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ABSTRACT

Diacylglycerol acyltransferase (DGAT) catalyzes the final step in theGaA
depenént biosynthesis of triacylglycerol (TAG). €Hevel of DGAT activity mayave a
substantial effect on the flow of carbmrio TAG in many organismsin plants, yeast, and
animals two families of membrankound DGATshave been identifiedlin plants,modification
of the DGAT-catalyzed stepould lead to improweoil seed varieties witkitherincreasd
nutritional @ industial value. Increased production of oil through manipulation of DGAT
activity would be generally beneficial in both plants and yekshumansalteration o DGAT
activity through pharmacological interventicould lead tdreatmentgor obesity, type2

diabetes, and improved cardiovascular health.

Four typel DGATgeneshave been identified ithe Brassica napugenomewhich
appear to belong to two clades with representateach clade in the A and C genoni
napusis of major agricultural and economic importance in Canada. Ddspiiaghighly
similaramino acidsequencg theDGAT1s encoded by these gemksplayed significantly
different abilities tacatalyze thesynthesiof TAG whenrecombinantly produced i stran
(H1246) ofSaccharomyces cerevisidevoidof TAG synthesis Various modifications to the N
terminal regions and/or the encoding DNA sequences of the four isoforms were shown to have a
profound impact on the accumulation of recombinant enzyme polypeptitiis yeast strain. In

turn, this information was used as basis for engineering increased oil accumulation in yeast.



Increasing the accumulation of DGAT in yeast cells also facilitated the development of a
novelgas chromatography/mass spectrometgedn vitro DGAT assay. This assay
circumvents the need for radiolabdsubstratesommonlyused in DGAT assayand is

particularly useful in quickly evaluating substrate selectivity properties.

Phylogenetic analysis of the foBr napudDGAT1coding sequencesvealedhatthese
genes may have diverged into two sepacltdesrelatively early in Brassicaceae history.
Although all four DGAT1s could effectively use a range of molecular species e€Ca&\8 and
sn-1,2-diacylglycerolsclade IDGAT1s displayed inceesed preference for substrates
containinglinoleic acid(18:2D°*!%)  |n the case of acyC o A slinolBhoyl (18:P iS1xis1%is)
was the most effective acyl donor for all four DGAT Ihese differences in substrate
specificity occurred despitberelatively high level of amino acid sequence identity between the
two clades of DGAT. These results suggest that the two cladds opudDGAT1 enzymes

have slightly different functional roles in oil formation duringdelevelopment.



PREFACE

Some of the research presented in this thesis was produced through cadiabotiat
other graduate students and pagttoral researchers.| was howeverresponsible fothe
majority of the work includingxperimental design, data collection, statistical analysis and
manuscript preparam. My supervisor, Dr. Randall J. Weselake, provided guidance in

experimental design and was involved in editing of the resulting manuscripts and thesis sections.

Chapte three was published #pplied Microbiology and Biotechnologéreer et al.,
2015; 99: 2242253).Initial identification ofBrassica napu®GAT Lexpressed sequence tag
sequences arfsbuthern blot analysis &veperformed by Dr. Martin Turksa anghiu-Cheung
Lung. Dr. Wei Deng erformed fulklengthgene sequencing. Dr. Guanqun Chen provided

support in experimental designddevelopment of the manuscript.

Chapter four was published linpids (Greer et al., 2014; 49: 83838). Dr. Ting Zhou

helpedwork out some of the conditions for the method described in this manuscript.

Xue Pan assisted in tiplylogenetic analysis @&. napusDGAT1 amino acid sequences

presented in chaptéve.



DEDICATION

This work is dedicated to my parentichael and Dianna Greer, for their love and support
throughout the many years of my formal education, anthk many lessons they haveghu

me outside of the classroom.

601 have wegustfolindlDd,00@mdyst Hadt wondét wor ko
T ThomasEdison



ACKNOWLEDGEMENT S

| thank the following individuals, institutions and funding programs:

Dr. Randall J. Weselake for his guidance, patience, and support during the course of my
doctoral studies

Drs. Michael Gaenzle and Nat Kav for their valuable advice and suggestions in their
capacity as my doctoral committee members

Dr. Jocelyn Ozga for her role as b&hair of my candidacy exam

Dr. Walter Dixon for his role in evaluating my thesis and/isgy as an additional thesis
defense examiner

Dr. Basil Nikolau for serving as thexternal examiner of my thesis defense

The many ceauthors and colleaguasho suppored meduring my studies at the

University of Alberta

Drs. G. SéqguirBwartz and G. Rakw for providingB. napudine DH12075

The Natural Sciences and Engineering Research Council (NSERC) of Canada Graham
Bell Canada Graduate Scholarship Program

TheAlbertalnnovates Graduate Student NSERC-Iop Awar d ands t he Pr e:
Doctoral Prizeof Distinction

The Alberta Innovates Phytola Centre and the support provided to the Centre by Alberta
Innovates Bio Solutions, Alberta Enterprise and Advanced Education, the Canada

Foundation for Innovation and the Canada Re$e@tairs Program

Vi



TABLE OF CONTENTS

AB ST RACT .ttt bttt eaab bbbttt ettt et it et a e e e e e e eans Il
e A O OO RPPPPRR \Y,
3 =01 2 I [ PP \Y}
ACKNOWLEDGEMENT ....ctiiiiiiiiiiiiieeecee e sesssimnne e e e s s s ssnnnssnnnssssennessnnnns V]
TABLE OF CONTENTS. ...ttt eee et e e e e e e s smnsses s e e e e e eeaaaaaaaeaaeesammmnaaaaeeas Vi
LIST OF TABLES. ...ttt n e eee s XI
LIST OF FIGURES ... ..ottt ettt ettt et e e e e e s eset ittt e e e e e e e e e e e e e e s s s s s ssmmneeaaeaaaseaannns Xl
LIST OF ABBREVIATIONS ... ..ottt teree st enens bbb e e e e e e aeaeeeeanes XV
CHAPTER 1- INTRODUCTION.....ciiiiiiiiiiiiiiiititirees st e e enesssssssseeeeeeeeaeaaaeeeeean 1
CHAPTER 2- LITERATURE REVIEW......coiiiiiiiiiii e eee e 4
2.1, OILSEED RAPE.... .o eeee e eeees et e e e e e e e e e e e emnreeeaaaeaaees 4
2.2. FATTY ACID BIOSYNTHESIS ...ttt ceeee e e e emeea e e e e e e e aaaaaeas 9
2.2.1. Plant fatty acid DIOSYNtNESIS.........coooiiiiiiiiiii e 9
2.2.2. Fatty acid biosynthesis fBaccharomyces Cerevisiag...........ccuuveeeeeeiieecvneeeeenen. 13
2.3. TRIACYLGLYCEROL BIOSYNTHESIS.........coiiiiiiiiiiiiiiieeeiiieeeee e 14
2.3.1. Fatty acid modification, acydditing and triacylglycerol assembly in developing
seeds of 0leaginOUS PIANLS........cccoii e 14
2.3.2. Storage lipid biosynthesis Baccharomyces cerevisiae............cccceeeveevieeeneeennnns 18

2.4. PROPERTIES AND REGUATION OF DIACYLGLYCEROL ACYLTRANSFERASE

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

2.4.1. Identification of planDIACYGLYCEROL ACYLTRANSFERAGeS................ 19
2.4.2. Localization and topology of diacylglycerol acyltransferases.............cccccoo.e.. 21
2.4.3. Expression of planDIACYLGLYCEROL ACYLTRANSFERAGHReS.................. 23
2.4.4. Posttranscriptional control of diacylglycerol acyltransferases.............cccc........ 25

vii



2.4.5. Regulation and properties of diacylglycerol acyltransferases $acoharomyces

(00T Lo IS == O POP PP PPPPPPPPP 27
2.5. IN VITRODIACYLGLCYEROL ACYLT RANSFERASE ACTIVITYASSAYS.......... 29
2.5.1. Conventionalin vitro diacylglycerol acyltransferase activity assays................. 29

2.5.2. Development of noveh vitro diacylglycerol acyltransferase activity assays methods

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

CHAPTER 3- ENGINEERING INCREASIE TRIACYLGLYCEROL ACCUMULATION IN
SACCHAROMYCES CERESIAEUSING A MODIFIED TYPE-1 PLANT

DIACYLGLYCEROL ACYLT RANSFERASE ...ttt ettt 33
N I Y = 1S I 2 ¥ X O P U U T 34
3.2, INTRODUCTION ...ttt enne e bbb bt s enennnnnes 35
3.2. METHODS AND MATERIALS.......ottieiiieeee et ee e 37
3.2.1.  Yeast CUltUIe CONAITIONS........uuurreiiiieee e e e ceeeeie s e s e e e e e e e e e e e e eeannne e e e eeeeeeeeeeeenenennes 37
3.2.2. Cloning ofBNaDGATICDNA and geNES..........cccccuuuiiiiiiiriremiiiiiiiieeeeeeeeeeeeeeeas 38
3.2.3. Generation of yeast expressiBgaDGATL..........uuuuuiiiiiiiiiiiiieeeiiieeieeeeeeee e e e e e 38
3.2.4. Analysis of neutral lipid content Ifeast.............ccceeieeiiiiiicccciceeee e 42
3.2.5. Preparation of microsomes and Western blotting................vvvicocriiieiiiiiinnnnnns 42
3.2.6.  IN Vitro DGAT ACHVItY @SSAYS....cciiieeeeeeeiiieeieiiiieeeeeeeeeeeeeeeeeeestraaammmeeeeeeeserannne 43
3.2.7. Yeast fatty aCid @nalYSIS.........uuuiiiiiiiiieieceeeiiiiie et e e eene e e e, 44
3.2.8. Visualization of yeast fat PadS..........cciiiiiiiiiiieee e 44
3.2.9.  StatistiCal ANAIYSIS ... ...uueiiiiiiiiiiii e 45
R T =4 U 1 TSRS 45
3.3.1. Identification of BnaDGAT1 genes and coding SEQUENCES.............ceeeeerreaenen. 45
3.3.2.  Functional characterization 8naDGATI1coding SEQUENCES...........euvveereeeeereanns 46
3.3.3. Potential use of tagged BnaDGAT1 for industrial biofuel applications............ 54
3.4, DISCUSSIONL. .. cutttiiiiiiiiiiiiee ettt e e e e e et e e e e rmmne e e e e e e s s e s s aaebbe s s annennsesbsenaeees 59
3.5, ACKNOWLEDGEMENTS.......oiiiiiiiiiiiiiiiiiiree e ee e e s ssessseeeeeeeaaaaaaaeeaaeaesd 62
3.6. CONFLICT OF INTEREST.....cuttttiiiiiiiiiieee et mnne e 63
3.7. SUPPLEMENTAL DAT A .. oo eeeee ettt aeemanss e annneneaaeaaaaaesd 64

CHAPTER 4- A NOVEL ASSAY OF DGAT ACTIVITY BASED ON HIGH
TEMPERATURE GC/MS OHRIACYLGLYCEROL ....uvviiiiiiiiiiiiiiiieeie et 65

viii



4.1, ABSTRACT .. e e 66

4.2, INTRODUCTION ....oiiiiiiiitiiiiie e iieee e e e rmees e e e e e ssnsnne e e e s emmmee s s e 67
4.3. METHODS AND MATERIALS......ccoiitiiieiee i eeet e e e e e 70
4.3.1. Culture conditions and MiCroSOMe Preparation.............oouvveeeiiccceeeeeeeeeeeeeenens 70
4.3.2. GC-MS-DASEU DGAT @SSAY.....uuuurrrrrreriiiiiiiiiiaeerreereteteaeaaaaeaaaaaasssmmeaaeeaeaaaaaaaaans 71
4.3.3. DGAT assay using radi@mbeled substrate...............ccceeviiiiieeni s 72
4.4, RESULTS AND DISCUSSDN.....uiiiiiiiiiiii et eeeeeiis e e e eesimmmesnnn e e eeennnnn e L O
4.5, ACKNOWLEDGEMENTS......coiiiiiiiitie et tireni e e e s e e e e e e 85

CHAPTER 51 TWO CLADES OF TYPEL BRASSICA NAPUBIACYLGLYCEROL

ACYLTRANSFERASE EXHBIT DIFFERENCES IN §BSTRATE PREFERENCE.......... 86
ST I Y = S 2 ¥ X O PO 87
5.2, INTRODUCTION .. .cttiitiiiiiiii et e e e mnne e e e e e e s e e e s aneesnnnne 88
5.3.  METHODS AND MATERIALS.......ccciiiiiteeeeeer e e e e e emreeeeneaaaaaaaaeas 92
5.3.1. Protein alignment and phylogenetic analysis..............ccccouvimmmriiniiiiiiiiieee, 92
5.3.2. Transformation oB. cerevisia@vith BnaDGATL.......ccccoviviiiiiiiiiiiiiieeeiceee e 93
5.3.3.  IN Vitro DGAT ACHVItY @SSAYS....ccciieeieeeeiiiiiiiiiiieeneeeeeeeeeeeeeeeeetaaaarmmmeeeeeeeeseaaane 93
5.3.4. Statistical analySIS..........coouuuiiiiiiiiice e e e 94
ST o S U 1 TP 94
5.4.1. Phylogenetic analysis of BnaDGAT1 genes and deduced amino acid sequences
encoded by the open reading frames. ...t 94
5.4.2. Clade Il BhaDGAT1 enzymes exhibited increased preference for line(mil
when compared to clade | EBNZYMES.......coooiiiii i Q9
5.4.3. Clade Il BhaDGAT1 enzymes exhibited increased preferencavb)2-
dilinoleoylglycerol when compared to clade | enzymes...........ccceeeiiiiiecceevvvinnniieneeennn 101
5.5, DISCUSSIONL. .. .ttt ettt e et rmmne e e e e e e s e s s s ba e s nnennnnrseeeees 104
5.6. ACKNOWLEDGEMENTS.......coiiiiiiiiiiiiiiieieeeeieasi e e e e e s ssesseeeeeeeeaeaaaaaaaeeens 107
CHAPTER 6- CONCLUSION.....coitttiiiiiieie ettt e e eas 108
REFERENGCES..... .ottt eres sttt et e seeee sttt et eeaaaeaaeeeeeessmmeeaeaeeeaaaesseaannnns 112



APPENDIX L oo 147

APPENDIX 2 ...ttt eer e e e e s 147
2.1.  PublisShedmanUSCIIPLS.........ooiiiiiiiiiiiccme e e e e e e e e e e e eaas 148
2.2.  ManuSCriptS iN PreParation............ooueiiiiiiisiiee e ee e 150



LIST OF TABLES

Table 3.1. Primers used for amplification &GAT 1for identification, sequencing, and

constructesige é e ¢ é éeééeééceéeeéeeée. .. e8®

Xi



LIST OF FIGURES

FIGURE 2.1. Schematic representation of fatty acid synthesis in aate € € . . é é..él1

FIGURE 2.2. Schematic representation of fatty amddification, acylediting and

FIGURE 3.1. BnaDGAT1 sequence homologye ¢ € € é é é é € e e €. é é éé é 47

FIGURE 3.2. In vivoTAG (a) and BnaDGAT1 (b) accumulation$ cerevisiastrain H1246

FIGURE 3.3. Effect of Nterminal modification of BnaDGAT1 on lipid accumulation and
microsomal DGAT activity for recombinant enzymes produce8l. icerevisiae
H12466 é ¢ é ¢ é e é e éééecéecéecéééeééeeéeé...e. .hoe

FIGURE 3.4. Impact of BnaDGAT1 Nterminal form on enzyme activignd accumulation in

FIGURE 3.5. Growth and relative neutral lipid content of wild typecerevisiagroducing N
FIGURE 3.6. Fatty acid accumulation (a) and composition of triacylglycerol (b) and total lipid
fractions (c) isolated from wild typ®. cerevisiaeultures expressingnaDGAT1

constructs with and without coding segments for thiemhinal tag 72 hours post

/////////////////////////

rrrrrrrrrr

Xii



FIGURE 4.2. BnaC.DGAT1.a catalyzes the acylationsofl,2-dioctanoylglycerol osn-1,2-
dioleoylglycerol.é é e é e é e éeéeéecéeée.éeé.. . eéréd
FIGURE 4.3. Total ion chromatogram ofsn1, 2-dioctanoyt3-oleoylglycerol peak produced

,,,,,,,,,,,,

FIGURE 4.4. Analysis of triacylglycerol (TAG) produced by BnaC.DGAT1.a action using

FIGURE 4.5. Dependence of triacylglycerol production (abundance) on reaction time for
FIGURE 4.6. The GC/MSbased method for determining DGAT activity is highly correlated

with the typicalmethod using raditabeled acyCoA over a wide range of

,,,,,,,,,,,,,,,

FIGURE 4.7. GC/MS separation and detection of molecular species of triacylglycerol produced

FIGURE 4.8. Acyl-CoA specificity and selectivity of BnaC.DGAT1.a using two molecular

FIGURE 5.1. Analysis ofBrassica napus DGATdoding DNAsequences é é é € .é € .96

FIGURE 5.2 Triangle of U diagram demonstrating the genetic relationshijragsicaDGAT1

FIGURE 5.3. Homology comparison of deduc@dassicaDGAT1 amino acid sequences..98

FIGURE 5.4. Acyl-CoA substrate specificities of the four recombinant BnaDGy¥arians

'''''''''''''''''''''''''

Xiii



FIGURE 5.5. Linoleoyl-CoA and LinolenoyCoA selectivity analysis of BhaDGAT1 enzymes

produced irS. cerevisia¢ll2462 ¢ ¢ é e € é é e ééé . e é. . é éle2

Xiv



-

A. thaliana(At)
ACAT

ACC

ACP

ANOVA

ARE

B. napugBna)
B. oleracegBol)
B. rapa(Bra)
cDNA

CDS

C. reinhardtii
CoA

CPT

DAG

DCR

DGA

DGAT

DHAP

ER

LIST OF ABBREVIATIONS

change in fluorescence

Arabidopsis thaliana

acyCoA: cholesterol acyltransferase

acetytCoA carboxylase

acyl carrier proteins

analysis of variance

acyCoA: cholesterol acytansferaseelated enzyme
Brassica napus

Brassica oleracea

Brassica rapa

complementary DNA

coding DNA sequence

Chlamydomonas reinhardtii

coenzyme A

CDP-choline:1,2diacytsnglycerol cholinephosphotransferase
diacylglycerol

defective in cuticular ridges

diacylglycerol acyltransferase (yeast)
acylCoA:diacylglycerolacyltransferase (animals, plants)
dihydroxyacetone phosphate

endoplasmic reticulum

XV



FA

FAD

FAE

FAS

FAT

GC/MS

G3P

GPAT

HT

KAS

LACS

LPA

LPAAT

LPCAT

LRO

MAT

MT

NADPH

NT

N. tabacum

NTD

oD

PA

fatty acid

fatty acid desaturase

fatty acid elongase complex

fatty acid synthase

fatty acytACP thioesterase
gaschromatography couplemass spectrometry
glycerol3-phosphate

acytCoA: glycerot3-phosphate acyltransferase
herbicide tolerant

3-ketoacytACP synthase

long-chain acyiCoA synthetase
lysophosphatidic acid

acylCoA: lysophosphatidic acid acyltransferase

lysophosphatidylcholine acyltransferase

lecithin cholesterol acyl transferase related open reading frame

malonytCoA: acyl carrier protein malonyltansferase

million tonnes

nicotinamide adenine dinucleotide phosphate
N-terminus

Nicotiana tabacum

N-terminus deleted

optical density

phosphatidic acid

XVi



PAP

PC
PDAT
PDCT
PLA2
PLC
PUFA
S. cerevisia¢Sq
SAD
SIM
SNF

S laevis
TAG
TUA
TLC

V. fordii (V)

V. galamensigVQ)

WS/DGAT

Y.lipolytica (Y1)

PA phosphatase
phosphatidylcholine

phospholipid: diacylglycerol acyltransferase

phosphatidylcholinediacylglycerol cholinephosphotransferase

phospholipase A2
phospholipase C
polyunsaturated fatty acid
Saccharomyces cerevisiae
stearoylACP desaturase
selected ion monitoring
sucrose noifermenting
Stokesia laevis
triacylglycerol

technology usage agreement
thin layer chromatography
Vernicia fordii
Vernoniagalamensis

wax synthase/diacylglycerol acyltransferase

Yarrowia lipolytica

XVii



CHAPTER 1 - INTRODUCTION

Triacylglycerol (TAG) is a compact, highly reduced, carbtwrage compound that is
important in both animals and plants as a form of energy reserve. Itis composed of three fatty
acids esterified to a glycerol backbone. In animals, yeast and @laey#t§0A: diacylglycerol
acyltransferase (DGATEC 2.3.1.2)catalyzes theacylCoA-dependenacylation ofsnl,2-
diacylglycerol to produce TAG. In many cases, the level of DGAT activity may have a
substantial effect on the flow of carbon into TA&arwood et al.2013; Weselake et g/2009.
Several unrelated forms of DGAT have evolved through convergent evolution, but the role and
relative importance of each of these forms can vary depending on the ¢peeted. 2010.

The majority of DGAT studies have focused on the first two forms of the enzyme to be
identified, referred to as type 1 and type 2 DGAIU et al, 2012. These enzymes are integral
membrane bound proteins which resiléhe endoplasmic reticulughiu et al, 2012 Shockey

et al, 2009.

In humansdrug treatment to redud@GAT activity has been identified as a means for
controlling obesity, diabetes and other metabolic dis§&&s et al.2011; Chen and Farese
2005; Zhao et 312008). In the model planArabidopsis thalianand oil crops, such d&rassica
napus overexpression 0DGAT has been used as means of increasing seed oil content and/or
alteration of fatty acid composition for both nutritional and industrial applications, such as
production of lubricants and precursors for biofuel produdgeselale et al, 2009. Despite
these practical initiatives, the highly hydrophotiaracteristicef the two major forms of this

enzyme have hindered structure/function anal{iseset al., 2012).



Plant DGAT1 was first cloned from developing seeda.ahaliana(Hobbs et al., 1999).

Shortly thereafter, Nykiforuk et a{1999a; 1999b; 200Zloned and functionally characterized a
DGAT1cDNA from B. napus This form ofB. napudDGAT1 (BnaDGAT1) is closely related to
A. thalianaDGAT1 (Li et al., 2010).In A. thaliang DGAT1 appears to be the major contributor
to acytCoA-dependent TAG bigsithesis (Zhang et al., 2009; Li et al., 2010). A study by
Weselake et al. (2006) suggested that the hydrophiteridinal region of BnaDGATL1,

identified by Nykiforuk et al(1999b) may have a regulatory rolén this work, four typel
DGATgenes wer&entified in theB. napuggenome, which appear to belong to two clades with

a representative of each clade in the A and C genome.

In CanadaB. napuss the major oilseed crgiCarré and Pouze2014 Warwick, 2017).
TheB. napusndustry generag$19.3billion (CAD$) in annual economic activity in Canada
(LMC International 2013 accounting for just over one percent of its national gross domestic
produd (Trading Economics2014). The objectives and outcomes of my researcB.amapus
DGAT1sare of direct relevance to the further improvement of this oilseed crop. Strategies for
manipulating DGAT activityhowevercould further benefit from detailed structure/function

information on this class of enzyme.

My research on the further characterization of DGAT1 enzymes is based on the following

hypotheses.



1. The amino acid sequence of thed¥minal region oB. ngpusDGAT1
(BnaDGAT1) and/or the encoding DNA sequence can impact enzyme accumulation and activity

when BnaDGAT1 is heterologously produgedaccharomyces cerevisiae

2. High temperaturgaschromatographyf TAG produced by DGAT action
coupledwith sdected ion monitoring of TAG ion fragments using mass spectrometry can be

used as means of assaying DGAT activity and evaluating enzyme substrate selectivity properties.

3. Four closely related forms of BnaDGAEXhibiting a high level of identity can

exhibit differences in substrate specificity properties.

Various modifications of the fierminal amino acid sequence of BnaDGAT1
substantially impacted the accumulation of the enzyme when heterologously prod8ced in
cerevisiagesulting in cultures withignificantly altered TAG content. During the investigations
of recombinant enzyme productiannovel gas chromatographyass spectromettyasedn
vitro DGAT assaywas developedThis assay circumvents the need for radiolabeled substrates
commonly usedh DGAT assays and is particularly useful in quickly evaluating substrate
selectivity propertiesDespite the high amino acid sequence homology shared by four
BnaDGAT1 isoforms, two forms were identified to have a relatively higher preference for

substrags containing linoleic (18K2°>%°Y) acid.



CHAPTER 2 - LITERATURE REVIEW

2.1 OILSEED RAPE

The Brassicaceae, or mustard, family includes numerous species of plants vitally
important to agriculture across the globe. This family of 3709 species in8ualesica juncea
(brown mustard)Sinapis alba(white mustard)B. oleracedkales, cabbageBrusses sprouts,
cauliflower, broccoli) B. rapa(turnip, Pak choi), anBaphanus sativusadish)(Franzke et a|.

2011 Warwick, 201]). Arabidopsis thalianathe iconic plant model species, is also a member

of the Brassicaceae. Brassicaceae derives its former name, Cruciferae, from its characteristic
cross shaped corolla. This family is also defined by six stgraarapsule often with &gtum,

and a watery sap famous for its pungent skelinzke et al2011). Amongst all of the
Brassicaceae members, none are as agronomically or economically important as oils&d rape (
napus& B. rapg (Warwick, 2017). In this discussion, oilseed rape is used as an umbrella term
for both canola and high erucic acid rapeseed varieGasola, which contains low erucic acid

and glucosinolateim the seed, was initially developed by Canadian oilseed breeders (Weselake,
2011). Only a small percentage of Canadian acreage is devoted to the production of high erucic
acid rapesee(Bcarth and Tan@006. Canola is well suited to éhwestern prairies of Canada

as it prefers weldraining, nutrient rich soils and cooler temperaturesZ(CfG) (Escobar et al.

2009. In reflection of its suitability, and its profitability, the crop has been rapidly adopted in
the plains of Canada. In 20X8r the first timethe landareadedicated to seeding canola in all

of Canadaurpassed that of the long starglincumbent, wheat (excluding duruii@anola



Council ofCana@, 2013. In addition to ideal growth conditions, a considerable amount of

canolads success i n Canada nceafoilsbedcrapd.t ri but ed

Oil seed crops are of paramount | mportance
economies. Up to 80% of the oils consumed originate from pfgotshenko et a).2007),
accounting for up to 25% of caloric intak@simdustrialized nationérhelen and Ohlrogge
2002. Among oilseed crops, oilseed rape is the second most produced crop after soybean
(Glycine max(Carré and Pouzeg?2014 Scarth and Tan@006. In total,B. napusandB. rapa
contribute about 12% of (Wéselakewda200BoSNinetyi | and f
percent of canola oil is dedicated to human consumpfiaylor et al, 2009, although new
opportunities exist for itsae in industrial oils and biofue{€arlsson2009. China, India,
Canada and the European Union all devote approximately the same acreage to oilseed rape
production, but dferences are observed in terms of oilseed rape production. Per annum, the
European Union produces 20 million tonnes (MT) of oilseed, followed by Canad Y Hnd
China (12MT), and Indié6MT) (Carré and Pouzg2014). Canada, which only crushes
approxi mately half of its annual oil seed rape
of oilseed rape, followed distantly by Australia and the Ukré@eré and Pouzg2014). As of
2007/2008, the European Union has emerged at the largest importer of oilse&hrapand

Pouzet2014).

The value of oilseed rape oil accounts for 82% of the fluctuation in oilseed rape prices,
with the remaining variation predominantly influenced by the price of its (@eafé and

Pouzet2014. Triacylglycerol (TAG), which is a storage lipid, is composed of three fatty acids



(FAs) esterified to a glycerol back bone and is the predominant component of oilseed rape seed
oil. The appeal of anildor either industrial or nutritional uses varies according the composition
and distribution of the FAs contained within its TAG molec\i#sarth and Tan@006.

Typically, B. napusor B. rapaseed oil TAG contains appreciable amounts of oleic (D&

and linoleic (18:° 1% FAs, and a large amount (45#f)erucic acid (22:0'*") (Ackman

1990. Breeding programisitiated in the 1950s, however, successfully reduced the erucic acid
content ofBrassicago negligible levels to improve the nutritional value of their (sarth and

Tang 2006. By 1975, low erucic varieties (canola) accounted for 95% of the oilseed rape sewn
in Canada(Scarth and Tan@006. The varieties currently grown in Canada typically contain

4% palmitic (16:0), 2% stearic (18:0), 62% oleic, 22% linote,  -lindlehic Bicid

(18:3 D818 and less than 2% erucic a¢durchenko et a.2007). With this FA

composition, canola oil is the only commercially available vegetable oil which can be legally

| abell ed 6l ow in satur at e s(8carthand@an®0bger Canada

Through selective breeding and géneingineering, numerous germplasms have been
developedhatproduce oils suited tdifferentapplicationgScarth and Tan@006 Yurchenko
et al, 2007). These include varieties with either low saturated FA cofiBetiesh 2004 | ow U
linolenic acid contenfScarth et aJ.199%), or low erucic acid conteliBtephanssoand
Downey 1995. Varieties with high levels of eruc{§carth et al. 1993, oleic(Scarth and Tang
2000, lauric (12:0)Voelker et al. 1995 caprylic (8:0)Dehesh et al. 1996capric (10:0)
(Dehesh et al. 1996palmitic (Jones et al1995, or stearic acigknutzon et al.1992 have also
been developed. Attempts have also been made to introduce unique FAs into oilseed rape oil

such as hydroXgted and conjugated FAs as well as very long chain FAs (>&xayth and



Tang 2006 Snyder et a).2009 Yurchenko et a).2007). Some of these programs demonstrate

oil seed rapeds potential to produce oils for
Plant based lubricants are less-émdc and are highly bialegradable compared to mineral oils
(Schneider 2006 An emerging market for canola has grown within the 4.4 billion dollar biofuel
industry in Canada. In 2013, 26 biofuel plants were commercially operational in Canada.
Approximately 30% of their output by volume was biodiesel, which was primarily prodiyced

the methylation of canola qiDoyletech Corporatiar2013 Escobar et al2009. It has been

argued, however, that it woulgk prudent to only develop such industrial oils in crops not

currently used for human consumption, thereby mitigaisigto the food chaifCarlsson

2009. It thus appearthat the attractiveness of canola as a feedstock for industrial oils will

likely depend upon a complicated mix of economical, ethical, and practical factors.

In addition to modifying the FA composition of seed olil, increasing seed oil content can
alsosignificantly enhance the value of an oilseed crop. It has been estimated that a one percent
absolute increase in soybeandés oil cHddbent wo
million per annun{Lardizabal et al. 2008 Similarly, a one percent aldate increase in canola
seed oil content woul d r$a0indlien p€ramanflaylarretac r us her
2009. Recently, the canola industry generated $b8lidn CAD in annual economic activity in
CanaddLMC Internationa)l 2013, accountingor just over one peent of its national gross
domestic produdq Trading Economics2014). The vast majority of this revenue (90%as
generated in thprairie provinces Alberta, Saskatchewan and Manitoba wittidhreertwo
provinces accounting for 74% of the revenue generated by the canola industry in Cah@da

International2013. The canola industry supports almost a quarter million jobs in Canada, of



which, only one percent is involved in seed developr(leWtC Internatimal, 2013. This figure
may increase in the future as Canada strives to maintain its position as a world leader in canola

production.

In addition to breeding seed oil traits, substantial interest lies in developing germplasm
with improved agronomic traitsBrassicaseedsiliquesare highly susceptible to precocious
breakage, ultimately resulting in substantial reduction in recoverkti(@an et al. 2008
Shatterresistant germplasm is commety available, but there remains great interest in further
ameliorating this phenotype Bf napus The Canola Council of Canada has cited increased
biotic and abiotic stress tolerance, improved nitrogffioiency, reducedsilique shattering and
reducedseed chlorophyll content as major areamtdrest(Canola Council o€Canada2014).

Improving these traits in canola through genetic engineering or genome editing is likely to be an
acceptable mans of germplasm developmets of 2010, B. napusgenetically engineered for
herbicide tolerance (HT) (first introded in 1995) accounted for 93% of canola planted in
CanaddgCanola Council o€anada2010. This stands in notable contrast to wheat, which is

100% nortransgenic in Canada. It has been estimated farmers seeding transgenic Roundup
Ready or Liberty Link canola generate greater than 130$CAD/ha in additional revenue compared
to farmers growing ogn pollinated varietie@Brewin and Malla2012. These profits are

attained in spite of 237$CAD/ha technology usage agreements (TUAS) producers must pay, in
additontoncr eased seed costs, to plant these vari
seed prices and TUAs has led to substantial returns on investment for private seed producers.
This has led to the prate sector investing heavily @anola research aneéwklopment in

Canada, which now dwarfs public investment by approximatébyds(Brewin and Malla



2012. This highly incentivised research may in turn lead to the rapid development of canola

varieties which address many of the desired traits requested by the Canola Council of Canada.

Despite widespread acceptance of transgenic HT canola, no comimercaaiable
canola variety has been produced which has been genetically engineered to synthesize more seed
oil. To date, traditional breeding programs alone have produced varieties with improved seed oil
content. Seed oil content, however, is governgdaldarge number of quantitative trait loci,
which hinders selecting for improved oil content while maintaining superior agronomic traits
(Rahman et al2013. Development of high perforamce canola cultivars, thus, may require
transforming agronomically superior germplasm with transgenes optimized to improve lipid

synthesis in seeds.

2.2 FATTY ACID BIOSYNTHESIS

In living systems, FAs and the glycerol backbone represent the building blocks for TAG
formation. Since this thesis examines the properties of recombinant plarbidbaghthetic
enzymes produced fBaccharomyces cerevisjaeis useful to review FA and T®@ biosynthesis

in plants with some comparisons of these processes with those occuSingeievisiae

2.2.1 Plant fatty acid biosynthesis

In plants, the process of FA synthesis occurs in the plastid and provides FAs for

incorporation into glycerolipids in both the plastid and cytoplasm. The process of FA synthesis



in plants is summarized in FIGURE 2.1. During the early phases of oilseegoemb
development, energy stored as sugars is used to produce FAs in Bstidsaand Lepiniec

2010. Plants a unique in this regard, as FA synthesis occurs in the cytosol in species from
other kingdomgChapman an@®hirogge 2012. The proess of FAsynthesis is initiated by the
catalytic action of a dissociable complex called acaighzyme A carboxylase (ACC), which
extends a two carbon acetybA into a three carbon malorgloA, consuming bicarbonate and
ATP in the procesf.i et al. 2011 Nikolau et al. 2003Roesler et al. 1994 In both plants
(Yurchenko et al. 20Q7and yeastKohlwein, 2010, thisreactionexerts substantial control over
the amount of carbon flow into FA synthesis. Indeed, it has been shown that deletion of ACC is
lethal inArabidopsisas this step is essential for FA synthéSiasaki and Nagano 240 Not
surprisingly, the activity of this enzyme is strongly upregulatdsl. inapusshortly before lipid
deposition in seed§ urnham and Northcotd983. Following this step, malorCoA:acyl

carrier protein malonyltansferase (MAT) catalyzes the transfer of the malonyl groups onto acyl
carrier proteins (ACP()Baud and Lepinie2010. MalonytACP serves as source of two carbon
fragments for extending growing FA chains that are attached to the fatty acid syntk@se (F
complex, which has several catalytic sites involved in the process syitAesigCahoon and
Schmid 2008. In plantsthis FAS complex is composed of several small dissociable subunits
with each subunit responsible for a step in the FA synthesis pr@egsman ath Ohlrogge

2012. The first step is a condensation reaction catalyzed by the FAS sulkanas®ytACP
synthase 11l (KAS III), which consumes malomyCP moiety to extend a bound acetyl group to
produce a bound four carbon acyl ch@@ough et al., 1992 Following this condensation

reaction subunits 6the FAS complex carry out three additional reactions to regenerate
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FIGURE 2.1. Schematic representation of fatty acid synthesis in plant&CC: acetylCo-
enzyme A carboxylase, MAT: malongloA:acylcarrier protein malonyltansferase, FAS: fatty
acid synthase, KAS:-Betoacy}tACP synthasd,ACS: longchain acyiCoA synthetaseSAD:

stearofACP desaturase, FAT: fatty aeXlICP thioesterase, ACP: acyl carrier protein.
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an acytACP. These reactionseasequentially catalyzed byBsketoacy!ACP reductase, a3
hydroxyacytACP dehydratase and an endCP reductaséBaud and_epiniec 2009.

Following this initial condensation/regeneration cycle, KASIII is replaced in the FAS complex
by ketoacACP synthase | (KASI), which through similar cycles catalyzes the exteokiba

4 carlon acytACP to 16 carbons. KASI can then be replaced by keto®CiA synthase I
(KASII), which catalyzes the extension of the ad@P by two additional carbons with an
additional condensation reacti@®him&ataand Stumpf1982. The latter of these products,
18:0-ACP, can be acted upon by a unique s@uw#saturase (stegt-ACP desaturase) which
catalyzes the introduction of adouble bood)( at t he &9 position. The
monoenoic acyACPs are then liberated as free fatty acids through the catalytic action of fatty
acid thioesterase (FAA and FATB(Cahoon and Schmi@008. The liberated FAs cross the
plastidial envelope and@then converted to acgbenzymes (CoAs) on the cytosolic side of the
plastid through the catalytic action of lenbain acylCoA synthetase (LACSBaud and

Lepiniec, 201Q Schnurr et a).2002 Li et al., 201%. The transcription factor WRINKLED1
controls expression &CC, and genes encoding subunits of the FAS complex and other
enzymes contributing to the productiohacety}CoA (Chapman and Ohlrogg2012).
Arabidopsiswrinkled1mutants accumulate 580% less TAG in seeds compared to wild type

plants(Chapman and Ohlrogg2012 To et al, 2012.

Cytoplasmic acylCoAs are used to support glycerolipid synthesithe endoplasmic
reticulum (ER), which is described $ection 2.3.1. The enzymes of glycerolipid metabolism
can influence the FA composition of different lipid classes through their substrate selectivity

propertieqWeselake, 2005)The composition of the acoA poolcan also have an impact on
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the FA composition of glycerolipids which are synthesized using these thiodstersxample,
suppression of plant stearefCP desaturase can increase stearic levels of up to 40% in seed oil
(Knutzon et al.1992 Thelen and Ohlrogg002. Expressing cDNAs encoding thioesterases
from Cuphea hookerianar Umbellularia californicain canola hasden shown to result in seed

oil containingl2% caprylic and 48% lauric acid, respectiviyldebrand and Yp2003. These
thioesterases catalyzed the release of FAs from the FAS complex at a shorter chairFkength.
synthesis provides the building blocks to support TAG synthesis, making it a crucial piece of the

overall lipid biosynthetic picture.

2.2.2 Fatty acid biosynthesis inSaccharomyces cerevisiae

Yeast has the ability to uptake FAs from the growth medibehlivets et al.2007).
When exogenous FAs are not available, howalenovad-A synthesis generally follows the
same progression as in plants.Slncerevisiaga highly regulated cytosolic AC€atalyzes the
production of malonyCoA which then supplies the FAS complex with two carbon fragments
for FA synthesigKohlwein 2010). Unlike the multimeric plastidial FAS of plants, the cytosolic
S. cerevisia&AS complex is made up of two subunits, which catalyze the same series of
reactiongTehlivets et al.2007). It should be noted th& cerevisiagloes possess a multimeric
FAS complex, similar to that of plants, which resides in mitochorgHlileunen et al. 20095.
The purpose of FA synthesis$ cerevisiaenitochondria is still not well understood, but
evidence sugess this process occurs to produanoytACP, which is used to synthesize a
co-factor (lipoic acid) necessary fokidative decarboxylation reactio(iBehlivets et al.2007).

At the termination of FA synthesis, tBe cerevisiaeytosolic FAS complex directly catalyzes

13



the transfer of the acyl chain from ACP to C@Rehlivets et al.2007). By andlarge, the
products ofS. cerevisia&A synthesis are 16:0 and 18:0, of which 80% are converted to

monoenoic FAs by the cat a(Tehlivetscetap200hdi on of &9

2.3 TRIACYLGLYCEROL BIOSYNTHESIS

2.3.1 Fatty acid modification, acylediting and triacylglycerol assembly in developing

seeds of oleaginous plants

FA chains derived from cytoplasmic a€ybAs are used to form TAG in a process called
the Kennedy osn-glycerot3-phosphate pathwa¥kennedy 1961). Most of the enzymes
catalyzing FA modificationTAG assembly, and associated membrane metabolism, are bound to
the ER. As shown in FIGURE 2.2, TAG assembly is initiated by #gh: snglycerot3-
phosphate acyltransferase (GPAT) which catalyzes the acylatsyrgbfcerol3-phosphate
(G3P) at thesn-1 position, yielding lysophosphatidic acid (LP@hen et al.2011). LPAs
then furtheracylated at then-2 position to form phosphatidic acid (PA) through the catalytic
action of acylCoA:lysophosphatidic acid acyltransferase (LPAAWRisonneuve et gl2010.

The phosphate group of PA iethreleased through the catalytic action of phosphatidic acid
phosphatase (PAP) to produsel,2-diacylglycerol (DAG)(Mietkiewska et al.2011). Finally,
acyCoA: diacylglycerol acyltransferase (DGAT) catalyzes the acylation of DAG attBe
position to produce TAGJako et al.200]). TAG can also be synthesized in a yamyCoA

dependant manner by the action of phospholipid: diacylglyeesdtransferase (PDAT),
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FIGURE 2.2. Schematic representation of fatty acidnodification, acyl-editing and

triacylglycerol assembly in plants.GPAT: acytCoA:snglycerol3-phosphate acyltransferase,

LPAAT: acyl-CoA:lysophosphatidic acyltransferase, PAP: Phosphatidic acid phosphatase,

DGAT: acytCoA:diacylglycerol acyltransferas€PT: CDRcholine:1,2diacylsngycerol

cholinephosphotransferase, PDCT: phosphatidylcholine: diacylglycerol

cholinephosphotransferase, PDAT: phospholipid: diacylglycerol acyltransferasg, PLA

phospholipase A2, FAD: fatty acid desaturase, LPCAT:-@o:lysophosphatidylcholine

acyltransferase, FAE: fatty acid elongase, LACS: {ohgin acyiCoA synthetase
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which catalyzes the transfer of a fatty acid fromgh& position of phosphatidylcholine (PC) to
DAG (Stahl et al.2004). FAs exprted from the plastid into theytoplasm can be further
modified at the level of acyCoA and PC.Acyl-CoAs can also be further elongated by the
action of a fatty acid elongase (FAE) complex which is located in th@BRnevati and

Jaworskj 2001 Rossak et 8l2007). Unlike the action of stearoylCP desaturas FA
desaturation outside the plastid targets FAs bound to phospholipids. Fatty acid desaturase (FAD)
2 and FAD3 enzymes, which sequentially catalyze the introductidnooti bl e bonds at t
a n d15 caebons of fatty acid chains, respectively, primatt upon PGBrowse et al.1993
Ohlrogge and Browsd.995 Okuley et al.1994. FAs which are modified at the level of PC

can eventually enter TAG through various routes of-adyting (Wesedkeet al., 2009; Bates

and Browse2012). One route involves the transfer of PUFA from sme2 position of PC to

DAG through the catalytic action of PDAT to form PUfeAriched TAG.A second possibility
involves the action of the Lands cycle (Lands, 1958), wherein PUFA are liberated from PC
through the catalytic action of phospholipasgRLA,) followed by formation of PUFACOA
catalyzed by LACS.The vacansn-2 position on the resting lysophosphatidylcholine (LPC) is
then reacylated through the catalytic action of aBgdA: lysophosphatidylcholine

acyltransferase (LPCAT). Though seemingly futile, this cycle may yield a PC with an oleoyl
moiety at thesn-2 position and a PUREO0A for the cytoplasmic acyCoA pool. These newly
added PUFACO0As could then be incorporated into TAG via the Kennedy pathway. Indeed,
Ipcatdouble mutants were observed to exhibit slightly reduced PUFA content in their seed oill,
but not enough to suggdbe Lands cycle plays a significant role in shuttling PUFAs into TAG
in Arabidopsis\Wang et al.2012. This appears to be in contradiction with other findings

published the same yeaXu et al.(2012 found that theArabidopsisdgatl/Ipcat2double mutant
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accumulates 65% less seed oil than the wild type, a far lower amount than the 30% reduction in
seed oil content observed in tthgatlmutant. ASPDAT transcription is upregulated by 65% in

the absence AGAT], it was suggested that LPCATAtalyzed reaction may play a role in
providing PDAT with PC to produce TAG. There is also some evidence to suggest that PUFA
derived PC may enter the a€ybA poolthrough the combined reverse/forward reactions

catalyzed by LPCAT in a process referred to as-agkghangdYurchenko et a).2009.

In addition tothe uncertainty surrounding the transfer of PUFA and othemBRified
FAs from thesn-2 position of PC to the acfloA pool, an additional layer of complexity in
TAG assembly has recently been identified. Labelling experiments conducted with developing
soybean oArabidopsisseeds have identified that the majoritydefnovoDAG is converted into
PC by CDPcholine:1,2diacytlsn-gycerol cholinephosphotransferase (CPT), which then serves
as a substrate for FA modification to produce PUFA or unusuab&és as ricinoleic acid (OH
18:1D°). This PC is then converted into DAG skeletons which are used for TAG synthesis
(Bates et a).2009 Bates et a).2012. It is unclear how this second pool of modified DAG is
createdn vivo. The modified DAG pool may be created through the catalytic action of
phospholipase C (PLC), which catalyzes the removal of the phosphocholine head group of PC to
produceDAG (Bates et aJ.2009. An alternative route involves the action of
phosphatidylcholinediacylglycerol cholinephosphotransferase (PDCT), which catalyzes the
transfer of the phosphocholine head group of PC to a DAG. Knock out &0Bd gene
resulted in 40% less 18:2 and 18:3 FA contentsrabidopsisseed oil which correlated with
decreased 18:1 levels in R et al, 2009. PDCT appeared to be involved transferring

phosphocholine from modified PC to produce modified DAG andngdolhosphocholine tde
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novoDAG to form PC for further FA modification. There is still much to learn about acyl editing
as it relates to TAG biosynthesis in planEar example, the extent to which various routes for

acyl editing are operative may vamnang different plant speciéslietkiewska et al.2014).

TAG produced in the ER eventually leads to the formation of oil bodies or lipid droplets
which vary in size from about 0.2 to 2 micrqigeselake2005. These oil bodies are
composed of a phospholipid monolayer surrounding an inner core of TAG aneesters| and
can occupy 60% of the volume of Arabidopsisseed at maturit{Baud and Lepinieg 2009.
To date, little is known about how oil bodies develop ardss$ociate from the E€hapman et
al., 2012. Itis believed, that TAG accumulates within the leaflets of the ER membrane,
eventually forming a bulge. This bulge then grows into an emerging droplet which pinches off
of the ER. Oil bodies are coated with oleosin proteins which assist in regtitegingize and
prevent their coalescing once free of the ER. Oleosin may also assist in recruiting lipases during
lipid breakdown in germinating seedlin@Shapman et §12012. Oncecreated, however, the

oil bodies are thought to be metabolically inert until they are acted upon by lipases.

2.3.2 Storage lipid biosynthesis inSaccharomyces cerevisiae

S. cerevisiagenerally assembles and packages TAG in a similar fashionftrmiing
plants(Kohlwein, 201Q Tehlivets etal., 2007). A notable caveat, however, is ti&tcerevisiae
hasthe ability to generate LPA through a second pathway. Here, dihydroxyacetone phosphate
(DHAP) is acylated through the catalytic action of the same enzymes which catalyze the

acylation ofsn-glycerol3-phospate, to producedcytDHAP. This compound is then reduced
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in a reaction which consumes NADPH to produce l(RAabany et al2007). In plants,
however, DHAP is directly converted $o-glycerol3-phospate by the catalytic action of a
cytosolic dehydrogenase, which consumes NADH in the pr@¢ésselake et 312009. This
unique pathwaynaynot play a major role in TAG formatidn situ, because blocking the
oxidation of G3P to DHAP was shown to increase TAG produ¢bahermoandNicaud 2011J)
Interestingly, it has beemswn that TAG synthesis is n@ssential for survival and growth of
yeast cells, though growth penalties and increased sensitivity to free FAs are incurred
(Petschnigg et gl2009 Sandager et al2002 Siloto et al, 2009h. It has also been shown that
yeastpdatmutant strains accumulate 40% less T¢&o6rger and Daun2002. The majority ¢
PDATO6s act i onTAG mosynthesidoedurs adugng theoexponential growth phase.
DGAT activity increases from 25% during the exponential growth phase, to eventually
representing half of all TAG biosynthetic activity during the stationary pl@skers et a).

2002. Two sterol acyltransferase have been demonstrated to have small amounts of DGAT
activity as well, but 90% of acyToA-dependent TAG synthesis in microsomal fractions is the

product of DGAT action irs. cerevisia¢Oelkers et a).2002) .

2.4 PROPERTIES AND REGULATION OF DIACYLGLYCEROL

ACYLTRANSFERASE

2.4.1 Identification of plant DIACYGLYCEROL ACYLTRANSFERASHK)enes

Nearly 50 years after the first reports of DGAT activity, the first gene encoding a DGAT

was identified in the murinéd{us musculusgenome, aided by its sequence homology to an
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enzyme of similar activity called ac@oA: cholesterol acyltransferase (ACA(Dases et al.
1998 Liu et al, 2012. Shortly thereafter, four groups reported on the functional
characterization of a cDNA encodigabidopsisDGAT (BouvierNave et al.200Q Hobbs et
al.,, 1999 Routaboul et al.1999 Zou et al, 1999. A cDNA (GenBank ID: AF164434)
encoding an isoforrB. napusDGAT1 was first cloned by Nykiforuk et g199%; 2002.
Recently, another isoform of recombin&tnapudDGAT1, systematically described as
BnaC.DGAT1.a (corresponding to GenBank ID: JN224473), was purified toegpar

homogeneity iranactive form(Caldo et al. 2016

Two yeas following the initial identification ofAtDGATY protein sequencing of a
fungal enzyme isolated from lipid bodies led to the discoveBy@AT2(Lardizabal et aJ.
2001). This same group was then able to identiBd@AT2homolog inArabidopsis More
recently, nucleic acid sequences encoding a cytosolic DGAT3 were discovered first in peanut
(Arachis hypogaea and then irArabidopsis(Hernandez et gl2012 Saha et a|20086.
Analysis of anArabidopsismutant defetive in cuticular ridges (DCR) led to the discovery of a
gene encoding a second soluble DG/RENI et al.2010. A bi-functional enzyme with both
wax ester synthase and DGAT activity (known as WS/DGAT) was discovered in bacteria
(Kalscheuer and Steinbuch2D03, and subsequently found &lso be present Wrabidopsis
(Li et al, 20083. Surprisingly, although th&rabidopsisgenome contains only one copy of a

DGAT1gene, it possesses 11 putative copie&d/SIDGAT(Li et al,, 20083.

Identification of thes®GAT coding sequences allowed for the analysis of the

evolutionary relationship between the genes. Interestingly, the B&®w$1 DGAT2and
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WS/DGAT which encode membrafimund enzymes, share no sequence homology and have
evolved through convergent evoluti@@ao 201% Liu et al, 2012. The peanubGAT3gene
shares less than ten percent DNA sequence homology@iiiT 1or DGATZ2 and only
marginally higher sequence homology (13%) WNB/DGAT(Saha et al200§. DCR is a
member of the BAHDBEAT, AHCTs,HCBT andDAT - enzymes within the family)
acyltransferase familfLuo et al, 2007 Panikashvili et a).2009 and is distinct from the other

DGAT enzymes as well.

2.4.2 Localization and topology of diacylglycerol acyltransferases

As mentioned previously, DCR and DGAT3 are soluble cytosolic enz{Giest al,
2014 Rani et al, 2010, whereas the other three DGAT families are composed gjraite
membrane bound proteinBoth DGAT1 and DGAT?2 localize to tHeR, and may also localize
to lipid droplets to some exte(dymé et al, 2014 BouvierNave et al.2000. Interestingly,
epitopetagged DGAT1 and DGAT2 from tung trééefnicia fordi) appear to localize to
different micredomains within the ER when heterologously expressed in tobbllooatiGna
tabacum leaf cells(Shockey et al2006. The significance of this precise targeting has yet to be
uncovered. Although analyses are limited, at leastAovabidopsisWS/DGAT isoform has

been confirmed by confocal microscopy to localize to the ER agweit al., 20083.

Using a mobility shift assay, alternatively known as the scanning cysteine accessibility
method, it was demonstrated tisatcerevisia®GAT2 possess four transmembrane domains

(Liu et al. 201). These results, however, stand in contradidiicearlier work by Stone et al.
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(2006),which foundthatmurine DGAT2 possesses two transmembrane domains. Potentially,

this discrepancy resulfsom the Stone group cloning epitopes into the DGAT2 amino acid
sequence to permit their protease protection assay. The introduction of these epitopes may have
caused the murine DGAT2 to incorrectly insert into the ER membrane. Both authors agree,

howe\er, that the amino and carboxyl terminal ends of DGAT2 are located in the cytosol.

In silico analysis of the typ& DGATSs generally predict these enzymes have between 8
10 transmembrane domaifisu et al, 2017). Previously, it was reported that, similarly to
DGATZ2, both termini oMiDGAT1 face the cytosolic side of the E8hockey et al200§. This
may also, however, be of some controverByotease protection analyses of murine DGAT1
suggested that the majority of the enzyme, including ther@inus is present in the ER lumen
(McFie et al, 2010. Further confounding the subject, work using membrane permeases found
that DGATL1 activity and inhibitorensitivity can be detected on both sides of the ER membrane,
suggesting this DGAT1 adopts a dual topology in the memi{k&nee et al, 2011). Additional
investigation will be required to reveal the natural confaionaDGAT1 adopts within the ER

membrane.

In silico analyses suggest WS/DGAT contains at least four transmembrane d@mains
al., 20083. This prediction, however, still requires experimental validation. The difficulties
encountered assigning reliable topologies to memkbaned DGATSs sengas an example of
the typical challenges faced when studying structure/function in this class of er{zymetsal,

2012.
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2.4.3 Expression of plantDIACYLGLYCEROL ACYLTRANSFERASEjenes

Northern blot analysis ddGAT1expression irArabidopsisrevealed this gene is
expressed at a high level in germinating seeds and seedlings, and at lower levels in leaf, root,
flowers and siliqueéZou et al, 1999. Similar analysis by Hobbs et al999)found the same
general expression pattern, but with the high¢BGAT 1expression present in embryos at the
cotyledonary stage. Later analysisAmébidopsidines transformed witbGAT1
promoterGUSf usi on constructs woul d @d&wepghd003. THeo b b s 6
discrepancy between tiBEGAT1expression patterns found by Zeual. 1999) and Hobbs et al.
(1999) may result from the latter isolating developing embryos from the silique prior to RNA
isolation. Alternatively, the authors may have isolated RNA fronAthbidopsisseeds or
siliques at different developmental stages. éajlater work by Li et al. (210) showedthat
AtDGAT 1expression levels in developing embryos are not stB{eAT1expression steadily
increases from a base level to a maximum in late embryo development, followed by a sharp

decline in late seed maturai(Li et al., 2010.

The same study by Li et aRq10) observed thaatDGAT 2expression increases during
embryo development, but far below the levels observedtidGAT1 This study also found
thatAtPDATtranscription was only slightly induced as well, but to a higher extent than that of
AtDGAT2 In contrast to the loGAT2transcription observed iArabidopsisembryos,

DGAT2 expression increased more dramaticalpntbGAT1in developing tung tree and castor
bean Ricinis communisseeds(Kroon et al, 2006 Shockey et a]200§. Thus, it appears that

the relative contributions of different TAG biosynthetic enzymes can be species Hhaciét
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al. 2013. Li et al. 010) also observeAtDGAT 2transcript abundance was higher in roots,

stems and leaves than in embryos.

The mRNA product o'WSD1 a WS/DGATencoding gene frorArabidopsis was
detected most strongly in flower petals, and to a lesser extent in stem topaaed |

Significantly lower levels were detected in roots and s@dadst al, 20083.

The expression patterns of the soluble DGATs may suggest these enzymes perform
different biological rolesn situ. The expression of the peamMGAT3varies through different
stages of seed maturation. This gene is most strongly expressed in leaf and floweiGirgeins
al., 2014. In contrastGUSpromoter fusion assays indicadDCRIis strongly expressed
throughout embryo developmeitanikashvili et a).2009. Its expression can also be detected
in numerous tissues iluding root caps and lateral root initiation sites, in trichomes, cotyledons
and in young developing leaves. Although seed FA content was not medgdeediutants
produced shrunken see(danikashvili et a.2009, a characteristic phenotype of reduced TAG

production(Rani et al.2010.

The aboveexpression patterns appear to suggest that different DGAT types may perform
different biological roles in plants. In some instances, however, individual DGATs may perform
more than one biological i@ For example, in addition to having an important role in seed oil
accumulationPGAT 1transcription can be upregulated by high salt or low nitrogen, and by the
stress hormones jasmonic acid, salicylic acid, and abscisi¢kamng) et al, 2013 Yang et al.

2011). DGAT1expression has also been detected in senescing l&augs et al.2002. A
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putative roll for DGAT activity during stress is to safely sequester@wins liberated durg

rapid membrane remodellindn a similar scenarid)GAT3is expressed in germinating seed

where lipases rapidly catalyze the hydrolysis of TAG to fuel seedling growthe #ctivity of

arenot balanced with betaxidation, toxic levels of free FAs can accumulate in the cytosol.

DGAT3 which is expressed at higher levels tREBAT1or DGAT2in germinatingArabidopsis
seedlings has thus been suggested to -fdAay a 0O

pool size and compositiqilernandez et gl2012).

2.4.4 Posttranscriptional control of diacylglycerol acyltransferases

It has been noted in plants heterologously expres3BgT coding sequencdbat the
observed increases GAT transcript abundance are disproportionate to observed increases in
cellular DGAT activity. For example, oveexpression oDGAT1in B. napugproduced a
twenty-fold increase ilDGAT1seed transcript levels, but only five tenfold higher DGAT
activity in seeds, and only two to seven percent more se€@ayilor et al, 2009. A similar
phenomenon was observed in mouse adipocytes, where incre&glexpression by 2¢old
only increased DGAT activity by twiold (Yu et al, 2002. The suppression of DGAT activity
in these transgenic lines may sugdgbat DGAT carbedirectly, or indirectlyregulated at the

posttranscriptional level.

Despite substantial interest in studying the mechanism(s) of DGAT regulation, the highly
hydrophobic nature of ElRound DGAT often complicates structure/function analyseset

al., 2012. In spite of these difficulties, however, progress has been made in identifying
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important regions in DGATL1 polypeptide sequences. Two amino acid stretcheshwithie
DGAT1 polypeptide sequence have been shown to change conformation in the presence of
oleoylCoA orsn1,2-dioleoylglycerol, suggesting they may be substrate binding(tibges et

al., 2014. The hydrophilic Nterminal region of DGAT1 has been identified as a region of
interest as well. Analysis of truncated DGAT1s from mammalian and plant sources has
demonstrated that this domain is unnecessary for catéiysie et al, 201Q Siloto et al,

20093. Furthermore, this region of mouse @&dcapudDGAT1s has been demonstrated to bind
different acydCoAs with different affinities, suggesting a possible regulatory role for this
domain(Siloto et al. 2008Weselake et al. 2006 The Nterminal domain oB. naps DGAT1

has also been shown to saffsociaté\Weselake et 312006, whichis in agreement with homo
dimerization of the mammalian enzyif@@heng et a.200L McFie et al, 2010. Interesingly,
deletion of the amino acids within thetBrminus which promote horaimerization led to a 4
fold increase in DGAT activitysuggesting selassociation through the-términus may regulate
this enzymeds act i bAATlynayalsbbdecapable eftselbasbciating 2 01 0) .
through a second binding site locatedside of the Nerminus allowing for the formation of
homaotetramergCheng et al. 200McFie et al, 2010. It has been suggested that the active
form of DGAT1may be the dimer structyr@hereas the tetramer may be a doegulated form

(McFie et al, 2010.

Early findingsshowingthat incubating mammalian DGAT1 with ATP and cytosolic
fractions could inactivate the enzyme supponesllico analyses that identified potential
phosphorylation sites in the enzyifi@u andRodriguez,1996) To date, however, no further

evidence has supported this mode of DGAT1 regulation, and site directed mutagenesis of

26



potential phosphorylation sites has not resulted in altered mammalian DGAT gdtesitet al,

2009.

2.4.5 Regulation and properties of diacylglycerol acyltransferases frondaccharomyces

cerevisiae

S. cerevisiapossess a typ2DGATIn its genome, known d&3GA1, but not aEDGAT1
(Oelkers et a).2002. DGAL has been the subject of numerous studies focused on detailing its
regulation and biochemical propertids. vitro DGAT assays performed using microsomal
extracts fronS. cerevisia¢riple mutant lines with no other TAG synthetic enzymees€l,
ear e2, el) suggest DAALpketers using oleogl palmitoytCoA as a substrate when
sn1-steroytsn2-arachidonyl-glycerol is provided as an aegtceptorOelkers et a).2002).

DGA1 has a molecular mass of 47 kDa and an isoelectric point ofGgadbany eal., 2007).

In vitro activity assays performed using lipid particles recovesighlmutants, and strains
overexpressindGAL, produced strong evidence that DGAL is present in both the ER and lipid
droplets(Sorger and Daun2002. Lipid particles derived from thegalstrain ofS. cerevisiae

only possess two percent of the DGAT activity of lipid particles recovered from wildtype

cerevisiae

Some progress has been made in understanding thergrosational control of DGAL.
S. cerevisia@snf2cultures overexpressindGAl produced significantly more TAG than wild
type cultures expressing the same trans@i€amisaka et al2007). SNFencodes ®NA-
dependent ATPassomponenthe SWI/SNF (switching/sucrose néermenting) chromatin

remodeling complexand thus regulates the expression of ngamnes.Following the discovery
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of its importance to lipid metabolisTmguing studies demonstrated ttieg N-terminal region of

DGAL1 is cleavedn theasnf2background, resulting in a more active (fdoid) form of the
enzyme(Kamisaka et al2010. Truncated versions of DGA1 produced through genetic
engineering mimicked the naturally cleaved DG
SNF2 was not, however, identifi¢idlamisaka et al2010. In a phenomenal achievement, the

lipid titer of Y. lipolyticawas increased by 6@ld using a combination of genetic engineering

and culture condition optimizatiqBlazeck et al.2014. Here, combining the ovexxpression

of DGA1,blocking peroxisomal oxidation of fatty acids, introducing a leucine biosynthetic

pathway, and promoting growth through genetic engineering raisdipith content of this yeast

from 17 to 74 percent. Optimization of culture conditions further increased this genetically
engineered strainbds | i Ipwoddbe ofgreacimdrestiiombséneifni net
t his str ai noldbeincrgased even bigherdyreéplaang the-expresse@®GAL

with a truncated form dDGAL

In contrast td5. cerevisiagsome oleaginous yeasts, suckyagolytica, produce a type
1 DGAT, known as DGAZBeopoulos et al2012. Overexpressing’/IDGAZ2in aY. lipolytica
guadruple mutant, which is endogenously devoid of DGAT activity, produces cultures with
significantly more oil than those ovexpressingfIDGA1(DGAT2 or YILRO1(PDAT). The
aglga2single mutant also produced significantly less TAG tigal or adrol mutants after 11
hours of incubation. After 48 hours of incubation, howesslga2mutants contained more
TAG thenaglgalor adrol strains, suggesting yeast DGAT1 may play a more predominant role
in TAG formation at earlier stage of the stationary phase, but less of a role compared to DGAT2

in the later stationary phag@eopoulos et al2012).
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2.5 INVITRO DIACYLGLCYEROL ACYLT RANSFERASE ACTIVITY

ASSAYS

2.5.1 Conventionalin vitro diacylglycerol acyltransferase activity assays

In vitro assays have been one of the most successfully employed techniques to study the
properties of DGAT enzymes. These kinetic assays are often used to compare substrate
preferences of DGATSs from different sources. They can also assist in describing hcandiffer
molecules, mutations or conditions affect DGAT activity. Typigalitro DGAT assays are
performed by incubating microsomes in the presen¢&salabeled substratdsittle et al,

1994. In many cases, 100 000g microsome fractions are isolated and used for DGAT reactions.
These membrane frians often contain mixtures &fGAT1, DGAT2 and PDAT proteins which

can complicate the enzymatic analydiai et al, 2012. Recently, yeast expression systems

which are devoid of endogenous TA®synthetic activity have been developed rendering the
mutant yeast a suitable host for heterologous expression of cDNAs encoding DGATSs from

various source@Beopoulos et al2012 Sandager et al2002.

No set of parameters has been universally accepted as standard conditions for DGAT
assays.Wide variation in acylCoA concentration ahDAG reaction mixture conteatre seen in
the literature. Routine DGAT analgs have been reported using 5 to 500 uM-8oA (McFie
and Stong2011%;, Yu et al, 2008 and 16400 uM bulk DAG(BouvierNave et al.200Q Hobbs

et al, 1999. Both radiolabeled acyToAs and radiolabeled DAGs have been employed for
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DGAT assays, but typically the former is preferr&hdiolabeled acyCoA can be readily
synthesized from less expensive radioactive fre¢Tadlor et al, 1990. Assays using

radidabeled DAG are potentially subject to interference by PDAT activity which can also utilize
DAG to synthesize TAGDGAT enzymes have also been shown to acylate DAG endogenous to
microsomal membranes, thus interfering with the use of exogenously supplieDa | e-nc i a
Turcotte and Rodrgjuez-Sotres 2001). The inclusion of the surfactant Twe2@ in reaction

mixtures has been shown to increaseitro DGAT activity (Cao and Huandl986. The

detergent has proven useful in the dispersion of DAG, making the substrate more accessible for

DGAT action(Lung and Weselak009§.

Lung and Weselake (P6) have surveyed the literature summarizing the effects of a
number of metabolites and reaction conditions on DGAT activitye addition of increasing
conceitrations of magnesium chloriae free CoA have been shown to dramatically increase the
in vitro DGAT activity of microsomes isolated froBy napusmicrosporederived cell
suspension culturg8yers et al.1999. It is unclear, however, which enzyme forms (DGAT1
versus DGAT2)were affected byhese cefactors. Byers et al. @99) reportedhata low
molecular weight organic molecule found in the cytosolic fraction of thesestietiglated
DGAT activity in microsomes$rom B. napusmicrosporederived cell suspension cultures.

Further research is required to identify this stimulatory molecule and to determine whether it acts

on DGAT1 or DGAT2 or botlisozymes.

Quantifying the incorporation rate of radiolabeled acyl group into TAG requires that the

product be separated from the other radiolabeled species. These additional radioactive species
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consist primarily otheunreacted substrate, but may also includeagylgids and free FAs

created by the activities of other enzymes in the microsomal fraction. The isolation of TAG is
often accomplished by thin layer chromatography (T{Gtfle et al, 1994 which is sometimes
preceded by a lipid extraction stépaoand Huang1986. Once isolated, TAG produced by
DGAT activity can be quantified by scintillation or imaging techniques. TLC, however, cannot
separate TAGs of similar acyl composition. More cumbersome protocols, therefore, are
required to analyze D&T substrate selectivity properties in reactions where more than one acyl
CoA or DAG is made available to DGAT. Most commonly, this is performed by enzymatically
or chemically removing acyl chains from the TAG backbone, followed by a second round of
TLC to separate acyl chains of different carbon length and desaturation. Once isolated, these

acyl chains can then be quantified by the same means described@baned Chew, 1992).

2.5.2 Development of novein vitro diacylglycerol acyltransferase activity assays methods

To avoid the high cost and potential dangers presented by using radiolabeled substrates,
fluorescere-based DGAT assays have been developed. These assays use either flusrescently
labeled substrate analogs or fluorescent dyes which measure the release of CoA #@ofacyl
(Cao et al.2011;, McFie and Stong2011 Sanderson and VenabR012. As an additional
advantage to improved safety and cosiny devices capable of quantifying fluorescent
emi ssions are capable of rapidly meas-uring
throughput 6 DGAT assays. The variety of fl

available, however, is limite@CHAPTER 4) Measuring the release o&é& CoA with

n

u

fluorescent dyes avoids this issue, but numerous side reactions which release free CoA can occur
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during the assay, thus interfering with the quantification of DGAT activity. DGAT enzymes
also have notoriously low activities, which are maadily quantified using scintillation
detection of radiolabeled compoun@loto andWeslake 2010. Fluorescece-based DGAT
assays make them more amenable to high throughput analysssmathfor accurate

determination of DGAT specific activity.

An adaptation of the classical raldibeltbased DGAT assay which is amenable to high
throughput has recently been develoffgeethala et 3l2008. This assay uses scintillation
beads which bind to TAG, leading t@l@se association of scintillant and the tritium labeled
TAG. A similar function can be accomplished using specially designed microplates which
mimic the function of the scintillation beads, also producing a-thighughput assafQi et al,
2010. Although these methods do not avoid the use of radioactive species, they considerably

increase the speed at which assessment of DGAT activity can be performed.

At thepresent time, no single method eliminates all the shortfallswafro DGAT

assag. Future work in DGAT assay development will likely improve the accuracy and speed of

high-throughput methods.
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3.1. ABSTRACT

Diacylglycerol acyltransferase (DGAT) catalyzes the #byA-dependent acylation of
sn1, 2 diacylglycerol to produce triacylglycerol (TAG). This enzyme, which is critical to
numerous facets of oilseed development, has been highlighted as a geneterienggiasget to
increase storage lipid production in microorganisms designed for biofuel applications. Here,
four transcriptionally activ®GAT1geneswvere identified and characterized frahe oil crop
Brassica napusOverexpression of eadBnaDGAT1lin Saccharomyces cerevisikegl to an
increase TAG biosynthesis. Further studies gtitvat adding an Nerminal tag could mask
the deleterious influence of the DGAT nativaédminal sequences, resulting in increased
vivo accumulation of the polypeptides and an increase of up to abodwlti5a in vitro enzyme
activity. The levels of TAG and total lipid fatty acidsSncerevisiaexpressing the N
terminallytagged BnaDGAT1.b at 72 hours were 53% and 28% higher tbae i cultures
producing untagged BnaA.DGAT1.b, respectively. These modified DGAT catalyzed the
synthesis of up to 453 mg fatty acid/L by this time point. The results will be of benefit in the
biochemical analysis of recombinant DGAT1 produced throgg@rblogous expression in
yeast, and offer a new approach to increase storage lipid content in yeast for industrial

applications.

Keywords: Yeast, Diacylglycerol acyltransferase, TriacylglyceBrassica napusBiofuel,

Lipid
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3.2. INTRODUCTION

Triacylglycerol (TAG) serves as feedstock for the production of biodiesel, which is
composed of fatty acid alkyl estdisnothe 2005. Biodiesel derived from plant TAG is nearly
neutral with regard to productiori carbon dioxide because the hydrocarbon chains of TAG (and
biodiesel) are derived from the photosynthaticdriven capture of carbon dioxi@Burrett et
al., 2008 Lackey and Palson 2011). There have been, however, serious concerns expressed
about planiderived biodiesel leading to increased food prices or@mwiental damage due to
increased oilseed productigurrett et al.2008. Currently, seeds of oleaginous crops serve as
the major feedstock for biodiesel production, but reduced land requirements, weather
independence and lower labor inputs have made microorganisms such as yeast an attractive
alternative(Li et al., 2008h. Although yeast do not rely on photosynthesis for carbon, these
microorganisms can be engineered to utilize various carbon sources such as those found in

agricultural wastéYu et al, 2013.

Met abol i c engineering of yeast to feed acy
fatty acid synthas, leading to greater cellular fatty acid cont@rdai and Stephaopoulos2013.
As a result, diacylglycerol acyltransferase (DGAT) has been identified as a promising target for
enginering increased oil contefitiang and Jiang2013 Runguphan and Keasling014).
DGAT is a membranbound enzyme which catalyzes the aCglA-dependent acylation aft1,
2-diacylglycerol (DAG) to produce TA@.iu et al, 2012). Plants, animals and some yeast
species possess two unrelated forms of DGAT referred to as DGAT1 andZJGAEt al,

2012 Lungand Weselake200§. DGAT1 enzymes belong to a family of membrdmoeind O
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acyltransferases and have a typical mé&8&kDa. These enzymes have been predicted to have
between 612 transmembrane domains (McFie et2010). DGATZ2, conversely, belong to a

family of DGAT2/acytCoA: monoacylglycerol acyltransferase (McFie ef 2010),andare

typically smaller thalDGAT1 enzymes. DGAT2 has been demonstrated to have 4
transmembrane domains (Liu et 2011). It has been observed in plants that DGAT1 and

DGAT2 localize to different subdomains of the ER, suggesting these enzymes may have evolved
nonredundant rolesShockey et al2006). Coding DNA sequences (CDS) of eukaryotic DGAT

of either family have been ovexpressed both in plants and microorganisms as a means of
increasing TAG conterfAndrianov et al.201Q Kamisaka et al 2007 Tai and Stephanopoulos

2013 Taylor et al, 2009 Yu et al, 2013.

Although there are numerous species of oleaginous yeasts which naturally produce high
TAG contentSaccharomyces cerevisiEatures numerowsdvantages for engineering increased
oil production, including established genetic resources and molecular tools, availability of a large
assortment of deletion strains, short generation time, ease of culturing and a proven track record
in industry(Runguphan and Keasling014 Tang et al.2013). Additionally, plant lipid
research can directly contribute to the metabolic engineeriB8gadrevisia@as this species is
commonly used as model system for the study of liposynthetic enzymes from plants. The first
demonstration of a plant DGAT used to increase oil conteBt aerevisiagvasby Bouvier
Navéet al.(2000 where the yeast was transformed with a CD®dimg anArabidopsis
thaliana DGAT The primary focus of that study, however, was to functionally evaluate the plant
DGAT. Contrary tcS. cerevisiagvhich possesses only DGATRGAT1 has been shown to

play a predominant role in TAG synthesis in plghis et al, 2012.
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Here, we report on the identification of four actively transcriBeassica napu®GAT1
(BnaDGAT1)genes and use of their CDS in increasing oil conte§t merevisiae We also
identified a polymorphism in the second codon ofBheDGAT1CDS which can substantively
affect the accumulation of the recombinant BnaDGAT1 polypeptides and result in large
differences in TAG production. We further demonstrate that modification of-teenhNinal
sequence of BnaDGATIi% a simple method ofrcumventing the effects of native sequences of
BnaDGAT1 when expressed in yeast, which does not impact cellular growthThtss.
modification represents an additional tool to those currently available to produce greater TAG

content inS. cerevisiae

3.2. METHODS AND MATERIALS

3.2.1 Yeast culture conditions

Two yeast strains, a TAG deficient quadruple muSrderevisia¢l1246 MATU -ar e 1
®: : HI S&: alL EDP2p:d gkaaln MXpt : | TrRAPHandAiparental straib.
cerevisiaeSCY 62 MAT aADE2 can 1100 his311,15 leu23 trp1-1 ura31), were used in this
study(Sandager et al2002. Cultures ofS. cerevisia¢i1246 were initiated in 2% (w/v)
glucose synthetic liquid edia lacking uracil (0.67% (w/v) yeast nitrogen base, 0.2% (w/v)
synthetic complete drop out mix (SC synthetic minimal media). After overnight growth, cultures
were inoculated into synthetic media containing 2% (w/v) galactose and 1% (w/v) raffinose to an

optical density of 0.4. Cultures were rotated at 250 rotations per miftat S0cerevisia&CY

37



62 was grown similarly, unless otherwise indicated, with the exception that they were all

initiated in synthetic media containing 1% (w/v) raffinose ascdrbon source.

3.2.2 Cloning of BhaDGAT1cDNA and genes

A cDNAlibrary representing a full range of seed developmental stages was constructed
using the double haploB. napudine DH12075(SéguinSwartz 2003. With information
obtained from th&. napusEST database (National Research Council of Canada, Saskatoon,
Saskatchewan), the library was used to isolate full leBQgHDGATIcDNA using the Marathon
cDNA amplification kit (Clonetech) and primers indicated in TableA. Genomic DNA was
isolated fom B. napudine DH12075 seedlings and used for isofespecificBnaDGAT1
amplification (Table2.1-B). Amplified products were then cloned into the p€RAPO TA
vector (lnvitrogen) as per the manufactureros

(Tale21-C, or manufacturerdéds primers) and results

3.2.3 Generation of yeast expressingnaDGAT1

Full lengthBnaDGAT1CDS were amplified by PCR (Takel-C) and cloned into the
pYES2.1/V5His TOPO yeast expression vector (Invitrogen), under the control Gate
promoter and with t heBnaDGATlftagments weré amplifi@ldy V5 epi
PCR and used as templates to construct full lengthetai constructs by the overlapping PCR
method (Tabl@.1-D). Chimera constructs were cloned into the pYES2.4M&TOPO yeast

expression vector (Invitrogen) as described ab@maDGAT1coding DNA sequences were
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Table 3.1 Primers used for amplification of DGAT1 for identification, sequencing, and

construct design.

Construct Oligonucl eoti-8é eegepnatesolpo

A. Primers used for BnaDGAT1 cDNA cloning

BnaC.DGAT1.a TCTGGAGGCGTCACTATGC, CCCGCTTCTCCACCG
BnaA.DGAT1.a TCTGGAGGCGTCACTATGCLCTTCTCCGCCGCCTC
BnaA.DGAT1.b TCGCTGTACCGCCGAC, TAAACCTTACATCGCCTCCG

BnaC.DGAT1.b AGGCGTCGCTGTACCGA, TACATCGCCGTTTCCTCCT

B. Primers used for genomic BnaDGAT1 sequence isolation

TTGGATTCTGGAGGCGTCACTATG,
BnaC.DGAT1.a
ACATCTATGACATCTTTCCTTTGC

TTGGATTCTGGAGGCGTCACTATG,
BnaA.DGAT1.a
ACATCTATGACATCTTTCCTTTGC

TTGGATTCTGGAGGCGTCGCTGTA,
BnaA.DGAT1.b
TGTGGAGTAAAAAGTCCTTCTCAG

TTGGATTCTGGAGGCGTCGCTGTA,
BnaC.DGAT1.b
TGTGGAGTAAAAAGTCCTTCTCAG

C. Primers used for sulcloning BnaDGAT1s

ACCATGGAGATTTTGGATTCTGGAGGCG,
BnaC.DGAT1l.a
TGACATCTTTCCTTTGCGGTTC

ACCATGGAGACTTTGGATTCTGGAGGCG,
BnaA.DGAT1.a
TGACATCTTTCCTTTGCGGTTC

BnaA.DGAT1.b ACCATGGCGGTTTTGGATTCTGGAGGCG,
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BnaC.DGAT1.b

GGACATGGATCCTTTGCGGTTC
ACCATGGCGGTTTTGGATTCTGGAGGCG,

GGACATGGATCCTTTGCGGTTC

D. Primers used for Chimeric DGAT1s

BnaC.DGAT1.qmy:

BnaA.DGATL. o)

BnaA.DGAT1.ry:

BnaC.DGAT1.arp)

ACCATGGAGATTTTGGATTCTGGAGGCG,
GATACGTAAACCTTACATCGCCTCCCGCTTCTCCACCGGAT
TCCCTAATT,

TCTCCACCGGATTCCCTAATT,
AATTAGGGAATCCGGTGGAGAAGCGGGAGGCGATGTAAGG
TTTACGTATC

ACCATGGCGGTTTTGGATTCTGGAGGCG,
TGTACCTTACATCCACGTTTCCCCCGGCGGATTCCCTAGTT]
CGGCATCT,
AGATGCCGAAACTAGGGAATCCGCCGGGGGAAACGTGGAT
GTAAGGTACA,

TGACATCTTTCCTTTGCGGTTC

E. Primers used for site directed mutations

BnaC.DGAT1.@2na)

BnaA.DGAT1.hue)

BnaA.DGATl.b\V/ED

ACCATGGAGATTTTGGATTCTGGAGGCGTCAC,
TGACATCTTTCCTTTGCGGTTC
ACCATGGAGGTTTTGGATTCTGGAGGCGTCGC,
GGACATGGATCCTTTGCGGTTCAT
ACCATGGAGATTTTGGATTCTGGAGGCGTCGC,

GGACATGGATCCTTTGCGGTTCAT
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F. Primers used for Nterminal tagging

TAAAATGCGGCCGCATGGAGATTTTGGATTCTGGAG, TAAA
NT::BnaC.DGAT1.a
ATTCTAGATGACATCTTTCCTTTGCGGTTC

TAAAACGCGGCCGCATGGCTGTTTTGGATTCTGG, TAAATTG
NT::BnaA.DGAT1.b
TAGAGGACATGGATCCTTTGCGGTTC
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also amplified by PCR with forward pniers designed timtroduce sitedirected mutations at the
+5 and +7 nucleotides (Table ZE) before cloning into pYES2.1/\His Topo (Invitrogen).
Restriction sitefNotl andXbal were added t8naDGATICDS by PCR amplification (Table
2.1-F). Resulting?CR products werdigested and cloned in frame into pYES2/RT
(Invitrogen) to produce N\DGAT1. The Nterminal tag of this vector is composed of 6x
polyhistidine |inked to an O0Xpressod epitope.
with 30 V5 equentes, pnel wareosedquemagd using the BigDye Terminator v3.1
Cycle Sequencing Kit (Life Technologies) to ensure the fidelity of the coding sequences.
Vectors were transformed into tBe cerevisiastrains by polyethylene glycohediated

transformatior(Gietz and SchiestR007).

3.2.4 Analysis of neutral lipid content in yeast

Nile red analysis of TAG accumulation was performed as described prev{Busty et
al., 20093 using either a koroskan Ascent (Thermo Electron Company) or a Synergy H4
hybrid reader (Biotek)Briefly, 95 ul of yeat culture was incubated with 5 pl of 0.8 pg/ml Nile
red solution (suspended in methanol). Fluorescent emission was assayed before and 5 minutes
after addition of Nile red solution. Change in fluoresm®»ver optical densitpf the cultures
( eeF ko Was used as a measure of cellular neutral lipid content. Three technical replicates of

three biological replicates were performed for each BnaDGAT1 isoform and construct.

3.2.5 Preparation of microsomes and Western blotting
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Microsomal fractions we isolated frons. cerevisia¢i1246 cultures expressiiGAT1
constructs according to Siloto et @0091. For Western blotting, twentfrve micrograms of
isolated protein were separated by 10%4v) denaturing SDS?AGE. Proteins were
electrophoretically transferred to polyvinylidene difluoride membranes whichtivemeblocked
with 2% (w/v) milk fat before incubation with VAHRP conjugated antibody (1:10,000).
BnaDGAT1 content was visualized using ECL Advance Western Blotting Detection Kit

(Amersham) with the aid of a variable mode imager (Typhoon Trio+, GE Hagd)hc

3.26. In vitro DGAT activity assays

DGAT assays were conducted in a similar fashion to the procedure described by Byers et
al. (1999). Microsomes containing recombinant BnaDGAT1 were incubated in the presence of
200 mM HepesNaOH (pH 7.4), 3.2nM MgCl,, 333 uMsn-1,2-dioleoylglycerol dispersed in
0.2%Tween20 (Avanti Polar Lipids) and 15 uM {¥'C] oleoy-CoA (55uCi/umol)(Perkin
Elmer). DGAT reactions were allowed to proceed a€30r 2-5 min before quenching with
sodium dodecyl sulfateEntire reactions were then spotted onto G25 silica plates and TAGs
were isolatedby thin layer chromatographysing 80:20 hexane: ether (v/v) as a mobile phase.
After air-drying, silica containing TAG spots wedletectedising an imagig plate (FyiFilm) in
combination with a §phoonTrio+ variable mode imager (Amersham Biosciences). Identified
spots were scraped from the TLC plate, combined with Ecolite scintillation cocktail (MP
Biomedicals) and radioactivityasquantified using an LS 6500 mufiurpo® scintillation

counter (Beckman Coulter).
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3.27. Yeast fatty acid analysis

Wild type S. cerevisiaeells were harvested 72 h post induction, flash frozen, and freeze
dried. Approximately 60 mg of sample were rehydrated and lipids were extracted using the
Folch method, with minor modificatior{€hristie 2010. Isolated lipids were rsuspended in
chloroform and spliinto two equal portions: one portion wased forTLC isolation of TAG
(80:20:1 hexane: diethyl ether: acetic acid mobile phase) and the remaining portion was used
determination ofotal lipid content. TAG spots on TLC plates (silica G25) were ifledtusing
primulin staining. Both isolated TAG and dried down total lipid samples were derivatized by
incubation in 2 mL methanolic HCI for 3 hours att80 Reactions were guenchiegaddition of
2 mL of saline, and methyl esters were isoldig@xtra¢ion twice withhexane. Isolated fatty
acid methyl esters were separabgdchromatography oa 30 meter DB23 column (Agilent
Technologies) using a 6896 N network GC system (Agilent Technologies) and quantified using a
5975 inert XL mass selection det@c{Agilent Technologies). Triheptadecanoin and
heneicosanoic methyl est¢Nu-Chek Prep.) were used as external and internal controls,

respectively. Three biological replicates were tested for each construct.

3.28. Visualization of yeast fat pads

S.cerevisiaeH1246 @lls wereculturedas described above for 24 h. Cells were lysed
and centrifuged as described for the isolation of microsomes. The resulting fat pads in the
centrifuge tubes were photographed using a Canon EOS 60D camera (with &Edithmm

/2.8 Macro USM lens).
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3.2.9 Statistical analysis

Analysisof in vivo TAG accumulation and fatty acid composition of yeast producing
DGAT1 enzymes was performed using amay analysis of variance (ANOVA; SAS 9.3, SAS

Institutelnc) , with U =0.05.

3.3. RESULTS

3.3.1 Identification of BhaDGAT1 genes and coding sequences

Four differentDGAT1mRNA sequences were identified in cDNA amplified from
developingB. napudine DH12075 seed&SéguinSwartz 2003, and the presence of the four
BnaDGAT1genes in th&. napuggenome were confirmed by full gene sequencing and Southern
blot analysis (BPPLEMENTAL FIGURE3.1). The genes were named according to the
nomenclature suggested BrassicaspeciegOstergaard and Kin@008. B. napuss an
allotetraploid containing two (A & C) of the three ancedBassicagenomegLiu and Wang
2009. Two of theBnaDGATZE, BnaA.DGAT1.4dGenBank ID: IN224474) arghaA.DGAT1.b
(GenBank ID: JN24475), displayed high sequence homologp@AT1genes identified iB.
rapa, a species containing only tBeassicaA genomgBRAD, 201]). The coding sequence of
BnaA.DGAT1.hwas previously reported by our group (GenBank ID: AF16443Alkiforuk et
al., 199%) whereaghe sequence @naA.DGAT1.das not been previously reported. The
remaining twoBnaDGAT lgenes showed high sequence homolody@AT1nucleotide
sequences present in EST libraries derived fBowleracea which possesses only tBeassica

C genome. The mRNA sequenceBofaC.DGAT1.dGenbank ID: JIN224473yas registered
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into the NCBI database by Brown et @998 as GenBank ID: AF251794.1, whereas
BnaC.DGAT1.l{Genbank ID: IN224476)as not been pveously reported. All four genes
appear to have similar organization, commoB@AT1genes, with a large first exon followed

by 15 smaller exons.

TheBnaDGAT 1coding sequences could be divided into two groups based on homology
(FIGURE3.1.a), withBnaC.DGAT1.andBnaA.DGATL1.dalling into one clade and
BnaA.DGAT1.landBnaC.DGAT1.bnto a second cladeThe first and second clades share 98.6
and 96.2 % pairwise identity, respectively, compared to 91.0 % pairwise identity for all four
BnaDGAT1 amincacid sequencesThe amino acid sequence differences among the encoded
enzymes reside primarily in the hydrophilic polypeptide segment encoded by the first exon

(74.2% amino acid pairwise identitygIGURE3.1.b).

3.3.2 Functional characterization of BhaDGAT1 coding sequences

To initially characterize the four BnaDGATL1, theoding sequences were first expressed
in the quadruple knoekut S. cerevisiastrain H1246@par e 1 @ar e 2Qwhgghlaoksl @dgal
the genes necessary to synthesize neutral [{gidsdager et al2002. As a result, the neutral
lipid content of these cultures directly relates to the amount of TAG produced by the introduced
DGAT1CDSs. Nile red fluoresces at a unique wavelength in the presence of neutral lipids, and

thus, under the above conditiomspvides for a rapid method to quantify TAG produced by the
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FIGURE 3.1. BnaDGATL1 sequence homology(a) Phylogenetic tree @&naDGAT lcoding
sequences. Numbers indicate substitutions per site. (b) Homology alignment of BnaDGAT1
polypeptides. Higher bar height and darker shade indicates higher amino acid residue identity
consensus. Shaded rectangle indicates amino acid residoeded by the first exon of

BnaDGAT1
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catalytic action of recombinant DGATSIloto et al, 20099. Using this method, it was
demonstrated that all foBnaDGATI1CDS encoded active DGAT enzymes. Large differences
in TAG contentsvere observed, however, despite the high degreerablogy sharetetween
these coding sequences. BnaA.DGATdeaeratedar greater TAG content compared agt
producing BnaA.DGAT1.b (FIGURB.2.a). Similarly, cultures producing BnaC.DGAT1.a
generated significantly more TAG than those producing BnaC.DGAT1.b. Western blot of
microsomal protein extracts revealed that the divengevivo DGAT activities were largely a
product of differential aceuulation of the polypeptide§F(GURE3.2.b). Differences in

DGATL1 content appeared to be of a larger scale than those observed for the TAG content of
these cultures. This discrepancy may result from the yeast being incapable of providing
sufficient subgtites or environment to highly accumulating DGATL1s, leading to proportionately

smaller returns in TAG contents over time.

Following these initial results, we subsequently observed that expressing coding
sequences of two candidate BnaDGAT1 variaBtsaC.DGAT1.aandBnaA.DGATL1.p in frame
with 506 epit op ée\Jvettorproducedeprzyney (NTS:BnallGAT1) which
accumulated significantly more neutral lipids than their equivalents with-teorNnal tag
(FIGURE 3.3.a). Furthermorein vitro assgs with radiolabeled acyCoA and exogenous DAG

indicated that the tagged polypeptides displayed high enzyme specific atli@tyRE 3.3.b).

As little as 150 ng of microsomal protaiould produce a relatively large quantity of
TAG in a twominute assayThe high DGAT activity observed was almost completely

dependent on exogenous DAG; enzyamgvity was reduced by approximately 98% when
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FIGURE 3.2. In vivo TAG (a) and BnaDGAT1 (b) accumulation inS. cerevisiaestrain
H1246 cullures producing different forms of BhaDGATL Nile red readings and microsomal
protein extractions were performed with cultures of similar optical densities§23 hours
postinduction. 1. BnaC.DGATL1.a, 2. BnaA.DGATL1.a, 3. BnaA.DGAT1.lBdaC.DGATL1.b.

Error bars indicate +/1 standard deviation. Letters indicate statistical grouping.

49



)
=]
=
(=]
23]

15000 |

« mg profain?

pmotes TAG » min!

FIGURE 3.3. Effect of Nterminal modification of BnaDGAT1 on lipid accumulation and
microsomal DGAT activity for recombinant enzymes produced irS. cereisiaeH1246. Nile

red analysis oin vivo lipid accumulation (a) was performed on cultures of similar optical
densities (Olgyg) 24 hours posinduction. In vitro DGAT enzyme assays (b) were conducted
using [£*“C] oleoytCoA in the presence of exogenausl,2-diolein. Error bars indicate -1
standard deviation. Fat pads (c) were isolated from 50 ml cultures 24 hours post induction from
cultures grown at §C, 250 rpm. 1. Nerminally tagged BnaC.DGAT1.a

(NT::BnaC.DGAT1.a); 2. NT::BnaA.DGAT1.b; BnaC.DGAT1.a; 4. BhaA.DGAT1.b. 5.

LacZ. Letters indicate statistical grouping.
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exogenous DAG was not made available. Under optimized conditions, the specific activities of
microsomal DGAT for oleoyCoA in the presence sh-1,2-diolein were 17.4 and.B6 nmol

TAG A'Amimmg PfordNT::8na@.DGAT1.a and NT::BnaA.DGAT1.b producing

cultures, respectively. These activities represented increases of approximately 16 and 149 fold,
respectively, over their untagged equivalents. The impact of expyedsaDGAT1 enzymes

with and without the Nerminal tag is significant enough that differences in fat pad

accumulation can be observed visually (FIGURE 3.3.c).

To understand how the-términal tag was increasing DGAT1 activity, we attempted to
elucidatewhy the enzymes without-ierminal tags displayed such differ@mtvivo activities.
We hypothesized that the differences in BnaDGAT1 activity bea product of the divergent
amino acid sequences present in theteNninal domain, as the remaindettloéir polypeptide
sequences displayed very high similarity. To test this hypothesis, yeast cultures expressing
chimeric versions of the candidate CDS with interchangéeridinal domains (i.e.,
BnaC.DGAT1.@-Terminusj:BNaA.DGAT 1. Qn-TerminusDeletedy@Nd
BnaA.DGAT1.nm)::BnaC.DGAT1.auTp)) Were subjected to Nile red analysis. Théekinal
domains of these chimeras represent the amino acids encoded by the first exons of their parental
gene FIGURE3.1.b). TAG content in cultures producing thesencéric proteins accumulated
to levels equal to the nati& napusnzyme with which they sharedt®rminal homology
(FIGURE3.4.9). BnaC.DGAT1.am)::BnaA.DGAT1.ntpy generated an equal amount of TAG
to cultures producing BnaC.DGAT1.a, which was up to-teld more TAG than that generated
by cultures producing BnaA.DGAT1.b. The oppositas also observed for cultures producing

BnaA.DGAT1.nm)::BnaC.DGAT1.aTp), Which generated far less TAG than BnaC.DGAT1.a
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FIGURE 3.4. Impact of BhaDGAT1 Nterminal form on enzyme activity and accumulation
in S. cerevisiae straii1246. In vivoneutral lipid (a) and BnaDGAT1 accumulation (b) in
H1246S. cerevisiaeultures expressing chimeric DGAT1 coding sequerioesvo neutral lipid
(c) and BnaDGAT1 accumulation (d) in H1286cerevisiagultures expressing mutated
BnaDGAT1coding sequences. Nile red readings and microsomal protein isolations were
performedon cultures at similar optical densities (63§ 24 hours posinduction. Error bars
indicate +# 1 standard deviation. 1. BnaC.DGATQ.8minusj:BnaA.DGAT1.Qn-TerminusDeleted)
2. BnaA.DGAT1.ly7)::BnaC.DGAT1.autp), 3. BnaC.DGAT1.a, 4. BnaA.DGATH,, 5.

BnaC.DGAT1.3 =k 2 R) BNaA.DGATL.b x> Z)BNaA.DGATL.R »a v/ lestters indicate

statistical grouping.

52



cultures. Western blots performed on microsomal protein extracts from the yeast cultures
demonstrated the TAG content phenotype wasrtigag upon the variant form of the N

terminal region of these DGATEIGURE 3.4.b).

In silico analysis of the Merminal domains of the BnaDGAT1 CDS identified a potential
phosphorylation site (BnaA.DGATlsh), and a potential ubiquitination site
(BnaA.DGAT1.lx»7) which theoretically could lead to the differential accumulation of the
enzymes. Replacement of these amino acids through site directed mutagenesis, however, had no
effect on the enzymeds activi tewasmwtaffegt @ata i ng t
not shown). Mutation of the second amino aesidue in the BnaDGAT1 polypeptide
sequence, conversely, was shown toehalarge effect on enzynaetivity (FIGURE3.4.c).
Yeast producing BnaC.DGAT1.a with its second amino aciduegglutanic acid converted to
an alanine residue produced significantly less oil than cultures producing BnaC.DGAT1.a. The
reverse was observed for cultures producing BnaA.DGAT1.b with its second amino acid residue
(alanine) replaced with a glutamaégsidue, which produced significantly more oil than cultures
producing unmodified BnaA.DGAT1.b. Replacing both the second and third amino acid
residues of BnaA.DGAT1.b led to even greater oil accumulation. Mutation of these amino acid
residues was alstnewn to dramatically alter the accumulation of these polypepitidéso
(FIGURE 3.4.d) as well. Interestingly, BnaC.DGAT Jzgh) produced less oil than
BnaA.DGATL1.b, despite it apparently accumulating to a higher degree. This may suggest that
mutating the second amino acid can affect both DGAT accumulation and its enzymatic activity.
It is possible, however, that some discreparany be expected between western blot and Nile red

anal ysis as these assays are performed at dif
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either scenario, however, producing BnaDGAT1 enzymes with-gemrhinal epitope in yeast
appears to mask thepact of deleterious nucleotide or amino acid residues preseaitiat N
terminus of these enzymes, leading to increased enzyme production and, subsequently, increased

in vivo TAG synthesis.

3.3.3 Potential use of tagged BnaDGAT1 for industriabiofuel applications

Placement of an ferminal tag onto DGAT1 enzymes represents a simple method of
increasingn vivo DGAT activity which could easily be combined, with many other methods
shown to increase yeast cellular TAG content. To providghnsis to how useful these higher
accumulating DGAT1 enzymes could be for yeast based fatty acid production and biofuel
applications, the performance of the enzymes was followed when produced in wigl type
cerevisiaecells (SCY 62).First, the impact oincreasing BnaDGAT1 content upon cellular
growth was monitored. As shownMGURE3.5.a, cultures expressirBnaDGAT Iconstructs,
with or without coding segments fortdrminal epitopes, grew identically to cultures expressing
LacZ Having ensured Merminal tagging did not impede yeast growth, the accumulation of
neutral lipids was then followed over time in cultures expredsingBnaA.DGAT1.{FIGURE
3.5.b). Cultures producing this enzyme were observed to immediately produce significantly
more neutal lipid relative to bothacZandBnaA.DGAT1.bexpressing cultures. At
approximately 28 hours, the yeast cells achieved their maximal content of neutral lipids. At this
point, theNT::BnaA.DGAT1.lzultures had 115% greater neutral lipid content than cultures

expressing.aczZ and 54% more neutral lipid than cultures expressing BnaA.DGAT1.b. The
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FIGURE 3.5. Growth and relative neutral lipid content of wild type S. cerevisiae

producing N-terminally modified BnaDGAT1 enzymes. (a) Growth rates of cultures

producing BnaDGAT1 polypeptides. Determination of optical densities began with inoculation
of 50 mL of induction media to Qfgy of 0.4. Cultures were grown at'8oin 250 mL

Erlenmeyer flasks, rotated at 250 rotations per minute. Accumulation of neutral lipids over time
(b) in cultures expressitgnaDGAT Iconstructs. Error bars indicate #/standard deviationd

N-terminally tagged BnaC.DGAT1.a (NT::BnaC.DGA@)L .2 NT::BnaA.DGAT1.b§

BnaC.DGAT1.ab BnaA.DGAT1.by LacZ
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increased cellular neutral lipid levelsT::BnaA.DGAT1.bexpressing cultures was not limited
to a particular window of time, and consistently remained higher than the BnaA.DGAHL.b a

LacZ-expressing cultures.

To complement the Nile red analysis of wild type cultures expressing
NT:BnaA.DGAT1.pGCGMS was used to analyze the fatty acid content of TAG and total lipid
from these cultures 72 hours post induction. These results were quite consistent with data
obtained from Nile red analysis for this time point. ExpressiddnaiA.DGAT1.bncreasedhe
cellular TAG content of yeast by 50%, and total lipid by 30%, relative to cultures expressing
LacZ(FIGURE3.6.a). Modification of the Nterminus of BnaA.DGATL1.b, however, resulted in
significantly greater lipid content. Wild type cultures expresaii::BnaA.DGAT1.bproduced
9.9% total lipid and 6.4% TAG, respectively, on a dry cell weight basis. These results translate
into a 130% increase in TAG content, and a 67% increase in total lipid, relative to cultures
expressing onlyacZ These levelsf TAG and total lipid fatty acids were 53% and 28% higher
than those observed in cultures producing untagged BnaA.DGAT1.b. The mass of fatty acids
not esterified into TAG molecules (i.e., sterol esters, polar lipids) appeared to be equivalent in all
of the samples, suggesting the increase in total lipids was solely a product of increased TAG

production.

Interestingly, the fatty acid composition of lipid fractions from yeast cells appeared to be
influenced by the degree to which BnaA.DGAT1.b accumula@dtures producing
NT::BnaA.DGATL1.b generated TAG that contained 11.2% less unsaturated fatty acids on an

absolute basis than cultures expressing L&G(JRE 3.6.b). Relative to the LacZ control,
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however, cultures producing BnaA.DGAT1.b generated Tédaiced in unsaturated fatty acids
by only 6.4%. The changes in TAG fatty acid composition were mirrored in the total fatty acid
composition FIGURE3.6.c). Primarily, increasing BnaA.DGAT1.b content resulted in
increased palmitic acid and reduced obsal content in either lipid fraction. Small differeace

in palmibleic and steric acid contents were observed, however, betateéhpid fractions of
taggedBnaA.DGAT1.landLacZexpressing cultures. For the enzyme BnaC.DGATL1.a, which
naturally disphys relatively high activity, no significant differences in fatty acid profiles were

observed between cultures expressing tagged and untagged versions of this enzyme.

Increasing the raffinose content of the standard media (2% galactose, 1% raffinose),
while maintaining galactose and nitrogen contents constant, led to a small increase in cellular
growth without penalty to neutral lipid accumulation. Under these conditions, the tagged and
untagged versions &naC.DGAT1.a produced 453 and 370 mg/L ofyfaitids, respectively, in
72 hours (data not shown). This translates to an increase of 22% in total lipid content. In the
same time period, tagged and untagged versions of BnaA.DGAT1.b produced 416 and 252 mg/L
fatty acids respectively, an increase o%%5The wild type control produced 242 mg/L total fatty
acids under the same conditions. Higher concentrations of raffinose were observed to either

provide no improvement, or to be deleterious.
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FIGURE 3.6.Fatty acid accumulation (a) and composition of triacylglycerol (b) and total
lipid fractions (c) isolated from wild type S. cerevisiaeultures expressingBnaDGAT1
constructs with and without coding segments for the Nerminal tag 72 hours post
induction. In panel (a), Nerminally tagged BnaA.DGAT1.b (1BnaA.DGAT1.1{2) andLacZ
(3) are indicated with numbers, and TAG/ ) totalnipids (/) are indicated by color. In
panels (b) and (c), above enzymes are indicated with black, striped, and whitspacsively.

Error bars indicate +/1 standard deviation. Letters indicate statistical grouping.
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3.4. DISCUSSION

Here, we report the identification of four transcriptionally aciN@AT1genes from the
major oilseed crop. napus To initially characterize the products of these genes, we expressed
their CDSs irS. cerevisiaea model organism commonly used for plant lipid resedrichet al,

2011, Sandager et al2002 Siloto et al, 2009a TurchetteZolet et al, 2011, Yu et al, 2008

Zhang et a].2013. This initial characterization, however, was hindered by the large differences
observed irthe accumulation of thBnaDGAT1 isoformsvhen produced in this species. We

then identified that placement of a tag on thteNnini of the BnaDGAT1 could dramatically
increase thein vivoaccumulation, ultimately leading to increased TAG accumulation.
Interestingly enough, a similar effectwad s er ved by O6Quin et al
placement of Myc or hemagglutinin epitopes at thteidini of plant desaturases could increase
the accumulation of these polypeptidesSircerevisiae We probed the mechanism further and
observed thathe Nterminal tag of pYES:NT appeared to increase DGAT1 accumulation by
masking deleterious polymorphisms present at the +5 nucleotide position of thesAlil

CDSs. It would be interesting to investigate how this polymorphism can account for@dL49 f
difference inin vitro activity. Speculatively, it has been demonstrated that the identity of the
amino acid residues present at théelNninus of proteins can significantly influence their

turnover ratgSriram et al.2011, Tasaki et al.2012), which is a possibility given that the
BnaDGAT1 CDS, and thed®érminal tag, encode different amino acid residues at ttegrini.

An alternative possibility may be that this polymorphism affects the rate at which this CDS is
translated. Analysis of Kaak sequences from highly expressed yeast genes suggest that the +5

cytosine of BnaA.DGAT1.b and BnaC.DGAT1.b would actually be favored, and not detrimental
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(Hamilton et al.1987). A third possibility worthy of future exploration is thattdirmini of
DGAT1 are involved in a regulatory mechanism specific to treyme. Indeed, it has been
suggested that DGAT1 may be regulated through the interaction of theimihal domains

with acyFCoAs(Siloto et al, 2008.

Irrespectiveof the underlying mechanism, addition of artd¥minal epitope was shown
to dramatically increase the activity of all four BnaDGAT1 enzyme forms expressed in yeast.
Identifying a simple methothatcan increase the accumulation of at least some DGATSs when
produced in yeast should be of great value to researchers studying thesaad properties of
these enzymes. It could also have benefits for researchers attempting to increase lipid content in
yeast for biofuel and other industrial applicatioi® our knowledge, there is only one report of
in vitro DGAT1 activity using &. cerevisiaeextract as high ase observed with the tagged
BnaDGAT1 enzymes (Yu et al., 2008), whereas other reports\ambterders of magnitude
lower. The specific activitgf microsomal NT::BnaC.DGAT1.a observed here was
approximately 1&old higherthan that reported for lipid body fractions containing a genetically
improved version of DGA1, despite the latter being expressed in a wild type background
(Kamisaka et al2010. In the SCY 62 background, placing artddminal tag on
BnaA.DGATL1.b resulted in a 67% increase in total fatty acid content for the Bggéducing
cultures, which arresponded to approximately%0of the dry weight of the cells. This levél o
lipid accumulation is similar to that achieved by overexpredsi@g1under the control of the
Gall promoter inS. cerevisiaéRunguphan and Keasling014). That study, however, reported
a much lower production value of 168 mg/L of fatty acids compared to the 453 mg/L reported

here. Kamisaka et al. (201®)ported a similar total fatty acid production value (450mg/L) when
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expressindGAlunder the control oADH1 for 7 days in the presence of 10% glucose. Thus, it
appears that production of tagged BnaDGAT1 enzymes under the cor@ALaftan provide
equialent or better fatty acid production results relative to those achieved by the overexpression
of DGA1in S. cerevisiae It should be noted, however, that Kamisaka et al. (2013) were able to
achieve much greater yield (up to 930mg/L) by expressing-gmrinally truncatedGAlin a
aglgabackground. In light of these findings, it would be of great interest to observe -how N
terminally tagged BnaDGAT1 performed when expressecdhiga background, or when €o

expressed with the improv&iGAlvariant.

AlthoughS. cerevisiaés known to produce lower lipid content then many oleaginous
yeast strains, it has many genetic tools available and is familiar to industry, and thus has been
suggested to be a good model strain for ybased biofuel productiofiRunguphan and
Keasling 2014). Further genetic modification of yeast metabolism to incredsstisie
production for the tagged DGAT1 enzymes may further maximize the potential effectiveness of
these modified TAGiosynthetic enzymesThein vitro activity increases observed for these
enzymes were significantly greater than those observed foralcd@mulation, and the extracts
required addition of exogenous DGAT for maximal performaridas suggests that DAG

availability may be limiting in the synthesis of TAG.

We noted the fatty acid profiles of both TAG and total lipid fractions were significantly
different between cultures expressing tagged and untagged versBmsADGAT1.b This
observation may have important implications for the engineering for yeasidoce

unsaturated fatty acids, as there was a negative relationship between DGAT1 accumulation and
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unsaturated fatty acid content. Al t hough the
DGAT is generally accepted to promote TAG accumulatioyeast, it may be that in certain
circumstances that reducing DGAT activity to a moderate level may increase the relative content

of unsaturated fatty acids in TAG. Conversely, it may be necessaryrteug u | -desaturase 9

activity or increase the abdance of this enzyme when increasing DGAT accumulation in yeast

in order to achieve a higher proportion of unsaturated fatty acids in T@dged, both DGAT

a n d -demdurases of yeast are present in the ER (StukeyX330) and presumably compete

for cytosolic acyFCoA as substrates.

In summary, placement of antdrminal epitpe on DGAT1 enzymes can provide
facile method to eliminate the influence of nativediminal sequences during heterologous
expression irs. cerevisiae This discovery cold potentially benefit researchers involved in
studying the biochemical properties of recombinant DGAT produced through heterologous
expression in yeast and has implications for optimization of pI&@#T to facilitate effective
production of the encoded recombinant polypeptides in this microbial organism. In addition, this
discovery offers a new approach to increase lipid content in yeast for industrial applications such

as producing feedstock for bioded production.
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3.7. SUPPLEMENTAL DATA
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SUPPLEMENTAL FIGURE 3.1. Southern blot analysis of theBnaDGAT1gene variants in
the B. napusDH12075 genome Fragments fronfi.coRIdigestions were separated by gel
electrophoresis before transfer to a nylon membraRadiolabelledorobes were designed to
hybridizeto a conserved region (Probe ATGACCGAGGTCTTGTATCCAG,
CACGGTCCCCGAAGCAGAGGAGCTCG) or a variable Nerminal regiorBnaDGAT1s
(ATGGAGATTTTGGATTCTGGAGGCG, GCGGCCGCATGGCTTTGTTTGAAGATThese
N-terminal probes were generated using DdGAT1.a or Bnd.DGAT1.b as templates. A
conserved region of BnaDGAT1.a served as template to geagpradde capable of hybridizing
to all four BnaDGATL1 genesiybridization and washing of the blot was performed at 55°C

This figure was modified from a version produced by Dr. Martin Truksa.
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4.1. ABSTRACT

Diacylglycerol acyltransferase (DGAT) catalyzes the final step in theGaA
dependent biosynthesis of triacylglycerol (A a high energy compound composed of three
fatty acids esterified to a glycerol backbore.vitro DGAT assays, whichra usually conducted
with radidabeled substrate using microsomal fractions, have been useful in identifying
compounds and genetic modifications that affect DGAT activity. Here, we describe a high
temperature gas chromatography (GC)/mass spectrometryl®8§l method for quantifying
molecular species of TAG produced by the catalytic action of microsomal DGAT. This method
circumvents the need for radiabeled or modified substrates, and only requires a simple lipid
extraction prior to GCThe utility of the method is demonstratedngsa recombinant typé
Brassica napu®GAT produced in a straiBaccharomyceserevisiaewvhich is deficient in TAG
synthesis.The GC/MSbased assay of DGAT activity was strongly correlated with the tyjical
vitro assay of the enzyme using{C] acy-CoA as an acyl donorin addition to determining
DGAT activity, the method is also useful for determining substrate specificity and selectivity

properties of the enzyme.

Key Words: diacylglycerol acyltransferase; recombinant;-&@oA; selective ion monitoring;

Brassica napus
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4.2. INTRODUCTION

Triacylglycerol (TAG) is a high energy storage compound composed of three fatty acids
esterified to a glycerol backbone. Téerbon chain kegth and number of double bondghese
three fatty acids can impact the industrial or nutritional value of this storag¢Hgmd and
Agriculture Organization of the United Natior2§)1Q Dyer et al, 2008 Innis, 2011 Yu et al,
201]). In many plants, animals and miasoganisms, TAG is synthesized by the aCgA-
dependent action of diacylglycerol acyltransferase (DGE&TGURE4.1) (Liu et al, 2012
Lung and Weselak006§. Both membrandound and cytosolic forms ttis enzyme have
been cloned and partially characterifel@rnandez et gl2012 Liu et al, 2012 Lung and
Weselake2006 Rani et al.2012 Saha et al2006 Shockey et al2006 TurchetteZolet et al,
2011 Waltermann and Steinbuch&D05. Increasing the abundance of DGAT during seed
development has been shown to result in increased seed oil content in some plant species add
(Taylor et al, 2009 Weselake et gl2008 Weselake et g12009. Increasing seed oil content is
of paramount importance with a growing global populationtiaata high demand for vegetable
oil for both food and industrial applicatio(iSurrett et al.2008§ Rahman et al2013 Weselake
et al, 2009. In terms of human health, the inhibition of DGAT activity is a promising strategy
for treating obesity and other lipreélated disorder@Cao et al.2011, Chen and Fares2005

Zhao et al.2008.

Typically, in vitro DGAT assays are based on the quantifying the incorporation of radio
labeled acyl groupmto TAG (Liu et al, 2012 Siloto and Weselak@010Q. These DGAT

assays routinely use TLC to separate TAG from other tigisises, thereby increasing the
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DAG

Acyl-CoA TAG

FIGURE 4.1. DGAT catalyzes the acyyCoA-dependent acylation ofsn-1,2-diacylglycerol

(DAG) to produce triacylglycerol (TAG) and CoA.
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amount on time spent on assaying the enzy8eethala et a(2008 havecircumvented the use

of TLC in thein vitro DGAT assay by capturg radidabeled TAG with polylysine SPA beads,
which results in the production of a signal that can be measured by an imaging system.
Radiolabeled substrates, however, are expensive and heavily regulated due to their potential
health risks. Recently, fluescencebased techniques for assaying DGAT activity have been
developedMcFie and Ston€2011 Sanderson and Venab®012. These methods use
fluorescent substrate analogs which are limited to only a few commercially available

compounds.

In early studies, Ichihara et §1.98; 1983) used flame ionization detection to quantify
molecular species of intact TAG resolved by higmperature gas chromatography (GC) in
order to gain insight into the substrate specificity and selectivity properti@SAT activity in
microsomes from developing safflow&grthamus tinctoriusseed. The method, however, had
to be conducted at a relatively large scale and involved lipid extraction coupled with TLC prior
to GC. For routinén vitro DGAT assays, the inveghtors resorted to using the iyg DGAT
assay involving radiabeled acylCoA as the donor substrate. More recently, mass spectrometry
(MS) has been used to analyze and quantify molecular species of TAG resolved-by high
temperature GCEvershed1996 Kemppinen and Kal®006 Ruiz-Samblas et al2010. Here,
we report on the use of highmperature GC/MS to resolve and quantify molecspecies of
TAG as a basis for the determination of DGAT activity, substrate specificity and substrate
selectivity for recombinarBrassica napu®GAT1 produced in a strain (H1246) of
Saccharomyces cerevisideficient in TAG synthesisTAG quantification is based on the

selected analysis of ion fragments produced by electron impact fragmeniE&ti®iGC/MS
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based DGAT assay is highly correlated with th@dsl method implementing radabeled acyl

CoA over a wide range of microsomal f@im content.The method is comparable in cost to
fluorescencéased methods and can use a wide range of commercially available, non
radioactive and unmodified substrates. The method also eliminates the use of TLC which can
add time tan vitro DGAT ass&s and produce substantial amounts of organic solvent waste. As
well, this method has been optimized using equipment far lower in cost than recently developed
methods which use LC/MS/MS to quantify TAG product{@ et al, 201Q Zhang et al.2010.

These features make GC/Mifased analysis DGAT activity analysis a highly attractive

alternative to competing methods.

4.3. METHODS AND MATERIAL S

4.3.1 Culture conditions and microsomepreparation

TAG deficient quadruple knock o&t cerevisiastrain H124§Sandager et al2002
was transformed with pYEST vector (Invitrogen) carrying the coding sequencB.afiapus
DGAT1.a from the C genome (BnaC.DGAT1.a; Genbank ID: JN224473) in frame with the
v e c t otermirgal epltope, as p&ietz and Schies{R007). Cultures were induced and
microsomes were isolated according to Siloto e28l099. Quantification of protein content in
yeast microsomes was performeging the Bradford ass&Bradford 1976 with BSA as a

standard.
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4.3.2 GC-MS-based DGAT assay

Unless otherwise stated, approximately 3 pg microsomal protein was incubated in the
presence 0198 mM HepesNaOH (pH 7.4), 3.2 mM MgGJ 333 uMsn-1, 2-dioctanoylglycerol
(Avanti Polar Lipids Inc.; sonically dispersed in 0.Z%een 20(v/v) and 15 uM acylCoA
(Avanti Polar Lipids Inc.). The total reaction volume was &ROMicrosomes were used to
initiate the enzyme reactiorReactions were allowed to proceed at3tor one minute, unless
otherwise indicated, before quenching with 1mL chloroform methanol 2:1 (v/v). Two hundred
microliters of 150 mM acetic acid and 80qf distilled H,0 were then added to the mixture
(yielding a 10:5:6 choloroform:methanafjueous, v/v/v) prior to vortexing and centrifugation at
1,5009 for 5 minutesThe nonpolar phase was transferred to a 2 mL glass vial and dried down
under nitrogergas. The isolated lipids were resuspended in 60 pL of isooctane followed by
vortexing. This solution was transferred to a 2 mL glass GC vile with 0.3 mL inserts. Care was
taken to avoid the use of even chemically resistant plastic pipette tips odtulreslipid
extraction since even minimal exposure to the organic solvents leads to mass spectra with large
contamination peaksSelectivity assays were set up identically with the exception that reactions

contained 15uM of palmitoyl (16:630A and 15puMoleoyl (18:%*™)-CoA.

Lipids were separated using a 6890N Network GC system (Agilent Technologies) along a
30m x 0.32 mm 1.D. HF column (5% Phenyl Methyl Siloxane, 0.25 um film thickness) at a
constant helium flow of 4 mL/min. The initial oven termggere of 158 was raised at 15/min
to a final temperature of 385 and held there for an additional 18 minutes. Electron impact (70

eV) TAG fragmentation ions were produced and identified using a 5975 inert XL Mass Selective
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Detector (Agilent Technologies) operating in selected ion monitoring mode, set to high
resolution with 100 ms ion dwell time. lons witiizof 439, 327 and 127 were monitored for
DGAT reactions using palmitoyCoA, and 465, 327 and 127 for those usinggkCoA. MS

data was acquired and quantified with the aid of MSD Chemstation Data Analysis software
(version D.02.00.271, Agilent Technologies). Selectivity assays were performed using a 7890A
GC system (Agilent Technologies) with the aid of MSD Chenwstddata Analysis software

(version F.01.00.1903, Agilent Technologies).

4.3.3 DGAT assay using radiclabeled substrate

Conventionaln vitro DGAT assays were performed similarly laatyCoA was replaced
with 55 pCi/umol [1:1“C] oleoy+CoA (PerkinElmer). After phase extraction, TAGs suspended
in isooctane were spotted on G25 silica plates (Macheegel) and isolated by TLC using
80:20:1 hexane: diethyl ether: acetic acid (v/v/v) as a mobile plséea plates were imaged
using a storage phosphor screen (Fuji Film) and Typhoor variable mode imager (GE
Healthcare). Identified TAG spots were scraped, submerged in Ecolite (MP Biomedicals), and
guantified using an LS 6500 mufiurpose scintillation counter (Beckman Coulter). In some
cases, the phase extraction procedureomatted and reaction mixtures quenched with a
solution of sodium dodecyl sulfate were spotted directly onto G25 silica (itess et al.

1999.
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4.4. RESULTS AND DISCUSSION

The specificity and selectivity properties of microsomal DGAT activity in safflower
microsomes were previously examined using Heghperature GC coupled to flame ionization
detection(Ichihara et a].1988 Ichihara and Nodal982. These early investigations used-
1,2-dihexanoylglycerol as an acyl donor to increase the volatility of the TAG generated through
the catalytic action of DGATWe also used a DAG consisting of short acyl chainghier
purpose. In the process of designing the GGHdSed assay of DGAT activity, we first
demonstrated that microsomes containing recombiBaaC.DGAT1.a could effectively uss
1, 2-dioctanoylglycerol as an acgicceptor in thén vitro enzyme assaysing [+“C] oleoyl-

CoA as an acyl donor. Radtbeled products resulting from DGAT action are showrsiet,
2-dioctanoylglycerol andn-1, 2-dioleoylglycerol, respectively, IRIGURE4.2. Both molecular
species of DAG served as effective acyl acceptors for BnaC.DGAT1.a. Molecular species of
TAG produced by acylation of this low molecular mass DAG had considerably shorter retention
times than larger molecular species of TAG which weitteas volatile. Thus, the use of a short
chain DAG eliminated interference by long chain endogenous TAGs which may be present in
microsomal fractiongLiu et al, 2012. Since the TAGs of most organisms are devoid of TAG
containing octanoyl chains, the GC/My&sed assay of DGAT activity should be widely
applicable providing the DGAT in question can utilszel, 2dioctanoylglycerol as an acyl
acceptor. Recentlgn1, 2-dihexanoylglycerol was effectively used as a substrate to assay
recombinanfrabidopsisDGAT?2 activity in leaf microsomes of tobacddi¢otiana

benthamianf(Zhou etal., 2013. In earlier worksn-1, 2-dioctanoylglycerol was also shown to
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FIGURE 4.2.BnaC.DGAT1.a catalyzes the acylation o$n-1,2-dioctanoylglycerol or sn-1,2-
dioleoylglycerol.[1-'“C] oleoy}CoA was used as an acyl donor and reactions were quenched
using a solution of sodium dodecyl sulfate, and then applied directly to the TLC plate as
described by Byers et al. (34)ipid classes were resolved using 80:20:1 hexane:diethyl ether:
acetic acid (v/v/v).Lane 1, radiolabeled trioleoylglycerol standard; lane 2, microsomes from
yeast cultures producing recombin&itnapusdDGAT1.a assayed usirgp1, 2dioctanoyt
glycerol; lane 3, assay of microsomal DGAT1 using., 2-dioleoylglycerol;lane 4, assay
control withsn-1,2-dioctanoylglycerol and LacZ microsomes; lane 5, assay controkwith 2-

dioleoylglycerol and LacZ microsomes.
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be an effective acyhcceptor in the assay of mammalian microsomal DGAT aciiké&iiner and

Kuksis, 1993.

It has been demonstrated that the bonds within TAG molecules do not break randomly
during electron impact ionization, and thus the production of certain fragment ions can be
predicted. For example, [RCGind [M-RCQ,]", where R represents a hydrocarbonichare
known to be abundant fragment ions in mass spectra produced by TAG compounel at 70
(Kemppinen and Kal®2006 Ruiz-Sambléas et 812010. For DGAT reactions using olee@oA
as a substrate (which produsssl,2-dioctanoyt3-oleoylglycerol), them/zratios of these
diagnostic fragment ions can be calculated to be 465, 327 n26523. All of these ions are
abundant in the total ion chromatogram of the mass spectra peak corresposdihgzo
dioctanoyit3-oleoylglycerol FIGUREA4.3). Each of the multiple ion peaks showrFiIGURE
4.4.a are based on the sum of the three mbshdant ions which include127g;50]", 327
[M-C1gH330,]" and 465 [MCgH150,]". Each peak corresponds to a different microsomal
protein content in the reaction mixture. Virtually no background noise was detected at this
retention time, and largeasily quantifiable peaks were produced by this mode of data
acquisition. Integrating the area of these peaks demonstrated a linear dependence of enzyme
activity on protein content of the reaction mixture between-A3fg of microsomal protein
(FIGURE4.4.b). In addition, the appearance of product as function of time was linear for 3
minutes where protein content was held consal@(RE4.5). DGAT assays were routinely
conducted using a reaction time of one minute. Furthermore, the enzyme aeat&igederated
by the GC/MSbased method showed a high correlatiof=(R990) with the typicaih vitro

activity assay using
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FIGURE 4.3.Total ion chromatogram of asn-1, 2-dioctanoyl-3-oleoylglycerol peak

produced by thein vitro assay of BnaC.DGAT1.a.
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FIGURE 4.4. Analysis of triacylglycerol (TAG) produced by BnaC.DGAT1.a action using
GC/MS. a) Overlay of selected ion monitoring abundance peaks correspondimg, t2
dioctanoyit3-oleoylglycerol generated by vitro DGAT assays with serially diluted

microsomes. b) Dependence of TAG production (abundance) on microsomal protein content in
the reaction mixture. OleoyloA (15 uM) was used as an acyl donor and,, 2

dioctanoylglycerol (333 uM) was used as an acyl ptmre Reactions were allowed to proceed

for 2 minutes at 3€. Quantification oén-1, 2-dioctanoyt3-oleoylglycerol was performed using

selective ion monitoring of m/z 465, 327 and 127.
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FIGURE 4.5. Dependence of triacylglycerol productiorfabundance) on reaction time for
GC/MS-based assay of BnaC.DGAT1.aReactions were performed with 3 pg of microsomal
protein at 36 using oleoCoA (15 uM) andsn1,2-dioctanoyl glycerol (333 uM) as enzyme
substratesQuantification ofsn-1,2-dioctanoy-3-oleoylglycerol was performed using selective

ion monitoring of m/z 465, 327 and 127.
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radioactive acylCoA over a wide range of microsomal protein content in the reaction mixture
(FIGUREA4.6). In cases where DGAT activity is substantially loviantthat of microsomal
BnaC.DGAT1.a, the lipid extraction step of the method allows for an increase in the volume of
DGAT reaction mixture, which ultimately results in an increased concentration of TAG product
(dissolved in isooctane) in the solution d$er GC/MS. Increasing reaction time and
microsomal protein content in the reaction mixture can also be used to produce detectable
amounts of TAG in the DGAT assayBased on the correlation plot showrRIGURE4.6, we
estimate that our method can detect as little as 2.5 picomddesl¢#dioctanoyi3-

oleoylglycerol. This amount of TAG could be produced in 15 min by 8f microsomal protein

from H1246 yeast cultures producing a typical recombinant plant D(SAGto et al, 20093.

If DGAT specific activity is to be reported dsetquantity of TAG produced per minute
per mg protein then it should be possible to calibrate the GC/MS system by injecting known
guantities of TAG standard. When these standards are unavailable, however, a calibration plot,
such as the one shownMiGURE 4.6, can be used to convert abundance to enzyme specific
activity. Expressing TAG production rates in terms of MS response, however, will often be
sufficient to assess DGAT activity. Indeed, both-MS/MS (Qi et al, 201Q Sharma et al.
2008 and fluorescerbasedMcFie and Stone 20} DGAT activity assay methods which do

not rely on such calibration plots have been recently published.

A major advantage of GC/MBased quantification of TAG is the ability to distinguish
different molecular species of TAG produced in DGAT reaction mixtures. In contrast, liquid

scintillation counting of radiabeled TAG cannot distinguish between diffen@aiecular
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FIGURE 4.6. The GC/MSbased method for determining DGAT activity is highly
correlated with the typical method using radiclabeled acytCoA over a wide range of
microsomal protein content.Reactions were allowed to proceed for 2 minutes S 868ing a

microsomal protein content in the reaction mixture ranging from 0 to 30 pg.
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specieof TAG and TLC is often necessary to isolate TAG from other reaction mixture lipids
prior to determination of radioactivity. DGAT selectivity assays based on the use of radioactive
substrates require a laborious process of isolating TAG species by din@rting the fatty acyl
chains of isolated TAG into fatty acid mgt esters, and then resolvitige fatty acid methyl

esters of different chain length and degree of saturation by a second round of chromatography
(Oo and Chew1992. Using the method presented here, however, DGAT selectivity analysis
requires no more extra work or time than for routine enzyme activity analysis. We have
successfully analyzed TAG produced iregme reactions which utilized 16;0.8:0,

18:2D%81Xis o 18:PFISIXISINIS CoA as acyl donors using the same conditions described for
reactions using oleoyCoA as a substrate, with the exception that the MS/selected ion
monitoring was adjustei follow ions [RCOJ and [M-RCQ,]* which correspond to the new

TAG species. It is important to note, however, fatty acid chain length, degree of saturation and
regiospecificity in TAG can influence the proportion of each fragment ion produced during
electon ionization, thereby producing different MS response factors per unitK&@ppinen
andKalo, 2006) As a result, molar correction factors need to be empirically determined for
each new acyCoA tested to determine the exact molar ratio of one maespkcies of TAG to

another.In many instances, however, molar quantification of TAG may not be required.

Results from an experiment which combines analysis of specificity and selectivity of
BnaC.DGAT1.a is shown IRIGURES4.7 and4.8. The GC/MSorofiles shown in GURE 4.7
demonstrate than1,2-dioctanoyt3-palmitoylglycerol produced by the catalytic action of
DGAT can be effectively resolved frosm-1,2-dioctanoyt3-oleoylglycerol to allow for

independent detection of these molecular spefi@®\G by selective ion monitoring. Excess
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Retention time (minutes)
FIGURE 4.7. GC/MS separation and detection of molecular species of triacylglycerol
produced by BnaC.DGAT1.a action.a) 15 pM palmitoyyCoA used as the acyl donor; b) 15
MM oleoylCoA used as the acyl donor; c and d) 15 uM of each@opl Reactions for a, b
and c were carried out using 3 pg of microsomal protein for 1 minuté;ta,t\aﬁereas reaction d

was terminagd at t = O minutes.
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sn-1, 2-dioctanoylglycerol remaining in the injected sample is released from the column at about
6 minutes (not shown)lt is important to note, however, that complete separation of TAG

products is not always required, depending upon the fragments ions selected for monitoring.

Specificity and selectivity results are summarizeBl@URE4.8. Here, it was shown
that when BnaC.DGAT1.a can select either palmi@yA or oleoytCoA as an acyl donor, the
e n z y preféence for palmitoyCoA was substantially higher than the level of preference
based on activity assays performed individualith the two acyl donors. In the specificity
assay where substrates were not combined, the ratio of enzyme activity supported by palmitoyl
CoA to activity supported by oleazoA was 1.7. In contrast, under conditions where both
substrates were avail@do the enzyme in equimolar proportions, this ratio increased to about
2.6. In this competitive situation, palmite@oA may inhibit the incorporation of oleoyl
moieties into TAG. Selectivity data such as this can aid investigators to better undéwstand
response of a DGAT to combinations of different molecular species eCaéyl Indeed, under

cellular conditions DGATS are exposed to such mixtures of acyl donors.

It should be noted that the described GC/bSed DGAT assay could potentially be
stbject to interference by phospholipid: diacylglycerol acyltransferase (PDAT) depending on the
source of enzymePDAT catalyzes the transfer of a fatty acyl chain from phosphatidylcholine to
DAG to produce TAG@Dahlgvist et al.2000. Our assay is particularly suited to determining
the activity of recombinant DGAT produced in yeast strain H1246 which is devoid of PDAT
activity (Sandager et al2002, and should also be applicable to the assay of DGAT activity

from mammalian tissues which are not known to exhibit PDAT act(liiyng and Weselake
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2009. Thus far, PDAT activity is known to be present in higher pl@dghlqvist et al.2000),
algae(Yoon et al, 2012, yeast(Sandager et al2002 and in Streptomyces coelicolor
(Arabolaza et al2008. Our GC/MSbased DGAT assay, however, would be applicable to
analyzing the activity of a recombinant DGAT from any seysroduced in a PDATree yeast
such as strain H1246. Acg@loA-dependent activity should indicate DGAT rather than PDAT

activity.

In summary, highemperature GC/M®$ased analysis of DGAT activity is a relatively
rapid assay procedure for this enzymeahiteliminates the need for radioactive substrates. In
addition, TLC separation of lipid classes is not required thereby shortening assay time and
reducing the production of organic solvent wasibe assay is highly correlated with the typical
assay usingadio-labeled acCoA as a substrate over a range of microsomal protein content

and can be used to quickly acquire substrate selectivity data.
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5.1 ABSTRACT

Globally, oilseed rapérassicanapusandBrassica rapais the third largest source of
vegetable oil. Diacylglycerol acyltransferase (DGAT) catalyzes theGaAl dependent
acylation ofsn1,2 diacylglycerol to produce TAG, which is the main component of the seed oil
of Brassicaoilseed speciesln B. napusthe level of DGAT activity has been shown to have a
substantial effect on the flow of carbon into seed oil. Within the genoBenaipuswe
identified four actively transcribedGAT1genes.Phylogenetic analysis of the amino acid
sequences encoded these genes suggests they diverged over time into two clades (I and II),
with representative members in each genome (A and B) mdipus The majority of amino acid
sequence diffieences in these DGAT1 isoformsside outside of motifs suggested to beined
in catalysis. Despite this, the clade Il enzymes displayed a signlijieanritanced preference for
substrates containing linoleic acid when assessed umsuigo enzyme assays with yeast
microsomes containing recombinant plant enzy@khough he four enzymes could use a
range of molecular species of a€bA as substratea-linolenoytCoA was the most effective
acyl donor in each casan-1,2-dioleoylglycerol was the most effective acyl acceptor of the
three molecular species sift1,2-diacylglycerol evaluated as substrat&hese findings
contribute to our understanding of TAG biosynthesiB.imapusoilseeds, and may advance our

ability to engineer DGAT1s with desired substrate selectivity properties.
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5.2 INTRODUCTION

TheBrassicaceae, or mustard family, contains many agronomiaalbprtant species
(Warwick, 201]). Of these, oilseed rapBrassica napuandB. rapg represents the crop of
greatest economic value, particularly in the temperate climate regions of northern Europe and
CanadgWeselake et g12008. In Canada, most of the oilseed rape is low in erucic acid
(22:1D*") and glucosinolate content, and known as caf®laderand Weselake2012. The
Canadian canola industry adds 19.3 billion doll@&&aN$) annually tahe national economy
(Canola Council o€anada2013, accounting for just ovaine percent afhe national gross
domestic produdfTrading Economics2014). Canola primarily derives its value from its
nutritionally superior seed oil, which has been bred to contain low levels of saturated fatty acids
(FA), high levels of oleic acid (180°) and relatively high levels af-alphalinoleic acid
(18:2D°51%) (Scarth and Tan@006 Yurchenko et a).2007). These FA are esterified in
triacylglycerol (TAG), which is the primary component of canola seed oil. Botkasing
overall TAG contenaind modifying the proportion ofedirable FAs in TAG could potentially

increase the economic value of this c(@prchenko et a).2007).

During seed oil development in oilseed species suéh aapusdiacylglycerol
acyltransferase (DGAT; EC 2.3.1.20) catalyzes the-@o#l-dependant acylation ah1,2
diacylglycerol (DAG) to produce TA@.iu et al, 2012 Lungand Weselake2006. The level
of DGAT activity during seed development appears to have a substantial effectfloatoe
carbon into TAG irB. napusand other oleaginous plant spedidarwood et al.2013 Jako et

al.,, 2001 Misra et al, 2013 Weselake et gl2009. In addition, maximum DGAT activity iB.
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napushas been shown to occur during the active phase of seed lipid accumulation and decline
with seed maturityTzen et al.1993 Weselake et g11993. Two unrelated membrar®sound
DGAT families (DGAT1 and DGAT?2) with gene orthologs in numerous organisms have been
identified (Liu et al, 2012. A membranebound bifunctional wax ester synthase/DGAT, which
appears to function in wax ester formation in stem epidermis, has also been reported in
Arabidopsis thaliangArabidopsi$ (Li et al, 20083. In addition, soluble DGATs have been
characterized in peanuwArachis hypogaea(Chi et al, 2014 Saha et al2006 andArabidopsis
(Hernandez et 312012 Rani et al.2010. Seed TAG can also be produced through the transfer
of a FA from phosphatidylcholine 8n-1,2-DAG in a reaction catalyzed by membréamsund
phospholipid:diacylglycerol acyltransferase (PDAT; EC 2.3.1.1{B&hlqvist et al. 2000Stahl

et al, 2004 Zhang et a].2009. Experiments on transcript accumulation in various oil
producing species have suggested that the relative contributions of DGAT1, DGAT2 and PDAT
to TAG production are specispecifc (Li et al,, 2010, but DGATL1 is probably the major

DGAT contributing to TAG formation irkrabidopsig(Li et al,, 2010. Additional research is
required to clarify the possible role of DGAT2 in seed oil formatioAratbidopsisand other
BrassicaceaeRecently ArabidopsisSDGAT2was functionally expressed in tobactbqotiana
benthamianaleaveqZhou et al, 2013 and codoroptimized for functional expression in
Saccharomyces cerevisigmitant strain H1246 which is defective in TAG biosynthé&igné

et al, 2014). Previous attempts at functionally expressitrgbidopsisDGAT2in S. cerevisiae
were not successf(Liu et al, 2012 Zhang et al.2009. In contrast, tung tred/ernicia fordii)
DGAT2(Shockey et al2006 and castorRicinus commun)DGAT2(Burgal et al. 2008

Kroon et al, 2006 could be functionally expressed in yeast. Kroon 2806, however,

incorporated a yeast consensus sequence in the construct.
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Earlier studies with microsomes from developing seeds of oleaginous plants suggested
that DGATSs generally hee broad substrate spécities although there appeared to be a few
exceptiongLung and Weselak@006 Weselake2005. As examples of the latter, microsomal
DGAT activity fromB. napugLenora X CHR 1775/82) containing 54% erucic acid displayed
enhanced specificity for 222CoA (Bernerth and Frentzeth990, whereas microsomal cocoa
(Theobroma cacgdGAT activity showed strong selectivity for stearoyl (18IDA (Griffiths
and Harwood199]). In addition, in a more recent study, ¥tal.(2006 demonstrated that
microsomes fronYernoniagalamensi®r Stokesia laeviexhibited highest DGAT activities
with substrate combinations of vernologif12-epoxyoctadececis-9-enoyl}CoA andsn-1,2-
divernoloylglycerol. Both of these plant species accumulate vernolic acid as the F#gjorthe
seed oil. The eventual recombinant production of different DGAT families in yeast and other
expression systems revealed new insights into DGAT spiggiéind selectivity that could be
attributed to specific isoenzymes (i.e., DGAT1 versus DGAT2). Tung tree DGAT2, which
accumulated high levels afeleostearic acid (18E8°S11ans131@n9) i the seed oil exhibited an
enhanced preference for produgimieleosteari{Shockey et al. 2006 In addition, castor
DGAT2expressed irabidopsigransformed witiFATTY ACID HYDROXYLASEsulted in a
near doubling of the ricinoleic acid (A2H 18:1D°®) content of the seed diBurgal et al,

2008, ricinoleic acid being the main FA of castor diii. et al. (2010) further demonstrated that
co-expression 08. laevis EXPOXYGENASIEdAV. galamensis DGATIa petunia Petuniax
hybrida) or soybeanGlycine max somatic embryos resulted in enhanced production of vernolic
acid when compared to a combinatiorE6FOXYGENASEBNdDGAT 1expression.Recently,

the substrate preferencesArbbidopsisDGAT1 versus DGAT2 were compared in microsomes

from tobacco leaves ar&l cerevisiastrain H1246 expressing cDNAs encoding these
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isoenzymesZhou et al(2013)demonstrated that microsomal recombinarabidopsisDGAT?2
preferred oleolyCoA anda-linolenoyl (18:3D°1%181%9)_CoA as acyl donors whereas DGAT1
exhibited a strong preference for ole@dA whensn1,2-Dihexanoyl (6:0) glycerol was used as

an acceptor substrate. Analysis of the FA composition of TAG in yeast strain H1246 expressing
codon optimizedirabidopsisDGAT1or DGATZ2indicated that DGAT preferentially

incorporated palmitic acid (16:0) whaseDGAT2 exhibited a preference for palmitoleic acid
(16:1D°°) (Aymé et al. 201% Maize DGATL2 is the first example of plaiRGAT1alleles

encoding DGAT1 enzymes with different substrate preferences (Zheng et al., Ea@g)ic
expression in maize of the allele vé& phenylalanine insertion at position 469 (F469) resulted in
transgenic lines witboth enhanced oil and oleic acid contefihe F469 form of DGATXR also
resulted in increased microsomal DGAT activity and TAG content when the cDNA representing

the allée was expressed in yeast.

B. napudDGAT1(BnaDGAT] GenBank ID: AF155224 and AF1644341) was first
cloned and functionally expressedRithia pastorisdby Nykiforuk et al. (1999a; 1999b; 2002).
cDNA AF155224 appears to be a truncated form of cDNA AF164434codng an N
terminally truncated DGAT1 which is still active. Segmkcific overexpression oBnaDGAT1
AF1644341in B. napushas been shown to increase seed oil content (Weselake et al., 2008;
Taylor et al., 2009)In addition, a recent report halsown that expression of the truncated
BnaDGATIcDNA (AF155224) inChlamydomonas reinhardtiesults in increased lipid
production(Ahmad et al.2014). In addition, saturated FA content decreased by about 7%,
whereas polyunsaturated FA content was increased by about 12% (espeltredlgnic acid)

suggesting that thB. napusenzyme has increased selectivity for substrates containing
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polyunsaturated F& Recently, we reported the identification of four transcriptionally active
BnaDGATI1genes in th&. napuggenomgCHAPTERS3). In the curretstudy, we describe the
phylogeny of thesBnaDGAT1gene forms and characterized the substrate specificity and

selectivity properties of the recombinant enzymes. Two clades of DG#iichappear to have

evolved rel ativel y e,diffeliytheirprefeRnce ferdinoleogfok ae 6 s hi

andsn1,2-dilinoleoylglycerol. These findings contribute to our understanding of oil synthesis in
B. napusand may ultimately aid in the development of DGAT1 enzymes with desired substrate

specificity properties.

5.3 METHODS AND MATERIAL S

5.3.1 Protein alignment and phylogenetic analysis

B. rapaandB. oleracea DGATtoding DNA sequences (CDS) were obtained from the
Brad.org and Bolbase (version 1.0) databases, respectively. The identification and sequencing of
B. napusDGAT1CDSis described in chapter 3. For phylogenetic analysis, théefudjth CDS
were alignedased on their correspondiagiino acidranslations using the TranslatorX server
((Abascal, et al., 2010http://translatorx.co.ul/ Subsequently, maximum likelihood (ML)
phylogenetic analysis was constructed via the CIPRES Web Portal
http://www.phylo.org/portal/Homasing MrBayes 3.2.fHuelsenbeck and Ronquist, 2001)

The phylogenetic tree was visualized using FigTree (http:/tree.bio.ed.ac.uk/software/figtree/).
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5.3.2 Transformation of S. cerevisiaavith BhaDGAT1

Generation and culture conditions@fcerevisia¢11246 cultures expressing N

terminally taggedBnaDGATI1cDNAs is described in chapter 3.

5.3.3 Invitro DGAT activity assays

Microsomal fractions were isolated froBn cerevisiaé11246 cultures expressiiGAT1
constructs according to Siloto et @0099. Acyl-CoA specificity assays were conducted in a
similar fashiornto the procedure described by Byers et al. (1998)less indicated otherwise,
microsomes containing 150 to 300 ng of protein were incubated in the presence of 200 mM
HepesNaOH (pH.74), 3.2 mM MgG| 333 pMsn-1,2-dioleoyl glycerol (Avanti Polar Lipids)
and 15 pM [**ClacytCoA (51-55uCi/pumol). AcytCoAs were prepared according to Taylor et
al. (1990) using FA purchased from ek Prep. DGAT reactions were allowed to proceed at
30°C for 23 minutes before quenching with sodium dodecyl sulfate. Bp&ificity reactions
were carried out similarly for-8 minutes using 1 pg of microsomal protein in the presence of
indicated DAG (Avanti Polar Lipids) and 15 pM-}1C] oleoy-CoA (Perkin Elmer). Reactions
were then spotted on G25 silica plates and TA@e isolated using 80:20:1 hexane: ether:
acetic acid (v/v/v) as a mobile phase. Afterdaying, TAG spots were scraped, submerged in
Ecolite (MP Biomedicals), and radioactivity was quantified using an LS 6500 puufiose

scintillation counter (Beakan Coulter).
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In vitro selectivity assays were performed as described in chapter 4, with some
modifications. Lipid extracts from selectivity reactions were resuspended in hexane and
molecular species of TAG were resolved by GC on &8P column (Agilent Technologies).
Quantfication of TAG fragmentation ions (m/z 127, 328, 253 and 251) was performed using an
Agilent 7890A GC/MS system (Agilent Technologies) with the assistance of MSD Chemstation

Data Analysis software (version F.01.00.1903, Agilent Technologies).

5.3.4 Statistical analysis

Analysis of DGATspecific activity was performed usingemeay ANOVA, U =0.

Analysis of DGAT1 selectivity was performed by te s t U =0.05.

5.4 RESULTS

5.4.1 Phylogenetic analysis of BnaDGAT1 genes and deduced amino as&huences

encoded by the open reading frames

Earlier work describing the identification of foBr napus DGATfenes demonstrated
that these sequences could be subdivided into two clades based upon polypeptide sequence
homology (CHAPTER B Here, so c#&d clade | contained BnaA.DGAT1.a and
BnaC.DGAT1.a, and clade Il contained BnaA.DGAT1.b and BnaC.DGAT1.b. A more
comprehensive analysis of DGAT1 polypeptide sequences from Brassicaceae species suggests

the DGAT1s of these clades may have diverged béfierseparation of th&rabidopsisand
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Brassicalinages (FIGURE 5.1.a)Arabidopsis EutremaandCapsellapossess single copy
DGAT1genes, which were found to be more closely related to clade Il than they are to clade |
BnaDGAT1. As expected, the progenitorsB®f napusB. rapa(A genome)ndB. oleraceaC

genome), have two copiesBGAT1genes, which are each present in one of the two DGATL1

clades. These genes did not group with any other (n=47)[p@EAT 1sequences. The
BnaDGAT1genes encoding clade | and clade Il enzymes possess highly conserved gene
organization, with 16 similarly sized and spaced exons (FIGURE 5.1.b). The deduced gene
architecture of all four genes displayed high similarity to that reported for AtDGT Et al,

2012. I n all cases, the genesod6 fir-ttmnaxon was

domain with lower sequence homology than the following coding nucleotide sequence.

Alignment of the amino acid sequences encoded bR tin@apusB. rapaandB. oleracea
DGAT1lamino acid sequences (FIGURE 5.2) highlightsgthese enzymes share a high degree
of homology (FIGURE 5.3), particularly within their respective clades. The eight enzymes share
91% pairwise identity with each other, andrallve deduced isoelectric points and molecular
masses close to 8.4 and 57.4kDa, respectively. Even greater similarity can be observed within
the aforementioned stddades, with clade | enzymes sharing 98% pairwise homology, and clade
Il enzymes sharing 98. As an example, BnaA.DGAT1.b aBdrapaDGATL1.b differ by only
2 amino acids in their 503 amino acid sequences. The majority aiiim® acid sequence

variationsfound inthese polypeptides reside outside of motifs identifeele common in
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FIGURE 5.1. Analysis ofBrassica hapus DGATtoding DNA sequence§a) Phylogenetic

tree of Brassicaced2GAT1 coding sequences. The maximum likelihood tree was generated
using the MrBayes program, and the clade support values at the internal nodes are Bayesian
posterior probabilities (shown as percentaBedssica napus DGATdlades A (I) and B (II) are
deroted with solid black bar&rabidopsis lyrata AIDGAT1(XM 002885993) Arabidopsis
thaliana AtDGAT1(NM 127503),Brassica juncea BjDGATX1 (DQ 016106.1)BjDGAT1-2
(DQ 016107.1)Brassica napusBnaA.DGAT1.4JN 224474)BnaA.DGAT1.{IN 224475),
BnaCDGAT1.a(JN 224473)BnaC.DGAT1.{IN 224476)Brassica oleraceaBolIDGAT1.a
(Bol 022722) BoIDGAT1.b(Bol 029796) Brassica rapaBrDGAT1.a(Bra 039003),
BrDGAT1.b(Bra 036722)Capsella rubellaCrDGAT1(XM 006299234) Eutrema
salsugineumESDGAT1(XM 006408994)TmMDGAT1(XM 007012718). (b) Gene organization

of B. napudDGAT1 genes. Exons are represented with shaded boxes and introns by dotted lines.
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FIGURE 5.2. Triangle of U diagram demonstrating the genetic relationship oBrassica
DGATL1 genesBolBase, BRAD and GENBANK database reference numbers are provided in

parenthesis foB. oleraceaB. rapaandB. napudDGAT1genes, respectively.
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FIGURE 5.3. Homology comparison of deducedrassicaDGAT1 amino acid sequences.
Alignment ofBnaA.DGAT1.a (JN224474), BnaC.DGAT1.a (JN224473), BnaA.DGAT1.b
(IN224475), BnaC.DGAT1.b (JN224476), BoIDGAT1.a (Bol 022722), BoIDGAT1.b (Bol
029796), BrDGAT1.a (Bra 039003) and BrDGAT1.b (Bra 036722) sequences was performed
using Clustal W2. Conserved nfstof putative basic RRR motif (I), acoA binding

signature (II), thiolase acyl enzyme intermediate binding signature (llI), fatty acid protein
signature (IV), DAG binding site (V) and ERtrieval motif (VI) are highlighted with solid

black bars.
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type-l DGATs. Interestingly, a histidine/arginine conversion in the basic RRR motif,
conversion of a valine to a threonine in the &gl binding signature, and a lysine to serine
mutation in the @erminal ER retrieval motif are notable exceptions wheadecll enzymes

differ from clade | enzymes within known motifs.

5.4.2 Clade Il BhaDGAT1 enzymes exhibited increased preference for linolecyZoA

when compared to clade | enzymes

To investigate the acdCoA substrate preferences of the BnaDGAMNitro assays
were performed using H1246 yeastnsomes containing recombindgraDGATL in the
presence of radiolabeled agybA and exogenously supplisd-1,2-dioleoylglycerol. Specific
activities observed for the four recombinant enzyme formsrangedfrb t o 3 SBAmigmo | Ami |
but in all cases-linolenoyl-CoA was the preferred substrate (FIGURE 5.4.a). To overcome the
large differences in absolute specific activities and observe the relative preference of different
acylCoAs for each BnaDGATL1, DGAT activities were normalized relative to deswvitbtained
usinga-linolenoytCoA asan acyl donor (FIGURE 5.4.b)he clade Il enzymes
(BnaA.DGAT1.b and BnaC.DGAT1.b) were observed to have a significantly higher relative
preference for linoleoyCoA compared to the clade | enzymes BnaA.DGAT1.a and
BnaC.DGAT1.a. In addition, BnaC.DGAT1.b exhibited significantly increased preference for

stearoyCoA relative to the three other BhaDGAT1 variants.
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FIGURE 5.4. AcylCoA substrate specificities of the four recombinant BhaDGAT1
variants. Panel ain vitro DGAT assays were conducteudtriplicateusing microsomes isolated
from S. cerevisia¢i1246 cultures producing different recombinant BnaDGATL1s, various
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An enzyme form from each clade was selected for substrate selectivity assays using
equimolar concentrations of linoleeynda-linolenoylCoA in the reaction mixture (FIGURE
5.5). In this competitive scenario, the clade 1l enzyme BnaA.DGAT1.b incoedaratively

more linoleic acid into TAG than its clade | counterpart (BnaC.DGATL1.a).

5.4.3 Clade Il BhaDGAT1 enzymes exhibited increased preference famn-1,2-

dilinoleoylglycerol when compared to clade | enzymes

To expand upon the substrageecificity analysis, DGAT assays were performed using
radiolabeled oleoyCoA and three molecular species of DAG (FIGURE 5.6.a and 5.6.b). To
observe the contributions of endogenous DAG in support of DGAT activity, control reactions
were performed withdithe addition of exogenous DAG. Without exogenous DAG, enzyme
activities were about 20% of the rates observed in the presence of exogenousIGRRE
5.6b. All the DGAT1s appeared to prefarl,2- dioleoylglycerol whereasn-1,2-
dipalmitoylglycerolwas a poor acyl acceptofhe data, however, suggested that
BnaA.DGAT1.a and BnaA.DGAT1.b may be relatively more efficient at using this substrate
than BnaC.DGAT1.a or BnaC.DGATL1.b. Clade Il BhaDGAT1 enzymes prefeme®-

dilinoleoylglycerol when comared with clade | enzymes.
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FIGURE 5.5. Linoleoyl-CoA versus linolenoy}CoA selectivity analysis of recombinant
BnaDGAT1 enzymes produced irf. cerevisiad11246.DGAT selectivity assaywere
conductedn triplicateusing microsomes isolated fra& cerevisia¢i1246 cultures producing
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indicates significant difference between means.
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5.5, DISCUSSION

Although genome and EST sequence information is limited for many Brassicaceae family
members, our phylogenetic analysis of available Brassicaceae DGATL1 polypeptide sequences
suggests two clades of DGAT1 were produced prior t®thssicatribe divergingfrom the
Arabidopsidine, which has been estimated to have occurred approximat&y gdllion years
ago(Ziolkowski et al, 2006. Indeed, numerous duplication events followed by significant
interspersed whole gene deletions have been demonstrated to have occurred in the evolution of
the BrassicaceaspeciegTown et al, 2006). This history of genomic rarrangements may
explain how an ancestral species may have acquired twis fof DGAT1, one of which (clade
) being subsequently lost duridgabidopsi® evol uti on. While the BnabDbD
share high amino acid sequence homology, the enzymes appear to have differences in amino acid
sequence within possible functiomGAT1 motifs. Additionally, the diversification of these
genes occurring early in Brassicacea&elution provided additional time for the enzymes to
adopt different biological roles, or adapt selective preferences which better fit tranerent
they areexpressed inlndeed, it is well known that gene duplication provides flexibility for
genes to evolve new roles without compromising essential biological fun@asand Zhang
2014). As additional sequence information becomes abkslat will be interesting to see how

many members of the Brassicaceae family possess a clade | DGATL1.

For the first time, we have described substrate specificity differences among four closely
related BnaDGAT1 enzyme®revious studies of BnaDGAT spgcity utilized microsomes (or

solubilized fractions) from developing seeds and embryo/cell cultures as a source of enzyme
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activity (Bernerth and Frentzeth99Q Byers et al.1999 Cao and HuandL984 Little et al,

1994 Vogel and Browsel996 Weselake et gl1993 Weselake et 811991 and thus
observations on substrate specificity would have been based on the combined activities of
various forms of BnaDGAT1 and possibly further confounded by the presence of BnaDGAT2
activity. Interestingly, however, the order of specific preferenmepdimitoyt, stearoy and
oleoylCoA observed are in agreement with previougitro assays of DGAT activity in a
solubilized fraction prepared from microspaterived cell suspension culturesBfnapud.. cv

Jet Neuf(Little et al, 1994). Another study using microsomes of developing cotyledoris of
napusindicated nearly equal preference of microsomal DGAT activitgmel, 2-

dioleoylglycerol orsn-1,2-dilinoleoylglycerol(Vogel and Browsel996. In the current study,
thein vitro substrate specificity and selectivity assays of recombinant BnaDGAT1 isoforms
suggest that the A and C genome8ohapuseach contain two closely relatBthaDGAT1

genes which encode two clades of DGAT1 which differ in their preference for substrates
containing linoleic acid. Ahmad et gR014) recently reported that the expression of a truncated
BnaA.DGATL1.lckDNA (AF155224) inC. reinhardtiiresults in increasegolyunsaturated FA
content (especiallg-linolenic acid) in the algal lipidThe fact that this DGAT Wvas essentially
devoid of its hydrophilic Nerminus suggests that enhanced selectivity for substrates containing
polyunsaturated FAs resides in the region of the enzyme beyond the hydrogteitiniNal

region. It should be noted, however, that Ahmadle2014) have mistakenly referred to this
enzyme as a typ2 DGAT, apparently based on an earlier attempt at DGAT nomenclature

(Nykiforuk et al, 2002 which was not adopted by the scientific community.
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The discovery of differences in substrate preferences among highly similar enzyme
isoforms can be of potential value in the identification of amairid residues or regions of
enzyme governing substrate selectivifys previously indicated, the basic RRR motif, aCgA
binding signature and-@rminal ER retrieval motif represent potential sites in the BnaDGAT1
isoforms which could be potentiallygbmodified by sitedirected mutagenesis to alter substrate
specificity so as to convert a clade | substrate preference to a clade Il substrate preference, and
vice-versa. lItis also interesting to note that the recombinant hydrophiécniNnal region of
BnaA.DGAT1.b was able to interact with agybA and display an increased affinity for
erucoytCoA over oleoyiCoA (Weselake et 312006. The study by Zheng et 42008 on
maize DGAT12 showed that a single amino acid substitution at position 469 (found in an
ancestral allele encoding the enzyme) resulted in both a more active enzyme with increased
preference for substrate containing oleic aditie study on maize DGAIF2 thus shows that it
is possible for highly identical DGATSs to exhibit marked differences in catalytic efficiency and
substrate preferenc&ite-directed mutagenesis of a serine residue in a putative protein kinase
site in aTropaeolum majuBGAT1 has been shown to result in a substantial increase in seed oil
content when the recombinant enzyme was introducedhnaioidopsisn a seeespecific
fashion(Xu et al, 2008, once again demonstrating that modification of a single amino acid
residue in a DGAT can have a profound impact on enzyme actinitgddition, he expression
of two forms ofTetraena mongolica DGAT &ncoding enzymes sharing 82% amino acid
sequence identity, ifi. mongolicacalli produce cells differing in FA compositio(ls et al,,

2013. Further investigation, however, will be necessary to establish if the modified FA
compositions observed DGAT lexpression experiments are due solely to changes in enzyme

substrate preference or als@aive increases in carbon flux into TAG due to increased DGAT
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activity in the system (CHAPTER 3)ndeed, in the case @f mongolica TMDGATa&ver
expression imT. mongolicecalli, it was noted thaDGAT 1:b transcripts were elevated tviold

overDGAT Zatranscripts resulting in fifty percent more cellular TAG con{énet al, 2013.

In conclusion this is the first study reporting differences in substrate prefsr@momg
four DGAT1 enzymes encoded by tBenapusggenome. Our discovery represents an important
step in developing a more in depth understanding how DGAT activity contributes to TAG
production in developing. napusseed. In turn, this fundamental infeation will be critical in

the engineering of DGAT1 enzymes with desired substrate specificity properties.
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CHAPTER 6 - CONCLUSION

Diacylglycerolacyltransferase (DGATplays an important part in theosynthesis of
triacylglycerol (TAG) in many oilseed specjascludingBrassica napu¢B. napu$ (Liu et al,
2012 Lung and Weselak@006. As a result, this class of enzyme has been the target of
numerous studies attempting to identify strategies for modjfgeed lipid content and fatty acid
composition(Weselake et §12009. Overexpression of open reading frames encoding DGAT
polypeptides has successfully isased seed oil content in many speffaslrianov et al.201Q
Taylor et al, 2009 Weselake et 812008, but the observed gains in seed oil content and DGAT
activity were not proportionate to the increaseB@ATL transcriptgNykiforuk et al, 2002
Taylor et al, 2009. These results suggest that plant DGAT1 activity may be regulated at the
post-transcriptional level. Structure/function analyses which might identify mechanisms of
DGAT regulation, however, have had limited success due in part to the highly hydrophobic
nature of the two major forms of this enzytheu et al, 2012. These difficulties place a
premium on any form of DGAT characterization which might assist in understanding how this
enzyme functions and how it can be engineered toysedreater lipid content in biological

system.

The first goal of this thesis was to gain insight into the functional importance of the N
terminal region of BhaDGAT1Placement of an Nerminal epitopgagon any four of the
BnaDGATlisoformseliminated the influence of native Xerminal sequence during
heterologouproduction of the enzymia S. cerevisiae Genetic engineering &aDGAT1

coding sequences to change amino eesidue in the Nterminus of BnaDGAT 1soformsalso
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affecedaccumulation othe enzymeforms which was reflected in significantly altereAG
accumulation.Thus, modification of the Merminal region of BhaDGAT1 proved to be a

valuable tool for producing yeast microsomes highly enriched in recombinant BnaDGAT1
polypeptide as hasis for biochemical characterization of the isoforddditionally, these

findings provide a new approach to increase lipid content in yeast for industrial applications such

as providing feed stocks for biodiesel.

It would be of great interest tberveif seedsproducing DGATL1 isoforms with
engineeredN-terminal regionscanaccumulate more TAG than sequsducing the wild type
isoforms Such a discovenyould have the potential greatly increase the value of numerous
oilseed cropgJako et al.2001). Similarly, it would be of interest tevaluate the effect di-
terminallymodified BnaDGAT1 isoformsin further boosting oil content iyeast straingvhich
naturally produce high oilAs mentioned in chapter 3, yealsased production of fatty acids can

be an attractive alternative to plant based production of biofuel feedkicetkal., 2008).

Investigatinghe mechanisnof how the Nterminal region of BhaDGAT1 influences
enzymeaccumulatiormay be of great value as weluch knowledgeould potentially
contribute to ouunderstanding how DGAT activity isregulated irplants and may lead to
novel strategies to modify DGAT action. Thet&minal region of DGAT1 has been shown to
interact with acyiCoAs and can facilitate sedfssociation of enzyme subuniGaldo et al.

2015 McFie et al, 201Q Siloto et al. 2008Weselake et 81200§. This region of the enzyme
has also been shown to be ressential for catalysiSiloto et al, 2009, further suggesting this

domain has been retained in DGAT1 enzymes to perform a regulatory function.
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Researclguided by thesecond hypothesis ttis thesisfound that TAG producely in
vitro DGAT1 reactions could béeterminedy high temperaturgas chromatograph¥zC)
coupledto selective ion monitoringnass spectrometMS) to produce results nearly identical
to thoseproduced by conventional vitro DGAT assaysnethods Using GC/MS to detedn
vitro TAG production eliminates the need of radiolabeled substrates and large amounts of
organic solvents. Additionally, this method is useful for analyzing DGAT seilkygtroperties.
Selectivity datacan be useful imnderstanthg how DGAT responslto the presence of different
molecular species of ac@oA in the reaction mixturelndeed, DGATenzymesre exposed to
mixtures of acyiCoAs under cellular conditions. It would be interestinggethis methodo
analyeTAG produced by DGAT imn vitro reactions which have been designed to mimic
cellular compositions of acyl specieBGAT assays performed und#reseconditions may

better represent hothe enzyme will performwithin oil-forming plant cells.

Phylogenat analysis suggested two clades of DGAT1 evolved relatively early in
Brassicaceaeds history, with repr @sspitethat i ves
high degree of amino acid sequence homology shared by the four BnaDGAT1 isaforitns,
enzyme activity assays revealed BnaDGAT1 of the two clades differed in their substrate
preferences]l denti fying means to O6tailord the fatty
increase the value of oilseed crgfsarth and Tan@006. The limited number of amino acid
sequence variationghich exist among the BnaDGAT1 isoforrm&yserve as a basis for
identifying regions othe polypeptides which influence substrate specificiproperties.Site
directed mutagenesis could be used @®l to probeherole of candidate amino acid residues in

determining substrate specificity.
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This is the first study reporting differences in substrate preferences among four DGAT1
enzymes encoded by tBe napusgenome. In addition to improving ounderstanding of TAG
synthesis irB. napusthese results suggest there is value to probing if these DGATs have
adopted different biological roles. Initial investigation in this area may entail studying the

expression pattern of eaBmaDGATlgene.
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