthesized specifically with unsaturated acyl donors — 60% of the TAG generated in
Saccharomyces cerevisiae are made of only palmitolyl and oleoyl moieties, and SE is
preferentially acylated by unsaturated acyl chains (3, 7). This work has revealed
interactions between Ole1, Slic1, Cds1, and all four final acyltransferases in neutral lipid
synthesis. A complex of Ole1, Gpt2, Slc1, and Dga1 could indeed produce a TAG profile
wherein the majority of the species contain only unsaturated acyl chains. The existence
of Cds1 within the same supercomplex as Ole1 and neutral lipid synthesizing enzymes
could provide a rapidly synthesized set of PLs imparting the requisite fluidity to permit LD

budding from the ER. Taken together, this PPl network analysis implies the existence of
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a lipid biosynthetic complex, wherein unsaturated acyl-CoA is channeled into PA that will
form the PL monolayer as well as TAG.

This analysis of the desaturasome has provided an attractive explanation for why
cells can respond rapidly in response to physiological concerns and direct flux of
unsaturated acyl-CoA preferentially toward PE, PC, and TAG. While control of membrane
fluidity is obviously essential for the membrane integrity of unicellular organisms unable
to regulate temperature, regulation of the fluidity of subcellular membranes is essential
for proper progression of cellular processes in higher eukaryotes. The incorporation of
unsaturated moieties in PL and TAG are necessary to permit budding of the LD from the
ER and promote lipid deposition, and desaturase activity is required for progression of
autophagy (5, 6, 8, 9). In contrast, the characteristic enrichment for saturated lipids in the
plasma membrane is crucial for cell growth, ion homeostasis, and immune system
functioning (10). Understanding the mechanisms controlling the proper partitioning of
unsaturated acyl chains thus lends an understanding to the mechanisms controlling lipid
accumulation, autophagy initiation, and immune function. This work initially intended to
have applications in metabolic engineering, but it has expanded to provide a foundation
of knowledge crucial to understanding the role of the lipid biosynthetic interactome in

disorders of lipid dysregulation and cancer.

5.1.2. Dissection of the desaturase — diacylglycerol acyltransferase

interaction

Incorporation of unsaturated acyl chains into TAG is critical to the regulation of lipid

accumulation, compelling a more in-depth analysis of the interaction between Ole1 and
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Dga1. Mutations of charged residues in the carboxyl-terminus of Dga1 (Dgalkroek)
reduced the Ole1-Dgal interaction without removing catalytic capability of the
acyltransferase. Though the Dga1kroek mutant can incorporate exogenous unsaturated
FA into TAG, the LDs it produces are smaller in size, indicating a struggle to initiate LD
budding from the ER. The mutant also generated significantly fewer LDs per cell during
active growth than the wildtype enzyme, though cells examined in stationary phase of
growth revealed an increased accumulation of LDs. This implicates the Ole1-Dga1
interaction in coordination of Dga1 at LD initiation sites and promotion of LD emergence
from the ER.

To this point in the investigation, the evidence pointed to the Ole1-Dga1 interaction
promoting TAG synthesis and LD emergence. However, the transfer of the TAG synthase
to the LD surface, an essential step to LD growth and TAG deposition (11-13), could
potentially be inhibited by the interaction of Dga1 with the ER resident Ole1. We observed
that Dga1 and Ole1 localize in similar subcellular patterns during active growth, with a
widespread nuclear ER and cortical ER distribution for both proteins. Dga1 circles LDs,
while Ole1 does not, which indicates the detected interaction is primarily seen within the
ER. Distribution of the non-interacting Dga1kroex mutant within the ER was significantly
decreased, though LD localization was still observed. When we attempted to confirm the
role of Ole1 in the ER retention of Dga1, the results were inconclusive. This work suggests
that the Ole1-Dga1 interaction does indeed play a role in determining subcellular
distribution of the acyltransferase, though Ole1’s role as the ER tether has yet to be

confirmed.
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A better appreciation of this interaction provides a strong foundation to the
understanding of lipid deposition disorders in humans, with a better understanding of
nonalcoholic fatty liver disease (NAFLD) in particular. NAFLD is a significant cause of
chronic liver disease worldwide and is initiated by an increased deposition of TAG within
hepatocytes (14, 15). Desaturase activity is positively associated with TAG synthesis in
the liver, and both SCD1 and DGAT2 inhibitors have shown promise in clinical trials for
NAFLD (6, 15, 16). It is clear both the desaturase and the diacylglycerol acyltransferase
play a role in NAFLD progression. This study has presented evidence that an interaction
between stearoyl-CoA desaturase and diacylglycerol acyltransferase shuttles
unsaturated acyl-CoA to TAG production, promoting LD biogenesis from the ER. After LD
budding, this interaction may maintain Dga1 within the ER and prevent aberrant TAG
accumulation in an inhibitory fashion. It is therefore possible that the desaturasome
serves as an important regulatory step in the maintenance of lipid homeostasis, instead
of purely promoting TAG deposition in LDs. This work has revealed the desaturase-
diacylglycerol acyltransferase interaction as a modulator of fat deposition in lipid droplets

and provided a foundational understanding to its role in NAFLD progression.

5.2. Recommendations

These studies have made great strides in identifying the desaturasome and
determining its composition. It has opened future avenues for investigation that have been
discussed throughout this work that are worth reiterating here.

Metabolons can control flux through certain pathways through substrate channeling

via protein-protein interactions (17). Though we have shown that proteins within
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phospholipid and neutral lipid synthesis interact, we have not to this date determined that
these PPIs are channeling substrate. Future work will need to explore the biochemical
nature of these interactions, and whether they shuttle pathway intermediates to certain
fates. To analyze the Ole1-Slc1 interaction, we have created a strain lacking all neutral
lipid acyltransferases and the minor LPAAT Ale1 (AdgalAlro1Aare1Aare2Aale?).
Isolation of microsomes from this strain would contain Ole1 and Slc1 and could be used
to probe whether the Ole1-Sic1 interaction channels unsaturated acyl-CoA with in vitro
competition assays and an analysis of PA produced. Classifying whether the complex we
have identified is indeed a metabolon will lend insight to the role of this complex in
phospholipid and neutral lipid flux determination.

Ole1, Slc1, and Cds1 all interact with Cho1, but the cellular PS is enriched for
saturated acyl moieties, particularly the PS species located at the plasma membrane (18).
The MYTH technique, while a powerful tool to determine transient interactions between
membrane proteins, cannot resolve whether proteins are interacting in particular
subcellular compartments. Mapping the partitioning of these interactions via either the
bimolecular fluorescence complementation or fluorescence resonance energy transfer
techniques will determine whether these proteins are found in complex with each other at
specific locations within the cell (19, 20). For instance, Cho1 is located within the ER but
concentrates in the mitochondrial associated ER membrane (MAM) (21). As di-
unsaturated PS is preferentially converted to di-unsaturated PE by mitochondrially
located Psd1, it is possible a complex including Ole1, Gpt2, Sic1, Cds1, and Cho1 is
concentrated within the MAM and channels di-unsaturated PA to CDP-DAG and PS (22).

Cho1 activity is also concentrated within the plasma membrane associated ER (PAM),
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but the PS species comprising the plasma membrane contains a larger proportion of
saturated acyl chains than those found in the ER (18, 23). This may indicate that Ole1
and Cho1 interact less readily within the PAM, leading to the production of a more
saturated PS profile. Determining the composition of the desaturasome at various
organelle contact sites could reveal the mechanism controlling subcellular lipid
distribution as well.

It is additionally important to note that the methods used in this work have the ability
to detect interactions in a binary fashion. While it is true that Ole1, Slc1, and Cds1 all
interact with proteins in lipid biosynthesis like Gpt2 or Cho1, it cannot be discerned
whether all of these enzymes exist within the same supercomplex. A set of co-
immunoprecipitations with multiple proteins tagged endogenously with separate epitope
tags would be able to determine whether a complex of Ole1, Gpt2, Slc1, Cds1, and Cho1
indeed exists, or whether these proteins interact independently of one another.
Elucidating whether these proteins exist in ternary complexes would lend strength to the
argument that the desaturasome is a metabolon, directing unsaturated acyl chains to
specific fates.

We have demonstrated that the Ole1-Dga1 interaction plays a role in cellular
distribution of the acyltransferase and that a loss of the interaction impedes proper LD
initiation. It is yet unclear whether the loss of interaction additionally alters TAG
composition; it is probable that the determination may be difficult from FAME preparation
of the TAG obtained from bulk cells, as TAG contains three acyl chains and would require
a dramatic difference in acyl chain incorporation at the sn-3 position to reveal the

interaction significance on TAG composition. A competition assay using microsomes from
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Adga1Alro1Aare1Aare2 cells expressing either Dga1 or Dgalkroek may better elucidate
whether the Ole1-Dga1 interaction does indeed control the incorporation of unsaturated
acyl chains into TAG by Dga1. Understanding the biochemical nature of this interaction
will solve the question that has been asked since the SCD1-DGAT2 interaction discovery
in 2006: is this desaturase-acyltransferase interaction truly generating a more
unsaturated TAG profile?

One last direction to be explored that has come from this work is the idea of Ole1
as a Dga1 ER tether. Our analysis of mNeonGreen-Dga1 localization in a strain lacking
Ole1 showed a large increase in mNeonGreen signal in both the wildtype and Aole1
strains due to the requirement for UFA supplementation in the absence of an active
desaturase in Saccharomyces. Future investigations should consider titration of UFA to
determine a concentration that will support growth without altering Dga1 levels. An
alternative would utilize a degron-tagged Ole1 in a strain expressing mNeonGreen-Dga1
and visualize the localization of Dga1 in the ER compared to the LD over time (24). If
Ole1 does indeed serve to tether Dga1 to the ER, this interaction may play a major role
in lipid homeostasis and TAG synthase inhibition within the cell.

Ultimately, this project has revealed crucial evidence for the argument of a lipid
synthesizing metabolon in Saccharomyces cerevisiae. We have contributed
fundamentally to the determination of a protein interactome that may channel unsaturated
acyl-CoA to specific fates within the cell. This work has the potential to not only serve as
a foundation to better understand metabolic engineering of lipid products in
Saccharomyces cerevisiae, but to frame the understanding of lipid dysregulatory

disorders as a function of protein-protein interactions.
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Appendix — Lab procedures

Using the Emulsiflex to lyse yeast

This protocol can be used to obtain cell lysate from yeast. Lysis buffer can be adjusted
depending on downstream applications for cell lysate. This is an effective method to isolate

large amounts of cell lysate for a membrane isolation.

***Must be trained on Emulsiflex prior to use by Dr. LaPointe***
After training, ask for access to Emulsiflex calendar. Sign up on the google calendar prior to
usage.

Culture preparation:
Grow cells to an ODeoo under 2. Any higher, and cells may become difficult to lyse.

If more cells needed, grow up 2L.

After centrifugation to collect, wash cells once in H2O.

W~

Resuspend in at least 50mL lysis buffer.

Emulsiflex lysis:

Chiller on.

Machine on.

Nitrogen on — not the regulator, use the handle on the tank.
H20 in to flush.

Pressurize in lysis buffer to 5,000 psi.

Pressurize in sample to 20,000 psi.

N o o b~ w0 Dd =

8 passes to lyse cells (can check cultures at this point under light microscope to confirm
efficient lysis).

8. Flush with H2O to clean.

9. Clean the canister, O-ring, beveled top — take off the machine and wipe.

10. Flush again with H2O.

11. Wipe the tube.
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12. Force H20 through.

13. Flush with 70% EtOH.

14. Force 70% EtOH through.

15. Run 70% EtOH into the system, place the cap back on.
16. Make sure nitrogen, machine, and chiller are all off.

17. Sign off on the log.

Lysis buffer, pH 7.2
100mM NaCl
50mM Tris-HCI
1mM EDTA
1mM EGTA
1mM PMSF
Leupeptin
Pepstatin
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Crosslinking antibody to beads

This protocol can be used to prepare beads reversibly crosslinked to antibody for a
coimmunoprecipitation. The method was designed to prevent antibody carryover into sample
destined for analysis by LC-MS/MS.

1. Wash 200uL protein G beads 3x in PBS. Centrifuge no quicker than 500g when working
with beads.

Separate beads to 100uL no antibody (noAb), 100uL with antibody (+Ab).

Store 100uL noAb at 4°C until final wash step.

Mix anti-Myc antibody with +Ab beads in PBS (1uL antibody per 30uL beads).

Incubate 1 hour at room temperature, with agitation.

Wash 2x with 10 volumes 100mM sodium borate.

Crosslink in 20mM DMP, 30 minutes at room temperature.

© N o o bk DD

Wash 2x with 1mL 200mM ethanolamine, incubate 1 hour at room temperature with
agitation.
9. Wash both noAb and +Ab 3x with buffer cells were lysed in, resuspend each in 100uL,

store at 4°C for up to one week.

PBS
1L H.O
NaCl, 8g
KCl, 0.2g
Na;HPO., 1.44g
KH2PO4, 0.24¢g

Dimethyl pimelimidate (DMP), 20mM
1mL 100mM sodium borate, pH 9
0.0052g DMP

Sodium borate, 100mM, pH 9

100mL H.0
3.8137g sodium borate
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Membrane Isolation

This protocol can be used to isolate solubilized membrane proteins from yeast lysate. Cells can

be lysed using preferred method, but the method will dictate volume of lysate and thus

rotor/ultracentrifuge used. Type/amount of detergent can be optimized. This method was

designed to isolate and concentrate membrane proteins for a coimmunoprecipitation to

determine strong interactors with the protein of interest.

*PMSF is unstable in aqueous solution. Re-add to solution every 30 minutes until membranes

are pelleted.

Prepare lysate as desired (bead beating, Emulsiflex, or frozen pellet grinding). Be sure
to include a non-tagged strain as control if needed.

Centrifuge at 3,000g for 20 minutes, 4°C to clear lysate. Add 50uL of cell lysate to 50uL
2x SB.

Balance samples using a scale — it's essential to balance properly before
ultracentrifugation.

Centrifuge at ~106,000g for 1 hour, 4°C to pellet membranes (Ti45, 30k rpm or TLA110,
45k rpm). Aim for at least 40mL of sample to reduce risk of tube collapse with the Ti45

rotor.

5. Add 50uL of 106k g supernatant to 50uL 2x SB.

Wash pellet with lysis buffer. Move pellet to pre-chilled douncer with 5mL lysis buffer +
0.5% Triton-X 100. Dounce 5-10 times on ice, until pellet is resuspended. Incubate
resuspended membranes for 45 minutes on ice with agitation. Add 50uL of 100k g pellet
to 50uL 2x SB.

Centrifuge at 106,000g for 1 hour, 4°C to remove aggregates. Keep supernatant — this

contains your membrane proteins. The pellet is aggregated protein.

Measure protein concentration via DC protein assay:

1.

Prep reagent A’
a. 30uL reagent S
b. 1.5mL reagent A

2. Assay:
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a. 100uL A’
b. 800uL B
c. 20uL sample diluted 1:10 (or standard)
3. Standards (from 5mg/mL BSA):
a. 1.5mg/mL (30uL BSA in 70uL H20)
b. 1mg/mL (20uL BSA in 80uL H20)
c. 0.75mg/mL (10uL 1.5mg/mL BSA in 10uL H20)
d. 0.5mg/mL (20uL 1mg/mL BSA in 20uL H.O)
e. 0.25mg/mL (10uL 0.5mg/mL BSA in 10uL H20)
4. Add reagents in order: sample or standard, 100uL A’, vortex, 800uL B, vortex.
Incubate for 15 minutes at room temperature.
Read within 1 hour at 750nm.

Lysis buffer, pH 7.2
100mM NaCl
50mM Tris-HCI
1mM EDTA
1mM EGTA
1mM PMSF
Leupeptin
Pepstatin
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Microsome Isolation

This protocol can be used to obtain microsomes from yeast while preserving protein-protein

interactions. Spheroplasting is used to remove the cell wall, before a relatively gentle lysis using

a douncer. Potassium phosphate buffer can be replaced as needed, depending on downstream

applications for microsomes. This method is designed to isolate microsomes for a substrate

channeling assay.

A T

10.
11.
12.
13.

14.

15.

Collect cells by centrifugation. Aim for an OD600 under 1-2, as spheroplasting is easier
when the cells are still dividing.

Wash with water.

Wash with 20mL 1M sorbitol.

Collect cells and resuspend in 20mL lyticase buffer. Add DTT to 30mM.

Incubate at 30°C for 15 minutes.

Collect cells, resuspend in lyticase (200uL of 10mg/mL per 5mL buffer) and lyticase
buffer. Add DTT fresh to 2mM.

Incubate for 10 minutes at 37°C with very gentle agitation. Check spheroplast efficiency
under a light microscope by adding water to the slide. If the cells burst, they are
spheroplasts. Repeat until 80% or so of the cells burst when checked.

Centrifuge to collect cells. Resuspend in lyticase buffer and protease inhibitors.

Lyse by 10 passes in a pre-chilled douncer on ice. Rest 2-3 minutes, and repeat 10
passes.

Add 1 volume TBS.

Centrifuge at 3000g for 5 minutes at 4°C to clear lysate.

Centrifuge supernatant for 15 minutes at 20,0009 to pellet mitochondria.
Ultracentrifuge at ~106k g for 1 hour at 4°C to pellet membranes (Ti45, 30k rpm or
TLA110, 45k rpm). Aim for at least 40mL of sample to reduce risk of tube collapse with
the Ti45 rotor.

Discard supernatant and wash the pelleted membranes in 0.1M potassium phosphate
buffer, pH 7.2.

Resuspend the pellet in ~2-5mL 0.1M potassium phosphate buffer, pH 7.2. Use 10

passes in a pre-chilled douncer on ice. These are your microsomes.
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Measure protein concentration via DC protein assay:

1. Prepreagent A’
a. 30uL reagent S
b. 1.5mL reagent A
2. Assay:
a. 100uL A’
b. 800uL B
c. 20uL sample diluted 1:10 (or standard)
3. Standards (from 5mg/mL BSA):
a. 1.5mg/mL (30uL BSA in 70uL H20)
b. 1mg/mL (20uL BSA in 80uL H20)
c. 0.75mg/mL (10uL 1.5mg/mL BSA in 10uL H20)
d. 0.5mg/mL (20uL 1mg/mL BSA in 20uL H.O)
e. 0.25mg/mL (10uL 0.5mg/mL BSA in 10uL H20)
4. Add reagents in order: sample or standard, 100uL A’, vortex, 800uL B, vortex.
Incubate for 15 minutes at room temperature.
Read within 1 hour at 750nm.

Lyticase buffer (200mL) pH 6
Sorbitol, 1M (100mL 2M)
Trisodium citrate, 100mM (5.1612g)
EDTA, 10mM (4mL 500mM)

Potassium phosphate buffer (0.1M, pH 7.2, 1L)

KoHPO4 (71.7mL 1M or 12.48g)
KH2PO4 (28.3mL 1M or 3.85g)
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ColP from membrane isolation

This protocol can be used to determine interactors with the membrane protein of interest.
Investigations for interactors with soluble proteins can be performed using this method, but

PMSF will need to be added to solution every 30 minutes to prevent proteolysis.

* Try to use same day as membrane preparation, if possible. This will allow you to capture
weaker interactions.

* Volumes can be scaled up as needed, just be sure to prepare the correct amount of beads
and lysate.

Add 5-10mg of protein to each incubation, to a final volume of 1mL.

Aliquot 50uL of beads to each sample.

Incubate at 4°C with agitation for 2 hours.

Centrifuge at 500g for 5 minutes at 4°C.

Wash with 1mL wash buffer 2x.

Resuspend in wash buffer, move to new tubes.

Wash again, remove all wash buffer.

Add 50uL 2x SB, 50uL lysis buffer, vortex 15s.

9. Heat to 65°C for 10 minutes.

10. Vortex 30s and centrifuge 10 minutes at full speed to collect beads.

11. Remove 80uL to new tube. This can be stored at -20°C overnight. Add 8uL DTT fresh.
12. Prepare a 10% SDS gel from filtered buffers. Run into resolving gel 1cm (about 20
minutes at 160V) in buffer that’s been filtered.

13. Stain overnight using colloidal Coomassie in covered Tupperware, agitating at room

© N o o bk 0D~

temperature, destaining in the morning in ddH.O.

14. Cut out lanes and deliver to proteomics facility in microfuge tubes.

Wash Buffer
Lysis Buffer
0.5% Triton X-100
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Colloidal Coomassie
ddH20 to 1L
Ammonium sulfate, 100g
Coomassie blue G-250, 1.2g
Orthophosphoric acid to 10% (118mL of 85%)
MeOH, 200mL

* don't filter sterilize
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Beta-galactosidase assay

This protocol can be used to determine LacZ reporter gene activity in yeast cells. The method
was developed to relatively quantify interactions between membrane proteins in the membrane
yeast-two hybrid assay, though it could also have applications in a typical yeast two-hybrid

assay.

1. Take ODG600 of all cultures and record. If ODggo > 0.8, dilute 100uL of culture in 900uL
media and re-take ODeoo. Multiply new OD by 10 and record.
2. Move 1mL of cells to new, labeled tubes, and centrifuge at full speed 3min to collect. If
ODesoo > 3, take 500uL of cells.
3. Pour off media and use p200 to remove as much as you can, being careful to not disturb
the cell pellet. Resuspend in 500uL Z-buffer.
4. Add 50uL 0.1% SDS and 50uL chloroform. Vortex 15s to lyse cells.
5. Add 100uL ONPG. Move quickly here, as the reaction starts as soon as you add the
substrate.
6. Let colour develop, 2-5 minutes, in water bath set to 37°C. Remove from water bath, add
500uL sodium carbonate (Na-COs) to quench.
7. Centrifuge reactions 5 minutes at full speed. Take upper 900uL to cuvette and record
ODu420. If OD420> 1, dilute 1:10 as you did the cultures, and re-take ODa4xzo.
8. Data analysis:
a. Use this formula to determine beta-gal units: ((1000)x(OD420))/((Length of time
incubated at 37C in minutes)x(Volume of cells in mL)x(OD600))
b. Take average and standard deviation of your replicates. Drop out any outliers.
c. Assess statistical significance of differences between samples using a two-tailed
t-test, assuming equal variance.
d. Normalize averages and standard deviation to the positive control (Alg5-Nubl).
e. Plot normalized averages on a bar graph, including error bars. This will give you

relative beta-gal activity in an easy-to-visualize form:
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Relative Beta-Gal Activity

Z-buffer
1L ddH.0
60mM NazHPO,, 16.1g
40mM NaH2PO4, 5.5¢
10mM KClI, 0.750g
1mM MgSOQy4, 0.2469
pH 7

ONPG (4mg/mL)
10mL 0.1M potassium phosphate buffer pH 7
0.04g ONPG

NaxCOs3

50mL ddH-0
5.3g Na2COs
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Fatty acid toxicity assay

This protocol is used to prepare plates for fatty acid toxicity assay plating. It is an effective

method, used in conjunction with H1246 cells, to determine if acyltransferase mutants are still

active.

1. Prepare 0.005% fatty acid plates.

e.

-ura media
Add Tween 80 to 0.1%. Stir until no longer cloudy.
Prepare FFA in ethyl acetate to 1% (w/v).
i. 11.2uL FFA per 1mL ethyl acetate
Add to -ura + Tween 80 plates to a concentration of 0.005%.
i. Dilute 1:200 — for every 100mL media, add 0.5mL 1% FFA

Add a corresponding amount of ethyl acetate to control plates

2. Allow to solidify, store at 4°C. | find these plates perform better after a night or two in the

fridge.
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Analysis of acyl chains incorporated into TAG

This procedure was designed to isolate the TAG generated by different Dga1 mutants by TLC,
extract the TAG from a TLC plate, and generate FAME for eventual GC analysis.

Lipid extraction

1. Inoculate media with H1246 strain containing Dga1 mutants of interest to grow
overnight.

2. Measure ODgoo the next morning, dilute to ODego 0.1-0.2, and grow 6 hours to
exponential phase in YEPD.

3. Collect 1-2 ODeoo equivalent of cells and wash in PBS. Freeze at -80°C overnight or
snap freeze in liquid nitrogen prior to extraction.

4. Add 200uL acid-washed beads.

5. Add 500uL chloroform:methanol (2:1) to sample. Bead beat (8x 90 seconds on, 30
seconds off).

6. Centrifuge 10,0009 for 5 minutes.

7. Transfer supernatant to new tubes, being sure to leave the cell debris.

8. Evaporate supernatant in speedvac.

9. Repeat from step 5, adding supernatant to same tube, 5 times total.

10. Evaporate samples overnight or until supernatant is fully evaporated, leaving a yellow

tinted film.

11. Dissolve lipid extracts in 50uL chloroform.

TLC for neutral lipid separation

1. Add mobile phase (hexane:diethyl ether:acetic acid [70:30:1]) to TLC chamber and
equilibrate for at least 30 minutes.
Prepare TLC plate by activating in an oven if necessary.
Draw sample line in pencil and label sample lanes. Be sure to be gentle as to not disturb
the mobile phase.

4. Spot 5-20uL of sample on plate alongside 1-5ug of tristearin control. Allow to evaporate
fully before adding more sample or developing.

5. Develop plate to within 1 centimeter of top. Allow to dry for 30 minutes to an hour.

239



6. Stain plate with 0.03% Coomassie R-250 solution in 20% methanol for 15 minutes,
destain for 10 minutes. Allow to dry for 30 minutes to an hour.

7. Image plate.

TAG extraction from TLC plate

1. Scrape TAG bands into individual tubes containing 45uL water.
2. Add 160uL chloroform and vortex for 2 minutes.
3. Add 320uL methanol and vortex for 20 minutes. Add 320uL water, centrifuge 2,000g for

2 minutes, and take lower organic phase (about 160ulL) as that contains the TAG.

FAME analysis

1. Take TAG in organic phase, add to 3mL methanolic HCI in glass tubes, and incubate at
50°C overnight.

2. Add 1mL hexane and 1mL water. Vortex and centrifuge at 2,000 rpm for 5 minutes to
allow for phase separation.

3. Take upper organic phase and dry down in speedvac. Resuspend in 200uL hexane and

deliver to lipidomics facility using vial inserts.
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Coimmunoprecipitation

This procedure was designed to analyse the interaction of Ole1 and Dga1 in a more direct

format. As we expect the interaction is fairly transient, a reversable crosslinker is employed to

capture the interaction in the affinity purification. This colP is designed to detect interactions via

a western blot.

Inoculate media with strains containing Ole1-myc and HA-Dga1 to grow overnight.
Measure ODsoo the next morning, dilute to ODeoo 0.1-0.2, and grow 6 hours to
exponential phase in YEPD.

Collect all cells and wash in PBS two times. Incubate with 2mM DSP in PBS 15 minutes
at room temperature with gentle agitation.

Quench by addition of 25mM Tris and incubate for 15 minutes at room temperature with
gentle agitation.

Collect all cells and wash in TBS two times. Resuspend in 300uL lysis buffer, add acid-

washed beads, and lyse using bead beater (4x1 minute on, 30 seconds off at 4°C).

6. Add 500uL lysis buffer, mix by pipetting, and remove to new tube.

Clear lysate by 4 min centrifugation at 5000g at 4 degrees. Move lysate to new tube and

measure protein concentration.

8. Add 200-500ug of protein to each tube.

10.

11.

12.

Prepare beads by collecting at 500g for 1 min and washing with 1mL PBS 5x. Incubate
with 5uL ascites fluid in 1mL lysis buffer at room temperature for 1-2 hours. Wash with
lysis buffer. Resuspend in lysis buffer and add 100uL beads to each sample. Incubate 2
hours at 4°C with gentle agitation.

Collect samples with a 2 minute centrifugation at 500g in 4°C. Remove supernatant and
wash with lysis buffer x2. Repeat wash and remove samples to new tubes. Work quickly
and collect supernatant sample for western blot analysis. Do not allow beads to dry out
or remaining proteins may stick to beads, leading to nonspecific interaction detection.
Remove all lysis buffer. It is ok for beads to dry out at this point. Resuspend in 1:1 2x
SDS sample buffer and lysis buffer with DTT added fresh. Vortex 15 seconds and
incubate at 37°C for 30 minutes to elute proteins and reverse crosslink.

Resolve samples via 10-12% SDS PAGE. Transfer samples to PVDF membrane at
200mA for 90 minutes. Block membranes overnight in 10% skim milk powder in TBST at

4°C with gentle agitation.
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13. Proceed with western blot using the appropriate antibodies conjugated to HRP directly.
As the antibody used in the affinity purification is not crosslinked to the beads, it will be
detected if a two step western blot procedure is used. Be aware that the conjugated
HRP antibody will require a 1:1000 dilution for proper detection.

14. To prevent protein loss by membrane stripping to remove antibody, inactivate HRP with
10% acetic acid in a 37°C water bath for 30 minutes. Flush thoroughly with ddH-O and
block overnight. Probe with the appropriate antibody for a loading control and proceed

with western blot as usual.
Lysis buffer

PBS

Leupeptin
Pepstatin

PMSF

0.5% Triton-X 100

Dithiobis(succinimidyl proprionate) (DSP) 100mM
400mg DSP
1mL DMSO

Western blot visualisation by ECL

Solution |
2mL 1M Tris-HCI pH 8.5
200uL 250mM luminol
88uL 90mM p-coumaric acid

water to 20mL

Solution I
2mL 1M Tris-HCI pH 8.5
13uL hydrogen peroxide

water to 20mL
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